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GENESIS OF TECHNOLOGIES AND WAYS
TO IMPROVE DESIGN AND CONSTRUCTION
OF TOWED UNDERWATER SYSTEMS FOR
SHALLOW-WATER AREAS

O6’exmom docnidacenns € mexnonozii npoexmyeanis OYKcupyeanux nideooHUx cucmem Ons MiLKOBOOHUX
axeamopiil. IIpedmemom docrioncenns € waaxu niosuyenns npoOYKMuGHOCMi Ma SHUNCEHHS GUMPAM HA NPOEK-
myeanis ma eupoOHUUME0 OYKCUPYEAHUX NI0BOOHUX CUCTNEM.

IIpu euxonammi docnidxcernmns 6ya0 3acmocosano Memooo0zio CUCTREMHO20 NI0X00Y, MEMOOU CMPYKMYPHOZ0
anarisy, mamemamuyozo mooenosanns ma 3D-npoexmyearis, aOUmMueHi mexuoi0zii 6Uzomogiens KOoHCMPYKyil
OYKCUPYBanUX Nid8OOHUX CUCTIEM.

Buxonano cucmemnuil anaiis 3akoHOMIpHOCME PO3GUMKY MeXHOL02il NPOCKMYEAHHSL OYKCUPYBAHUX NI0BOOHUX
cucmem. CHopmMyabosano nepcnexmusiii Hanpamku ix nooaivulozo0 Po3CUMKY Kk HeobXiony ymosy niosuujeniis
eexmusnocmi npoexmuux pobim Ha 0CHOBI CYUACHO20 THCMPYMEHMAPII0 NPOEKMYBAHs Ma 3a06e3neuenis. KoH-
KYPEHmocnpomMOACHOCIL HA PUHKY MOPCOKOT EXHIKU. 3anpononosano 0onosuumu mpaouyitini emanu npoexmy-
BANHS MAKUX CUCTIEM TPLOMA HOGUMU eMANAMU, SKI 6MII0I0Mb CYUACHT MEeHOCHYTE CMEOPEHHS MOPCLKOT MeXHIKUL.
Po3pobreno zenesuc mexnonoziii npoexmysaiis OYKCUpyeanux nidgoOHUX CUCEM K HAYKOBO-Memodoi0ziuny
0CHOBY IX NOOATILUL020 POIBGUMKY Y HANPAMKY NIOGUUEHHS ePeKMUBHOCTIE NPOEKMHUX POGIM MA 3HUNCEHHS GUMPAM
uacosux i ginancosux pecypcis. Teopemuuno 00rpyHmMo8ano JOUIILHICG POICUMKY MEXHOLO0ZIU NPOCKMYBANHI

Blintsov V.,
Kucenko P.

OyKCUpysanux nidgoOHUX CUCEM ULTSIXOM YBEOCHHS. i NPOEKMHY NPAKMUKY MPbOX MEXHON02ilL:
— MexHon0zi THPOPMAUTTH020 MOOCTIOBAHIL OCHOBHUX YCTRALCHUX MA NEPEXIONUX DEHCUMIE OYKCUPYBANUX
NI0800HUX CUCTREM HA OCHOBL CUCTEMI020 NI0X00Y, 00N0BHENH020 KPUMEPIAMU OUIHKU BUMPAm Ha ixne 6yoieHuumeo

ma excnayamayio;

— BIM-mexnonozii (Technologies of the Building Information Modeling) sx ingopmauiinoi niompumxu npove-
cie npoexmysanis, 6ydisnuymea ma nNoOAILULOL eKcnayamayii cmeopiosanoi Oyxcupysanoi nideoonoi cucmemu;

— adumuenoi mexnoiozii GUPOOHULMEA eleMenmiec ma 8ysnie OYKcupyeanoi nideoonoi cucmemu na 0CHOGI
OMPUMAHUX PEYALMAMIE 610 NONEPeOHix MexHON0zil K ePeKMuUsH020 WAAXY CKOPOUCHHS 3A2ATOHUX GUMPAT
Pinancosux i YacouUx Pecypcie ma sHuNceHns cooieapmocmi cmeopPEaAHUX OYKCUPYEAHUX NI0BOOHUX CUCTHEM.

