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B fgaHHoOV cTatbe Ha OCHOBE AaHHbIX 9KCMIePUMEHTasIbHbIX UCC/IE€A0BaHMNY OCYLLUECTBIEH aHaIn3 xapak-
Tepa v rnapameTpoB OCHOBHbIX 3KCIJlyaTaLunOHHbIX BO3MYLLEHUN, SHEePrus KOTOPbIX MPSIMbIM Wi KOC-
BEHHbIM 006pa3om rnepefaeTcss Ha pabodee MEeCTO orneparopa TPaKTOPHOU TEXHWKU C YyCEeHUYHbIM
WY KOJIECHBIM ABVIXXUTEEM MPU BbINOJIHEHNUN PAa3/INYHbIX TEXHOJIOrMYeCcKux onepauui. PaccmoTpeH
OCHOBHOV paboynii Anana3oH 4acToT [aHHbIX 9KCr1yaTaLnOHHbIX BO3MYLLEeHWA. [aHa oueHka Bkiaaa
KaXxzaovi 4acTOTHOM cocTasssoLleri B 0bLMi ypoBeHb BMOPOBO3AEHCTBUI Ha pabo4emM MecTe ornepa-
TOpa. Ha npumepe vcrnonb30BaHVs Pe3y/IbTaToOB HATYPHbIX U3MEPEHU pPeasibHbIX 3KCrIyaTaunOHHbIX
BO3MYLLEHWIA 1 BUOPAaLMOHHbBIX XapakTepuCTUK Ha KosecHOM Tpaktope K-744P1(ct.), pabotaBLiem
B arperarte ¢ rniaockope3om [1-3-5 B pexuvme Bcrnalukyi CTePHU C MOCTOSIHHOM CKOPOCTbIO ABVXEHUS,
rpoBENEHO CPaBHUTEILHOE UCCAEA0BaHNe BUOPO3aLUNTHBIX CBOMCTB Pa3/INdHbIX 110 KOHCTPYKUMM MOA4-
Becok cupgeHuii. OnvcaHa MeToamka HaTypHbIX U3MEPEHWH, BKJIoYasi UCIO/Ib3yemMoe Creunain3npo-
BaHHoe obopynoBaHne pupm ZETLAB 1 «ACCUCTEHT», PEXUM, CXeMy YCTaHOBKU AaTyvka v UHbIe YCJ10-
Busi. C MOMOLLbIO YUCIEHHOro metoga PyHre-KyTra u MHCTPYMEHTOB MaTteMaTnyeCckoro MOAEINPOBaHS
B nporpammHovi cpeae Simulink MatLab 6bina nvMutupoBaHa pabota cepuiiHol NoaBeCcKky CUaeHbs TPak-
Topa K-744P1(cT.), nHEBMATUYECKOV NOABECKU CUAEHbST pUpMbl Sibeco ¢ HOXHUYHBIM HarpassioLLUMM
MexaHn3MOM v rpeasiaraeMori aBTopamy MHHOBAaLIMOHHOV MHEBMAaTUHYECKOW NoABECKU CUEeHbs (Ha base
Sibeco) ¢ ynpasnisieMbiM 0TOOPOM 3HepPrum konebaHuii 1 ¢ nocseayroLleri ee pexkynepaumvei. [1os1y4eHs!
pacyeTHble OCUMIIOrPaMMbl M CEKTPbl BEPTUKA/IbHbIX YCKOPEHUVI Ha rMOAYLUKE CUAEHbS, roapecco-
PEHHOIro npuvi MOMOLLMN KaXXA0M 13 pacCMOTPEHHbIX MOABECOK, MNPy BXOAHOM BO3AEVICTBUN U3MEPEHHbIX
pea’sibHbIX 9KCrislyaTaLmoOHHbIX BO3MYLLEeHW. loagBeneHbl NTorn aHaan3a pesdybTaToB UCCEA0BaHUS.

Knio4yeBbie cnoBa: BVI6pOBO3,qu7ICTBI/IFI, rnogBecka cueHbs, BM6p038LLU/ITHbIe CBoOMCTBa, Marematnye-
CKoe mogesninmpoBaHune, pe3yJsibTatbl neenenoBaHui.

Ana untupoBauuns: ogxaes 3.A., JlaweHko M.B., Llexosuos B.B., lNotanos [1.B., Vickannes A.U.
BubpoHarpyxeHHOCTb pabo4yero Mecta orneparopa v Bubpo3allnTHbIE CBOVCTBA MOABECOK CuaeHwi //
nssectuss MITY «MAMMU». 2021. Ne 1 (47). C. 2—11. DOI: 10.31992/2074-0530-2021-47-1-2-11.

BBengeHune

Ilpu co3maHumM cHUCTEMBI 3alIUTH OlEpaTopa
KOJIECHBIX Y TYCEHUYHBIX MAIIIMH OT ITOCTOAHHBIX
KoJIe0aTeJIbHBIX BO3MEHCTBUN  BHOPAITMOHHOTO
XapakTepa MPUHIMIINAJIBHO BaXHOE 3HAYCHUE
nMeeT nHpopMaIr, Kacaromascs CIIeKTpa 9acTOT
Y Wama30Ha aMIUTUTYI 9TUX BHOPOBO3ICHCTBHI
BO BpeMs DSKCIUTyaTallid MAaIluHB. OJTH BO3-
aeiicTBus (GOPMHUPYIOTCA B XOMOBOH CHCTEME
IIPU [BVWKEHUM II0 HEPOBHOCTAM IIOYBEHHOI'O
(hoHa, y TyCEHMYHBIX MAIlIWH TaK¥Ke TPH TePeMOT-
K& T'YCEHUIIBI, B CHJIOBBIX IIepenadax B pPe3yJib-
TaTe IOCTOAHHOIO W3MEHEHHsA IIepeaaBaeMoro
KpPyTAIIEr0O MOMEHTa W BO3HUKHOBEHUS BCJIE/-

CTBHE ITOr0 KPYTHUJIBHBIX KOJIeOAaHWU B CHJIOBOIA
IIeTIH, a TaKKe B CUJIOBOM YCTAHOBKE B PE3yJsIbTa-
T€ OEUCTBUS IEPEMEHHBIX I'a30BBIX M HMHEPLIHOH-
HBIX CHJI Ha KOJICHYATBI BaJI IBHIaTesIsl IIPH €ro
pabote. Ilpm >ToM HEOOXOOWMO 3HATh, Kakas
9acTh ATHX BO3ACHCTBHIA MOIJIOMIACTCA JIMOO OC-
JTabJIsieTCsA TEePBUYHON CHCTEMOH IOIpEeCCOpHBa-
HHS, TO €CTh TOABECKOI OCTOBA MAIIIMHKI, a KaKas
4acTh — BTOPUYHBIMHM CHCTEMaMHM, TO €CTb IIOM-
BECKaMM JBHUTATEJIs M KaOWHBI, a ¢ KaKOH JacThIO
IofiBecKa KaOMHHBI He CIpaBJIseTcs, U IJI1I (P dek-
THUBHOM 3aITUTH OT KOTOPOM JIOJ’KHA OBITH CIIPO-
eKTHpOBaHa IoABecKa cueHb [1, 2, 3, 4]. Hanbo-
Jiee TOCTOBEPHYIO MH(POPMAITHIO O CIIEKTPaTTHHOM
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¥ aMIUTUTYIHOM COCTaBE BHOPOBO3NCHCTBHIA TIO-
JIy4aloT B PE3yJIbTaTe SKCIICPUMEHTAJIBHBIX HC-
CJIEIOBAaHUM.

Llens wcctenoBaHuit — Ha MpUMEPE Pe3yJIbTa-
TOB HaTypPHBIX U3MEPEHUI peaJIbHBIX SKCITyaTa-
IIHOHHBIX BO3MYINEHUU W BUOPAITMOHHBIX Xapak-
TEpPUCTUK Ha KojiecHOM Tpaktope K-744P1(cT.),
paboTaBmieM B arperare ¢ Imiockopesom I1I-3-5
B PEKMME BCIIAIIKA CTEPHU C IOCTOSHHON CKO-
POCTBIO JBMIKCHHS, IPOBECTH CPaBHUTEIILHOE
WCCJICIOBAaHNE BHOPO3AIMUTHBIX CBOMCTB pa3jIny-
HBIX 110 KOHCTPYKITMH ITOBECOK CHICHHI.

MeTtoabl n cpeacrTea npoBeneHUs:
uccnenosaHnmn
1. Xapaxmepucmuka dKCnyamayuOHHbIX
603MYUWEHULI NpU padome 2yCeHUu"HbIX
Mawiun
B monorpadgum npodeccopa Kysneroa H.I.
[5] mpuBemeHB SKCHEPUMEHTAJIBHO ITOJTyYCH-
Hble TpaduKW W3MEHEHHWs CIEKTPAJIbHOW TIIJIOT-
HOCTHU KPIOKOBOI'O YCHUJIMSI TPaKTopa ceMeicTBa
AT B cocTaBe MalIMHHO-TPAKTOPHOrO arperara
Ha MaxoTe, KyJbTuBanuu u cese (puc. 1). B MoHo-
rpaduy yKasblBacTCsA, YTO CICKTPAJIbHBIC IJIOT-
HOCTHU TATOBBIX CONPOTUBJICHUN TaXOTHOT'O, KYJIb-
TUBATOPHOI'O U IMOCEBHOI'O arperaTtoB ¢ CepuitHOM
HaBECKOI UMEIOT MATh SPKO BBIPAXKEHHBIX YaCTOT,

Ha KOTOPBIX HAOJIIOMAIOTCS BCILJIECKH B JHAIIa30HE
ot 0 mo 35 I'm. MakcuMmaJibHOE 3HAYEHHE CICK-
TPaJIbHOM MJIOTHOCTH MMEET MECTO B AHAIa30HE
gacToT oT 3 mo 3,5 I'm. DHepreTwmdeckuii ypo-
BEHb CIEKTPAaJIbHOM IIJIOTHOCTH Ha 9TUX YaCTOTAX
B 6—20 pa3 00JIbIIe, YeM B IHala30HaX OCTaIbHBIX
BCILJIECKOB. BTOpoii Berieck HaOI0qaeTcs B aua-
mazode 10—13 I't, TpeTwmii — B quanasone 14—16 I'm,
YeTBepTHIi — B guamnasone 18-20 I'm, maTeit —
B nuanasone 28—32 I'm.

CrekrpajibHasi IUIOTHOCTb TATOBOIO COIPO-
THUBJICHUS U CIICKTpasibHasi IJIOTHOCTh YCKOpe-
HUN OCTOBAa M KaOMHBI XapaKTEePHU3YIOT pasHbIE,
HO B3aMMOCBSI3aHHBIE KOJI€OaTeJIbHBIE IPOLIECCHI
B JUHAMUYECKOU CUCTEME TPAKTOPHOI'O arperara.
Harpysku ¢ THHaAMHUYECKMM XapaKTepoM HM3MeHe-
HUsA, (GOPMUPYIOIIUECA B XOOBOM CHCTEME, Yepe3
pamy W MOABECKY KaOWHBI IIepealoTCca Ha Kperie-
Hue cunenbs. [lonBecka cumeHbs HoKHa obecrie-
YUBaTh 3allUTy OlepaTopa B AUAIa30HE aMILIH-
TYI ¥ CIICKTPE YaCTOT STUX HAIPYy30K.

B pabore XpunynoBa J[.B. [6] moka3saHo,
YTO 3HAYMTEJIbHAS YacTh CIEKTpa BHUOpPALIMOH-
HOIO BO3ICHCTBHA Ha pabodyee MECTO OIEPaTo-
pa MPOMBIIJICHHOTO TpakTopa (opMHUpPYyeTCs
pH paboTe XOHOBOI CUCTEMEI. ABTOPOM BHISIBJIC-
Hbl MEXaHU3MbI BO30OYIKIECHUs BHOpAIUi KOPIy-
ca TpakTopa B TPEX 30HAX I'yCEHUYHOTO JBUIKH-
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Puc. 1. CnekTpanbHasi INIOTHOCTh KPIOKOBOTO YCHJIHSI:
a — 1maxoTa; 6 — KyJIbTHBAIUs; @ — CeB; 1 — cepuifHas HaBeckKa; 2 — OIBITHAsA HaBECKa
C TTHEBMOTHIPABJIMICCKAM YIIPYTHIM 3JICMCHTOM
Fig. 1. Spectral density of hook force: a — plowing; 6 — cultivation, ¢ — planting;
1 — production hitch; 2 — experimental hitch with pneumohydraulic elastic element
lzvestiya MGTU «MAMI», Ne 1(47), 2021 3



TeJI: B 30HE HAIPABJIAIONICTO KoJjieca, OMOPHOM
BETBU M BEAyINEro kKosieca. Paspaborana mareMa-
THYECKass MOJC/Ib YKJIaJKA TPaKOB Ha OMOPHYIO
BETBb, OPUCHTUPOBAHHAS Ha OICHKY BCJICACTBHE
9TOr0 BHOPOHAIPYKEHHOCTH KOpITyca TpaKTopa.
Ha ocHoBe MopiesTupoBaHus 715 IPOMBIIILIIEHHOT'O
TpaKTopa C MOJyXecTKoi moaseckoit T-170M.01
MpOU3Be/icHa KOJMYECTBEHHAs OIIGHKA BEPTHU-
KaJIbHBIX M TMPONOJBHBIX BHOPOYCKOPEHHI IMOJIa
KaOMHBI Ha MECTEe KPEIJICHUs Kpecya orneparopa.
IToka3aHo, YTO MPOILECCH], MPOTEKAIOINE B 30HE
OTMOPHOI BETBH, ABJISIOTCS MCTOYHUKOM BO30YIK-
JECHUsT WHTEHCHUBHBIX BEPTHKAJbHBIX BHOpAIlHii,
YPOBEHBb KOTOPBIX IOCTHraeT BeTHIMHB 8—10 Mm/c2.
ABTOPOM yTBEP)KAAETCsA, YTO OINpeaeAtoIee
BUOpAI[MOHHOE BO3IECHCTBHE Ha OIepaTopa Tpak-
TOpa OKasbiBA€TCS B BEPTUKAJILHON IJIOCKOCTH
B 30HE OMOPHOW BETBM B MHTEPBAje YacTOT, CO-
BIAJAIONUX C YaCTOTAMM YCPEIOBAHHSA TPAKOB
B I'yceHMYHOM 00Bosie. Bo BpeMs paboThl yacToTa
UX MEPEMOTKH B 3aBUCHMOCTH OT CKOPOCTHU MPO-
MBIIIJICHHOTO TPAKTOPa HAaXOMMTCA B JHANa30OHE
or 2,5 mo 7 I'.

B mocBAIIEHHONW HCCICIOBAHUIO KOJIeOaHMIA
U TPOYHOCTH KaOWH TpakTopoB cemeiicTBa T
muccepranuu Kocosa O.J1. [7] npuBeneH rpaduk,
XapaKkTepU3yONNil  pachpefesiecHHe  YCKope-
HUI BEPTUKAJIbHBIX KOJICOAHUU pambl TPaKTOpa
(puc. 2), KoTopoe JaeT MPeACTaBJICHUE O BEPO-
SITHOCTH UX TOSABJICHUA. ABTOPOM YCTaHOBJICHO,
4YTO «HAUOOJIBIINE HHU3KOYACTOTHBIE KOJICOAHUs
paMBl TpaKTOpa HabJromaTcs B oomactu 2—6 I’
MpH [BWKEHUM TpPaKTopa Ha IaxoTe, MaKCH-
MaJIbHBIC BBICOKOYaCTOTHBIC KoyicOaHHUS B 00-
gactu 40-80 I'm popmupyoTcs TpH IBHKCHUU
Mo Jjgopore». ABTOPOM TaKKe YTBEPIKIaeTcH,
YTO «IPAKTUYECKH BCS SHEPrus KosiebaHHil co-
CpPenoTOYCeHA B 00JIAaCTA COOCTBEHHBIX YaCTOT KO-
JiebaHui TpakTopa Ha moaBecke 2—4 I'm».

B pabore [8] koHCTaTUpyeTcs, YTO «..ycTa-
HaBJIMBacMblc Ha OTEYECTBCHHBIX TpPAaKTOpax
CHCTEMBI TIOMPECCOPUBAHUS KAaOWH W CHACHUI
HCYIOBJICTBOPUTENIPHO — 3alIMIIAIOT  OlepaTopa
OT HHM3KOYACTOTHBIX KOJICOAaHWH B JaUama3oHe
1,5-3 I'uy.

TakuM 00pa3oM, SKCIEPUMEHTAJbHBIC U pac-
YETHBIC HCCJICIOBAaHMUA MOKAa3bIBAIOT, 4TO HawW-
0ojee AaKTUBHBIM HMCTOYHHUKOM BO3MYIIECHUI
B JIMHAMUYECKOI CHUCTEME I'yCEHUYHOH MAaIMHBI
SIBJISICTCSL XOMOBasg CHUCTEMa, B KOTOPOH T'€HEpH-
pytorcst kosiebanus ¢ yactoramu oT 0 go 40 I'm,
pudeM 00J1aTafoIMMU HanOOJTBITICH KosteOaTeTb-
HOW SHEPrueil ¥ caMbIMU BBICOKMMH aMILIUTY/Ia-
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Puc. 2. ®ynkuusa pacnpenenenns ycKopeHuii
BePTHKAIIBHBIX KoJle0anuii pamMbl TpaKkTopa

Fig. 2. Distribution function of acceleration
of vertical vibrations of the tractor frame

MU SABJISIIOTCS HU3KOYAaCTOTHBIE KOJICOaHMS B JIa-
nasone oT 2 no 7 I'm, u 9To cymecTBeHHast poJib
B (HOPMUPOBAHUM TUHAMHYECKUX BO3MYIICHHUI
MPUHAJICKUT MPOIECCY MEPEMOTKH 3BEHYATON
T'YCEHHUIIBL.

2. DKcnepumeHmanvioe onpeoencHue
IKCHAYAMAUUOHHBIX 803MYULHUTI
npu pabome KOAECHOU MAUUHBL

ABTOpaMH BBITIOJIHEH KOMILJIIEKC SKCHEPHUMEH-
TaJIbHBIX MCCJICIOBAHUN C LEJIBIO OMNpPEHeJICHU
9KCIJTyaTallMOHHBIX BO3ACHCTBHII Ha omeparopa
KOJIECHOT'O TPAKTOPa BO BPEMs BBITIOJIHEHUS CEJIb-
CKOXO3IUCTBEHHBIX paboT. Ijia sToro BbIOpana
OlHA W3 OCHOBHBIX CEJIbXO30Iepaluii, maxora,
Y OJTHA U3 MalllH, KOTOPBHIE YaCTO MUCHOJIb3YIOTCA
115 BBITIOJIHEHU A TaKoi paboThl B Bosirorpaackom
pervone. [Ipn ee BBINIOJIHEHUHU XOfI0Basg CHCTEMa
U MOJBECKA OCTOBa padOTAIOT B OJHOM U3 CaMbIX
CJIOKHBIX PEXUMOB, KOIJla MEpeIBUKEHHE C CY-
IECTBEHHOU TATOBOM HAI'PY3KOU OCYIIECTBIIACTCA
B arperare ¢ IUIyTOM IO NEePEeCeYeHHOH MEeCTHO-
CTH, TO €CTh IPUCYTCTBYIOT BOMYIIEHUS U OT He-
PaBHOMEPHOCTH JEHCTBUA TATOBOIO COINPOTHUB-
JIeHUs, U OT KoJieOaHMil OCTOBa Ha IIO/IBECKE,
U OT KPYTWJIbHBIX KOJIeOaHWII B TPaHCMHUCCHU,
Y OT TAPMOHMK KPYTAIIEr0 MOMEHTA IBUTaTEJIA.

OmpenesnieHne  peayibHBIX — KCILTyaTallMoH-
HBIX BO3MYIIEHUH Ha TOJIy KaOWMHBI W TMOAYIIKE
CUJICHb TPOU3BOAMJIOCH MPU JIBUKEHUHU KoJiec-
Horo Tpaktopa K-744P1(ct.) (pumc. 3) B arpera-
Te ¢ miockope3oM [II-3-5 B pexuMme BCHAIIKU
CTEPHH CO CKOpocThio 2,5 m/c. MccnenoBanus
BHIMTOJTHsTHCh Ha Oa3oBoM yvacTke CIIK Ilmem-
3aBopi «PomamkoBckuit» IlanmacoBckoro paiiona
Bosrorpanckoit  obsiactu.  IyOmHa Benamkwn

U3BecTtua MITY «<MAMW», Ne 1(47), 2021



IMOYBH cocTaBjsia 22..25 cM. JIBmkeHHe Tpak-
TOpa MO BHIOPAaHHOMY y4YacTKy OCYINECTBJISJIOCH
Ha 2-if nepenave Il-ro pexkxnma paboTH KOpOOKH
IepeMeHbl Tiepenad B auana3oHe M3MEHCHUsS Ya-
CTOTHI BpallleHHUS KOJICHYAaTOTO Bajla JBUTATEIS
AM3-238H]15 ot 2100 mo 2200 o6/MuH. JaHHBIMA
peRuM paboOTHl TPAKTOPHOI'O arperara xXapakTe-

PECH IIPH BBIIIOJTHCHUHU I1aXOThI.

Ha 271eKTpoHHOM MHOTOKaHaJIbHOM OCIIHJLIO-
rpadpe ZETLAB B pexume peaslbHOrO BPEeMEHH
OCYIIECTBJIAJIACh 3alCh MTHOBCHHBIX M CpEHE-
KBaJIpaTUYCCKUX 3HAYCHUU BUOPOYCKOPEHUU, pe-
TUCTPUPYEMBIX OTHOKOMIIOHEHTHBIM JTaTYUKOM
(axcesrepomeTpom) BC 110 Ha oty KaOWHBI Tpak-
TOpa, B TaJIbHEUIIIEM C ITOMOIIIBIO 3TOM aIapary-
PBI BBHITIOJIHEHA OOPa0OTKa TOJTYYCHHBIX TaHHBIX
C TIOJTy9eHHEM CTaTHUCTHYCCKUX XapaKTCPUCTHK.

Puc. 3. Tpakrop K-744P1(cT.)
Fig. 3. K-744P1 (st.) tractor

IIpn BEmMoTHeHNH nccitenoBanwii [9, 10] mpo-
IeCC U3MECHEHUsI MTHOBEHHBIX 3HAYCHUU BHOPOY-
CKOPCHMIA Ha TOJTy KaOWHBI M Ha TIONYIIKE CHIC-
HbS BOJIUTEJISI 3aMKCHIBAJICS B MAMATh MPHOOPOB,
BXOIAIIMX B COCTaB KOMIIJICKCOB HAy4HO-HCCJIIC-
nosaresibekoil  ammapatypsl ZETLAB (puc. 4)
u «AccucteHT» (puc. 5).

Puc. 4. Bubpo- u nrymonsmMepuTebHblii KOMILIEKC
ZETLAB:

1 — xabemp USB (s cesasu ¢ [1K);
2 — UHTETPUPYIOLIHUI OTHOKAHAJIbHBII OJIOK-
peructparop ZET 110; 3 — akcenepomerp BC 110

Fig. 4. ZETLAB vibration and noise measuring
complex: 1 — USB cable (for communication
with a PC); 2 — ZET 110 single-channel integrating
block-recorder; 3 — accelerometer BC 110
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Puc. 5. BaOpo- n IrymMon3MepHTEIbHbIN KOMILIEKC
«AccHCTenT

Fig. 5. Assistant vibration
and noise measuring complex

Kommiekc «AccucteHT» BKJIIO4aeT B cebs
BCTPOGHHBI aHAJIM3aTOp IMyMa W BHOpAIMil
Y JIaTYUK, pearupyonii Ha BUOpallMOHHBIE BO3-
OyKXIeHHs TO0 TpeM JIMHeWHBIM B3aWMHO Iep-
MEHANKYJISAPHBIM ~ KoOpAWHaTaM. BubparuoH-
HBII TPEXKOMIIOHCHTHBI [TATYHAK PACIOJIaraJics
[IpY U3MEPEHUAX Ha NOAYIIKE CUACHBS Ha Me-
TAJJIAYECKOM HUCKE U MPUKPEIVIAICA K HEMY
MIPH TTIOMOIIIH TOCTOSTHHOTO MarHuTa (puc. 6).
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Puc. 6. Cxema pacnonoxenus JaTYMKa
Ha TOYIIKe CHIEHbS

Fig. 6. Location of the sensor on the seat cushion



OTtnenbHBIE pE3yJIBTaTHl M3MEpPEHHi 0TOOpa-
>KEHBI Ha pHC. 7 B BUJIE CPAaBHUTEILHBIX CIIEKTPOB
BEPTHUKAJIbHBIX YCKOPCHHIA IM0JIa KAaOWHBI W TIO-
IOyIIKU CHACHBA ¢ BomuTeseM [11, 12].

a, M/c?
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0 f5In
0.5 1 2 4 8 16 32 64 128

Puc. 7. CnekTp BepTHKaIbHBIX YCKOPEHHMIi:
1 — Ha oty KaOuHBI, 2 — Ha MOAYIIKE CUACHbA
oreparopa

Fig. 7. Vertical acceleration spectrum:
1 — on the cabin floor; 2 — on the operator’s
seat cushion

W3 aHanu3a MOJIYYEHHBIX CIIEKTPOB CJICAYET
BBIZICJIUTD 2 MMyHKTA:

— IITaTHAas MOABECKA CUIECHbS OIEpPaTopa TPaK-
TOpa HE CHIKAET aMIUIUTYAy KoJieOaHMii, mepe-
JAIOIUXCsl OT IMoJia KaOUHBL B IIOJIOCE CO CPEIHe-
reoMeTpuyYecKoil dactotoil 2 11, a HaobOpOT,
YCUJIMBAET ee MouTu Ha 8 %;

— aHaAJIOTMYHAsl KapTHHA YBEJIMYCHUS YPOBHS
BEPTUKAJIHBIX YCKOPEHHUil HaOJIogaeTcss B Hau-
0ojiee YyBCTBUTEIBLHOM JIJIsI TEJIa YeJIOBEKa Jua-
ma3oHe 9actoT oT 2,5 I'iy mo 8 I'm.

3. Pacuemmbie ucc1e008aHust
BUOPO3AULUMHBIX CBOTLICING
Nn008eCOK CUOEHbSA
[Tony4yeHHbIE B pe3yJibTaTe HATYPHBIX H3ME-
PCHMIT 3alKMCUd M3MCHEHHs YCKOPEHHH Ha MOJTy
KaOMHBI M Ha MOAYIIKE CUICHBS, a TAK¥Ke UX CTa-
THCTHYECKHE XAPaKTEPUCTHUKH  HCIOJIb30BaHbI
Ha CJIeMyIOIIeM 3Tare paboT IJIs BBIIIOJTHCHUS
CPaBHHUTEJIGHOTO PacYeTHOro MOICIUPOBAHUS
[9, 10, 11], mMeromiero meyblo CpaBHEHHE BHOPO-
3AIIUTHBIX KAYECTB INTATHOM IMOABECKH CHICHbS
TpakTopa (puc. 8), MUPOKO paclpoCTPaHCHHON
B aBTOMOOMJIe- M TpakTopocTpoeHuu [13] mon-

6

Becku cuaeHbsg P405C/KAS8OHT ¢upmbr Sibeco
C THEBMOPECCOPOil U HEePETyIUpPyeMbIM THAPaB-
JIMYECKHMM  aMOPTH3aTOPOM,  HaIpaBJISIONIHI
MEXaHM3M KOTOpoi (puc. 9) BBIMOJHEH MO THUITY
«HOJKHHUII», U TEXHUYECKOrO PEIICHUs MPesio-
JKEHHO aBTOpPaMH ITHEBMATHYCCKON TOIBECKU
[14], mo3BoJIsrOmIEii 0OecrieunBaTh OMUHAKOBO Ka-
YECTBCHHYIO BHOPO3aIIUTy OIepaTopa Ha Xomax
CKaTHs U 0TOO0S, a TAKIKE MMEIOIIEH BOSMOXKHOCTh
OCYIIECTBJIATh YAaCTUYHYIO PEKYIEPalHio KoJjie-
OarenpHON 3HEprum (puc. 10).

Puc. 8. Cunenne Tpaktopa «Kuposemy:
1 — amopTH3aTOp; 2 — MEXaHMU3M ITOIBECKH; 3 — OJIOK
npyxuH; 4, 14 u 17 — pykosaTku; 5 — raiika,
6 1 8 — maiios; 7 1 18 — pe3nHOBBIC BTYJIKY;
9 — crimnka; 10 — cextop; 11 19 — ocw;
12 — momymka; 13 — peiika; 15 — ocToB; 16 — BUHT

Fig. 8. Seat of the Kirovets tractor: 1 — shock
absorber; 2 — suspension mechanism; 3 — spring
block; 4, 14 and 17 — handles; 5 — nut; 6 and 8 —

washers, 7 and 18 — rubber bushings, 9 — backrest;

10 — sector; 11 and 19 — axles; 12 — cushion;

13 — rack; 15 — frame; 16 — screw

[IpenioxkeHHass aBTOpaMU CTaTbM TOJBECKa
(puc. 10) paboraet crenyromum odpasom [14, 15].
Ha xome cxarus naBjieHWe BO3[yXa B TOJIOCTH
mHeBMOOaIsiona / BO3pacTaeT, MpPH ITOM KJla-
MmaHbl 7 U 8 3aKPBHITH U COOOIICHHE C PechBepa-
mu 9 u 10 orcytcrByeT. B KoHLe Xoma cxarus
MPY CMEHE 3HaKa CKOPOCTHU JiehopMaIiii CUTHAI
¢ 1aTyuka /4 nocrynaeT Ha OJIOK ynpasJieHus 13,
OTKPBIBAIOIUH KJIanaH 8, ¥ BO3MYX M3 MOJIOCTH
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Puc. 9. Cucrema noapeccopuBaHusi CHIEHbs
¢upmn!i Sibeco:

1 — ocHoBaHue; 2 — cpenHssa pama; 3 — cucTema
pBIYAroB 10 TUIY «HOXHHUIY; 4 — THEBMaTHYECKast
peccopa; 5 — BepxHAsd pama; 6 — MOJI3YHBI
MeXaHH3Ma PeryJIMPOBKH MTOJIOKEHUS TOTY KA
CHUJICHbSI;, 7 — OTPaHUYMTEb X0a; 8 — KPOHIITEIH;
9 — amoptuzaTtop; 10 — MoJI3yH HAaIPaBJIAIOIIETO
MexaHusMma; 11 — cucrteMa pel9aroB MexaHu3ma
PEryJIMpOBKH TOJIOKEHHS TIOTY KK CHICHbS

Fig. 9. Sibeco seat suspension system. 1 — base;
2 — middle frame; 3 — scissors type leverage
system, 4 — air spring;, 5 — upper frame, 6 — sliders
of the seat cushion position adjustment mechanism;
7 — travel stop, 8 — bracket; 9 — shock absorber;
10 — slider of the guiding mechanism; 11 — system
of levers of the mechanism for adjusting
the position of the seat cushion

IMHeBMOOaJII0Ha / TTOT AaBJICHUEM IIOIaeTCsA B pe-
cusep 9. Mexny pecuBepamu 9 u 10 obpasyercs
nepenaj OaBJjCHHUSA, KOTOPBI IPHUBOIUT B MEii-
CTBHE ITHEBMOABUTATED /1.

Ha xome otT6os kjaman & 3akpbiBaeTcd,
IIPH 3TOM CBf3b IHEBMOOAJIJIOHA C PECHBEPAMH
orcyTcTByeT. KiamaH 7 OTKpPBIBa€TCS TOJIBKO
TOTMa, KOT/Ia IaBJICHHE BO3yXa B THEBMOOAJIJIOHE
CTAaHOBHUTCS HE OOJIbIIC JABJICHHUS BO3IyXa B pe-
cusepe /0. Torma Bo3myx IOf IaBJICHUEM W3 pe-
cuBepa /0 mocTymaeT B IOJIOCTH ITHEBMOOAJLIIO-
HAa WM IPUBOIUAT B ACHCTBHE ITHEBMOIBUIATEJIb.
IIpy [OCTHIKEHHH IIOJIOKEHHS CTATHUYECKOrO
paBHOBecHs KJjamaH / 3aKpbhIBacTCsA, COOOIIe-
HUE C pecHBEepaMH IIpeKpaliaeTcsa. B koHie xomga
0T0OsI IPU CMEHE 3HAKa CKOPOCTH AchOpMalliu
MOMIBECKH IO CUTHAJIy JaT4yMka I4 OTKpbIBaeTCs
KJIanaH 7, BO3MYX TOJ IaBJicHHeM U3 pecusepa 10
[IOJA€TCs B MTHEBMOOAJIJIOH M IIPUBOIUT ITHEBMO]I-
BHTaTeIb.

B nauvase xona c:xkaTus KjarnaH 7 3aKpbIBaeTCs,
CBs3b ITHEBMOOAJIJIOHA C PECHBEPAMH IIPEPHIBACT-
ca. Kimaman 8 oTkpeIBaeTCsl TOJIBKO TOrAa, KOrma
JaBJICHUE BO3[yXa B IOJIOCTH ITHEBMOOAJIJIOHA
CTAHOBHMTCS HE MCHBIIIE [JaBJIcHUsS B pecuBepe 9.
J1o IDOCTHIKEHMS IOJIOKEHUSI CTAaTUYECKOI'O PaB-
HOBecHs KJIanaH 8 OTKPHIT M BO3AYX MepeTeKacT
13 IOJIOCTH ITHEBMOOAJIJIOHA B pecuBep 9, IpUBoO-
I B IeficTBUE NHEBMOIBATATEIID 1.

ABTOpaMH  pa3paboTaHbl MaTeMaTHYCCKHE
MOJIE/IU IEPEYUCIIEHHBIX IIOABECOK CUACHHII U BHI-
[IOJIHEH KOMILIEKC PAaCUYETHHIX HCCJICIOBAHMIA

10 13

6
|

Puc. 10. IIpennoxennas cxema MOIBECKA CHIACHDS:
1 — mEeBMOOaIIOH; 2 — HAIIPABJIAIONIME PhYary; 3 — OrpaHUINTEIb X0/1a; 4 — HIKHee OCHOBaHUE; 5 — BepXHee
ocHOBaHme; 6, 12 1 13 — mHeBMOMarucTpasm;, 7 u 8 — 3JIeKTPOITHEBMaTHIeCKUE KiIamaHsl, 9 u 10 — pecuBepsr;
11 — maeBMoOnBHUTaTENb; 14 — TaTYNK IIepeMeIneHns; 15 — 3IeKTpOoHHEI 010K yIpaBJicHAS paboTOo KTallaHOB

Fig. 10. Suggested seat suspension scheme: 1 — pneumocylinder; 2 — guiding levers; 3 — travel stop;
4 — bottom base; 5 — top base, 6, 12 and 13 — pneumatic lines, 7 and 8 electro-pneumatic valves;
9 and 10 — receivers;, 11 pneumatic motor; 14 displacement sensor; 15 electronic valve control unit
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[9, 10, 16, 17] ¢ mesbIo ompenesicHus BHOPO3aIINT-
HBIX Ka4eCTB Ka)KIOW B IMHPOKOM TUAMa30HE IKC-
MJTyaTallMOHHBIX BO3ACHCTBUM. J{JIs1 BBIMOSTHEHUS
HCCJICIOBAHMI MCIOJIb30BaH MPOrPaMMHBII MaKeT
MatLab co cpeacTBOM BH3yaJIbHOIO MOJIEIHPO-
BaHus Simulink. YpaBHeHUs pemnrajmch METOIOM
Pynre-Kytra 4 mopsimka ¢ MOCTOSHHBIM IIaroM
uaterpupoBanus 0,0009257 c. Pesynbrarhl pac-
4YeTa B BUJIE MaCCHBOB JJAHHBIX TepeIaBaJIuCh IO-
cpenctBoM MonyJis MatLab Excel Link B ¢aiitbt
Excel ns mocenyromux oopadboTok. OTmesbHbIC
pe3yJIbTaThl MOJACIUPOBAHMA I IIPUMeEpa Mpef-
craBJieHbI Ha puc. 11, 12 1 13.

