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Y cmammi noxaszana moorcnugicms 3acmocy8anua y Cy4acHUX cucmemax cmaoinizayii Kypcy Mopcbko2o CyOHa NPUHYUNIe
YACMKOBO-IHBAPIANMHO20 KEPYBAHHA 00 GIMPO-X8UNbOBUX HABAHMAMNCeHb. Memoio cmammi € 6CMAHOBNEHHA MONCIUBOCHEl
nioguujenHs moynocmi cmabinizayii cyona Ha 3a0anomy Kypci i, 8i0N0GIOHO, 3HUJICEHHS umpamu naiusea 3a peic. Mema
0oca2aemvcsi 34 00NOMO2010 YOOCKOHANEHHS aN2OPUMMY pOOOMU a8MOKepMO8020. 3anponoHo8aAHO CMPYKMYPHY CXeMy
0BOKAHANLHOI cucmemu Kepysants, wo 0036014€: @) GUOLIUMU MOYKY NPUKIAOAHHS OCHOBHO20 HABAHMAJICEHHs, 0) nposecmu
OYIHKY 6NAUBY, W0 30ypioe, 8) chopmysamu nepedammy DYHKYIIO KOpUyloHoi 1aHKu NOZUMUBHO20 360POMHO20 383Ky 3d
O00NOMO20K0  000AMKO8020 KAHALY Kepy8anHs. Yacmro8o-iHeapiaumuy cucmemy Kepy8aHHs CUHME308AHO HA OCHOSI
cnpougenoi mamemamuyroi Mooeni OuHamixu cyona — mooeni Homomo opyeozo nopsaoky i I1l/]-pecynsmopa, Hanaumosanoeo
HAa MEeXHIYHUL ONMUMYM Y NPURYUEHHI, WO pPe3yabmylue HA8AHMANCeHHs npugedeHo 00 Kyma nogopomy kepma. OcHoeHa
BIOMIHHICMb 3ANPONOHOBAHOI CUCTEMU KePYBAHHS YKIAOCeHA Y GUKOPUCMANHI NPUHYUNY HeNpIMOl OYiHKU U euMIpy 30YDeHHs
3a paxymox oOpoOKu IHGOPpMAYIUHUX CUSHANIE WMAMHUX OAMYUKi@ CyOHA I 1020 HABI2AYIUHO-8UMIDIOBAILHOI CcucCmeMi.
Peszynomam pobomu 3anpononosanoi cucmemu KepySaHHs LIIOCMPYEMbCA MAMEMAMUYHUM MOOENIO8AHHAM CUCTEMU
cmabinizayii Kypcy Mopcbkoz2o cyOHd Kpuzoiamuozo muny. Moodemosanns nposedeno zacobamu MatlLab/Simulink npu
CMpPUOKONOOIOHUX BIMPO-XBUTLOBUX HABAHMAINCEHHSX, WO CYIMMEBO BIOXUNAIOMb KYPC CYOHA 6i0 3a0anozo 3uauvenus. Ilpu
aHanizi OUHAMIKU 3aNPONOHOBAHOT CUCTEMU KePYB8AHHA SUKOPUCIIAHO MAMEMAMUYHUL ONUC CYOHA, OMPUMAHULL MemOoOdMU
ioenmudpixayii napamempis neninitinoi mooeni Homomo opyzozo nopsoky. Y pesyromami 6cmano8ieHo, wo 3anponoHosand
cucmema mMae cymmego Kpawyi OUHAMIMHI 61ACMUBOCI — HAC 8X0O0JICEHHS Y 30HY cmabinizayii i makcumaivhe OuHaMiyHe
BIOXUTIEHHS 3HUIICYIOMbCS, NPUOTUZHO, Y 8 pa3ie npu YMO8i, Wo 0OMedNCenHs PI6Hs CUSHAIG Y cucmeMi I0CYMHE.

Knwuosi cnoea: ineapianmnuii, 30ypeHHA, cucmema Kepy6aHHA, A6MOKEPMOBUIl, KYPCOGUIl Kym, MaAmeMamuuna
Mo0enb, Ounamika cyoua.
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The article shows the possibility of applying the principles of the loads that are partially invariant to the wind-wave
affecting the ship's hull and control to the modern systems of stabilization of the course of a marine vessel. The purpose of the
article is to establish the possibility of increasing the accuracy of the vessel's stabilization at a given course and, accordingly,
reducing fuel consumption over the voyage. The goal is achieved by improving the algorithm of the work of the automatic
control system. There has been suggested a structural scheme of the two-channel control system that allows: a) allocating the
point of application of the main perturbation; b) evaluating the disturbing influence; c¢) forming the transfer function of the
corrective link of the positive feedback using an additional control channel. The partially invariant control system is
synthesized on the basis of a simplified mathematical model of vessel dynamics - the second-order Nomoto model and the PID-
regulator tuned to the technical optimum in the assumption that the resulting disturbance is brought to the steering angle. The
main difference between the proposed control system is the use of the principle of indirect estimation and measurement of
perturbation by processing information signals of the ship's regular sensors and its navigation-measuring system. The result of
the proposed management system is illustrated by the mathematical modeling of the stabilization system of the icebreaking
type of avessel. The simulation was carried out by means of Matlab/Simulink at hopping wind-wave loads,
which significantly deviate from the given value of the ship's course. In analyzing the dynamics of the proposed control system,
there was used a mathematical description of the vessel obtained by the methods of the parameters identification of the non-
linear model of the Nomoto second order. As a result, it was established that the proposed system has substantially better
dynamic properties - the time of entry into the zone of stabilization and the maximum dynamic deviation is reduced by about 8
times provided that there is no limitation of the signal level in the system.