IIpaxmuuna snauumicms pobomu noiszae y niomeepoNcenii ephexmusnocmi ma nPoMUCiI080i NePCneKmueHocmi
3aNPONOHOBAHUX MEXHON02il, Ke OYJI0 OMPUMAHE Y PEe3YTbMAami ix 4acmkogozo 6nposadIcenis Y npoeKmuy ma
BUPOOHUUY NPAKMUKY NPU CMEOpenti Oykcupyeanoi niosoonoi cucmemu npoexmy <Inatideps.
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1. Introduction

Towed underwater systems (TUS) are traditional tech-
nical means of studying the aquatic environment and per-
forming a wide range of exploratory, environmental and
industrial work [1-3]. Significant volumes of such work
are carried out in shallow water areas with depths of up
to 100 meters. It is in such water areas that the search
and production of marine products is carried out today,
work is being done on mapping the bottom surface and the
safe operation of coastal waterways, underwater archaeolo-
gical research, etc. [4—6]. This makes urgent the task of
designing and constructing TUS for shallow water areas.

The main application schemes and the typical composi-
tion of towed TUS respectively by a towing boat (TB),

Copyright © 2020, Blintsov V., Kucenko P.
This is an open access article under the CC BY license
(http.//creativecommons.org/licenses/by,/4.0)

a towing helicopter (TH) and an autonomous underwater
towing unit (AUTU) are shown in Fig. 1.

Typically, TUS is used from the side of a towing
boat (TB), on which the surface components of the system
are located: TUS power and control station (PCS) and
cable winch (CW) [7]. With the help of the cable, the
length of the cable tug (CT) part is omitted, depending
on the TB depth and speed, and also the CT is saved in
the interoperation period (Fig. 1, @). An unmanned towed
underwater unit (TUU) is lowered into the water before
towing begins and rises aboard the TB after completion
of work using a round-trip device (RTD).

When performing underwater exploratory work, when
the object of the search is explosive objects, or when such
work in remote areas is necessary to be carried out promptly,
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the TUS delivery to a given area and its use will be orga-
nized from the helicopter [8] (Fig. 1, b).

A promising direction for the TUS use is their instal-
lation on small-sized unmanned autonomous underwater
units (AUU), which, thanks to towing a TUU with a radio
antenna, are able to work under the control of a coastal
control post operator in real time [9] (Fig. 1, ¢).

Another area of work for the further development of TUS
design technologies is the involvement of modern scientifically
based approaches and methods for performing design work
itself and their automation. The main goal here should be
to reduce the cost of resources (human, financial, time) for
the creation of new TUS models and, as a result, increase
their competitiveness in the MRM market.

Water RTD CW PCS TB  Wind wave disturbances 3. The aim and objectives of research
surface ) -
R - V.V, . . . .
N LAl The aim of research is to improve the design
Vi Plot of methodology for towing underwater systems for shal-
the current - low water areas by introducing modern technologies
v for information support of design and production

S
Soil

work as the basis for increasing competitiveness
in the underwater equipment market.
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" 4. Research of existing solutions
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Fig. 1. Typical components of an unmanned towed underwater system:

a — towing using a surface ship; b — towing using a helicopter; ¢ — towing using

an underwater unit

The above examples of the TUS use indicate that they
form a separate type of marine equipment, the creation of
which is carried out using modern design and construction
methods. This will ensure a reduction in the cost of the
created equipment and its high competitiveness in the do-
mestic and foreign markets of crewless underwater systems.

2. The ohject of research
and its technological audit

The object of research is the design technology of towed
underwater systems for shallow water areas. The subject
of research is ways to increase productivity and reduce
costs for the design and manufacture of towed under-
water systems.

An analysis of the formation of an applied scientific
direction in the creation of marine robotics means (MRM) —
TUS design and construction is a necessary component of
the process of its further development. Since it makes it
possible to identify and evaluate its laws, as well as outline
problematic issues of the current state of the problem and
their solution. Currently, the issues of the TUS genesis
of design technologies are not covered in the scientific
and technical literature.

Designing marine equipment refers to complex
types of engineering activity, which combines the
implementation of a large amount of calculation
work and the production of working drawings for
their construction [10, 11].

In most cases, such work requires preliminary research
and production work [2, 12]. In modern scientific, techni-
cal and industrial literature, the issues of TUS scientific
research and are most fully covered. So, in [13], the feasibi-
lity of using TUS in shallow water areas was substantiated,
however, the authors do not consider the design issues of
such a technique.

In [14], the possibilities of using modern computer-aided
design (CAD) systems in the shipbuilding industry are con-
sidered. In particular, the issues of decoupling applied research
and their use in design activities are considered. Compara-
tive analysis of the most used CAD systems has practical
value for designers. However, the authors do not make the
necessary generalizations for combining research design and
manufacturing of drawings for the construction of ships.

