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PO341J1 3. CHHTE3 CUCTEMUA ABTOMATUYHOI'O KEPYBAHHSA
I'PYIIOBUM PYXOM ABTOHOMHUX HEHACEJEHUX
HNIABOAHUX AITAPATIB IOITYKOBOI'O THUILY

CHAPTER 3. SYNTHESIS OF AUTOMATIC GROUP MOTION CONTROL SYSTEMS
OF SEARCH AUTONOMOUS UNDERWATER VEHICLES

3.1. CyuacHi rpynosi nomykosi mixBoani micii AHITA
Ta 0CO00JMBOCTI ABTOMATHU3ALII IX BUKOHAHHSA

3.1. Modern AUV group underwater search missions
and their execution automation features

Ha cyyacHoMy eramni po3BUTKY MiJIBOJHOT
pOOOTOTEXHIKH aKTyalbHUM € TPHKJIAIHE
HayKOBe 3aBJaHHs Kiacudikaiii MeToIiB rpy-
nosoro nepeminiennss AHITA 3 ypaxyBaHHAM
X TEXHIYHUX OCOOJMBOCTEH, 0COOIUBOC-
TEH MiIBOJHOTO CEpPEeIOBUINA Ta BIACTHBOC-
Tel MiJABOJHUX 00’€KTiB. BupimeHHs 1mboTo
3aBJaHHs JIO3BOJIUTH CTBOPUTH TEOPETHUYHY
ocHOBY cuHTe3y HoBoro tumy CAK wmop-
CBbKUMH PYXOMHUMH 00 €KTaMH — CHUCTEMOIO
rpynoBoro kepyBanas AHITA.

3a3HayMMo, [0 3HAYHA KiJIBKICTh Cydac-
HUX HAyKOBHX IyOnikamii mpucBsSdeHa
MUTAHHSIM TpynoBoro 3acrocyBanHs AHITA
[14; 32-35; 37; 38; 58; 101-102]. Onnak Hapasi
HE ICHY€ €JIMHOT CHCTeMH Kiacuikailii MeTojIiB
3acrocyBanHs rpynu AHITA sk ocHoBu uist
PO3pOOKM  BIMOBITHUX METOIB OpraHizarii
KEpPYBaHHS PyXOM T'PYITH MiIBOIHKX arlaparis.

Tomy cTBOpeHHS Kiacuikarlii METOIB Ipy-
roBoro 3actocyBanHsi AHITA anst BUKOHaHHS
ITJIBOJTHUX TIOIITYKOBUX POOIT Ta IMOIIYK ITiIX0-
JIB JI0 PO3POOKH CHCTEM TPYIOBOTO KepyBaHHS
AHIIA 5K OCHOBU CTBOPEHHS CHCTEM aBTOMa-
TH3AIIT CKJIaJHHUX IMIABOIHUX POOIT, MO BUKO-
HYIOTBCSI Ha BEIMKHX 32 ILIOMICIO aKBATOPIsIX, €
AKTYyaJIbHIM MPUKIIAHIM HAyKOBHUM 3aBIaHHSIM.

Buxonsuu 3 A0CBily YCHILIIHOTO TpyIo-
Boro 3acrocyBanus AHITA npoBigHUMEU MOP-
CBKHMH JIep)KaBaMU CBITY, a TAKOXK Ha OCHOBI
peaNbHUX 3aBJaHb IMiJABOJHOTO TIOUIYKY B
iHTepecax yKpaiHCBKHX OpraHizamiif, mpormo-
HYETHCSI HACTyIHA Kiacu(iKaiisi MiABOIHIX
3aBJaHb 1 METOJIIB 1X BUPIMICHHS 33 JOMOMO-
roto rpynu AHITA (ta6mn. 3.1) [103].

Atthe present phase of underwater robotics
development, the applied scientific task of
classifying the methods of AUV group motion,
taking into account their technical features,
the underwater environment characteristics
and the properties of the underwater objects,
is relevant. The solution of this task will allow
creating a theoretical basis for the synthesis of
anew type of ACS of marine mobile objects —
the AUV group control system.

Note that a significant number of modern
scientific publications are devoted to AUV
group application issues [14; 32-35; 37;
38; 58; 101-102]. However, currently there
is still no unified classification system for
the AUV group application methods as a
development basis of the appropriate motion
control organization methods of a group of
underwater vehicles.

Therefore, the creation of the classification
of AUV group application methods for
underwater exploration and related approaches
to the development of AUV group control
systems as a basis for creating highly efficient
automation systems for complex underwater
operations performed in large water areas are
relevant applied scientific tasks.

Based on the experience of successful
AUV group application by the World’s
Leading Maritime Nations, as well as on
the basis of real underwater search tasks in
the interests of Ukrainian organizations, the
following classification of underwater tasks
and methods of solving them using the AUV
group is proposed (Table 3.1) [103].
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Ta0auus 3.1. Tunosi nigBoani micii Ta Tunu opraunizauii pyxy rpynu AHITA
Table 3.1. Typical underwater missions and types of AUV group motion organization

Tunosa Havkosi
Micist Kaprorpa- . Y
. Momryk Momnitopunr | O0cTeKeHHS | 10CTiTKeHHSI
(Typical dyBanus . . Boenne
et 3aTOHYJIUX .. | MiIBOJHOTO | MPOTSIZKHUX | MiBOIHOIO
mission) 00'exTiB sonrot cepeqoBUINA | 00'€KTIiB | cepegoBHINA acrocy-
(Search noBepxHi (Underwater| (Inspection | (Underwater BaHm
of sunken (Bottom environment| of ey?tended environment (Military
TunoBuii . surface A R s application)
Pvx objects) mapping) monitoring) | objects) scientific
yX . research)
(Typical motion
LenTpasnizoBane kepyBanus (Centralized control)
Pyx ¢pponrom
(Front (line) + + + + + +
motion)
Pyx yctynom
(Ledge (echelon) + + + +
motion)
Pyx xnmunom
(Wedge motion) " " " *
4. PagianpHuit
pyx (0
CXOIIUTHCS Ta
PO3XOIUTHCS)
(Radial motion + + + +
(converging and
diverging))
5. Pyx
0 KOJIy + + + + +
(Circular motion)
6. Pyx no
KOHIIEHTPHUYHHX
KOJIax
(Motion in + + + + +
concentric circles)
7. Pyx
o cripanti
(Spial motion) * * * * *
8. IIpocropoBuii
pyx . - + + +
(Spatial motion)
JeuenTpaJjizoBane kepyBanHs (Decentralized control)
9. PoiioBuii pyx
(Swarrm) * * * *
10. 3rpaiinunit pyx
(Flock motion) * * * *
11. KonextuBuuit
pyx
(Collective * * * *
motion)
[epmi wotupu THIM opraHizamii pyxy The first four types of motion organization

BKJIIOYAIOTh CHHXPOHI30BaHWI a0o HecwH- | include synchronized or asynchronous motion
xporHudd pyx rpynu 3 N AHITIA Ha Bkaza- | of a group of N AUVs on specified straight
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HUX TPAEKTOPISIX MpsiMoi JiiHIL. Y TOH ke
yac JiHiiHI mBuakocti AHITA MoxyTh OyTn
onHaKoBUMH (v,=V,) abo pizHi (V).

Hactynui wortupu tunum pyxy AHIIA
BKJIIOYAIOTh NEpPEMIlIeHHs arnapariB Mo pos-
paxoBaHUX KPUBOJIHIHHUX TPAEKTOPIAX, SKi
HaKJIaaloTh 10AaTkoBl (yHKUIl it X cuc-
TEMHU KEpyBaHHS 10 MMOTOYHOMY PO3PaXyHKY
nmapamerpiB pyxy i-ro AHIIA sk arenra
MYJIBTUAar€HTHOT ITOUTYKOBOIL MiABOIHOT
CUCTEMHU.

Lli mepmri BiciM THITOBHX THIIB IpyIoO-
BOTO PyXy pPEaji3yloThCs 3 BHKOPHCTaHHSIM
MPUHIMIIB [EHTPAILHOTO KOHTPOIIO, KOJIK
mapaMeTpH TEePEeMIIIeHHsT KOKHOTO arapary
SIK €JIEMEHTA IPYIH BHIAIOTHCS [IEHTPAEHIM
MIPUCTPOEM KEpyBaHHA (HAmNpHUKiIad, MOCT
IpymnoBoro kepyBaHHs Ha Beaydyomy AHITA
a0o0 Ha cynHi 3a0e3MeYeHHs).

Y cBow uepry, Takuil IOCT OTPUMYE
iH(popManiro mpo nmotouHui cran Bcix AHITA
1 30BHINIHBOTO CEPEIOBUIIIA.

PosrnstHeMo cmenmdixy oprarizamii meH-
TpaIi30BaHOTO KepyBaHHs Tpyrnoro AHITA.

Pyx ¢pponmom nepedbdauac niniiine pos-
tanryBaHHss AHITA (mpoHymepoBaHi KoJja)
3 PIBHUMH BIJICTAHSIMH /i MK HUMH B PEXKHAMI
TotryKy, puc. 3.1, a [42].

Benuunna /s oOupaeThes 3 ypaxyBaHHIM
IUPUHHE § poOOYOi 30HM MOUIYKOBOI amapa-
Typu AHIIA, ane He 6inble paniyca aii 6op-
TOBUX CUCTEM 3B’SI3KY aIaparis 7 ..

h:{s npu

T 28

3.1)

T, npu ¥.<S§

3a3Buy4aii BiICTaHb /1 BUOUPAIOTH 3 HEBEITH-
KHM «TIEPEKPUTTAM» HIUPUHH § poOOU0i 30HU
nomrykoBoro oonannanas AHITA s rapas-
TOBAaHOTO BHBYCHHS JIOHHOI TOBEpPXHi 0e3
PO CKIB.

[Ipy BUsBICHI OMHWM 13 amapariB Iij-
BOJHOTO 00’€KTa (Ui TOIIYKY), HOTO KOOp-
IMHATHA TepeNaroThCsl Ha IHII armaparH, o
MPU3BOANTE JI0 Toro, mo komanmga AHITA
nepele B IHIMKA peXuM poOOTH (Harpu-
KJIaJl, TIEPCHANAIITYBAHHS Ui OOCTEIKCHHS
ab0 CynpoBOAY PyXOMOT0 00’ €KTa).

line trajectories. At the same time, the AUV
linear velocities can be the same (v=v)) or
different (v#v,). In this paper, the ratio (v,=v,)
is adopted.

The next four types of AUV motion include
the motion of wvehicles along calculated
curvilinear  trajectories, which impose
additional functions for their control system
based on the current calculation of the motion
parameters of the i-th AUV as an agent of a
multi-agent search underwater system.

These first eight typical types of group
motion are implemented using the principles
of central control, when the motion parameters
of each vehicle as a group element are issued/
given by a central control device (CCD) (for
example, a group control post on the leader
AUV or on a support vessel).

In turn, such a post receives information
about the current state of all AUVs and the
external environment.

Consider the specifics of the AUV group
centralized motion organization.

The front (line) motion provides for
a linear arrangement of AUV (numbered
circles) with equal distances 4 between them
in the search mode, Fig. 3.1, a [42].

The value of % is selected taking into
account the width s of the working area of the
AUV search equipment, but not more than
the radius 7. of the onboard communication
systems of the vehicles:

{s when rc>s

rc when rc<s

3.1)

Typically, the distance % is chosen with
a small «overlapy of the width s of the
AUV search equipment working area to
guarantee the study of the bottom surface
without gaps.

When one of the vehicles detects an
underwater object (search target), its
coordinates are transmitted to other vehicles,
which leads to the fact that the AUV team
will switch to another mode of operation
(for example, reconfiguration for survey or
tracking of a moving object).
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Pucynoxk 3.1 — llpsimodiniiini pyxu rpynu AHITA
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Figure 3.1 — AUV group rectilinear motions

Pyx eucmynom (puc. 3.1,0) 3aCTOCOBYIOTh
JUIA TIOLTYKY IOTEHLIHHO BUOYXOHEO0e3MeuHUX
3aTOHYJIMX 00’ €KTIB, KOJIM IX CIIPAlIOBaHHS Ha
BiJICTaHi p Moxke momkoauTH cycigai AHITA.

Cryninuacre 3mimenns AHIIA g BuGu-
paeTbes 3 ypaxyBaHHSIM O€3IEUHOCTI, aje He
OinbIue ManbHOCTI 7. JiiH OOPTOBHUX CHCTEM
3B’SI3Ky anaparis:
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The ledge motion (Fig. 3.1, b) is used
to search for explosive objects, when their
operation at a distance p can damage the
neighboring AUV.

Stepwise displacement of AUV g is
selected taking into account the safety, but
not more than the range r. of the onboard
communication systems of the vehicles:
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g> Jpz —S% npu g<r.. (3.2)

Pyx Kkaunom BUKOPUCTOBYETbCS, KOIIU
BiZloMe HMOBIpHE po3TaInryBaHHs 00’ €KkTa (IIii
nomyky), puc. 3.1, B [42]. B upomy BUMangxy
TPYHOBHI pyX MOOYIOBaHHUN TaK, M00 BEPXHS
YacTWHA KIIMHA CIPSIMOBYBAJacsi 1O TOYKH
A(x;y) 3 IMOBIpHUMH KOOpIWHATAMH I, «
crymindacte 3MinieHHst AHITA g BuOupaerbes
Ha OCHOBI JTliaIma30Hy OOPTOBUX CHCTEM 3B’ SI3KY
amnaparis T, b0 ONEpaTHBHOTO Yacy t; Miaxomy
Hanommkayoro AHITA no 3HaiaeHo1 1iji:

g>4p —S% when g<r.. (3.2)

Wedge motion is applied when search
target — sunken object (SO) — probable
location, is known, Fig. 3.1, in [42]. In this
case, the group motion is constructed so that
the wedge tip is directed to point 4 (x; y) with
the target probable coordinates, and the AUV
stepwise shift g is selected based on AUV
on-board communication systems range r,, or
the nearest AUV approach operational time
{, to the found targets:

g=N\re —n; (3.3)

g=y(v,) -1, (3.4)

me: v, — JlHIAHA HIBUAKICTB  pyXy where: v, is the linear velocity of the
i-ro AHITA. i-th AUV.

Paodianvnun pyx zpynu AHIIA, wo cxo-
Oumbcs, BUKOPUCTOBYETHCS y BHIAJIKY BHSIB-
JICHHsI OJTHUM 13 anapariB 00’ €KTa, KHii Tpeda
3HAWTH, 3 KOOpIWUHATaMU A(X,y) 1 pilleH-
HSIM TIPO HOTO KOMILJICKCHE 0OCTEXEHHs a0o
cynposina. Ha puc. 3.1, T mokazaHo mpukiaz
[Io4yaTkoBoro posramtyBanHs Ipynu AHIIA,
sIKa paHille mMepeMilnanacs Mo Koiy. 3arajioM,
nouarkoBe mnonokeHHss AHIIA wmoxe Oytu
JIOBIJIBHUM, OJTHAK, BEKTOPH 1X IIBUJIKICTb MiCIIS
KOMaHIIH JI0 PamialIbHOTO PYXY, IO CXOIHUTHCS,
MOBHWHHA OyTH CIIPSIMOBaHA B TOUKY A(X,)).

Paoianvnuit pyx epynu AHIIA, wio posxo-
Oumbcs 3aCTOCOBYETHCS:

— Ui TIOWIYKY Il B pobouiil Kpyrosiit
30HI 3 pO3TAllyBaHHSM CYIHA-HOCIS TpPymu
AHIIA B uenTpi;

— SIK TepexiTHUM pyX UIg oprasizamii
IHIIIUX BHUJIIB PYXY.

I'pynosuii pyx no Koay TPOTOHYETHCS
aBTOPOM SIK TIPOMIXKHA (opma pyxy nipu (op-
MyBanHi Tpyni AHITA, micns goro ii mepeHa-
JAIITYBaHHS JJIs1 BUKOHAHHS KOHKPETHOI Micii
(puc. 3.2, a).

T'010BHOIO METOIO TAKOIO PyXY SIBJISETHCS
yTpUMaHHA JTUCTaHLIi /# MK amapaTamu He
Olnble 7.

hmin<h3<rC’

ne h, — MiHIManpHa Oe3lleuHa BiacTaHb

Mix cycimHimu AHITA.

AUV group radial converging motion is
used in the event, if one of the AUVs detects
the desired object, that needs to be found,
with coordinates A(x, y) and deciding on its
comprehensive survey or escort. Fig. 3.1, d
shows an example of the initial location of
the AUV group, which previously moved in
a circle. Generally, the initial position of the
AUV can be arbitrary, however, their velocity
vectors after the command to the converging
radial motion should be directed to the
point A(x,y).

AUV group radial divergent motion is
used:

— for a target search in the working circular
zone with the AUV group carrier vessel
location at its center;

— as transitional motion for organizing
other types of motion.

Group circular motion is proposed by the
author as an intermediate form of motion in
the formation of the AUV group, after which
it is reconfigured to perform a specific mission
(Fig. 3.2, a).

The main purpose of this movement is to
keep the distance /4 between the vehicles no
more than 7.

hmin<h3<rC’

where /1~ — minimum safe distance

between the neighboring AUVs.
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Pyx Ha KOHUeHMPUYHUX MPAEKMOPI-
sax-konax (puc. 3.2, 6) NPOMOHYETHCS, SKIIO
B OnIHIN Tpymi N amapaTéd 3 pi3HUMH TeX-
HIYHMMH  XapaKTEPUCTHUKAMHM, HANPUKIIAJI,
3 pI3HUMM IIBHJIKOCTSIMHU PyXY, 3 Pi3HUMHU
MOKA3HUKAMU aBTOHOMHOCTI poOoTH. Y IHX
BHMAJKaX 3aKpiluieHHs KoHKpeTHoro AHITA
32 i-M KOJIOM 3[IHCHIOETBCS 3 PO3PaxXyHKY
MaKCUMaJIbHO TTOBHOTO OOCTEKEHHSI po00vOoi
30HU 3 OJIHOYACHUM 3aBEPIICHHSIM MiCil KOX-
HOTO amapary.

a) a)
Pucynox 3.2 — KpusoJiniiinuii pyx rpynu AHITA

Motion along concentric trajectory-
circles (Fig. 3.2, b) is proposed if in one group
of N there are vehicles with different technical
characteristics, for example, with different
speeds of movement, with different indicators
of autonomy of work. In these cases, the
assignment of a specific AUV to the i-th
circle is carried out on the basis of the most
complete survey of the working area with the
simultaneous completion of the mission of
each vehicle.

6) b)

Figure 3.2 — Curvilinear motion of the AUV group

V Toii ke 4ac, Bigcranb & Misxk AHITA, o
PYXarThCs B CYMIKHUX KOJIaX, IIOBUHHA OyTH
He Oibllie, HK pajiyc aii OOPTOBUX CHCTEM
3B 3Ky anaparis 7. (3.1).

PosrstHeMo  opramizamiro  KepyBaHHSI
pyxoM rpymu ix N anapariB 10 KOHIICHTPHY-
HUX TPAEKTOPISX HA MPHUKIATI OOCTEHKEHHS
KpyroBoi po0o4oi 30HM JOHHOI IOBEPXHi
wiomero S, . SIkmo Bigoma mupuHa pobo-
40i 30HU § ToITykoBoro oomagHanus AHITA,
TO KUTBKICTh MIiJBOIHHUX amapariB B TpyIIi
(3a ymoBwH, 1110 € TitbkH onuH AHITA Ha Kox-
HIl KpYToBili TpaekTopii) Moke OyTH BH3HA-
YyeHa 3 BiIHOLIECHHS:

N:
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S,/

At the same time, the distance 4 between
the AUVs moving in adjacent circles should
not exceed the action radius of the onboard
communication systems of the vehicles 7. (3.1).

Consider the organization of motion
control of a group of N vehicles on concentric
trajectories using the example of a survey of
the circular working area of the bottom surface
area S, . If the width of the working area s
of the AUV search vehicle is known, then
the number of the underwater vehicles in the
group (provided that there is only one AUV
on each circular trajectory) can be determined
from the relation:

: 3.5)
S
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a paxiyc r, i-i KpyroBoi TpaekTopii s
i-ro  AHITA wMoxe OyTH BH3Ha4YeHa 3
BUpasy:

s
r=—+(@G{-1s.
=2

[ToriM, xonmu mponymepoBani Bci AHITA
B IPYIIi 10 3POCTAHHIO iX WIBUIKOCTI PYXY V,
BU3HAYMMO 3arajbHUN 4Yac BUKOHAHHA TMij-
BOHOI Micii 7', 3 BUpasy:

T = inf{Ti =

ne inf — onepaTop BHOOPY MEHIIIOTO WiIeHA
vuoxkuan {7, ... T, N}; v, — JIHINHA MIBUJI-
kictb i-ro AHITA.

Pyx ezpynu AHIIA no cnipani Apximeoa
(puc. 3.3) mpomoHy€eThCS aBTOPOM JUIsE 00CTe-
KEHHSI KpyroBoi po0040i 30HH 3 MaKCHMalb-
HOKO MPOAYKTUBHICTIO B yMOBaX OOMEKEHOT
kinmekocti AHITA B rpymi.

Jns kepyBaHHS UM THIIOM TPYTIOBOTO
pyxy AHIIA croyarky HEOOXiJHO MOOYy-
BaTu cripaixb ApXiMena B TOISIPHUX KOOP-
nuHatax r=k ¢ 3 KPOKOM He OiblIe MUPHHA
po6o40i cMyrm s MOIIYKOBOTO OONaTHAHHSA
AHIIA. [Tani npuiimaemo k =s.

IMnoma moOymoBanoi cmipami S , Mae
JIOpIBHIOBATU IUIONI poOOY0i 30HU — KPyTo-
BOI 30HM TONIYKYy Ha JOHIH TOBEpXHi
(uenTp cmipani mae Oytu B Toumi A(X,y) 3
IMOBIpHUMH ~ KOOpJMHATaMH  MICII€3HAXO-
JOKEHHSI TI1T1):

e @ — BIANOBIAHO, TMOTOYHI 3Ha-
YeHHS  pajiyc-BeKTopa 1  IOJISIPHOTO
KyTa; ¢, — MOISPHHUI KyT criipaii Apximena 3
IUIOILIEIO SUM.