Pe3ynbtatbl pacyeTHbIx

unccsiengoBaHun
PaC‘{eTHI)Ie CPaBHUTCJIbHBIC HUCCJICA0OBAHUA
pa3pa60TaHHbe MATEMATUYCCKUX Moneneﬁ

IITATHOM IIONBECKH CHIACHbA TPaKTOpa, IIOABE-
ckn (upMBI Sibeco W mpeiilaraeMoil ITOIBECKH
CHUJICHUI TIOKA3aJlM BBICOKYIO 3(P(PEKTUBHOCTD
MoCJIeHEH Mo 0becneYeHnIo BUOPO3amuThl pabo-
gero mecta oreparopa [9, 10, 16, 17]. Ha gactote
rapMOHUYECKOro Bo3MyIneHusA 2 'l OTHOCUTETb-
HOe CHIKeHHe Ko3(ddunmenta mepemaum H(f)
mpeniaracMoi MOBECKH MO0 CPABHEHMIO CO IITaT-
HOM coctaBujio 51 %, Ha yactorax 3, 4, 5, 6, 8
u 10 I'm — 72 %, 81 %, 84 %, 85 %, 89 % u 91 %
COOTBETCTBEHHO.

Z, M/c?
24

Ilpennaraemas

-1.2

24

Puc. 12. OcuminorpaMmmpl a6COTIOTHBIX YCKOPeHHii
Maccbl, I0ApeccopPeH ol IUTATHOI U npeIaraemMoii
NoJBeCKaMH CHEeHbs, OTy4eHHbIe IIPH HMHTALHH
BO3/1€iiCTBHSA CIy4aiiHOro cUrHaIa

Fig. 12. Oscillograms of the absolute accelerations
of the mass sprung by the standard and suggested
seat suspensions, obtained by simulating
the effect of a random signal
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Puc. 11. OcuunnorpaMmbl a6COMOTHBIX HepeMeleHuii
Maccbl, IOAPeccOPeH ol IITAaTHOl U IpexIaraemoii
MOJABECKAMH CHIEHbs, NOIy4eHHble IIPH UMHTALUH
BO3JeficTBHSA CTy4aifHOro CHrHANA

Fig. 11. Oscillograms of the absolute displacements
of the mass sprung by the standard and suggested
seat suspensions, obtained by simulating
the effect of a random signal

Puc. 13. CpaBHuTe/bHbI€ CHEKTPbI A0COTIOTHBIX
BEPTHKAILHBIX YCKOPeHHii moja KaOHHbI
H Macchbl CHIEHbS IIPH HCTIOIb30BAHHH CePHIfHOI
(¢pupmni Sibeco) 1 npeioikeHHol MoxBECOK

Fig. 13. Comparative spectra of absolute vertical
accelerations of the cabin floor and seat mass
when using the production (Sibeco company)
and the suggested suspensions

[Mpy ciyvailHOM BO3MYINCHUU TIpejJiaracMast
TIOJIBECKA CHIICHbBS 110 CPABHEHUIO CO INTATHOM 00e-
CIICYMBACT YMEHBIIICHNE BEPTUKAIBHBIX YCKOPEHUIA
T10J1a KaOWHBI B TPETHOKTABHOM ITOJIOCE CO CpeHere-
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OMEeTPHUYECKMMH YacToTamu 2, 2.5, 3.15, 4, 5, 6.3, 8,
10, 12.5, 16, 20, 25, 31.5 u 40 I't;, COOTBETCTBEHHO,
B 1,3 pa3a, B 3 pasa, B 2 pasa, B 4 pa3a, B 10 pas,
B 4 pa3a, B 14 pa3, B 19 pas, B 23 pasa, B 34 pa3a,
B 44 pasa, B 77 pa3, B 73 pa3za u B 175 pas.
HaTerpanpHoe 3HAYEHUE KOPPEKTUPOBAHHBIX
IO YaCTOTE BEPTUKAJILHBIX BUOPOYCKOPEHHMIA Ha IO~
AYIIKe CEPUHHOrO CHACHBSA TPAaKTOpa OKa3ajiocCh
pasubiM 0,573 M/c?, cunmenns Sibeco — 0,504 m/c?,
CHIEHbSI C TIpefIaraeMoii mogBeckoit — 0,182 m/c?.
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VIBRATION LEVELS ON OPERATOR’S WORKPLACE AND VIBRATION PROTECTION
CHARACTERISTICS OF SEAT SUSPENSIONS
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This article analyzes the nature and parameters of the main operational disturbances, which energy is di-
rectly or indirectly transferred to the operator's workplace of tractor with a caterpillar or wheeled propel-
ler when performing various technological operations, based on experimental research data. The main
operating frequency range of these operational disturbances is considered. The contribution of each
frequency component to the overall level of vibration at the operator's workplace is assessed. The ex-
ample of implementation the results of field measurements of real operational disturbances and vibration
characteristics on a K-744R1 (st.) wheeled tractor, which operated in a unit with a PG-3-5 plane cutter in
the mode of plowing stubble at a constant speed of movement was used. The comparative study of vibra-
tion-protective properties of various designs of seat suspension was carried out. The technique of field
measurements, including specialized equipment of the ZETLAB and Assistant companies, the mode, the
sensor installation scheme and other conditions are described. Using the numerical Runge-Kutta method
and mathematical modeling tools in the Simulink MatLab software environment, the operation of the se-
rial suspension of the K-744R1 (st.) tractor seat, air suspension of the Sibeco seat with a scissor guiding
mechanism and the innovative air suspension of the seat (based on Sibeco) with controlled extraction
of vibration energy and its subsequent recuperation was simulated. There were obtained the calculated
oscillograms and spectra of vertical accelerations on a seat cushion, sprung with each of the considered
suspensions under the input action of measured real operational disturbances. The results of the analysis
of the research results are summed up.

Keywords: vibration loads, seat suspension, vibration protections characteristics, mathematical mode-
ling, research results

Cite as: Godzhayev Z.A., Lyashenko M.V., Shekhovtsov V.V., Potapov P.V., Iskaliyev A.l. Vibration levels
on operator’s workplace and vibration protection characteristics of seat suspensions. lzvestiya MGTU
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K BONMPOCY NOBbILLEHUA 3PDPEKTUBHOCTHU
W BE3OMNACHOCTU SKCMNYATALUU TOHHEJIbHbIX
9CKAJIATOPOB METPOIOJIUTEHA.
MOZAEJ1Ib NPOrHO3UPOBAHUA

k.7.H. Monos B.A., Enanues B.B.
MeTepOyprekuid rocyaapCTBEHHbIA YHUBEPCUTET NyTel coobLLeHns umnepartopa Anekcanapa |
ew3012@gmail.com

MeTtpononuteHsi Mocksbi n CaHkT-lleTepbypra crapeviluve B Poccun. VIHpacTpyKTypHbIY KOMIIIeKc
Kaxgoro u3 HUX UMEEeT B CBOEM COCTaBe pa3HOPOAHbIE Mapku TEXHWKW. [lapk noaBWXHOro cocrtasa
B riocnegHee OecsATuieTue rnpenMyLLeCTBEHHO OOHOBWIICS, B TO BPEMS Kak n3-3a 0COOEHHOCTEV 9KC-
riyataumy u B OCHOBHOM 10 (pMHAHCOBBIM MPUYMHaM 3CKaaaToOpPHbIV napk eLle 4oJroe Bpemst He bynet
3aMeHeH. B ¢cBs3u ¢ 4yem OCHOBHOWU 3aaa4qen rnoapasaeneHu, oTBeYalroLmx 3a aKcrayaTtaym ackaia-
TOPOB, SIBASIETCS MOAAEPXaHNEe B UCMPaBHOM COCTOSIHUM MHTEHCUBHO cTaperollero napka. Takum o6-
pasom, popmMUpyeTcs cuTyalms, rnpu KOTOPOU 3CKa1aToOpPHOE XO35IMCTBO SIBJISIETCS UCTOYHUKOM 3aTtpat
U151 YAOBJ/IETBOPEHMS] MOCTOSIHHO BO3pacTaroLLeri noTpebHOCTU B pecypcax. Bmecte ¢ Tem orpaHu4eH-
HOCTb BbIfI€JIEHNSI BCEX BULOB PECYPCOB TOJILKO YCYryOiseT C/IOXMUBLLYIOCS CUTYaLMIO.
Bbilienepe4ncieHHbie 06CToSITe/IbCTBA CrIOCOBCTBYIOT akTyanu3aummy Borpoca noabopa MHCTPYMeHTa-
pusi, MO3BOJISIOLLIEIrO MOBbLICUTb 3 PEKTUBHOCTb M 6€30MacHOCTb 3KCrlyaTaLmm TOHHE IbHbIX 3cKanaTo-
poB meTponoanTeHa. 1o MHeHWO aBTopoB PaboTbl, OAHUM U3 TaKUX MHCTPYMEHTOB MOXET CTaTbh Mpo-
rHO3UPOBAaHNE TEXHNYECKOIr0 COCTOSIHVSI 39/IEMEHTOB MOACUCTEM 9cKasaTtopa, BblMOJIHEHHOE Ha OCHOBE
crieumasbHoOM MapLLUpyTu3aumm nHOOPMaLNOHHbIX NOTOKOB, NMpeaHa3Ha4YeHHOoV 47151 ONTUMasibHOro pac-
npeaeneHvs BblAessseMbIX PECYPCOB.

Tak kak ackanaTop — 3TO CJIOXHbIV TEXHUYECKN OOLEKT MOBbILLIEHHOV 0rnacHOCTH, TO A1 HEro MapLLpy-
TmM3aumss MHGOPMaLIMOHHbIX MOTOKOB, XapakTepu3yIoLLMX Ero TEXHNYECKOE COCTOSTHNE, BO3MOXHA TOJIbKO
Ha OCHOBE NpeaBapuUTesIbHON AEKOMNO3NLNN Ha MHPOPMALIMOHHbIE YPOBHU.

Mo aTovi npu4nHe Hayaso CTarbyv MOCBSLLEHO AEKOMMO3NLMN TEXHUYECKOro COCTOSIHUS 9cKasaatopa
Ha 4YeTbipe MHOOPMAaLMOHHbIX YPOBHSI, OXBATbIBAIOLLMX BCE ACMNEKTbI TEXHUYECKOrO COCTOSIHUSI OT MUKPO-
YPOBHSI COCTOSIHUSI MatepunasioB, U3 KOTOPbIX M3roTOBJIEHbI 3/IEMEHTbI NMOACUCTEM 3cKasaaTtopa, 40 QyHK-
LIMOHA/IbHOrO COCTOSIHWSI BCero ackasnaropa. B panbHerviluem packpbiBaeTcsi Lesib paboTbl, KoTopasl
COCTOUT B onvcaHum obLLeli MaTeMaTn4eckor Moge v rnporHo3upoBaHmns TEXHUYECKOro COCTOSIHUSI 3/1e-
MEeHTOB MoACUCTEM 3cKasaTopa v TpeboBaHuii K ee NocTpoeHuio. Takke B paboTe onnchiBaeTcsi OCHOB-
Hasi 3afaya, KOTopylo peLluaeT rnpeasioxXeHHasl rnporHo3Hasi MoAesb. B 3ako4eHnn paccMaTpuBaroTCs
BapuaHTbl NCMNOJIb30BaHWS MPEATOXEHHON MOAEN.

Hay4Hasi HoBU3Ha AaHHOro rnoaxoAa 3ak/ilo4aeTcsi B UCo1b30BaHUN COBPEMEHHOIM0 MaTtemMaTnyeckoro
annapara Teopun He4eTKUX MHOXECTB /11 06pabOoTKM napamMeTpuyeckori MHgpopmaLmm, 371eMEeHTOB UC-
KyCCTBEHHOIr0 MHTEJIJIEKTA, a TakxXe MpeueaeHTHOro nogxona npu aHaan3e aKcrayaTtaunoHHON cutya-
LN, KOTOPbIE B CBOEM COYEeTaHuu HeoOXOAMMbI /151 MOCTPOEHUS MPOrHO3HOW MOAEIN TEXHUYECKOro
COCTOSIHUST B MPUIOXKEHUN K 3CKaIaTtoOpPHOMY XO3SIMCTBY METPOIMNOINTEHA.

C npakTn4eckov TOYKM 3PEHUS CAeayeT OTMETUTb, YTO MNPEAsIOXEHHass MartemaTn4yeckass Moaesib, pea-
JIN30BaHHasi Ha OCHOBE COBPEMEHHbIX MHGOOPMALIMOHHbLIX TEXHO0MVIA, No3BOINT 6osiee paLmoHaibHO
HacTpPOUTb MEXaHU3Mbl PacrpeaesieHus BbiAeaseMbIX PecypcoB, obecrneymnBas rnpu 3ToM HeobxoanMblv
ypPOBEHb 6e30M1acHOCTY TPAHCMOPTUPOBKU acCaxupoB.

KnoyeBble cnoBa: sckanatop, rporHo3npoBaHne, TeEXHUYecKoe OGC/'Iy)KI/IBaHI/Ie n PEeMOHT, rpeueneHT,
HeﬁpOHHaﬂ CeTb, TEXHN4YEeCKOe COCTOsIHMe.

Ana untnposanus: lNonos B.A., EnaHues B.B. K Boripocy rnoBbilieHnsi 3¢p¢GekTmBHOCT 1 6e30rnacHo-
CTW 3KcnyaTaumm TOHHE/IbHbIX 3CKaaaTtopoB MeTporoantTeHa. Moaesib rnporHo3vposaHus // Miasectus
MITY «MAMW». 2021. Ne 1 (47). C. 12-22. DOI: 10.31992/2074-0530-2021-47-1-12-22.
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BeBeaeHune

Kak oTrmewaetcs B [1], MeTpOITOJIMTEH UT'paeT
KJIIOYEBYIO POJIb CPEIU FOPOACKON TPAHCIIOPTHON
nHppacTpykTypsl Cankt-lIleTepOypra. OmHEM
13 OCHOBHBIX KOMIIOHCHTOB MH(PACTPyKTYpPHOTO
komiiekca ['YII «IletepOyprckuii MeTpormnosu-
TEH» SBJISICTCS ICKAJIATOPHOE XO3SUCTBO.

Ockajarop — 5TO MallWHAa HEMPEPHIBHO-
ro TpaHCIOpTa, SBJIAIOMA’ICA BOCCTaHABJIH-
BacMbIM OOBEKTOM IIOBHIIIEHHON OMAacHOCTH,
K 9KCIJTyaTallil KOTOPOTO TPEIbIBIIAIOTCS I10-
BBHIIIICHHBIC TPEOOBAHUSA 10 00BEMY M IIEPUOIIYI-
HOCTH TIPOBOJMMBIX PEMOHTHO-PEBU3MOHHBIX
MepOnpUATHIA.

3a 6osiee yeM 50-TH JICTHIOI UCTOPHUIO SKCILTY-
aTalid B COCTaB 3CKaJaTOPHOro mapka JIeHWH-
rpaackoro (IleTepOyprckoro) MeTpoIoJUTEHA
BBericHO 0Ko0J10 300 emMMHHUIT 3CKAJIaTOPOB Pa3HBIX
THITOB. boJIbIlast 9acTh 3CKaIaTOPHOTO TTapKa Obliia
chopmupoBana B mepuon ¢ 1955 mo 1991 romsr
XX Beka, 9To c(hOpMHPOBAJIO ONPEICIICHHBIE 0CO-
OCHHOCTH €ro 3KcIuTyaTanuu. Tak, B 9KCILTyaTa-
IAOHHBIX JOKyMeHTax [2] u [3] ¢popMasim3oBaHbI
TaKue 0COOCHHOCTH 3KCILTyaTaIliu 3CKajIaTOpPHO-
ro IMmapka, Kak jKecTKas perylaMeHTamusi 00beMOB
Y TIEPUOAVMIHOCTH MPOBOAMMBIX PEMOHTHO-PEBH-
3MOHHBIX MEPONPHUATHI.

B pabGore [3] moka3aHO, YTO Ha TEKYIIHI
MOMEHT JIOMHUHUPYIOIICH CTpaTerueil TeXHUYe-
CKOT'0 OOCJTY’KMBaHUS M PEMOHTA sIBJISETCA CTpa-
TErus IMJIaHOBO-TIPETYIPEIUTEIBHBIX padoT, nMe-
IOIIasi CBOM JOCTOMHCTBA U HEIOCTATKH.

CorylacHO JTOMHUHHUPYIOMIEH CTPaTeruu, s
obOecrieueHns1 Oe30MacHON TPAHCIIOPTUPOBKHU I1ac-
CaKUPOB C HA3EMHBIX BECTHOIOJICH Ha TOI3EMHEBIC
CTaHIIMOHHBIC TIATGOPMBI M 00paTHO IMPEeUMY-
MIECTBEHHOE OOJIBIIMHCTBO CIUHUI] WHTCHCHUBHO
CTapeIoIIero AICKaJaTOPHOTO Mapka ObLIO TOM-
BEPrHyTO MHOTOKPaTHOMY BOCCTaHOBHUTEJIBHOMY
TEXHUYCCKOMY BO3ICHCTBHIO B 00bEME KalluTaJlIb-
HOT'O pEMOHTa.

OmHaKO KaXKJmoe TEXHUYECKOE BO3JICUCTBHEC,
HaIlpaBJICHHOE Ha TOMJCP)KaHUe HJIM BOCCTaHOB-
JieHWe pabodveil (QYHKIIMU 3CKajiaTopa, TpeOyeT
OIpeeICHHOr0 00beMa Pa3HOPOIHBIX PECYPCOB.
B cootBeTcTBUU ¢ paboToii [4], Haubosee 3aTpar-
HBIM, C TOYKH 3PEHHS UCIOJIb30BaHUS KaK TPYIO-
BBIX, TaK MaTePHAIbHBIX U (PMHAHCOBBIX PECYPCOB
SBJIACTCS PEMOHTHOE BO3JICHCTBHE, B OCOOCHHO-
CTH PabOTHI IO KA TaIbHOMY PEMOHTY.

AKTyaJbHOCTh HACTOAIICH PabOTHI 00YCIIOB-
JIHa TEKYIIHMH 5SKOHOMHWYCCKUMH peaslusMHu,
COTIPSDKEHHBIMU C Ie(UIIMTOM BCEX BHIOB pecyp-
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COB M TPEOYIONUMHU OT IKCILTyaTHPYIOIIHUX Opra-
HU3alUi COBEPIICHCTBOBAHHS paHee CO3TaHHBIX
CHCTEM TEXHUYECKOro OOCITY)KUBAHUSA U PEMOHTA
CIOKHBIX TEXHHYECKHUX OOBEKTOB MOBBIIICHHON
OITaCHOCTH.

B kavecTBe pasBUTHA paHee CHOPMHUPOBAHHOIM
CTpaTerud TEXHUYECKOro OOCTYKMBAaHHS U pe-
MOHTA AOCTOWHON IJiA CBOEro 3Tama pa3sBUTHUA
HayKd ¥ TEXHUKH B pabote [5] mpensaraercs co-
BPEMCHHBII TOIXOM, B OCHOBE KOTOPOIO JICHKAT
HH(POPMAIIMOHHOE MPOCTPAHCTBO M 3JICMEHTHI HC-
KYCCTBECHHOI'O MHTEJIJICKTA.

BHenpenve MHPOPMAIIMOHHOTO MPOCTPAHCTBA
crocoOcTByeT Oosiee 3((EKTUBHOU MapUIpyTH-
3allMd MMEIOIUXCA MH()OPMAIMOHHBIX MOTOKOB,
MUPKYJUPYIOIUX OT 3JICMEHTOB TOACKCTEM DCKa-
JlaTopa K OIeparopy u oOpaTHo, a Takke GopMH-
POBaHUIO BO3MOYKHOCTH TOCTPOEHHS IMPOrHO3a
TEXHUYCCKOI'O COCTOSHUSA B OYyIyIIMii MOMEHT
BPEMCHH.

Llens maHHON pabOTH 3aKJTFOYaeTCS B (hOPMHU-
pOBaHUU OOINEH MPOTHO3HOW MOMEIM TEXHHYE-
CKOT'O COCTOSIHHSI 3JIEMEHTOB IMOJACHCTEM 3CKaJjia-
TOpa M TMOCTAaHOBKE OCHOBHOM 3aa4yd pPeiaeMoii
MPOrHO3HOM MOJECIM C YYETOM MPEaI0KEHHOIO
B paboTe [6] HHCTpyMEHTapHsI.

ba3uc nocTpoeHus

NMPOrHO3HOM MoLZesn

Kak oTMevasioch Bhlllie, Ha OCHOBE MMEIOIIAXCS
BO3MOYKHOCTEH COBPEMEHHBIX WH(POPMAITMOHHBIX
TEXHOJIOTUH B KQUeCTBE OJHOTO U3 KOMIIOHECHTOB,
CIOCOOCTBYIOIMUX  TOBBIIICHUIO  3(QPEKTHBHO-
CTH M 0€30MacCHOCTH JKCITyaTallii CTapelomero
ackasatopHoro napka [lerepOyprckoro mMetporio-
JIUTEHA, MpenyaraeTcs UCHOJb30BaTh MPOTrHO3U-
POBaHUE TEXHUYECKOT'O COCTOSHUS.

Ecnm ocoGeHHOCTH CTPYKTYphl 3CKajaaTopa
W €ro 3HAaYMMOCTh KaK KOMITOHGHTa WH(PPACTPYK-
TYpBl METPONOJIMTEHA U TOPOACKOIO OOIIECTBEH-
HOTO TPAHCIOPTHOIO KOMIIJIEKCA, IMOCTPOECHUE
MPOTrHO3a €ro TEXHUYECKOTO COCTOSHUS BO3MOXK-
HO TOJIBKO MOCJIe JEKOMIIO3UIIMM Ha COCTaBHBIC
4acTu (MHPOPMAITMOHHBIC YPOBHH).

IlepBoiit (merpamaliioOHHBIE TTPOLIECCH) U BTO-
poii (pu3nyecKkue COCTOSHMSA) MHPOPMAIMOHHBIC
YPOBHH OTpakaloT (PU3MKO-XUMHYECKHE IIPO-
1IeCChl, MMPOUCXONAIINE B MaTepuasax U mapame-
Tpbl U3MCHEHUsI CBOWMCTB MaTepuajioB, UMH 00y-
cioByicHHBIX. [lapamMeTpbl (PHU3MKO-XUMUYECKUX
MPOIIECCOB OMHUCHIBAIOT MEXAaHU3MBbl U KUHETHKY
JerpaJalliOHHbIX IPOILIECCOB, a MapaMeTphl W3-
MCHECHHUS CBOWCTB XapaKTEepU3YIOT HU3MEHEHUE
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COCTOSIHUSI MaTepuajla OObeKTa Ha CYOMHUKpO-
1 MUKPOYPOBHSX.

Tpetuii M 4eTBEPTHIA YPOBHH, COOTBETCTBEH-
HO, XapaKTEepU3yIOT TEXHHYECKHE IapaMeTphl
paccMmaTpuBaeMoro o0beKTa, 1 (GyHKITHOHAJIBHbIC
COCTOSIHHSI, M IMapaMeTphel pPabOoTOCIIOCOOHOCTH/
HEepaboTOCIIOCOOHOCTH 0OBEKTA.

Ha puc. 1 u 2 npuBeneHa IeKOMITO3UIIMS TEX-
HHYECKOT'O COCTOSTHHSA [7] 9CKaJIaTOPHOT'O TapKa.
AHan3 IpeIIoKEeHHOM NEKOMIIO3UIINH TTO3BOJIS-
€T BBIICJIUTHh OCHOBHBIC IPHYHHHO-CJICICTBEHHBIC
KOMIIJIEKCHl TUHAMUKH TEXHHYECKOIO COCTOSHHUS,
HEOOXOAUMEIE [IJIS TIOCTPOECHUS ITPOTrHO3a.

Ilom TEeXHHYECKUM COCTOSHHMEM 3CKajlaTopa
OymeM MOHMMATh COBOKYITHOCTH H3MCHSIONTUXCS
B TIpOIlECCe SKCIUTyaTallid CBOMCTB ITOIACHCTEM
M DJIEMEHTOB 9CKaJlaTopa, KOTOPHIC XapakTe-
pU3yIOTCA B (PUKCHPOBAHHBIH MOMEHT BPEMCHH
MpU3HaKaM# (ITapaMeTpamu), yCTaHOBJICHHBIMH
TEXHUYCCKON ¥ PEMOHTHO-3KCILTYaTaIlMOHHOM 10-
KyMeHTaruei [§].

CBoiicTBa 92JIEMEHTOB OIPENEIAIOTCA KOH-
CTPYKUMEN, TPUHLIUIIOM AEUCTBUA, TEXHOJIOTUEH
W3rOTOBJICHHSA, HWCIOJIb3yEMbIMU MaTeprUalaMy
U JPYTHMH SKCIUTyaTallAOHHBIMH (DaKTOpaMH.
BHyTpeHHHME CBOMCTBa 3JIEMEHTOB 3CKajiaTopa
B 3HAYMTEJIGHOM CTEICHU 3aBUCAT OT BHEITHHUX
BO3[ICHCTBUIA HA 3TU 3JICMEHTHI.

Ilepedens mapaMeTpoB, IPUTOIHBIX JJIA TIOCTPO-
€HHUsS TPOTHO3a, M UX KJIACCHU(HKAIUSI IPHUBEICHBI
B pabore [9]. HexoToprie 13 yKa3aHHBIX ITapaMETPOB
(TPU3HAKOB) ¥ X COYETAHUI MOT'YT HETIOCPE/ICTBCH-
HO CBHJICTEJILCTBOBATh O BOBMOYKHOM HaCTYTIJICHUH
HEHCIPaBHOCTEH 3JIEMEHTOB 3CKajIaTopa.

B kauecTBe HpPOrHO3MPOBAHUA TEXHHYECKOIO
COCTOSIHHSI 3CKajiaTopa OyaeM NMOHUMATh IOCTPO-
€HHe MHOTOMEPHOU IMPOTHO3HOU MOIEJIM TEXHH-
YeCKOr0 COCTOSTHHS Ha TPENCTOSIINN HHTEpBaJ
BpEMEHH, COACpIKaIleii MHOXKECTBO BHYTPCHHHUX
M BHEIIHUX IICPEMEHHBIX IPOTHO3UPOBAHUS,
B KOMIIJIEKCE OTpaKaloIINX CBOICTBA 2JIEMCHTOB
1 TIOJACUCTEM 3CKajlaTopa, a TaKyKe BIUSHUEC COBO-
KYITHOCTH ()aKTOPOB SKCILTyaTaIliHy.

Bmecte ¢ TeM 3amada MOCTpPOEHHS IPOTHO-
3a OCJIO)KHEHAa MHOIOBapHaHTHOCTBIO, BBI3BaH-
HOI HeOIpeleJIeHHOCTBIO BO3IEUCTBUA BHEITHHUX
1 BHYTPCHHHUX CBOWMCTB M (paKTOPOB B OymayIIeM
1 OTCYTCTBHEM WH(pOpManuu o0 WX B3aWMMOBJIH-
SHUHM, 9TO 3aTPYyIHSAET IOCTPOEHUE aJITOpPUTMA,
B TOJTHOM Mepe YUYHTHIBAIOIIETO TCOPETHYCCKHE
1 SMITMPHYECKUC TaHHBIC.

Mopesib  TPOTHO3MPOBAHHUA  IPEACTABIIACT
co00ii crieruaIn3upoBaHHOE OIKMCAaHUE HCCIICHY-
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eMOoro Tporiecca JJIsl MoJy9IeHUs 3HAUYCHHIA Tapa-
METPOB B OYIYIIHIA MOMCHT BPEMCHH.

3a OCHOBY MOCTPOEHHUs OOIICH MOACIH MPO-
THO3UPOBAHUS IPENJIAraeTcs B3sATh MOHATHE Mpe-
IeJIcHTa, oImucanHoro B padore [10].

B pamkax maHHOil pabOTHl IOX HpELENeH-
TOM Oy/ieM MOHMMATh CHUTYAIIHIO, CJIYYHBIIYIOCS
B MPOIILJIOM U SIBJIAIOIIYIOCS TpadapeToM JJis Ha-
JIOKCHHMS Ha CHUTYallld, MPOUCXOMSIIUEC B TEKY-
U MOMEHT BPEMEHH, IJIA X HUACHTHU(PUKAILIIU
u3 obimero MHOkecTBa. [IpemmaraeMblii MOAXOM
[MO3BOJISIET OHHOBPEMEHHO (DUKCHPOBATH KOM-
IJIEKC MTapaMeTPOB, YUYNTHIBAIOIINX KaK BHEITHUE,
TaK U BHyTPCHHHE CBOICTBA, U (PaKTOPBI, OIHUCHI-
BAIOIIAE CUTYAIUIO B IICJIOM.

CoracHO mpeiaraeMoMy TOAXOmy, A 3¢-
(DCKTHBHOIO YIIPABJICHUS W WCIIOJIb30BaHUSA BCE
OIMMCAaHHBIE CUTyaluU-TpahapeThl 3aHOCATCSA B OU-
oimoteky. [lpy HacTyIUIEHMM WACHTUYHOW CH-
Tyanuu, UHGOPMAIUA O KOTOPOHM YIKE XPaHUTCS
B OMOJIMOTEKE, WCIOJIb3YeTCs TOTOBBIN Tpadaper.
[Ipyr HacTyIUIEHMH CHUTyallMd, OTJIMYHOW OT Xpa-
HAIIEWCs B OMOIMOTEKe, IMogonpacTcss Habop Tpa-
(apeToB CXOKHX C CHTYyaIlWeH, JJid KOTOpOil He-
00XOMUMO TMPUHATH YIPABJICHYECCKOE pEIICHUE.
W3 momoOpaHHbIX TpadapeToB Ha OCHOBE IIPUME-
HSIEMOI0 aJIrOPUTMa M3MEPEHHS CXOICTBA OTOMpa-
€TCs OIMH, KOTOPBIA C YYETOM YaCTHYHOTO COBIIA-
JEHUS YCJIOBHIA TIPH HEOOXOMUMOCTH aalI THPYETCS
K TeKyIIel cuTyarun. B cirydae ycrenmHoro npume-
HEHUs alallTHPOBaHHOT 0 TpadapeTa oH J00aBIIACT-
cs B OMONMOTEKY W B JaJIbHEHINEM HCIOIb3YeTCs
IUIS TEKYIIUX U HOBBIX CUTYaIuii. JlurespHoe uc-
MOJTb30BaHKe OMOJIMOTEKH CIOCOOCTBYET MOAOOPY
ONTUMAJTBHBIX PEKMMOB IKCILTyaTaIUH.

B nonosHeHMe K OMMCAaHHOMY BBIIIE MOAXOMY
MpeajiaraeTcs HUCIOJIb30BaTh MHCTPYMEHTApHil
HeHpoceTeBoil 00paboTK MH(pOPMALHH, Oa3Hupy-
IONIMICSI HA MPOCTPAHCTBEHHOM SKCTPAIOJISIIIII
0O0JIBIIIET0 MacCUBa Pa3HOPOTHON HH(POPMAITHH.

B koMmIuiekce ¢ HEHPOCETEBBIM HMHCTPYMEH-
TapueM dJIEMEHTAMHM HEYETKOH JIOTMKH B 4YacTH
HHTEPIpEeTAIiN Pe3yJIbTaTOB aHaW3a Mapame-
TPUYECKOA HHGOPMALMK IIpeaiaracMas MOIE/Ib
MPOrHO3UPOBAHUs CO3MacT Oasy 1A U3MCHEHHUS
BCEH KOHIICMIIMKA YMPABJICHUS SKCILTyaTaluei
3CKaJIaTOPHOTO XO35MUCTBA, OCHOBHOM 3a7avyeil KO-
TOPOU CTAHOBUTCA CHUCTEMHAs IUBEPCUDUKALINA
CTpaTeruii TEXHUYECKOrO0 OOCYKHBAHHA H pe-
MOHTa, a TaK)Ke CBOECBPEMEHHOE M JOCTATOYHOE
[UTAHUPOBAHUE MPOrPaMMBbl PEMOHTHO-PEBU3HOH-
HOr'O BO3IEMCTBHSA Ha JIEMEHTHI IOICUCTEM DCKa-
Jlatopa.
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Fig. 1. Decomposition of technical condition by information levels
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Fig. 2. Causal complex of technical condition

O6uwas mogesb MPOrHoO3MpPoBaHns

C ydetoMm pabotsl [11] mpeacTaBuM IPOrHO3-
HYIO MOjieJIb B (hOpMe CO3MaHMSA MPUYUHHO-CIIC]I-
CTBCHHBIX CBS3€H M3 MHOMKECTBA JaHHBIX, IIO-
JIyYEHHBIX B PE€3YyJIbTaT€ WMCHBITAHWH, MPOBEPOK
A DKCILTyaTallMOHHO-TEXHUYECKOM TOKyMEHTa-
UM, XapaKTEepU3YyIONIMX MPUYMHBI U CJIEICTBUA
CUTYyaITui, OMOOHBIX TOU, B KOTOPOU HEOOXOIHU-
MO HOCTPOUTH IIPOTHO3.

B mporiecce mocTpoeHus MporHo3a Ha OCHOBE
OLICHKM CTCICHU TONoOus, XapakTepusyomen
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OTHOCHTEJIbHOC KOJIMYECTBO COBMAJCHUIA OIpe-
JCJICHHBIX ~ XapaKTEPUCTUK PaccMaTPUBACMBIX
CUTYyaIlni, JiejaeTcs MPEeqIoIOKEeHUE O HATTHINN
CXOJICTBA TIO sy MMapaMETPOB MEKIY JIByMs Ha-
0JTI0IaeMBIMH TIPOTIECCAMU.

B cooTBeTcTBUM ¢ KOHIENIIUEH WHGOpPMAIIU-
OHHOTO TIPOCTPAHCTBA, B TOM YHCJIC PEaTM30BaH-
HOU HapsAAaMU-IOIMYCKaMH M WX OWOJIMOTCKaMH,
MIPEIJIOKEHHOM B paboTte [12] OOIBIIMHCTBO Mpo-
1IeCCOB  (3K30TrCHHBIX/3HIOTCHHBIX), IPOTEKAIO-
IUX TPU IKCIUTyaTallud 3CKajiaTopa, OIUCHIBa-

U3Bectua MITY «MAMW», Ne 1(47), 2021



I0TCs1 0ObETUHEHHEM TTOMMHOMKECTB TTPUINH {X }
M CJICACTBUN {Y } :

{s}={x}-{r}, ey
rie {S } — MHOXECTBO CHUTYaIlus, {X } — TIOI-
MHOKECTBO IPHIHH; {Y { — MOAMHOXECTBO CJICI-
CTBUI.