The work [15] is devoted to the use of CAD sys-
tems (Computer-aided design) for the development of geo-
metric models of structural elements of ships. However,
the authors do not consider the use of such systems for
the construction of submarine hulls.

In [16], issues of designing an underwater manipulator
based on the use of the Robot Operating System CAD
platform are considered, however, automation of other ele-
ments of underwater vehicles is not considered.

;20
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n [17, 18], questions of the practical application of
application software packages, respectively, MATLAB® and
Simulink® and SolidWorks for computer simulation (using
CAD) of underwater robotic vehicles, are studied. However,
the authors remain outside the scope of the systematic
approach to the design process and its automation.

The work [19] is devoted to geometric modeling of ship
surfaces in the environment of the computer-aided design
system KOMPAS-3D. The authors consider a method for
modeling a ship’s hull based on the use of the flat section
method, methods for increasing the accuracy of a ship’s frame
surface, are modeled, etc. However, geometric modeling of
hydrodynamic forms of underwater vehicles is not considered.

Thus, the analysis of publications shows that today
researchers and designers of marine technology have fo-
cused on the automation of typical design work on the
design of ships and on computer technologies for per-
forming individual scientific research. Automation of the
MRM design, in particular, towed underwater units and
systems, is at the initial stage of its development.

Therefore, one of the promising areas for further im-
provement of design methods for compulsory medical
insurance is the development of the genesis (description
of the origin, formation and development) of TUS design
technologies and the search for ways to increase their
effectiveness to ensure competitiveness in the domestic
and foreign markets of underwater equipment.

5. Methods of research

The following scientific methods are used:

— system analysis method in studying the existing stages
of development of TUS design methods and determin-
ing the directions for their further development;

— structural analysis method in the formulation of the
content of the latest technologies for the TUS design
and construction;

- information modeling method when creating 3D models
and information models of a towed underwater unit as
a TUS component;

— method of information modeling of construction ob-
jects (BIM-technology) for information support of the
design, construction and subsequent operation of the
created TUS;

— methodology for a systematic approach using the
equations of existence of TUS components at the early
stages of TUS design;

— additive technology methodology for organizing small-
scale production of TUS elements and units.

6. Research resulis

6.1. Genesis of TUS design technologies. Analysis of the
design methods for the TUS indicates that their develop-
ment took place at the following enlarged stages, typical
of the shipbuilding industry as a whole:

— manual design (MD), when the drawings of the TUS

elements and units were carried out by the designers

manually on the curtains, and the project product docu-
mentation was the paper documentation;

— two-dimensional (2D) design as the initial stage of

automation of manual labor of designers, the result of

which was project documentation in electronic formats

«.pdfy, «.dwf>, «.dwg» created using Autodesk, AutoCAD

and other software products. This stage is characterized
by the implementation of the principles of CAD design (in
English literature — Computer Aided Designes) and,
at the same time, the lack of full-fledged information
links between TUS designers [20];
— three-dimensional (3D) design, which is based on the
principles of geometric modeling and management of digi-
tal ordered design information generated by 2D/3D CAD
systems and stored in a common data environment (in
the English language literature — Common Desktop Envi-
ronment, CDE) [19]. The result of three-dimensional
design is a set of structured containers (data sets) about
the designed TUS, which form the information basis
for the generation of working design documentation
for its construction;

— computer support systems for engineering calcula-

tions (in English literature — Computer-Aided Engi-

neering, SAE), designed to solve engineering problems,
for example, for calculating structural strength, assess-
ing the forces of hydrodynamic nature, calculations of

elements, units and systems of TUS [21].

Today, in the shipbuilding industry, the stages of deve-
lopment of design methods are indicated; they have formed
into a number of specialized computer-aided design sys-
tems (CAD), which are widely used in the design practice
of leading companies. The most famous CAD systems include
FORAN (Spain), TRIBON (Sweden), NUPAS-CADMATIC
(Holland and Finland), CATIA (USA) and others [22].

However, in the practice of designing TUSs, CAD systems
are not actually used because of their specifics associated
with the design of ships and yachts.

