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METHODS FOR ENSURING THE
NAVIGATION SAFETY OF UNMANNED
SURFACE VESSEL

IIpu cmeopenni 6esexinaxcnux nadsoonux cyoen (bHC), ocobausy yseazy npudirsioms 6esneui Mopeniascmesa.
O0Hi€r0 3 OCHOBHUX 3a2po3 Ha MOPI € 3azposa 3imxkHenHs. Moxcna eudinumu 08a 0CHOBHUX HaANPSIMKU 3a0e3ne-
uenns Gesnexu mopeniascmea. Ilepuuii — ue 1opuouune pezymosanis i HU3Ka MidcHAPOOHUX OOKYMEHMIE, SKi
€ 0608’A3K06UMU OIS BUKOHAHILS YCIMA CYOHOBIACHUKAMU. [IpYyeutl — yje meXHiuni cucmemu Kepyeanis ma npo-
zpamie 3abe3neuenis, NPUSHAYEHHAM SKUX € 3abesnevenns Gesnexu mopeniascmea. /lana po6oma npucesuena
NUMAnHIO BUSHAUCHNS PiBHs HeOe3neKu 3IMKHeHHs Ma Peaxyii na uio nebe3nexy 3i CIMopoHu CUCTNEMU A8MOo-
Mamuunozo Kepyeanns xkypcom ma weuokicmio BHC, axa eucmynae y pori 06’ckma docuioncenns. Ipeomemom
Q0CHiOINCENIS € NPOYECU MA ANZOPUMMU KEPYBANHL. 36ANCAIOUU 1A CYMMERY HeOE3NeKY, AKY MONCYMb npedcmas-
JLSIMU ABMOMAMUYHT PYXOMI CUCTREMU HA MOPI, NUMANHA 6E3NEKU MOPENIABCNEA MATOMb NPIOPUMEMHE SHAUCHHI.

Ananis egpexmusnux cucmem Kepyeanis ABMOHOMHUMU PYXOMUMU 3ACOOAMU NOKAZYE, W0 iX CIMBOPENHs TPYL-
myemuvcs na 8i0HOCHO NPOCMUX, ale 00CMAMILO MOUHUX AOCPAKMHUX MOOENAX 83aeMO0H0OUUX cepedosuly ((i-
suunux ma ingopmavitinux). Taxi modeni € 6i0npasoI0 MOUK0IO CMBOPEHH ABTNOMAMUIOBANUX MA ABTMOMATNULHUX
cucmem, 00 axux y momy uucii gionocamocs i BHC. 3eéepmaiouu yeazy na mexuiuny cmopoiy npobiemu 1eodxiono
3asnauumu, wo eusNauents pieus nebesnexu ma peaxuyis na wei 3i cmoponu cucmemu xepysanns bHC maxooc
8UMAza€e NEGHOT Popmanizayii.

B daniii pobomi sanpononosano cnoci6 susnauenns nebesnexu simxnenns BHC 3 imwumu pyxomumu ma
HePYXoMumu Mopcokumu 06’ exkmamu. Busnaueno yszazanvrnenuil aneopumm podomu cucmemu Kepyeanhsi Kypcom
ma weudxicmio BHC. Busnaueno peaxuyis pywiinoi (nponyavcusnoi) cucmemu ma neodxionui ckiad 60pmosozo
obradnanns ons sabesneuenns besnexu mopeniascmea. Heooxiono sasnauumu, wo ¢ po6omi nio bBHC maiomvcsa
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na yeasi maromonnaxcui (00 1 m) nadsooui camoxioni niaszacobu muny uwosen abo xamep.
Pesynvmamu docnioxcenns cmanymv y nazodi npu nodyoosi cucmem Kepysanns na 0CHOGI HeuimKux abo

HeUupo-HeuimKux KoHmpoiepis.
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1. Introduction

The goal of creating unmanned surface vessels (USV)
is increasing the effectiveness of state regulation in such
an important area as environmental protection and moni-
toring the environmental safety of water areas and coastal
zones. In addition, USV can be used to protect protected
water areas, hydraulic structures and communications, as
well as sunken historical monuments. With the help of
USV, hydrographic work can be performed (mapping the
bottom surface, controlling the depth of fairways, straits),
search and rescue operations, exploration of natural re-
sources, and the like. But when using USV in any of
the above cases, it is necessary to ensure their safe and
trouble-free operation. The main danger at sea is the threat
of collision with other objects. It can be other water-
craft, hydraulic structures (bridge supports, breakwaters,
lighthouses), navigation aids (buoys), natural formations
(rocks, shallows), coastline. To prevent the risk of collision,
determining the degree of danger and how to reduce it
is important.

