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PO3A1JIS. EKCHEPUMEHTAJIBHE JOCJIIJKEHHS 3AKOHIB KEPYBAHHSA
ABTOHOMHHUM HEHACEJIEHUM NIJIBOOAHUM AITAPATOM

AK «<ATEHTOM» I'PYIIN

CHAPTER 5. EXPERIMENTAL RESEARCHES OF AN AUTONOMOUS
UNDERWATER VEHICLE CONTROL LAWS AS A GROUP «<-AGENT»

5.1. KopoTtkuii onuc oprasizanii MOPCbKOro HATYpHOI0 eKCIEPUMEHTY

5.1. Brief description of the organization of the marine full-scale experiment
(or field trials)

5.1.1. OcoOnuBocTi TPOBEACHHS MOP-
CBKOTO HAaTypHOTO eKkcrmepuMeHTty. [locra-
HOBKa 3aBIAHHS MOPCHKHUX HATYPHHUX €KC-
MEPUMEHTIB Ta 00poOka iX pe3yibTaris,
3a3BHYal, € CKIAIHUMH B peaiizaiii, ToMy
pPO3pOOISIFOTECS  BIJIMOBIIHI  TIpOrpamMul i
METOAMKH, $AKi Jal0Th 3MOTY MPOBOIAHMTU
JOCIIDKEHHS B HATYPHUX YMOBaX.

Po3rmissHeMo MOXJIHMBI BapiaHTH OpraHi3a-
1ii TAKOTO EKCIIEPUMEHTY.

Opranizamiss # HPOBEICHHS MOPCBHKOIO
HaTypHOTO EKCTIEPUMEHTY III0ZI0 TIEPEBIPKH IIpa-
nesnarHocti CAK AHITA Bumarae BUKOHaH-
Hs TIOTIEPE/IHBOT MArOTOBUOT poOOTH, a came:

— BUOOpY aKBaTopii JOCTATHHOIO PO3MIPY, 1100
cucreMa kepyBaHas pyxom AHITA mana moxm-
BiCTb (DyHKITIOHYBaTH 0€3 Oy/Ib-SIKIX 0OMEKEHb;

— MPOBENEHHS HU3KH  OpTraHi3aliifHuX
3ax0JliB MIONO 3a0e3eueHHs] 3aXUCTy aKBa-
TOpil BiJl pyXy Cy/IEH Ta IHIIMX IJ1aB3aco0iB,
BUKITIOUCHHS Ha ii TepUTOpii BUAIB JIIOICHKOT
JUSUTBHOCTI, SIKI MOXYTh OOMEXHTH TPOBE-
JICHHSI €KCIICPUMEHTY;

— PO3pPOOKH TPHIAZOBOTO Ta METPOIO-
TiYHOrO 3a0e3NeUYeHHs Ui BUMIPY XapakTe-
pucTHK mapameTpiB pyxy rpymu AHIIA; mis
OTO HEOOXiJJHO BWUKOHATH PO3MITKY MOP-
CBKOTO TOJITrOHYy, Ha JHI 0OpaHOi akBaropii
BHKOHATH HH3KYy IIATOTOBYMX POOOT MO0
HaBiramiiHoOTo  3a0e3MeUeHHs  TPYIIOBOTO
pyxy AHITA.

HocBin HaykoBo-mocmigHOTO 1HCTUTYTY
MiJIBOAHOT TexHiKM HarioHanpHOTO YHIiBEp-
CUTETy KopaOneOyayBaHHS iMeHI ajaMipaia
MaxkapoBa MUHYJIUX JCCSITHIITh, OTPUMAHHUN
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5.1.1. Features of the marine full-scale
experiment. The formulation of the problem
of marine full-scale experiments and the
processing of their results are usually
difficult to implement, therefore, appropriate
programs and methods are being developed
that allow conducting research in natural
conditions.

Consider the possible
organizing such an experiment.

The organization and conduct of a marine
full-scale experiment for the AUV ACS
functionality check require preliminary
preparatory work, namely:

— selection of a water area of sufficient
size so that the AUV motion control system
can function without any restrictions;

— implementation a number of organiza-
tional measures to ensure the protection of the
water area from the movement of vessels and
other watercraft, the exclusion of other types
human activities on its territory that may limit
the experiment conduct;

— development of instrumental and
metrological support for measuring the
characteristics of the movement parameters
of a AUV group; to do this, it is necessary to
mark the marine proving ground, at the bottom
of the selected water area, perform a series
of preparatory operations for navigational
support for AUV group motion.

The experience of the Scientific Research
Institute of Underwater Technology of the
Admiral Makarov National University of
Shipbuilding over the last ten years, obtained

options  for
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y pe3yabTaTi BAKOHAHHS HU3KH MIKHAPOIHUX
1 BITYM3HSHUX KOHTPAKTIB IO CTBOPECHHIO 1
repeadi 3aMOBHUKAaM HOBUX 3aCO01B ITiJIBOJI-
HOT poboTtoTexHiku [26; 100], cBIAYUTEL MPO
HEeOOXIHICTh BUIIIEHHS Ta CIELiaabHOl M-
TOTOBKH aKBaTOPii JUIsI MPOBEICHHS EKCIIePH-
MEHTY SIK OJTHY 3 TOJIOBHUX YMOB, III0 MalOTh
3a0e3neunTy HOro yCIHilIHe IPOBEICHHS.

3okpema, [JIs peajizalii 3aBiaHb J10CIHi-
HUIBKIA poOOTI HEOOXiJHO BHIUINTH aKBa-
TOpIIO 3 pO3MipaMu HE MEHIIE 3 PO3MipamMu
me menme 100 m x 100 M, mIMOMHOIO HE
MeHIre 10 M Ta piBHOO JIOHHOIO MTOBEPXHEIO.
Ha nonHi#t moBepxHi HEOOX1IHO BCTAHOBHTHU
TIPOaKyCTHYHI MasiKH, sIKi OyayTh (QiKCyBaTh
pyx nocmimkyBanux AHIIA i, TakuM 4HHOM,
YTBOPIOBAaTH iH()OPMAIiiTHY OCHOBY LIS I (D-
POBOTO TOKYMEHTYBaHHS MPOLIECY 1 pe3ysbTa-
TiB BUNIpoOyBaHsb (puc. 5.1).

Lle Haitbinb11 MOBHUI BapiaHT IPOBEACHHS
MOPCBHKOTO HATYpPHOTO EKCICPUMEHTY ISt
3aBJaHHs, NPOTe JJIsl MOTo pearnizallii Heoo-
XiTHO BHUKOPHCTOBYBAaTH BEIUKY KITBbKICTh
TIPOaKyCTHYHOTO O0JIaJIHAHHS BHUCOKOI Bap-
TOCTI, III0 HA TAaHWH Yac BUSBHUIOCH CKJIATHO
peaizyBaru yepe3 hiHaHCOBI OOMEIKCHHS.

as a result of the implementation a number
of international and domestic contracts for
the creation and transfer to customers of
new means of underwater robotics [26; 100],
indicates the need for the allocation and special
preparation of the water area for carrying out of
the experiment as one of the main conditions
ensuring its successful implementation.

In particular, to implement the tasks
of the research work, it is necessary to
allocate a water area with dimensions
of at least 100 m x 100 m, a depth of at
least 10 m and a flat bottom surface. It is
necessary to install hydroacoustic beacons
on the bottom surface, which will record
the movement of the tested AUVs and
thus form the information basis for digital
documentation of the process and test
results (Fig. 5.1).

This is the most complete version of
a marine full-scale experiment for the
task, however, for its implementation it is
necessary to use a large amount of high-cost
hydroacoustic equipment, which is currently
difficult to implement due to financial
constraints.

