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The vessel movement optimisation with excessive control

The article discusses the issues of automatic control of the vessel’s movement using excessive control, which
allows to organize the movement of the vessel without a drift angle, to reduce the hydrodynamic resistance
and fuel consumption. Issues of reducing energy consumption and fuel economy on board, as well as related
issues of reducing emissions and improving the environment are especially relevant at the present time. A
brief review of literature devoted to improving the energy efficiency of ships was carried out. As a result of
the analysis, it was found that the issues of improving energy efficiency are solved in various ways, for ex-
ample, constructively, by reducing weight, hydrodynamic and aerodynamic drag of the hull, using a sail, cre-
ating more advanced power plants, however, the authors have not found methods and algorithms for reducing
hydrodynamic drag and fuel consumption through the use of excessive control. It is concluded that the devel-
opment of such systems is relevant. Mathematical, algorithmic, and software have been developed for an on-
board controller simulator of a vessel’s motion control system with excessive control, the operability and ef-
ficiency of which has been verified by numerical simulation in a closed circuit with a mathematical model of
the control object for various types of vessels, navigation areas and weather conditions. The experiments have
confirmed the efficiency and effectiveness of the developed method, algorithmic and software, and allow us
to recommend them for practical use in the development of mathematical support for vessel control systems
with excessive control.

Keywords: excessive control, sufficient control, optimal control, distribution of control, control quality crite-
rion, minimization of fuel consumption.

Introduction

Issues of reducing energy and fuel consumption on board, as well as related issues of reducing emis-
sions and improving the environment are especially relevant at present [1]. Ways to solve these issues are
different, but most often these are constructive solutions to reduce weight [2], hydrodynamic [3], use a sail
[4] or improve power plants. Fuel economy is also possible due to proper route planning, psychological
preparation [5—7], the use of decision support systems (DSS) [8—12]. However, the presence of the human
factor in both manual control systems and DSS systems excludes control optimization due to the impossibil-
ity of a quick and accurate assessment of the situation, the presence of delays in the transmission of infor-
mation, tiredness and other factors. This article discusses the optimization of energy costs for moving a ship
in automatic control systems through the use of sufficient or excessive control structures, organizing with
their help the movement of the ship along a route without a drift angle, with less hydrodynamic resistance. In
addition, redundant structures can further reduce energy costs for management due to the optimal redistribu-
tion of control within the structure itself. Traditionally, control redundancy is used to increase maneuverabil-
ity, redundancy and reliability [13—15] and much less frequently for optimal control [16—19]. By control re-
dundancy is understood the difference between the number of independent controls and the number of de-
grees of freedom to be controlled. In article [20], the authors analyzed the redundancy of control for some
types of vessels for various purposes.

For most transport vessels, such as Bulk carrier 6 (Dis. 44081t), Crude Oil Tanker 4, Car Carrier 2
(Dis. 19587t), MSC container ship 1 (Dis. 32025t), Shuttle tanker 1 (Dis. 160529t), Container ship 22 (Dis.
191000t), River-sea ship 3 «Sormovsky», etc., the number of which is more than 85 % of the total number of
all vessels, the redundancy in the control at the transition is equal to /U =U —S = -1 (insufficient control),
where U =2 is the number of independent control (power plant and aft steering wheel), and S =3 — the
number of degrees of freedom to be controlled (longitudinal, lateral and angular movement in the yaw chan-
nel). On ships with insufficient control, the lateral effect of wind and current, as well as the moments from
the effect of wind and current, can only be compensated by a corresponding turn of the vessel in the direction
of external influence. But in this case, the ship will move with a drift angle, which increases the hydrody-
namic resistance and fuel consumption. In the maneuvering mode, the Car Carrier 2 (Dis. 19587t), MSC con-
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tainer ship 1 (Dis. 32025t), Shuttle tanker 1 (Dis. 160529t) vessels have sufficient control (/U =0) due to
the additional use of the bow thruster.

