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Automatic collision avoidance system with many targets, including maneuvering
ones

The article considers the issues of automatic colliosion avoidance with many targets, including
maneuvering ones, which is especially important when navigating a vessel in narrownesses. Was made a
brief review of literature devoted to the problem of collision avoidance and conclusion was drown on the
relevance of developing such systems. There were developed mathematical and algorithmic support of the
combined collision avoidance with many targets, including maneuvering ones. Based on the synthesized
algorithms, there was developed software in the MATLAB environment for a simulator of an onboard
controller of a ship control system, the operability and efficiency of mathematical, algorithmic and
software was tested in a closed circuit with a Navi Trainer 5000 navigation simulator for various types of
ships, navigation areas and weather conditions. The experiments confirmed the efficiency of the proposed
method and algorithms and allow to recommend them for practical use in the development of modules for
automatic collision avoidance wth many targets, including maneuvering ones, an onboard controller of
the ship’s control system.

Keywords: collision avoidance system, automatic collision avoidance, collision avoidance with many
targets, collision avoidance with maneuvering targets, collision avoidance in narrowness, collision
avoidance control systems.

Introduction

The main international legal document regulating the safety of navigation today is the rules COLREGS
[1], adopted in 1972 and put into operation since 1977. For 47 years, they are significantly outdated and
require the speediest revision. Thus, the COLREG provide colliosion avoidance only two vessels (while the
radar-tracking equipment (ARPA) installed on the vessels allows capturing and tracking up to 40 targets at a
time), are verbal (and therefore are sometimes interpreted differently by boatmasters), are recommended
character and don’t always give a definite answer to avoid collision in a particular situation. The COLREG
are human-oriented and don’t fit into the concept of automation of control processes, they are a braking
factor for the development of automatic systems.

At the same time, over the past 10-20 years, the intensity of shipping and the speed of ships has
significantly increased, and with them the flow of information has increased. It becomes increasingly
difficult for boatmasters to find the right management decisions, especially in critical situations (when
operating in narrow spaces), which is the reason for the increasing number of accidents in maritime
transport. Accident statistics in global shipping indicate that 75% of all accidents occur due to the human
factor.

Therefore, according to experts, a significant reduction in accidents can be achieved only by reducing
human intervention in management, namely through the creation of decision support systems (DSS) and
automatic control systems (ACS). DSS control the operation of individual navigation modules and, in the
event that the operating parameters of the modules exceed the permissible limits, give warning messages or
may even give “advice” on the management of the vessel. The boatmaster should comprehend the
information received before making a decision, which also takes time [2-5].

In this regard, automatic control systems for the movement of the vessel deserve special attention when
the human factor is completely excluded from the control loop. In this case, the skipper only makes a
decision to activate the automatic control mode and monitors its implementation from the side. Currently,
many ships have autopilots that implement two automatic control modes - automatic course maintenance and



/ or trajectory. The decision to activate these modes is made by the skipper, however, the vessel is further
controlled without his participation. According to the authors of the article, such an approach to the
construction of control systems is the most rational, as it allows the skipper to be freed from routine
operations to control the vessel, while at the same time leaving him overall control over the development of
the situation. A special place is occupied by the tasks of escorting the vessel in narrow places, where there is
a large traffic flow and the constant maneuvering of ships - targets.

The object of the research in the article is the process of automatic collision avoidance with many
vessels - targets, including maneuvering ones.

The subject of the study is the methods and algorithms implemented in the software of the onboard
controller of the control system, and allowing to diverge from many targets, including maneuvering ones.

The purpose of the Article is the development of methods and algorithms for automatic collision
avoidance with many vessels - targets, including maneuvering ones, for the collision avoidance module of
the onboard controller of the ship control system.

