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PO3/ILI 4. TESIKI 3AJJAYT ABTOMATH3AIII KEPYBAHHS
BE3EKINAKHUM HAJBOJHUM CYJIHOM SIK HOCIEM
I'PYIIM ABTOHOMHMX HEHACEJIEHUX NIIBOJXHUX AITAPATIB

CHAPTER 4. SOME TASKS OF CONTROLAUTOMATION
OF AN UNMANNED SURFACE VESSEL AS A CARRIER
OF A GROUP OF AUTONOMOUS UNDERWATER VEHICLES

4.1. Orasig Oe3eKinaskHUX HAABOAHMUX Cy/leH K nepcneKTUBHUX HociiB AHITA

4.1. Overview of unmanned surface vessels as promising AUV carriers

besexinaxxni HanBomHi cymna (BHC)
a00 MOpPCBKI aBTOHOMHI HaJBOJHI KOpaoOIi
(MAHK) 3HaxomaTh Bce OuTbIIe 3acTOCY-
BaHHs MPH BUKOHAHHI 3aBIaHb 3 MOPCHKHX
TPAHCIIOPTHUX TEPEBE3€Hb, JOCIIKCHHS
pecypci OKeaHiB Ta HAyKOBHX JIOCIIJKEHb,
MIPUPOJIOOXOPOHHHUX POOIT Ta POOIT 13 3a0e3-
TIEYEHHSI MOPCHKOTO MpaBa Ha MOPi y NIPOBiJI-
HHUX MOPCBKHX KpaiHax cBity [132].

CTBOpeHHsI Ta BIPOBAKEHHSI Y MOPCHKY
MPaKTUKy TaKOTO BUAY MOPCBKHX CYICH Ha
CHOTOJTHI OITIHIOETRCS SIK MATiCTPAJIBHUIA HAIPSI-
MOK PO3BUTKY BOIHOTO TpaHcropty [133].

Bupinsators HactynHi nepeBaru BHC y
TOPIBHSHHI 3 TPAJUIIHHUMU CyJIHAMH 3 €Ki-
maxkamu [134; 135]:

— BHC MOXyTh BHKOHYBaTu OUIBII TpH-
BaJll i HeOe3MImeuHi Micif,

— BHC MatoTh HWXKY1 BUTPATH HAa TEXHIYHE
00CITyTOBYBaHHS Ta €Killaxi Il KePYBaHHS;

— Mana Bara ¥ kommakTtHi po3mipu BHC
3a0e3MedyroTh IM IiJBHIICHY MAaHEBPEHICTH 1
MOXKJIMBOCTI pO3TOPTaHHS HA MUTKOBOJHUX aKBa-
TOpisX (PIYKOBUX i MPUOEPEKHUX paifloHaX), 1€
OB KOpalIl He MOXYTh €()EKTHBHO JTISTH;

— BHC Ttakox MaroTh OifbIlly TOTCHIIIHHY
BaHTAKOIM JHOMHICTh 1 MOXJIMBICTH JTMCTaH-
L[il{HO BUKOHYBATH TUIIOBI MOPCHKI omepartii.

Sk OyIo MoKa3aHo BHIIE, TAKUH BHI MOP-
ChKOI pOOOTOTEXHIKH, K CKJIaJI0Ba MOPCHKOTO
Oe3exinaxknoro komriekcy (MBK), moxe
OyTH YCIIIIHO BUKOPUCTAHUH Y SIKOCTI HOCIS
i rpynu AHITA, gxi MaloTh BUKOHYBAaTu
migBoaHiI Micil Ha OMM3BKUX 1 HA BiamalieHUX
aKBaTOPIsIX.

Unmanned Surface Vehicles — USVs or
Maritime Autonomous Surface Ships—MASS)
areincreasinglyusedinmaritimetransportation,
ocean resource exploration and scientific
research, environmental protection and
maritime law enforcement in the world’s
leading maritime countries [132].

The creation and introduction of this
type of sea vessels into maritime practice is
currently considered to be the main direction
of the development of water transport [133].

The following advantages of USV
compared to traditional ships with crews are
highlighted [134; 135]:

— USVs can perform longer and more
dangerous missions;

— USVs have lower maintenance costs and
crews to manage;

— the light weight and compact dimensions
of USVs provide them with increased
maneuverability and deployment capabilities
in shallow water areas (river and coastal
areas), where larger ships cannot operate
effectively;

— USVs also have a greater potential
carrying capacity and the ability to remotely
perform typical maritime operations.

As shown above, such a type of marine
robotics as a component of a marine unmanned
complex (MUC) can be successfully used as a
carrier for a group of AUVs that are supposed
to carry out underwater missions in close and
distant water areas. USV designs and their
application technologies have gone through
several developmental stages, closely related
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3aCTOCYBaHHS MPOMWIILIH JEKIJIbKa CTaIild po3-
BUTKY, TICHO TTOB’sI3aHHX 3 TIPOTPECOM TEXHITHIX
HayK Ta TIOTOYHUX MTOTPEO MOPCHKUX JICPIKaB.

IcTopuuno nepuum narentom mono bHC
oyB marenT Hikomo Tecnu y 1898 poxy [136]
(puc. 4.1, a). Kpim [nocTaBKM BaHTaxiB i
3B 3Ky 3 BaXXKOAOCTYIMHHMH MiCLIEBOCTSIMH,
aBTOP 3Tajy€e MPO BIWCHKOBI IIUJIi CBOTO BHHA-
xony: «['apanToBana i 6e3MexHa pyHHIBHICTh
MOTO BHHAXOJly JI0O3BOJHMTH BCTAHOBHUTH 1 TijI-
TPUMYBATH BIYHHIA MUP MK HAPOIAMU».

OpnHak niepiri peaigbHo ctBopeHi BHC 3°s-
BHIMCh y HiMeuunHi Ha moyatky XX cTopivusl.
Li cynna Oynu KepOBaHUMH 10 CTICIIATEHOMY
kabemo. [Ipote Hanpukinii [Tepiioi cBiToBOT
BiliHM B HiMEUbKOMY ()JIOTI 3’ IBUIHMCS TaKOXK
0e31poToBi pajiokepoBaHi karepu [137].

Pansacpka Pocist Takox po3poOiisia paaio-
KEpOBaHi KaTepH Jyisi NoTped 000pOHU MOPTIB
Ha bantuni. Tak, y 1924 poui Oyno cTBopeHO
JIBa TUTIA paJlloKepoBaHMX KaTepiB — «Ilionep»
1 «Ocay, sKi mependavdain paioKepyBaHHS
s OEperoBoro mocra KepyBaHHS Ta 3 JiTaka
[138]. A Ha BilichkOBHX HaBYaHHIX 1937 poky
y DiHChKOMY 3aJlMBi BXKE NMPUAMATH y4acTh
o151 50 patiokepoBaHHUX KaTepiBs.

OmHuM 3 TIepIIvX HANPSIMKIB TPAKTHIHOTO
3actocyBannsi BHC Oymo iX BHKOpHCTaHHS
Itamiero y pyriii cBiTOBili BiliHI AK 3aco0y
JOCTaBKU BUOYXIBKM JUISl 3HHILECHHS HaIBOI-
HUX BifCHKOBHUX KopaOmiB BemukoOputanii Ha
Cepenzemuomy mopi [139]. Toxi Gymo ycminHo
3aCTOCOBAHO MAaJIOPO3MIpHI IIBUAKICHI KaTepu
MTM Tta MTR. Ha craaii migxomy mo miti
TaKWil Karep KepyBaINCh JIFOAWHOIO, SKa ITiCIIs
MIPULIUTIOBAHHS KaTepa 3aJiaia Horo Ha psTy-
BAILHOMY TUIOTY, a Karep Ha IMPUKIHIIEBIH cTa-
JUT aTakk KepyBaBCsl aBTOMATHYHO (puc. 4.1, 0).

[icns dpyroi ceitoBoi Bitinu B CILIA BHC
Oynu po3poOJIeHI Ta BUKOPHCTaHI JUISL JIBOX
OCHOBHHX ILJIEH: MPOTUMIHHOI 6OpOTHOM Ha
MOpi Ta JJIsl  OIIIHKU OOMOBUX IOIIKO/KCHb
HAJBOAHUX KOpalOiiB mif uyac BUIPOOYBAHb
aromHux 60M0 [140] (puc. 4.2, a).
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to the progress of technical sciences and the
current needs of maritime states.

Historically, the first patent regarding
USVs was the patent of Nicolo Tesli in
1898 [136] (Fig. 4.1, a). In addition to the
delivery of goods and communication with
hard-to-reach arcas, the author mentions
the military purposes of his invention:
«The guaranteed and unlimited destruction
of my invention will allow establishing
and maintaining eternal peace between
peoplesy.

However, the first actually created USVs
appeared in Germany at the beginning of the
20th century. These vessels were controlled
by a special cable. However, at the end
of the First World War, wireless radio-
controlled boats also appeared in the German
fleet [137]. Soviet Russia also developed
radio-controlled boats for the needed ports
defense in the Baltic. So, in 1924, two types
of radio-controlled boats, were created, which
provided for radio control of the coastal
control post and from the aircraft [138].
About 50 radio-controlled boats already took
part in the military exercises of 1937 in the
Gulf of Finland.

One of the first areas of practical
application of BNS was their use by Italy
in World War II as a means of delivering
explosives to destroy British surface
warships in the Mediterranean [139]. At that
time, small speed boats MTM and MTR were
successfully used. At the stage of approach
to the target, such a boat was controlled by
a person who, after targeting the boat, left it
on the life raft, and the boat was controlled
automatically at the attack final stage
(Fig. 4.1, b).

After the Second World War, USVs were
developed in the United States and used for
two main purposes: mine countermeasures at
sea and the assessment of combat damage to
surface ships during atomic bomb tests [140]
(Fig. 4.2, a).
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a(a)

6 (b)
Pucynox 4.1 — lIpororunu BHC MUHYJIHX CTOMITh:
a — pagiokepoBana Mojaenab cynHa Hikouu Teca (1898 p.);
0 — cTaaii 3actocyBanHsi mBUAKicHUX katepiB MTM ta MTR
(40-Bi poxu XX-ro cTopiuys)

Figure 4.1 — Prototypes of the USVof past centuries:
a — radio-controlled model of Nikola Tesla's ship (1898);
b — stages of the apllication of high-speed boats MTM and MTR (40s of the XX century)

Hamnpukinni XX cropigus iHTEpec 10 3aCTo-
cyBanas BHC 3’sBuBcst B [3paini 3-3a HeoO-
X1THOCTI aBTOMAaTHU3yBaTH OTEeparlii 3 OXOpPOHU
MOPCBKOTO Y30€pexOKs Ta aKkBaTOPii MOPTIB.

Sk pesynbrar, 3 2004 poky Oya0 yCHilHO
3aCTOCOBAHO Y CKJIAJIi BIHCHBKOBO-MOPCBHKUX CHIT
JeKLTbKA TUITIB MaJOPO3MIpHHUX Oe3eKiMaKHIX
katepiB: “Protector”, “Seagull”, “Katana”,
‘Stingray* Ta “Silver Marlin” [141; 142].

TonoBHe iX MPU3HAYCHHS — HPOTUCTOSHHSI
TEPOPUCTUYHHUM 3arpo3aM 3 MoOps, PO3BiJiKa,
CIIOCTePEIKCHHSI Ta BEOCHHS MPOTHMIHHOT
BiliHM (puc. 4.2, 6-B).

At the end of the 20th -century,
interest in the use of USV appeared in
Israel due to the need for operations
automation to protect the sea coast and port
waters.

As a result, since 2004, several types of
small unmanned boats have been successfully
used in the mnaval forces: «Protectory,
«Seagull», «Katanay, «Stingray» and «Silver
Marlin» [141; 142].

Their main purpose is to counter terrorist
threats from the sea, reconnaissance,
surveillance and mine warfare (Fig. 4.2, b-c).
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Pucynok 4.2 — Po3pooxun BHC XX-ro cropiyusi: a — npopuBay MiHHMX 3aropoj:keHb
npoekty 1300 (CPCP). Bogoronna:xxuicts — 90 T, 1oB:kMHA — 25 M, mupuHa — 5 m,
ocajaka — 1,5 M, eHeproycranoBka — qu3ejbHuil 1BUTryH (300 K.c.), MIBHAKICTH X001y —
18 By3aiB; 0 — «'ayeT rapa», BUpoOHMUTBO KoMmnaHii «MPB InTepHemn»).
HoB:xuna — 19 ¢yris (5,79 M), kopnyc i3 apMOBaHOI0 CKJIOIJIACTUKY, ABUTYH —
au3enb (266 k.c.); B — Oe3exinaxkumii narpyabHuii karep «lIporexTop» (I3paiis).
Jo:xkuHa — 9,11 M, eHeproycTaHoOBKa — IM3eJIbHMI ABUTYH, PylIiii — MajoradapuTHuUii
BOJIOMET, IIBUAKICTH X01y — 40 y3., aBTOHOMHicTh — 10-35 roaun, cucrema Hapiramii —
panap, GPS-npuiimay, iHepuiliHa HaBirauiiina cucrema
Figure 4.2 — USV developments of the 20th century: a — project 1300 (USSR) mine
breaker. Displacement — 90 tons, length — 25 m, width — 5 m, draft — 1.5 m, power plant —
diesel engine (300 hp), speed — 18 knots; b — ""Gaust Guard'', ""MRYV International')
company production. Length — 19 feet (5.79 m), hull made of reinforced fiberglass,
engine — diesel (266 hp); ¢ — Israeli Navy's Protector "unmanned patrol boat".
Length — 9.11 m, power plant — diesel engine, propulsion — small-sized water cannon,
speed — 40 knots, autonomy — 10-35 hours, navigation system — radar, GPS receiver,
inertial navigation system

Opnouacno possuBanu cBoi bBHC CIIA,
ne y 2006 porti Oyno po3poOIeHO TeHepab-
Hui Tan crBopenHs BHC mist motped Biii-
ChKOBO-MOpChKOTO oty [140].

[Tizuime, 3 2012 poky, B paMKax €BpoIieii-
cekoi mporpamu “MUNIN” posriouanuck npu-
KJIaJIHI HAyKOBI TOCITI/PKEHHSI III0/I0 PO3POOKH
koHuenii kepyBanHs BIIC Ta OmiHKK TeXHIY-
HO1, EKOHOMIYHOI Ta TIPAaBOBOI CKJIAJOBUX IX
BUKopucTaHHs [143]. Meroro AOCHiKEHHS
OyJ0 HayKoBe OOIPYHTYBAaHHS JOLIIBHOCTI

118

At the same time, the United States
developed its USV, where in 2006 a master
plan for the USV creation for the Navy needs
was developed [140].

Later, in 2012, within the framework of
the European program, «MUNINy, applied
scientific research began to develop the
concept of USV control and evaluate the
technical, economic and legal operation
components [143]. The research purpose was
to scientifically substantiate the expediency



Scientific monograph

Ta MOYIIMBOCTI CTBOpeHHS Mopchkux BHC
TPAHCIIOPTHOTO THUITY, SIKI O MOIIM 3a0e3re-
quTH Oe3TEUHI OKEAHCHKI IEPEBE3CHHS.

[omoBHa ifes MpoekTy moisraia B OCHa-
IOICHHI BaHTAXHUX CYICH CICIiaIbHUMU
CEHCOPHUMHU CHUCTeMaMH ¥  OOpTOBUMHU
KOMIT I0TepaMy, sIKi JaroTh 3MOry iM Oe3aBa-
piifiHO pyxaTHCh y CKJIAQJAHUX HaBiramifHux
YMOBAX y ITOBHICTIO aBTOMAaTUIHOMY PEXKHMI.

VY noganemomy B 6ararboX MOPChKHX Kpa-
{HaX CBITy PO3TOPHYINCH TEOPCTUUHI TOCHi-
JOKEeHHS Ta poOoTH 31 ctBoperHss BHC pizHoro
MIPU3HAYCHHS, 3 SBUJINCH HAyKOBI OIVISITH Ta
MPAaKTHYHI y3arajibHEHHS MO0 PEe3yJbTaTiB
3acrocyBanHs BHC [144-146].

HaykoBli 1 MNpOEKTyBaJIbHUKH —aKIICH-
TYBaJIM yBary Ha IEPCHEKTUBHOCTI HOBOTIO
3ac00y MOPCHKOI TPAaHCIIOPTHOI POOOTOTEX-
HIKH Ta, OTHOYACHO, BKa3yBaJld Ha HU3KY TIPO-
O1eM 11010 11 MpakTHYHOT peaizalii.

