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Pegepar

Jlunimomuuii poboTa CKIAAAETHCS 13 3aMKUCKU MOSCHEHHS Ha 91 cTopiHKax 1
CIIUCKY JliTepatypu 3 37 mKepen.

YV il auniaomHIA  poOOTI  AOCHIKYIOTBCS MOJKJIMBOCTI  KE€pyBaHHS
MaciITaOHOI MOJIEIUIIO CY/IHA 32 IONTIOMOTOI0 JITHIHOT0-KBaAPATUYHOTO METOTY Ta
JMHEApU30BaHOI  TiApoAUMHAMiuHOI  (PI3MYHOI  MOJedl CyaHa 3  JBOMa
(a3umyTanbHUMU TiApyotounMu  npuctposimu) AIIIl y kopmoBidi 4YacTuHI.
Kontponep BuMipIoe JIHIHHUX Ta KyTOB1 IIBUJIKOCTI, OTPUMAaHI 3a JOIMOMOTOIO
GPS- 1 IMU-BumiproBadb. BXiTHUMU CUTHAJIaMH € MIBUAKOCTI 0OepTaHHS TBHUHTIB
AIIIT 1 kyTu 1iX TIOJOKEHHS BIJHOCHO JlaMETPalibHOI IUIOIIMHYU CYyJHA.
MarematiyHa MOJENh CyJAHAa € HENIHIMHOI 3a TphOMa OCHOBHUMH
XapakTepUCTUKaMH: JOLEHTpoBl cuiau Ta cuiad Kopiodica, riipoanHaMivyHe
neMn@yBaHHsS Ta BXiJHI ynopu. [nsi koHTposiepa Bci i €(eKTH BBaXKAIOTHCA
NpUOJMU3HO JTIHIMHUMHA BIJHOCHO TOYKM TIIOJIOKEHHS cyaHa. Mogenl B I
JTUIUJIOMHIA poOOTI po3po0JIEHO TaKUM YHMHOM, 1100 OpPraHi3yBaTH yIpaBJIiHHS 3a
JIBOMa MPUHIIMIIAMH: oJlHOYacHe (cuHXpoHHEe) oboma AIIIl ta — nudepeniianbhe
(acuHXpOHHE).

Jlist  mepeBipkW  3ampONOHOBAHUX METOJIB YIPABIIHHS BUKOHYETHCS
MOJICITIOBAHHS 13 TOPIBHSHHSM CTYMIHYACTHX BIATYKIB 3aMKHYTOI CHCTEMH Ha
MEPEeBAHTAXKEHHS Ta MIBUIKICTH MOBOPOTY. CHouaTKy NTPOBOJIUTHCSA TEPEBipKa
MOJICNTi, a TOTIM BiJOyBA€ThCS CIIOCTEPEIKCHHS 3a THM, HACKUJIBKH aJICKBAaTHO
MOJICTb 1 KOHTPOJIEp MpAaIIOTh pa3oM. MOJEIOBaHHS CTPUOKIB IIBUIKOCTI
MOKa3aJio aJIeKBaTHY peakxlilito, aje mBUIKICTh oOepTanus reuHTiB AIIIl mokazana
OiNMbIN 3HAYYNIMK BIUIMB Ha cucteMmy, HiK opieHtaris AIIIl. YV MonemoBaHHI
IIBUIKOCTI TTOBOPOTY a3WMYyTaJIbHHUI KyTa HE BIAMOBITAB OOMEKEHHSIM YacTOTHU
obeprannst AIIIl. Po3paxoBaHi KyTH HOCSATJIM 3HAYEHb OUIBIIUX HIXK 27, 110 3a
TPUTOHOMETPUYHOIO (YHKIIIE€IO BIMOBIIal0 HYJIHOBOMY KyTy. [HITMMU clioBaMu —
CIIOCTEPITAETHCS JHIMHA 3aJI€KHICTh BT a3UMYTaJIbHOTO KYTa, 110 1 € pe3yJIbTaToOM
nineapu3aiii. [IponoHyeThCs peanizyBaTu 3alpOTIOHOBAHE PIIICHHS 3 TOYKU 30Dy
OTpHUMaHHS OLITBIN aJeKBATHOI 3AJICKHOCTI Bl wacToTn ooepranus AIIII.

Takoxx Oyyso 3ampoONOHOBAaHO METOJ  PO3B’SA3KH  3aJIEKHOCTI MK
IIBUIKOCTSIMU TOB3J0BXKHBOTO PyXY, Ipeiidy Ta MOBOPOTY, KA € PE3yNbTaTOM
BHUKOPHUCTAHHS HAJITO CIIPOIIEHOT MOJIeli a00 BUOOPY HENPABUIILHOI POO0OY0T TOUKH
JIOTICHTPOBOT Ta KopioyicoBoi JiHeapu3ali. Hespaxkarounm Ha 1 mpobiiemw,
MOJICTIOBaHHS TTOKA3aJ10 IMOTEHIIial MOJIeJIi Ta KOHTPoJIepa, IKi BUKOPHUCTOBYIOThCS
B TaKMX CHUTyaIlisx. Tako)X 3ampoIllOHOBAHO KiuIbKa Mojudikariii s 3HaYHOTO
MOKPAIICHHS MOJENl Ta MOJENIOBaHHS, 30KpeMa — BIIPOBAKCHHS IJIAaHYBaHHS
nocuiaeHHs s jiHeapuzanii peakiiii AIIII, mo mpus3Bene 10 OLIBIIOTO BILIUBY
JacTOTH 0OepTaHHS TBUHTIB HA KEPOBAHICTh CyaHA.



Abstract

The thesis consists of an explanatory note on 91 pages and a list of references
from 37 sources.

This thesis examines the possibilities of controlling a large-scale ship model
using the linear-quadratic method and a linearized hydrodynamic physical model of
a ship with two (azimuth thrusters) APUs in the stern. The controller measures
linear and angular velocities obtained using GPS and IMU measurements. The input
signals are the speed of rotation of the propellers of the APP and the angles of their
position relative to the diametrical plane of the vessel. The mathematical model of
the vessel is nonlinear in three main characteristics: centripetal and Coriolis forces,
hydrodynamic damping and inlet stops. For the controller, all these effects are
assumed to be approximately linear with respect to the ship's position point. The
models in this thesis were developed in such a way as to organize management
according to two principles: simultaneous (synchronous) of both APPs and
differential (asynchronous).

To verify the proposed control methods, simulations are performed with a
comparison of the step responses of the closed system to overload and turning speed.
First, the model is checked, and then it is observed how well the model and the
controller work together. The simulation of speed jumps showed an adequate
response, but the rotation speed of the APP propellers showed a more significant
effect on the system than the orientation of the APP. In the simulation of the turning
speed, the azimuthal angle did not correspond to the limitations of the rotation
frequency of the APP. The calculated angles reached values greater than 2, which
corresponds to the zero angle according to the trigonometric function. In other
words, a linear dependence on the azimuthal angle is observed, which is the result
of linearization. It is proposed to implement the proposed solution from the point of
view of obtaining a more adequate dependence on the frequency of rotation of the
APP.

A method was also proposed for solving the dependence between the longitudinal
movement, drift and rotation velocities, which is the result of using an overly
simplified model or choosing the wrong operating point of centripetal and Coriolis
linearization. Despite these problems, the simulations showed the potential of the
model and controller used in such situations. Several modifications are also
proposed to significantly improve the model and simulation, in particular, the
introduction of gain planning to linearize the response of the APP, which will lead
to a greater influence of the propeller rotation frequency on the ship's
controllability.
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Ilepesik yYMOBHMX CKOPOY€Hb

CkopoueHHs, TEPMiHH, [HosicHeHHs1
TO3HAYEHHS
AHTS Anchor—handling Tug/Supply
ASK Automatic Station Keeping
AVR Automatic Voltage Regulator
Azipod® Electric podded azimuth thruster produced by ABB Group
Azippul Rolls—Royce plc azimuthing pulling propeller
CAHV Construction anchor handling vessel
CLV Cable laying vessel
Contaz® Rolls—Royce plc azimuth thruster with contra—rotating
propellers
CPICS Classical PI control strategy with SOC's regulation
CPP A controllable-pitch  propeller or variable—pitch
propeller is a type of propeller
CPP Controllable Pitch Propeller
CRP Contra—rotating propeller
CRP Azipod® Propulsion Concept
CSD Cutter Suction Dredger
DEPV Diesel-electric Passenger Vessel
DP Dynamic Positioning
DTC Direct Torque Control
ECMS Equivalent consumption minimization strategy
EDLC Electric double—layer capacitor
EEMS External energy maximization strategy with SOC's
regulation
EMDEC Electro—Motive Diesel Engine Control system
EMS Energy Management System
FACTS Flexible Alternative Current Transmission Systems
Fanbeam® DP reference system
FDSMCS Frequency decoupling and state machine control strategy
with SOC's regulation
FMEA Failure modes and effects analysis
FPP A fixed—pitch propeller is a type of propeller
FRV Fisheries research vessel
GNSS Global Navigation Satellite System
HART Highway Addressable Remote Transducer Protocol
ICE-HICE Mermaid podded propulsors ICE and HICE produced by
Rolls—Royce plc
IMO International Maritime Organization
K—POS Single Dynamic Positioning system
LCI Load Commutated Inverter
L—Drive An L—drive is a type of azimuth thruster in which the pod—
mounted propellers
LFC Live Fish Carrier
LNG Liquefied natural gas
LNGCF LNG Car Ferry
Mermaid™ Electric podded azimuth thruster produced by Rolls—
Royce plc
MGTV Multipurpose Geotechnical & Soil Investigation Vessel
MOV Multipurpose Offshore Vessel
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https://www.thrustmaster.net/azimuth-thrusters/thru-hull-l-drive-azimuth-thrusters/
https://en.wikipedia.org/wiki/Azimuth_thruster
https://www.havyard.com/products/fish-handling/well-boats/
https://en.wikipedia.org/wiki/Liquefied_natural_gas
http://www.bmt.org/projects/project/2522/70m-lng-car-ferry
https://www.rolls-royce.com/products-and-services/marine/product-finder/propulsors/podded-azimuthing-propulsors.aspx#section-product-search
https://en.wikipedia.org/wiki/Rolls-Royce_plc
https://en.wikipedia.org/wiki/Rolls-Royce_plc
https://www.fugro.com/about-fugro/our-expertise/vessel/geotechnical-vessels
http://www.bourbonoffshore.com/en/services-and-fleet/our-fleet/multi-purpose-supply-vessel-or-mpsv
http://www.bourbonoffshore.com/en/services-and-fleet/our-fleet/multi-purpose-supply-vessel-or-mpsv
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MRSV Multipurpose field & ROV Support Vessel

ocr Offshore Construction Vessel

ORV Oceanographic Research Vessel

oscr Offshore Subsea Construction Vessel

PCT Product/Chemical Tankers

PLC Programmable Logic Controller

PMR Power Management Relay

PMS Power Management System
PST Purse Seiner/Pelagic Trawler

PT Power Transducers
PUSH Mermaid Push podded propulsors produced by Rolls—
Royce plc
PVGS Photovoltaic (PV) generation system
RBU Resistor back unit
ReFRESCO Reliable&Fast Rans Equations (solver for) Ships,

Cavitation (and) Offshore

Rolls—Royce

Rolls—Royce Marine Power Operations Limited, a
subsidiary of Rolls—Royce plc

RO-RO Roll-on/Roll-off ships
ROV Remotely operated underwater vehicle
RPU Redundant Power Management Processors Unit
SBV Stand-by and Guard Vessels
SFC Specific fuel consumption
Ships CPC Ships Combined Propulsion Complexes — Cucrema
OIATPUMKH TPUAHATTS pillieHb, IO PO3poOJeHa y paMKax
HAyKOBO—IOCTIIHOT  JepkOropkeTHoi  podotn  «Konmermirii,
TEXHOJIOTIi ~ Ta  HANpPSAMKHA  YJOCKOHAJICHHS  CyIHOBHX
CHEPreTUYHUX YCTAHOBOK KOMOIHOBAaHMX MPOIMYJIbCUBHUX
KomIuiekciB» HarionansHoro yHiBepcurety «Onecbka MOPCHKOT
akazeMis» (nep>kaBHUM peectpaniiinuii Homep 0114U000340).
SLS Seabed Logging Ship
SMCS State machine control strategy
SoC State—of~Charge
SPAR Single Point mooring And Reservoir
SPU Signal Processing Unit
SRV Seismic Research Vessel
SWATH Small Waterplane Area Twin Hull
Swing—UP Rolls—Royce plc swing—up/combi thrusters type
THD Total harmonic distortion
TLP Tension—leg platform
TML Twin Marine Lifter
TT-PM The Permanent magnet tunnel thruster produced by
Rolls—Royce plc
UL Rolls—Royce plc retractable azimuth thruster type
UPS Uninterruptible Power Supply
VED Variable Frequency Drive
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http://www.siemoffshore.com/Default.aspx?ID=199
http://www.boa.no/Default.aspx?ID=42
http://www.nauticexpo.com/boat-manufacturer/oceanographic-research-ship-36372.html
http://subseaworldnews.com/tag/offshore-subsea-construction-vessel/
http://www.pfri.uniri.hr/~bernecic/literatura/TTTT/Kol_2_Ch_Tankers/product_bro.pdf
https://en.wikipedia.org/wiki/Programmable_logic_controller
https://www.gegridsolutions.com/multilin/catalog/750.htm
https://www.wartsila.com/services/areas-of-expertise/services-catalogue/electrical-automation-services/wartsila-power-management-system-pms
http://www.bpship.is/category/all/purse/
http://w3.siemens.com/smartgrid/global/en/products-systems-solutions/power-quality-measurements/digital-measurement-transducer/Pages/multifunctional-measuring-transducer.aspx
http://www.rolls-royce.com/products-and-services/marine/product-finder/propulsors/podded-azimuthing-propulsors/mermaid-push-podded-propulsors.aspx#section-product-search
https://en.wikipedia.org/wiki/Rolls-Royce_plc
https://en.wikipedia.org/wiki/Rolls-Royce_plc
https://en.wikipedia.org/wiki/Photovoltaic_system
https://en.wikipedia.org/wiki/Bleeder_resistor
http://www.marin.nl/web/Facilities-Tools/CFD/ReFRESCO.htm
http://www.marin.nl/web/Facilities-Tools/CFD/ReFRESCO.htm
https://en.wikipedia.org/wiki/Rolls-Royce_plc
https://en.wikipedia.org/wiki/Roll-on/roll-off
http://perf-it.com/dcim-products/energy-management/?gclid=CjwKEAjw-LLKBRCdhqmwtYmX93kSJAAORDM6GZQicIySBqvRYRKCwIeqnp14tZoR1X6hA0gEqhO96BoCg8bw_wcB
https://www.rederijgroen.nl/guard-vessels/
https://en.wikipedia.org/wiki/Specific_fuel_consumption
http://www.boa.no/Default.aspx?ID=9
http://papers.sae.org/2004-01-1475/
https://en.wikipedia.org/wiki/State_of_charge
http://www.qgep.com.br/static/enu/instalacoes-de-producao.asp?idioma=enu
https://en.wikipedia.org/wiki/Signal_processing
http://www.ship-technology.com/projects/oceanic-sirius-seismic-research-vessel/
https://en.wikipedia.org/wiki/Small-waterplane-area_twin_hull
https://en.wikipedia.org/wiki/Rolls-Royce_plc
https://www.rolls-royce.com/products-and-services/marine/product-finder/propulsors/azimuthing-thrusters/swing-up-tcns-tcnc-azimuthing-thruster.aspx#section-product-search
https://en.wikipedia.org/wiki/Total_harmonic_distortion
https://en.wikipedia.org/wiki/Tension-leg_platform
http://www.energy-oil-gas.com/2008/06/23/seametric-international/
https://www.google.com.ua/search?q=TT%E2%80%93PM&ie=&oe=#q=TT%E2%80%93PM+thrusters&spf=1499076593876
https://en.wikipedia.org/wiki/Rolls-Royce_plc
https://en.wikipedia.org/wiki/Rolls-Royce_plc
https://www.rolls-royce.com/products-and-services/marine/product-finder/propulsors/azimuthing-thrusters/retractable-azimuthing-thruster.aspx#section-product-search
https://en.wikipedia.org/wiki/Uninterruptible_power_supply
https://en.wikipedia.org/wiki/Variable-frequency_drive
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VSD Variable Speed Drives
VSI Voltage source inverter
VSP Variable Speed Pumping
wscc Western System Coordinating Council
Z—-Drive Is a type of marine propulsion unit. Specifically, it is an
azimuth thruster
AI'PK A3MMyTaJIbHO TBUHTO—PYJILOBA KOJIOHKA
ALl ACHHXpOHHMH JBUTYH
ANl ABapiifHuil 1u3enIb-reHepaTop
AJIE AJbTEpHATUBHE JHKEPETIO eHeprii
AT A3MMyTaJbHUNA ABUTYH JIIBOTO O0OPTY
Al A3uMyTalbHMI JBUT'YH IIPaBOro OOPTY
Al A3UMyTaJIbHUN TAPYITIOIYUN TPUCTPi
ALII Anasioro—1u¢poBHii mepeTBoprOBay
AYX AMIUTITYTHO—4aCTOTHA XapaKTEePUCTHKA
BIIII BucyBHui nipyao0uui IpucTpii
BPII BanTa)kHO—pO3BaHTaXyBaJIbHUHI IIPOLIEC
I'EJ ['peOHuil eNeKTPOIBUTYH
I'JIOHACC ['nobanpHa HaBiramiiHa CynyTHUKOBA CUCTEMA
I'TIO ['BUHT POTUIJIEKHOTO OOEPTaHHS
I'PK I'BUHT peryJibOBaHOrO KPOKY
I'PIII ["0J10BHMI PO3MOITIBHUNA AT
I'PIII BH ["0J10BHMIA PO3MONITBHUN IIUT BUCOKOI HAIPYTH
I'PIII HH ["0s10BHMIA PO3MONITIBPHUN IIUT HU3bKOI HAIPYTH
I'CA I'on10BHUM CUIJIOBMI arperar
'®K I'BUHT ()iKCOBAHOTO KPOKY
HAY JucraHiiiine aBTOMaTHYHE YIPABIiHHS
JEIIK Jn3esb—eneKTpUYHNM IPONYJILCUBHUN KOMILIEKC
JIKTIA JlucranmiifHO-KepOBaHUH MiABOHUH amapaT
ALY JlMHaMiYHUH TPUHIMI yTPUMAHHS
JDA JuHaMiyaui GyHKIIOHATBHHUNA aHAJIOT
IH InBepTop Hampyru
KK/] KoeoinieHT KopucHoi ii
KIIK KomOiHoBaHUH NPOMYJICUBHUHA KOMILIEKC
KIIII KopMoBwHii NiApYyTIOI0YHIA TPUCTPIN
JIITP JlroguHa, 110 mpuiiMae pilmeHHs
MB MarmHHe BigaiIeHHS
H3bVY HamniB3anyproBajibHa OypoBa yCTaHOBKa
H3110 H3IIIO — Hacoc 31 3MiHHOIO HIBHJIKICTIO O0epTaHHS
HIIII HocoBwuii mipyTio0unil mpucTpii
OAK O06'eKT aBTOMaTHYHOTO KEPYBaHHS
ITAK [TpucTpiii aBTOMaTHYHOT'O KEPYBaHHS
[1BII IIuroma BUTpaTa najiusa
A [TponopuiiiHO—iHTerpagbHO—TU(EepEHITIATbHUHI
IIK ITepcoHanbHMI KOMIT IOTED
ITIT [Tigpymiorounii npucTpin
[1TH [TepeTBOpIoBay MOCTIHHOI HAPYTH
I[IT™M [TigiioMHO—TpaHCIIOPTHUNA MEXaHI3M
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https://en.wikipedia.org/wiki/Adjustable-speed_drive
https://en.wikipedia.org/wiki/Power_electronics
https://www1.eere.energy.gov/manufacturing/tech_assistance/pdfs/variable_speed_pumping.pdf
https://en.wikipedia.org/wiki/Western_Electricity_Coordinating_Council
https://en.wikipedia.org/wiki/Z-drive
https://en.wikipedia.org/wiki/Marine_propulsion
https://en.wikipedia.org/wiki/Z-drive
https://en.wikipedia.org/wiki/Azimuth_thruster
https://ru.wikipedia.org/wiki/Azipod
https://uk.wikipedia.org/wiki/%D0%90%D0%BB%D1%8C%D1%82%D0%B5%D1%80%D0%BD%D0%B0%D1%82%D0%B8%D0%B2%D0%BD%D1%96_%D0%B4%D0%B6%D0%B5%D1%80%D0%B5%D0%BB%D0%B0_%D0%B5%D0%BD%D0%B5%D1%80%D0%B3%D1%96%D1%97
http://www.ingeteam.com/en-us/marine/marine-electric-propulsion/p17_33_53/electric-motors.aspx
https://uk.wikipedia.org/wiki/%D0%A1%D1%83%D0%BF%D1%83%D1%82%D0%BD%D0%B8%D0%BA%D0%BE%D0%B2%D0%B0_%D0%BD%D0%B0%D0%B2%D1%96%D0%B3%D0%B0%D1%86%D1%96%D1%8F
http://www.electricandhybridmarineworldexpo.com/en/
http://lektsii.org/11-46132.html
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4 IlepeTBOprOBaY 4acTOTU
PIII PosnoaiipHuil Iyt
CAK Cucrema aBTOMaTUYHOI'O KEPYBAHHS
CAP Cucrema aBTOMaTUYHOIO PETYJIIOBAHHS
CAPH Cucrema aBTOMaTUYHOI'O PETYJIIOBAHHSI HAIIPYTH
CI'E CoHsiuHMI TeHEPYIOUHH €J1EMEHT
CA CHHXpOHHMH JBUT'YH
CEEC CyzHOBa elEKTPOEHEPreTUYHA CUCTEMA
CEY CyznHoOBa eHEpreTHyHa yCTaHOBKA
CI®K Cuctema iMnynbcHO—()a30BOr0 KEpyBaHHS
CK Cucrema KepyBaHHs
CKPEE CucteMa KepyBaHHsI PO3NOAUICHHIM €JIEKTPOSHeprii
CHE CucTteMa HaKOIIMYEHHS eHeprii
COI'T Cepenpo-00epTOBUI ra30-reHepaTop
coar Cepennpo—00epTOBUI TU3ETb—TEHEPATOP
CII CrnoxxuBau
CIIbY CamormigiiomHa OypoBa ycTaHOBKa
char CkparuieHuil IpUpoIHUN ra3
CIIIP CucreMa miATPUMKH OPUNRHATTA PillICHb
CTC CkJaiHa TEXHOJIOTIYHA CUCTEMa
D3I1 @DyHKIIOHATHPHO—3aKiHUEHA MiICHCTEMA
1M HIupoTHO—IMITYJIBCHA MOJTYJISIITIST

Xapaxkmepucmuku KOMOIHOBAHUX NPONYIbCUBHUX KOMNIIEKCI8 ma iX KOMNOHEeHmig

vs (76) AOconroTHa NIBUJIKICTh CyAHA, [M/C]
A (Hp) (74) BinHOCHWMI KPOK TBUHTA, [B.O
Ay Bog0TOHHAKHICTB CyHA, [T]
Ar/Ao (Puc. 9) JIMCKOBE CITIBBITHOIICHHS TBUHTA
D, (74) JiameTp rBuHTAa, [M]
ky KiJIbKiCTh TBUHTIB
Z KinbKicTh J0mIaTel rBUHTA
1 (76) KoedilieHT ropu30HTAIBHOTO YTPUMaHHS, [B.0.]
Kr (74) KoeoinieHT MOMEHTY I'BUHTA, [B.O
ws (74) KoedilieHT monyTHOro NOTOKY, [B.O
Kr (74) KoeditieHT ynopy rBuHTa, [B.0.]
Hp/D, (74) KOHCTpYKTUBHHUI KPOK IBUHTA, [B.O
pp(74) KpoxoBe BiIHOIICHHS TBUHTA
Js (Puc. 10) MoMeHT iHepuii cyaHa
R, (76) Omip pyxy cyaHa, [H
M; IToBopoTHMIT MOMEHT cyHa, [HxXMm
R, Paniyc rBunTa, [M]
p Paziyc mepetuny jonaTi rBUHTA, [M]
by ToBmyHa JionaTi rBUHTA, [M]
va (75) [IIBMIKICTh MPUTOKY BOJH, [M/C]

