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HEPEJIIK YMOBHHUX CKOPOYEHD

LIST OF CONDITIONAL ABBREVIATIONS

CkopoueHHs

(Abbreviations) VYkpaiHchkuit English
b/ (DB) 0a3a TaHuX database
BJI (TW) OykcupyBaJibHa J1e01Ka towing winch
BITA (TUV) | OykcupyBaHUil i IBOTHUIA towed underwater vehicle
armapar
I'TT (UG rapax I IBOTHHHA underwater garage
Kb (CT) KaOeIb-0yKCcHp cable-tug
KJI (CW) kaOenbpHa j1e011Ka cable winch
KT (TC) Ka0eIb-TPOC tether cable
Msg (Mpy) MOMECHT 30YPIOIOYHX BIUIHBIB, moment of disturbing
10 JHIOTh Ha KOPITYC influences acting on the hull
MIT (MR) T1IpOoIMHAMIYHHIA MOMEHT TUV hull hydrodynamic
oropy odeptanus kopnycy BITA | moment of the rotational
resistance (torque resistance)
MIUI (SUW) | manorabapuTHa miaBOIHA small-sized underwater winch
se011Ka
My (Mp) MHOXHUHA ITUPPOBUX digital navigation data
HaBITalllHHAX JaHUX
HO (AE) HaBiCHE 00J1aTHAHHS attached equipment
IT(G) TUTaHEeP glider
ITA (ROV) | minBoaHwmii anapar remotely operated vehicle
ITEK (PCP) | moct eHepreTHKH i KepyBaHHS power and control post
[M (UM) 1IBOJHUN MAHIITyJISTOP underwater manipulator
I10 (UO) HiIBOAHUN 00’ €KT underwater object
ITI1C (TUS) | npus'si3Ha miBOJHA CHCTEMA tethered underwater system
[ICHO miZiBoAHA camoximHa cuctema 3 | underwater self-propelled
(USPEC) HaAYIITHUM 00J1aTHAHHSAM equipment carrier
I1T (UC) iIBOJTHA TeUis underwater current
CAK (ACS) | cucrema aBTOMaTHYHOTO automatic control system
yIpaBIiHHS
Cb (TV) CYJTHO-OYKCHPYBaJTLHUK towing vessel
CI' (RD) CTEpPHO TJIMOUHU rudder depth
CH (CV) CYJIHO-HOCIH carrier vessel
Y (Ya) KOHCTaHTHE 3HauyeHHs 3ajaaHoi | constant value of the desired
TJIMOVHU depth
(A1 (AC) SIKIPHHI JIAHITFOT anchor chain
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BCTYII

INTRODUCTION

[lpuB’sA3HI MIABOAHI CHUCTEMH €
e(QEeKTUBHUM 1HCTPYMEHTOM I TIOIIYKY
3aTOHYJIUX OO0'€KTIB Ha  BEIMKUX 34
po3MipaMy TUIOIIAX MoOpchkoro gHa. Jlo
CKJIQy THUIOBOI TMPHB’SI3HOI  TIIBOJTHOI
CUCTEMH BXOJSTh CAMOXIIHUIN MPHB’SI3HUN
migBomuuii anapat (ITA), cymro-Hociit (CH),
Ha SIKOMY PO3MIIICHI IMOCT EHEPreTHKH 1
kepyBanHs (I1IEK) migBomnum amaparom 1
kabenbHa Jnedinka (KJI) 3 kabemb-Tpocom
(KT),  uepes 3a0e3MeuyeThest
eNeKTpoKuBIIeHHST Ta KepyBanHsi [TA. Jlo
HAYIITHOTO o0J1aTHAHHS (HO), 3a
JIOTIOMOT'O0 SIKOTO BUKOHYIOTHCSI TIOITYKOBI
MiABOJAHI POOOTH, BIAHOCATHCS IT1ABOIHI

SIKUU

BIJICOKaMepH, T1IPOJIOKATOpH,
T1JIPOAKYCTUYHI npodinorpadu,
MAarHiTOMETPH TOIIO.

Bemnka KUIBKICTD MM1IBOIHUX

MOLITYKOBUX POOIT BUKOHYETHCS HA BETMKHX
3a TUIOLICI0 aKBATOPisIX, KOJM OCHOBHUM
pexxumoMm [IA € #ioro cralumzaiisg ¥Horo
npoctopoBoro pyxy. Lle yTBoproe HOBHiA
TUI 3aco0IB MIJBOJAHOI POOOTOTEXHIKH —
MPUB’SI3HI MIJABOJHI CAaMOXiAHI CHUCTEMHU 3
oomagHanusm  (IICHO) 1
BIJIKpUBA€ TIPHHIIMIIOBO HOBI MOKJIMBOCTI
UIS  IABOOHMUX  TEXHOJOTH —  Bifg
BHUCOKOTOYHUX JIUCTAHIIMHO KEPOBaHUX
MOILIYKOBUX pOOIT Ha BEJIMKUX ILJIOHIAX
MOPCHKOTO JTHA hi (o) 1 POBOTO
kaptorpadyBaHHs 3HAWJACHUX ITIJBOIHUX
00’ektiB (I10).

v HaBYaJIbHOMY

HAYIITHUM

NOCIOHUKY
PO3MIISAAAIOTECS MHUTAHHS aBTOMATH3aIlii
KepyBaHHS MPUB’SI3HUMHU  I1ABOJHUMU
CHUCTEMaMHU 3 HaYilTHUM OOJIaTHAaHHIM MPHU

BUKOHAHHI MOIIYKOBUX POOIT HA BEJIMKHUX
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Tethered underwater systems are
an effective instrument for the search of
sunken objects on large seabed areas.
The typical tethered underwater system
iIs composed of a self-propelled
remotely operated vehicle (ROV), a
carrier vessel (CV), on which are
installed the power and control post
(PCP) for the remotely operated vehicle
and the cable winch (CW) with the
tether cable (TC), through which the
(ROV) power supply and control are
provided. The attached equipment (AE),
which is used for the underwater search
operations, includes underwater video
cameras, sonatr, hydroacoustic
profilographs, magnetometers, etc.

A large number of underwater
search operations are carried out on
large water areas, when the ROV main

mode is its spatial movement
stabilization. It forms a new type of
underwater robotics equipments —

tethered underwater systems with the
attached equipment (USPEC) and opens
up fundamentally new opportunities for
underwater technologies — from high-
precision remotely controlled search
operations on large seabed areas to
digital mapping of found underwater
objects (UO).

In the manual, the questions of
tethered underwater systems control
automation with the attached equipment
during underwater search operations on
large seabed areas with  high



32 IUIOIICI0 MOPCBHKUX akKBaTropisix 3
MPOYKTUBHICTIO. Le
aBTOMaTUYHUM

BHCOKOIO
3a0e3MneuyeThes
kepyBaHHsM [ICHO npu CUHXpOHHOMY
pyct IIA 1 CH Ta
kepyBanus [ICHO y xomOiHOBaHOMY

aBToOMaTu3arii

pPEXHUMI 3aCTOCYBAHHS, KOJIA JIJISl TIOITYKY
BUKOPHUCTOBYETHCS OYKCUPYBAHUU PEKUM
ITA, a mpu oOctexenHi 3HaieHoro 110 —
caMoxigHui pexum pyxy ITA.

performance are considered. This is
provided by the USPEC automatic
control in the synchronous motion of
the ROV and the CV and the USPEC
control automation in the combined
implementation mode, when the ROV
towing mode is used for the search and
the ROV self-propelled motion mode is
used during the inspection (survey) of
the found UO.



1 OCOBJIMBOCTI KEPYBAHHS POBOTOIO IICHO ITPU NTPOBEIEHHI
MNOIIYKOBHUX TA 3HEHIKOIXXYBAJBHUX MOPChKHUX OIIEPAIIIA

1 FEATURES OF USPEC CONTROL WORK WHEN CONDUCTING
MARITIME SEARCH AND NEUTRALIZING OPERATIONS

[lomyk migBOAHUX OO’€KTIB Ha
BEJIMKUX aKBATOPISIX (MOPCHKUX 1 PIUKOBHX )
HAJIOKUTh J0 HAA3BUYANHO CKJIQJHUX Ta
BIIMOBINATGHUX ~ MOPCBKHUX  OTIEpAIliil.
Buxosum 3 orisiry HayKoBO1 1 BUPOOHHUOT
mitepatypu [1-3] Ta 3 mOCBiAy MpOBEICHHS
Takux omnepauii ¢axiBugsmu  Haykoso-
JOCHITHOTO 1HCTUTYTY MiJIBOJTHOI TEXHIKH
HamionansHoro YHIBEPCUTETY
KOpabneOyTyBaHHS IMEHI1 azMipaa
Makapoga [4-6] 3a3Ha4UMO, 1110 OCHOBHUMH
MiIBOMHUMM  3aBJAaHHAMH Y  TaKuX
OTeparisx €:

MOIIYK, OOCTEXEHHS Ta HaBIraliiiHe
MapKyBaHHS aBapiiHO 3aTOHYJIUX
JTANbHUX Ta KOCMIYHUX amnapariB, CyJeH
Ta MIJIBOAHUX YOBHIB;

MoIIyK,  KapTorpadyBaHHS
3HEUIKO/DKEHHSI  3aTOHYJIHMX  3aJIUIIKIB
030pO€HHST Ta BIWCHKOBOI TEXHIKU YaciB
Hpyroi cBITOBOI BiliHU;

MTOIIYK, 1AeHTU(IKALISA Ta
kaprorpadyBaHHS  pallOHIB  MOPCBHKHX
€KOJIOTTYHHUX KaTacTpod.

HaBenenuii  mepenmik  MOpPCBKUX
HOIIYKOBHX 3HEIIKOHKYBATHHUX
orepailii € XapaKTepHUM [Tl BCIX MOPCHKUX
KpaiH CBITYy, y TOMYy YMCII 1 A1 YKpaiHu.
Jlyist Hamioi JiepykaBu 11eM MepestiK TMOCTIHO
JIOTIOBHIOETHCSI T4 PO3LIMPIOETHCS Y 3B’SI3KY 3
HOBUMH BOEHHMMHM 3arpo3amMu YKpaiHi 3
Mopchkoro HampsiMky [7]. Lle Ha choromHi
YTBOPIOE JIOJJATKOBUM TEPENIK MOPCHKHX
AHTUTEPOPUCTUYHUX OIEPALIiii, 30KpeMa:

NOLIYK, 1AeHTh(IKaLis,
KapTorpadyBaHHS, 3HEIIKOKCHHS
MIHOM HE CaHKI[IOHOBAHO BCTAHOBJIEHOI
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Search for underwater objects in
large water areas (maritime and river) is
one of the most complex and vital
marine operations. Based on the review
of scientific and production literature
[1-3] and the experience of conducting
such operations by experts of the
Research Institute of Underwater
Technology of the Admiral Makarov
National University of Shipbuilding [4-
6], we note that the main underwater
tasks in such operations are:

search, survey and navigational
marking of accident sunken aircrafts
and spacecrafts, vessels and
submarines;

search, mapping or neutralization
of sunken remnants of armament and
military equipment during the Second
World War;

search, identification and
mapping of areas of maritime
environmental disasters.

The above list of maritime search
and neutralizing operations is typical
for all maritime countries of the world,
including Ukraine. For our country, this
list is constantly supplemented and
expanded in connection with the new
military threats of Ukraine from the sea
direction [7]. Today, this particularly
creates an additional list of maritime
anti-terrorist operations:

the search, identification,



Ha MOPCHKE JIHO anaparypu;

MOIIYK Ta JIKBiAIlis (3HUIICHHS
abo miaiioM Ha TOBEPXHIO) BaHTAXIB
KOHTpaOaHIHOTO Ta  TEPOPUCTHUHOIO
XapakTepy;

OOCTE)XEHHS JIOHHOi TOBEpXHI 1
BOJHOI TOBIIl aKBaTOpii BiIMCHKOBO-
MOpChKHX 0a3, HeOe3neuHux QapparepiB
Ta  TUMYACOBHX  SKIPHUX  CTOSIHOK
KOpaOJIiB y BIAKpUTOMY MOpi [8].

BopoTrba 3 BUSIBJICHUMHU
NIJBOAHUMH  3arpo3aMyd Ha IIed yac
BUKOHY€ETHCS y HACTYIHUX (hopMax:

kaprorpadyBaHHd  —  IUIIXOM
CKJIaJeHHs IM(PPOBOI KapTU MOPCHKOTO
JHA 3 HAHECEHUMH reorpadiyHuMU
KOOp/IMHATAMU BUSIBJICHUX [10;
BUKOHY€ETHCS 3a JIOMOMOTOI0 TOIITYKOBHX
TIpOaKyCTUYHHX MIPHUIIAIIB;

MapKyBaHHA — 3a JOIIOMOTOIO
MTaCHBHOTO qu aKTUBHOTO
TIpOaKyCTUYHOTO Masika,; BUKOHYETHCS 32
JIOTIOMOT 010 HO (TpaHCTIOPTHOTO

3KMMHOTO MPUCTPOIO) IUIIXOM JI0CTaBKU
1 BcraHoBineHHs Ha  (Outa) IO
T1IPOaKyCTUYHOTO MasiKka JIsi TOBTOPHOTO
onepaTuBHOrO 3HaxomkeHHs [10;

3HEIMKO/UKEHHS — 3HulneHHs [10
NUISIXOM  MiAPUBY;  BUKOHYETHCS  3a
JIOTIOMOT 010 HO (TpaHCTIOPTHOTO

3)KUMHOTO TIPUCTPOFO) UIIXOM JOCTABKU
1 yknanansas nopyd 3 IO crmemnianbHOTO
OPUCTPOI0O — MIAPUBHOTO  3apsiny 3
JTVCTAHIINHUM a00 YaCOBUM ITiIPUBOM;
migiiom I[IO Ha TOBEepxHIO —
[I0O gm0  cmemianbHOT
NiAOMHOI MIaTGOPMH YU 3aKPIMJICHHS
ITO na ITA; BUKOHYETBHCA 3a JIONMOMOTOIO

TIePCHECCHHS

HO (Maninynsitopa).
JLotst

MOPCBKHUX

HaBEJIEHOT O HepetiKy

omepaniii  XapaKTepHUMHU

BHUMOI'aMH €:

mapping, neutralization or lifting of
unauthorized equipment installed on the
seabed;

search and liquidation
(destruction or lifting to the surface) of
smuggled and terrorist goods;

inspection of the bottom surface
and the water column of the naval
bases’ water areas, dangerous
fairways and temporary anchorages of
vessels on the high seas [8].

Combating detected underwater
threats is currently carried out in the
following forms:

mapping — by compiling a digital
map of the seabed with plotted
geographical coordinates of the detected
UQO; performed using the search hydro
acoustic devices;

marking — using a passive or
active hydroacoustic beacon;
performed with the help of AE
(transport  clamping device) by
delivery and installation on (near) the
AE of the hydroacoustic beacon for
the UO repeated operational location;

neutralization — destruction of
UO by blasting (blowing up); is
performed using the AE (transport
clamping device) by delivering and
stacking next to the UO of a special
device — explosive charge with remote
or time blasting;

lifting UO to the surface — the
transfer of UO to a special lift platform
or fixing UO on ROV; performed with
the help of AE (manipulator).

For the above list of maritime
operations, the following are typical
requirements:



BUCOKa NMPOJYKTUBHICTh Ta SIKICTh iX
BUKOHAHHSI, o0yMOBIIEHa
IUIOIIAMH  MO>KJIMBOTO MOPCBHKOTO  TeaTpy
BOEHHHUX [I1i Ta 3 ONIEPATUBHUX MIPKYBaHb;

BCIIMKNMUA

BUCOKAa  MPHUXOBAHICTH  CAMOTO

bakty NeSIKUX  BUJIB

IMOITYKOBHX

IIPOBEICHHS
9l 3HENIKO/KYBAIbHUX
omepariii (HanpukiIaa, kaprorpadyBaHHS
yu mapkyBaHHs [10).
3a3Buyaii, IJIBOMIHI
CTBOPIOIOTH ~ 3arpozy 1

BUSIBJICHHIO W HeHWTpamizalli, Hajuexarb 10

00’e€KTH, IO

MUIATAI0Th

OJMHOYHUX, PO3TAIIOBAHUX HA 3HAYHIN
BIZICTaH1 OJIMH BiJI OJTHOTO 1 PO3MIIIAIOTHCS
Ha MOPCBKOMY JIHI (3aTOHYJ OO€IpuIiacu
MUHYJIMX BO€H, Cy/IHA, JITalbHI Ta KOCMIYHI
armmapatu). ToMmy e(eKTUBHUM € BEICHHS
nomryky 1 3HemkokeHHs [10 6e3 3ynmuHku
HajBoAHoro cynHa-Hocis [ICHO, oxnak 11e
HAKJIQJa€ KOPCTKI YMOBH Ha CHCTEMY
aBTOMaTH3allli I1MxX poOIT, OCKUIbKKA BCl
KEpOBaHI MPOLECH MPOTIKAIOTh Y CTUCII
TEPMIHK 1  BHMaraloTb  TOYHOTO 1
OJTHO3HAYHOTO KEPYBAHHSI.