An analysis of the development of other industries (con-
struction, aviation, etc.), as well as the experience of the
authors in the design, construction and operation of com-
pulsory medical insurance, allows to supplement the above
four stages of the TUS design with three additional steps.
The proposed stages have already been implemented in the
practical activities of the scientific research institute of
underwater technology of the Admiral Makarov National
University of Shipbuilding (Mykolaiv, Ukraine), or are
planned for implementation in the near future:

— information modeling stage (in English literature —

Information Modeling, IM) of TUS, which covers the

processes of creating and using coordinated structured

information models. These models describe the technical
and operational characteristics of the design object and
object-oriented three-dimensional geometric characteris-
tics of its components created by various participants
during the life cycle of the design object within the
CDE framework. A distinctive feature of the MI stage
is the widespread use of computer modeling methods (in
the English literature — Computer Simulations, CS)
for studying the operating modes of the future TUS in
established and dynamic modes. And also for using the
obtained data in design decisions — from the development
of specialized modeling systems (SMS) [23, 24] and to
the use of computational fluid dynamics programs (in
the English literature — Computational Fluid Dynamics,

CFD [25]). The result of information modeling is new

knowledge about the properties of the created TUS,

which allow to clarify the operational characteristics
of the TUS already at the early stages of its design;

— stage of BIM technologies (in English literature —

Building Information Modeling, BIM), which provide
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for the use of a general digital representation of the
object is created to provide information support for
the design, construction and operation processes. The
purpose of creating a reliable basis for decision mak-
ing [26]. Today, such technologies implement the la-
test approaches to building design; their application
in the creation of TUS should include the collection
and integrated processing of design (CD), technologi-
cal (TD) and economic (ED) information about TUS
in the process of its design. The result of this stage
should be a common CDEy;, data environment, which
will allow to evaluate both the technical and economic
characteristics of the new underwater equipment being
created in the early stages of design;
— stage of providing additive production technologies
(in English literature — Additive Production Tech-
nologies, APT), which provides for the integration of
design work with the manufacture of designed parts,
elements and units of TUS by 3D printing. Behind
them, products are manufactured according to the data
of a three-dimensional digital model (3D design stage)
by the method of layer-by-layer addition of structural
materials [27]. The result of this stage is the produc-
tion of non-serial elements and parts of TUS structures
using 3D printing technologies, which have a signifi-
cantly lower cost compared to traditional small-scale
production technologies.

The genesis (origin, formation, development) of TUS
design technologies (in English literature — Technologies
of Design, TD) is shown in Fig. 2.

In Fig. 2 subscripts correspond to the above stages
of development of design methods.

Let’s consider the content of the last three stages in
more detail.

6.2. TUS information modeling stage. The stage of infor-
mation modeling significantly affects the further efficiency
of the future TUS, since it is here that at its early stages
of design its main design parameters and operational charac-
teristics are determined.

Usually, at this stage, applied scientific research is car-
ried out to preliminary assess the TUS properties in the
main operating modes (quasistationary and transient modes),
a preliminary check of the TUU hydrodynamic characte-
ristics is performed, and the like.

Based on the practice of the authors in the design
of TUS, it is possible to formulate the following priority
tasks for creating TDjy: information modeling technology:

— development of 3D-models of IM3p TUS components

(in the first place — the development of the TUS design

as the most complex design object). It is advisable to

use application packages of two- and three-dimensional
interactive computer-aided design systems as CAD tools
here (CAD-packages of AutoCAD and/or COMPAS-3D

programs [19, 28]);

— creation of informational (mathematical) models of

IM7ys TUS components (first of all, TUU, CT) as solid and

flexible bodies in a water stream that have force interaction

between themselves — for a computer study of established
and dynamic TUS operation modes. It is advisable to
use the software package for solving Matlab engineering
calculations problems [29] or create specialized modeling

complexes for mass multivariate calculations [23, 24];

— creation of information (mathematical) models of

IMcacs for automatic control system of TUS compo-

nents in the main operating and emergency modes —

to check the TUS controllability and the quality of
the underwater work [30]. It is also advisable to use

Matlab software packages and/or specialized modeling

complexes as tools here;

— development of TUS 3D-models of IM¢rp for the

study of their hydrodynamic characteristics. It is advis-

able to use the FlowVision CFD software package as

a tool here, which is designed to solve three-dimensional

stationary and non-stationary equations of fluid and

gas dynamics [31].

Thus, the main tasks of creating information modeling
technology TDjy can be represented by the following set
of IM mathematical models:

IM={IM3p; IMtys; IMacs; IMcrp}. (1)

The practical implementation of the information model-
ing phase in the early stages of design significantly affects
the productivity and quality of further design work. It
also opens up wide opportunities for reducing the cost
of resources for the design and manufacture of both TUS
elements and its construction.