Xapakmepucmuku CyOHOBUX eHep2emMUYHUX YCIMAHO80K Ma iX KOMNOHEHMI8

Mq (78) Jlitoue 3HaUYCHHS MOMEHTY TBHHTA, [HXM]
P Jlitoue 3HaUYeHHs MOTYXHOCTI IBUHTA, [BT
T4 (78) Jiroue 3HaueHHs ynopy rBuHTa, [HxMm]
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https://en.wikipedia.org/wiki/Battery_storage_power_station
https://en.wikipedia.org/wiki/Diesel_engine#Medium-speed_engines
http://helpiks.org/1-128045.html
https://uk.wikipedia.org/wiki/%D0%A2%D0%B5%D1%85%D0%BD%D0%BE%D0%BB%D0%BE%D0%B3%D1%96%D1%87%D0%BD%D0%B0_%D1%81%D0%B8%D1%81%D1%82%D0%B5%D0%BC%D0%B0
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p EdexTuBHICTh I'BUHTA, [B.O
Mm (76) KoeoimienT kopucHOi Aii BaloOMpoBOAYy U peBEpC—
PEeNyKTOPHOI mepenayi, [B.o]
Npr (77) KoeoimieHT KOpUCHOI 1ii TBUHTA ISl JAHOTO 3HAYCHHS
KF, [B.O]
Ny (76) KoedimieHT KOPUCHOI i MpOIMyJIbCUBHUM, [B.O
. (76) KoediieHT KOPUCHOI i MpOMyJIbCUBHUM, [B.O
M, (74) MowmeHnT rBunTa, [Hxm]|
P, (74) [ToTyXHICTh 'BUHTA
F,(74) Cuna nomroBxy reunra, [H
T, (74) Ynop reunra, [Hxm]
Trur (78) Ynop migpymowdoro npuctporo, [Hxm]
vs(?) IBUAKICTB, 3 IKOIO PYXA€THCS CUCTEMA, 1110 KOJIUBAETHCS
y 30H1 NPUKIAASHHS CHIIH, [M/C]
3acanvno—pizuyni eenununu
€ JlienexTpuyHa NPOHHUKHICTh cepefoBuina, [P/m]
L1 JloBxuHa, [M]
€0 Enexrporexniuna nocriiina, 8,8x107!2 [D/m]
Lo/ KoeditieHT BiIHOCHOT BUXPOBOi B'SI3KOCTI, [B.O
by MarnitHu#i noTik, [B0]
m Maca, [kr]
Y ITutoma Bara, [H/m?]
S [T10112 ONEPEYHOrO TIEPETUHY, [M?]
g Cwuuta Tsoxinns [m/c?]
d TomuHa, [M]
t UYac, [c]
n (74) Yacrora obepranns, [¢']
Q, o YacTora obepTanHs, [pan/c]
R, (75) Uucno Pelinonbca, [B.o.]
F, UYucno @Opyna, [B.0.]
ny (= 60xn) [IBunkicTh 0O6epTaHHs, [00/XB
b [Hupuna, [M]
Xapaxkmepucmuku cucmem KOOpOUHAM MAa 8eKMOPHI 8eTUYUHU
Uph_ph Bekrop nomix (a3Hoi Harpyru
¥ Bektop noToko3uerieHHst 0OMOTKH CTaTOpy
7 Bexkrop ctpymy
0] BekTop ynpaBisiiounx BILUIMBIB
XapaxkmepucmuKkuy ma 8e1uduHU MaAMeMamuyHux nepemeopeHs
Ktmatrix Martpuus KoedilieHTiB yrnopis
Yr MHOXWHA JOMYCTUMUX 3HAYE€Hb KOOPAWHAT JUHAMIYHOT
MoJel
Ur MHOXHHA TOMYCTUMHUX 3HAYCHb YIPABISIIOUNX BIUIMBIB
C MHOXHMHa 3MIHHMX  yHOpaBIAIOUYUX  KOOPIMHATHUX
! 3aBJaHb
Rr OmnepaTop Bi1oOpaKeHHS BEKTOPY CTaHy

F obj seu_cpc

[linboBa QyHKIIs

0 3MICT




14

CkopoueHHs, TEPMiHH, [HosicHeHHs1
MO3HAYEHHS
Enexmpomexaniuni xapaxmepucmuku cyOHOSUX eHepeemudHUxX YCmaHo8oK ma ix
KOMNOHEHmIi6
Ly KoedimieHT B3aeMOIHAYKIIIT MiK OOMOTKOIO 30y IKCHHS
U aeMngepHoIo, [B.0.]
Wa KoeoinienT B3aeMoiHayKii MiXk 0OMOTKOIO cTaTopy i
nemrdepHoro, [B.0
kipuls_max KoedilieHT 1omycTUMHUX MyJIbCallii, [B.0
ky Koeoinient HacuueHHs, [B.0]
krup KoedirieHTOM HECUHYCOIAaIbHOCTI HA IPYTH, [B.0]
ng Howmep rapMoHiku
cu CepenHbO3BAKEHUNM  TOCTIMHUNA  KOHCTPYKTHBHHUA
Koe(iIlieHT 1aBaya HaNpyTu
cr CepeqHbO3BAKEHUNM  TOCTIMHHUNA  KOHCTPYKTHBHHHI
KoeiIlieHT 1aBaya CTPyMy
Bs CepenHbO3BAKEHUNH  TOCTIMHUN  KOHCTPYKTHBHHUI
KoeiIlieHT 1aBaviB 30ypIOIOUMX BIUIMBIB
Co(U) CepenHbo3BaKeHUIM MOCTIHHMIA KOHCTPYKTHUBHHI
KoedirieHT 380poTHOro 3B’s3ky AIH no Hanpysi
Co(l) CepenHb03BaKEeHUIM MOCTIHHMIA KOHCTPYKTHUBHHI
KoedirieHT 380poTHOro 3B’s3ky AIC mo ctpymy
Bx CepenHbO3BAKEHUNH  TOCTIMHHUN ~ KOHCTPYKTHBHHUI
KoedirienT cucremu camo30ymxenns COAT
Bo CepenHb03BaKEeHUIM MOCTIHHMIA KOHCTPYKTHUBHHI
KoeiIieHT TpaHncpopmaropy aMILTITYTHO ¢azoBoro
KOMIIayH/1yBaHHS
I CtpyMm craTopa, [A]
Qu daza Hanpyry, [paa]
N [napyBaticTh HanpyrH, [B.0.]
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Cnucoxk pucCyHKiB

Puc. 1 3oBuimHiNA Burisg ¢izuunoi monent AIIIl, po3ramoBaHux y KOpMOBIH

YaCTHHI b13uyHOi MoOjeni 0araTo(yHKI[IOHATBHOTO MPOIMYJILCUBHOTO
KOMIIJIEKCY 31 3MIHHOIO CTPYKTYPOIO. ..vveeeeeeerrrieeeeeeinrreeeeeeeserseeeeeessnnseeeeens 20
Puc. 2 CtangapTHi IO3HAYEHHS ONUCY PyXYy CyAHA y BianoBigHocTi 10 (1) Ta (2)23
Puc. 3 [10110K€HHA Ta KYT MOBOPOTY ABUTYHA L. ...evveeeeirniiereeeeenniirieeeeessninereeeess 26
Puc. 4 TlogaHHs1 3BOPOTHOTO 3B 13Ky Ta €TATIOHHOT'O MOCUJIEHHS CUCTEMH...... 39
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Puc. 18 JludepenuianbHi BXiAHI CUTHAJINA 3aBAaHHS CTPUOKA MIBUIKOCTI Ta KyTa O
..................................................................................................................... 59
Puc. 19 Ilepexigna xapakTepucTHKa JIiHEAPU3AL[ll HYJIOBOTO KYTA ................. 61
Puc. 20 BxiiHi cUrHanu JiHEApU3aIii HYJTBOBOTO KYTA....cceruveeeerirreeenerreesneness 62
Puc. 21 Jlineapu3aiiisi pu HYyJIbOBOMY KyTl IIBUJKOCTI pyXy Ta Ipeudy......... 62
Puc. 22 TlepexigHa XapakTEPUCTUKA 3 HEHYJTBOBUM KYTOM Ol....vvvveeernvrreernnnnnnn 65
Puc. 23 BXiJIHI CUTHAJIA 3 HEHYJIBOBUM KYTOM O ...evveeenerrreennnreeesnnreeesanneeessnneens 66
Puc. 24 IBuakocTi pyxy Ta Apeiidy 3 HEHYTBOBUM KYTOM Ol.....evveeernerreeenenenn. 66

Puc. 25 Jludepenuiitna nepexiHa XapakTepUCTUKA JJIsI HYJIbOBOrO KyTa o, .... 68
Puc. 26 [dudepeniianbHi MBHUAKOCTI MOB3JIOBKHBOTO pyxXy Ta Apeidy npu

12 1:40): 100V A 0 (4 Vo 0 PSP 69
Puc. 27 Indepenuianbui mBuakocti ooepranusa AlIIl npu nynsoBomy KyTi o 70
Puc. 28 JIudepeHuiaibHil BXiJJHI CUTHATU TIPU 3aJTAHOMY .....vvveeeerreeenereeeennenenss 71
Puc. 29 JludepenuiitHa nepexiiHa XaPAKTEPUCTUKA .....vveeerereeerrrreeensureeesneneess 72
Puc. 30 [dudepenmianbHi MBHUAKOCTI MOB3JIOBXKHBOTO pyxXy Ta Apeidy npu

HEHYITBOBOMY KYTL O c.uuvveeeeuerreeenureeeenunneesanuseeesssneessssseesannseeessssseessnsseessnnses 73
Puc. 31 Iudepenuiaibai MBUIKOCTI 00EPTaHHS 3 HEHYJIHOBUM KYTOM ........... 73
Puc. 32 JIludepeHuiaibHil BXiJ{HI CUTHAIHU MIPU 3aTAHOMY .....evveeeerreeenereeeennenenns 74
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1 BU3HAUYEHHSI MPOBJIEM, NMOCTAHOBKA METHU TA 3AJAY
JOCJIIIKEHHS

A3sumMyTanbHi nipyntoroui npuctpoi (AIIl) — e 3pocTatounii TpeH HA CydacHOMY
PUHKY TpaHCIOPTHUX 3ac00iB Mopchkoro 0asyBanus (T3MB). AIIII sBnsie coboro
rpeOHUI TBUHT, BCTAaHOBJIEHUHM Y ToH 1011 i koprycoMm T3MB. Ls rongona 3naTHa
o0epTaTHCs HABKOJIO CBOET OCI, 110 JJO3BOJISIE 3MIHIOBATH HAMPSIMOK CHUTH, 11O JII€ HA
T3Mb. V uiif poOOTI IOCHIIKYIOTECSI MOXIMUBOCTI YJIOCKOHAJIEHHS aJlTOPUTMIB
KepyBaHHs wmacmtaOHuMu wmozensiMu  T3MDB 3 BUKOpUCTaHHSIM  JIIHIMHO-
KBaJpaTUYHOTO MPUHIIUIY KEPYBaHHSA Ta JIIHEAPU30BAHOI TIAPOJMHAMIYHOI Ha
MPUKJIIAJIl MoJiell 0araTo(yHKII0HATBHOTIO MPOIYILCUBHOTO KOMILIEKCY [4, 6, 7] 3
nsoMa AIIIl y xopmoBiii yactuHi. KoHTponep BUKOPUCTOBYE OLIHKH JIHIMHHUX
IIBUJKOCTEH Ta KyTOBUX IIBHAKOCTEH, OTpPHMaHi 13 3aCTOCYBaHHSIM CHCTEMU
riobanbHOTO mMOo3uIionyBaHHs (aHrin. — Global Positioning System, GPS) Tta
IHEPIIIHHUX BUMIPIOBAILHUX MPUCTPOIB (aHT. — [nertial Measurement Units, IMU)
s kepyBanHs T3Mb. BxigHuMu curHaNiamMu € IIBUAKOCTI OOepTaHHS
a3uMyTaJdbHUX TBUHTIB 1 KyTH ymopiB AIIIl mo BigHOMmIEHHIO 1O AiaMeTpatbHOI
wionau T3Mb. Monens T3Mb HemniniiiHa 32 TphbOMa OCHOBHHMH MapaMeTpaMu:
nonentpoBa cuia i cuna Kopiomica, rigpogmHamiuyHe aemmdyBaHHS 1 BXITHI
napametpu AIIIL. TlepenGavaerncs, mo Bei i €peKTr MPUOIU3HO JIiHIMHI HABKOJIO
poOOUYNX TOYOK KOHTpOJIEpiB. Mojieni CKOHCTPYHOBaHI Tak, MO0 IHTETPyBaTHUCS 3
JBOMA PI3HUMH KOHTpOJIepaMu, OAMH 3 sikux yrpasisie oooma AIIIl ognodacHo, a
iHIUMKA — 3 AudepeHIiaIbHUM yIpaBmiHHAM. JIJIsI TepeBipKH 3amporoOHOBAHUX
KOHTPOJIEPiB, BUKOHYETHCS MOJICIIIOBAHHS, J¢ TTOPIBHIOIOTHCS CTYITIHYACTI BITYKH
3aMKHYTOi CHCTEMH Ha TMEpPEBaHTAXXEHHS Ta MIBUAKICTH MOBOpoTy. [lepmuit ans
MepPEeBIPKU MOJCI, a APYTUH ISl CIIOCTEPEKECHHS 3a TUM, HACKUIBKH aJICKBAaTHO
MOJIEIb 1 KOHTPOJIEpH TMPAIlOIOTh pa3oM. MoJientoBaHHS CTPUOKIB IIBHUIAKOCTI
MOKa3ajo JOCUTh J0OpYy peakIlito, ajie 4acToTa 00epTaHHs T'BUHTIB BUSBHJIA O1IBIII
3HAYHUH BIUIMB HA CHUCTEMY, HDK oOpieHTamis ABWTyHiB. [Ipu MomenmtoBaHHi

IIBUJKOCTI HUIIMOPEHHS IIOBEAIHKA a3UMYTAJIBHOTO KyTa HE BIJNOBIAAIO
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KPYTOBUM OOMEKEHHSIM, BIIACTUBHM IPHUCTPOIO, IO O0OEPTAETHCS 3 BiAMOBIIHOIO
4acToTO0. P03paxyHKOBI KyTH [OOCAINIM OUIBIIMX 3HA4Y€Hb, HDK 27, IO 3a
TPUTOHOMETPUYHOIO (YHKIIEIO Ja€ TOW caMHil pe3ysibTaT, 0 ¥ HYJIbOBHUM KYT.
[HIIMMU cioBamu, CHITH JTIHIAHO 3aJ71€KATUMYTh BiJl Q3UMYTAJILHOTO KyTa. POOUThHCA
BUCHOBOK, IO II€ € pe3yJbTaToM JiHeapu3allli BUKOHABUYUX MEXaHI3MIB, I
3aMpOINOHOBAHE PILICHHS MOJSTae B TOMY, 1100 peani3yBaTy MOCUJICHHS 3aBAaHHs
JUIs1 KpaImoro mpuctocyBaHHs 10 ooepToBoi moeainku AIIII. Ille onna oOcraBuHa,
gKa CHOpUSE TAaKOMYy pe3yJabTaTy, — II€ PO3B’s3Ka MK KHIKAMH IIBHIKOCTI
nepecyBaHHs, MIBUIKICTIO PO3TOMIyBaHHS Ta UIBUIKICTIO HHIIIIOPEHHS, IO
MPOTHO3YEThCS JIHIMHUM KOHTpoJiepoM. Lle mpoOiema, ockinbKH HAcIpaB/l BOHU
MaTUMYTh TIEBHUH BIUIMB OJWH Ha OJHOTO. POOUTHCS BUCHOBOK, IO 1€ pe3yJIbTaT
BUKOPHUCTAaHHSA HAJMIPHO CIIPOIIEHO1 MOJiel a00 HEBJIamo 00paHoi poO0YO0i TOUKHU
JOIIEHTPOBOT Ta KOpioMicoBOi JiHeapu3amii. HesBakaroum Ha 11 mpoOiiemw,
MOJICJTIOBAHHS TI0KA3aJi0 MOTEHIiaT MOJEINI Ta KOHTpoJiepa Il BUKOPUCTAHHS Y
nomiOHUX cUTyaIisax. TakoX MPOMOHYETHCS KUTbKa MOAUGIKAIN I 3HAYHOTO
MOKpAIICHHS MOJEINi Ta cuMyJIsIiid. OMIHI€I0 3 OCHOBHHX 3MiH, SIKy MOXHa OyJio 0
3pobuTH, € pearizaiis IUIaHyBaHHS MMOCWICHHS MPH JIiHeapu3allii a3suMyTaIbHOTO
nsuryHa. lle mpusBeme 40 TOro, MmO MIBUIAKICTH OOEpTaHHA TPEOHUX TBUHTIB
HaJaBaTUMe OLTBIINN BIUTMB HAa CIIPSAMOBaHI CHIIH, a ToBeniHka T3Mb Oyne 6inbn
OYiKyBaHa.

Ha Bigminy Bin T3MB 13 AT, GunbmricTh Cy4acHUX CyJI€H IPUBOJIUTHCS B PyX
MEXaHIYHOI0 CUCTEMOIO 13 IBUTYHOM BHYTPIIIHbOTO 3ropsinHs ([IB3) abo rpedHuM
enexktpoasuryHom (I'EJl), skuii mpuBoauTh y oOepTaHHS IMJABOJAHUN TpeOHUN
rBUHT. Hampsmok oOepranHs TpeOHOro rBHHTa 3a3BHYail (PIKCOBAHMM MO0
KOpIYyCy CyAHa, a KepyBaHHS 3A1MCHIOETHCS B OCHOBHOMY KEPMOM Y KOPMOBIH
gacTuHi. J[esKi cyaHa TakoX MalTh TyHEIbHUN miapymorouuit npuctpiv (TIIIT),
BCTAHOBJICHUH Y HOCOBIM YacTHHI a00 KOpMi 1 HaNpaBJICHUH BOIK JIS TTOTITIIIICHHS
MaHEBpPEHUX MOKJIMBOCTEH, HaNpuKIa, npu mBapTyBanHi. [lle oqun meTon pyxy i

MaHEBpYBaHHS, SKHH 3apa3 3acTocoByeThes, — e AIIIL. YV miit cuctemi rpeOHui
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IBUHT BCTAHOBJIEHUM Yy TOHJOJI, fKa cCaMa BCTAHOBJIEHA IiJi KOPITYCOM TaKUM
YUHOM, II0 iI MOXHA O00epTaTH HABKOJIO BEPTHKaIbHOI oci. ['peOHUII T'BUHT
PYXa€ThCs MEXaHIYHOIO TPAHCMICIEIO, KA 3’€IHY€ MOro 3 JIBUTYHOM YCEpEeIuHi
cynna abo 3 'E/], BctaHoBIEeHUM ycepeaunHi camoi TOHI0AU. Takuii MEeToll pyxy
yCcyBa€e HEOOX1IHICTh Y KepMi Ta 3a0e3Ieuye Kpally MaHeBPEHICTh CyHa B CTUCIIUX
yMOBax IuiaBaHHs [3]. 3 OUIBIIMMHU MOKJIMBOCTSIMU MAaHEBPYBaHHS 3’ SBISETHCA
Ounbiie cueHapiiB kepyBanHst AlIIIl, mo po3TamoBaHi y KOPMOBIA YacTHHI, SKI
BUMAararoTh OUIbII KBaJII(PIKOBAHOTO oOmepaTopa, abo OLIbII CKIAJAHOI CUCTEMU
yOpaBiiHHS. Y 11 TJaBl OMUCYEThCA JOCTIHKEHHS TOTO, HACKUIBKH aJeKBaTHO
MOXHa KepyBaTH cyqHOM MeHmoro po3Mmipy 3 AlIll 3a pomomororo JiHiiHO-
kBagpatuyHoro perynustopa (JIKP) (aurn. — Linear quadratic regulator, LOR). Lle
BHUMaraTuMe MaTeMaTHYHOT'O MOJIEIIOBAaHHS SIK moBeaiHKH T3MB, Tak 1 moBe IHKHU
Taru TpeOHuX TrBHHTIB. Ockinbku JIKP Bumarae miHIHHMX Mojeneh s
MPOCKTYBaHHS, 3HAAOOIATHCS JIESIKl CHPOIICHHS Ta JiHeapu3allii. TakuM duHOM,
TakoXK Oyze peami3oBaHO JiHEAPU30BaHY MOJENb JUIsl OMUCY PYXYy IbOTO BUIY
T3MBb. Macimrabna moaens T3MBb, sikuMm kepyBaTUMEThCS, Moka3aHo Ha Puc. 39, a
AIIIT — na Puc. 1.

O0'exT [OCHiIKeHHS1 — TIPUHIUMON  YOPaBIiHHSA  MPOMYJIbCUBHUMU
KOMITJIEKCAMH TEXHIYHUX 3aC001B MOPCHKOTO 0a3yBaHHs B PEXHMI THHAMIYHOTO
MO3UIIOHYBAHHS T11]] BIUTMBOM HEJIETEPMiIHOBAHHUX 30yPEHbD.

IIpeamer gocCiTKeHHsI — METOJ ONTUMI3ZAIll JIIHIMHO-KBAJIPATUYHOTO
pPeryJIITOpY CHCTEMH YIIPaBIiHHS TEXHIYHOTO 3aco0y MOpCBHKOTO Oa3yBaHHS 3
aQ3UMYTATBHUMU I IPYITIOIOYHMH IPUCTPOSIMU Y KOPMOBIM YaCTHHI.

[Ipouenypa mnomyky ontuMaibHOoro 3a mnapamerpamu JIKP, skuii moxe
kepyBatu T3Mb 3 AIIIl y xopmoBiii 4acTWHi, 3BOJUTHCA 1O TMOPIBHSHHS, 32
pe3yibTaTaMu MOJIETIOBaHHS, 1Oro poOOTH 13 peaTbHUMHU YMOBaMHU.

Jlns mocsTHEHHS pe3ysibTaTy HEOOX1HO BUKOHATH HACTYIHI 3aBJaHHS, 1100
OTpHUMAaTH TOBHIIIIE YSBJICHHS PO MpoOIemMy:

— mnposectH (piznune moaentoBantsa 3 T3Mb 3 AIIIl y kopMoBiii yacTuHi;
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— BU3HAYUTHU BIAMNOBIAHY MaTEMaTHUYHY MOJENb, 110 OMUCYE MOBEIIHKY
T3MBb 3 AIIIIl y kopMOBiii 4acTHHi;
— ajanTyBaTU MaTeMaTUyHy mozenb mig podotu 3 JIKP Tta pospobutu
aJITOPUTM POOOTU KOHTPOJEPY JIJIsi CUCTEMU YIPABIIHHS,
— TIPOBECTH IMITAIlIWHI JOCTIPKCHHS, SKI TEepeBIPSIOTh MOXKIUBOCTI

3alPONOHOBAHOTO METOJY.

Puc. 1 3oBHimHii Burasa gpizuunoi moaeni AIII, po3ramioBanux y KopMoBii
yacTuHI (P13UYHOI MOAeNl 6araTopyHKIIIOHAIBHOTO MPOIMYJILCUBHOTO KOMIUIEKCY 31

3MIHHOIO CTpyKTyporo (Puc. 39).

Jlnst BUpilIEHHS OCHOBHOI HPOOJEMHU OCHOBHUM MeTOJl OyB MOJIICHUN Ha

I’ SITh €TaIlB;
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— aHaJi3 MOBEIIHKKM MOPCHKHMX cyleH Ta 3ycuib AIlll y moegnanHi 3
JOCIIKEHHSIMA KOHCTPYKTUBHHX OCOOJTMBOCTEH CydYacHHX CYJICH
MOoAIOHOTO KJIacy;

— aHaji3 NPUHIHUIIB MOJICTIOBAHHS Ta JlHeapu3allli CUCTEM YMNpPaBIiHHSA
AITIII Ha OCHOBI OISy ICHYFOUHX METO/IIB;

— BU3HA4YeHHI (OPMU TPOCTOPY CTaHIB Ta BIACTEKEHHS BIUIUBY
30yPIOIOYNX CHJT HA XapaKTEPUCTUKU KOHTPOJIEPa;

— TECTyBaHHs KOHTPOJIEpa 3a TOTIOMOTOK0 MOJICTTIOBAHHS;

— aHaji3 pe3yJbTaTiB MOJENIOBAHHS Ta MOJMBHUX 3MIH HaJallTyBaHb
KOHTPOJIEPIB.