Passenger ships Passenger cruise ship 10 Common DP, Passenger cruise ship 10 have redundancy at the
transition /U =5-3=2, but in maneuverable mode /U =7-3=4. Offshore vessels OSV 11, OSV 11
Common DP, OSV 11 Navis DP, OSV 11 AH, OSV 11 AH Common DP, OSV 11 AH Navis DP have re-
dundancy at the transition /U =4 -3 =1, and in maneuverable mode /U =6-3=3.

The Semisubmersible 1AH, Semisubmersible 1AH Common, Semisubmersible 1AH Navis, Semisub-
mersible | AH Common DP, Semisubmersible 1 AH Navis DP oil platforms have redundancy in the transition
and in maneuverable mode /U =8—-3=35. For ships with sufficient and redundant control, the external in-
fluence from wind and current can be compensated by the total control vector so that the ship itself can move
without a drift angle, with less hydrodynamic resistance and lower fuel consumption.

As can be seen in the examples of passenger, offshore vessels and oil platforms, control redundancy is
usually used to increase maneuverability, as well as to increase reliability. In open sources, the authors were
not able to find methods of using redundancy for control to reduce energy costs for moving the vessel.
Therefore, the solution of this issue is an urgent scientific and technical problem.

The object of the research is the process of automatic vessel movement control with sufficient or exces-
sive control structure, which allows to reduce energy costs for moving the vessel and save fuel by organizing
the movement of the vessel without a drift angle.

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 reduce energy costs for moving the vessel and save fuel.

The purpose of the Article is the development of methods and algorithms of automatic vessel movement
control with sufficient or excessive control structure, which allows to reduce energy costs for moving the
vessel and save fuel by organizing the movement of the vessel without a drift angle.

Problem statement

A mathematical model of a controlled object (own ship) is set in the form of a system of nonlinear dif-
ferential equations

& _rx,uw),
dt
X=F.,V,, 0 y,AX,AY), ©)
W:fw(l)’
there f(e) — mathematical model of the control object; X — state vector of the control object;

V.V, o

z

,W,AX,AY — components of the state vector, respectively, longitudinal speed, lateral speed, yaw

rate, yaw angle, longitudinal and lateral displacement; W — vector of external influences from wind and
current.
It is required to synthesize such control U(X) that would ensure minimum energy consumption and

fuel consumption for moving the vessel in the presence of external influences W =f, (7).

Literature review

The article [2] presents research to reduce energy consumption and increase the environmental friendli-
ness of a vessel by reducing the weight of a ship’s structure made of fiber-reinforced plastic. A method was
proposed for optimizing the weight of a structure, based on the algorithm of an artificial bee colony. The
method was tested on the example of optimizing the design of a fishing vessel. The simulation results
showed the possibility of reducing the weight of the structure by 8.31 %.

In article [3] there were considered the issues of improving the resistance characteristics and the quality
of the vessel’s trail field due to the optimization of contours. A decrease in resistance is directly related to a
decrease in energy consumption for moving a ship and a decrease in fuel consumption. The shape of the con-
tours was optimized by selecting 9 design variables using numerical methods. Model tests of the optimized
form showed that the resistance and quality of the track field of the vessel were improved by 1.59 % and
17.8 %, respectively.

In article [4] there were considered issues of increasing the energy efficiency of a ship with a sail. The
design of a rigid sail was optimized using the aerodynamic profile parameterization method and particle
swarm optimization algorithm. The performance of optimized airfoil has been verified by multi-point theory,
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computational fluid dynamics examination, and energy efficiency design index calculation. The maximum
lift-to-drag ratio of optimized airfoil has increased by 10 % than that of the arc-shaped sail.

The work [5, 6] explores the issues of psychological training for skippers, which indirectly, through the
application of good maritime practice, can also improve the management of the ship and fuel economy.

In article [7] there were conducted psychological studies during the training «Master Pilot» of active
sailors in the training center of the Kherson State Maritime Academy. The training is aimed at improving the
professional training of acting sailors, as well as improving communication skills between the captain and
the pilot, which helps to optimize the management of the vessel.