Copyright © 2019, Nadtochii V., Nadtoshyi A.
This is an open access article under the CC BY license
(http.//creativecommons.org/licenses/by,/4.0)

As evidenced by numerous information sources, this
problem is actively discussed by all stakeholders around the
world. There are many approaches and solutions. In [1],
a modern overview of various approaches to preventing
collisions with several unmanned aerial vehicles is pre-
sented, as well as a classification according to the algorithms
and structures used, their main features are discussed.
In [2], the option of installing a specialized radio naviga-
tion system for collision warning on all ships of the world
is considered. In [3], it is noted that the development
of a high-level autonomous collision avoidance system
for ships operating in an unstructured and unpredictable
environment is a complex task. The authors propose solu-
tions to this problem by establishing intelligent control
systems based on neural networks that are pre-trained in
difficult situations and tested in real-life conditions. In
work [4] of the SACAS system (shipborne autonomous
collision avoidance system), an architecture of parallel
trajectory planning is proposed. Such a system includes
a scheduler based on a modified RRT (a rapidly exploring
random tree) algorithm designed to find the optimal global
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trajectory at a low re-scheduling frequency. The system also
contains a scheduler based on a modified DW (Dynamic
Window) algorithm. The latter is used for parallel trajectory
planning in order to generate an optimal local trajectory
at a high redevelopment frequency and to counteract the
unexpected behavior of dynamic obstacles in the immediate
vicinity of the vessel. Numerous studies of maritime safety
related to solving specific problems [5, 6], where the problems
of creating automatic motion control systems for unmanned
boats and other self-propelled surface vehicles (USV —
Unmanned surface vehicle) are solved. Separate studies [7]
prove that humans can be a key factor in successfully pre-
venting collisions in future operations using MASS (maritime
surface autonomous ships). Thus, at the moment there is no
single approach to solving the problem of navigation safety.
Search and development of effective systems for prevent-
ing collisions at sea is also part of the subject matter of
such scientific developments [8]. The need to create such
systems is due to the constant increase in the number of
autonomous vessels in the vast oceans [9].

Therefore, it is urgent to develop a method for ensur-
ing the safety of navigation for unmanned surface vessels.

Thus, the object of study is an unmanned surface vessel.
And the purpose of the work is to establish a method for
determining the level of danger of collision of the unmanned
surface vessel with other moving and stationary marine
objects, engineering structures and natural formations.

2. Methods of research

Obviously, for the safety of USV navigation, it is neces-
sary to give the control system (CS) of the ability to pre-
identify obstacles that are or may arise on the trajectory
of its movement and actively evade them. It is important
that the process of avoiding obstacles ends with the res-
toration of the main task. To do this, it is necessary to
equip the USV CS:

— system of sensors for the effective detection of sur-

face/underwater obstacles;

— reliable and productive computing equipment and

peripherals;

— software with algorithms that are based on informa-
tion from sensors about the environment and mission
goals, capable of generating adequate commands to
executive devices.

Currently, the most effective sensor systems are con-
sidered to be radar stations (radar) for illumination of
surface conditions and sonar stations (SS) for illumina-
tion of underwater environment. It is also possible to
use lidar (laser scanners) and vision systems in various
optical ranges. These sensor systems must satisfy a num-
ber of conditions, but the main ones are the detection
range, the resolution in range and the angle resolution
of the obstacle.

The main actuator is the propulsion-steering com-
plex (PSC), which should ensure the movement of the
USV from the fluid spatial coordinate of the given spatial
coordinate along a given path and a given period of time
taking into account external disturbances.

The choice of engine type for the USV is a complex
scientific, technical and engineering task, the solution of
which should provide the necessary speed of the USV
movement and its maneuverability. These characteris-
tics directly affect the safety of navigation, but also
determine the cost-effectiveness (autonomy), reliability,
controllability and compactness of the entire system as
a whole (Fig. 1).