Tak, y paMKkax MOJANbIIOTO PO3BHUTKY
imeit  mporpamu  “MUNIN”  Ha mpotsizi
2015-2017 pokiB OyJ0 BHKOHAHO IPOEKTI
“AAWA?”, TOJIOBHUM BUKOHABIIEM SKOTO OyIa
anniiceka (ipma «Rolls-Royce” (Benukoopu-
tais) [147]. [IpoekT 00’€iHAB YHIBEPCUTETH,
MIPOEKTHI OpraHizariii, BAPOOHHKIB 00JIa THAHHS
Ta KiIacu(ikaIiiHl TOBAPHCTBA JUI BUBYCHHS
CKOHOMIYHHX, COLIaJbHHX, IPABOBHX, HOpPMa-
TUBHHUX Ta TEXHOJIOTIYHUX (PAKTOPIB, sIKi HEOO-
ximHo BUpimmTH, 1100 BHC cranmu peaibHICTIO.

Y paMkax I[pOEKTy HOro Y4YaCHHUKH
IIyKaJIy BIIIOBiAL HA TPU HACTYIHI MUTAHHS:

— sIKi TOBUHHI OyTH TEXHOJIOTi1 KepyBaHHS
BHC i sx BOHM NOBHMHHI B3a€MOMIATH HPHU
HOro aBTOHOMHOMY IUTaBaHHI;

— SIK TIOTPIOHO CIPOEKTYBATH TaKe CY/IHO,
00 BOHO OyJIO HACTUTBKH XK OC3MEYHHM, SIK 1
3BHUAlHI Cy/THA, K1 HOB1 PU3UKH 3’ SIBISATHCS 1
SIK X YHUKHYTH;

— SIKl TIOBUHHI OyTH CHOHYKaJIbHI MOTHBH
JUTsI CyTHOBITaCHUKIB BKtaiaT kot B BHC i
XTO MicHs 1X «Jieranizaiii» Oyae BiNoBiianb-
HUH y BUIAJKy TOTro ab0 IHIIOIO iHIUACHTY.

Opnnouacho 3 npoexkrtoM “AAWA” y Hop-
Berii Oyno peanizoBano npoekt “AUTOSEA”
[148], ocHOBHOIO MeTOIO OyIa po3podKa MeTo-
niB cynHoBomiHHA Ta Hapiramii BHC. llewn

and feasibility of creating transport-type
marine USV that could ensure safe ocean
transportation.

The main idea of the project was to equip
cargo ships with special sensor systems and
on-board computers that enable them to move
safely in difficult navigation conditions in
fully automatic mode.

Subsequently, in many maritime countries
of the world, theoretical studies and works on
the creation of BNS for various purposes were
launched, scientific reviews and practical
generalizations about the results of BNS
application appeared [144-146].

Scientists and design engineers focused
on the prospects of a new means of marine
transport robotics and at the same time pointed
out a number of problems in its practical
implementation.

Thus, as part of the further development
of the ideas of the MUNIN program,
during 2015-2017, the AAWA project was
completed, the main executor of which
was the English company Rolls-Royce
(Great Britain).[147] The project brought
together universities, design organizations,
equipment manufacturers and classification
societies to study the economic, social,
legal, regulatory and technological factors
that need to be addressed to make USV a
reality.

Within the project framework, its
participants sought answers to the following
three questions:

— what should be the USV control
technologies and how they should interact
during its autonomous navigation;

— how to design such a vessel so that it is
as safe as the conventional vessels, what new
risks will appear and how to avoid them;

— what incentives should be for
shipowners to invest in USV and who after
their «legalization» will be responsible in case
of this or that incident.

Simultaneously with the AAWA project,
the AUTOSEA project [ 148] was implemented
in Norway, the main goal was to develop
methods for navigation and USV navigation.
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MPOEKT TIATBEPIUB €(EKTHBHICTh CHCTEMHU
3aro0iraHHs 3ITKHEHHSM y MIOBHOMACIITAOHUX
HATYPHHX EKCIICPUMEHTAX, 110 JIaJI0 3MOT'Y pea-
J3yBaTH MPOEKT aBTOMAaTHYHOTO ABTOMOOLIB-
Horo ropomy Jutsi banrificekoro mopst [149].

[omanpmrmm PO3BUTKOM MIPOCKTY
“AUTOSEA” 0yB npoekt €Bpocotrozy “Hull-
to-Hull” [150], meroro sixoro Oyio 3abe3rme-
YeHHs Oe3MEeYHOro IIaBaHHs B Oesnocepes-
Hili OJM3BKOCTI BiJl 1HIIWUX CYy/IE€H HAa OCHOBI
3aCTOCYBaHHS CHCTEM CYITyTHHKOBOI HaBira-
uii. Takuit migxija 103BOJSE MPEUU3IHHO OIli-
HIOBAaTH SK BIJICTaHb JO HABKOJHUIIHIX 00’ €K-
TiB, BKITIOYAIOYH CYJIHA, IO PYXalOThCS, TAK 1
IIBHKICTH 30JDKCHHS 3 HUMH.

CboroziHi y BCbOMY CBITI HapaxOBY€TbCS
O6impmr HiXK 1000 MOpPCHKHMX aBTOHOMHHX
HAJIBOJIHUX CY/ICH, K1 EKCILTYaTYOThCSI O1JIbIII
HiXk 53 opranizamismu [151].

Ha puc. 4.3 HaBe/ieHO 30BHIIIHIA BUIIIST
tunoBux BHC pi3HUX apXiTeKTypHO-KOH-
CTPYKTHBHHX THIIIB Ta PI3HOTO NMPU3HAYCHHSI.

Haseneni na puc. 4.3 BHC waroth
HACTYITHE MPU3HAYCHHS:

a — BHC 3 nucraHuiitHuM KepyBaHHSM
«Maxlimer» ¢ipmu «Sea-Kit International»
(Kanama), mpu3HaueHe, y TOMY YHCIT W JIIs
pobotu 3 AHIIA [152];

6 — mepummii y CBITI iHTENEKTyaJbHHUH
OC3MIIOTHUI TOCHITHUIBKUI Kopadeab-0a3a
«Zhu Hai Yun» (KHP) [153];

B — JWCTAHIIIITHO KepOBaHE 4yepe3 CYIyT-
Huk BHC USV X0-450 xommnanii «k XOCEAN»
(Kanana) amst 360py 6aTUMETPHUUCCKUX TAHUX
y BHyTpimHiX Bomax Kanamu [154];

r — BHC «ORCA UBOAT» (CIIA) mus
BojiHOTO cepdinry [155];

1 — nporuminae BHC «Seagull» (Benuko-
Opuranis [156];

e — BHC «TITAN» (KHP) mnst ounmenus
MUJIKOBOJHHX BOJOMM IUISTXOM KOCIHHS BOJ-
HuX pociuH [157];

* — BHC «C-Worker 5» (Kananma) ms
00CTeKEHHsI IMiJIBOMHUX KabembHUX Tpac [158];

3 — BHC-BiTpunsHuK «Saildrone» (CILLA)
3 COHSYHUMH €JIeMEHTaMU IUIS MPOBEICHHS
oKeaHorpadiuHuX J0CTiKeHb [159].
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This project confirmed the collision
avoidance system effectiveness in full-scale
field experiments, which made it possible to
implement the automatic car ferry project for
the Baltic Sea [149].

A further development of the kKAUTOSEA»
project was the European Union «Hull-to-
Hull» project [150], the purpose of which was
to ensure safe navigation in close proximity
to other ships based on the use of satellite
navigation systems. This approach makes
it possible to accurately estimate both the
distance to surrounding objects, including
moving vessels, and the approach speed to
them.

Today, there are more than 1,000 marine
autonomous surface vessels in the world,
which are operated by more than
53 organizations [151].

Fig. 4.3 shows the appearance of typical
USV of various architectural and structural
types and different purposes.

USVs Shown in Fig. 4.3 have the following
purposes:

a — USV with remote control of the
«Maxlimer»Sea-Kit International» company
(Canada), designed, including for work with
ANPA [152];

b — the world’s first intelligent unmanned
research mother-ship «Zhu Hai Yun»
(PRC) [153];

¢ — X0-450 (XOCEAN USYV, Canada)
remotely controlled via USV satellite for
collecting bathymetric data in the inland
waters of Canada [154];

d — «ORCA UBOAT» USV (USA) for
water surfing [155];

e —Mine countermeasures USV «Seagull»
(Great Britain [156];

f — «TITAN» (PRC) USV for cleaning
shallow water bodies by mowing aquatic
plants [157];

g — «C-Worker 5» USV (Canada) for
surveying underwater cable routes [158];

h — Sailplane «Saildrone» USV (USA)
with solar cells for conducting oceanographic
research [159].
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Pucynoxk 4.3 — 3oBHimmniii Burisig cyyacuux BHC pi3snoro npusHayeHnns
Figure 4.3 — External view of modern USV for various purposes

Ha wneit yac OCHOBHMMM HampsiMKamMH Currently, the main areas of USV
3acrocyBanHs BHC, Buxoxsuu 3 onsiny Hay- — application, based on the scientific and
KOBO-TeXHIUHUX myOmikawiit [134; 160; 161],  technical publication reviews [134; 160; 161],
€ HayKOBO-JIOCIIIHHIIBKI, NMPHUKIaAHI rigpo- = are scientific research, applied hydrographic,
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rpadiyHi, TPUPOTOOXOPOHHI Ta aBapiiHO-PsI-
TYBaJIbHI MOPCHK1 POOOTH.

CamMe 3a IMMU HanpsiMKaM# aBTOpH 1 BOa-
YarTh JOIUIBHICTh 1 MOXJIHBICTH BHUKOPH-
cranust BHC sk HociiB AHITA st ix Tpas-
CIIOPTYBAHHS JIO aKBaTOPii, e BOHH MalOTh
BHUKOHYBATH TPYIIOBI MiABOJHI MiCii.

environmental protection and marine rescue
operations.

It is in these areas that the authors see the
expediency and possibility of using USV as
AUV carriers for their transportation in the
water area where they need to perform group
underwater missions.

4.2. @opmyaroBanHs rojiopHux 3a1a4 crBopenHst BHC Ha ocHoBI cuctemHoro miaxoay
4.2. Formulation of the main tasks of USV creation based on a systematic approach

3 no3ulliif CHCTEMHOTO HiJIXOAY JI0 IPOEKTY-
BaHHS 3aCO0IB MOPCHKOT pOOOTOTEXHIKK [162]
J10 TEHEPAIbHOT MHOXHUHM T, . TOJIOBHUX 3a/1a4
crBoperrs BHC Takoro nmpu3HayeHHs CIif Bid-
HECTH HACTYITHY MHOXKWHY 3ajad, YCIIIHHNA
PO3B’SI30K AKUX 3a0€3MeUUTh iX KOHKYpPEeHTO3-
JIATHICTh HA PHHKY MOPCBKOT TEXHIKH:

— MHOXuHY 7T, .  3a71a4 palioHaIbHOIO
BUOIpy dopmu koprycy BHC, sikuii Ou Makcu-
MaJIbHO TIOBHO BIJITIOBIJIaB BUMOTaM JI0 MOpE-
XIJTHOCTI TaKUX CYICH — OCTIHHOCTI, MIIHOCTI,
BOJIOHETIPOHUKHOCTI, HETIOTOILIFOBAHOCTI, IIjIa-
By4OCTi, KepoBaHocTi (3anaqa T, €T, )
Ta BUMOTaM JI0 €(peKTHBHOTO BUKOHAHHSI BCHOTO
TepetiKy peKuMIB 1110710 3actocyBanHs AHITA
(zamasa T, ., 4T, e 3A3HAIMMO, IO Ha
Leil 4ac BHUKOPUCTOBYIOTh YOTHUPH OCHOBHI
(dhopmu kopirycy BHC: TBepaunit HatyBHUIA KOp-
IyC, OIHOKOPITYCHI (THITy «KasK»), KaTaMapaH
(TBOXKOPITYCHI) Ta TpEMapaHH (TPbOXKOPITYCHI);

— MHOXHUHY T, ., 3a1a4 BUOOpY THITy Ta

MOTYKHOCTI TOJIOBHOI €HEpreTHMyHoi YycTa-

HOBKM — JIM3€JIb-€JIEKTPUYHA, aKyMYJISTOpHA,

BITPOT€HEPATOpPHA, (POTOENEKTPUYHA  TOLIO
(amawa T, €T, Ta pyuiiHO-CTED-

HoBoro kommiekcy BHC — rpeOHi rBuHTH Y
HacaJKaX, MOBOPOTHI PYyJIOBI KOJIOHKH, BOIIO-
metH Tomo (3amada T, ., . € EHC »)> Kpim
TOTO, BXKJIMBOIO CKJIAJOBOIO ITiJIMHOXKUHU
samaa T, € 3ama4a MOOYZIOBU 1HTETPOBAHOT
enexTpoeneprernuHoi cuctemu BHC (B anmo-
MOBHIW Jiteparypi — Integrated Power and
Energy Systems, IPES), sxa 6 3abe3ncunna
OINTHUMI3aIliI0 TpoleciB 30epiranHs Ta edek-
TUBHOTO BHMKOPHUCTAHHS OOpTOBOi eHeprii 3
METOIO 301IbIICHHS Yacy BUKOHAHHSI MOPCHKOT

micii BHC (3anaua T ) [163];

BHC-E-Inm € EHC E
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From the systematic approach view
point to the marine robotics design [162],
the following set of tasks should be
attributed to the general set 7, of the USV
creation main tasks of this purpose, the
successful solution of which will ensure their
competitiveness in the market of marine
facilities:

—asetof T, tasks of the rational choice
of the USV hull shape, which would fully
meet the seaworthiness requirements of such
vessels — stability, strength, watertightness,
unsinkability, buoyancy,  controllability
(T 5.k € T onsi task) and the requirements
for effective fulfillment of the entire list
of regimes regarding the use of AUV
(Tysp-iiy€ Ty task); note that currently
four main forms of USV hulls are used:
solid inflatable hulls, single-hull (kayak-
type), catamaran (double-hulls) and trimaran
(triple-hulls);

—a set of T, tasks of choosing the
type and power of the main propulsion
plant — diesel-electric, battery, wind generator,
photovoltaic, etc. (T, ;1€ Tysre  1ask)
and the USV propulsion and steering
complex — propellers in nozzles, rotary
steering columns, water cannons, etc.
(T sy.ppsc€ Ty task); in  addition, an
important component of the subset of

T, tasks is the task of building the USV
Integrated Power and Energy Systems
(IPES), which would ensure the storage
processes optimization and the onboard
energy efficient use in order to increase
the USV maritime mission execution time

(T task) [163];

USV—E—Int USVE
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— MHOXUHY T, 3ajad CHHTE3y CHCTEM
1H(OPMAIIHHO-KEPYIOUOro 3a0e3MeUeHHS (PyHK-
uionyBanHst BHC — aBromaTnzoBaHoro (Tesneke-

PYBaHHS 1O pajiOKaHay) YW aBTOMATHYHOTO

(enexTpoHHa HaBiraiis) kepyBaHHs pyxom bBHC
(zamava T, P € T,,.), AaBTOMAaTH30BAHOTO

YM aBTOMarUYHOTO KEPYBaHHS JBOXCTOPOHHIM
paiio- 9u CynmyTHUKOBUM 3B’si3koM Mixk BHC Ta
neHTpoM kepyBanHst 1 kouTpoio (IIKK, 3amaga
Tocr3€ Ty )» ABTOMATH30BAHOTO YH aBTOMa-
TUYHOTO KepyBaHHS OOPTOBUM TEXHOJOTTYHUM
O0NaJJHAaHHSAM — CHCTEMaMH KEepyBaHHs €Hep-
TeTHYHUM Ta 1H(OpPMAIIHHAM 3a0e3NeUeHHIM
rpyrmm AHITA niepen moyaTkoM Micii, CHCTEMOIO
3anycky rpymu AHITIA 3 6opry BHC 3FiI[HO
3anexHocTi (3.16), z[pymﬁ erarm RS

AUV
Ta e’ sruid etan CS, € (3amava T
eT

M uc bHC-I-TO
sHCD> ABTOMATHU30BaHOI'O Y aBTOMAaTHYHOI'O
KCpYyBaHH 3arajlbHOCYTHOBUMU MeXaHi3MaMH —

EIIEKTPO- Ta Ti/lpaBIiyHuM oONaHaHHIM Oe3e-

MUC’

