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AHHOTANUS

IIpuBeneHs! pe3yabTaThl MOACIUPOBAHUS JUHAMHUKH THAPOCTATHYECKOTO MOANIMIHUKA MIMHHAENBHOTO Y371a CEpHUITHOTO
rubkoro mpomsBoncTBeHHOro Moyt JIP400IIM®-4, wumeromero apoccenbHYr cucTeMy ympaeieHus. [lokazaHa
HEOOXOIMOCTh TIOBBINICHHS JIHHAMHYECKOTO KauyecTBa CHCTEMBI AaBTOMAaTHUYECKOTO PEryIHpOBAaHMS THAPOCTATUIECKOTO
TIOAIINIIHAKA C HCIIOJIb30BAHMEM KOPPEKTHPYIOMMX cpeacts B Buae RC-meneil. OTMedeHBI OCOOEHHOCTH BEIOOpa
apaMeTpoB KOPPEKLMH, CBA3aHHbIC C HaJIMYMEM IIEPEKPCIIUBAIOLINXCSA CBSA3€H B CTPYKType CHCTEMbI aBTOMAaTHYECKOIO
peryaupoBaHus. Pa3paboTaHa CTpyKTypHas CXeMa CHUCTEMbI aBTOMAaTHYECKOTO pEryJIMpOBaHUS THAPOCTATHYECKOTO
HNOMIIMNHKKAa B pabodem mone Simulink ¥ HUKIHYECKHH anropuTM HpPOrpaMMbl OmperdeneHus mnapamerpoB RC-uemnw,
peanuzoBanHoil B makere MATLAB, ¢ yueToM TEIUIOBBIX NPOLECCOB, XapaKTEPHBIX Ul YHCTOBBIX PEXHMOB DPE3aHMHSL.
IIpencrasnen Metox BEIOOpa MapaMeTPOB KOPPEKIUH HA OCHOBE I'PaJHEHTa 3amMaca yCTOHIUBOCTH 110 (ase ¢ OnpeeracHIeM
JUHAMUYECKOTO KadecTBA CHCTEMBI ABTOMATHUYECKOTO DETYIHUPOBAHUS, BBHIIOIHEHBI HCCIEAOBAHHS BO3MOXHOCTEH €ro
OLCHKM IIPU HUCIONB30BAaHMM B KadyecTBe TIHApoeMKocTH RC-IenM CTaHZapTHOTO METaUIMYeCKOro CHIIb(OoHA.
CdopMupoBaHb! peKOMEHIAUH IS BBIOOpa CHIIb(OHA M IIPOBEPKH MOKa3areael AMHAMHYIECKOTO KadecTBa 0 MePEXOTHBIM
mporeccaM, pacyeT KOTOPBIX IPOBOAMTCS C MHOMOIIbI0 paspaboraHHbix mis MATLAB cooTBeTcTByrOMX IIpOrpamm.
IlpuBenens! mpumepbl TpadUKOB TpajMeHTa 3amaca yCTOMYMBOCTH MO (ase ¢ BBIIEICHHEM pa3iIM4HBIX oO0JacTei
JUHAMUYECKOTO KauecTBA I'MAPOCTATUYECKOTO MOMUIMITHUKA JUIS Pa3UYHbIX YaCTOT BPAILCHUS MIMUHAENS M ONUCAHHEM
NpOLEAYPbl HCIONb30BaHUA (QYHKUMK data cursor manenu uHctpymMeHToB MATLAB. Iloka3ano, 4To mpu BBEACHHUU
KOPPEKINH YIIyqIIeHHe ANHAMHKU THIPOCTAaTHYECKOrO MOIINITHUKA HA MaNbIX HAarpy3KaX, XapaKTepPHBIX IJISI YHCTOBBIX
OBICTPOXOAHBIX TEXHOJOTHYECKUX OIEpanui, CKa3bIBaeTCS HA CHIDKCHHM AWHAMHYECKHX IIOKa3aTeneid Iuist OONBIINX
HArpy30K IIpY MEHBIIUX YaCTOTAX BPALICHUS IITUHAECI.
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Abstract

The paper presents simulation results of hydrostatic bearing dynamics in spindle assembly of standard flexible production
module with throttled circuit. The necessity of dynamic quality increase for automatic control system of the hydrostatic
bearing with the use of correcting means in the form of RC-chains is shown. The features of correction parameters choice
coming from the existence of the crossing connections in automatic control system structure are noted. We propose the block
diagram of automatic control system of the hydrostatic bearing in Simulink working field and cyclic algorithm for
determination program of RC-chain parameters implemented in MATLAB taking into account typical thermal processes for
the finishing treatment. Graphic-analytical method for the correction parameters choice is presented based on the stability
stock phase gradient for dynamic quality determination of automatic control system. Researches of the method estimability in
case of using the standard metal bellow valve as the hydrocapacity for RC-chain are also carried out. Recommendations for
the bellow valve choice are formulated. The check of dynamic quality indicators concerning transition processes calculated
by means of the appropriate programs developed for MATLAB is performed. Examples are given for phase stability factor
gradient schedules with partition of various areas of hydrostatic bearing dynamic quality for different frequencies of spindle
rotation and procedure description of data cursor function application on MATLAB toolbar. Improvement of hydrostatic
bearing dynamics under typical low loadings for finishing treatment is noted. Also, decrease of dynamic indicators for high
loadings treatment in case of roughing treatment is marked.