Hwxdae posrnsHeMO 1Ba OCHOBHI
pexnvu  3actocyBanHs — [ICHO g
BUKOHAHHSI TTONTYKOBUX Ta 00CTEKYBaJTBHUX
poOIT Ha  BEJIMKUX  AaKBaTopisiX, AKi
3a0€3MevyI0Th BHUCOKY TPOJYKTHBHICTH Ta
BUMAraroTh aBTOMaTHU3alll1 KEPYBaHHS:
IICHO -

cunxponnuit pyx CH 1 IIA, xomu IIA y

IS OJHOJAHKOBOIL

CaMOX1JHOMY PEKUMI PyXa€ThCsl y BOJHIN

TOBLLI (\7CH = AHA);

w11 aBoxyuankosoi IICHO  —
KOMOIHOBAaHMU  pPEXHUM  3aCTOCYBaHHS,
KOJIN TMOLIIYK 110 BeJIEThCS y

IICHO, a
JOTIONIYK 1 0OOCTEXXEHHS (3HELIKOJIYKEHHSI)

OYKCUPOBAHOMY  PEXHUMI

— y camMoxigHOMY pexumi pyxy TTA.

high productivity and quality of
their performance due to large areas of
possible maritime theater of military
operations and for operational reasons;

high concealment, ipso facto
carrying out certain types of search or
disposing of operations (for example,
mapping or marking UO).

Usually, underwater objects that
are threatening and subject to detection
and neutralization, belong to single
objects, located at a considerable
distance from each other and emplaced
on the seabed (sunken ammunitions of
past wars, vessels, aircrafts and
spacecrafts). Therefore, it is effective to
search and neutralize the UO without
stopping the USPEC carrier vessel, but
it imposes rigid conditions on the
automation of these works, since all
managed processes take place in a short
time and require precise and
unambiguous control.

Below, we will consider two
main modes of USPEC application to
perform search and survey operations in

large areas that provide high
performance and require  control
automations:

for  single-link USPEC -

synchronous motion of CV and ROV,
when ROV in self-propelled mode
moves in the water column
(ch =Vrov );

for double-link USPEC -
combined application mode, when UO
search is carried out in the USPEC
towed mode, and search and survey
(neutralization) — in the ROV self-
propelled motion mode.



3a3HauuMo, 110 y  poboTi
pPO3MIISIAIOTECS MHUTAHHS ABTOMATHU3AILlll
I[ICHO HnHa wanux

rimbuHax (10 100 MeTpiB), OCKUIBKH 3-3a

KEpyBaHHSA PYXOM

TUMYacoBoi okymarii Kpumy came 111
TMOMHN  Hapas3l € aKTyadbHUMHU IS

IMPOBCACHHS IIOIITYKOBHX Ta

3HEIIKOKYBATbHUX pooIT y

TEpUTOPIATBLHUX BOJaX YKpaiHH.
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It should be noted that the work
addresses the issues of USPEC
automation motion control at shallow
depths (up to 100 meters), because due
to the temporary occupation of the
Crimea, these depths are currently
relevant for search and neutralization
operations in the territorial waters of
Ukraine.



2 ABTOMATU3ALIA KEPYBAHHSA IICHO ITPU CUHXPOHHOMY PYCI
ITA I CH

2 USPEC CONTROL AUTOMATION WITH SYNCHRONOUS MOTION OF
ROV AND CVS

CuHXpOHHMI Ta

pyx  CH
migBoaHoro anapary [ICHO 3actocoByroTh
y BHUITAJKaX OMEPATUBHOTO pPearyBaHHS Ha

NPOTUIIPABHI [Iii Cy/IHA-TIOPYITHUKA II00

3aTOIUICHHS ~ BaHTaXy  (3a00pOHEHMX
MIPEIMETIB, 3aco0iB pUOOJIOBCTRA,
MPOIYKITii HE3aKOHHOI MOPCBKOI1

JISUTBHOCTI TOWIO). Taki 3a/1a4l MpUTaMaHH1
naTpyJIsHIM Cy/IHaMm

CITy>KOn
beperoBoi oxopoHuM YKpaiHM Ta CyJIHam

JepxaBHO1
IIPUKOPAOHHOI VYkpainu,
IHIIIMX CHJIOBHX MIHICTEPCTB YKpaiHu,
Koy (pakT 3aTOIICHHS a0 MijIo3pa TaKoi
Jii 3JJOBMHUCHUKA BCTaHOBJICHA, aJieé TOYHI
KOOPJMHATH 1bOTO 3aTOIUICHHSI HEBLIOMI 1
NOTPeOYIOTh MIJBOJHOIO JIOMONIYKY Ta
MOJIATBIIOTO OOCTEXKEHHS YU MITHOMY.

Pyx migBognoro amapary IICHO
cuaxpoHHo 3 pyxom CH mepenbauae
PIBHICTb BEKTOPIB JIIHIWHUX IIBUIKOCTEH
migBoaHoro amapara VIIA Tta cyaHa-HOCIS
Ven Tpu 3aaHOMY TXHBOMY B3a€EMHOMY

po3TamryBaHHi 'y mpoctopi.  Taka
TEXHOJIOT1s 3aCTOCYBaHHS IICHO
BUKOPUCTOBYETbCS ~ NpU  OOCTEKEHHI

BEJIMKUX aKBaTOPii 3 Harepea HEeBIIOMUM
posramryBanHsM  [1O 1 3abe3neuye

pyxy no 3 w/c, 1m0
O0OYMOBJICHO OOMEXKEHHSIMH <«3HHU3Y» Ha

[IBUIKICTD

MIBUJIKICHI MOXJIMBOCTI Outemnocti CH Ta
«BBEPXy» — Ha MIBUJKICHI MOXIIUBOCTI
ITA.

Hns xopabnie BMC 3C VYkpainu
NOIIJIBHUM €

BHUKOPHUCTAHHA  TAaKOIr'o
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Synchronous motion of CV and
USPEC underwater vehicle are used in
cases of prompt response to the intruder
vessel illegal actions concerning
flooding of cargo (prohibited items,
means of fishing, products of illegal
maritime activity, etc.). Such tasks are
inherent in the patrol vessels of the State
Border Guard Service of Ukraine, the
Coast Guard of Ukraine and the boats of
other power ministries of Ukraine, when
the fact of flooding or suspicion of such
an attack by an attacker is established,
but the exact coordinates of this flooding
are unknown and require underwater
search and subsequent inspection or
recovery.

The USPEC remotely operated
vehicle motion synchronously with the
CV motion provides for the equality of
the linear velocity vectors of the
remotely operated vehicle VUV and the
carrier vessel Vcy given their mutual
position in space. This USPEC
technology application is used when
inspecting large areas with previously
unknown location of UO and provides a
speed of up to 3 m/s, which is caused by
restrictions "from above” on the speed
of most kinds of the CV and "from
below" to the ROV high-speed
abilities.

For the Naval Forces ships of the
Armed Forces of Ukraine, it is expedient



pexumy [ICHO npu pyci HeOe3neuHuMu
dapBaTepaMu, 10 BTUICHO Y TEXHIYHY
JIOKYMEHTAIIII0 CTBOPEHHSI KOpaOeIbHOTO
HEHACEeJICHOTO 1ABOJTHO-TEXHIYHOTO
KOMIUIEKCY JJIsl CyIHA KJacy «KOPBET»
npoekry 58250,
YopHOoMOpChKOMY 3aBOAl M. MuKkosaeBa

[8].

AKMA OyayeTbcs Ha

Tomy pmami po3riIssHEMO TUTAHHS
aBTOMATH3aIlii KepyBaHHS TaKUM PSIKAMOM
[ICHO NpUKJIaAl  3a0e3reueHHs
O€3MeYHOr0  TMPOXOAY  CyIaHA
«KOpBET» HEOE3MeUHNM (hapBaTEPOM.
IICHO

Ha
KJ1acy
KepyBanns TaKo
nepeidavyae HaCTYITHI €Talu:
ITA

KariTaHOM CyJIHA JUCTAHINIO |cy BiTHOCHO
CH (xopBery), sika, 3a3BUYaif, CTAHOBUTb

BHUBCACHH Ha 3a1aHy

300-1000 metpiB, Ta Ha 3a7aHy TJIMOMHY
Mopst hpa, sika 3abesneuye edekTHBHY

poboty moumrykoBoi —amapatypu  IIA
(3a3Buuaii, e pyx IIA Ha Bucoti 3-5
METPIB HaJl IPYHTOM);

iATPUMaHHS 3a/1aHOT AUCTAHIII BiJT
CH Tta cra6umzamisa ITA mo BucoTi Haxg
IPYHTOM TIpu cUHXpoHHOMY pyci CH Ta
[TA na 3amaniii mBuakocti pyxy CH (6is
6 By3IB) JUId TOWIYKY MOTEHLINAHO
Hebe3neynux I10;

maxix IIA 1o  BUSBIEHOrO
noTeHiinHo HeoOe3neunoro [I0, iioro
imeHTH(gIKaAIS Ta, 3a HEOOXITHICTIO,

HelTpamzanis (3 nepenadeto iHpopmarlii
KalliTaHy CyJHa).
3arajibHa cxema peajizamii pexxumy
cuaxponHoro pyxy CH 1 [ICHO naBenena
Ha puc. 1.
Cninx 3a3HAYNTH, 110 pyx
HeOe3meyHnM (papBaTepoM € HaA3BUYANHO

BIAMOBITAJILHUM Ta HEOE3MEUYHUM IS
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to use such a USPEC mode when driving
in dangerous fairways, which is
embodied in the technical documentation
of the vessel’s uninhabited underwater-
technical complex creation for a vessel of
the “corvette” class of project 58250,
being built at the Black Sea plant in
Nikolayev [8].

Therefore, let's consider the
control automation of such USPEC
mode, for example, by ensuring a safe
passage of the "corvette" class vessel in a
dangerous fairway.

The control of such USPEC
involves the following steps:

ROV’s removal to a given distance
lcv, by the vessel’s captain, relative to the
CV (corvette), which is usually 300-1000
meters, and at a given sea depth hgov,
which provides efficient operation of the
ROV search equipment (usually, this
ROV speed at an altitude of 3-5 meters
above the ground);

maintenance of a given distance
from the CV and stabilization of the ROV
in height above the ground under the
synchronous motion of the CV and ROV
at a given CV speed (about 6 knots) to
search for potentially dangerous UO;

the approach of CV to the detected

potentially dangerous Uo, its
identification  and, if  necessary,
neutralization (with the transfer of

information to the captain of the vessel).
The general realization scheme of
the synchronous motion mode of the CV
and USPEC is shown in fig. 1.
It should be noted that the
movement of a dangerous fairway is
extremely responsible and dangerous for



Cy/Ha KJ1acy «KOpPBETY, TOMY
aBTOMAaTH3allli MiJUIsIraloTh HE BCl ¢asu
IILOTO PYXY, a TUIBKHU Ti, SIK1 JAIOTh 3MOTY
BUBUILHUTH €KIMaXX B PYyTHHHOI poOOTH
Ta MIABUIIUTH ii €(EKTUBHICTh MUIIXOM
nepenavi JOMOMDKHUX (DYHKIINA cHcTeMi

a vessel of the "corvette" class, because
not all phases of this movement are
subject to automation, but only those that
allow the crew to be freed from routine
work and increase its efficiency by
transferring the auxiliary functions of the
automation system.

ABTOMATHUKU.
MEK(PCP) %675 cH(CV)
| S—— ~
S “HL 1."‘-..
Vaow=Vip) ™

HTETC}

V' = Vew) O ¢
\“\—_‘__ | "xk_*;:h', | xﬂﬁ(xRDV)
len(lc) };‘L{" ~-HO(AF)
re>fe . (ROV)

p 4 h. 4 ). 4 b4 ) 4

h

¥

Pucynok 1 — 3aranpHa cxema peaiizailii pexxumy cuaxponnoro pyxy CH 1 IICHO
Figure 1 — General scheme of the synchronous motion mode realization of CV and
USPEC

VY3aranpHeHa cxema
aBTOMATH30BAHOT'O KEPYBaHHS CHUCTEMOIO
«CH — TICHO» mnpu CHHXpPOHHOMY pYCi,
CHHTE30BaHa aBTOPOM Ha OCHOBI JIOCBIJy
3aCTOCYBaHHS  TPHUB’SI3HOI  ITABOJIHOL
TexHIkH B HalioHaabHOMY YHIBEpCHUTETI
KopabseOyayBaHHs M. aaM. MakapoBa Ta
cxBajeHa ['0JIOBHMM MpeaCTaBHUIITBOM
Nel301 Mino6oponu

VYkpainu, HaBenaeHa Ha pUC. 2 Y BUTIIAII

3aMOBHHKA

y3arajibHEHOTO aNrOpUTMy
(GYHKI[IOHYBaHHSI.
JHamo OTHUC PO3p00JIEHOTO

y3arajJibHEHOT0 aJrOPUTMY KEpPYBaHHS Y
NOPSZIKY iX HyMepallii.

bl — posropranns cucremun «CH —
[ICHO» mnsa pyxy y pexumi «lIpoxin
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The generalized scheme of
automated “CV-USPEC" system control
in synchronous motion, synthesized by
the author on the basis of the experience
of wusing the tethered underwater
technology at the Admiral Makarov
National University of Shipbuilding and
approved by the Principal Representation
of the Customer No. 1301 of the Ministry
of Defense of Ukraine, is shown in Fig. 2
in the form of a generalized operation
algorithm.,

We give a description of the
developed generalized control algorithm
in their numbering order.

B1 — deployment of “CV-USPEC"
system for movement in the "Passage of




HeOe3meynoro (apsarepy»: BHUBEICHHS
ITA y 3agaHy TOYKY IiJBOIHOTO IIPOCTOPY
Ha mo3umito pyxy momepeny CH
(muctantis 10 CH lcy, rmmbuna ITA hpa
Ta WOTO KypC 3alar0ThCsl OPIEHTOBHO 1

BpPYYHY); nepeBipka KEPOBAHOCTI
CHUCTEMH;

B2  —  yBemeHHA  3aJaHUX
XApPAaKTEPUCTUK ~ PEKUMY CHHXPOHHOIO

pyxy cuctemu «CH — IICHO»: lcn; hia;

—

Via :VCH :

b3 — 3agaBaHHs IOTOYHOTO PEIKUMY
pooorn cucremu «CH — TICHO»:
aBTOMaTUYHE KEpPyBaHHS CHHXPOHHUM

PYXOM CHUCTEMH / py4HE KepyBaHHs
CHHXPDOHHUM pPYXOM CHCTeMH / pydHE
KepyBaHHS MIJX0JI0OM 1 MO3UIIOHYBAHHSIM
[TA O IIO / 3aBepuieHHA poOOTH Yy
pexuMi «IIpoxin HEeOEe3MeYHOro
dapsarepy» (Bianosiano, Ac/Pc/Pnl3);

b4 — BuMipoBaHHA TOTOYHOTO
sHauenns gucranmii ICH mix ITA 1 CH;

b5 — oOuucneHHss ONTUMAaIbLHOTO
3HAYCHHS JOBXWHU TIOMYIICHOI YaCTUHU
Kabenb-Tpocy lkropt, TpH  SKOMY HOTO
CUJIOBUH TiIpOJAMHAMIYHUKA BIUIMB Ha [1A
MIHIMaJIbHUH;

b6, B9 -
BU3HAYCHHS PYYHOTO UM ABTOMATHYHOTO

YMOBHI  TIEpPEXO/H

pEXUMIB KEpyBaHHH, BIJIMTOBIJTHO,

CYyJIHOM-HOCIEM Ta KaOeIbHOIO JIeO1AKOIO
IICHO;

b7, b8 — 010ku KepyBaHHS PyXOM
CH 3 3aganumu nmapameTtpamu pyxy (Kypc
(Gcy Ta MBUAKICTH Vcp), BIAMOBITHO, Y
PYYHOMY Ta B aBTOMATHYHOMY PEIKUMAX;

b10, bI1 -
po6oTOr0 KabenbHOI Je01 KU, BIAMOBIIHO,

y pPy4YHOMY

OJIOKH KepyBaHHS

Ta B ABTOMAaTHYHOMY

00YHCIIEHHS

peXUMax; y pe3yJsbTaTi

14

a dangerous fairway" mode: bringing of
ROV to a given underwater space point
to the movement position ahead of the
CV (distance to the CV l¢y, ROV depth
hrov and its course are given
approximately and manually); system
controllability check;

B2 — introduction of the given
characteristics of the “CV — USPEC"
system synchronous motion mode: lcy;

hrov; VROV :ch ;

B3 — tasks of the “CV-USPEC"
current  system  operation  mode:
automatic control of the synchronic
control  system/manual control  of
synchronous  system  control/manual
approach control and ROV positioning
close to UO/completion of operation in
the "Passage of a dangerous fairway"
(accordingto A, /M, /M, /C);