Toxi KUIBKICTB BUTKIB cripani
Apximena W, TIPH 3amadii wiomd S =S
3HAXOJAMMO 3 BIIHOIIECHHS:

7

WUM

[Mpunyckaroun, mo s<<R, a, OTKE, 30B-
HIITHI BUTKH criipaii mo Gopmi HaOIMKeHi 10

RUM

N

and the radius r, of the i-th circular
trajectory for the i-th AUV can be determined
from the expression:

(3.6)

Then, when all AUVs in the group are
numbered by increasing their speed v,
determine the total time of the underwater
mission 7', from the expression:

27,
ﬂ} : (3.7)
Vi li=1,.N
where inf is the operator for selecting
the smaller member of the set {7, ... T,};

v, — the linear velocity of the i-th AUV.

AUV group motion along the Archimedes
spiral (Fig. 3.3) is proposed by the author to
survey the circular work area with maximum
productivity in a limited number of AUV in
the group.

To control this type of AUV group motion,
it is first necessary to construct the Archimedes
spiral in the polar coordinates » = sp with a
step of no more than the width of the working
band s of the AUV search vehicle. Then we
take k =s.

The area of the constructed spiral S, should
be equal to the area of the working zone — the
circular search zone on the bottom surface
(the center of the spiral should be at the point
A(x;y) with the probable coordinates of the
target location):

%.[:M ride,

(3.8)
where 7, ¢ are, respectively, the current
values of the radius vector and the polar angle;
¢,, 1s the polar angle of the Archimedes spiral
with area S .
Then the number of turns of the
Archimedean spiral w,, at a given area

Y Y is found from the relation:

Sur
TES2

Assuming that s<<R  and, consequently,
the outer turns of the spiral are close in shape

(3.9)
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KiJI, 3HAXOIMMO MOJISIPHUH KyT PO3paxoBaHOi
cripaii ApxiMena:

to the circles, the polar angle of the calculated
Archimedes spiral is found:
0 =2nw,,

(3.10)

Pucynoxk 3.3 — Pyx rp-ynn-AHIiA 10 3araJjibHiil cripaJi

Figure 3.3 — AUV group motion in a common spiral

Howxuny cmipani Apximena L, 3 Kpo-
KOM §, sika Oy/ie OXOIUTIOBATH TIJIOUTY KPYTrOBOi
po6040i 30HH S, 3HAXOIUMO 3 BITHOLIEHHS:

Ly :O,SS[(p 1+¢° +1n((p+\/1+(p2 )}

e O=27Tw — TOJSPHUA KyT BHpaxyBaHOI
cmipani Apximena.

[Tpu 3aaaHi# KiabKOCTI N OMHOTHITHUX i/
BOJIHMX amapariB B Micii, JoBxuHa / s HAC-
TaHIii, sIKy MOBHHEH mpoiTn okpemuit AHITA
B IPYIIi, BU3HAYAETHCS CITIBBiTHOMICHHSM:

Ly =L/N, (3.12)

a mpu Bigomid mBuakocti AHIIA v
BuTpatn vacy 7, okpemoro AHIIA B rpymi
BHU3HAYAETHCS CHIBBII[HOH.IGHH?IMZ

T.=1,,/v (3.13)

Toxi 3arajibHi BUTpaTH Yyacy Ha BUKOHAHHS

HOIIYKOBOI Micii 7', 3HAXOIUTBCS 3 BUPasy:
T,= T Iy (3.14)

i AHIIA
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The Archimedes spiral length L with
step s, which will cover the area of the circular
working area S, is found from the relation:

(3.11)

where ¢=2nw — the polar angle of the
calculated Archimedes spiral.

With a given number of N of the same
type of underwater vehicles in the mission,
the length / v distance which must pass a
separate AUV in the group, is determined by
the ratio:

L,.,=L/N, (3.12)

and at a known speed of AUV v, the
mission time 7, is from the expression:

T.=1,,/v (3.13)

Then the total time spent on the search
mission T, is from the expression:

=T=1 (3.14)
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3Haroun JOBKMHY [, TUCTaHLIl JIst -0
AHITA rpynu Ta BpaXoBYIOUH 3aJI€KHOCTE F=SQ,
3 BigHOIICHHS (3.10) MOXKHA OOYMCITATH TIONISIPHI
KOOP/IMHATH {r, ¢}, SIKi € CTApTOBOK) TOYKOIO
JUTS i-TO TTiIBOIHOTO arapara rpynu rpymH.

KoxHuii miBoAHMI anapar mae 3alHATH
CBOIO CTapTOBY TOYKY Ha TPAEKTOPIl pyXy,
MICJIsI YOTO BHUKOHYETBCS Y3TOIKCHUH pyX
«areHTiBy» MO BUJUICHUX iM JIIISTHKAX CIipaJli.

VY pesynbraTi Takoi opraHizarii KepyBaHHsI
Bci AHIIA tpynm 3akiHUyIOTH OOCTEKCHHS
3aJIaHOi aKBaTOPii OJTHOYACHO.

Takum umHOM, 3anexxkHocti (1) — (14)
Jaf0Th 3MOTY aBTOMATH3yBaTH OJHE 3 TPHOX
OCHOBHUX 3aBJIaHb KEPYBaHHS I'PYIOIO ITOIIY-
koBux AHITA — 3aBmanHs Z,,, TUIaHyBaHHs
migBoHOT Micii st rpynu AHITA B ymoBax
00MEeXeHb 10J0 KITBKOCTI /N MiJJBOJHUX ara-
pariB B TpyIli Ta 4acy BUKOHAHHS ITiJIBOJHOI
micii T, (npyruit Hanpsimok C,, aBTOMaTu3a-
1ii Co-Co-Ro — texnonoriit 3rigHo m.p. 1.5).

BonM yTBOpIOIOTH aHATITUYHY OCHOBY UL
OITIHKU HeoOXimHOT KimbkocTi AHITA mist orepa-
I TT1IBOTHOTO TONIYKY, Y TOMY YHCII 3 ypaxy-
BaHHSIM 1H/IMBIyaTbHAX XapakTepucTuk AHITA
Mo IBUIKOCTI pyxy. Lli 3ajeHOCTI MOXYTh
OyTH BHKOPHCTaHI MPH CHHTE31 CHCTEMH aBTO-
MaTU4HOTO KepyBaHHs Bexyunm AHITA-1.
Kpim 3ananns Z,, , akTyalbHIMM 3aBJ1aH-
HsAMHU aBroMaru3auii rpynoBoro pyxy AHITA
€ TaKOX HACTYITHI 3aB/IaHHS:

— 3aBJaHHs Z_ . CUHTE3y CHUCTEMHU aBTO-
MaTU4YHOIo KepyBaHHs pyxom rpynu AHIIA,
BiJIIOpaHUX JIUIsl BUKOHAHHS BKa3aHOT ITiJIBO-
HOi Micii, mo 3a0e3medye Y3rOKeHI pyXu
ITiIBOJIHUX arapariB 3a MPU3HAYCHUMH TPAEK-
TopisMu (apyruii Hanpsmok C, aBToMarus3a-
mii Co-Co-Ro — texHomoriii 3rimHo 1.p. 1.5);
pe3yIpTaTOM  PO3B’SI3Ky LBOTO  3aBIAHHS
MaroTh OyTH CHHTE30BaHI 3aKOHH Ta ajro-
PUTMH KEpYBaHHS Y3TOIKEHUM PYyXOM T'PYIH
AHIIA, mo 3a0e3nedyloTh MaKCHUMalbHY
MPOAYKTUBHICTh TPYNHU Ta BUCOKY HalilHICTh
iHpOpMaiHHOro OOMIHY IUIIXOM KOHTPOIIIO
3a AUCTAHIISIMH MK «areHTaMu» TPYyIH;

— 3aBJIAHHAM Z, . CHHTE3y CHCTEMH aBTO-
MaTU4YHOIO KepyBaHHs oauHouHuM AHITA
K «arecHTOM» TPYIM B yYMOBax HaBiraliiHoi

Knowing the distance length /[ for
the i-th AUV group and taking into account
the dependences r=s¢, from relation (3.10)
we can calculate the polar coordinates {r,
¢}, which are the starting point for the
i-th AUV group. Each AUV must occupy
its starting point, after which the
coordinated movement of «agents» along
the sections of the spiral allocated to them is
performed.

As aresult of such control organization, all
group AUVs complete the survey of a given
water area at the same time.

Thus, dependences (1) — (14) allow to
automate one of the three main tasks of AUV
search group control — underwater mission
planning task Z, for AUV group in the
conditions of restrictions on the number of
N underwater vehicles in the group and time
T, of underwater mission (other direction
C,, of automation Co-Co-Ro — technologies
according to paragraph 1.5).

They form an analytical basis for estimating
the required amount of AUVs for underwater
search operations, including taking into
account the individual characteristics of AUV
in terms of speed. These dependences can be
used in the synthesis of the automatic control
system of the leader AUV-1.

In addition to the task Z, , the following
tasks are also relevant tasks for AUV group
motion automation:

— tasks Z . of the AUV group automatic
motion control system synthesis, selected to
perform the specified underwater mission,
which provides the coordinated motion of
underwater vehicles on assigned trajectories
(the second direction of C, automation
of Co-Co-Ro — technologies according to
paragraph. 1.5); the solution to this problem
should be synthesized laws and control
algorithms of the AUV group coordinated
motion, which ensure maximum productivity
of the group and high reliability of information
exchange by controlling the distances between
the group «agents»;

— task Z, . synthesis of automatic control
system of a single AUV as a group «agent»
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Ommmsbkocti iHmmx AHITA, pesynsratoM BHpi-
IISHHS SIKOTO MAIOTh OyTH 3aKOHH Ta aJTOPHTMHU
ABTOMATHYIHOT'O KePYBaHHS TPACKTOPHIAM PyXOM
AHIIA (nepumii Hanpsimok C ” ABTOMATH3AIII1
Co-Co-Ro — texnororiii 3rigno m.p. 1.5).

TakuM YMHOM, HUHIIIHIM cTaH mpobiaemu
rpynoBoro 3acrocyBanHst AHITA, six HaifO1b1I
MPOAYKTUBHOI (POPMH MPOBEACHHS ITiABOAHUX
MOITYKOBUX POOIT Ha BEJIMKHUX aKBaTOPisiX,
BUMArae HayKoBO OOIPYHTOBAHOTO BUPIIICHHS
KOMILIEKCHOTO 3aBJaHHs Z, . aBTOMAaTH3arii
X y3TOHKEHOTO TPYIIOBOTO PYyXy, & MHOXHHA
TOJIOBHUX 3aBJIaHb aBTOMATH3aIlli MICTHTh TPU
OCHOBHI TpyI# 3aBjianb [33]:

V4

MAS:{

Z

PM?

Huxue HaBoasThCS p03B,${3KI/I BKa3aHUX

3aBJIaHb ZGC; Z o UL HAWOUIBII CKJIaJIHUX

BapiaHTiB rpynosoro pyxy AHIIA.

2o Lac ¥

in terms of navigational proximity of other
AUYVs, whose solution should be the automatic
control laws and algorithms of AUV trajectory
motion (the first direction C e of automation
Co-Co-Ro technologies according to
section 1.5).

Thus, the current state of the AUV group
application problem, as the most productive
form of underwater exploration in large
waters, requires a scientifically sound solution
to the complex task Z, . of their coordinated
group motion and many

automation,
major automation tasks contain three tasks
groups [33]:

(3.15)
Below are the solutions to the above Z_ .

tasks; Z, . for the most complex variants of
AUV group motion.

3.2. ABToMaTH3alis KepyBaHHA MOPCbKUM Oe3eKiNakHUM KOMILJIeKCOM
i3 rpynoro momykoBux AHITA

3.2. Control automation of a marine unmanned complex with a group of search AUV

3.2.1 3arajpHa TNOCTAHOBKAa THUIIOBOTO
3aB/laHHsA aBTOMarnyHoro kepysBaHHs MBK 3
rpynoro nomykosux AHITA. I'pynose 3acro-
cyBanHs1 AHIIA e ofni€ro 3 epeKTUBHUX TeX-
HOJIOTil MPOBEACHHS OE3IIOIHUX MOPCHKUX
MOITYKOBUX TMiBOJHUX MICild, siKa TapaHTye
OTIepaTHBHE OOCTEKCHHS BEJMKHUX aKBaTOPii
3 MiHIMaTbHUMH BUTparamu 4acy [109]. 3a takoi
TEXHOJIOTTi ITIIBOJTHI arapaTi MaroTh TiIpoaKyc-
THYHUIA 3B’30K MK COOO0, IO 3a0e3reuye ix
KOJIGKTUBHY POOOTY 1 BUCOKY i IPOTYKTHBHICT.

[Ipore nepexin rpyru AHITA Ha 3aiaHy Bi-
JlaJieHy aKBaTOPIFO Tl BAKOHAHHS HUMH ITOIITY-
KOBOI Micii, 3a3BU4aii, BHMMarae IIiJIBHIIICHOTO
pecypcy ix OOpTOBHX JpKepen skuBiieHHs. Lle
00yMOBITIO€ HeoOX1THICTb 3acTocyBanHs AHITA
3 BUCOKHM €Heprozade3reyeHHsIM, 1110 ITi/IBHIIY€E
3arajbHy BapTiCTh MOPCHKHX MOIITYKOBHX POOIT.

HocraBky rpynu AHIIA B paiion npo-
BEJICHHS TOIIYKOBUX POOIT JOIIIHHO BHKO-
HyBaTH 3a JOMOMOTOK  Oe3eKilmaKHOTO
HaaogHoro cymHa (BHC, B aHIioMoBHIiN
miteparypi — Unmanned Surface Vessel,
USV) [110]. Lle Bukirouae HeOOXiqHICTh KOXK-
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3.2.1 General formulation of a typical
task of MUC automatic control with a group
of search AUVs. The group application of
AUVs is one of the effective technologies
for conducting unmanned maritime search
underwater missions, which guarantees
prompt inspection of large areas with minimal
time [109]. With this technology, underwater
vehicles have sonar connection between
them, which ensures their teamwork and high
productivity.

However, the transition of the group
AUVs to a given remote area to perform
their search mission usually requires
an increased resource of their onboard
power supplies. This necessitates the use
of AUVs with high energy supplies, which
increase the total cost of maritime search
operations.

It is expedient to carry out the delivery of
the AUVs group to the search operation area
using the unmanned surface vessel (USV)
[110]. This will eliminate the need for each
AUV to perform a long-distance maritime
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HoMmy AHITA BUKOHYBaTH JaibHIH MOPCHKHN
Tepexij 10 3aJaH0i akBaTopii MOIMYKY, 1acTh
3Mory BukopuctoByBatn AHIIA 3 BimHOCHO
HU3BKHM €HEepro3ade3IeueHHsIM, sIKe TOCTaTHE
Juis MaHeBpyBanHs Oinss BHC, rpymnosoro
nepexoay 10 pododoi 30HM aKBaTOPii Ta BUKO-
HaHHSA BJIACHE MiIBOAHOI MOUTYKOBOI Micii.

U1 BUKOHAaHHS MOPCBKOI MOLIYKOBOI
MICii aBTOPOM TIPOIOHYETHCSI 3aCTOCYBAHHS
MOpPCBKOTO Oe3ekinaxkHoro komriekcy (MBK)
y ckmani BHC Ta po3ramosanoi Ha fioro 6opry
rpynu AHITA [107]. 3a MibKHApOTHORO KIIacH-
(hikartiero BOHU IMEHYFOThCS MYJIBTHATCHTHIUMHU
mijBogHuMy cuctemamu (MAIIC) i ycminmHo
3aCTOCOBYIOTBCSI Y MOPCBKHX CKOJOTTYHUX Ta
apXeoNoriyHuX JociipreHnsx [108; 109].

Jo TOJOBHHX 3aJad CTBOPEHHS TaKOro
KOMILICKCY HAJCKUTh BHU3HAYCHHS PEXKH-
MiB Horo po6otu Ta po3podka yzaraibHEHOT
cucteMu aBToMaTu4yHOro kepymaHHs (CAK,
B aHINIOMOBHIH miteparypi — Control System,
CS) KOMITIEKCOM y IHX pEKMUMax. 30Kpema,
HEeoOXiJTHO 3a0e3MeYnTH aBTOMAaTHYHUH Tepe-
xim MBK y 3anany Touky akBaropii, BUITYCK
rpymu AHITA B Mope, TpymoBHH mepexina
AHITA 10 poGouoi 30HHM akBaropii Ta iXHE
po3ropTaHHs (PO30CEPEeIHKEHHS) I peali-
3amii oopanoi Beayuum AHITA-1 4u Hame-
pen 3aaHol TEXHOJOTII MMiJBOAHOTO MOIIYKY,
rpynoBuii nomykoBuit pyx AHITA ta nosep-
HenHs rpynu AHIIA na 6opr BHC micns
BHUKOHAHHS TIOIIYKOBOT MiIBOJHOT Micil.

3.2.2 Pozpobka 6a30BOro poOOTH30BaHOTO
MPOLIECY aBTOMATUYHOTO BHUKOHAHHS TIOIIY-
KOBHX MIIBOIHMX Miciii 3a gormomororo MBK.
CydJacHMH JIOCBIJl CTBOPEHHSI ¥ 3aCTOCYBaHHS
3ac00iB MOpchKoi poboToTexHikH [3; 25; 39] nae
3MOT'Y BU3HAYHUTH HACTYITHI OCHOBHI JICCSTh €Ta-
B pearizamii 0a30BOi TEXHOJIOTIl BUKOHAHHS
MOPCHKUX TIOINYKOBUX TiJIBOTHHUX MiCii Aye
Ha ocHOBI 3actocyBaHHs MBK 3 rpynoro norry-
kxoBux AHITA Ha G6opry [107] (puc. 3.4):

1 — aBromaruunmii nepexin MBK SC, . 3
nopty 0asyBaHHS y 3a/laHy TOYKY MOPCBHKOi
aKBaTopii, Jie TUIAHYEThCS BUKOHAHHS TOIIY-
KOBHIX IT1IBOTHUX POOIT;

2 — oOuuncieHHsT HEOOXiAHOI KITBKOCTI
AHIIA B Tpymi Juis BUKOHaHHS IONITYKOBOI

transition to a given search water area; will
allow the use of AUV with relatively low
energy supply, which is sufficient for
maneuvering the USV, a group transition to the
water working area and the actual underwater
search mission.

To perform the maritime search mission,
the author proposes the use of a maritime
unmanned complex (MUC) as part of the
USV and the AUV group located on board
[107]. According to the international
classification, they are called marine multi-
agent systems (MMAS) and are successfully
used in marine ecological and archaeological
research [108; 109].

The main tasks of creating such a
complex include determining the modes of its
operation and the development of a
generalized automatic control system (ACS)
of a complex in these modes. In particular,
it is necessary to ensure the MUC automatic
transition to a given point of the water
area, release of AUV group into the sea,
group transition of AUV to the water
area working zone and their deployment
(dispersion)  for  implementation  of
AUV-1 return of the AUV group aboard the
USV after completing the underwater search
mission.

3.2.2 Development of underlying (basic)
robotic technology for automatic execution of
underwater search missions using the MUC.
Modern experience in the creation and use
of maritime robotics equipments [3; 25; 39]
allows to identify the following ten main
stages of implementation of the underlying
technology of marine underwater search
missions 4, based on the use of MUC
with a group of search AUV on board [107]
(Fig. 3.4):

1 — MUC automatic transition SC, ., from
the port of departure to the designated point
of the sea arca concerned, where the launch of
the AUVs group is planned;

2 — calculation of the required number
of AUVs in the group to perform the search
mission (see paragraph 3.2) and automatic
launch (release) of the group from the USV
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Micii (uB. m.p. 3.2) Ta aBTOMaTUYHUN BUITYCK
rpynu AHITA 3 6opry BHC B mope RS, B
3aJaHiil TOYII MOPCHKOI aKBaTOPii;

3 — camoopraHisaiiist (aBToMaTuaHe GopMy-
Banus) Bunymenux AHIIA B rpyny F, o juist
KOJIEKTUBHOTO Tepexoy 70 poOodoi 30HH, Je
Oy/ie BUKOHYBATHCh MOITYKOBA MiIBOJHA MICis;

4 — aBTOMAaTHMYHMN TPYMHOBUH mepexin
sunymenux AHITA T, . B poGouy 30HY 3a/1a-
HOT aKBaTopii;

5 — aBTOMarWyHe 3alHATTS KOKHHUM
AHIIA Tpynu mo4arkoBoi TMO3HIT SM s U
Y3TOPKEHOTO TIPOCTOPOBOTO PYXY 3@ 331aHOI0
TPAEKTOPIEIO TOIIYKY;

6 — aBToMaTn4YHE BUKOHAaHH:I rpyrioro AHITA
TOIITYKOBOT MIIBOHOI MicCil 32 TPH3HAYCHHIM
J s T oMy AHITA MOXKyThH pyxatuch 3a
OJIHI€IO 3 TUTIOBUX TPAEKTOPii (auB. m.p. 3.1);

77 — camoopranizaitis (aBTOMaTU4HE 30MPaHHS)
AHIIA B rpyny F, o utst noBepHennst 10 BHC;

8 — aBTOMAaTWYHUil TpymoBHH Hepexin
AHIIA no BHC T, ;

9 — aBTOMAaTHYHE TIOBEPHEHHS TIPyIHU
AHIIA na 60opr BHC CS, -

10 — aBromatmunuii mepexim MBK

SC, ., 10 IOPTY Oa3yBaHHSL.

[Mopt G6azyBanas MBK
(MUC base port)

TOKOBHI 00'€KT
(Single point object)

T msz‘ Po6oua 30Ha akBaTopil
/+ Water area working zone

[IpoTsxuuii

board in the sea RS, , at a predetermined
point of the sea area;

3 —self-organization (automatic formation)
of the released AUVs to F, . group for
collective transition to the working zone,
where the underwater mission will be
performed;

4 — automatic group transition of launched
AUVsT, . tothe working zone of this water
area;

5 — automatic occupation of the group
of initial position S, . by each AUV for
coordinated spatial motion in a predetermined
search trajectory;

6 — AUVs group automatic implementation
of the underwater search mission to the desig-
nated pointJ, . (for example: search, identifi-
cation and mapping of underwater objects);

7 — self-organization (automatic assembly)
of AUVs into group F, ., for return to the USV;

8 — automatic group transition of AUVs to
Usv T MAS2

9 — automatic return of the AUVs group
aboard the USV CS,

10 —automatic transition of MUC SC, ., to
the home port.