IIpencraBiacHHBIC TTOMMHOKECTBA OTIIMYAIOTCS
IPYT OT ApyTa BpEMEHEM CBEPIICHMUS.
WuadpopmMainoHHBII  MacCHWB, OIMUCHIBAIOIIII
MHOY>KECTBA HAOJIIONEHUN M SABJIAIOIMICA Oa30i
ITOCTPOCHHUS IIPOTHO30B, IIPEICTABUM B BUJIC:
N
{H=U{s}, . @)

i=

rae {HI[} — MHOKECTBO HapsAI0B-I0IYCKOB — Ou-
Osinoteka; N — KOJIMYECTBO CUTYyallMil aHAJIOIWY-
HBIX paHee HaOJIIomaeMol, CICICTBHS KOTOPOIT He-
00XOTUMO CIIPOTHO3UPOBATH.

J71s1 nasibHEeHIIero UCroJib30BaHus OMbIMOTEKY
Haps/10B-I0ITYCKOB 3alIMILEM B BEKTOPHOH opme:

BHI=(X,7")=(Y.Z.K,.¥"i=1...N), (3)

rme X =[Y " Z,K ] — BEKTOpP NPUYHUH IIPEIroJia-
raeMOro COCTOSIHUS BJICMEHTOB IOACUCTEM ICKa-
naropa; Y :[ Py seees y;J — BEKTOp TEKYIIMX 3Ha-
YEHUI KOHTPOJIUPYEMBIX MapaMeTpoB (MCXOTHBIX
TAHHBIX), OMUCHIBAIOIINX COCTOSHIE KOHKPETHOTO
ACKAJIATOPa/TUIIOBOTO TIPEACTaBUTENIA W3 KOH-
KPETHOIA IPYIIIBI 9CKATIaTOPOB; Z, = [Zl,...,Zm] -
BEKTOp (aKTOPOB IMPOTHO3HOrO (HhoHA TEKyIIeiH
CUTyalluu (MHTErpaJibHBIN (CpPEemHEB3BEIICHHBIIN)
MOKa3aTeJib MPOTHO3HOIO (pOHA IPEAIIECTBYIO-
mero Tnepuona (curyammit)); K, z[kl,...,k,] -
BEKTOP BO3ICHCTBUI (PEMOHTHBIX U YIMpaB-
JIIONIMX) Ha OJIEMEHThl DCKajaTopa B KOH-
KpeTHOU 3a(MKCHPOBAaHHOW CHUTyalluu (MHTE-

rpajbHBId  (CPCIHEB3BEIICHHBIN)  ITOKa3aTeJIb

BO3MICHUCTBUI  MPEAIIECTBYIOMICTO  MEPUOMA));
t+1 t+1 t+1

Y z[ BRI ] — BEKTOp BBIXOIHBIX Iapa-

METPOB 3JIEMEHTOB MOACUCTEM ICKajlaTopa (CJIea-
CTBUA B -0 3a()MKCUPOBAHHON CUTYAIUH).

Kaxnplit Hapsaa-momyck mpenctaBiseT coboi
MHOYKECTBO CHUTYAIMil S, ONUCAaHHBIX BEKTOPaMH
Y, Zu K, xoTopble ABIA0OTCA (hparMeHTaMU HaKO-
MJICHHBIX 3HAHWH, MPUOOPETEHHBIX B pe3yJIbTare
MMEIOIIErocs] SKCITyaTallMOHHOTO OIbITa CHUCTe-
MBI TPOr'HO3UPOBAHUSI.

JJis ONTHMaJIBHOTO TpeACTaByieHUus WHHOP-
Malliy, ONHMCAaHHOW B Hapsjae-momycke, (2) wuc-
moyib3yeM (opMy, TPUBEACHHYIO B TaOJIHIIC.
JIJ1s HarISIAHOCTH IAHHBIN TTOAXOM TAKKEe MOYKHO
MPENCTaBUTh B BUJIE JUArpaMMBbl Ha PHC. 3.
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Tabauya
IIpencraBnenne Moaean NPOrHO3UPOBAHHS

Table. Forecasting model representation

C g ITpuunnaa CnencrBue
ATYyaIus
Jan y z K i
t t+1
Sl Yl Zl Kl )]1
S[ Yit Zl_ K’_ Y;t+1
S1+1 Ylirl Zi+1 K,‘+1 YI:I
t t+1
Sy Y, Z, K, Yy
b T:

—_—
t: t2 ts

Puc. 3. lnarpamMmMa nporuo3npoBaHus

Fig. 3. Forecasting chart

Ha puc. 3 unrepsan T, =[1,;t, | aBnserca oc-
HOBaHHMEM MPOTHO3a, B Ipenesiax KOTOpPOro 3Ha-
YeHUsT KOMIIOHEHTa BeKTopoB Y, Z m K MoryT
ObITh TOJyYeHBI B MOMEHT H3MEPEeHHs HHTe-
rpajpHO WM AMCKpeTHO. BpeMeHHoiT nHTEpBas
T, =[t,;t;] #ABNsIeTCA MEPHOTOM  yNIPEHKICHHSA
nporoza. B MomeHT £, €7, mpenmnosaraerca
MOJIyYeHHUE MPOTHO3HBIX XapaKTEePUCTHK. Xapak-
TEPUCTUKH TUArpaMMbl (JUTUTEIBHOCTh WHTEPBa-
JoB T, u T, n 1p.) 3aBUCAT OT TPeOOBaHMiA K Ia-
pamMeTpaM MPorHo3a U 0COOEHHOCTEH MOCTaHOBKHU
3a/1a41 IPOTrHO3UPOBAHUA.

lNMocraHoBKka 3agay4n

nPOrHO3HOW MoAenn

OnumreM 3ajaqy TPOrHO3HOM MONE/IM TeX-
HUYECKOTO COCTOSIHUSI 3JIEMEHTOB TIOJICHCTEM
3CKajIaTopa KaK OLEeHKY BEKTOpa CJIeNCTBHil Yy |
10 JaHHbIM BekTopoB Yy,,, Z,. u K, , oTpa-
JKAIOIUX TMPUYMHBI U comepiKalmuxcs B OnOsImo-
Teke U Hapsne-nonycke. Mcxons us atoro popma-
JIU3yeM 3ajlauy MOCTPOSHUsT IIPOTHO3HON MOMIE/IH
B CJICYIOIIEM BH/IE:

Hcxoonvie oamnnvie:

1) MHOXKECTBO CHUTYyaIHit {S}i1 , YHOPSI0YEH-
HBIX HapsOM-JIOITYCKOM;
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2) NONOJIHUTEIbHAas WH(pOpMaIus U3 OuoJIo-
Teku D K HapsAdy-NOMyCKY;

3) COBOKYITHOCTb BEKTOPOB X, 1 € D, onuchl-
BAaIOIIUX MPUYNHY HAOJTIOMAEMO CUTYAIlHH;

4) MHOXKECTBO CTPYKTYP MPOTHO3HOM MOEIIH
O={cf,:

5) MHOKECTBO 3HaYCHMI TapaMeTPOB IIPOTHO3-
Hoii Mogern W ={v}"_;

6) orpaHMYCHUE CHU3Y € Ha aOCOJIIOTHYIO Be-
JINYMHY TIOKa3aTes G TNpaBUJIBHOIO IPOrHO3a
BeKTOpa ciencTBuil Y, Ha MHOxecTBe D U3 6u-
OJIMOTEKH,

7) orpaHuueHrE CBEPXY O HA OTHOCHUTEJIBHYIO
HorpemHocTh H BoccTaHOBIIeHUA cieacteus Y™
cuTyaruii S,

8) MakCHMaJIbHO MONMYyCTHMasi OTHOCHTEIbHAsS
TIOTPEITHOCTD ¢’ BOCCTaHOBJICHUs (PYHKITMOHAJIb-
HOT'O ITapamMeTpa y;

9) MakcHMaJIbHO MOIYCTHUMAas OTHOCHTEJIbHAS
MOrPENTHOCTh €° MPOTHO3UPOBAaHUA (YHKIIHO-
HaJIGHOTO TTapaMeTpa ).

MHOECTBO MOMYCTUMBIX CTPYKTYp O U ma-
paMeTpoB MpOrHo3Hoit Momesm YW ompenesseTcs
9KCIIEPTHO.

Pezyrvmam

B xadecTBe pe3ysibTaTa HEOOXOIUMO ITOJTYUNTh
MIPOTHO3HYIO MOJIEJIb P, ONMCAaHHYIO CTPYKTYPOii
{ ¥ MHOKECTBOM mapameTpoB {V'}, crocoGHyIo
COOTHOCHTh MHOMECTBA MPHIMH { X }Zl U MHO-
’KeCcTBa CJICACTBUI {Y ’”}4 C 3aJJaHHOMU TTOTPeI-
HOCTbIO - -

H:

Yit+l _P(Zi,KiaYit)

11 n_ N ;
Z;WZZ’%S& @

=1 il
Y/IOBJIETBOPAIONIY IO YCJIOBHIO;

G=¢

G =max{G,},

rae kK — KOJUYeCTBO CHHTE3WPOBAHHBIX ITPOTHO3-
HBIX MOJIEJICH, YIOBJICTBOPSAIONUX yCJIOBHIO (4);
/ — OTHOCHTEIbHOE KOJIMYSCTBO COBIAICHUN TPH-
3HaKOB BeKTOpa Y, Hapsana-gonycka HJI u BoccTa-
HOBJIGHHOT'O BEKTOpa (K”l) =P(X,), i=L..,N
OTHOCHTEJIHHO JTUTEIbHOCTH (hOPMHUPOBAHUS Ha-
pAMa-IoITyCKa:

&)

0, mpu Ay > ¢’

h= 6
1, mpu Ay’ <é', ©)

rg€ n — pasMCpHOCTb BCKTOpPA IIapaMCTpPOB TCX-

HHUYCCKOI'O COCTOAHUA DJICMCHTOB IIOACUCTEM

acKayiatopa; N — KOJIMYECTBO IMPUMEPOB Hapsia-

’

=
y

nomycka; Ay = — OTHOCHUTEJIbHAs TOIpeLl-
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HOCTb BOCCTAQHOBJICHHMSI KOMITOHGHTHI BEKTOpa
IapaMeTPOB TEXHUYECKOTO COCTOSHMS 00ydaro-
meil BHIOOPKH (OMOIMOTEKH HapsIOB-I0IMYCKOB);
y' — BOCCTAHOBJICHHOE 3HAYCHUC KOMIIOHEHTHI
BEKTOpa TapaMeTPOB TEXHUYECKOTO COCTOSHUS,;
y — HCTHHHOE 3HaYCHHE KOMITOHCHTHI BEKTOpA I1a-
paMETpPOB TEXHUYECKOTO COCTOSHHS W 3a(pUKCH-
pPOBaHHOE B HapsAC-IOIMYCKE.

ITpu nostydennu k£ MpOrHO3HBIX MOAE/ICH yI0B-
JieTBopsitomuXx (4) 6epercsa MoneIb ¢ MUHUMAJTb-
HbIM H.

G — OTHOCHUTEJIbHOE YHCJIO COBIAJICHUH IpH-
3HAKOB MCTHUHHOTO BekTopa Y, , i€D m3 61216J'II/I—
OTEKM U CIIPOTHO3MPOBAaHHOIO BeKkTopa Y, ma-
paMEeTpPOB TEXHMYECKOTO COCTOSHHS 3JICMCHTOB
HOACHCTEM 3CKaJaTopa, (Yf+1 ) =P(X,), i € D,
OTHOCHUTEJIBHO TIeprofa BepH(UKAIMKH ITPOTHO3-
HOW Mofenu.

1 1 n M )
G=\Y"-P(Z,K.Y')|=—— h <8 (7
, (,,,)nM;;] (7
0, mpu Ay” > ¢’
g= L ®)
I, opu Ay” <e’,

II€ n — pasMCPHOCTL BCKTOpaA IIapaMCTpPOB TEX-
HHYCCKOI'o0 COCTOAHHA DJJIEMCHTOB IIOACHCTEM

ackajaTopa; M — KOJIUYECTBO MPUMEPOB Ha-
-
pAna-morrycka; Ay’ =——— — OTHOCHTEJIbHAsA
Y
MOTPENTHOCTh  BOCCTAHOBJICHUSI ~ KOMITOHCHTBI

BEKTOpa IapaMETPOB TEXHUYECKOTO COCTOSHHSA
oOyuvaromeilt BHIOOPKH; )° — CIPOrHO3UPOBAH-
HOC 3Ha4YCHHE KOMIIOHEHTHI BEKTOpPa IapaMeTpOB
TEXHUYECKOT'O COCTOSHHS 3JIECMEHTOB ITOICHCTEM
3CKaJIaTopa; y — ICTUHHOE 3HAYCHNE KOMITOHEHTHI
BEKTOpa IapaMETPOB TEXHUYECKOTO COCTOSHHSA
3JIEMEHTOB ITOJICKICTEM 3CKajiaTopa.

B caydvae ecim mojrydeHa COBOKYITHOCTH BEK-
TOPOB HPUYUH X, :[Y’,Z,K] , i € Dwus cocra-
Ba HapsAIOB-I0NYCKOB, XpaHAIINUXCS B OMOTHOTEKE,
PacrojIoKeHHON B WH(POPMAIIMOHHOM IIPOCTPaH-
CTBE, CJICACTBHE KOTOPBIX HEOOXOMUMO CIIPOTHO-
3WpPOBaTh, W MPU 3TOM B TEKYyIIEeM Hapsac-IoIMy-
CKe TIPUCYTCTBYET MICHTUYHBIA €My BeKTOp X,
i € HJI, To ¢pyHKITMSA MPOrHO3HOM MOIEJIN 3aKJTI04a-
eTcs B acCOIMATUBHOM TIOMCKE MaHHOT'O Hapsia-1o-
IyCKa 1 MPEJICTABJICHUH €T0 B YaCTH CJIENCTBUA Y,
i € H]I B kauecTBe rickoMoro nporHosa Y, i € D.

Ho ecam B pesynprare CIpOrHO3WPOBaH-
Hasi COBOKYITHOCTb BEKTOpPOB X, He COBMHagaeT
HH C OTHOH M3 TPUYKH X, OMCAHHBIX B TEKYILEM
Hapsme-ToIyCKe, TO JJI OOY4YCHHS HMCXOTHOTO
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MHGOPMAIIMOHHOTO MAacCCHBa MPHUMEHUM ajro-
PUTM HEHPOCETEeBOI MPOCTPAHCTBEHHOU JKCTpa-
MOJIAIIMH, TO3BOJISAIONIMNA OTHECTH MOJTy4YEeHHOE
sHasenne X, K Ommkaiimemy X, i € H/I na oc-
HOBaHHWH BHIOPAHHOM Mepbl OJTM30CTH B HH(OpMa-
IIMOHHOM TIPOCTPAHCTBE.

3akno4yeHune

OnucaHHas BBIIIE MOJCIb MPOrHO3UPOBAHUS
(cMm. popmyity (1)) mpemocTaBiIsieT BO3MOKHOCTD
pPaccMOTPETh 3CKAIaTOp C HECKOJIBKHUX paKyp-
COB C yYE€TOM pa3HbIX 0OOJlacTell 3HaHWU, (OPMHU-
pys, TAaKUM 00pa3oM, IEJIOCTHOE IPEICTaBJICHHE
0 TEXHHYECKOM cocTosHuH. [Ipm stom dopma
OTOOpaKeHHs JaHHBIX, MPEJIoKeHHas B TabJIu-
e 1, obecreunBaeT MHTETPAIHIO ¢ COBPEMEHHBI-
MU UH()OPMAITMOHHBIMUA TEXHOJIOTUSMH.

B kayecTBe HOCHTEJIA MPOTHO3HOM MOIENH
nmpeajiaraeTcsa HCIOJIb30BaTh CIEIUAIbHOE HH-
(hopMallMOHHOE MPOCTPAHCTBO, KapKac KOTOPOIo
(hopMupyeTcs depe3 MHPOPMAIIHOHHBIC YPOBHH,
JaHHbIE I KOTOPBIX YEPMAlOTCA U3 KOHCTPYK-
TOPCKO-TEXHOJIOTHYECKON, HOPMaTHUBHO-TEXHU-
YECKON W 9KCILTyaTallHOHHO-ITPOU3BOICTBEHHOM
NOKYMEHTAllMK, WH()OPMAaMK O HAJEKHOCTH
9JIEMEHTOB (TIPH €€ HAJMYWHU), a TaKKe JIOTHKE
paboThl mofcucTeM. B OCHOBE YKa3aHHBIX HH-
(HhOpPMAIllMOHHBIX ~yPOBHEH JICKHUT CTPYKTypa
9CKAJIATOPHOM CJIYKOBI METPOIOJIMTEHA, MpPE-
CTaBJICHHAS JKCILUTyaTal[MOHHBIMH TOApas3cie-
Huamu (DCY), MexIy KOTOPBIMH pacmpefesie-
HBl yYaCTKH (3CKaJIaTOPHBIC CTaHI[UHU), KOTOpPHIC
B CBOIO OY€peib BKJIIOYAIOT IPYIIIBI 9CKaIaTOPOB.
DCKaJaTop COCTOUT M3 MOACUCTEM, COICPIKAITUX
9JIEMEHTHI, KOTOpPHIE MOTYT BKJIIOYaTh OJIOKU
KOHTPOJIA W/WJIM YIpaBjcHUSA, MOHUTOPHHrA W/
WJIM TUATHOCTUKH, HEMOCPEICTBCHHO COOMpalo-
e HHPOPMAITHIO 0 KOHTPOTHUPYEMBIX SKCILITya-
TallMOHHBIX MapaMeTpax. Takum o0pa3oM, CTPYK-
Typa 3cKajaTopa MPUHUMACT BHUJ JIPEBOBHIHOIO
rpada ¢ Ha4aJoM B BHJE 3JICMEHTA, Y3JIOM BEpX-
HEro ypoOBHs JJIsi KOTOPOrO SIBJIAETCS caM dCKa-
JIaTop.

Juuamuka WH)OPMAIMOHHOIO Kapkaca pea-
JIN3yeTCs 4epe3 HMH(POPMAIIMOHHBIE MOTOKH, KO-
TOpbIC, MUPKYJIHPYA MEKIAY UHPOPMAIMOHHBIMH
YPOBHSAMH OT 3JIEMEHTA MOACHCTEMBI CKaIaTopa
K omepaTopy (JIUIly MPUHHMAIOIIEMY pPEIICHHUE)
u 00OpaTHO, MEPEHOCAT HMH(OPMAIUIO, CO3/IaBas
pH 3ToM 3¢ (HEeKTUBHBIC 0OpaTHBIE CBS3H.

B ocHOBe MH()OPMAIIMOHHOIO TOTOKA JICKHUT
CTENHAIbHBIA  TOKYMEHTOOOOPOT, COMACpIKaIlnui
Hapsabl-nonycku. O0Imee mpencTaBieHre Hapsia-
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JOITyCKa, OIMMCAaHHOro (hopmMyJIoif (2), B IPHIIOKE-
HUM K ICKAJIATOPY MPUMET BUJ:

HJL = (K, BP, YIIP, KKII, KI1, 3H, OII, C,
AIIP, MITP, 3ABH, UIIP, B, TIOC, H,
PIIP, /TN, P), ©)

rme K — xmaccudukarop (kom uaeHTH(UKATOD);
BP — Bun pa6ot; YIIP — ypoBeHb npoBemcHHs
paboT, BKJIIOUAIOIUi: 1 ypoBeHb — 3aBONCKHE,
CTEHJIOBbIC WJIM WHBIC WCIBITAHUSA (TECTHI/TIPO-
BEpPKH); 2 YPOBEHb — BBIOOPOYHBIA KOHTPOJIb Ta-
pamMeTpoB W3 TPYNIBl MapamMeTPOB KOHKPETHOM
TOJICUCTEMBI 3CKaIaTopa; 3 YpOBEHb — CIJIONIHOM
cOop mapamMeTpuuecKkoit HPOpPMAITIU O TEXHUYEC-
CKOM COCTOSTHMH 2JIeMeHTOB ackajaTopa; KKIT —
KJIacC KOHTPOJIUPYEMBIX MapaMeTpoB (COTIaCHO
pabote [8]); KII — xoHTposmpyeMblii mapameTp
(cormacHo paborte [8]); 3H — 3HaueHne KOHTPOJIHU-
pyemoro napameTtpa; OIl — BbImosiHsAEMas onepa-
nus; C — craryc; AIIP — mara mpoBenenus pabor;
MIIP — mecto npoBenenust padot; 3ABH — 3as.
HOMEpP TPOBEPSIEMOr0 3JIeMEHTa; Y[[P — YHCIIO
MIPOBEICHHBIX PabOT, 0(OPMIIECHHBIX KOHKPETHBIM
HapsimoM-fomryckom; YIIIIP — umcno mosoxu-
TEJIBbHO MPOBEACHHBIX paboT; B — Bec (oreHka) —
onpenenseTcsa B nuanasone oT 1 mo 10; [IOC — na-
paMeTphrl okpykamomeit cpensl; H — napopmarms
0 HamexHocTH (mpu ee Hanmmuun), PITP — pexko-
MEHIAIMK K MPou3BOACTBY pabot; JIN — momos-
HUTebHAs nHpopManust;, P — pecypc.

s akkyMyasmuu THGOPMAITMOHHBIX TOTO-
KOB HCIIOJIB3YIOTCS OWMOJIMOTEKH HapsIOB-IOITY-
CKOB, OINMHMCaHHBIC B oOmieM Buae ¢Gopmysioit (3),
KOTOpasi B NPUJIOKCHUU K ICKAJIATOPy MPUMET
BUI;

BHJI = (HII, 3ABHOC, MCD, 99, I10,
MIIO, Y3II, O), (10)

rne HJ[ — nabop mapsanos-nonyckos; 3ABHOC —
3aBOACKON HOMep 3ckasartopa; [ICD — mopcw-
cTeMa 3CKajlaTopa; DD — 3JIEMEHT 3CKaJlaTopa;
HIIO — pmata mociemHero OOHOBJICHUS OMOJIHO-
texkn; MIIO — mecTo mmociemHero OOHOBJICHHS
oubmorekn (IP-ampec ¢ KOTOPOTO BBITIOJTHEHO
nocyieqHee oOHoBiieHne); Y3I1 — wMHOXkecTBa
YUCJIOBBIX 3HAYCHUH IMapaMeTpOB, IMOJTyYESHHBIX
Ha COOTBETCTBYIOIIEM YPOBHE IIPOBENCHUA PadOT;
O — orpaHMYHTETb.

Kax BumaO m3 ommcanms dopmyn (9) u (10),
nepemenneie HJI n BH/I BkJIO4aoT Bce KOMIIO-
HEHTHI BEKTOpa MPUYNH U BEKTOpA CJICACTBHII, He-
00X0omuMBIe IJI MIOCTPOCHMS MPOrHO3a TEXHHUYE-
CKOT'0 COCTOSTHUA ACKaJIaTopa.
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BzaumoneiicTBue Mexny Moapasae/ICHUAMU
METPOIOJIUTEHA W CTOPOHHUMHU HCIOTHUTEISA-
MH, OPraHM30BAaHHOE C YYETOM MPEIJIOKCHHOM
MOJICJIH, PeajM30BaHHOU dYepe3  CIeIHaIbHbINA
3JICKTPOHHBINA JIOKYMEHTOOOOPOT, oOecreunBaeT
MOCTOSTHHOE HAKOIJICHHE W OOHOBJICHHE 3HAHMIA
0 TEKyIIEeM COCTOSHHUU 35CKaJIAaTOPHOIO IapKa,
CIOCOOCTBYsI TMPUHATHIO ONTHMAJIBHBIX U aKTy-
aJIbHBIX YIPABJICHUYCCKUX PEIICHHUI B KOHKPETHOR
OKCILTYaTaIllMOHHOM CUTYaIlHH.

[IpuHATEIE TaKUM 00pa3soM yIpaBJICHYECCKHE
peleHus 00eCevnBaloT:

— BBIIEJICHUE SKCIIyaTal[MOHHOTO TepPCOHA-
JIa B IOCTATOYHOM KOJIMYECTBE U C JTOCTATOUHBIM
YPOBHEM KBaTU(PUKALIM;

— BBIJICJICHAE HEOOXOMUMOI0 M JOCTATOYHOI'O
o0beMa MaTepHaIbHO-TEXHHYECKOT'0 CHAOMKEHHS,
MO3BOJIAIOIIETO BBHITIOIHATh TPYAIOEMKHE PEMOHT-
HO-PEBU3HOHHBIC PAabOTH HEOOXOTUMBIM KOJIHYC-
CTBOM pabo4mX TPy,

— KOPPEKIHI0O M ONTUMHU3AIMIO PEKUMOB
paboTHl ACKAJIATOPOB M MX T'PYII 33 CYCT OLICHKH
COOTBETCTBHUS YCTAHOBJICHHBIM HOPMaM TEKYIIUX
M3MEPCHHBIX KCITYaTallMOHHBIX M CIIPOrHO3UPO-
BaHHBIX MTAPAMETPOB;

— CKBO3HO€ IUIAHHPOBAaHUE OCHOBHBIX IIPO-
M3BOJACTBCHHBIX IPOIECCOB, PEMOHTOB, PEKOH-
CTPYKIIMH M 3aMEHBI 9CKaaTOpOB, BKJIIOYAs T1j1a-
HUpPOBaHHUE MOTPEOHOCTH B 3amacax;

— pallMOHAJIPHOE paCHpeie/iCHIHE UMEIOIUXCS
PECYPCOB MEKIY MOTPEOUTEIAMU;

— (opmupoBaHue Oosiee cOaTaHCHPOBAHHOIO
OIOKETa 9CKAIaTOPHOIO XO3IHCTBA METPOIOJIH-
TEHa.

Hcnosnbp3oBaHue MPEIJIOKEHHOrO MOAXO0a Mo-
3BOJIUT OOECIEYUTh JOCTATOUHYIO OE30MacHOCTD
MEPEBO3KKM TACCAKUPOB M TIEPEBECTU CHCTEMBI
acKajlaTopa Ha 06oJiee BHICOKHIl YPOBEHb KYJIbTY-
PBI OKCILTYaTaIHH.
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The subways of Moscow and St. Petersburg are the oldest in Russia. Its infrastructure includes a diverse
fleet of equipment. The fleet of rolling stock in the last decade was mainly renewed, while due to the pe-
culiarities of operation and mainly for financial reasons, the escalator fleet will not be replaced for a long
time. In this connection, the main task of the departments responsible for the operation of escalators is
to maintain the rapidly aging fleet in good condition. Thus, a situation, when the escalator economy is a
source of costs to meet the constantly increasing demand for resources is formed. At the same time, the
limited allocation of all types of resources only aggravates the current situation.

The above circumstances contribute to the actualization of the issue of selection of tools, which makes it
possible to increase the efficiency and safety of operation of underground tunnel escalators. According
to the authors of the paper, one of such tools can be the forecasting of the technical state of the ele-
ments of the escalator subsystems, made on the basis of special routing of information flows, designed
for the optimal distribution of allocated resources.

Since an escalator is a complex technical object of increased danger, the routing of information flows for
it characterizing its technical condition is possible only on the basis of a preliminary decomposition into
information levels.

For this reason, the beginning of the paper is devoted to the decomposition of the technical state of the
escalator into four information levels, covering all aspects of the technical state from the micro-level of
the state of materials from which the elements of the escalator subsystems are made, ending with the
functional state of the entire escalator.

The purpose of the work is further revealed. It consists in describing a general mathematical model for
predicting the technical state of the elements of the escalator subsystems and the requirements for its
construction. The work describes the main task that solves the proposed forecast model. In conclusion,
the options for using the proposed model are considered.

The scientific novelty of the proposed approach lies in the use of the modern mathematical apparatus
of the fuzzy set theory for processing parametric information, elements of artificial intelligence, as well
as a precedent approach in analyzing the operational situation, which, in combination, are necessary to
build a predictive model of the technical state as applied to the escalator facilities of the subway. From
a practical point of view, it should be noted that the proposed mathematical model, implemented on the
basis of modern information technologies, will make it possible to more rationally adjust the mechanisms
for allocating resources, while ensuring the necessary level of safety for passenger transportation.

Keywords: escalator, forecasting, maintenance and repair, precedent, neural network, technical con-
dition.

Cite as: Popov V.A., Yelantsev V.V. Improving the efficiency and safety of operation of underground
tunnel escalators. Forecasting model. Izvestiya MGTU «MAMI». 2021. No 1 (47), pp. 12-22 (in Russ.).
DOI: 10.31992/2074-0530-2021-47-1-12-22.

U3BecTtua MITY «<MAMW», Ne 1(47), 2021



YOK 621.548
DOI: 10.31992/2074-0530-2021-47-1-23-31

PACHET XAPAKTEPUCTUK MOLLHOCTU BETPAHbIX
TYPBOTEHEPATOPOB C NPUMEHEHUEM
NMPOrPAMMHOIO MOAYJ11 WINDPOWERLIB
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patrol8@yandex.ru

lpo6nema 1cronb30BaHVs anbTePHATUBHbLIX MCTOYHUKOB SHEPIruy C KaxabiM ronoM rnpuobperaeTt Bce
6onbLuyto akTyanbHOCTb. OaHUM 13 BUAOB Hanbosiee rnepcrekTUBHbIX YCTaHOBOK a/lbTePHAaTUBHOM SHEP-
reTvku SIBASIIOTCS BETPsIHbIE TypOOreHepaTopsbi.

Crartbsi nocssiLeHa co3gaHuvio 1 anpobaumm pacyeTHOM nporpamMmbl /1 OrNpPenesieHsi OCHOBHbIX MOKa-
3aresieli BETPsIHbIX reHepaTopoB — 3aBUCUMOCTU KO3 puumeHTa molyHoctu (KIM4) v BeipabaTsiBaemori
MOLLHOCTY OT CKOPOCTU BETPa, KPUBOW U3MEHEHUS] MOLLHOCTU 110 BPEeMEHHbIM VHTepBaaaM, CpeaHel
MOLLHOCTH 3a roa.

B Hayane paboTbl npuBOASITCSI OCHOBHbIE CBefeHusi 00 yCTaHOBKax alslbTePHAaTUBHOW 3HEpPreTvuku
M B H4ACTHOCTU, O BETPOreHeparopax, paccMaTpuBaroTCsl UX 4OCTOMHCTBA, HEAOCTaTKu M Criocobbl Tex-
HMKO-3KOHOMUNYECKOro 060CHOBaHMS Lies1Ieco0bpa3HOCTU MPUMEHEHUS B JAHHOVM MECTHOCTU 10 CcTatu-
CTUYECKUM AaHHbIM O MOroAHbIX YC/I0BUSIX.

Janee ynomuHaloTCs MOAY/IN, NCIMO/Ib3YEMbIE B IPOrpaMmMe, OCHOBHbLIM U3 KOTOPbIX SIBJISIETCS CrieLmnasib-
Hasi bubnmoTeka KoMaHf A5 pacyeta BeTpsiHbix TypboyctaHoBok Windpowerlib. OnuceiBaeTtcs nocne-
[0BaTe/IbHOCThb peanv3aumy 31aroB aaroputMa pacyera: criocoboB BBOAA MOroAHbIX AaHHbIX Y OCHOB-
HbIX XapakTepucTuk TypOuHbI, MpoLeaypbl pacyera MoLHOCTY TypboreHepaTopa, BbiBOAa Pe3y/ibTaToB
B BUAE KA4€CTBEHHO 0(OPMJIIEHHbIX rPaduKoB.

Ans anpobaumn pa3paboTaHHOM NporpamMmbl MPOU3BEAEH PACHET IHEPreTUYECKUX XapakTEPUCTUK Of-
HOro n3 Hanbosee PacrpoCTPaHEeHHbIX U LUMPOKO MPUMEHSIEMbIX B MUPE BETPOreHepaTopoB — MOLAEN
Siemens SWT 3.6-120, npou3BeneHo cpaBHeHVE pe3yIbTaToB pacyeTa C 9KCrayaTaunoOHHbIMU AaHHbI-
My, ory6MKOBaHHbIMY GUPMOLi-U3roToBUTENEM AaHHOW ycTaHoBkU. C roMoLybio rpamkoB noka3aHa
BbICOKasi CTeNeHb COOTBETCTBUSI PACCYUTAHHbIX U (akTU4eCKux xapakrtepuctuk. OnpeneneHo n3mMeHe-
HUE MOLLUHOCTU YCTaHOBKU B TEYEHME roAa Mo 4aCcOBbIM BPEMEHHbIM MPOMEXYTKaM, a Takxke CPeaHsis
BbipabaTbiBaemasi 3a rosf MOLLHOCTb.

lMonyyeHHbI nporpamMmMHbIA NPOAYKT MO3BOJIIET KOHEYHOMY M0/b30BAaTE/I0 JIErKO 3arpPy3nTb UCXOAHbIE
JaHHbIe 1 OCYLLECTBUTb aBTOMATUHECKMIF PACYET BCEX BbILLIEYKA3aHHbIX XapakTepPUCTUK /060N BETPSIHOM
TypbOYyCTaHOBKMN.

B 3aksno4eHunn caenaHbl BbIBOAbLI O NposaesaHHor paboTte, npuBeneHsbl PEKOMEHAALNM 71 PACLUMPEHUS
coep npuMeHeHus1 PacCMOTPEHHOV METOAMKU K ONPEaesIEHUNIO XapakKTePUCTUK MPOYUX IHEPreTUYECKNX
YCTaHOBOK. Yka3aHo rjaaHupyemMoe Harpas/ieHne fasbHenLLImnx NcCcaen0BaHui no AaHHOMY Harpasiie-
HUIO C MCMOIb30BaHNEM pPa3paboTaHHOro NPorPamMMHOro rnPoAyKTa.

KnroueBble cnoBa: asbTepHaTVBHas SHEPreTvka, BeTpsHas TypbuHa, BeTPOreHeparTop, MOLHOCTb Typ-
6uHbl, aHeprus BeTpa, moaynb Windpowerlib, OpenEnergy Database.