Jlns ypaxyBaHHSI ICHYIOUMX OOMEXEHb, MOTPIOHO Oyno 3pOOUTH HU3KY
cipoienb. Jleski cryneni cBoboau (DOF) Oynau BUKIIOYEHI, OCKUIBKH OyIjo
BHU3HAYCHO, [0 MaJO BIUIMBAIOTH HA CUCTEMY. TakWM YWHOM, MPU MOJCITIOBAHHI
BUKOPUCTOBYBaluca Jmmie 3 cryneHi cBodbonu (DOF) 3 6 (xuraBuug,
pO3TOWIyBaHHS Ta HUINTOPEHHS ). J[esKi 4acTWHH pPe3yNbTYI0U0i MaTeMaTHYHOI
Mozeni OyIyTh HEIMHIMHUMH, TOMY HEOOXimHI AesKi JiHeapu3arlii, 1mobd Moeinb
npamtoBana 3 LOR. ¥V pa3l HEMOXJIMBOCTI OTPUMAHHS JAaHUX 3 PEAIbHOTO CYyJHA,
MOJICITIOBAHHSI Ta pO3po0Ka PeryisTopa BUKOHYIOTHCS 3 BUKOPUCTAHHSM JIHIIE
HOMIHAJTBHUX 3HAYCHbD.

@dizuyHe MOJACNIOBAHHS TMOYHHAETHCS 3 BHU3HAYCHHS CUCTEMHU KOOPJWHAT
T3MBb Ta Toro, sk neBHi cuiu Ait0Th Ha T3MBb y BogHOMY cepemoBuii. ITicis riporo
MOSICHIOEThCA, K yrmopu 1 obepratoui momeHtu AlIIl BrmnmuBarots Ha T3Mb B
3QJIEKHOCTI BIJ KyTa 1 MBUAKOCTI oOepraHHs. [loTiM 1i mMaTeMaTWyHi Mojei
00’ eqHYIOThCS 711 (POpMYyBaHHS MPOCTOPOBOTO BEKTOPY CTaHIB, y SKOMY Oy[e
3actocoBanuil peryistop. [loTim ommcyerbesa, sk mpamoe LOR 1 AK 3HaAWTH
ONTUMAJLHUM PEryJIATOp, BUKOPHCTOBYKOYM MOJENb Ta piBHAHHA Pikkati [15].
Takox MOSCHIOETHCS, SIK BMHUKAIOTBCSI HACTYIHI J1i peryasaropa B 3aJeKHOCTI BiJl
MOXJTMBUX 3MiH €KCIUTyaTaIlliHUX yMOB. Pe3ynbTaTu iMiTalliiHOTO JOCIIDKEHHS 13
HAJAIITYBaHHSIM PETyJsITopa Ta KOHTpPOJIEpa €TaJOHHUX BXIAHUX CHTHAJIB

aHaJI3YIOTHCS Y BIAMOBIAHOCTI 13 IOCATHEHHSI Oa)KaHUX pe3yJIbTariB. TaKkoX i yac
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MOJICTIOBaHHS JOCHIKYIOThCSA IepeBaru BUOOPY PIZHUX POOOYUX TOUOK ISt

JiHeapu3alli MoJIenl JUIsl pi3HUX HaJlallTyBaHb PEryJsIToOpa.

2 MATEMATHUYHHUH OIUC PYXY CYJHA B EKCILIYATALIRHUX
PEXNUMAX

J{nst BUBHaAUEHHS IOJIOKEHHSI, OpieHTalli Ta BUAKOCTI pyxy T3Mb notpiOHi
BIIMOBIAHI CUCTEMU KoopauHaT. Lle pyxoMa Ta HepyxoMa CUCTEMH KOOPJMHAT, SIKI
BHU3HaueH1 y piBHAHHAX (1) Ta (2). HaitOinbi nommupene ysaBIeHHS sl HEPYyXOMOi
CUCTEMH KOOpJMHAT 0a3yeThCsl Ha KOPITYCHIM CHUMETpii HAaBKOJIO XpZp-TUIOUIUHU,
MPUOIU3HOI CUMETPIi HABKOJO YpZp-TUIOIIMHM Ta MPOEKIIi HA Zp-BiCh BIAHOCHO
MOBEpXHI BOAM, SK TMokazaHo Ha Puc. 2. Pyxoma cucrema KOOpJAUHAT
BUKOPHUCTOBYETHCS i OIMUCY TMOJOKEHHS Ta Opl€HTallll CyAHa B TriI00albHUX
KoOpAMHATax Ta KyTax Eiinepa sx [xyz]T, a takox [? ? ?]7, Biamosigso.
HEpyXOMa CUCTEMHU KOOPJIHUHAT OMUCY€E CHIIM, KPYTHI MOMEHTH, J1HIMHI IIBUJKOCTI
ta xyrosi mBuakocti [XY Z]T,[KM N]?,[uvw]T, a takox [p qr]? siznosinHo.
Pyx cyaHa MOXHa ONUcaTH MIICThMa CTYNEHSIMU CBOOOIHU, K1 MOIISAIOTHCA Ha ABI
KaTeropli: MOCTyHNaJbHUM PyX y TPbOX HaNpsIMKaxX: IMO3J0BXKHE TMEPEMIIICHHS
(ctuieck), momepeyHe TmepeMimieHHs (Apeid) 1 BepTUKAIbHE MEpeMIlICHHS
(migiiom), a TakoX OOepTalbHUN PYX HABKOJIO TPbOX OCE: OOpTOBa XUTABUIIL

(KpeH), KITbOBa XUTABUIIA (TaHTax) Ta HUIINOpPeHHs. Lle cTanmapTHI MO3HAYEHHS,

K1 BUKOPUCTOBYETHCS MPU MOJIEIIOBAaHHI MOPCHKUX CyJieH [2, 17].
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Puc. 2 CranaapTHi Ho3HaY€HHS ONMKCY PyXY CyAHA y BIAMOBIIHOCTI 110 (1)

Ta (2).

2.1. IlpuHuunu MOAEIOBaHHS MAHEBPOBUX XAPAKTEPUCTUK CyJHA

3BMyaliHe CHOPOUIEHHS MOJEJl TMOJsArae B TOMYy, 1100 3HEXTyBaTH
BEPTUKAJIFHUMH PyXaMH Ta MO3/I0BKHBOIO XHUTaBUIICI. [ oTpuMaHHS TPOCTOi
MOJIel KyT KpEeHY TakoX mnependadaeTbcs MaiauM. Marouu 1€ Ha yBasi, BEKTOp

Opi€HTAIlii MTOJIOKEHHS 1 BEKTOP J1HIMHO-KYTOBOI IIBUAKOCTI MOKHA BUBHAUMTH SIK

nzlx » o, (1)

vE [u v r]T. (2)

[i y3arajibHEeH1 MOJOKEHHS Ta MIBUJIKOCTI MaIOTh T€OMETPUYHY 3aJ€XKHICTD,

SAKY MOXHa OIIMCATH SK
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n=J(n)v, 3)

a pIBHSHHS PyXy CyJHa B HEPYXOMIM CUCTEMI KOOPAUHAT MAIOTh BUTJISAT
MRBV-I-CRB(V)V-FD(V)V:‘CM, (4)

ne: Mgpp — wmarpung imepuii TBepmoro Tima, Cgrp(v)v — mpencrasise
JIOIICHTPOBI Ta KopioiicoBi unenu, D(v) — marpuns aemndysanns, ? fffff, ., —
BEKTOD 13 y3araJbHEHUMU 30BHIIIHIMU CUJIAMH.

Cnouatky s uiei mpoctoi Mojeni uieHu Kopiomica Ta wmaTpuns
neMrndyBaHHs OyIyTh allpOKCHMMOBaHI1 JiHIMHOIO GyHKIIE. L[ cuctema piBHIHB
pyXy 3acHoBaHa Ha [13], a pi3Hi onucH cuJl 3acHOBaHi Ha [18, 27], ne BUBUAIOTHCS
MOJIe1 3 YOTUPMa CTyIIeHsIMU cBOOoau (z1e roll — e mogaTKkoBUi CTyIiHB CBOOOAN),
a He 3 TpbOX, sIK y Hamomy Bunaaky. Lllo cTocyerbcsi TpbOX CTyIEeHIB cBOOOIH,

PIBHSIHHS MPEJICTABIISIIOTHCS y TAKOMY BUTIISL [21, 24]:

cosp —sing 0
J(n)=|sing cose O], (5)
0 0 1

m 0 -y
My,=l 0 m  mx; | (6)

—myg mxg 1,

0 —-mr  —mxgr
CRB(V)I mr 0 —-mygr |, (7)
MXr my.r 0
X, 0 0
D(v)=| 0 Y, 0| (8)
0 0 N,
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Jie TIOBHA Maca CyJHa MPUUMAETLCA PIBHOIO M 3HAXOAUTHCA Fg = 1'G = [XG, VG|, a
TakoX [--MOMEHT IHepIii MO0 OCi z, BUpaxeHuil B b-cuctemi. X,, ¥, 1 N, —

MacmTabH1 Koe(iieHTH AeMII()yBaHHS.

2.2. IlpuHIUNU MOJETIOBAHHSA JIIIOYUX YIIOPIB MiAPYIIOIYUX MPUCTPOIB

Ha xnacuuyHOMy MOpCBHKOMY CYyAHI NPUBOJHI CHUJIM MOXOASATH BIJ KepMma,
HEPYXOMHX IrpeOHUX T'BUHTIB 1 miapymtorounx npuctpois (I1I1). OnHak, ockiibKu
THUII Cy/IHA, 110 PO3MISIAAETHCS, NPUBOAUTHCA B pyx AIII, peakiisa Bi1 mpuKIIa eHHS
cun Oyne inmoro. AIIll e nBuryHom, skuii moxe oOepratucs Ha 360 rpaaycis
HABKOJIO CBO€1 BepTUKaIbHOI oci. Lle mo3Boisie mpukiagatu 3ycwiuid B X- Ta )-
HampsiMKax B 3ajiekHocTi Biag mosiokeHHs AIIIl Ta mpuknazeHoro Ao cyaHa
KpyTHOro MOMEHTY. HacTynH1 MozenbH1 po3paxyHKH, B IKHX BUKOPUCTOBYIOTHCS
BX1JHI JaHi1 31 IIBUIKOCTI 00epTaHHs, 1 a3UMyTaIbHUN KyT, B OCHOBHOMY OTPUMaHI1
3 MOJICTTEHUX PO3paxyHKiB, BUKopucTanux JIroaroeprom [20]. OxHa, gaHi miIxo/H,
Oyno ynockonaieno Jlianrom [ 18] Ta Arapeaca [1], siki OiybIlie yBaru mpuIiIsTiOTh
a3MMYTAJIBHUM CHJIaM K BXIJTHUM JIaHUM, a HE IIBUIKOCTI 00epTaHHS.

IIpunyctumo, mo cuny N, AIIIl npuknageHo no xopmycy cyana. Hexai
niapyntorounit npuctpiit i 0yne AIILL, sskuit o6epTaeTbcs 3 4aCTOTOIO OOEpTaHHS
IBUHTA 71;, TA KYTOM MPUKIIAJEHOT PE3yIbTYI0UO1 CUIIH ¢;. TOJl CUITU B Xp-HAIIPSIMKY

B1Jl a3MMYTaJIHOTO ABUTYHA I MOHA No3Ha4uuTH sK (Puc. 3):
Ec,i :gx(ni’a‘i’ua,i)’ ©)

1€ Uq,i - IBUJIKICTH BOJIU, 110 TpoxoAUTh yepe3 AIIIl B HeraTuBHOMY HAIpPSMKY Xp.
Ile HeoOX1aHO, TOMY IO MPHU OLIBII BUCOKUX MIBUAKOCTAX, 1 KOJU Ua,; 1 1 COS(0L;)
JIOPIBHIOIOTH TOMY CaMOMY 3HaKy, OyayTb BTpaTu edekTuBHOCTI. [IpunymienHs B

MOJIeJIl — I1€ JIIHIMHE BIAHOLIEHHS MIXK gy 1 71; IK

g, (nl.,ocl.,ua,i) =pn,cos(o, ) —knu,, cos(a,), (10)

ia
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Aac U Ta Ki — MMO3UTHUBHI KOHCTAHTH, IO BU3HAYAIOTHCSA HATYPHHUM CKCIICPUMCHTOM,

a Uy,; MOKHA OITMCATH SIK

(11)
Vb
Puc. 3 IlonoxxeHHd Ta KyT MOBOPOTY JBUTYHA I.
Tyr, ®; — Koe(IilieHT MNOMYTHOrO IMOTOKY, IO BHU3HAYAE BIJHOIICHHS

IIBUJIKOCTI BOJIM, IO MPOTIKA€E 4epe3 rpeOHUN T'BUHT, 10 IMIBUIAKOCTI CyAHA Uy —
BIJIHOCHA IUBHJKICTh MIDXK CYJHOM Ta HaBKOJUIIHBOIO Bojao. [loennyroun
KOE(]IIIEHT MOMYTHOIO MOTOKY MH MOXEMO chnpocTtutu npyruil uien (10),

BUKOPHCTOBYIOUH
k,=(1-o,)k, (12)
1 miactasisioun 1e B (10), orpumaeMo

g.(n,0,u,)=pn cos(o, )—knu,cos(a,). (13)

0 3MICT
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TakuMm uynmHOM, MU MaeMo y3araibHeHy Mozenb cui Big Allll. Opnak,

cripaB>kHsI (PYHKILIS gx(*) € OLIbII CKJIQJHOI0 Yepe3 NTUHAMIKY BOJAM, aje mpuoin3Ha
¢GyHK11s OyAe aeKBaTHOIO IS LJIEH HbOTO JOCIIKEHHS.

AHAJIOT14YHO CWJIA B Yp-HANPSAMKY

F, =g, (mn,a,v,)=wnsin(a, )-kny,; sin(a,)=pn sin(a, ) - knu,sin(a, ), (14)

MOXHA 3HAUTH IPHU TUX K€ NPUMYLIEHHAX, WO 1 JUIS X-HanpsaMy. A3IMyTalbHUN
JBUTYH [ TAKO>K CTBOPIOBATUME KPYTHUI MOMEHT BIJTHOCHO CYy/IHA B 3aJI€KHOCTI B1]1
TOrO, /i€ BIH BCTAHOBJIEHUM IIOJ0 LEHTPY oOepTaHHs cyaHa. KpyTHuil MOMeEHT

MOJKHAa OIIMCAaTH sK

M;=A F,;—A (15)

V3araabHeHU BEKTOpP 00€pTat0yoro MOMEHTY

Zuncos( ) k.nu cos(a)
T, = Za:un sin(a, ) —knu, sin(a, ) , (16)

f”i [Hi(Ax,i sin(ocl.) - Ay,i COS(OL[)) - ki (Ax,ivr sin(ocl.) - Ay,iur Cos(a’i)):|

L =1

MICTUTh CWJIM Ta MOMEHTH BiJl YCIX a3UMYTaJlbHUX JBUTYHIB, CKIIaJICHUX Pa30OM.
[I{o6 3poOutH MojeNhb 11e NPOCTillie, 3HEXTYEMO BTpaTaMu Ha BUCOKIN MIBUAKOCTI
B HaIpsIMKY V», OCKUIBKHM IIBHJIKOCTI B IIbOMY HaIlpsIMKY 3HAa4HO HUXKYi, HDK Y
HAIPSIMKY Xp.

Takoxx 17 NOpPOCTOTU TMependavyaeTbesi, IO KOXKEH JIBUTYH OJIHAKOBO

e(EeKTUBHUH 1 TOMY

uizujéuVi,jzl,...,Na, (17)

A [
k. :kj =—kVi,j=1,..,N,. (18)

IIlo mae
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Na
Zuni cos(oc,. ) + knu, cos(a,)
i=1
Na
Tact = Z uni Sin(ai) ° (1 9)
i=1

S (A, sin(e,) - A, cos(a, )1 - k)

i=1

Tak SIK Taer 3aJICKUTH B Uy, SIKA, CBOEIO YEPIoOl0, 3aJICKHUTH Bij IIBUIKOCTI
30UIBIIEHHSI OMOpPY pyXy, MOJENIb CTa€ HemniHiiHow. [[ns mnpocTtoTn Mu
HEXTYBAaTUMEMO UMM WICHAMU 1 MO3HAYECHHS y3araJlbHEHOTO BEKTOPY KPYTHOIO

MOMCHTY MOXHa CIIPOCTUTH A0

uf n,cos(a,)
HE, e
T =|UE, |= “Z n, sin(at,) : (20)
CN
pan. (Ax’i sin(a,) —A cos(ocl.))
i=1 .

0 3MICT



29
3 METOJIOJIOI'TYHI ACHEKTH JIIHEAPU3AIIIL CTAHIB

3.1. JliHeapu3alisl CTaHIB CyJHa 3 ypaxyBaHHSIM OOMEKEHb

Ockinbku Crp(v) 3amexuth Bif v, uineH Crp(v)v crtae HenmiHidHUM. OnHaK
BUKOpUCTaHHA LQOR BuMarae miHIAHOI Mojeni. Takum 4YWHOM, JiHEapu3allis

noTpiOHA AJIsl CHPOLIEHHS Moielb fani. JIineapuzallis onucyeTbes PyHKIIEO
L(x) = f(a)+ f'(a)(x - a), 21

ne L(x) Ha3uBaeThCcs JliHEapU30BaHOW (yHKIIEW, fa) — QyHKUisA, MO OiAJisITae
JiHeapu3alli OLIHIOETHCS B @, f'(a) € moX1AHOIO f{x) MO X, OLIIHEHOIO B (&), B LILOMY
Bunaaky Axo6ian ¢ysxuii f(x). Hapemri, x — 3MiHHa niHeapu3aiisi (B LIbOMY

BUMAJKY V), @ — 00paHa poOoya Touka. Y 1[bOMY BUNAAKY J1HEAPI3yI0Ul YJIE€HHU PIBHI:

0 —mr  —mxgr ||y
fv)=C,(vyv=| mr 0 —mysr|v (22)
mx;r mygr 0 r

2
—Mry — mxr
2
=| mrv—-my.r- |, (23)

MXGrU +mygrv

SIK1 MICTATH SIK0O1aH
0 —mr  —mr—2mxgr

JW)=| mr 0 mu—2my.r | (24)

MXr mygr  mxgu =mygv

PoGoua Touka 3anexuTh BIJ IBOrO, y SIKOMy CTaHl Mae OyTH CHCTEMA.
OCKITbKM CHCTEMa TMpaIfoBaTUME 3 TMOCTIMHOI IIBUAKICTIO PyXy BIepex 1 3
HEBEJIMKUMHM 3MiHamMu d4actoTu oOeptanHs AllIll, BiamoBigHa poOoya Touka

BHU3HA4YaA€THCA SIK
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u, 1
a = Vo - O . (25)
7 0

BukopucroByroun 110 podbouy Touky Ta jiHeapuszyrouu Crs(V)v, 3HAXOJIUMO

HACTYyTIHE

00 0 |u
LW=0 0 m ||v| (26)

0 0 mx,|lr

[Totim maTpuiist ctaniB (26) 3amMiHuTh Crp(V)V y pIBHSIHHI IPOCTOPY CTAHIB.

3.2. JliHneapu3alisi BXIJTHUX CUTHAIIB B 3aJI€XKHOCTI B1Jl TOYaTKOBUX YMOB

[Ilo6 xepyBatu cygHoMm 3a gomomoroio AIIIIl, morpidbHO 00pOOIATH CUTHATH
MPUBO/IIB, K BXIJHI CUTHAIU, TOMY NOBHE PiBHsSIHHSA (20) HeoOXi/1HO 00’ €HATH B
PEryJIATOp 13 3aJIEKHICTIO BiJl # Ta o.. Uepe3 TpuronoMetrpuyHi QyHKIIL cos 1 sin, siKi
npucyTHi B (21), 175 oro BiAMOBIIHOCTI HEOOX1AHA JTiHeapu3allis 3 PpeiiMBOPKOM
LOR.

Jlineapuzamisa 3arajibHOTO BHUIAJKY BI1AOYBA€ThCA HACTYIHUM YHUHOM.
OCKIJIBKY € KiJTbKa pOOOYHX TOYOK, SIKI MOKYTh OyTH BHOpaHi IpHu MOJIEIIOBaHHI,
HEOOXITHUN 3araJIbHUM BHIMANOK JiHeapu3allii. Kpim Toro, HeoOXimHl 1BiI pi3HI
miHeapu3amii depe3 nBa crocoOu kepyBaHHsA cymHoM. OAWH 3 CHHXPOHHHUM
KepyBaHHAM, TOOTO OJHAKOBI BXimHI curHamm mausa ob6ox AIllll, 1 omma 3
nudepeHItianbHuM (aCHHXpOHHUM) yripaBiiHHsaM, e ALl kepyroTbcst He3aIexHO.

[TounHarOYM 3 CHHXPOHHOTO YTPaBIiHHSA, MA BUKOPUCTOBYEMO TaKi 3MiHHI

n.
P=l"] (27)
.

1
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[Motim (21) inTerpyerhes a0 (21) 3 panime 3ragaHor0 3MIHHOKO Ta

y3arajlbHEHOI0 POOOYOI0 TOUKOIO Y BUTIISII dy

Na
Z n.cos(a.,)
i=1

£(p)=(p) = > nsin(a,) , (28)

fni (Ax,i sin(a;) —A cos(al.))
i=1

. cos(a.,) —n,sin(a;)
J(p)=Y, sin(ar,) n.cos(a,) ,(29)
i=1 (Ax,i sin(a,,) —A cos(ocl.)) (Ax,i sin(a,) + A cos(oc,.))

n
a, ={_}, (30)
a

110 JIa€ HACTYIIHE PIBHSHHS, SIKE BKJIIOYAE MOCTIMHUMN YIeH:

N 71.COS O
a
L(p)=), 77sin ol +
=1 — P _
n(A_.sina—A_ . cosd)
X, Vi (31)
x cosal —nsino ,
a
o L n
+z sinc. 71.cOS Ol { .
a

i=1 .o _ .o _
(A,;sind—A ;cosa) (A, sina+A  cosa)

Lle o3nauae, mo cranuii ctan AIIIl nmoBuHen OyTu B w1l poOouiil Toull 1
peryasTop Oyae KOHTPOIIOBATH BIAXWICHHS BIJ OO CTaHy. [HITMMU CJIOBaMHU, Tacr

MOJXXHAa pOSI[iJII/ITI/I Ha I[Bi YaCTHUHU HACTYITHUM YHHOM:

Tact = ?act + :Eact 2 (32)

ne T,

., — IOCTIlHa, Ta:
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Na

T =2
i=1

cosa —nsina

sin 71cosa

A.;sina—A cosa A sino+A cosa

(33)

3QJIEKUTH B1J 4Yacy, sikuil Oyny BusHauatucs LO-koutpoisiepoM. Lls miHeapuzanis

3mycuth AIIIl BUKOpUCTOBYBATH OJIHAKOBY LIBUKICTh OOEPTaHHS 1 KyT HaIPSIMKY

MOTOKY T'BUHTa Jj1s1 000x AIIII.

Jns  nudepeHuianbHOro (aCUHXPOHHOTO) YIPABIIHHSA Kepylooua 3MiHHA

MICTUTHME OKPEMC BU3HAYCHHS YIIPABJIAOYOIO0 CUTHAILY:

Py

=[n, n, o ocz]T.

(34)

Sk 1 paniiie, 3aCTOCOBY€EThCS piBHSIHHS (21) 1 BUBOAUTHCS HOBA MaTpulls ko001

Ta BUKOPUCTOBYETHCS poboua Touka. OqHak mid f(p) 4k 1 paiiie odupaethes (28),

TaK SIK 111 PIBHSHHS TaKOX MOBUHHI MPOUTH NpoUEeaypy JiHeapu3ailii. [lepepoOineni

piBHHHHH MAarOTb BUIJIAA:

[ cosay, sina, A.;sinoy, —A | cosa,
J(p) = cos.oc2 sino., A, ,sino, —A co's a, , (35)
—n;sina,  mcosa, m(A  cosa, +A sina,)
| mysino,  mycosa,  my(A,,cosa, +A L sina,) |
— — — — 17
a,=[n n, O, a,|. (36)
i mepeTBOpeHHS AAIOTh MOBHY JIIHEAPU3ALIIIO:
n,CcoSQ, + 7, COSQL,
Lp,)= n,sina, +n,sina.,
(A, sina, —A cosd,)+n,(A ,sinda, —A ,cosd,)
[ cosd, sin @, A, sindG, —A cosd, | [n] (37)
s cosa., sina., A, ,sina, —A ,cosa, n,
—nmsina, mcosa, m(A  sinda, +A cosa,) | | a,
| —n,sind, 71,0080, 1,(A,,sind, +A ,cosa,) | |, |
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1 curHai AugepeHiaIbHOrO (ACMHXPOHHOI0) KEPYBaHHS:

r — .= A - A — a7 -
cosQ, sinQL, L1Sina, —A | cosa, n,

COSQL, sma., A, ,sina, —A ,cosa, n,

T =| — . — _  _ S A Gz A _ . (39)
—nsin®, ncosd, m(A sind, +A cosa,) | |o,

—1,sIn0, 7,C080, M,(A,,sind,+A ,c0s0,) | |a,

3a 1ONOMOror0 Takoi JiiHeapu3alili MOXJIMBO onucaTd (yHKIII HE3aleXHOi

3MIHU HIBUJIKOCT1 00€pTaHHs Ta KyTiB po3tairyBaHHs ABuryHiB AIIIT.