B4 — measurement of the current
value of the distance ICV between ROV
and CV;

B5 — calculation of the optimal
length value of the released part of the
tether cable lycop, during which its
power hydrodynamic effect on the ROV
Is minimal;

B6, B9 — conditional determination
transitions of the manual or automatic
control modes of the carrier vessel and
USPEC cable winch respectively;

B7, B8 — motion control units with
specified motion parameters (course gcy
and speed V¢ respectively, in manual
and automatic modes;

B10, B11 — cable winch control
blocks, respectively, in manual and
automatic modes; As a result of the
calculation of the difference



pizani Algr=(lxr — lkropt) MU OGIOKaMU

HiATPUMYETBCS ~ ONTUMANbHE 3HAYCHHS
lktopt, MmO  3abe3medye  MIiHIMAJIbHO
MOXJIMBI  yIIOpW  PYIIiiB  MIJBOJHOIO

amapary i, TaKUM YHHOM, MaKCHUMaJIbHO
MoxxymBy gauctaHiito mik CH 1 IIA,
HEOOXITHY g O€3MeYHOro pyxy CyaHa
HeOe3neyHuM (apBaTepom;

b12 — YMOBHUI nepexif
BU3HaueHHs py4Horo (mo b13) Ta
aBToMatnuHoro (o b20) pexumiB pyxy
ITA cunxponno 3 CH oxgHoyacHo 3
rigpoakyctuyHuM nomrykom 110, a Takox
pPEXUMY PYYHOTO HIAXOAY A0 3HANJAEHOIro
nigBoiHOTrO 00°ekTy 10 (Bb14);

b13 — pyuHuMil pexuM KepyBaHHS
pyxoMm IIA 3 omHodacHum nomykoMm I10O;
BUKOPHUCTOBYEThCSI ~ TMPHU  BHHUKHEHHI
HEIITATHUX M1JBOJHUX CUTyaIlil (CKJIaJIH1
YMOBU IIJIBOJIHOI HAaBiraii, dYacTKoBa
BiIMOBa 00JIaTHAHHS TOIIIO);

b14 — aBTromaTuyHe OOYHUCICHHS
nenenry 1 auctanuii Big ITA mo IIO,
MIPUBEJICHHS ITA hi (s I1O
nosutiionyBanus Ouns [1O (pexum Pp
po6otu cuctemu «CH — [ICHO»);

b15 — YMOBHHI nepexij
3aBepllIeHHs pexumy miaxoxy no 110 Ta
no3uiiionyBaHHs [1A;

b16 — pyunuii pexxum ineHTudikaii
[10; 3a3BHUYall, BUKOHYETHCS ONEPATOPOM
[ICHO 3a gomoMoror CrHemiajibHOTro
MIPOTPAMHOTO KOMIUIEKCY, SIKHA MICTHUTh
koMt torepHy 6azy nanux (bJI) I10 [9];

b17 — YMOBHHI1 nepexia
kiacudikamii 110 sk nHebesneuHoi i,
BIJIHOCHO $SIKOi HEOOXITHO 3aCTOCOBYBATH
HO T1A;

b18 — pyuHmi1 pekuM 3aCTOCYBaHHS

Ta

HO, sxum ocHamenunit [TA (MaHimymsTop,

pi3ak TOuIO);
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Alrc = (lrc — lrcopt), these blocks support
the optimal value of Itcopt, Which ensures
the minimum possible thrust forces for
the remotely operated vehicle propulsion
and, thus, the maximum possible distance
between the CV and ROV necessary for
the vessel’s safe navigation in the
dangerous fairway;

B12 — conditional determination
transitions of manual (up to B13) and
automatic (up to B20) motion modes of
the ROV synchronously with the CV
simultaneously  with the uo
hydroacoustic search, as well as the

manual approach to the detected
underwater object to (B14);
B13 — ROV manual motion

control mode with simultaneous search
UQO; used in case abnormal underwater
situations arise (difficult conditions of
underwater navigation, partial
equipment failure, etc.);

B14 — automatic calculation of
the bearing and distance from the ROV
to the UQ, bringing the ROV to the UO
and positioning near the UO (the “CV —
USPEC" system operation mode Mp);

B15 — conditional transition of
the approach completion mode to the
UO and ROV positioning;

B16 — UO manual identification
mode; usually, performed by the
USPEC operator wusing a special
software complex, containing the UO
computer database (DB) [9];

B17 — conditional transition of UO
classification as a dangerous goal, for
which it is necessary to apply ROV AE;

B18 — AE manual application
mode, with which ROV is equipped
(manipulator, cutter and etc.);



b19 — ymoBHmIT mepexim 3a B19 — conditional transition based
03HAKOIO 3aBepiieHHs pobotn HO 3 on the AE work completion with the
BusiBieHuM I10; detected UO;
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Pucynok 2 — Y3aranpHeHa cxeMa aBTOMaTU30BaHOTO KEPYBAHHS CHCTEMOIO
«CH —TICHO» y pexuMi CHHXPOHHOTO pyXy
Figure 2 — Generalized scheme of “CV — USPEC" automated system control in
synchronous motion mode
16



b20 pEeXUM  aBTOMATUYHOTO
kepyBaHHa pyxoMm [IA 3 oaHOuacHUM
nomykoM  [IO  rigpoakyCTHUHUMH
3acobamu;

b21 — Gnox anHamizy BHUSBICHOTO
1o

K

I10; SIKIITO
onepaTopoM
gonomMoror0 070Ky b22 BUKOHyeThCS
nepexiz 10 61oky b3 3amaBaHHs pexxumy
PIT pyuHOTro migxoay Ta Mo3uiliOHyBaHHS
[TA 611 1O (Bxirouenns 6710ky b14);
b23 XOony
MM1IBOTHOL TYT
i

KIaCU(IKYEThCS

HeOe3IeyHnii, 3a

OJIOK  aHami3y

MOIIIYKOBOI  Omeparii;
NPUHAMAIOTBCS  PIIIEHHS CTOCOBHO
¢()eKTUBHOCTI, a TaKOX JIOIIJILHOCTI
MIPOJIOBXKCHHSI B3araji Ta B OOpaHOMY
peXKUMI1, 30KpeMa;

b24
O3HAKOK HEOOXITHOCTI 3MIHHM MOTOYHOIO
pexumy podotu cucremu «CH — IICHO»:
y1=0

CUHXPOHHOI'O

YMOBHUH Tiepexi 3a

MIPOJOBKEHHS
pyxy; Y171
napaMeTpiB CHHXPOHHOTO pyxy; Yi=2 —
3aBEPILIEHHS PEKUMY CUHXPOHHOTO PYXY.

PEKUMY
3MiHA

JlocBim 3acTOCyBaHHSI TPUB’SI3HOI
MiABOAHOI TexHikM B  HamioHamsHOMY
YHIBEPCUTETI KOpabieOyTyBaHHS IM. aJiM.
MakapoBa CBITUUTb, IO TIEPIIHA 1 TPETIH
erarin 3actocyBanHHs IICHO, 3a3Buuaii,
BUKOHYIOTbCS B aBTOMAaTH30BAaHOMY YH
HaBITh y PYYHOMY pEeXHMax, TOMY Aaji
PO3IJISTHEMO MOXKJIMBOCTI  aBTOMAaTH3allli
JPYyTOro eTamy.

Buxoasun 3 anami3y y3arajabHEHOT
CXEeMH AaBTOMAaTH30BAaHOTO KepyBaHHS
cuctemoro «CH — TICHO» (puc. 2),
aBTOMaTH3allli  MAIATAI0ThH O5oKu
kepyBanHa pyxom CH, KJI ta Biache
[TA. 3a3Haunmo, 10 3a/7a4a yTPUMaHHS
CH mna 3aganoMmy Kypci mpu pyci 3
3a/IaHO0 IMIBUJIKICTIO € TPUBIAIBHOIO 1 HA
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B20 — ROV automatic motion
control mode with UO simultaneous
search by hydroacoustic tools;

B21 — detected UO analysis block;
if the UO is classified by the operator as
dangerous, with the help of block B22,
the transition to block B3, setting the
manual approach mode and positioning
of ROV near the UO (switching block
B14 on);

B23 — progress analysis block of
the underwater search operation; here
decisions are  made about its
effectiveness, as well as the desirability
of continuing in general and in the
chosen mode;

B24 — conditional transition based
on the need to change the “CV-USPEC"
system current mode: Yy;=0 the
continuation of the synchronous motion
mode; y;=1 — change of synchronous
motion parameters; y;=2 — completion of
the synchronous motion mode

Experience in applying tethered
underwater technology, at the Admiral
Makarov ~ National  University  of
Shipbuilding, shows that the first and
third stages of USPEC application are
usually performed in automated or even
manual modes, thus and so consider the
automation possibilities of the second
stage.

Based on the analysis of the
generalized scheme of "CV — USPEC"
automated control system (Figure 2),
automation of the CV motion control
units of CV, CW and of own ROV. It
should be noted that the task of keeping
the CV on a given course while driving
with a desired speed is trivial and has



el Yac yCHilIHO BUpIillIEHa, TOMY IO B
pobotri He posrmsgaeTbes [10, 11].
3agaua 3a0e3mnedeHHs  MIHIMaJILHOIO
BBy KT wa [IA 1pu #oro
KBa3icTamioHapHOMYy  pycli  (aHamor
pexumy mnoBuibHOro npeidy CH Ha
AKIpHIA cTosHIN 1 poOoTti ITIA B ymoBax
Teuli) BUPIIICH] y JlaH1i poOOTi.

3amaya aBTOMATH3alli KEpyBaHHS
ITA na 3amaniii Bigcraui Big CH Takox
BUPIIITYETHCS 32 JOTIOMOTOI0 OCHAIIECHHS
ITA 1 CH cucremoro nigBoaHOI HaBlrarii
3 oazoro  [12].
Henmomikom Ttakoi aBromatm3arii €
HEOOXIJTHICTh KOMIUIEKTAI[II0 CHUCTEMH
«CH IICHO» JOJAaTKOBOO
BHCOKOBAPTICHOIO CHCTEMOIO ITiJIBOJTHOL
110
TexHiYHMM 3aBJaHHSIM HAa CTBOPEHHS
[TA nns npoekty «kopBeT-58250» [8].

YIBTPAKOPOTKOKO

HaBirai, HE  mependadyeHo

[IporonyeThest st PO3B’SA3KY IHET
3aladyl  BUKOPUCTOBYBaTH  IITATHUM
MONTYKOBHM mpuiiaj kopadbenbsHoro ITA —
T1APOJOKATOP KPYTrOBOTO OISy (COHAp)
S. Amnami3z BUKOHAaEMO Yy TUIOCKIH
rocTtaHoBIll, koM cuctema «CH — KT —
[TA» posramoBaHa Yy AiaMeTpalibHIN
IJIOIIMHI CyAHA-HOCIA 1 pyXaeTbcs 3
YCTaJICHOIO0 WIBUJKICTIO BIIHOCHO BOAM
Vs =Vey (puc. 1).

[[luprHa mNpPOMEHIO COHApy MO
BEpTUKAJ oS 3a0e3neuye BUSBICHHS
nigBoaHoi yactuau CH 3a yMoBH, 1110
JUCTAHINS OO0 HBOro mo mpswiii ls He
OlbIIe, HIX poOOUYHUi pasiyc COHapy [s.

Braxxaemo, mo ITA posramoBaHo
TOPU30HTAJIBHO Y IUIOLIMHI 1CTUHHOIO
TOPU3OHTY CIIOCTepiraya, a 3aKpirieHHS
conapy Ha IIA € cramionapaum i
3a0e3mnedye oIl BEpXHbOI HamiBcepu
BOAHOTrO mpocTtopy. CucreMa KOOpAUHAT
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been so far solved successfully,
therefore, not considered in the work [10,
11]. The task of ensuring the minimum
impact of the TC on the ROV with its
quasi-stationary motion (analogous to the
CV mode of slow drift in the anchorage
and the ROV operation in the current
conditions) is solved in this work.

The task of ROV control
automation at a given distance from the
CV is also solved by means of ROV and
CV equipment by the underwater
navigation system  with ultra-short
baseline [12]. The disadvantage of such
automation is the need to complete the
“CV — USPEC" system with an additional
high-value underwater navigation system
that is not provided for by the Terms of
Reference for the ROV creation for the
project "Corvette-58250" [8].

It is proposed for the solution of
this problem, the use of a ship borne
ROV regular search instrument — sonar
of the roundabout (Sonar) S. The analysis
will be carried out in a flat formulation,
when the "CV — TC — ROV", system, is
located in the carrier vessel diameter
plane and moves at a steady speed

relative to water V., =V, (Fig. 1).

The vertical beam width as of the
sonar provides detection of the
underwater part of the CV, provided that
the distance to it along the straight line s,
IS not greater than the sonar operating
radius rs.

We believe that the ROV is located
horizontally in the observer's true horizon
plane, and the fastening of the ROV sonar
is stationary and provides an overview of
the upper hemisphere of water space. The
sonar coordinate system coincides with the



COHapy CHIBMAJAE 31 3B I3aHOI0 CUCTEMOIO
xoopauHar [TA {0, Xra, Yria, Zna} [11].
Toni micast po3ropTKU TPOMEHIO
coHapy Ha 360°
MOHITOPI

HAa HaBIraliiHOMY
[TA wMatumemo Bi3yallbHY
iH(opMallito (CoOHorpamy) Ta MHOXKHHY
My uudpoBUX HaBITaIIWHUX  JTaHUX
(mudpoBe «BIKHO):

My = {Kna; Hen; KKen; hna; s} (1)
ne ITA; KKcny — kommacauii kype ITA no
Horo MarHiTHOMY
IIcy = Kpa + KKcy — KoMITacHUN niejieHr
Ha CH no wmarnitHomy kommacy I[IA;
KKcn — kypcoBuii kyt Ha CH, oTprmanmii

KOMIIACy,

Ha OCHOBI TiipoakycTuuHoi BigmiTkn CH
Ha €KpaHl COHapy 1 BIIpaxOBaHWH BiA
MO3/I0BKHBOI OCl MIJBOAHOIO amapary
xna; hna — rmbuna 3anypenns [1A.

Monuenb EKpPaHHOTO KaJipy
HaBiramiinoro Mouitopy IIA, kymu
BUHOCATBCS ~ COHOTpaMa, KYyTOBI Ta

muidHl napametpu ITA BigHOocHo CH,
MOKa3aHa Ha puc. 3.

associated ROV  coordinate
{0, Xrov, Yrov, Zrov} [11].

Then, after scanning the sonar
beam 360° on the ROV navigation
monitor, we will have visual
information (sonogram) and a set of
digital navigation data Mp (digital
"window"):

system

Mp = {Crov; Bev; CCev; hrov; Is} (1)

where ROV; CCry — ROV compass
course on its magnetic compass;
Bcv = Crov + CCv — CV compass bearings
on the ROV magnetic compass; CCy — the
course angle on the CV, obtained based on
the ROV hydroacoustic marker on the
sonar screen and deduced from the
longitudinal axis of the remotely operated
vehicle XROV, hROV — ROV depth of
immersion.

The ROV navigation screen
monitor frame model, where the
sonogram is applied, the angular and
linear parameters of the ROV relative to
the CV, is shown in Fig. 3.

2 (Xrov)

KKcy
~(CCed

Kya CrOV) = XX X
Mgy Bey) = XX X
KKy (CCo) = XXX
JF]]\ {';?'Rﬂ‘i.l'}= XXX
= XX,X

Iy

-

LY
\_ Yam ) Lindpose «pixnon

0 \
" ]
ks

rs

(CV Hydroacoustic marker)

Tiapoakyernuna pinMiTka CH

(zZgoy)  (Digital "window”)

\\

Conorpama
{Sonogram)

Pucynok 3 — Mogenb eKpaHHOTO KaJIpy HaBirariiHoro MoHiTopy [TA
Figure 3 — The screen frame model of ROV navigation monitor
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OdyeBUHO, 1O [JIsi BU3HAYEHHS
ICTUHHUX 3HA4Y€Hb BEIUYMH LU(PPOBOrO
«BikHa» (1) HEoOXiMHO BpaxoByBaTH
HACTYIIHI ~ MOPHUPOJHI  TONPaBKH  Ta
PUIAJA0BI TOXUOKU:

d — wMarHiTHE CXWJICHHA Y TOYII
3HaxomxkeHHa [IA  (Bu3Hauaerbcs MO
MAarHiTHUX KapTax 3 noxuokoro a0 ¥4° [13]);

O — JIeBlallil0 MarHiTHOrO KOMIIAacy

[TA (BU3HAYaA€ETHCA EKCIECPUMECHTAIBHO
1151 KoskHoro T1A);
AKna — TpwiagoBy — MOXHOKY

BU3HAYCHHS KypCy MAarHiTHUM KOMITacOM
ITA
XapaKTEpUCTUKAX KOMITacy 1 ckiagae 1-3°);

AKKcg — nmpunagoBy MOXHOKY
BU3HAYCHHS KypcoBoro kyra Ha CH Ha
OCHOBI T1JIpOAKYyCTHUYHOI BIIMITKH COHapy

(BKa3yeThCs y TEXHIYHUX

(BU3HAYAETHCS TEXHIYHUMH
XapaKTEPUCTHKAMHA COHApy 1 JIGKUTH Y
Mexax 0,5-2°);

Allcy -

BU3HA4YEHHs KoMmIacHoro mneyneHry Ha CH

OpWIAJOBY  MOXHOKY
(BU3HAUA€ThCA SIK (DYHKIIIS TMPUIATOBUX
noXuOOK BHU3HAYCHHS KYpCOBOTO KyTa
AKKCH i kommnacHoro rniejeHry Allcy);

Ahpa — mpriTaoBa moxuoOka ceHcopa
rmouan [TA (mexwuts y mexax 0,01-0,1
METPH 1 3aJICKUTH B1Jl TUITY CEHCOPY);

Als — moxubKy coHapy mpH
Bu3HaueHH1 gucranmii go CH, sxa
BU3HAYACTHCS TEXHIYHUMHA

XapaKTEPUCTHUKAMH COHApy 1 JICKUTh Y
mexax (0,001-0,05)1s.