Pucynok 5.1 — 3arajpHa cxeMa NnpoBeJeHHsI MOPCHKOI0 HATYPHOT0 eKCIIEPUMEHTY

Figure 5.1 — General scheme of conducting a marine full-scale experiment
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Tomy aBTOpaMu pO3poOIEHO TpOTrpaMy
1 METOMWKY IPOBEICHHS HATypHHUX BHUIIPO-
OyBaHb CHCTEMH aBTOMAaTHYHOTO KEpyBaHHS
ABTOHOMHHUM HEHACEJICHUM IiIBOIHUAM ara-
paTtoM SIK «areHTOM» TPYyIHd, SKY MOXIIUBO
peaiizyBaTd Ha NPAKTUIl 3 BUKOPUCTAHHIM
MPUB’A3HOTO MiJIBOJHOTO amapara i Makera
paniokepoBaHoro karepa [180].

5.1.2. 3aranbpHa cxema BUIPOOYBaHHS Ta
XapaKTEPUCTUKN 3aydCHOr0 OOJIagHaHHS.
Harypue BumpoOysanas CAK AHIIA 6ymo
BHKOHAHE ISl TIEPEBIPKHU 11 Tpare3aaTHOCTI
MpH peatizaiii OCHOBHUX PEXHMIB Koresii i
anresii.

OCKITBKH  3aCTOCYBAaHHS T1IPOaKyCTHY-
HUX CCHCOPIB BHSBHIIOCH HEMOXIMBUM 3-32
(iHaHCOBUX OOMEXEHb, IO EKCIECPHMEHTY
3amydeHo nBa imitatropa AHIIA, ceHcopuuii
KOHTAKT MDXK SIKHMHU peaizoBaHO 3a JIOTIOMO-
TOI0 aKyCTUYHUX MPHUIIAJIIB.

Cxema HaTypHOI'O BUIPOOYBaHHS
y3romxeHoro pyxy asox AHIIA nasenena
Ha puc. 5.2.

L,

A
-3

PCK Marker CAK CHO CHC

AHIIA-1

Therefore, the authors have developed
a «Program and methodology for field tests
of the system of automatic control of an
autonomous unmanned underwater vehicle
as an «agent» of the group», which can be
implemented in practice using a tethered
underwater vehicle and a model of a radio-
controlled boat [180].

5.1.2. General scheme of test and
characteristics of the involved equipment.
A full-scale test of the AUV ACS was
carried out to check the performance in the
implementation of the main modes of cohesion
and adhesion.

Since the use of hydroacoustic sensors
turned out to be impossible due to financial
constraints, two AUV simulators were
involved in the experiment, sensory contact
between which was implemented using
acoustic devices.

The scheme of full-scale test of the
coordinated motion of two AUVs is shown
in Fig. 4.2.

PucyHnok 5.2 — CxeMa HATYPHOI'0 BUNIPOOYBAaHHSI y3Iro/lzkeHOro pyxy Asox AHITA
Figure 5.2 — Scheme of a full-scale test of the coordinated motion of two AUVs
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[Ipy BHKOHAaHHI HATypHUX BHIIPOOYBaHb
y sikocti nociigHoro AHITA-1 BukopucTaHo
TEJICKCPOBAaHUN  HEHACEIICHWUH  ITiIBOTHUM
armapart, KepoBaHMH IPOrpaMHUM 3a0e3IeUeH-
HSM 3 1ocTa eHepreTuku il kepyBanus (I1IEK).

[ane piteHHs 103BoJisi€ 30epirati Ta aHa-
Ji3yBaTH €KCIEPUMEHTAJbHI JaHi B PEXHUMI
peanpHOro 4acy.

38’30k AHITA-1 3 ITEK 3niiicHioeThCst 3a
JIOTIOMOTOFO Ka0elTto 3B’ A3KY.

HasiBHiCTh Ka0emo MoKe ICTOTHO BILTH-
BaTH Ha SIKICTh TNPOIECIB KEPyBaHHS,TOMY
KOHTPOJIb HOTO MiHIMAJBHOT JOBXKHHH aBTO-
MaTHU30BaHO.

AHITA-1 npuBoguTBECS B PyX BIACHUM
PCK, curnanm kepyBaHHS SKUM BUPOOJISIOTHCS
y CAK AHIIA-1 — CAK pyXxoM OAMHOYHOTO
AHIIA sk «arenTa» rpynu B yMOBax HaBiraiii-
WHOi Onm3pkocTi iHmmx AHITA (qus. m. 2.4.2).

HaBenena cucrema y SIKOCTI CEHCOpIB
3BOPOTHOTO 3B’A3KY BHUKOPHUCTOBYE CHCTEMY
ceHcopiB HapiraniiHoi oocranoBku (CHO) Ta
IITaTHy CHCTeMy Hapiramiitaux ceacopis (CHC)
migBoaHoro anapara AHITA-1 (puc. 5.3).

When performing full-scale tests, a remote-
controlled underwater vehicle controlled
by software from the power and control
post (PCP) was used as an experimental
AUV-1.

This solution allows storing and analyzing
experimental data in real time.

Communication between AUV-1 and the
PCP is carried out via a communication cable.

The presence of a cable can have a
significant impact on the quality of control
processes, so the control of its minimum
length is automated.

AUV-1 is driven by its own PSC, the
control signals of which are produced in
the AUV-1 ACS - the single AUV motion
ACS as a group «agent» in the conditions

of navigational proximity of other AUVs
(see section 2.4.2).

The specified system uses the navigational
situation sensors (NSS, SNE) system and the
standard system of navigation sensors (SNS)
of the underwater vehicle AUV-1 (Fig. 5.3) as
feedback sensors.

Pucynok 5.3 — 3opnimniii Buriasin CHO Ta ii po3tamyBanns Ha AHITA-1
Figure 5.3 — External view of the NSS and its location arrangement on AUV-1

V sixocti ceHcopiB CHO BHKOPUCTaHO YiTb-
Tpa3ByKoBi JanekoMmipu mozneni MB 1003-EZ0
BUpOOHMIITBA (hipMu MaxBotix [181].

Ultrasonic rangefinders model MB 1003-EZ0
manufactured by MaxBotix [181] was used as
the NSS sensors.
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VY saxocti AHITA-2 (AHITA-cycina) BuKo-
PUCTaHO HAJBOJHUN paiOKSPOBAHHUN Karep
(PKK), kepoBaHmii omeparopoM BpYydYHY 3
nynera kepyBanns (I1K) [182]. Karep ocha-
IICHUH JONaTKOBHMH BiIOWBauyamMH  yiib-
TPa3BYKOBHX aKyCTHUYHHMX CUTHAJIB 1 3a0e31e-
4yye pekUMHU NPSAMOJIIHIHHOTO PYXy # IIIOCKOT
LHUPKYIALT, [0 € TOCTATHIM JUIsl TPOBEACHHS
HatypHUX BunpoOyBanb CAK AHIIA-1.

Mopceki HartypHi BumpoOysanHs CAK
AHITA 06yno mpoBeneHo Ha 0a3i MOPCBHKOI
nmabopatopii  «Jlembra» HAYKOBO-JIOCIHITHOT
yacTHHU HallloHaJIbHOTO YHIBEPCHUTETY KOpa-
OneOymyBaHHS 1MEHI anaMmipana Makaposa.
Y xoni BuUNpOOYBaHB IMPOBENCHO EKCIIEPH-
MEHTaJbHy NEpeBIpKy pPOOOTH perymsTopa
mucranuii npu podori AHITA-1 B pexxumax
Kore3ii W aaresii, mpu BiJIXWIICHHI amapara
BiJ] 33IaHOTO KypcCy MiJ] AI€I0 30BHIIIHBOIO
30ypeHHsl, a TaKoX IiJ{ BIJIMBOM CHUTHAIY
Ha ioro PCK, sikuif 3MiHIO€TBCS 32 TapMOHIY-
HUM 3aKOHOM.