Kinaxnoro cymHa (3amada Iy, .., €T )
— MHOKHHY Tch , 3a]ad CHHTE3y CKJa-

noBux BHC, sxi 3a0e3nedyioTh ehexTHBHE
3actocyBaHHs rpynu AHITA 3a ocHoBHHM
MPU3HAYCHHSAM; 30KpeMa, Ha CBOTOAHI IO
TaKHMX CKJIAJJOBUX MOJKHA BiJTHECTH PO3POOKY
OeperoBoro 4m MOOUIBHOTO IEHTPY Kepy-
BaHHs 1 koHTpomo BHC (zamawa T €

BbHC-J-IJKK
Tyc.))» PO3POOKY CHCTEMH KEPYBaHHs KOPHC-
HuM BaHTaxkeM (KB) BHC — cucremy Bumnycky
rpynu AHITA 3 6opty BHC sik 006’exTa aBTo-
MAaTU30BaHOTO YU aBTOMATUYHOI'O KCPYyBaHHSA
(3amava T, ,,€7T,,.,) Ta po3podKy BOYmO-
BaHHUX CHUCTEM IarHOCTHKH 1 3aXHCTy eJeK-
TpoMmexaHiuHoro oOnaaHanHa BHC (3agaua
T BHC-J Jliaen € Tiye Ta3anada Ty, 5 €T EHC—J)'
Taxkum yrHOM, reHepanbHa MHOKHHA T
roNIOBHUX 3an1a4 cTBopeHHs MBK moxe O0ytn

MIPEACTaBICHA Yy BUNISAL

—asetof T, tasksof USVinformationand
control operation system synthesis—automated
(telecontrol via radio channel) or automatic
(electronic navigation) control of the USV
motion (T, . eT,,, task), automated
or automatic control of two-way radio or
satellite communication between the USV
and the command and control center (CCC,
T ..o €T, task), automated or automatic
control of on-board technological equipment
(OTE) — control systems for energy and
information support of the AUV group before
the beginning of the mission, the AUV group
launch system from the USV board according
to dependence (3.16), the second stage
RS, €4, -andtheninthstageof CS, €4, .
(task 7', o € Ty0.,)» @Utomated or automatic
control of general ship mechanisms — electric
and hydraulic equipment of a crewless vessel
(task T, usv-rasm S T USVI)

—a set of T,  tasks for the synthesis
of USV components that ensure the
effective use of the AUV group for its main
purpose; in  particular, today  such
components include the development of a
coastal or mobile command and control center
for the USV (T o€ Thys, task), USV
payload (PL) control system development — a
system for releasing a group of AUVs from
the USV board as an object of automated
or automatic control (7, ., €T, task )
and the development of built-in systems for

diagnosing and protecting electromechanical

equipment of the USV (7, , piaen € Lusy- ,task
and TUSVJ P)o SVJtaSk)

Thus, the general set T, , . of the main tasks
of MUC creation can be represented as:

TMEK:[TEHL 1(’. TEHC-E’. TEHC 1’. BHC: JJ (4 1)
TMU _[ USVK’ TUSV—E’ USVI’ USV}] (41)
IS
TEHC K:{TEHC K- M’. TEHC—K—E(}»}" (42)
TEHC E_{ bHC-, EFEV’ TEHC-E-PK" TEHC-E-IHM}; (43)
TEHC 1_{ BHC-I-Pyx’ TEHC—[—?’ TBHC-]-ETO’. TEHC—[—?CM}’. (44)
TEHC—J {TBHC-J-[[KK’ TEHC—J-KB’. TEHC—J—,ZZiazu" TEHC—./—E’ax} : (45)
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where
TUSV-K: {TUSV-K-M; TUSVK—Ef}” (42)
TUSV-E: {TUSV-E-MPP; USV-E-PSC" TUSV-E-IHm} ; (4 3)
TUSV-1: {TUSV-I-Mozion’. TUSV-I—B’" TUSV-I-OTE" TUSV-]-GSM} ; (44)
=/ . . .
TUS V-J t TUS v-J-ccc’ TUS V-J-KB’ TUS V-J-Diagn’ TUS V-J-Prz)} ° (45)

Buxonsun 3 (4.1)-(4.5) moxHa KOHCTa-
TyBarty, 1o po3podka BHC sk HociiB rpymun
AHIIA € ckimagHUM TPUKIATHUM HAyKOBUM
3aBJIaHHSM, SIKE HEOOXiTHO BUKOHYBaTH i3
3allydyeHHsIM 0araTbOX HAyKOBUX Ta iHXKEHEp-
HUX TUCIHATLTIH.

TyT po3missHEMO JMIIe ABI 3a7adi 3 TeHe-
panbHOb M Buxomsuum 3 (4.1)-(4.5) moxHa
KOHCTaTyBarH, 1o po3podka BHC sk HociiB
rpynu AHITA € cknagHum mpuKiIagHuM Hay-
KOBHM 3aBJIaHHSM, SK& HEOOXITHO BUKOHY-
BaTH 13 3aJy4CeHHSM OaraThbOX HAyKOBHX Ta
TH)KCHEPHUX JTUCIIUTLTIH.

TyT po3missHEMO JIMIIE JBI 3a7a4i 3 reHe-
panbHOb MHOXUHHM (4.1), gxi moB’s3aHi 3
aBTomaru3aniero kepyBanHs BHC: 3amauy
T eT BJIOCKOHAJICHHSI KEPyBaHHS

BHC-I-Pyx BHC-1
pyxom BHC ta samauy T,,., . €T, .,
Bunycmycky rpynu AHITA 3 6opty BHC-Ho-
Cisl, sIKa BXOJMTh y MiAMHOXUAY T, . .
VY 4KOCTI MepmIoro KpoKy A0 PO3B’SI3KY
BKAa3aHUX 3371a4 PO3TIITHEMO 3aralbHi BIACTH-
BocTi Ta ocobnuBocTi BHC sk 06’€exTy aBTo-

MaTUYHOI'O KEpYBaHHS.

Based on (4.1)-(4.5), it can be stated that the
development of USVs as AUV group carriers
is a complex applied scientific task, which
must be performed with the involvement
of many scientific and engineering
disciplines.

Here we will consider only two general
tasks. Based on (4.1)-(4.5), it can be stated
that the development of USV as carriers
of the AUV group is a complex applied
scientific task that must be performed with
the involvement of many scientific and
engineering disciplines.

Here we consider only two tasks from the
general set (4.1) that are related to the USV
control automation: 7, .~ eT . of the
USV control motion improvement task and
AUV group release task 7, . €T, from
aboard the AUV-carrier, as included in the
subset 7', ,

As a first step to solving these

tasks, we will consider the USV general
properties and features as an automatic

control object.

4.3. OcobummBocti BHC sik 00’€KTy aBTOMATHYHOI0 KePyBaHHS

4.3. USV features as an automatic control object

BHC-nocii rpynu AHITA sBisitoTh 00010
00’€KTH MOPCBKOI POOOTOTEXHIKH, sIKI (PyHKITIO-
HYIOTb ITi]] KEPYBAHHSIM CUCTEM aBTOMATUYHOTO
KepyBaHHS Pi3HOTO MPH3HAYCHHS Ta CKJIaTHOCTI.

ApromaruuyHe kepyBaHHi BHC sBmuse
c00010 CKITaAHy NPHKIAJHY HayKOBY 3a/ady,
70 OCHOBHHX OCOONMBOCTEH CHHTE3y SKOI
MOJKHA BIJIHECTH:

— cyrreBy HeniniiHicTh BHC sk 00’€kTy
KepyBaHHs;, 00yMOBJICHY HENIHIHHUM Xapak-
TEpPOM HOr0 BUKOHABUYMX MEXaHI3MIB Ta HEJi-
HIHHUM  XapakTepoM OOTIKaHHS KOPIYyCY
CY/IIHA SIK TBEPJIOTO TiJIa, IKE PYXAE€ThCS Y BOII;
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USV carriers of the AUV group are
of marine robotics objects that function
under the automatic control systems
monitoring of various purposes and
complexity levels.

USV automatic control is a complex
applied scientific task, the main features of the
synthesis of which include:

— significant non-linearity of the USV as a
control object, due to the non-linear nature of
its executive mechanisms and the non-linear
nature of the flow around the ship’s hull as a
solid body moving in water;
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— HEBH3HAUYCHICTh 30BHIIIHIX 30ypeHb,
ki 1110tk Ha kopmyc BHC (BiTpo-XBHIBOBHX
30ypeHb Ta 30ypeHb, TOPOIKYBaHUX TEUISIMH).

HayxoBi po3po0ku, MoB’si3aHi 3 CHHTE30M
ta nocuimkerasm CAK BHC, napasi nposo-
JTBCSL Y OUIBIIOCTI MPOBITHUX MOPCHKHUX
KpaiH CBiTy, OCKIIBKHM Taki CyaHa € cepiios-
HOO aJIBTEPHATUBOIO TPAIUIIHHOMY BOTHOMY
TPAHCIIOPTY, Y TOMY YHCH ¥ Ha BHYTPIIIHIX
BOMHUX HUIsiXax [164-166].

Sk 00’extu aBromaru3zaiii BHC yTBopro-
IOTh OCOOJIMBHI KJIAC MOPCBKUX PYXOMHX
00’€KTIB, IJISl SKUX XapaKTepHUM € pPyX 3
BHCOKOIO INBUJKICTIO (10 45 By3IiB), 4acTe
MaHEBPYBAHHS 31 3HAYHUMH MPUCKOPECHHIMHU
[167]. BaxmBo BiA3HAYMTH, 10 (YHKIIIO-
HYBaHHS PO3IIITHYTOTO KJacy CyA€H YacTo
3MIACHIOETECS B pailloHaX 3 OOMEKEHHMHU
HaBiramiiHUMN yMOBaMHU 1 BUMAarae BEJIHKOi
TOYHOCTI YTPUMaHHS Ha 3aJ[aHii TPaeKTOopil.

Buxomstau 3 11p0T0, aBTOMATH3aLis KEpy-
BanHa BHC six Hocis rpymu AHITA, y 3anex-
HOCTI Bil BUMOT NPaKTHKH MOKe OyTH peai-
30BaHA TAKUMHU PIBHAMU:

— piBenb TenekepyBanHs LC,  (qucran-
LiliHe py4YHE KepyBaHHS JIOIWHOI-OTEeparo-
pom nporeciB pyxy BHC Tta #oro 6oproBum
TEXHOJIOTIYHUM OOJaTHaHHAM 3 OeperoBOro
g MobipHOTO [TKK);

— piBeHb  aBTOMATH30BAaHOTO  KepyBaHHS
LC,, (3a y4acTo JIKMHU-OTIEPATOPA, KOJIK CTa-
OLTi3aI1ist KypCY, TPAEKTOPIi Ta MIBUIKOCTI CYIHA
BUKOHYIOTBCSI aBTOMAaTHYHO, JI€ TiJ] KOHTPOJIEM
JIFOJIMHU-0TIEpaTopa 3 MOMIIUBICTIO OTEpaTHB-
HOTO BTPYYAHHS y KPUTUYHHX CHUTYAISX; IPU
IOMY, KepyBaHHS OOPTOBHM TEXHOJIOTITHHM
obnagaanHsM BHC BHKOHYETBCS JTFOMUHOFO-0-
TIEpaTopoM y PEXKUMI TeIeKepyBaHHS);

— piBEHb aBTOMATHYHOTO KepyBaHHs LC,
(3a0be3meuye TOBHICTIO aBTOMAaTWYHE Kepy-
BanHa BHC B ycix pexxnmax #oro ¢yHkItio-
HYBaHHS, BKIIIOYAIOYM EJIEKTPOHHY HaBira-
uito, 3B’s130k 3 LIKK, kepyBanHa O0OpTOBUM
TEXHOJIOTIYHUM OOJaTHaHHSIM Ta 3arajib-
HOCYJTHOBHMH MEXaHi3MaMH; TelleKepyBaHHs
3aUIIAEThest SIK (hopMa KOHTpPOINO Oe3neku
¢yukuionysanus bHC);

—uncertainty of external disturbances acting
on the USV hull (wind-wave disturbances and
disturbances generated by currents).

Scientific developments related to the
synthesis and research of USV ACS are
currently carried out in most of the leading
maritime countries of the world, since
such vessels form a serious alternative to
traditional water transport, including on inland
waterways [164-166].

As automation objects, USV form a
special class of marine mobile objects, which
are characterized by movement at high speed
(up to 45 knots), frequent maneuvering with
significant accelerations [167]. It is important
to note that the operation of the class of ships
under consideration is often carried out in
areas with limited navigational conditions and
requires high accuracy of keeping on a given
trajectory.

Based on this, the USV control automation
as the AUV group carrier, depending on the
requirements of practice, can be implemented
by the following levels:

— telecontrol level LC, (remote manual
control of the USV motion processes
by a human operator and its on-board
technological equipment from a coastal or
mobile PCC);

— automated control level LC . (with the
participation of a human operator, when the
stabilization of the course, trajectory and
speed of the vessel is performed automatically,
but under the control of a human operator
with the possibility of operative intervention
in critical situations; at the same time, the
USV  onboard technological equipment
is controlled by a human operator in the
telecontrol mode);

— automatic control level LC, (provides
fully automatic control of the USV in all
modes of its operation, including electronic
navigation, communication with the CCC,
control of on-board technological equipment
and general ship mechanisms; telecontrol
remains as a form of USV operation safety
control);
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— piBEHb IHTENEKTYaJILHOTO KEpyBaHHS
LC, (IpyHTyeTbCS Ha 3aCTOCYBaHHs Teopii
MITYYHOTO 1HTEJICKTY 1 3a0e3Ieuye 3/1aTHICTh
10 «po3yMinHsy 1 HaBuaHHs CAK tmono BHC
SIK 00’ €KTa KepyBaHHs, 30ypeHb 30BHIIIHBOTO
cepeZioBUIIa Ta yMOB poboTH [168]; BrazaHi
BJIACTHBOCTI AIOTh 3MOTY pealli3yBaTH BHUCO-
kotouHi CAK TpaekTOPHUM PyXOM TEXHIUHHX
CUCTEM, KOJIM IX MaTeMaTH4Ha MOJIeNlb HEeBi-
JIOMa Y1 HEJJOCTOBIpHA.

TaknuM YMHOM, MHO)KHHA OCHOBHHUX PiBHIB
apromaruszanii BHC moxe OyTtm mpeicras-
JIeHa HACTYITHOIO 3aJISKHICTIO:

LC,={LC,; |

Kpim toro, CAK BHC noBuHHa BifmoBi-
JIaTH HaCTYyNMHUM BuMoram [167]:

— 3a0e3nedyBaTi O€3MEPEepBHICTH 1 3aBa-
JI03aXUCT BUPOOJICHHIO HABIraI[ITHUX TTapame-
TpIB, a TAKOXK 3a0€3MeUyBaTi TOUHICTh yTPH-
MaHHS Ha TPA€EKTOPIl B Mexkax 2-5 MeTpiB;

— cknag CAK moBuHeH OyTH  KOMITaK-
THUM, TOOTO MICTUTH MiHIMaJbHY HEOOX1THY
KUTBKICTh TIPUJIAIB;

— MpHUIaay CHCTEMHU MOBHUHHI MAaTu Mali
MacorabapuTHi  XapaKTePUCTUKH, HHU3bKY
BapTICTh Ta HU3bKE CHEPTOCIIOKUBAHHS

— CAK mnoBuHHa 3a0e3nedyyBaTH eQek-
TtuBHe (yHKIionyBanas bBHC B ymoBax xBH-
JIFOBaHHS MOPs 710 3-X OaltiB.

PosmissHeMo  Temep  OCHOBHI
po6otu BHC six HOCist rpymu BHC.

Buxomstau 3 OCHOBHUIX 3aBIaHb EKCILTya-
tanii BHC chopmyinroeMo OCHOBHI pexxuMu
Horo (YHKIIOHYBaHHS TIPH IOBHIH aBTO-
MaTH3aii:

— peXHM NpAMOJIHIHHOTO pyXY 31 cTabii-
3ali€l0 Kypey ¢ Ta MBUAKOCTI V;

— PeXUM pyXy IO 3aJaHiif TpaexTopii 3i
cTabimi3aIiero MBUAKOCTI PyXy V;

— pexuM MapuipyTHoi Touku, ko CAK
BHC mnparnme nmosectm cymHO 110 3aAaHOi
MapIIPyTHOI TOYKH, TOCTIHHO OHOBIIOIOUN
CBIH Kypc, IO 3MIHIOETHCS BHACIIJIOK JTiT 30B-
HINTHIX 30ypeHb;

— PSKUM LUPKYIALii 3 3aJaHAMH  3HA-
YEHHSAMHU PajllyCy WMPKYJAILIi 7. Ta KyTOBOI
IIBHKOCTI @)

pexuMu
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— intelligent control level LC, (based on
the artificial intelligence theory application
and provides the ability to «understand» and
train the ACS with respect to the USV as a
control object, environmental disturbances and
operating conditions [168]; these properties
make it possible to implement high-precision
ACS of the trajectory movement of systems,
when their mathematical model is unknown or
unreliable.