Keywords: invariant, perturbation, control system, autocurrent, course angle, mathematical model, dynamics of a ship.

Bcemyn

HeoOxigHicTh TiABHINCHHSA OC3MEKM MOpPCIUIABAHHS 1 CKCIUTyaTalllfHUX XapaKTePUCTUK MOPCHKUX CYICH MpU3BEaa [0
CTBOPEHHSI PI3HHUX TUIIIB aBTOKEPMOBUX. TaKkuii eeKTpOHaBIralliiHuil Mpriaj, ik aBTOKEPMOBHIA:

@) aBTOMaTHYHO YTPUMYE CyJHO Ha 3aJaHOMY KypCi;

6) 3abe3meuye mepexij CyaHa 3 Kypey Ha Kypc i3 3alaHUM pajiiycoM a0o IIBUIKICTIO;

6) B3MIHCHIOE KEPYBaHHS PYyXOM CyJHAa IO TPAEKTOpii mpu poOOTI 3 EICKTPOHHOIO KapTOrpadivuHOK HaBIiraIiiHo-
inpopmauiiiHoro cucremoro (EKHIC).

CydacHi aBTOKepMOBI 3a0e3MeUyr0Th He Jnmie epeKTUBHY cTabii3alliio Kypcy CyIHa, aje i CAMOHACTPOIOBAHHS MapaMeTpiB
CHCTEMH KepyBaHHA KypCcOM IIpH 3MiHaX CTaHy CyAHAa (OCaIKH, BUIY BaHTaXYy) i 3MiHaX YMOB IUIaBaHHS (IIBHIKOCTI, TIOTOMH,
rmbuan  apBarepy). Cydacui cucremu aBToMaTmdHOro KepyBaHHsA KypcoM (CAKK) cymHa moOymoBani Ha OCHOBI
ABTOKEPMOBHUX 1 JTO3BOJIIOTH 3MEHIIUTH BTPAaTH XOJOBOro 4acy a0 4 %, 30UIBIINTH TPOBI3HY CIPOMOXHICTH CyIHa Ta
3HU3UTH BHUTpATy TanuBa 3a pedc Ha 3—6 %. Y pesynprari Aili aBTOKEPMOBOTO 3JIIHCHIOETHCS e()eKTHBHA CTAOUII3aLis pyxy
CyAHA Ha 3aJaHiil TpaekTOpii MpH 3HWKEHHI BTPAT HMOTY)KHOCTI cynHOBOi eHepreTnyHoi ycraHoBku (CEY) Ha xepyBaHHSA —
3HW)KEHHSI BTPAT PUCKAHHS Cy/HA.

@yukuionyBanHs 0ynb-sikoi CAKK rpyHTyeThCsl HA BUKOPUCTaHHI MaTeMaTHYHOT MOJIEI AMHAMIKA KEPMOBOTO KEPYBaHHS
cyanoMm [1-5]. IlpuponHo, 4MM TOYHIIIE MaTeMaTHYHAa MOJENb IUHAMIKH KEPYyBaHHS CyJHOM Oyne omnucyBaTH (i3u4Hi
BJIACTHBOCTI Cy/lHa 1 YMOBH Horo pyxy, TuM edekruBHinry MoxxHa cuntedyBati CAKK, TMM MeHIuMH OyayTh MiJICYMKOBI
BTpaTH B €HEPreTUYHiil YCTAHOBI CylHA, 3HU3SATHCS JWHAMIYHI HABaHTAXKEHHs HA MEXaHI3MH KEpMOBOI MalllMHM CYJIHA,
HIyMH 1 BiOpartii.