3.3. VY3romkyroui mnpoueaypu OOpaHUX TOYOK BHU3HAYEHHS MO3UIL 13

GyHKIIISIMU JTIHeapu3alii

OCKITbKH JJIS CIIPOIIEHOI MOJENI AeAKl TOYKH BHU3HAYEHHS TO3MIlI JAl0Th
HalKpalll pe3yJabTaT 3aJIe’KHO BiJ] OYIKYBAaHOTO MaHEBpPY TPAHCIIOPTHOTO 3aco0y,
crpollieHa TpuUroHoMmerpuuHa (¢QyHKIs opieHTtamii nsuryHa Allll e BaxiuBum
aCIeKTOM, KOJIM BUOUPAETHCS TOYKA BU3HAYEHHS TMO3HUIII, OCKUIBKM BOHU
nepioguuHi. Ilicna niHeapuzanii TpUroHOMETpUYHA (YHKIIS BTpadyae CBOIO
XapakTepHy IMOBEMIHKY, 1 OIIblI BHCOKE 3HAYEHHS 3aBXKIU HPU3BOJIUTH JO
30UIBIIEHHS! KPYTHOro MOMEHTY. OTXe, OTpUMaHa MOBEJIHKAa MOJEIIOBAHHS
MOBMHHA BIAMOBIMATH TOYIll BH3HAYEHHS MO3WINI i, 100 OTpPUMATH HANWOLIBII
HAOMIKEHU 10 peajbHOCTI pe3yabTaT. [l TOmiIbHOTO TMOBOPOTY CyJZIHA
po3yMHUM Oyii0 6 HEHYJIHOBE 3HAUYCHHS 0O JII OOpaHOTO aNTOPUTMY, a JJIs Pi3KOi
3MIHM TpaekTopii — OUIBII BHCOKE 3HA4YEHHS 7 1 HyJIbOBe 3Ha4yeHHS o. Jlo
JiHeapu3allii 0y1yTh BUKOPUCTOBYBATHUCS 111 IBA Pi3HI MiAXON 1 BOHH OMTUCYIOTHCSA
HACTYMTHUM YWHOM, MOYMHAIOYU 3 aJlTOPUTMY pI3KOI 3MIHM TpPAEKTOpIli CynHA

(3pocTarouuii aNropuTMm):

a=|""|. (39)
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BukopucTOByIOUM [1aHy TOYKY BH3HAUYE€HHS IMO3ULII Ta MiJCTaBISAIOYU

3HaueHHs Ax;, Ta Ay;, 000X ABUTYHIB Y (33) oTpumaemo

20
t.=[0 40 |"] (40)
(00
0 -16

JUist anropuTMy HOBOPOTY CyAHA TOYKA BU3HAYEHHS IO3UILII BU3HAYAETHCA

HAaCTYITHUM YHHOM:

|10

= : 41
/6 “h)

a

CKOpUTOBaHa TakK, 100 BIJMNOBIAaTH HEHYJIHLOBOMY KYTY PO3TalllyBaHHSI TBUHTIB
ATIIL. [IBuakicTh MOBOPOTY TAaKOK 3MEHIWIACh. BCTaBUBIIM 1€ 3HAYEHHS Ay, 1

Ay, B (33) oTpumaemo:

Boo10
to=l-1 103 || . (42)
(04
04 —43

Ile OynyTh AB1 pi3HI JiHeapu3allli, sIki BUKOPUCTOBYBATHUMYThCS IiJ 4ac
MOJIeIOBaHHsA. TeopeTUYHO OCTaHHIN MOBMHEH JlaBaTH Kpalll pe3yJbTaTu Mpu
MOJICTIOBaHH1 3 MiJABUIIEHOI0 MIBUJIKICTIO HUMIMOPEHHsA. OTpUMaeMO 1B TOYKHU

BU3HAYEHHS MMO3ULIIT:

a,=[20 20 0 o], (43)

a,=[10 10 -n/6 -n/6], (44)

AK1 TAKOXK OyJ1yTh BUKOPUCTOBYBATHUCS JIJIs1 AU EepEHIIIaIbHOI JIIHeapu3allii Ta MaTH
€KBIBaJeHTHI 3HaueHHA. L[ TOYKM BU3HAYEHHS MO3MIlI BU3HAYAIOTh HACTYIIHI

PIBHSIHHSA:
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)
1 1 0 0
n
o= 0 0 20 20} °| (45)
0.1 01 -8 8| ™
| &
BB s | -
2 2 n
n
T o= Ll 53 53 |7 (46)
2 2 o,
4-3 B+4 1443 1-43 | a, |
20 20 2 2|

Taka niHeapu3allis MOXe MiABUITUTA MAHEBPEHICTh CYJIHA Ta CTBOPUTH Pi3HI

M1IXOIM 10 BUPIIICHHS 3aBAaHHs YIPaBIIHHS.

3.4. BusnaueHHs 0OMEXEHb MPOCTOPY CTaHIB

{06 BukopuctoByBatu LOR, MOJIens Mae OyTH BU3HaUeHa y (popMi POCTOPY

CTaHIB:

x=Ax+ Bu, (47)

y=Cx+ Du, (48)

JIe X — KOHTPOJIbOBAH1 CTaHU, U — BX1JH1 CUTHAJIU, ) — BUX1AH1 CUTHAIIU, A — MaTpULs
cTany, B — BxijiHa maTpuus, C — BuxijHa MaTpuils Ta D — MaTpUlLls IPSIMOTO 3B'A3KY.

OTtxe, K10 Mrp 00EpHEHOIO MaTpUIIEIO, (4) HEOOXITHO 3aMUCaTH Y BUTIISIIL:
V=M (-L(v)- D) +1,,). (49)

BukopucroByroun 11¢ piBHSIHHS Ta MIiJICTABJISIIOYM TapaMeTpu Ta 3MiHHI 3 (6),
(8) Ta (26), MOkKHA CIIPOCTUTHU PIBHSIHHS JUIS Tacr. Tact OYJI€ 3aMIHEHO HA T qcr, AKUU €
OJIHUM 3 JIIHEApU30BaHUM TapaMeTpoM y T.0. 2.2. PiBHAHHS MOXHa CIPOCTUTH

HaCTYITHUM YHHOM:
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2
mxg; —1

z 'xGyG _yG
. mexl +m’yl —I,m m’x.+m’yl—1, m’x;+m’y. -1,
u
v=|vl= X6)a myé_[Z XG
2 2 2.2 2.2 2 2
, mx; +my;—1, mx.+my.—1, mx;+my;—1,
r
—Ve X 1
mx; +myl —1, mx; +myl —1, mx; +my; —1,
0 0 O f{ju|l |Xu 0 O
4=10 0 m ||v|-| 0O Yv 0 [+ypT,
0 0 mxg|r 0 0 N,r
_mxé -1, |
- X)e Ve
m
1 my; —1, ~
= X —<—= X T e
meé + myé _[Z] GyG m G l’l act
—Ve e -1
i |
- , 5
x, (mx; —1,
( d ) vaGyG _NryG (50)
m u
2 2 2
- X, x5V Yv(me —IZ) N x;—mxg—my;+1_||v
_XuyG K}xG _Nr d

[Ipunyckarouu, 110 3HaYeHHA #; ICTOTHO Majie, 1oro MokHa Habnu3utu 1o 0.

Toni piBHSIHHS [J1 V MOXK€ OyTH CIPOILEHO 1Ie OUIbIIIE:

| B
m U m
b=l 0 <L |v]+] o K
m m
r
o o - 0 0
L [Z_ L

S
A

(1)

act *

Otpumany GpopMy MOKHA PO3MIISIAATH K MPEJICTABICHHS MPOCTOPY CTaHIB, J€:

0 3MICT
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Ao
m
4= o L] (53)
m
o o -
L ]Z_
n
u={ } (54)
o
_E 0 0
m
B=| 0 -£ o | (55)
m
o o -&
L IZ_

B 3MiHIOBaTUMETHCS 3aJI€KHO BiJ BUKOPUCTOBYBAHOI JIIHEApU3allll BX1JHOTO
CUTHAy, HAIPUKJIAJ, SKII0 BUKOPUCTOBYEThCs (40) Ta (42). 3 (3) ta (5) i 3HaueHHS
MOXYTh OYyTHU MEpEHECEeHI B n-cUCTeMy, ne mnependadaetbca, mo vy = 0. Lle
BiIOyBAa€ThCS TOMY, IO JAATYMKH, 10 BUKOPHUCTOBYIOTHCS [JIsi BU3HAYCHHS

MOJIOKEHHS CyJ[HA Ta MIBUAKOCTI, 3HAXOASITHCSA B PyXOMIil CUCTEMI KOOPJAUHAT, 110

MMPU3BOAUTDL 0 HACTYITHUX BU3HAYCHD!:

u
y=|v (56)
r
1 0 0
c=l0 1 0|, (57)
0 0 1
0 O
D=0 0. (58)
0 0

J1o 3MmicTy
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4 BU3HAYEHHJ ®YHKIIIT JIHIAHO-KBAJIPATUYHOI'O
PEI'YJIATOPY AK OB’EKTY JOCJIIIKEHHSA

OCHOBHOIO METOIO0 3aBJIaHHS aJ€KBAaTHOTO YIPABJIIHHS CYJHOM IIOJSTaE B
TOMY, 100 3BECTH /10 MIHIMyMY IPOEKTHUM KpUTEpid, TOOTO 30anmaHCyBaTU MOro
MDK BEJIMYMHOIO MOMWIKU CTEXEHHS e =) — r Ta BEJIMYMHOIO BXIJIHOTO CUTHANY.
[HoA1 Taky mapagurmy MoHa pO3TisaTy sIK TPoOJIeMy ONTHUMI3alli1l, KOJIM CUCTEMA
OMUCYETHCS 3a JIONMOMOIOI0 JIIHIHHOTO AU EPEHLIAIbHOTO PIBHSHHS, a IHTErpalliiiHi
3B’SI3KM OMHCYIOTHCS 32 JOMOMOIOI0 KBaJipaTuuHUX PyHkuik. Toai e momisirae B

TOMY, 11100 3HANTHU 3aKOH YNPABIIHHA U = —L,, 1€:

0

L =argmin j (2 O02(t) +u" (OQu(1) )t (59)

0

u=-Lx, (60)

ne Q11 Oz — BaroBi MaTpHili, sIKi MO>KHa BUKOPUCTOBYBATH SIK MPOEKTH1 3MiHHI JIJIs
IbOTO PE3YIbTYIOUOr0 KOHTposepa. Po3B’s3aHHs 3a/1a4i onTUMI3allii 3A1HCHIOETHCS

3a JIONIOMOT'010 BUPA3y:
L=0,'B'S, (61)
e S — MO3UTUBHO HAIMiBBU3HAUYECHA MATpPUIl, SKa BUPIIIYE PIBHAHHS ainreOpu
Pikkari:
T 2 -1 pT
AS+SA+M"OM —-SBQ, B'S=0. (62)
Bupimenss: 1boro piBHSHHS MOXHA 31HCHUTH 332 JOMOMOTOI0 MPOrpaMHOI0
3a0e3neueHHs, Takoro sk Matlab Simulink.

Jlns nocsarHeHHs 0a)kKaHO1 MPOEKTHOT MOBEIIHKH CUCTEMHU HEOOX1THUM IPOoIiec

ITepalliiHOr0 MOJCIIOBAHHS Ta KOPUTYBaHHS BIJAMOBITHO JO TOBEIIHKH
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PEryJaTopy, 10 CIOCTEPIraeThCA, 00 3HAUTH ONTHUMAaIbHE 3HAYEHHS MOCTIMHUX
koediuientiB. KonTponep, BU3Haue€HUM BUIIE, CKUJIA€ CTaH CUCTEMU B HYJIb, aJi€ B
bOMY BUIAJKy KOHTPOJIEp MOBUHEH CJIiyBaTH 3aJaHOMY €TaJOHHOMY CUTHaTy.
Tomy noTpiOHO iHTErpyBaTH ONMOPHUIN CUTHAN » B piBHSIHHAX. Lle MoxkHa 3po0uTH,

TEepeNUCaBIIM BX1THUH CUTHAII SIK

u(t)y=—Lx(t)+ L r(1), (63)

ne L, BubupaeThcs TAKMM YHHOM, 1100 CTaTUYHE MMOCUIICHHS BIANOBIIAIO0 3a1aHOMY
3HaueHHIo. [lomiOnuit meron Bukopuctanus LOR Oyno 3actrocoBaHo B [12] .

Po3po6ena 3a 03HaueHUM MPUHIIMIIOM CUCTEMA Moka3zaHa Ha Puc. 4.

r + u x= Ax+ Bu y
" >
’ + y=Cx+ Du
-L

Puc. 4 [loganHsa 3BOPOTHOTO 3B 13Ky Ta €TAJIOHHOIO MOCWJICHHS! CUCTEMHU

Y KOXHIM cHCTeMl € HEBU3HAYCHOCTI. 3a3BUYaidl I1i HEBU3HAYEHOCTI
MOJICIOIOTECA SIK BUIMAJKOBUN CTOXaCTUYHUM mponec («Oummil mym»), 1o €
BUMNAJKOBUM CHUTHAJIOM 3 MOCTIMHUM CHEKTPOM. 3 ypaxXyBaHHSIM HEBU3HAYEHOCTI
MOJIEIb MOKHA 3aMUCaTH K

X = Ax+ Bu+ Nv,, (64)
z=Mkx, (65)
y=Cx+v,, (66)

7€ V1 Ta v2 — OUIHIA rayCiBCbKUUM IIYM 3 HYJIbOBHM CEPEHIM 3HaueHHsAM. [y Toro,
o0 BiAGIIBTPYBATU LI CUTHAIM, MOXE OYTH peasi3oBaHUN CIOCTepirady CTaHy,

KW BUKOPUCTOBYE OIIHKY Y HACTYIHIN Qopmi:
x=Ax=Bu+ K(y—-Cx)=(A—- KC)x+ Bu+ Ky. (67)
[ro mpobiemy MOXHa BUPIIIUTH, ONMKCaB Il SIK MPoOJEeMy ONTHUMI3AIIl MO

aHajorii 3 Bu3HaueHHSIM LQOR 13 MiHIMI3aLI€D AUCHEpPCli MOMUIKH OLIHKH.
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[ToMunKy OIIHKHA MOKHA TIO3HAYHTH SIK € = X —X, TOJII IucIiepcis Oyae JOpiBHIOBATH
Ec(t)e(?). SAxuio vi 1 v2 € HE3aJIEKHUMU 1 MAlOTh HYJIbOBE CEPEHE 3HAUEHHS, MOXKHA

BBa)kKaTH, IO

Evy =R, (68)
Ev,v] =R,, (69)
Evy, =0. (70)

Toni criocTepiray 3a CTaHOM MOKe OyTH OITMCaHUM SIK
K = PCR;', (71)
ne P — xoBapiallisi ONTUMAaIbHO1 OI[IHKH, 1110 BUpIIy€e piBHIHHS PikkaTi
A"P+PA+NRN'" - PC"R;'CP=0. (72)

Koediuient mnocunenns Kanmana mokHa TakoX 3HAWTH 3a JOMOMOTOIO
Matlab/Simulink. Piusiuus (72) HazuBaetbest pinbtpom Kanmana, ne R 1a Rz €
3MIHHUMHU NPOEKTY Ta MOXYTh OyTH HajalITOBaHI Uil (iibTpauii oO0ypeHHs
nporecy Ta BumiptoBaHHA. Metonu LQOR Tta ¢inpTpanis Kammana mokmaaHo
posrisnyTi B [11]. KombOinoBane BukopuctanHs Quibtparii Kanmana ta LOR
Ha3UBAETHCS JIIHINHO-KBAJAPATUYHO-TAyCOBUM YIpaBliHHAM (aHri. — Linear-
Quadratic-Gaussian control, LOG). AHaIOT14HI TIIAXO0AU BUKOPUCTAHHS MO10HUX

METO/IiB JIJIsi BUPIIIICHHS TaKUX 3aBJIaHb PO3MIISAAI0TECA Y [5, 16].
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5 CHUCTEMHUI MOHITOPHUHI SK NPEJMET JOCJIIIKEHHSA

JIs1 mporHO3yBaHHs CTaHIB KOHTPOJIEPY, HEOOXIHO 3aCTOCYBAHHSI CUCTEMU
MOHITOPUHTY 13 BUKOPUCTAHHSIM JaTYMKIB, IO 3aCTOCOBYIOTHCA y MOPCBHKIN
HaBiraiii. OCHOBHUMH CUCTEMaMH MOHITOPHUHTY, 1110 BUKOPUCTOBYIOTHCS IiJl Yac
KepyBaHHSI CYJHOM, € IHEpPLIHHUNA BUMIpIOBaIbHUN Onok (anrin. — [Inertial
Measurement Unit, IMU) Ta rno0anbHa cucTeMa no3uiionyBanss (anri. — Global

Positioning System, GPS).

5.1. BumiproBaHHs 3aJJaHUX BEJIMYUH 13 ypaXyBaHHSIM MOXUOOK

IMU  BUKOpPUCTOBY€ KOMOIHAIIIl0O  aKCEJIEepOMETPIB, TIPOCKOMIB  Ta
MarHiTOMETpiB NIl BUMIpPIOBaHHS KYyTOBUX IIBHUJKOCTEH, TPUCKOPEHb Ta
MarHiTHOTO moJs. e BaxnuBuil mpucTpiit 71 KEPYBaHHS CyJHAMU, OCKUTHKH BOHU
MOXXYTh pyXaTucs Ta obepraTucs y BCiX 6 cTymeHsx cBoOoau. BumiproBanHs 3
ripockora Ta akcelepoMeTpa BKIIOYAIOTh JESIKI 3CYBH, fKi CTBOPIOIOTH
CUCTEMATUYHY TIOMHJIKY BUMIpIOBaHHS. SKIO KyTOBI MBUAKOCTI Ta MPUCKOPEHHS
IHTErpOBaHi, TO B Pe3yJIbTAaTi MOMUJIKU JIHIHHOT IIBUAKOCTI 3 4ACOM 3POCTATUMYTh
JiHIMHO, a TIOMMJIKA Opi€HTAallli — KBaipaTU4HO. ToMy Oyje CKIaaHO MOKIAIaTHCS

TinbKH Ha IMU 3 1i€10 METOI0 TPOTATOM OUTBIIOTO MEepioay yacy [26].

5.2. CucreMa Mo3uiliOHyBaHHS SK YaCTHHA CUCTEMH MOHITOPUHTY

GPS — cuctema, y SKiii BUKOPUCTOBYETHCSI CYIyTHUKOBUHM 3B’SI30K Ta OOMIH
JaHUX 3 MpUiiMadeM 1 HajxaHHsA iH(opMarii mpo MICIEe3HAXOHKEHHS Ta 4Yac y
paiioHax 3 6e3nepenIkoaHo0 MpsMoto BuaAuMIcTI0. HaitOinpin nommpenuit GPS mae
JI1s1 aBTOHOMHUX TPAHCIIOPTHHUX 3aC001B po3poOKa Ta BIPOBAHKEHHS HaBIraIiiHO1

CHUCTEMH BHCOKOI IIJIICHOCTI 3aCHOBAHO Ha KOMOIHOBaHOMY BUKOpHucTaHHI GPS Ta
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IMU. TlinBumieHHs UUIICHOCTI HaBIraluiifHOro Iukiy Oynae 3A1HCHIOBATHCS Ha
BUSIBJICHHI MOXJIMBHX HECIPABHOCTEH SK 110, TaK 1 MiJ Yac MPOIECY CUHTE3Y.
Peamizamist 1mi€i MeTONOJOrii  BUSIBIICHHS HECHPAaBHOCTEW BpaxoBye SIK
HU3BKOYACTOTHI 3001 B /MU, cnpyu4rHEH1 3MIIIEHHSIM y MOKa3aHHSIX JaTyuKa Ta
3MIIIEHHAM HPUCTPOIO, TaK 1 BUCOKOYACTOTHI 300i B mpuitmaui GPS, cipuyuHeH1

IIOMUJIKaMH 6araT0np0MeHeBor0 IMOIMIMPCHHA.

5.3. IuTerpyBaHHS aTYMKiB BUMIPIOBAHHS B CUCTEMY MOHITOPUHTY

BukopucroByroun ¢inetp Kanmmana pnsa o0’enHanHs 1HQopmarlii, M0
HAJIAETHCS JIBOMA JAaTYNKAMH, MOKHA 3MCHINUTH HETaTWBHI ePexTh. 3MileHHs
IMU wmoxe OyTd CKOpPUTOBaHO, 1 KoJu JaTyuk GPS He 3HaXOIUThCS y MpsMiil
BHUJIMMOCTI, KOHTpOJEep OiIbIIOI0 Mipoio mokiagaTumeTses Ha IMU no Tux mip,
noku GPS 3HOBY He BUI/IE HA JiHIO psiMoi BUAUMOCTI. OTHAK, OCKITBKH OUTBIIICTh
MOPCHKUX MapHIpyTiB MPOXOIUThH Yepe3 palioHU 3 BIAKPUTHM HeOoMm, curaan GPS
3aBxau Oyjie PHUCYTHINM, 1 TOMy OCHOBHA yBara NMpHAUIATUMETHCS] BUIIPABIECHHIO
ycyneHHst IMU. e Tun iHTeTpyBaHHS MAaTYUKIB JJIS1 KEPYBAHHS TPAHCIIOPTHUMH
3acobamMu Ha BIAKpUTOMY TOBITpi peamnizoBanuii B [8] Ta [9], ne 3amicts T3Mb

BUKOPHUCTOBYETHCSI HA3EMHUI TPAHCIOPT.
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6 PIBUYHA MOAEJIb CYJIHA

®i3uuna Macmrabua mozaenb T3MbB 3acHoBaHa Ha perynsTopi, SKUi
BUKOPUCTOBYE BX1JH1 AaH1 B GPS ta IMU nyist BU3Ha4Y€HHS TOJIOKEHHS, KypCy Ta
IBUJIKOCTI cyaHa. Ha OCHOBI HIMX JaHUX PETYJSTOp KEpyBaTUME BUKOHABUUMU
MEeXaHi3MaMH, EJIEKTPOABUTYHOM 3 enekTpuuHoro komyTtaniero (EEK) (anrm. -
Electronically Commutated Motor, ECM) Ta cepBonpuBojioM s KoxkHoro ATIIL.
EEK npuennytoteest no rBunTa AIIIl uepe3 penykropui nepenaui (Puc. 5).
Ilepenathe BimHOILIEHHS MiX cepBonpuBoaoM 1 3 eqHanHsM AlIIl gocuts Benuke.

OcHoBHI xapakTepucThku popmanizoBanoi ¢pi3uunoi moaeni AIIII npencrasieni Ha

Puc. 6.

Puc. 5 Penyktopna nepenauya, mo 3’eanye EEK 3 reuatom ATIII

Jns perymoBaHHs yacToTu oOeptaHHsi Ta MomeHTy EKK BumiproroThcs
CTPYMHU JBUTYHA 1 PO3PaxOBY€ETHCS MPOIYCKHA 3[aTHICTh 3 BUCOKOIO TOYHICTIO

(Puc. 7). YpaBniHHS MOMEHTOM € HEBII'€MHOIO YaCTUHOIO KOHCTPYKITii OLIBIIOCTI
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NPUKIAJHUX  CXEM  YIOpaBIIHHS  PEryJIIOBaHHSIM  IMIBUAKOCTI  CUCTEM
enexktponpuBoaiB AIIII.

TeopeTH4HO Yac HaApPOCTaHHS O0EPTAOYOrO0 MOMEHTY B IEpPETBOPIOBayl
gactotu (I[IY) 3 mumpoTHO-iMnynbcHOIO Moayismiero (IIIIM) oOGMmexyeThes
IHIYKTUBHICTIO JBUTYHA B 3QJICKHUX 1HBEPTOPAX CTPYyMY 3 JAHKOK MOCTIHHOTO
cTpymy [32].