Ana untuposanus: Vinbuyes B.1O., LLleseneB /[].B. Pac4eTt xapakTepucTvk MOLHOCTY BETPSIHbIX Typ6O-
reHeparopoB C npuMeHeHneM rporpammHoro moayns Windpowerlib // iaBectus MITY «MAMW». 2021.
Ne 1 (47). C. 23-31. DOI: 10.31992/2074-0530-2021-47-1-23-31.
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BeBegeHne

JHoJis HeTPaguIMOHHBIX (AJIBTCPHATHBHBIX),
0COOCHHO BO300OHOBJISIEMBIX, HMCTOYHHUKOB 3JICK-
TPOSHEPTUU B CTPYKTYPE MUPOBOH 3JICKTPOTCHE-
paruu Bo3pacTaeT ¢ KaXKJIbIM T'OJIOM, YTO CBS3aHO
C UCYCpIaHUEM W yIOPOKaHWEM TAaKUX HCKOIlac-
MBIX TOILUIMB, KaK He(Th, ra3, yroiab. OcobeHHO
9TO XapaKTEpHO /Il PETMOHOB, HE pPacIioyiararo-
UX TPaJUIIHOHHBIMHU TOIJIUBHBIMHU PECypcamu,
a TaK¥Ke JJ11 HCKOTOPHIX KOHCYHBIX aBTOHOMHBIX
notpeduteseil. TakumMu moTpeOUTENAMH, K TIPHU-
Mepy, MOTYT SIBJIATHCS MTPOU3BOAUTEIIN CEJIbCKO-
XO3SIUCTBEHHON MPORYKIIUU, hepMepCKUe XO3sii-
CTBa, BOCHHBIC YaCTH, TIOCEJIKH, PaCIIOJIOKCHHBIC
B/IaJTM OT IIMBUJIN3AIIMH, Ha OOJIBIIIOM PACCTOSHHUH
OT KPYITHBIX 3JICKTPOCTAHIIMA W 3JICKTPUYCCKUX
cereil. CieyeT OTMETUTD, YTO KOHKYPEHTOCIIO-
COOHOCTb YCTaHOBOK aJIbTCPHATHBHOI SHEPreTH-
KM TaK e, KaK 1 UX CyMMapHasi YCTaHOBJICHHAS
MOIIHOCTD, C KaXXIbIM T'OJOM BO3pacTacT OJaro-
Japs YJIYUIICHUAIO MX TIOKas3aTesicii, B 4aCTHOCTH
YMCHBIICHUIO YICIbHONH CTOMMOCTH 3SHEPTUHU
1 TIOBBIICHUIO KO3 QHUIMCHTA ITOJIC3HOIO Cii-
cteud (KIT).

K nambosiee mMUPOKO MPUMEHSECMBIM aJIbTEp-
HATUBHBIM HCTOYHUKAM 3JICKTPOSHCPIrUU OTHO-
CATCA COJIHCUHBIC, BETPSAHBIC, T'€OTEpPMAaJIbHbIC
asiekTpocTaniuu, MUKpo-I'DC u ycTaHOBKH, pa-
OoTarolye Ha TaKWX BUJAX TOILIMBA, KaK IpoBa,
Topd, Ouoras, uiroBsie ocanku u ap. [1]. s on-
THMaJIbHOT'O BBIOOpPa KOHKPETHOM 3JICKTPUICCKON
SHEProyCTaHOBKM HEOOXOIUMO MPOM3BECTH CpaB-
HUTEJIBHBI SKOHOMUYCCKUI aHaJIM3 TUIIOB U MO-
JeJIeii YCTaHOBOK, IPEICTABJICHHBIX Ha pBIHKE,
WX TCXHHYCCKHMX XapaKTCPHCTHK, YCJIOBHH SKC-
TyaTanuu 1 3(pHEeKTUBHOCTH PabOTHl B TaHHOM
pervone. Eme omHuM n3 (aKTOpPOB CpaBHCHUS
SHCPrOMCTOYHMKOB  SIBJIACTCI WX  DKOJIOTMY-
HOCTb — MHUHUMH3AIUsA Bpeda, MPUIMHACMOIO
OKPYJKaloIIel Cpelie MpH IKCITyaTallHH.

OOBEKTOM JIaHHOT'O WCCJICIOBAHUS SIBJISACTCS
OIMH 13 BUJIOB YCTAaHOBOK aJITCPHATUBHOU SHEP-
TEeTUKU — BETPsiHbIE reHepaTopsl. Mx paboTta BO3-
MOKHA KaK B COCTaBE SHCPIOCUCTEMBI, TaK U B Ka-
YECTBE aBTOHOMHOI'O UICTOYHHUKA JICKTPOIHEPIUU.
BosBonmaTcs TakKe IUIOMAAKUA C pasMEIICHHEM
HECKOJIBKMX (B HEKOTOpHIX ciiydasx Oojiee 100)
BETPOrCHEPAaTOPOB, paboTalomMUX Ha OOIIYI0
3JICKTPUYCCKYIO CeTh, HasbiBacMble wind farm —
BeTpsiHble (hepMbl. Haunbosibiass ycTaHOBJICHHAS
MOIIHOCTh BETpOreHepaTopoB pasmeineHa B Co-
enuHeHHbiX Illtatax, B I'epmanum, lanum, Hu-
nepJiiaHnax, BenmkoOpuranuu [2]. Beero B mupe
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HacuuThIBaeTcsA 0oJiee 20 THICAY MOIIHBIX BETPOI-
JIEKTPOCTAHIIUM.

[IpenMymecTBaMu  BETPSHBIX  DJICKTPOCTaH-
U Tepen APyTMMH BO30OHOBJISIEMBIMHU HEPTOH-
CTOYHUKAMU ABJIAIOTCA [3]:

1) umcmosb3oBaHWE HEHWCUYEpIIaeMoro u Oec-
IJIATHOI'O KCTOYHUKA SHEPTHUH;

2) OTCYTCTBHE OTXOIOB M BHIOPOCOB BPEIHBIX
rasos;

3) OBICTpOTa MOHTa)Ka M MPOCTOTA OOCITYKH-
BaHMUS;

4) OTCYTCTBHE SIPKO BBIPAKCHHON 3aBUCHMO-
CTH BBIpabaTHIBAEMOI MOIITHOCTH OT CE30Ha;

5) BO3MOYKHOCTb 0oOecIieueHN s TTOJTHOM He3aBH-
CHUMOCTH OT JAPYTUX UCTOYHUKOB 3JIEKTPOIHEPTUU
MPH UCIOJIb30BAHUN aKKYMYJIATOPOB U MHBEPTO-
POB HaNpPIKCHHUS,

6) ITUTEIIBHBII CPOK CITYKOBI (OOBIYHO HE Me-
Hee 20-30 jeT).

Llestecoobpa3HOCTh TPUMEHEHHS BETPSHOM
YCTaHOBKM B paccMaTpPHBacMOM pEruoHEe BOC-
HOBHOM OTIPEC/ISAETCA CPEIHEH CKOPOCTHIO BETpa
B TeueHWe rofa. IIpu mepBoM MPHOMIKECHHH,
€CJIM CpeHsAsT CKOPOCTh BeTpa MpeBbImacT 4 M/c,
TO YCTAHOBKa BETPOICHEpaTOpa CYUTACTCA KO-
HOMHUYECKH IIeJIeCOO0Pa3HON, a TIPH CKOPOCTH
7-10 M/c OOBIYHO HOCTHIaeTCA MAaKCHMAaJIbHBIN
KIIJI. Ocobenno sddekTnBHa paboTa BeTpore-
HEPAaTOPOB B OTKPHITOM MOPE M B MPUOPEIKHBIX
paiioHaX, OTJIMYAOIINXCS 0COOCHHO BBICOKOI CKO-
pocTeio BeTpa [4]. JKejaTenpbHO pa3MemaTh Be-
TpsTHOE KOJIECO Ha KaK MOXHO OOJIBIICH BBICOTE,
T.K. CKOPOCTh BETpa C YBEJIMYECHUEM BBICOTHI
Takke BospactaeT. CKOpoCTh BeTpa BHIIIE
25 M/c MOXXET TIPUBECTH K YCKOPEHHOMY H3HOCY
1 BBIXOIIY M3 CTPOS Y3JI0B YCTAaHOBKH, XOTS COBpe-
MEHHBIC BETPSHbBIC TypOOreHepaToOphl KpaTKOBpe-
MEHHO BBIICPIKHBAIOT 0€3 pa3pyIlleHUsT Harpy3KH
OT BETpa, AYIOIIEro CO CKOPOCThIo 10 70 M/c.

OCHOBHBIMH HEIOCTaTKAMH BETPSHBIX 3JICK-
TPOrCHEPATOPOB ABJIAIOTCA [JIUTEJIBHBIA CPOK
OKYIIa€MOCTH U OYCHD BBICOKasi HEPaBHOMEPHOCTD
BHIPAOOTKHM HEPIUH, CBA3AHHAsI C MOCTOSHHBIM
M3MEHECHHUEM CKOPOCTH ¥ HallpaBJICHUS BETPA.

TeopeTnyeckass MOIIHOCTh BETPOYCTaHOB-
KM MPONOpIHoHabHa KyOy cKopocTH BeTpa [5],
OIHAKO B peasibHbIX YCJOBUAX HAuyWHAsA C He-
KOTOPOr'o 3HAa4eHHUS CKOPOCTH BETpa MOIITHOCTH
HE BO3pacTacT H3-3a CTPEMHUTEIIBHO YBEIUYH-
BAOIUXCA TOTEPh SHEPruv. DTH IOTEPH BO3-
HHUKAIOT M3-32 HEPacUeTHHIX PEKUMOB OOTEKa-
HUs JIOMacTel, CpOopUIMPOBAHHBIX JJISI PabOTHI
Ha HOMHAHAJIBHOM PEKUME; TO €CTh JIOMACTH UMCIOT
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(buKCcMpOBaHHBIC a3POIMHAMHUYCCKHE (OPMBI, KO-
TOpBIe MOTYT obOecrieunBaTh MakcuMaJTbHbIA KITJT
TOJIBKO MPU ONPEACTICHHOM HAIMpPaBJICHUU U CKO-
poctu BeTpa [6].

Ilenbio naHHOI pabOTH ABAsSETCA pa3paboTKa
NPOrpaMMBbl, MO3BOJIAIOIICH PACCUYUTATh U MpE-
CTaBUTH B BUJIC I'Pa(UKOB XapaKTEPUCTUKHN MOIII-
HOCTU BeTporeHeparopa Ajs 3aJaHHOro IIpo-
MEXyTKa BpeMeHH. HeoOXommmo paccuuTarth
U3MEHEHUE MOIIHOCTU IO YaCOBBIM IPOMEKYT-
KaM BpEMEHH M CPETHIO BhIpabaThIBaEMYyI0 MOIII-
HOCTb B T€UCHHE Tofla. DTH JaHHBIC HEOOXOMUMBI
IUTS TIPOBENCHUSA TEXHUKO-3KOHOMHUYECKOTO 000-
CHOBaHUS HCMOJIb30BAaHUS HUCCJIENYEeMOH BeTpOy-
CTaHOBKH B 3aJJaHHOM PETrHOHE.

MeTtoabl  cpeacrTea npoBeneHUs:

uccnenoBaHwii

TpagunmoHHBIE CpeACTBa pacdeTa BeETpPO-
T€HEPAaTOPOB  XapaKTEepU3YIOTCH  CIICTYIOMHUMHI
HEOCTaTKaMM: peajiu3alysi TOYHBIX METOIOB
(c wCIoIb30BaHUEM TPEXMEPHOI'O0 MOICTHPOBA-
HUS, MOJICJICU TEUCHUS W Tp.) SABJIACTCS TPYHO-
€MKOI U OpOroil 1Jid KOHEYHOr'0 MOJb30BaTess,
a OIICHOYHBIC pacyeThl (C HCIIOJIb30BAaHUEM IIPHU-
OJMKeHHBIX (OpPMYJT) MAIOT HU3KYI0 TOYHOCTD
pesyabratoB. OMHAKO B TOCJICIHHUE TOMbBI TOSBH-
JINCh TOCTYITHBIE TIPOTPaMMHBIC CPEICTBA, ITO3BO-
JIAIONAC PeaIn30BaTh COBEPIICHHBIC M TOYHBIC
METONIBl pacyeTa SHEProyCTAaHOBOK IOCTATOYHO
MpOCTEIME crtocobamu. OmHO M3 HamboJjee Moj-
XOIAIIUX C TOYKHW 3PCHUS aBTOPOB ITPOTrPaMMHBIX
CPEICTB MPUMEHSETCA B JaHHOM HCCJICIOBaHUH
1 KPaTKO OIUCHIBACTCS B CTAThE.

Ilporpamma pacueTra XapaKTEpUCTHUK Be-
TPAHOTO TypOoreHepaTopa peajii30BaHa C HC-
MoJIb30BaHUEM s3bIKa Python, oTimdarorierocs
YHUBEPCAJIBHOCTBIO W yIOOCTBOM IPUMCHCHUS
IUTS CO3MaHUs HAyYHBIX MPUJIOKECHUU, W CICITHU-
aJIbHOI, CBOOOTHO pacmpocTpaHseMoit (freeware)
OMOTMOTEKU i1 pabOTHl C XapaKTEePUCTHKAMH
SHEPreTHYECKUX BeTpoycTaHoBoK Windpowerlib

[7], Taxxe co3manHOU Ha s3bike Python. JlanHas
OnbimoTeka paHee ABJAIACH YACTBIO MOMYJISA
Feedinlib [8], oObenuHsOmEro (GYHKIUU pac-
4YeTa COJTHEYHBIX M BETPSHBIX DJIEKTPOCTAHIIHIA,
HO 3aTeM OblLia BbIJeJICHA B KAY€CTBE OTHCJIBHOTO
MOMYJIA [J1s1 pacueTa TOJIbKO BETPOreHEepaToOpoOB,
T.K. TTOSIBUJIACh TTOTPEOHOCTD B OOJIee TOIpOOHOM
M3yYEeHUU U Pa3BUTHH MMEHHO 3TOrO HarpabJic-
HUS 3JIEKTPOrCHEePaIlnH.

PaspaboranHas mporpaMMa COCTOUT W3 YETHI-
pex GyHKIIMOHAIBHBIX OJIOKOB:

1) *MIIOPT MaHHBIX O MOTOJIE MO 3aJaHHBIM Bpe-
MEHHBIM OTCYETaM;

2) uHANMAaIM3anus (3alaHue XapaKTePUCTHK)
BETPSHOU TYpPOHHBI,

3) pacueT M3MEHEHUs MOIIMHOCTH TypOOreHe-
paropa c T€4eHHEM BPEMEHHU C HCIOJIb30BaHHEM
¢bynxuit mogynis Windpowerlib;

4) BU3yaIM3anysa pacCUNTaHHON 3aBUCUMOCTH
C TIOMOIIIbIO OMOJIMOTEKH TpadHIeCcCKOro BHEIBOIA
Matplotlib.

Kpome oOubmmoreknm Windpowerlib, B Hauase
MPOrpaMMBl 3arpyKaloTcs CJIeMyIoure HeoOXOonu-
MBIC [l OCYIIECTBJICHHsI BCIIOMOTaTEJIbHBIX OIle-
pammii Moy Python: Os — mys o6paboTkm cu-
CTEMHBIX cOOBITHH, Pandas — myta paboTel ¢ 6a3oit
TIOrOIHBIX [aHHBIX, Requests — myisi ocymiecTsie-
HUs http-3ampocoB K MaHHBIM U3 CETH HHTEPHET,
Logging — nns 3amucu cooOmenuit B log-caiin
TIPY BBITIOJTHEHUH MPOTPAMMBI C IIEJIBIO €€ OTIIaIKH.

WMIoOpT TOrogHBIX MaHHBIX OCYIIECTBIISA-
eTcs u3 6asbl MaHHBIX, MPEICTABJICHHON B BHJC
(aitna dopmata csv, pasmMeniaeMoro B JAUPEKTO-
puu ¢ mporpamMmoil. Paiisl ComepKUT MOYaACOBBIC
naHHbIe 32 Bce 1HU 2010 . 0 cienyromux napame-
Tpax: fara u BpeMs, armocdepHoe nasienue B [1a,
IIePOXOBAaTOCTh MECTHOCTH [9] B M, TeMIiepaTypa
B K M CKOpOCTbh BeTpa B M/C Ha IByX PasHBIX BbI-
coTax (TakuM 00pa3oM 3a/1aeTcs TaK Ha3bIBAEMBII
MpOo(pUIb CKOPOCTH BETPa, HEOOXOMUMBIH 715 BbI-
YHUCJICHUSI CKOPOCTH BETPa Ha BBICOTE pa3Mellie-
HUS BETPAHBIX KOJIEC (BETPSIKOB).

Tabauya 1

Yacrb aiina noroaHbIX JaHHBIX /15 pacyeTa BeTporeHeparopa

Table 1. Part of the weather data file for calculating the wind turbine

variable_name, pressure, temperature, wind_speed, roughness_length, temperature, wind_speed

2010-01-01 00:00:00+01:00, 98405.7, 267.6, 5.32697, 0.15, 267.57, 7.80697

2010-01-01 01:00:00+01:00, 98382.7, 267.6, 5.46199, 0.15, 267.55, 7.86199

2010-01-01 02:00:00+01:00, 98362.9, 267.61, 5.67899, 0.15, 267.54, 8.59899

2010-01-01 03:00:00+01:00, 98340.9, 267.63, 5.68466, 0.15, 267.56, 7.89466

2010-01-01 04:00:00+01:00, 98336.8, 267.63, 5.38084, 0.15, 267.61, 7.57084

2010-01-01 05:00:00+01:00, 98334.2, 267.61, 5.28286, 0.15, 267.55, 7.51286
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HavanbHast 4vacTh (hailjia JaHHBIX TMpPHUBEMC-
Ha B Tabu. 1. /laHHBIE MO Ka)KAOMY BPEMEHHOMY
OTCYETY IIPEICTABJICHB B OTICIBHBIX CTPOKaX
1 pasieJIeHbI 3aIATHIMH.

B citywae, eciim B TUPEKTOPUH ¢ TIPOrpaMMOi
HeT (aiija ¢ HOrOTHBIMU JaHHBIMH, JAaHHBIN (aiiit
CKa4MBaCTCs U3 CETH MHTEPHET MO yKa3aHHOMY
MyTH U COXpaHACTCA Ha JUCK JJIA JaJIbHEHIIen
pabOTHI C HUM.

J1a MHANIMATU3alud TypPOUHBI HEOOXOTUMO
3a/1aTh €€ HOMUHAJIbHYIO MOIITHOCTb, BHICOTY pac-
TIOJIOKEHHUS BETPAKA, IMaMETP POTOpa U XapaKTe-
PHUCTHKY 3aBUCUMOCTH KO3(PPHUIIHECHTa MOIIHOCTH
(KIT) ot ckopocTH BeTpa.

BBon MCXOMHBIX JaHHBIX [JIA pacdyeTa BeTps-
HBIX TYPOMH MOXKET BBITIOJIHATHCS OHUM U3 TpeX
CHOCO00B:

1) sarpykaTbcsi U3 OTKPHITOM 0a3bl JaHHBIX
mo Typomnam OpenEnergy Database (oedb),
KOTOpas TIOCTAaBJIACTCI BMECTE C MOTYJIEM
Windpowerlib;

2) BBOTUTBLCS HEMOCPENCTBEHHO B BHE Iapa-
METPOB KOMaH]I MPOrPaMMBbl;

3) 3arpy’kaTtbCs B BHJC II0JIb30BaTEJIHCKOTO
(aiia JaHHBIX.

U1 poBeicHus pacyueTa ImpuMepa BEeTPSHON
TypOOYCTaHOBKH B MaHHOM HCCJICTOBAaHUHN OBLI
WCTIOJTb30BaH MEPBBIN IMOIXO — 3arpy3ka u3 0asbl
OpenEnergy Database XapakTepUCTUKH BETpO-
reneparopa Siemens SWT 3.6-120. JlaHHBINA Be-
TpPOreHepaTop BHIOpaH MOTOMY, YTO [JIS HEro
Ha caiTe KOMIAHHMH-TIPOU3BOMUTEIA TPHUBEIC-

power (kW)
3960

HBI TpaduKd KO3(PPUIMEHTOB MOITHOCTH U COO-
CTBEHHO MOIITHOCTH B 3aBUCUMOCTH OT CKOPOCTH
BeTpa. Takke 3Ta YCTaHOBKa SBJIACTCS OIHOMN
13 CaMBIX MONYJIAPHBIX B MHPE I UCIOJIb30Ba-
HHSA KaK B MOpe, TaK U Ha CyIIIe.

BeTposneprerndeckas yctanoBka SWT-3.6-120
[10] mpomsBomuTcs kommaHuei Siemens Wind
Power A/S n3 Jlanun. HoMmuHajIbHAasg MOITHOCTH
paccMmaTpuBaeMoil yctaHOBKH — 3,6 MBT, Makcu-
MaJIbHBIN TraMeTp BeTpokosieca — 120 M, BeicoTa
ero ycTaHoBk# — 90 m.

ODHepreTUYecKne XapaKTePUCTUKH TaHHOTO
BETpOreHepaTopa MPUBEICHH Ha puC. 1.

KoaddurmeHT MONIHOCTHA TIOKa3bIBaeT KaKas
YacTh TEOPETHYCCKON MOIIMHOCTH BETpOreHepa-
TOpa WCHOJIb3YeTCA Ha COBEPIICHHE IOJIC3HON
paboTHl (OCTaJIFHOE YXOMHUT Ha TIOTEPU MOITHOCTH
OT TPEHHS, OT HEONTUMAJIBHOTO yIJIa O0TCKaHUS
JIomacTeil BO3MYyXOM, IOTEPH B reHepaTtope, KOH-
TpoJjiepax, MPOBOAaX M 1p.). TakuM oOpasom,
ITOJIC3HOI PabOTOMN ABJISIETCA SHEPIHus, Iepenana-
eMasi BEeTpOKoJIeCy, IIpeoOpasyeMas reHepaTopoM
B 2JICKTPUYECKYIO MOIIHOCTh W IOCTaBJIseMasi
B sHeprocuctemy [11].

KosddummenT MOIIHOCTH 3aBHCHUT OT TH-
rmopasMepa BETPOKOJieca M CKOPOCTH BeTpa.
W3 kpuBoil kK03(puITeHTa MOITHOCTH JJIS yCTa-
HOBKH SWT-3.6-120 (puc. 1) BUAHO, 9TO BETPSK
HaYMHACT BpaIlaTbCs MPU CKOPOCTH BeTpa 3 m/C
(ckopocTh BKJIIOUCHHSA), mHajice Kod3(dHImeHT
MOIIIHOCTH pacTeT W IIpH CKopocTH BeTpa 6—10 m/c
(HOMHWHaJIbHAsT CKOPOCTB) MOCTHTaeT MaKCHMaJlb-

°p
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Puc. 1. 3aBucumocts k03¢ ¢unuenTa MOIHOCTH (cp) H MOIIHOCTH (power — KpuBasi ¢ 3aJMBKoii moj Heii), kBT,
OT CKOpPOCTH BeTpa, M/c, 1J1s1 BeTporeHepatopa Siemens SWT 3.6-120.

Fig. 1. Dependence of the power factor (c ,) and power (power — the curve with filling under it), kW,
on the wind speed, m/s, for the Siemens SWT 3.6-120 wind generator
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Horo 3HaueHus (0,47—0,49), najee OoH HaYMHACT
pe3Ko yMeHbImaercs. MIMeHHO 111 HOMHHAJIbHON
CKOPOCTH BETpa CIPOQPHIMPOBAHBI JIONMACTH Be-
TpsiKa, ¥ OHA JIOJDKHA COOTBETCTBOBATh IMpPeo0sIa-
Jaromeil CKOpOCTH BETpa B MECTE YCTAHOBKH Be-
TporeHeparopa.

W3 puc. 1 BUAHO, YTO HAYMHAsA CO CKOPOCTHU
BeTpa 12 M/C MOIIHOCTH BeTporeHeparopa CTa-
HOBHUTCS MaKCHMaJIbHON W Jlajiee HE YBEJIMYMBa-
ercsa. Taxyke He M3MEHACTCA W CKOPOCTH Bpallle-
HUS PoTOpa. DTO JOCTUTACTCA 3a CUCT CHUCTEMBI
ABTOMAaTUYECKOrO YIpaBJICHUS BeTpska (C Hc-
MTOJIb30BAaHUEM PA3JIMYHBIX MATYMKOB), a TaKXKe
C TIOMOIIBIO CHCTEMBI PeryJIMpOBaHUs TeHepaTopa
u Toro (akta, 9TO reHEepaToOp HEe MOXKET BHIIATH
MOIITHOCTh  BHIIIE MaKCUMaJIbHO JOCTHKHMOM
IUTS HETO.

YKa3aHHbIC BBIIIC XapaKTEPUCTHUKUA TYpOO-
reHepaTopa WCIIOJIB3YIOTCS B KadeCcTBE apry-
MEHTOB (YHKIIUWA CO3MaHHUS PACUYCTHOU MOICITH
WindTurbine.

HMes XxapaKTepUCTHKHA MOITHOCTH M 3HAasd II0-
TOHBIC YCJIOBHS TS Ka)KIIOTO TPOMEXKYTKa Bpe-
MEHH, MOXKHO pAacCCYHTaTh COOTBETCTBYIOIIYIO
MM BBIXOAHYIO MOIIHOCTh TypOoreHeparopa.
It aToro mcnosib3yetcs ¢pyHknusa ModelChain
onomorekn Windpowerlib. Jla ee ucmnob3oBa-
HHS HEOOXOIMMO TaKyKe BBIOPATh MOIEIb IPeoo-
pa3oBaHHAS CKOPOCTH BETpa B ITOKA3aTEJIM MOIII-
HOCTH W3 IBYX BapHaHTOB — Jiorapudmmyaeckas
TN MofeJib XeJuiMaHa [12], Moaesib IJTOTHOCTH
(3aBHCUMOCTD IJIOTHOCTH OT BBICOTHI) — Oapome-
TpUYeCKass WM MOJEJIb HACaIbHOIO Ta3a, TeM-
repaTypHasi MOJIeJIb (3aBUCUMOCTD TEMITepaTy Pbl
OT BBICOTHI) — JIMHCHHBIA T'PaTUCHT WU HHTEP-
TIOJIATIMOHHAS W JIPYTUe TapaMeTpbl MOICIbHOMN
eIy,

0.5

JaJtee ¢ MOMOIIBIO OMMMCAaHHBIX (PYHKITHI TTPo-
M3BOIUTCS PacyeT BETPOreHEPaTopa U C MCIOJIb-
30BaHHEM BO3MOXKHOCTEl Omonmorexkn Matplotlib
B IpaduYeckoM BHJE BBIBOIUTCA 3aBHCHMOCTD
MOIITHOCTH YCTaHOBKU B BT oT Bpemenu. JlaHHas
OMOIMOTEKa TO3BOJIACT IMOJIy4YaTh T'paduyuecKuii
MaTepHaJl, Ka4eCTBEHHO O()OPMIIEHHBIN COITaCHO
TpeOOBaHUAM, TPUHATHIM B MEXKITYyHAPOIHOM Ha-
YYHOM COOOIIECTBE.

Pe3ynbTatbl nuccinepgoBaHni

n nx obecyxxgeHne

[IpuBeneHHbIC BBIIIC WCXOMHBIC JTaHHBIC (T10-
TOHBIC TaHHBIC, TUTIOPa3Mep YCTaHOBKH, BHICOTA
pasMenieHus U AuaMeTp BEeTPoKoJieca) ObLIM HC-
TTOJTH30BaHBI IJI pacyueTa IMpuMepa U JeMOHCTpa-
A BO3MOXKHOCTEH CO3MaHHOU ITPOT'PaMMBL.

KpuBas xoadduinerTa MOITHOCTH ¢, TOArpyKa-
JIach aBTOMaTHYeCKH 13 0a3bl maHHbIX OpenEnergy
Database. OHa npuBerieHa Ha puc. 2 W MMEET BbI-
COKYIO CTENEHb COOTBETCTBUA C KPUBOW, B3ATOH
¢ caiita ¢pupmMbI-Tipon3BonuTes (puc. 1).

Ilo onmcaHHOMY aJITOPUTMY C TIOMOIIBIO Pas-
paboTaHHOI MporpaMMBbl Obljla BEIYUCJICHA U BHI-
BeZIcHa B BUjie rpaduka 3aBUCUMOCTH MOITHOCTH
BETpOreHepaTopa OT CKOPOCTH BeTpa, H300pa-
>KeHHas Ha puc. 3.

Ha pucyHKe BUIHO, 9TO BBIYHCJICHHAS KpUBast
MOIIIHOCTH COOTBETCTBYET KPUBOM, B3ATOM C caiiTa
NpOU3BOAUTEJISI  BeTporeHeparopa (puc. 1),
YTO JOKa3bIBaeT BBICOKYIO TOYHOCTH IPUMEHsIC-
MOT0 JIJTS pacdeTa MeToja.

Ha crenyromem sTame BBIYHCIIAIACH MOII-
HOCTb YCTaHOBKH II0 3aJaHHBIM B (aiijie Toroj-
HBIX JTaHHBIX BPEMEHHBIM IIPOMEKYTKaM, KOTOpast
¢ TTIOMOIIBIO KoMaH I OnbmoTeku Matplotlib ObLia
MpefcTaBiieHa B BUje rpaduka (puc. 4).

0.4

0.3 1
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(o e

15 20

Wind speed in m/s

Puc. 2. Kpusas momnoctn Berporenepatopa Siemens SWT 3.6-120, noxydennas
u3 6a3p1 nanabix OpenEnergy Database

Fig. 2. Power curve of a Siemens SWT 3.6-120 wind turbine obtained from the OpenEnergy Database
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Siemens SWT 3.6-120 power curve
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Puc. 3. Kpusasi momnoctn Berporenepatopa Siemens SWT 3.6-120, noixydeHHasi ¢ NOMOLIbIO IPOTPaMMBbI

Fig. 3. Power curve of wind turbine Siemens SWT 3.6-120, obtained using the program
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Puc. 4. I3Menenne MOIIHOCTH BeTPOreHepaTopa no BpeMeHHbIM MPOMeXYTKaM

Fig. 4. Change in the power of the wind generator over time intervals

W3 pucyHka BHOHO, YTO KpHUBasg U3MEHEHUS
MOIIIHOCTH UMEET KpaiiHe HEPABHOMEPHBII Xapak-
Tep, UTO ABJIAETCH OIHHUM M3 TJIaBHBIX HEIOCTAaT-
KOB BETPSAHBIX T€HEPATOPOB.

B BepxHeii vacTu rpaduka BEIBOTUTCS CPETHSSA
3a ro BbIpabaThiBaeéMas MOIIHOCTH YCTaHOBKH.
Omna cocrasmia 1,063 MBT, To ectp B 3,4 pasa
MEHbIIIe, YeM HOMHUHAJIbHAs MOIIHOCTb.

3aksoyeHne

Takum o0pa3oM, 11 OOCTHDKCHHS IIeJieit
JaHHOM pabOTBl OBLIM pEIIeHbl CJICMYIOINe
3a/1auH:

— TIpOMW3BENCH KpaTKuili 0030p aJibTepHa-
THBHBIX HWCTOYHUKOB OJICKTPUYECKOU DHEPruu
Y B YaCTHOCTH JOCTOUHCTB M HEJIOCTATKOB SHEpre-
THYECKUX BETPSIHBIX YCTAHOBOK;
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— BBIOpaHbl M ONHUCAHbI MPOTPAMMHBIC Cpell-
CTBa JJIs peaJin3alfy PacueTa XapaKTePUCTUK Be-
TPSHBIX TYPOOT€HEPATOPOB;

— paspaboTaHa mporpamma JiJisi OnpeeJieHus
KO2(DPHUITNEHTOB MOITHOCTH M BBIXOIHON MOIITHO-
CTH 3aJaHHOTO (MHUIIMAJIU3HPOBAHHOI'0) BETPO-
reHepaTopa B 3aBUCHMOCTH OT CKOPOCTH BeTpa
U IPYTUX YCJIOBUIA;

— B KayecTBe MpHMepa IPOU3BEICH pacyeT
MOIIIHOCTHBIX XapaKTePUCTUK YCTAHOBKU Siemens
SWT 3.6-120, moka3aBiunii BHICOKYIO CTEIEHb CO-
OTBETCTBUsI PE3YJIbTATOB  DKCILTyaTAIMOHHBIM
NaHHBIM, TPUBEJICHHBIM Ha caiiTe QUPMBI-TPOU3-
BOIUTEJIS;

— MPOM3BEJICH pacyeT W3MEHEHUsI MOIIHOCTH
BeTporeneparopa Siemens SWT 3.6-120 B Te-
YeHHe rofa, a TakyKe ero CpeHerofoBas MOII-
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HOCTb, KOTOpas oOKa3ajach B HECKOJBKO pa3s
HI)Ke HOMUWHAJIBHOH, CJICMOBAaTEJIbHO, TOKa3aHa
HH3Kas 11eJIeCO00pa3sHOCTh MPUMEHEHUsS TaHHOMN
YCTaHOBKH B PErHOHE C 3aJaHHBIMH MOTOTHBIMH
YCJIOBHSMH.

IIpoBeneHHass paboTa JOKa3bIBaeT yIOOCTBO
WCTOJIb30BaHMA fA3bIKa Python s cosmanms mpo-
rpaMM pacueTa M HCCJICTOBaHUS XapaKTEPUCTUK
YCTaHOBOK aJIbTCPHATHUBHOM SHEpreTWKu. B pac-
cCMaTpHBaeMOM CJIy4Yae 3ajada 3arpy3KH JJaHHBIX
W pacyeTa CHJIBHO yIporiaeTcs (He B ymepd mo-
CTUIaeMOil TOYHOCTH) C TOMOIIBIO MPUMEHEHUS
cnernraabHOro Monysis Windpowerlib. Paree mipe-
AMYIIECTBO HCIOJIb30BaHHA OmOIMoTeKk Python
OBLJIO JTIOKa3aHO aBTOpPaMHU IIPH PaCCMOTPCHHH
IPYTUX THIIOB SHEPIeTHYECKOrO O00OpYyIOBaHMS
[13, 14].

Tak kak co3fgaHHas B XOfe TaHHOT'O HCCJIENO-
BaHHSA IIporpamMMa ITO3BOJISET IJIs 3aJaHHBIX TI0-
TOMHBIX YCJIOBHH B pacCMaTpUBacMON MECTHOCTH
paccuMTaTh W3MCHEHHE MOIMHOCTH WM CPETHETO-
JIOBYIO MOIITHOCThH BETpPOTeHepaTopa, TO C ee II0-
MOIIIBIO MOKHO 000CHOBATh BHIOOP HamboJiee Mmof-
XONAIIeH JUIi KOHEYHOrO IMOTPEOUTEN I MOMCITH
SHEPrOyCTaHOBKH.

IIporpamMma TO3BOJIAET OMpPENC/IATh KaK Xa-
PaKTEPHUCTHKU YK€ HWCIIOJIb3YeMBIX YCTaHOBOK,
TaK ¥ BHOBb IIPOCKTUPYEMBIX. JIOCTUTHYTast aBTO-
MaTHU3allus IpY €€ BHESAPEHUU MPUBOINT K YMEHb-
MICHUIO TPyIo3aTpaT Ha 3Tale MPOCKTHPOBAaHUS
BETPSAHBIX TYPOMHHBIX YCTAHOBOK, a TaKKe K IO-
BHIIICHUIO HMX HAAEKHOCTH U 2()(HEKTUBHOCTH
pabotel. PaspaboTaHHas mporpaMma MOYKET HC-
TTOJTH30BAThCSA MPU U3YUYCHUU OCHOB pacyeTa Typ-
OWHHBIX JBUTATEJICH CTyIEHTaMH BY30B, IEpPCO-
HaJIOM, TPOCKTUPYIOIIUM H OOCTY KHUBAIOIIAM
BETPSHBIC DJICKTPOCTAHIINH, ¥ KaK HATJISAHAS WJI-
JIIOCTpaIisa MpUMeHeHus sa3bika Python it mpo-
BEICHHSA PacyeTOB B OTPAC/IM SHEPIreTHKU U TYp-
OMHOCTPOCHHUSL.