VY naHmii 9ac Teopist KepyBaHHSI MOPCHKAMH CyIHAMH JOCUTH JOOpe pO3BHHEHA 1 T03BOJISAE MOOYTyBaTH aeKBaTHI (Qi3HIHIM
nporecaMm pyxy CyAHa MareMmaTwyHi mozeni [3, 4]. MatemaTtiyHa MoJeib IWHAMIKH MOPCHKOTO CyIHA, IPYHTYETHCS Ha
IIECTH CTYIEHSX CBOOOMM pyXy TBepHoro Tinma y mpoctopi [2, 4, 5], omHak, cuctema kepyBaHHA Kypcom (ii Kepyrodi
KOHTPOJIEPH), III0 CHHTE3Y€EThCS Ha OCHOBI TaKOI MOJIEJi, BUXOIUTh Jy’Ke TPOMI3JKOI0, 0araro y YoMy HaJUIMIIKOBOIO i, IO
CYTTEBO, HEBHIIPABIAHO TOCTPO pearye Ha MIBHIKOIUIMHHI 30BHIIIHI 30ypeHHs. KoMmpomic MiX CKIAIHICTIO MAaTeMAaTHIHOL
MOJIeTl 1 aJeKBAaTHICTIO MOJENI peajbHUM (I3MYHUM TIpolecaM, MPUBIB J0 PO3BUTKY PI3HHX CIPOIIEHUX MaTeMaTHYHUX
OIHCiB pyXy cymHa [2, 4, 6].

MixnapoaHa MopceKa opranizamis (IMO) po3pobuna i npuifHsana pesomornito A.751 (18), mo permamenTye HeoOXiTHICTH
BUKOPHUCTAHHSI MaTeMaTHYHUX MOJIeNIel AMHAMIKM Cy/HA NMPU BHUPILICHHI MPaKTHYHHUX 3aJad, 110 JIe)KaTh y o0yacTi Oe3nexu
cynHoBOIiHHS [6]. VY pesymbrari 3actocyBaHHs pesomomii A.751 (18) Mopchkumu KiacuikalliiHUMU OpraHaMu
PEKOMEH/IOBaHi [T MPAKTUYHOTO BHKOPHCTAaHHS Y aBTOKEPMOBHUX CIIPOIIEHI MaTeMaTH4HI Mojelni cyqHa — moneni Homoto
nepuioro i apyroro nopsaky [1-3, 6, 7].

Mopnens Homoto mepuoro mopsinky [1-3, 4] cyTTeBo crpolieHa i 4acTO 3aCTOCOBYETHCS AJIA MOBIPOYHHX (OLIHOYHUX,
nonepenHix) po3paxyHkiB. Mogenb Homoto apyroro mopsaky [6-8] Oinbin epexTHBHAa Ha MPAKTHUIl Ta OMHCYEThCS
JudepeHiaIbHUM PiBHSHHAM:

T;-Ty(d’o/do?)+(T,+T, )(do/ dt)+ 0+ H(o) = Ka, + KTy(da, /dt) (1)

58


http://www.atbp.onaft.edu.ua/

u ABTOMaTH3alis TexHoJoriuHuX i 6isHec-npornecis Volume 10, Issue 2 /2018 u
http://www.atbp.onaft.edu.ua/

Jle ® — KyTOBa 4acToTa (LIBHAKICTH PO3BOPOTY) CyAHa; H(w)=v,|o|w+v,0° — HelmiHiliHa QpyHKuis KyToBoi yactorn; 71, T,
T3, K, v1, v2 — mapaMeTpu MaTeMaTHIHOT MOJETI; Oy — KyT MepeKIaIKki KepMa.

[IpakTHyHEe BUKOPHUCTAHHS TaKO1 MOZETi (CHHTE3 KepYIOUNX KOHTPOJIEPIiB AN CUCTEMH cTadimizamii kypey [8]) yrpyaHeHe y
3B'A3Ky 3 HEOOXIiJHICTIO 3HAHHS U KOHKPETHOTO CyJHA OCHOBHHX TapametpiB moxeni (1): Ti, To, T3, K, vi, vo. Omue 3
MPOCTHX pillleHb 3a1a4i ineHTudikamnii mapametpis piBasuus (1) npencrasneno y [9], ne BpaxoByethes, mo dy(t)dt =Ki-m(t).
V uii popmyni mosnaueno: y(t) — kypcoroi kyT; K1 — KOHCTpYKTHBHHIT KOS(ILIEHT CyAHA.