5.1.3. KopoTkuii omuc 3MicTy MOPCBKOTO
HaTypHOTO ekcniepuMenTy. HatypHi BUtipoOy-
BaHHS CKJIQJIAIOThCS 13 cepil eKCIIepPUMEHTIB,
KO)KEH 3 SIKUX Ja€ 3MOTY IIePEBIPHTH IIpa-
[IE3/IaTHICTh TIeBHOTO pexxumy pobdotn CAK
momeni AHITA-1 B ymoBax HaBiramidHoi
omuspkocti moneni AHITA-cycina.

brok-cxema y3arajbHEHOTO AalrOPUTMY
MIPOBEICHHSI MOPCHKOTO HATYPHOTO E€KCIIEPH-
MEHTy 300paxxeHa Ha puc. 5.4.

ExcniepuMeHT MOYMHAETHCS 3 YBEICHHS
OIepaTopoM 3aJaHUX IIBHJKOCTI MPSIMOIIi-
HiltHOTO pYXy 1 Kypcy AHIIA-1. lami mapa-
JIETFHO BUKOHYIOTHCSI 3 MIPOIIECH.

Slkmo B wmexax BuguMocti CHO
AHITA-1 06’exTiB He BUABIEHO (yMOBa Y, ),
TO amapar pyXaeThCs MPSMONIHIHHO, MATPH-
MYIOUH 3HAYCHHS MapaMeTpiB MPOIECy pyXy,
3aJlaHl ONepaTopoM.

VY BuUIajKy HAsIBHOCTI B 30HI BHJIUMOCTI
CHO croponnsoro o6’ekra CAK pyxom
AHITA-1 BUKOHY€ OfHY 3 HACTYIIHUX Jii:

SIKIIO O0’€KT BHUABICHO Yy 30HI TMIpo-
xomkennst  «Track  Zone» (ymoBa y,,),
AHITA-1 Oyne mpomOBXKYBaTH TNPSIMOJIHIN-
HUU PyX 33/IaHUM KypPCOM;
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As AUV-2 (AUV-neighbor), a surface
radio-controlled boat (RCB) was used,
controlled by the operator manually from
the control console (CC) [182]. The boat
is equipped with additional reflectors of
ultrasonic acoustic signals and provides modes
of rectilincar motion and flat circulation,
which is sufficient for full-scale testing of the
AUV-1 ACS.

Marine full-scale tests of the AUV
ACS were carried out on the basis of the
Delta Marine Laboratory of the Research
Department of the Admiral MakarovNational
University of Shipbuilding. During the tests,
the distance controller operation experimental
verification was carried out when the
AUV-1 was operating in cohesion and
adhesion modes, when the device deviated
from the set course under the influence of an
external disturbance, as well as under its PSC
signal influence, which changes according to a
certain harmonic law.

5.1.3. A brief description of the content of
the marine full-scale test (natural) experiment.
Full-scale tests consist of a series of
experiments, each of which allows checking
the performance of the AUV-1 ACS operating
mode in the conditions of navigational
proximity of the AUV-neighbor model.

Ablock diagram of the generalized method
for conducting a marine field experiment is
shown in Fig. 5.4.

The experiment begins with the input of
the specified speed of rectilinear motion and
heading of the AUV-1 by the operator. Next,
3 processes are executed in parallel.

If no objects are detected within the
AUV-1 NSS visibility range (condition y, ),
then the vehicle moves in a straight line,
maintaining the values of the movement
process parameters set by the operator.

In the event of a third-party object presence
in the NSS visibility zone, the AUV-1 motion
ACS, performs one of the following actions:

— if the object is detected in the «Track
Zone» passage zone (condition y,),
AUV-1 will continue to move in a straight line
along the given course;
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— SKIIO0 00 €KT BHSBICHO y 30HI HeOe3-
neku «Danger Zone» (ymosa y,,), CAK
AHITA-1 Oyne peaii3oByBaTu pexXuM aaresii
(1abip npaBui HP1), ToOTO Kepyroui BIUTMBH,
cpopmoBani CAK, OymyTe cmpsiMoBaHi Ha
30UIBIICHHS JUCTAHIIT 10 00’ €KTa;

— SIKIIO O00’€KT BUSIBJIICHO Y 30HI HpPUTH-
ranus «Attraction Zone» (ymosa y,,), CAK
amapata Oyzne (yHKI[IOHYBaTH B PEKUMI Kore-
311 (HaOip mpaBun HP2) i kepyrodi BrumBu
CAK 06ynyTb cipsiMOBaHi Ha 3MEHIIICHHS JHIC-
TaHUil 10 00’ e€Kra.

OnnouacHo CAK kaOenbpHOIO J1€01OKOO
(KJI) AHITA-1 winHimi3ye 30BHIiIIHI 30y-
PCHHS, CTBOPIOBaHI KabeneM 3B’ sI3KY, IIITXOM
KepyBaHHsI MPOIIECOM BUTPABIIOBAHHS/BUOH-
paHHs Kabeso B polieci pyXy anapara.

Takox y mpoueci MPOBEICHHS EKCIIepH-
MeHTy omneparop AHIIA-2 ympasnse pyxom
PKK 3a gomomMoror cCHoeljiajJbHOro IMoCTa

kepysanHs (I1K).
PeSy.HI)TaTI/I BUKOHAHHS TPbOX 3a3Ha-
YCHUX IMIPOIeciB  00poOIIOThCS  OIOKOM

00poOku nanmx ekcriepuMenTy (O/IE), micns
YOro TepeBipsSIeThCSI YMOBa Y2 3aBEpIICHHS
MMOTOYHOTO  BHUMPOOyBaHHS  (BiJIOBIJHO,
YMOBH Y, 1,,).

5.1.4. TlomepenaHst MiATOTOBKA 0 MOP-
ChKUX HATypHHX BUIpOOyBaHb. B mpormeci
MOTIepeIHBOI MiITOTOBKU 10 HAaTYPHOTO €KC-
MEPUMEHTY OTPUMAHO IiarpaMu CIPSIMOBa-
HOCTI YOTHPBOX YIBTPa3ByKOBHUX JAJICKOMIpiB
Mmozaeni MB 1003-EZ0 BupoGuumTsa ¢dipmu
MaxBotix. Jliarpama cripsiMOBaHOCTI — OfIHA 3
HAMOUIBII BOXKITMBHUX XapaKTEPUCTHUK JJIS CEH-
copiB jaucraHiii. Bona e rpadiunum 300pa-
JKEHHSM O0JIacTi, y sIKii 00’€KT MOxke OyTH
BUSIBIICHHI ceHcopoM. [IpuHIMT poOoTH yITb-
TPa3BYKOBHX CCHCOPIB 3aCHOBAHHW Ha BUMIpI
9acy MPOXODKEHHS MPSIMOi Ta BIIOHWTOI yib-
TPa3ByKOBHX XBHJIb.

Ha puc. 4.5 HaBesieHO 30BHILIHIN BU 1a00-
pPaTopHOro CTEeHIY, MPU3HAYEHOro U BU3HA-
YeHHs JliarpamMu CIpSIMOBAHOCTI YJBTPa3ByKO-
BUX JajnexoMipiB moxeni MB 1003-EZ0, 3amy-
YEHHX JI0 MOPCHKOTO HATYPHOTO EKCTICPHMEHTY.

— if the object is detected in the, «Danger
Zoney (condition y13), the AUV-1 ACS will
implement the adhesion mode (set of rules
HP1), i.e. the control influences formed by the
ACS will be aimed at increasing the distance
to the object;

— if the object is detected in the Attraction
Zone, the vehicle’s ACS will function in
the cohesion mode (the set of rules HP2),
that is, the control actions generated by the
ACS will be aimed at reducing the distance to
the object.

At the same time, the AUV-1 cable winch
(CW) ACS minimizes external disturbances
generated by the communication cable by
controlling the process of removal/collection
up the cable during the of the vehicle motion.

Also, during the experiment, the
AUV-2 operator controls the movement of
the RCB with the help of a special control
console (CC).