Takum YUHOM, NIEpBUHHI
BUMipioBaHHs HanpsMiB [IA y mouwHi
ICTUHHOTO TOPU30HTY crioctepiraya
BUKOHYIOThCS Ha 0a31 MarHITHOTO KOMIIacy.

Jliarpama xommnacHux HampsMkiB [TA mae

BUIJISAI, IOKAa3aHUM Ha puc. 4.
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Obviously, the following natural
corrections and instrumental errors must
be taken into account to determine the
true value of the digital "window" (1):

d — magnetic inclination at the point
of finding ROV (determined by the
magnetic cards with an error up to '4°
[13]);

0 — deviation of ROV magnetic
compass (determined experimentally for
each ROV);

ACrov — instrumental error of the
course determination by the CV magnetic
compass (indicated by the technical
characteristics of the compass and is 1-3°);

ACCcy — instrumental error of
determining the CV course angle based
on hydroacoustic sonar mark (determined
by the technical characteristics of the
sonar and lies within the limits of 0.5-2°);

ABey  — instrumental error of
determining the CV compass bearings
(defined as the function of instrumental

errors for determining the ACCcv
directional angle and ABr, compass
bearings);

Ahrov — instrumental error of the
ROV depth sensor (lies within 0.01-0.1
meters and depends on the type of sensor);

Als — the sonar error in
determining the distance to the CV,
which is determined by the technical
characteristics of the sonar and lies
within the limits of (0,001-0,05)-Is.

Thus, the primary measurements
of the ROV directions in the observer’s
true horizon plane are performed on the
basis of the magnetic compass. The
diagram of the ROV compass directions
Is as shown in Fig. 4.
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Pucynok 4 — Jliarpama xoMracHuX HamnpsMkiB [TA (1o MarHiTHOMy Komracy)
Figure 4 — Diagram of ROV compass directions (by magnetic compass)

Ha puc.4 mo3naueno: Nj, Ny, Ng —

BIJIIOBITHO, MMBHIYHA JyacTHUHA
ICTUHHOTO, MArHITHOTO Ta KOMIIACHOTIO
MepHiaHiB criocTepiraua, 101(0)

3HaxoAuThCs Ha [1A.

Toni ictuHHI 3HaueHHs Kypcy [IA
IKna, ictuanoro nenenry Ha CH ey Ta
3BOpOTHOTO 1cTUHHOrO mneneHry [3Ilcy,
KWW JOPIBHIOE ICTUHHOMY IIEJICHTY Ha
ITA 3 6opty CH IIla, BimpaxoBaHi Bij
MIBHIYHOT YaCTUHU ICTUHHOTO MEpHUIiaHy

criocrepiraya, BU3HAYAEMO 3a
3aJI€KHOCTSIIMU:

IKia = Kpa + AKpa+d + 0; (2)

ey = IKpa + KKepy + AKKCH; (3)

I3HCH = IHHA = IHCH :|:1 800 (4)

PeanbHi 3HAYECHHS JIHIHHAX

CKJIQIOBUX IHU(PPOBOTO «BIKHA» COHAPY,
IMO3HAYCHI 1HJIEKCOM «R», BHU3HAYMMO 3a
3aJICKHOCTSIMU:

KKcur = KKceny + AKKcn; (5)
hriar = Nia + ANpa; (6)
lsr =I5+ Alg (7)

In figure 4 are marked N, N, Ng
— respectively, the northern part of the
true, magnetic and compass meridians
of the observer located on the ROV.

Then the course of ROV true
values TCgrov, the CV true bearings on
the TBcy and the reverse true bearing
RTBcy, which is equal to the true
bearings on the ROV from CV’s board
TBrov, are deduced from the northern
part of the true observer meridian,
determined by the dependencies:

TCrov=Crov + ACrov+d+3; (2)
TBey = TCrov + CCcy + ACCqy; (3)
RTBcv = TBrov = TBey £180° (4)
The true values of the linear

components of the digital "window" sonar,

designated by the index "R", are
determined by the dependencies:

CCcyr = CCcy + ACCqy (5)

hrovr = Nrov + Ahroy; (6)

lsr = Is + Alg (7)
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Peanbny JIUCTAHIIIFO I10
ropm3onTan lg Bim [TA no CH moxHa
OOYHCIINTH 3a 3aJIEXKHICTIO:

. /2 2
ICHR - ISR - hl‘lAR + IGPS

ne leps — JWCTaHINSA 1O TOPHU30HTATI Bif
HocoBoi yactuar CH 10 MicCIIs yCTaHOBKH
CYJTHOBO1 HaBIraIiHOL CUCTEMH
(3a3BHuail, AHTCHU CYIIyTHUKOBOT
uagiraiii GPS).

Takum umHOM, 3ajekHICTE (8)
MOke OyTM BHKOPUCTaHA B ICHYIOUHUX
perymsatopax pyxy ITA [14-16] sx
JDKEpENI0 TEepBUHHOI  1H(oOpMalii mpo
ictuaHe nosioxeHHs [TA BimHocHo CH.

(8)
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The real distance Iz horizontally
from ROV to CV can be calculated from
the equation:

. /2 2
ICVR - ISR - hROVR + IGPS

where lgps IS the horizontal distance from
the nose (front part) of the CV to the
installation point of the vessel navigation
system (usually GPS satellite navigation
antennas).

Thus, the dependence (8) can be
used in existing ROV motion controllers
[14-16] as a source of primary information
about the ROV true position relative to
CV.

(8)



3 IPUHIIUIIA ABTOMATU3AILIl KEPYBAHHSA IICHO Y
KOMBIHOBAHOMY PEKXKUMI 3ACTOCYBAHHA

3 PRINCIPLES OF USPEC CONTROL AUTOMATION IN THE COMBINED
APPLICATION MODE

KomGinoBanuit PEXKUM
3acrocyBanHa [ICHO nepen6ayae momryk
[I0 mnomykoBumu npuinagamu CH 3
oykcupyBanHs ['Tl, skuii oJHOYACHO €
rapakeM JUIsi CaMOXiJIHOTO MPHUB’SI3HOTO
ITA. IIpu Buserenni [0 mneit [IA
MIEPEBOJIUTHCS Y CAMOXIJIHUM PEXKUM JIsI
nigxoxy o IO ta #ioro oOcrexeHHs, a
rianep ['T1 3MeHnrye BUCOTY CBOTO X0y 3
OJTHOYACHUM 3HIKEHHSIM IIIBUIKOCTI PYXY
Cb 1o 3HadeHHSA Vcumin. (BUXOASYH 3
MOpPCBKOi TMpakTHKu — A0 1 wm/c). Ilpu
bOMY, 3MiHa npoctopoBoi ¢popmu Kb Ta
3MEHIIICHHSI IBUKOCTI PyXy KOPIHHOTO
ki Kb 3abe3nedyrors OUIBIIT TpUBaje
nepedyBanHs [IA Oust 1O 6e3 3arposu
BBy Ha Hboro cui Bil Kb ta KT, mo
3abesreuye YCIIIITHE BUKOHAHHS
iABOAHOI Micii [17].

ITpoctopose nonoxkenns [ICHO y
NOYaTKOBIN (a) Ta KiHUEBId (0) cramisx
KOMOIHOBAHOTO 3aCTOCYBaHHSI HaBEICHO
Ha puc. J.

BpaxoByroun, 10 ONTOBOJIOKOHHUN
Kabenb-Tpoc BiacHe [IA mae HeBenMKHiA
JiameTp mo BigHoleHHIO A0 Aiamerpy Kb
(0;3bKO 3 MM), BIH SIK JDKEPEJIO CHIIOBOL
nii mpakTryHO He BiumBae Ha [1A. Tomy y
nojanbimx pociimkenHsx [ICHO takoro
TUMy SIK OO0’€KTy KEpyBaHHS OCHOBHY
yBary NpUIUIMMO KEPYBaHHIO Tapa)kKoM-
TUTAHEPOM.

3a3HauMMO, 10 HAa TrapaXk-TUIAHEp
MOKJIAJIAF0ThCS (PYHKITIT:

TpaHcroptyBanHs [IA mig 4ac
noiryky 1O nonrykoBoto anaparypoto Cb;
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Combined USPEC application
mode provides the UO search by the CV
search devices with towing UG, which
simultaneously is the garage for self-
propelled tethered ROV. When UO s
detected, this ROV is transferred to the
self-propelled mode for the approach
towards the UO and its inspection, and
the UG glider reduces the height of its
course with the simultaneous decrease in
the TV speed to the value vcymin, (based
on maritime practice — up to 1 m/s). At
the same time, the change of the CT
spatial form and reducing the CT root
end speed provide a longer ROV stay
near UO without the impact threat on its
forces from the CT and TC, which
ensures the underwater mission success
[17].

The USPEC spatial position in the
initial (a) and final (b) stages of the
combined application is shown in Fig. 5.

Given that the ROV personal fiber-
optic tether cable has a small diameter in
relation to the CT diameter (about 3 mm)
as a source of force impact, does not
practically affect the ROV. Therefore, in
further studies of the USPEC of this type
of control, the main object of attention is
paid to the gilder garage control.

Note that the following functions
are assigned to the glider garage:

ROV transportation in UO search
by the TV search equipment;
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Pucynoxk 5 — IIpoctopose nonoxenus cucremu «CH — [ICHO» npu kombGiHOBaHOMY
3actocyBanHsa [ICHO: a — moMenT BusiBieHHs 110 nomrykoBoro anapatyporo CH; 6 —
KIHIIEBE MOJIOKEHHSI cucTeMU npu moBHOMY nonyieHHi Kb 1 KT
Figure 5 — Spatial position of the "CV-USPEC" system with the combined USPEC
application: a — the moment of UO detection by the CV search equipment; b — the
final position of the system with a complete (at full) weakening of CT u TC

aucTaHuiiHoro Bumycky IIA 3

kopmycy ['Tl s nonomryky ta o0cTexKeHHs
I10;

OUCTAaHLIWHOTO mpuyamoBaHHs [1A
1o I'TI micnst 3aBepIeHHsI MiIBOAHOI MICIi;
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ROV remote release from the
UG hull for search and UO inspection;

ROV remote berthing to the UG
after  the  underwater  mission
completion;



aBTOMATHUYHOI 3MIHU BHUCOTH
(rmubunn) xomy I'Tl nans 3aGe3nedeHHs
MaKCUMaJbHOI JIOBXKMHU THYYKOTO Tija
«Kb — KT», HeoOXimHOI s 301IbIIEHHS

TpuBasnocTi podotu ITA.

Posrnsmemo  octanHIO  (PyHKIIiTO
OLIBIII IETAJILHO.

OueBunHO, 1o aBTOMAaTUYHE
KEpYBAaHHSA TJTMOMHOIO X0y I'TI

HEOOX1IHO OpraHi30BYBaTH, BHUXOIIYU 3
OJIHOYAaCHOTO BHUKOHAHHS JBOX 3aJad —
aBTOMAaTUYHOTO KepyBaHHsS JIu(EepeHTOM
I'TT Ta

rimmounnoro ['T1.

aBTOMATUYHOTO  KEPYyBaHHSI

Hwxuye HaBeIeHO OCHOBHI HayKOBO-
TEXHIUHI PIMICHHS IHUX 3a7a4 3 IO3MIN
CHUHTE3Y

CHIKYBaJIbHOI CHUCTEMU

aBTOMATUYHOIO KepyBaHHs riuounoro ['T1.
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UG stroke height (depth)
automatic change of to provide the
maximum length of the flexible body
"CT — TC" necessary to increase the
ROV operation duration.

Consider the last function in
more detail.

Obviously, the  automatic
control of the UG depth stroke should
be organized on the basis of the
simultaneous execution of two tasks —
automatic pitch control and automatic
depth control of the UG.

Below are the main scientific
and technical solutions to these
problems from the positions of
synthesis of the tracking system UG of
automatic depth control.



4 PO3POBKA CJIIKYBAJBHOI CUCTEMU ABTOMATHYHOI'O
KEPYBAHHA I'V'IMBUHOIO I'T1

4 DEVELOPMENT OF A TRACKING SYSTEM FOR UG AUTOMATIC
DEPTH CONTROL

4.1 OcobmuBocti chiakyBaibHoi CAK
MIMOWHOIO Tapaka-TiaHepa

KT 100 M Ta
ckunaduai CH cBoel mBuakocti 10 1 m/c

[Ipu goBxuHI

[TA otpumye 6inst 100 ¢ 11st BUKOHAHHS
CBOE€1 3a1a4i.
Pesynbratn MO/ICITFOBAHHS
(rytaHep KepyBaBCS B PYYHOMY PEKHMI)
MOKa3yI0Th, 110 CIUIMBAHHS TUTAHEPY /A€
3mory Burpatu st [T1A nogatkosi 15-20
c. Ilpu mpomy nocTaTHRO 3a0e€3MEUUTH
NMOXUOKY KEpyBaHHS TJIHOMHOIO ey <
1,0..1,5 ™.

TOYHOCTI HE Ja€ CYTTEBUX MPHUPOCTIB

Ilomanemie MmiIBHINEHHS

yacy nepedyBanns [1A 61 [10.

4.2 Crpykrypa cuigkyBanbHoi CAK
rimbunoo I'TI
B [18] 3ampomonoBano CAK

rMUOMHOI0  OYKCHPOBAHOTO  IT1IBOHOTO
ammapara (BITA), moOymoBaHy Ha OCHOBI
NPUHIUITIB HiHOPSIIKOBAHOTO KEpyBaHHS,
3 JIBOMAa  TOCIIAOBHO 3’ €JHAHUMHU
perynasitopamu  qudepeHTa Ta TIUMOUHU.
Taky CAK MoxHa 3acTocoByBaTy [Uis
3abesneuenHss pyxy [1l Ha 3amaniit
ITMOMHI TIpU peattizallii pexxuMy MOLIYKY
migBomaux 00’ektiB  (I10). Ane mnpm
JOTOIIYKY

inentudikamii 110 6oproBumu npunagamu

peamizaiii  peXHUMIB Ta
[TA 3a cxemor0 «BCe 3a OHE 3aHYpPEHHSD)
[17, 19] nnanepy HEOOXITHO CIUIMBATHA Ha
NEBHY 3a3/aJieriib 0OpaxoBaHy TIJMOHHY
3a0e3MeueHHs

JJIL MaKCHUMaJIBHO
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4.1 Features of gilder garage depth
tracking ACS

With a TC length of 100 m and a
CV dropping of its speed to 1 m/s, the
ROV gets close to 100 s to complete its
task.

The simulation results (the glider
was guided in manual mode) show that
the glider ascent gives the opportunity to
gain an additional 15-20 seconds for the
ROV. In this case, it is sufficient to
ensure the depth control error ey <
1,0..1,5 m. Further increase of accuracy
does not provide significant increases in
the time spent by the ROV close to UO.

4.2 Structure of UG depth tracking ACS

In [18], an ACS was proposed for
the depth of a towed underwater vehicle
(TUV) constructed on the basis of
subordinate control principles, with two
successively connected pitch and depth
controllers. Such ACS can be used to
ensure the UG motion at a given depth
when implementing the search mode of
underwater objects (UQO). However,
when implementing the UO search and
identification modes by the ROV
onboard devices according to the “all-in-
one dive” scheme [17, 19], the glider
needs to float to a certain predetermined
depth to ensure the maximum possible
ROV stay time near UO with increased



MOJIMBOTO 4acy miepeOyBanHsi [TA Oins
[1O mpu 30utbIIeH] BijacTani Mk ITA Ta
CH. I'nibuna, Ha Ky MOBMHEH CIUIMBATU
TUTaHep, 3aJISKUTh B UYWHHUKIB, SKI
JIMHAMIYHO 3MIHIOIOTHCS.