Crpykrypa cydacaux aBrokepmoBux (NAVPilot xxx Series dipmu «Furuno», AP3xxx kommanii «Navis Engineering OY»,
PT500D kommaHii « Yokogaway, NautoPilot 5000 i NP2025PLUS kommanii «Raytheony, PilotStar D, Saura SA-10, Navitron ta
iH.) TO3BOJILE THYUKO TepeOyI0BYBAaTH PEKUMH iX pOOOTH, BPaXOBYBATH Pi3HI YMHHUKHY i 30BHIIIHI BIUIMBU. BibmIicTh Bigomux
CAKK [1-4, 10-13] BHKOpHUCTOBYIOTh ¥ cBoeMy ckiasi kmacwasi [1I/]-perynstopu i 3acHOBaHI Ha MPUHIUII cTadimizamii «3a
BiIXWICHHSM». Biomo, 110 icHye Kiiac CHCTeM KepyBaHHS, 3aCHOBaHMH Ha NPUHIMIIAX JBOKAaHAJIBHOTO (iHBapiaHTHOTO,
KOMOIHOBaHOT0) KepyBaHHs1. [IpoTe 1eit npuniun He 3actocoByethest y CAKK y 3B'3Ky 31 CKIIIHICTIO BUMIPIOBaHHSI 30BHIIIHIX
30ypeHs, JiI0YHX Ha KOPIYC Cy/IHA Ta BiXHISIOYHX HOTO BiJl 331aHOTO KYypCy.

Memorw noCnijKEHHS € BCTaHOBJICHHS MOJJIMBOCTI MiJBHUILIEHHS TOYHOCTI CTabiii3aulii cyiHa Ha Kypci Ta, BiAIOBITHO,
3HW)KEHHSI BTPAT €HEprii, 10 BUTPA4YaEThCsl HA «PUCKaHH:», 3a paxyHok 3actocyBaHHsi y CAKK mpuHImmniB iHBapiaHTHOTO
KepyBaHH, BUKJIAJICHUX Y K1acnaauX podotax I'. B. [llunanosa, M. M. Jlyzina, b. M. Ilerposa.

30BHIIIHE HABaHTAXCHHSA (BITPOBE, XBIUIHOBE), IO i€ HA CYJHO, Ma€ CKJIaTHUHA XapaKTep i poOUTh OCHOBHHUH 30ypIOIOUMIA
BIUINB Ha poOory cuctemu cradimizamii kypcy (CCK). [Nomepemspo, y HaHOUIBII 3aralbHOMY BWIIALI, PO3TITHEMO
0co0IMBOCTI (PYHKIIIOHYBAaHHS CHCTEM cTabii3allii, 3aCHOBaHUX Ha 3aCTOCYBaHHI IPUHIIMITY JBOKAHAIHHOTO KEPyBaHHS.

Ocnognuii mamepian

Hexail nnst Oynb-KOTO MOMEHTY 4Yacy BiOMO 3HAa4YeHHS OCHOBHOTO 30YypeHHs I Todka HOTO NMPUKIAJaHHA O CHCTEMH
crabinmizauii. ¥ npoMy BHUIAJIKY, 32 JOIIOMOI'OI0 BBEICHHS Y CHUCTEMY CTa0ii3alii BIacTUBOCTEH 1HBAapiaHTHOCTI 0 30ypeHb,
MOYHa MOMITHO MOKpAIUTH CTaTUYHI Ta TUHAMIUHI BIacTHBOCTI BCiei cucremu 0e3 Brpatw i criiikocti (I'. B. Illunanos, M.
M. Jly3in). He3Baxaroun Ha Te, 1110 iHBapiaHTHI CUCTEMH KepyBaHHS BIZJHOCSATBCS JIO KJIacy CUCTEM 3 KOMIICHCAL€0 30ypeHs,
y TepeBaxkHill OiIBLIOCTI BWIAJKIB, NpPU NpPaKTHYHIA peamizaiii, IoOUTHCS aOCONIIOTHOI I1HBapiaHTHOCTI 10 30ypeHb
HEMO>KJIUBO.

OpHi€l0 3 OCHOBHHMX BHMOT 3arajbHOi TeOpil iHBapiaHTHOCTI € HasBHICTh JIBOX KaHAIIB repeaadi 30ypeHb (MPHHIMIT
«aBokaHanbHOCTI» b. M. IlerpoBa), 1110 BUILIMBAE 3 aHANI3y pOOOTH TUHAMIYHOI CHCTEMH, OKa3aHoi Ha puc. 1. BixzHaunmo,
[0 peajbHi ABOKAaHAJbHI CHCTEMH 3a3BH4Yail 3a0e3MeuylOTh YACTKOBY KOMIICHCALIIO TIIBKH OJHOTO, TOJOBHOI'O, OOPaHOro
30ypeHHs. Ll xommeHcamisi JOCSAraeThesl 3a paxyHOK 3MiHH CTPYKTYPH CHCTEMH KEpYBaHHS — CTPYKTYPHOI KOMIIEHcamil
TOJIOBHOTO 30ypeHHS.

Hexaii nesike 30ypennst F(S) mie Ha 00'ext kepyBanHst W,(S) y 3aMkHeHi# cuctemi (JuB. puc. 1).