Keywords

hydrostatic bearing, control system, metal-cutting machine tool, dynamic characteristics, model, software
package

BBenenue

Pa3BuTHe U COBEPIICHCTBOBAHHE TEXHOJOTHUECKOIO 00pabaThIBAIONIETO 000PYIOBaHMS CBSI3aHO C pellie-
HHEM 3aJiad MOBBILIEHUs ero 3((EeKTUBHOCTH NPU POCTE NPOU3BOAMTEIBLHOCTH, OBICTPOXOAHOCTH, TOYHOCTH,
BUOPOYCTOWYMBOCTH U T.II., YTO HENOCPEACTBEHHO BJIMSET Ha IT0KAa3aTeIM KauecTBa M3TOTOBJICHUS JAETalled W
BBIITyCKAaEMOMH MPOIYKIMH. BaXkHEHIyI0 poib Mpy 3TOM MMEET MPOBECHNE PACUETOB M MCCIICTOBAHMH MTOKa3a-
Teneil quHamudeckoro kadectsa (JIK), xapakrepuctuk merauopexxynmx crankoB (MPC) u X OCHOBHBIX y3-
J0B. 3HauuTeNpHOE BiausiHuEe Ha AuHaMuKy [1] MPC oka3piBatoT mpuBOA [IAaBHOTO ABMXKEHUS M LUTTUHAEIbHBIN
y3en (LIY). [upoko ucnonb3yemeie B Hactosiee Bpemst B LIIY MPC omopHbIe y3ibl Ha 6a3e TOAIINITHUKOB
kaueHust (OGosee 90%) mMpakTHYECKHM HE WMMEIOT MOTEHIHMAana CyIIECTBEHHOTO pPOCTa JKCILTyaTallMOHHO-
TEXHUYECKUX XapaKTEPUCTHK. B 3TOH cUTyaruy cpaBHUTENbHBIE UCIIBITAHUS [2, 3] MOKA3bIBAIOT CYIIECTBEHHOE
penMymecTBo ruapocrarndeckux noamumaukoB (I'CIT) mo koMIuiekcy mokasareneii.

Onnaxko peanuzanus goctouHct ['CIT [4, 5] BeI3bIBaeT onpeneneHHbIEe CIOKHOCTH, KaK MPOEKTHBIE [6],
TaKk u TexHosorudyeckue [7, 8]. AnurensHOe BpeMsl BBINOJNHSEMbIE pabOTHI CBSI3aHbI C PACHIMPEHHEM KOMILIEKCa
pelnaemMbIX 3a/1a4, IPY 3TOM BBISBIISIFOTCSL HOBBIE TIPOOJIEMBI Kak TeopeThdeckoro xapakrepa [9, 10], tak u cBs-
3aHHBIe ¢ BO3MOKHOCTAMHU peanusaimu ['CII, a taxxe ux skcrutyaramuei [11]. IIpoBoanmas cucremMaru3aiys
cocTostHus Bompoca [12—14] NOCTOSIHHO pa3BUBAETCSI M COBEPLICHCTBYETCS, MEXKY TEM KpYI' HEpEeIIeHHBIX 3a-
Jlad O0CTaeTcsl JOCTaTOUHO MMPOKUM. B mepByro ouepens, ans IIIY MPC 310 oTHOCHTCS K aHAIU3y TEILIOBBIX
npoueccoB 1 JIK, ocobeHHO npH nx B3auMocBs3H. C y4eToM CyIIeCTBEHHOTO YMEHBIIEHHs (PaKTHIECKOH BSI3KO-
CTH pabodelt KUIKOCTH B oOmacTu nuamna3oHa OpicTpoxonubix oneparmii MPC npu npoexrupoBanuu ['CIT Baxk-
HBIM SBJISIETCS ONIPEAEICHUE PEATbHOTO N3MEHEHHS IIapaMeTpOB MO OTHOLICHUIO K HAaYaJbHBIM MX 3HAYCHHSAM.
OTH M3MEHEHHS JIOJDKHBI TAKXKE OTPaKaThCsl M B (DYHKIIMOHWPOBAHUM (PH3HKO-MATEMaTHUECKOH MOAENHN TIpH
ouenke auHamuku ['CII. Pemenue 3amadm OcCIOXHSETCS B3aMMHBIM BIMSIHUEM JPYT Ha JpPYra MPOHCXOASIINX
WU3MEHEHHH, YTO CEPbE3HO YCIIOXKHSACT pacueThl, NCCIEJOBAHUS M aHAIN3 XapaKTEePUCTUK IPH pa3paboTke, Mo-
JEpHU3AIMH U SKCILTyaTalluu obopynoBaHus. B Hacrosmeil pabote paccMaTpuBaeTCs COBEPIIEHCTBOBAHHE all-
napaTa KOMITJIEKCHBIX MCCIIEIOBAHUI BIMSHUS TEMJIOBBIX MPOIECCOB Ha AuHamuuyeckue xapaxrepuctuxu ['CIT
1Y ¢ ucnonp30BaHKEM NpOrpaMMHOrO TakeTa Beicokoro ypoBHsi MATLAB&Simulink. Kak usBectHo [15, 16],
OH sIBJSIETCS HauOoJyiee YHUBEPCAJIbHBIM IPOIYKTOM, IMPEJHA3HAYCHHBIM Uil PEUICHHs pa3IMYHBIX 3ajau.
BerpoenHsbie B Hero (GpyHKIMH U CPENICTBA MOTYT B3aUMOJICHCTBOBATh C Pa3IMUHBIMU MOJEISIMU CHCTEM aBTOMa-
trueckoro peryiaupoBanusi (CAP), BemonHenHsiMu B Simulink, 4To ynoOHO mpM MCClIeNOBaHUSX AWHAMUKA
I'CII. Kpome Toro, B MATLAB MoxeT ObITh peani3oBaHa (yHKIMS aBTOMaTH4ecKoil TuHeapu3anuu [17] nenn-
HEHHBIX Mozenei, K kKotopbiM otHOocuTcst 1 CAP I'CII.