An important issue when creating a USV with row-
ing electric installations (REI) is the choice of power
source (PS). Currently, the main sources of electricity
for autonomous vehicles are chemical batteries of vari-
ous types (acidic, alkaline, silver-zinc, nickel-intentional,
lithium-intentional). It is necessary to use of fuel (hy-
drogen-oxygen) elements. As additional sources, small-
sized electromechanical converters (for example, a piston
engine generator), wind, wave or photoelectric converters
can be used.

It is advisable to use combined PSC, which use se-
veral power plants with different operating principles and
independent energy sources. Such combined PSCs are at-
tractive from the point of view of ensuring high reliability,
and also directly affects the safety of navigation.

| USV driving units |
1. Piston-based rowing 2. Rowing electrical installations | | 3. Sailing automated 4 Combined
installations (RI) (REI) installations 0 ¢
With internal ' '
— Combusnon Main power Additional Sail wing [+ RI&> REl |+
engines (ICE)
source (battery) power source
With external e
> combustion l Rotary vane < RI&Sailing [+
engines (ECE)
. Electromechanical Static Mangus rofor, REI¢>Sailing |«
Compressed gas I T turbo rotor
Wave Photovoltaic
power stations
plants
RI Wind Fuel cells
generator farms

Fig. 1. Types of propulsion and steering complexes (PSC) that can be used in unmanned surface vehicles (USV)
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3. Research results and discussion

The general algorithm for the operation
of the automatic control system for the USV
movement, taking into account the need to
ensure the safety of navigation, is shown in
Fig. 2. In this algorithm, in a logical condition,
operations are performed with the abstract
value «danger zone». This is a value that can
be determined, given the speed of the object
located next to the USV, and the speed of
the USV itself. The necessary components for
accounting are also the distance and bearing to
the object or obstacles. Thus, the term «danger
zone» means the area of the water area in
which there is a potential threat of collision.

Shown in Fig. 2 algorithm can be simpli-
fied if to assume that threats can only be
mobile. Fixed marine objects (for example,
buoys, rocks, pylons) can be dangerous if
the USV moves on them. Therefore, in the
algorithm in Fig. 2, it is possible to exclude
blocks highlighted in color.

Fig. 3 presents a diagram for determining
the level of danger during movement (drift,
positioning) of the USV. On the diagram,
concentric dashed rings reflect the distance of
obstacle detection «D-1» — distant, «D-2» —
middle and «D-3» — near relative to the USV.
Also on the diagram are given sectors (di-
rections) to identify obstacles relative to the
USV — «right on course» or <«behind the
stern», which are marked «0» and «C» on the
diagram, respectively. The «straight ahead»
sector is divided into two subsectors with an
opening angle of 10° «LO» and «RO». Two
subsectors are allocated from the side projec-
tions: on the left on the course «L1», on the
left on the side — «L.2», on the right on the
course — «R1» and on the right on the side —
«R2». Sectors «L1», «R1» have an opening
angle of 65°, «L2», «R2», have an opening
angle of 70°, «<CL» and «CR» has an opening
angle of 35°. The level of threat of collision
(danger level) has three gradations, which are
indicated in the diagram by pink, yellow and
green colors. Let’s consider the hazard level
to be increasing from green to pink.

The diagram shown in Fig. 3 may have
a different view depending on the operating
mode of the USV, its speed or other parameters
(weather conditions, sea waves, the presence
of currents, etc.), i. e,

R,=f(V,GW,..), (1)

where R; — radius of detection of obstacles
(D-1, D-2, D-3); V — USV speed; G — force
of excitement (for example, on a scale develo-
ped by the World Meteorological Organiza-
tion); W — wind force (for example, on the
Beaufort scale).

In addition, the position of the USV in the
diagram of Fig. 3 can also be adjusted.

!