[Tomepenniii aHami3 Mmokasye, IIO
TaKUMH YUHHUKAMHA € KOOPJAWHATH
posramyBanHsi cynaHa-Hocis (CH) Pcp,
ITA Pra Ta BiJICTaHh MO TOPU3OHTAIBHIM
oci mixxk CH Ta nmanepom — CKagoBa Xy
koopauHaT [Tl Py. VY 3B’s3ky 3 1iuMm 0
0sioky aBTOoMatnuyHOro kepyBanHs CAK
BITA (nuB. puc. 8) NponoHyeTbCA 10ATH

0JIOK «3afaBau rUMOUHNY (puc. 6).

}:IJ'IAGDROV) %H(PCV)

spacing between ROV and CV. The
depth to which the glider should float
depends on factors that change
dynamically.

Preliminary analysis shows that
such factors are position coordinates of
the carrier vessel (CV) Pcyv, ROV Pgrov
and the distance along the horizontal axis
between the CV and the glider is the
composite coordinate xg of the UG Pg. In
this connection, in the automatic control
unit of the ACS TUV (see Figure 8) it is
suggested to add a "depth selector" block

(Fig. 6).

| BErok aBTOMAaTHIHOTO KepyBaHHHﬂ—l

I (Automatic control block) |

I 1r3 L I

afgaBayq Perynsarop Perymsrop

I THOMER |V, | rmabunn |y | nudepenta aCfI ;21151?:;_ th
. 1.4 ™ ) B . . g

| (Depth) (¥a) ( Depth )(%) ( Pitch ) (%): (Ghder) il

I detector controller. controller, | garage

|

Pucynoxk 6 — Ctpykrypa caiakyBaibHoi CAK rmubuHo0 rapaxa-mianepa
Figure 6 — Structure of the gilder garage depth tracking ACS

IIpu pyci B pexkumi nomyky I[1O
3a7aBad TJIHMOWHU TEHEPyE KOHCTaHTHE
3HaueHHs 3amaHoi rmbunu ['T1 y,. [lpu
ITA (B
nonoiryky Ta inentudikanii [10) 3agaBay

BiJICTUKOBYBaHHI pexrUMax

IJIMOMHY pO3paxoBy€e HEOOXITHY MTHOUHY
[Tl y,. Jns Toro, mo0 3abe3nedyuTH
MaKCUMAJILHO MOYKJIUBUI yac
nepedyBanHs [1A 6ins [10 mpu pyci CH
IUIAaHEp  Mae

PO3TallIOBYBATUCH Ha

During motion in the UO search
mode, the depth selector generates a
constant value of the desired UG depth
ya. When disassembling ROV (in the UO
search and identification modes) depth
selector calculates the required UG depth
Ya. In order to ensure the maximum
possible time of the ROV near the UO
when driving the CV, the glider must be
located on a segment that connects the
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BIZIPI3KY, AKUH 3’ €IHYE TOUKHA Py ta Pra.
b
B miockiii mocTaHOBIII BEIUYUHY

MOXHAa  BHU3HAYUTH Ha  OCHOBI

y3

PIBHSIHHS TIpSAMOi, 3aJlaHOi 10  JIBOX

TOYKax:

y = (XFH — XCH)(yHA - yCH)
3 (XHA_XCH)

+Yeus (9)

ne {Xcu, Ycu} — KoopauHaTH TOYKH Pcy,
{Xna, Yna} — KoopauHATH TOYKU Pria, Xrm
— norouHa koopaunHara [Tl 3a Biccro

abcruc.

Perymnstop IJIMOWHH,
3anpornoHoBaHuii B [21], mnpamroe 3
noctiiHoto wacy Ty=3c. [lonepenni

nocmmkenads CAK mokasamm, 1o s

3a0e3MeUeHHs]  MOXUOKM  KEepyBaHHS
rMONHOIO €Y < 1,5 M B CIAKYBaJIbHOMY
pekuMi HeoOX1JHO 3a/1aBaTH Ty He OlIbIle
0,5..1,0 c. Perynsatop audepeHTty mpartoe
Ha OCHOBI TPUHIMITY KepyBaHHS 3a
npupoctamu [22] 1 Ma€ B CBOEMY CKJIai
nepury Ta JApYyry TOXiJTHY KEepOBaHOI
mudepenta  BITA .

HasBHiCTh mepioi Ta apyroi HOXiTHUX W

BCIIMYMHN

O0OMEXy€e MOro 3aCTOCYBaHHS B pealbHUX
CHCTEMax, a TAKOK 3YMOBITIOE TTOSIBY JTIBOX
NOCTIMHUX Yacy peryisropa: T, Ta Ty,, SKi
BIJIMIOBIAOTh 3@ IIBHJKICTH YCYHCHHS
NOXHOOK KEpyBaHHS, BIATIOBI/THO,
KyTOBOIO IIBHJKICTIO Ta JU(EPEHTOM
BITA. TIlpm

perymsitopa i I'IT T, mae Oytu 3Ha4HO

3aCTOCYBaHHI ~ TaKOTO
MeHIa 3a T, Ta, y CBOI 4Yepry, I, Mae
OyTu 3HA4YHO MEHIIA 3a Ty.

B CAK [18] mocriiiHi yacy MarTh
Taki 3HaueHHs: To=0,1¢c, T,=1¢, Ty=3
c. JJns roro, mo0 3meHmmTy Ty, HEOOXITHO
3MEHUIUTH T\, Ta, SIK HACHIJOK, 3MEHIINUTH
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points of the Py and Proy.

In the flat formulation, the quantity
y3, can be determined on the basis of the
equation of a straight line given by two
points:

(XUG — Xov )(yROV — Yov )
(XROV — Xev )

Yo = + Yevs (9)

where {Xrov, Yrov} are the coordinates of
the point P¢y, {Xrov, Yrov} — are the point
coordinates Prov, Xuc — is the UG current
coordinate for the abscissa (on the
horizontal axis).

The depth controller, proposed in
[21], works with a constant time Ty = 3 s.
Previous ACS researches showed that in
order to ensure the depth control error ey
< 1.5 m in the tracking mode, it is
necessary to set Ty not more than
0.5..1.0s. The pitch controller operates
on the basis of the increment control
principle [22] and incorporates the first
and second derivatives of the controlled
variable — the TUV pitch y. The
presence of the first and second
derivatives y limits its application in real
systems, and also leads to the appearance
of two controller time constants: T, and
Ty, which are responsible for the rate at
which control errors are eliminated,
respectively, by the angular velocity and
the TUV pitch. When using such a
controller for a UG Tw should be
significantly less than T,, and, in turn, T,
should be significantly less than T,.

In ACS [18], the time constants
have the following values: To = 0,1s, T,
= 1s, Ty = 3s. In order to reduce Ty, it is



T,. CKIamHiCTe MIABUINEHHS IIBUIKOMI]
takoi CAK nmnomsirae y Tomy, IO
3MEHILIEHHST BednurHu Tw mpusBene 1o
HecTab1IbHOT poboTH perymsiTopa,
OCKIJIbKM B TaKOMY BHUIIQJIKy BEMUMHA T,
HAONMM3UTHCS JI0 TEPIOy OMMTYBaHHS
CEHCOpIB KiHemMaTnyHuX mapamerpiB [T,
akuii ckiagae 0,005..0,01 c¢. B takomy
BUTIAJIKy BHPAXOBYBAaHHS HaBITh TEPIIOL
NOXITHOI TO BUMIPSHOMY AudepeHTy
BTpayae CEHC.

Kpim Ttoro, cuntes perymnaropa
MNIMOMHU HEeoOXimHO OyJne BUKOHYBaTH
OKpEMO, OCKUIbKM  KOH(pIrypaumis Ta
napamerpu [Tl  BiApPI3HSIOTBCS  BiA
a”aJyoriyHux xapakrepuctuk bIIA 3 [21].

VY 3B’A3Ky 3 UM Y MOJAJIBIIOMY
PO3B’S3YIOThCS TaKl 3a/1ayl:
HaJaIlllTyBaHHS  PETyJsITopa
rmuonan I'TI, ske monsgrae B CHHTE31
1HBEpCHOT MOJIeJll BEPTUKAIBHOTO PyXY
I'TI 3 3aJIJaHUMHU rabapuTHUMU
po3MipamMHu,  IapaMeTpaMd  HeCyd4oi
MOBEPXHI 1 CT€pHA TIIMOMHM Ta IHIIUMU
XapaKTepUCTUKAMU; MMOXHOKa KepyBaHHS
rIMONHOI0 Mae ckimaaatu ey < 1,5 m;

- CHUHTE3 perynsropa audepeHty
I'Tl 3 mocriitHoto wacy T, < 0,2 ¢ —

KOMIT'FOTEPHE MOJEJIOBaHHS TI0Ka3ye,
IO TaKOTO 3HAa4YCHHS Oyne JO0CTaTHHO
s Ty < 1,0 c.

4.3 Ananiz I'TI sk 00’exTa KepyBaHHS Ta
po3poOKa MaTeMaTHYHOI MOJCII HOro
00epTOBOIO PyXY.

Marematnuna mozpens pyxy I'1I B
miametpanbHiil mwionwHi CH ommcyerscs
CKJIA/IHOKO HEJIHIHHOIO CHCTEMOIO
J(epeHLIaTbHUX 1 IHTErpaIbHUX PIBHSHb.
[Tpote JIOCHITHUIIEKOTO

B MPaKTHUIl

npoektyBanHss CAK Takumu 00’ exkTamu
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necessary to  reduce T, and,
consequently, reduce T,. The difficulty
In increasing the operation speed of such
ACS 1s that a decrease in the value of Tw
will lead to the instability of the
controller, since in this case the value of
T, will approach the sensors polling
period of UG kinematic parameters,
which is 0.005..0.01s. In this case, the
deduction of even the first derivative by
the measured pitch loses meaning.

In addition, the depth controller
synthesis will need to be performed
separately, since the configuration and
parameters of the UG differ from the
similar TUV characteristics [21].

In this regard, the following tasks
are solved in the future:

- adjustment of the UG depth
controller, which consists in the synthesis
of the inverse model of the UG vertical
motion with given overall dimensions,
parameters of the bearing surface and the
rudder depth and other characteristics;
the depth control error should be ey < 1,5
m,

- the pitch controller synthesis with
time constant T, < 0,2 s — computer
simulation shows that such value will be
sufficient for Ty < 1,0 s.

4.3 Analysis of UG as a control object
and the mathematical model
development of its rotational motion.

The semiconductor motion
mathematical model in the CV diametric
plane is described by a complex
nonlinear differential system and integral
equations. However, in the practice of
ACSs research design, such objects often



4acTO BHUKOPUCTOBYIOTH iX  CIIPOIIEHI
MaTeMaTU4HI OIUCH, OUIBII 3py4Hl IS
CHUHTE3y 1 TIOPIBHSHHSA €(EKTHUBHOCTI

pi3HOMaHITHUX perysaTopis [9, 20]. B [18]

3allPONIOHOBAHO ~ MAaTeMaTU4Hy  MOJEIb
BEPTUKAILHOTO pyxy BITA:
dw, _
‘]K :aCFkCF_MH(a)K)+M3B7
dt
; (10
y
k —=w -k)y,
1 dt v —KY

ne Jx — MomeHT iHepuii kopmycy BIIA;
Ox — KyTOBa IIBHJKICTh 0OO€pTaHHSA
koprycy BITA HaBKoJI0O HOTO TTONEPEUYHOT
3B’S13aHO1 OCl; acr — KePYIOUUH BIUIUB —
KyT noBopoTy crepHa rimbuan (CI); Ker

—  HeMHIAHMM  KoedilieHT  Mojeil
obeproBoro  pyxy bIIA; Mp -
T1pOIMHAMIYHU T MOMEHT onopy

obepranns kopnycy BITA; Msg — MoOMeHT
30ypro0YMX BIUIMBIB, IO JIIOTh Ha
kopnyc BIIA; w — nudepent BIIA; y —
BepTUKaabHa KoopauHata BITA; Kkio —
HEJH1IHH] Koe]iIieHTH MoJenl
BEpTUKaAIBHOTO pyXy BIIA.

Perynsatop audepenra OynyeTbes
Ha OCHOBI MEpIIOro PIBHSHHS CUCTEMHU
(10), perynstop rimuOuHu OynyeThCS Ha
OCHOBI Jipyroro piBHsHHs cuctemu (10).
CrpolneHHsl Mepuioro piBHSIHHS J1acTh
3MOTy TT030aBUTUCH MTOX1THUX KEPOBAHOI
BEJIMYMHM Ta 3aCTOCYBATH 1HII T1IXOIU
JI0 CHHTE3Y peryisTopa qudepeHTa.

Hocnigumo obeptoBuit pyx I'TL
Jns uporo OyaeMO MOJEIIOBATH MOTO
OOTIKaHHS  MOTOKOM 3  TOCTIHHOIO
MIBUKICTIO Ta (PIKCYBaTH MOTO PEAKIIito
HAa 3MIHY KEpyH4Ooi BEJIWYUHU Ocr.

Pesynbratu monemoBanns mpu V = 0,25,

30

use their simplified mathematical
descriptions, more convenient for the
synthesis and comparison of various
controllers’ effectiveness [9, 20]. In [18],
the TUV vertical motion mathematical
model was proposed:

dw
Jy dtH = UppKep —Mp (@) + My, ;
N (10
k = =w-k,y,
Lt .Y

where Jy is the TUV hull moment of
inertia; wy IS the TUV hull angular
velocity around its transverse coupled
axis; arp — control action — angle of
rotation of the rudder depth (RD); krp —
TUV nonlinear coefficient of the of
rotational motion model; Mg — TUV hull
hydrodynamic moment of the rotational
resistance; Mp the moment of
disturbing influences acting on the TUV
hull; w — TUV pitch; y — is the vertical
coordinate of TUV; ki» — nonlinear
coefficients of TUV vertical motion
model.

The pitch controller is based on the
first equation of the system (10), the
depth controller is built on the basis of
the second equation of the system (10).
Simplification of the first equation will
allow get rid of the derivatives of the
controlled variable and apply other
approaches to the synthesis of the pitch
controller.

We investigate the UG rotational
motion. To do this, we simulate its flow
stream with a constant rate and fix its
response to a change in the control value
arp. The simulation results at V = 0,25, 0,5,



0,5 1,0 Ta 20 mM/c Ta acr = 10° |

HaBeJIeH1 Ha puc. 7.
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Pucynok 7 — Jlunamika nepexiiHUX MpoLECiB MPH PI3HUX KEPYIOUUX BILUIMBAX Ta
PI3HMX HIBUIKOCTSAX Ha0Irarouoro nmoToky Boju: a —npu V = 0,25 m/c, 6 —npu V =
0,5wv/c,B—npu V=1,0m/c, T —1ipu V=2,0 m/c
Figure 7 — Dynamics of the transient processes at different control actions and
different speeds of the oncoming flow of water: a —when V =0.25m/s, b —when V =
0.5m/s, c—whenV =1.0 m/s,d —whenV =2.0 m/s

Pesynbratn MO/ICJTFOBAHHS
MOKa3yloTh, 0 00EPTOBUI pyX Kopiyca
['TI moxkHa omnucatu audepeHLiaTbHUM
PIBHSHHSM,

Ipu  LbOMY

oOpaTtu

MOPSI0K

PIBHSHHS ~ MOXHA NEepIINM,
OCKUJIBKH 1HEPIIHHICTh BUIIUX TOPSJIKIB
xopryca I'TI (auB. BUHOCKY Ha puc. 7,B)
HE3pIBHSHHO Maja Yy TMOpIBHSHHI 3

THEPLIIHICTIO MEPIIOrO MOPSIAKY:
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The simulation results show that
the UG hull rotational motion can be
described by a differential equation,
and the order of the equation can be
chosen as in the first, since the inertia
of higher orders of the UG hull (see
footnote in Fig. 7,c) is incomparably
small compared to the first-order
inertia:



K v

1E:acr _kzl//’ (11)

ne ki 2 — koedimieHTH MoIEi.

JlilicHO, Take TMpeACTaBJICHHS HE
cyrnepeunts (HI3MI TMPOIECy, OCKLIbKU
IIPU BCTAHOBJICHHI JCSIKOTO 3HAYEHHS Ocr
IpY HyJIbOBOMY AM(EpeHTi MOro BIUIUB Ha
xopnyc I'TI Oyme MakcumanbHUM, aaii
nudepeHT Oyzae 30UTbIITYBaTUCh, a KYT
Ccr Ie
MOSICHIOETBCSL THM, IO BEIUYMHA Ocr
npeacTasisie cobow Kyt moopoty CIT
BIIHOCHO

aTaKu 3MCHIITYBATHCH.

koprycy ITI, mnpu 3MiHI
wianepom audepenty CIT obepraeTbes
pa3oM 3 HUM, TOMY KEePYIOUHUil BIUTUB dcr
3aIMINAEThCS HE3MIHHUM, a KyT ataku CI’
— KyT, ImJ kUM 1oTik Habirae Ha CI' —
3MIHIOETBCS Pa30M 3 TU(PEPEHTOM.