In articles [8—12] there were investigated the issues of the influence of the human factor on the vessel
control processes, as well as ways to reduce this effect through the use of decision support systems (DSS),.
Using DSS allows to control not only the parameters of the vessel’s movement and the operation of the pow-
er plant, but also the psychological state of the skipper, who is on duty, to recognize critical situations in time
and to generate an alarm.

A number of works are also devoted to optimization of control due to redundancy. Traditionally, control
redundancy has been used to increase maneuverability and reliability. However, both indirectly optimize
control processes and also lead to lower energy costs.

So, in article [13] there were considered the issues of software control of reserving an attack submarine
of the US Navy Sea Wolf. Policies and procedures for detecting and isolating faults, as well as reconfiguring
equipment, are discussed.

In article [14] there are studied the influence of excess control on the power and vibration of the main
axis of the rotor of a helicopter. By changing the rotor speed and the differential transverse step, which are
redundant controls, it was possible to determine the state of low power and low vibration.

In article [15] there is described a fault-tolerant control method that minimizes the influence of error
due to a change in the system control law when a failure is detected. The method evaluates the state of the
system using analytical relationships, which allows to calculate faulty states of the system without using an
observer.

In article [16] there was studied the distribution of the thrust force of an autonomous underwater vehicle
engine between an excess number of propulsors using the presented redundancy resolution scheme. At the
same time, an excessive number of propulsors was also used to increase the reliability of the system as a
whole due to parry failures. The results are confirmed by computer simulation.

In article [17], the author considers the control of the angular position of the spacecraft using the excess
structure of power gyroscopes. The presence of redundancy allows not only to increase the reliability of ac-
tuators as a whole, but also to optimize control in accordance with the selected quality function.

In article [18] there were considered the issues of controlling the unloading of flywheels of a control
system for the angular orientation of a spacecraft. For a minimally redundant system of flywheels and elec-
tromagnetic executive equipment of the unloading system that create an additional external moment, control
algorithms are synthesized that guarantee asymptotic stability to the zero solution of model equations de-
scribing the movement of the flywheels. The operability of the proposed algorithms and the features of the
unloading process are investigated by the example of the controlled motion of a spacecraft while stabilizing
the triaxial orbital orientation.

In article [19] there was considered the use of angular redundancy for planning and optimizing the path
of movement of a welding torch in various complex media. Efficiency strategies have been introduced, such
as a heuristic domain sampling strategy, a collision verification strategy. The proposed algorithm is effective
in solving complex planning problems when the weld passes in tight places. The experiment confirmed that
the algorithm proposed by the authors can not only find a path free from collisions with obstacles in various
complex environments, but also optimize the angle of the welding torch according to the established criteri-
on.

Material and method

Expand system (1) in the vicinity of the equilibrium state point for two control schemes U =(6,9,) (in-

sufficient control) and U =(8,9,,0,,...0,) (excessive control).
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For a circuit with insufficient control, system (1) takes the form
dv, dP dpP_ dF

(m+A,)—= F, S +W,_,

dt  d® dVX B 5l

. dF, _ dF
(m+x22) Vo g }V+ Jl3+ ys +W,, )

dt do  av,’ 4B  d§ "
dF, dF,
(Iz+l66)dwz = yze—sz o, + y81l+dMZB+WZ.
dt  do do. dd, dp

dy_, X, dAY
dt dt dt 7

For a scheme with redundant control U=(6,9,,9,,...9,), system (1) takes the form

=gy Ll L - Cls, - SE

dt doe  dv. B 5, ' db, ds,
dF dF dF dF
(m+k22) =—20- yV+ y[3+ y6+ =8, +..+—0,+W, 3)
a de6 dv, ’ dp dj, db, dj,
dF dF dF dF
(Iz+x66)dmz = yle—sz ® +—=0/ +—=90,,, +...+ e am, ,
dt  do do, dd, dd, dod, dp

dy _ dAX __ dAY

=0,——= sz =V B
dt dt dt !
where m — vessel mass; /. — Inertia moment of the vessel; A A, A, — attached masses of water;
dF, dF
ar, ,ﬂ, e ,dMZ ,dMZ — hydrodynamic characteristics of the vessel; d—P, dr, , dr, yeees
av. dp dv, df do, dB de dd, dj,