Thus, the set of USV automation basic
levels can be represented by the following
dependence:

LC,; LC}. (4.6)

In addition, the USV ACS must meet the
following requirements [167]:

In addition, the USV ACS must meet the
following requirements [167]:

— to ensure continuity and noise immunity
in the development of navigation parameters,
as well as to ensure the accuracy of keeping on
the trajectory within 2-5 meters;

— the ACS composition should be compact,
that is, contain a minimum required number of
devices;;

— the system devices must have small
weight and size characteristics, low cost and
low power consumption;

— ACS should ensure the effective
functioning of the USV in conditions of sea
waves up to 3 points.

Let us now consider the USV main
operation modes as USV group carrier.

Based on the USV operation main tasks,
we will formulate its main operation modes in
full automation:

— mode of rectilinear movement with the
stabilization of the course and speed v;

—mode of movement along a given
trajectory with the stabilization of movement
speed v;

— waypoint mode, when the USV ACS
strives to bring the vessel to a given waypoint,
constantly updating its course, which changes
due to external disturbances action;

— circulation mode with specified values
of circulation radius 7. and angular velocity m;



Scientific monograph

— peXKHMM TIO3MIIIOHYBaHHS y TOYI (JUIsI
cnycky rpynu AHITA nepen BHKOHaHHSM
MiJBOAHOT MICiT Ta JIsl puidoMy 1X Ha OOpT
TTiCITsE 3aBEPIICHHS M1 IBOTHOT Micii);

— pexuM apeiidy Ha akBaropii, A€ BHKO-
HY€ETBCS M1IBOJTHA MICIsl.

Bkazani pexuMu peanizyroTbes 3a JI0T0-
MOTOI0  PYIIifHO-CTEPHOBOTO  KOMILICKCY
(PCK) cynna, skwii 3a3BUYai, CKIAIA€ThCS 3
rpeOHOro rBUHTA y Hacall, U0 MPUBOAUTHCS
B PYX €JIEKTPUYHMM YH TETJIOBUM JIBUTYHOM.
Inmmvu Bapiantamu no6ynosu PCK e Bogo-
METHHI PYIIil, BEKTOP TATH SIKOTO PETYITIO-
€THCS 3a JOIMOMOTIOI0 COIlIa, ado creriajibHe
BiTpmwio (BHC-BiTpunsHuK) [169].

KpiM 3aBnaHp aBTromarm3allii KepyBaHHS
pyxoM BHC, akTyajipbHUMHE € TaKOXK 3aBIAHHS
ABTOMAaTH30BAaHOTO UM aBTOMAaTHYHOTO Kepy-
BaHHS HOTO NManyOHMMHU MEXaHi3MaMH — CITy-
cKo-migHIMabHIMH TipucTposiMu (CIIIT) st
rpynu AHITA.

Takum unHOM, 3a0e3nedeHHs QyHKIIOHY-
BauHsa BHC BigHOCUTHCS 10 3aBIaHb KOMILIECK-
CHOi aBToMaTH3ailii HeIiHIHHOTO MOPCHKOTO
pyxoMoro o00’ekra, IO MpPALOE B YMOBaX
HEBU3HAYEHOCTI XapaKTEPUCTHK 30BHIIIIHFOTO
cepenosunia (3C) i HecTalioOHAPHOCTI Biac-
HEX mapametpis. Moro ycmimmmii po3s’si3ok
MOJKJIMBHH JIHIIIE HA 0a31 3aCTOCYBaHHS Cy4ac-
HUX 37100yTKIB y TajTy3i MTYYHOTO IHTCICKTY
Ta MaTeMaTUYHOTO MOJICITFOBAHHS HETIHIMHUX
IUHAMIYHUX 00’ €KTIB.

V3aranpHeHa (QYHKIIOHATBHA CTPYKTypa
CXeMa CHUCTEeMH aBTOMAaTHYHOTO KepyBaHHS
takuM BHC nokasana Ha puc. 4.4 [170].

Tpu BepxHi piBHI NPUHMAIOTH 1 06pPOOIS-
FOTh 3aBJIaHHS Bij 30BHINIHKOTO (OEPErOBOTO
91 MOOUTLHOTO) IEHTPY KepYBaHHS Ta KOHTP-
om0 (LIKK) 3 Buxkopuctanssam iHpopmariii Big
cucremu cencopiB BHC C,, . Ta cuctemu cen-
copie C, . 30BHIIIHBOTO cepeloBuIa. Brasani
CHUCTEMHU CEHCOpIB TeHepyIoTh iH(opMallio
PO MOTOYHI MapaMeTpy Ta TEXHIYHHUA CTaH
MexaHizMiB BHC 1 mapameTpu MOpPCHKOTO
CepeIoBHIIIA.

— point positioning mode (for launching
a group of AUVs before the underwater
mission excecution and for receiving them on
board after the completion of the underwater
mission);

— drift mode in the water area where the
underwater mission is being performed.

These specified modes are implemented
using the vessel propulsion-steering
complex (PSC), which usually consists
of a propeller in a nozzle driven by an
electric or thermal engine. Other options
for constructing the PSC are a water-jet
propulsion system, the thrust vector of which
is controlled by a nozzle, or a special sail
(USV-sailboat) [169].

Apart from the USV motion control
automation tasks, the tasks of automated or
automatic control of its deck mechanisms —
lowering and lifting devices (LLD) forthe AUV
group are also relevant.

Thus, ensuring the USV functioning
refers to the tasks of complex automation of
a nonlinear marine mobile object operating
under conditions of uncertainty in the
characteristics of the external environment
(EE) and non-stationarity of its own
parameters. The successful solution of such a
task is possible only with the wide application
of modern achievements in the field of artificial
intelligence and mathematical modeling of
nonlinear dynamic objects.

A generalized functional structure diagram
of the automatic control system for such a
USV is shown in Fig. 4.4 [170].

The three upper levels receive and
process tasks from an external (coastal or
mobile) command and control center (CCC)
using information from the USV sensor
system C, . and the environmental sensor
system C,,. These sensor systems generate
information about the current parameters
and technical condition of the USV
mechanisms and the marine environment
parameters.
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Crpareriunuii pireHb
(Strategic level)

Bij ITKK
From CCC

)

TakTH4HUH piBeHB
(Tactical level)

1

ApjantUBeuii piBeHb
(Adaptive level)

[Iporpamuuii piBeHb
(Programming level)

Csc

(CkE)

1

BuxonaBumnii piBeHb
(Executive level)

30BHILIHE CepeoBHILE
(External environment)

4

i J

BHC (USV)

| [comaLp)

Cshe —/
(Cusv)

PCK (PSC)

PucyHnok 4.4 — Y3araabHeHa (yHKIiOHAIbHA cXeMa
cucTeMH BTOMATH4YHOro kepyBanuss BHC
Figure 4.4 — Generalized functional diagram

of the USV automatic control system

TakuM YMHOM, BEpXHIH piBEHb — II€ PiBEHb
YXBaJICHHS PillleHHS a00 JOTIOMOTH JIIOAXHI B
MIOCTAHOBIII 3aBIAHHS Ta Y IIEPBUHHIN 1MOCTa-
HOBIII 1TiJIeH (DYyHKIIIOHYBaHHSI 00’ €KTIB Kepy-
BaHHA. Y HaWOMIKUill HepCcreKTHBI HaltO1IbIIT
BaX\JTMBI (DYHKIIIT I[bOTO PIBHS 3aJIUIIAFOTHCS
3a JIIOMUHOI0. Y TIEPCIEKTHBI, K BBAXKAIOTh
HayKOBIIl, PO3B’SI30K 3aBJaHb IbOTO PIBHA
Moxe OyTH BHKOHaHE O3 yJacTi JIFOJMHU 32
JIOTIOMOTOI0 «CHJIBHOTOY HITYYHOTO 1HTENIEKTY.

JlBa HIDKHIX PIBHI T€HEPUPYIOTH Kepyrodi
KOMAaHIU Ul BUKOHaBuYnX MexaHizmis BHC —
rioro PCK i1 KB. [y HUX JKepenaMu KOMaHT
€ CHUTHAJIM BiJl BEPXHIX PIBHIB KepyBaHHS, a
TaKOX CUTHAJM CUCTEMHU KOHTPOIIIO 32 «BHY-
TPIIIHIMUY» 3MIHHUMH — CTAaHOM BHKOHABYHX
MexaHizmiB BHC.

[Ipu upoMy cTpaTeriyHuii piBeHb aHa-
nmizye 3aBaaHHs, mo Hamidnuio Bin KK, i
mnaHye 3aranpHe (yHKiionysanus BHC mms
HOro BHKOHAHHS 3 ypaxXyBaHHSIM IapaMeTpiB
30BHINIHBOTO CEPEIOBHIIIA.

TakTUYHUNA piBEHb yNpaBIde peaizali€eio
CTPATETIYHOTO TUIAHY — PO3pPOOIIsIE TPAEKTO-
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Thus, the upper level is the level of
decision-making or assistance to a person
in setting a task and setting the primary
goals for the functioning of control objects.
In the future, the most important functions
of this level remain with the person. In the
future, according to scientists, the solution
of problems of this level can be performed
without human intervention with the help of
«strong artificial intelligence.

The two lower levels generate control
commands for the USV  executive
mechanisms — its PSC and PL. For them, the
sources of commands are signals from the
upper levels of control, as well as signals from
the control system by «internal» variables —
the state of USV executive mechanisms

At the same time, the strategic level
analyzes the task received from the CCC
and plans the USV overall functioning for
its implementation, taking into account the
parameters of the external environment.

Thetacticallevelcontrolstheimplementation
of the strategic plan — it develops the spatial
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pit0 TPOCTOPOBOTO TEPEeMIllICHHS, (QOopMye
YeproBicTh Omepallid (pyxiB) y BiJMOBIJIHO-
cTi 31 cTpareriero GpyHkiionyBanas bHC ta 3
ypaxyBaHHSM 30BHIIIHIX 30ypEHb.

AJanTUBHUI PIBEHb KOPUTYE DILLICHHS
TAKTHYHOTO PIBHS 3 ypaxXyBaHHAM (aKTH4-
HOTO CTaHy 30BHILIHBOTO CEPEOBHILA, 3/iic-
HIOE TMOUIYK ONTHUMAaJbHUX YMPaBIiHCHKUX
pilleHb y paMkax OOpaHOi TAaKTHKH BHKO-
HaHHs 3aBJaHHs, 110 Haaiinuio Big [IKK.

[Iporpamuwmii piBeHb PO3IISTHYTOI CUCTEMH
KepyBaHHsI peatizye OKpeMi THITOBI oreparii —
exleMeHTapHi nepemimenass bBHC ta poboty
KB. Lle mocsiraerbest 3aCTOCYBaHHSIM 3a3fa-
JIeTiAb 1HCTAIbOBAaHUX KEPYIOUHX IIPOTpaM,
SIK1 3IIHCHIOIOTH, Y 3aralIbHOMY BHIIAIKY, TPY-
[OBE KepyBaHHS BUKOHABYMMHU MEXaHi3MaMu
BHC ra ioro xopucHoro Bantaxy. Ha npomy
piBHI BHKOHYETbCS aHalli3 iH(opmauii mpo
cepenoBulie Ta yMoB (QyHknionyBanHst BHC,
(hopMyBaHHS TIOCTIIOBHOCTI 0a30BUX Olepa-
Iiif Ta KOHTPOJb 1X BUKOHAHHS JJISI PIILICHHS
MIOCTABIICHOI BEPXHIM pIBHEM 3aBIaHHS
(BUOIp NIISAXIB PYXY, TPAEKTOPIH PYXy BHUKO-
HABYMX OpPTaHiB Ta iH.).

BukonaBumii piBeHb peasizye KepyBaHHS
OKPEMHMH BUKOHABINMH MEXaHI3MaMH Y PEKH-
Max craOumizamii pyxy, poodoru 3 KB, 300py
1H(opMaLii PO 30BHILIHE CEPEIOBHLIE TA iH.

[To3a 3ayexHICTIO BiJ TpaHULb PIBHIB
cUcTeMH KepyBaHHs mpu mnobynoBi BHC
HEeoOXi/{Ha IHTerparlist BCiX piBHIB KEpyBaHHS,
30KpeMa, BUKOPUCTAHHS €JMHOTO MEXaHi3My
00MiHy TaHMMH i IPOTpaMyBaHHS BCiX PiBHIB
(xkpocruraTpopMHOCTI).

OynknionyBandss bBHC mnependadae Hac-
TYIHI pOKHMH aBTOMAaTHYHOTO KepyBaHHsI [ 171]:

— aBTOMATUYHE JIIarHOCTYBAaHHA R | MeXa-
HI3MiB, By3:iB i cucteM BHC mepen mouarkom
BUKOHAHHS MICIT;

— aBTOMATU4YHUU Buxig R 5 3 0asu 10
[IOYATKOBOI TOYKH MapIIPYTy 33JaHOI MICiT;

— aromatnyHuii pyx BHC mo 3amawniii
TpaekTopii R, mix yac mnepexomy y pobody
30HY aKBaTOPIi;

— aBTOMATUYHE MAHEBPYBAaHHSA R,y po6o-
9iif 30Hi akBaTOpii Ta/9n aBTOMaTH4IHA CTa0I-
Jizanis Ry 3a/aHiil TOUIi 3a1aHOi aKBaTopii;

movement trajectory, forms the sequence of
operations (movements) in accordance with
the USV functioning strategy and taking into
account external disturbances.

The adaptive level corrects the decision of
the tactical level, taking into account the actual
state of the external environment, searches
for optimal control decisions within the
framework of the chosen tactics for fulfilling
the task received from the CCC.

The software (programming) level of
the control system under consideration
implements individual typical operations —
elementary displacements of the USV and PL.
This is achieved by using pre-installed control
programs that generally perform the USV
excecutive mechanism group control and its
payload. At this level, the information analysis
about the environment and conditions of the
USV operation, basic sequence formation
operations and control of their implementation
to solve the problem set by the upper level
(selection of movement paths, trajectories of
movement of executive bodies, etc.) is carried
out at this level.

The executive level implements the
control of individual actuators in the modes
of motion stabilization, operation with PL,
collection of information about the external
environment, etc.

Regardless of the boundaries of the
control system levels, when building a USV,
it is necessary to integrate all controllevels, in
particular, the use of a single mechanism for
data exchange and programming of all levels
(cross-platform).

The USV functioning provides for the
following modes of automatic control [171]:

— automatic diagnosis R, of the USV
mechanisms, nodes and systems before the
beginning of the mission;

— automatic departure R, from the base to
the route starting point of the given mission;

— USV automatic motion R, along the
given trajectory during the transition to the
working zone of the water area;

— automatic maneuvering R, in the
working zone of the water area and/or

129



CHAPTER 4

— asromarnynui pyx BHC R, no tpaex-
TOPii MOBEpHEHHS y KiHIIEBY TOUKY MapIIPYTy
Micil;

— aBTOMATUYHE MOBEPHEHHS R, 10 6a3u;

— aBTOMATUYHE JIIarHOCTYBaHHs R, MeXa-
Hi3MiB, By3m1iB 1 cuctem BHC micnsa 3aBep-
LIeHHA MiCii.