MO)IeJIHpOBaHI/le CHCTEM ABTOMATHYECCKOI'0 PEryJIMPOBAHUS TMAPOCTATUYCCKOI'0 NOAUIMITHUKA

B makere MATLAB s peanu3anuy pacyeTHO-BBIYMCIUTENBHBIX TpoLeayp pazpaborana 6ubimoreka
[18] mporpamm m moxeneir mo ucciempoBanmsiM ['CII ¢ paznuuapivMu Tunamu cxeMm ympasieHus (CY) omop:
JpoccenbHas, HACOC-KapMaH, PeryJisTopHas U uX KoMOuHaruu [19].

Pacuetnas cxema I'CII ¢ npoccensHoii CY mpuBezeHa Ha puc. 1, 1 Ha HEl UCIOJIb30BaHbI CIEAYIOLINE
0003HayeHMs: p, — JABJIEHUE NMUTAHUA; Ry, — Apoccenb yNpaBieHus; p,, p, — AABIEHHUSA B ONIO3UTHO PacIo-

noxxeHHbix ornopax ['CII; R, — BHewHss paauainbHas Harpy3ka Ha mWNUHAENb; Ra, Ca, Oa — COOTBETCTBEHHO
THIPOCOIIPOTHBIICHHUE, THAPOEMKOCTh U PacXo/1 B KOppeKTupytomeid RC-menm.
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p

Puc. 1. PacyeTHas cxema OpOCCeNbHOIo ruapocrtaTtn4ecKkoro noaLlnnHnKa

dusuKo-MaTeMaTHUECKOE onurcanue noseacuus B auHamuke ['CIT npencrasnser cucremy nuddepeHiu-
NBHBIX ypaBHeHuH (YP), BKIIOUYArONIyI0 B ce0s ypaBHCHHS PaBHOBECHS IOJBIKHOTO y3Jia, OajaHca pacXooB,
a TaKe COOTHOIIEHHUs 3a30poB [20]:
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rae h, —3a3’op Mexay noABMKHBIM y3710M (ITY) u 6asoBoii onopoil; A, — 3a3op Mexnay I1Y u 3aMbikaromieil omno-
poil; Ay +h, = hy — cymmaphslii (namerpanbhbii) 3azop B [CII; M — npusenennas macca mmuniens; V,, u
v

2 TpHUBETICHHBIH 00beM paboueil KHMAKOCTH 6a30BOH M 3aMbIKaIOLIEH OMOPBI COOTBETCTBEHHO; £, — MO-

Aynb OOBEMHON CHKUMAEMOCTH Pabouei KHIKOCTH; | — JAMHAMHYECKAs BA3KOCTb pabouei xuakoctd; R, u
R

p2 — COOTBETCTBEHHO MIPOCONPOTUBIIEHUs Apoccenell; b, [, B, L — reomeTpudecKue pasmepsl ONopsbl (C MH-
JeKkcoM: 1 — 6a3oBast omopa; 2 — 3aMbIKAroIIas OIopa).

[Monyuenue norapudmMuueckux 4acToTHBIX Xapakrepuctuk (JIUX), HeoOXOIUMBIX [UIsi OLIEHKH U HCCIle-
noBaHus mokazareneit JIK, mpou3BoauTCs o CTpyKTYpPHOU cXeMe, COOTBETCTBYIOIIEH cucTeMe ypaBHeHUi (1).
Ee HeoOxoauMo npeobpa3oBath K BULy (pHC. 2, ), HO3BOJISIOIIEMY pa3opBaTh OTPULIATEIEHYIO OOPaTHYIO CBSI3b

u onyunth Uit CAP Belpaxkenue nepenarounoit GpyHkuuu W(S) npy KOHIEHTPUYHOM HOJIOKCHUH LITTAHIEIS:

W(S) =k T,S+1
SIS +INTLS +1)]

2kyky
rae k, = , ks ky, ky, by —xoabduumentsl u T, T,, T, — NOCTOSHHBIC BPEMEHH, MOIy4aeMble THHEea-

173
pusarmeii cucremsl (1) 1 mepexooM K MpUpaLIeHusIM IiepeMeHHBIX (A) u onepaTopHoitl popme [20] (S-omeparop
Jlamaca).