Vv

Kom6iHoBaHmii 00'eKT

I'pyna ToukoBux G L 1
00'eKTiB ( Anoexiggded Combined object
Group of point object)
objects

Pucynok 3.4 — Y3araabHena cxema kepyBaniss MBK 3 rpynoio nomykosux AHITA

Figure 3.4 — Generalized MUC control scheme with a group of search AUVs
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TakuM YMHOM, OCHOBHI €Tamu peaizaiii
0a30B01 POOOTH30BaHOI MiCiT BHKOHAHHS
MOLIYKOBUX MiABOIHUX Miciii 3a jormo-
mororo  MBK 4, . MOXHa mNpenCTaBuTH
MHOXXHHOIO [1 10]:

={SC, . ..RS, ;F

mucyr’ AUy MASI’ MAS]’

Po3rnsiHeMo Temep OCHOBHI OCOOIHBOCTI
opranizauii keposanoro pyxy MBK npu mpo-
BEJICHHI MOPCBKOT MOIIYKOBOT OMepartii.

Tepuuii ma Odecamutl emanu
(8 CMUCI EAMUC; S CMUCZ eAMUC) nepen0ayaroTh
apromatnunnii pyx BHC 3 rpymoro AHITA
Ha 0OpTy Bia mopTy Oa3yBaHHS 10 IIAHOBOI
TOYKH BUIYCKY. 3a3BUYail, Takuii mepexiz Bia-
OyBaeThCs B yMOBaXx il 30BHIIIHIX 30ypeHb —
BITPO-XBWJILOBUX BIUIMBIB, T€4ii, [IOSIBU HaBi-
ramiifHuX MepemKko Tomo. ToMy 10 TOTOBHUX
BUMOT IIIOJI0 aBTOMAaTUYHOTO KEpyBaHHS
pyxom BHC mnanexare 3abesneueHHs 0e3-
MIEYHOTO PYyXy CyAHA 3aJaHOI0 TPAEKTOPIEI0
3 PO3pPaxyHKOBHM 3HAYEHHSIM IIBHIKOCTI.
Ha mux eranmax micii MBK MoxyTh 3acToco-
ByBatuch Bimomi CAK, cTBopeHi s Kepy-

BanHsg BHC [111].
Asmomamuunuu eunyck epynu AHIIA 3

6opry BHC B Mope y Toulli 3 3aJlaHIMH Teo-
rpadiYHUMH KOOPAMHATAMH IOYATKY MOIIY-

KOBOI TMigBOMHOI omepamii (Apyruil eram
RS, ,€4,,) Ta aBIOMaTHYHE  TIOBEP-

HenHs rpynu AHITA na BHC micnsa 3aBep-
IICHHS MiABOJHOIO MOUIYKY (JeB’ATHH eram
CS,v€4,y0) € cKIamHMMM HayKOBO-TEX-
HIYHMMH 33]1a4aMH. 1X PO3B’A30K MOMKJIH-
BUH 3a JIOTIOMOTOIO CYTHOBOTO BHKOHABUOTO
MexaHismy tuny «AUV Launch & Recovery
Systemy [112], konu A1 BUITyCKaHHS/TIOBEP-
HeHHs yeprosoro AHITA 3 6opty BHC omyc-
Ka€eThCS CIICIiaIbHA ITiIBOAHA KaceTa.

IIpu npomy onmnouacno BHC mae aBro-
MaTHYHO TO3HUIIOHYBATHCH y TOUIll BHUITYCKY
AHIIA (pexum P ).

CHHTE3 TaKUX MEXaHI3MIB Ta CHCTEM Kepy-
BaHHS HUMH € OKPEMOIO MPUKIATHOIO HAyKO-
BO-TEXHIYHOIO 3a/1a4C0 Ta BUMArae OKpeMoro
JIOCIIKEHHS.

3a3HauMMO, 1[0 BaKIUBOKO CKJIAJ0BOIO
Apyroro etamy RS, € MArotoBya CKIaaoBa,

S oo F

MAS’ ™ MAS’

Thus, the main implementation stages of
the basic robotic mission of the automatic
execution of underwater search missions
A, using the MUC can be represented by
the set [110]:

CS,,,-SC (3.16)

MASZ’ MASZ’ UCZ}

Let us now consider the main features
of the MUC controlled motion organization
during the maritime search operation.

The first and the tenth stages
SC e €400 SCo e €4,,,0) provide for
the USV automatic motion with the AUVs
group aboard from the port of departure to
the scheduled point of release. Usually, such a
transition occurs under conditions of external
perturbations — wind and wave influences,
flow, the appearance of navigational obstacles,
etc. Therefore, the main requirements for
the automatic control of USV motion are to
ensure the safe motion of the vessel with a
given trajectory with the estimated speed.
At these stages of MUC mission, the known
ACSs, created for the control of the USV can
be used [111].

Automatic launch of the AUV group from
the USV board to the sea to the point with the
predetermined geographic coordinates of the
underwater search start (RS, €4, . second
stage) and the automatic return of the AUVs
group to the USV after the completion of the
underwater search (CS, €4, . ninth stage)
are complex scientific and technical tasks.
Their solution is possible with the help of
the vessel’s executive (actuation) mechanism
such as «AUV Launch & Recovery System»
[115], when a special underwater garage
(UG) is lowered from the MUC board for the
release/return of the duty AUV.

At the same time, the USV is automatically
positioned at the point of AUVs release
(P, mode).

The synthesis of such mechanisms and
control systems is a separate applied scientific
and technical problem and is not considered
in this work.

Note that an important component of
the second phase RS, is the preparatory
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JIe BU3HAYAETHLCSI HEOOX1IHA 1 JOCTATHS Kijlb-
kictb AHITA B rpymi N, sxi Tpeba 3amycTUTH

B MOp€ J1JIsl YCHIIIHOTO BUKOHAHHS MICii.

Aemomamuune GopmyeanHs GUNYUEeHUX
AHIIA 6 eOunyepyny (tpetiierant’, €4, )
JUIA KOJIGKTUBHOTO Iepexony 10 poOoyoi 30HU
akBaTopii, ae Oyne BUKOHYBaTHCH IIiJIBOJIHA
MICisl, YTBOPIOE OKpEMY MPHUKJIAJAHY HAyKOBY
3agaqy. OCOONMHMBICTIO aBTOMaTHYHOTO Kepy-
BaHHsI JUISI 11i€T 3a/1a4i € HeoOXiHICTh OpraHi-
3amii pyxy Bumymennx AHIIA 3a cnemians-
HUMH TPAEKTOPISMHU OUIKyBaHHS, IO JacTh
3MOTY TIOOYAyBaTH CTapTOBY KOH(ITypariito
TPYIIH.

Taki TpaekTOpii MarOTh 3a0€3MEUNTH YTPH-
MaHHs repumx BunymeHnx AHITA y ckmami
Ipyny y Mpoueci BUIYCKY HACTYIHOI map-
Tii MABOAHMX amapariB. J{OIUIBHO IepImm
BUKOHYBaTu BUMyck Bexydoro AHITA-1, skuit
Oyzne popMyBaTu TPAEKTOPiIO OUIKYBaHHS.

[Ipu dopmyBaHHS MIOCKOT (ABOXBHMIp-
Hoi) xoH(irypamii rpynu AHITA Taxi Tpaek-
TOpil MOXYTH MaTH (opMy cripani Apximena,
IO PO3XOAMTHCA, 3 KPOKOM cmipami a<r,,
e ¥. — pagiyc mii cHCTeMH MiIBOJHOTO
3B’ s13xy AHITA.

[Ipu popmyBanHI 00’ €MHOT (TPHOXBHMIp-
Hoi) rpynu AHITA Tpaekropis O4iKyBaHHs
Moke Marh (opMy IEKUTBKOX TaKHX ILIO-
CKUX CIipajeld, pO3TallOBaHUX Ha 3aJaHHUX
IOnHAaX.

VY mepuioMy BHIAAKY MPH 3aCTOCYBaHHI
BHKOHABYOTO MEXaHi3My KOHBEEPHOTO THUITY
cynaoBa CAK, sKka Kepye BHITyCKOM Mij-
BOJIHUX arapariB, Ma€ BUKOHYBaTH BHITYCK
AHIIA 3 iHTEepBaioM Yacy:

N
At = AU% :
AUV

ne d<s,,, <F. — BIAPI30K cHipanbHOI
Tpaekropii BumymeHoro AHIIA; d — wiHi-
MajbHa O€3IMeYHO MPHUITYCTHMa JTUCTAHIIis
Mk cycimgaimu AHIIA; v, — mixiiiHa
MBUJAKICTE pyxy BunymieHoro AHITA Ha
Tpa€eKTOPii OYIKyBaHHSI.

[Ipn 3acrocyBaHHI MEXaHI3My BHITYCKY
AHITA xaceTHOro THIly 4YacTUHA TIpynu
MiBOMHUX arapariB MOTPAIUIE Yy BOAY
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component, which determines the necessary
and sufficient number of AUV in group N,
which needs be launched into the sea to
successfully complete the mission.

The automatic formation of the AUVs
releasedintothegroup, (thirdstageF, €4, )
for a collective transition to the working zone,
where the underwater mission will be performed,
forms a separate scientific task. The peculiarity
of the automatic control of the search mission
indicated stage is the need to move the AUVs
along special trajectories of waiting.

Such trajectories should provide for the
content of the first released AUVs in the group
in the process of releasing the next batch of
underwater vehicles. It is advisable to first
perform the release of the AUV-leader, which
will form the trajectory of waiting.

When forming a plane (two-dimensional)
AUVs group, such trajectories may take the
form of an Archimedes spiral, diverging from
the spiral pitch a <7, , where 7, is the range of
the AUVs underwater communication system.

When forming a bulk (three-dimensional)
AUVs group, the trajectory of waiting may
take the form of several such spirals located at
predetermined depths.

When forming a three-dimensional (3D)
group of AUVs, the waiting trajectory can
take the form of several flat spirals located at
specified (predetermined) depths.

In the first case, when using the executive
mechanism of the conveyor type, the vessel’s
ACS, which controls the release of underwater
vehicles, must carry out the release of AUVs
with time interval:

(3.17)

where d<s,,, <r. is the segment of
the released AUV spiral trajectory; d is the
minimum safe permissible distance between
the neighboring AUVs; v, is the linear
motion velocity of the released AUV.

When using the release mechanism of
the cassette-type AUV, part of the group of
underwater vehicles falls into the water at the
same time. Then the formation of the waiting
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onHovacHo. Tomi QopmyBaHHS TpaekTopii
OYIKYBaHHS IS HUX MOKE BHKOHYBATH THM-
yacoBuit AHITA-izep 1€l yacTuH Tpymy.

B inmomy Bumanky (popmyBaHHS
TproxBuMipHOi rpynu AHITA) cynnoBa CAK
Mae TIOYMHATH (OPMYBAHHS CHipaJIbHUX
Tpaekropiit ouikyBaHHs AHIIA 3 Hai6inbLof
3a7aHo{ MUOUHY 1 3aBEepIllyBaTH HAHMEHIIIOK
3aJJaHOI0 IIMOMHOIO.

IIpu npomy CAK KOKHOTO BUILYHIEHOTO
AHITA mae 3a0e3nedqyBary 010 MI0CKuii pyx
1o cripani ApxiMena 3 KpoKoM a <7,.

Ipynosuii nepexio eunywenux AHIIA B
pobody 30HY 3a/aHOi akBaropii (YeTBEPTHH
eran T, us1 EAMUC) JIOIUTFHO ~ BUKOHYBAaTH
oflpa3y Ticis BHITycKy ocTanHboro AHITA
rpymu. [ToyaTkoM pyxy KOXHOIO IiJIBOAHOTO
ariapara B rpyIi Ha 3a/auiii mmbuni i, 3a1a-
HUM KYpCOM @, . Ta 3 33[[aHOK HIBUJKICTIO
V,.us Mae OyTH 3araibHa KOMaHa, sKa 1oja-
etbesi 3 CAK BHC un 3 AHITA-nigepa [113].

OHUM 3 TOJIOBHUX 3aBJIaHb aBTOMATH3aIli
IILOTO €TaITy MOPCHKOI MOIIYKOBOI MiCii € y3ro-
okeHnid pyx AHITA 6e3 BTpar, T00TO 0€3 31TK-
HEHb CYCIJTHIX ITiJIBOJHHX arapatiB (HaaMipHe
30JIM)KEHHST arapariB) Ta 0e3 BTpaTtd 3B°S3KY
MK HUMH (HaJIMIpPHE BiJUIaJICHHS anapariB).

Aemomamuune 3aiinsamms koxcnum AHIIA
nouamxosoi nosuyii (’stui eran S, €4, )
JUIA  Y3TOPKEHOT'O MPOCTOPOBOTO PYXy 3a
3aJIaHOI0 TPAEKTOPIEIO MOUIYKY BUKOHYETHCS
y BiAMOBIJHOCTI 10 MIaHy OOCTEKEHHS 3a7a-
HOI aKkBaropii, SIKUH 3a37aleri/ib CKIaJeHo U
yBeaeno 10 CAK koxxnoro AHITA.

[Ipu npoMy TakoXK Mae 3a0e3neuyBaTHCh
pyx 0e3 BTpar — HEIOINYIICHHS 3iTKHCHb
AHITA Ta BimmaneHHsa 3a Mexi mil cucreM
miBOAHOTO 3B’ 13Ky Mixk AHITA-cycimamu.

Asmomamuune suxonanus epynoro AHIIA
nowykogoi nidgoonoi micii (MOCTUN eTar
J114s €A, c) BUKOHYETBCS IUISIXOM Y3TOJIKE-
Horo pyxy rpymnu AHITA 3amanumu Tpaekto-
pismu [42].

Hagiramiiine 3a0e3me4eHHs] 1IbOTO €Tamy
Micii MOke OyTH OpraHi30BaHO 3a JOIIOMO-
rof0 BIJOMHX CHCTEM JOHHOI HaBirarfii, rorre-
PENHBO BCTAHOBJICHUX HA aKBATOpii MOIIYKY
(muB. 1.p. 2.4), ab0 3a JONIOMOTOI HaBiraIli-

trajectory for them can be performed by the
temporary ANPA leader of this part of the group.

In the second case (the formation of the
three-dimensional AUVs group), the vessel’s
ACS should begin to form the AUVs spiral
trajectories of waiting from the highest
given depth and complete the minimum
predetermined depth.

In this case, the ACS of each released
AUV must provide its plane motion along the
Archimedes’ spiral with a pitcha <7 .

Group transition of the released AUVs. It
is advisable to carry out a group transition of
the released AUVs to the predetermined water
area working zone (the fourth stage 7, €
A,,,0)) immediately after the release of the
last group AUV. The beginning of the motion
of each underwater vehicle in the group at a
given depth of 4, given course ¢, . and
with a given speed v, should be a common
team, which is drawn from the USV ACS or
from the AUV-leader [116; 98].

One of the main automation tasks of
this maritime search mission phase is AUV
trouble-free coordinated motion without loss,
i.e. without the collision of the neighboring
underwater vehicles (vehicles excessive close
approach) and without losing the connection
(communication) between them (vehicles
excessive distancing).

The automatic occupation of the initial
position by each of the AUV (fifth stage
S,11s € 4,00 for the coordinated spatial motion
on the predetermined search trajectory is
performed in accordance with the survey plan
of a given water area, which has been pre-
drawn up and entered into each AUV ACS.

At the same time, motion without losses is
also ensured — preventing AUV collisions and
moving out of the range of underwater communi-
cation systems between neighboring vehicles.

The AUVs group automatically performs
the underwater search mission (sixth stage
J1us €4,00) by the AUVs group coordinated
motion to specified trajectories [42].

Navigation support for this mission stage
can be organized using a bottom navigation
system, pre-installed in the search area
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nanx AHIIA, ocnamenux GPS-npunamammn
JUIS BHU3HAYEHHS BJIACHUX TeorpadiuHux
KOOp/IWHAT, Ta TiAPOaKyCTHIHUMH CHCTE-
MaMH HaBIralmiiHOT MiATPUMKH TTiIBOIHUX
pobir [114].

BaxxnuBoio CKJIaI0BOI0 aBTOMATHYHOTO
KEpyBaHHsI IIUM €TaIrloM MiCii TaKOX € IpyIo-
Buit pyx AHIIA 0e3 3iTKHEHb 1 BTpaT 3B 43Ky
MIX anapaTami.

Aemomamuune 30upanns AHIIA & epyny
nicas  3a6epuieHHs  NOwyKo8oi  onepauyii
s noBepHeHHst 1o BHC (chommii eram
F,.€4,,) BUKOHYETbCS 32 KOMaHJOK
AHIIA-nminepa (AHITA-1). V xomi i BHKO-
HaHHS (HOPMYETHCS TPAEKTOPIST OUYIKyBaHHS
TI0 aHaJIorii 3 TPETIM eTanom F, .

[Ticns 36opy mnoBHoi rpynu AHIIA 3a
komanaoro  AHITA-mizepa  mounmHaeTbes
epynosuil nepexio oo BHC (Bocbmuii eramn
TMAS2 € AMUC)'

Pyx Ko’kHOTO MiZIBOIHOTO amapara B Tpyi
Ha 3anaHid MOuWHI A 33aHAM KypcOM
©,,, TA 3 3aJ1aHOK0 WIBHIKICTIO V, o Mae
Oytu 0e3 BTpatr — 0e3 3iTKHEHb CYCIJTHIX MilI-
BOJIHUX amrapariB Ta 0e3 BTpaTH TiIpoaKyc-
THYHOTO 3B 13Ky MiXXK HUMH.

ba3oBy Oe3ekinakHy TEXHOJOTIK BHKO-
HAHHS TIONIYKOBHX I1IBOJHUX MICIH 3a J010-
mororo MBK npencraBumo y BUIISAL MOCi-
JIOBHOCT1 BUKOHAHHA (QJITOPUTMY) ONHCAHUX
BHILIE €TariB, puc. 3.5.

Ha pucyHky nosxnaueso:

V1...Y10 — ymMOBH BHKOHaHHS €TaIliB
MHOXUHH (3.23) peamnizamnii 6a30Boi poOo-
TH30BaHOI Micii 4, . aBTOMaTHYHOIO BHUKO-
HaHHS MONIYKOBHX IIIBOAHUX MICiH 3a 1010~
mororo MBK;

X, — TUIAHOBUH XiJ| MPOIIECY BMKOHAHHS
BIJIIIOBITHOTO €TaIy Micii;

X, — IJIAaHOBE 3aBEPIUEHHS BiJNOBIIHOIO
eTary Micii;

X, — MO3aIUTaHOBUH Xijl eTally, 10 BUMa-
rae 38epHeHHs 10 CAK MBK 6inb111 BUCOKOTO
piBHs (mepexin B).

IHmi mo3naueHHst Ha puc. 3.5 Bigmosina-
10Th (3.16).

HonarkoBo Ha puc. 3.5 3areMHEHHSIM

IoKa3aHi OJOKH Oe3eKiMmaKHOI TEXHOJIOTII,
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(see paragraph 2.4), or using navigation AU Vs,
equipped with GPS devices to determine own
geographical coordinates, and hydroacoustic
systems navigation support underwater
operations [114].

An important automatic control component
of this mission phase is also the AUVs
group motion without collisions and loss of
communication between the vehicles.

The AUVs automatic assembly into a group
after the completion of the search operation to
return to the USV (seventh stage F, €4, )
is performed by the AUV-leader’s command.
In the course of its implementation, the
trajectory of waiting is formed by analogy
with the third stage .

After collecting the full AUVs group,
by the AUV-leader’s command, starts the
group transition to the USV (seventh stage
T, sz € AMUC)'

The motion of each underwater vehicle in
the group at a given depth of /, ,, at a given
course ¢, o and at a given speed v, o should
be without loss — without collisions of
neighboring vehicles and without loss of
hydroacoustic communication between them.

The underlying unmanned technology for
performing maritime underwater missions of
a search nature with the help of MUC, will be
presented in the form of sequence of execution
(algorithm) of the stages described above,
Fig. 3.5.

The figure shows:

VY1... Y10 — conditions for performing the
steps of the set (3.23) of implementing the
basic robotic technology 4, . of automatic
execution of search underwater missions
using the MUC;

x, — the planned course of the process of
execution of the corresponding stage of the
mission;

x, — planned completion of the
corresponding stage of the mission;

x, — unplanned stage progress, requiring
access to the MUC ACS of higher level
(transition B).

Other symbols on Fig. 3.6 correspond

to (3.16).



Scientific monograph

peaizarlisi SKHX IPYHTYETHCSI Ha TTOAJIBIINX
JOCITI/DKCHHSIX, HaBEJCHUX y I poOoTi.
OTpuMaHUii aITOPUTM MOKE CIIYTYBaTH OCHO-
BOIO Ul CHHTE3Y Y3arajibHEHOI CTPYKTYpH
CAK MBK, 1110 BUKOHYE TiJIBOJIHY TTOITYKOBY
MICIIO.

Takum 4MHOM, 3a1a4a 3a0e3neyeHHs O6e3a-
BapiitHoro aBToMaruuHoro pyxy AHIIA 3ana-
HUM KypcoM ¢, .. i3 33/laHOK0 WIBUIKICTIO
v € THUIIOBOIO 33/1aU€i0 TPYNOBOTO PYyXY

MAS1
Oynp-sikoro BeneHoro AHITA.

J
CAEAC ]

Y BeICHHS
3aBOAHHS MICII:
(Introduction of

mission task:)
SDM; 8- V_g'; TU.M

| B Tpymi

Additionally, Fig. 3.5 shaded shows
unmanned  technology  blocks, whose
implementation is based on the author’s
researches. The obtained algorithm can serve
as a basis for synthesizing the generalized
structure of the MUC ACS during (when
performing) underwater search missions.

Thus, the task of ensuring trouble-free
AUV automatic motion with a given heading
with a given speed v, is a typical task

(PMASI’ R MAS1
for the group motion of any follower AUV.

DGUHCIeHHA
KUIBKOCTI
AHITA

(Calculation
of number
of AUVs

in group)

Kiners )

Pucynok 3.5 — ba3zoBa 0e3ekina:kHa TeXHOJIOTisI
BHUKOHAHHSI MONIYKOBUX MiIBOHUX Miciii 3a momomororo MBK

Figure 3.6 — The underlying unmanned technology
of the search for maritime underwater missions using the MUC
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3.3. CuHTe3 CHCTEeMU AaBTOMATHYHOI0 KepyBaHHs BegleHuM AHITA
SIK «areHTOM» I'pynu

3.3. Synthesis of the automatic control system of the follower AUV
as a group "agent"

3.3.1. Anani3z iCHYIOUMX HayKOBO-TEXHi4-
HUX pillIeHb 1 mocTaHoBKa 3a1a4i cunte3y CAK.
VY 0ararboX MOPCBHKHX OIIEpallisiX TI'PyIoBe
3actocyBaHHs AHITA € GUTbIIT MPOXYKTHBHUM,
YKM 3acTOoCyBaHHs onuHouHoro AHITA.