Problem statement

A mathematical model of a controlled object (own ship) is set in the form of a system of nonlinear
differential equations
dXx
d—tf‘zfn(xn,w,u,e,a),

Xn =(Vh,on, ¥, Xn,Yn),

model of external disturbances from the wind W =f,,(t) and currents U =f (t). In the measured data of the
ship’s linear speed V,, angular rotation speed op, yaw angle ‘¥, bearings Py; and distances Dy, to

targets, measurement errors are taken into account according to the passport data of each sensor. The
mathematical model of targets is defined as a system of nonlinear algebraic equations
figj (Xgj» Yigj» Vigj, Kgj)» i =1.2,..., Nyg that determine the parameters of the movement of targets along the

trajectory (speed and course), as well as the breakpoints of the trajectory to simulate maneuvers of targets.
It is required, for given initial conditions (the initial state vector of the vessel X, (0), the initial state

vector of the targets Xyg; (0), j=1,2,..., Nyg, routes, parameters of the movement of targets along the routes),

external disturbances, measurement errors of the motion parameters, to determine such telegraph 6 and
rudder & controls that would allow to diverge with all the targets, including maneuvering ones, at a safe
distance

(Xp = Xig)? +(Yp —Yigj)? >=Dsa®, i =12,.... Nyg .

Literature review

The issues of automatic collision avoidance were considered in many works of domestic and foreign
authors. So, in [6], there was proposed a method for forming an area of unacceptable values for the course of
one of the vessels and the speed of another vessel, taking into account its inertial characteristics with external
control of the process of their collision avoidance. Depending on the parameters of the situation of dangerous
approach and the braking mode of the vessel, there were obtained analytical expressions for calculating the
boundaries of the area of unacceptable course values and speed of approaching ships. The method is based
on an analytical description of unacceptable course values, which limits its ability to diverge from only one
non-maneuvering vessel.

The article [7] describes a control system with deep Q-learning. The advantage of the system is the
possibility of optimization based on information about the interaction with the environment. The
disadvantages of the system are the need to organize the storage of information in the database, its quick
search and retrieval, maintenance of the database. In addition, any training of the control system, including
Q-training, is simply unacceptable in extreme situations, for example, when managing in narrow places,
since during training the system may not work optimally or incorrectly, which is fraught with serious
consequences.



The article [8] describes a path planning method taking into account the dynamic characteristics of the
control object and COLREGS rules to prevent possible collisions. The method takes into account the
uncertainty of the trajectory over time. Collision risk is calculated using the probabilistic method, and the
collision risk area is adjusted based on the predicted trajectory. Simulation results are presented that
demonstrate the feasibility of the proposed method. The proposed method allows you to assess the risk of a
collision with only one non-maneuvering targets, since the rules of COLREGS don’t consider other
situations, does not form controls to prevent collisions in the automatic mode, and can only be used in
automated decision support systems.

The article [9] describes the use of AIS for tracking the movement of targets through the electronic
exchange of navigation data between ships with airborne transceivers, ground and / or satellite base stations.
The collected data contains a large amount of information useful for maritime safety and is used to detect
target maneuvers, route estimation, collision forecasting. The use of AIS data provides great opportunities
for preventing collisions due to more accurate information about the parameters of their movement, however,
this method cannot be used on ships that are not equipped with AIS transponders or vessels that hide
information about the parameters of their movement.

As a result of the analysis, the authors of [10] came to the conclusion that collision avoidance
algorithms developed over the past decades allow diverging from only one or two non-maneuvering targets,
using the simplified dynamics of the ship and targets. The collision avoidance algorithms proposed by the
authors of the article make it possible to visualize dangerous heading and speed of the vessel, which can lead
to a collision. The system may also offer optimal solutions for discrepancies in accordance with the rules of
COLREGS. However, the described system belongs to DSS and cannot solve the problems of collision
avoidance in the automatic mode.

In [11] there was proposed a collision avoidance method using predictive models. Mathematical
modeling in the on-board controller allows predicting the trajectory of the ship and the target using the
currently measured parameters of the ship and the calculated parameters of the target. This forecast, taking
into account the rules of COLREG, is used to determine the optimal control strategy for the collision
avoidance. The disadvantage of this method is the difficulty in realizing multiple forecasts in the on-board
controller of the vessel in real time, as well as the inability to diverge from several targets.