Onpenenenne JIK CAP no W(S) npu yactoTe BpamieHus MIMAHACTS 7mi,—0 00/MUH Tpo0ieM He BBI3bIBA-
eT. MoryT ObITh UCTIOJIB30BaHbI pasianyHble naketsl: SIAM, MBTY, Mathcad u ap. Ho npu yBenudenuu n Bce
napameTpsl CAP (pacxoll )KHAKOCTH U €€ BSI3KOCTb, JAaBJIEHHE B OMOpax, MoTpedisieMasi MOIHOCTb, THAPOCO-
MPOTHUBJICHHUE YTIPABJISIONIMX YCTPOHCTB U T.II.) U3MEHSIOTCS, B3aMMHO BJIMSS APYT Ha JpyTa, U YCIOXKHSIOT He-
00XOJIMMbIE BBIYHCIICHHS, YTO B KOHEYHOM HUTOTE JEIaeT X BechMa MpUOImKEeHHBIMH. [Ipiuem Bce 3To Kacaer-
Csl YICTOBBIX peXUMOB 00padoTku, rae mokasatenu K I'CIT Hanbonee BocTpeboBaHbl. bonbmuMu BO3MOKHO-
CTSIMH peIIeHHs OJOOHBIX 3a1ad o0magaet ynoMsHyThid maketr MATLAB.
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Puc. 2. CTpyKTypHble cxeMbl: npeobpa3oBaHHas cucTeMa aBTOMaTUYEeCKOro perynmpoBaHns ApoCCenbHOro
rMApOCTaTUYeCcKoro NOALUUMHKKA (a); npeobpasoBaHHas pa3oMKHyTasi CTPYKTypHasi cxema ynpasneHust
ApPOCCenbHOro rmapocTaTMyeckoro NoALwwmnHnka B paboyem none Simulink (6)

MaremaTH4YecKHIl aNNapaT pacyeTa KOMILIOTEPHOI Moae/u ¢ nenojib3osanueM MATLAB&Simulink

B pabouem none Simulink mpeoGpazoBannas ctpykrypa CAP peanusyercst mo ¢opme (puc. 2, 6). [lpu
9TOM JIOJDKHBI ObITh BBeAeHbI O0ku BXxoma CAP (In) u Beixoma (Ouf), HEOOXOIUMBIC B JalbHEHIIIEM I B3au-
MojeiicTBus ¢ nporpammamMu MATLAB.

3a 00BEKT WCCIIEOBaHUI TNPHHAT CEPUHHBIM THOKMH TNpPOM3BOICTBEHHBIH Monynb JIP400IIM®-4,
umeromuii I'CIT IITY ¢ mpoccenbHoit CY. Takas CY I'CII peanu3oBana 6e3 CpeICTB AUHAMHYECKOW KOPPEKIIHH.
HccnenoBanre IpoBeAEHO TIPH CIIAYIONMX NCXOMHBIX faHHBIX ['CII:

npuBeaeHHas Macca 1Y — M = 50 xr;

MaKCHMalTbHas YacTOTa BPAMICHUS IIMTHHACIS — M.y = 3 150 00/MuH;

IUAMETpP BBIIBIKHOTO mmuHAeIs D = 125 Mum;

HanOoIbIIAs paguanbHas Harpy3ka — R, = 10 xH;

pabouas xxuaxocts — UTTI-18;

pamanbHbI 3a30p — Ay = 4510 ° m;

MOJIyJTb 00bEMHOH CX)KUMaeMocTu Macia — E, = 1,15-10°° H/Mz;

JIaBJICHUE MUTaHUS — p, = 8,6~106 Mlla;

paboyast TouKa Ha cTaTHYEeCKOW XapakTepuctuke — me=0,5 [21].

Pacuer nomxyuennoit monenu B MATLAB npousBoautcs METOAOM NPOCTPAaHCTBA cocTosiHUN — [A4,8,C,D]
— ¢ nomomsio ¢ynkuun linmod [17]. Tlpumensis ykazannyro ¢ynkiuro maiusi CAP 0e3 koppekiuu B Buje
[4,B,C.D] = linmod("l LH ddnn"), tne 'l LH ddnn' — ums ucmions3yeMoil Moaenu, u nanee GyHKIUIO margin
(4,B,C,D), moxxxo nonyuuts JIYX ¢ HCKOMBIMH 9acTOTOM cpesa (®.,) 1 3amacom o dase (Ap), KOTOpble IPHUBE-
JIeHBbI Ha pHC. 3 JJIs1 IByX BapUaHTOB BS3KOCTH pabouei xuakoctu: pu=0,06 Ila-c, cooTBeTCTBYIOIIEH HU3KOYAC-
TOTHBIM i, YSPHOBBIM peskumaM 00pabotku, u w=0,038 Ila-c — npu HaubOonbiei yactore Bpamenus Y Ha
YHCTOBBIX PEKUMAX Mppy.