Cepis KOMIT FOTEPHUX
€KCIIEPUMEHTIB 3 PI3HUMHU KEPYIOUUMHU
BINTHBAMH Ta TIPH PI3HUX BEIWYHMHAX
0OTIKAaHHS IIOTOKOM BOIU
101(0)

miama3oHiB mBuakocrer V = 0,1..5,0 m/c

MIBUIKOCTI
rokaszaa, UL TOCTIKYBAHUX
Ta KEpPyHuux BIUMBIB acr = -20..+20°
OTpUMaHe PIBHSIHHSI OOEpPTOBOrO pyXy
[Tl cnpaBemnmmBe. Ilpum MmBHIOKOCTIX
V < 0,1 nmanep Bxke Mali’ke HE pearye Ha
KepYIOUUH BIUIMB, OCKUIBKA MOMEHT,
CTBOPIOBAaHWW CTEPHOM TJHWOWHU, HE
MOXX€  TOJO0JIATU  BiJIHOBIIOBAIbHHIA
MoMeHT Oisoky 1iaBydocti [TI. Ilpu
1IbOMY OYJI0 TIOMIYE€HO, IO MIBUAKICTH
Ha0Iraro4oro MOTOKY BOJM BIUIMBAE HA
KOe(]illIEHT TIJICUJIEHHS Ta TMOCTIHHY
yacy Mojeni, ToOTOo, sIK HacIiJ0K, Ha
koeditienTu Ki Ta Kz.

3 ypaxyBaHHSIM OTPUMAHOI MOJIET1

obeproBoro pyxy [Tl wmarematnuny
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d
k1d_l{[/ = app — Ky,

(11)
where Kk » are the model coefficients.

Indeed, such representation is not
contradictory to the physics of the
process, since if a certain value of arp IS
set at zero pitch, its effect on the UG hull
will be maximal, further the pitch will
increase, and the angle of attack of the
RD will decrease. This is explained by
the fact that the value arp is the RD angle
of rotation relative to the UG hull, during
the changes by the glider pitch, the RD
rotates with it, because the control action
(response) orp remains unchanged, and
the angle of attack of the RD — the angle
at which the stream flows on the RD —
changes together with the pitch.

A series of computer simulations
with various control actions and at
various values of the flow velocity
around the water flow showed that for
the studied speed ranges
V =0.1...5.5 m/s and control actions arp
<C = -20 ... + 20° the resulting equation
of the UG rotary motion is valid. At
speeds of V < 0,1, the glider is almost no
longer responsive to the controlling
influence, since the moment created by
the depth wheel (rudder) cannot
overcome the restoring moment of the
UG buoyancy block. With that, it was
noted that the speed (velocity) of the
flowing water stream influences the gain
and the constant time of the model, that
IS, as a consequence, the coefficients k;
and k.

Taking into account the obtained

UG rotational motion model, a



MOJIeJIb HOTO BEPTUKAJIBHOTO pyXy 3

BEJIMYMHOIO oOcr B POJI  KEPYHUOro

BIUIMBY MOJKHA IIPCACTABUTHU CHUCTCMOIO

IBOX nudepeHIiaTbHuX PIBHSIHB
MIEPIIIOTO MOPSIIKY:
dy .
kwE:%r—sz%
(12)
dy
ylazl/j - kyZy!
ne kyi ta Ky — xoedimienTH MOmeni
ooeproBoro pyxy [TI, kyl, Ta ky2 —
koedimientn  mojem  pyxy [Tl 3a

BEPTUKAILHOIO KOOPIUHATOLO.

Take npeacraBieHHs 1a€ 3MOTY JUIs
CUHTE3y peryisTopa ITU(epeHTy 3acToco-
BYyBaTU TaKWi CaMUW MiJXiJ, SKUKA OyI0
3aCTOCOBAHO JIJIsl CHUHTE3y peryJsiTopa
[NIMOMHU — BUKOPUCTOBYBATH IHBEPCHY
Moens odeproBoro pyxy I'TI ayis aBroma-

TUYHOTO KepyBaHHS Horo audepeHTom.
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mathematical model of its vertical
motion with the value arp as a
controlling influence can be represented
by a system of two differential equations
of the first order:

d
kl//l dg'[” =0Opp — szw;
(12)
&,
gt =W —K,,Y,

where k1, and k. are the coefficients of
UG rotational motion model, ky:, and ky»
are the coefficients of UG motion model
on the vertical coordinate.

This representation allows, for the
pitch controller synthesis to use the same
approach that was used for the synthes of
the depth controller — to use the inverse
model of the UG rotational motion for its
pitch automatic control.



5 CUHTE3 PEI'YJISITOPA IMDPEPEHTA I'Tl

5 UG PITCH CONTROLLER SYNTHESIS

Jlns kepyBanHs audepentoMm [TI
MIPOTIOHYETHCSI 3aCTOCOBYBATH TTPUHITAIL
KepyBaHHS Ha OCHOBI 1HBEPCHOI Mojel
o0’exra:

Aer = T, Vi, wy), (13)
Ie wgs — 3amaHe (OaxaHe) 3HAYCHHS
ob0eproBoi mBuakocti ITl, yy — KyT
Haxwity [Tl mo BiIHOIIEHHIO JO BEKTOpa
mBuakocTi ['TI BITHOCHO TMOTOKY BOJIM

\7K, Vx — mBuakicte [Tl BigHOCHO
MOTOKY BOJAM (MOAYJIb BEKTOpa \71< ).

4
MOCTAHOBII 3a/1a4l BU3HAYAETHCS SIK KYT

Beanunna B IJIOCKIH

MK BekTopoM mBuakocTi I'TI BigHOCHO

notoky Boau V. Ta Biccio abciuc OaXa

3B’S13aHOI 3 IUIAHEPOM  CUCTEMH

KoopauHat (puc. 8).

In order to control the UG pitch, it
Is proposed to apply the control principle
based on the inverse object model:

Orp = T (@0 Vi 1)), (13)
where wkq IS the desired value of the UG
rotating speed, vy is the UG inclination
angle with respect to the UG velocity
vector in relation to the water flow V.,
Vi iIs the UG velocity relative to the
water flow (vector module V,.).

The size vy, in a plain problem
statement is defined as the angle between
the UG velocity vector V,. of the water
flow and the abscissa axis OgaXa
associated with the glider coordinate
system (Fig.8).

Pucynok 8 — Kyt wy
Figure 8 — Angle wy

BuzHauuTH v MokHa 3a POpMYIIOHO:

A ﬂw \]
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Define yy by the formula:

e (w J



ne Vky — mpoekuis BekTopa V, Ha BICh

OopAMHAT 6a30BOi CUCTEMHU KOOPIMUHAT.
BennunHa g, BHU3HAYAETHCI Ha

OCHOBI IMOXUOKHU KepyBaHHs HaxwioM ['TI

eyv BIIHOCHO BekTopa V. !

o, = Cv _ W —Wy
K3 '
T, T,

3aganuit kyT Haxuny [Tl momo
BEKTOpa WOTO pyXy BIIHOCHO BOJHU
BU3HAYAETHCS aHAJIOTIYHO BEJIUYMHI Yy

Ky

w,, =W, —arcsin| —== |.
Vil

HecknamHo moMiTHTH, IO ITOXHOKa
KEpPYBaHHS T(pepeHToM €y =Ys— Y
JOp1BHIOE OXKOII kKepyBaHHs HaxuioM [ TI
€7, TOMy BEJIMUMHY (Og; BU3HAUYATHUMEMO 3
PIBHSHHS

(14)

Ha ocHOBI MaremaTtnyHOl MOAEl
obeproBoro pyxy I'Tl orpumaemo #oro
1HBEPCHY MOJIEJb, IKa B CYKYITHOCTI 3 (6)
MPEACTABIATHME  3aKOH  KEpyBaHHS
mudepentom I'TI:

Ccr = ky/la)l(s + ky/Zl//V' (15)

Tenep HEO0OX1THO BUKOHATHU

napamMeTpuuHy  iAeHTH(IKamii  Mojeml

obeproBoro pyxy [Tl — BusHauuTH

KoeilieHTH Ko, sKi, 3a

MMONCPpCAHBOIO

k 1 Ta
14
pe3ysbTaTamMu aHaJizy

(muB. puc. 7) 3amexarh BiJ MIBHIKOCTI
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where Vy; is the vector projection V. on the

base axis (reference) coordinate system.
The value of wg, is determined on
the basis of the UG inclination control

error e,y relative to the vector V,

Cv _ Wy — W
Wy = TwV — VdT v
v v

The specified UG inclination angle
with respect to its motion vector relative
to the water is determined in the same
way as the value of yy:

Ky

Vi)

It is easy to see that the differential
error control e, = wq—w is equal to the
UG slope control error ey, so the value of
w4 Will be determined from the equation:

W,y =W, —arcsin

(14)

Based on the UG rotary motion
mathematical model, we obtain its inverse
model, which together with (6) will
represent the UG pitch law:

Urp =K, 10y + K, 207 (15)

Now we need to perform
parametric identification of the UG rotary
motion model — to determine the
coefficients k,1 and k., which, according

to the results of the previous analysis (see
Figure 7), depend on the UG velocity in



pyxy I'Tl BiZHOCHO MOTOKY Ta MOXYTb
MaTH HEeJIHIHHUM XapakTep.

[Ipoenemo KOMIT IOTEpHUI
€KCIIEPUMEHT — MOJETOBATUMEMO
obeproBuit  pyx [Tl mpu  pizHHX
MIBUAKOCTAX HOTO pyxXy B TMOTOII Ta
30epiraTuMemMo JaHi, 11(0)

XapaKTepU3yITh JUHAMIKY TEPEXiTHOTO

IIPOILIECY: dcr, YWy Ta Wk.
MeToro MOJICTIOBaHHS € OTPUMaHHS
KOoMO1HAIlll 3Ha4YeHb
w, €[-10°,10°],

Ta BHU3HAYCHHs

wrg A KOXKHOIL
o €[-10°,10°],
V., €[0,1m/c, 5,0 m/c],
koedirientiB K,1 Ta K,» Ha ix ocHOBI. [y
TOT0, 1100 OTPUMATHU TaKi 3aJIEKHOCTI, CIi]1
BUXOJIUTH 3 TOTO, 110 udepent I'T1 yy mae
JIBA TPAaHWYHMX 3HAYEHHS: Ymax NpH
ocr=—10° T1a wmin Tipu ocr = 10°. Bechb
miana3oH 3ajexHocTi wx = f(yy) ms
JCAKOTO Ocr
3aaBaTu JOCTIPKyBaHE 3HAYEHHS Ocr 3

MOXHa OTpUMATH, AKIIO

rpaHuYHUX TOJOXKEHb [Tl Wmax 1 Wmin Ta
yeKaTH Ha
MIPOIIECY.

BUKOHYBAJIOCh B TaKiii TIOCIIIOBHOCTI:

3aBEpILEHHSI  TePEeXiTHOro
Tomy MO/ICJTFOBAHHS
1) BcTanoBieHHsT TOCHIIKYBaHOTO

3HaueHHs mBUaKocTi pyxy [Tl Vg.
2) Bubip

3HAYECHHS OCT.

JOCJT1I)KYBaHOTO

10° Ta

NIepeXiTHOTO

3) BcraHoBieHHA ocr =
OYIKYBaHHSI  3aBEpIICHHS
npotiecy (audepeHT npuiimMe 3HAYCHHS Yinin).-

4) BcraHOBICHHS JOCTIHKYBAHOTO
3HAYEHHS Ocr Ta OYIKyBaHHS 3aBEPILICHHS
nepexigHoOTo pouecy 3
3anaM’ITOBYBAHHSIM Yy Ta k.

5) BcraHnoBnenHs ocr=-10° Ta
OYIKYBaHHS

3aBEpPIICHHS MEePEXiTHOrOo

nporecy (audepeHT npuiiMe 3HAYCHHS
Wmax)-
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relation to the flow and may have
nonlinear character.

We will conduct a computer
experiment — we simulate the UG rotary
motion at different velocities of its flow in
the stream and store the data
characterizing the dynamics of the
transition process: orp, v and wr.

The purpose of the simulation is to
obtain wg for each combination of values
o €[—10°,10°], v, €[-10°,10°],
V. €[0,1m/s,50m/s], and determine

the coefficients k,1 and k,, on this basis.
In order to obtain such dependences, one
should proceed from the assumption that
the UG pitch yy has two limit values: ymax
when arp= -10° and wmin When
arp =—10°. The entire range dependence
wx = f(wy) for some arp can be obtained
by setting the investigated value of arp
from the UG boundary positions ymax and
wmin and wait for the completion of the
transient  process.  Therefore, the
simulation was performed in the
following sequence:

1) Establishing the
value of the UG velocity V.

2) The choice of the investigated
value orp.

3) Setting arp = 10° and waiting for
completion of the transient process (pitch
takes the value ymin).

4) Establishing the investigated
value arp and waiting for the completion
of the transient  process  with
memorization (storage) wv and wk.

5) Setting arp = -10° and waiting
for the completion of the transient process
(the diver will accept the value wmax).

investigated



6) BcTaHOBIIEHHS JOCIIIKYBAHOTO
3HAYECHHS OYiKyBaHHS
3aBEPIICHHS TICPEXiTHOTO IMpoIecy 3
3armam’ITOBYBaHHSAM Yy Ta Wk.

acr Ta

ocr Oyrmo
JOCTIKEHO, TO TEpexif 0 MYHKTY 2,

7) Skmo He Bci
1HaKIIIe — 10 TyHKTY 8.

8) Sxmro Vi Oymo
JTOCIIKEHO, TO Tepexia M0 MyHKTY 1,
1HAKIIIe — 3aBEPIIICHHS MOJICITIOBaHHS.

HE BCl

JluHaMmiky TIepexigHUX TMPOIECiB
mpu Vg = 1 m/c Ta IoCmimKyBaHUX
ocr =0°,5°,-5°, 9,9°, —9,9° HaBeneHO Ha
puc. 9.

[
>

_—
O

6) Establishing the investigated
value arp and waiting for completion of
the transition process with memorization
wv and wx.

7) If not all arp have been
investigated, then the transition to point 2,
otherwise, to point 8.

8) If not all Vg have been
investigated, then the transition to point 1,
otherwise — completion of the simulation.

The  dynamics of  transient
processes at Vx = 1 m/s and the
investigated arp = 0°, 5°, —5°, 9,9°, -9,9°
are shown in Fig. 9.

> O S Yv
5 D (aro)
o~ 5t
g2 !
|
o | |
) A U
-10 ! : : . . . L >
0 50 100 150 200 250 300 350 t, ¢(s)

Pucynox 9 — Jlunamika nepexiiHUX MPOIIECiB MPH PI3HUX KEPYIOUUX BIUIMBAX

Figure 9 — Dynamics of transient processes with different control actions

3areMHeHi oOJacTi

Ha PUCYHKY

BIJIMIOBIAAIOTh  TyHKTaM 3 Ta 5
(mepesenenns I'Tl B monoxkeHHS Wmin 200
Wmax) QITOPUTMY MOJIEIIOBAHHS, peITa
MyHKTY 6

aIroputT™My (OTpUMaHHS Ta 30epiraHHs

oOJjlacTeil  BIANOBIIAIOTH
JAHUX).

Ha puc. 10 moOynoBaHo 3a1€KHOCTI
wg = f(yy) Tpu pi3HMX 3HAYEHHSX Ocr Ta
V1( =1 m/c.

Ha prcyHKy koxHY JiHIt0 wx = f(yy)
TIMMCAHO 3HAYCHHSM BEIMYMHU Ocr, TIPH
AKOMY ii OYyJI0 OTPUMAHO.
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The shaded areas in the figure
correspond to paragraphs 3 and 5
(transfer of UG t0 wmin OF wmax pOSItion)
of the simulation algorithm; the
remaining areas correspond to paragraph
6 of the algorithm (data acquisition and
storage).

In fig. 10 the dependences
wx = f(yy) are constructed at different
values of agp and Vg =1 m/s.

In the figure, each line wx = f(wv)
Is signed by the signed orp mMagnitude
value, at which it was obtained.



Ax  OGaummo, mnpu Vg=1wm/c
3anexHicTh ocr = f(wk, yv) Mae y mimomy
JHIAHUN XapakTep.

Amnaroriuaa KapTHHA
CIIOCTEPIraeThCAd MPH I1HIIUX 3HAYCHHSX
Vk. JliniliHiCTh 00yMOBIIEHA TUM, IO KYT
ataku CI' He BuxomuTh 3a Mexi = 10° (3a
BUKJTIOUCHHSM KOPOTKUX TEPiOAiB TIpU
CTYIIHYACTIA 3MiHI KEPYIOUYOro BIUIMBY) 1
B IIuX Mexax migiomua cuia CI™ (mpodiib
NACAO0012) 3anexutb Bii KyTa aTaku

Maiike JIHIIHHO.

As we can see, with Vg = 1 m/s,
the dependence arp =f(wk, wv) has a
generally linear character.