F(s)
(30ypenHs)

Komnencarop

Wi(s)  Je—s

\,laTtmt\'
Perymsitop O0'exT
Y(s)
W, (s y
!;(S) ”{’(‘S) Buxin
JaTunk
3BOpoTHII 3B'930K y
' Wis) je——-o

Puc. 1. CtpykrypHa cxema JBOKaHAIBHOI AHHAMIYHOI CHCTEMH CTaldimizarii

SIkOH BAAJIOCS CTBOPUTH JESKUIA JOJATKOBHI JIAHIIOT (KaHAT), IPOXOIsuM uepe3 skuil 30ypeHHs + F(S) meperBoproBanocs y
— F(S), To mist 30ypeHHs Ha 00'€KT MOBHICTIO YCYHETHCS, IO BUTIKA€E 3 BUpPa3y:

Y(s) _ X(S$)W,(s)Wy(s) —F(s)Wo(s)+F(s) W (s)W,(s)W,(s) . )

W(s)= ~ =
(s) 1+W,(s)-Wo(s)-Wy,(s)

Skmo moctaButd BUMOTY F(S)-Wo(S) = F(S)-Wi(S)-W,(S)-Wo(S), TO dopmanbHOIO yMOBOWO MOBHOI iHBapiaHTHOCTI g0 F(S)
Oyne BukoHaHHs criBBigHomeHHs W(S) = 1/W,(S).

Jnst pyHKUIOHYBaHHS TaKOro JONATKOBOrO KaHaly HEOOXimHO Mmartu matyumk 30yperHs F(S) i ¢isuuHo peamisyBatu
nepeaatny ¢yskuito (I1®) kommencartopa Wi(S), 3BopotHy II® perymsatopa W,(S), 0 N03BOJUTH OTPHMATH 3HAYCHHS
30ypeHHs 31 3HaKOM «Minyc» st F(S).
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Skmo koediuieHTH mepemadi By3na BuMiproBaHHs F(S) i xommencaunii Wi (S) 3anumarbcs HE3MIHHUMH y LIHPOKOMY
Jiarna3oHi aMIUTITYA 1 4acTOT, TO BJIACTUBICTH 1HBapiaHTHOCTI CHUCTEMM KepyBaHHsS Oyje iCHYBaTH HPaKTHYHO ISl BCIX
aMIUTITY I 1 9acToT 30ypeHHs F(S), Ko BOHO, 3BUYaiiHO, HE BUKIIUKAE HACHYEHHS y cucTeMi. Came Iie 1 € OIHMM 3 TOJIOBHUX
JOCTOTHCTB OyIb-SIKMX 1HBapiaHTHUX CHCTEM KEepYBaHHs, OCKUIBKM Ha 30yprOrOuMii BIUTUB, 3a3BUYail, HE HAKJIaJarOThCS
0OMEXEHHsI, 32 BUHATKOM KiHI[IBKH HOTO BEJIMYMHU.

IIpote, mna CCK cynmHa mpakTHYHO peami3yBaTH BBEIEHHS CHTHAIY, OI0 KOMIICGHCY€ BiTPO-XBWIJIbOBI 30ypeHHS SIKi
BIIXWIAIOTH CYAHO Bill 3alaHOTO KypCy, JOCHUTH CKIIAIHO, OCKUIBKH Oe3moceperHe BUMIpIOBAaHHS 30ypEeHHS IIOB'S3aHO 3
TEeXHIYHUMH TPYTHOIIAMH, SKi NPUHIMIIOBO CKiamHO BupimuTu. Cruix 3a3Hauwmth, mo pearnizanis y CAKK cmocrepirauis
pisHoro Ttumy (Hampukiazn, JlroeHOeprepa MOBHOTO NOPSIKY), BHUKOPHCTAHHS CTAIOHHHUX (SBHUX, HESIBHHX) MOJEICH,
CHUTHAJIFHOTO /200 TapaMeTpuYHOTO CaMOHACTPOIOBAaHHS, aJalTHBHUX, HEWITKHX Ta IHIIMX CYYaCHHUX CHCTEM KEpyBaHHS
Takox Ayxe nHenpocra [10-15], Bumarae 104aTKOBUX JOCIIIKSHb MPH CYTTEBUX KaIiTAIbHUAX 3aTparax.

36ypenns

‘ PK KM )i(-\') MC
— O] () O] W () e O——{ W(s) =

Bum. Bum.2

U5 T Uk (5)
) W (s) WAs)

| Ui(s)

z-'z(s-1|

Komnesc.

W(s)

70)
Ouinka /(s)

J33

WAs) =

Puc. 2. ®yuknioHangpHa cxema qBokoHTypHOi CCK, 1110 3a6e3meuye qacTkoBy iHBapiaHTHICTB 10 |(t)

VY cTaTTi IpOMOHYETHCS TOCHTH MPOCTHI METOJ BBEACHHS Y CHCTEMY cTaOii3allii BIacTUBOCTEH YacTKOBOi iHBapiaHTHOCTI
IO BITPO-XBHJILOBOI'O HABAaHTA)XCHHS, 3aCHOBAaHWI HA HENMpPSIMOMY BH3HAUCHHI OCHOBHOTO 30ypeHHs lc(S), Biaxmisrodoro
CYZHO Bifl 33JaHOTO KypCy.