OpnHak Ha MPaKTHUI[l KOHTPOJEpP OOMEXY€E IIBHAKICTh 3MIHU 00EpTar0yoro

MOMEHTY IS 3a1I001raHHs MOIIKOHKEHHS MEXaHIYHOI YaCTUHHU €JIEKTPOIIPUBOTY.
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Puc. 6 ®13uuHa Moelb MiAPYIOYOro IPUCTPOIO 3 IBOMA CTYNEHSIMU CBOOOIU:
1 — xuBnauuit kabens EKK 1 Tpocuk npuBoly 3MiHU KyTa HaxXuiy; 2 — Beayya
HIECTEPHS IPUBOJLY TOBOPOTY Oaiuiepy; 3 — 6amiep; 4 — NiAMUITHUKOBUN LIUT; 5 —
NpY>KHHA 3BOPOTHOTO 3B’ 513Ky MIPUBOY 3MIHM KyTa HAXUIy; 6 — )KUBISUUN
Kabenb; 7 — OMOpHUM MAIIMITHUAK, 8 — CATbHUKOBI BBOJH; 9 — TPOCUK MIPUBOTY
3MiHU KyTa Haxuiy; 10 — crabimizamniiini kpuna; 11 — I'®K; 12 — mrominecuenTHa
MITKa JJI IUCTAHIIIHHOTO BUMipy 4acToTu ooepTanus [ ®K; 13 — miciie 3’ eqHaHHS
oaiepy 3 kopriycom AlIII; 14 — kopnyc AIIII 3 po3ramoBanum y cepeauni EKK
ATIIT
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Puc. 7 brnok-cxema 3aMkHyTO1 cucteMu peryntoBands MomentoM EKK ATIIIT: ‘P, 1
Y aie — 3HAYEHHS 337]aHOTO 1 PO3PAXyYHKOBOTO MOTOKIB, [y, Ish — BUMIPSIHI 3HAUSHHS

CTpPYMIB cTatopa

Puc. 8 bnok-cxema perynstopa mBuakocti EKK

TakuMm yuHOM, mepefaBajibHy (YHKIII0O KOHTpoOJiepa MOKHA ONKCAaTH

3QJIEKHICTIO

F,(s)= M, (), (73)

1
(1 - thS)

ne g = 20200 Mmc.
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7 PIBUYHE MOJIEJIIOBAHHS INPOLECIB YIIPABJIIHHA
HEPEMIINEHHAM CY/JHA

[Ilo6 mepeBipUTH MOBEAIHKY MOJENI Ta BU3HAYUTH, YA MOXKE PETYIIOIYU
OpraH KepyBaTH CUCTEMOIO, IPOBOJUTHCS IMITAIlIHE JOCIIJI)KEHHS JUIsl IEPEBIPKU
MEeBHUX BJIaCTUBOCTEN cuctemMu. KoxkHe MOJIeNTtoBaHHSI BAKOHYETHCS 3 OJJTHOYACHUM
ta audepeHmianbHuM kepyBanHsM  AlIIIl.  [lapameTtpu, BuKOpHUCTaH1 AJIs
MojentoBanHs, nepemueni y 0 [31, 33, 34, 35, 36, 37, 0].

Hns '®OK B3aemopis MiK MOMEHTOM TBUHTa M), , KU 3yMOBIIOETHCS
CHUJIOIO MOIITOBXY F), ynopom 7T, 1 MOTYKHICTIO P, TBUHTA 3HAXOIUMO Ha MiJCTaB1
JlarpaMu BUIBHOI BOJMW 1 PIBHSHb JAMHAMIKM II0J0 YacCTOTH OOEpTaHHS Bamy 1

niaMeTpa rBuHTa [25]:
]-;) :p.D;.KT.n.‘n;
Mp :p.D;.KF.n.‘n
P =2n-n-M,

(74)

b

Jie: n — 9acToTa oOepTaHHs 'BUHTA, 00/C; p — IIIJIBHICTH BOJIH, KI/M>; D, — niameTp

rBUHTA, M; K7 — KOe(IIieHT yrnopy rBUHTa; Kr — KOeII[IEHT MOMEHTY.

Binnocuuit kpok reunta A (Hy) = va/(nDy), A€ s — MIBUAKICTH IPUTOKY BOJIU
Ha TpeOHUU TBUHT. EQEeKkTUBHICT, BUKOPHUCTAHHS TBHHTA HAa BIAKPUTIA BOJI
BH3HAYAETHCS SIK BiTHOMICHHS] BUKOHAHOI TBUHTOM POOOTH /TSI OTPUMAHHS CHUJIN

TSTU A0 poOOTH, HEOOX1THOI /1711 TOA0JIAaHHS KPYTHOTO MOMEHTY Ha Baly:

v -M
= £ = A -KT. (75)
27tnTp 2t K

N,

F

3naueHHs Kr, Kr 1 Mp OJ1 KOHKPETHOTO KOHCTPYKTHUBHOTO KpOKy Hp/D,

rpeoHoro reuHTa AIIll MOXHA BHU3HAYWTH, HAMpPHUKIAL 3 podoTu [22, Tadm. 5],
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o . 6 . . o
BUXOISYH 3 TOTO, 0 ynuciao PeiHonbaca R, = 2x10°, KIIbKICTD J0MaTel TBUHTA Z

=4, D, = 3,1 M, niuckoBoro cmiBBigHomeHds Ag/Ao = 0,52 (Puc. 9).

\?.2 A(H,)

Puc. 9 I'padiku 3anexuocti napamerpi rpedHoro reunta AlIIl Big BigHOCHOTO

— Krapu Hy/Dp = 0,7; =weeeeees — Kripu H,/D, = 0,89;

KpPOKY I'BUHTA:

-_=== _anpHHp/Dpzl,l

BigHocHa 3alie’KHICTh MIBUJKOCTI PyXy T'BUHTA BiJl a0COMIOTHOI MIBUIAKOCTI
PYXy CyJHa XapaKTepU3yeThCsi KOEPIIEHTOM MOMYTHOTO MOTOKY Ws: 0.=(1 — wy)vs,
ne sk mpaBwio, 0<w,<0,4. B pe3ynbrari BCMOKTYBaHHSI 3HMXKYETbCS THUCK 3a
IBUHTOM, 10 MPU3BOAUTH A0 301iblIeHHS onopy. [Ipu iboMy BiIHOCHA 3aJ1€XKHICTh
3arajJlbHOr0 ymopy BCIX TBHHTIB BIJl ONOPY PYXy CyJHA XapaKTEPHU3YEThCS
KOe(]IlIEHTOM TOPU30HTAJIBLHOIO YTPUMAHHS (3aCMOKTYBaHHS) fs: kpTp=R./(1 — t5)
(0 <%<0,2); kp — xiIBKICTH TBUHTIB; R, — omip pyxy cyaHa, H.

KoeditieHT #; 3aiekUTh BiJ MIBUIKOCTI PyXy CyAHa 1 OOBOJIB KOPMYCY B
paiioHl po3TalllyBaHHS T'BUHTA, 110 MPU3BOAUTH O 3HIKEHHS TUCKY. Y JESKHX

BHIIAJKaX f; MOXXE€ MaTH BIA'€MHE 3HAYEHHS. 3a JIOTIOMOTOI0 KoedilieHTa Wws
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BpPaxOBY€ThCA 3MIHA MOMYTHOI'O MOTOKY B MOPIBHSHHI 3 BIAKPUTOIO BOJOIO, a 32

nonomororo koedimienTa Kr — HOro 3aeXHICTh BiJl 3MIHU MPUILIUBY B KOPMOBIN
YacTHHI.

3aranpHuii npomyiabcuBHUM KKJ[ KOoMmiieKCy cCyaHO — ABUTYH — IpeOHMI

TBUHT 00YHCITIOEMO 32 (POpMYIIOIO:

R, -v
S0 o 76
npr 27[]/ZT np nh T]r nm ( )

P

11—t
Tyt 7, zl—s — KK/ kopnycy; nm — KKJI BamomnpoBogy i1 peBepc-

peayKTopHoi nepenadi, N, =0,9+0,95;

A
n =l _2m K _ K (77)
n, n, K.,

ne Npr — KKJI rBuHTa 111 manoro 3uadenHs Kr (nuB. Puc. 9).

Uytnusicts EKK KIIK 1o BTpar 3anexuTh BiJl TUNy TBHHTA 1 JBUTYHA,
3aCTOCYBaHHSI PI3HUX CTaOUII3aTOPIB B KOHCTPYKIIII KOPIYCy CyAHa 1 3MIHU
aJATOPUTMIB YIPABIIHHS B 3aJIEKHOCTI B1Jl €KCIUTyaTal[liHUX YMOB.

J{ito4i 3HaYEHHS yIOpy 1 MOMEHTY TBHHTA 3HAXOJMMO 3 CIIBBIIHOIICHB:

T, =h,(n,x,0)1-0)T, = f.(n,x,9),

M, =h,(n,x,0)F, = f,(n,x,6), (78)

Je: X — TMHaAMI4H1 apaMeTpu cyaHa; 0 — 3aiexHl napaMeTpu I'BUHTA.

Puc. 10 Cxema OanaHcy Ai104MX MOMEHTIB IBUHTA: J; — MOMEHT 1HEPIi CyHa
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[Totyxnicte neuryHa AlIll Bu3Hauaemo o ¢popmyiiam

P =0T, =2nnT,,

(79)
Pp = oan = ZnnTp.

Ha miactagi (74) 1 (79) orpuMyemMo BUpa3u AJisl pO3paxyHKy yHopy I'BUHTA B

3aJIEKHOCTI BiJ] OTY>KHOCTI Ha MOro Baiy:

p1/3 'D;B K, 'hr(l_ts)Pm

T, =sgn(n )

d gn( ) (27'[°KF 'hF)2/3 d (80)
T,= 1 .y

d KFDP d*

VY pasi 3actocyBanusi 'K perynsatop MBUIKOCTI BUKOPUCTOBYETHCS ISt
3abe3rneueHHs ynopy reunTa. [1IBuaKicTh 00epTaHHS TBUHTA 11, (KOMaH/A) 3a4a€EMO,

BUXOJIS1YM 31 CTAaHAAPTHOI (PyHKIII:

T

n = T)=son(T) |[——2—, 81
N e 81)

gKa € 3BOPOTHOI BIJIHOCHO HOMIHAJbHOI BEHTHWJISATOPHOI XapaKTEPUCTHUKH,
3a3HaueHoi B (74), 3a3Buyait m1is Ko = Kr (J; = 0).

HoMinanbHa mnOTYXHICTh Py BIANOBIZa€ HOMIHAILHOMY O0EpPTaAIOUOMY
MoMeHTy. Perynarop mBuakocti € [1I/[-peryasitopom 3 MekamMu HACUUECHHS, SIKAM
o0uuCIIOE HEOOXIMHUM KPYTHUM MOMEHT i 30UIbIICHHS (3MEHIICHHS)
HIBUAKOCTI. MakCUMaNbHUI KPYTHUIL MOMEHT CTaHOBUTh: Muax = WM, ae p = 1,1
+1,2.

Crpareris ynpaBiaiHHS MOMEHTOM MOJIATA€ B 3aMiHI 30BHIIIHBOTO KOHTYPY
3BOPOTHOTO 3B'I3Ky 3a IIBUIKICTIO IETJIEI0 KOHTPOJIO KPYTHOIO MOMEHTY 32
nonomororo  ¢QyHKIIT po3paxyHky MomeHnty (Puc. 11) 3 ycraBkow F),

PO3paxOBYETHCS K MOX1/IHA BiJ] CTAHAAPTHOT QYHKIII:
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F =g,(T). (82)

Puc. 11 bnok-cxema peryysitTopa MOMEHTY TBUHTA

3BiJICH MICJISI MIACTAHOBKU OTPUMAEMO
5
M =p-D:-K, |n-n, (83)

ne Kro = Kr (A=0).
3rigHo (74) 1 (83) BIZHOUIEHHS MIX OCHOBHM YIOPOM 1 MOMEHTOM Ma€

BUTJIAL

DPKFO
M ZK—TPng(Tp)- (84)

p
T0

OOMexeHl Mo MakKCUMyMy 3Hau€HHA Muax, Pmax, TOOTO CKOpPUTOBaHI

3HaYeHHS 00€pTal040r0 MOMEHTY Mg i M ,(Puc. 11), BusHa4ar0ThCS Ha MiACTABI

(GyHKIIIT po3paxyHKy MOMEHTY T'BUHTA 1 XapaKTEPUCTUK OMOPHOTO reHeparopa i
reHeparopa GopcyBaHHS NpHU 3aJaHOMy 1p. 3aJI€XKHICTH 00€PTal0YOrO0 MOMEHTY
BiI 00OpOTIB I'BHHTAa HakjIaJa€e OOMEXEHHS Ha MAaKCUMAaJbHY IOTYXHICTb, 10
BPaxOBYETbCA  NPU  BU3HAYECHHI  IEpPEBAHTAXyBaJbHOI  CIPOMOYKHOCTI

enekTponaBurysa i I[TY.
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AnbTepHAaTUBHOIO cTpaTeriero ympaBiniHHa AIIlIl 3  BenTunaropHoi
XapaKTEpUCTUKOK Ha BaJly € YNPAaBIIHHSA Ha OCHOBI PEryJIIOBaHHS MOTYXKHOCTI.
[Ipu 3amanomy KOHTYpl yHpaBlliHHA OO€pTalOuMM MOMEHTOM BEIWYHMHA YIOPY
3aMIHIOETHCSL  BIJMOBIJHUM  3HAaYeHHSIM  moTyxkHocTi P, (Puc. 12).
BukopuctoBytouu (81) 1 (83), 3Haxo1uMO CHIBBIHOLICHHS MIXK 3a/IJaHUM OCbOBUM

YHOOPOM 1 MOTYXHICTIO:

K
.FIO{;(/)z ‘TP‘ (85)
»

1;=gp(7;>=sgn(n>ﬁ%’;

Takum ynHOM, Ha NiACTaBl PYHKIIT pO3PAXYHKY MOTY>KHOCTI IPH 3aaHOMY
P, 3 ypaxyBaHHSIM XapakTEpUCTUK ONOPHOrO0 TeHepaTopa 1 TreHepaTopa
(GopcyBaHHS BU3HAYAIOTHCS OOMEKEHI 110 MAaKCUMYMY 3HAUYC€HHS Omax 1 Pmax, TOOTO

CKOpHTOBaHi 3a1aHi 3HaueHHs Py i P, .

Puc. 12 brok-cxema perynsitopa noryxHocti [111

Jlns. TOpIBHSAJIBHOTO aHali3y pI3HUX CXEeM YyHOpaBliHHSA HEOOX1JIHO
BU3HAYUTU HAWOUIbII 3HAYMMI BJIACTUBOCTI YNPABIIHHS IIBUJKICTIO, KOHTPOIIO

00epTarouoro MOMEHTY 1 YIpaBIIiHHA MOTYKHICTIO. YTNpPaBIiHHSI KPOKOM T'BHUHTA
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HE BUBYEHO, aje JJisi OTPUMaHHSA 00'€KTUBHOI KapTUHU HEOOXIJTHO aHali3yBaTH

MOBEAIHKY CXEM YNPaBIIHHS MBUAKICTIO. [IpumycTumo, 1o mBUAKICTE 00epTaHHS
BaJIy IOPIBHIOE 3aJIaHiil IBUAKOCTI 71, B CTAJIOMY PEXHUMI.

BukopuctoBytouu (74), (78) 1 (81), 3anuiiemo 3anexHICTb MiK HaKTUIHOIO

TATOIO TBUHTA 1 3a/IaHOIO;

K
T,=h(n,x,0)1-1) LT =s,(x,0)T, (86)

KTO
3rigHO 31 CXEMOI0 YMPABIIHHS KPYTHUM MOMEHTOM MPUIYCTUMO, IO
obepTaroui MOMEHTHU JBUT'YHA 1 TPEOHOTO ITBUHTA IOPIBHIOIOTH 38JJAHOMY 3y CHUJLIIO

F, B ctanomy pexumi. Tomy 3 ypaxyBanuasam (74), (78), (81) 1 (83) orpumyemo

_ h(n,x,0)1-1)K,, K

- LT =5, (n,x,0)T . 87
! hM(n,x,O) K, K, ' u 7, ®7)

T0

Jnst cxeMu ympaBlliHHSA TOTYXKHICTIO, TpejicTaBieHoi Ha Puc. 12, sk
MpaBuiIo, TMOTYXKHICTh JOpiIBHIOE P, B cTajoMy pexuMi. Tomy aHanoridHo,
BuKopuctoBytouu (74) — (81), (83) 1 (85), orpumyemo

2/3

T, =5,(n,x,0)T,. (88)

h(n,x,0)1-0)( K,, K,
L= n(n,x0) | K, K
M 27¥o F T0

Ak nmouatkoBui TecT OyB 3poOJeHUN MPOCTUH CTpUOOK MmBUAKOCTL. Lle
POOUTBCS SIK JJIsi CAHXPOHHOT'O KEPMOBOTO YIPABIIIHHS, KOJIU BX1IHI CUTHAIU JJIsI
0o0ox AIIIT ognakoBi, Tak 1 ajs audepeHuianbHoro (aCHHXpoHHOro), koau ATl
MOXYTh KepyBaTHCs He3ajexHo. OOujBa MOJIENIOBAHHS BUKOHYIOTHCS 3

BUKOPHUCTAHHSM JIIHEApU3allil IPUBOLY, JIe O TOPiBHIOE HYIIIO (40).
7.1.  CuUHXpOHHE YNPABIIHHS MIPYITIOIOUYUMU TPUCTPOSIMU

[inp HanmamTyBaHHS MoJiAraja B TOMY, OO OTpUMAaTH BIIHOCHO IIBUIKY
MepexiiHy XapakTepUCTUKY 3 MIHIMAJbHUM I[EpPEPEryJIOBaHHIM, TOMY AaKIEHT

poOUBCA MIHIMI3AI[1}0 MOMWIKHY BIJICTEKEHHS. B OCHOBHOMY 11€ pOOUTHCA J1sl TOTO,
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o0 mno0auuTh 3B’SI30K MDK IMIBUAKICTIO O0O0epTaHHsS TpeOHUX TBUHTIB 1
XapakTepUCTUKaMHM CTPUOKA HAaBaHTAXXEHHS, a TaKOX K TMOBOJUTHCS KYT

po3TalllyBaHHs TPEOHOT0 I'BUHTA, OJU3BKUI 0 HYJsI. Barosi MaTpuill Ta €TalOHHE

MMOCUJICHHA BU3HAYAaTHUMYCA HACTYITHUM YNHOM:

100 0 0
Q_OIOQ_10Q_1000 (39)
b =200 1= o o0 of

0 0 1

10 Ja€ pe3yabTaTH, moka3ani Ha Puc. 13, Puc. 14, Puc. 15.

Puc. 13 Peakiiis Ha cTprOOK 3aBAaHHS
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Puc. 14 lIBuakicTs Apeiidy Ta MBUIAKICTH HULIITIOPEHHS

Puc. 15 BxiaHi curHainy 3aBIaHHs CTPUOKA MIBUIKOCTI Ta KyTa o

0 3MICT
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Ha Puc. 15 Moxna mnoGauuTu CTpUOOK IIBUIAKOCTI OOEpTaHHA, SAKUN
CTa01T13y€eThCS 3 MOCTIMHUM HYJIBOBUM KYTOM, 1110 MPU3BOUTH J0 MIBUJIKOT peaKiii
Ha CcTpUOOK Ta BIACYTHOCTI MEpeperyatoBaHHs. SIK 1 OYIKyBajocCs, €TaJOHHUU

HYJILOBUU KYT HE IPU3BOAUTH 110 Ipei(y U HUILLIIOPEHHS, SIK TOKa3aHo Ha Puc. 14.

7.2.  ACUHXpOHHE YIPaBIIHHS NIAPYJIIOIOUYUMHI OPUCTPOIMHU

Jns nudepeHuianbHOr0 yHpaBliHHS MeTa Oyja Takow XK, Mo 1 A7
MOJIEIOBaHH1 CHHXpOHHOTO yrpaBiiHHsa ATl mo0 oTpuMatu MBUAKY PEAKIIIO Y
BIANOBIAL Ha 30ypeHHs. TakuM 4YWHOM, HaJAIITyBaHHS OYJIO aHAJOTIYHHMM, 3a
BUHSTKOM JBOX HUKHIX €JIEMEHTIB Y JIIBOMY CTOBIILI €TaJJOHHOTO MOCUJIEHHS. BoHuU
BIIMOBIIAIOTh 3aBJaHHIO 1 MOBHMHHI MaTH PI3HI 3HAKH, 00 KOHTPOJEpP MIr
BUKOPUCTOBYBAaTH 1X i crabimizamii cucremMu. BoHM Takok MOXYTh OyTH
HYJIbOBHMH, aJie TOJI ISl CUMYJIAIISI HIYMM HE BiPI3HATUMETHCS BiJ] CUMYJIAIIT 3
CUHXPOHHUM KepyBaHHsSM. Hacmpapxi, 11e He mpoOiema, ane Ie He PO3KpPHUBAE
MO>KJIUBOCTI JU(EPEHITIaTbHOTO ACHHXPOHHOTO YIIPABIiHHA.

PesynpTaTn monentoBanHs nmokasadi Ha Puc. 16, Puc. 17, Puc. 18. [leski cxoxi
MOBEJIHKA CHCTEMH YIpPaBIiHHA MOXHa mobauntu Ha Puc. 16 1 Puc. 17 B
MOPIBHSHHI 3 TONEpPeaHIM MOJeToBaHHAM. [le CBITYUTH Mpo Te, M0 CHUMYJISIIs
mpaioe HajaekHuM uuHOM. Ha Puc. 18 mokHa moGavyuTH 1esKi BiAMIHHOCTI.
OOuiBa NBUTYHU MAalOTh HEBEIWKHN KyT PO3TAlIyBaHHS IO BITHOIICHHIO 10
JiaMeTpalibHOI TUIoMKHM cyaHa. e mpu3BoauTsh 110 Toro, mo oboMm asuryHam ATIIT
MOTpiOHA MEHIIIE IIBUKICT, OOepTaHHS, 00 3a0e3MEUYNTH €TaJOHHY IIBUJIKICTh

MMOTOKY BOJIH.
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Puc. 16 ludepenuianbuii (aCHHXPOHHUIN) BIATYK HA CTPUOOK 3aBJaHHS

[le Takox mMoxke OyTH pe3yJabTaToOM JiiHeapHu3allii, e KBaJpaTuuHa (yHKI[S
IIBUJIKICTh 00€pTaHHS OUIBII BIUIMBOBA aHDK (DyHKIIS KyTa po3ramryBanHs AIIIL.
Ile Takox moxxke OyTH yepe3 Te, mo eirementu marpuui L, (3, 1) 1 (4, 1) He

TOPiBHIOIOTH HYIIO (90):

1 000 801 0 0
100 0 0
Q010Q0100L8.0100 ©0)
! 1001 0o " |-001 0 O
0 0 1
00 0 1 001 0 0
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Puc. 17 ludepenuiaibai MBUIKOCTI Apel]y Ta HUIITOPEHHS

ad Y -
MR | P

s |

Rotatioral speeds 0 Lmpszl

Input signals

n

== = r'r:

0.010 |

|

0.005 |

S

20 30

1

0.000

Lalh ¥ I

—-0.005

2.010 ]

—— Deak oy
—— Deak o
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Puc. 18 JIndepeniianbHi BX1IHI CUTHAJIN 3aBJAaHHS CTPUOKA IMIBHUIKOCTI Ta

KyTa o
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8§ MOJAEJIIOBAHHS HIBUAKOCTI HUIIITOPEHHSA

[Ilo6 pmocnmimutu mMOBEeAIHKY (Di3UYHOI MacIITabHOI MOJENl CyJHa MpHU
MOBOPOTi, pOOUTHCSI KPOK 3aBJAHHS Y €TAJOHHIN MBUAKOCTI HUIINopeHHs. [1{o0
MEPEBIPUTH MOXKJIMBOCTI Ta PEATICTUYHY peati3aililo Ha MPaKTHUIll, BUKOHYIOThCS
JIB1 P13HI CUMYJISINT: OJHA, B SKIH € JeIKe «IOM’ SKIIIEHHSI» Yacy BCTAaHOBJICHHS Ta
BiI0yBa€ThCSl TEpeperyatoBaHHs (MIKOBUM TeCT), Ta 1HIIA, B SIKIH KOHTpOJIEp
HaMaraeTbCcsi MaKCUMAJIbHO <« KOPCTKO» JIOTPUMYBATHUCS €TAaJOHHOMY 3aBJIAHHIO
(mmaBuuit Tect). IlikoBuii TecT OyB CKOPUTOBaHUM TakKUM YHMHOM, 00 Yci
CUMYJISALIT, BKIIOYAIOYU HOTO, Majid OJHAKOBHUI Yac BCTAHOBJICHHS MPHUOJIM3HO 32
10 cexynn micis moyatky 3aBAaHHsA. OCKUIbKM OyJiM MPOBEACHI JiIHEapH3allis Ta
CIPOILEHHSI MOJENi, el TeCT MOXKE JaTH HEepeaiCTHYHI pe3yibTaTH, aje, fK 1

paHille, BBAXKAEThCS TAKUM, IO BiJIITOB1Ia€ MOXKIIMBOCTSIM CHCTEMHM YIIPABIIIHHS.