L 3B T
¢» Thai I
50

0
-50
—-100
-150
-200 [ ]

Puc. 3. Ilorapncmmyeckme 4acToTHbIE XapakTepUCTUKM CUCTEMbI aBTOMaTUYECKOrO perynmpoBaHus 6a3oBoro
BapuaHTa rmapocTaTtuyeckoro nogwmnHuka ansa saskoctu u=0,06 Ma-c (1) u u=0,038 Ma-c (2)

W3 ananm3a XapaKTEpUCTHK JUIS Pa3HBIX BapHaHTOB BS3KOCTH CJEAYyeT, YTO C BO3PACTAHWEM YacCTOTEHI
BPAILICHUS JI0 My, MPAKTHUECKH BIBOE CHMXKaeTcs BenuuuHa A¢@. IIpu 3ToM Bo BceM auama3zoHe BO3MOXKHOM
BSI3KOCTH B COOTBETCTBUH C YaCTOTHBIM KpuTepueM ycroiunBocTh [22] CAP oGecnieunBaer anzkoe K. Mcxoas
3 3roro, nepexoxnbie nporecchl (1) mms takoir CAP B mcXoqHOM BapHaHTe, MOCTPOSHHBIE B HETMHEHHOM
BHJE 1O pa3paboraHHbM s maketa MATLAB moznensm u mporpamManm [ 18], mokassiBatot (puc. 4, Kpusble 1)
HaJIM9Ue K0Je0aTeIbHOCTH B CHCTEME BO BCEM AMANA30HE YACTOT BPAIIEHHS, KaK ITPH MAJIBIX, TaK U IIPU OOMIb-
LIMX Harpyskax R,
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Puc. 4. MepexogHble npoueccsl no cratudeckoi owndke Ah: Ry=100 H npu nmin (a); Rxk=100 H npun nmax (6);
Rpr=10 kH npu Nmin (B)

st cymecrBennoro nosbimenust JIK CAP pacecmarpuBaemoro I'CIT 6e3 n3MeHEHHs] KOHCTPYKIIMKA CAMOTO
Y u MPC npemnaraercst BBenenne koppekuuu ['CII ¢ momormpio RC-11eTH U3 MOCIeN0BaTENbHO COeTMHEHHBIX
npoccens R U ruapaBindeckoi eMKoCTH Cy, BKIIOUCHHOW MEXAY MPOTHBOJISKAIIMMH THAPOCTaTUIECKUMHU OIIO-
pamu, Kak TMoka3aHo Ha puc. | myHKTupHbIMU JuHusMH [20]. Cucrema ypaBHeHu# (1) Oyner UMeTh OTIMYUS B
ypaBHEHUsIX OaaHca pacxoJIoB, a TAKXKe IOOABUTCS ISITOE YPaBHEHUE PacXo/ia dKUAKOCTH yepe3 RC-1eTb:

_ 3 V .
P.}e J 2 =p1h1 { 11 n b] \J'f'l;;pll.%'i'hl(Blll+b1L1_2b1[1)_QA

apl 3w \B-b L~-| m
PP _ D[ 1 b Vg2 2
P Pl b B T s gL - 2b0) 40, 2
R 3u\B,-b, L,-] E,

0, :CA'pz_CA'pl_CA'RA'QA

T,S+1

Ap k, [TzTAS2 +[T2 +T, +i‘*js+lj

3

C,S —kA(Tys+1)
T,8+1
ARh 1 7 Ahl
k(TS +1)S
C,S 1
T.S+1
—kA(Tys+1)
T.S+1
A Ah
i k3(T2TAS2+(T2 +T, +%)S+1j ’
3

Puc. 5. VicxoaHasi CTpyKTypHas cxema CUCTEMbl aBTOMaTUYECKOrO PEryNMPOBaHUS APOCCENBHOIO
rmgpocTaTtuyeckoro nogwmnHuka ¢ RC-koppekuuen

CtpyKTypHas cxeMa, COOTBETCTBYIOIAas W3MEHEHHOW TaKNUM 00pa3oM CHCTeMe YpaBHEHHIA, TIpeICTaBIIe-
Ha Ha puc.5. B nomomHeHWe K yIMOMSHYTHIM paHee 00O03HAUYCHHSM Ha HEll BBEICHA IOCTOSHHAS BpPEMEHH
TA=Cx-R A KOPPEKTHUPYIOIIETO 3BEHA.

Beenenne RC-nienn ycnmoxusier ctpykrypy CAP I'CII mosiBnennem nepekpenuBaromuxcs cazeid. Kak
pe3yapTaT, HEBO3MOXKHO MPeoOpa30BaHUe CTPYKTYPHI B MEPEeNaTOYHYI0 (YHKIUIO U3 THUIOBBIX JMHAMHYECKUX
3BeHbEB. XOTs U3 Takoi cTpykTypsl CAP npuHmmnuansHo Bo3MoxHo nomyderne JIUX u I1I1, a Taroke oreHka
ee JIK (mampumep, 8 MBTY), nanpHelmmii cuuTe3 xemaemoro JIK cTaHOBUTCS TOCTATOYHO TPYIOSMKHM M HE-
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HarAJHBIM, OCOOEHHO HM3-32 HEOOXOAMMOCTH y4eTa YIOMSHYTHIX BBIIIE TEIIOBBIX mporieccoB. Mcxons u3 ato-
ro, aHanorn4Ho Bapuanty CY 6e3 koppekuun s pacuera JIUX cucreMy ypaBHeHHIT HEOOXOAUMO COOTBETCT-
ByOLIMM 00pa3om npeobpazoBats [15], uToObI mpeacTaButh B padodem none Simulink ypaBuenus YP; — YPy
cucreMmsl (1) u Tperse ypaBHeHHE YPs5 cucteMsl (2) U1 MOCIEAYIOMIEro HHTETPUPOBAHMS C HCIIOIB30BaHUEM
BCcTpoeHHbIX pemaresneii MATLAB, a Taxke BBECTH NEpeKIOYaTeNlb MOAKIIOUEHUs pekuma RC-KOppeKnuu
(puc. 6). Iist KOMMYTHPOBaHHsI CUTHAJIOB Ha COOTBETCTBYIOLIMX BXO/aX MCIIOJIB30BaHbI cTaHaapTHeIe Simulink-
ook — mux [17]. B cooTBeTcTBHH C pHC. 2, 0, TAK)KE JOJKHBI OBITh YCTaHOBJICHBI CIICY/TIOIINAE OJIOKH I CXE-
MBI: BX0n (/n) n BeIxox (Out).