Obstacle detection
(surface/underwater)

1

Observation
of obstacles

Moving obstacles

Stationary obstacles

Definition of elements of
a movement trajectory

Determination of coordinates
and hazardous areas

Determination of
coordinates and
hazardous areas

Hazardous areas

Transition to the main | |

mission program

Transition to the dodging
subroutine. Generation of

maneuvering teams in the PSC

I

Evasion maneuver

Fig. 2. Variant of the algorithm for ensuring the safety of navigation in unmanned
surface vessels (USV)

Fig. 3. Determination of the level of danger of obstacles around the unmanned

surface vessel (USV)
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According to Fig. 3, it is possible to de-
termine the behavior of the CS, which is con-
sidered appropriate to the level of danger. In
this case, the following dependencies are valid
when moving the USV with respect to the
obstacle:

Al:li—1_liv (2)

where Al — deviation of the radius vector (dis-
tance) to the obstacle in the time interval
At =t —t; [y — radius vector (distance) to
the obstacle — preliminary value; [; — radius
vector (distance) to the obstacle — current value.

The rate of change of distance (Table 1):

Al -
At t -t

It is also necessary to consider bearing on
the obstacle relative to its own course:

Ap=0;i 1 — @, (4)

where Ap — change in the angle formed by the USV mo-
tion vector V and the radius vector [ (distance) to an
obstacle in a period of time At=t,,—t;; ¢; 1 — previous
value of the angle formed by the USV motion vector V
and the radius vector / of the obstacle; ¢; — current value
of the angle formed by the USV motion vector V and the
radius vector / of the obstacle.

Tahle 1

Conditions for determining the position of an obstacle relative to unmanned
surface vessel (USV) according to the distance deviation

I Al>0, — >0 then the obstacle approaches at a constant
At speed or accelerated
Al then the obstacle moves in parallel or as
If Al=0, —=0, .
At a satellite
Al .
I A<D, —<u then the obstacle is removed at a constant
At speed or accelerated

The angular velocity of the change in direction to the
obstacle (Table 2):

A @ —O;
At iy —t ©)

The corresponding graphical representation according
to the Tables 1, 2 on the movement of an obstacle rela-
tive to the USV is shown in Fig. 4.

Table 2

Conditions for determining the position of the obstacle relative to the
unmanned surface vessel (AUV) according to the deviation of the angle of
direction to the obstacle

3) Fig. 4. Graphical interpretation of the determination of the movement direction
of the obstacle relative to unmanned surface vessel (USV) by the deviation of the distance

and the angle of direction to the obstacle

The main criterion for determining the response of
the CS to the danger level with certain parameters of its
movement is the USV maneuver in the opposite direction
with the corresponding speed. The CS response can be
determined by an expert method with their refinement on
mathematical models of CS, USV, the environment and
obstacle models. The most suitable CSs for calculating the
presented positions are systems based on fuzzy or neuro-
fuzzy controllers [10].

The intensity of shipping on sea routes, near ports
and sea bases, as well as in the fairways of rivers, canals,
channels, is quite high. Therefore, a prerequisite for ensur-
ing the safety of navigation is the CS ability to detect,
accompany and respond simultaneously to several obstacles,
both surface and underwater.

4. Conclusions

In the course of the study, it is found that combined
propulsion and steering devices for unmanned vessels
enhance navigation safety by duplicating the propulsive
function of one propulsion system of the second. In other
words, combined PSCs have increased reliability. A hazard
chart is also obtained that allows to formally determine
the hazard level of identified obstacles. The hazard chart
allows to adjust the level of danger taking into account
factors such as sea waves, wind strength, speed of USV
and the like. In addition, the USV position in the dia-
gram can also change.

It has been established that based on measurements
of sensor systems, it is possible to formally determine the
position, direction and speed of movement of hazardous
areas, and their degree of danger with respect to USV.
Based on the information received, in accordance with the
laid down collision avoidance subroutine, control commands
for the propulsion and steering complex can be generated.

The research results will be useful in constructing con-

I A _ |then the obstacle is ahead of the BNS and trol systems based on fuzzy or neuro-fuzzy controllers.
Ap>0, AT 0, moves at a constant speed or accelerated
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If Ap=0 2¢ =0, |then the obstacle moves in a parallel course o .
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RESEARCH ON THE POSSIBILITIES
OF SOLUTION OF THE MONITORING
PROJECTS OF THE RAILWAY POWER
SUPPLY SYSTEM

O6’cxmom docaiodncenns € napamempu MOHIMOPUHzY CUCTEMU eIEKMPONOCIMAUAHHS 3ATIZHUYH020 MPAHCTIOPY.
IIpucmpoi peecmpauii napamempie pobomu 06’ekmis cucmemu nocmavanns exexmpoenepeii PMUs cxaadaiomv oc-
HOBY cucmemu Monimopumzy nepexionux pevcumic WAMS. Baxcrusum acnexmom enemenmic WAMS e cunxponisayis
O0anux, KA MEXHONI02IUHO 3a0e3NeUYemvCst 34 00NOMO20K CYNYMHUKOBUX CUCTNEM OPIEHMAUI.