The results of the three specified
processes are processed by the experimental
data processing (EDP) unit, after which
the condition Y2 of the completion of the
current test is checked (conditions y, andy,,,
respectively).

5.1.4. Preliminary preparation for sea
trials. In the process of preliminary preparation
for a full-scale experiment, the directional
pattern of four ultrasonic rangefinders
model MB 1003-EZ0 manufactured by
MaxBotix were obtained. The directional
pattern is one of the most important
characteristics of distance sensors. It is
a graphic representation of the area in
which an object can be detected by the
sensor. The principle of operation of
ultrasonic sensors is based on measuring the
passage (transit) time of direct and reflected
ultrasonic waves.

Figure 5.5 shows the external view of the
laboratory stand designed to determine the
directional pattern of ultrasonic rangefinders
model MB 1003-EZ0 involved in a marine
field experiment.
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Pucynok 5.4 — biok-cxema y3arajbHeHOr0 aJITOPUTMY NPOBeIeHHSI
MOPCHKOI'0 HATYPHOTO €KCIIEPUMEHTY
Figure 5.4 — Block diagram of the generalized algorithm for conducting
a marine full-scale experiment

JlaGopaTopHull eKCIEepUMEHT BHUKOHAHO
3riJIHO cXeMi, 300pakeHiii Ha puc. 5.6. ami
HAJA€ThCSl KOPOTKHUU OITUC TPOIECY TPOBE-
JICHHS €KCIICPHMCHTY.

[lizBomumii amapaT yCTaHOBIIOETHCS Ha
BHJIQJICHHI /4 BiJl CEHCOpa TaKUM YHHOM, 11100
foro nmiamerpajbHa IUIOMIMHA Oyna MEepIHeH-
IUKYJSIpHA TIPSIMIii, TPOBEICHIN Yepe3 HEHTP
ceHcopa i unentp BenununHu AHITA-cycina.
[Micast woro amapaT Bpy4YHY MEPEMIIIYIOTh
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The laboratory experiment was performed
according to the scheme shown in Fig. 5.6.
The following is a brief description of the
process of conducting the experiment.

The underwater vehicle is installed at a
distance 4 from the sensor in such a way that
its diametrical plane is perpendicular to the
line drawn through the center of the sensor
and the center of the value of the neighboring
AUV. After that, the vehicle is manually
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Y37I0BXK MO3I0BXHBOT OCI BITIBO O MOMEHTY,
KOJIM TTOKa3aHHS CEHCOpa 3MIHATBHCS 10 3Ha-
YEHHs, SIKE BIJITOBIIa€ MaKCHUMaJbHIA BHMi-
PpIOBaHiil TUCTAHIIII.

moved along the longitudinal axis to the left
until the sensor readings change to the value
that corresponds to the maximum measured
distance.

Pucynok 5.5 — Cten 1J1s1 BU3HAYEHHS JliarpaMu ClpsIMOBAHOCTI
YJAbBTPa3BYKOBHX /1a/1eKOMipiB: 1 — GJI0K KHBJIEHHS;
2 — yasTpa3BykoBuii nanexomip moaenai MB 1003-EZ0; 3 — ocunsorpad;
4 — maxer AHITA-1

Figure 4.5 — Stand for determining the directional diagram of ultrasonic rangefinders:
1 — power supply unit; 2 — ultrasonic range finder model MB 1003-EZ0;
3 — oscilloscope; 4 — AUV-1 model

[Torim maker AHITA-cycina 3MimnyioTs B
HaNpsIMKy BUXIZHOTO MICISI PO3TaIIyBaHHS
JI0 TIOHOBJICHHS ITOYATKOBHX IOKA3aHb CCH-
copa Ta BHUMIPIOIOTH BiIcTaHb [ MiK #HOro
OYATKOBOIO 1 HOTOYHOXO MO3UIIISAMU.

VY Takuii ke crocid BUKOHYETHCS BUMIPIO-
BaHH BijcTaHi /| mpu pyci makera AHITA-cy-
ciza mpaBopyH.

JlaHi BUMIpHU TIOBTOPIOIOTHCS JUIS jiara-
3ony /4 = [1,0; 3,0] m i3 kpoxom 0,5 m. s
OTPUMAHUX BIJICTAHEH PO3PAXOBYIOTH MAKCH-
MaJbHI KyTH BIAXWICHHS IEHTpa BEIWYHHU
makera AHITA-cycina Big nieHTpa cercopa.

PesynbraTi eKCiepUMeHTy TpeacTaBiIcHI
B Tabm. 5.1, a rpadiuHe momaHHs miarpaMu
CIPSIMOBAHOCTI 300paxKeHe Ha puc. 5.7.

Then the AUV-neighbor layout is displaced
in the direction of the initial location until
the initial sensor readings are updated, and
the distance / between the initial and current
location is measured.

In the same way, the distance /, is measured
when the neighbor AUV model shifted to the right.

These measurements are repeated for the
range 4 = [1.0; 3.0] m with a step of 0.5 m.
For the obtained distances, the maximum
angles of deviation of the center from the size
of the AUV-neighbor model from the sensor
center are calculated.

The experiment results are presented in
Table. 5.1, and a graphical representation of
the radiation pattern is shown in Fig. 5.7.
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PucyHok 5.6 — Cxema npose/eHHsl 1a00paATOPHOI0 eKCIIePUMEHTY
AJIS1 3HATTS AiarpaMu CpsIMOBAHOCTI yJIbTPAa3BYKOBUX /1a/1eKOMipiB
moneai MB 1003-EZ0
Figure 5.6 — Scheme of conducting a laboratory experiment
for plotting points for the directional diagram of ultrasonic range finders
of the MB 1003-EZ0 model

3Ha0un yac MOUIMPEHHS CUTHANY (10 il
Ta B 3BOPOTHOMY HAINPSMKY), BH3HAYalOTh
BiacTaHp J0 Imi. IIBHAKICTH MOIIMPEHHS
YABTPa3BYKY B MOBITPi MPUOIU3HO JOPIBHIOE
344 m/c ipu 20°C (Tak camo sK 1 3BYKY).

OTxe, yac T, HeOOXiTHHI AJIS TOIIUPEHHS
curHaiy 1o makety AHITA-2 x (cm) 1 Hasapz,
cKJae:

Knowing the signal propagation time (to the
target and in the opposite direction), the distance
to the target is determined. The ultrasound
propagation speed in air is approximately
344 m/s at 20°C (the same as sound).

Therefore, the time T required for signal
propagation to the AUV-2 layout x (cm) and
back will be:

2x

T 34410

Taoauus 5.1. Pe3yjabraTn 1a00paTopHOro 10C/Ti/IZKeHHA
Table S.1. Results of laboratory research

Cencop Cencop-1 Cencop-2 Cencop-3 Cencop-4
ensor) (Sensor-1) (Sensor-2) (Sensor-3) (Sensor-4)
hym [Gm | [Hm | IEm [ IHm | TE,m [ IH,m | IE),m | [(D),™m
3 —0,48 0,57 —0,56 0,59 0,55 0,64 -0,56 0,56
2,5 -0,57 0,57 -0,55 0,63 -0,52 0,61 —0,66 0,77
2 -0,51 0,55 -0,57 0,67 —0,69 0,63 —0,84 0,58
1,5 —0,81 0,80 —0,65 0,75 —-1,00 0,71 —0,76 0,98
1 —0,96 1,01 —-0,93 1,07 -1,1 0,91 —1,08 0,93
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Pucynok 5.7 — ExcriepuMeHTAJbHO 3HATA JiarpamMa clipsiMOBAHOCTI
Figure 5.7 — Directional pattern experimentally taken

OTtpumaHi JiarpamMu CIpsIMOBaHOCTI TTOKa-
3YI0Tb, IO JIJIsl 320€3MEUCHHS SIKICHOTO Kepy-
BanHs gucranmiero AHITA-1 1o 00’exriB, sKi
CTAHOBIISITh HABIraliiHy 3arpo3y, HeoOXiJHO
PO3TAIIOBYBATH CEHCOPH TAaK, 00 MPsIMI JIiHIT,
SIKI TIPOXOJATH 4epe3 IXHI IEHTPH, 3HAXONH-
JIUCH TI1JT KyToM He Oinbine 10° oxHa Bijl OJHOT.