Lle mosICHIOETECS BHCOKOIO HAIIMHICTIO M
MIBUJIKICTIO BUKOHAHHS TT1ABOIHUX POOIT

3 omsioy Ha BKa3aHI NepeBaru, CTYIIIHbD
aBTOHOMIT KookHOrO AHITA B TpyIi moBHHHA
OyTH BHCOKOIO.

TakyuM 4MHOM, y L€ Yac akTyalbHUM
NPUKIaTHAM HAayKOBUM 3aBIAHHSM aBTOMa-
Th3anii kepyBaHHs okpemuM AHITA rpymn
e cuare3 CAK iioro pyxom B yMOBax rpymno-
Boro niepexoxay (I'TI). Taka cucrema moBMHHA
BUKITIOYATH 3ITKHEHHsS a00 HaaMmipHe 3011b-
meHHs BifcTani Mk cycimHimu AHIIA, o
MOXKE BWKJIMKATH, BIJIIOBITHO, aBapilHy
CUTYaIIiFO 200 po3MaJ TPYIH i 3pHB ITiBOIHOT
Micii.

VY cyuacHiif HaykoBil miTeparypi, Hpo-
Oonema Haeiramii AHITA posaineHa Ha 1io-
OalpHY HaBiramito, M0 TOB’sA3aHa 13 IuIa-
HYBaHHSM IMIIIXY, [OI0 TPHUBOIUTH amapar
y 3aJaHy TOYKY MIiJBOAHOTO TPOCTOpY, 1
JIOKaJbHY HAaBiraito, 1o € MiAJIerIon CTOo-
COBHO TNIO0ATBHOI Ta 3abe3meuye Oe3aBapiii-
HUl pyx okpemoro AHITA B rpymi.

Po3poOka MeTomiB aBTOHOMHOI POOOTH-
3UpPOBaHO] HaBiramii € OTHUM 3 OCHOBHHUX
HaNpsMKIB MiJJBOAHOT poOOTOTEXHIKH [35].

[TocTiitHui porpec y TEXHOIOTIT MmiIBOI-
HUX arapariB 1 aKkyCTUYHOTO 3B’S3Ky 3pOOWB
peabHUM CKOOPIIMHOBAaHE KEpyBaHHS TIpy-
noto AHIIA, sixa Moxe cknamatucst 3 (GyHKIN-
OHAJILHO PI3HOPIAHUX amapariB, SKi MOXYTh
PO3PIBHATHCS TIO0 KpeHCepChKil IBUIKOCTI i
Jliaria30HaM KaHAIB TIPOaKyCTUIHOTO 3B’ S3KY.

Tak, B [115; 116] onncano cuctemy mpo-
rpamHoro 3a0esneueHHss CAK s po0o-
tuzupoBanux miargopm (MOOS (Mission
Oriented Operating Suite), sika IPYHTY€ThCS
Ha apXiTeKTypi «myomikarii-mmamackuy [117].
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3.3.1. Analysis of existing scientific and
technical solutions and problem statement of
ACS synthesis. In many maritime operations,
the AUV group use is more productive than
the use of a single AUV.

This is due to the high reliability and speed
of underwater operations.

Given these benefits, the degree of
autonomy of each AUV in the group should
be high.

Thus, at the present time, the relevant
applied scientific task of control automation
of a group individual AUV is its motion
ACS synthesis under the conditions of
group transition (GT). Such a system should
prevent collisions or excessive increase in the
distance between neighboring AUVs, which
can cause, respectively, an emergency or the
disintegration of the group and the failure of
the underwater mission.

In modern scientific literature, AUV
navigation problem is divided into global
navigation, which involves planning the path
that leads the vehicle to a given point in the
underwater space, and local navigation, which
is subordinate to the global and ensures the
trouble-free movement of an individual AUV
in a group.

The development of autonomous robotic
navigation methods is one of the main
directions of underwater robotics [35].

Recent advances in the technology
of underwater vehicles and acoustic
communication have made the coordinated
control of a group of AUVs possible, which
may consist of functionally different vehicles
(heterogeneous), which may differ in cruising
speed and ranges of hydroacoustic (sonar)
communication channels.

For example, in [115; 116], the ACS
software system for robotic platforms
MOOS  (Mission  Oriented  Operating
Suite), based on the «publish-subscribe»
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Taka CAK Oyna 3actocoBaHa Juisi KOOpIUHA-
mii kepyBanHs rpynoro AHITA st pinneHHs
MOIIYKOBUX orepariiif. ¥ BkazaHiii poOoTi
3actocoBaHo Metooorito «Iv Helmy (intep-
BaJIbHE TPOrpaMyBaHHs) U (HOPMYIIOBAHHS
W poO3B’sI3Ky 0araTolniibOBUX 3aB/IaHb OITH-
mizanii. L{sg MeTomoJiorist € OCHOBHHM KOMITO-
HeHTOM Aist popMyBanHs MoxyniB MOOS-I,
sIKi 3a0€e31edyI0Th aBTOHOMHICTh Ha poOOTH-
30BaHMX TeTeporeHHux miardopmax [118].

B [119] Takox 3ampornoHOBaHO MOAENb Ha
OCHOBI MHOKHHHOTO CCHCOPHOTO KEepYBaHHS
JUTA 3ar100IraHHs 3ITKHEHD 1 BIICTE)KEHHS 3a/1a-
HOi TpaekTopii pyxy MoOuIpHOTO pobota. Ili
METOJF CKOPOYYIOTB Yac i CIOXKMBAHHSI €HEpTii.

Husky HayKOBHX pOOIT IPHCBIUCHO aHATI3Y
miaxoaiB 1o nmodymosu CAK Ha 6a3i HewiTkoi
JIOTIKH, OCKUTBKH TIe¥ MeTO]T 3a0e31euye BUCO-
KHH CTYMiHb CTIHKOCTI KepyBaHHS I CTiliKicTh
poboTH B ymoBax nepemkon. Tak, B [120; 121]
OyJ10 3aIPOIIOHOBAHO MOJICITIOBAHHS HEYITKHX
KOHTPOJIEPIB 3 KOB3HUM pexkuMoM it AHITA
0e3 BUKOPUCTaHHs CHCTEMHOI MOJIeT # mpea-
CTaBlieHI pe3ynbTati ekcriepumenty AHIIA,
BHUKOPHCTOBYIOUM HEWITKUH 3aKOH KepyBaHHS
3 KOB3HUM PEKAMOM.

B [122] aBTOpH BUKOPHCTOBYIOTH HEUITKY
JIOTIKY ¥ Bi3yasjbHI JaTUYUKU JUTS YHUKHCHHS
MEepPeIKo U KollicHoro poborta. Onna 3
TOJIOBHUX I€peBar bOr0 METOJY — BUCOKHUN
CTyMiHb CTaOLIBHOCTI I iIMyHITETYy Bif 30B-
HIIHIX 30ypeHb. Y MOpIBHSIHHI 3 I1HIIMMHU
METO/IaMH KEpyBaHHS HEUITKUH pPeryisiTop
Mae HaflBUIMHA CTyHiHb CBOOOAM B YCTAHOB-
JICHH] TMapaMeTpiB 1 BHKOPHUCTOBYE MPOCTE
MaTemaruyHe 3a0e3mnedeHns [123].

Kpim mepeBar BkazaHUX BHIIE ITiIXOIB JI0
MOOYIOBH CHCTEM KEPYBaHHS Ta BUKOPUCTA-
Hux mozenei pyxy AHITA, BoHu MaroTh psin
HenoumikiB. Tak, y X0l BUKOHAHHS MICIH He
PO3MIAAIOThCA MUTaHHA Oe3aBapiiiHOrO pyXy
okpemoro AHITA mix wac rpymnoBoi wmicii
komanau AHITA. Ilig yac BUKOHAHHS MicCil
AHIIA MoxyTb OyTH 3aHAaATO OMHM3BKO OAMH
BiJl OJTHOTO, IO MOXE BUKJIMKATH MpoOieMu
quia rpynu AHITA.

Kpim Toro, icHye WMOBipHICTE TOTO,
mo okpemi AHITIA OymyTh mepemimarucs

architecture [117], is described. In this
work, the Iv Helm (interval programming)
methodology is applied to formulate and
solve multipurpose optimization problems.
This methodology is the main component
for the formation of MOOS-I modules that
provide autonomy on robotic heterogeneous
platforms [118].

In [119], a model based on multiple sensor
control for collision avoidance and tracking
a given trajectory of a mobile robot is also
proposed. These methods reduce time and
energy consumption.

A number of scientific works are
devoted to the analysis of approaches to
the construction of a ACS based on fuzzy
logic as this method provides a high degree
of control stability and operation stability
in the presence of interference. Thus,
in [120; 121] the modeling of fuzzy controllers
with sliding mode for AUV without
the use of a system model was proposed
and the results of the AUV experiment were
presented, using the fuzzy control law with
sliding mode.

In [122], the authors use fuzzy logic
and visual sensors to avoid obstacles for a
wheeled robot. One of the main advantages
of this method is a high degree of stability
and immunity from external disturbances.
Compared to other control methods, the
fuzzy controller has the highest degree of
freedom in setting parameters and uses simple
mathematical software [123].

In addition to the advantages of the above
approaches to the construction of control
systems and the AUV motion models used,
they have a number of disadvantages.

Thus, in the course of the missions,
the issues of accident-free motion of an
individual AUV during the group mission
of the AUV team are not considered. During
the mission, the AUVs may be too close to
each other, which can cause problems for the
AUV team.

In addition, there is a possibility that the
AUVs will move too far from the working
areas of the AUV group and thereby lose
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3aHAATO JAJEKO BT 3aJaHuX POOOYHMX
30H rpynu AHITA i Tum caMHM BTpaTsiTh
3B’S30K OAWH 3 OJHHM, IO HECIPHUITIHBO
BIJIMHE HA MPOJAYKTHBHICTH IXHBOI MiJBOJI-
HOT Micii Y HaBIiTh 3pOOUTH HEMOXJIMBUM ii
BHKOHAHHSI.

Tomy pami OyayTh pO3IISIHYTI 3a3Ha4eHi
npoOJiemMu 1 BUKOHaHO cuHTe3 HediTkoi CAK
AHITA nans y3ropK€HOro pyxy amapariB y
IpyIMoOBOMY TEpexojli, Mo 3ade3neuye 0e3-
MIEYHy peatizaliiio Micii.

VYBara Oyze mpujijcHa iHTerpamii Mysb-
THCEHCOPHOT 1H(OpMAaIlii BiJ maneKoMipiB
JUTSL MOJICITIOBaHHSI HABIralliiHOT 0OCTaHOBKU
HaBkoJjo koxkHoro AHITA.

3.3.2. Po3poOka y3araiabHEHOTO MPOLECY
¢yskmionyBanHs CAK i-m Bemenum AHITA
SIK «areHTOM» TpyNH TiJBOAHUX amaparis.
Pozrnsmaemo tutockuii pyx Begenoro AHITA
SK «areHTa» TPYIH I1ij] YaCc BUKOHAHHS €TaIliB
F,,q 1T, posropranus AHIIA B rpymy ta
i1 TPYIIOBOTO MIEPEXOY JI0 POOOUOT 30HH aKBa-
Topii 3rijiHO (3.16) SIK TUMOBUX eTammiB IS
oprasizailii rpymnoBoro pyxy [124].

OynkuionyBannss CAK i-m  BeneHum
AHITA sK «areHTOM» TPYIH ITiIBOIHIX
amapaTiB, IO BUKOHYE MiATOTOBYI omepariii
Ta, BJIACHE, IPYMOBHUH MEPEXill, OMHUIIEMO Y
BUIIISAZI aNTOPUTMY, OaHOMY Ha puc. 3.6.

Jamo omnuc ioro po6oTH y MOpSAAKY HyMe-
pariii OJIOKIB aJrOPUTMY.

b1 — onutyBanus Benxyuoro AHITA-1 Bin-
HOCHO ITOTOYHOTO eTamy 0a30BOi poOOTH30-
BaHOI TEXHOJOTi] aBTOMAaTHYHOTO BUKOHAHHS
MOIITYKOBHUX MIIBOJTHUX MICIi{; TyT TAKOX BBO-
IaTbes 3aBmanas Ha I'TI, 3amani 3 0a3oBoro
piBHSI KepyBaHHs B:

— 3HAYCHHS napamMeTpiB Pyxy
My ={v;,05.h55, 16 vy =Viuss O3 = Qs
h, =h,,,, — BIINOBIIHO, 3a/aHi IIBHIKICTh
JiHIHHOTO pyXy, Kypc 1 IMHOMHA 3aHYpPEHHS
AHIIA nipu ix rpymnoBomy pyci;

— 3HaUCHHS CTapTOBHX TeorpadiuHux
koopaunar seenoro AHIIA {®@; A}

b2 — ymoBHuii nepexin X, skuii MiCTUTH
migrotosui onepanii CAK Benenum AHITA sik
«areHTOM» TPYIIH IMiJBOAHUX arapaTis:
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contact with each other, which will adversely
affect their underwater mission.

Therefore, the specified problems
will be further considered and the fuzzy
AUV ACS synthesis is performed for the
coordinated motion of vehicles in the group
transition, which ensures the safe mission
implementation.

Attention will be paid to the integration of
multisensory information from rangefinders to
simulate the navigation environment around
each AUV.

3.3.2. Development of a generalized ACS
operation algorithm of a follower AUV as a
group «agent» of the underwater vehicles.
The plane motion of the follower AUV as a
group «agent» during the execution of stages
F, . and T, of the AUV deployment into
a group and its group transition to the water
area working zone according to (3.16) as
typical stages for group motion organization
is considered [124].

The ACS generalized operation algorithm
of the i-th follower AUV as a group «agent»
of underwater vehicles, performs preparatory
operations and, actually, the group transition,
is shown in Fig. 3.6.

Let’s give its operation in the numbering
order of the algorithm blocks.

Bl - survey of the follower
AUV-1 regarding the current stage of the basic
robotic technology for automatic execution of
search underwater missions; here the tasks on
the GT and specified from the local control
level B are also introduced:

— the values of the motion parameters
M, ={vy,,,h}, where Vs =V
hy =hy, respectively,
specified speed {®,; A,}.of linear motion,
the course and immersion depth of the AUV
during their group motion;

— the value of the follower AUV starting
coordinates {®; A,}.

B2 - conditional transition X, which
contains the ACS preparatory operations of
the follower AUV as a group «agent» of the
underwater vehicles:

e3 = emm;
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x,, — mepexin 1o Onoky b3 3aBanTaxeHHs
JI0 TaM’sITi OOPTOBOTO KEpyHUYOro KOHTPO-
nepa BepeHoro AHITA mporpamMu BHKOHAHHS
TMIOTOYHO] TOIIYKOBOI Micii J, . 3rijHo (3.23);
TYT 3aA1sIHUH KaHaJl MOPCHKOTO Pamio3B’s3Ky
ta PTAB (nuB. m.p. 2.4);

x,, — mepexin o Omoxy b4 BuKOHaHH:
erany F, . camoOpraisamii — BHITyIIEHHX
AHITA (aBTOMaTru4HOTO (hOPMYBAHHS TPYIIH)
JUIS  TIONAJIBIIOTO KOJIEKTHBHOTO MEPEXOY
10 poboyoi 30HHM, Je Oyne BHKOHYBaTHCh
TMOIITYKOBA TiJIBOIHA MiCisl; BUKOHAHHS €TaIy
F, s mepenbadae BCTAHOBIEHHS TiJpOaKyc-
TUYHOTO 3B’s3Ky 3 cycimHiMu AHITA, 3any-
PEHHSA 3a 3a1aHy DIMOWHY /i, Ta PO3BOPOT
BEJICHOTO arnapara Ha 3aIJaHui Kypc KypcoM @.;

X, = niepexig A0 Onoky b5 imimiamizarii
BUKOHAHHSI IOTOYHOIO €Taly  IOIIYKOBOI
Micii J,,, 1€ 32 10MIOMOTO0 GOPTOBOTO Kepy-
ro4yoro koHTposiepa BeneHoro AHITA Bukony-
FOTHCS MIJITOTOBY1 omepariii 1uist 3a0e3me4eHHs
Horo 6e3aBapiifHOTO TPYIOBOTO PyXy — Iepe-
BipKa Mpane3aaTHOCT] HaBiraifHuX CeHCOpiB
AHIIA Ta ceHcopiB HaBiramiiHoi 00CTaHOBKH
HABKOJIO HBOTO.

b6 — G110k ONTUTYBaHHS CEHCOPIB HaBirarfi-
riHoi cucremu (CHC) i-ro Begenoro AHIIA,
AKi JaroTh iHdopmanito /., . Tpo (pakTHuHi
3Ha4YeHHs HOro JHIHHOT v, Ta KyToBOI ®,
wsuakocredn AHIIA, xypey ¢, Ta mmbuna
3aHypeHHs .

b7 — Onok omuTyBaHHA CEHCOpIB HAaBi-
raiifinoi oocranoBku (CHO) HaBkojo i-ro
BeneHoro AHIIA; Tyt oTpumyetscst iH)Op-
mauis D, . mpo AHITA-cycini mo rpymi, siki
PYXaloThCs MapateIbHUMH KypCcaMu i MOXKYTh
CTBOPIOBATH HAaBITaAIliiiHI TIEPENIKOIN PYyXY
qis i-ro Beaenoro AHITA; 3a3Buyaid, nie auc-
TaHLiA d,,j 1o j-ro AHITA-cycina ta neneHr a,
a00 KypcOBHH KyT KKij Ha Lei amapar.

b8 — Onok awnamizy Ta MOJEIIOBAHHS
Hapiraniinoi obcranoBku (MHO) HaBkoi0
i-ro Begenoro AHIIA; Tyt Ha ocHOBI iH(Op-
mauii Big bB7 BuminsfroTbCA IHUCTAHLII Ta
HeJIeHIH (KypcoBi KyTH) A0 HalOimbIn Hebes-
neyHux  (HaOmmwkumx) — AHITA-cycinis,
SKI CTBOPIOIOTH HaBiraliiHi 3arpo3u s
i-ro Benenoro AHIIA; indopmanis Z,, npo

x,, — transition to block B3 of loading
into the on-board process controller memory
of the follower AUV execution program for
the current search mission J, . according to
(3.23), here the maritime radio communication
channel and RHAB are involved (see
section 2.4);

x,, — transition to block B4 of execution
stage F,,, of self-organization of the released
AUVs (automatic group formation) for the
subsequent collective transition to the working
area where the search underwater mission will
be performed, execution stage F, . provides
for the installation of hydroacoustic
communication with the neighboring AUVs,
immersion to a given depth /, and turning the
follower vehicle to a given course 0.;

x,, — transition to block B5 for execution
initialization of the current search mission
of J,, where preparatory operations are
performed with the help of the follower
AUV process controller to ensure its trouble-
free group motion — functionality test of the
AUV navigation sensors and the navigation
situation sensors around it.

B6 —survey block of the navigation system
sensors (NSS) of the i-th follower AUV,
which provide information to /., about the
actual values of its linear v, and angular o, and
speeds of the AUV, the course 0, and the depth
of immersion 4.

B7 — survey block of navigational
environment sensors (NES) around the
i-th follower AUV; here the information
D, on AUV-neighbors in the group which
move in parallel courses and can create
navigational obstacles of the i-th follower
AUV motion happens here; usually, it is the
distance dij to the j-th AUV neighbor and
bearing a, or the course angle KK, on this
vehicle.

B8 — navigation situation model block
(NSM) around the i-th follower AUV; here,
on the basis of information from B7, distances
and bearings to the most dangerous (closest)
AUV-neighbors are allocated, which pose
a threat of collision with the i-th follower
AUV; Z . information about the selected
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upiieHnx AHITA-cycifiB BUKOPHCTOBYEThCS
JUTS. TIOAAJIBIIIOT OIIHKK CTYIICHIO HaBirarii-
HOI HeOe3neku i i-ro Beaeoro AHITA.

B9 — Omok anHamizy Ta imeHTH(IKAIii
HaBirauiinux 3arpo3 (IH3) nna i-ro Beme-
Horo AHITA; TyT BU3HAyaroTbca CTaTH4HI U
JnuHaMiuHi xapakrepuctuku pyxy AHITA-cy-
CiJiB, HA OCHOBI YOro KIJbKICHO OI[iHO-
IOThCSI MOXJIUBI PU3UKH 3ITKHEHb a00 BTpaTu
3B’SI3Ky 3 HUMH B PE3yJIbTaTi HEMPHUITYCTH-
MOTO 30UIBIICHHS JUCTAHIN{,; TYT TaKOoX 3a
pe3ynpTaTaMi  OTPHMAHHUX OIIHOK MOXKIIH-
BuX 3arpo3 Big AHITA-cyciniB GopmyroTbcs
pEeKOMEHJIaIil MO0 HEeWTpami3amii KOoXHOi
BUSBIICHOI 3arpo3H IUITXOM MaHEBPYBAaHHS
i-ro BemeHoro AHIIA; 3a3Hauena iH(popma-
uis Z,, CIyrye OCHOBOK JUIsi OOYHMCIIEHHS
Kepyrouoro BIUIMBY Ha -l Bemenwit AHITA
3 ypaxyBaHHSIM I'PyMOBUX 3arpos, siKi Jil0Th
OJTHOYACHO.

Bb10 — 6ok Mae 3a0€3MEUNTH JIOKATBHUIH
piBeHb L aBTOMaTHYHOTO KEPYBaHHS PYXOM
i-ro Bepenoro AHITA B ymMoBax HaBiramiitHux
3arpo3 JABOX THUIIIB — HaBITraliiHOi OJU3bKOCTI
CYCIJIHIX ITiJTBOJIHHX anapariB TPYIH Ta MOX-
JMUBOI BTPaTH TiAPOAKyCTHYHOTO 3B’SI3KY 3
cycimaima AHITA 3-3a HenpuITyCTHMO BEJIH-
KOT IMCTAHIIIT 10 HUX (OLIBIIOT, HIX paaiyc aii
OOpTOBUX CHCTEM 3B’SI3KY amaparis r.); Led
pisensb 3a0e3nedyerbest migcucremoro [ICAK,
(MHOXHMHA peKoMeHpauii R, mono Oesmed-
HOTO pyxy i-ro Begenoro AHITA).