The generalized structure of TUS as an object of informa-
tion modeling at the early stages of design is shown in Fig. 3.

GENESIS OF TOWED UNDERWATER
SYSTEMS DESIGN TECHNOLOGIES

L
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Fig. 2. Genesis of towed underwater systems design technologies
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Fig. 3. The generalized structure of the towed underwater system as an object of information modeling in the early stages of design

In Fig. 3 in addition to the typical TUS components
shown in Fig. 1, the «Engineering Systems» component is
introduced, which contains a transport trolley for moving
the TUU along the TB deck, an arrangement for techni-
cal maintenance of the TUS in operating conditions, and
the like. Taking this component into account makes the
list of TUS design work more complete.

Let’s consider the implementation features of TDpy
information modeling technology using the example of
TUU information modeling as the most high-tech com-
ponent of the system being created.

In Fig. 3 dimming highlighted TUU as the TUS part
and its main elements:

— structural elements — light body (LB), which func-

tions are performed by the TUU hydrodynamic fair-

ing; strong electrical equipment bodies (SB); bearing
frame (BF) as a TUU power unit;

— TUU energy elements — electric power equipment (po-

wer supply system, electric steering wheels, underwater

lights, etc.); attached working equipment (search video
and hydroacoustic devices, water samplers, sensors of
hydrophysical and hydrochemical devices, etc.);

— information elements — information exchange systems

for the fuel and energy sector and manual or automatic

control of the movement of TUU and attached working
equipment; navigation equipment (sensors of TUU spatial
position, linear and angular speeds and accelerations).

Using the TUU as an example, let’s consider the features
of creating a TDpy ryy information modeling technology.

The development of 3D-models of TUU IMj3p._rpy al-
ready in the early stages of design should ensure a reduc-

tion in the timing of design work and a decrease in the
total cost of design, to avoid duplication of a significant
amount of work performed in the following stages. To
do this, the development of the 3D model of the TUU,
starting with the preliminary design, is carried out using
the same software tool (CAD-packages of AutoCAD and
KOMPAS-3D programs) as at the stages of the technical and
working design and the manufacturing stage. This ensures
that both the 3D model of the TUU and the 2D models
of the TUU are necessary for the manufacture of work-
ing drawings.

In Fig. 4, a, a 3D model of the TUU light body of
the Glider project manufactured by the Admiral Makarov
National University of Shipbuilding is shown. It allows to
generate a 2D-drawing of the design object for further use
in production (Fig. 4, b). The TUU of the Glider project
corresponds to the towing scheme depicted in Fig. 1, a.

TUU design practice of the Glider project indicates
that the introduction of 3D design technologies at the
early stages of their development reduces the time spent
by designers within 25-30 % compared to traditional 2D
design technology.

The creation of TUU information models IM7ys.7pu as
a TUS component aims, first of all, to study its proper-
ties in quasi-stationary (settled) and dynamic (transient)
modes. As a rule, such models are created on the basis
of systems of nonlinear differential-algebraic equations
and are used as part of specialized modeling complexes,
which also contain mathematical models of CT, RTD, CW
and models of external disturbances (wind-wave, current,
TB pitching).

870

Fig. 4. 3D model of the light body of the towed underwater unit of the Glider project:
a — 3D model of the light body (CAD-package of the KOMPAS-3D program); b — 2D drawings based on the 3D model
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Currently, the theory of mathematical modeling of marine
moving objects in general and the TUU, in particular, has
been developed quite fully. In many practical cases, when
creating a TUU, its mathematical description is used as
a solid in the oncoming fluid [32]:

., . .
+0-P=F;
dt
- (2)
d,L - _ - _
+0-L+7-P=M,
dt

where P — momentum of the solid; F — main vector of
external forces; L —angular momentum of a solid body of
its pole; M — main moment of external forces relative to
the pole of a solid body, the index A of the differential
sign means that the derivative of the vector is calculated
relative to the basis A, that is, the basis of the coordinate
system associated with the TUU body.

Hydrodynamic (viscous) forces and moments appear
on the TUU body as a result of interaction with the
surrounding aqueous medium during its movement. The
determination of these forces is a complex task of hy-
dromechanics, for the solution of which the methods and
means of computational hydrodynamics are used and, if
necessary, the methods of basin and sea field tests [31, 33].