L nl_LH_dd = B
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Puc. 6. PasoMKkHyTas CTPYKTypHas Cxema CUcTeMbl aBTOMaTUYECKOro perynmpoBaHns 4pOoCcceribHOro
rmapocTaTnyeckoro noawmnHmka ¢ RC-koppekumnen B pabodem none Simulink

[TapameTpamMu KOPPEKLUUH SBIAIOTCSA 3HAYCHUS THAPOEMKOCTH Ca ¥ THAPOCOIPOTUBIICHHUS APOCCENs Ra.
YcTaHoBNeHHE 3TUX 3HAYCHHUN MIPEICTABISAECT ONMpEIeTICHHbIE CIOKHOCTH. B CBSI3M € 3TUM B Iporiecce MpoeKTH-
poBanust ['CII akTyanbHa 3a7a4a yrpoIeHus 3To| nporenypel. s aBToMaTH3MpOBAHHOTO TIOJTyYeHUs] MacCHBa
JAHHBIX AQ TIPH ONpeNeieHHBIX nuama3oHax C, U R, M3BECTHBIA anroput™ [18] ObLT mopaboTaH C IENbIO UC-
TIOJIb30BaHUSI BO3MOYKHOCTEH JIOIIOJTHUTENBHOTO yueTa TeruioBbiX mpoueccoB B ['CII, 3amaBaemoro 3HaueHneMm
pacueTHoii yacToTsl BpameHus LY (n,,.). OH npescTapieH Ha puc. 7.
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Pwuc. 7. Anroputm nporpammbl Ans onpegeneHns napameTpos koppekuun B MATLAB

OcHOBy anropurma cocTaBisieT HUKI pacdera o JIYX sumauenniit AQ u oy, CAP i onpeneneHHeIX Ha-
3HavyaeMbIX npu BBoJe nuana3zoHoB Cy U Ry (CA u RA — npunsiteie B MATLAB 0603Ha4ueHus! TIEpeMEHHBIX) C
3aJaHHBIMH IIaraMH BapbHPYEMBIX MapaMeTpoB Koppekuuu. IIporpamma pacdera TpebyeT BbIOOpa BapuaHTa
onHoi m3 Bo3MoxHBIX [19] CY I'CII u BBoga coorBercTBYrOommX ncxomHbix maHHbX ['CII. {anee mporpammoit
BBI3BIBAIOTCS ¥ ICTIOHSIOTCS BHEIIHHUE NTPOTPAMMBI, B KOTOPBIX MMPOM3BOANTCS pacdeT HadalbHbBIX MTapaMeTPOB
no nporpamme sp_SC, TEIUIOBOH pacueT 1o mporpamMme p En, a Takke pacdyeT U MOCTpoeHHe (a30BOTro Ipaau-
eHTa no nporpamme p FG, nna pabotsl ¢ kotopoit pazpadoransl Mogenu CAP I'CII, pa3menieHHbIe B CO3qaH-
Hoi Oubinoreke MATLAB [18]. IIpu uccnenoBanuu ucnonszoBana monens CAP nl LH dd (puc. 6) pacuera
JIUX nnst npoccensHoro Bapuanta CY CAP, kotopslii mpumeneH B 6azoBom MPC. B pe3ysbraTte B3aumopeict-
BUS MoJiend ¢ GyHKIMSIMU [inmod M margin B paboueM npoctpanctBe Workspace [16] MATLAB dopmupyrotcs
maTpuisl A (dfi — o6o3nauenne B MATLAB) u o, (Wsr — o603nauenne B MATLAB). Ilpu ucnonsesus mpo-
TpaMMBbI COOTBETCTBYIOIINE PE3YJIbTaThl BEIBOASATCS B TpaduuecKoM OKHE Kak 3aBUCHMOCTH (puc. 8) ¢azoBoro
rpamuenta Ap=grad(R,; Ca), COIEpIKAILETro JIMHAU TOCTOSIHHBIX 3HAYEHUH A@ Ha IUIOCKOCTH, 00pa30BaHHOM
koopauHaTaMu Cx ¥ R B 33JJaHHBIX JMara3oHax.