Bb11 — 610k Mae pearnizyBaTl BHKOHABUHUI
piBeHb E aBTOMATUYHOTO KEPYBAaHHS PYXOM
i-ro Begenoro AHITA nuisxom miaTpuMaHHS
3aJlaHUX 3HAYeHb Kypcy 1 MIBHAKOCTI JIHIH-
Horo pyxy (miacucrema [ICAK,); Buxiganmu
curHaiamu 0j10ky B11 € curaamu kepyBaHHS
gacrororo obepramns ['EJl u  (xepyBanus
IBHUJKICTIO V ), puBofoM ctepHa PCK i-ro
Bezienoro AHITA u, sikunii 3MiHIOE KyT Tiepe-
KJIQJIKU CTEPHA O, & TAKOXK CUTHAJ U_ Kepy-
BaHHS KyTOM TIepeKJaJIku CTEepHa BEpPTH-
kanbHOrO pyxy AHIIA mpu aBapiiiniit 3MiHi
TMOWHY 3aHYPEHHS.

B12 — o0’ext kepyBaHHS (i-i BeACHUI
AHIIA), OCHOBHMMH BHIXOJaMHU SIKOTO €
(haxTHYHI 3HAYCHHS JHIHHOI Vv, 1 KyTOBOI ®

/
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AUV-neighbors is used to further assess the
degree of their navigational hazard for the i-th
follower AUV.

B9 — analysis (identification) and
navigational threat identifier (NTI) block
for the i-th follower AUV; here the motion
static and dynamic parameters of the AUV-
neighbors are determined, on the basis of
which the collision risks with them or the
communication loss with them as a result
of the unacceptable increase in the distance
to them are quantified; here, also based
on the results of the received assessments
of possible threats from AUV-neighbors,
recommendations are formed to neutralize
each identified threat by maneuvering the i-th
follower AUV; the specified information of
Z, . serves as a basis for calculation of control
influence on the i-th follower AUV taking
into account the group threats operating
simultaneously.

b10 — the block (unit) must provide the local
level L of motion automatic control of the
i-th follower AUV in conditions of two types of
navigation threats — the navigation proximity
of the group’s neighboring underwater
vehicles and the possible loss of hydroacoustic
communication with neighboring AUVs due
to an unacceptably large distance to them
(greater than the on-board communication
systems radius . of the vehicles); this level
is provided by the subsystem SACS, (a set of
recommendations of R, on safe movement of
the i-th follower AUV).

b11 — block must implement the executive
level E of i-th follower AUV automatic
motion control by maintaining the specified
values of the course and speed of linear
motion (subsystem SACS,); the output signals
of the block B11 are the control signals of
the DC PEM speed u_ (speed control v ), the
drive of the PSC stern of the of i-th follower
AUV u,, which changes the steering angle
0., and the control signal u of the AUV
vertical motion of PEM in case of emergency
depth change.

B12 — control object (i-th follower AUV),
whose the main outputs are the AUV linear
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mBuarkocteid AHITA Ta moTouHi KoopanHATH
#1010 MIIOCKOTO PyXy (X, yf).

b13 — ymoBnuii nepexin X,, skuil KOH-
TPOJIIOE MPOJOBKEHHs (YMOBa X, ) UM 3aBEp-
eHHs (YMOBA X,,) MAHEBPY O€3MEUHOI0 PO3-
xomkeHHs 3 AHITA-cyciiom.

b14 — ymoBHuil nepexin Xj, SIKHH KOH-
TPOJIIOE 3aBepLIEHHs eTary 7, . TPyNoBOrO
MePexXoy 32 O3HAKOI0 PO3pPaxyHKOBOI TPHBa-
nocTi Micii 1 3a0e3mnedye TPOTOBKEHHS CTaIy
(ymoBa x;,,) a6o mepexiz 10 6noky b16 (ymosa x, )
JUISl BAKOHAHHS HACTYITHOTO €TaIry Micii.

b15 — ymoBnuii nepexin X,, skuil KOH-
TPOJIIOE TIOKAa3HUKH EHEPreTHYHOTO 3a0e3-
nedenns eramis £, o 1a T, . (yMOBH X, Ta
X,,); Y Pasi 3HMKEHHS €HEPrETMYHHMX IOKa3-
HUKIB JpKepena eHeprii i-ro Benenoro AHITA
(ymOBa x,,) BUKOHYETBCS TIEPEXia 10 OJIOKY
b17 (ymoBa x,) mms H0CTPOKOBOTO 3aBep-
LIeHHA MICii IIUM TTiABOJHUM araparoMm.

3anponoHOBaHUM  y3araJlbHEHUH — aJiro-
put™ ¢yakmionyBanHs CAK i-m BeneHuM
AHITA B pexumi IpyIioBOTO TEPEeXony Bia-
TBOPIOE OCHOBHI 3aBHAHHS JUI CHCTEMH
aBTOMAaTHYHOTO KepyBaHHA Tpymoto AHITA
I, TAKUM YHHOM, YTBOPIOE METOMOJIOTIYHY
OCHOBY IS PO3pPOOKH OKPEeMHX HaHOLIBII
ckaanHux ckianoBux Takoi CAK.

3.3.3. Po3pobka CTpyKTypH CUCTEMH aBTO-
MaTU4HOro KepyBaHHs BeneHuM AHIIA sk
«areHToM» Tpynu. AHaji3 3aBAaHb TIPyIo-
Boro kepysBanHsi AHIIA y 3a3naueHux era-
IaX BUKOHAHHS MOPCBHKOI MICil CBIAYHTS, 110
OJHICIO 3 KJIIOYOBUX € 3ajaya 3a0e3ledeHHs
Oe3neuHoro (06e3aBapiiiHOT0) pyXy OKpPEeMoro
BegeHoro AHITA y rpymi Ha 3amaHiil rim-
Oouni  h; =h,,; 3a7aHUM KypcoM KypcoMm
©5,451 T 3 331QHOIO0 IIBUIIKICTIO V; =V, .

TeopeTHdHOI0O OCHOBOIO aBTOMATH3AIlii
TaKoro pyxy A4, . € TIOHATTS BUPiBHIOBAHHS
A,» anresii 4, ta xoresii 4. [125].

[oustTs 6upieniosanns nependavae yTpu-
MaHHS CTaOUTPHUMM TpPbOX BHILE 3a3Haye-
HUX MapaMeTpiB aBTOMAaTHYHOTO PyXy Ipynu
AHIIA:

A

GU = {q)MASl;

v, and angular velocities o, and the current
coordinates of its plane motion (x, ¥)

B13 — conditional transition X,, which
controls the continuation (condition x,)
or completion (condition x,) completion
of the safe divergence maneuver with the
AUV-neighbor.

B14 — conditional transition X, which
controls the completion of the stage
T, of the group transition based on the
mission estimated duration and ensures
the stage continuation (condition x,) or a
transition to block b16 (condition x,,) to
perform the next stage of the mission.

B15 — conditional transition X, which
controls the power supply indicators of
F, . andT, . stages(conditionsx, andx,,)in
case of a decrease in energy indicators, energy
sources of the i-th follower AUV (condition
x,,), a transition to block B17 (condition x )
is performed for early mission completion
by this underwater vehicle.

The proposed generalized automatic
control system functioning algorithm of the
i-th follower AUV in the group transition mode
reproduces the main tasks for the AUV group
automatic control system and, thus, forms a
methodological basis for the development
of individual most complex components
of such ACS.

3.3.3. Development of the automatic
control system structure of a follower AUV
as a group «agent». Analysis of AUV group
control tasks in indicated stages of the sea
mission shows that one of the key tasks is
to ensure safe (accident-free) movement of
an individual follower AUV in a group at a
given depth A, =h,,; with a given course
0, =0,,, and ata given speed v, =v, .

The theoretical basis for the automation of
such 4, . motion is the concept of alignment
A,» adhesion 4, and cohesion 4. [125].

The concept of alignment implies keeping
stable the above three parameters of the AUV
group automatic movement:

h

VMAS 1°

(3.18)

MAS1 } ’
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mo BuMarae pyxy rpynu AHIIA y 3ana-
HOMY HampsMKy 4YH TIO0 3aJiaHiidi TpaeKTo-
pii Ta aBTOMaTH4YHE KEPYBaHHS PyXOM OKpe-
moro AHITA sk areHTa Tpynu y 3agaHOMY
HampsIMKy 13 PEKOMEHJIOBAaHOKO 3aJaHOI0
IIBUIKICTIO Ta Ha 3aJaHiil NIMOWHI, OJHAKO-
Biii auist Bcix AHIIA rpynu.

[MonsATTs @oeesii mependavyae 3aBoaHHS
koxkHoMy AHITA sk areHTy rpynu pyXxaTuch 3
ypaxyBaHHsM A, Ta OJHOYaCHUM KOHTPOJIEM
MiHIMQJIBHO MOYJIMBOT JMCTaHIIT MK OKpe-
MHM areHTOM Ta HOTo cycizamu, Oe3rnedHol 3
MO3ULIN 3ITKHEHHS:

AGA = {xi

e x, — IUCTAHIA B I-TO BEIEHOIO
AHITA no cycigaporo AHITA 3a kypco-
BuM Kytom KK; X = — MiHIMAJIbHO MOX-
nuBa Oe3levHa JWCTaHIls JIO CYCIIHBOTO
AHIIA; W — XinbKiCTh HampsMKIiB (Kyp-
COBHX KYyTIiB), KOHTPOJILOBaHHUX  BiJIO-
BIIHUMHM  HaBITaliHHUMH  JaJIEKOMIpaMu
i-ro Begenoro AHITA.

[TonsiTTst KO02e3ii mepemdavae 3aBlIaHHS
KO)KHOMY AareHTy Tpylu pPyXaTuch 3 ypa-
XyBaHHAM A Ta OJIHOYaCHUM KOHTPOJIEM
MaKCHMaJbHO MOMKJIMBOI JUCTAHIII MIXK
i-m Bemenum AHITA Ta doro cycigamu,
Oe3meyHoi 3 MO3MIIN BTPAaTH CEHCOPHOTO
KOHTaKTy (HampHKIaa, TiIpOoaKyCTHYHOTO
3B’S3KY) 1, IK HACIiZOK, BTpatu rpynu AHITA
y pe3yabTaTi il «po3nOpOIICHHSD:

Ase = {xi
e x

. — MaKCHMaJIbHO TIPUITYCTHMA JIHC-
TaHIisA MK i-M BeneHuM AHITA Ta cycigaim
AHIIA, npu sikiit 30epiraeThbcst HaNIHHUE CeH-
COPHUI KOHTaKT MK HIMHU.

VY sxocti manekomipiB AHITA MoxyTbh
OyTH BUKOPHUCTaHI MiJBOJHI TipOaKyCTHYHI,
JIA3€pHI YW €JEKTPUYHI CEHCOpH, 110 MAroTh
3a0e3MeuyBaTi CUCTEMI aBTOMATHYHOTO Kepy-
BaHHS MiJIBOJHOTO amapara 4YyTIHBICTH 0
cycimnix AHIIA, saxi pyxaroTecst y CKIaji
rpynu [126; 127].

KinbkicTh ceHcopiB 1 1iXHI Jiarpamu
HaNPaBJICHOCTI 3aJIe)KaTh BiJl HU3KW BUMOT JI0
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2 xmin }

< xmax }

which requires the AUV group motion
in a given direction or along a given spatial
trajectory and automatic motion control of
a single AUV as a group agent in a given
direction with a recommended given speed
and at a given depth, which is the same for all
the group AUVs.

The concept of adhesion implies for the
task of each AUV, as a group agent, to move
taking into account the 4 and simultaneous
control of the minimum possible distance
between an individual agent and its neighbors,
safe from the from the collision positions:

, (3.19)

i=1..W

where x, — the distance from the i-th
follower AUV to the neighboring AUV
along the course (heading) angle KK
x ~— the minimum possible safe distance
to the neighboring AUV; W — the number of
directions (course angles) controlled by the
corresponding navigation rangefinders of the
i-th follower AUV.

The concept of cohesion implies the task
of each group agent to move, taking into
account the 4 and simultaneous control of
the maximum possible distance between the
i-th follower AUV and its neighbors, safe
from the standpoint of sensory contact loss
(for example, hydroacoustic communication)
and, as a consequence, the AUV group loss as
a result of its «dispersal»:

(3.20)

i=1..8

where x  — the maximum allowable
distance between the i-th follower AUV and
the neighboring AUV, which maintains a
reliable sensory contact between them.

Underwater hydroacoustic, laser or electric
sensors can be used as AUV rangefinders,
which should provide the underwater
vehicle automatic control system with
sensitivity to neighboring AUVs moving in a
group [126; 127].

The number of sensors and their
directional diagrams depend on a number of
requirements in the AUV group motion and
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rpymnoBoro pyxy AHITA Tta Bim ocobmuBoc-
Tel BUKOHAHHS MOIIYKOBOI MiJBOMHOI Micii.
3a3BU4ail KUTBKICTh CEHCOPIB BapilOETHCS Y
Mexax BiJ 4 10 12 i3a0e3mneuye BUMIpIOBaHHS
muctaHiii mixk AHITA 3a BifnoBigHUME Kyp-
coBUMH KyTamu y Mexax Big 0,1Mm g0 20M,
o0 Ja€ MOXIHUBICT OyayBaTu e¢eKTHUBHI
CHCTEMHU KEPyBaHHS IPYIIOBUM PYXOM 3ac00iB
IiABOTHOT pOOOTOTEXHIKH.

O4eBHHO, MO MpPH BUKOHAHHI 3araib-
Hoi BuMorH (3.18) 11 YHUKHEHHSI 3iTKHEHb
3 cycignimu AHITA i-ii BeneHui migBOAHHUN
armapaT Mae J1Ba OCHOBHI BHIM MaHEBpPY —
MaHEBp KypCOM 1 MaHEBp MIBUAKICTIO PyXy

MaseBp 1o mmOWHI OyZieMO BBaKaTH aBa-
pIMHUM, a WOTrO 3aCTOCYBaHHS — TPaHUYIHHM
3axonoM 30epexenHst BeaeHoro AHITA B rpymi.

Juist OIHKH CTYIIEHIO 3arpo3u 3iTKHCHb
Mixk areHtamu rpynu AHITA nmpononyetscs
BimnmoBinHo a0 m. 3.3.2 nmo ckimaay CAK
i-ro BemeHoro AHITA BBecTu crerianbHi
Onoku: 0ok «Mogenp HaBiramiiHoi oOcra-
HOBKM» (MHO) HaBKOIO  BiJMOBIIHOTO
AHIIA; 6ok «Inentnudikatop HaBiramiiHUX
3arpo3» (IH3) mist oro i-ro AHIIA.

Bynysatu BkazaHi OJOKH JOIIIBHO 3 3aJTy-
YEHHSIM Teopii HeuiTKoi jtoriku [82]. Lle moB’s-
3aHO 3 BIACTUBOCTSIMU -0 BeeHoro AHITA sk
00’€KTy KepyBaHHsI, JUIS SIKOTO XapaKTEPHUM €
HEJIOCTATHICTh Ta HEBU3HAYEHICTH 1H(OpMAILi,
110 YCKJIA/IHIOE 3aCTOCYBaHHS KJIACHYHUX METO-
JiB CHHTE3Y PETyJIATOpIB.

PosmissHeMo mpu3HaueHHS 1UX OJIOKIB
O1TBII JIETANTBHO.

lomoBHe  3aBmaHHS  (DYHKIIOHYBaHHS
MHO pns i-ro Benenoro AHITA momsrae y
(opMyBaHHI JUIS HBOTO TIOTOYHOI TiJBOJ-
HOI HaBirauiiiHoi OOCTAHOBKU — BUSBJICHHS
K naiiommxunx AHITA-cyciziB, ski yTBOpIO-
FOTh 3arpo3y 3iTKHEHHsS Ta M HaWBigIaacHi-
mux AHITA-cyciniB, siKi yTBOPIOIOT 3arpo3y
BTPaTU KOHTAKTy 3 KOHTPOJIBOBAHUX JaJEKO-
Mipamu W HampsIMKiB, a TakOX BHU3HAYCHHS
NUCTAHLIN 10 HUX.

[Ipusnauennsm 6noky IH3 € BuU3HAUeHHS
CTAaTHYHMX 1 JUHAMIYHHUX TapaMeTpiB pyxy
koxkHoro 3 BusiBiieHux AHIIA-cycinis 3a W
HanpsMKaMH, KUIbKICHE OOUYWCIICHHS PiBHS

on the peculiarities of the underwater search
mission. Typically, the number of sensors
varies from 4 to 12 and provides measurement
of distances between AU Vs at the appropriate
course angles in the range of 0.1 m to 20 m,
which makes it possible to build effective
control systems for group movement of
underwater robotics.

Obviously, when the general requirement
(3.18) is fulfilled, in order to avoid collisions
with neighboring AUVs, the i-th follower
underwater vehicle has two main types of
maneuvers — course maneuver and a motion
speed maneuver.

The depth maneuver will be considered as
emergency, undesirable from the standpoint of
the mission being performed.

To assess the degree of threat of collisions
between the agents of the AUV group, it is
proposed, in accordance with clause 3.3.2, to
introduce special blocks into the ACS of the
i-th follower AUV: block «Navigation
situation model» (NSM) around the
corresponding AUV; block «Navigational
threat identifier» (NTI) for this i-th AUV.

It is expedient to construct these
specified blocks with the theory of fuzzy
logic involvement [82]. This is due to the
properties of the i-th follower AUV as a
control object, which is characterized by
information insufficiency and uncertainty,
which complicate the application of
classical analytical methods of regulator
synthesis.

Let’s consider the purpose of these blocks
in more detail.

The main task of the NSM functioning
for the i-th follower AUV is to form the
current underwater navigation situation for
it — identifying the K closest AUV-neighbors,
which form a threat of collision and M of the
AUV-neighbors themselves, which form the
threat of losing contact with the W directions
controlled by the rangefinders, and also
determining the distance to them.

The purpose of the NTI block is to
determine the motion static and dynamic
parameters of each of the identified
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3arpo3W 3ITKHEHHS YU BTPAaTH KOHTAKTy 3
HUM (XapaKTEepHCTUK ajre3ii Ta Koresii cBOro
AHITA 1o BIiZHOIIEHHIO [0 HANHOIMKYAX
AHIIA-cyciniB) Ta, oqHOYacHO, GopMyBaHHs
pexoMeHaliil moxo HedTpamizauii BUsBIE-
HOI 3arpo3u IUISIXOM MaHEBPYBaHHS KypCOM,
LIBUJKICTIO Ta, y pa3i KpallHbOi HEOOXiIHO-
CTi, TTIUOMHOIO 3aHyPEHHS.

V3araneHena crpykrypa CAK opuHOu-
HuMm AHIIA sx areHToM rpynu jAaHa Ha
puc. 3.7 (iHIEKC «i» OIYIIEHO).

Po3rmissHeMo OCHOBHI  mpHHIUIH  (PyHK-
mionyBanHs HaBeneHoi CAK, Buxomsunm 3
y3arajlbHeHOTO AJITOPUTMY (DYHKIIOHYBaHHS
CAK (m. 3.3.2).

brnoxk «Cencopu masicayitinoi obcma-
noexuy i-ro BeneHoro AHITA (Gmox b7 Ha
puc. 3.6) mictuth Halip 3 W ceHcopiB rpyno-
BOIO PyXY (CEHCOPiB KOHTPOJIHOBAHUX HAMPSIM-
KiB JUIl BAMIPIOBAHHS AUCTAHIIIN 0 LineH, ki
BUSIBIISIIOTHCS B CEKTOPAX 1X BUMIPIOBAHb).

Ha Buxomi ©Omoky CHO  dopmy-
IOTbCS MHOKMHHM CUTHAJIB TPO JINCTaH-
mii g0 cycigaix AHITA rpymu (mo Hapo-
CTaIOqiﬁ — Bl MEHIIOTO JIO OUIBIIOrO)

—{D3CI,'... D, ... D,.,} Ta nenenrn A,
qn KypcoBi Kyti KK, . Ha HUX.

OueBumHO, IO KO)KHI/II/I CIIEMEHT MHO-
SKMHH CUTHAJIIB D3CW MOKE€ MICTUTH JEKIIbKA
IUCTAHIIN dm., SIKIIO 'y CEKTOpl BUMIpPIO-
BaHb W-TO CEHCOpa 3HAXOAMTHCS MAEKiIbKa
AHITA-cycinis.

OPC
SACSL
S CSE A

AUV-neighbors in W  directions, to
quantitatively calculate the level of collision
threat or contact loss with it (characteristics
of its AUV adhesion and cohesion in relation
to the nearest AUV-neighbors) and, at the
same time, the formation recommendations for
neutralizing the detected threat by maneuvering
the course, speed and, in case of extreme
necessity, the immersion (dive) depth.

The generalized structure of the ACS of a
single AUV as a group agent is shown in Fig. 3.7
(for convenience, the index «i» is omitted).

Let us consider the basic principles of
the above ACS functioning, based on the
generalized ACS functioning algorithm
(p- 3.3.2).

The navigation situation sensors (NSS)
block of the i-th follower AUV (block B7 in
Fig. 3.6) contains a set of W group motion
sensors (sensors of controlled directions for
measuring distances to targets that appear in
their measurement sectors).

At the NSS block output, sets of signals
about the distance to the neighboring AUVs
of the group are formed (in increasing
order — from the smallest to the largest)
D, ={D,. ;... D, ... D} and bearings A, .
or heading angles of KK, on them.

It is obvious that each element of the set
of signals D, can contain several distances
d , if there are several AUV-neighbors in the
measurement sector of the w-th sensor.

Icuc

7 (sns) IOﬁ'eKT kepyBanasa AHITA

|
\l J, l (AUYV control object) I
I
D;c (ZZHOK Uy : 0, €0f;\’f;@f :
NS-E 5
(NSS) (NSM) (NTDf 77| Te4Re [P em (EH) |
ZHo-M (2% ) NCAKz) | &z R . |
(Zns-s) i . U !
Age L ﬂvﬁ ; i

Pucynok 3.7 — Crpykrypa CAK ogunounum AHIIA sik arenTom rpynu

Figure 3.7 — The structure of a single AUV ACS as a group agent
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Kypcosi xkytu KK (nenenru a ) Ha Taki
AHIIA OynyTh OIHAKOBHMH 1 BH3HAYAFOTHCS
pO3TallyBaHHSAM  BiJIIOBIHOTO  CEHCOpa
Ha xopiyci AHITA y 38’s13aHiit cuctemi Koop-
nunart [128].