But when simulating the TUU, they use a simplified
representation of these forces and moments by representing
them as the sum of a linear and quadratic dependence on
the TUU velocity in relation to the aqueous medium [34]:

- - T

1,=[F M, ] =Dy, (3)
where F, — vector of hydrodynamic resistance forces; M, —
hydrodynamic moment of resistance; D — matrix of resis-
tance parameters; V — TUU velocity matrix (translational
and rotating) in relation to water.

The hydrodynamic coefficients, which contain the ma-
trix D, are considered constant. For a body completely
immersed in water, the following assumption is accepted:

D)=
- [diag{al,bl,clypz,%yrz}*'

+diag{a, o, o) polo.).q,|o, ,choz}}
where a4, by ci4 DLy Gig 714 — the parameters of the
TUU hydrodynamic resistance; v.,,, and w,,, — the projec-
tions, respectively, of the translational and rotating velocity
vectors of the TUU on the axis of the coordinate system
associated with the TUU body.

The experience of using TUS simplified mathematical
models in studies of quasistationary and transient TUS modes
indicates that with their help, even at the early stages of
design, it is possible to obtain substantially new data on the
properties of the again system. In particular, during the TUS
design of the glider project, the influence of the cable tug
on the TUS operation was investigated and highly efficient
automatic control systems of the TUU were synthesized [35].

Creation of informational (mathematical) models IM acs. oy
of TUU automatic control system (ACS) is an important com-
ponent of design work in the early stages of their crea-
tion. This is due to the fact that, in combination with
the information models of the towed underwater unit
MMrys.rpy and Cable—tug MMyys.cr, it can signiﬁcantly

7bf1 ‘Uy

reduce the time spent on the development of effective
controllers for the TUU spatial movement and ensure the
necessary quality of their functioning.

An additional advantage of information modeling of the
TUU-CT system, which have force interaction in the water
flow, is the rejection of labor-intensive and cost-based marine
full-scale tests of TUS and their replacement by computer
research technologies, including emergency modes [36].

One of the practical results confirming the effective-
ness of using ACS information models is the synthesis of
a two-dimensional system for automatic control of the TUS
rotational motion at shallow depths under uncertainty [30].

Development of TUS 3D models IMcpp.rys for the
study of their hydrodynamic characteristics relates to the
problems of computational fluid dynamics and provides for
the numerical solution of differential equations of a viscous
fluid (Navier-Stokes equations) using the finite difference or
finite volume method. The prospects of this approach are due
to the use of the most general and rigorous formulations in
the study of the problems of fluid flow around solids [37].

The main difference between FlowVision CFD applica-
tions from their analogues is the automatic generation of the
computational grid. They implemented automatic generation
of the computational grid using an adaptive locally ground
grid. Thanks to this technology, the user defines only the
general configuration of the rectangular initial mesh, and
the construction of cells of complex shape near surfaces
with boundary conditions is performed automatically.

The indicated technology requires significant compu-
tational resources; therefore, its application for the TUU
design tasks is in the initial phase.

In general, the technology of TUU information model-
ing TD . ryy according to (1) will consist of the following
groups of information models:

IMryy={IM3p. ryv; IMTys-tua; IMacs tvu; IMcrp-ruu}. (4)

Thus, the use of TUU information modeling TDyy.ryu
in the early stages of design allows to gain new knowledge
about the design object and its operational properties, as
well as search for effective design solutions.

6.3. Stage of BIM-technology in the TUS design. The
essence of BIM technology in the TUS design is to pro-
vide information support for the design, construction and
subsequent operation of the created TUS. In this work,
let’s consider possible directions for improving the design
and construction processes of TUS by involving the fol-
lowing modern methods and technologies.

Application of a systematic approach. It is proposed to
design TUS at early stages (technical proposal, conceptual
design) based on a systematic approach (in the English
literature — System Approach, SA) using the equations of
existence of TUS components according to known structu-
ral A, energy P, information I and operational J criteria [38].
According to this approach, for each TUS component (TUU,
CT, CW, RTD, PCS), the following two sets of matrices
are introduced, each of which contains the technical cha-
racteristics of the TUS according to the specified criteria:

1) set of matrices of technical requirements (TR) restric-
tions on the structural, energy, information and operational
characteristics of the components of the created TUS:

ETrys={ETrvv; ETcr; ETcw; ETrrp; ETpcs);
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2) set of matrices of structural, energy, information
and operational characteristics of the TUS components
obtained at the current design stage:

EErys={EEryv; EEct; EEcw; EERrrp; EEpcs).