5.1.5. BuKOpUCTaHHS TPYIU CEHCOPIB
Juist Bu3HaueHHs monoxenHs AHITA-cycina.
OnHoYacHe BHKOPHCTAHHS JIEKITBKOX CCH-
copiB 3a0e3rneuye OiNbII TOYHE BU3HAYEHHS
mojokeHHs i mBuakocti AHITA.

[To-nepire, SIKII0 3aCTOCOBYIOThCS ICKITTbKA
IIGHTUYHUX CEHCOPIB (HAINPUKIIAMA, CCHCOPH,
IO BHUMIpPIOIOTH OO’€KT, SKHH pyXaeThbes),
00’ €IHAaHHS CIIOCTEPEKEHB MOJIIIIUTh OI[IHKY
MOJIOKEHHS ¥ IBUIKOCTI LIBOTO 00’ €KTA.

[To-npyre, KpiM METPOJIOTIYHUX XapaKTe-
PHUCTHK Ba)KJIBE 3HAYCHHS Ma€ MOXIUBICTBH
IpynoBoi poOOTH IEKUTBKOX CEHCOPIB, SK
Oyze ToKa3aHO B HACTYIHOMY BUIIPOOYBaHHI
13 YOTHpMa CEHCOpaMH OJJTHOYACHO.

[IpakTika HaykoBO-IOCHiAHOI Jaboparo-
pii «/lenbra» mokasye, Mo JOLIEHUM € BUKO-
pucTaHHs 4 CeHCOpiB s OUBIIOT e(eKTHB-
HOCTI TIpH BUSIBICHHI 00’ €KTIB.

The resulting directional diagrams show
that in order to ensure high-quality control
of the AUV-1 distance to objects that pose a
navigational threat, it is necessary to place
the sensors so that the straight lines passing
through their centers are at an angle of no
more than 10° from each other.

5.1.5. Using a group of sensors to
determine the position of a neighboring AUV.
The simultaneous use of multitude sensors
provides a more accurate determination of the
position and speed of the AUV.

First, if several identical sensors are used
(for example, identical sensors tracking a
moving object), combining the observations
will improve the estimation of the position
and velocity of this object.

Secondly, in addition to metrological
characteristics, the possibility of group work
of multiple sensors is important, as will be
shown in the following test with four sensors
simultaneously.

The practice of the research laboratory
«Delta» shows that it is advisable to use
4 sensors for greater efficiency in detecting
objects.
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Ha puc. 5.8 moka3aHo 30BHIIIHIA BHIJIS
4-X CEHCOpIB — YJIBTPa3BYKOBHX JIAJICKOMIpiB
mozeri MB 1003-EZ0, 3aiydenux a0 ydvacti
Y MOPCHKOMY HATYPHOMY CKCIIEPUMEHTI.

Fig. 5.8 shows the external views of
4 sensors — Ultrasonic Rangefinder MB1003—
EZ0 model, involved in the marine natural
experiment.

Pucynok 5.8 — 3oBHilHii BUIVISIT rPynu yJIbTPa3BYKOBHX /IaJIeKOMipiB
moznesii MB 1003-EZ0, 3a;1y4yeHux /10 y4acTi y MOPCHKOMY HATYPHOMY eKCIepUMEeHTi
Figure 5.8 — External view of a group of ultrasonic rangefinders

of the MB 1003-EZ0 model involved in the marine full-scale experiment

Hiarpamu, otpumMani B Tabn. 5.1, 00’exn-
HAaHO TaKUM YHHOM, MO0 MJOCSITH Mak-
CUMaJIbHO MOXJIMBOi INMPHHHU  Jliarpamu
CTIPSIMOBAHOCTI CHCTEMH 0€3 ICTOTHOTO 3MEH-
IICHHS MaKCHMaJbHOI JHCTAHII po3Mi3Ha-
BaHHS 00’ekTa (puc. 5.9).
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Diagrams obtained in table 5.1, combined
in such a way as to achieve the maximum
possible width of the system’s directional
diagram  without significantly reducing
the maximum object recognition distance
(Fig. 5.9).
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Pucynok 5.9 — /liarpama cnpsiMOBaHOCTi YOTHPHOX YJIbTPa3BYKOBHX /IaJIEeKOMipiB
mozneai MB 1003-EZ0: a) po3ramyBaHHs ceHcopiB; 0) pe3yJibTyloua aiarpama
Figure 5.9 — Directional diagram of four ultrasonic rangefinders
of the MB 1003-EZ0 model: a) locations of sensors; b) the resulting directional diagram
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JITs pO3IISTHY THX CEHCOPIB IaHOTO e(heKTy
MOXXHa [IOCATTH, PO3TAIIYBaBIIM IX TaKUM
YUHOM, 00 MPsIMi, IO TIPOXOJATH Yepe3 IXHi
LEHTPU TiepeOyBaJid MiJ KyTOM He Oiblie
10° omna no onuoi. Ilpu upomy wmupuHa
JiarpaMu CIpsIMOBAHOCTI B ONWKHIA 30HI
(h=10,3..2 M) ckiana 2,5...3 M, a B JlajieKii
30HI (h=2..3M)—4 M.

For the considered sensors, this effect can
be achieved by arranging them in such a way
that the straight lines passing through their
centers are at an angle of no more than 10°
to each other. At the same time, the width
of the directional pattern in the near zone
(h =0.3...2 m) was 2.5...3 m, and in the far
zone (h=2..3 m)—4 m.

5.2. OcHoBHI pe3yJibTaTH MOPCHKUX HATYpHUX BUnpodyBanb CAK AHITA
5.2. The main results of full-scale tests of AUV ACS

Y SIKOCTI TAKOTO Cy/THA OYII0 3Ty4eHO Hay-
KOBO-JIoCiiHe cymHO «Jlenpray Harionans-
HOTO YHIBEPCUTETY KOpaOieOymyBaHHS iMEHI
aamMipana Makaposa. Ha puc. 5.10 nmokazaHo
¢dortodparMeHTH BUIPOOYBaHb.

Mopcekuil HaTypHHUI E€KCIEPUMEHT Ipo-
BOJIMBCS 3TIIHO QJTOPUTMY, HaBEIEHOMY Ha
puc. 5.4, y Takiii 3aranpHiii MOCIIiI0BHOCTI:

1) Omneparop 3amae mapameTpu pyxy
AHIIA-1, aktuBye CAK AHIIA-1 i ouikye
MOMEHTY 3aBEpILIECHHsI TEPEXiTHOTO MPOIIECY.

2) Y mpomeci  KepoBaHOTO — PyXy
AHITA-1 omepatop 3a monomororo [TK PKK
kepye pyxom AHIIA-cycina, cTBOprOrOYH
YMOBH JJIs1 TICPEBIPKH aJICKBATHOCTI (PyHKITi-
OHYBaHHS PSXKUMIB aare3ii i koresii.

[Ipu ubOoMy BUKOHYETbCSA LU(POBE TOKY-
MEHTYBaHHsI NepexXiJHUX MPOLECiB, AKI Mpo-
tikatoTh B CAK AHITA-1.

3) Jlani, HakonmuueHi B XOAl MpOBe-
JICHHSI CKCIICPUMEHTY, 30epiratoTecst y 0ot

OIE, micast dYoro NPOBOAUTHCS aHAMI3
SKOCTI ~ TIPOIECIB  KEPYBaHHSA  PyXoM
AHIIA-1 1 kopuryBaHHs HaJNAIITYBaHb PETy-
nstopie CAK.