Sk 3a3HaueHO BWINE, U peaii3amii iHBapiaHTHOI CHCTEMH KepyBaHHS HEOOXiTHO 3HATH TOUKY NPUKIATaHHS 30ypeHHS.
BBaxxaemo, 110 ocHOBHe 30ypeHHs |¢(S) mpuBeaeHo 10 KyTa MOBOPOTY KepMa, IO LIJIKOM JOIYCTHMO 3 TO3HLIH 3aCTOCYBaHHS
3arajbHOi Teopii aBTOMAaTUYHOTO KepyBaHHs y AaHiil OCTaHOBII 3a1aui.

Ha puc. 2 mnpezacrasieHa (yHKIIOHaIbHAa cxeMa aBokaHaibHOI (komOinoBanoi) CCK, mo 3abe3meuye, 3a paxyHOK
BUKOPHCTAHHSI JOAATKOBOTO KOMIIEHCALIHHOTO 3B'SI3KY, IOCSTHEHHS YaCTKOBOT IHBapiaHTHOCTI 10 TOJIOBHOT'O 30ypEeHHSI.

Ha puc. 2 no3naueno: PK — perymnsarop kypcoBoro kyta y cynHa; KM — 3aMKHEHHI KOHTYp KepyBaHHS KEPMOBOIO MAIIMHOIO
cynda, MC — nepenaTHa (GpyHKIliss MOJENI CyaHa, 3aCHOBaHa Ha omuci HomoTo mpyroro mopsaky; 133 — gat4rk 3BOPOTHOTO
3B'I3Ky (KypcoBoro kyta); Bum.1, Bum.2, Komnenc. — BiAmoBijgHO, IpUCTPOI BUMIPIOBaHHS Ta YBENCHHS KOMIIEHCYHOUOTO
30ypeHHs MO3UTUBHOTO 3BOPOTHOTO 3B's13Ky B CCK.

O11iHKY OCHOBHOT'O 30ypeHHSI IPOBEIEMO 32 BUPA30M, L0 BUTIKA€E 3 CTPYKTYPHOI CXeMH, 300paskeHol Ha puc. 2:

1,(s)=1(s)—y(s)/W(s) 3)

BIAIIOBiTHO }C(S)=U1(S)—U2(S), a }C(S)z 1.(s), ae W(s) — nepenarna ¢yHkuis mozeni cygsa (npu crabinizanii KypcoBoro
KyTa ).

OueBnaHO, M0 NH(POBa UM aHAIOTOBa peaiizamis Bupa3y (3) morpeOye OOYHMCICHHS MOXIAHUX 3 yciMa BUTIKAIOYHMH,
BIZIOMHMH, TEXHIYHUMH poOIIeMaMu i 0OMeXeHHsIMU. Bpaxyemo, 1110 peasbHi IPUCTPOi BUMIpIOBaHHS KyTa IIOBOPOTY KepMa i
KypCOBOTO KyTa \y BOJIOJIIOTH BIACTHBOCTAMH (DiIbTPYBAaHHS 1 YaCTO ONMUCYIOTHCS alePiOANYHUMH JJAaHKaMH 31 CTAIMMU 9acy
T. 1 T,, BigmoBigHo. BectaHoBUMO Ha BUXO/Ii IaTUMKa KyTa MOBOPOTY KepMa (iibTp 3 KoedillieHTOM repeaadi Ta cTaok Jacy,
TOYHO TaKHMH, SIK 1 y JaTYMKa KypcOBOTO KyTa, a Ha BUXO/ JaT4YMKa KypcoBOTro KyTa — QijbTp 3 KoedilmieHTOM repenadi Ta
CTJIOI0 Yacy, TaKMMH, SIK y JaT4uKa KyTa MOBOPOTY KepMma. Takuii mpuiioM J03BOJMTH CHPOCTHTH TEXHIUHY peallizaliio
CHCTEMH 3a PaXyHOK OTPUMaHHS CIIIJIBHOTO 3HAMEHHHUKA Y MePeAaTHUX (HYHKITIH.

3 ypaxyBaHHSM BHKJIAJ€HOTO BUILE, TUITHKY CTPYKTYPHOT CXEMH, IO JO3BOJISIE OL[IHUTH OCHOBHE 30ypeHHs |¢(S), HaBeaeHO
Ha puc. 3.