B x00i docridoceris sUKOPUCTOBYBANUC CUCTREMHULL AHAT3, CUCeMHUTE N10XI0 00 NPobLeMU, G MAKONC CROCOOU
CUHXPOHI3AUTL MaA CUCTNEMAMU3AUIT OAHUX.

Hocnioaceno memodu po3e’s3ysantsi 3a0au npoyecie MOHIMOPUH2Y CUCTEMU eLeKMPONOCMAYAHHSL 3ANIZHUYHO20
mpancnopmy. Oyuxuii diaznocmuku, wo 6 danuil yac peanisyiomocs 3a donomozoro PMUs, WAMS, ¢paxmuuno socepe-
Oanceni ma obmednceni na OULANKAX eAeKMPONOCMAUANILS, | BKIIOUAIOMb 8 ce0e MOHIMOPUINZ HUSHKOUACTOMHUX KOTUBAHD
cucmemMHux napamempis. A maxooc idenmugixauio asapitinozo PexcuMy ma GUSHAUEHHS MICUs NOUKOONCeHHsL 8 00 €K -
max cucmemu exexmponocmauanus. Kpin mozo, ons suxopucmanis yux Gynkuiil, pasom 3 mum, exce npu cyuaciomy
DO3BUMKY CUCTEM, HEOOXIOHUM € 3a0e3neueiis OlazHoCMUYHUX DYHKUITL 6 Macumadi enepeocucmem, 3 MiHIMI3auieio
yuacmi ma 6nauey 00U Y (POPMYBAHHT PE3YTLMAMIE OUIHIOBAHH. PEICUMIE. Le no6’s3ano 3 mum, o € Heobxionicmo
PO3UWUPEHHS DIAZHOCIIUYHUX PYHKYIL w000 napamempis 00 €Kmie cucmemu eieKmponoCmaiyanHst, BUKOPUCTIOBYEAHUX
cucmem MoHimopunzy, ki 003604Mb PO36 I3Y6amu 3a0aui onepamusHo-0UCNEemUePCLK020 YNPasiinms uux 00’ exmie.

3asdsxu yvomy 3ade3neuyemvcs MONCIUCICING PO36 A3AHHS ONEPATNUSHO -OUCTEMUEPCOKUX 3A0at, OUIHIOBAHHS
ma npozno3yeanis cmany npu 06podui ingopmauii, ii cunxponizayii ma cucmemamusauii. A maxodxc cnocmepe-
HCCHHS T CUMXPOHIZAUTT BUMIPIE 30 UACOM, ULO 3HAUHO NIOBUUYE PIBEHD ONEPAMUBHO-OUCTEMUEPCHKO20 YNPAGTIHHA
pevcumamc pobomu 00’cKmie cucmemi eLeKmponoCmauanis. Y nopieusmmni 3 Anaioziunumi mexnoL02isamu, Hoei,
sacnosani na suxopucmaniui npucmpoie PMU ons 360py danux, maiomov nepesazy neped mpaouyiinumu mexmo-
nozisimu SCADA, sixi nposodunu sumiprosanist 00°ekmie cucmemu 6e3 CUHXPOHI3AUTT 3a UACOM.

Kmouosi cnosa: cucmema erekmponocmavanis, 3ANSHUMHUL MPAHCIOPM, CUHXPOHIZAUIA OAHUX, KOMN 10mepHi
3aco0u, Haraumysanis inmeppericy o0una -Mauuna.
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the power supply system can be achieved when moving
to a new level of information support. The functions of

The solution to the problems of operational manage- time synchronization of data in distributed monitoring
ment, ensuring reliable, flexible and efficient operation of systems are most often implemented on the basis of existing
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