Toxi MuOXUHY D,. MOXHA TPEICTABUTH
OJTHOMMEHHOIO MATPUIIEI0 Dm. IUCTAHIIN BiJ
i-ro BeneHoro AHITA no cycignix AHIIA, sika
Mae po3mip [WxN], ne W — KiTbKiCTh CEHCO-
piB (KOHTPOJBOBAHUX HAMPSMKIB) HaBirari-
WHOT 00cTaHOBKHM i-TO Bemenoro AHITA; N —
kinbkicte AHITA B rpyrmi:

Dy, = d,,

d

L%

Brnox «Mooenv nasieayitinoi o6cmano8xuy
(6mox b8 Ha puc. 3.8) Ha OCHOBI CHUTHAJIB
D, dopmye mOTO4YHy CTaTW4Hy Ta JMHA-
MiuHy Xapakrepuctuku 1inedt (AHITA-cy-
cigiB) HaBkosio cBoro AHIIA, Busnauae K
HaitOmmxunx AHITA-cyciniB, siki yTBOpIO-
I0Th HaWOINBIIy 3arpo3y 3iTKHEHHS IS
HBOTO Ta BHU3Hauae M HaWBiJJaJIeHIIINX
Bim Hhoro AHITA-cyciniB, mo yTBOPIOIOTH
3arpo3y HEMPHITYCTUMO BEIHKOI BiZICTaHi BiJ
HBOTO 1 BTPATH TiIPOAKyCTUYHOTO 3B’S3KY
(BIATIOBITHO, BUXI/THI 3MiHHI Zyo i i Z, o0 [129].

Y 6noi MHO BUKOHYIOTBCS HACTYIIHI
orepartii:

— BU3HAYAKOThCs MiHiManeni D, . Ta
MaKkCUMalbHi D, ) - JIMCTAaHII{ 10 BUABICHHUX
AHITA-cycigiB Ta BHM3HAUAIOTHCS IEJIECHTH
Ha HUX (A ) Ta/4M KypcoOBi KyTH

HO-Ki® AHO-M[
(KKHO-Mi’ KKHO—MI);

— 332 JIOMOMOTOI0 OQYHCITIOBAYA TOXITHHX
(OIl) BU3HAYAIOTHCS JMHAMIYHI XapaKTepH-
ctukn pyxy BusiBieHux AHIIA-cycimiB mo
IPYIIOBOMY PYXy — JIHIHHI IIBUAKOCTI PyXY
KK, ,.» 3 AKAIMH BOHH 3MiHIOIOTb JMCTAHIIiIO
110 i-ro Begenoro AHITA Ta niHiiHI IIBUIKOCTI
pyxy KK, ,.,3 AKAMH BOHH 3MIHIOKOTbH JHUC-
TaHI[I0 JI0 HBOTO 3 KOHTPOJILOBAaHUX HAIPsM-

KiB, 110 Bu3HauatoThest W cencopamu CHO.

The course (heading) angles KK
(bearings o ) for such AUVs will be the same
and are determined by the location of the
corresponding sensor on the AUV hull in the
body-fixed coordinates (reference system) [ 128].

Then the D, set can be represented by a
matrix of the same name distances matrix D,
from the i-th follower AUV to the neighboring
AUVs, having the size [WxN], where W — the
number of sensors (controlled directions) of the
i-th follower AUV navigational environment
(situation); N —the number of AUVs in the group:

dlii dl Ni
wii dwNi . (3 2 1 )
dWii dWNi _

Navigation situation model block (NSM
block B8 in Fig. 3.8), based on D, signals,
forms the current static and dynamic
characteristics of targets (AUV-neighbors)
around its AUV, determines K nearest AUV-
neighbors, which form the greatest threat of
collision for it and determines M most distant
from its AUVs-neighbors, which pose a threat
of unacceptably long distance from it and the
loss of sonar (respectively, the output variables
Zysqand Zyg ).

The following operations are performed in
the NSM block:

— the minimum D, - and maximum D,
distances to the detected AUV-neighbors are
determined and their bearings (A, ,, A,,.,.)
and/or heading angles (KK, ., KK, ) are
determined;

— using the derivative calculator (DC),
the motion dynamic characteristics of
the identified neighbor — AUVs by the
group motion are determined — the linear
velocities KK, ., with which they change
the distance to the i-th follower AUV and
the linear velocities KK, ., with which
they change the distance to it from
controlled directions, determined by W CHO

SENSors.
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VY pesynbrari GopmyeTbesi JIBI MHOXKWUHH
napameTpiB, SKi XapaKTepU3yrOTh HaBiraminHy
o0cTaHOBKY HaBKOJIIO i-T0 Beaenoro AHITA:

As a result, two sets of parameters that
characterize the navigation environment
around the i-th follower AUV are formed:

ZHO Kt:{DHO Ki’. AHO-K[’. KKHO K7’ ) HO Kl} (322)
( NS-. Kz NS Ki’. ANS—Ki’- K NS- 1(1 NS Kz}) (322)
ZHO Ml:{DHO Mi’. AHO-M[" KKHO-MI'” VHO-MKE}’ (323)
( NS-Mi { NS-. Mi’. ANS—M[’. KKNS—MI’. VNS—MK[})’ (323)
e K<Wi K<N. where K<W i K<N.

Ans  3pydHOCTI MOJANBIIOTO BUKOPH-
cranns ripu cunte3i CAK i-m Benenum AHITA
OTPUMaHI MHOXXHHHU MapaMeTpiB JOLLIbHO
MPEJCTABUTH JBOMAa TapaMH MaTpHIlb PO3-
MipoMm [WxK]| ta [WxM], y SKHX CTaTH4HI
1 nuHamiuHi xapaxrepuctukn AHIIA-cyci-
JiB 3B’s3aHI 3 CCHCOpaMH KOHTPOJIEOBAHHMX
HanpsMkiB Omoky CHO (3a3Buuaii, Kypco-
BUMH KyTaMH, OCKIJTBKH CEHCOPH i-TO BEIe-
Horo AHITA 3akpimieni Ha #ioro 3K i MaroTh
TIPUB’SI3KY JI0 3B’ SI3aHOI CUCTEMH KOOP/IMHAT),
a came:

— JIBOMa MaTpPHISIMHU JUCTAHINNA 10 Haii-
ommxunx AHITA-cycinis DHO ; Ta IIBUJIKO-

cTel iX 30JIMDKeHHS UM BII[IlaJ'ICHHSI VHO Kir

DHO—K, (DNS-K, )=

VHO—K, (VNS—I(, )=

— JIBOMa MaTpPHISIMHU JIMCTAHIINA 10 Haii-
Binanenimmx  AHITA-cycinis DHO_Ml. Ta
MIBAJIKOCTEN 3MIHU QUCTAHIIN 10 HUX VHO_ i

For convenience of further use in the i-th
follower AUV ACS synthesis, the obtained
sets of parameters should be represented by
two pairs of matrices with the sizes [IWxK]
and [WxM], in which the static and dynamic
characteristics of the AUV-neighbors
associated with the sensors of the controlled
directions of the AUV block (as a rule, by
heading angles, since the sensors of the
i-th follower AUV are fixed on its EH (outer
hull) and are tied to the associated body-fixed
coordinates (reference) system, namely:

— two matrices of distances to the nearest
AUV-neighbors D, . and speeds of their
approach or distance V¢

most distant neighbor-AUVs D

dl li dl ki . 4 1Ki

Qo oy e (.24)

dyy e dyy iy

Vi Viki Viki 1

Vinti Vyki Vi (3.25)
L Virii Vi Vi |

— with two matrices of distances, to the

NS-Mi

and their

distance change speeds to them V. |

DHO—M, (DNS—M, )=c

VHO—M,. (VNS—M, )=

100

v]]i

wli

L Wl

Vlmi

wmi

Wmi

vl Mi

wMi

WMi |

(3.26)

(3.27)
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3a3HaurMo, 1o iHdopMarrist D,V

HEOoOXiJiHa I peaiizailii, BIIACHE, pPEXH-

MiB ajresii i koresii, a iHpopmallis Dy 1
Vo4 — A9 peaiizanii OLIbII CKIAAHUX aIro-

PUTMIBTPYIIOBOTOKepYBaHHS, HATPUKJIIA 1, KOJIH
i-i1 Benenuii AHIIA Oepe Ha cebe QyHKUiT

Beayuoro AHITA rpymu.
TakyuM  4YMHOM, €JIEMEHTH  MAaTpHLb
DHO—Ki < ZH()i’ DH()-Mi c ZHOi’ VH()-KI' c ZHOi Ta

Viiomi ©Z 1o MICTATH iHPOPMALIIO TIPO JIHC-
Tanuil 7o K ta M HasiramiiiHo HeOe3mEeYHNX
cycigaix AHITA Ta npo mBHIKOCTI X 3MiHU
3a W nHanpsmkamu (y OUTBIIOCTI BHITAJIKIB
3a KypcoBumu Kyramu KK, . ta KK, )
i-ro BepeHoro AHITA, siki KOHTPOIOIOTHCS
BIJIMOBITHUMH HOTO CEHCOpPaMH CHO..

Bkazani Marpuii yTBOPIOIOTH iHGOP-
MalliiiHe TIATPYHTS Ui KiJIbKICHOT OI[IHKH
HAaBIraIifHuX 3arpo3 HABKOJO i-T0 BEACHOIO
AHIIA.

brox  «loenmughikamop — HagieayiliHux
3aeposzy» (6mok B9 Ha puc. 3.6) ormiHioE CTY-
MmiHe 3arpo3u 3itkHeHHs 3 AHITA-cycimamu
Ta/4¥ 3arpo3y BTPATH TiAPOAKYCTHUYHOTO KOH-
TaKTy 3 HUMH Y BHIAJKY IUIOCKOTO TOPH30H-
TaJBHOTO PYXY 3T1JIHO 3aiiexkHOCTeH (3.19) Ta
(3.20) 3 ypaxyBaHHSIM JUHAMIKH PyXy IPYIH 3
ke K BusBiennmu Haiommwkanmu AHITA-cy-
cimamu Ta 3 m € M BUSBICHUMH HaiBiquaie-
nHimmmu AHITA-cycigamu 3a we W KOHTpoO-
JIbOBAHUMU HAITPSIMKAMH.

OueBuHO, 10 Ui OpraHizamii Oe3med-
Horo pyxy i-ro BeaeHoro AHITA y ckmaai
TPYIH JOCTaTHIM € ypaxyBaHHs HaBirarii-
HUX 3arpo3 JIMIIEC BiJl OJHOTO HAHOIMKUOTO
1, 3HAUNTH, HAO1NbII HeOe3meunoro, AHITA-
Cycizia 3 KOYKHOTO KOHTPOJIEOBAHOTO HAITPSIMKY
w e W. 1le MOsICHIOETCS TUM, 1110 332 HassBHOCTI
Ha W-MY KOHTPOJIbOBAaHOMY HAIPSIMKY JIEKiJTb-
kox AHITA-cyciiiB HaWOUIBIIY 3arpo3y 3iTK-
HEeHHs (4M BTPAaTH KOHTAaKTy 3 TPYIIOI0) Hece
came Haommkunit AHITA-cycin.

OnHOYaCHO TipOaKyCTUYHUIl 3B’SI30K 3
HUM rapanrye i-my BeneHomy AHITA 3B’1-
30K 3 TPYyHOIO y IJIOMYy 1, 3HAYUTh, HOTO
30€pekKEHHsI SIK «areHTa» y CKJIaJi TIpyIH.
[Ipy 1poMy, sKIO HANOIMBIN BiTaICHUN
AHITA-cycin 3 M BUSIBIICHUX TTIIBOJIHUX aria-

Note that the information of D, . and

Visx: 18 necessary for the implementation,

in fact, the adhesion and cohesion modes,
and the information of D, and V. — for
the implementation of more complex group
control algorithms, for example, when the
i-th follower AUV takes on itself the group

leader-AUV functions.

Thus, the matrix elements D,  cZ
DNS—Mi - ZNSi’ VNS—Ki < ZNSi and VNS—MI' - ZNSi

contain information about the distance to K
and M navigationally dangerous neighboring
AUVs and their change rate in W directions
(in most cases, along angles KK, , and
KK,, ) of the i-th follower AUV, which are
controlled by its corresponding sensors CHO..

These matrices form the information basis
for quantitative assessment of navigation
threats around the i-th follower AUV.

The navigation threats identification block
(block B9 in Fig. 3.6) assesses the degree of
collision threat with the AUV-neighbors and/
or the sonar contact loss threat with them in
the case of flat horizontal motion according
to dependences (3.19) and (3.20) taking into
account the dynamics of group motion with
ke K detected by the nearest AUV neighbors
and with m e M detected by the most distant
neighbor-AUVs along the we W controlled
directions.

It is obvious that for the safe motion
organization of the i-th follower AUV in the
group, it is sufficient to take into account the
navigation threats from only one nearest and,
therefore, the most dangerous, AUV-neighbor
from each controlled direction we W. This is
explained by the fact that in the controlled
direction of several AUV-neighbors, the
greatest collision threat (or contact loss
with the group) is posed by the nearest
AUV-neighbor.

At the same time, the hydroacoustic
communication with it guarantees the i-th
follower AUV communication with the group
as a whole and, therefore, its preservation as
an «agent» in the group. In this case, if the
most distant AUV-neighbor of the M detected
underwater vehicle tends to increase the
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pariB Ma€ TEHJICHITIIO /10 30UTBIICHHS JUCTaH-
mii 3 i-M BeenuM AHITA 3 3arpo3oro BTparu
T1IPOaKyCTUYIHOTO 3B’SI3KY 3 HUM, II¢ HE MpH-
3BEZIC 10 «PO3MOPONICHH» TPYIH, OCKIIBKA
TaKui 3B’ 130K OynyTh migrpumysata AHIIA,
SIK1 3HAXOJIATHCS MK IIIMHU JIBOMA ariapaTami.

OnHak, gkmo 3 w-ro HanpsMxy AHITA-
CYCiZliB, MIO 3arpoXyloTh 3ITKHEHHSM, HE
BUSBIICHO, aKTYaJbHOIO € 3aja4a KOHTPOIIO
muctaniii go Hanommwkdoro AHITA-cycina,
SIKAH BlmansgeTbes Bifg i-ro Bemenoro AHITA.
Le mosICHIOETBCST 3aTPO30I0 BTPATH i-M BEZe-
HuM AHITA 3B’s3Ky 3 IpyIIoH0 i HOTO BTPaTOIO
SIK «areHTay TPYIIH.

Tomy koxkHy 3 MHOXHH Z,, 1 Z, .y
¢dopmari (3.22) 1 (3.23) HeoOXiaHO TpesacTa-
BHTH JIBOMA MaTPUIISIMH-CTOBOIISIMH HaBiTaIli-
HWHUX 3arpo3 po3Mmipom [ W x 1] koxxHa, SKi Mic-
TATH 1HPOPMAILiIO0, BIAMOBIIHO, TPO TUCTAHITI
d , mix i-m Benenum AHIIA Ta BusBieHum
Hatommwkanm AHITA-cycizom 3a KOXHUM 3
w € W KOHTpPOIbOBaHUX HAMPSIMKIB, a TaKOXK
Opo INBUJKICTB V, . 3MIHM IIMX JAUCTaHUIA 10
HUX y Tmporeci pyxy i-ro Beaenoro AHIIA y
CKJIaJli TPYIIH:

d

1Ky

H3-Kii DNT—K]i = dlei

1M,

H3-Myi DNT—Mli = de,i

g

ne K, M, — injekcu, siKi Xapakrepusy-
FOTh BIJHECCHHS 3MIHHHUX, BIJIIOBIIHO, IO
MiHIMAJIBHUX 1 MAKCUMAJIbHUX JUCTAHLIN 110
AHITA-cycinis.

Opnnouacuo y 6;oui IH3 popmyeTbest MHO-
KuHa P, peKOMEHALIN 11010 HeHTpatizarii
KOXKHOT OKpeMOi (OJJMHOYHO J11F0401) W-1 BUSB-
JIEHO1 3arpo3H.
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distance with the i-th follower AUV with the
hydroacoustic communication loss threat with
it, this will not lead to the group «dispersion/
scattering», since such communication will
be supported by AUVs, which are located
between these two vehicles.

However, if no collision-threatening
AUV-neighbors are detected from the w-th
direction, the actual task of controlling the
distance to the nearest AUV-neighbor, which
is moving away from the i-th follower AUV, is
relevant. This is due to the threat of loss of the
i-th follower AUV communication with the
group and its loss as a group «agent».

Therefore, each of the sets Z,,. and
Z, i, i the format (3.22) and (3.23) must
be represented by two matrices-columns
of navigation threats of size [Wx1] each,
containing information, respectively, about
the distances d , between the i-th follower
AUV and the nearest AU V-neighbor identified
in each of the we W controlled directions, as
well as therate v, of changes of these distances
to them during the i-th follower AUV motion
in the group:

Vik,i
; VNT—K,i = | Vuk,i (3.28)
_vW’ﬂ" .
Vim,i
’ VNT—Mli: Vim,i (3.29)
_VWMH:_
where K, M, — indices characterizing

the assignment of variables, respectively, to
the minimum and maximum distances to the
AUVs-neighbors.

At the same time, a recommendations set
P, for neutralizing each separate (single
acting) w-th detected threat is formed in the
NTI block.
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O4eBHIHO, IO TaKy HEUTpaTi3aIifo MOX-
JUBO peali3yBaTH MUIIXOM MaHEBpPYBaHHS
KYpPCOM ¢, BHJIKICTIO V, T, Y pa3i KpalHbO1
HEOOX1IHOCTI, 3MIHOK IIMOMHHU 3aHYPEHHS /1,
i-ro Begenoro AHITA.

Muoxuny pekomennauii P, JOUUIBHO
MPEJICTABUTH OJHOWMEHHOI0 MaTPULIEIO PO3-
MipoM [W'x3], eneMeHTH SKOi MICTITh PEKo-
MEHJIOBaHI KEepyIodi peakiii i-ro BEAECHOrO
AHITA Ha KOXXHY W-Ty BHSIBIEHY 3arposy
3a HassBHOCTI NPHITYIIEHHS, 110 BOHA € €IH-
HOIO TIOTOYHOIO 3aTrpO30I0 IS i-TO BEACHOTO
AHIIA y nannii MOMEHT 4acy:

PH311 PNTli
H')‘z = ( NT:) = F, H3wi P, NTwi
_P H3y, | _P NIy, |

1€ P, ~{AQ , Av , Ah } — BiInoBigHo,
PEeKOMEH/IOBaHi Kypc, JIiHifHAa IIBUIAKICTH Ta
mOuHa pyxy i-ro BeneHoro AHITA s Hei-
Tpastizamii w-1 BUSIBIICHOT 3arpo3H.

TakuM dYWHOM, iH(pOPMALS TPO KOKHY
OKpeMy 17IeHTH(IKOBaHy HaBirauiifHy 3arposy
3 wW-ro HampsMKy (weW) pnsa i-ro Beme-
Horo AHIIA na Buxoni Omoxy IH3 (nus.
puc. 3.7) moxe OyTH TpeACTaBICHAa TaKUMH

MaTpPULISIMU:
V4

15D
( NTi { NT-K1

OTpuMaHi MaTpuil MOXYTh OYTH BUKOPH-
CTaHi K 0a30Bi PIICHHS JJIs OpraHizaiii 6e3-
TeYHOTO0 pyXy i-ro BezaeHoro AHITA 3a ymoBw,
kot oro CHO BusiBMIIa JIMIIIE OJHOTO
HaBiramiiiHo Hebesneunoro AHIIA-cycina
(Marpuns P,,) Ta 1y 004MCIIEHHS. MaHEBPY
i-ro BeaeHoro AHITA, xoimu BHSIBICHO HaBira-
uiino Hebesmeuni AHITA-cycinm ogHOuacHO
3 JIEK1JIBKOX HAMPSIMKiB.

bopmosuii xepyrouuti konmponep (PKK)
CAK i-m Benenum AHIIA Bukonye Tpu-
€IMHY 3a/1a9y JJIsl JIOKAJILHOTO L Ta BUKOHAB-
qoro £ piBHIB KepyBaHHS:

— s JIOKAJILHOTO piBHSA L rpyrmo-
BOTO KEpyBaHHS IiJBOAHUMH arnaparaMu

H3-K17

i

r

Obviously, such neutralization can
be realized by maneuvering the course
0, speed v, and, in case of emergency, by
changing the immersion depth h, of the
i-th follower AUV.

It 1is advisable to represent the
recommendations set P, by an eponymous
matrix of size [ Wx3], whose elements contain
the recommended control reactions of the
i-th follower AUV to each w-th detected
threat under the assumption that it is the
only current threat to the i-th follower AUV
at that time:

[Ad, Av, ... Ah,
Ad,;, - Av, .. AR, (3.30)
| ]
where p,. ={A6 , Av_, Ah} -

respectively, the recommended course, linear
velocity and motion depth of the i-th follower

AUV to neutralize the w-th identified
threat.
Thus, information about each identified

navigation threat from the w-th direction
(we W) for the i-th follower AUV at the
output of the block NTI (see Fig. 3.7) can be
represented by the following matrices:

P,.} (3.31)

NTKIz NTz}) (331)

The obtained resulting matrices can be
used as basic solutions for the i-th AUV
safe motion organization, provided that its
NSS has detected only one navigationally
dangerous AUV-neighbor (P, matrix) and
to calculate the i-th AUV maneuver, when
navigationally —dangerous AUV-neighbors
are detected simultaneously from several
directions.

The onboard process controller (OPC)
of the i-th follower AUV ACS performs a
threefold task for the local L and executive £
control levels:

— for the local level L of group control of
underwater vehicles (SACS,) — based on the
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(IICAK,) — ma ocuoBi marpuus Z,, ={D,. .
Vo Pm;}’ 00YUCIIEHUX 3T1AHO 3aJ'I.e)I(HOCTeﬁ
(3.28)-(3.30), dopmye kepyroue pimenns R,
IUTSL pealbHOTO MaHEBPYBAHHS i-TO BEACHOTO
AHIIA, mo0 yHUKHYTH 11€HTH(]IKOBaHHX B

IH3 oauHOUHOT YK rpynoBuX 3arpo3 we W:

R={A¢;Av;Ah}.