Bsi6op napameTpoB kKoppekuu 1o 3aBucuMoct Ap=grad(R,; C,)

ITpu BBIOOpE ¥ OLICHKE MApaMETPOB KOPPEKLUH JJIsl OTIPEAeIeHHON TOYKH Ha IFIOCKOCTH ()a30BOTO rpa-
mueHTa Ap=grad(R,; Ca) ucnonb3yercst GyHKUMS data cursor TIaHENW WHCTPYMEHTOB TpaduvecKoro OKHa, ¢
TIOMOIIBI0 KOTOPOH yCTaHOBKON Kypcopa (depHasi METKa) MOXKET OBITh BBIOpaHa TOYKa C ONPEAETICHHBIMH IS
Hee 3HAYEHHAMH 4acTOThI M,, HAUOONBIIETO JTOCTHAUMOro AQ n napamerpamu koppekuun Ca 1 Ra. CooTBeT-
CTBYIOIIMH JMana3oH 4acTtoT wg, A1 CAP I'CII, kak npasuno [19, 20], coctanger 1000-10000 ¢!, mosromy,
cornacHo [22], rpaduk ¢pa3oBoro rpagreHTa MOKHO YCIOBHO pa3enuTh Ha Tpu obnactu CAP: Huskoro JIK (roe
0°<A@<40°), meBbicokoro 1K (40°<A@<55°) u Bricokoro JIK (A@>55°).

®dopMasibHO MOTYT OBITH cpa3y BbIOpaHbl 3HaUeHUSI Cp U Rp, oOecrieunBatomue AQ sl JOCTHKEHNUS BbI-
cokoro JIK CAP (1o puc. 8 — A@>55°, Iist nyin ¥ Hiay): Ca=21-10" M*/ITa u R,=9-10° Ha-c/m’. ITpu 3TOM OT-
MEUYeHHOE 3HaYeHUE TUAPOEMKOCTH C, COOTBETCTBYET €€ HCIIOJIHEHHUIO B BUJIE CTAHIAAPTHOTO METAJUTHMYECKOTO
cunbdona [20] T'OCT 21482-76 (Cunbdon 18x10%0,25 — 36HXTIHO), y10BIETBOPSIIONIETO YCIOBHAM €T0 MpOoY-
HOCTH IO JaBJICHUIO: JUTSI YKa3aHHOTO CHIb(OHA P =12,3 MITa. 3aBucumocts Ap=grad(Ra; Ca) NODKHA OBITH
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TIOCTPOEHA IS 3HAYCHUH Ay U Moy U OTeHKa JIK mpoBomuTes miast o6oux 3Tux ciaydaeB. OQHAKO IIPH OKOHYA-
TEIHHOM Ha3HA4YEHHUH MTapaMeTPOB KOPPEKIIUH CIEAYET YIUTHIBATh Ba OOCTOSATENBCTBRA.

TTHR

Ca- 107", M /TTa

20 —_OGnacts HI3KOTO JK = =0
5 10 15 20
Ry-10°, Ma-c/v’
a

O6umacth Beicokoro JIK

A : E
~ O6sacth HeBbICOKOTO JIK

1 CA:5
RA:12
dfi=36,3

Puc. 8. Pacnpenenenue cdasosoro rpagmerta Ap=grad(Ra; Ca): NPW Nmin (@); NPY Nmax (6)

Bo-mepBbIX, MpU 3HAUUTENBHBIX BenHYMHAaX Ca OIHOBPEMEHHO CO CHIDKEHHEM KoJeOaTeNbHOCTH INPH
MaJlbIX Harpy3Kax MOTYT CYLIECTBEHHO YXyIIIATbCsl JUHAMHYECKUE XapaKTEPUCTHKH MPH OOJBIINX HAarpy3Kax.
Tak, mpyU OTMEYEHHBIX MapaMeTpax KOPPEKLUUH IeHCTBUTENLHO OTCYTCTBYET (B OTIHMYHE OT puC. 4, KpuBas 1)
KoJIe0aTeNbHOCTh IPU MalIBIX Harpyskax (puc. 4, a, 0, kpusas 2), Ho npHu R,=10 kH nosiBnsiercst HeKoTOpasi Ko-
nebarenbHOCTH (puc. 4, B, KpuBas 2), cyliecTBeHHO yBenuuuBaeTcs Bpems 111 u nmuHamuyeckas ommoOKa, 4To
CHIKAeT BUOPOYCTOHUMBOCTE HAa YEPHOBBIX PEKUMAX, OTMPENEIISIOINX, B OCHOBHOM, ITPOM3BOANTEIBHOCTE 00-
paboTku.