Each component of the set of ET matrices is a column
matrix of the TR requirements or more detailed require-
ments formulated on the TR basis for the structural, energy,

information and operational characteristics of the corre-
sponding TUS components:

Arpy Acr Acw
Pryy P. P.
ETryy = " ; ETer = . ;o ETew = v )
Iy Icr Iew
Jrow Jer Jew
Agrp Apcs
P P,
ETwp = ww 5 ETpes = e (%)
Tprp Ipes
Jrm Jrcs

Each component of the set of EE7ys matrices is a column
matrix, respectively, of the structural, energy, information
and operational characteristics of the corresponding TUS
components obtained at the i-th current iteration of de-
sign calculations:

Ay Acys Acwi
Pryyi Py Pey;
EEryy; = ; EEc; = ; EEcy: = ;
Ly Icr; Loy,
Jrvvi Jen Jewi
Agrpi Apcsi
Prrp; Pr;
EEgpp; = ; EEpcsi = (6)
Ty Ipcs;
Jrroi Jresi

Let’s note that each element of the matrix columns (6)
is the sum of, respectively, structural A, energy P, infor-
mation and functional J characteristics of one or another
component of the created TUS.

A pairwise comparison of the corresponding elements
of the matrix columns (5) and (6) after each iteration of
the design calculations enables the designer to determine
at the early stages of the design the level of compliance
of the current technical solutions for the TUS components
with the requirements of the technical specifications ac-
cording to criteria A, P, I and J.

Based on the nature of BIM technologies [26], it is
proposed to introduce two groups of criteria for the well-
known matrix equations (5), (6) for preliminary estimation
of resource costs, respectively, for the building (criterion B)
and operation (criterion O) of the TUS.

Introduction to the design practice of these criteria allows
to evaluate its cost of creation as an object of small-scale
production, and competitiveness in the market of marine
robotics, as well as to evaluate the cost of operating the
TUS at an early stage in the TUS.

Then the matrix relations (5), (6) will be supplemented
by the above criteria and will have the form:

Aryy Acy Acw
Pryy Py Py
L I I
ETry = " s ETer = “ ; ETew = o ;
Jrov Jer Jew
By By Bew
Oy Ocr Ocw
Agrp Apcs
Prrp Py
Trp Ipcs
ETrrp = 5 ETpes = . (7)
Jrm Jres
Bgrp Bycs
Orrp Opcs
Arpyi Acri Acwi
Pryyi FPeri Peyi
Ty Iy Tew:
EEry; = " ; EEcr= o ; EEcy = s
Jroui Jeri Jewi
Bryui Bey; Bey;
Orvui Ocri Ocwi
Agrpi Apcsi
Prrpi Preg;
Trrp; Ipcs;
EEpm, = i EEpcg = . (8)
i Jrroi e Jrcsi
Bripi By
Orrpi Opcsi

For example, the cost of construction of the i-th TUU
version Bryy; can be estimated as the sum of the costs of
resources for the design of Bryy.sp, information modeling
Bryy-mvi and the TUU production Bryy-apri. Operating costs
during the life cycle of the i-th TUU version can be ag-
gregated can be estimated by the sum of the costs of the
TUU maintenance of the O7pp. and capital repairs O7yy-cri.
The development of the substantive part of equations (7),
(8) is a separate engineering task and is not considered here.

Let’s note that dependencies (7), (8) form a complete
set of estimates of the ability to create (design, build, and
operate) of TUS in accordance with the TR requirements.

6.4. Stage of providing additive technology for the TUS
production. Additive technologies for the production of TUS
elements and assemblies can significantly reduce the cost
of resources (time, finance, etc.) for the creation of both
existing models and prototypes and serial models of TUS.
In fact, with the advent of 3D printers, a rapid transi-
tion from the classical CAM technology (in the English
literature Computer-Aided Manufacture, CAM) to control
numerically controlled machines in non-waste technology
of additive manufacturing of TUU parts is ensured.

The practical experience of using additive technologies
in the production of TUS indicates that the priority objects
for such technology include light bodies (LB) and TUU
bearing frames (BF), as well as strong bodies (SB) for
the TUU electrical equipment (Fig. 3). Thus, the authors’
experience in manufacturing a light body (hydrodynamic
fairing) and a base frame of a TUU of the Glider project
on 3D printers allows to state the following:

— 3D printer is an ideal tool for the direct use of

3D models of TUU in the production of parts;
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— the obtained parts can be used both directly in the
TUU design, and as models (geometric models) of these
parts for their further surface hardening (for example,
using fiberglass).