TakuM 4MHOM, MHOXHHA R OCHOBHHUX

KHC

automatic stabilization R at a given point in a
given water area;

— USV automatic movement R, along the
path of return to the mission route end point;

— automatic return R, to the base;

— automatic diagnosis R,, mechanisms,
nodes and systems of the USV after the
mission completion.

pexumiB  ¢yHkiionysanas BHC  mcrtuts Thus, the USV set R, of the operation
HACTYIIHI €JICMEHTH: main modes includes the following elements:
{RDI’ B]’. RTI’. RM’. RS’. RTZ’. RBZ’. RDZ} : (47)

- {RDI’ Ry Ry Ry Ry Ry, RDZ}' (4.7)

O4eBHHO, IO JJIS BCIX OCHOBHHUX pe>1<1/1—
miB po6orn BHC, kpim pexumie R, 1a R,
XapaKTEepHUM € HasIBHICTB JIii 30BHIIIHIX 30y-
perb F wp Y BUIVIAI BEKTOPIB CHI BITPY FWn,
xBuwib F, TaTeuii F, .

o ronoBuux 3agad CAK BHC caig Bin-
HECTH HACTYITHI 3a/1a4i:

—3amavya OesneyHoi Hasiramii BHC vy
pexumax pyxy {R,,; R, R, R; R, R}
TYT Ma€ nepeadaqarTuch, KpiM Jii 30BHIMIHIX
30ypeHb F,, HasSBHICTh HaBiralifHux mepe-
LIKOJ Yy BUTJISIIII 1HIIKX TJ1aB3acO01B;

—3a7a4a  aBTOMATHYHOTO  KEpyBaHHS
TOJIOBHOIO cHII0BOI0 ycranoBkoto (I'CY) BHC
(mvM3eneM YM 1HIIUM JDKEPETIOM MEXaHi4HOT
4n enekTpuaHoi eneprii BHC);

— 3a1a4a aBTOMAaTHIHOTO KepyBaHHS PyIIIiii-
Ho-ctepHOBUM KomIutekcoMm (PCK) BHC;

— 3aJ1a4a aBTOMaTHIHOTO KepyBaHHSI JOTIO-
MDKHUMH CYJHOBHMH MAaIlIMHAMH 1 MEXaHi3-

mamu (ICMM) BHC;

— 3aj1a4a aBTOMATHYHOTO KePYBAHHS KOPHUC-
HuM BanTaxeM (KB) BHC;

—3a7a4a  aBTOMATUYHOI  J1arHOCTUKHU
(KOHTpONIO  Tpale3aTHOCTi)  OONaJHaHHS
(10) BHC (pexumn R, TaR,).

O4eBHIHO, MO TaKUM CKIAJHUN Meperik
BHUMOT, 1110 BucyBaroThes 10 CAK BHC, mox-
JUBO 3aI0BONBHHUTH JHIIEC IIIIXOM 3aCTO-
CYBaHHSI CyYaCHUX MPUHIUINB 1 TEXHOJOTIH
MOOYIOBH CHCTEM KEePYBaHHSI.

BUIBIIICTIO TOCHIIHUKIB BU3HAKOTH HEOO-
XIIHICTp ~ BUKOpHUCTaHHS  OaratopiBHEBOi
(iepapxiuHoi) CTPyKTypu HOOYZOBH 1HTE-
JIEKTYaJIbHUX CUCTEM KEPyBaHHS PYyXOMHUMH
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Obviously, for all the USV main operating
modes, except for R, and R, modes, it is
characterized by the presence of external
disturbances F), in the form of vectors wind
forces F), ,waves F, and current F, .

The following tasks should be 1ncluded
among the USV ACS main tasks:

— the task of safe navigation of the USV
in motion modes {R, R, R, . R, R}
here, in addition to the eﬁ"ect of external
disturbances F,, , the presence of navigational
interferences in the form of other vessels
should be provided;

— the task of automatic control of the USV
main propulsion system (MPS) (diesel or
other USV source of mechanical or electrical
energy);

— the task of automatic control of the USV
propulsion-steering complex (PSC);

— the task of automatic control of auxiliary
ship machines and mechanisms (ASMM) of
the USV;

— the task of automatic control of the USV
payload (PL);

— the task of USV automatic equipment
diagnostics (ED) (operational control) of
(R,, and R, modes).

It is obvious that such a complex list of
requirements for USV ACS can be satisfied
only by applying modern principles and
technologies of building control systems.

Most researchers recognize the need to
use a multi-level (hierarchical) structure for
building intelligent control systems of moving
objects. Successful solution of the tasks of
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00’ekTaMu. YCIIIITHE PIlICHHS 3aBJIaHb Kepy-
BaHHS TaKUMHU OO’€KTaMU MOXJIMBO IpU
moOyIoBi e()eKTHBHOTO KEepyBaHHS Ha KOX-
HOMY 3 PIBHIB 1 He MeHII e()EeKTHBHOMY IX
KOMILICKCYBaHHI.

Po3snisineMo oco6nuBocCTi MoOY/I0BH iHTE-
nextyanbHux CAK BHC, sxi rpyHTYOTbCS
Ha TPHUHIUNAX O0araTopiBHEBOI CTPYKTypHU
3rigHo puc. 4.4. CaMm posmoiin Ha piBHI €
JOCUTHh YMOBHHUM 1 B 3HAUHIH Mipi 3a1€XHUTh
Big KoHkpeTHOi peamizamnii BHC. ¥V sxocti
OCHOBHO{ KJIaCU(iKaIiifHOT 0O3HAKY MPH BHIi-
neHHi piBHIB kepyBaHHs BHC BukopucToBy-
FOTh BJIacTUBOCTI 00’€kTiB (ckiamoBux BHC),
KepyBaHHsI SIKUMH pealli3yeThCsl Ha BIIMOBI-
HOMY piBHI.

Toxi y3aransHeHa cTpykrypu CAK pyxom
BHC B ymoBax jii 30BHimHIX 30ypeHb Oyje
MaTy BHIVISL], TOKa3aHUil Ha puc. 4.5.

Po3rnsiHeMO OCHOBHI HMPUHIMIN POOOTH
MIPOMOHOBaHO] iHTenekTyaabHoi CAK.

I'eneparop pexumiB podotu BHC — me
MIPOTpaMHUN MPHUCTPIl UM pajioKaHal, depe3
KW 3aJIa€TbCS TOTOYHHUA PEKUM poOOTH
BHC 3rigHo MHOXWHHI (4.7).

Brokn cucteMHOTO OmpAaIfoBaHHS 3HAHD
MpU3HAYCHI JUIA aHalli3y 30BHINIHBOI 00CTa-
HOBKH (BEKTOpPY FFP) Ha OCHOBI BHKOpPH-

controlling such objects is possible when
building effective control at each of the levels
and no less efficient than their integration
(complexation).

Let us consider the features of the USV
intelligent ACS construction based on the
multilevel structure principles according
to Fig. 4.4.

The distribution at the level itself is rather
conditional and largely depends on the USV
specific implementation. The properties of
objects (the USV components), which are
controlled at the corresponding level, are
used as the main classification feature when
singling out the USV control levels.

Then the generalized structure of the USV
motion ACS under the action of external
disturbances will have the form shown
in Fig. 4.5.

Let us consider the basic operation
principles of the proposed intellectual ACS.

The USV operating mode generator is a
software device or a radio channel through
which the current USV operation mode is set
according to the set (4.7).

Blocks of  systemic knowledge
processing are designed to analyze the
external environment (vector F,,) based

IHTenektyaneHa CAK BHC

! |
! |
! |
| | Texepatop Broku :
i | pexumis cucTemHoro |,
'l poBotu —]| onpautoBaHHsa |
'| BHC 3HaHb :
—
; Rsne TFFP i
L e
'] IHTeneKkTyanbHa | !
Uerc | Cak povamon [
! 1
| Urcy '| _po6oTn BHC : Yn |up UEm
Migcuntoeaui Upck o= —|C Hasiray || C giar || Cam
BWKOHaB4MX U,ELCMM EHC ’|‘ T T
Eaagl-liamis Uka ﬁ Isne
Yno T*E) FP

PucyHnoxk 4.5 — Y3arajibHeHa CTPyKTypHa cxeMa inTejekTyaabHoi CAK pyxom BHC
Figure 4.5 — Generalized structural diagram of the USV motion intelligent ACS
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CTaHHS HACTYNHUX 1H(QOPMAIIMHAX TeX-
HOJOTiH — EKCHEPTHUX CHCTEM, IITYYHHX
HEHPOHHHUX MEpEeX, HEUITKOI JIOTiKH, CBONIO-
IHHUX METOJIIB 1 TEHETHYHHUX aJITOPUTMIB.

B ocHOBy koHLeNIil iHTEeNeKTyalbHOCTI,
3a3BUYal, OKJIAIEHO:

— YMIHHSl CUCTEMH MpalioBaT 3 (opma-
Ji30BaHMMU 3HAHHSIMU JIOAUHHU (EKCHEepTHI
CUCTEMHU, HEYiTKa JIOTIKA);

— BJIACTHBI JIIOAMHI CHIOCOOM HaBYaHHS
1 MUCNeHHs (HEHPOHHI MEpeXi, TCHEeTHYHI
AITOPUTMH).

CAK pexumom poborn BHC peanizye
3aJlaHUi PEKUM POOOTH Cy/IHA, Y Pe3ysIbTari
qoro Gopmyerbess MEHOknHA UBHC curnanis
KepyBaHH: BUKOHaBUMMHE MexaHi3Mamu BHC.
[Micns mincunennst renepoBannx CAK cur-
HaniB kepyBanus ['CY, PCK, JICMM, KB
ta JIO (BignoigHo, curHamu UT'CY, UPCK,
UJICMM, UKB Ta UJIO) BoHM HaIXOAATh JI0
BIAMOBIAHUX BHKOHaBUMX MexaHismiB BHC
1, TAKUM YUHOM, 3a0e3MeuyrTh BUKOHAHHS
3aJ]aHOTO HOMY PEeKUMY (DyHKIIIOHYBaHHS.

Buxigaumu curmanamu bBHC € mMuOoxknHA
iHpopmamiiiaux curHaniB IBHC, ski xapak-
Tepu3ytoTh norounui cran BHC sik 00’exTy
KepyBaHHS.

Baxxnusoro ckiagosoro CAK e cucrema
CEHCOPIB, AKa CKIAAEThCA 3 TPHOX TPYIL:

— Hapirariiinux  cencopis  CHasgirarr.,
ski 3a0e3neuyrorh CAK iHpopmamiero mpo
MOTOYHI HaBiramiiHi xapakrepuctuku BHC
(xype, MBUAKICTB, TeorpadiuyHi KOOpAUHATH,
a TaKoXK 1X MOX1JH1);

— miarHocthuHi ceHcopu ClliarH., sKi
JIAr0Th 1H(OPMAITIIO PO TEXHIYHUN CTaH BHKO-
HABYMX BY3JIiB, MeXaHi3MiB i cucteM BHC;

— cencopy CBM BHKOHaBYMX MEXaHi3-
MiB BHC, siki yTBOPIOIOTH 3BOPOTHIH 3B’ 30K
st CAK o xepoBanuMm BenmmuuHam BHC sik
00’€KTy KepyBaHHSI.

MHuoxuHa curHaiis cercopis uN, uD Tta
uEM yTBOpIOIOTH HEOOX1/THI KaHATIM 3BOPOTHOTO
3B’SI3KY, HEOOXIHOTO s e(heKTUBHOI poOOTH
CAK B OCHOBHHX PEKHMIB poOOTH 3riHO (4.7).

Taxum unnHoM, 3anpononosasa CAK BHC
peaizye aBa y3aralibHeH1 IPUHIUIH 1HTEJICK-
TyaJbHOTO KePYyBaHHS:
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on the use of the following information
technologies — expert systems, artificial neural
networks, fuzzy logic, evolutionary methods
and genetic algorithms.

The concept of intelligence is usually
based on:

— the ability of the system to work with
formalized human knowledge (expert systems,
fuzzy logic);

— human ways of learning and thinking
(neural networks, genetic algorithms).

The USV ACS operation mode implements
the vessel given operation mode, as a result
of which a set of control signals UUSV of
USV executive mechanisms is formed. After
amplification of the control signals generated
by the ACS, the MPS, PSC, ASMM, PL and
ED signals (respectively, the UMPS, UPSC,
UASMM, UPL and UED signals) are sent to
the corresponding executive mechanisms of
the USV and, thus, ensure the fulfillment of
the operating mode set for it.

The USV output signals are a set of
information signals and the IUSV, which
characterize the USV current state as a control
object.

An important component of USV is
the sensor system, which consists of three
groups:

— navigation sensors SNavigat., which
provide the ACS with information on the USV
current navigation characteristics (course,
speed, geographical coordinates, as well as
their derivatives);

— diagnostic  sensors SDiagn., which
provide information about the technical
condition of actuating units, mechanisms and
systems of USV;

— USV executive mechanism sensors
SEM, which form feedback for ACS on USV
controlled values as a control object.

The set of sensor signals uN, uD and
uEM form the necessary feedback channels
necessary for the ACS effective operation in
the main operation modes according to (4.7).

Thus, the proposed USV ACS implements
two generalized principles of intelligent
control:
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— KepyBaHHS Ha OCHOBI aHaJIi3y 30BHIII-
HIX JaHWX CHTyallild Ta MOmiil (cuTyariiHe
KePyBaHHSI 3 ypaxyBaHHSIM BIUIUBIB F, " );

— BUKOPHUCTAHHS CydYacHHMX IH(OpMAIiii-
HUX TEXHOJIOT1# Ji1s 0OpOOKY IaHUX Ta 3HAHbD.

HaBeneni Buiie y3arajibHeHa (YHKITIO-
HaJbHA CXEMa Ta y3arajlibHeHa CTPYKTYpHA
cxema iHTenekryansHoi CAK pyxom BHC
BpaxoByOTh OCHOBHI ocobnmBocti BHC sk
00’€KTy aBTOMaTHYHOTO KEPYBAHHS 1 MOXKYTh
CJIyTYBaTl OCHOBOIO JIJISI MOJAJIBIIIOTO CHH-
TE3y CHCTEMH AaBTOMATHYHOTO KepyBaHHS
BHC six HOCis Tpynn AHITA B ymoBax HeBH-
3HAYEHOCTI1 30BHIIIHIX 30ypeHb.

— control based on the analysis of external
data of situations and events (situational
control taking into account the effects F,, );

— use of modern information technologies
for data and knowledge processing.

The above generalized functional diagram
and generalized structural diagram of the
intelligent ACS with the USV motion take
into account the main USV features as an
object of automatic control and can serve
as the basis for the further USV automatic
control system synthesis as the AUV group
carrier in conditions of uncertainty of external
disturbances.

4.4. Indopmaniiina monear» BHC
4.4. Information model of the USV

be3ekinaxkxHe HaJBOAHE CYJHO — Il MOp-
CbKHUI pOOOT, SIKUH Mpaloe MOBHICTIO aBTO-
HOoMHO. IHdopmauiitna momens BHC nae
3MOTY JOCIIPKYyBaTH BIACTHUBOCTI CyAHA SIK
JoKepesa MpoCTOpoBoi iH(opMariii Ta po3po-
OSITU BUCOKONPOJYKTHBHI NMAKETH KOMI '0-
TEpHUX IpOrpam JUIs YCIHIIIHOTO BUKOHAHHS
HUM MOPCBKHX MICii.

Cunres inpopmaniitnoi moneni BHC e
BAOXJIMBUM CTAllOM y CTBOPEHHI CYJCH, SIKi
MPU3HAYCHI I BUKOHAHHS MOPCHKUX MiCii 3
BUKOPUCTAHHSM O€3ITIOMHUX TEXHOJOTIH.

[ndopmaniitna Momens cygHa OymyeThCs
METOJOM aHaji3y iH(OpMaIiiiHUX MOTOKIB
JUISL TOBHOTO MEPENTIKY PEXHUMIB HOTO poOOTH.

[IpononyeThes po3misaat iHpopMariiiHy
mozienns BHC y ckiaji 1BOX OCHOBHHX CKJIa-
JIOBUX:

— mozeni /M, BHYTpilHiX iHpopMauifHuX
MIOTOKIB, sIKi (pyHKIiOHYI0TH Beepenuni bHC:

— mozeni /M, 30BHIIHIX iHpOpMaLIHHIX
MOTOKIB, SIKi XapaKTepHi A KaHaJiB 0OMiHy
inpopmamiero mixk BHC Ta GeperoBum 1en-
TPOM KEpyBaHHS.

Iadopmartiitny ~ mMomens  BHYTpIIIHIX
iHpopmanifiHux 1mOTOKIB /M, PONOHYETHCS
CTBOPIOBATH Y CKJIaJli HACTYITHUX CyOMOIemen:
— cyomonens IM, - indopManifHUX MOTO-
KiB Bl ceHcopiB BHC, siki BUMIipIOIOTh TijI-
podi3udHI Ta TIAPOXIMIUHI XapaKTEPUCTHKH

An unmanned surface vessel is a marine
robot that operates completely autonomously.
The USV information model makes it possible
to study the properties of the ship as a source
of spatial information and to develop high-
performance computer program packages for
its successful execution of maritime missions.

The synthesis of the USV information
model is an important stage in the creation of
vessels that are designed to perform maritime
missions using unmanned technologies.

The ship’s information model is built using
the method of information flow analysis for a
complete list of its operating modes.

It is proposed to consider the information
model of the USV as part of two main
components:

— models /M, of internal information flows
that function within the USV:

—models [M, of external information
flows, which are characteristic of information
exchange channels between the USV and the
coastal control center.