Crix 3a3Ha4NTH, IO OI[iHEHE 3HAYEHHSI OCHOBHOTO 30ypeHHs OyZe 3aBXKAW MaTh AWHAMIYHY TMOXHMOKY, sIka B Halikpamomy
BHIIa/IKy BU3HAYAETHCS IHEPLIHHICTIO anepioquunoi nanku apyroro nopsaaky (Te-Ti)-s2 + (To+T.)-s +1.

30ypeHHs, OIiHEeHE 3a JOTIOMOTOI0 HaBeICHOT Ha pHUC. 2 CTPYKTYPHOI CXEMH, BU3HAYAETHCS BUPA30OM:
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p _ A KT . Kc . 4
le(8)=1.(5) (T,-s+1) (T,-s+1) @

V Bupa3 (4) Bxoauts cknanosa 1/W.(s), sriguo (3).

36ypenns
/Ec(r\‘)
I(s) y(s)
s 3 Wi(s
Buxig KM ~ \i)l
JlaTunk kyTa X Tatauk K
MOBOPOTY KepMa T KypeoBoro| —=
H33 moxyry | f5™! KyTa Iestl
MOBOPOTY KepMa Bum. 1 v
4 -
1-it dhi K 2-if imbT Ky
i dinsTp Tes+l P T-s+1 B2
i s M.
. ¥
1
. TaHKa
Judy. nank; 05
KommneHc. Ui(s) Uz(S)l =
Ukon (5) | _Ouinka I(s) \[j
()
(5) H33 no kypcoBOMy KyTy

Puc. 3. [linsgHka CTpYKTYypHOi CXeMH (IHB. PUC. 2), KA pealti3ye OI[iHKY OCHOBHOTO 30ypeHH:

OuyeBHIHO, IIO:
- pe3yJbTylo4Ya TOYHICTh OLIHKH fc (s) 3a7eXHUTh BiJ TOUHOCTI TexHiuHoi peanmizauii Bupazy 1/W.(s), sike, y cBo uepry,
TaKOX € CHPOIICHOI0 MOACIIIIO CyJHA;

- Y CHCTEMI 3 JaTYMKOM KypCOBOTO KyTa i oOcepBarii omiaka Oye rpy0imie, OCKUTBKY iHEPIIiifHICTh TAKOTO BUMipPIOBAILHOTO
KaHaJIy TOCHUTHh BHCOKA i TOPiBHAHHA 3 iHEPIIIHICTIO KEPMOBOI MAIINHH;

- nepenatHa (yHKIisS JaHKM KOMIIEHCYIOHOrO 3B'A3KY W (s)=W,(s) He MOke OyTH TOYHO peali30BaHa, OCKIJIbKH
1/k,
2.T2.5242.T,-5+1
pl pul

Tomy npuiiMaeMo

Wi(s)~

_2Tes+l

- T (5)
0LTy-s+1

WK(S)

110, Y CBOKO Yepry, TAaKOXK € MOMITHHM CIPOIICHHSIM, 3aCHOBAHUM Ha HAOJMKCHIH MaTeMaTHYHIH MOJei KePMOBOI MAaIIHHU
CyJHa.

Pe3ynprat MOJEMIOBaHHS CUCTEMH (IHUB. pHC. 3), 3 ypaXyBaHHAM JIii KOMIIEHCYIOYOTO OCHOBHOTO 30ypeHHS, HaBEJCHO Ha
puc. 4.

VY SKOCTI BHUXIMHHX MAHUX Ui MOJCIIOBAHHS MPUHHSATO MapaMeTpu OaraToIiIbOBOTO CYJHA KPHUIOJAMHOTO THITY 3
JIOBXKHMHOIO CyJ{HA TI0 KOHCTPYKTUBHiH BaTepiiHii L, = 70,5 M, ocaakoro Ha mixeni dy = 3,5 M, 00'eMHOIO0 BOIOTOHHAKHICTIO
W = 2864 Mm%, cymaproro motyxuictio N = 4600 kBt CEY, npu inTteppani msuakocteit cyana V = 2...20 pysn. Iapamerpu
mojeni (2) HaBeneni y Ta0u. 1 i 3acHOBaHi Ha pe3ynbrarax iaeHtudikaii [6, 7, 9, 16].

Tabnuus 1 — [Mapamerpu moneni (2) cynHa
K A% V2 Tl Tz TS
0,031 -1,7-10° 6,1-10* 31 15 5

Junamika pobotn kepMoBoi MammHM omucaHa [I1® amepionuuHol naHku 3i cranoro vacy 7; =3,5 c. MonentoBaHHS
nposeneHo y cepenosumti MatLab/Simulink, 3 BukopucranssiM MeTomoorii, BukiaaeHoi y [17-18].