F dF, dF, dF, dF, . _
ar. ,—,—=,—=,...,—= — control characteristics of the vessel; 6,B,9,,9,,...,0, — telegraph deflection
dd, d® dd, dd, dj,
angle, drift angle and steering angles; /,/,/,,...[, — arms from the propeller and rudders to the center of rota-

tion, P — screw force; W =(W_, Wy, W_.) — components of external influences of wind and current.

dv, .
For steady state av, =0,—~=0, do, =0, v =0, dax =0, aay =0 | the system of equations (2)
dt dt dt dt dt dt
takes the form
dF. L dP F. 5+,
dVX tod 6 B 81
dF

=——0-W, 4
BB d8 5, 70 f “

_dF,
——st =—— 19—,
BB dd, do

y = const, V= const, V', =const .
From the second and third equations of system (4) it follows that in the steady state, in the presence of
external influences from the wind and the current, the drift angle and the rudder angle are not equal to zero
(B#0,9, #0). Moreover, due to the presence of lateral force and the moment from the rotation of the screw,

which are also disturbances, even in the absence of external influences from wind and current, the drift angle
and the rudder angle will also not be zero.

dv, .
For steady state v, =0,—% =0, do, =0, v =0, dAX = O,dA—Y =0 | the system of equations (3)
dt dt dt dt dt dt

takes the form
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aF, V. _dar —ﬂﬁ— dF, 3, _ﬂsz _____ﬂgn + W,
av.' " de 4B dd, ' db, ds,

dF, dF dF, dF dF,

B+ —=6,+—=6,+..+—=8, =——0-W , Q)
dp = dj, dd, ds, de ’
dF dF’ dF’ dF

sz[3+ 10, +—=0L,0, +..+—=1 08, =——=10-W_,
dp dd, dd, dj, do

Y =const, V= const, Vy =const .

From the second and third equations of system (5) it follows that the drift angle can be reduced to zero
even in the presence of external influences from wind, current and screw due to the appropriate choice of

controls U=(6,3,,9,,...8,). At the same time, the minimum required number of independent controls that
can provide a zero drift angle of the vessel is 2, U=(6,9,,9,) .

Figure 1. Steady state of ships with insufficient and sufficient control
under external influences from wind and current

Thus, in contrast to the control circuit (4), which cannot ensure the movement of the vessel without a
drift angle in the presence (and even in the absence) of external disturbances from wind and current, the con-
trol circuit (5) allows to control the vessel without a drift angle by compensating for external disturbances by
the controls. The absence of a drift angle reduces the hydrodynamic resistance to the movement of the vessel,
reduces fuel consumption and reduces emissions.

Figure 1 shows the steady state of ships with insufficient U =(6,9,) and sufficient U =(6,9,,0,) con-

trol under external influences from wind and current.
To bring the control object to state (5) with a zero drift angle, we use the PID controller and the subse-

quent splitting of the control into two controls U =(9,,9,) [20].

o=y -,
' 2Vmax

Oy =K.V, +kAY +p, [Avar,

0, =k,0. +k, ¥+ kf“’ j ydt, (6)
61 =0, —-0,,
82 =—0,-6,,
where I/X*’Vmax — respectively, the required and maximum speed of the vessel; k.,k y’kf ’km’kw’kfw — PID
y Y

gain.
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Experements

To test the operability and effectiveness of the method and algorithms for controlling ship schemes with
sufficient and excessive control (3), comparing them with the traditional scheme with insufficient control (2),
mathematical modeling of the vessel motion in a closed circuit with a control system was carried out.

For the scheme (3), the control and splitting law (6) was used, and for the scheme (2) the control law (7)
was used

. T

' 2Vmax ’
O, =kV, +k,AY +k;, [Avar, ()

d =o0,.

The results of mathematical modeling are presented in the form of time variation graphs of the longitu-
dinal velocity (V,,), lateral velocity (V,,), yaw rate (W), course (F;), longitudinal displacement (X,), lateral
displacement (Y,), telegraph deflection angle (teta), rudder deflection angles (deltal, delta2).