8.1. JliHeapu3arlii CHHXPOHHOTO YIPaBIiHHA 3 HYJBOBHUM KyTOM

pO3TallyBaHHS MiAPYIIOI0UNX TMPUCTPOIB

Jlnst HactynHux cumyisii as 060x AT obuparoThest 0IHaKOBI MIBUAKICTD
oOepTaHHS Ta KyT pO3TalllyBaHHS I'BUHTA.

Y 1poMy MOJENIOBaHHI KOHTPOJIEP BHKOPUCTOBYE MATPHIl, OTPUMaHI MpHU
JiHeapu3allii HaBKOJIO0 poOOUYOi TOYKH 3 MOCTYMATBHUM PYXOM BXIJHHX CHTHAJIB
(40), sxi mpu3HAYEH] I pOOOTH 3 KyTOM PO3TAIlyBaHHS TBHHTA OJIM3BKOTO JI0O
Hyns. Jls KOHTposiepa BHUKOPHCTOBYIOTHCS JBAa PI3HUX HaJaIITyBaHHS, SKi
BUKOHYIOTBCSL JJI JBOX 3aJad: TO-TepIle, IS CTaHy KOJW BXIJHI CHTHAJIH
JOPIBHIOIOTH 1, a OMOpHUN KOe(IIIEHT MiACUICHHS PETYIIOETHCS I JOCITHEHHS
[IThOBOTO 3HAUYEHHS. [HINE HANAMMTYBaHHS YCyBa€ TOMHUJIKY CTEKEHHS IS
30UIBIICHHS IIBUIKOCTI oOepTaHHsA, 3a0e3leuyroud HalOImK4Ye 10 €TaJOHHOTO
3HAQYEHHS MIBUJIKOCTI, BOJHOYAC YTPUMYIOYHM PIiBE€Hb BXIJHOTO CHUTHATYy JJis

MEHIIIOTO0 3HAYCHHS IIBUJIKOCTI XUTABHIll. Y 3B'S3KYy 3 IIMM 3HAXOJKEHHS MEXI
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BCTAHOBJIEHHS MOTPiOye OLIbIle Yacy, 0 Aa€ BIAOMOCTI PO 3JaTHICTh CUCTEMHU
IUISIXOM TOPIBHAHHS PIBHOMIPHO 1 OUIBII arpeCHMBHO HAaJAIITOBAHOI CUCTEMH.
Martpuiii eraqoHHUX KOe(DIIIEHTIB Ta KOe(DIIIEHTIB Mepeaayl, i€ p Ta § MO3HAYAI0Th

TKOBI 1 3TJa/KYIOYH 1HICKCH BIAMOBIAHO OyAyTh BUTJISAIATH:

1 0 0 1 0 0
0,=/0 1 0, ©Q,=/0 0001 0 |
00 1 0 0 200
@) _(Bo (91)
=0 1)

0 10
210 ]
L, =

00 1 L_oo 1
0 0 218" ™ o 0 -13.95/

Puc. 19 Ilepexigna xapakTepucTrKa JiiHeapu3allii HyJIbOBOTO KyTa

J1o 3MmicTy
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Puc. 20 BxiaHi curnanu jgiHeapusallii HyJbOBOT'O KyTa

Surge and Sway speeds

40 =
-':ﬁ 0 7
i 0. ] f e .
" F ——- Rel=rence spapil
= 0.2 ! —— Peak surge
& I Smigoli surge
0[] A e s —) - ' b
T T T T T T T
o 20 40 B0 30 100 L:0
— 20 /"—
1l
=
5 101 [
: :‘
x
n S — ——- [Hefzrence speed
z f —— Feak sway
" 10 ] Smooth sway
1 T 1 T T T T T
0 A0 40 hill a0 1007 170
Time 5]
Puc. 21 Jlineapu3auis npu HyJIbOBOMY KyTI IIBUAKOCTI pyXy Ta aApendy
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3rigHo Puc. 21 kiHlleBe 3HaYEHHS 0 JOPIBHIOE:
op = os= 0.04 pan.

Ha Puc. 19 noka3aHo OCHOBHI pe3yJibTaTh poOOTH JABOX PIZHUX PETYISATOPIB.
Perynsarop HaJIAIITyBaHHS MaKCUMaJIbHOTO 3HAYCHHS 3abe3mneuye
TepeperyaoBaHHs B 7 pa3iB BHIIEC €TAJTOHHOIO 3HAUYCHHS, ajie CTa0lII3y€eThCS TICIS
10 c. HaitimoBipHiiiie, 11e pe3yJbTat 3MiHu KyTa po3rauryBanns AlIlIl, sk moka3zano
Ha Puc. 20, Ha sKOMY 0 JOCATaE TyKE BUCOKOTO HETATUBHOT'O 3HAYCHHS, OJIM3HKOTO
1o — 20 paz, 110 JajaeKko BiJ pealicCTUYHOTO clieHapito i peanbHoro AIITIL. Ilei
(daxT mae miacTaBU MEPEOIIHIOBAHHS HEOOX1THOCTI O1IbII Pi3KO1 3MIHM IIBHIKOCTI
HUIITIOPEHHS HaJl TIOBUTHHOIO JIJIsI IPOTHUIIT CTAaHy KOJIA TIEPEPETyIOBAHHS TOCITAE
TaKOTr'0 BUCOKOTO 3HaueHHsA. OJIHAK, 3MEHIIICHHS 0, € JOIIJIBHUM 3 (DI3UYHOI TOUKHU
30py, TOMY 1[0 HEBEJIMKWWA HETaTUBHUU KyT 3a0€3MEYUTh MO3UTUBHHUUI KPYyTHUUN
MOMEHT HaBKOJIO OCI Z 1 MO3UTHUBHY MIBUJKICTh HUIIMOPEHHS. X04a 1[e MOXKe OyTu
CIIPHUM MOMEHTOM, SIKIIIO TaKWK MaJICHBPKUHA KYT MOYKE MAaTH TaKUH BIUIUB, SKIIO
HYJIBOBUH KYT JIa€ aHAJIOTIUHI pe3yJIbTaTH IS IOTO PSKUMY KOHTpoJiepa. [HmuMm
I[IKaBUM acCIICKTOM € T, HACKUIbKH PO3JUICHI MIBHJAKICTH OOCPTaHHS Ta KHIAKU
MIBUIKOCTI, OCKUIBKH PETYJISATOpP TMOKa3ye OJHAKOBY TOBEAIHKY Il 000X
CUMYJIIALIN, 1o 117151 peanibHoro AIIIT MoXe CyTTe€BO BITTMHYTH HA PE3YIbTATH.

VY perynsTopi 3 IUIAaBHUM HAJIAIITYBaHHSIM BUX1THE 3HAUCHHS HIOM «CITIye» 3a
CTAJIOHHUM, ajJieé Ma€ JBi BIAMIHHOCTI BIiJl IHIIOrO PEryJIaTopa: Take came
3MEHIIIEHHS 1 BITHOBJIFOBAHHS 0 /IO KIHIIEBOTO CTa01II30BaHOTO 3HAUCHHST MEHIIT HIXK
3a CEeKyHHy, 1o He MOXJWBO s peanbHoro AIIIl 3aBasgku #oro AuHAMIYHUM
BiracTuBoCcTsAM. Ha Puc. 21 mBHAOKICTS KOJMBAHHS BCTAHOBIIIOETHCS 3HAYHO
MOBUIBHIIIE, IO MOYKE BKa3yBaTH Ha Te, IO ICHY€E JesKa He3B's3aHa IMOBEIIHKA,
OCKUJIbKHU BX1JTHUM CUTHAJIOM JJIsI CACTEMH € TOW caMuii TpoMixkoK dacy 20 CeKyH/I,
aje IBHJAKICTh KOJIMBAaHHA y 1€ Yac Biapi3HsAeTbcs. [lesgka HepeamicTHIHA
noBeninka AIIIl Moxxe OyTu ToOB’s3aHa 3 JiHeapu3aliel0o o 1 HOro
TPUTOHOMETPHUYHOIO 3aICKHICTIO. TpUroHoMeTpudHa (QyHKIIIA, KA € IEPI0UIHOIO
1 TUTBKM PO3MOJILISIE€ CUIIM, CTBOPIOBAH1 YUCIOM O0OPOTIB MiX X 1 OCi )b, HE MOXKE

nepeBuinyBatu 1. [lpu 3actocyBaHHi JiHeapu3allii PEryisTOpP «BBaXkae», IO
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BHIOIOMY 3HAUCHHIO O BiI[HOBiI[aG BUINC 3HAYCHHA pCBYJIBTYIOHO'I' CHJIM, IO Ha

MPAKTHIll HE BIAMOBIAAE AIMCHOCTI.

8.2. Jlimeapu3zallii CHUHXPOHHOTO YINPABIIHHA 3 HEHYJIbOBUM KyTOM

pO3TalllyBaHHS MIIPYJIIOI0UUX TPUCTPOIB

Mogenbs HanalmTOBYEThCS Ha MIACTaBl MeTOAy JiHeapuzaimii (41), ae Kyt
pO3TalIyBaHHS TBHHTIB (L MAa€ HEBEIIMKE HETATUBHE 3HAUYEHHS, SIKE BBAKAETHCSA
ONMM3BKUM 70 pe3yJbTYyIOUOro KIHIIEBOTO 3HAYEHHS [JId 3aJaHOi CHUMYJIAIIL
MIBUAKOCTI HUMIMOpeHHs. Lle poOuThbes s Toro, moO moOadyuTH, Yd JacTh 1€
HaJalITyBaHHS Kpalll pe3ylibTaTH, HIK JlIHeapu3alis 3 HyJIbOBUM KyToM. Llumi
MPOEKTYBAHHS HAJIAIITYBAHHS AHAJIOTIYHI TMOMNEpeNHIM cumyisinisiMm. OnHa 3
OCHOBHHX BIJIMIHHOCTEH TMOJISITA€E B TOMY, IO TPETIH €JIEMEHT y MEePIIOMY PSIKY
JUIST  3aJJaHOTO  3HAYCHHS  KoedillieHTa TOCWJICHHS TaKoX MOTpeOyBaB
HaJIAIITYBaHHS, IHAKIIE CTPUOOK MIBUAKOCTI Ma€ TCH/ICHIIIIO IPUMHITH HETATUBHE
3HAYCHHS, [0 BUMAarae iHIIOi MOBEAIHKA MOJIEN Ta YCKIIAHIOE TOPIBHSIHHS JABOX
cuMyJIslii. Baroi marpuili Ta 3Ha4YeHHS KoeillieHTa ITOCHUJICHHS IS ITi€d

CUMYJIAIIT HACTYIIHI:

1 0 0 1 0 0

0,=[0 1 0/, ©,=[0 0001 0 |
0 0 1 0 0 200
0.,-| " 0. " (92)
210 1/ =00 10

0 0 10 0 0 3.6l
Lr = 2 Lrs = ?
P10 0 =212 ’ 0 0 -14.01
110 J1a€ pe3yJbTaTH, Moka3ani Ha Puc. 22, Puc. 23 ta Puc. 24.
3rigHo Puc. 23 xiHIIEBE 3HAYEHHS O IOPIBHIOE:

ap=0s=0.017 pan.
Lo 3micty
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[li pe3ynapTaT aHAJIOTiuHI TUM, SIKI OyJM OTpUMaHi y miaposnau 8.1, ane 3
JIESIKOIO BIIMIHHICTIO Y TTOBEIIHIN Mojei. [likoBe HanamTyBaHHs 1a€ TPOXHU Kpalili
pe3yNbTaTH, OCKIIBKM HOro MepeperyialoBaHHs JocArae Juiie O-KpaTHOro
eTaJloHHOro 3HadeHHsA. OCHOBHA BIAMIHHICTh TOJISITAE Yy BHIMINA IIBHIKOCTI
obepTaHHs TPeOHUX TBHHTIB, SIKa Maie BICCATEPO BIUIMBOBIIIA HA IIBUIKICTH
MOB3J0BKHBOTO MPOCYBaHHs. T00TO, HeMIHIMAIbHUH (ha30BUM BIATYK CIIBIIAA€ 3
HaWIIBU/IIIAM BIATYKOM MPU JOCATHEHHI MAaKCHMaJIbHOI IITBUAKOCTI IIKY 3aBAaHHS.
[InaBHe HanamITyBaHHA POOUTH PEAKIIII0 PETYNSATOPY MOBUIBHINION, HIXK Miayac

«IIKOBOT'0 HaJAITyBaHHs» BIAMOBIAHO 10 Q15 (92).

Puc. 22 TlepexigHa XxapakTepUCTUKA 3 HEHYJIbOBUM KyTOM

J1o 3MmicTy
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Puc. 23 BXiJH1 cUTHaNM 3 HEHYJBOBUM KYTOM .

Surge and Sway speeds
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Puc. 24 llIBuakocti pyxy Ta apeiidy 3 HEHYJIbOBUM KyTOM 0
Lo 3micty



67

HalinikaBilumM y 1aHOMY MOJEIIOBAHHS Y OPIBHSAHHI 3 MIApo3AUIOM 8.1 —11e
rpadiku BXiHUX curHaiiB Ha Puc. 23. [IIBuakicTh 00€pTaHHSI Ma€ 3HAYHO OLIbIIIE
3HAYEeHHS, Ha BIAMIHY BiJ KyTa o, Pe3yJbTyloua MepexiiHa XapaKTepUCTUKA SIKOTO
Maitke He 3miHunacd. [lo-nepiie, e Moxke OyTH pe3ynbTaTOM JiHeapu3allli, npu
AK1 KOHTPOJIEP B OCHOBHOMY pearye Ha 3aBJIaHHs KyTa 0 3 MiATPUMKOIO 77 Ha TOMY
K PIBHI, SIKIIO HE Ma€ MoTpedu y 30UbIIeHH] MBUAKOCTEH 00epTanHs. [lo-npyre,
BXIJIHI CHUTHallM TOKa3ylTbh, $IKI 3HAYEHHS YCTaBKH [JIi O € TO3UTHUBHUMH,
OJIM3bKUMU JI0 HYJISI, aJie€ MO3UTUBHUMU. TE€OPETUYHO, I MPOLIECY MOJEIIOBaHHS,

TaK HE MTOBUHHO OYTH.

8.3. Jlineapu3alis aCHHXPOHHOTO YIPAaBIIHHS 3 HYJbOBHUM KYTOM

pO3TalllyBaHHS MIAPYJIIOI0UYNX TPUCTPOIB

VY HacTynmHOMY MOJIETIOBaHHI 3aCTOCOBYETHCS JAU(PEPEHITIANBHE YIPABIIHHSA,
IHITMMU CIIOBAaMH, MOJXKJIUBICTh HE3aJEKHOTO KEPYBaHHS IIBHUJKICTIO Ta KyTOM
obepranns o6ox AIIII.

[To-mepiie, BUKOPUCTOBYEThCS JiHEApU3allisl 3 HYJIbOBUM KYTOM O JJIA
nudepeHItianbHOro (aCHHXPOHHOTO) ynpaBiiaas kopmoBuMu ATII. MoaentoBanHs
3MIIHCHIOETHCS 32 TUM K€ aJITOPUTMOM JUTsI TOCHIIPKEHHS IBOX CXEM HaJlallTyBaHHS
3 pi3HUMU IIIMU. BukopuctoBytoun nudepeniiiaabie (aCHHXPOHHE) YIPaBIiHHSA,
MOXHa CIIOCTEepIraTd JEII0 I1HINY, MOTSHIIMHO OUIBII IMOKpAIIeHy TMOBEIIHKY

KOHTPOJIEPY, IO MiATBEPIKYETHCS HACTYITHUMU PE3yJIbTaTaAMH .

1 0 0 10 0
0,=/0 1 0], 0,=/0 001 0 |
0 0 1 0 0 250
10 0 0 10 0 0]
0100 0100
=0 01 0% o o1 of ®3)
00 0 1] 000 1
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0 0 1 ] 0 0 1]
0 0 1 0 0 1
L = , L. = .
Pl 0 —15 10 0 -11.9
0 0 -15 0 0 -11.9

Kinuesi 3HaueHHs o, Ta o5 (Puc. 28) 1opiBHIOIOTH:

ap = — 0.08 pan, as = — 0.37 pan.

Puc. 25 J[ludepenuiitna nepexiiHa XapakTEPUCTUKA IJI1 HYJIbOBOIO KyTa o

[lepexigHi XapaKTepUCTUKU JJIsl MIBUKOCTEH MOB3/IOBKHBOTO PYXY, Ipehdy
ta HummnopeHus (Puc. 25, Puc. 26), mokaszywoTs poboty AlIll, ananoriuny
MOJICTIOBAHHIO CUHXPOHHOTO ympaBiaiHHA B migpo3aun  8.1. Tyt Bukuna
CTYHIHYACTO1 XapaKTePUCTUKU HIKYE, a MIBUIKICTh MOB3J0BKHBOIO PYyXY J10CATAE
OUTbII BHUCOKOrO KIHIEBOr0 3HaueHHSA. OJHAK y BXIJIHUX CHTHAJIaX MOXKHA
crioctepiraTu aesiki mikasi pedi. KyT o ogHakoBui ajisi 000X JIBUTYHIB 3 JBOMA

pI3HUMHU HajamTyBaHHIMU, He3Baxkatoun AIIIl maroTe audepeHiianbHy CTYIIHb
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cBoOoau. Ile moxke OyTH pe3ynabTaToM JiHeapu3allilo, 10 PoOUTh HOT0 €IUHUM
aJIcKBaTHUM pilieHHsIM. Benukuii mpoBani, mokazaHuil Ha Puc. 28, mpu upomy
MOJICTIOBaHHSI € MEHIIUM, L0 CBIAYUTH MPO KPOKU y MPABUIBHOMY HAIPSIMKY.
OcratoyHe 3HAYEeHHS O JJIs MIKOBOT'O HANAIITYBaHHS MPAKTUYHO AaHAJIOTIYHE
CUHXPOHHOMY YIpPaBJiHHIO, ajie¢ TJIaBHE HallalITyBaHHS ONux4e 10 (HaKTUYHOTO

3Ha4YCHHA T[/6, 10 TaKOXK € XOPOIIMM ITOKa3HUKOM JIA ObOI'0O KOHTPOJICPA.

Puc. 26 IudepeHnuiaibHi MBUIKOCTI MOB3I0BKHBOTO pyXy Ta JIpendy npu

HYJIBOBOMY KYTI O

MokHa croctepiratd aOCOJIOTHO BiAMIHHI TokazHuku n (Puc. 27), mo
BKa3y€ HAa MEHINWW BIUIUB HA CHUCTEMY IbOTO BXITHOTO cuTHamy. [lms o6Gox
HaJAIITyBaHb OJIMH 3 TBUHTIB 00€PTAETHCS 3 MEHIIIOKO MIBUIKICTIO, 1[0 HA TIPAKTHUIII
€ mepeBarotro. Komm oamH pymiii 3a0e3nedye OUTbITy TATY, BiH CTBOPIOE
BIMOBIAHUN KPYTHHII MOMEHT, MOBEPTAIOYM CYJHO. BUKOpUCTOBYIOUM 1[I0
PI3HHMITIO B IIBUIKOCTI O0OEPTaHHS, KOHTPOJIEP MOXKE 01T €(heKTUBHO PETYITIOBATH

IIBUJIKICTh ITOBOPOTY CY/IHA.
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[Ipobniema, siky MOkHA MOOAYUTH MPU IILOMY MOJICTIOBAHHS, MIOJISTA€ B TOMY,
o Oynpb sika KoHirypauist 3HadeHb mBHUAKOCTI obeptranHs AlIIl pyxae cyanHo
«HenpaBuiibHO». OCKUIbKY pyIIiil 1 po3MillieHui TpaBoOpyY BiJl OCl Xp, a PYIIii 2
J1BOpYY, TaKe BIAMpAIOBaHHS 3a0€3MEYUTh HETAaTUBHY IIBUIKICTH MOBOpOTY. Lle
I11e OJTHAa 0O3HaKa TOTO, III0 KOHTPOJIEp MPOTHUJIIE caM COO1, M0 MiATBEPKYE HACIIIOK

JiHeapu3alli BXiIHOTO CUTHAIY.

Puc. 27 Iudepenuianbui mBuakocti ooepranusa AlIIl npu HynboBoMy KyTi

a
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Puc. 28 JludepenuiaibHi BX1JHI CUTHAIIY MIPU 3aIaHOMY

HYJIbOBOMY KYTI 0

8.4. Jlineapu3zalliss CaMHXPOHHOT'O YMPABIIHHA 3 HEHYJbOBHUM KYyTOM

pO3TalllyBaHHS MIIPYJIIOI0UYNX TPUCTPOIB

Hacrtynni HanamtyBaHHsI 3aCHOBaH1 Ha MOJIE 3 JIIHEAPHU3alll€l0 HEHYIbOBOTO
mudepeniianbHoro kyta (41) 1 MamOTh Ti K acClNEeKTH HaNAlITyBaHHSA, MO 1 Y
MOIEePETHLOMY MOJICJIFOBAHHS 3 TaKOI0 K MPo0IeMoro, 1110 ¥ y B miapo3aim 8.1, xe
KOHTpoJiepy OyJid MOTPIOHI HEraTUBHI CTPUOKHU MIBUAKOCTI. Tomy 1€ Takox OyIiio
BUIPABJICHO 3a JIONMOMOIOI0 HaNAIlITyBaHHS KOHTpoJiepa. BaroBi marpuii Ta

CTAJIOHHC IIOCUJICHHA MAalOTb HaCTyrIHI/Iﬁ BUTJIAL:

1 00 1 0 0
Ql,p = 0 1 0 ’ Ql,s = 0 0.05 O .
0 0 1 0 0 250
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(1 0 0 O] (1 0 0 0]
0100 0100
=10 01 0 © o 01 o ©4)
0 0 0 1] 0 0 0 1]
0 0 5 ] 0 0 ]
L,pOO S,L”oo 6 |
2710 0 =531 ™ |0 0 -9.81
0 0 -531 0 0 —9.81

Pe3ynbTaTu MmonentoBanHs npeactasieri Ha Puc. 29, Puc. 30, Puc. 31, Puc. 32.

Puc. 29 Jludepenuiitna nepexijiHa XapakKTEpUCTUKA
3 HEHYJIbOBUM KYTOM O
Kinmesi 3HaueHHs o, Ta os (Puc. 32) mopiBHIOIOTE:
op,1 = 3.64 pan, o1 = 2.68 pan.
ap2 =—4.81 pan, as2 =—3.52 pan.

0 3MICT



73

Puc. 30 IudepenuianbHi MBUIKOCTI MOB3IOBKHBOTO PyXy Ta Ipendy npu

HEHYJIbOBOMY KYTI O

Puc. 31 ludepenuianbHi MBUIKOCTI 00EpTaHHSA 3 HEHYJIHLOBUM KYyTOM

0 3MICT



74

Puc. 32 JludepenuiaibHi BXiJJHI CUTHAIU MIPU 3aIaHOMY

HEHYJIbOBOMY KYTI 0.

Pe3ynbTaT MOJIENIOBAaHHS € YHIKAQIbHUMH 3 yCIX MOJEIIOBaHb MIBUIKOCTI
HuimnopeHHs. [likoBuil KpoK MOKaszye, 10 BUKHUJ 3HAYHO HIKYMM, HIXK Yy Oylb-
SKOMY 3 TOMEPEAHIX po3paxyHKiB. Lle mepeBuIIEHHS aOcsTae JIUIIE MOABIMHOTO
3HAYEHHS 10 BIAHOIICHHIO /10 eTajJoHHOoTro. ['padiku nepexignux npoiieciB Ha Puc.
32 NeMOHCTPYIOTh AHAJIOTIYHI MOMEPEIHIM MOJETIOBAHHSM pE3yJbTaTH, ajle 3
IHIIMMH KIHIIEBUMHU 3HAYEHHAMHU. BOHU MOXKYyTh OyTH HaJlallITOBaHI 3a JOTIOMOTOIO
3aCTOCYBaHHSI €TAJIOHHOTO TOCWJIEHHS, IO HE OO0OB'A3KOBO, TOMY IO ULUIb
MojentoBaHHs 3’scyBaTu gk noBeAiHka AIIIl BrnimBae Ha cuctemMy, a He Kl
OCTaTOYHI 3HAYEHHS KYTIB O.