Fig. 5 shows the results of manufacturing on a 3D
printer the elements of a light body (hydrodynamic fair-
ing) of a glider control unit and its bearing surfaces, 3D
models of which were developed using the CAD package
of the KOMPAS-3D program.

The experience of using additive manufacturing tech-
nologies for these TUU elements of the Glider project
has shown that the time required for their manufacture
has decreased by 15-20 times in comparison with the
traditional technology of manual manufacturing of matrices
and their gluing with fiberglass. At the same time, the
cost of production performed decreased by 12—15 times.

Central'section:

T Aftel}ection

Forward
section—__

Fuselage

(4 sections)
\

Fig. 5. Elements made using a 3D printer:

a — light body of bearing surfaces; 5 — TUU elevons of the Glider project

The obtained results indicate that additive technologies
make it possible to produce a wide range of TUS struc-
tural elements, starting from small parts of the structures
of its components (Fig. 3) and ending with the strong
bodies (SB) of the TUU and the frame structures of the
TUS engineering systems (ES).

7. SWOT analysis of research resulis

Strengths. As a result of the research, directions for im-
proving the design and construction technologies of towed
underwater systems for shallow water areas were identified,
since it is in these water areas that active economic and
scientific activities are being carried out.

The performed review of the stages of development and
application of TUS design and construction technologies
made it possible to supplement their list in three stages that
embody modern trends in the creation of new equipment:

— information modeling technologies for the main

established and transitional TUS regimes based on

a systematic approach, supplemented by criteria for

assessing the costs of their construction and operation;

— BIM technology as a technology of information sup-

port for the design, construction and subsequent ope-

ration of the towed underwater system;

— additive technologies for the production of TUS ele-

ments and nodes based on the results of the previous

stages as a main way to reduce the total cost of fi-
nancial and time resources and reduce the cost of the
created TUS.

The proposed technologies provide a modern level of
information support for design and production work, and
their practical use forms the prerequisites for increasing the
TUS competitiveness in the underwater equipment market.

Weaknesses. A difficult aspect of introducing the pro-
posed stages into the practical activities of design organi-

\M\ Bearing surface /

zations is the requirement to create a single information
space for all participants in the development, construction
and operation of the TUS. An additional complication is
the need for technical re-equipment of TUS production
due to the need to introduce additive technologies as the
final stage of the TUS creation process.

Opportunities. The main conditions for the success-
ful and full-scale implementation of the proposed stages
of the design, construction and operation of the TUS
should include the involvement of organizations deve-
loping computer-aided design systems for marine equip-
ment. The result of such cooperation should be a CAD
software package that will provide the maximum <«digi-
talization» of the design, construction and operation of
TUS processes.

Threats. The main threat to the
implementation of the proposed tech-
nologies for the design and construction
of TUSs may be high initial costs for
the development of a single information
space for all participants in the pro-
cess of their development, construction
and operation. In addition, additional
complexity can be caused by the orga-

b nization of the additive production of

TUS elements, since they are made of
various structural materials.

1. Systematic analysis of the laws of development of
TUS design technologies is performed and promising di-
rections for their improvement on the basis of modern
design tools and ensuring competitiveness in the marine
equipment market are formulated. At the same time,
the genesis of design technologies for towed underwater
systems is developed as a scientific and methodological
basis for their further development and attraction of the
latest technologies for information support of design and
production work.

2. The feasibility of introducing into the design practice
the technology of information modeling of the basic TUS
modes on the basis of the system approach, BIM techno-
logy as information support and additive technology for
the production of non-serial TUS elements is theoretically
substantiated. The substantial part of these technologies
has been developed, the involvement of which in project
practice reduces the total cost of financial and time re-
sources and helps to increase the competitiveness of the
created TUS.

3. The efficiency and industrial prospects of the
proposed technologies for creating TUSs have been
practically proved by their partial implementation in
design and production practice when creating the TUS
of the Glider project. So, the use of 3D design tech-
nology in the project has reduced the time spent by de-
signers within 25-30 % compared to traditional 2D design
technology.

The use of additive technologies for the production of
light TUU cases reduces the time required for its manu-
facture by 15-20 times in comparison with the traditional
technology for the manual manufacturing of matrices and
their gluing with fiberglass. At the same time, the cost
of performed production is decreased by 12—15 times.
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