B kadecTBe majibHEHIIEro pa3sBUTHS OIKMCaH-
HBIX HCCJICIOBAHUN IO TMPHBEACHHOI TEMAaTHKE
IUTAaHUPYETCS C MOMOIIBIO Pa3pabOTaHHOTO IIPO-
rPpaMMHOTO TPOAYKTa IPOU3BECTH CPaBHUTEIIb-
HBIi TEXHUKO-KOHOMUYCCKUU aHaJIM3 IIeJIeco-
00pa3HOCTH TPUMEHEHHUS Pa3IUIHBIX MOIC/ICH
BETPSAHBIX TyPOOYCTAHOBOK B Pas/IMYHBIX PErHO-
Hax Poccun.
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CALCULATION OF WIND TURBINE GENERATOR POWER CHARACTERISTICS
USING WINDPOWERLIB SOFTWARE MODULE

PhD in Engineering V.YU. llichev, PhD in Engineering D.V. Shevelev
Kaluga Branch of Bauman Moscow State Technical University
patrol8@yandex.ru

The problem of using alternative energy sources is becoming more and more urgent every year. Wind
turbogenerators are one of the most promising alternative power plants.

The article is devoted to the creation and testing of a calculation program for determining the main indi-
cators of wind generators — the dependence of the power factor (efficiency) and the generated power on
wind speed, the power change curve by time intervals, and the average power per year.

At the beginning of the work, basic information is given about alternative power plants, in particular,
about wind generators, their advantages, disadvantages and methods of feasibility study for use in a
given area according to weather statistics.

The following are the modules used in the program, the main of which is a special command library for
calculating wind turbines Windpowerlib. The sequence of implementation of the calculation algorithm
stages is described: methods of entering weather data and the main characteristics of the turbine, the
procedure for calculating the power of the turbine generator, and the output of results in the form of
qualitatively formalized graphs.

To test the developed program, the energy characteristics of one of the most common and widely used
wind generators in the world were calculated — the Siemens SWT 3.6-120 model, the calculation results
were compared with operational data published by the manufacturer of this plant. The graphs proved a
high degree of conformity between the calculated and actual characteristics. The plant capacity change
during the year is determined by hourly time intervals, as well as the average capacity generated per
year.

The resulting software product allows the end user to easily download input data and automatically cal-
culate all the above characteristics of any wind turbine.

In conclusion, conclusions were drawn on the work done, recommendations were made to expand the
scope of the methodology to determine the characteristics of other power plants. The planned direction
of further research in this area using the developed software product is indicated.

Keywords: alternative energy, wind turbine, wind generator, turbine power, wind power, Windpowerlib
module, OpenEnergy Database.
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O PACHETE KOQPDPULIMEHTA

MECTHOIO TrMAPABJINYECKOIO COMNMPOTUBJIEHUSA

OUADPATM B NEPEXOAHOWN U JAMUHAPHOM
OBJIACTAX TEHEHUA

0.7.H. KonppartbeB A.C., Oropoptuk K.®., ®puxa M.
MockoBCkuMi nonuTexHn4eckuin yHueepcutet, Mocksa, Poccus
ask41@mail.ru

B cnydae ruapaBinyeckux MaluviH v anrnaparoB MeCTHbIe rMAapaBndeckme CornpoTUBIIEHUS, Kak rnpasu-
J10, COCTaBJISIOT OMNPENEISIOLLYIO YaCTb CYMMAaPHbIX 10Tepb Hariopa rnpu paboTe /1tob0ovi rupoMaLLnHbI.
Hawnbonee noapobHbIM CripaBOYHUKOM, BblAEPXABLUMM MHOXECTBO U3AaHWI B HALLEV CcTpaHe v n3aaH-
HbIM 3a pybexom, ssrisieTcsi «CripaBOYHUK M0 rMApaB/INHECKM ConpoTusaeHusM» U.E. Vinenbyuka. Bme-
CcTe C TeM, aHan3, MPOBELAEHHbIVI B UNTUPYEMOV INTepaType, nokasasi, YTo B 3aBUCUMOCTY OT roga n3-
JAaHus cripaBovyHuka U.E. Vinenbynka 45151 04NHaKOBbLIX MECTHbIX COMPOTUBIEHUNA Pa3JINYUS B YACIIEHHbIX
3Ha4YeHusIX O4HOIro 1 TOro XXe MeCTHOIO rmapas/INYECKOro CornpoTUB/IEHUS] MOTYT IOCTUraTb KPaTtHOCTU.
Llenbto HacTosLeli paboTbl SB/ISETCS aHaan3 rnpuBeAEeHHbIX B CIPaBOYHUKE PEKOMEHAALMI 110 pacyeTy
KO3 uUMeHTa ruapasBInyeckoro conpoTusieHus anapparm (0TBeEPCTUI) ¢ 10bbIMU popMaMu KpaesB
[J151 Pa3/INYHbIX YC/I0BUI repeTekaHysi rnoToka B rnepexoaHor v 1aMuHapHONM 061acTsix BHYTPpU Tpybo-
rnpoBoaa MOCTOSIHHOIO MoONepPe4YHOro ce4eHusl. B 4yacTHOCTY nokasaHo, 4To A4J1s pacyeta KoapouumeHTa
3aroJ/IHeHWsT cev4eHuss anagpparMbl PEKOMEHAYIOTCS Tab/InyYHbIe 3Ha4YeHUs, U NPUBEAEeHa aHaInTudeckas
3aBUCUMOCTb, PA3/INYUSI B YUCTIEHHbIX 3HAYEHUSIX KOTOPOWV AOCTUraloT 15 %, 4yTO BHOCUT HeonpeaesieH-
HOCTb B pe3yJibTaTbl KOHKPETHbIX PACYeTOB. B 3Ha4nTes1bHO 60/bLUEN CTENeHV aHanormyHoe rosioXKeHue
UMeEEeT MECTO U P NCIOIb30BaHUN PEKOMEHAALUNY N0 pacyeTy KoapouumeHTa ruapaBindeckoro co-
rpoTvBEHWs. B 3TOM cJiydae Takke rnpuBeaeHHbIE YUCIEHHbIE Tab/n4Hble 3Ha4eHNsT KOO PULINEHTOB
ruapaBaNYECKOro CornpoOTUBIEHUSI TPEHUS MPU MPOXOXAEHUM NOTOKa Yepe3 OTBEPCTUE U PACCYUTAHHbIE
10 NPUBEAEHHOV aHaINTUYECKOM 3aBUCUMOCTU Pa3/inyaloTCsl B KDATHOCTU, YTO CBUAETE/IbCTBYET 06 OT-
CYTCTBUW CBSI3U MEXAY HUMMU. ITOT BOMNPOC TPEBYET AasibHELLEro crneLmaabHOro pacCMOTPEHMS.

KnioyeBbie cnoBa: KO3(pPUUNEHT MECTHOIO r’mapaBINYeCcKoro CornpoTUBAEHUS, Anadparma, saMmmHap-
HbIV, NEePexXOAHbIVI, PEXUM TEYEHWUS.

Ana untupoBannsa: KoHapatees A.C., OropoaHuk K.®., Ppuxa M. O pacqete koapuLmeHTa MecT-
HOIro ryuapaB/INYECKOro COnpoTUBIEHUS AnadparmM B NepexonHor n 1amMuHapHou obnactsax TedeHus //
UsBectuss MI'TY «MAMW». 2021. Ne 1 (47). C. 32—-37. DOI: 10.31992/2074-0530-2021-47-1-32-37.

BeBepgeHune

Pacuer ruapaBaMYecKMX TOTEPb Hamopa
Ha MECTHBIX THIPABJIMYECKUX COMPOTUBJICHU-
AX ABJIAETCA 3HAYMMOHN COCTABJIAIOIIENH OO0IuX
TUIPABINYECKUX TOTEePb HAMopa THUAPOCETH.
B cnywae rugpaBiMyeckux MallMH W ammapa-
TOB MECTHBIE THAPABJIMYECKHE COMPOTHUBJIIC-
HUf, KaK MPABUJIO, COCTABJIAIOT ONPEACIIAIONIYIO
4acTh CyMMapHBIX TOTepb Harmopa Ipu pabdore
000 THApoMamUHBL. EcTecTBeHHO, B CBA3U
¢ yHUpHKanuen OOJIbIIeil 4YacTHu 3JeMEHTOB T'd-
IPaBJIMYECKOT0  O0OpPYIOBaHUSA  MPOBOIUIIOCH
o0o0ImeHre, B TEpBYIO oOYepenb, Pe3yIbTaToB
9KCIIEPUMEHTAJIBHBIX HCCJICIOBAaHUM, YTO B CO-
YeTaHUH C PaCYETHO-TEOPETHUYCCKUMHU TIpPe/-
CTaBJICHUSMH TO3BOJIATIO OOOCHOBAaTh MPUMEHU-
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MOCTb SMITMPUYECCKUX U (WJIM) TEOPETHICCKHX
3aBUCHUMOCTEH JIJIsI ITUPOKOM 00IaCTH U3MEHCHHMS
xapakTepucTuk TedeHua. Co BpeMeHeM 3TH Ma-
TepHuasibl 0000MaINCh B BUAC PA3TUIHBIX CIIpa-
BOYHHUKOB TIO0 THPABJINYECKUM COMPOTHBIICHUAM
KaK B JIMHEWHOW 4aCTH, TaK U A MECTHBIX I'-
APaBIUYECKAX COMPOTUBJICHUH (CM., HAIIpUMED
[1, 2]). HaubGosiee mogpoOHBIM CIPAaBOYHHUKOM,
BBIICPXKABIIMM MHOXECTBO H3[aHUU B HaIIEH
CTpaHe W WU3JaHHBIM 3a pyOeXoM, SBIAETCH
«CripaBoYHHK TIO THAPABINYECKUM COMPOTHBIIE-
mus» W.E. Wpenpunka [3, 4]. HeynusuresnsHo,
YTO 4aCTh PEKOMEHIAINI, N3JI0KEHHBIX B [3], rc-
MOJIB3YIOT U B O0Jiee MO3MHUX CIPAaBOYHBIX U3/Ia-
HUAX JIpyTHUe aBTOPHI, HAIIpUMEp, B [S]. AHamus,
MPOBENICHHbII B padoTe [6], moka3ai, 4To B 3a-
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BACUMOCTH OT TOla W3IaHWsA CIpPaBOYHUKA
N.E. Unenbunka A OMMHAKOBBIX MECTHBIX CO-
MIPOTUBJICHHUI Pa3INYMs B YNCJICHHBIX 3HAYCHUAX
OHOTO W TOr'0 € MECTHOT'O THAPAaBINICCKOrO
COMPOTHUBJICHUS MOTYT JIOCTATaTh KPaTHOCTH.
K coxanenuro, 00JbIION 00BEM CIPaBOYHOIO
MaTepuralia He MO3BOJICT B OTHCJIBHBIX CIIydasx
n30eKaTh HETOYHOCTEH, MPUBOAAMUX K (PaKTH-
YECKHAM OIIMOKaM B pEeKOMEHIAITUSX.

Llenpro HacTosIIel PabOTHI ABJIACTCA aHAJIN3
pPEeKOMEHIAIMi 1o pacyeTy KoaddunueHTa TH-
TPaBJINYECKOrO COMPOTUBJICHUS auadparMm (0T-
BEpCTHIA), TPUBEICHHBIX B padoTe [3].

MeTtoabl npoBegeHns1 uccrsiegoBaHNn

KoHKpeTHO aHa/M3UPYIOTCA PEKOMEH/IAIUH,
Kacaromiecs pacuera Ko3(QpUImeHToB ruapaBIIn-
YeCKOro COMPOTHUBJICHHA TruadparMbl (OTBEPCTHS)
¢ o0bIMH (hopMaMHu KpaeB O Pa3jIMYHBIX YC-
JIOBUY TIEPETEKaHMA MOTOKA B MEPEXOMHOMN | Jia-
MuHapHOH obmactsx (Re=W;D, /v < 10* +10°)
BHYTPH TPyOOMNpPOBOA MOCTOSHHOIO MOMEPEYHO-
ro ceuenusa (F, =F,) [3]. IlonepeuHoe ceueHue
nuadparmbl MOKa3aHO Ha PUCYHKE.

/|
Wi, Fr 3 Wo, Fo W, h=F
R = —
¢
1o

Puc. Cxema Teuenus »KAIKOCTH
4epe3 quapparMy KOHeYHOi TONIINHBI

Fig. Scheme of fluid flow through
a diaphragm of finite thickness

[TockobKy TpyOOIPOBOJT MMEET MOCTOSTHHOE
MOTIEPEYHOe CEYCHUE, TO CKOPOCTH JKHIKOCTH
1o ¥ mocyie auadpparmbel pasHbl (W, =W,). Tak
KaK TIONIePEYHOE ceueHue auadparMbl Ompenes-
eTcs ruipaBandeckum tnametpom D, =4F /11,
rae F, — IJomanb MONePeYyHOro CEUYCHUs Ha-
¢parmp, a Il — ee cMoYeHHBII IEpUMETD, OTCIONA
CJICIIYeT, 9TO B OOIIEM cilydae MolepeyHoe ceve-
HUEe nuadparMbl MOXKET OTIMYATHCA OT OKPYIK-
noctu. Tonmmuna nuadparmet [, a D — nuamerp
nuadparMbl Py KPyroBOM OTBEPCTHH.
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ITpu masnbix yucnax PeiiHosibaca Re <10 Ko-
3(pPUIMeHT TUAPABINYECKOIO CONPOTHUBIICHUS
orpeiesisieTcs BeipakeHueM [3]:

e=p/ (W2 12)=(33/Re)F /F), (D)

rae Ap — mepenaj 1aBJicHUS HA quadparme.

W3 aTOro0 BhIpa)KeHHs CIIEAyeT, 4To (HopMaib-
HO ipr F — 0 & —> 00, TO eCTh (paKTUIECKOE Te-
YCHHE JKHUIKOCTH Yepe3 auadparMy mpekpaiaet-
sl BBUY OTCYTCTBHS MOCJICTTHEIA.

B obnacti HeOompmmx uucen PeitHombica
10<Re <30 [3]

E=Ap/(pW] 12)=33/Re)F | F,) +&up.E s (2)

IJIe 3HAYEHUA BEJIMYMHBI 2‘31 « TpenaraeTes
ONPENEATh 10 COOTBETCTBYIOIIUAM JTHarpaMMaM,
NPUBEACHHBIM B TPEAUIECTBYIONIMX pasesiax
crpaBovyHUKa [3].

Ilocienqnee  mosicHEeHHWE — TMPEACTABJACTCS
BECbMa HEOIPENEJIEHHBIM, IIOCKOJIbBKY B 3THX
pasjesiax aHaJM3UpPOBAJIMCh JPYTrue, OTJIMYHBIE
OT paccMaTpUBAEMOI0 CJIyvau JBUKEHHUSA KUIKO-
CTH Yepe3 MECTHBIE CONPOTUBJIEHUA PYTOH, OT-
JIMYHOM OT aHaJIM3UPYEeMOU, KOHKPETHOU (HOPMBI
muadpparMbl (OTBEPCTHS) W PEKUMOM TCUCHHS
YKUJIKOCTH.

KoadpduuneHnt ¢, Xapakrepusyomuii cre-
IIeHb 3aloJIHEHUs auadparMbl,  OMPEACIIACT-
CAd C WCIOJb30BAaHUEM TAOJIUYHBIX 3HAYCHUN
WIX MOXKET OBITh PAacCUUTAH IO AIMIUPUYECCKON
3aBUCUMOCTH

5
€ore = Z a;,(IgRe)’, 3)
0

e a, = 0,461465; a, = — 0,2648592; a, =
0,203047; a, = — 0,06602521; a, = 0,01325519;
a,=—0,001058041.

B Tabnmme 1 yka3aHbl TaOJIMYHBIC 3HAYCHUS
Gynkuun g, , IpuBeneHHbe B [3] ¥ paccuuTan-
Hbie 110 hopmyite (3).

[IpuyuHBl TOCTAaTOYHOTO 3HAYMMOI'O PACXOXK-
JOCHHUST TaOJWYHBIX W pPacUCTHBIX 3HAYCHHUI Be-
JIMYUHBL €, B [3], nocturatomero 15 %, He Kom-
MEHTHPYIOTCS. Takyke He NMPUBOAUTCS pacueTHast
(dbopmysia, IO KOTOPOIi OIpeneSieHbl TaOJIMYHbIC
BeJIMUMHBL [Ipy mpoBeeHny MpaKTUYECKUX pac-
YETOB WCIIOJIb30BAaHUC TAOJMYHBIX 3HAYCHUU YC-
JIOKHSICT TIPOLIEAYPY pacyeTa, IMOCKOJIbKY OyaeT
HEOOXOIUMO HWCITOJIB30BaTh TPOIETYPYy HHTEp-
TOJIAIIAN JAJI TIPOM3BOJIBHBIX 3HAYECHUU YHCET
Peiinonbaca.  ®opmysna (3) mpencTaBiseTcs
TaK)Xe HEONpPaBIaHHO YCJIOKHEHHOM. Mcrmonb3yst
«OHnaiH-KaJIbKYJIATOp: Ammpokcumarus (QyHK-
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Tabauya 1

3Hauenns pyHKIHH €,pe B 3ABHCHMOCTH OT 4HCIIA Peiinonbaca

Table 1. Function g, values depending on the Reynolds number

Re 10 30 100 | 410 10° | 4103 10* | 410 10° | 410°
Tab. 3Hau. 034 | 036 | 045 | 05 | 065 | 074 | 080 | 085 | 090 1,0

Popmyna(3) | 035 | 036 | 039 | 047 | 053 | 065 | 074 | 087 | 094 | 0,96
Popmya (@) | 033 | 037 | 042 | 049 | 054 | 063 | 070 | 081 | 090 | 1,05

LIUU OTHOM HepeMCHHOI;'I>>, NOJIY4YUM IIPOCTOC BbI-
PaXCHUA IJIA pacucTa BCJIMYUHBL €,

€9p, =0,2531Re™"” 4)

B mmxHeir cTpoke Tabiaunbl 1 mpuBeneHB Be-
JIMYUHBL €, , OUPENEsICHHbe 10 (opmyie (4),
KOTOpBIC JIOCTATOYHO YJOBJIETBOPUTEIILHO B Jia-
MUHApHOU 00JIACTH TEYEHHs COIJIACYIOTCsSl C pac-
YeTHBIMU 3HAYCHUSIMHU, ONPENEJICHHBIME 110 (op-
myJe (3).

B o6macti 30 <Re <10* +10° pexomenmyercs
cJemyromas 3aBUCUMOCTb [3]:

&zAp/(pVVI2 /2):§¢(E /FZ))2 +80RC§IKB' (5)

KoaddummerT ruapaBImdeckoro CompoTHB-
JeHus §, ONPENEIAETCA € UCTIONb30BAHUEM TIPHU-
BelICHHBIX B [3] TaOJIWYHBIX 3HA4YCHWU (B ITOM
CIydvae TakyKe He MPUBOAMTCH pacueTHas Gopmy-
JIa, TI0 KOTOPOU OMpe/iesIeHbl TaOJIMYHbIC BEJTUIH-
HBI) WJTM MOKET OBITh PacCUMTaH IO CJICAYIOICi
3aBUCHMOCTH, TAK)Ke TIPUBECHHON B [3].

e, =[18,78~7,768(F, | F,) +6,337(F,/ F,)’]x
xexp{[-0,942 —7,246(F,/ F,) - 3,878(F, / F)*]x
x (IgRe)}.

©)

B Tabmutie 2 mpuBeneHb 3HaUCHASA KO3 OUIIH-
€HTa TUIPABJINYECKOTO CONPOTUBIIEHUSA &, , IPEN-
CTaBJICHHBIC B [3] W paccumTaHHBIE 1O QopmyIie
(6) Ha TIEpPBOIT M BTOPOIA CTPOKAX.

B pabore [3], Bummmo, nmesia MeCTo ornedaTka,
U BMECTO IPUBEICHHOro 3HayeHus F,/F, =0,1
yKasbiBajiach BeqnuuHa £ / F; =0. To xe camoe
NPUBEACHO W B [5], YTO yKasblBaeT HA YHUCTO
MeXaHUYECKHIi IEPEHOC 3aMMCTBOBaHHON NH(OP-
Marlvm.

Tabnmunble 3HAUYeHUA KOA((UITMEHTA THIPaB-
JINYECKOTO  CONPOTHBIIEHUA &, TPUBEICHHDBIE
B pabote [3], MOKHO cKa3aTbh, TPAKTUYECKU HE CO-
BIAJAIOT C PACUCTHBIMU 3HAYCHUSIMU, OIIPEeICH-
HbIMH 110 opmyse (6). B Tabimue 2 3HaveHue
€, =0 O3HaYaeT, YTO OHO MEHBIIEC HPEIICCTBY-
10mero 3uavenus &, npu Fy / F; = const B KpaTHO-
CTU 1 (paKTUUYECKHU OJIU3KO K HYJIIO.
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BwmecTo 3aBucuMocTr (6) MOXHO HCIIOJIH30-
BaTh aIMPOKCHMHUPYIOIIEE 3aBUCHMOCTH BKCIIO-
HEHIIMAJIFHO BHTA

g, = ARe™. (7)

Jnsa sHavennii 0,1<(F, / F})<0,5 BTabiauue 2
B HIJKHMX CTPOKaX IPHUBENEHBI BEJIMYUHBI &,
omnpenesieHHbie 1o popmyne (7) nna: F, / F, =0,1
npu A = 580,5337 u B = -0,742; F,/F, =0,2
npu A = 183,036 u B = —-1,1051; F,/F, =0,3
npu A = 61,3181 u B = -1,4942; npu F,/ F, =0,4
A = 65,4109 u B = —2,0401, xoTopble MpaKTUye-
CK{ TOYHO COTJIACYIOTCSI C PACUCTHBIMY 3HAYCHU -
MH, OIIpeAeICHHBIMU 110 hopmysie (6) TIpu Tex ke
3HaYeHuAX BeauuuH (F/ F)). To ectp, B 0bmem
citydae koahummeHTs 4 1 B 3aBUCAT OT BEJIUIH-
Hbl (Fy /| F).

Bo Bcex cityuadx TaOiu4YHbIC 3HAYEHUS BEJIU-
uuH §, BO BCE OOJIBIIEH CTENEHH MPEBOCXONAT
pacueTHBIC 3HAYCHHMS, ONpeIesisieMble Mo GopMy-
Jam (6) nwim (7). DTOo pacxoKaeHUEe TaOIWYHBIX
¥ PacUCTHBIX 3HAYEHMil BENMYMHBL §, TIPAKTHYe-
CKH CBUICTEJIbCTBYET 00 OTCYTCTBUM KaKOH-THOO
CBSI3U MEK/y HUMU.

OTMeTUM TaKke, YTO Ha PUCYHKe 0O03HaYCHA
ToOJIIUHA auadparMsl /, KoTopas He GUTYypUPYyeT
B PEKOMEH/IYEeMBIX PAaCUYETHBIX COOTHOIICHHUSX,
X0Ts, 6€3yCJIOBHO, BIUsACT Ha O0IIee THapaBINIe-
CKOe CONPOTHUBJICHHE TruadparMsl U, Ka3ajaoch Obl,
JIOJDKHO OBITh OTPA)KEHO B NMPUBOAMMBIX TaOJIMY-
HBIX WJIA PACYCTHBIX 3aBUCHMOCTSIX.

B pa6ote [3] mpu 060CHOBaHUM PACCMOTPEH-
HOM Tpouenypsl ompenesieHus KoadduimeHTta
TUJIPABIMYECKOIO COMPOTHUBJICHUS JuadparMbl
MMeeTCs CChIJTKa Ha paboTy aBTopa [6], B KOTOpOIt
B YACTHOCTHU PacCMaTpPUBACTCS BIIMSHUC BA3KOCTH
Ha TUAPABINYECKOE COMPOTUBJICHHE auadparm
MpeAcTaBJIeHHOro Tuma. Jliaa Oosbmmx dYuces
PeitHONbICA WCHOJIB3yEeTCS BBIPAXKEHUE IOT00-
Hoe (5):

E=0p/ (W} 12) = (&, + £ [(0.5+T(1- Fy | F)*)x
x (1= F, | F)+(1-F,/ F}1+M | D(F [ Fy),
®)
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Tabauya 2

3uavenns ko3(hpunHenTa rHAPaBIHIECKOro CONPOTHBIeHHs & 0T uncia Re

Table 2. The values of the coefficient of hydraulic resistance &w from the Re number

Re
(F/F) 30 10? 4-10? 10° 4-10° 10* 2-10* 10° 2-10°
1,94 0,89 0,064 0,39 0,22 0,15 0,11 0,04 0,01
0,1 46,3 19,0 6,80 3,45 1,24 0,63 0,38 0,11 0,068
46,5 19,0 6,81 3,45 1,23 0,625 0,374 0,11 0,068
1,78 0,85 0,57 0,36 0,20 0,13 0,09 0,03 0,01
0,2 3,21 0,85 0,18 0,066 0,014 0,0052 0,0024 0,0004 0
3,21 0,85 0,18 0,066 0,014 0,0052 0,0024 0,0004 0
1,57 0,75 0,43 0,30 0,17 0,10 0,07 0,02 0,01
0,3 0,38 0,062 0,008 0,002 0,0002 0 0 0 0
0,38 0,063 0,008 0,002 0,0002 0 0 0 0
1,35 0,57 0,28 0,19 0,10 0,06 0,04 0,02 0,01
0,4 0,054 0,0057 | 0,00035 0 0 0 0 0 0
0,053 0,0054 | 0,00032 0 0 0 0 0 0
1,10 0,34 0,12 0,07 0,03 0,02 0,01 0,01 0,01
0,5 0,008 0,0004 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0
0,85 0,19 0,06 0,03 0,01 0,01 0 0 0
0,6 0,001 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0
0,58 0,11 0,03 0,02 0 0 0 0 0
0,7 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0
0,40 0,06 0,02 0,01 0 0 0 0 0
0,8 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0
0,20 0,03 0 0 0 0 0 0 0
0,9 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0
0,03 0 0 0 0 0 0 0 0
0,95 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0

rae T — SMIUpHUYecKas MonpaBodHas (yHKIHA,
yYUTHIBaONasA BJIUSAHUE (GOPMBI U TOJIIUHBI
CTEHKHM B MeCTe OTBEpPCTHS Ha €ro THJpaBJiu-
YECKOE CONPOTHBJICHUE, A — KO3(PPHUIMEHT CO-
MPOTHUBJICHUS TPEHUSA MOTOKA KUAKOCTH BHYTPH
nuadparMbl (OTBEPCTHS), KOTOPBIM OMpenesisieTCs
110 JIOKaJIbHO# ckopoctu W, =W, (F, / F,) B oTBep-
CTHUU.

Bennuuna t onpenesnigeTcsa B TabJIMYHOM BHUJIE
1 MOJKET OBITh PacCUMTaHa M0 IMIUPUYECKUM 3a-
BUCHUMOCTSIM:

t=[2,4—(I/D,)]-10°%;
6=0,25+0,535(// D,)" /[0,05+(//D,)"].

B Tabnunie 3 mpuBeneHsl 3HaUYCHUS TTapamMeTpa
T B 3aBHCUMOCTH OT Oe3pa3MepHOil JUIMHBI Tha-
(bparmst (I/Dg).

€)
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B sToMm ciryuyae TabimvHBIC 3HAYCHHSA T JIOCTA-
TOYHO yJOBJIETBOPUTEIILHO COBIAAIOT C pacyeT-
HBIM BEJIMYMHAMHU T, ONPEEIICHHBIMU IO QOpMYy-
se (9), otimame qocTUuraeT npuMepHo 8 %.

W3 cpaBHeHus BeipaxkeHnit (5) u (8) mosydum

&y = {105+ (1= F, / F)*)1-F, | F) +
(I-F,/ FY1+0/D,}(F | F,).

Hcnonw3oBanue Boipaxkenuit (8) wmiau (10)
METONMYECCKH IPEACTaBIseTcsa Oojiee 00OCHO-
BaHHBIM, MOCKONbKY wnen A(l/D,)(F/ F)’
B SIBHOM BHJIE OIpENEIIsieT BKJIaJ TUIPOIUHAMU-
YECKOT'O TPCHUS MPU TECUCHUU KUJKOCTH BHYTPH
nuadgparMbl B CyMMapHOE THUAPaBINYECKOE CO-
nporusacHue. OTMETUM, YTO eciu auadparma
TpanchopmupyeTcss B TpyOy MEHBIIEro auame-
Tpa OOJIBINOI TPOTAIKEHHOCTH, TO B 3TOM CJTydae
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Tabauya 3

3HaveHns napaMeTpa T B 3aBHCHMOCTH OT Oe3pa3MepHOii JNIHHbI Jnacparmbl (l/Dg)

Table 3. Parameter t values depending on the dimensionless length of the aperture (I/D g)

TaK)Ke BO3MOXKHO HCIIOJIb30BAaHME TAKOrO Ipe-
CTaBJICHUS.

Ha ocHOBe poBeeHHOT'0 aHaJIM3a B IIPOMEIKY-
TOouHOI1 oO1acTh unce1 PeitHonpaca 10 < Re < 30,
YUYUTHIBass OKUAACMBI HEIPEPBHIBHBIA XapaKTep
M3MCHCHUS THIPABINYECKOTO CONPOTUBJICHUS
BHYTPU CPaBHUTEJIGHO HEOOJIBIIOrO auana3oHa
yucen PeitHosbaca, momycTuM pacdeT Koa(pdu-
[HEeHTa TUAPABINYCCKOIO COINPOTHUBJICHUS IIPO-
BECTH, WCHOJIb3Yys JIMHCHHYIO WHTEPIOJIAINIO,
o opmyJie

€ = &recio —[(Erecto = Eresso) / 20](Re—10), (11)

rae &g, paccuuTbBaerca 1o Gopmyse (1)
npu Re = 10; &,._;, paccunThiBaeTcs 1o hopmyJie
(8) mpu Re = 30.

3aksnoyeHne

BoimosiHeHHBINE aHATM3 TIOKa3aJl, 4YTO, PEKo-
MEHMIaIlNN, cofep:kamuecs B pabore [3], oTHO-
cAmecs K pacyeTy MOTepb JaBJICHUS IPU Teue-
HAHM JKHOKOCTH depe3 amadparMbel (OTBEPCTHS)
¢ JoObMH (popMaMu KpaeB, BKJTIOYAIOT, MOXKHO
CKa3aTh, IPOTUBOPEUUBBIC YTBEPIK/ICHUSA B YaCTH
ompenesieHnsT BeJIMYMH KO3 (HUIIMeHTa THIPaB-
JIMYECKOTO CONPOTUBJICHUsA &, NPU BeTMYMHAX
(F,/ F))>0,3 1 HyXIal0TCA B yTOYHECHUHU.

[lokasaHo, 4TO TpencTaBjieHNe TAOJMIHBIX 3Ha-
YeHHI1 KaKoro-TMOo rapaMeTpa Wi pyHKIHU 6e3 co-
OTBETCTBYIOIIEr0, OMUCHIBAIONIEIO €r0 PacyeTHOro
MaTeMaTU4eCKOro BBIPAKEHUSA, MOXKET IPUBOIUTD
K HEKOPPEKTHOMY IIOHUMAaHHUIO PEKOMEH AT
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CALCULATION OF THE COEFFICIENT OF LOCAL HYDRAULIC DIAPHRAGM
RESISTANCE IN TRANSITIONAL AND LAMINAR AREAS OF FLOW

DSc in Engineering A.S. Kondratyev, K.F. Ogorodnik, M. Frikha
Moscow Polytechnic University, Moscow, Russia
ask41@mail.ru

In the case of hydraulic machines and devices, local hydraulic resistances, as a rule, constitute the de-
termining part of the total head losses during the operation of any hydraulic machine. The most detailed
reference book, which has gone through many editions in our country and published abroad, is the “Ref-
erence book on hydraulic resistance” by I.E. Idelchik. At the same time, the analysis carried out in the
cited literature showed that, depending on the year of publication of the reference book by I.E. Idelchik,
for the same local resistance, the difference in the numerical values of the same local hydraulic resist-
ance can reach a multiplicity. The purpose of this work is to analyze the recommendations given in the
handbook for calculating the hydraulic resistance coefficient of diaphragms (holes) with any edge shapes
for various conditions of flow overflow in the transition and laminar regions inside a pipeline of constant
cross-section. In particular, it is shown that tabular values are recommended for calculating the filling
factor of the diaphragm section and an analytical dependence is given, the differences in the numerical
values of which reach 15%, which introduces uncertainty in the results of specific calculations. To a much
greater extent, a similar situation takes place when using the recommendations for calculating the coef-
ficient of hydraulic resistance. In this case, also, the given numerical tabular values of the coefficients of
hydraulic friction resistance when the flow passes through the hole and calculated from the given analyt-
ical dependence, differ in multiplicity, which indicates the absence of a connection between them. This
issue requires further special consideration.

Keywords: coefficient of local hydraulic resistance, diaphragm, laminar, transient, flow regime.

Cite as: Kondratyev A.S., Ogorodnik K.F., Frikha M. Calculation of the coefficient of local hydraulic di-
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NUMERICAL SIMULATION OF DYNAMIC PROCESSES

IN TRANSMISSION OF VEHICLE

DSc in Engineering Hoodorozhkov S.1., PhD in Engineering Krasilnikov A.A.
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The article considers the issues of digital modeling of dynamic processes in the transmissions of transport
vehicles. The purpose of this research was to develop an algorithm for numerical mathematical modeling
of dynamic processes in the transmissions of transport vehicles using modern digital software packages.
The method includes a systematic approach to the study of dynamic processes during switching, based
on modeling the operation of the gearbox together with the internal combustion engine (taking into
account its dynamic, speed and load characteristics). The order of application of the MATLab — Simulink,
Simscape software packages for numerical simulation of dynamic processes is considered. Using
the fundamental blocks of these applications, models of physical components are created: the internal
combustion engine, friction clutches, gearboxes, elastic shafts, damping devices, and tractor power
transmission control systems. A digital model of the tractor transmission is created, its design scheme
is given, and the initial characteristics are set. It was used to simulate dynamic processes in the tractor
gearbox. The main attention in this paper is paid to the application of the proposed method for calculating
the dynamic processes in the gearbox during gear changes under load with forward and reverse switching,

including the simultaneous use of several friction clutches.

Keywords: transmission, numerical simulation, gearbox, agricultural tractor, dynamic processes.
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Introduction

Dynamic processes in vehicle transmissions,
particularly when shifting gears in a change
gearbox (CQG), are complex owing to the presence
of inertial elastic links, such as flexible shafts,
gears, and engine flywheels. This is particularly
true in tractor transmissions, where gear shifting
occurs under load, necessitating the absence
of a power flow break in the machine transmission
during gear changes.

In this context, the analysis of the gear shifting
process is one of the most complicated types of
transient processes in transport and traction
machine transmissions [1-5]. Gear shifting is
performed in the CG under consideration using
frictional control elements (disc friction clutches).
When shifting gears, several friction clutches may
work simultaneously. The current calculation
methods do not fully reflect the dynamic
processes in the CG while switching stages under
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load with the simultaneous use of several friction
clutches [6-9].