4) Ilysktn 1-3 HaBeIeHOi MOCIITOBHO-
CTi MOBTOPIOKOTHCS JI0 MOMEHTY JIOCSTHEHHS
Oa)kaHOi AKOCTI MEPEXiJHUX MPOIIECIB 1 MPO-
LECIB KEePYBAHHS IPYIIOBHM PYXOM.

The research vessel «Delta» of the Admiral
Makarov National Shipbuilding University
was involved as such a vessel. Fig. 4.10 shows
photofragments of tests.

The marine field experiment was carried
out according to the algorithm shown in
Fig. 5.4, in this general sequence:

1) The operator sets the AUV-1 motion
parameters, activates the AUV-1 ACS and
waits for the moment of completion of the
transient process.

2) In the process of controlled
AUV-1 movement, the operator, using
the RCB CC, controls the AUV-neighbor
motion, creating conditions for checking the
functioning adequacy of the adhesion and
cohesion modes.

However, digital
of transient processes
AUV-1 ACS is carried out.

3) The data accumulated during the
experiment are stored in the ODE block,
after which the quality of the AUV-1 motion
control processes is analyzed and the settings
of the ACS controllers are adjusted.

4) Points 1-3 of the above sequence are
repeated until the desired quality of transients
and group motion control processes is
achieved.

documentation
occurring in the
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Pucynok 5.10 — ®orodparMmeHTH MOPChKHUX HATYpHHUX BunpodyBanb CAK AHITA
SIK «areHTa» rpynu: 1 — oouasa maxkeru AHIIA Binisieni oquH Bix oHoro i pyxarrbces
3 3aiaHUMH IIBUAKOCTAMH; 2 — makeT AHITA-1 i maker AHITIA-cycina nepedyBanoTh
y 30Hi nputsiranas, Tomy CAK makerom AHITIA-1 peasizye pe:xxum koresii
(maker AHITA-1 nadimxkaerbes 10 makera AHITA-cycina); 3 — makeru AHITA
po3TaiioBaHi 3aHAATO 0JIM3bK0; 4 — MaKeTH PO3TALLIOBaHi y 30Hi HeGe3MeYHOTro
30amxenHs1; CAK makera AHITA-1 3miHI0€ Kype anapaTa Ha BiigajaeHHs
Big makera AHITA-cycina; 5 — maker AHITA-1 Binnanuscs Bin makera AHITA-cycina
i peskum anaresii BUKOHaHO; 6 — Oe3meuHHil peskuM, KOJIU 00MIBA MAKETH MOYaJIU
BIJIbHO pyXaTuch 32JaHUMM KYPCaMHU Ta 3 32JaHUMHU LIBUAKOCTAMHU

Figure 5.10 — Photo fragments of sea field tests of the AUV ACS as a group "agent":

1 - both AUV models are separated from each other and move at specified speeds;
2 — the AUV-1 model and the neighbor AUV model are in the attraction zone, therefore,
the AUV-1 model implements the cohesion mode with the AUV-1 model
(the AUV-1 model approaches the neighbor AUV model); 3 — AUV models are located too
close; 4 — models are located in the danger zone; SAC of the AUV-1 model changes
the course of the device at a distance from the model of the AUV-neighbor;
5 — the AUV-1 model moved away from the neighboring AUV model and the adhesion
mode was completed; 6 - safe mode, when both models began to move freely along
the given courses and at the given speeds

5.3. AnaJi3 pe3ysbTarTiB MOpchbKUX HaTypHUX BUnpodyBans CAK AHITA
5.3. Analysis of the results of AUV ACS marine full-scale test

Po3risiHeMo pe3yabTaTi eKCriepUMEeHTalb-
Hoi nepeBipku npauesgarnocti CAK AHITA-
1, oTpUMaHi HUISXOM MOPCBHKHUX HATypHHUX
BunpoOyBans [180].

ExcriepuMeHTanbHe  JOCTIUKEHHS pery-
nsatopa auctaniii AHITA-1 noyremo 3 mepe-
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Consider the results of an experimental test
of the AUV-1 ACS functionality test, obtained
by marine field tests [180].

The  experimental study of the
AUV-1 distance controller was started
by checking the adhesion mode. Before
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Bipkn pexumy axaresii. Ilepemx mouarkom
excriepumenty AHITA-1 OyB BuBeneHuii Ha
BizncTanb 0,5 M Bim AHITA-cycina.

I'padiku mepexigHOro mporecy HaBeIcHI
puc. 5.11.

[Ipu amriiTyai 3aga4i KepyBaHHS, PiBHIH
1,5 M, mepexigHuii mpolec Mae anepioguy-
HUHM XapaxTep 3 IMepeperyioBaHHAM 6,7%.
TpuBamicTe MHEpexXimHOTO MpoIecy CKiIaua
25 c. AHITA-1 pyxaerscsi 3ajaHUM KypCOM,
32 BHHATKOM MUISHKH 3aBEPIICHHS Mepexin-
HOTO Tporiecy (dacoswii iHTepBan 15...20 c).
VY upomy Bumanky PCK amapara ne moxe
3a0e3MeunTH 3a/1aHy MBUIKICTh 3MIHH KypCy,
IO TIPU3BOIUTH IO TOSIBH TIEPEPETYITIOBAHHS.

PosmissHemo Ttemep mpare3nataicte CAK
AHITA-1 B pexumi koresii. ['padiku nepexin-
HUX IpoLECciB 300paxkeHi Ha puc. 5.12.

[lepexinHuii mpouec TakoX Mae amnepio-
nuunuit Bua. IlepeperymoBanus ckiaino 2 %,
a TpUBAIICTh NepexigHoro npouecy — 10 c.

[TepeBipumo Tenep mpanesgarHicte CAK
AHITA-1 mpu BIunBi Ha 0T0 KOPITYC 30BHIII-
HiX 30ypeHb. [padiku mepexigHux MporeciB
JUTSL IAHOTO PEKUMY 300paskeHi Ha puc. 5.13.

Ha mouatky excmepmMeHTy amapar OyB
BigBenenuii Ha Bigcranb 1,5 M Big AHITA-
cyciga. Ilo 3akiHUEHHI MepPexiAHOTO MpPO-
necy muisixom Binanenas AHITA-cycina Bin
AHIIA-1 6y7n0 cTBOpeHO 30yprOIOUMil BIIUB

25

(3]

20 30
f,c

a(a)

10 15

the start of the experiment, AUV-1 was
withdrawn to a distance of 0.5 m from the
AUV-neighbor.

Graphs of the transient process are shown
in Fig. 5.11.

With the control task amplitude equal to
1.5 m, the transient process has an aperiodic
character with an overshoot of 6.7%.
The transition process duration was 25 seconds.
AUV-1 moves on the specified course, except
for the section of the completion of the
transient process (time interval 15..20 s).
In this case, the vehicle PSC cannot provide
the specified rate of course change, which
leads to the appearance of the overshoot.

Next, let us study the AUV-1 ACS
operability in the cohesion mode. Graphs of
transient process are shown in Fig. 5.12.

The transition process also has an aperiodic
character. The overshoot is 2 %, and the
transient process duration is 10 s.

Now let’s check the AUV-1 ACS operability
under the influence of external disturbances
on its hull. Graphs of transient processes for
this mode are shown in Fig. 5.13.

At the beginning of the experiment, the
device was moved to a distance of 1.5 m from
the neighboring AUV. At the end of the transition
process, a disturbance effect with the amplitude
of 0.8 m was generated by moving the neighbor-

20

25

a5

6 (b)

Pucynok 5.11 — I'pacgiku nepexiqnoro npouecy B pe:kumi ajaresii:
a) nucTaHuisi; 0) Kepyw4uil BIJIMB

Figure 5.11 — Graphs of the transition process in the adhesion mode:
a) distance; b) controlling influence
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amrutitynoro 0,8 M. Hacmiiku 1aHOTO BILTHBY
CAK AHIIA-1 ycynyna uepes 15 ¢ 3 MomMeHTY
3aKiHYCHHS HOTO IPHKIIAJICHHS.