Figure 2 shows the results of mathematical modeling of a control circuit U =(8,9,) with control (7) for

the values of the lateral component of wind speed and current W = (1, 2, 3, 3.5) m/s. A further increase in
the lateral component of wind speed and current leads to loss of control. As can be seen from the above
graphs, control (7) ensures that the vessel is kept on the route (lateral mismatch and lateral mismatch speed is
reduced to zero), however, the course () differs from the required value (£; = 0) by the drift angle, which in
this case, for the maximum lateral component of wind speed and current W = 3.5 m/s, it is 4°.

55
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-10
a

teta deltal
9'] ......................

a0

f 2 : !
1| a00 1] a00 1] 400

Figure 2. Results of mathematical modeling of the vessel movement with insufficient control

Figure 3 shows the results of mathematical modeling of a control circuit with control (6) for the values
of the lateral component of wind speed and current = (1, 2, 3, 4, 4.5) m/s. A further increase in the lateral
component of wind speed and current leads to loss of control. As can be seen from the above graphs, control
(6) provides not only the retention of the vessel along the route (lateral mismatch and lateral mismatch speed
is reduced to zero), but also maintaining a given course (£; = 0) with a zero drift angle.
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Figure 3. Results of mathematical modeling of the vessel movement with sufficient control

In addition, from the above results of mathematical modeling it also follows that the control circuit with
control (6) is able to maintain control for large values of the lateral component of wind speed and current,
transient processes in this control circuit also pass 5 times faster.

Table 1 shows the fuel consumption [kg] per 5 km of track for two control schemes.

Table 1
Fuel consumption [kg] per S km of track for two control schemes
Control scheme Lateral wind speed [m/s] Fuel consumption [kg] per 5 km

1 63,89
2 64.227
The scheme U=(6,9,) 3 65.310
3.5 66.826

4 The system is not controllable
1 63.89
2 64.200
3 65.012
The scheme U=(8,$,,9,) 3.5 65.716
4 66.758
4.5 68.315

5 The system is not controllable

As follows from the presented results of comparing fuel consumption, the circuit U =(6,9,,0,) is more
economical than the circuit U =(6,9,). So, for the same lateral component of wind speed W = 3.5 m/s, the

circuit U=(6,9,,0,) consumes 1.111 kg less fuel for every 5 km of the track. With an increase in the lateral
component of wind speed, fuel economy also increases.
From the above simulation results, it can be seen that in the presence of external influences:
— transition processes in scheme with sufficient control proceed several times faster than in scheme with
insufficient control;
— the scheme with insufficient control ensures that the vessel is kept on the route, but does not provide a
zero drift angle;
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— the scheme with sufficient control ensures the retention of the vessel on the route with a zero drift an-
gle;

— the scheme with sufficient control provides control for higher values of crosswind than a scheme with
insufficient control;

—the scheme with sufficient control is more economical in comparison with the scheme with insuffi-
cient control; the amount of fuel saved increases with increasing lateral component of the wind speed;

— the scheme with sufficient control is more reliable due to redundancy of control channels.

Conclusions

There were proposed a method and algorithm for controlling a vessel with a sufficient and redundant
control scheme, which allows to reduce fuel consumption at the transition by providing movement with a
zero drift angle.

The scientific novelty of the results obtained is that for the first time a method and algorithms are pro-
posed that provide fuel economy during the transition due to the organization of the movement of the vessel
with a zero drift angle in the presence of transverse components of the external effects of wind and current.
This is achieved through the use of ship control circuits with sufficient or excessive control, periodic, with
the on-board controller clock cycle, measuring the parameters of the vessel’s movement in the channels of
longitudinal, lateral and angular movement, calculating the deviation of the measured parameters from their
program values, and forming using the PID controller control signals in the channels of longitudinal, lateral
and angular movement, splitting the received control signals into control of individual actuating control
structures.

The practical value of the obtained results lies in the fact that the developed method and algorithms are
implemented in the control system software and investigated in a closed circuit with the control object by
numerical simulation in the MATLAB environment for various types of vessels, navigation areas and weath-
er conditions.