The difficulties of analyzing working processes
in automotive vehicle transmissions and gear
shifting control have been addressed in previous
studies [10—13]. The use of modern software
tools for engineering calculations, such as
the MATLAB package, which includes Simulink
and Simscape, can ease the implementation
of dynamic power transmission calculations.

This study is aimed at developing an algorithm
for numerical mathematical modeling of dynamic
processes in vehicle transmissions based
on a systematic approach to the study of dynamic
processes when gear shifting in a CG.

Problem-solving method

Modern software tools for engineering
calculations proposed for digital modeling
of dynamic processes in vehicle transmissions

© Xynopoxkos C.U., Kpacwipbaukos A.A., 2021
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Fig. 1. Simscape model of the mechanical gearbox system

in this work include the MATLAB package
applications, Simulink and Simscape [14, 15].
The dynamic calculations of power transmissions
can be significantly simplified as a result. The
MATLAB packages, Simulink and Simscape,
provide fundamental blocks for modeling
physical components, such as an internal
combustion engine, control friction clutch, gear
reducer, resilient shafts, dampers, and other
power transmission components. Simscape
automatically deduces differential equations that
characterize system behavior from a model that is
similar in appearance to a kinematic diagram.

The method and procedure for using the
MATLAB package for analyzing dynamic
processes in transport vehicle transmission
are considered in the example of modeling
the operation of the gearbox of an agricultural
tractor (Kirovets K-744).

Based on the known kinematic, inertial elastic,
and damping parameters of the gearbox, a Simscape
model for simulating dynamic processes was
developed. Figure 1 depicts the CG model.

In Figure 1, the gearbox shafts are presented
as standard library blocks. The inertia of the
driving and driven masses of friction clutches,
and gears fixed on the shafts, are characterized
by the flexible shaft, which describes the elastic-
damping and inertial properties of the sections
at the connection points of the inertia blocks.
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Simulink-PS
Converter

P Out
S PSP .
B [I“( >

Engine

Disk Friction
Clutch

Fig. 2. Friction unit subsystem

The input shaft of the gearbox is represented
by sections connected at the input to the engine
port and at the output to the subsystems F, which
represent friction units.

Four Gear blocks and two M blocks are used
to specify the gear properties. Shaft bearings
supports are represented by blocks with D pivot
bearings.

The transfer shaft is represented by a section
connected to the load outlet port.

“Friction unit” F subsystems represent
block diagrams of the same type, corresponding
to Figure 2.

The following basic typical blocks are included
in CG Simscape models:

A typical disk friction clutch block is a friction
clutch with sets of friction discs. The clutch is bi-
directional, allowing it to slide in both positive
and negative directions. The block provides
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Disk Friction Clutch

Represents a model of controllable friction clutch or brake that allows or restricts
transmission of torque between the driving and driven shafts. The clutch starts to
engage when the control pressure presented at the physical signal port P exceeds
the Engagement threshold pressure. For the clutch to lock, the relative follower-
base speed must be less than the Clutch velocity tolerance, and the transmitted
torque must be less than the static friction limit. A locked clutch remains locked
unless the torque transmitted across the clutch exceeds the static friction limit.

Connections B (base) and F (follower) are mechanical rotational conserving ports.

Settings

Geometry Friction Viscous Drag

Initial Conditions

Friction model: 'Fixed kinetic friction coefficient -
Kinetic friction

coefficient: | 0.08 |
Static friction

coefficient: ID'Z ]
De-rating factor: |1 |
Clutch velocity ”
tolerance: L@Di ] [rad/s J
Engagement threshold |100 ‘ \ Pa Vl
pressure:

Fig. 3. Disk Friction Clutch block parameters window

a physical signal input port for applied pressure
to the friction discs. The window of the block
parameters is presented in Figure 3.

Typical block inertia is an ideal mechanical
rotational inertia, in which the parameter
window comprises the moments of inertia

Table 1.

Moments of inertia of the gearbox rotating masses

i N Designation Moment of inertia,
of mass kg'm?
1 Inertia_1 0,25
2 Inertia_2 0,10
3 Inertia_3 0,25
4 Inertia_4 0,10
5 Inertia_5 0,25
6 Inertia_6 0,10
7 Inertia_7 0,25
8 Inertia_8 0,10
9 Inertia_9 0,15
10 Inertia_10 0,25
11 Inertia_11 0,15
12 Inertia_12 0,20
13 Inertia_13 0,15
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values of the gearbox rotating masses, as used
in the model in Figure 1 (Table 1).

A typical simple gear block represents
a gear set with a fixed gear ratio. The gear ratio
is calculated as the ratio of the number of teeth
on the driven wheel (port F) to the number

Sroupi Gain1
F1 » P_upr
Gain2 F1
F2 » P_upr
Gain3 F2
F3 » P_upr
Gain4 F3
H b—»@
Gains R4
10—
J Throttle
Control

Fig. 4. Control subsystem
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Fig. 5. Engine subsytem

Table 2.
Gear ratios
Designation of a pair .
st o of t%othed Wheé)ls Crear o
1 Gear_1.71 1,71
2 Gear_1.41 1,41
3 Gear_1.17 1,17
4 Gear_0.97 0,97
5 M_0.83 0,85
6 M_1.74 1,70
7 M_2.43 2,43

of teeth on the driving wheel (port B) — (NF/NB).
Gear ratios are entered in the parameter window
of the block (Table 2).

The Simscape blocks connected in series,
namely the control block, the engine block,
the transmission block, the load block, and
the monitor block of the calculation results
visualization, are represented by the generalized
transmission model of a tractor with an engine.

Figure 4 depicts the control subsystem
is. The signal builder block in the subsystem
generates control actions for the friction units
F_1,F 2,F 3,and F_4 of the gearbox and the fuel
supply to the throttle engine cylinders. The gain
blocks convert friction clutch control movements
into pressure with a maximum value of 0.9 MPa
and fuel supply as a percentage of the maximum
value (100%).

Figure 5 presents the subsystem engine, which
includes the 2-D lookup table block.

The 2-D lookup table block matches the input data
with the output value by searching or interpolating
a table of values provided by the block parameters.
The parameters of the external and regulatory
characteristics of the engine are represented in the
matrix of the 2-D lookup table block.
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The load subsystem uses the signal builder
block to generate loads on the transmission output
shaft in the mode of constant resistance torque
or constant power.

Results and discussion

The following are the results of applying
this model to numerically simulate dynamic
processes in the CG during gear shifting. Control
commands are sent to the CG friction control
elements at certain points in time to turn on/off
the corresponding friction clutches to calculate
the gear shifting process.

Figure 6 illustrates the type of control actions
used in a numerical simulation of starting a tractor
from a standstill and acceleration with upshifting
from the first to fourth gear.

Figure 7 presents the curves of changes in
engine revolutions (upper curve) and torque
Mengine (lower curve) derived by calculations
during sequential shifting from first to fourth gear
when starting the tractor from a standstill.

At the beginning of the machine movement
process, the friction clutch F1 1is activated
according to a linear law of increment from zero
to 0.9 MPa for 0.45 seconds. This takes into
account the joint operation of the engine and
transmission. At this time, the friction moment
of the F1 clutch is the resistance moment for
the crankshaft and the driving moment for the CG
input shaft. The engine speed decreases slightly
(due to the increase in the frictional moment of the
friction clutch F1) as the engine torque increases.

Subsequently, using two friction clutches, the
CG switched from first to second gear (the F1
clutch, which implements the first gear mode,
is turned off, and the second gear clutch F2 is
turned on).

An essential parameter influencing gear
shifting dynamics is the duration of the overlap
of the joint work of the two friction clutches.
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The overlap in the operation of the friction
clutches refers to the period when one friction
clutch (F1) is deactivated and the other friction
clutch (F2) is activated. The overlap duration is
determined by the command issuing algorithm of
the CG control system, which controls the friction
clutch activation/deactivation (Figure 6).

The proposed mathematical Simscape model
of the CG allows for computational studies of
transmission dynamics under various control
laws by varying the moments and time intervals
of activation of the frictional control elements,
overlapping, and delays during their joint
operation.

i
[ [ 10
Time, sec

o

[

w
b
ar
L

Fig. 6. Signals of control actions to automatic
transmission clutches (Fl, F2, F3, F4)
and fuel supply to the engine (T) when simulating
the shift process from Ist to 4th gear
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Fig. 7. Calculated curves of changes in engine
speed with sequential gear shifting (from Ist to 4th)
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Figure 8 depicts the graphs of the dynamic
processes that occur in the CG when shifting
gears.

It presents the graphs of the change in
revolutions and torques of the main CG links
when the second gear is engaged with overlapping
friction clutches 1 and 2 for about 0.15 seconds.
As shown in the graphs, the torque M1, which
is transmitted by the deactivating clutch F1, first
decreases linearly to zero in the process of shifting
from first to second gear. Simultaneously, the
torque M2, which is transmitted by clutch F2 and
engaged to implement the second gear in the CG,
starts to increase linearly.

Revolutions, rpm

Moment, Nm

Time, sec

Fig. 8. Calculated curves on the input shaft
when shifting from Ist to 2nd gear
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The torque of the activated friction clutch
F2 tends to overcome the moment of resistance
and continues to increase until it reaches
the maximum value, accelerating the rotation of
the driven clutch masses under the action of the
free excess torque until the driving and driven
discs of the activated friction clutch F2 are
synchronized. The friction clutch skids as a result.
The disengagement of clutch F1 does not reduce
the speed of the output shaft. Therefore, a further
joint operation of the two transmissions becomes
impractical from the standpoint of ensuring the
continuity of the power flow. An increase in the
overlap time in the operation of the clutches will
induce power circulation and clutch skidding.
With optimal regulation of friction clutch
activation/deactivation, power is transmitted in
two parallel flows during gear shifting in the CG
with no power circulation. This mathematical
model allows a computational simulation of this
process to be performed.

Following the completion of the revolution
synchronization of the driven and driving parts,
the torque in the activated friction clutch rapidly
decreases to the value of the reduced moment
of resistance.

Qualitatively similar processes occur when
switching from the second to third gear, the third
to the fourth gear, etc.

The nature of the change and peak values of
the torques on the main links, the change in the
revolutions of the links, and the time of the
dynamic processes can all be accessed using
mathematical modeling of this gear shifting
process. The results of the analysis provide
information on the parameters of friction clutch
skidding, the occurrence of power circulation, etc.

Conclusion

1. Using the MATLAB Simscape software
package, a method for numerical simulation
of dynamic processes in transport vehicle
transmissions is proposed.

2. A mathematical model of a wheeled tractor
gearbox was created using the typical blocks
of the MATLAB library (Simulink and Simscape),
which provides a contemporary interface for
receiving, processing, and visualizing calculation
results in the process of simulating the work
of the sample under consideration.

3. The proposed calculation technique enables
effective virtual modeling of dynamic systems

Izvestiya MGTU «MAMI», Ne 1(47), 2021

of wvehicle transmissions, simulation of CG
operation using several frictional control elements
in different operating modes, with different
time characteristics of control commands,
and determination of the optimal algorithms
for the CG control system.
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YUCJIEHHOE MOAEJINPOBAHUE
AWHAMWYECKUX NPOLIECCOB B TPAHCMUCCHUU
TPAHCIMOPTHbIX CPEACTB

A.7.H. XypopoxxkoB C.W., k.7.H. KpacunbHukos A.A.
CaHkT-NeTepbyprckuin nonutexHudeckuii yameepeutet (CI6IMY), CankT-TMetepbypr, Poccus
Xcu-55@mail.ru, a_kr36@mail.ru

B pgaHHoOV cTatbe pacCMOTPEHbI BOMPOCHI LINGPOBOro MOAEIMPOBAHUS (PUINYECKUX ANHAMUYECKNX
poLEeccoB B TPAHCMUCCUSIX TPAHCMOPTHOW TEXHMKU. Llenblo A[aHHOro wuccienoBaHusl $IBJSi/iacb
oTpaboTka anaropuTMa YUCJ/IEHHOr0 MaTemMaTudeckoro MOAE/NPOBaHUS ANHAMUYECKUX [POLIECCOB
B TPAHCMUCCUSIX TPAHCIMOPTHbLIX MalLUUH C WC0Jb30BAHNEM COBPEMEHHbIX LMGPPOBBLIX MaKeToB
nporpamm. Metoamka BKIYAET CUCTEMHbIN M0AX04 K UCCAEA0BAaHNIO ANHAMUYECKMNX MPOLLECCOB Mpu
nepexksIt4eHNn, OCHOBaHHbIV Ha MoaenpoBaHum paboTtel KM coBMeCTHO ¢ ABuratenemM BHYTPEeHHero
cropaHusi (C y4eToM ero ANHaAMUHYECKMX, CKOPOCTHbIX W Harpy304HbIX XapakTepUCTUK). PaccmMoTpeH
nops8ok npuMeHeHns naketa nporpamm MATLab-Simulink, Simscape 415 Y1CAEHHOro MOL4ENPOBAHMS
AnHamuyeckux rpoueccon. [Npyu nomowm ¢dyHaameHTaibHbiX G6J10KOB AaHHbIX MPUIOXEHWUI COo34aHbl
mMoaenn uandeckmnx KOMMOHEHTOB: ABUraTesisi BHYTPEHHEro CropaHus, GpUKLMOHHbLIX My@dT CLIENIEHUS,
3yb4aTbiX PedyKTopOoB, Yrpyrux BasioB, AEMIOUPYIOLUNX YCTPOWCTB, a Takke CUCTEMbI YrpaB/eHusl
cuioBoVi nepena4veri Tpaktopa. Co3gaHa umMppoBasi MOAes b TPaAHCMUCCUKM TpakTopa, fNpuBeaeHa ee
pacyeTHasi cxema, 3aAaHbl NCXOAHbIe xapaktepuctuku. C ee noMOLLbO MPOBEAEeHO MOAEIMPOBaHNE
ANHaMUYEeCKUX MPOLIECCOB B KOPobOKe repemeHsl nepegay tpaktopa. OCHOBHOE BHUMAaHWE B AaHHOM
paboTe yaeneHo NpuMeHeHWIO NnpeaiaraeMor MeToanku Ass pacyeTta anHammy4eckmux npoueccos B KII
npu NnepexkItnyYeHnsx nepenay rnoa Harpy3kou rnpuv rnpsmMoM n PEBEPCHOM BKJIHOYEHUW, B TOM 4YMUC/E
C OAHOBPEMEHHbLIM UCMO/Ib30BAHNEM HECKOJIbKUX PPUKLMNOHHBIX MYQDT.

Kniouesbie cnoBa: TpaHCMUCCUS, YNC/IEHHOE MOAEMPOBaHue, Kopobka repemMeHsl nepeaay, TpakTop,
ANHaMuyecue fpoLecchl.
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METHOD FOR DETERMINING THE TEMPERATURE
FIELDS OF THE SPARK PLUG
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This article examines the main factors that determine the thermal performance of a spark plug in the
temperature range from 300 to 2500 Kelvin. The optimal value of the temperature of the heat cone was
determined. A technique and algorithms for the numerical simulation of the thermal state of a spark plug
are presented. These made it possible to calculate the dependence of the thermal conductivity coefficient
of ceramic elements of a plug and the specific heat capacity of ceramic insulator on temperature. The
calculation of the working cycle in the engine cylinder was carried out. The calculation of the temperature
distribution of heat fluxes in the elements of the spark plug design was performed.

The assessment of the thermal characteristics of the spark plug is carried out by the method of numerical
modeling of the operating cycle of an internal combustion engine. The calculation of the instantaneous
temperature distribution in the body of the spark plug and on its surface is carried out. Calculations of the
intensity of heat fluxes between the spark plugs and adjacent parts of the working fluid were carried out.
The modeling of the operating cycle for various operating modes of the engine was made. The temperature
fields of the spark plugs were determined. An array of initial data for calculating the temperature fields
of the spark plug was formed. Dependences of the temperature of the working fluid in the vicinity of the
spark plug on the angle of rotation of the crankshaft are determined. The harmonic components of the
heat transfer coefficients between the working fluid and the cylinder fire guard (Voshni coefficient) are
considered. The harmonic components of the heat flux density are considered. Calculations of the heat
field of the spark plug are carried out for various operating modes of the engine, using the finite element
method. The calculation of the temperature field of the spark plug by the finite element method was
carried out using ANSYS, SolidWorks, Inventor, etc.

Keywords: numerical simulation, spark plug, thermal state, thermal characteristics, temperature field.
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Introduction

Heat flow power emitted by elements of its
design, such as the thermal cone of an insulator
and the central and side electrodes, to the adjacent
layer of the fuel—air mixture in the combustion
chamber of a gasoline engine at the compression
stroke primarily determines the thermal
characteristic of a spark plug (SP) [1]. Insufficient
flow power results in the formation of carbon
deposits. If its power is higher than a certain
critical value, then the pre-flame reactions
are sharply accelerated in the heated volume
of the mixture, and spontaneous combustion
occurs, which generates a self-propagating flame,
that is, potash ignition (PI) [2].
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Study aim

This article aims to investigate the main factors
that determine the thermal characteristics of a SP
at 300 Kelvin to 2500 Kelvin.

Main part

The minimum volume (AVf) of the flame
“germ” depends on the air—fuel mixture
composition and gas-dynamic  conditions

in the cylinder. AVf can be calculated using
the method proposed by B. Lewis and G. von
Elbe [3].

1 is the time required to heat this volume
to the temperature (7)) at which pre-flame
reactions are generated, which is calculated
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on the basis of the conditions of heat transfer
of the heated structural elements of the SP
of the air—fuel mixture in the cylinder, and pq
is the pressure in the cylinder at 1 [4]. Then,
the moment @) of PI occurrence, counted from
the moment of closing the intake valve, can be
calculated using the following equation:

ONYHT 3800
bign = A, +19.75(Wj D, " exp -

q
(1)9
where ON is the gasoline octane number.

The occurrence of PI in a gasoline-engine
cylinder is calculated on the basis of the evident
inequality Lot

180-¢, -6 N

t, 2),
n ign ( )

where ¢_ is the angle of the intake valve closing
lag, indicating the degrees of the crankshaft
rotation (CR); 9 is the ignition advance angle, and
n is the engine CR speed, min™.

Inequality (2) implies that spontaneous
combustion of the fuel-air mixture (PI) occurs
before the moment of spark formation.

A numerical simulation of the working cycle
of the internal combustion engine (ICE) is
required to evaluate the thermal characteristic
of the SP, accompanied by the -calculation
of the instantancous distribution of temperatures
Tx),z) in the SP body and on its surface
and the intensity of heat fluxes between the SP
and adjacent parts of the working body.

Full execution of this program requires
significant resources even for modern computing
aids. Therefore, for effective modeling of thermal
processes, the problem formulation should be
simplified.

Thus, we assume that the SP thermal
characteristics for the steady-state loaded
operating mode of the ICE must be evaluated, and
the solution of the numerical simulation problem
must be divided into two stages. At stage 1,
the working cycle in the engine cylinder is
calculated, and at stage 2, the temperature
distribution and heat flows in SP structural
elements are calculated.

In addition, the numerical simulation of
the ICE working cycle can be performed
because the temperature of the elements of
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the cylinder fire protection enclosure (cylinder
head, piston fire surface, and cylinder lateral
surface) do not depend on the CR angle, whereas
the temperature of the working fluid changes
by an order of magnitude from 7 ~300 K
to T ~3000 K.

Therefore, heat propagation is expressed as

follows:

pc% =div(AgradT) 3),
where p is the substance density, kg/m3; ¢ is
the heat capacity, and A is the coefficient of thermal
conductivity, W/m K.

Thermophysical parameters p, ¢, and A of metal
structural elements are almost independent
of temperature T [5]. Therefore, for the elements
of the fire protection enclosure of the cylinder,
Eq. (3) turns into a linear equation:

oT (o°T o&*T o*T
—( J @),

—= + +
o \ax* o o6z°

where x= A /(pc,) is the thermal diffusivity.

Based on the ICE theory, heat exchange
at the boundary between the working fluid
and the fire surface of the cylinder occurs
in accordance with Newton’s law [6]:

oT,
l “ = aW (TUJ - TCO) (5)9

on
where T is the surface temperature; T,
is the temperature of the working fluid

in the cylinder; 0/0n is the derivative along
the normal to the surface, and o, is the coefficient
of heat transfer (thermal emissivity) between
the working fluid and fire protection enclosure
of the cylinder.

The coefficient o is calculated in accordance
with the equation proposed by Professor Voshni:

aw _0.12793- 1073 Dcfo.z Tw70.53p0.8W0.8 (6),

where D_is the cylinder diameter, and p is
the pressure measured in bar. The W component

in Eq. (6) represents a complex function
of the engine geometrical and operating
parameters.

In the steady state, the working cycle duration
is ¢ = const. Therefore, o and the product o T
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are periodic functions of time, which can be
represented as Fourier series:

ay(t)=aw +

+Z?co:_oo [a,. j soc(kat)+a, j sin(kot)] N,

qw () =ayln =qw +

. 8),
+Zfz_oo[qc’ksoc(ka)t)+qc’k51n(ka7t)] ®

where ® = 2w/t is the angular frequency of the
working cycle.

For simplicity, neglecting the surface
curvature, Eqs. (4) and (5) can be rewritten as
follows:

or azrm
_0_x 9),
ot 8x2 ( )
or
A==, (OT, (L0) =g, () (10)

Let L be the conditional wall thickness, and
on the surface x = L, heat exchange occurs with
the cooling system, which has a temperature 7.
Therefore, the following equation is valid:

oT
o _ B _
A—=1 =, T, (,L)=T,), a, =const

ox
10).
The linearity of Eq. (9) and boundary
conditions under Egs. (10) and (11) enables

to write the solution to problem under Egs. (9) (11)
as follows:

T(x,0) = T(x)+ T(x,0) + T(x,0) 12)
where T(x) is the time-independent (constant)
T (x,t) is the
component, and T (x,t) is the forced pulsating
component.

The function T (x) is the solution to the problem:

component; free pulsating

d’T(x) 0
dx’ N
20 G TO)-q, | (3)
2 e, @) -T,
X
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This solution is expressed as follows:

;(x) =

MawT,, +o Ty )+Loywoy I —xowo (T, —17 )

Mo, +oy )+Loywo (14)

Given that T > T,, it is a decreasing linear
function of the x coordinate, that is, the distance
from the cylinder fire surface.

The pulsating components T(x,t) and T(x,1)
have the form of Fourier series:
T(.X,t) =
[Tc,n(x) cos(nat) + Ty (x) sin(nwt)]
(15),

=y®

n=1

T(x,0) =

_ zle[fc,n(x)cos(nmt) + 'i“c,n(x)sin(nwt)}
1e),

which no longer contain permanent terms.
By separating the variables to determine
the coefficients of series under Eq. (15), we obtain
the following system of equations:

7'7v ( ) ﬂ, dzf; n(x)
c,hol, , (x)=A————
p v c,n dx2
dr,,(x) . -
A ; |x:O: ach,n (0) + ac,nT(O)
dji‘ n(x) ad
—A ; |x:L =ap Tc,n @)
dx
8 d’T, ,(x)
—pe, naf,, (x) = A2 (7)
’ dx
arf,,(x)  _ - _
A—= lieo=a, T ,(0) +, ,T(0)
dr,,, (x) ;
—A— l=r= 0, T, (L)
n=12,3,...
Using symbolic mathematics software

packages such as Wolfram Mathematica or
Maple, an analytical solution to the system
of equations (17) can be obtained. Without writing
out the solution because of its cumbersomeness,
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we present the main result of analysis.

The functions T X and T _(x) decrease
exponentially in the direction from the fire
protection enclosure of the cylinder because they
are proportional to the following equation:

A(x)=exp (—x —W,J (18).

2\

The Fourier coefficients of expansion under
Eq. (16) satisfy the system of equations:

f ( ) }\ldzfcn(x)
[0 X)=A————
p v c,n dx2
dT. (x)
A—=0 ) =—q.
dx |x—0 qc,n
dT. (x
_;LL()LC:L:()
7 dz]:i n(x)
-pc,hol,  (X)=A—F— (19).
’ dx
dT. (x)
A—2 2 =—q.
dx |x70 qc,n
dT. (x
I
dx
n=123,...

The solution of the system of equations (19),
performed by using Wolfram Mathematica
package of symbolic mathematics, also exhibits
an exponential decrease based on the law
described by Eq. (18).

The abovementioned analysis shows that
when heat propagates in the elements of the fire
protection enclosure of the cylinder (cylinder
head, piston, and cylinder liner), a thermal
“skin effect” is observed, and temperature
pulsations are practically concentrated in a thin
layer of the protection enclosure material [7].
Based on the work data, the penetration
depth of temperature pulsations is 0.5 mm
for aluminum elements of the cylinder structure,
0.3 mm for steel elements of the structure,
and 0.15 mm for ceramic SP parts. Therefore,
when calculating thermal processes in the ICE
combustion chamber, with sufficient accuracy
for practice, the temperature of the surfaces
of the cylinder fire protection enclosure at steady-

Izvestiya MGTU «MAMI», Ne 1(47), 2021

state operation mode of the ICE does not depend
on the rotation angle of the crankshaft, that is, it
is taken constant. However, the calculation of this
temperature requires the solution of the thermal
conductivity equations (3) or (4) the pulsations
of the working fluid temperature in the ICE
cylinder and operating modes of the cooling
system.

In contrast to the calculation of the temperature
field of metal elements, the ICE cylinder is also
designed, where the thermophysical parameters
of the material can be considered constant.
When calculating the temperature field of a SP,
the dependence of the heat capacity and thermal
conductivity coefficient of its ceramic parts
on temperature 7 can be observed [8]. Thus,
the dependence of the thermal conductivity
and specific heat capacity of corundum
ceramics on temperature is  presented
as follows:

1.063-10*

MT) = +0.420-8.08-10°T +

(20),
+4.35-107°7?

5
C(T) = 0.34; 10

+1.123+0.126-10°T (21).

Figures 1 and 2 present the graphs of these
functions.

A characteristic aspect of the y(7) function
is the minimum at a temperature of 7~1500 K.
The presence of this minimum ensures
the temperature stability of the heat cone
of the SP with fluctuations in the working fluid
temperature 7.

Further discussion of the properties of the SP
temperature field will be discussed below. Thus,
mathematical modeling of the ICE working cycle
should be performed.

When developing an algorithm for the
numerical simulation of thermal processes
in an ICE cylinder, attention should be paid
to two of these processes, namely, compression
and combustion expansion (Fig. 2), which are
characterized by the highest rates of change
in temperature, pressure, and thermophysical
parameters of the working fluid [9]. Experience
indicates that gas exchange processes have little
effect on the thermal characteristics of the SP,
and they can be neglected when simulating
the temperature field of the SP [10].
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Fig. 1. Dependence of the thermal conductivity
of the insulator ceramic k on the temperature T

Compression is based on the energy balance
equation in the ICE cylinder, which is written as
follows:

Macvuﬂ_Fp ad +iaw2?:1E(7;_Twi):O
de’ ~ do® 6n ’
(22),

where ¢°, deg., is the rotation angle of the
crankshaft; the index “u” (“unburned”) refers
to the unburned mixture; 7 = T(9°), K,
is the instantaneous temperature value
of the unburned (fresh) fuel-air mixture; p = p(9°),
MPa, is the instantaneous value of pressure
in the cylinder; V= M), m?, is the instantaneous
value of the cylinder volume; n, min!, is the CR
frequency; M , kmol, is the amount of the working
fluid in the cylinder; C, = C,, (T), kJ/(kmol x K),
is the heat capacity of the working fluid at constant
volume; T ., K, is the average temperature
of the i-th section of the cylinder fire protection
enclosure (block head, cylinder liner, and piston
fire surface); F, m?, is the area of the i-th section
of the cylinder fire protection enclosure.

The instantancous values of the cylinder
volume and area of its parts are considered as
given functions ¢°, and the heat capacity C,
is a given function of temperature, M = const.
The dependence of the heat transfer coefficient
a, on the process parameters is described using
Eq. (6). Thus, Eq. (22) comprises two unknown
functions, namely, p and 7. The differential form
of the Clapeyron—Mendeleev equation of state is
used to complete the definition of the problem:

dT 1 [V dp av

u + p
do° do°

= 23),
dp® M,R, j 23)

where R, is the universal gas constant.
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Fig. 2. Dependence of the specific heat capacity
of the insulator ceramic C on temperature T

The simplest model of combustion (Fig. 3)
in gasoline engines divides the working fluid
division into three zones:

e the zone of the unburned part of the charge
containing M, kilomoles of a mixture,
consisting of air, residual gases, and fuel vapors;
occupying volume ¥ ; and containing T';

e the area of the burned part of the charge
containing M, kilomoles of combustion
products and 7, and occupying volume V,;

« the zone of the flame front, characterized
by the adiabatic combustion temperature 7,
and volume Af as the depth of the flame zone
and Sf as its area.

The instantaneous value of gas mixture
pressure p(¢°) in all zones is equal.

If the x-th part of the charge has burned out by a
certain moment of time 7, then M is determined
using the following equation:

M,=(1-x)M,R,T

a tutu

24).

FUT i [

Fig. 3. Diagram of the combustion process
in a gasoline internal combustion engine: V, — area
of combustion products; Vu — area of fresh mixture;
AV, — burning out globule of the fresh mixture
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The equation of state of the gas mixture,
which forms the unburned part of the charge,
is expressed as follows:

pV,=0-x)M, R T, (25).
Performing logarithmic differentiation with

regard to the rotation angle (¢°) of the crankshaft,
this equation can be presented as follows:

p_l dp I/u ldV 7_1,4 1 dT (1 )_1 dx
do’ do’
(26).
Similarly, the number of kilomoles M,

of combustion products is determined using
the following ratio:

xMp =xpoM 27),
where i is the coefficient of molecular change in
the working fluid during combustion.

The equation of the gas mixture state
in the zone of the burned part of the charge is
presented as follows:

The differential form of this equation is as
follows:

~1dp  dVy, 19 _
0 t—0 o'b
do” do d¢? 29)
1 g 197 1M

do® do? b do®

In the presence of residual gases in the
unburned mixture, the coefficient of the molecular
change of the working fluid during combustion
can be written as follows:

M,
HO :M—a:
0,21(1—(1)L0+gi{ /[4=1/m. +v, ifo<l
(oL, 1 (147,)
mg
- aLO+%
1 Y ifax1
(oL, +—)A+7,)
mp
(30),

where m,, is the molar mass of the fuel, kmol.
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Eq. (30) uses the notations of L, as the
amount of air required for complete combustion
of 1 kg of liquid fuel, kmol/kg; a as the excess air
coefficient; g,, as the amount of hydrogen in 1 kg
of fuel; m,, as the molar mass of the fuel; and y as
the coefficient of residual gases.

For gasoline of standard composition,
g, = 0.145 kg, m, = 114 kg/kmol, and the balance
equation of gasoline is C8HS.

During combustion, when turning the
crankshaft through an angle d¢° the number of
kilomoles of aerated concrete mixture in the zone
of the unburned part of the charge changes by
value d[(1-x(¢°)M_ ]=—M dx(¢°), thereby changing
the enthalpy of this zone by —M H (T )dx(¢°).
Therefore, the power balance equation in this
zone is as follows:

dx d
H,(T)M,——=—+[M,1-x)U (T)]+
do” do
av, do,, ’
p + = =0
do’ do°
where 8Q_  is the elementary amount of heat lost

(received) by the zone from the fire protection
enclosure of the cylinder.

After performing some elementary
calculations, we obtain the following differential
equations:

ML= X NC, (TG ) T
¢
RIS T o) T,
de
0T,

do’

An elementary portion M dx(¢°) of the unburned
mixture, which have entered the flame zone,
burns adiabatically, turning into M, dx(¢°)
kilomoles of combustion products. Its combustion
time (6t) satisfies the condition 6t<<(6n)! do%
therefore, combustion can be considered as
instantaneous. The adiabatic flame temperature

(T /f;d) can be determined from the enthalpy

balance condition by wusing the following
equation:
dr, dT,"
C, (T)—~ T,"HY—L—=0 (32).
()doﬂopb( )dcp” (32
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The power balance equation in the zone
of combustion products is written as follows:

ad

AR
do’ do’
(33).

=io[be(<p°)Ub(7;,)]+
de

In classical combustion schemes for a gasoline—
air mixture, when a stoichiometric mixture
burns, only H,O and CO, molecules are obtained
(namely, complete combustion). Moreover, during
the combustion of nonstoichiometric fuel-air
mixtures, the coefficient of molecular change
does not depend on time (i.e., angle ¢°) but rather
on the excess air coefficient o. In this case, after
the necessary transformations, Eq. (33) can be
rewritten as follows:

beva(Tb)ﬁ+ 4,
s d(po d(po (34)
ad dx 6Wwb .
M,[U,(T,)-H,(Ty")]——+——==0
d o d(p()
In solving the abovementioned system

of equations, the equation of the burnout
of the air—fuel mixture proposed by prof. Vibe is
used, which is written as follows:

dx —6908m:1£(p jg j 1-x) (35),
do’ 0’z 0’z

where ¢ ° is the duration of combustion, measured
in degrees of CR; 9° is the ignition advance angle,
CR degrees, and m is the combustion indicator.

§Qw,u _ §Qw,b

o o

de @
the zones of the working fluid and elements

of the fire protection enclosure of the cylinder is
described using the following equations:

The heat transfer between

90,
0 o & Z iu(n_th’) (36)5
d > El
60,
—L=a, YL F,(T,-T,) 37
do
In these -equations, the heat transfer

coefficient o,
equation (6),

is calculated using the Voshni
and the function F, (¢°) and
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F,,(@°) denotes the areas of the i-th element
of the cylinder fire protection enclosure, washed
by the fresh mixture and combustion products,
respectively.

Research results
and their discussion
Based on the results of numerical modeling
of the operating cycle of the considered ICE,
the following values are calculated:
1) average indicator pressure of the cycle p;
2) approximation using a  trigonometric
polynomial of degree XV, that is, the working
fluid temperature in the vicinity of the SP:

T (¢°)=To+ Z,],V:I[an cos(n(p” ) +b, sin(n(p")]
(38);

3) approximation of the heat flux wusing
a trigonometric polynomial of degree N:

q,(9”°) =q,, + X [cncos(ne®) + dnsin(np®)] (39).

The coefficients of Eqs. (38) and (39)
are written in the form of tables suitable
for subsequent use in programs for the numerical
simulation of the SP field.