— IUIA BHUKOHABYOTO piBHA FE Tpymo-
BOTO KEpYBaHHS IIiJIBOMHHMHU araparaMu
(IICAK,) dbopmye Kepyrodi BIUTUBH
{ug,, u, u} na BM i-ro senenoro AHIIA —
BinnosinHo, npuBoj crepHa PCK (kepoBana

BEIMYMHA — KyT MEPEKIaIKu CTEPHA O),
MapIIOBHH pyHIiiHUN mpuCcTpil (kepoBaHa
BEeIMYMHA — KyTOBa YacToTa OOepTaHHS

F'E]l o, 36.(1 yHop Mo TO3I0BXHIA oci F)
Ta, B aBapilfHUX BUMAJKax, MPUBOA TOPH-
3onTansHoro crepaa PCK (kepoBana Bemm-
YMHA — KyT TEPEKIAJKH CTEPHA J )3 METOKO
peauizanii pexuMmiB adeesii A, Ta koeesii 4.
srijHo (3.19) 1 (3.20);

— IUIA BHUKOHABUOTO piBHA FE Tpymo-
BOTO KEpyBaHHS IIiBOIHHMHU araparaMu
(IICAK,) dbopmye Kepyrodi BIUTUBU
{ug, u; u} Ha BUKOHaB4i MexaHizMu (BM)
i-ro Benenoro AHITA — BianoBigHO, HA TIPHU-
Boj crepHa PCK (kepoBaHa BennunHa — KyT
HEPEKNAKU CTEPHA J), MApIIOBUH pyIIii-
HUH TpUCTPiii (KepoBaHA BEIWYMHA — KyTOBA
gactota obepranns ['EJl @ abo ymop mo
HO3I0BXKHIN 0ci ) Ta BEPTHKAIBLHUN PyIIiii-
HUH NMpUCTpiil (KepoBaHa BEIIMYMHA — KYTOBA
gactota obepranns I'EJl w_a6o ymop PCK
i-ro AHITA mo BeprukanbHiii oci F) mis
peamizauii pexumy A, «6upieniosantay
i-ro Bemenoro AHITA — yTpumaHHS 3amaHUX
napamerpiB pyxy 1o (3.18) 3 BUKOpHCTaHHAM
indopmarii /., Bix 6moky b6 (puc. 3.6).

Taxum umnom, B Onomi BKK CAK i-m
Benenum AHITA sk «areHtrom» rpynu
(puc. 3.7) BU3HAUAIOThCS TaKi KEPYIOUi BILTUBU:

— Ha JJOKQJILHOMY PiBHI L TPyIOBOTO Kepy-
BaHHA (Omox B10 Ha puc. 3.6) dopmyerscs
pexoMenyanis R €L g AU Woro 0Oe3neyHoro
PYXy y CKJIaJi rpyIiu;

— Ha BHMKOHABYOMY DIBHI OOYHCITIOIOTHCS
KepyIodi BIUIMBH (U, U ; u_} JUISl BUKOHAHHS
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matrices Z,,. ={D, ..V, .. P,.}, calculated
according to the dependences (3.28) — (3.30),
forms the control solution R, for the actual
maneuvering of the i-th follower AUV to
avoid the identified single or group threats
we Win the NTI:

(3.32)

— for the executive level E of group control
of underwater vehicles (SACS) — generates
control actions {u, u , u_/ on the EM of
the i-th follower AUV — respectively, the
PSC steering gear (rudder drive) (controlled
value — rudder shift angle J), matching
propulsive  (driving) device (controlled
value — PEM angular rotation frequency
o_ or thrust along the longitudinal axis F')
and, in emergency cases, vertical propulsive
device (controlled value — the PEM angular
frequency of rotation w_or the i-th AUV PSC
thrust along the vertical axis F) in order to
implement adhesion A, and cohesion A
modes according to (3.19) and (3.20);

— for the executive level E of the group
control of underwater vehicles (IICAK,) —
generates control actions {u,; u ; u_} to the
executive mechanism (EM) of the i-th follower
AUV — respectively, to the PSC rudder drive
(the controlled value is the rudder shift
angle J), the main propulsion device
(the controlled value — PEM angular rotation
frequency w_ or thrust along the longitudinal
axis F ) and vertical driving device (controlled
value — PEM angular rotation frequency w_or
thrust along the longitudinal axis F) in order
to implement the «alignment» mode A of
the i-th follower AUV, that is, the content
of the motion parameters set to it according
to (3.18) with using information 7 from
block b6 (Fig. 3.6).

Thus, in the ACS OPC block of the
i-th follower AUV as a group «agent» (Fig. 3.7)
the following control actions are defined:

— at the local level L of group control (block
510 in Fig. 3.6) the recommendation R €L,
for its safe motion in the group is formed;

—at the executive level, the control
actions {u,, u_; u_} are calculated to fulfill

Xi
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yMoB (3.18)-(3.20) kepoBaHOTO PyXY i-TO BeJie-
Horo AHIIA six «arerTay rpyru — JOTpUMaHHS
PEXUMIB BUPIBHIOBAHHS, aJre3ii Ta Koresii.

Burie3asHaueni Kepyrodi BIDIMBU, MpH-
xianeHi 1o 3K AHITA, oOyMOBIIOIOTE TTOSIBY
(hakTUYHUX 3MIHHUX TIPOCTOPOBOTO PYXY i-I'O
BEICHOrO AHIIA — {(pf; Yf; o5 hf; X Vs K1
y SKOCTiI 3BOPOTHOTO 3B’SI3Ky BHUKOPHUCTOBY-
1otbest B BKK itoro CAK.

[IpuHIMIIM CHHTE3y OCHOBHUX OJIOKIB
taxoi CAK posrisiHeMo Huxkue.

3.3.4. PospoOka Oinoky «lmenTHdikarop
HaBITAIIMHUX 3arpo3». BXiIHUMH JaHUMHA
nns podoru 6moky IH3 € marpuui D, < Z,,
1aV,, =2, 3rinHo (3.24) i (3.26), sxi mic-
TATH iH(OPMAIIiFO PO TUCTaHIIT 10 K HaBira-
uiiHo Hebesneunux cycignix AHITA ta mpo
MIBUJIKOCTI 1X 3MiHU 3a W HanpsiMKamu.

Sk 3a3zHavanock Buile, y omoui IH3 i-ro
BeneHoro AHIIA BHKOHYIOTBCS HACTYIHI
NepeTBOPCHHS HaBiraniiHoi iHdopmarii:

— LIUIAXOM aHanisy marpuui D, . BH3HA-
qaeThes HaOmmkanit AHITA-cycin 3a Kox-
HUM 3 W HamnpsiMKiB, SKHI YTBOPIOE Haii-
OlTbIIy 3arpo3y 3IiTKHEHHS 3 i-M BEJICHUM

AHIIA 3 poro HampsMKy:
inf {d,
inf {d, |
inf {d,|
— IIAXOM aHaisy marpuui D, BU3HA-

yaeThes HavBinnaneHimumin AHITA-cycin nns
i-ro Benenoro AHIIA, sxuii yTBOpIoe 3arposy
HETNPHUITYCTUMO BEJIMKOT BiJICTaHI BiJl HHOTO 1
OB’ SI3aHOT 3 IIMM 3arpO3H BTPATH T1IPOaKyc-
THYHOTO 3B’S3KY M)XK HUMHU:

sup {a’

sup {dwki |m:1,___M} =d,\;

sup {dei |m:1,...M} = dypy-

K }

k=1,...

k=1,...

Imi |m:1,mM }

the conditions (3.18) — (3.20) of the controlled
motion of the i-th follower AUV as a group
«agent» — compliance with the alignment,
adhesion and cohesion modes.

The aforementioned control actions
applied to the AUV EH cause the appearance
of the actual spatial motion variables of the
i-th follower AUV — {0 v w; h;x, y}, which
are used as feedback signal in its ACS OPC.

The synthesis principles of the main blocks
of such ACS will be considered below.

3.3.4. Development of the «Navigational
Threat Identifier» block. The input data for the
NTI block operation are the matrices D, . < Z, .
and V.= Z, . according to (3.24) and (3.26),
which contain information about the distances to
K navigationally hazardous neighboring AUVs
and the rate of their change in W directions.

As mentioned above, the following
navigation information transformations are
performed in the i-th follower AUV NTI block:

— by analyzing the D, . matrix, the nearest
AUV-neighbor in each of the W directions is
determined, which forms the greatest collision
threat with the i-th follower AUV in this
direction:

K} =d\;
=d .; (3.33)

K} = dyy;-
— by analyzing the matrix D, , the most

distant AUV-neighbor for the i-th follower
AUV is determined, which forms a threat of
an unacceptably large distance from it and
the associated loss threat of the hydroacoustic
communication between them:

=d,

1Mi>

(3.34)
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s BiniOpanux nuctaHuid d . ta d .
OOUMCITIOITBCS TepIni iX TOXigHi, TOOTO
IIBHIKOCTI 3MiHM IMCTAHIH 10 HUX V, TaV, .

Takum 4uHOM, 34 ,Z[OHOMOFOIO 3aJIexkK-
Hocter (3.33) 1 (3.34) orpumyemo mapu
marpuus D, .V, . 1a D V3.0 3TITHO
(3.28)1(3.29).

PosmissHeMo Tenep ocoOmuBOCTI 00UMC-
JIEHHs MaTpULll peKoMeHJauid P, 3rigHo
(3.30).

Posnsimaemo Bumamok, komm 6ok CHO
i-ro Benenoro AHITA BusBHUB juIe OXHOIO
HagiramiiiHo HeOe3neunoro AHITA-cycina.

Sk Oyno 3a3HaveHoO Bule, OyayBaTH OJIOK
IH3 y misioMmy i 004HCIICHHS MaTPHUII PEKOMEH-
naunin P, 30kpema, JIOIIJILHO TIPOBOJMTH 13
3aCTOCYBaHHSM Teopii HewiTkoi Jioriku [82].
[Ipu upomy dazudikamis BXiTHUX 3MIHHUX
(3.28)- (3 29) nnsa xoxHoi mapu {d . v, ..}
Ta{d v, .+ y Onoui IH3 moxe OyTn BuKo-
HAHA YBCICHHSM HACTYIHHUX JIIHIBICTUYHHX
3MIHHHUX:

— ons oucmanyiv d . mad

D, — nucranuis Benuka (€ 3arposa BTpaTu
3B’s13Ky 3 uuM AHITA-cycizom);

D, — nucTaniis cepenns;

D, - JIICTAHIIIs ONITUMalIbHA (OakaHa);

D,,— nucranuis mana;

DH — gucraHmig HeOesmeyHo Masa
(e 3arpo3a 31TKHCHHS 3 AHHA-CyciZ[OM);

— Ons weuokocmeu v, . mav, .

Vs — WIBUIKICTH 36J'II/I>KGHH$I BEJIMKA;

V3C — MIBUKICTH 30JIMKCHHS CEPEIHS;

Vo= MIBHUIKICTE 30IMKEHHS MaJja;

V,—HynboBa LIBUIKICTH 30/voKeHHs (Oaxkana);

VB . HIBUAKICTE BigaaeHHS MaJjia;

Ve = MIBUIKICTD BiJUTAJICHHS CEPEIIHS;

V,p — IBUJIKICTD BiJUTaJICHHS BEJIMKA.

OyHKII{ NPUHATIEKHOCTI AUCTAHIIN Ta
MIBUAKOCTEH TX 3MIiHM JOLIIBHO MpeacTa-
BUTH y (opMi TPUKYTHUX (QYHKIH (trimf),
puc. 3.8.

3a3HayeHi TpaBUiIa  MaroTh
BYBaTH PEXKUMH aaresii i

(3.19), (3.20).

H3-Mi®

peainizo-
Koresii 3rigHO
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For the selected distances d ,. u d . their
first derivatives are calculated, i.e. the rates of
change of distances v, ., and v, .to them.
Thus, by means of dependences (3.33)
and (3.34) pairs of matrices D, .., V. and

v Ve ccording to (3.28) and (3.29) are
obtained.

Let us now consider the peculiarities of
calculating the recommendation matrix P, .
according to (3.30).

Consider the case when the NSS block
of the i-th follower AUV finds only one
navigation-dangerous neighbor-AUV.

As noted above, it is expedient to construct
the NTI block as a whole and to calculate the
recommendation matrix P, in particular,
using the fuzzy logic theory [130]. In this
case, the fuzzification of input variables
(3. 28) (3.29) for each pair {d ,; v .} and
{d .V, inthe NTIblock can be performed
by introducing the following linguistic
variables:

— for distances d . and d , :

D, —long (large) dlstance (threat of loss of
communication with the AUV-neighbor)

D, — average distance;

DO — the distance is optimal (desirable);

D, — distance is small;

DLR — the distance is low risk (collision
threat with the AUV—neighbor)

— for speeds v, and v, :

V., —high approach speed;

V,, — average approach speed,;

V, ,— low approach speed;

V,— zero approach speed (desirable);

V, . — low recession speed;

V.. — average recession speed;

. — high recession speed.

Membership functions of distances and
characteristics of these changes can be fully
represented in the form of tricky functions
(trimf), Fig. 3.8.

The specified rules must (need) implement
the adhesion and cohesion modes according to
(3.19), (3.20).
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Figure 3.8 — Membership functions:
a — input variable "distance to AUV-neighbor", meters;
b — input variable speed of approach/recession, m/s
[TonepenHiii mocBia cuHTE3y 0a3 MpaBMIT The previous rule-based synthesis

s peakiii BM i-ro Bemenoro AHITA Ha
3arpo3d 3 Pi3HUX KOHTPOJIHOBAHUX HAIPSIM-
KiB CBIIYMTh, W10 MNPU HASABHOCTI JIUILE
OJIHI€T BUSIBICHOI 3arpo3M PEKOMEHJI0BaHI
peakuii iforo BM MaroTe OfHAKOBY JIOTIiKY
po0bOTH 1, SIK HACIINOK, OHAKOBY CTPYKTYpY
OTpUMaHUX pekoMmeHpaariil. lle mor’s3aHo 3
THUM, IO HE3aJECKHO BiA KyTa IEICHTY Ha
3arposy i-il Benennit AHIIA mae maneBpom
KypCcy 4YM IIBWJIKOCTI YXWIHUTHCH BT HE,
a IIpY HEMOKIIMBOCTI TAKOTO MAaHEBPY — BUKO-
HaTH MaHEBp OJHOYACHO 3a KypCOM i IIBHJ-
KICTFO a00 THUMYacoBO 3MIHUTH DIIHOUHY
3aHypCHHSI.

3aBIaHHS CHHTE3y YCi€i MHOXXUHHM TaKUX
MaHEBPIB HAJIEKUTH JI0 IPOEKTHUX POOIT pu
IH)KCHEPHOMY IIPOEKTYBAaHHI PETYIISATOPIB.

experiences for the i-th follower AUV EM
reaction to threats from different controlled
(monitored) directions show that in the
presence of only one detected threat, its EM
recommended reactions have the same work
logic and, consequently, the same structure of
the received recommendations. This is due to
the fact that, regardless of the angle of bearing
to the threat, the i-th follower AUV must evade
it with the course or speed maneuver, and if
such a maneuver is impossible, perform the
course and speed maneuver simultaneously,
or temporarily change the immersion (diving)
depth.

The synthesis task of the entire set of such
maneuvers belongs to the design work in the
engineering design of regulators.
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VY SIKOCTI IPHUKIIAAY PO3TISTHEMO i-U Bele-
Hui AHIIA, sxmii Mae 4YOTHpU CEHCOpH
HaBiramiiaoi oocranoBku (W=4), onuH — Ha
Hocy AHIIA, npyruii — Ha KOpMi, TpeTid i
YyeTBepTUi — NOOOPTHO 31iBa 1 crpasa [130]
(nuB. puc. 3.9).

PosrissHeMo cTpykTypy 0azu mpaBMil JUIs
BUNAjKy, komu cycigHiit AHIIA BusBieHo
npaBuUM OOPTOBHM CEHCOPOM i-T'O BEICHOTO
AHIIA, 1mo KOHTpOJOE 3arpo3u IO IOIle-
peuHiii oci y 3B’A3aHOT CHCTEMH KOOpIWHAT
AHITA (Matpuns pekoMeHaiin Py Oasa
npasui b1, ).

JIJIs 3pyYHOCTI 3aIiCy CKJIAJI0BI KOYKHOTO
enementa p,. ={AO , Av , Ah } wmarpumi
mei 3alUIIeMO Y BHIVISII CTOBOIS (IUB.
Tadm. 3.2).

VY Tabn. 3.2 no3Ha4yeHo:

0, ey — PEKOMEHIAIIT MIOZO KyTa
8)_ nepeknaaku crepaa PCK i-ro BeneHoro
AHITA nist 3MeHIIEHHS IACTAHINI 10 BHSB-
JICHOT OJJMHUYHOI 3arpo3W 3 W-TO HAIPSIMKY
(pesxuMm Koresii); BIAMOBIIHO, M — MaJHH KyT
MePEKITATKN, ¢ — CePeaHIA KyT MEepEeKIaaKH,
6 — BETIMKHI KYT ITePEKIIaIKu;

i) peKOMEHJaIil 010 KyTa
o nepexnaaku crepna PCK i-ro Beaenoro
AHITA s 30UIbIIEHHS OUCTAHLII 10 BUSAB-
JIEHOT OJMHUYHOI 3arpo3u 3 W-IO HaIpsIMKY
(pexxuM ajresii); 3HaYeHHS 1HAEKCIB aHaJO-
TiYHI BUIIIE OTTUCAHUM);

Ahwi — pexoMeHalisl 1Mo 3MiHi TIMOWHU
3aHypeHHs i-ro BegeHoro AHIIA; Tyt i mami
BB2)KAEMO, 1110 TAKUH MaHEBpP HOCUTh THMYa-

CHO-2 (TTpagwuii Gopr)
(NSS-2 (Right side))
R A

B .

CHO-1 (Hic)
(NSS-1 (Nose))

CHO-4 (JliBuii Gopt)
(NSS-4 (Left side))

a

As an example, consider the i-th follower
AUV, which has four sensors (W=4) of the
navigation situation, one — on the AUV nose,
the second — on the stern, the third and fourth —
on the left and right sides [130] (see Fig. 3.9).

Let us consider the structure of the rule
base for the case when a neighboring AUV
is detected by the right onboard sensor
of the i-th follower AUV, which controls
(monitors) threats along the transverse y-axis
of the AUV body-fixed reference system
(recommendations matrix R rule base
RB

NTwi-Y’

Rrh»Y)' .. . . .
For the writing convenience, we will write

the components of each element R, =/A0 ,
Av, ,Ah } of the matrix R, in the column
form (see Table 3.2).
In Table 3.1 highlighted:

wivioney — Tecommendations on  the
PSC rudder shift angle 3 of the i-th follower
AUV to reduce the distance to the detected
single threat from the w-th direction
(cohesion mode), respectively, » — small
shift angle, ¢ — average shift angle, ¢ — large
shift angle;

wisey — Tecommendations on the PSC
rudder shift angle 8 of the i-th follower AUV
to increase the distance to the detected single
threat from the w-th direction (adhesion
mode); the index values are similar to those
described above);

Ah , — the i-th follower AUV immersion

depth change recommendation; here and
further we consider that such maneuver has

D (D)

i, CHO-3 Kopma) Dec (D)
(NSS-3 (Stern)) Doum(Dopr)
Dy (Dy)

Dy (D)

0

Pucynok 3.9 — Po3ramnyBaHHsi ceHCOPiB HaBiramiiHoro 3B’ 3Ky
Ha 3K i-ro Benenoro AHIIA (a) Ta rpagauis nucranuiii 10 AHITA-cycinis

Figure 3.9 — Location of navigation communication sensors
on the i-th follower AUV EH (a) and the gradation of distances to the AUV-neighbors
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COBHI XapakTep i MiCIIs JISSKOr0 BU3HAYECHOTO
yacy 1eii AHITA moBepraeThcsi Ha 3alaHy
mmbuny h, =h,,,, Ta TIOHOBIIOE aHAI3
HaBiramiiHoi 00CTaHOBKH.

AmHarnoriuny ¢GpopMy MaroTh 0a3d MPaBHII
JUIl MaHEBPYBaHHS IUBUIKICTIO AV . HpH
BUSIBJICHHI OJTMHOYHOI 3arpo3® MO OCi X 3B’s-
3aHO1 CUCTEMHU KOOPJMHAT.

IIpn npomy y Tabnm. 3.2 3aMicTh peKo-
MeHaaLil AGWI. IIO/I0 3MIHM KyTa MEPeKIIaJIKH
creppa PCK mae Oytu pexomenpamis Av,
3MIHH IIBUAKOCTI JIHIHOTO pyXy i-TO Beie-
Horo AHIIA.

);[ve(basmblxauuuo ?MIH'IfO'f AB, "(pe£<0MeH—
Janiit momo HelTpaizarii okpeMoi w-1 BUSB-
JICHOT 3arpo3M) 3alHUIIeMO Y BUNIAAL (PyHKIii
npunanexHocti 0 =f(AO ), mpencraBnenoi
Ha puc. 3.10.

VY pesysprari Ha Buxoai Onoky IH3 omHo-
4acHo 3 marpuusmu D, iV, . hopmy-
erbest Marpuus P, Buiy (3.30), sika MicTUTh
pEeKOMeHAIli] II0I0 MaHEBPIB i-TO BEICHOTO
AHIIA st yxuiieHHS! Bil OAMHOYHHMX HaBi-
rauifHux 3arpo3 3a W KOHTPOIBOBAaHHMHU
HAIMpPsIMKaMHU.

Tabanus 3.2 baza npasun RB,,,

temporary character and after some certain
time this AUV returns to the predetermined
depth h, =h,,,, and resumes the navigation
situation analysis.

The rule bases for maneuvering the
speed Av, - when a single threat is detected
along the x-axis of the body-fixed reference
system have a similar form. Moreover, in
Table 3.2 instead of the recommendation A
for changing the PSC rudder shift (steering)
angle, there should be a recommendation
Av, . for the i-th follower AUV linear motion
velocity change.

Defuzzification of the variable A6
(recommendations for neutralization of a
separate w-th detected threat) is written in the
form of the membership function 6 =f(A0, ),
presented in Fig. 3.10.