In [12, 13] the authors proposed a method of collision avoidance with many vessels - targets, including
maneuvering ones. The method involves measuring, with the processing of information in the on-board
controller, the true speed of the vessel and the relative speeds of the vessel and the tagets, estimating the true
speeds of the targets, building the area of acceptable controls for the collision avoidance with all targets,
choosing the optimal parameters of the collision avoidance from the constructed area, forming controls for
implementing selected options. The disadvantage of this method is the computational cost of constructing a
area of acceptable controls.

Material and method

Fig. 1 shows a diagram of collision avoidance with two vessels. The results obtained are also valid for
discrepancies with a large number of vessels. The vessel (control object) is located at point O. Around the
vessel, an area of safe collision avoidance is drawn. When manually operated, the recommended area of safe
collision avoidance in open waters should be at least 2 nautical miles (nm), and in cramped waters at least
0.7 nm.

The recommendations cited took into account the human factor, namely the delays associated with
assessing the situation and making a decision by the skipper. With automatic control, the area of safe
collision avoidance can be reduced. Thus, the standard deviation of the radar measurement, according to
IMO requirements, should not exceed 1% of the measured distance, i.e. for a measurement range of 10 nm,
the standard deviation will be 0.1 nm, or, with a probability of 99.7%, 3o = 0.3 nm. Therefore, Ds,= 0.3

nm is sufficient for safe automatic collision avoidance.

The smaller size of the area allows to reduce the distance of departure from the original course in case
of collision avoidance, reduce time and fuel consumption. Fig. 1 also shows the measured vector of the true
speed of the vessel V., and the circle of maneuvering capabilities outlined by this vector. The positions of
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Figure 1. Diagram of collision avoidance with two vessels

the target echoes j = 1,2 are plotted on the measurement steps n—2,n-1,n through which the line of relative
motion RML; is drawn. The lead point L; is moved forward along RML; for a time sufficient to change the

motion parameters of the vessel, taking into account its inertial characteristics. From the point L;, the
expected relative motion lines ERML}, ERML] are drawn, tangent to the area of safe collision avoidance.

Sector of dangerous courses SDC; - the angle between ERMLj, ERMLj. When the relative speed vector
AV; enters in sector of dangerous courses, the target echo will necessarily cross the area of safe collision

avoidance. ERML],ERML] are the lines of optimal collision avoidance, since the movement of the target

echo along given trajectories satisfies both the conditions of safe collision avoidance and the conditions of
minimal flipping from the original trajectory. ERML] corresponds to collision avoidance by turning to the

right, and ERML; corresponds to collision avoidance by turning to the left. Since the variants of the collision
avoidance along ERMLj and ERML; are constructed in a similar way, we will further consider the

construction of only one of them, for example, the variant of the collision avoidance by ERML}. Fig. 1
shows the speed triangles Vy, +AV; =V, where Vyg; is the instantaneous speed vector of the j-target,
estimated from the results of radar observations. These speed triangles correspond to the positions of the
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vectors before maneuvering. To direct the vector of the relative speed of collision avoidance along ERML] it
is necessary to reduce the vessel's speed vector to a point A;. In this case, the collision avoidance will be

provided only by changing the speed, without changing the course, this maneuver is most applicable in
narrownesses and is optimal in terms of fuel consumption. However, the collision avoidance speed cannot be
less than the minimum V,,,, at which controllability is still maintained. In Fig. 1, the collision avoidance

vector for the first target turned out to be less than the minimum speed. Therefore, it is not always possible to
conduct a clean speed maneuver. In this case, the collision avoidance speed vector must be turned to the

point of intersection the line ERML?, drawn through the point n, with the circle V,,;,. The resulting speed

vector will correspond to a combined maneuver of course and speed with a minimum turn from the original
course.
Define the positions of the target echoes in the Cartesian coordinate system for measurement n .