Conclusion

This study investigates the main factors
determining the thermal characteristics of the SP
and describes the methodology and algorithms
for the numerical simulation of the thermal state
ofthe SP. Numerical simulation of the ICE working
cycle has been performed. The article substantiates
the need to study the thermal diffusivity of the SP
ceramic elements to obtain information on
the properties of the temperature field of the SP
for analysis and calculation. The advantages
and disadvantages of the proposed algorithm
for calculating the thermal characteristics of a SP
are presented, and safe and optimal operating
modes of SPs have been developed.
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METOANKA ONMPERENEHUS TEMNEPATYPHbIX MOJIEN CBEYU SAKUTAHUA

K.T.H. Axymb A.P., k.T.H. ManeeB P.A., k.¢-m.H. 3yeB C.M., LLimatkos [0.M., Pa6bix E.A.
MockoBckuii nonutexHuyeckuin yuusepcutet, Mocksa, Poccus
eope@mospolytech.ru

B naHHOVi cTatbe nccienoBaHbl OCHOBHbIE (akTopbl, ONpPEeaEessoLmnNe TEMIOBYIO XapakTeEPUCTUKY CBEYN
3axuvraHus B gnanasoHe temnepatyp ot 300 ao 2500 rpaaycos KenbBuHa. OnpeneneHo onTumasabHOe
3HayeHve TemnepaTtypbl TErJI0OBOro KoHyca. [llpeactaBneHa MeToavka v aarOpUTMbl YUCIAEHHOrO
MOoenIMpPoBaHvs TEMNJI0BOr0 COCTOSIHUSI CBEYY 3aXUraHuvsl, KOTOPble M03BOJIA/IN BbIMOJIHUTL PacyeThbl
3aBUCUMOCTU KO3 PUUMEHTA TErnI0rnpPoOBOAHOCTY KEPaMUYECKUX OSJIEMEHTOB CBEYU U yAEsSIbHOU
TEMNJI0EMKOCT KepaMunKku U3o0saTopa oT Temrepartypsl. [lpoBeneH pacyeT paboyero uvkna B UWIMHAPEe
Asuvratens. BbinonHeH pacyeT pacnpeneneHvss Temrnepatypbl TErsoBbiX [OTOKOB B 3JIEMEHTax
KOHCTPYKLIMM CBEYU 3aXUraHusl.

lpoBeaeHa oLeHka TenI0BOM XapakTEPUCTUKN CBEYN 3aXNTraHUsi METOAOM YXCAE€HHOrO MOLAEINPOBAaHUS
paboyero uuvkaa ABUratenss BHYTPEHHEro cropanvis. poBeneH pacyeT MrHOBEHHOIO PacripenesieHus
TeMrneparyp B Tesle CBEYU 3aXUraHusi U Ha ee MoBepxHoCTu. [lpoBeneHbl pacyeTbli MHTEHCUBHOCTU
TErNJI0BbIX [IOTOKOB MEXAY CBEYel 3aXUraHusl n npuieranLumx K Her yacteii pabovero Tena.
lpoBeneHo moaenvpoBaHne pabo4yero LUnKa Anis PasandHbIX PEXUMOB paboTsl asuratens. OnpeneneHbl
TeMrneparypHble oJss cBe4veri 3axuvraHusa. CHopmMupoBaH MacCuB WMCXOAHbIX AAaHHbLIX [/ pacyera
TEMepaTypHbIX rosiei ceeun 3axuraHvs. OnpeneneHbl 3aBUCUMOCTY TeMIepaTtypbl paboyero tena
B OKDECTHOCTSIX CBEYM 3aXUraHusl OT yrsa rnoBopoTa KOJeH4aToro Basaa. PaccMoTpeHbl rapMoHnyYeckme
cocTaB/isioLme KO3pOUUMEHTOB Terionepegaqyn mexay pabo4yum TesiOM U OrHEeBbIM OrpaxpeHnem
unanHAapa (KkoagdpuumeHT BowHy). PaccMOTPEHbI rapMOHUYECKNE COCTaBSIIOLLME M/IOTHOCTU TEM/I0BOro
notoka. lpoBeaeHbl pacyeTbl TErnJ0BOro roJis CBeYU /1 Pas/InNgHbIX PEexumMoB paboTs aBuratess
C MCroJIb30BaHVEM MeTOAa KOHEYHbIX 3JIEMEHTOB. PacyeT TemrnepatypHOro roJis CBeYs MEeTOAOM
KOHEYHbIX 3/IEMEHTOB MPOU3BOANIICS C MCNosib30BaHnem riporpamm ANSYS, Solid Works, Inventor v ap.

KnioyeBbie csioBa: 4/C/IEHHOE MOAENMPOBaHNE, CBEYa 3aXWUraHus, TErJioBOE COCTOSIHWE, TErJioBble
XapakTepucTuKy, TeEMePaTypHOE rioJie.

Ans uyntuposanus: Sxytib [.P., Manees P.A., 3yes C.M., LlimatkoB FO.M., Pabbix E.A. Metoauka
onpeaeneHns TeMnepaTypHbix nosen ceedn 3axuvranvs // Niasectna MITY «MAMW». 2021. Ne 1 (47).
C. 46-53. DOI: 10.31992/2074-0530-2021-47-1-46-53
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10. Yang C., Wu X., Ma H., Peng L., Gao J. Experimen-
tal Thermal and Fluid Science. 2016. T. 71. P. 154.
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UCCJIEAOBAHUE 3KOJIOTUHECKUX
XAPAKTEPUCTUK AU3ENIA NPU PABOTE
HA AKTMBUPOBAHHOM TOIJIUBE

A.T.H. MnotHukoB C.A., o.1.H. Kaprawesuy A.H., MotoBunosa M.B.
Bstckuin rocynapcteeHHblin yuusepeuteT (BatlY), Kupos, Poccus
Plotnikovsa@bk.ru

JlBuratesnb BHYTPDEHHEro CropaHuvisi SBAsSIeTCs caMbiM PacripOCTPAHEHHbIM Y MacCOBbIM UCTOYHUKOM
aHepruv Ans TPaHCrnopTHbIX cpeacTs. K ocHOBHbIM TpeboBaHusM, npeabsiBasemMbsiM K IBC MOXHO OTHe-
cTn: 9pPEKTUBHOCTb YHKLIMOHUPOBAHUSI B COCTaBe TPAHCIIOPTHOIro CPEACTBA, BbICOKUE IKCIIyaTaLim-
OHHbI€E r10Ka3aTenu, a Takxe 3KOJI0rM4eckne napameTpbl IMUCCUM OTPabOoTaBLLINX ra30B B OKPYXatoLLyO
cpeny. BbirnonHeHve aaHHbIX yC/10BUIA BO3MOXHO 38 CHET COBEPLUEHCTBOBAHUS KOHCTPYKLUMW ABUraTesis,
a Takxe ysydlieHus paboyero rpoLlecca AnN3es1bHOro ABUraTesisi npu rnoBbILLIEHUN Ka4eCcTBa AN3e/IbHOro
TOM/IMBA W AOMOJIHUTE/IbHOrO BO3AEVCTBYSI HEMOCPEACTBEHHO Ha caMo TOrM/IBO.

OnHuM n3 agpekTrBHbIX CrIOCOO0B BO3AEKMCTBUSI HA AN3E/IbHOE TOM/IMBO SBJIIETCS nepeaadya eMmy ornpe-
JEJIEHHOro KOJIM4ecTBa Teruia B TOM/IMBOINPOBOAE BbICOKOIro AaBjeHus nepen ¢opcyHkamu. pyu aTom
y AU3€/IbHOro TOM/IMBA U3MEHSIIOTCS (PU3NKO-MEXAHUYECKMNE CBOWVCTBA, YTO MPUBOAUT K U3MEHEHUIO
cMeceobpa3oBaHus U MPOLECCY CropaHvsi B UnavHApe asuratens. [ns wHTeHcugukaumm rnpouecca
cropaHuvsi 61 peasioxeH crnocob rnpeaBapuTesibHOro BbICOKOTEMIIePaTypPHOro 10kasibHoro Harpesa 4T
B cucTEME TOMMBOnogaqyv nepesn popcyHkamu.

Ans noctvxeHns noctTaBaeHHo Lesn Obl/10 OnpeneseHO HECKOIbKO OCHOBHbIX HAarnpasieHuii, B YACII0 KO-
TOPbIX BXOAMJIO UCCEA0BaHNE 9KOTOMMYECKUX rokasaTtesnen npu MHTEHCUgUKaLmuy rnpoLecca CropaHus.
UcnbiTaHns npoBoAnanCh rnoatanHo. Ha nepsom atane vccrienosasiack pabotaTllA v TonamBHON Gop-
CYHKU ripm paboTe Ha akTuBUPOBaHHOM TOrMBe (CTeHAoBbIe, 1abopaTopHblie vucrbiTaHus). Ha cneayio-
Lem aTarne Uccnen0BasvCh rokasaTesm AnU3esis Ha OCHOBHbIX PEXVMax ero paboTbi.

CreHpaosbie (11abopaTopHbIe) UCIbITAHUS 03BO/ININ CAENaTb BbiBOA O paboTocrnocobHOCTU U COOT-
BetcTBum TIA TexHu4yeckmum TpeboBaHusM 3aBosa-uarotosutesns v napametpam OCT. [lpoBeneHHbIe
CTEHZ0BbIE NCIbITaHWS [0Ka3a BO3MOXHOCTb paboThl AN3€s1 Ha aKTUBUPOBAHHOM TOrvBe 6e3 yxya-
LUEHUSI 9KOJIOrMHYECKUX rokasaTesieri B 0TpaboTaBLLIMX ra3ax rpv 3TOM BbisiB/IEHbI U3MEHEHUS] TOKCUYHO-
CTU 1 AbIMHOCTM OTPaboTaBLUMX ra30B OT Pa3HbIX 3HAYEHWI cpeaHero a¢GEeKTUBHOIro 4aB/eHus.

Knio4yeBbie cnoBa: guseso, BbICOKOa@KTBMpOBaHHOEe TOrIJINBO, 9KOJI0rm4eckne rmokasaresin, AbIMHOCTb,
TOKCUYHOCTb, OTp860TaBLUMe rasasol.

Ana ymntnposanus: notHukoB C.A., Kaprtawesund A.H., MotosuioBa M.B. ViccnepoBaHue 3kos0ru-
4YeCKUX XapakTepucTuk aAm3esns rnpu pabote Ha akTuBupoBaHHOM Toravse // U3sectus MITY «MAMU>,
2021. Ne 1(47). C. 54—-62. DOI: 10.31992/2074-0530-2021-47-1-54-62.

BeeneHne

BrICTpHIit pOCT TPAKTOPHOT'O U ABTOMOOHIBHO-
ro napkoB B Poccun u Bo BceM Mupe HeO1aronpu-
ATHO CKa3bIBACTCSA HAa HDKOJIOTMYECKHUX TOKa3aTe-
JIAX OKpYyKaroreii cpeasl. OCcTpo CTOUT mpodiiema
CHIKCHHSI TOKCHYHOCTH JIBUTaTeJICH TP IKCILTY-
artaruu (puc. 1).

B nacrosmee Bpems manHas mpobiieMa pelia-
eTcs:

— YCOBEPIIIEHCTBOBAaHUEM KOHCTPYKIIUU JIBUTA-
TeJs;

— COBEpIIICHCTBOBAHHEM paboyero Imporiecca
cyuecTByomux nopuHessix ABC;

— pa3paboOTKON M YCTAaHOBKOH Ha JBHUTaTeJIb
JOTIOJTHUTEJIbHBIX YCTPOUCTB, KOTOPHIE OYUIIAIOT
0oTpaboTaBIIKE Ta3bl OT TOKCHYHBIX KOMIIOHEHTOB;
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— ITOBBIIICHHEM TpC6OBaHI/II7I K Ka4€CTBY pe-
TYJIMPOBKHU TOIJIMBOIIOIAIOMICH arfraparypshl,
a TaK¥XX€ CHCTEM CMeC€O6pa3OBaHI/IH n Cropanus,
IIPUMCHCHHUCM PpPa3JIMYHbIX TOILJIUB, OTpa6OTaB-
IIKUEC ra3bl KOTOPBIX 06na)1a10T MEHBIIEH TOKCHY-
HOCTBIO.

Puc. 1. ITonesbie paGoTsI
Fig. 1. Field work

© IMnoraukos C.A., Kapramesuu A.H., MotoBuiiosa M.B., 2021



Ilpu pabote nBuUratesnss CyleCTBEHHOE 3Ha-
YeHHE WMEIOT TIOJTHOIICHHBIC IPOIECCHl TOILIH-
BOIO/Ia4M, CcMeceoOpa3oBaHUs, BOCILIAMCHECHUS
u cropanusa T B uunuuape. [Iponecce cmeceo-
Opa30BaHMA U CTOPAHMS 3aBHCAT OT (PU3MICCKHUX
1 XUMHUYECKUX CBOUCTB IIPUMEHAEMOT0 TU3EIbHO-
ro tortusa (IT).

Ha ocHOBe »3KcliepuMEHTAJIBHBIX —HCCIIEHO-
BaHMI W TIOJYYCHHBIX MHaHHBIX IPEIJIOKECH P
CIO0CO0OB BO3/IEHCTBUS Ha TOILIMBO, KOTOPHIC H3-
MEHSIOT X (prU3mUecKre U XUMUYCCKUE CBOWCTBA.
Ha cerogHsAmHui n1eHb UCIOIB3YIOT (PU3NICCKII
1 XUMUYECKHUI CIIOCOOBI BO3/ICHUCTBHUS.

Ilpn ¢usmueckoMm criocobe pe3ysibTaT JOCTH-
raeTcs B IPUMEHCHHH MarHATHOTO (3JICKTpoMar-
HUATHOT'O), PaJMallMOHHOTO, YJIbTPa(UOIETOBOTO,
TEMIIEPaTypPHOIO M IPYTUX BHUJIOB BO3ICUCTBUS
Ha TormuBo. IIpy MaHHBIX TUTAX BO3IEUCTBUS
MIPOUCXOIUT HW3MEHEHHE (U3NKO-MEXaHUICCKUX
CBOMCTB TOILUIMBA. XUMHUUYECKUAN CIIOCOO OCHOBaH
Ha JCUCTBHM Pa3IMIHBIX MPHCAIOK M XHUMHYC-
ckux BemectB Ha T [1, 2].

B mociienHee BpeMs yBEJIMYUIIOCH YHCIIO
paboT MO COBEPIICHCTBOBAHUIO TpoIiecca cMece-
oOpa3oBaHUs B JHU3EJIbHBIX JIBUTATEJIAX C HETIO-
CPEICTBEHHBIM BIIPHICKOM TOILJIABA.

OnmanM 13 3(D(EKTHBHBIX W TEPCIEKTHBHBIX
crioco0oB Bo3neiicTBus Ha JIT siBiiseTcst JTokaIbHAS
nepesiaya eMy OIPEIEJICHHOrO KOJMYeCTBa Teria
B CaMoOif CHCTeMe TOIIMBOIONa4YM meper (GopcyH-
kamu [3—7]. Ilpm Takux YCJIOBHAX HEOOXOTUMO
00ecneunTh YCTOWYMBHIN BIIPHICK TOILJIUBA (op-
CYHKOH U TTOJTHOIIEHHOE CrOpaHue TOIIMBA Ha BCEX
CKOPOCTHBIX M HArPY309YHBIX PEKAMaX IBUTATEIIA.

IIporiecc cropanus ABIsAETCA CJI0XKHBIM U MHO-
TOCTaJIUAHBIM TIPOIECCOM, IPU KOTOPOM IIPOHC-
XOIUT TOCTIENOBATEIbHOCTh PEaKIuili ¢ oOpa3oBa-
HUAEM TPOMEKYTOYHBIX COCIUHCHHI, aKTHBHBIX
paJMKaJioB W MPOAYKTOB cropanus. OH xapakTe-
PHU3YETCS CKOPOCTBHIO XMMHYECKHX PeaKIuii (KO-
TOpPBIC 3aBHCAT OT KOHIICHTPAIIMH PEarupyronux
KOMITOHCHTOB B 30HC OKHCJICHUS, BBIICIISAIOMECHCS
TEIUIOTHI, TEMIICPATYPHl U JaBJICHUS B [IUJIUHIPE)
U CKOPOCTBIO 00pa3oBaHMsA TOIIMBOBO3IYITHON
cMecu  (ckopocTh UG (QYy3Un  YIJIEBOTOPOTHOTO
TOIJTUBA B 30HY CTOpPaHUs U MPOIYKTOB CrOPaHUS
n3 310l 00actr). CKOpoCTh 0Opa30BaHUS TOILTH-
BOBO3IYIITHOM CMECH IPEBHINACT CKOPOCTh XH-
MHYECKHX PEaKIUi TOInBa. MI3MeHeHneM yciio-
BUI cMeceoOpa3oBaHHWS MOXKHO BO3ICHCTBOBATH
Ha MpOTeKaHue Impolecca cropanus. [Ipormecc
CropaHusi MOYXHO WHTEHCH(HUIIMPOBATh, yMEHbB-
IIUB BpeMs Ha cMeceoOpa3oBaHUe 3a CUET YBEJIH-

Izvestiya MGTU «MAMI», Ne 1(47), 2021

YeHUs CKOPOCTH HCIAapeHUs MEJIKOIUCIICPCHOTO
u noporpetoro JIT. ITpu nogaue BEICOKOAKTUBUPO-
BaHHOT'O TOIJIMBA (POPCYHKOI B KaMepy CrOpaHUsl
CTpys pacHblJIMBaeTCs Ha Oojiee MeJIKHie (hpakIuu
1 B3aHMOJIEUCTBYET C BUXPEOOpPa3sHBIMH IOTOKa-
MH BoO3lyxa. B pesyibrare MeJKOTUCIIEPCHOTO
pachblJIeHUs YBEJIMYNBAeTCS 00Inast IUIOIMaIb 1mo-
BEPXHOCTEH BCEX Kallesib, Mapbl TOILIMBA WHTEH-
cuBHO TUGGYHIUPYIOT B OKPYKAIOMUU BO3TYX.
IlepememmBanue TOIMJIMBA M TOCTYIIAIOIIECTO
BO3[lyXa CTAaHOBUTCA HWHTCHCHBHEC W JOCTHIa-
eTca OoJiee TOJTHAsA OTHOPOMTHOCTH cMecH [8, 9].
IIpu 3TOM CTpYys TOILIMBA pacIIUPACTCSA B HAIIpaB-
JICHUHU JIBWKEHUS. YTOJI paclblICHUS CTAHOBUTCS
OoJtbIIIe.

C yBeJIMYCHHEM CKOPOCTH WCHApEeHUsS BpeMs
TTOJTHOT'O MICTIAPEHUS OTIPEIeIIACTCA 10 (hopMyJIe:

T, =—d§ v
SkF‘Apu

W3 BbIpakeHUs BHIHO, YTO BpPEeMs IIOJTHOTO
WCHapeHUs TPSIMO IIPOIOPITMOHAJIEHO KBajapary
HA4aJIbHOT'O UaMeTpa KaIlIy IPU MEJTKOTUCIIepC-
HOM pacHbUIMBaHUHM, OOPATHO IPOMOPITUOHAJIEHO
ko3 urueHTy nuddys3uu, KOTOPHI Bo3pacTaeT
MIPH YBEJIMYEHUW TEMIIepaTypbl U OOpaTHO Mpo-
MTOPITMOHAJIBHO YIIPYTOCTH IapoB TOILIMBA, KOTO-
pas yBeJIMYUBaeTCs IIPU TEMIIEPaType NCIapeHUs
[8].

ToruBOBO3AyIIHAS CMECh OBICTPO HarpeBa-
eTcs W BOCIUIAMEHSICTCS, YMEHBIIACTCA BpeMs
Ha TIPOrpeB TOILIMBA JIO TEMIIEpaTypbl CaMOBOC-
IUTAaMCHEHUA. 3a CYeT YJIyYIICHHS YCJIOBHI cMe-
ceoOpa3oBaHusl MPOLIECC CrOpPaHUs OyaeT MpoucC-
XOIUTh MHTCHCHBHEE, C MEHBIIUMHU 3HAYCHUSIMH
CKOPOCTH HapacTaHMs JaBjieHus. Meskoaucnepc-
HOE PacIbJICHUE TTO3BOJIACT YTy YITUTh HEKOTOPHIC
DKOJIOTMYECKUE TIOKa3aTesN, TaK KaK CO3MaloTCs
OJaronpusTHBIC YCJIOBUSA [JIs O0Jiee MOJTHOTO Cro-
paHus TOIINBA B IUJIHHIPE IBUTATEIIA.

(D

Uenb n 3agaun

Llens wmcciaenoBaHMWiA — SKCIICPUMEHTAJIBHOE
OTIpe/icJICHAE DKOJIOTUYCCKUX IIOKa3aTesiei Jiu-
3esibHOTO jiBUTaTesis J[-245.5S2 mpu ero pabore
Ha BBICOKOAKTHBHPOBAHHOM TOILJIBE.

J71g MOCTHIKEHUS IEIH HEOOXOMMMO PEIIMTh
CJICTYIOIINC 3aauu:

— UCCJIENIOBATD BJIMSHAE aKTHBUPOBAHHOTO TO-
IJTABA Ha Pab0OTOCIIOCOOHOCTD (POPCYHKH;

— HCCJIENIOBATh BJIMSAHKE M YCTAHOBUTH 3aBHCH-
MOCTb 9KOJIOTHYECKUX TOKa3aTesiell paboThl TU3esIs
44YH 11,0/12,5 Ha akTUBHPOBaHHOM TOILTHBE.
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MeTtonasbl nccnepnoBaHus

J71 MOCTHIKEHHUsI BBIIIE MOCTABICHHOU IIC/TH
OB OIpe/esieHbl OCHOBHBIC HampaByieHus. Mc-
MBITAHUS TPOBOAMJINCH B HECKOJIBKO DTaIloB.
Ha mnepBom sTame wuccienoBamach paboTa TO-
wmBHOK (Gopcynkn DJ1-22.455.1112010-50 3a-
KPBITOTO THIIA C THAPABINYECCKUM YIpPaBJICHHEM
mofgbeMa HWIVIBl Ha aKTHBMPOBAHHOM TOILIMBE.
WcnpiTaHuss TPOBOAMIIMCH B JIAOOPATOPHBIX YC-
JoBusix Ha creHae M107-CR, nmpenHa3sHa4YeHHOM
1711 UCTIBITAHUSI M PETYJIMPOBKU (POPCYHOK aBTO-
TPAKTOPHBIX AU3EJbHBIX JBHUraTeNIel MO OCHOB-
HBIM mmapameTpaM coriacio ['OCT 10579-2017
[10] B nmama3one Temmepatyp ot 50 mo 300 °C.
WsMmepeHuss TPOU3BOAMIIMCH TI0 CTPEIOYHOMY
MaHOMETpPY (muama3oH BOCIPOW3BOIUMOIO [aB-
sieans ot 0 mo 40 MIla). /luzenbHOE TOMIUBO CO-
otBetcTBoBasio 'OCT 305-2013 [11], a BA3KOCTH
TOIUIMBA TEXHHYCCKUM YCJIOBHSM Ha (OPCYHKH.
TemriepaTypa OKpy’Karomeil cCpeasl COOTBETCTBO-
Basia 'OCT 10579-2017. B xadecTBe HarpeBaTeIb-
HOT'0 BJICMEHTA UCIOJIb30BAJICA IIPOBO]I C BHICOKAM
9JICKTPUYCCKUM  COMPOTHUBJICHUEM JHAMETPOM
0,4-0,5 mm. TemmepaTypHBIN quana3oH peryJid-
pOBAJICS MPH MOMOINU PEryJIATOpa HaMPSKEHUS.
PesynbraThl HCCIeMOBaHUN TOIJTUBHON (OPCYHKH
(Tabn. 1) mpu paboTe Ha BHICOKOAKTHBHPOBAHHOM
TOIJTUBE TIO3BOJIAIOT CE/IaTh BBIBOJ, O €€ paboTo-
CIOCOOHOCTH U COOTBETCTBHU TEXHUYECKUM Tpe-
oosarusam 'OCT 10479-2017.

Ha BTOpOM 3Tarme mpou3BOAMIOCH SKCIICpPHU-
MEHTAJIbHOC  OIpeNeSieHue  PeryJIupOBOYHBIX
IoKas3aTeJjieil mu3esbHoro msuratens [1-245.5S2
mpu ero paboTe Ha BBICOKOTEMIIEPATYPHOM
HT. B coctaB 3KCIEpUMEHTAJIbHONH YCTAaHOBKHU
BXoamJ1 aBurareiib J[-245.5S2, 371eKTpoTOpPMO3-
Hoit crean RAPIDO SAK N670 ¢ 6ayrancupHOiA

a

MasTHUKOBOM MAaIIMHOW, KOMILJICKT W3MEpH-
TEJIbHBIX MPUOOPOB M CHCTEMa BBIBONA JaHHBIX
Ha MOHUTOP KoMmIbioTepa (puc. 2). anee uccie-
JIOBaJIUCh TapaMeTphl padodero mporecca, 3¢-
(beKTUBHBIC W TOKCHYECCKHEC ITOKa3aTeJI TU3EJIs
Ha BbIcOKoTemmepaTypHoM JIT Ha OCHOBHBIX
pexxnMax ero padbotsl. [IpuMeHSAINCh KOMIIJICKT
U3MEPHUTEJIBHBIX TPUOOPOB 10 ONpPENeJICHHIO
koMItoHeHTOB B OI' m cucTeMa BbIBoda MaHHBIX
Ha MOHHUTOP KOMIIbloTepa. McmelTaHus IpoOBO-
munuck Ha JIT Oe3 momorpeBa M C TOIOTPEBOM
no 300 °C. YcTaHOBOYHBINH yTOJl OMEpEKEHUs
BIPBICKUBAHUSA TOILJIMBA (BBHP) pyu MaKCcUMaJib-
HOM 3HadeHuu 3(dekTuBHoro KIIJ[ coorBet-
cTBOBaJl 22 rpagycaM IIOBOpPOTa KOJICHYATOIrO
BaJia 10 B.M.T. [12].

Pe3ynbTatbl n obecyxaeHume
Hcnonb30BaHMe  aKTHBHPOBAHHOIO — TOILIMBA
BJIMsCT Ha pabOTy TOIUIMBOMNOMAIOMICH armapary-
pol (TTIA). Ipu skcrmyaTanmy ABUraTesist He00Xo-
OUMO cooTBeTcTBUE paboTwl mratHoU TITA Tpe-
ooBanusMm TY 3aBoma-m3roToBuTENIsA, a (GOPCYHKA
JODKHA YIOBJICTBOPATH OCHOBHBIM TapamMeTpam
I'OCT. Pe3ysbraTsl IpeacTaBjieHb B Ta0mIe 1.
AHanu3 W pacyeTHbIC 3HAYCHUS TOILIMBHOIO
(bakesa (Tabs1. 2) mpu HarpeBe XapaKTEepU3YIOTCA
YBEJIMYECHUEM YIUIa PACIHbLIMBAHUSA, N3MEHCHUCM
(usnuro-mexanndeckux cpoiictB 1T, ymMeHbIIeHH-
€M JUTMHBI TOIJIMBHOM CTPYyH B 0OBEMHO-TIOBEPX-
HOCTHOT'O IMaMeTpa KareJsib TOIJINBA.
[IponcxomuT WHTCHCHUBHAs MOECTPYKIUSA TO-
IJTMBHOTO (hakesa, yJIydInaloTCs YCJIOBHSI cMece-
00pa30oBaHUsl, MMOBHIACTCA OMHOPOTHOCTDH TOILIH-
BOBO3IYIITHON cMecH (IIPH TEIIJIOBOM BO3ICHCTBUH
n3MeHseTCs K03(DUITMEHT MOBEpXHOCTHOTO HaTs-
KCHHS 1 KHHEMaTH4IecKasi BA3KOCTh ToruBa) [13].

@0 SHOTONMIA2 Jf
MI DUAL CAMERA

Puc. 2. Oomuii Bun:
a) Harpy304HOTO CTEHMA; 6) TOIorpeBaTesieii Ha Au3erie

Fig. 2. General view: a) load test bench, b) diesel heaters
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Pesyibratel nenbiranus dpopeynku ®/1-22.455.1112010-50
Table 1. Test results of the injector FD-22.455.1112010-50

Tabauya 1

Ne OCHOBHBIE TTApAMETPHI CpenHee 3HaUSHUE TIOBTOPHOCTH OIBITOB
n/n | B coorserctBun ¢ TOCT 50 °C 100 °C 150 °C 200 °C 250 °C 300 °C
| |Aapnenie Hataia 21,08 20,92 20,75 20,66 20,62 20,59
BrpeickuBanus, MIla
5 ITonBuXKHOCTD UTJIBI a a a a a a
pacIbUIUTEe IS 8 s s s s s
3 | KadecTBO pacnbuMBaHUs na na na na na na
4 |Tepueririiocts no 104,0 92,0 71,00 47,33 28,00 16,67
3aMparoIieMy KOHYCY, CEK
5 |I'epMeTHYHOCTD YIIJIOTHEHUI Ia Ia na na na Ja
¢ | wapomoTHOCTS 11,33 9,33 8,00 6,33 5,67 5,33
pacIbUIATEN e, CeK
7 OTKJIOHEHHE CTPYH TOIIMBA HE HE HE HE HE HE
OT 3aJIaHHBIX HAITPABJICHUIA BBISIBJICHO | BBIABJICHO | BBIABJICHO | BBISBJICHO | BBISBJICHO | BBISBJICHO
Tabauya 2
XapakTepHCTHKH TOIUIHBHOTO (paKelia B 3aBUCHMOCTH 0T TemMneparypbl aktusaiun 1T
Table 2. Characteristics of the fuel flame depending on the activation temperature of the diesel fuel
Ne /o Ilokasaresm T 6e3 momorpesa | T (¢, =150 °C) | AT (z, = 300 °C)
1 Yuco Bebepa, W, 158022 280847 1782-10°
Cpenuuii quameTp karmesb JIT
2 TIPH BIIPBICKE 10 3ayTepy, dn’ MKM 26,31 19,42 4,52
®
3 Yrox rommBHOrO (axena, th 13,24 0,1912 0,621
4 Yrox TorumBHOTO Gakeia, ©, rpa. 14°49’ 20°55’ 51°9°
5 JI7TMHA TOIUTMBHOM CTPYH, S, M 0,0265 0,0221 0,015
6 CKOPOCTb BIPHICKUBAHU TOILJIMBA, L, M/C 144,81 155,88 219,48
7 JliMHa TOILJIMBHOM CTPYH, S, M 0,006 0,0071 0,009
(3a 1 rpamyc m.K.B.)
WcnibiTanuss — gBuraresis  MPOBOOWJIMCH — JJIS M3 rpadukoB SKOJIOTMYECKUX IOKa3aTeseit

OIICHKM €ro OCHOBHBIX IOKa3areJied MpHu paboTe
JBUTATEJII HA aKTMBUPOBAaHHOM ToruiuBe. OrieHKa
BJIUSIHUST aKTUBUPOBAHHOI'O TOIJIMBA Ha P HEeKTUB-
HBIC W DKOJIOTMYECKHE TOKa3aTe M TMPOBOIUIIACH
Ha OCHOBE aHaJIN3a HArpy30YHBIX XapaKTEPUCTHK
asuratenss apua n = 1800 muu!, n = 1400 mum!
Y ONTHMAJIbHOM 3HAUCHUH YTJIa ONePEKCHUS BIIPbI-
CKMBaHHs TommBa O~ = 22° no BMmT. T'OCT
17.2.2.02-98 ycTaHaB/IMBaeT HOPMBI M METOHBI
OIpe/IeJIeHNsT JIBIMHOCTH OTPa0OTaBIIMX Ta30B.
JIBIMHOCTb ONpENesIAioT MPU MOJIOKEHUN OpPraHoB
yIpaBJICHUsI PErYJIATOPOM YaCTOTHI BpAICHUST KO-
JICHYATOr'0 BaJia TU3€JIsl, COOTBETCTBYIOIIEM ITOJTHOM
Tofiave TOIJTNBA IIPY HOMUHAJILHOW YacTOTE Bpallie-
HUS KOJICHYATOro Bajia M YaCTOTE BPAICHUS KOJICH-
YaToro Bajia, COOTBETCTBYIOIICH PEXUMY MaKCH-
MaJIBHOT'O KPYTAIIEro MOMeHTa au3esis [14, 15].

Izvestiya MGTU «MAMI», Ne 1(47), 2021

(puc. 3) BunmHO, uTO conepykanue caxu (C) B oTpa-
OoTaBiux rasax npu padote Ha JIT ¢ mogorpesom
YBEJIMYUBACTCA TPU YBEJIMYCHUH CPEIHEro 3-
(bexTHBHOIO MaBJICHUSA (XapaKTep MoabeMa JTUHUN
rpaduka). MOXXHO TIPEANOJIOKUTh, YTO TIPH MEJI-
KOJMCIICPCHOM PACIblJICHUW TOILUIMBA B Siipe
CTpyHU 00pa3yloTCs 30HBI TOPEHUsT 0OOTaIeHHBIX
Y4aCTKOB CMECH C JIOKQJIbHBIM ITOBBIIIICHUEM TEM-
nepaTypbl ¥ HeIOCTaTKOM Kucyopona. [Tpu Takux
YCJIOBUSX HA MaJIbIX HAarpyskax MOXeT IPOWUC-
XOIMUTh MHUPOJIN3 TOIUIMBA C 00pa30BaHUEM YTJie-
pona u okcuna yriiepona. IIpu Harpyske, paBHOI
0,9 MIla, 3naueHue BEIOPOCOB yIUIepoaa COCTaBIISA-
et 10 % u 10,6 % mpu padboTe qu3esis ¢ Mogorpe-
BoM TorutuBa 100 °C u 300 °C cooTBeTCTBEHHO.
YBenuveHue — comepikaHus — KOHIIGHTPAIMH
MOHOOKcuaa yriaepoma (puc. 4) maeT yBeJaude-
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Puc. 3. Iloka3atenn ypoBHs ca:xu B OI' mpu yacToTe BpanieHus KOJeHYATOro Baja:
a)n=1800 munr! u 6) n = 1400 mun!

Fig. 3. Soot level indicators in the exhaust gas at the frequency of the crankshaft rotation:
a) n = 1800 min™" and b) n = 1400 min™
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Puc. 4. ITokazaremn ypoBus CO B OI npu yacToTe BpaiieHus KoJeHYaTOro Baua:
a)n=1800 muna! u 6) n = 1400 muH!

Fig. 4. CO level indicators in the exhaust gas at the frequency of the crankshaft rotation:
a) n = 1800 min™ and b) n = 1400 min™

Hue cpenHero 3¢ ¢GeKTUBHOIO NaBjeHUs (MOIbEM
JuHUU rpaduka), a B megoM KouueHtparus CO
HE3HAYMTEJIbHO YBEJIMYUBACTCA W COCTaBJIACT
0,04 %, 0,04 % u 0,05 % pna JIT 6e3 momorpesa,
IIPH paboTE IU3EIBHOIO JIBUTaTEIsl C IIOIOTPEBOM
TorsuBa 100 °C u 300 °C coorBetcTBeHHoO. Ipen-
ToJIaraeTcs, 9YTo 00pa3oBaHWE MOHOOKCHIA yTJIe-
poia IPOUCXOIUT B YCJIOBHAX HEIOCTaTKa KUCJIO-
pona B 30HE pacHbLInTeNIel (POPCYHKH, a TaKKe
B XOJIe XOJIOMHOIIJIAaMEHHBIX peakimii [1].

M3 r1paduKoB 3KOJIOTMYECKUX IIOKa3aTelei
(puc. 5) BUAHO, YTO cONmEp)KaHUE OKCHUIOB a30Ta
(NO)) B OI' mpu pabore xak Ha [T 6e3 momo-
rpeBa, Tak W MpU paboTe TU3ENs C IOIOIPEBOM
torutuBa 100 °C u 300 °C noBblIiaeTcs Mpu yBe-
JINYCHUU cpemaHero 3((EKTUBHOrO IaBJICHHMS.
OnHako mpu paboTe au3esisl YMCJICHHBIC 3Haue-
HUSI OKCHJa a30Ta yMEHBINAIOTCA W COCTaBJIsA-
10T 952 ppm u 948 ppm ¢ mogorpeBoM TOMJIMBA
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100 °C u 300 °C cooTBeTCTBEHHO (X YaCcTOTE Bpa-
IIeHns Kojiendaroro Baja n = 1800 mum ). MoxkHO
TIPEIIOJIOKUTh, YTO 3a CUCT HMHTCHCU(PUKAITUH ITPO-
1ecca cMeceo0pa3oBaHUsl HE ITPOMCXOIUT PE3KOro
TIOBBIIIICHHS TEMIIEPaTyPhbl B IUJIUHIPE TBUTaTEIIs.