Ha puc. 4 nmokasasi nporecu 3MiHH Pe3yJIbTyI040ro 30ypenns (kpusa 1) y momentH dacy t1 = 2800 c, t,= 5800 ¢, t; = 8700 ¢
ta t4=12000 c. Ile 30ypeHHs BHKJIMKA€E 3MiHy KypCy CyIHA, Ta 3a PiBHEM MPHBEICHO OO KyTa MOBOPOTY Kepma Ha 5 °.
ABTOKEpMOBHII BinmpanpoBye 30ypeHHs 3a qonomoroto ITI/I-perymsaropa — crabinizye KypcoBuil Kyt W Ha 3amanomy CCK
piBHi y 15 °. ITapametpu I11/I-perymnsTopa oOpaHi 3a JOMOMOTOI0 CHHTE3y 3aMKHEHOI CHCTEMH TakK, 00 pe3yNbTyr0di POIecH
3MiHH KypCOBOTO KYTY \y Bi/IIIOBiJJajI HACTPOIOBAHHIO CHCTEMHU Ha TEXHIYHUH ONTHMYM (32 3aBAAHHSM).

Ilpu BuUKOpHCTaHHI 3ampomoHOBaHOi OMmiHKI lc(t) Ta 3a AOMOMOrOr BCTAHOBJICHHS IOJATKOBOTO KaHATYy KOMIICHCAII]
pe3ynbpTyodoro 30ypeHHs (nuB. puc. 3 i puc. 2), AMHaAMIKa CHCTeMH, HaBiTh 0Oe3 3MiHM HacTporoBaHH: IIIJ]-perymsaropa
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ABTOKEPMOBOTO, CyTTEBO MOKpaIryeThes. 1le imocTpyeThes kpugoio 3, HABENEHOIO Ha pPHC. 4, KA MOKazye | . (t) — ouiHene

suaueHus l¢(t), i kpueoro 4 — 3MIHIOBaHHSM KYPCOBOTO KyTa Y YaCTKOBO-iHBapiaHTHIH 10 30ypeHb CHCTEMI.

| ; H | H
0 ‘ 5000 ¢ 10000
Offset=0 3

Puc. 4. Pe3ynpTaTi MOAETIOBAaHHS CUCTEMH (IUB. pUC. 2 Ta 3) 3 ypaxyBaHHAM J1ii KOMIIEHCYIOUOTO OCHOBHOTO 30ypeHHS

fa t.e

Bucnosku

3 aHamizy pe3ynabTaTiB MaTeMaTHYHOTO MOJIETIOBAHHS 3alpONOHOBAHOI CHCTEMH cTadinmizarii KypcoBOro Kyra MOPCHKOTO
CyZHA MOKHA BHU3HAYMTH, IIO0 TaKAa CHCTEMA € JI€EBOIO 1 CPEKTUBHO NMPHUTIIYIIY€E BITPO-XBHIbOBI 30ypeHHsS Ha KOPIYC CyIHA.
Hanpuknan, BCTaHOBIEHO, IO TMPH YMOBI KOMIIEHCAIlil pe3yabTyrodoro 30ypeHHS y 5° Ha CymHO, 3 BHKOPHUCTAaHHIM
KJIACHYHOI cucTeMH crabimizamii «3a BigxwieHHAM» 1 [IIJ] «TeXHIYHO ONTHMAaIbHOTO» PETYIATOpa aBTOKEPMOBOTO,
MaKCUMaJIbHE JHHAMIYHE BIAXUICHHS CTAHOBUTH 6 © TIPH 4yaci perysroBaHHs (BXOMKEHHS y 5 % 30HY), 6m3bko 2200 c.

[lpu aHanorivHMX yMOBax HaBaHTaXKEHb, aje 3 POOOTOIO 3aIPONOHOBAHOI YaCTKOBO-iHBApiaHTHOI 10 30ypeHb CHUCTEMH
cTabinizauii Kypcy, OTpUMY€EMO MakCHUMalbHe JMHAMIYHE BIAXHUICHH, 0Ju3bKo 10 1,3 © mpu yaci peryntoBaHHs (BXOMKEHHS Y
5 % 30ny) no0 200 c.

3 IeTaNbHINIOro aHai3y 3alPOIOHOBAHOI CHCTEMHU J0JaTKOBO MOKHA BU3HAYMTH, 110 OUTBIN eekTuBHA cTabiIi3allis Kypcy
Cy/IHAa 3yMOBJICHA MI/IBUILEHHSM IIBUIKOII aBTOKEPMOBOIO — 32 PaXyHOK yHepe/pKeHOl ii Ha KepMOBMH NPUCTpIl Cy/Ha,
c(OpMOBaHOi KaHAJIOM IO3UTHUBHOTO 3BOPOTHOTO 3B'SI3KY 3a 30ypeHHsM. Came mili e(eKT BH3HA4Ya€e 3MEHIICHHS BUTPAT
MaJbHOTO 1 BTPATH XOA0BOTO Yacy.
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