X mj (n) = Dyj () sin Pryj (),
Yimj () = Dpj(n) cos Pyj(n), j =1..Ny
Using a series of consecutive measurements n,n—1,n-2,..., using the least squares method, find the
equations of the line of relative motion RML;
Y =kFMEX DM 1Ny
In order to remove noise, for the last two measurements Xp;(n), Xp;(n—1), specify the coordinates
Ymj(n),Ymj(n—1) using the obtained equation RML;
Yimj (1) = kY X oy () + DT
Yimj(n=1) =k X i (n=12) + b M-
We estimate the vector of relative vessel speeds and targets using RML;
AV = (AVyj, AV;),
Xmj ()= Xpj(n-1)

AVy = AT
Ymj(n) =Ymj(n-1)
AV, = = i=1Ng,

where AT is the radar update tact.
Determine the lead point L at a distance AT from the last measurement n .

Determine the unit vectors defining the basic directions from p. L ;:
-ort Eyp; is the direction to the vessel (to the p. O);

-ort E; is the direction along RML; ;
-ort Ej is the direction along ERML];

-ort Ej is the direction along ERML.
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Determine the vector of the collision avoidance speed by ERML].
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‘V}r is the modulus of the collision avoidance speed vector,

Emj = (sin Kppj,cosK ;) is the unit vector of collision avoidance speed,
K mj is collision avoidance course,

‘AVJ-+ is module of the relative speed vector.

The modulus of the relative speed vector ‘AVJ-+ is determined by the solution of the vector equation (1)

+ 2 2 2
=<Vtgj,ET>j\/<Vtgj,ET> +M ~Vigi (2)
Equation (2) can have one solution when the radical expression is zero, two solutions when the radical
expression is greater than zero and have no solutions when the radical expression is less than zero. In Fig. 1,

ERML, drawn through p. n, doesn’t intersect the circle of maneuvering capabilities and the vector equation

‘AVJ-+

(2) in the case of collision avoidance along the line ERML, has no solutions. First of all, we are interested in
one solution of equation (2), which corresponds to a maneuver of speed. Equating the radical expression to

CIf ’v;

minimum speed at which the ship maintains controllability, then we solve equation (2) again for r\/j+

zero, we determine the modulus of collision avoidance speed r\/J+ <Vpin » Where V., is the

=Vnin
. Find the collision avoidance speed vector V = Vi ~AV] .
Among the vectors V|, j=1.Ny we find the limiting collision avoidance speed vector having the

largest deviation in angle from the initial speed vector Vv,
(Vm, VY= min (Vp,,Vj), where
j=1..Ntg

(') -scalar multiplication,

V* =V ¥ (cosK™,sin K*) - the limiting vector of the collision avoidance speed.

In Fig. 1 it will be a vector V;". Similarly, determine the limiting vector of the collision avoidance
speed when turning to the left V™ =V ~(cosK 7, sin K 7). Of the two limiting vectors, choose the smaller one

by the angle of the turn V" = max(< V,, V* >,<Vy,, V™ >).
The collision avoidance speed vector V™ =V " (coskK ",sin K ) is implemented by the PID controller
8=k (Kp—K")+Ky,0m; K| [ (K =K )dt

Vv
2 Vmax
where kg ,k,, kj are the gains of the PID controller for the mismatch angle, the angular velocity

0

and the integral of the mismatch angle,
Km, om; - measured course and angular velocity of rotation of the vessel.

Experements

The operability of the collision avoidance algorithm was tested on the navigation simulator of the
Kherson State Maritime Academy [14-17]. The block diagram of the simulator is shown in Fig. 2. In the
computer network of the simulator, additional system units 14-16 were connected, with which information



exchange was organized. Blocks 14-16 contain control system modules, which provide collision avoidance
according to the above algorithm. A task was created in the Navi Trainer Instructor program of the
Instructor's workplace (block 6 of the structural diagram of the simulator), a screenshot is shown in Fig. 3.

As you can see from the screenshot above, at the time of the beginning of the collision avoidance , our
SS1 vessel is

models instructor’s : . Visualization: Dynamics
of command devices workplace : . channel models models
2 ool e]e
14 15 16
Modules : : :
.. ofsystemcontrol ~ © o0

Figure 2. Block diagram of the simulator

surrounded by dangerous targets that also maneuver (the trajectories of the targets have kinks). Vessel and
targets trends are also shown.