It is proposed to create an information
model of internal information flows of /M, as
part of the following submodels:

— the submodel /M, . of information
flows from USV sensors that measure
the  hydrophysical and hydrochemical
characteristics of the marine environment with
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MOPCBKOTO CEpEIOBHINA 3 TIPHB’SI3KOI0  JI0
yacy Ta reorpaivHuX KOOpAWHAT; HA OCHOBI
i€l iHpopMaIIil CTBOPIOETHCS MOJIEIb 30BHIIII-
HBOTO CepeioBHIIa, y sikomy mipaitoe bBHC;

— cyomonens  IM, ., . iHbOpMaLIHHEX
notokiB Bia cencopiB BHC, siki BUMIipIOIOTH
rapaMeTpH HOTO MMPOCTOPOBOTO PYXY K 00’ €KTa
ABTOMAaTHYHOTO KepyBaHHS (HABIrarlis);

- cyomonens  IM, . iHpOpMALIHHHX

MOTOKIB, SIKi (PYHKITIOHYIOTB y CUCTEMI Kepy-
BanHsa BHC; wne, y mepury uepry, cuUrHaiu
KepyBaHHs TOJIOBHOIO EHEPreTUYHOI0 yCTa-
HoBkoto BHC, i#oro pymiidHO-pyI0BUM
KOMIUIEKCOM Ta JIOTIOMDKHUMHU CHCTEMAMU;
- cyomonens  IM, ., iHpOpMALIHHKUX
MOTOKIB BiJI CEHCOPIB CHCTEMH JiarHOCTHUKHU
BHC, ski naroTh 3MOTy KOHTPOJIIOBAaTH HOTO
TEXHIYHUNA CTaH Ta MPOrHO3YBATH TPUBATICTh
BHKOHAHHS MOPCBKOT Micii.

[Hdopmaniitny Moaens 30BHIMHIX 1HDOP-
MaLifHUX IIOTOKIB IME IPOIIOHYETHCSL CTBO-
PIOBaTH y CKJIA/Ii HACTYITHHX CyOMOelIei:

— cyOmonens [, OTOKIB TENEMETPUIHOT
iHpopMalii Bil CEHCOPIB YyCiX MeXaHi3MiB i
cucteM BHC Ta #ioro KOprCHOTO BaHTaxy, a
TaKOX BiJl CCHCOPIB CHCTEM KOHTPOJIIO Ta Jia-
rHoctukud BHC Ta #0ro KOpUCHOTrO BaHTaXYy;

— cyomonens [, C CUTHAJIIB JUCTAHIIHOIO
kepyBanHst BHC B ycix pexxumax oro ¢yHk-
LIOHYBaHHS 3a MPU3HAYECHHSM;

— cyomonens [, iHpOpMaliiHUX MOTO-
KiB CHUCTEMH JOKYMEHTYBAaHHS IPOIECY Ta
pesynbrariB pobotu BHC.

OTpumMaHa MHOXXHHA MOJIEIEH yTBOPIOE
TEOPETHUYHY OCHOBY pO3poOKH iH(OpMAIliii-
HOro 3a0e3redyeHHs OC3JIIOMHIX TEXHOJIOTIN
BHBUCHHS BOAHOTO CEPEIOBHUINA.

reference to time and geographic coordinates;
based on this information, a model of the
external environment in which the USV works
is created;

— the submodel /M, ..~ of information
flows from USV sensors that measure the
parameters of its spatial movement as an
object of automatic control (navigation);

— submodel IM, , . of information flows
that function in the USV management system;
these are, first of all, control signals of the
main power plant of the USV, its propulsion
and steering complex and auxiliary systems;

— the submodel IM, g, =~ of information
flows from the sensors of the USV diagnostic
system, which make it possible to monitor its
technical condition and predict the duration of
the maritime mission.

The information model of external
information flows [M, is proposed to be
created as part of the following sub-models:

— submodel 7/, , of telemetric information
flows from sensors of all mechanisms and
systems of the USV and its payload, as well
as from sensors of control and diagnostic
systems of the USV and its payload;

— the submodel /, . of the USV remote
control signals in all modes of its intended
operation;

— submodel 7, of information flows of
the system of documenting the process and
results of the USV work.

The resulting set of models forms
the theoretical basis for the development
of information support for unmanned
technologies for studying the aquatic
environment.

4.5. Cucrema aBTOMATH4YHOIr0 KepyBaHHsi kypcom BHC
4.5. AUV automatic course control system

TpamuuiiiHo cucTeMa  aBTOMAaTHYHOTO
KepyBaHHS PyXOM CyAHA II0 Kypcy (aBTocTep-
HOBHIA) BUPIIIy€e HACTYITHI 3aBAanHs [172]:

— cra0imizamiro — aBTOMAaTH4HE YTPH-
MaHHsI Cy/IHa Ha 33J[aHOMYy KypCi;
— MaHEBPYBaHHS — [IOCTATHHO TOUYHE

1 IBUIKE BUKOHAHHS OTPHMAaHHX KOMAaHI
(Kepyro4mXx BIUIMBIB).
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Traditionally, the vessel motion automatic
control system along the course (autosteering
system) solves the following tasks [172]:

— stabilization — automatic keeping of the
vessel on the given course;

— maneuvering — sufficiently accurate and
fast execution of received commands (control
actions).
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Jis  peamizamii 3aBIaHHS aBTOMAaTH4Y-
HOI cra0imi3amii cyJHa Ha Kypci HalJacrimre
BukopuctoByeThest [1I[-perymsitop [173]:

d t
5, =k 7‘;’ +hy+k [y,
0

ne 0, — OOYMCIEHNH KyT NepeKiIaJlaHHs
crepHa PCK; y — BiIXWIeHHS Cy/JHA BiJ 3a/1a-
HOTO Kypcey; k, , ; — koediLlienTn perynsropa.

Ipuamun poborn CAK kxypcom cynHa
3a JIOIOMOTOI0 aBTOCTEPHOBOIO ITOKa3aHUM
Ha puc. 4.6.

Ha pucyHKy nosHadeHo: y,, y,, Y, — Bil-
MOB1/IHO, 3a/1aHui, PaKTUYHUN Ta BUMIpSHUN
CYIHOBHM KOMITACOM KYpPCOBI KyTH CYJIHA;
9.,0 0 BIJINIOBiTHO, OOYMCIIEHH Ta PaKTHYHO
3aJlaHui JIIs BUKOHaBYOro Mmexadizsmy BHC
(cepBompuBO/a) KyT TIEPEKIagKd CTEpHa;
FFP — BEKTOp 30BHIIIHIX 30ypeHb, SIKi JTII0Th
Ha BHC.

Juns BHC sk nociie AHITA BaxauBum
PSKUMOM  aBTOHOMHOTO  (DYHKIIIOHYBaHHS,
KpiM  CTa0LTi30BAHOTO PYXy BH3HAYCHHUM
KypcoM R, € TaKOX PEXHMHU PyXy IO 3a1a-
Hifl TpaekTopii R, Ta R, 3rijaHO MHOXWHH
(4.7). 3 pO3BHUTKOM €IIEKTPOHHOI HaBirarii
(e-Navigation, [174]) akTyaJbHICTb PO3POOKH
CHCTEM aBTOMAaTHYHOTO KEPYBaHHsI TPAEKTOP-
HuM pyxom BHC Tinbku 3pocrae.

To implement the vessel automatic
stabilization task on the course, the PID
controller is most often used [173]:

4.8)

where d, is the calculated PSC stern shift
angle; y — vessel deviation from the given
course; k, , ,— coefficients of the regulator.

The ACS operation principle on the vessel
course (heading) with the help of the auto-
rudder (autosteering) is shown in Fig. 4.6.

The following are marked in the figure:
WV Ve~ respectively, the given, actual and
measured vessel compass heading angles of
the ship; 6, 0, —the calculated and actually
specified respectively, for the USV executive
mechanism (servo drive) the stern steering
angle; F,, is a vector of external disturbances
acting on the USV.

For USV as AUV carriers, an important
autonomous operation mode, in addition to
the stabilized motion on the determined course
R, are also the motion modes along the
given trajectory R, and R, according to the
set (4.7). With the development of electronic
navigation (e-Navigation, [174]), the relevance
of the development of USV trajectory motion
automatic control systems is only growing.

1

Autosteering

Excecutive 3
mechanism
(vessel servo

based on

(4.8)

Asro- 1| ! 2 BukoHasu1mi 3
Vs (Vo) . |crepromii| 8al | Om [/ 8, Mexanism
Ha OCHOBI [ o (cepBOTIPHBOI
- 4.8) 1| = O CTEepHA Cy/IHa) !
I !
R |
Wek (l/fyq) CynoBo# KoMIac

(Vessel compass)

Pucynok 4.6 — llpunuun po6oru CAK kypecom cynna
Figure 4.6 — The vessel heading ACS operation principle
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YemimHuE - po3B’SI30K  BKa3aHO! 3ajadi
PaJMKAIIbHO 3MiHIOE e(DEKTUBHICTH ABTOMATH-
30BaHOTO CYITHOBOJIHHS Ta € aJBTEPHATHBOIO
3aBJaHHIO CTaOuLTi3aIli Ha Kypci, MiABHIILYE
piBeHb aBTOMarM3auii 1 Oe3mexku Mopera-
BaHHSI, 3a0e31euy€e eKOHOMIIO EHepropecypciB
BHC i 3MmeHIIye HaBaHTaXEHHs HA PYJIbOBUI
MPHUBOJ CYIHA, OCKUJIbKM 3MEHIIYE YHCIIO
MePeKIa0K CTepHa.

[Ipn pyci mo 3amaHiit TpaekTopii OCHOB-
HOKO PETYJIbOBAHOI BEIUYMHOK €0iYHE Bij-
XUJICHHS TICHTPY TSOKIHHS CyIHA T Bifg 3aja-
HOT JHIT IUTSXY.

BiuyHe BiaxXuieHHs OOUHUCIIIOETHCS 3a JAHUMU
CUMCJICHHS 1 CHTHAJIAMHM BiJ] 3aC001B HaBiraii,
mo Oe3rnepepBHO BHUPOOISIOTH KOOPIUHATH
CyaHa. 3alaHuil MapHIpyT BBOASATH B CUCTEMY
y BUIVISIJII KOOPJIMHAT TIOYATKOBOI 1 KIHIEBOI
TOYOK MPSMOJNIHIMHUX BiAPI3KiB  OakaHOi
TPAEKTOPIi, 3HATUX 3 HABIraliitHOT KapTH.

Ha ocHOBi Oe3nepepBHHX JaHUX HPO
MOTOYHE Miclie cyaHa (Touka M Ha puc. 4.7)
cHCTeMa BUPOOJISiE 3HAYCHHS BIIXUICHHS 1).

3aKoH KepyBaHHS B 3aBjiaHHI cTalimi3a-
ii Ha TpaekTopii OyIyHOTh y BUIISAI JIHIH-
HOT (QyHKIIT BiT: Ay — BIIXHICHHS KypCy
BiJl KypCOBOTO KyTa JIIAHKH TPAEKTOPIi; @ —
KyTOBOI IBHIKOCTI PUCKAaHHS; 1| — OIYHOTO
BIIXWJICHHSI BiJI TPA€KTOpii 1 iHTErpaiga Bij
HBOT0, 1O €, 110 cyTi, [II/{-perynsaropom mo n
3 ypaxyBaHHSIM TOTO, 1110 KOMOiHaIis A y 1 .
MOJKE IHTepIPETYBaTHCA 3 JISSIKUM HAOIIKEeH-
HSM SIK TIOXiJHA ).

Curnan kepysannst u, Takoro I1IJI-peryss-
TOpa Ha KOYKEH MOMEHT | INCKPETHOTO Yacy BU3-
HAYa€THCS HACTYITHUM CITiBBiTHOIICHH:M [ 175]:

M@, A )

Bfo, A )

The successful solution of this task
radically changes the efficiency of automated
navigation and is an alternative to the task of
stabilizing the course, increases the level of
automation and safety of navigation, ensures
the saving of USV energy resources and
reduces the load on the vessel steering drive,
as it reduces the number of rudder turns.

When moving along a given trajectory, the
main adjustable value is the lateral deviation
of the vessel’s center of gravity n from the
given track.

The lateral deviation is calculated based on
calculation data and signals from navigational
aids that continuously produce the vessel
coordinates (position). The given route is
entered into the system in the form of the
start and end coordinate points of the desired
trajectory rectilinear segments, taken from the
navigation map.

Based on continuous data on the vessel
current position (point M in Fig. 4.7), the
system produces a deviation value 1.

The control law in the stabilization task on
the trajectory is built as a linear function from:
An — the course deviation from the heading
angle of the trajectory section; w_-— the yaw
angular velocity; n — the lateral deviation
from the trajectory and the integral from it,
which is, in fact, a PID-controller with respect
to m, taking into account the fact that the
combination of Ay and @, can be interpreted
with some approximation as a derivative 1.

The control signal u, of such a PID
controller for each moment / of discrete time
is determined by the following relation [175]:

Erog,A;)

Pucynoxk 4.7 — Jlo nuranns cradinizaunii cyina Ha Tpaekropii
Figure 4.7 — On the issue of vessel stabilization on the trajectory
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u =—s,(y, —Ay,) + 5,0, ], (4.9)

where Awy,— the correction to the given
course, calculated by the formula

e Ay, — momnpaska O Kypcy 3aJIaHOMY,
00UHCITIOBaHa 32 (OPMYJIIO0

K
Ay, =5y, +5, 0 M, (4.10)
i=l1
nes,,,,— KOeDIieHTH ypaBiHHs. where s, , . — control coefficients
BumiproBaHHs KOOpIUHATH 1) , pOPMOBaHE The coordinate measurement 1, formed

[0 KOOpJMHATaX MiclenonoxeHHs — mupotTi = by the location coordinates — latitude ¢, and
¢ 1 moerori A (xoopammaru oOcepsauiii) = longitude 4 (coordinates of observations) and
Ta 1O BIIOMHX MapaMmerpax JokcoapoMmid- by the known parameters of the loxodromic
HOI JUISHKH, 33JaHO1 KOOpJIMHATaMH rmodar- — section, given by the starting point
KOBOi TOWkH ¢,A, 1 KypcoBuM KyToM P, coordinates ¢,,A,and the course angle P, is
BH3Ha4atOThCsl (hopmyoro (emincHoro 3emui | determined by the formula (the Earth ellipse
HEeXTYI0Th) [175]: is neglected) [175]:

n:{—ln{%JsinP+(kc —XO)COSP}RCOS(%%(I)CJ, 4.11)
g9 L

ne R — pamiyc 3emii, abo crporeHO where R is the Earth radius, or by a

(hopmyioro simplified formula
_ _ : _ ¢0 + ¢c
n=Rq(d, —¢,)sin P+ (A, —A,)cos 5 cosPy, (4.12)
Le#t nepexin 3milicHEHUI 3 ypaxyBaHHS- This transition was carried out taking into

MYMOBH MaJiOi JIOBXHMHH JIOKCOApOoMiuHOI | accountthe condition of the small length of the
nuistHKE (He Outeme 50 mMwib); mpu mpoMy | loxodrome section (no more than 50 miles);
B mupotax He Oiumprmre 70°N morpimHicTh, — at the same time, at latitudes not exceeding
0 BHOCHTBCS, B sikHalTipmomy Bumaaky —70°N, the introduced error in the worst case
(mmupora piBHa 70°N) ckiianae He Oinmbie 15 M. | (the latitude is 70°N) is no more than 15 m.

4.6. Brocxonasnennst cucreMu kepyBanHs pyxoM BHC npu crabinizauii Ha TpaekTopii
4.6. Improvement of the USV motion control system during trajectory stabilization

[Ipu po3B’s3Ky 3agadi crabimizamii cynHa When solving the vessel stabilization
Ha TpaekTopii KepyBaHHS 37ilicHIoeThest | task on the trajectory, control is carried
3rigHo i3 3akoHoM (4.9). Ilpm mpomy Oiune  out according to the law (4.9). In this case,
BIIXMJICHHS PO3paxoByeThcsi 3a 3ajexkHo- | the lateral deviation is calculated from
crsivu (4.11) um (4.12). ¥V mux 3anexnoctsx | dependences (4.11) or (4.12). In these
TOYHICTh OOYHMCIICHHsI TOoToYHHMX koopmuHart | dependences, the accuracy of calculating the
BHC ¢ ,\ Busnavae TouHicTh Bu3HaueHHA | USV current coordinates ¢,,A, determines the
Woro OiuHoro BimxwuieHHs. Takum umHOM, accuracy of determining its lateral deviation.
mpu crabimizamii cynHa Ha Tpaektopii Bupi- ~ Thus, during the vessel stabilization on the
aJbHUM MUTaHHAM € To4He 1 Oe3mepepBHe = trajectory, the crucial issue is the vessel
BU3HAUYECHHS MICIS Cy/IHA. accurate and continuous identification.