A similar picture is observed with
other values of Vg. The linearity is due to
the fact that the UG angle of attack does
not exceed = 10° (except for short
periods with a step change of control
influence), and within these limits, the
UG lifting force (profile NACAO0012)
depends on the angle of attack almost
linearly.

n

-10 :
-10 -5

5 10 yy, ©

Pucynox 10 — 3anesxxnocti kyroBoi mBuakocTi ['Tl Bix qudepenty mpu pizHux

KEePYIHOUHX BINIMBAaX
Figure 10 — UG angular velocity dependence on the pitch for various control actions

Jlinifinicte 3anmexHocti (7) mpu
Vi =consast  nae
arnpokcuMallii orpuMaT KoedimieHTn K

3MOTy  METOJAaMH
ta K,. 3actocyemo Meron HaWMEHIIMX
KBaJIpaTiB Ta 3HaWIEMO KOe(DIllIEHTH NpU
Vg =1wm/c: —2.5350, Ta
k,2 = —1.0436.

AHAJIOTIYHUM YHHOM 3HaﬁI[eMO

k,/,l =

KoeQILIeEHTH Mojzedal 00epTOBOTO PYXY
I'TI ms 1HIIKUX 3HAYE€Hb MOTO IIBUIKOCTI

(Tabm. 1).
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The linearity of the relation (7)
with Vi = const allows the methods of
approximation to obtain the coefficients
k,ao and k,.. Apply the least squares
method and find the coefficients at
Vi =1m/s: -2.5350, and
k,2 =—1.0436

Similarly, we find the coefficients
of the UG rotary motion model for other
values of its velocity (Table 1).

kl//l =



Tabmug 1 — koedinieHTH Moaeni ooepToBoro pyxy I'TI
Table 1 — coefficients of UG rotary motion model

V](, m/s kl/,l, C sz
0,1 -19,3134 -5,7406
0,2 -11,7768 -2,2589
0,3 -8,1822 -1,5595
0,4 -6,2271 -1,313
0,5 -5,018 -1,1973
0,7 -3,6091 -1,0987
1,0 -2,535 -1,0436
2,0 -1,2743 -1,0074
3,0 -0,8451 -1,0007
5,0 -0,5078 -0,9888

Ha rpadikax, 300paxeHux Ha

puc. 10, moOymoBano 3amexnocti Ky =
f(Vk) takyo = f(Vk).

3a Bi3yaJbHOIO OIIIHKOIO OTPHUMaHi
3aJIEKHOCTI CXOX1 Ha rinepOomyuni. s
CKJIaJll  peryssiTopa
TQepeHTy crpoOyeMO arnpoKCUMYBATH iX
HalMEHIINX

3aCTOCYBAaHHS B

METOI0M KBaJIpaTiB.
Pesynprar amnpokcumarii, ski Maibke He
BIZPI3HAETBCS BiJ BXIJIHUX TaOJIMIHHX

JaHuX Uil 000X  KoedilieHTIB, aa€e

MIOJIIHOM BUAY

k—+i+i
Waoa1v aQV,f'

Jns K, 3HaidijeHi koedilieHTH
MOJIIHOMA J0OPIBHIOIOTH:
ap =0,08575, a; =-2,7499, a, = 0,08076.

Hnst kg 3HaligeHi KoeQilieHTH
MOJIIHOMA JI0OPIBHIOIOTH!

ag =—0,9783, a; =—0,02565,

a; =-0,0451

[opiBHSIHHS TaOIMYHIX Ta

AIPOKCUMOBAaHUX 3AJIEKHOCTEN

HABOJWTHCA Ha puc. 12.
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In the graphs shown in Fig. 10, the
dependencies k1 = f(Vx) and k2 = f(Vk)
are plotted.

By visual assessment, the obtained
dependences are similar to hyperbolic.
For use as part of the pitch control, we
will try to approximate them using the
least squares method. The approximation
result, which hardly differs from the
input table data for both coefficients,
gives the polynomial form.

(16)

K

For ki, the coefficients of the
polynomial are equal to:
ao = 0,08575, a; = -2,7499, a, = 0,08076.

For k., the found coefficients of
the polynomial are:

ap =—0,9783, a; = -0,02565,

a; =—0,0451

A comparison of tabular and
approximated dependencies is given in
Fig. 12.




kl//l 1)

-10

-15

-20

0 1 2 3 4 5Vgwmi(mh)

a

0 1 2 3 4 5Vgwl(mhs)

0

Pucynok 11 — Coefficients k,1(Vx) (a) and k,2(Vx) (0)
Figure 11 — Coefficients k,1(Vx) (a) and k,2(Vx) (b)

L2 3 4 5 Vi, m/e(mls)

a

0 1 2 3 4 5 Vg wac(ms)

6 (b)

Pucynok 12 — KoediuienTu K,1(Vi) (a) Ta k,2(Vi) (6), moOynoBati 3a TabmuuHAMA
JaHUMHU (CYIIUIBHI JTiHIT) Ta 32 alPOKCUMOBAHUMHU JaHUMHU (TTYHKTHPHI JIiHii)
Figure 12 — The coefficients k,1(Vx) (a) and k,2(Vx) (0), are constructed with tabular
data (solid lines) and approximated data (dotted lines)

Ak
3aJIEKHOCTI Maibbke He BIIPI3HSIOTHCS BiJ

0aunmo, arnpOKCUMOBaH1
TaOJIMYHMX, 10 JA€ 3MOTY 3aCTOCOBYBATH
iX B CKJIa Il perynsaropa audepenra.
TectyBanns perynstopa audepeHra
I'TI BUKOHaEMO HACTYITHUM YHHOM.
Beranosumo T, = 0,1
podoty peryistopa
mudepenta Ha koM 1otepHii mozaem ['TLL
Ha puc. 13
pe3yiabTaTH poOOTH peryisTopa IpH

C Ta
nepeBIpruMo

MMpeACTaBJICHO

CTYNIHYACTI Ta CHUHYCOIJaJNbHINA 3MiHI
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As we can see, approximated
dependencies hardly differ from the tabular
ones, and this makes it possible to apply
them in the composition of the pitch control.

Testing of the UG pitch controller
are carried out as follows.

Set T,= 0,1 s and check the
operation of the pitch controller on the
UG computer model.

In fig. 13, the results of the
controller’s operation for stepwise and
sinusoidal change of the desired pitch



3aJIaHOTO mudepeHTy
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Pucynok 13 — Pe3ynbratt poOOTH peryisr

(towing speed of 5 m/s) are presented.
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_10 (OCRD)
-20

0 8t, ¢ (s)
0 (b)

opa audepeHTa npu CTymniHJacTiil (a) Ta

cCUHycoifganbH1i (0) 3MiHI Vs

Figure 13 — The results of the pitch controll
(b) chan

[Ipu crTymiHYacTii 3MiHI Y, TICISA
BUXOJy pEryjsiTopa 3 peXuMy HaCHUCHHS
(-10° < acr > 10°) TpUBAIICTh MEPEXiTHOTO
poLIECy CKJIaJ1a€ 0,1..0,2 c,
MIEpEpEeryyItoBaHHsl Ta CTaTUYHA IOXHUOKa
BiACYTHI  (Eyer < 0,1°). Ilpu
CHUHYCOINANBHIN  3MIHI W5  3ami3HEHHS
cknanae npuommsno 0,1 ¢, mo chiBnagae 3

MaiKe

HOCTIMHOIO Yacy perymsaropa T,. Orpumani
pe3yabTaTy IIUJIKOM 3aJ0BUTBHI JJIsl 3a1ayl
perymtoBanHs augepenty T

er’s operationfor stepwise and sinusoidal
g€ yu

With a stepwise change g after
the controller exits saturation mode
(—10° < arp > 10°) the transient time is
0.1...0.2 s, the overshoot and static error
iIs almost nonexistent (e,rp < 0,1°).
With sinusoidal change wqg, delay is
approximately 0.1s, which coincides
with the constant time of the controller
T,. The obtained results are quite
satisfactory for the task of the UG pitch
regulation.
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6 CUHTE3 PEI'YJIATOPA I'VIMBUHMU I'TT

6 UG DEPTH CONTROLLER SYNTHESIS

Jns  xepyBanHs rimbOuHoro ITI
BUKOPUCTAEMO 1HBEPCHY MOJENb MOro
pyXy IO BepTUKAII:

y =V, Vg, ¥), (17)

e Vy, 3amaHe (OakaHe) 3HAYCHHS
BepTuKanbHOi mBuakocTi [TI. Bemuunna

Vy,; BU3HauaeThes 3a (popMyIIoro

V :ey:y3_y

y3 T o+
Ty T

, (18)

y

Jie €y — MOXHOKa KepyBaHHA 3a [NIMOUHOLO,
Y; — 3amaHe
xkoopauHatu I'Tl, y — daxTuyne 3HaYeHHS
BEPTUKAIILHOI

3HAYEHHs BEPTUKAIBLHOL

koopmuHatu I'TI, T, —
TMIOCTIHA Yacy perysisaropa rIMOuHU, TOOTO
3a/IaHUi TIPOMDKOK 4acy, 3a KUl Mae OyTy
YCYHEHO TIOXHOKY €.

Jiist Toro, mo0 OTpUMAaTH 1HBEPCHY
mozaens I'Tl B Burmsam (17), HEOOXimHO
BUKOHATU

MOJCJIFOBAaHHA HepeXiI[HI/IX

OpoLeciB, BUMIpIOIOUA Vyp Ui KOXKHOI

koMOiHamii  3HaueHb ¥ €[—40,50]°,
V4 €[L 5] m/c, y €[-10, —100] m.
Bepxas wMexa T1auOuHHM — OOMEKeHa

3HAQUEHHSIM —5 M, OCKUIbKHM NPU MEHIIHUX
rMUOWHAX BIUIMB BUIBHOI TOBEPXHI BOAM
BHOCUTUME CYTTE€BI 30ypEHHSI B 1HBEPCHY
mozaenb [ TI.

3 [18] Bimomo, 110 1HBEPCHY MOJIENb
[TT wmoxHa oOTpMaTH Ha  OCHOBI
anmpokcuMarlii BUOIPKHA, OTPUMAHOI TIPU
0a3z0BOMY

3HAYEHHI [IBHIKOCTIL
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To control the UG depth we use
the inverse model of its vertical motion:

V= f(\/yd’VCV’ y), (17)

where Vyq — desired value of the UG

vertical speed. The value Vy s
determined by the formula
e _

V==Y Y (18)
Ty Ty

where ey is the depth control error, yd is
the desired value of the UG vertical
coordinate, y is the actual value of the
UG vertical coordinate, Ty is the time
constant of the depth controller, that is,
the desired time interval for which the
error ey is corrected.

In order to obtain an inverse UG
model in the form (17), it is necessary to

perform  transient  simulation by
measuring Vy, for each values
combination w €[-40,50]°,

V., €[L5]m/s, ye[-10,-100]m. The
upper depth boundary is limited to -5 m,
since at shallower depths; the influence
of the free surface of the water brings
significant perturbations into the inverse
UG model.

It is known from [18] that the
inverse UG model can be obtained on the
basis of the sampling approximation
obtained with the base value of the



OykcupyBanus V., =1m/c, a B piBHSIHHS
(17) 3amicte aprymenty Vy, HaaaBatu
0azoBe (MacIITaboBaHe) 3HAYCHHS .

V) = Ve (19)
& VCH
OtpumaBmm ~ 0a30By  1HBEPCHY

MoJieNTb  BepTuKasibHOro pyxy [Tl (mpum
Ven = 1 m/c) 11 MOXXHA BHKOPHCTOBYBATH
it po3paxyHKy mudepenta [Tl mpu iHImx
IIIBUIKOCTSIX OYKCHPYBaHHS:

w=1(Vy.y) (20)

MopentoBaHHS BUKOHYBAJIOCh B
TaKiil HOCI1JOBHOCTI:

1) BcranoBiieHHS TOCIIIKYBAaHOTO
3HaueHHA MBUAKOCTI OykcupyBanHs [TI
VCH =1 wm/c.

2) Bubip JTOCJTIIKYBAaHOTO
3HAYCHHS KEPYIOUOTO BILIUBY /.

3) Bceranosnenns [Tl Ha romOuny

Ymin = —100. Ilepmmii pa3 — B pexumi
PYYHOTO  KEpyBaHHs, 3aram STOBYIOUi
KEepPylO4i  BIUIMBH, TIPU  ITOBTOPHOMY

BUKOHaHHI I[LOTO MTYHKTY — 3a 30€pEeKEHOI0
IPOTrPAMOXO.

4) BcTaHOBIEHHS JTOCIIIKYBAHOTO
3HAYEHHA ¥ Ta OYIKyBaHHS 3aBEPILCHHS
nepexigHoOTo pouecy 3
3araM’ITOBYBaHHsAM Y Ta Vy.

5) BcranoBnenns I'll Ha rmubuny
Ymax = —10. Ilepmmii pa3 — B pexumi
PYYHOTO KEpyBaHHs, 3aram’ sTOBYIOYi
Kepylo4l BIUIMBH, TpPU TOBTOPHOMY
BUKOHAaHHI  IIbOTO  MYHKTY — 3a
30epeKeHOI0 MPOTPamoro.

6) BcTaHOBIEHHS JOCTIKYBaHOTO
3HAUEHHS | Ta OYIKyBaHHS 3aBEPILLEHHS

MIePeXiTHOrO TMIPOLIECY 3
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towing speed V., =1m/s, and in
equation (17), substituting the argument
Vyq, gives a base (scalable) value Vy’; :

. V
V= (19)
VCV

yd

Having received the basic inverse
model of the UG vertical motion (at
Ver =1 mis), it can be used to calculate
the UG pitch with other towing speeds:

w="FfVygYy). (20)

The simulation was performed in
the following sequence:

1) Establishment of  the
investigated value of UG towing speed
Vev=1m/s.

2) The choice of the investigated
value of the control action .

3) Setting the UG to a depth of
Ymin = —100. The first time is in the
manual mode, memory control actions,
during the repeated execution of this step
Is by the saved program.

4) Setting the researched value
and waiting for the completion of the
transient process with memorization y
and V.

5) Setting the UG to a depth of
Ymax = —100. The first time is in manual
mode, the  memory  controlling
influences. During the repeated execution
of this step is by the saved program.

6) Setting the investigated value
and waiting for the completion of the
transient process with memorization y



3aram’sITOByBaHHsM Y Ta Vy.

7) Sxiio He BCl y OyIJI0 AOCIIIKEHO,
TO TIepexXii M0 TNYHKTy 2, IHaKie -—
3aBEPILICHHS MOJICITIOBAHHSI.

and V,.

7) If not all y were investigated,
then the transition to step 2, otherwise
will be the completion of the simulation.

@ y N
% 1 ) - 500
S 0.5 = ~ 40
: 20° o
> 0of 10
=~ R [ —
0.5} 20°
=30°
R
100 -80 60  -40  -20y, m(m)

PucyHok 14 — 3anexHOCTI BUAKOCTI 3aHypeHHs VY B TITUOUHM Y
Ta Kepyr4oro BIUIUBY ¥ 1ipu Vep = 1 M/c
Figure 14 — Dependences of the rate of immersion Vy from depth y
and control action y at Vey =1 m/s

[lepexinni mpouecu B NyHKTax 4
Ta 6 anropuTMy MOXKYTh OYTH JOCHTH
JOBrOTPUBAIIMMH, aie HE Mae
HEOOX1THOCT1 CIIOCTEPIraTH X MOBHICTIO,
JIOCTaTHhO 3a(iKCyBaTH iX MOYATKU BiA
TTUOUH  Ymin Ta/a00 Ymax, OCKUIBKH B
IPOMDKKaX MIXK HHMH HEJIIHIHHICT
3anexHocTi V() nposiBisieTbest cado.

Ha  puc. 14  mpencraBieHO
pe3yabTaT KOMIT FOTEPHOTO MOJIETIOBAHHS
BepTHKambHOrO pyxy [1I 'y Burmsm
sanexxnocteit [T mpu pizHUX  (IMBUIKICTH
OykcupyBanHs Vey = 1 M/C), TomaHux B
TaOJIMYHOMY BU/II.

Ha pucynky koxny miniro Vy = f(y)
MiAMHCAHO 3HAYCHHSIM BEIMYUHH Y/, TIPH
SKOMY 11 OyJIO OTPUMAHO.

Cykynnicte kpuBux Vy = f(y) mpu
PI3HHX ¥ yTBOPIOIOTH moBepxHio Vy = f(y,
w), fKa TpEeNCTaBisie COO0K MOJEb
BepTukanpHoro pyxy I'Tl. fkmo B poii
3HaueHHA (YHKIT OTpUMyBaTuU \/, TO

The transitions processes in step 4
and 6 of the algorithm can be quite long-
term, but there is no need to observe
them completely; it is sufficient to fix
their origin from the depths of ymin and/or
Ymax, Since in the intervals between them
the non-linearity of the dependence Vy(y)
is weak.

In fig. 14 the, the computer
simulation results of UG vertical motion
in the form of UG dependencies for
different y (velocity of towing Vv = 1
m/s), are presented in tabular form.