As a result, at the output of the NTI
block, simultaneously with the D,  -and
Ve the matrix R, like in (3.30) is formed,
which contains recommendations for the i-th
follower AUV maneuvers to avoid single
navigational threats along the W controlled
directions.

osioxy IH3 (npaBuii 6oproBuii cencop)

Table 3.2. Rule base RBRrb_y of the NTI block (right onboard sensor)

Llsuoxicmy s6audicenns/siooanenna V,,
The speed of approach/recession V.
V?B VSB V3B V VBM VBC VBB
VAI I/AA/I VA 0 VP VI?M RL
O 0 0 AewiMc AewiMc AewiMe wiMe
DB 0 0 0 0 0 0
0 0 0 0 0 0 0
Aewi&r Aewib)t 0 ewi1|/1.11 Aewiﬂ/[c AewiM(; AeWiMK
- DC 0 0 0 0 0
o 0 0 0 0 0 0 0
§~ wibe AewiEc wibm O Aewi}\/[\t AewiMc Aewng
z O 0 0 0 0 0
§ 0 0 0 0 0 0 0
§ AewiEs AewiEs Aewib"c ewiE,u 0 0 0
D, 0 0 0 0 0 0 0
0 0 0 0 0 0 0
O 0 AewiE{f Aewib‘c ewiE,u 0 0
DH 0 0 0 0 0
Ah. Ah 0 0 0 0 0
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Figure 3.10 — Membership function: output variable — rudder shift angle Owi

TuM camMuM peami3yroThes 3axomu L e
JIOKAJIBHOTO PiBHSI aBTOMATU3allii L HapsMKY
aBroMarm3zanii C 1 OO 3a0e3MeUCHHs HaBi-
TraiiiHoi 6e3MeKn MPOCTOPOBOTO PYXY i-T'0 BeJle-
Horo AHIIA y cknani rpynu 3rigHo m.p. 1.5.

Peamizamiss  MHOXHMHH  pPEKOMEHMAIIH
MOKJIa/IcHa Ha OOpPTOBUH KEpyIOuWil KOHTp-
onmep (BKK) CAK i-m Begenum AHITA
(puc. 3.7).

3.3.5. Po3pobka 6moky «boproBuii kepy-
IOYMNA KOHTpOJIEp». 3TiHO 3 MPHU3HAYCHHAM
(muB. m. 3.3.3) 6nok BKK posp’szye tpu
OCHOBHI 3a1a4i:

— 3a0aua-1: QopMyBaHHS KEepyKOUOrO
pilieHHs R, JUIS PEaNbHOTO MaHEBPYBaHHs
i-ro BegeHoro AHITA 3 meTol0 yHUKHEHHs
3yCTpidi 3 OIMHOYHOI R, 4u rpymnosowo R,
3arpo3010 Ta, OJHOYACHO, 3 METOIO 30epertu
cebe y ckJaji TpyIu, He BTPATHBILHU 3B’ S30K
3 HaiOmmwkunm AHITA-cycinom (nokaapbHHUN
piBeHb L TpymoBOro KEepyBaHHS, MiICHCTEMA
IICAK,);

— 3aoaua-2:  (GopMyBaHHS  KEPYIOUHX
BIUIMBIB Ha BMKOHaBYiI MexaHizmMu (BM) i-ro
BegeHoro AHITA 3 mertoro peanizanii Horo
Oe3neyHoro pyxy y ckiaii rpynu AHITA 3
JIOTPUMAHHSM BUMOT PEXUMIB adeesii A, Ta
Kkoeesii A . (BUKOHABUMH PiBEHb £ rPynoBOro
kepyBanns, macucrema IICAK));

— 3a0aua-3:  QOpMyBaHHS  KEpYIOUHX
BILKBIB HAa BM i-ro Benenoro AHIIA 3 meToro
peanizauii pexumy 4, «6UpieHI06aHHY i-TO
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Thus, the measures L » of the local level
of automation L in the direction of automation
C,are implemented to ensure the i-th follower
AUV spatial motion navigational safety within
the group according to p.r. 1.5.

The implementation of many
recommendations is assigned to the i-th
follower AUV ACS on-board process
controller (OPC) (Fig. 3.7).

3.3.5. Development of the «Onboard
process controller» block. According to the
purpose (see paragraph 3.3.3), the OPC block
solves three main tasks:

— Task-1: formation of a control solution
R, for real maneuvering of the i-th follower
AUV in order to avoid encountering with
a single R or group R, threat and, at the
same time, in order to keep oneself in the
group without losing contact with the nearest
neighbor-AUV (group control local level L,
subsystem SACS);

— Task-2: the formation of control
actions on the i-th follower AUV executive
mechanisms (EM) in order to implement
its safe movement within the AUV group
in compliance with the requirements of
the adhesion A, and cohesion A.. modes
(group control executive level FE, the
subsystem SACS,);

— Task-3: the formation of control actions
on the i-th follower AUV EM in order to
implement the i-th follower AUV «alignment»

A
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BezieHoro AHITA, To0TO yTpuMaHHS 3aJlaHUX
oMy mapaMeTpiB pyxy SIK «areHTy» TIpyIu
AHITA (BukoHaBuYWii piBeHb E TIpymoBOro
kepyBanHs, migicuctema IICAK ).

Crpykrypa Omoky BKK, mo 3abe3neuye
BUKOHAHHS BKazaHUX (YHKIIIH, HaBeleHA Ha
puc. 3.11.

Pozrsitnemo
610xy BKK.

Mooynw «Ananiz piens 3acpoz» (AP3)
BH3HAYA€ KiJTbKICTh KOHTPOIHOBAHUX HAIPSIM-
KiB, 32 SKHMMH OJHOYACHO ICHYIOTH HaBira-
1iiH1 3arpo3u uist i-ro BeneHoro AHITA Bin
Haiommwkanx AHITA-cycinis.

Tyr Ha OCHOBI aHami3y  MAaTpHIl
D, 11, S Z,5,(3.28) muisixom coprysanns [131]
OOUHMCITIOETHCS KUIBKICTD i1 HEHYJIbOBHUX eJle-
MeHTIB W <W 3a Bupasom:

MPU3HAYEHHS  MOAYJIB

0, saxmo Dy, =0 (Hyn1p0Ba MaTpuId

W, = 1,

A, mode, that is, the content of the motion
parameters assigned to it as an AUV group
«agent» (group control executive level E,
subsystem SACS,)).

The OPC block structure, which ensures
the performance of these functions is shown
in Fig. 3.11.

Consider the purpose of the OPC block
modules.

The “Threat Level Analysis” (TLA) module
determines the number of controlled directions
along which there are simultaneously
navigational threats for the i-th follower AUV
from the nearest AUV-neighbors.

Here, based on the analysis of the matrix
D, ., <2y, (3.28) by sorting [132], the
number of its nonzero elements W <W is
calculated by the expression:

DH3-K1i)

SAKIIO BUABJIICHO OAMHOYKY 3arpo3y;

>1, SKIIO BUSIBIICHO OUTBINE OJHIET 3arpo3u

0, if Dyyy,; =0 (zero matrix Dy ;)

W, =

1, if a single threat is detected;

> 1, if more than one threat is detected

Iege (Isvs)  Aou

Moayas ®KB-1 é g
{v5; 05: 43 05 I} (Ganauald) | {ue w ) 25 5!; >
(FCA-1 module |5 > P
(Task 3)) ~ g : K
7 = o
ZH3i. Mzgnb W’r—O Vo ORP Moys GKB-2 = % bg
(ZnTi) (TLA Wr=1 (3amaual) Ri={Av; Av; Ah} s (Gamawa2) |{us ug u.} . )
module) |51 -~ (CDC-1 module FCA-2 module ’
T " (Task1)) (Task 2) é g
[ ’-/ I d i F. F. =] “-}ﬁ
Mopy.s OKP-1 ok I 5 s E
L) Gamawal)  |Ry={Ao:Av; Ah) 0iVE O Xayizy (S 02 %
(CDC-W module Aoy Age ke g 5
(Task1)) \ -E 55 _g
TICAK; (SACSp) 573

.
TICAK; (SACS;)

Pucynok 3.11 — Ctpykrypa 010Ky «BopToBHii Kepylo4uii KOHTpoJiep»
Figure 3.11 — The block structure of the "Onboard process controller"
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Sxkmo W,=0, ne o3Hadae, O HaBirami-
WHuX 3arpo3 i-ro BeneHoro AHITA we BusB-
neHo 1 oro CAK Bukonye 3amaqy-3 «BUPIB-
HiIoBaHHs» 3rigHO (3.18), ToOTO (opmye
Bumoru 10 BM AHIIA nHa yrpumanHs cra-
OUIBHUMH TPHOX MapaMeTpiB aBTOMATHUYHOTO
TpyHoOBOTO  PYXy: V3 = Vs>
hy=hy,g . Y 1bOMy BHNAJKy KepyBaHH:
i-m BeneHuM AHITA BUKOHYETBCS 3TiHO II.
2.3.7, a Kepyroui BIUIMBH {u, u_; u_} st BM
i-ro BemeHoro AHITA oOuucmoThCS Y
mooyni  «DopmysanHs Kepyouux 6niugie-1»
(DKB-1), nme posm’sByerhcst 3amada-3  Qop-
MyBaHHSI KEepYIOUMX BIUTMBIB JUIS peaizaii
pexuMy A «6Upi6HIO8aHHA» [-TO BEIEHOTO
AHITA (muB. puc. 3.11). Ha oMy pHCyHKY
IHIEKCH I TIPY BUX1THUX 3MIHHUX MOJTYJIIB OITy-
LICHO IS 3pYYHOCTI CIPUHHATTA iHOpMarii.

Takum unmHOM, Moxynbs DKB-1 peanizye
OJIHE 13 3aB/IaHb BUKOHABYOTO PiBHS £ rpymno-
BOTO KepyBaHHS (BUKOHABUMI piBeHb £ Ipy-
nosoro kepysanus, migcucrema [ICAK, na
puc. 3.6, 6ok b11).

SIkiro WTZI, Ile O3HaJa€, IO BUSBJICHO
OJIHY-€/IMHY HAaBIralliilHy 3arpo3y, a il Heu-
Tpasli3aiito CiIiJi BUKOHYBAaTH, CKOPHCTaB-
IIKMCh peKoMeHauismu mMarpuii P, (3.30).
Just meoro go crpykrypu BKK BBenmeno
MO0y «OOUUCTIeHHs  Kepylouux — pilieHb»
(OKP-1), ne 3 BUKOpUCTAHHSIM MaTPHUL peKo-
MeHaauii PH&CZH&_ BU3HAYAETLCS KEPyroUue
pimenns R ={A0; Av; Ah} nns KOHKpeTHOT
HaBiramiiHoi cutyanii 3 omaum AHITA-cy-
cizom. Kepyroui BmmBn {u,, wu , uj} nis
BM i-ro Begenoro AHITA oGuucirorOThCS Y
mooyni «DopmysanHs Kepylouux 6nausig-2»
(OKB-2), ne po3B’s3yeTbes 3ajada-2 peai-
3amii Horo Oe3MeYHOro pyxy y CKjaji Ipynu
AHIIA 3 noTpuMaHHIM BUMOT PEKUMIB adee-
3ii’ A, Ta xozesii A . (BUKOHaBYMH piBeHb £
rpynosoro kepysauns, migcucrema [ICAK,
Ha puc. 3.6, ook b11).

HaiiGinpmr cKIagHUM € BHIAI0K, KOJIH
W>1. lle o3nauae, WO Kepyrodue pilICHHS
R={AD;Av; Ah} srinno (3.32) Tpeba mykaru
JUIS  KOXHOI KOMOiHaIlii 3arpo3 OKpeMmo.
Jtss oOuuClieHHsI TaKuX PIlieHb JIO0 CKJIATY
onoky BKK yBeneHo mooyas «Obuucaenms
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93 = eMASI;

If W =0, this means that i-th follower AUV
navigational threats are not detected and its
ACS performs Task-3 «alignment» according
to (3.18), that is, it generates requirements
for the AUV EM to maintain three automatic
group motion stable parameters: v, =v,,q;
0, =Viusis M, =Vyus - In this case, the i-th
follower AUV control is performed according
to paragraph 2.3.7, and the control actions
{ug, u, u, for the i-th follower AUV
EM are calculated in the «Formation of
control actions-1» (FCA-1) module, where
task-3 of the formation of control actions
for the implementation of the i-th follower
AUV «alignment» A, mode is solved
(see Fig. 3.11). In this figure, the indices i
at output variable modules are omitted for
convenience of information perception.

Thus, the FCA-1 module implements one
of the tasks of the group control executive
level E (group control executive level E,
subsystem SACS, in Fig. 3.6, block B11).

If W=1, it means that a single
navigation threat has been detected, and its
neutralization should be performed using the
recommendations matrix R, . (3.30). For this
purpose, the Control decision computation
(CDC-1) module is introduced into the OPC
structure, where using the recommendation
matrix R, cZ . determines the control
solution R ={A0; Av; Ah} for a specific
navigational situation with one AUV-
neighbor. Control actions {u,; u ; u_/ for
the i-th follower AUV EM are calculated
in the «Formation of control actions-2»
(FCA-2) module where the task-2 of
implementing its safe motion within the AUV
group in compliance with the requirements
of of adhesion A, and cohesion A . modes
(group control executive level E, subsystem
SACS, in Fig. 3.6, block B11) is solved.

The most difficult case is when W >1.
This means that the control solution R ={A6;
Av; Ahj} in accordance with (3.32) should
be searched for each combination of threats
separately. To calculate such decisions, the
OPC block introduced the «Computation of
control decisions» module (CDC-W)), whose



Scientific monograph

xepytouux piwenvy (OKP-W), 3micToBHa
YaCTHHA SKOTO BU3HaYaeThes KinbkicTio CHO,
(KITBKICTIO KOHTPOJIbOBAHUX HAMpsMKIB W)
i-ro Benenoro AHIIA..

Kepytoui Brumsu {u,; u ; u_} nis BM i-ro
BegeHoro AHITA mpu 1pomy Takox oOumc-
moroTbess y momyni @DKB-2  (BukoHaBumii
piBeHb £ TPYyHOBOTO KepyBaHHs, MiJCHCTEMA
[ICAK, na puc. 3.6, 6mok b11).

Tak, npu W=4 (quB. puc. 3.9) KiIbKiCTH
KOMOiHaIi MOXITMBUX HAaBIraIlifHUX 3arpo3
nopiBHIOE 11 1 BU3HAYA€THCS KUIBKICTIO Map-
HUX, MOTPIHHUX Ta OJIHIET 3UETBEPEHOI KOM-
OiHamii 3arpo3s, siKi BUSIBJISIFOTCS CEHCOPaMHU
CHO.. fIxuio HOCOBHIA, MpaBUii, TiBUH 1 KOPMO-
BHIA cercopu st i-ro Beaenoro AHITA mo3na-
unty, Bignosigno, sk CHO,, CHO,, CHO,
1 CHOK, OTPUMAEMO HACTYIHI KOMOiHAIii
HaNpsIMKiB MOXIIUBUX HaBITaIlliiHUX 3arpo3:

— Bl OJHOYACHO BUSBJICHI 3arpo3u —
(CHO, + CHO,); (CHO, + CHO,); (CHO,, +
CHO,); (CHO, + CHO,); (CHO, + CHO,);
(CHO,+ CHO,);

— TpH OIHOYACHO BUSBICHI 3arpo3n +
(CHO,,+ CHO, + CHO,); (CHO,+ CHO, +
CHO,); (CHO, + CHO,, + CHO,); (CHO,, +
CHO, + CHO,);

— YOTHPH OTHOYACHO BHSIBIICHI 3arpo3u —
(CHO,,+ CHO, + CHO,, + CHO,).

Hani y posnini OyaemMo po3misaaTH i-i
Benenut AHITA 3 W=4.

O4eBHIHO, M0 IJI KOXKHOI 3 HaBEIEHUX
MOXIIMBUX KOMOiHAIlili HaBiraliifHUX 3arpos,
AKi BU3HaYeHi marpuuero D, . - (npu W >1),
HEOOXiTHO BUKOHATH CHHTE3 HEUITKOTO Pery-
JIATOPA, aHAJIOTIYHOTO OTIMCAHOMY B II. 3.3.4.

Po3miissHeMO 0COOIMBOCTI CHHTE3Y TaKOTO
peryastopa IUisi KO)KHOTO THITy KOMOiHAIi
3arpos.

[Ipu HASBHOCTI IBOX OIHOYACHO BHUSBIIC-
nux 3arpos tuiy (CHO, + CHO,), sxi nitoth
3a PI3HUMHU OCSIMHU 3B’S3aHOT CUCTEMH KOOP-
JMHAT, TPHUIYCTUMHM € OJHOYacCHE 3acTo-
CyBaHHS JBOX pexomenpauii Tumy (3.30),
OCKIUJTbKM BOHM BHKJIMKAIOTh MAaHEBPHU 3a pi3-
HUMM HalpsIMKaMu pyxy i-ro Begenoro AHITA.

[Ipu BUsBICHHI JBOX 3arpo3, sKi JiIOTh
[0 OAHAKOBUM OCSM (HamIpHUKIAA, 3arpo3u

content is determined by the number of NSS.
(the number of controlled areas W) and the
i-th follower AUV.

Control actions {ug, u, u) for the i-th
follower AUV EM are also calculated in
the FCA-2 module (executive level E of
group control, subsystem SACS, in Fig. 3.6,
block BI11).

Thus, with =4 (see Fig. 3.9) the possible
navigation threat combination number is
11 and is determined by the number of paired,
triple and one quadruple combination of
threats detected by the NSS. sensors. If the
nose, right, left and tail sensors for the i-th
follower AUV are marked, respectively, as
NSS,, NSS_, NSS, and NSS_, we obtain the
following combinations of possible navigation
threats:

— two threats identified simultaneously —
(NSS_ +NSS,);(NSS +NSS );(NSS +NSS );
(NSS, + NSS,); (NSS, + NSS); (NSS, +
NSS));

— three threats identified simultaneously
+ (NSS_ + NSS, + NSS)); (NSS_+ NSS, +
NSS,); (NSS +NSS, +NSS.); (NSS_ +NSS,
+NSS);

— four threats identified simultaneously —
(NSS_+NSS, +NSS, +NSS).

Further in the section we will consider the
i-th follower AUV with W=4.

It is obvious that for each of the given
possible combinations of navigational threats,
determined by the matrix D, (for W >1), it
is necessary to synthesize a fuzzy controller
similar to that described in section 3.3.4.

Let us consider the synthesis features
of such regulator for each type of threat
combination.

In the presence of two simultaneously
detected threats of the type, (NSS_ + NSS,),
which act along different axes of the body-
fixed reference system, the simultaneous
application of two recommendations of the
type (3.30) is permissible, since they cause
maneuvers in different directions of the
i-th follower AUV motion.

When two threats acting on the same
axes are detected (for example, threats
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(CHO, + CHO,) niroTh 1o nmomnepeyHii oci y),
6ok OKP Bu3Hayae HaWOIMK4Iy 1O JUCTAH-
uii g0 3arposy i-ro Beaenoro AHITA i pea-
JIi3ye KepyBaHHsS 3TiIHO 10 PEKOMEHMIAIiH
(3.30). SIxmo mucTaHIii 10 UX 3arpo3 OjHa-
KOBi, BUKOHY€TBHCSI MaHEBp LIBUAKICTIO (AV
#0) abo mmbuHo 3anypenns (Ah 7#0).

OueBuHO, IO Take Kepyilode pillleHHS
3abesmneuye i-my BeaeHomy AHITA mocriiine
3HAXOKCHHS Y CKIIaJi TPYIH 3aBISKU HAasiB-
HOCTI TOCTIHHOTO TipOaKyCTUYHOTO KOH-
Takty 3 Haiommkuum  AHITA-cycigom 1,
TaKUM YHHOM, € OOTPYHTOBAHUM.

[Ipn HassBHOCTI OAHOYACHO TPHOX 3arpos,
sIKI HaOJMMKaroThes (TIPIIMA BapiaHT ClieHa-
pito migBomHOTO pyXy) Momynbs OKP-W wmae
BU3HAUUTHU J[BI HAWOITBII 3arpo3W Ha 3iTK-
HEHHs, a MOTIM OOYMCIUTH Kepyrodi BIUIMBU
3riJHO TMOMEPEIHbOTO CIEHApil0 3 JIBOMa
3arpo3amu. [lpu 1BOMY MNPUIDYCTHMUM €
TOPU3OHTAILHUN MAHEBp 3 METOI YXHJICHHS
BiJI TIFOYMX 3arpo3 3a HAMPSIMKOM W, 3 SIKOTO
3arpo3a BiJICyTHSI.

[Ipn HasBHOCTI OTHOYACHO YOTHPHOX
3arpo3, siki HaOJVIKAIOTHCS JIO i-TO BEIEHOTO
AHITA (Hait0inbIn HEOC3MEYHHIA BapiaHT CIie-
HapIro MiBOAHOTO pyxy) Moyt OKP-W mae
BHU3HAYMUTH JIBI HAMOIIBIII 3arpo3d Ha 3iTK-
HEHHs, a MOTIM OOYMCIUTH Kepylodi BIUIMBU
HA YXWJICHHS 3T1THO MOIEePEIHBOr0 CIIEHAPII0
3 IBOMa 3arpo3aMHu.

[Ipu 11bOMY, OCKIIBKH MaHEBp YXUJICHHSI
BiJ HaitOmmxuoro AHITA-cycina oomexeHuit
3-32 HasBHOCTI 3arpo3u 3 KO)KHOTO KOHTPO-
JTHOBAHOTO HAINPSIMKY, HaWOITbII Oe3rmeuHnM
€ apapiiiHa 3MiHA TIMOWHM 3aHypPEHHs i-TO
Benenoro AHITA.

CHHTE3 HEUITKHX PETYJISATOPIB JUIS KOX-
HOTO 3 OIHCAHMWX BapiaHTIB HaBiramidHoi
OOCTaHOBKH € TPHUBIAJIbHOK I1HXEHEPHOIO
3a7a4ero i TyT He PO3NIIIA€ThCS.

wi
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(NSS, + NSS|) act along the transverse
y-axis), the CDC block determines the closest
in distance to the i-th follower AUV threat
and implements controls according to the
recommendations (3.30). If the distances to
these threats are the same, the manecuver is
performed with speed (Av,  #0) or immersion
depth (A #0).

Obviously, such a control solution provides
the i-th follower AUV with a constant presence
in the group due to the presence of constant
hydroacoustic contact with the nearest
AUV-neighbor and, thus, is justified.

In the presence of three threats that are
approaching at the same time (the underwater
motion worst case scenario), the CDC-W
module must determine the two largest
collision threats, and then calculate the control
actions according to the preliminary scenario
with two threats. In this case, a horizontal
maneuver is permissible in order to evade
existing threats in the direction w, from which
there is no threat.

In the presence of four threats
simultaneously, approaching the i-th slave
AUV (the most dangerous variant of the
underwater movement scenario), the CDC-W
module must determine the two largest
collision threats, and then calculate the
control actions for evasion according to the
preliminary scenario with two threats.

In this case, since the evasion maneuver
from the nearest neighbor AUV is limited
due to the presence of a threat from each
controlled direction, the safest is an emergency
change in the i-th follower AUV immersion
depth.

The synthesis of the fuzzy controllers for
each ofthe described variants of the navigation
environment is a trivial engineering problem
and is not considered here.