OnrtuManeHe KepyBaHHS CYJHOM BifIoO- The vessel optimal control in accordance
BiJTHO JIO MMPUBECHOTO 3aKOoHY 3abe3neuyeTbesi | with the given law is provided by auto-
aBrocrepHoBuM (AC) Ha Tuxii Bomi 1 mpu | steering (AS) in calm water and in moderate
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MTOMIpHOMY XBHJTFOBaHHI. JloCBiT ekcrutyaTartii
ABTOCTEPHOBHUX TIOKA3ye, 1110 PH XBUIIOBaHHI,
6lnpmomy 3a 3-x Ganu, HEOOXiJHUM € NepeHa-
cTporoBaHHst tapameTpiB AC, OCKIJIBKH JOCST-
HEHHS 3aJIaHO1 TOYHOCTI KEpyBaHHS CYIpO-
BO/DKYETBCSI TIEPEBAHTAXKEHHSAM CTEPHOBOTO
npuBony. [Ipn BemMKOMY XBUITIOBAaHHI, 3a3BH-
Yaii, MepexoisTh Ha PydHE KepyBaHHS, MpU
SIKOMY JIFOIMHA-CTEPHOBUH, BUXOJISIUH 31 CBOTO
JIOCBIJy, CTYIIHYAcTO TIEPEKIIagae CTEPHO,
PYJIIOIOYM KypC Cy[HA TUIBKM TIPU 3HAYHHX
WOTO BIIXMJICHHSIX BiJl 33/1aHOT TPAEKTOPIi.

LM nocsraeThest SMEHIIIEHHS JHCTa Iepe-
KJIaJlaHb CTepHa 1 3a0e3reuyeThecsl HajilHa
po60Ta CTEPHOBOIO MPUBOAY, 3a0€3Meuy€eThCs
MIJIBUINECHHS €(EKTHBHOCTI KepyBaHHS CyjI-
HOM Y IIJIOMY.

Buxonsuu 3 aHamizy (QyHKUiH KepyBaHHS
PYXOM Ipu cTabiizanii Ha TpaekTopii 1 oco-
ommBocreit BHC, BuMor [0 1X cucTeM HaBira-
mii Ta KepyBaHHsS, a TAKOXK 3 aHaJi3y cydac-
HOTO CTaHy 1 TEHJICHIIIH PO3BUTKY MPUIIAJIB,
CHCTEM HaBiramii i KepyBaHHSI PyXOM CYCH,
MIPOIOHYIOTHCSl HACTYIIHI HAIIPSIMH BIOCKOHA-
JIeHHs1 cucteMu KepyBaHHs pyxoM BHC mpm
crabimizanii 11 Ha TpaexTopii [176-178]:

— po3poOKa CTPYKTYpU CHCTEMH Kepy-
pagast BHC migBuinenii TOYHOCTI, sKa
BKJIIOYA€ I1HTETPOBaHY CHCTEMY Opi€HTaIlil
1 magiramii (ICOH) 3miHiManbHUM CKIIAJ0M
MaJorabapuTHUX HaBITallIHHUX  TPUIAJIB
HU3BKOI BApTOCTi i aBTOCTEPHOBHH 3 HEUIT-
KHUM PEryJsiTOpOM [UIS IiABUIIECHHS €(EKTHUB-
HocTi crabumizanii BHC Ha TpaekTopii;

— OOTpyHTYBaHHS ~ CKJIagy, po3poOKa
CTPYKTYpPH, MOJIEJIi 1 aropuT™My (DYHKI[IOHY-
panast ICOH, pocmimkeHHsT 0COOIMBOCTEHR
i poboTH 1 e(heKTUBHOCTI 3aCTOCYBaHHS IIPH
crabinizanii BHC Ha TpaekTopii;

— po3pobOka HeuiTkoro peryastopa AC
3 METOI0 3MEHIIEHHS 4YHCIa MepeKIafgaHb
CTepHA 1 JOCHIPKEHHS HOro e(eKTUBHOCTI
npu crabimizamii BHC Ha Tpaexropii.

Sk BHpIIIEHHS TIEPIIOro HarpsMy JOCTi-
JOKEHb TPOIMOHYEThCS HACTYIHA CTPYKTypa
cucreMu kepyBanHs pyxom BHC (puc. 4.8).
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turbulence. The experience of operating auto-
steering shows that in the event of excitement
exceeding 3 points, it is necessary to readjust
the AS parameters, since achieving the
specified control accuracy is accompanied
by overloading of the steering drive. In case
of great excitement, they usually switch to
manual control, in which the helmsman,
based on his experience, gradually shifts
the rudder, steering the ship’s course only
when it deviates significantly from the
given trajectory.

This achieves a reduction in the number of
shifts of the rudder and ensures reliable rudder
drive operation, as well as an increase in the
vessel control efficiency as a whole.

Based on the analysis of the motion control
functions during stabilization on the USV
trajectory and the features, the requirements for
their navigation and control systems, as well
as the analysis of the current state and trends
in the development of devices, navigation
systems and vessel motiom control, the
following directions for improving the USV
motion control system during its stabilization
on the trajectory are proposed [176-178]:

— development of the USV control system
structure of increased accuracy,  which
includes the integrated system of orientation
and navigation (ISON) with a minimum
composition of  small-sized, low-cost
navigation devices and an autosteering system
with a fuzzy regulator to increase the USV
stabilization effectiveness on the trajectory;

— composition substantiation, development
of the structure, model and algorithm for
the ISON operation, the research of its work
features and its application effectiveness in the
USV stabilization on the trajectory;

— development of AS fuzzy controller
with the aim of reducing the number of rudder
transfers and studying its effectiveness in
stabilizing the USV on the trajectory.

As a solution to the first direction of
research, the following structure of the USV
motion control system is proposed (Fig. 4.8).
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Pucynok 4.8 — Ctpykrypa cucremu kepyBanusi pyxom BHC:
BIHC - 6e3n1ardopmHa iHepuiaibHa HaBirauiiina cucremas;

CHC - npuiiMay cynyTHuKoBOI HaBirauiiinoi cucremu; EKHIC — esiekTpoHHO-
Kaprorpagiuna Hapirauiiino-ingopmaniiina cucrema; K — KOMyTaTop, AIKUM MiKJII04a€
indopmauiro Big 1ara BHC y Bunaaxky tumuacosoi BixcyTHocti curnasy Bix CHC;
OII - o0uncaoBanbHuii npuctpiii; AC — aprocrepaosuii BHC,

ODK - ontumanbuuii pisTp Kanmana

Figure 4.8 — Structure of USV motion control system:

PINS - platformless inertial navigation system; SNS — satellite navigation system
receiver; ECDIS — electronic cartographic navigation and information system;
S — a switch that connects information from the USV lag in the event
of a temporary absence of a signal from the SNS; CD — computational device;
AS — USV autosteering, OKF — optimal Kalman filter

IIpu crabimizamii cygHa Ha TpaekTopii
3ajaHi MapmpyTH pyxy BBeaeHi mo EKHIC
1 30epiratotecsi B 0asi gaHux. Ha mingcrasi
iHpopMaIlii TPo TMOTOYHE MiCIENOIOKEHHS
BHC 3 migBUIEHO TOYHICTIO, SIKY BHPO-
onsie ICOH, 1 manux mpo mapmpyta, CAK
BHUPOOJISiE CUTHAJ KepyBaHHsI 3rifHo 3 (4.9),
skuid momaeTbess Ha AC 3 HEYITKUM pery-
JSITOPOM JIIsI KEPYBaHHS PYXOM CYIOHA TO 3
a/JIaHOMY 3aKOHY.

Croroani BIHC Oynyrotscsa Ha manora0a-
PHUTHHX JaTYMKaX, sIKi MalOTh HEBEIHMKY Bap-
TICTb, 11O BiJTOBIa€ BHUMOTaM JI0 MaJOpO3-
mipanx BHC. [lns xopekii momunok BIHC y
BUPOOJICHHI HaBiraniifHUX mapameTpiB 3aryda-
1oTh J1aHi Bijx npuiivaya CHC i cynmHOBOTO J1ara,
SIKi BCTaHOBIICHI Ha Outbrnocti cymen. ICOH
BHKOHYE KOMILUIEKCHY 0OpoOKy iH(opMariii 3
PI3HUX JDKEpe 1 TeHepye TOTOYHI HaBirariiHi
napametpu BHC 3 BHCOKOIO TOUHICTO.

When the vessel is stabilized on the
trajectory, the specified motion routes are
entered into the ECDIS and stored in the
database. Based on the information about the
USV current position with increased accuracy,
produced by the ISON, and route data, the
ACS produces a control signal according
to (4.9), which is supplied to the AC with a
fuzzy regulator to control the movement of the
vessel according to a given law.

Today, PINS are built on small-sized
sensors that have low cost that meets
the requirements of small-sized USV. To
correct SINS errors in the development of
navigation parameters, data from the PINS
receiver and vessel log installed on most
vessel are involved. ISON performs complex
information  processing  from  various
sources and generates current USV navigation
parameters with high accuracy.
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ITigBumenss tounocti crabimizanii BHC
Ha TPAEKTOPIl 1 3HWKEHHS YUCIIa TepeKia-
naHp crepHa minBunrye pecype AC. lle
JOCSTAETHCS 332 JOMOMOTOI0 HEJITKOTO Pery-
JATOpa, SIKUH CHMHTE30BAaHO Ha OCHOBI 3aiy-
YEHHS JOCBIIY TPYIH EKCIEPTiB, II0 MAlOTh
MPaKTHYHUKA JOCBiJl KEPyBaHHS CyIHAMH Y
TOPMOBHX YMOBAX.

Jus peanizariii 1BOX HACTYIHHUX HaNpsIMiB
JOCITPKEHh He0O0X1/THO BUKOHATH HACTYIIHE:

— po3pobutu crpykrypy ICOH BHC, sixa
CKJIanaeTbes 3 OesmaropMHoi 1HEPIHHOT
Hapiramiiftoi cuctemu (BIHC), mnpuiitmaua
CYITyTHUKOBOT HaBIraI{iifHOT CHCTEMH 1 Jiara;

— PO3pOOUTH MaTeMaTH4YHI MOZEI TTOMHU-
7oK 1 anroputmu QyHkmionyBanas ICOH na
OCHOBI ONTHUMAaJIBHOI OOPOOKM HaBiramiiHoi
iHpopMalii 3a JOMOMOTOK ONTHUMAaJIbHOTO
¢insTpy Kanmana;

— PO3pPOOUTH CTPYKTYpY, MaTeMaTHUHY
MOJIETIb 1 aITOPUTMH POOOTH HEUITKOTO pery-
nsTopa ans crabimizanii BHC na TpaekTopii
3 METOI0 ONTHMi3alii YWcia MepeKiIagaHb
PYITIOIOUH B YMOBaX MOPCHKOTO XBHITIOBAHHS;

— JoCiIuTH e(hEeKTUBHICTh 3aCTOCYBaHHS
po3pobnenoi ICOH npu crabinizanii BHC na
TpaeKToPii;

— JIOCTIIUTH e(EeKTHBHICTh 3aCTOCYBaHHS
HeyiTkoro peryinstopa AC 11 KepyBaHHS PyXOM
BHC npu crabinizanii Ha TpaexTopii B ymMoBax
MOPCHKOTO XBIUTIOBAHHSI METOIAMH MaTeMaTHd-
HOT'O MOJIEITFOBAHHSI Ta HATYPHOTO KCTIEPUMEHTY.

BkazaHi HampsIMKH YTBOPIOIOTH HACTYII-
HUH eTam JOCHIPKCHb Ta CHHTE3y €(EKTHB-
HUX cHcTeM aBToMaTrndHoro kepyBanus bHC.

Increasing the  USV  stabilization
accuracy on the trajectory and reducing the
number of rudder shifts (turns) increases
the AS resource. This is achieved using a
fuzzy controller, synthesized based on the
experience of a group of experts with practical
experience in steering vessels in stormy
conditions.

To implement the following two research
directions, necessary to do the following:

— to develop the USV ISON structure,
consisting of a platformless inertial navigation
system (PINS), a satellite navigation system
receiver and a log;

—to develop mathematical models of errors
and ISON operation algorithms based on the
navigation information optimal processing
using the optimal Kalman filter;

— to develop the structure, mathematical
model and algorithms of the fuzzy controller
to stabilize the USV on the trajectory in order
to optimize the number of transfers while
steering in conditions of sea turbulence;

— to investigate the effectiveness of the
application of the developed ISON in the USV
stabilization on the trajectory;

— to investigate the effectiveness of using
the AS fuzzy controller to control the USV
motion during stabilization on the trajectory
in conditions of sea turbulence using the
methods of mathematical modeling and full-
scale experiment.

The specified directions form the next
research stage and synthesis of effective USV
automatic control systems.

4.7. Metonu 3a0e3neuenns oe3nexu miapanusa BHC
4.7. Methods of providing the USV navigation safety

OueBunHO, MO s OE3MMeKH MOpPEILIaB-
ctBa BHC moBuHHO OyTH OCHAaIlIEHE CHCTe-
Mar0 aBTOMATHYHOTO KEPyBaHHsI, 3aTHOIO
3a3Majeriib BHSBISATH HAaBiramiiHi rmepe-
IIKOJTH, SIK1 3HAXOJATHCS 200 MOXKYTh BHHUK-
HYTH Ha TPAEKTOPii HOrO pyXy Ta aKTHBHO
BiJl HUX YXWJISTHCh. BaxiuBo, mo0 mporec
YXHUIICHHST BiJl MEPEIIKO 3aBEPIIYBABCS BijI-
HOBJIEHHSIM BUKOHAHHS OCHOBHOTO 3aBJaHHs.
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Obviously, for the navigationsafety, the
USV must be equipped with an automatic

control system capable of detecting in
advance  navigational  obstacles  that
are or may arise on the movement

trajectory and actively avoid them. It is
important that the process of evading
interference ends with the restoration of the
main task.
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Jst tiporo mHeoOxiaHo ocHactut CAK BHC:

— CHCTEMOIO CEHCOPIB I €(PEKTHBHOTO
BUSIBIICHHS HAaIBOJIHUX/TIIIBOJHHUX TEPEIITKOI;

— HaJifHOIO Ta MPOIYKTUBHOIO OOUHCITIO-
BaJILHOIO TEXHIKOIO Ta nepudepiero;

— NporpaMHUM 3a0e3ledyeHHsIM, fAKe Ha
OCHOBI iH(opMalii BiJi CEHCOPiB MPO OTOUY-
104y OOCTaHOBKY Ta NPO METy MicCil 31aTHe
TeHepyBaTH aJIeKBaTHI KOMaH/IW BUKOHABYUM
MIPUCTPOSIM CY/IHA.

Haiibinpir eekTHBHUMHU HAa JMaHWA Yac
cencopunmu cucremamu BHC BBaxaroTscs
pamionokariiai crannii (PJIC) mns ocBiT-
JICHHSI HaJIBOJTHOI OOCTAHOBKH Ta TiAPOAKyC-
i ctaniii (FAC) Uit OCBITIICHHS ITiBOJ-
HOTO CEepeIOBUIIA.

MOXXIIMBO BHKOPHCTAHHS TaKOX JIiJapiB
(1azepHHUX CKaHEpiB) 1 CHCTEM TEXHIYHOTO
30py Y Pi3HUX ONTUYHUX Jiana3oHax. Lli cen-
COpHI CUCTEMH MOBUHHI 3aJI0BOJILHATH HU3II
YMOB, aji¢ TOJIOBHUMH € JajJbHICTh BHSB-
JIEHHSI, PO3/ILTbHA 3JIaTHICTh MO JaJbHOCTI Ta
PO3IiTBbHA 3AATHICTH 1O KyTY Ha MEPEIIKOAY.

3arajbpHUIA aTOPUTM POOOTH CHCTEMH aBTO-
MarnyHoro KepyBanHs pyxom BHC 3 Bpaxy-
BaHHSAM HEOOXiTHOCTI 3a0e3redeHHs Oe3leKu
MOpETIIaBCTBa NpuBeieHnit Ha puc. 4.9 [179].