Bo-BTOpBIX, HEOOXOMMO UMETH B BHIY BO3MOXKHOCTH peanu3anuu rugpoeMkoctu Ca. Beibop C, ocy-
LIECTBIISICTCS TI0 YCIOBHAM MPOYHOCTH cHiib(oHa. Kpome Toro, 1omKHa ObITh BRITIOTHEHA MIPOBEPKA IO Mepera-
Iy naBieHus (Ap,) Ha HeM B AWHAMUKE TPH HAaHOONBIINX Harpy3kax. Takas mpoBepka BO3MOXHA C HCIIOJIB30Ba-
HUEeM nporpaMmsel p PP [23]. [l obecniedeHns OOJBIEro 3amaca MPOYHOCTH IO TABICHUIO (KaK MO Py, TAK H
no Ap,) cienyer BbiOMparh Onmvkaiimmid mo 3HayeHuto C, cuibpoH (Cunmbdon 11x10%0,63 — 36HXTIO),
UMEIOIINI TpH BETUYNHE CA=5-IO’14 M>/Tla 3HadYeHue Pmax=14,5 MIla. Ha puc. 8 depHoil Toukoil oTMe4YeHbI
JOCTHKHMbIE 3HAUeHHS AQ NpH ynoMsHyToM 3HaueHun Ca 1 Ry=12-10° TTa-c/M’, 11 KOTOPBIX KpHUTEpHit A
Haxonautcs B obmactu HeBbicokoro JIK CAP. Benencteue storo Ha IIIT (puc. 4, a, 6, kpuBsie 3) BUIHBI, XOTS U
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HE3HAYHTENbHBIC, IPU3HAKA KoebaTtenpbHOCTH. [Ipu 3TOM Ha OONBIIMX Harpy3kax (puc. 4, B, KpUBBIC 3) yIIOMsI-
HYTO€ yXyJIIICHWE NUHAMMKU TNPOSBIISETCS B CYIIECTBEHHO MeHbLIEH cremeHH. TakuMm oOpa3oM, U3 aHaIu3a
rpaduxoB I1I1 crexyer, uro ckoppekTupoBanHas CAP mpu 3TOM He B MMOJHOI Mepe YIOBJIETBOPSET BHICOKOMY
JK [22], xoTs xonebaTensHOCTh ncxoaHoro Bapuanta CAP (puc. 4) nmpakTudecKu MOTHOCTHIO HCKITFOUEHA.

3akJjoueHnne

BrImoHeHO MaTeMaTHYeCKOe W KOMITbIOTEpHOE MojaenupoBanue B cpene MALAB&Simulink mis mpoc-
CEJIBHOM CHUCTEMBI YIPABICHHS TMAPOCTATHYECKOrO MOJIIMIHIKA HA OCHOBE MOJENH, B3aMMOJCHCTBYIOIIEH ¢
IporpaMMaMH, KOTOPBIE TTO3BOJIIOT YYUTHIBATh TEIUIOBBIE NMPOLECCHI ISl YUCTOBBIX PEKUMOB pe3anus. C 1ie-
JIbIO MOBBIIEHUS! TUHAMWYECKOTO KauecTBa pealn30BaHa MpoLeaypa ONpeAeTIeHNs TapaMeTpoB KOPPEKTUPYIO-
mei RC-uenu Ha ocHOBe aHanm3a rpaauenrta Ap=grad(R,; C,) 3amaca ycroitunmBocTu 1o ase. YcTaHOBIICHO,
YTO YJy4IICHHE TUHAMHUKH NPU BBEJCHUHM KOPPEKLUH HAa YMCTOBBIX PEXHMMax MPHUBOAUT K yXYIUIICHUIO ITUHA-
MHYECKHX IOKa3zaTeled Ha YEPHOBBIX PEKHMaX, IMOITOMY TpeOyeTcsl MPOBEJCHUE JOMOJHUTEIHHOTO aHANIN3a
CHCTEMbI aBTOMAaTHYECKOTO PETYIMPOBAHUS THUAPOCTATHIECKOTO TOANIMIIHHUKA 10 MEPEXOMHBIM IIPOIECCaM.
[Toka3aHo, 4To mpu BeIOOpEe MO rpaduKy rpaavieHTa KOPPEeKTUPYIOIeH TMAPOEMKOCTH B BHIE CTaHIApPTHOTO
cuiIb(oHa HEOOXOANMO BBHIIIOJIHUTH €r0 IPOBEPKY B COOTBETCTBHH C IOKA3aTENsIMHM 3alaca IIpoYHocTH. Meto-
JTIKA TIO3BOJISIET C MCIIONIb30BaHueM TpaaneHTa Ap=grad(R; Ca) BRIIOTHATH CPaBHUTEIBHBIE PACUETHI U UCCIIE-
JIOBAaHMS Pa3HBIX CHCTEM YIPABICHUS AJIs1 IPOEKTHPOBAHUS LINUHEIBHBIX Y3/I0B METAJUIOPEKYIINX CTAHKOB U
JPYTOTO TEXHOJOTMYEeCKOro 00opynoBaHus. MeTouKka MOXKeET ObITh BeChbMa TOJIE3HOHN TPH MPOBEICHUH MOJIEP-
HHU3alUK IeHCTBYIOIIET0 CTAHOYHOTO MapKa C Lelblo 00ecreYeH s YCIOBHI MOBBIIIEHNST pab0uiX XapaKTepH-
CTHK (Harpy3ouHOHl CHOCOOHOCTH, OBICTPOXOJHOCTH, BUOPOYCTOHYMBOCTH, M T.II.), YMEHBIICHHS H3JEPKEK
(YHKIIMOHMPOBAHNS, PACUINPEHHs TEXHOJIOTHUECKUX BO3MOXKHOCTEH CTaHKa, MOBBIIICHUS] KOHKYPEHTOCIIOCO0-
HOCTH.
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