Further research will be related to the development of a method and algorithms for control redundant
structures with optimization of the quality control function.
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Keme K03FaibIChbIH IAMAaaH ThIC 0aCKapy/Ibl OHTANJIAHABIPY

Makanaga IaMagad ThIC Oackapy KeMeEriMeH KEMEHIH KO3FalbIChIH aBTOMATTHl Typnae Oackapy,
THAPOIMHAMUKAIBIK KEIepri MEH OTHIH WIBIFBIHBIH a3aiiTy, KEeMEHIH KO3FalbIChIH KeJi0ey OYpBIIICHI3
yiBIMIACTBIpYFa MYMKIHZIK OepeTiH macesenep TankblUianraH. Kasipri yakeiTTa 00pTTa 9HEPIusl TYTHIHYIbI
JKOHE OTBIH YHEMAEYAI a3aiiTy Macenelnepi, COHlal-aK IIbIFAPbIHABUIAP/bI a3aHTY XKOHE KOPIIAFaH OPTAHbI
JKakcapTy Macenenepi o3ekTi Oonbim oTblp. Kemenepain sHeprus THIMAUIILIH apTTHIpyFa apHajFaH
omebueTTepre KpICKalla MIONY KacanraH. Tangay HOTHXKECIHAE PHEPrus THIMIUITIH apTThIpY Maceneiepi
OpTYpJi  JKOJNJAPMEH  ILUCLIUICTiHi, MBICAIBI, KOPIYCTBIH  CajMaFrbl, T'HAPOJMHAMUKAJIBIK IKOHE
adpOJMHAMHUKAJIBIK CYHpeyi, HapycThl NaiiiaiaHy, JaMbIFaH 3JICKTP CTaHLUHUSJIApBIH KYpy, ajaiiga aBropiap
THAPOIMHAMUKAIBIK CYHpey MEH OTbIH IIBIFBIHBIH INaMajaH ThIC OakpUiaylbl asaiity omictepi MeH
QITOPUTMJIEPIH TankaH koK. MyHnail kydenepaiH Iamybl e3ekrti Gousbin TaObutazgsl. [llamanan ThIC
GakpUaybl Oap KEeMeHIH KO3FaJIBICBIH Oackapy Ky#eciHiH OOpPTTBIK KOHTPOJUIEpi YIIIH MaTeMaTHKAaJbIK,
AITOPUTMIIK JKOHE OaFmapiaMaiblK jKacaKTaMa >Kacaliibl, OHBIH JXYMbIC KaOUIETTLNIr »oHEe THiMALIIri
Oackapy OOBEKTICIHIH MaTeMaTHKAJIBIK MOJENIMEH XaOblK Ti30EKTeri CaHIbIK MOJEIbICYMEH TeKcepinmi,
KeMeJIep/iH apTYpJi TypJiepiHe, HaBUralMsUIbIK aifiMaKTapra KOHE aya-paiiblHa OailJIaHBICTBI XKYPTi3iIreH
ToXipuOenep o3ipJeHreH OMICTIH, AITOPUTMIAIK JKoHE OarmapiamMaiblK >KacaKTaMaHBIH — JKYMBICKA
KaOIIeTTLNiri MeH THIMIUINIH pacTaasl JXoHE OoyapAbl MIaMaJaH ThIC OacKapyMeH KeMeHiH Oackapy
KylenepiHe MaTeMaTHKAJIBIK KOJIIay JKacay/a MPaKTHKAIBIK KOJIaHyFa YChIHYFa MYMKIHAIK Gepei.