Jlocniaumo Terep TMHAMIYHI BIaCTHBOCTI
CAK AHIIA-1 nuisixoM 3aBIaHHS CHUTHATY
KepyBaHHsI, SIKMI 3MIHIOETBCS 33 TapMOHIY-
HUM 3akoHOM (puc. 5.14). Curnan kepyBaHHs
Mae HaCTyIHI mapaMmeTpu: 3¢yB — 1,5 M, amn-
mityna — 0,5 m; wacrora — 0,2 ¢!,

[lepeximHuii mporiec 3aBepIIyeThCS Yepes
5 ¢ 3 micJis MOYaTKy eKCIIePUMEHTY.

0.4 :
20 25

a(a)

AUV away from AUV-1. The effects of this
action were eliminated by the AUV-1 ACS
15 seconds after the end of its application.

Let us now investigate the dynamic
properties of the AUV-1 ACS by setting a
control signal, which changes according to a
harmonic (sinusoidal) law (Fig. 5.14). The control
signal has the following parameters: offset —
1.5 m, amplitude — 0.5 m; frequency — 0.2 s™'.

The transient process ends 5 s after the
start of the experiment.

25

6 (b)

Pucynoxk 5.12 — I'padiku nepexignux npoueciB B pexxumi Koresii
a) IMcTaHUis; 0) Kepyo4nii BIUINB

Figure 5.12 — Graphs of the transition process in the cohesion mode:
a) distance; b) controlling influence
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Pucynok 5.13 — I'padiku nepexinnux mpoueciB npu jaii 30BHilIHIX 30ypeHb:
a) [ucTaHlisi; 0) KepywUuii BIVINB

Figure 5.13 — Graphs of transient processes under the influence of external
disturbances: a) distance b) control influence
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Amapar pyXaeTbcs IO CHHYCOTNAIbHIN
TPAEKTOPIi i3 3aIi3HIOBAHHSAM IIIOJI0 CUTHAIY
KepyBaHHSI B 2 C.

2.2

The vehicle moves along a sinusoidal
path with a delay of 2 s relative to the control
signal.

0 5 10 15 20 25 30 35
ihc

a(a)

6 (b)
Pucynoxk 5.14 — I'pa¢iku nepexigHux npouecis npu rapMoHiYHOMY CUTHAJIi KepyBaHHsA:
a) aucrTanlisi; 0) KepyoUuii BIVIMB

Figure 5.14 — Graphs of transient processes with a harmonic control signal:
a) distance; b) control influence

CurHan  KepyBaHHS Ma€  HAaCTYIHI
napaMmerpu: 3cyB — 1,5 M, ammuityga —
0,5 m; wacrora — 0,2 ¢!, Tlepexianuii mpouec
3aBEPUIYETHCS Yepe3 S ¢ 3 Micys MOoYaTKy eKc-
MEePUMEHTY. Amapar pyXaeTbCs MO CHUHYCO-
{manpHIN TpaekTopii i3 3aMi3HIOBAHHAM 100
CUTHaJly KEpyBaHHs B 2 C.

3a pesyapraTraMi HATypHHUX BHIIPOOYBaHb
MOYKHa 3pOOUTH BUCHOBOK PO NPUHHATHICTh
3alpOINOHOBAHOTO TIXOMY IS peatizaii
3aKOHIB IpyIOBOro kepyBaHHs pyxom AHIIA.

[TomimnreHHs TOKa3HUKIB SIKOCTI MPOIIECiB
KepyBaHHS MOXKHA IOCATTU 3aCTOCYBaHHSIM
OUTBII JTOCKOHAJIOT KOMIIOHEHTHOI 0a3u (CeH-
COpiB AMCTaHILii, HaBiramiiiHoi cucremu) i
ONITHMI3ALIE€I0 TAPAMETPIB PEryisiTopa Kypey
stk ckianoBoi CAK pyxom AHITA-1 sx «aren-
TOM» TPYTIH.

The control signal has the following
parameters: displacement — 1.5 m, amplitude -
0.5 m; frequency —0.2 s°'. The transient process
ends 5 s after the start of the experiment.
The device moves along a sinusoidal trajectory
with a delay of 2 s relativee to the control
signal.

Based on the results of the marine full-scale
tests, it can be concluded that the proposed
approach acceptability of the implementation
of the AUV group motion control laws.

Improving the quality indicators of
control processes can be achieved by using
a more advanced component base (distance
sensors, navigation system) and optimizing
the parameters of the course controller as a
component of the AUV-1 motion ACS as a
group «agenty».
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BUCHOBKH
CONCLUSIONS

Y MoHoTpadii Ha OCHOBI aHAI3Y CYJaCHOTO
CTaHy y Tajy3i IMiJBOJAHOT POOOTOTEXHIKH MOKa-
3aHO, 10 OJIHUM 3 aKTHBHO PO3POOFOBAHUX ii
HaIpsIMKIB € TPYIOBE 3aCTOCYBAHHS aBTOHOM-
HUX HCHACEJICHUX IIiIBOMHUX arapariB. Y CBi-
TOBIA TIPaKTUIN IEH NPHUKIATHUNA HaIpPsSMOK
pobotorexHiku orpumaB Has3By «Collective
Cognitive Robots» (CoCoRo, KoleKTHBHI Kor-
HITUBHI amapaTu-poOOTH) 1 CHOTOAHI 3HAXO-
JIUTHCSI Ha TIOYATKOBIH cTaIii po3poOKH.

AHaJi3 CydacHUX METOJIIB IPYIIOBOTO 3aCTO-
CyBaHHSI aBTOHOMHHX HCHACCNICHHUX TiBOIHIX
arapartiB CBITYUTH IIPO IEPEBaKHE X 3aCTOCY-
BaHHsI TSI IPOBEICHHS MOIITYKOBUX ITiIBOHUX
POOIT, a TAaKOK HAYKOBUX Ta IPUPOTOOXOPOHHUX
JIOCITIIKEHb, SIKI MICTSATh TIOIIYKOBY CKJIAJIOBY.

KoH1ientyanbHO y pO3BUTKY METOJIIB IPYIIO-
BOTO BUKOPHCTAHHSI TAaKHX arapariB CHOCTEpi-
Ta€THCS PO3BUTOK JBOX HAINPSMKIB aBTOMATH3a-
1i{ — pPO3BUTOK 1HIUBITyaIBHUX XapPAKTEPUCTUK
OKPEMOTO IIi/IBOHOTO arapara SIK «arcHTa»
IPYIH Ta PO3BUTOK METOMIB KEPYBAHHS IPYIIO-
BUM 3aCTOCYBAHHSIM ITiJBOJIHUX ariaparis.

JIs KOXKHOTO 13 3a3HAUCHUX HAaNpsSMKiB
aBTOMATH3allil XapaKTepHUM € HasBHICTh
TPHOX OCHOBHHX PIBHIB PO3BHTKY aBTOMAaTH-
3amii — 0a30BOrO piBHS aBTOMAaTU3allii OKpe-
MOT'0 aBTOHOMHOT'O HEHACEJIEHOTO TiIBOIHOTO
armapara, JIOKaJIbHOTO PiBHS TPYIIOBOTO Kepy-
BaHH IT1IBOTHIMH ariapaTaMu Ta IIo0aibHOTO
piBHSL aBTOMAaTHW3aIlii MiJIBOJHUX TOIIYKOBUX
MICIHl 13 3aCTOCYBaHHSM TPYIH ABTOHOMHHUX
HEHACEJICHHX ITIBOIHUX araparis.