Figure 3. Screenshot of the Navi Trainer Instructor

Fig. 4 shows a screenshot of the radar at the time the collision avoidance began.



Figure 4. A screenshot of the radar at the time the collision avoidance began
Fig. 5 shows a screenshot of the Navi Trainer Instructor after 10 minutes of collision avoidance.

Figure 5. Screenshot of the Navi Trainer Instructor after 10 minutes of collision avoidance

Figure 6 shows a screenshot of the radar after 10 minutes of collision avoidance.

Figure 6. Screenshot of the radar after 10 minutes collision avoidance



As can be seen from the results, the control system has almost completed the collision avoidance
from dangerous maneuvering targets.

Conclusions

There are proposed a method and algorithms for automatic collision avoidance with many targets,
including maneuvering ones.

The scientific novelty of the results obtained is the possibility of collision avoidance with many targets,
including maneuvering ones, in a fully automatic mode, which is especially useful in extreme situations, for
example, when the vessel avoid collision in narrownesses. This is achieved through periodic, with the on-
board controller operation, measuring the true speed of the vessel and the relative speeds of the vessel and
the targets, averaging the measured information in order to remove noise, estimating the true speeds of the
targets, determining for the left and right maneuvers the speed vector discrepancies for each target separately
, definitions for the left and right maneuvers of the limiting collision avoidance speed vector, selection from
the limiting collision avoidance vectors of the left and right maneuvers of the required collision avoidance
vector using the criterion of a smaller angle of rotation, the implementation of the required vector of the
collision avoidance speed in the control system.

The practical value of the obtained results lies in the fact that the developed method and algorithms are
implemented in software and investigated by solving the problem of automatic collision avoidance with
several targets, including maneuvering ones, in a closed loop with the Navi Trainer 5000 simulator for
various types of ships, targets, navigation areas and weather conditions. The experiments confirmed the
efficiency of the proposed method and algorithms and allow to recommend them for practical use in the
development of modules for automatic collision avoidance with many targets, including maneuvering ones,
an onboard controller of the ship’s control system.

Further research may consist in the development of methods and algorithms for processing radar
information that allow to consider small and nearby objects, for example, small fishing vessels, as one
impassable cluster and solve the problem of collision avoidance not with each such object, but with a whole
cluster, which will significantly increase speed and reliability solutions.
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Kenreren makcaTrTrapsl 0ap aBTOMATThI alibIPYy ’KYHeCiH CHHTe3/1ey, COHbIH
iminge MmaneBpJap

Maxkanama Oacka KeMeNepAeH aybITKy Ke3iHAe KEeMEHIH KO3FaJlbICBIH aBTOMATTHI TypAe Oackapy
Mocenenepl KapacThIpBUIFaH - HBICAHAAp, OHBIH IMIHAE MaHeBpiap, Oy KeMelepai Tap Koimapaa
HaBUTalus Ke3iHae eTe MaHb3Ibl. KemenepaiH alakTeIK MocelIeciHe apHaIFaH o7e0neTTepre KpicKama
0Ty JKacaslZbl, OCBIHAAN >KyHenepai o3ipieyniH e3eKTUIiri Typaibsl KOPBITHIHIBI jkacanasl. KenrereHn
MaKcaTTapMeH, COHBIH iITiHe MAaHEBPMEH YHIIECKEH COWKECCI3IIKTIH MATEMAaTHKANBIK JKOHE allTOPUTMIIIK
Konaaysl kacanabl. CHHTE3NeNTeH aaropuTMIEp/iH HETi3iHAe KeMeHi Oackapy >KyHeciHiH OOpTTHIK
KOHTpoJIepiH Moxymsmusiiay ymiH MATLAB opraceiHna Oarmapiamanslk kacakTama >Kacalifpl,
MaTeMaTHKAIBIK, aJTOPUTMIIK JKOHE OarmapiaMaiblK KaMTaMachl3 €TYHIH JKYMBIC KaOUIeTTiNiri MeH
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tuimaitiri Navi Trainer 5000 HaBUTAITUSUTBIK TPEHAKEPHI KOMETIMEH TYPJi KeMellepre, HaBUTAIlHSUTBIK
aliMaKTapFa XoHE aya-paiibiHa OalIaHBICTHI JKAOBIK CXeMaja CHIHAIIBI. DKCICPUMEHTTEP YCHIHBUIFAH
oflic TIEH AaNTOPUTMJACPIIH KapaMIBUIBIFBIH pacTagbl XOHE KOITEreH MaKcaTTapFa, COHBIH INIiHJe
MaHEBPJIiK, KEMCHiI Oackapy XyieciHiH OOPTTBIK KOHTPOJUICPIHE apHAJFAaH aBTOMATTHI COMKECCI3NiK
MOJIYJIJIEpiH JKacay Ke3iHAe onapisl TNpaKTUKAIBIK TaijJajaHyFa YChIHyFa MYMKIHIIK Oepei.