In the figure, each line Vy = f(y) is
signed by the magnitude value of y, at
which it was received.

The set of curves V,=1(y) for
various v form the surface Vy=f(y, y),
which is a UG vertical motion model. If
in the role of the function value to get v,
then the set of curves forms an UG
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CYKYIHICTh KPUBHX YTBOPUTH 1HBEPCHY
mozens ['TI y = f(Vy, y) npu Ven = 1 m/c.

ATIPOKCHMY€EMO TaOJIMYHY 1HBEPCHY
MOzenb BepTUKanbHOro pyxy [Tl Ta
OTPUMAEMO 3aKOH KEPYBaHHS peryssiropa
TJIMOUHY SIK 3aIeXKHICTD (20).

OCKUIbKH Ta0OaMyHa MOAEIh HE
MOBHA (JIJ1s1 KyTIB, 1 HEJIIHIMHOCTI, X04a 1 He
SPKO BUPAXKEHI, aJie MalOTh HETPAAUIIHHII
XapakTep, TO Ui alpOKCUMAIlii 3a TaKoko
BUOIPKOIO CIIIJi 3aCTOCOBYBAaTH CYydYacH1
3ac00M Ha OCHOBI €JIEMEHTIB IITYYHOI'O
IHTEJIEKTy, CIEabHO PpO3po0iIeH! IS

arnpoKCUMaIIii 3a HEPETYJSIPHUMU
BUOIPKaMHU. B JaHIi poboTi
BUKOPUCTOBYBABCsSl ~ IeHepatop  (opmya

Equo [21]. LikoM 3a10BUTEHHI pe3yJIbTaT
JIEMOHCTPYE  alpoKCUMAIlid  TOJIHOMOM
[Tane:

g+ay, +ay, ’Vy

inverse  model w=1(Vy, y) with
VCV==].HV&
We approximate the tabular

inverse model of the UG vertical motion
and obtain the control law of the depth
controller as dependence (20).

Since the tabular model is not
complete (for angles and non-linearity,
although not pronounced, but have an
unconventional character, then modern
tools based on elements of artificial
intelligence, specially designed for
approximation by irregular samples,
should be wused to approximate this
sample. The Equo generator formulas
[21] were used. The satisfactory result is
demonstrated by the approximation by
the Pade polynomial:

+ay +a,y|y|+aV,y

~ 1+bV, +bV, ’Vy‘+b3y+b4y|y|+bsvyy ’

ze ao.s, Do.s — KoedirienTn mominoma. Ix
3HAYEHHS 3BEEHI B TA0JI. 2.

(21)

- Where ag s, bo s are the coefficients of a
polynomial. Their values are summarized
- in Table. 2.

Tabmuug 2 — KoedinienTn nojginoma
Table 2 — Polynomial coefficients

di

bi

4.2438

54.37

-0.1502

-9.0276

0.1354

0.01531

0.006339

0.0003378

-1.1632 E-05

Ol B W NP O —

0.1887

0.00261

SIkmno 3aMicTh  Vy

pe3ynbTaToOM

B (21)
v

y3 2
po3paxyHKy Oyne OaxxaHe

M1JICTaBJISITH TO

3Ha4YCHHA

If in (21) V, is substituted with
V;j, the calculation result will be the

pitch desired value wqy, which is applied
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TudepeHTy s, sKe MOIAEThCS Ha me
perynsropa nqudepeHra:

' to the input of the pitch controller:

Vys y3 y3
8 +a "+, +a;y +a,y|y[+ag
l// — CH CH CH CH (22)
v, " ’
Ly + +b,y +b,yy|
CH CH CH CH
V \Y vV
a0+a1Vyd +a, 4| N +a3y+a4y\y\+asvydy
(// — crv cv cv crv (22)
Vg Vi Vg ’
l+b1V +by+b4y\y\+bv y
cv cv crv cr
Bupaz (22) 3 «koedimieaTamu Expression (22) with coefficients

(Tabn. 2) mpexacTtaBisie CO00I 3aKOH
kepyBaHHs rimbuHoro ['TI.

HanamryBanns perynsaropa
noJisirae y Buoopi Ty > T,,.. 1151 po3B’sa3Ky
MoCTaBJIeHUX 3a7a4 ciiakyBaibHoi CAK
obpano Ty =0,5 c.

TectyBanns chigkyBanbHoi CAK
rimubuHoo [Tl BUKOHaeMO HAacTymHUM

YUHOM.
Ilepepaxyemo 3amaui, sKI Mae
po3B’s3yBatu CAK:
1) Ilpm mnomyky mMiABOJHUX

00’ektiB (I1IO) cymHOM-HOCIEM — BUBIJ
I'TI B xoopauuaty Y = —100 M Ta HajiliHe
Horo yTpuMaHHS Ha I TJIUOUHI
(£1,5 M) ipu Ve = 5 M/c.

2) Tlpu mepexoni CH B pexumy
MOBUIBHOTO MOMIYKY — yTpuMmyBaHHs [TI
B koopamHati Y=-100£1,5 m mnpu
ckuganni CH mBuakocti 3 5 m/c 1o 1 Mm/c;

3) [Tpu 3a0€3IeueHH1
KOpOTKOo4acHoro mnepeOyBanHs I[IA Ha
1O pyx ITI 3a xoopauHaToOrO
y =Yy, + 1,5 M npu 1UHAMI4HIA 3MIHI Y3
32 dopmylior (9), T1OOTO
CIIKyBaJIbHOMY pexumi npu pyci CH 31

B
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(Table 2)
control law.

Adjusting (tuning) the controller
lies in choosing Ty >T,. To solve the
assigned tasks of the tracking ACS,
Ty =0,5 s is selected.

Testing the UG depth tracking
ACS is carried out as follows.

We list the tasks that the ACS
should solve:

1) When searching for underwater
objects (UO) by a carrier vessel, the
output of the UG in the coordinate
y = =100 m and its reliable holding
(maintenance) at this depth (£ 1,5 m)
with Ve =5 mls.

2) In the transition of the CV in the
slow search mode — the contents of UG
in the coordinate y=100+£15 m at a
drop in UG speed from 5 m/s to 1 m/s;

3) While maintaining a ROV
short-term stay on the UO — UG motion
in the coordinate y = yq = 1,5 m with a
dynamic change of y4 by the formula (9),
that is, in the tracking mode when

represents the UG depth



MBUAKICTIO Vey = 5 M/c;

4) Ilpu 3abe3nedeHHi 301IbIIEHOTO
yacy nepedyBanns [IA na [10 — 3amaua
s 'l ananoriuna HoMepy 3, aje mpu
VCH =1 Mm/c.

[Tomyk I1O mosxe BinOyBaTHChH 3a
TaKUMH CIICHAPIsIMH, SIKI BKJIIOYAIOTh BCi
nepepaxoBani 3agaui CAK manepom:

1) CynHo-HOCIH TOYMHAE TONIYK
[10, 3HaX0aUTH WOTO 1 32 TOTEPEIHBOIO
ominkow omeparop dopmye mis I1A
3a/lauy, sika PO3B’SA3YEThCA 3a KOPOTKUMN
poMiKOK yacy. B takomy cuenapii CAK
['TI mae nmocnioBHO po3B’sA3aTH 3a1a4i 1,
3 Ta 3HOBY 1.

2) CyaHo-HOCIA TIOYMHAE MOILIYK
[10, 3HaxoauTh HOTO 1 3a MOMEPETHBOIO
OllIHKOIO omeparop Gopmye s [1A
3asauy, JUIsL  pO3B’sI3aHHS  SIKOI
noTpeOyeTbest  30UIBIICHUH  4Yac 3
BIJINOBITHAM  3MEHILICHHSAM  CYJIHOM-
HOCIEM CBO€i MIBUAKOCTI. B Takomy
cuenapii CAK TITI
po3B’s3aTH 3adaul 1, 2, 4 Ta 3HOBY 1.

Ma€ TIOCJI1JOBHO

ITpomonenmoemo podory CAK 3a
creHapiem 1 (puc. 15).
PesynbpraTn MO/ICITFOBAHHS
CBIJIUaTh, IO MPU JUHAMIYHIA 3MiHI Y3
(micns  BigctukoByBaHHs [TA) CAK
3a0e3neuye MOXHOKY
ey < 1,0 m (puc. 15,a),

3HAXOJHUTHCS B pexuMi HacuueHHA. [Ipu

KEpyBaHHS
AKIIO HE

[bOMY 3MiHa ITUTAHEPOM TIUOMHU Ja€
3MOTY YNOBUIBHUTH BiAcTaHb L Mix
riaHepom Ta ITA.

[Tpomonentoemo poboty CAK 3a
creHapieM 2 (puc. 16).
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driving CV at a speed of Vcy =5 m/s;

4) Providing increased ROV time
of stay in the UO — the task for UG is
similar to number 3, but with Vey = 1
m/s.

UO searches can take place in the
following scenarios, which include all
listed tasks of the glider ACS:

1) The carrier vessel launches the
UO search, finds it and, according to the
preliminary assessment, the operator
forms a task for ROV, which is solved
over a short period of time. In this
scenario, UG ACS must consistently
solve tasks 1, 3 and again 1.

2) The carrier vessel launches the
UO search, finds it and, according to
the preliminary  assessment, the
operator forms a task for ROV, which
requires an increased time with a
corresponding decrease in the speed of
the carrier vessel. In this scenario, UG
ACS must consistently solve tasks 1, 2,
4 and again 1.

We will model the work of the
ACS for scenario 1 (Figure 15).

The simulation results show that
with a dynamic change in yd (after
undocking the ROV), the ACS provides
control error ey < 1,0 m (Fig. 15, a), if it
is not in the saturation mode. At the
same time, changing the depth by the
glider makes it possible to reduce the
distance L between the glider and the
ROV.

We will model the ACS work on
scenario 2 (fig. 1 6 (b)).



0 v
501\
y\_A
-100f~ Ya — I

60't, ¢ (s)

100
e A/
~ 80
=
] B(B
5 s (B)
40
20

0 >
30 35 40 45 50 55tc(s)
6 (b)

Pucynok 15 — Jlunamika nepexinnux nporecis CAK (a)

Ta B1ICTaHb MK I1aHepoM Ta ITA (0) mpu peanizariii ciieHapito 1
Figure 15 — Dynamics of ACS transient processes (a) and the distance
between the glider and ROV (6 (b)) when implementing scenario 1

0 50

100

150

Pucynox 16 — Jlunamika nepeximaux npouecieB CAK npu peanizaitii ciienapito 2
Figure 16 — Dynamics of ACS transient processes when implementing scenario 2

Pe3ynbraTit MOJIENTIOBaHHS CBITYATH,
o0 0pyd JUHAMIYHIA 3MiHI Y3 (THcis
BiACTUKOBYBaHHs [IA) B oMy BUMAKy
CAK

kepyBanHs €y < 1,0 M (puc. 15,a), sikiio He

Takok  3a0e3nedye  MOXHOKY
3HAXOJUThCA B PEKUMI HACUYCHHS, ajie
JIEMOHCTPY€E BTpPaTy CTIMKOCTI.

AHami3 pe3ynbTaTiB MOJCITIOBAHHS
MoKa3ye, 110 11e 00YMOBJICHO THM, 1110 TIPH
HEBEJIMKUX IIBUAKOCTAX OYKCHpYBaHHS
(0,1..1,5 m/c) mocriiiHa yacy MaTeMaTHYHOL
pyxy Tl

MTOBUITBHIIIIE

MoJIeIi 00epTOBOTO

30UTBIIYETHCS —  TIJIaHEP
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The simulation results indicate that
during a dynamic change of yd (after
undocking the ROV), in this case, the
ACS also provides a control error of
ey < 1,0 m (Figure 15 a) if it is not in the
saturated mode, but demonstrates loss of
stability (robustness).

Analysis of simulation results shows
that this is attributable to the fact that at
low towing speeds (0,1 ... 1,5m/s), the
constant time of the mathematical model
of the UG rotating motion increases — the
glider is more slowly reacting to the



pearye Ha 3MiHy KyTa TMOBOPOTY CTEpHa
TJIMOMHU  dlcr B pe3yJsbTaTi
NOBUIBHY 3MIHY Judepenty I'TI .

B 1mpoMy MoOXHa TIEpEKOHATHCH,

1 Ma€EMO

npoanajizyBaBmy 3anexHocTi K1 (Vi) and
Ky2(Vk) (mmB. puc. 11) Ta pospaxysaBiiu
MOCTIHI Yacy MoJesli 00epTOBOTO PyXy

I'TI mpu mBuakoctsx Vg =1 m/c Ta 5 m/c:

Bpaxyemo, mo T, (1m/c)=2,43c¢;
T,(5m/c)=0,51c.

Tomy npu IIBHJIKOCT1
OyKCHpYyBaHHS Ven=1wm/c MaEMO
CUTYaIlll0, KOJIM PEryJsITop TJIMOUHU 3
noctiiiHoto yacy Ty = 0,5 ¢ Bumarae Taxi
KEpYIOUl BIUIMBU Y5, SIKI TUIAHEpP (I3UYHO
HE BCTHUTa€e 3a0€3MeUnTH.

Ane 11 aBTOMaTHYHOTO KEPYBaHHS
npu Ven = 1 M/c HE Mae HEOOXITHOCTI B
peakiii  perymsTopa
TJIMOMHU, OCKIJIBbKU BEJIMYMHA y; TAKOXK HE

Takiii  MIBUIKIA
Oy/ie 3MIHIOBATHCh 3aHAJITO IIIBHIKO.

VY 3B’a3Ky 3 UM Ty MPONOHYETHCS
KOPUTYBAaTH Ha KOXHIN 1Tepallii KepyBaHHS
Ha OCHOBI BHpa3y (23) 3 ypaxyBaHHSIM
ymoBu Ty >> T,

0,5 mpuT <0,5;

T{

- (24)

1HAKIIIE.

[Tpomopentoemo podoty CAK 3a
cueHapieMm 2 3
(puc. 17).

PesynbTaTti MojieIIOBaHHSI CBITYaTh,

KOpDUTYBaHHSIM Ty

mo CAK 3abe3rneuye moxuOKy KepyBaHHS

49

change in the rotation angle of the depth
wheel orp and as a result, there is a slow
change in the UG pitch y.

This can be verified by analyzing
the dependences k,1(Vx) and k,2(Vx) (see
Figure 11) and calculating the constant
time of the UG rotary motion model at
speeds Vx =1 m/s and 5 m/s:

(23)

Consider that T, (1m/s)=2,43s;
T,(5m/s)=0,51s

Therefore, at the towing speed
Ver=1m/s, we have a situation where
the depth controller with a constant time
Ty=0,5s requires such  control
influences wyq that the glider, physically,
does not have time to provide.

But for automatic control at
Veyr=1m/s there is no need for such a
rapid response of the depth controller,
since the value of yg will not also change
too fast.

In this regard, Ty is proposed to be
corrected for each iteration control based

on the expression (23), taking into
account the condition Ty >> T,
0,5 whenT, <0,5;
T, = _ (24)
T, otherwise.

We simulate the work of ACS in
scenario 2 with the adjustment of T,
(Figure 17).

The simulation results indicate that
the ACS provides an error control of



ey<10mM (puc. 17,a), sxmo we|e,<1,0m (Figure 17,a), if not in
3HAXOJWThCS B PEXKHMMI HACHYEHHS, Ta saturation mode, and demonstrates stable

JIEMOHCTPYE CTIMKY poOOTY. operation.
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Pucynok 17 — lunamika nepexigaux npoueciB CAK 3 kopurosanum Ty (a)
Ta BiJICTaHb MK T1aHepoM Ta [1A (6) mpu peanizaiii ciieHapiro 2
Figure 17 — Dynamics of ACS transient processes with corrected Ty (a) and
the distance between the glider and the ROV (b) when implementing scenario 2

3MiHa TUTaHEPOM TIIMOWHHU Ja€ Changing the glider depth allows
3MOTy YHOBUIBHMTH BiacTanb L wMix | to slow down the distance L between the
wianepom Ta ITA. Ha pucynky puc. 17,6 | glider and the ROV. In Fig. 17 b line "A"
miHiE «A» mokasye Biactanb L mpu | shows distance L at constant UG depth,
HeaMminHi rmmbuni I'TI, minis «b» — | line "B" — distance L when moving the
Bigctanb L mpu pyci I'Tl Ha rmuowuHi Y, | UG at the depth of y4, which dynamically
110 JMHAMIYHO 3MiHIOEThCs. B mepmmomy | changes. In the first case, UV receives
Bunazgky [1A orpumye mist po6otu 100 ¢ | 100 s operation time, in the second case —
yacy, B ipyromy Bunaaky 121 c. 121 s.

[Ipu peamizamii aBTOMAaTHUYHOTO In the implementation of automatic
KepyBaHHS 3a ClieHapieM 2 Burpain vacy | control in scenario 2, the time gain is
cyrreBuii i CAK Bukonye moctarieny | significant and the ACS performs the
3ajauy. assigned task.
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