Opnak, HAa TPAKTHUIl, BXiJHI CUTHAIU «IOBOASATHCS» pealmicTHUHO. K
HaJAIITyBaHHS CTPHOKIB, TaK 1 MJIaBHE HAJAIITYBaHHS MPHU3BOIATH 10 MOAIOHHMX

MepPEeXiTHUX XapaKTEPHUCTHK, ajie 3 PI3SHUMHU KiHIICBUMH 3HaUeHHsAMH. L1 3HaUCHHS
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Oynu iHTEepHpeToBaHi Ta mpouttocTpoBani Ha Puc. 33. Tyt mu Oaunmo, 1o oouaBa
neurynn AlIIl, sk 1 B momepenHiX CUMYJIALISAX, TPOTUIIIOTh OAUH OJHOMY, aie
tenep y kepoBanuii criociO. JIiBuit AIIIl mae 611bI1y BEIMUUHY KyTa O TOPIBHSHO 3
npaBuM, 10 3a0e3neuye OUIBIIMI KPYyTHUH MOMEHT HAaBKOJO OCl z 1, OTXe,
30UIBIIEHHS MIBUJIKOCTI MOBOPOTY. XOYa MpaBUil JBUTYH Ma€ OUIbIIY IIBUIKICTh
oOepTaHHs, CTBOPIOIOYM HETaTUBHUM KPYTHUM MOMEHT HABKOJIO OCl z 1, TaKuUM
YUHOM, CKAaCOBYIOYM CHJIM BiJ J1BOTO ABUTyHA. lle m03BOIsS€ MOCATTH MOCTIMHOT
IIBUJIKOCTI MOBOPOTY. OIHAK METOJ| CTBOPIOE OaraTo HEMOTPIOHUX MPOTUIICKHUX
CUJ Y HanpsMKY y». BenuuuHu KyTiB Bce 1€ Jajieki BiJ poO0o4oi TOUKH, 110 pOOUTH
TOYHICTh JiHeapu3allii Hu3bKow. OJHaK OTPUMAaHI1 PEe3yJbTaTH JEMOHCTPYIOTh

TEHJICHIII1 Y MPAaBUILHOMY HAIMPSIMKY.

Puc. 33 ImrocTpartist pe3yabTatiB audepeHIiaTbHOr0 MOJSTIOBAHHS 3

BIJIMIHHUM B1J HYJISI KyTOM 0.
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8.5. HanamTyBaHHS 3aXUCTy BiJl IEPEBUIICHHS FPAHUYHUX YMOB

JIns mojanbIIoro TECTYBaHHS MOMKIHMBOCTEH cucTeMUu OyB po3poOiIeHUi

KOHTPOJIEp BCTAHOBJIECHHS OOMEXKEHb a3UMYyTaJIbHUX KYTIB 3aMICTh CTPOTOro

JOTPUMAaHHS €TAJOHHOTO KPOKY IIBUJKOCTI HUIIMOpeHHs. [le moaentoBanHs Oyino

BUKOHAHO 3 JU(EPEHIIATIbHOI HEHYIhOBOIO KYyTOBOIO JliHeapu3aliero. MaTtpuili

BAaroBHX Ta €TAJIOHHUX KOE(III€HTIB MOCUJICHHS JUIS i€l CUMYJISALIT HACTYIIHI:

0
001 0 O
QOOOlOQlOLO
1 201r0
0O 0 1
0

0

0
0
0

6
6
~1.31]
~1.31]

Puc. 34 3axucHo HanamToBaHa MOKPOKOBA XAPAKTEPHUCTUKA
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Puc. 35 3axucHo HanamToBaHi NPUCKOPEHD MOB3OBAKHBOIO PyXY Ta

npendy

Puc. 36 3axucHO HaNalITOBaHI MIBUAKOCTI 00EpTaHHS
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Puc. 37 3axucHO HaJalITOBaHE 3aBAAHHSA KyTYy O

PesynbTaTn MmogentoBanHs HaBeAeH1 Ha Puc. 34, Puc. 35, Puc. 36, Puc. 37.
Kinmesi 3nauenns o ta a2 (Puc. 37) mopiBHIOIOTH:

a1 =0.63 pax, o2 =— 0.28 paz.

Pe3ynbTaT 11i€1 cUMyIISLIL 1a€ HAMHMKYKMN cTprOOK 3aBIaHHS KyTa o 13 yCIX
TIOTIEPEIHIX CUMYJISIIINA, ajie HATOMICTh Ma€ HabaraTo OlIBIINK Yac BCTAHOBJICHHS,
o jaocsrae maixe XBWIMHHU. [IIBUAKICTH MPUCKOPEHHS MOB3JOBKHBOIO PYXY
TaK0XX 3HAYHO OUIbIIA, HDK y OyIb-IKOMY MONEpeAHbOMY MojentoBaHHi. [le
MOJIETIOBaHHs niepeadayae, 1o BiJIMOBIAHE HAJIAIITYBAHHS KOHTPOJIEPY JJIsl MOJIE1
OyJie OUIBII TPUBATIIIUM, 1110 CBIYUTH PO HEICTOTHE 3MEHIIEHHS YHIBEPCAIbHOCTI

KOHTpOJIEpA 33 PaXyHOK MIJABUILIEHHS NEPCIEKTUBHOCTI.
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9 OBI'OBOPEHHS PE3YJIBTATIB JOCJIIKEHHSA

Y upomy posauni Oyne oOroBoproBaTucsi (yHKIIOHaJIbHA 3AaTHICTH
KOHTPOJIEPY Yy peajbHii CUTyallli, IPyHTYIOUHUCh HA pe3yJbTaTaX MOJICIIOBAHHS 3
nigpo3aniB 7 ta 0. Takoxk OynyTh 00roBOprOBaTUCA MPOOJIEMH, 1110 BUHUKAIOTH 3
KOHTPOJIEPOM Ta MOJEJUII0, Ta SIKI MOJXJMBI TMOTEHIIHHI PIIIEHHS O0A0

IMOKpaIllCHHA CUCTCMH B I_IiJIOMy.

9.1. PesynbpTaTé (pi3MUHOTO MOJIETIOBAHHS

[Ipyu MopdemoBaHHI TPUCKOPEHHS TIOB3JOBXKHBOTO PYXy pPE3yJbTaTH
MOKa3yI0Th aJIeKBaTHY pOOOTY KOHTPOJEPY, AKUH JOCTATHHO MIBUIKO BiIIPAIIHOBYE
3aBHaHHS 0e3 ICTOTHOI PpI3HMII MDK CHHXPOHHHUM Ta aCHHXPOHHUM
(mudepenmianbanM) kepyBaHHIM kopMoBuMu ATIII. 3anexHicTh MK MIBUIKICTIO
oOepTaHHs rpeOHOTrO rBUHTA Ta (PAaKTHYHOIO IMBUAKICTIO PyXYy MOJENI € JIHIHHOTO,
[0 MOKE€ BBAYKATUCS HAIAMIPHUM CHpOIIEHHSM. BUKOHYyIOUM 10MaTKOBI (i3WuHI
BUMPOOYBAaHHS MOJZIETI 3 TOYKMA 30py BHU3HAYEHHS ICTMHHOI MPUPOJIU TaKOi
3aJIeKHOCTI, OyJ0 BCTAHOBJIEHO, IO OTPMMAaHA MOJIETh MOXE MOJNIMIIUTH
XapaKTEePUCTUKU KOHTPOJEPY TMPH MOJETIOBaHHI MBUAKOCTI HummopeHHs. [lle
OJlHA I[iKaBa pid, KKy MOKHa OyJi0 O mpoTecTyBaTH, — I1e poO0Ta KOHTPOJIEPY i
BIUTMBOM HEJICTCPMIHOBAHOTO 30ypEeHHS JIOBKIJUIS, TAKUX SK BITEpP, XBUJI YU TEUii.
Ile moxmuBO Oyne BHKOHATH 3pOOHUTH Yy MOCTITHUX OacelHaxX 3 BiAMOBIIHUM
00JIaTHAHHSIM.

[Ipu MopaenroBaHHI MBUAKOCTI HUIIIIOPEHHS PE3YIbTAaTH MOKA3adu CIPaBKHI
MOXJTMBOCTI MOJIEJII Ta KOHTPOJIepa, OCKIJIbKM BOHH BKJIFOYAJIM BCl CTaHM Ta BXIHI
curHaiu. JIBa HamamTyBaHHS, OJHE 3 SKUX <OKOPCTKO» BiJICTEKYBaJIO BCTAHOBJICHY
IIBUJIKICTh, a 1HIIE OyJIO JIENI0 «M SKIIMM» y Yacl JIOCATHEHHs yCTaBKH, Malld
MEePEeBAXKHO OJHAKOBY 3aJICKHICTh BHXIJIHOTO cUTHay. Jleski ImikaBl pe3ysiabTaTu
MOXHA CIIOCTEpiraTH IS 3aJeKHOCTEH BXIJHUX CHUTHAJIB Ta IIBUIAKOCTEH

MOB3JOBXHBOTO  pyxy/Apeidy. Jnsg Bcix cuMyssmid Ta  HajJamTyBaHb
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a3UMyTaJbHUHN KYT JOCSTaB BiTHOCHO BEJIMKOTO HETAaTUBHOTO 3HAYCHHS, TIEPIIT HiXK
JOCSITTH CTaJIOTO.

Ha npaxtuui ne 3mycuts asuryHu AIIIl oGepratucst HaBkojo oci Oanepa,
30UIBIIYIOYM IIBUJIKICTh HUIIMOPEHHS, 110, 3 TOYKH 30py XapaKTePUCTHUK
KOHTPOJIEPY, BIIOYBAETHCA 32 paXyHOK JiiHeapHu3ailii MOJIeN1, a TOYHIIIE: 32 PaXyHOK
YIpaBIiHHS KyTOM 0 1 JIHEapu3alli€lo BXiAHOTro curnainy. HaamipHa 3anexHicTh Bij
KyTy O O3Ha4a€, Mo e(EeKTUBHO BHUXOIUTh KEPYBATH JHUIIE KYTOM 0, a s
3arajibHOr0 yIpaBJilHHS PYyXOM CyJHA MOTPiOHI OUIbII JENIKAaTHI HaJallTyBaHHS.
HanmipHa 3a51ekHICTh BiJ KyTa 0. CIIOCTEPITa€THCS Ha 3aJI€KHOCTSX MOB3J0BAKHBOTO
pyxy 1 gpeidy. TyT MBHAKICTb MOB3JOBXHBOIO PYyXy 3HAYHO HUXKYa, HIXK
MIBUIKICTh Jpeiidy, M0 O03HAaYae Mpo PyX CyJHA B OCHOBHOMY JIarom, II0 Ha
MPAKTHUII B TAKOMY PEXHMI CTBOPIOBAIIO O ormip 1 3ynuHKY. JIJ1si TPOIOBXKEHHS PYyXY
HEOOXITHO 3MIHMTH Opi€HTamito cyaHa. [lpu cuMynsamii XuTaBUIll TaKOX
30UTBITY€ETHCS PU3HMK TEpeKuAaHHs cyaHa. Lle cBiauuTh, MO 3 MOAEIIIIO MIOCH
Herapas. 1, IIBUIIIIE 3a BCE, € HACIAKOM CIIPOIIECHb, 3p00JIEHUX 1] 4aC CTBOPEHHS
MoJiei.

binbmiicte enemeHTiB y Mmatpuili ctaHiB A (53) JHOpIBHIOIOTH HYIIO, IO HA
MpaKTUIli, Malo O BEIWKUH BIUIMB HA peajdbHE CYAHO MiaA dYac (GI3UIHHX
BUNPOOYBaHb. L1 eneMeHTH MoKa3ytoTh, HACKIJILKH OJIHI CTaH 3aJIeKaTh BiJ 1HIINX
1 siko10 Miporo. «HymnboBi» eneMeHTH BKa3ylOTh HA BIICYTHICTH 3aJ€KHOCTI MIXK
IIMMUA CTaHaMH — JOIIEHTPOBMMHU cujiamMu Ta cuiamu Kopiomica. OmgHak, came
JiHeapu3allis BXITHOTO CUTHAIY MPHU3BOJUTH JO PEaKilii KOHTPOJIEPY, SIKE HE € B
MOBHIM Mipi afieKBaTHOIO 11010 JiicHOi 3MiHK KyTa o AIIIl. Takum unHOM, miis
BHUPIIICHHS 3a3HA4YeHO1 HEBIAMOBIIHOCTI MK BXIJIHUMHU CUTHAJIAMHU 1 BUXITHUMU
sycrwiisiMu AT HeoOXiaH1 J0IaTKOBI TOCTIKEHHS, 30KpeMa y HaIlPsSMKY 3MiHU
nudepeHIiaTbHIX HaJallTyBaHb KOHTpOJIepa.

[IBuakicTh 0OepTaHHs IBUHTIB pizHa miis 1Box AlIIl, mo go3Bosse 3MiHUHU
HamnpsM pyxy cyaHa 6e3 3Miam kyTiB o AIIIL. ITix gyac MoaenmroBaHHS, KOHTPOJIEP

BCTAHOBJIFOE IIBUIKICTH OOEpTaHHS T'pPeOHMX TBHUHTIB TaKUM YHWHOM, II100
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CTBOpIOBajiacsi HEraTUBHA MIBUJIKICTh HUIIMOPEHHS, TAKUM YMHOM, BIH MPOTHU/IIE
3MiH1 BX1JHOTO KyTa. Lle Takoxx Moxe OyTH pe3yJIbTaTOM HaJIMIPHOI 3aJI€3KHOCTI BiJl
KyTa 0, TOMY IIBUIKICTb 00epTaHHsi TBUHTIB AIIIl BUKOPUCTOBYETHCSA TUILKU JIS
OTPUMAaHHS TOYHOTO pPe3yJbTaTy BIAMNOBIIHOTO [0 3aBAaHHA. [WM HE MEHII,
OCTaHHS CUMYJISLIS, sfKa € AudepeHiiaibHuM (aCHHXPOHHUM) YIPaBIIHHSAM 3
JiHEeapu3all€l0 HEHYJIbOBOIO KyTa, € HaOuUIbll (pI3MYHO HMOBIPHHUM CIEHAPIEM
(Puc. 33). IIpaBuit AIIII mtoBxae cynHo ynepen i mpaBopyd, a jiBuid AIIII, sikmio
W Hajmami moBepTaTUMEMCS y 3a3HAYE€HOMY HaINpsSMKy, OyJe TaKoK CTBOPIOBATH
OUTRIINKM yTOp, 00 CyAHO MOBEpTaB MpaBopyd. Lle cBIAUMUTSH, 1O 3aCTOCOBAHUM
MPUHLNN KEPYBaHHS CTBOPIOE OaraTo MPOTUAIIOUUX CHII, CIOPSIMOBAHUX Yy Pi3HI
CTOpPOHH, sIKI (I3UYHO BKAa3y€e HA aJICKBATHICTh PIIIEHHS Ta MOTEHIIHHY

peanizoBaHICTh 3aCTOCYBaHHS TAHOTO METOAY YIIPABIIIHHS.

9.2.  MoxauBi BUPIIIEHHS MPOOJIEM PO3POOICHOTO METOTY

[Tomupenoo mpoOieMor0, 10 BUHHUKAE TPH MOJEIIOBAHHI IIBUIAKOCTI
HUIITIOPEHHS, € HepealiCTUYHA peakilis MOJeNl MpH JiHeapu3aiii BXiJTHOTO
cur"aiy. [Ipu mopiBHSHHI 3 MOKIIUBOIO PEaTbHOIO PEAKINIEI0 MPAKTHYHO Oy Ab-SIKUN
KyT 0, He ONM3BKHH 10 poOOYOro 3Ha4YeHHs, OyAe 3HAYHO BIIPIZHATUCSA BiJ
dakTHaHOr0. MOXIMBUM PINICHHSIM JJIs1 3a3HAYEHOI MPOOJIEeMH € BUKOPUCTAHHS
TJIaHYBaHHS TOCHJICHHS.

[InanyBaHHS MOCHUIICHHS — 1€ MIIX1 IO YIPABIIHHS HEIIHIHHOI CUCTEMOIO 3
BUKOPHCTAHHSAM KUTBKOX JIHIMHUX KOHTpoJiepiB. TakuM YMHOM, MarO4yd KiJIbKa
JiHeapu3aIlii moa0 arnpoKcuMallii TPUrOHOMETPUYHOT (PYHKIIIT B Pi3HUX POOOUHMX
Toukax, LOR MO)Xe 3aCTOCOBYBATHUCS JI0 IIUX CETMEHTIB caMocCTiiiHO. LimrocTpartis
TOTO, SIK 3aCTOCOBYEThCS TIJIaHyBaHHS IMOCUJICHHS TTOKa3aHo Ha Puc. 38. Anasnoriune
3aCTOCYBaHHS TUTaHyBaHHS TocwieHHs LOR, anme y cdepi ynpaBliHHSI PU3HKAMH,
BUKOHaHO B [28, 30], 3a BUKIIOUYECHHSAM TPOOJEM TEPEKIIOUYCHHIMU MIXK
JiHeapu3aIisaMH. SKIIo 3HEXTYBaTH I[IM aClIeKTOM, TO MOX€ BUHHUKHYTH HECTIMKUMA

cTaH a00 HECTaOIbHICTh Y CUCTEMI.
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MopentoBaHHs peKUMY, IPU IKOMY IIBUIKOCTI OB3I0BKHBOTO PyXY, Apeidy
Ta HUIIMOPEHHS MEHIII 3aJIe’KaTh OJHA B1JI OJHOI, TAKOK CTBOPIOE KiJIbKa MPOOIeM
3 KEpYBaHHSIM CYJAHOM, JJISI YOI0 HEOOXITHO yJAOCKOHATUTU TEOPETUUYHY YACTUHY
MOJIEIOBaHHs Jyisi Toro. Hampukian, MOIEHTpoBl 1 KopiodicoBi uieHU, Cra(V)
MalTh OyTH JIIHEApU30BaHI 3 BUKOPUCTAHHSM PI3HUX CTalllOHAPHUX TOYKH.
Martpuus nemndysannst D(V) TYT allpOKCUMY€EThCS J11arOHAJbHOI0 MATPUIICIO, alie
MOTEHLIMHO MOKe OyTH pO3LIMpEHa, II0 B PE3yibTaTi MOXKe OyTH MPUYUHOIO
HE3B’s3aHO1 peakxiiii Cy/lHa Y KOHKPETHOMY CTaHi. BeauunHu napaMeTpiB MOXKYTb
BIUIMBAaTH HAa HETaTUBHUI pe3yJabTaT MoJENoBaHHSI. Tomy eKcIulyartailiiHi
BUNPOOYBAaHHS 13 MOHITOPUHIOM MapaMeTpiB MEBHUX BUMIPSHHUX OIOPIB 1
a3UMYTAIbHUX XAPAKTEPUCTUK MOXKYTh MOCIPUSITH MOJIIMIIEHHIO TPOIYKTUBHOCTI

MOJEIIOBAaHHA.

sina,

a cosa,

Puc. 38 Bizyaunizaiiisi po3kiiaay AJisi TPUTOHOMETPUYHOI PyHKIIIT

9.3. TenneHiii BUpILICHHS BUSBICHUX IPOOIEM

[HOMI MOKE OyTH OLIBII JOIIILHUM OOAYUTH MTPOOIJIEMY 3 HOBOI TOUKH 30Dy

3aMICTh TOTO, OO HAMaraTUCs MepepoOUTH METO 10 MiIXOAAIIOTO piBHS. Tomy,
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MOXJIMBUM PIIICHHSIM MOJINIIEHHS Pe3yJbTAaTiB € Meperisii THIY perysiTopa.
3aMmicTh BUKOpUCTaHHS 1HpacTpyktypu LQOR, nas poOOTH SIKOro moTpiOHa
JiHeapu3alisi, MOXHa BHKOPUCTOBYBAaTHU METOJI HAa OCHOBI IPOTHO3YHYOi
HenmiHiiHOI Mojeni (aHri. — model predictive controller, MPC), sxuil ycyBae
HeoOXxiaHIcTh JiHeapu3alii. Ockinbku MPC TakoxX I'PYHTYEThCSI HA TEOPETHUHHUX
MOJIeiel, PO3TISAHYTHX Y IbOMY JOCHIIKEHHI, 1X MOXXHa BHUKOPHCTOBYBATHU
MOBTOPHO. [HITMM BapiaHTOM yIpaBIIiHHS CYJJHOM MO>K€ OyTH BUKOPUCTAHHS Fuzzy

LOR, ki MOXyTh 00po0JIsiTH HemiHiNHI cuctemu [ 10, 12, 14, 29].

9.4. BucHOBKH

[IIngaxoM MOpIBHSAHHA L€, 0 MOCTAaBIEHl Yy HiApo3Aut 1 Ta pe3ynbraris,
3a3HaYCHMX Y miapo3ain 0 Mo)kHa BU3HAYUTH 3JaTHOCTI MIOTOYHI Bepcii MOJIei Ta
KOHTpOJIepa, JAESIKI pe3yjbTaTH MOJCIIOBAHHS, MOSICHEHHS 4YOMY pe3yJbTaTh €
TaKMMH, a HE 1HAKIIUMH Ta 3aMPOIIOHOBAHO JESKi MOKpAaIIEeHHs, SKi MOXHa 0yJo 6
3poOHUTH B MaiOyTHIX TOCITIIKEHHSIX.

OCHOBHOIO METOI0 IUX JOCIHIIKEHb OyJIO BU3HAYUTH MOJIEIb, IO OIHCYE
cynHo Ta poboty AIlII, Ta anantyBartu ix g0 cuHeprizmy B pamkax LQR. Monens 1
MOTIM KOHTpoJiep OyJi0 TPOTEeCTOBaHA 3a JOMOMOIOI0 Cepil CUMYJALii, 100
MPOaHali3yBaTH, HACKUTLKHM JOOpE BOHU CIIBIPAIO0Th. OTprMaHa MOJEINb CTala
0a30BHM YSBIICHHSM OUIBII CKJIQIHIMIOr0 peanbHoro T3MB, BKItodaroum IesKi
JiHeapu3allii 3 MeToro cripomieHHs st pobotu 3 LQR. Okpim «TroHiHry» LOR, s
MOJICNIIOBaHHSI OyJI0 BUKOpPUCTaHO BaroBi marpuilb (1 1 (O Ta KOEQIIi€HT
€TAJIOHHOTO TOCWJICHHS L, JUIsl HajamTyBaHHS KoHTpoisiepa. KoHtpomep OyB
MPOTECTOBAaHWNW y JBOX THUNAX MOJCIIOBAHHS: 3aBJaHHS  [IBUIKOCTEH
MOB3/IOBXXKHBOTO PyXy Ta HHUIIMOPEHHsS. JIJIsi CTymiHYacToro MOICITIOBAaHHS
IIBUJIKOCTI HUIIMOPEHHS TakoX OyJo MpPOTECTyBalo pi3HI pPoOOYl TOUKH s
JiHeapu3allli akTyaTopa: 3aBJaHHs HyJIbOBOI'O Ta HEHYJIHOBOTO KYTiB o. [TokpokoBe

MOJICTIOBaHHS IIBUAKOCT! HHUIIMOPEHHS TAKOX MICTUIIO ABa Pi3HI MPOTECTOBaHI
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HaJalTyBaHHs: 3 OUIbII CYyBOPUM JIOTPUMAaHHSM 3aBJaHHS, Ta IHIIA 3 MEHII
cyBopuM AoTpumaHHsM. Lle Bce manyBanocs mo6aunTu y NpakTUYHUX TECTaX.