TyiiiH ce3mep: COKTBIFBICYIBI OONIBIPMAY, ABTOMATTHIK ANIIAKTHIK, KONTEreH MAKCATTAPMEH aJIIAKThIK,
MaHEBPJIIK MakcaTTapMeH aJlIaKThIK, TapUIbUIBIKTAFhl AWBIPMAIIBUIBIK, adBIPMALIBUIBIKTEL OacKapy
KyHenepi.

C. 3unuenko, I1. Hocos, B. Mareituyk, II. Mamenko, W. [Tonosuy, O. I'pomesa

CuHTe3 ccTEeMbI aBTOMATHYECKOT0 PACXO0KIEHUS CO MHOTUMU 1eJISIMHU,
BKJIIOYAsi MAHEBPHUPYIOIIHE

B craThe paccMOTpeHBI BOITPOCH! aBTOMAaTHYECKOTO YIIPABIICHUS JBUKEHHUEM Cy/IHA TPH PAaCXOXKJICHUH C
JPYTHMH CY/IaMH — IIeJISIMU, BKITIOUasi MAHEBPHPYIOIIUE, YTO 0COOCHHO aKTyaJbHO MPU MPOBOJIKE Cy/THA B
y3kocTsX. [IpoBelieH KpaTKuii 0030p JUTEPATypPHBIX HCTOYHUKOB, MTOCBSIIEHHBIX MPOOJIEME PACXOKACHHS
CYJIOB, CIIeJIaH BBIBOJI 00 aKTyaJlbHOCTH pa3pa0OTKH Takux cucTeM. Pa3paboTaHo MaTeMaThdeckoe M
AJTOPUTMHUYIECCKOC O6CCHC‘ICHI/IC KOM6I/IHI/IpOBaHHOFO pacxoxXa€Husa CO MHOIMMHU ILEIAMHU, BKIIIOYas
MaHeBpupytompe. 110 CHHTE3UPOBaHHBIM ANTOPUTMaM CO3/IaHO MPOrpaMMHOE OOecredeHHe B cpelie
MATLAB nist umuraTopa 60pTOBOr0 KOHTPOJUIEpA CUCTEMBI YIIPABIEHUS! CYHOM, paboTOCIIOCOOHOCTh
U 3G (PEeKTUBHOCTh MAaTEMaTHYECKOT0, AJITOPUTMUYECKOTO U MPOrPaMMHOr0 oOecrieueHus: poBepeHa B
3aMKHYTOH CXeMe ¢ HaBHUTannoHHBIM TpeHaxkepom Navi Trainer 5000 st pa3iu9HBIX THIIOB CYJIOB,
palioHOB IUIaBaHHMSA M IOTOAHBIX YCJIOBUH. OKCIEPUMEHTHl MNOATBEPIMIM PabOTOCHOCOOHOCTH
IPEUIOKEHHOTO Crocoda W aJrOpuTMOB M MO3BOJAIOT PEKOMEHIOBaTh HMX U IMPAKTHYECKOTO
UCIIOJBb30BAaHUS IpH pa3pabOTKe MOIyJIed aBTOMATHYECKOTO PACXOXKICHHS €O MHOTUMH LEIsMHU,
BKJIIOYAsl MAHEBPHUPYIOLIHE, OOPTOBOTO KOHTPOJLIEPA CUCTEMBI YIIPaBICHHS CYIHOM.