Kinm coe30ep: mamanaH ThIC OaKpLIay, KETKUTIKTI OaKpuIay, OHTAMIB OakblIay, OaKpuIayabl Oemy, OaKsuIay
CaIlaChIHBIH OJIIIEMi, OTBIH LIBIFbIHBIH a3aHTY.
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OHTI/IMI/I33HPHI ABUKCHHUSA CyAHA C H30BITOYHBIM YIpaBJICHUEM

B craTtbe paccMOTpeHBI BOIPOCH aBTOMAaTHIECKOTO YIIPABJICHUS JBIDKCHHEM CYyJ[HA C UCIIOJIb30BAHUEM H3-
OBITOYHOTO YNPABJICHHMS, YTO MO3BOJISICT OPraHU30BaTh JBIDKEHHE cyqHA Oe3 yria npeida, CHU3HTH THAPO-
JUHAMHYECKOE COIIPOTHUBIICHUE U PACXO]] TOIUIMBA. BOIPOCH! coKpalieHus SHepronoTpeOIeHUsI 1 SKOHOMHUHN
TOIUTUBA Ha OOPTY, a TaKXKe CBS3aHHBIE C HUMH BOIPOCH! COKpAIICHHS BHIOPOCOB U YIYYIIEHHS] COCTOSHHS
OKpyXatoleil cpe/ibl 0COOCHHO aKTyallbHbI B HacTosluee Bpems. [IpoBeneH KpaTkuii 0030p JMTEpaTypHBIX
HCTOYHUKOB, IOCBSILICHHBIX MOBBIILICHUIO SHEPro3QGeKTUBHOCTH CyIOB. B pesynbraTe NpoBeAEHHOTO aHa-
JIM3a BBISABJICHO, YTO BOIPOCHI TOBBIICHHS YHEPro3()(HEKTHBHOCTH PELIAIOTCS PA3INYHBIMU CIIOCO0aMu, Ha-
HpUMep, KOHCTPYKTHBHO, IIyT€M CHMJKEHHS Beca, THIPOANHAMUYECKOTO U a3pOJIHMHAMHYECKOrO COMPOTHBIIC-
HUSI KOpITyca, C MOMOIIBIO Mapyca, Co3aHus 0oJiee COBEPIICHHBIX CHJIOBBIX YCTaHOBOK. OIHAKO aBTOpaMH
HE Hal/IeHbl METO/BI X AITOPUTMBI YMCHBIICHUS THAPOANHAMUIECKOTO CONPOTHBIICHUS U PAacXoja TOILIHBA
3a CUeT UCIIOIB30BaHMs U30BITOYHOTO yrpasieHus. CrenaH BBIBOJ 00 aKTya bHOCTH pa3pabOTKH TaKUX CHC-
TeM. Pa3paboTano MaTemarnueckoe, aropuTMHIECKOE U IIPOrpaMMHoe obecriedeH e A1 UMATaTopa 60pTo-
BOTO KOHTpPOJUIEPA CUCTEMbI yNPaBJICHUS JBMKCHHEM CyIHA C U30BITOYHBIM YyIpaBICHHEM, paboTocnocol-
HOCTb ¥ 3(Q()EKTUBHOCTb KOTOPHIX NPOBEPEHA YHUCICHHBIM MOJCIMPOBAHUEM B 3aMKHYTOH CXeMe C MaTeMa-
THYECKOH MOJIEIIbI0 00BEKTa YNPABICHUS VIS Pa3IMYHbIX THIIOB CyJOB, PaifOHOB IJIABaHUs U IOTOJHBIX yC-
noBuil. [IpoBeeHHbIC IKCIEPUMEHTHI MOATBEPAMIH pabOTOCIIOCOOHOCTh U AP PEKTUBHOCTD Pa3pabOTaHHOTO
METO0J[a, AITOPUTMHIECKOTO M IIPOTrPaMMHOTO 00ecIedeH s U O3BOJIIOT PEKOMEHI0BATh UX IS IIPaKTHde-
CKOTO HCIIOJIb30BaHUS NPH pa3paboTKe MaTeMaTHIECKOTO 0OECIICUSHHUS CUCTEM YIIPABIICHUS CyJaMH C U30bI-
TOYHBIM YIIPABJICHUCM.

Kniouesvie cnosa: n30bITOUHOE YIPABIEHHE, JOCTATOYHOE YIIPABICHHE, ONTUMAIBLHOE YIIPaBICHUE, pacipe-
JeTIeHHe YNpaBJIeHHs, KpUTEPHiA KadyecTBa yNpaBIeH s, MUHUMM3aIHs PacXo/ia TOILIHBA.
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