Y MoHOTpadii Ha 0CHOBI aHAI3Y CYYaCHUX
MAXOMIB 10 TPYTOBOTO KEPyBAaHHS ABTOHOM-
HUX HEHACEJICHUX ITiJIBOMHHUX amapariB IOKa-
3aHO, IO IPHUKJIATHY HAYKOBY ITpo0IIeMy aBTO-
Maru3allii MpoIieciB TPyNoOBOTO0 BUKOPUCTAHHS
MiIBOJHAMH allapaTaMy MOYKHA IPEICTABUTH
Yy BHUIJISII YOTHPHOX BITHOCHO HE3aJICKHHUX
3aga4:  (GOpMyTaIOBaHHA MeETH  (KIHIIEBOTO
MPOMYKTY) MiJBOAHOT MiCii, Ky HEOOXiTHO
BUKOHATHU TPYII MiABOJHUX arnapariB IUITXOM
OIHOYAaCHOTO BUKOHAHHS HU3KHU ITiJBOTHHX
po0iT; po3pobOka TpPOrpaMu aBTOMATHYHOTO
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In the monograph, based on an analysis
of the current state of the art in the field of
underwater robotics, it is shown that one of
the actively developed areas is the group
application of autonomous underwater
vehicles. In global practice, this applied
area of robotics has been named Collective
Cognitive Robots (CoCoRo) and is currently
at the initial stage of development.

The analysis of modern methods of
group application of autonomous underwater
vehicles indicates their predominant use for
conducting underwater seach operations, as
well as scientific and environmental research
containing the search component.

Conceptually, in the development
of methods of the group application of
such vehicles, the development of two
directions of automation is observed — the
development of individual characteristics of
an individual underwater vehicle as agroup
agent and the development of methods of
group application control of underwater
vehicles.

Each of the indicated directions
of automation 1is characterized by the
presence of three main levels of automation
development — the basic level of automation
as an individial autonomous underwater
vehicle, the local level of group control of
underwater vehicles and the global level of
automation of underwater search missions
using a group of autonomous underwater
vehicles.

In the monograph, based on the analysis
of modern approaches to the group control
of autonomous underwater vehicles, it is
shown that the applied scientific tasks of
group application process automation of
underwater vehicles can be represented in
the form of four relatively independent tasks:
by simultaneously performing a number
of underwater operations; development
of a program for the automatic execution
of an underwater mission by a group of
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BHUKOHAHHSI ITiJIBOJHOT Micii TPYIIOrO ITiIBOA-
HUX amapariB (cTparerii KepyBaHHs); Kepy-
BaHHS MMApaCIFHIMH MIPOIIECaMH BHKOHAHHS
PO3pO0IEHOT IPOrpaMy BUKOHAHHS 111 TBOIHOT
MICii; aBTOMaTu4He KepyBaHHS OKPEMHUM IIif-
BOJIHUM arlapaToM SIK «areHTOM» TPYIIH.

Bukonano anami3 crnocoOiB oprasizarii
KEpyBaHHs TPYIOI0 IMOIIYKOBUX BTOHOM-
HUX HEHACeJeHWX MiJIBOJHUX arapariB, y
pe3yibTari 4oro BHIIICHO JIBa OCHOBHI CIIO-
COOM — IEHTpalli30BaHe 1 JEIEeHTpali30BaHe
KepyBaHHS TPYIOI0 aBTOHOMHHX HEHACETICHUX
ITiIBOJTHHX aItapaTiB, a TAKOXK JIOJATKOBHH CITO-
€10 — HaMTiBIICTICHTPATI30BAHE KEPYBaHHS, IKAH
MOEHYE JEsKI BIACTHBOCTI JIBOX MOMEPEITHIX
OCHOBHHX CIIOCO0IB KepyBaHHsI TPYIIOKO.

Ha ocHOBI aHami3zy iCHYIOUHMX METOJIB
ABTOMATUYHOTO KEPYBaHHS TPYIOI aBTO-
HOMHHX HEHACEJICHUX IIiJIBOMHHUX araparis,
y MoHorpadii 3anpornoHOBaHO MEpPeNiK TUIIO-
BUX 3a/1au KePYBaHHS HUMH Y PEIKUMAX OIIH-
HOYHOTO Ta TPYNOBOTO 3aCTOCYBaHHS NpHU
IJIaBaHHI B CKJIQJIHUX HABIraliiHUX YMOBaX,
Meperik 3a/lad HaBIramiiHOTo 3a0e3IeYeHHs
OIMHOYHOTO TiJBOJHOTO amapara Ta TpyIo-
BOTO iX 3acTOoCyBaHHS. SIK pe3yibTar aHaii3y
CYy4acHOTO CTaHy B 00JacTi aBTOMAaTH3aIlil
Co-Co-Ro — TtexHomorit chopmynpoBaHO
TOJIOBHI HAyKOBI 3aJ1a4i J0CI1PKCHHS:

— VIOCKOHAJICHHST aBTOMAaTHYHOTO Kepy-
BaHHS PYXOM OIMHOYHOT'O aBTOHOMHOT'0 HEHa-
CEJIGHOTO TIiJBOJHOTO amapara fK «areHTa»
TPy B yMOBaxX HaBiraiifHoi Omm3bKOCTI
IHIIUX IiIBOAHUX anapaTis rpymnuy;

— YIIOCKOHAQJICHHS ITPOIIECiB aBTOMAaTH3aIlii
TPYIOBOTO TOIIYKY SIK OJHOTO 3 0a30BHX aJIro-
PHUTMIB KepyBaHHS TPYIOI0 TOIIYKOBHX aBTO-
HOMHUX HEHACEJICHUX ITi/IBOJIHUX araparis;

— YIOOCKOHAJICHHSI IPOIIECiB aBTOMAaTH3a-
1ii KepyBaHHS OKPEMHMHU BHIAMH MOPCBHKHX
MOUTYKOBUX OICPAIIiif;

— VIOCKOHAIICHHSI TIPOLIECIB  KEepPyBaHHS
0€3eKiMa)KHUMH HAJBOJHUMHU CYIHAMH SIK
HOCISIMH TPYIH ABTOHOMHHUX HEHACEICHHX
MiJIBOJHUX arlaparis.

Hageneni y monorpagii po3s’si3ku mocTas-
JICHUX 3aJ1a4 YTBOPIOKOTh TEOPETHYHE MiATPYHTSI
JUISl  TH)KCHEPIB-PO3POOHUKIB CHCTEM aBTOMa-

underwater  vehicles (control strategy);
parallel processing control for the developed
program implementation for underwater
mission execution; automatic control of an
individual underwater vehicle as a group
«agenty.

The analysis of methods of organization of
the control of a group of search autonomous
underwater vehicles was carried out, as a
result of which two main methods were
identified — centralized and decentralized
control of a group of autonomous underwater
vehicles, as well as an additional method —
semi-decentralized control, a combination of
some properties of the two previous main
methods of group control.

Based on the analysis of the existing
methods of automatic control of a
group of autonomous underwater vehicles,
the monograph proposes a list of typical
tasks of controlling them in single
and group application modes when
moving in difficult navigation conditions,
a list of navigation support tasks for a
single underwater vehicle and their group
application. As a result of the analysis
of the current state in the direction
of Co-Co-Ro automation technologies, the
main scientific tasks of the research were
formulated:

— improvement of automatic motion
control of a single autonomous underwater
vehicle as a group agent in the conditions of
navigational proximity of other underwater
vehicles of the group;

— improvement of group search automation
processes as one of the basic algorithms
for group control of search autonomous
underwater vehicles;

— improvement of control automation
processes of certain types of marine search
operations;

— improvement of control processes
of unmanned surface vessels as carriers
of groups of autonomous underwater
vehicles.

The solutions of the tasks presented in
the monograph form the theoretical basis
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CHAPTER 5

THYHOTO KEpyBaHHsS aBTOHOMHHMMH HeHacene- | for automatic control systems engineers-
HUMH MJIBOJHUMH araparamu Ta Oesekinmax- = developers of autonomous underwater
HUMH HaJIBOIHMMHU CyJIHAMH sIK Hocisimu Takoro | vehicles and surface vessels as carriers of this
BHJTY 3aCO0IB MOPCHKOT POOOTOTEXHIKH. type of marine robotics facilities.
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