Kniouegvie cnosa: cucteMbl pacxoKICHHUS, aBTOMATHYECKOE PACXOXKACHHE, PACXOXKACHHE CO MHOTMMU
LETSIMU, PACXOXKICHUE C MAHEBPUPYIOUMMHU HESIMH, PACXOXKICHHE B y3KOCTSAX, CUCTEMBI YIIPaBJICHU
PacXoXIeHUEM.
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CucremMa aBTOMATHYHOI0 YHMKHEHHS 3iTKHEeHb 3 0ararbMa nijiiMu, BKIKOYAl04Y1
MaHeBPYBAHHSH

VY crarTi po3risialThCs MUTAaHHS aBTOMATHYHOTO YHUKHEHHS 3ITKHEHb 3 OaraTbMma MiISIMH,
BKJIIOUAIOYM MaHEBPYBAaHHS, 1[0 OCOOJMBO BaXKJIMBO MPHU IUIaBaHHI CyJHA y BY3bKUX MICIISX.
3po0ieH0 KOPOTKH OIJIsA] JiTepaTypu, IPUCBAYEHOI MPOOIeMi YHUKHEHHS 31TKHEHb, Ta 3p00JIeHO
BHCHOBOK IPO aKTYyaJbHICTh PO3pOOKH TakuX cucteM. Po3po0ieHo MareMaTu4yHy Ta anroOpUTMIuHY
MiATPUMKY KOMOIHOBAaHOT'O YHUKHEHHS 31TKHEHHS 3 0ararbMa LijsiMU, BKIIOYAIOYH MaHEBPYBaHHS.
Ha ocHOBi cMHTE30BaHHX adrOpuTMiB OyJI0 PO3pOOIEHO MporpaMHe 3a0e3MeUeHHs B CepeOBHIII
MATLAB ans imiTaropa O0pTOBOT'O KOHTPOJIEpA CUCTEMH YIPABIIHHS CyIHOM, Mpare3aTHICTh Ta
e(EeKTUBHICTh MAaTEMaTUYHOIO, AITOPUTMIYHOTO Ta MPOrPAMHOTO 3a0€3MEYeHHsS] TEeCTyBalu B
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3aMKHYTOMY JIaHIl031 3 HaBiramiitaum tpeHaxepom Navi Trainer 5000 st pi3HHX THIIB CyJEH,
paifoHiB  HaBiramii Ta NOroAHMX yMOB. EKCHEpUMEHTH MIATBEpIWIN  €(PEeKTUBHICTH
3alpOMOHOBAHOT0 CIOCO0Y Ta aIrOPUTMIB 1 JO3BOJSIOTH PEKOMEHAYBATH iX ISl MPAKTHYHOTO
BUKOPUCTaHHS TPU PO3pOOI MOIYJIB Ul aBTOMATHYHOIO 3armo0iraHHs 3iTKHEHHsS 3 OararbMma
[UTSIMH, BKIIIOYAlOYM MaHEBPYBaHHS, OOPTOBHM KOHTPOJEPOM KOpaOelbHOI CHCTEMH YIIPaBIIiHHS.

KaouoBi cioBa: cucremMa YHUKHCHHS 3iTKHEHb, aBTOMATHYHE 3aro0IiraHHs 3iTKHCHHSM,

VHUKHEHHS 3iTKHEHb 3 OararbMa LUISIMHM, YHUKHEHHS 3ITKHEHHS 3 MAaHEBPYIOUMMH LIJISIMH,
YHUKHEHHS 31TKHEHHS Y BY3bKOCT1, CHCTEMH KOHTPOJIIO 3aI100IiraHHs 31 TKHEHHSIM.
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