MopentoBaHHs MIBUAKOCTI HUIIMIOPEHHS MTOKA3aJ10, 1110 KOHTPoJep 1ie He OyB
rOTOBUH /10 MpakTUYHOro Tecty. KoHTposiep CHIbHO MOKIIa/[aBcs Ha 3MiHY KyTa
MOBOPOTY JABUTYHA 0L 3aMICTh BKJIFOUCHHS MIBUIAKOCTI 00epTanHs x. [lIBuamie 3a Bce
ne OyB pe3ynbTaT JiHeapu3alli NPUBOAY, 110 3MYIIYE KOHTPOJIEp ITHOPYBAaTU
0OMEe)XeHHsI TPUTOHOMETPUYHOI (DYHKIIIi, IKY Ma€ ABUTYH, 10 o0epTaeThesa. bynu
TaKOX JIeIKl O3HAKHU TOTO, IO MOJeNb OyJia HaJITO MPOCTOI MJis JOCSTHEHHS
OakaHUX Pe3yJbTaTi. 3aJeXHOCTI MIBUAKOCTI Jpeldy, MOB3IOBKHBOTO PYXy Ta
HUILITIOPEHHS BUTJISATN HE3aJIEKHUMH OJ[HA B1J OJTHOI, 1110 CTAJOCS Yepe3 KuIbKa
HYJbOBHUX €JIEMEHTIB B MATPHUIISIX CTaHy 1 BBEJCHHS BIAMOBIAHO. Ha crporeHHs
MOJIeNl BKa3yBajia 1 TeHACHIIA CyJHa MiJ yac CUMYJIsiLii pyxatucs jaroM. OHak,
KoHTpoJiep ynpasmiaas kopmoBumu ATl moTentiitHo Moke OyTH BUKOPHUCTAaHUM
y peanbHux ymoBax. He3Bakarouun Ha Te, mo aa AIIIl nmpoTugisiau oguH ogHOMY,
pyX CyaHa MaB JesKi peamiCTUYHI BIACTUBOCTI. SIKIIO BHPIMIUTH MUTAHHA
JiHeapu3allii TPUTOHOMETPUYHUX (PYHKIINA, TO MOMIOHI PEeryIsaTopH MOTEHIIIHO

MOXXYTb OyTH BUKOPHCTaHI Ha MPAKTHIII.

9.5. HanpsaMku momaibIuX JOCITIKCHb

[ITo6 mokpanuTy PyHKITIOHYBaHHS MOJIEJICH Ta HaJaIITyBaTH KOHTPOJIEP HA
OMBIN peaNliCTUYHY BHXIJHI Ta BXIJHI MapaMmMeTpH, HEOOXITHO JOCTIIUTH
MOXJIMBICTD JEAKUX MOU(DiKaIiii Ta yT0CKOHAICHB, K1 € JIUIIE 3aIIPOIIOHOBAHUMU
3MiHAMH MOJIeJIeH, OCKUIBKM OCTaHHI € OCHOBOIO JUISI HAJICKHOTO yJAOCKOHAJICHHS
KOHTPOJIEPY.

[To-nepmie, HEOOX1THO 3MIHUTH TMPUHIMI JIiHEApU3allii BXiJJHOTO CHUTHATY
JUISL TOTO, 100 BOHA fisja OuTbIle SK TPUTOHOMETpHUYHA (YHKIS IUIaHYBaHHS
nocuieHHs. [lepeBara Takoro METOIy MOJISATAE y MOXKIMBOCTI 00’ € THAHHS KIJTBKOX

poOOUYMX TOUOK 13 JIiHEapHu3aIii BXiJHOTO CHUTHay. SKIIO TOYHIiIIE, pe3yJbTar

0 3MICT



85
703BONUTh 3’sicyBatu BIUIMB opieHTanii AIIIl nHa mnonoxkenns cyana. OjHak,
HEOOXI1THO TTPOBECTH JICSKI TOCIIKCHHS 11010 BU3HAYEHHS JOCTATHHO1 KIJIBKOCTI
pPOOOYUX TOUOK AJITOPUTMY MEPEXOY MK HUMH. MeTol IIaHyBaHHS MOCUJICHHS
JI0JIATKOBO MOSICHIOETHCA B MiApo3aia 9.2 Ta mpouttoctpoBaHo Ha Puc. 38.

[Ile omna mpoOneMa 3 JIOCHIKEHOIO BEpCi€r0 MOJENI Mmojisiraja B TOMY,
HACKUIBKHU Pi3HI 11 CTAaHW BUSBUJIMCS HE3aJEKHUMU OJIMH BiJ OJHOTO, III0 MOXE OyTH
pPEe3yJAbTaTOM CIPOILIECHHS MOJIENI Ta KIIbKOCTI HYJIbOBUX €JIEMEHTIB y MATPHUIISX
CTaHy Ta BXIJHUX JIaHUX.

[ToBeprarouncey 10 MOOYAOBM MOJEIl Ta IIYKalOUd MOPUIYIIEHHS a0o
CIPOILECHHS, SIKI MOXHa Oylo O yCyHYTH, 100 BHUPIIIUTUA L0 MpoOiieMy Ta
30UIBIIUTH CKJIAAHICTh MOJENl, MOXXHa Oyjao O JOCSAITH HOBUX Ta Kpalux
pe3ynbTaTiB MoaentoBaHHs. e moTpibHO 3poduTH, Maroun Ha yBa3i, MO JIHIHHICTH
MOJIeJTi BIUTHBAE Ha (PYHKITIOHABHICTh KOHTpoJiepy. [lle omna pid, sxa Moxe OyTu
MPUYUHOIO CIIPOIICHHS MOJIENi, e JIiHeapu3aIlis JOINEHTPOBUX 1 KOPIOIICOBHX
YJIeHIB, poO0OYl 3HA4YEHHS SKUX aJalTOBaHI JO HEHYJIHOBUX 3HAYCHHb 3aBIAHHS
mBuAKOCTI. Kopurytouu 11e MmokHa Oyjie YCYHYTH TTOYaTKOBI TOTPEOU MPHUMYIIEHb

a0o0 CIPOUIECHb.
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TabOmurs 1

[nenTudikamniitni napamerpu 1 curyamiitni ynnauku AT KTIK

ITapamerp XapakTepucTHKa apaMeTpy ?:Haqel.mﬂ OnuHuns IIpaBuna
(YMHHHKA) BiANMOBiIHO 10 BUIOBLIHO BHMipy | BH3HAYCHHS
() eKCIUTYyaTANIIHOT 0 pesKuMYy A0 THITY
KIIK
1 2 3 4 5
Dy JliameTp rBUHTA [M] —
A (Hp) BinHOCHMIT KPOK TBUHTA [B.0.] (75)
Kr KoeoinieHTt ynopy reunTa [B.0.] (75)
ts Koedimient TOPU30HTAIILHOTO [B.0.] (76)
yTpUMaHHS
n YacroTa 06epTaHHs [c] —
ny [IBuaKicTh 0OEpTaHHS [00/xB] 60xn
Hp/D, KOHCTpyKTHBHUI KPOK TBHHTA [B.0.] (75)
Ty, Trur, | YIop rBuHTa [H] (74) (78)
Ty
R, Paniyc rBunTa [M]
R, Uucno PeliHonbica [B.0.] (75)
M, MoOMEHT I'BUHTA [HxmMm] (74)
Da [IBuaKICTH MIPUTOKY BOJIMHA [m/c] (75)
MJIONIMHY TBUHTA
Ds AOCOII0THA MIBUJIKICTh CYyJHA [m/c] (75) (76)
® ‘ YacroTa obepTaHHs [pan/c] 2nXn

0 3MICT


http://www.electricandhybridmarineworldexpo.com/en/

Honarok b ®i3nyne moaentoBanHs 0araro(yHKI10HAIBHOTO MPOMYJIbCUBHOTO KOMILIEKCY

Puc. 39 3aranpauii Burisia GpizuuHoi Mojesni 0araTopyHKIIOHAIBHOTO MPOMYJIbCUBHOTO KOMIUIEKCY 31 3MIHHOIO CTPYKTYporo: 1
— [T cucremu CRP; 2 — ronoBuuii enexrpoaBury cucteMu CRP; 3 — kopmoBuii I1I1; 4 — nocosuii I111 3 nBoma ctynensimu cBo601H;

5 —HocoBuli TyHenpHui [111.



3BiT noaibHoCTI

MeTapaHi

Hasga opranisauii nigpo3aain
National university "Odessa maritime academy"” OunnomHa po6oTa marictpa

3aronoBok

YOAOCKOHAJEHHA METOAY KEPYBAHHA NMPONYJIbCMBHUM KOMMJIEKCOM O®LLIOPHOIO CYAHA HA YACTKOBUX PEXXUMAX

AsTOp HaykoBuin kepiBHuK / Ekcnept
OaHiin CounHCcbKumn A.T.H., npodecop B.B. Byaawko
KinbkicTs cnie KinbkicTb cumBonis [arta 3BiTy [ata pepnaryBaHHs Il AoKyMEHTY
10687 91638 12/10/2025 12/11/2025 332828833

O6cAr sHanaeHnX noaioHocTen

KoediuieHT noaibHoCTi BU3Havae, sikui BilCOTOK TEKCTY MO BiAHOLLEHHIO [0 3aranbHoro obcsry TekcTy 6yno aHanaeHo B pisHWX mxepenax. 3BepHiTb yBary, Lo BUCOKI
3HaYeHHs1 koediLlieHTa He aBTOMaTMYHO O3HaYalTh nnariat. 3BiT Mae aHanidyBaTi KOMNETEHTHa / ynoBHOBaxeHa ocoba.

0]

K 1 Kn 2

25 10687 91638

[osxuHa dpasmn ans koediuieHTa noaibHocTi 2 KinbkicTb cnis KinbkicTb cumsonis

TpuBora

Y uboMy po3aini BU 3HanaeTe iHhopmaLlito LLOAO TEKCTOBUX CMOTBOPEHD. Lli cnoTBopeHHs B TeKCTi MoXyTb roBopuTh npo MOXKITVBI maHinynsuii B TekcTi. CNOTBOPEHHS B
TEKCTi MOXYTb MaTl HaBMWUCHWUI XapakTep, ane YacTille xapakTep TeXHIYHUX MOMUIOK NPy KOHBEPTALIii JOKYMeHTa Ta oro 36epexeHHi, ToMy M1 PeKOMEHAYEMO Bam
niaXxoAuTY [0 aHanidy Lboro Moayns BiAnoBsiAansHO. Y pasi BAHUKHEHHS 3anuTaHb, MPOCUMO 3BepTaTUCs A0 HALLOi Crny6u NigTpuMKu.

3amiHa OykB

IHTepBanu

Mikponpo6inu

Bini 3Haku

[ IE(EE@
o

Mapadpasn (SmartMarks) 268

Oxepena

Hwx4e HaBefeHW cnucok axepen. B LuboMy cnvcky € mxepena i3 pisHux 6a3 gaHux. Konip TekcTy o3Hauyae B skoMy mxepeni BiH OyB 3HaiaeHwit. Lii mxepena i 3HaueHHs
KoediuieHTy MoaibHocTi He BidobpaxatoTb npsiMoro nnariaty. HeobxiaHO BiAKPUTW KOXHE Mxepeno i npoaHaniayBaTy 3MiCT i NpaBuIbHICTb OPOPMMEHHS Mxepena.

10 HarpoBLNX hpas Konip TekcTy
MOPAOKOBUN KINBbKICTb INEHTUYHUX
HOMEP HA3BA TA AOPECA [DKEPEJIA URL (HA3BA BA3W) CIiB (®PPArTMEHTIB)

1 https://repository.onma.edu.ua/id/eprint/122/1/%D0%9E %D0%BD%D0%B8%D1%89%D0%B5%D0%BD 573 5.36 %

%D0%BA%D0%BE_%D0%94%D0%A0%D0%9C_2023.pdf

2 https://student-files.ru/diplomnaya/elektroobladnannya-elektronna-aparatura--sistemi-upravinnya- 462 4.32 %
kontejnerovoza-vodotonnazhnstyu-93000-ton

3 http://www.onma.edu.ua/wp-content/uploads/2016/09/Thesis_Budashko_END-1.pdf 290 2.71 %
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EnektpoobnagHaHHs, enekTpoHHa anaparypa i cMcTeMm ynpasniHHsi KOHTeHepoBo3a MicTKicTio 2450
KOHTEWNHepiB

6/14/2021
National university "Odessa maritime academy" (QunnomHa poboTta 6akanaspa)

https://student-files.ru/diplomnayal/elektroobladnannya-elektronna-aparatura--sistemi-upravinnya-
kontejnerovoza-vodotonnazhnstyu-93000-ton

https://student-files.ru/diplomnaya/elektroobladnannya-elektronna-aparatura--sistemi-upravinnya-
kontejnerovoza-vodotonnazhnstyu-93000-ton

1 APB CmupHos.pdf
12/14/2021
National university "Odessa maritime academy" (QunnomHa po6oTta 6akanaspa)

%D0%BA%D0%BE_%D0%94%D0%A0%D0%9C_2023.pdf

https://student-files.ru/diplomnaya/elektroobladnannya-elektronna-aparatura--sistemi-upravinnya-
kontejnerovoza-vodotonnazhnstyu-93000-ton

1 APB CmupHoB.pdf
12/14/2021
National university "Odessa maritime academy" (JunnomHa po6ota 6akanaspa)

3 IoMaLLHBLOIT 6a3u aaHux (23.00 %)

277 2.59 %

268 2.51 %

241 2.26 %

232 217 %

183 1.71 %

173 1.62 %

170 1.59 %

NOPSAKOBUWA
HOMEP

3AronoBoK

EnekTpoobnagHaHHsi, enekTpoHHa anaparypa i cuctemun ynpaeniHHs KOHTeHepoBo3a MicTKicTio 2450
KOHTEeNHepiB

6/14/2021
National university "Odessa maritime academy" (dunnomHa po6ota 6akanaBpa)

1 APB CmupHos.pdf
12/14/2021
National university "Odessa maritime academy” (QunnomHa po6oTta 6akanaBpa)

EnekTpoobnagHaHHs, enekTpoHHa anaparypa i CMCTEMU yNpaBriHHS NacaXXMpPCbKOro CyaHa
BOAOTOHHaxHicTo 180 500 ToH

6/14/2021
National university "Odessa maritime academy” (QunnomHa po6oTta 6akanaBpa)

EnektpoobnagHaHHs, enekTpoHHa anaparypa i CMcTeMun ynpasniHHS TaHKepa BOAOTOHaXHICTbio 6300
TOH

1/19/2021
National university "Odessa maritime academy” (AunnomHa po6oTta 6akanaBpa)

EnekTpoobnagHaHHsi, enekTpoHHa anapartypa Ta CUCTeMM ynpaeriHHS KOHTeHepoBo3a MicTkicTio 8 700
KOHTenHepiB

12/18/2020
National university "Odessa maritime academy" (dunnomHa po6ota 6akanaBpa)

EnekTpoobnagHaHHsi, enekTpoHHa anaparypa i cuctemun ynpaeniHHsi KOHTeHepoBo3a MicTkicTio 1700
KOHTEeNHepiB

12/16/2020
National university "Odessa maritime academy” (dunnomHa po6ota maricTpa)

EnekTtpoobnapHaHHs, enekTpoHHa anapatypa i CUCTeMU ynpaBriHHSA TaHKepa BOAOTOHaxHicTbio 163000
TOH

12/20/2021
National university "Odessa maritime academy” (QunnomHa po6oTa maricTpa)

KINbKICTb IREHTUYHUX
CIiB (PPArMEHTIB)

425 (6) 3.98 %

409 (3) 3.83%

204 (4) 1.91%

189 (4) 1.77 %

169 (5) 1.58 %

161 (6) 1.51 %

147 (7) 1.38 %



EnektpoobnagHaHHs, enekTpoHHa anaparypa i cuctemu ynpaeniHHsi 6ankepa BogoToHaxHicTbio 42000
TOH

1/19/2021
National university "Odessa maritime academy” (AunnomHa po6oTta 6akanaBpa)

OOCNIOXKEHHA YACTKOBUX PEXKMMIB POBOTW KOMBIHOBAHOIO MPOMYNbCUBHOIO
KOMMMEKCY O®LOPHOIO CYOHA

6/14/2021
National university "Odessa maritime academy” (dunnomHa po6ota marictpa)

YOOCKOHAJEHHSI METOQY KOMMEHCALIIT KONMMBAHb HABAHTAXEHHSA ENEKTPUYHNX
MPOMNYNbCUBHUNX KOMIMINEKCIB

12/5/2025
National university "Odessa maritime academy” (dunnomHa po6ota marictpa)

EnektpoobnaHaHHs, eENeKTpOHHa anaparypa i CUCTeMM ynpaBniHHS KOHTENHepPOBO3a AeiBENTOM
108349 ToH

6/14/2021
National university "Odessa maritime academy” (QunnomHa po6oTta 6akanaBpa)

EnekTpoobnagHaHHs, enekTpoHHa anaparypa i cuctemu ynpaeniHHs 6ankepy geasevitom 56200 ToH
4/10/2020
National university "Odessa maritime academy” (QunnomHa po6oTta 6akanaBpa)

EnektpoobnagHaHHs, enekTpoHHa anaparypa i cuctemm ynpasniHHsi KOHTelHepoBo3a MicTkicTio 4300
KOHTEWNHepiB

6/15/2021
National university "Odessa maritime academy" (QunnomHa poboTta 6akanaspa)

EnekTpoobnagHaHHsi, enekTpoHHa anapartypa Ta CUCTeMM YNpaBriHHS KOHTEHepoBo3a MiCTKicTio 6 572
KOHTenHepiB

6/14/2021
National university "Odessa maritime academy" (dunnomHa po6ota 6akanaBpa)

EnekTpoobnagHaHHsi, enekTpoHHa anapartypa Ta cuctemun ynpaeniHHs 6ankepy BogoToHHaxHicTio 180
000 ToH

6/14/2021
National university "Odessa maritime academy" (dunnomHa po6ota 6akanaBpa)

EnekTtpoobnaaHaHHs, enekTpoHHa anapartypa i CUCTeMU ynpaBsriHHA KOHTEHEePOBO3Y MiCTKiCTIo 1716
KOHTenHepiB

1/19/2021
National university "Odessa maritime academy" (QunnomHa poboTta 6akanaspa)

EnektpoobnagHaHHs, enekTpoHHa anapartypa Ta CUCTEMU YNpaeniHHA TaHKEPOM BOAOTOHAXKHICTbIO 2653
TOH

12/20/2021
National university "Odessa maritime academy” (dunnomHa po6oTa maricTpa)

EnekTpoobnagHaHHsi, enekTpoHHa anapaTtypa Ta CUCTeMU YNpaeniHHS KOHTeHepoBo3a MicTkicTio 10 800
KOHTenHepiB

6/14/2021
National university "Odessa maritime academy" (JunnomHa po6ota 6akanaspa)

EnekTpoobnagHaHHsi, enekTpoHHa anaparypa i cuctemun ynpaerniHHs 6ankepy BogoToHHaxHicTio 82000
TOH

4/10/2020
National university "Odessa maritime academy" (QunnomHa po6ota 6akanaspa)

EnekTtpoobnaaHaHHs, enekTpoHHa anapatypa Ta cuctemu cygHa tuny RO-RO BopoToHHaxHICTo 25 000
TOH

6/14/2021
National university "Odessa maritime academy" (QunnomHa po6oTta 6akanaspa)

140 (2) 1.31%

111 (5) 1.04 %

83 (5) 0.78 %

77(5) 0.72%

57 (1) 0.53 %

47 (4) 0.44 %

44(2) 0.41%

36 (2) 0.34%

30 (2) 0.28 %

25 (1) 0.23 %

21 (1) 0.20 %

16 (1) 0.15 %

15(2) 0.14 %



[ 21] 1 OPB Llypkank 2021.pdf 12(1) 0.11 %
12/14/2021
National university "Odessa maritime academy" (QunnomHa po6oTta 6akanaspa)

a EnektpoobnagHaHHs, enekTpoHHa anaparypa i cuctemu ynpaeniHHsi 6ankepa BoOAoOTOHHaxHicTio 43000 12(2) 0.11 %
TOHH
1/24/2021
National university "Odessa maritime academy" (QunnomHa poboTta 6akanaspa)

m EHeproedekTBHa crctemMa no3uLioHyBaHHS CyaHa NOABINHOMO NPU3Ha4YeHHs 10 (2) 0.09 %
3/10/2021
National university "Odessa maritime academy" (HaykoBo-gocnigHi po6otu)

m ENEKTPOOBNAOHAHHA, ENEKTPOHHA AMNAPATYPA | CUCTEMW YIMPABJTIHHA TAHKEPA 9(1) 0.08 %
OEABEWTOM 105000 TOH
12/20/2021
National university "Odessa maritime academy" (QunnomHa po6ota marictpa)

m EnektpoobnagHaHHs, enekTpoHHa anaparypa i cuctemm ynpasniHHS KOHTelHepoBo3a MicTkicTio 2400 9(1) 0.08 %
KOHTenHepiB
4/10/2020
National university "Odessa maritime academy" (OunnomHa po6ota marictpa)

3 nporpamu obmiHy 6asamu aaHux (0.07 %) [ |
MOPAOKOBUA KINBbKICTb INEHTUYHUX
HOMEP 3AronoBoOK CHiB (®PATMEHTIB)
m pesynberatbl_45_101 7 (1) 0.07 %

12/7/2022

Publisher House "Technology Center" (Eastern-European Journal of Enterprise Technologies)

3 IHTEepHETY (55.90 %) |
NnoPAOKOBUNA KINbKICTb INEHTUYHUX
HOMEP JKEPENO URL CHiB (®PATMEHTIB)

N
~

http://www.onma.edu.ua/wp-content/uploads/2016/09/Thesis_Budashko_END-1.pdf 2129 (77) 19.92 %

https://student-files.ru/diplomnayalelektroobladnannya-elektronna-aparatura--sistemi-upravinnya- 1511 (9) 14.14 %

kontejnerovoza-vodotonnazhnstyu-93000-ton

https://repository.onma.edu.ualid/eprint/122/1/%D0%9E%D0%BD%D0%B8%D1%89%D0%B5%D0% 1279 (50) 11.97 %
BD%D0%BA%D0%BE_%D0%94%D0%A0%D0%9C_2023.pdf

https://www.referat911.ru/Transport/elektroobladnannya-elektronna-aparatura--sistemi/134920- 424 (8) 3.97 %
2079098-place2.html

https://easychair.org/publications/preprint/29MK/open 213 (8) 1.99 %
m https://bhmba15.files.wordpress.com/2015/09/aufgabensammlung_mechanik-lc3b6sungen.pdf 153 (13) 1.43 %
https:/irepository.onma.edu.ualid/eprint/286/1/%D0%A1%D1%83%D0%B3%D0%B0%D0%BA_%20 96 (2) 0.90 %

%D0%94%D0%A0%D0%91_2021.pdf

http://onma.edu.ua/wp-content/uploads/2016/09/Thesis_Budashko_END.pdf 56 (1) 0.52 %

https://repository.onma.edu.ualid/eprint/358/1/%D0%9A%D0%B0%D1%88%D0%B8%D1%80%D1% 37 (1) 0.35%
96%D0%BD_%D0%94%D0%A0%D0%91_2021.pdf

http://shipregister.ua/books/PCBSSt4_2020.pdf 35(2) 0.33%
https://www.nature.com/articles/s41598-023-37331-6 13 (1) 0.12%




https://elartu.tntu.edu.ua/bitstream/lib/45186/2/%D0%9A%D0%B2%D0%B0%D0%BB%D1%96%D1%84
%D1%96%D0%BA%D0%B0%D1%86%D1%96%D0%B9%D0%BD%D0%B0%20%D1%80%D0%BE%D
0%B1%D0%BE%D1%82%D0%B0%20%D0%B1%D0%B0%D0%BA%D0%B0%D0%BB%D0%B0%D0%
B2%D1%80%D0%B0_%D0%A4%D1%96%D1%86%D0%B0%D0%B9%20%D0%94.%D0%9C..pdf

https://cyberleninka.ru/article/n/novyy-podhod-k-zadache-o-brahistohrone-s-uchetom-suhogo-treniya

mnogoobraziy-klassa-ns-11

https://www.scribd.com/document/878183999/%D0%94%D0%B0%D0%BD %D0%B8%D0%BB%D1%8E
%D0%BA-%D0%9E%D0%BB%D0%B5%D0%BA%D1%81%D0%B0%D0%BD%D0%B4%D1%80-
%D0%9E%D0%BB%D0%B5%D0%B3%D0%BE%D0%B2%D0%B8%D1%87

Cnu1coK NpUUHATUX chparmeHTiB

10 (2) 0.09 %

7 (1) 0.07 %

6 (1) 0.06 %

5(1) 0.05%

EnekTpoo6GnagHaHHsA, eneKTpoHHa anapaTtypa i cucTem... 425 (3.98%)
1 IPB CMupHoB.pdf 409 (3.83%)
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NoPsiAKOBUI HOMEP 3MICT (®PATMEHTIB)
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