B nmaHomy anroputMi B JIOTiUHIH yMOBI
BUKOHYETBCSl OIEPYBaHHS 3 aOCTPaKTHOIO
BEJIMYMHOI0 «Hebe3rneuHa 3o0Ha». Lle Benu-
YKMHA, Ky MOXKHA BHM3HAYUTH, BPaXOBYIOUU
HIBUJKICTE PyXy O00’€KTa, 0 3HAXOAUTHCS
nopsa 3 BHC, Tak i mBuakicts camoro bHC.
HeoOxigauMu CKIQTOBUMHU JUISI BpaxyBaHHS
TaKOX SIBISIIOTHCSI JMCTAHIlSl Ta TEJCHT [0
00’ekta abo mepemkoar. TakuM YHHOM, ITiJ]
MOHATTSAM «HeOe3euHa 30Ha» PO3YMIEThCS
IJIONIA aKBaTOPii, B SIKIH 3HAXOJMTHCS HAaBi-
ramiifHo HeOe3MeYHH 00’€KT, M0 YTBOPIOE
MOTEHIIIHY 3arpo3y 3ITKHEHHS.

[Toxazanwuii Ha puc. 4.9 anropurMm MoXxHa
CIPOCTHUTH, SKIIO BBaXKaTd, IIO 3arpo3u
MOXYTb OyTH TibKM pyxomuMmu. Hepyxomi
MOpCBhKi 00’exTH (Hampukian, Oyi, ckeni,
OMOpH) MOXYTh CTBOPIOBATH HEOE3IEKY,
aximo BHC camo pyxaerbcs Ha Hux. Tomy B
anroput™Mi Ha puc. 4.9 MOXHA BHKIIOYHATH
OJIOKH, 1110 BUJIIJICHI KOJIBOPOM.

For this, it is necessary to equip the control
system of UNS with:

— sensor system for effective detection of
surface/underwater interference;

—reliable and productive
equipment and peripherals;

— software that, based on information
from sensors about the environment and the
purpose of the mission, is able to generate
adequate commands to the vessel executive
devices.

The most effective USV sensor systems
are currently considered to be radar stations
(RS) for illuminating the surface situation and
hydroacoustic stations (HAS) for illuminating
the underwater environment.

It is also possible to use leaders (laser
scanners) and technical vision systems
in different optical ranges. These sensor
systems must satisfy a number of conditions,
but the main ones are the detection range,
range resolution and interference angle
resolution.

The general algorithm of the USV
automatic motion control system, taking into
account the need to ensure the seaworthiness
safety (maritime safety), is shown in
Fig. 4.9 [179].

In this algorithm, an operation with
the abstract value «dangerous zone» is
performed in a logical condition. This
is a value that can be determined, taking
into account both the speed of the object
located next to the USV and the speed of
the USV itself. Distance and bearing to
the object or obstacle are also necessary
components to consider. Thus, the «danger
zone» concept means the area of the water
area in which there is a navigationally
dangerous object that poses a potential threat
of collision.

The algorithm shown in Fig. 4.9, can be
simplified if assumed that threats can only be
mobile. Stationary offshore objects (eg buoys,
rocks, pillars) can create a hazard if the USV
itself moves towards them. Therefore, in the
algorithm in Fig. 4.9, blocks highlighted in
color can be excluded.

computing
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Ha puc. 4.10 npexacraBieHo nmiarpamy
BHU3HAYCHHS pIBHS HeOe3lekn TmpH  pyci
(mpeiii, mosuniroBanni) BHC. Ha miarpami
KOHIICHTPUYHUMH MYHKTUPHUMH KUTBIISIMA
BiTOOpaKEeH1 JUCTAHIIT BUSBICHHS MEPEIIKO]T
«J1-1» — nanbhs, «J1-2» — cepenns Ta «J1-3» —
onmmxHs BigHOocHO BHC.

Takok Ha giarpami 3aJaHi  CEKTOPH
(HampsIMKW) BUSIBIICHHS TIEPEIIKOJ] BiTHOCHO
BHC — «aipsimo 110 Kypcy» a0 «3a KOpMOFO», SIKi
Ha Jiarpami mozHaueHi BinmoBimHo «0» i «K».

CeKTop «IpsMO IO Kypcy» po30UTO I1Ie Ha
J1Ba MiJCEKTOpH 3 KyToM po3kputts 10° «JIO»
Ta «[10».

Fig. 4.10 shows a diagram for determining
the danger level during USV movement
(drift,  positioning). The  concentric
dotted rings on the diagram reflect the
interference detection distances “D-1” — far,
“D-2” —medium and “D-3"—closest relative to
the USV.

Also, the diagram shows the sectors
(directions) of interference detection relative to
the USV —«directly along the course» or «astern»,
which are marked «0» and «K», respectively.

The sector «straight along the course» is
further divided into two more sub-sectors with
an opening angle of 10° «LO» and «RO».

'

Bussnesns nepemxon
HAJBOTHHX MiABOMHHX

!

Cnocrepesesss 3a
nep emmKoaaMH

Pyxomi nepemom

Crauiosapsi
TepemKom

Bu3HaueHHA eTeMeHTiB
TPAEKTOPIl pyXY

BH3Ha4yeHHA KOOPAHHAT

Ta Hebesneunux 308

BH3HaueHHA KOOPIHHAT TOUOK
NepeTHHAHHS 3 TPAEKTOpieto
BHC 1a BH3HAY%eHAA
Hebean EUHHX 3OH

Hassricts
HeOesnexHNX 30H

ITepexin no ocrossol | |
nporTpaMi Micii

INepexin mo nimip orpaMu
VXHIIeHHA
Iesiepanis Komana
Mmanespysanna a0 PCK

!

Masnesp yxmnessa

J

Pucynok 4.9 — Bapiant anroputmy 3a0e3nedyenns 0e3nexku mopemnascrsa BHC
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Figure 4.9 — Variant of the USV navigation safety algorithm

3 OOKOBHMX MPOEKIH BUIINIEHO TO JBa
MmiJICeKTopa: 31iBa Mo Kypcy — «JI1», 3miBa mo
6opty — «JI2», mpaBopyd o Kypcy — «I11» Ta
paBopyd 1o 60pTy — «I12».

Cexropu «JIl», «Il» m™awTh KyT
poskputtss 65°, «J12», «I12», MalTh KyT
poskpurtss 70°, «KJI» i «KII» MaoTh KyT
poskpurrs 35°.

From the lateral projections, two sub-
sectors were distinguished: on the left along
the course — «L1», on the left along the side —
«L2», on the right along the course — «R1»
and on the right along the side — «R2»

Sectors «L1», «R1» have opening angle of
65°, «L2», «R2» have an opening angle of 70°,
«KL» and «KP» have an opening angle of 35°.
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Pucynok 4.10 — Buznauenus piBusa Hede3nexu nepemrxkoq Hapkoiao bHC
Figure 4.10 — Determining the interference danger level of around the USV

PiBeHb 3arpo3u 3iTKHEHHs (piBeHb HEOE3-
MEYHOCTI) Ma€e TpHU Tpajalii, sKi Ha miarpami
MTO3HAUCHI TTOMAapaHYOBHM, JKOBTHM Ta 3€Je-
HUM KOJbOPaMH.

PiBenp HeOE3MEKH BBAKAEMO TaKUM, IO
30LTBIIY€THCS BiJI 3€JICHOTO JI0 TOMapaHIOBOTO.

Jiarpama, mo mnokazaHa Ha puc. 4.10,
MOK€ MaTHy IHINWN BUIIAA B 3aJIEKHOCTI Bij
pexumy poboru BHC, #oro msuakocti abo
IHIIUX MapaMeTpiB (CTaH MOTOAM, XBUIIIO-
BaHHS MOpsI, HAABHICTb Tedii Ta iHIIE).

ToOTo,

R, = f(V,GW),
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The collision threat level (danger level)
has three gradations, which are marked
in orange, yellow and green colors in the
diagram.

The danger level is considered to increase
from green to orange.

The diagram shown in Fig. 4.10 may have
a different appearance depending on the USV
operation mode, its speed or other parameters
(weather conditions, sea waves, presence of
currents, etc.).

That is,

(4.13)
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e R — panmiyc BUSIBICHHS IIEPEIIKOI
(-1, O-2, 1-3); V — mBuakicte BHC; G —
CHJIa XBIJIFOBaHHS (HApPUKIAZ, 3a MIKAJOIO,
po3pobiieHor0 BcecBiTHBOIO METEOpOIIOTiy-
HOIO opraHizaui€ero); W — cuia BiTpy (Harpu-
KJIaJ, 3a 1mkanor bodopra).

Kpim toro, nonoxxennss BHC na giarpami
puc. 4.10 Takok MOXKe PEryIIOBaTUCh.

Y  BiamoBimHocTi g0 puc.  4.10
MokHa Bu3HauuTH ToBemiHky CAK, ska 0
BBa)KAJIACh BIJIMOBIIHOIO PIBHIO HEOE3NEKH.
[Ipr 1bOMy crpaBeTUBI HACTYIHI 3aliexk-
HOocTi mpu pyci BHC mo BimHOMmIEHHIO 10

TICPCUIKOaN :

Al =1

i

ne Al — BiIXuIIeHHS pajiyc-BeKToOpy (Iuc-
TaHIlii) 70 TEpPeNKOId B MPOMIKOK dacy,

A.t _t,, t;y I, — paniyc-BekTOp  (IMCTaH-
1(is) 0 HEePEUIKOAN — MOIEPEIHE 3HAYCHHS;
[ — papniyc-BeKTOp (IMCTaHILisA) 10 Mepe-

LIKOJIM — IIOTOYHE 3HAUYEHHS.
IBuAKICT 3MiHK AMCTAHIT (Tabm. 4.1):

i

Al

At

t

i—

where R, the obstacle detection
radius (D-1, D-2, D-3); V — USV speed;
G — the waveforce (for example, according
to the scale developed by the World Meteoro-
logical Organization); W — wind strength
(for example, on the Beaufort scale).

In addition, the position of the USV in the
diagram in Fig. 4.10 may also be regulated
(adjusted).

In accordance with Fig. 4.10, it is possible
to determine the ACS behavior that would be
considered appropriate for the dangerlevel. In this
case, the following dependencies are valid for
the USV movement with respect to the obstacle:

=1L, (4.14)

where A/ is the radius vector deviation
(distance) to the interference in the time
interval, Az ¢, 1,1  —radius vector (distance)
to the obstacle — previous value; /. — radius
vector (distance) to the obstacle — current
value.

Distance change speed (Table 4.1):

71_11
b
il

1

(4.15)

Ta0nuus 4.1 — YMoBM BU3HAYCHHS 110JI0’KeHHSA nepemkonu Biznocio BHC
1O JJAHUM BiJIXHJIEHHS JUCTaHIT

Table 4.1 — Conditions for determining the position of an obstacle in relative
to the USV according to the distance deviation data

Al TO Meperrkoa HaOIMKAETBCS 3 MOCTIHHOI MIBHIKICTIO
Sxuo (If) Al >0, ~ 20 |abo mpUCKOPEHO
d (then the obstacle is approaching at a constant speed or acceleration)
Al TO MEPEIIKOIA PYXAETHCS MapajiesibHO ado K CareiT
Al=0,—=0 . :
Shano (If) At (then the obstacle moves in parallel or as a satellite)
Al TO TEPEIIKO/Ia BIJIANSAETHCS 3 TOCTIHHOI MIBHIKICTIO
Sxmo (If) | A/<0,—<0 |abo npuckopeHo
At (then the obstacle moves away at a constant speed or acceleration)

Heo6xi1HO Tako)k BpaxoByBaTH MEICHT Ha
MEPENIKOAY BiTHOCHO BIACHOTO KypCy:

A¢ =O;
nie Ap — 3MiHa KyTa yTBOPEHOTO BEKTOPOM

pyxy BHC V' Tta paniyc-Bexktopom [ (muc-
TaHI[I€I0) Ha TMEPEIIKOAYy B MPOMIKOK 4acy

It is also necessary to take into account the
bearing to the obstacle relative to own course:

40, (4.16)

where Ag is the change in the angle formed
by the USV motion vector V' and the radius
vector [ (distance) to the obstacle in the time
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At=t,_,—1t;; ¢, — HOIEPEIHE 3HAYCHHS KyTa
yTBOpeHoro Bekropom pyxy BHC V' Ta pani-
YC-BEKTOPOM [ Ha MEPEUIKOAY; ¢, — MOTOYHE
3HAQUCHHSI KyTa YTBOPEHOTO BEKTOPOM PYyXy
BHC 7 Ta pamiyc-Bektopom [ Ha mepe-
LIKOZY.

KyroBa MmBHAKICTH 3MiHM HaNpsIMKy Ha
nepemkony (tabm. 4.2):

A _Pia =P
Ly =1

At

interval Af=t¢_, —t; ¢,_, — the preliminary
value of the angle formed by the USV
motion vector ¥ and the radius vector [ to
the obstacle; ¢, — current value of the angle
formed by the USV motion vector ¥ and the
radius vector  to the obstacle.

Angular speed of change of direction to an
obstacle (Table 4.2):

: (4.17)

Ta6auus 4.2 — YMoBHM BU3HAYEHHSI MOJI0:KeHHsI nepeuikoaun Bitnocno BHC
10 IaHUM BiIXHJIeHHSI KyTa HAMPSAMKY Ha MepeuIkoxy
Table 4.2 — Conditions for determining the obstacle position relative to the USV
based on the obstacle direction angle deviation

To nepetkoza purnepemkae BHC i pyxaeTbest 3 HOCTIHHOIO
A IIBHIKICTIO 200 TIPUCKOPEHO .
Ao (If) Ap>0, A(p >0, (then the interference (obstacle) is ahead of (overtakes) the USV
! and moves at a constant speed or accelerated)
Sto (1) Ap=0, AQ 0 TO TIEPEIIKO/Ia PYXAEThCS apajeIbHUM KypcoM
m E ~— Y | (then the obstacle moves along a parallel course)
Ap To nepenikoza Bifcrae Bix BHC i pyxaerbes 3 mocTiitHOIO
Sxuo (If) Ap <0, N <0, mBHAKICTIO 200 yrnoBinbHIOETHCS (then the obstacle lags behind the
! USYV and moves at a constant speed or slows down)

Pucynoy 4.11 — I'padiuna inTepnperanis BU3HAYEHHS HANPSIMY PyXY NepelKOIU
Binnocno BHC no BigxuiieHHIO JUCTAHILIT TA KyTa HANPSIMY HA MePeLIKoay

Figure 4.11 — Graphical interpretation of the determination of the obstacle movement
direction relative to the USV by the deviation of the distance
and the angle of the direction to the obstacle
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OCHOBHIM KpUTEpi€EM BH3HAYCHHS peak-
uii CAK Ha piBeHb HEOEC3IEKH 3 BU3HAYCHUMU
napamerpamu ii pyxy € manesp bBHC B npotu-
JISKHY CTOPOHY 3 BIIMOBITHOK MIBHIIKICTIO.
Peakuist CAK Moxke OyTH BU3HAYCHA EKCIICPT-
HUM METOZIOM 3 iX YTOYHEHHSIM Ha Marema-
trnunux mozaeisix CAK, BHC, HaBKONIHMIIHEOTO
cepenoBuIIa Ta Mojienieii neperkoa. Haitbinpin
npugataumu CAK amst o6uncrieHHs mpeicTas-
JICHUX TIOJIOKEHb € CHCTEMH Ha OCHOBI HEYIT-
KHX 200 HEHPO-HEUITKUX KOHTpOJepiB [82].

[HTCHCHBHICTH CYIHOIUTABCTBA HA MOp-
CBKHUX IIISIXaX, MOOJIM3Y TIOPTIB Ta MOPCHKHUX
0a3, sk 1y (apBaTepax piuok, KaHaJIax, MPOTO-
KaX, TOCUTH BHCOKA. ToMy HEOOXiTHOIO yMO-
BOIO 3a0e3medeHHst 0e3leKd MOpEIUIaBCTBA
€ 3natHicte CAK BUSABIATH, CyNpOBOIXKY-
BaTH Ta pearyBaTH OJHOYACHO Ha AEKiJIbKa
MePeuIKol, K HAJABOAHUX, TaK 1 IiJBOIHUX.
Le 3aBnaHHs yTBOPIOE JOAATKOBUN HAMTPSIMOK
MIPHUKJIAJTHUX HAYKOBHX JIOCII[)KECHb.

The main criterion for determining the
ACS reaction to the danger level with certain
movement parameters is the USV maneuver
in the opposite direction at the appropriate
speed. The ACS response can be determined
by an expert method by their refinement on
the ACS mathematical models, USVs, the
environmental situation and interference
models. The most suitable ACS for calculating
the presented positions are systems based on
fuzzy or neurofuzzy controllers [82].

The navigation intensity on sea routes,
near ports and naval bases, as well as in
the river fairways, canals, straits, is quite
high. Therefore, a necessary condition for
ensuring the safety of navigation is the
ACS ability to detect, track and respond
simultaneously to several obstacles, both
surface and underwater. This task forms
an additional direction of applied scientific
research.
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