Conepxanne okeunos asora (NO) B O
pu paboTe au3esisd C 4aCTOTOU BpallleHUs KO-
Jlenvatoro Baia # = 1400 Muu! yBeMIMBaeTCs
kak Ha JIT Ge3 momorpema, Tak W C MOHOTPEBOM.
YucsieHHBIC 3HAYCHHsSI OKCHIOB a30Ta YBEJIH-
yuBatoTca Ha 4,62 % mpu moporpeBe TOIMJIMBA
1o 300 °C no cpaBuenuio ¢ IT mpu Harpyske
0,9 MIIa. CornacHo Teopuu 3enabaoBu4a, oOpa-
3oBanue NO_ B nponecce cropanus CBA3aHo C I0-
BBHIIICHUEM JIOKAJIbHOM KOHIICHTpAIlMd aTOMOB
KHCJIOpOa M JIOKAJIbHOM TeMIIepaTypsl B 30HE
peakIuy, 4YTO MPUBOAUT K ITOBBIIICHUIO KOHIICH-
TpallMK¥ OKCHUOB a30Ta B 30HAX CropaHus OemxHOI
CMECH Ha TIO3JHUX CTaausaXx ropeHus [2].

U3Bectua MITY «MAMW», Ne 1(47), 2021
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Puc. 5. Tloxasaremu yposust NO_8 OI npu yacrore Bpamienus KojieH4aToro pajna:
a) n=1800 mun' u 6) n = 1400 Mun"!

Fig. 5. NO_ level indicators in the exhaust gas at the frequency of the crankshaft rotation:
a) n = 1800 min™ and b) n = 1400 min™’

PabGoTta nusenpHOrO ABUraTesis Ha TOIUJIMBE
C TIOMOT'PEBOM  COIPOBOXKAAETCSA ITOBBINICHUEM
(mombeM JIMHUU Tpadurka) BHIOPOCOB HHOKCHUIA
yraepona (CO,) ¢ OI' B cTopoHy yBeMueHusI CPENI-
Hero s dextuBHOrO HaBieHus (puc. 6). Ilpu mas-
neauu paBHoM 0,9 MIla uucsieHHble 3HAYCHUS
IUOKcHa yriepona coctasisioT 8,44 %, 8,06 %
u 8,29 % npu padote nuraresns Ha AT u ¢ momo-
rpesoM T mo 100 °C u 300 °C, cooTBETCTBEHHO.
OcCHOBHOE BJIUSTHUE B 9TOM CJIy4ae OKa3blBacT He-
JOCTaTOK KHACJIOPOJia B 30HE TOPCHMS.

Ha pumc. 7 mnpencraBieHBl ITOKa3aTeJH CO-
IepyKaHus CXHy B OTpadOTaBIIUX Ta3ax IpH Ya-
CTOTe BpallleHhus KoyieHdaroro Baia 1800 mum!
M YacTOTE MaKCHMAaJIbHOI'O KPYTSINEro MOMEHTA
1400 muu . Ilpu paboTe AU3EIHHOIO ABUIaTEIsA
npu n = 1800 MuH! ¢ OTOrpPEeBOM TOILIMBA Ha-
O/TIomaeTcsl  yBEJMYCHHE KOHIICHTPAITUU CXHy

10

Co,, %

01 03 05 07 09

Pe, Mla
AT = = = AT (t=100 °C) +seeseeees AT (t=300 °C)

a

B CTOPOHY TIOBBIIICHUSA cpenHero 3¢GdeKTuB-
HOTO aaBjicHUs (ombeM JuHUU Tpaduka). Tak,
npu nasiaenun pasHoM 0,9 Mlla snauenne C H
npu pabote gusess coctasiaset 5 %, 4,8 %, 4,7 %
s cayvyaeB T Ge3 momorpeBa, ¢ MOmOrpeBOM
torymmBa 1o 100 °C u mo 300 °C, cooTBETCTBEHHO.

Ilpu pabote mu3esisi Ha YacCTOTE BpalllCHUS
KoJieHyaroro Baja 1400 MuH ' 3HAYCHUsT KOHIICH-
Tparuu CXHy npu HarpeBe T ymeHbmmarorcs.
[Ipennosnaraercsa, 4TO TpPH MEJIKOAUCIECPCHOM
BIIPHICKUBAHUHU U XOpOIIeH CKOpocTH auddys3un
OKHCJIUTEJII TPOUCXOMUT YCKOPEHHE peaKIuu
OKHCJICHHS YTJICBOIOPO/IOB, & 3HAYMT, U CHIYKCHUE
ux KoHneHTpauuu B OI. Ha pexxumax Harpysku
TeMIlepaTrypa B IUJINHIPE ABUTaTEIs MOBBIIIACT-
csl, @ MEJIKOJIUCTIEPCHOE BIPHICKUBAHUE TTPUBOIUT
K OBICTPOMY Pa3JIOKCHHIO JICTKUX U CPEIHUX MO-
JICKYJ1 YTJICBOIOPOTIOB.
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Puc. 6. Iloxasaremu yposust CO, 8 OI' npu 4yacrore Bpamienus KoJieH4aToro pajna:
a) n=1800 mun! u 6) n = 1400 Mun"!

Fig. 6. CO, level indicators in the exhaust gas at the frequency of the crankshaft rotation:
a) n = 1800 mun™ and b) n = 1400 mun’

lzvestiya MGTU «<MAMI», Ne 1(47), 2021 59



10

CxHy, %

(=2 S A )

Pe, MlMa

1) TN AT (t=100°C) = = = AT {t=300 °C)

0

Puc. 7. Iloka3aTtenn ypoBHs CXHy B OI' npu yacToTe BpanieHus KOJeHYATOro Bajaa:
a)n=1800 munr! u 6) n = 1400 mun!

Fig. 7. CxHy level indicators in the exhaust gas at the frequency of the crankshaft rotation:
a) n = 1800 min™" and b) n = 1400 min™’
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BbiBOAbI

1. Pe3ynbraTsl uccaenoBaHuil TOILTMBHOM (op-
CYHKH IIpu padoTe Ha BBHICOKOAKTHBHPOBAHHOM
TOILJIMBE TIO3BOJISIOT CHEJIaTh BBIBOI O €€ paboTo-
CIIOCOOHOCTH.

2. B pesynbprate HCHIBITAHUNA OBLIIA YCTAHOB-
JICHBl 3aBUCHMOCTH IIOKa3aTeJied TOKCHYHOCTH
Y IBIMHOCTH, BBISIBJICHBI MX U3MEHEHUS ITPH padboTe
JABUTaTEJIsI Ha aKTUBUPOBAHHOM TOILJIABE.

3. Harpes TomniuBa 103BOJISET CHU3UTD CONCP-
»KaHue CXHy B OI' ¢ 8 ppm 10 6 ppm IIpu Harpese
TorsuBa 10 300 °C u paboTe ABAraTesis Ha 4acTo-
Te Bpanienus kojeHvaroro Baja 1400 mun'. Co-
Jep:xanue okcuaoB azota B OI' mpu pabote nBura-
TeJIs Ha HarpeToM Toriuse mpu n = 1400 mMun™
yBeauuuBaeTcsa Ha 0,01 % mo cpasaenuio ¢ JT
0e3 momorpeBa, a IIPH YacCTOTE BpallCHUS
n = 1800 mua' ymenspmraetca Ha 0,01 %.
Konnentparm yriepona cocrapisior 10,6 %, 10 %
u 10,6 % npu paboTe HAUBCJIBHOIO JBHUIaTEJIA
Ha [T Ge3 momorpesa M ¢ MOJOrPEBOM TOIJIMBA
10 100 °C u mo 300 °C cooTBETCTBEHHO.
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INVESTIGATION OF THE ENVIRONMENTAL CHARACTERISTICS
OF A DIESEL ENGINE WHEN OPERATING ON ACTIVATED FUEL

DSc in Engineering S.A. Plotnikov, DSc in Engineering A.N. Kartashevich, M.V. Motovilova
Vyatka State University, Kirov, Russia
Plotnikovsa@bk.ru

The internal combustion engine is the most widespread source of energy for vehicles. The main require-
ments for an internal combustion engine include: the efficiency of functioning as part of a vehicle, high
performance indicators, as well as environmental parameters of the emission of exhaust gases into the
environment. The fulfillment of these conditions is possible by improving the design of the engine, as
well as improving the working process of the diesel engine while increasing the quality of diesel fuel or
additional impact directly on the fuel itself.

One of the most effective ways to influence diesel fuel is to transfer a certain amount of heat to it in the
high-pressure fuel line in front of the injectors. At the same time, the physical and mechanical properties
of diesel fuel change, which leads to a change in mixture formation and the combustion process in the
engine cylinder. To intensify the combustion process, a method of preliminary high-temperature local
heating of diesel fuel in the fuel supply system in front of the injectors was proposed.

To achieve this goal, several main directions were identified, including the study of environmental indica-
tors during the intensification of the combustion process.

The tests were carried out in stages. At the first stage, the operation of the fuel injector when operating
on activated fuel (bench, laboratory tests) was investigated. At the next stage, the indicators of the diesel
engine in the main modes of its operation were investigated.

Bench (laboratory) tests made it possible to draw a conclusion about the operability and compliance of
the aggregate with the technical requirements of the manufacturer and the parameters of GOST. The
bench tests proved the possibility of a diesel engine running on activated fuel without deteriorating envi-
ronmental performance in the exhaust gases; at the same time, changes in the toxicity and smoke of the
exhaust gases from different values of the average effective pressure were revealed.

Keywords: diesel, highly activated fuel, environmental performance, smoke, toxicity, exhaust gases.

Cite as: Plotnikov S.A., Kartashevich A.N., Motovilova M.V. Investigation of the environmental charac-
teristics of a diesel engine when operating on activated fuel. Izvestiya MGTU «MAMI». 2021. No 1 (47),
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COBPEMEHHbIW NOAXOA, K TECTUPOBAHUIO
W BAJIWAALUN CUCTEM NOMOLLIX BOOUTESIO

Toponos E.WU., Tpycos 10.11., k.7.H. BawypuH A.C., Mowkos 1.C.

Huxeropoackuin rocyIapCTBEHHbIN TEXHUYeCKuiA yHmBepcuteT um P.E. Anekceesa, HuxHuin Hosropog, Poccus

evgeny.toropov@nntu.ru

lMocTosiHHO pacTyime TpeboBaHusi K 6€30MacHOCTU TPaHCMOPTHBLIX CPEACTB BbIHYXAAT aBTONPON3BO-
autenei 3aHnmatbest padpaboTkori ADAS-cuctem («MHTeNNeKTyaabHbIX MOMOLLUHUKOB»). B cBOKO oye-
penb, nepes BbilyCKOM Ha PbIHOK aBTOMObOWIIS, 060pPYA0BaHHOIO NoA0OHbIMU QYHKLMSIMU, HEOOX0ANMO
10JIHOLIEHHO MPOTECTMPOBATL Y CBaIMANPOBATL a/iroPUTMbl PabOTbl 3/IEKTPOHHbLIX CUCTEM B PA3/INYHbIX
ycnoBusix. B HacTosiLee Bpems: Hanbosiee nornyJssipHbl MeToAbl OT1aakv n TectupoBaHus ADAS-cuctem,
OCHOBAHHbI€ Ha MPOrpaMMHOM («MOAesb v NMporpaMMHoe obecreyeHve B netie») v annaparHo-rnpo-
rpamMmMHOM MozAenmpoBaHun («06opya0BaHe B NeT1e»), YTO NO3BOJISIET BbISIB/IT U YCTPAHSITb OLUNOKU
Ha paHHUX cTaaumsx pa3paboTky NpoayKkTa, TakuM o06pa3omM IKOHOMSI AEHEXHbIEe cpeacTBa. HecmoTps Ha
OrPOMHbIE MPEVMYLLECTBa UMUTALUMOHHOIO MOAEINPOBAHYSI, HATYPHbIE VUCIbITAHWUS OCTalOTCs OCHOBO-
ronararoLmm v GUHasIbHbIM 3TarloM rnepes cTapToM CEepPUHOro nNPomn3BoACcTBa. 310 00YCI0B/IEHO TEM,
4TO MEXAYHaPOAHbIE M OTEHECTBEHHbIE CTaHAaPTbl B HACTOSILLEE BPEMS HE MPEaYCMaTPUBaIOT CepTUdu-
Kauuio «371€KTPOHHbIX MOMOLLHVUKOB» MOCPEACTBOM MPOBEAEHNS] BUPTYaslbHbIX TECTOB. B cBa3mu ¢ aTm
rnepes rnpovu3BoaUTENIMU N3MEPUTESIbHOrO 0O0PYAOBaHUS U UHXEHepaMu-uCrbITaTessMy BCTaeT 3a-
Jada no paspaboTke npuHUMNMaabHO HOBOV TECT-YCTaHOBKM, obecrne4ynBaroLLeri pukcaumio rnosioXeHus
TPAHCMOPTHBIX CPEACTB B ANHAMUYECKUX PEXVIMAX C CAHTUMETPOBOV TOYHOCTbIO, @ Takxe Mpon3BOACTBO
CUHXPOHU3NPOBAHHOM Buaeo3anucn. B gaHHOM cTaTbe pacckas3biBaeTcs O roaxoae cotpyaHukos HITY
um. P.E. AnekceeBa K peLueHuo aHHOV nMpobieMbl: NPOEKTHUPOBKa MPUHLUNMNAILHOM CXeMbl U ee pea-
JIN3aumsl Ha NpoTOTHUINE JIErKOro KOMMEPYEeCKOoro aBToMobusis, obopyaoBaHHoro ADAS-cuctemamun. [ns
ukcaumm reorpapu4eckmnx KOopamHaT ¢ CaHTUMETPOBOV TOYHOCTbIO UCIOJ/Ib30Basics npubop Racelogic
Vbox 100 Hz, pabortarwiumii B pexume real-time kinematic (RTK), CUHXPOHU3UPOBaHHasi BUAE03arnnch
npounsBoaunack npu rnomolum Racelogic Video Vbox Pro, Bkiwodaolmii B cebsi 4 1MpoKoyrosibHbIe Ka-
mepbl. Anpobauys paboTsl MU3MEPUTESIbHOV YCTaHOBKU Oblsia MPOBEAEHA MPU UCTIbLITAHUSIX CeAYIOLMX
CUCTEM: IETEKTOP MEPTBbIX 30H, MPEAYNPEXAEHNE O BbIXOAE M3 M0JI0ChI U MOMOLLHUK MOUCKa NapKoBOY-
HOro mecrta. B ctatbe rnpeactassieH psa rpapukoB QyHKUMOHUPOBAaHWS O4HOW U3 CUCTEM.

KnmoueBbie cnoBa: ADAS, RTK, THCC, nameputesibHoe 060pyaoBaHNe, UCrbITaHWs, BauaaLms.

Ana untupoBaHuns: Toponos E.N., Tpycos (O.I1., BawwypuH A.C., MoLukos l1.C. CoBpeMEHHBbIV NOAXOA
K TECTUPOBaHMIO Y Baavaaumm cUCTeM rnomoLuy soamutesto // iasectuss MITY «MAMW». 2021. Ne 1 (47).
C. 63-72. DOI: 10.31992/2074-0530-2021-47-1-63-72.

BeepgeHune

Ha npotsikeHUn TOCTICTHUX JISCATUIICTUN aB-
TOMPOU3BOIUTEIIN YACJAIOT OOJIBIIIOE BHUMAHHE
Pa3sBUTHUIO BJICKTPOHHBIX CHCTEM aKTUBHOU Oe3-
OTACHOCTH, TaKMX KaK aHTHOJIOKMPOBOYHAS CH-
crema (ABC), mpotuBodykcoouyHas (ITbC) u cu-
CTeMa DBJICKTPOHHOIO KOHTPOJIS YCTOWYMBOCTH
(OKY). Hannune momoOHBIX GYHKIHH MTO3BOJISICT
BOIUTEIIO COXPAHATh M OCYIIECTBIIATh KOHTPOJIb
HaJl TPAHCIIOPTHBIM CPENCTBOM B KPUTHUYCCKUX
cutyanusax. OQHAKO pa3BUTHE W YJCIICBICHUE
MHKPO3JICKTPOHUKHN, BO3MOXXHOCTbH HCIIOJIb30Ba-
HUs paHee HEAOCTYIHBIX I'PAXKIAHCKON OTpaC/H
TeXHOJIOTui (pajgapel, JHOApBl, YJIbTPa3BYKO-
BBl JaTYUKH, KaMephl, ITU(pPOBOE 3peHHUE) IOM-
TOJIKHYJIA aBTONPOU3BOIUTEIICH K peasn3aiuu
TAKOr0 HAINPaBJICHUS, KAK aBTOMATU3AIIHs YIIPaB-

© Topomnos E.U., Tpycos [0.I1., Bamypun A.C., Momxkos I1.C., 2021

JICHUSl TPaHCIOPTHBIM cpeacTBoM. PesynbsraTom
OCYIIECTBJICHUSI TOMOOHBIX HAYYHO-KOHCTPYK-
TOPCKHUX PalbOT CTaJio MOSBJICHUE CEPUIHBIX 00-
pasioB BCIOMOIaTe/IbHBIX CUCTEM aKTHBHON Oe3-
OIIACHOCTH, TaK Ha3blBaeMbIX accucTeHToB (DAS/
ADAS). JlaHHBIE CHCTEMBI MOT'YT KaK IIPETyTPEk-
OaTh BOAMTEJIA B CIyYae OTPUIATEIbHON JMHAMM-
KU, IPUBOASAIIECH K BOSHUKHOBCHUIO KPUTUYIECKOM
CUTYalluu, TaK 1 3a0J1aroBpeMeHHO BMEIINBATHCS
B YIIPaBJICHUE TPAHCIOPTHBIM CPEICTBOM: OKa3bl-
BaTh BO3ICHUCTBUE HA PYJICBON MEXaHHU3M, TOPMO3-
HYIO CUCTEMY M CHUCTEMBI YIIPaBJICHUS ABHUraTe-
JieM, TpaHcMmuccueii [ 1, 2.

Hdusa cdepbl rpy30nacCcaxupckux IEPeBO3OK,
B KOTOPBIX UCIIOJIB3YIOTCA JIETKME KOMMEPUYECKHE,
CPCOHETOHHA)KHBIE  TPAHCIIOPTHBIE  CPENCTBA
1 OoJIbIIerpy36l, HauboIee NePCICKTUBHBIM ABJIS-
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eTCsA pa3BUTHE W BHEAPCHHE WHTEJIJICKTYaJIbHBIX
CHCTEM TIOMOINA BOTUTEJIIO, OTBEYAIONIUX 332 MO-
HUATOPHHT CJICTIBIX 30H, YTO HAnOOJIee aKTyaJIbHO
171 TPY30BBIX aBTOMOOMJICH, a TaKyKe IPEeNoTBpa-
IIAONUX OIMUOKW B CJTydae HEBHUMATEJIBHOCTH,
KPaTKOBPEMEHHOTI'O OTBJICYCHUS W (PU3MICCKOIA
ycTajiocT Bonutess [2, 3]. Ciienyromue CUCTEMBI
OTBEYAIOT JJAHHBIM TPEOOBaHUSIM:

— accucTeHT ynepykanus B nojioce (Lane keep
assistance — LKA). OcHoBHass (yHKIUS — WH-
(hopMupoBaHUE BOTUTEJIS O BBIXOIE aBTOMOOWMJIS
13 TIOJIOCHI JIBMDKCHHS, a TaKKe KOPPEKTHPOBKA
Kypca, €CJIM JICUCTBUS BOMUTEJI HEIOCTATOYHBI
WJIA OTCYTCTBYIOT;

— mnomomHUK Tpu mnapkoBke (Park assist
system — PAS) — cucTema rmomoraeT B TIOUCKe ITap-
KOBOYHOT'O MECTa, a TAaKXKe YIIPaBJISACT PYJICBHIM
MeXaHH3MOM [4].

— MoHHTOpUHT cyenbix 30H (Blind spot
monitoring — BSM) — npenynpexaaer 1 npenoT-
BpallaeT CTOJKHOBEHHUE C MOIYTHO IBMKYIIEMCS
TPaHCIOPTHBIM CPEICTBOM, €CJIM OH HaXOIHUTCS
B MepPTBOI1 30HE [5].

BHenpeHre naHHBIX CHCTEM TIO3BOJIUT IIO-
BBICUTH 0O€30MacHOCTh JIOPOYKHOTO JIBMKCHHS,
a TaK)Ke CHU3UTDb PACXOIbl TPAHCIOPTHHIX KOMITa-
HuUii B cirydae npoctos rpu JTTL

B HacTosmee BpeMs IpH TECTUPOBAHUU 2JICK-
TPOHHBIX CHCTEM HaWOOJIBIIYI0 TOIYJISPHOCTD
MOJIYYWJIA TeXHoJIornu mporpamMmmuoro (Model-
in-the-loop — MIL, Software-in-the-loop — SIL)
U IpOorpaMMHO-aNIapaTHOTO  MOICIMPOBAaHUS
(Hardware-in-the-loop — HIL), 4To cHmXaeT cTo-
MMOCTb W3TOTOBJICHHS MPOTOTHUIIA, & TaKXE II0-
3BOJIACT M30ekaTh OIMMOOK Ha PaHHUX 3Tarax
pa3pabotku. HecMmoTpss Ha Bce mpenmyInecTBa
BUPTYAJIbHBIX ~HCIOBITAHUN, OHH HECIOCOOHBI
B TIOJTHOM Mepe 3aMEHUTDb IIOJICBBIE, TaKUM O00-
pa3oM HaTypHBIC TECTHl Ha MPOTIKCHUN MHOTHUX
JIET OCTAalTCA OCHOBHBIM 3TarioM pa3paboTKW,
a WX pe3yJIbTaThl ONPENeIISIONUMH, TOTOB JIH aB-
TOMOOMJTb K BBIITYCKY Ha PBHIHOK [0, 7].

B cBs31 ¢ 3THM aKTyaJIbHBIM OCTaeTCs BOIIPOC
0 MCTOOWKaxX HATyPHBIX HCIBITAHWI 3JICKTPOH-
HBIX CHCTEM IIOMOIITY BOIMTEJIIO, a TAK)Ke He00X0-
JIUMOM HU3MEPUTEIHBHOM 000pYyIOBaHHH.

Llesplo TIpUBEIEHHBIX B CTAaThe MCCJICTOBAHMIA
SIBJIAETCS PaCCMOTPEHHUE 3TOr0 BOIIPOCa.

MeTtoabl n cpeagcTea npoBeaeHUs

uccsiegoBaHumi

Hopmamuenas ooxymenmauus Ha @hyHKUUO-
HaavHble ceoticmea cucmem ADAS
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B nactosmee Bpems B Poccuiickoii ®enepa-
MU JEUCTBYET PAA HOPMATUBHBIX JOKYMEHTOB,
perylaMeHTHPYIOMUX O0IIre TeXHHIeCKne Tpebo-
BaHUs 10 OTHONICHMIO K 3JIEKTPOHHBIM CUCTEMaM,
a TaK)Ke OMHUCHIBAIOIIMX METOMbl MX HCIBITAHMIA
PazbepeM KakIylo CHCTEMY B OTIEJIBHOCTH:

1. IIpenynpexaeHre 0 BHIXOE U3 3aHUMAEMOIA
MOJIOCH! ABIIKCHHS. PYHKIIMOHUPOBAHUE CHCTE-
mbl ormrcado B TOCT P 58807-2020. 115 orneHKH
3 peKTHBHOCTH cpabaTHIBAHMS COTJIACHO HaHHO-
MY JIOKYMEHTY HeoO0X0muMo 3a(hMKCHPOBATS:

— CKOPOCTb IBHKCHUS TPAHCIIOPTHOTO CPENICTBRA;

— CKOPOCTbH BBIXOIAa aBTOMOOWJIA M3 3aHMMac-
MOIi TIOJIOCHI IBUYKEHUS;

— MOMEHT cpabaThIBaHUSA ONTUYECKOrO CHIHA-
JIA3aTopa;

— TIOJIOKCHHE HCITBITYEeMOTO 00bEeKTa OTHOCH-
TEJIBHO JIMHUH Pa3sMETKH;

— MOMEHT Cpa0aThIBaHHS CHTHaJIM3aTopa He-
ucrpaBHOCTH [§].

2. IToMoIIb BOTUTETIO TP IPUHATHH PEIICHUS
0 CMCHE TIOJIOCH ABIKCHUSA. OYHKIIMOHUPOBAHHE
HOaHHOM cucTeMbl periamentupyercs B [OCT
P 58803-2020 (wactp 3amMmcTBOBaHa M3 llpaBmi
OOH Ne 130 «EnmHOOOpasHBIC IpeanucaHus,
Kacaromecsi o(pHUIMaIbHOTO YTBEPIKICHUS MeXa-
HUYECKUX TPAHCIOPTHBIX CPEICTB B OTHOIICHHH
CHCTEMBI MPEAYIPEIKACHNAS O BBIXOC U3 IMOJIOCHI
IOBIOKCHHA»). HeoOxomuMo GpuKCHpoBaTh CIIenyo-
IUe mapaMeTphI:

— CKOPOCTH JBWIKGHHS TPAaHCIOPTHOTO Cpefl-
CTBa;

— ycuJIie Ha pyJIeBOM KOJIece;

— OOKOBOE YCKOPEHHE;

— BPEMEHHBIC HHTEPBAJIBI;

— MOMEHTBI CpabaThiBaHUSI OMTHYECKOI'O CHT-
HAJIN3aToOpa aKTUBAIMU (PYHKIIMHA U HHPOPMUPO-
BaHHUsI O HEUCIIPABHOCTH;

— BuAcO(dUKCAIA AeHCTBUN BoguTes (YIpas-
JICHUE TICPEKJTIovaTesIeM IT0OBOPOTa);

— pacCTOsSTHUE MEXIY BCIIOMOTaTeJIbHBIM (TIPH-
OJIKAroIIerocs) T.C. ¥ UCIIBITYEMbIM 0ObeKTamH [9].

3. Cucrema yaepKaHus TPAHCIIOPTHOTO CPeNl-
ctBa B mosioce aBmkeHus — TOCT P 58804-2020.
3aMepsieMble TapaMeTpPHI:

— CKOPOCTh JBWIKGHHS TPAaHCIOPTHOTO Cpefl-
CTBa;

— ycuJIie Ha pyJIeBOM KOJIece;

— OOKOBOE YCKOPEHHE;

— BPEMEHHBIC HHTEPBAJIbI;

— MOMECHTHI cpabaThIBaHUs ONMTHYECCKOIO, aKy-
CTUYECKOTO CHUTHAJIM3aTOPOB aKTHUBAIUU (PYyHK-
MU ¥ KHPOPMHUPOBAHHS O HEUCTIPABHOCTH;
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— BuacoduKcanus aeicTeuii Bogures [10].

4. MonuTopusr cienbix 300 — 'OCT P 58808-
2020. 3amepsieMble TTapaMeTPHI:

— CKOPOCTb JIBWIKCHHMS TPAHCIOPTHOIO Cpef-
CTBa;

— CKOpPOCTh COJIMIKEHHs HCIBITYEMOro T.C.
1 BCIIOMOTaTEJIbHOTO;

— BPEMEHHBIC HHTEPBAJIBL;

— MPOJIOJIBHOE W OOKOBOE PACCTOSHHUS MEKIY
HCMBITYEMBIM U BCIIOMOTaTEJIbHBIM T.C;

— MOMEHTHI CpabaThIBaHKUA ONTHYECKOIO CUT'Ha-
JIn3aTopa U HHPOPMUPOBAHHUS O HEUCTTPABHOCTH;

— BuacoUKcaNs aeicTBUi BoguTes [11].

5. Ilomomp mpu mapkoBke — I[THCT 381-
2019 (a¢pmmupoBan ¢ ISO 16787:2017-Intelligent
transport systems — Assisted parking system
(APS) — Performance requirements and test
procedures). 3aMepsieMble TTapaMeTpPHI:

— CKOPOCTb JIBUKCHUS,

— MOMEPEYHOe PACCTOSHUE IO MPUIapKOBaH-
HBIX aBTOMOOMJICH;

— KyPCOBO€ YIJIOBOEC PACCTOSIHHE MEKIY O0b-
€KTOM HCIBITAHUI U MPUIAPKOBAHHBIMUA aBTOMO-
OnIAMU;

— MOMEHTHI cpabaThIBaHUs ONTHYECCKOIO, 3BY-
KOBOI'O CHTHAJIN3aTOPOB W HH()OPMHUPOBAHUS
0 HEHCIIPABHOCTH;

— PACIOJIO}KEHHE UCIBITYEMOIo T.C. B TeoMe-
TPUH MAPKOBOYHOIO MECTa;

— BPEMEHHBIC HHTEPBAJIbL;

— MOMECHTHI cpabaThIBaHUS ONTHUYECKOr'O CHTI-
HaJM3aTopa W CHUTHAJIM3aTopa HEHCIPAaBHOCTH

[12].
Kax BumanMm, mcxomss m3 TpeboBaHMII periia-
MCHTHPYIOIMAX  JTOKYMCHTOB  H3MEpPUTEIIbHAS

YCTaHOBKa, pacIojiaralomascs Ha HCIBITYEMOM
TPaHCIIOPTHOM CPEICTBE, JAODKHA 00J1aaTh clie-
QYIOIAMH BO3MOKHOCTSIMHU:

— oIpefesieHre MEeCTOIOJIOKEHNS O0beKTa HC-
MIBITAHW C CAaHTUMETPOBOH TOYHOCTHIO, a B PAIC
TECTOB JOMOJIHUTEIHHO €IIIe BCIIOMOT'aTeJIbHOT'O T.C.;

— BO3MOYKHOCTD ITOIKJTIOUCHUS K OOPTOBO HH-
dbopmanmonnoit muae CAN mis Gukcanum Bpe-
MEHHBIX 3aJIcpKeK B pab0oTe YeJIOBEKO-MaIIHHO-
ro uHTEp(eiica,

— TIOJIyYCHHUE BHICOpPsAIa C BO3MOXKHOCTBIO
CUHXPOHM3AIIMX 3aIFCH CO CTOPOHHUM 000pYyIo0-
BaHHEM.

Paspabomxa uzmepumenvHot yCmaHo8KuU

W3MmepeHue pacCTOSHUN MEXITY IBUKYIIH-
MHCS UCIBITYEMBIMH TPAaHCIIOPTHBIMU CPENCTBA-
MH C CAaHTUMETPOBOUM TOYHOCTHIO HEBO3MOXKHO
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C TIpUMEHEHHEM KJIACCUYECKUX YCTaHOBOK IO H3-
MEpPEHUIO TMPOMAECHHOr0 TYyTH H PaCCTOSHHUI
(HampuMep, ONTHUYECCKUU JaTYUK IPOHICHHOTO
IyTH, <«IIATOE KOJIECO», JIMHECHHBINA Jla3epHbIA
JaT4uK paccrosgHuit). Poct cmpoca aBTompous-
BOIUTEJIC Ha 00OpyHOBaHWE IO TECTUPOBAHUIO
ADAS-(pyHKIMiT BEIHYIUT pa3pabOTIYNKOB H3Me-
pHUTEJIEHOTO 000PYIOBaHUS PUMEHUTDH TEXHOJIO-
T'UH, paHee HMCIIOJIb3yeMble B I'PpaKIaHCKOU chepe
TOJIBKO B T€OIC3NICCKUX U3MEPCHHAX.

JUts mOCTHXKEHUs MaKCUMAaJIbHOM TOYHOCTH
n ymobctBa wmcmbiTanuss ADAS mpowmsBomuTe-
JIM U3MEPUTEJIPHBIX CHCTEM Ceiuac HCIIOJIb3YIOT
nepenoBbie  ['HCC-texHosorun. Iyis mocTmke-
HUSI TOYHOCTH TO3UIIMOHUPOBAHUS 10 2 CM IIpH-
MEHSIETCS TEXHOJIOTUS KWHEMAaTUKH pPeaJIbHOTO
BpeMeHn (Real-time-kinematic — RTK). Kak us-
BECTHO, M3-3a BJIIMSHUAS OOJIBIIIOrO KOJIMYECTBA He-
raTUBHBIX (PaKTOpoB (aTMochepHbIe HEOTHOPOI-
HOCTH, TIOMEXH OT CTAIlMOHAPHBIX M IOIBIKHBIX
00BEKTOB, TIEPEOTPAKECHUE CHUTHAJIA MJIM MHOTO-
JIY4EBOCTb) ONWMHOYHBIN CITYyTHUKOBBIH ITPUOOP
JII00OTo Kjlacca HE MOJKET 00eCIEYHTh BBICOKYIO
TOYHOCTD NO3UITMOHNPoBaHuA (10 10 M), Mo3TOMY
IUT yTOYHEHU S KOOPIUHAT MCIIOJIb3YIOTCSA TaK Ha-
3piBaeMble RTK-nonpaBku, KOTOpbIe pacCUUTHIBA-
1oTcsa u nepenatored apyrum I'HCC-mpueMHIKOM
(6a3oBas cTaHIHs), TOYHOE MECTOIMOJIOKCHHE KO-
Toporo usBectHo (puc. 1) [5, 13].

Hna mepemaun RTK-mompaBok oT 0a3oBoit
CTaHIIMH K TOIBMYKHOMY IPUEMHHUKY (POBEp) CY-
IIECTBYET HECKOJIBKO CIIOCOOO0B:

1) ucnonb3yercsi GPRS-kanan; mMunyc 3Toro
METO/Ia COCTOMT B TOM, YTO KaXKIbI IpHEM-
HUK JOJDKCH UMETh BO3MOXKHOCTD TOIKJTIOYCHUS
K CeTH HHTEPHET, YTO HE Be3le BO3SMOYKHO;

2) GSM-coennHeHne — B JaHHOM cily4ae BO3-
MOJKHO TTOIKJTIOUYUTD TOJIBKO 1 poBep, OCTaJIbHbIC
HEJTOCTaTKH aHAJIOTUIHBI TICPBOMY METOMY;

3) ucrosib30BaHUE paauoKaHada — SBJISCTCSH
HamOoJIee MPENIMOYTATEIbHBIM, HET OrpaHUYCHII
10 KOJIMYECTBY IMOMKJIIOYaeMBIX POBEPOB M HE3a-
BHCHM OT Ka4eCTBa COTOBOH CBS3M.

EnwHCTBEHHBIM  MHMHYCOM  SIBJIAETCSA  TO,
yto B Poccuiickoit @eaepannn (Kak © BO MHOTUX
IPYyruxX CTpaHax) OrpaHWYCHa MOIMHOCTH He-
JIMIICH3UPYEMOI'0  WCIOJIb30BaHUS  HMCTOYHHKA
pannouactotHoro cur"aiga (POC): mpu pabote
Ha vactore 433 MI'm mMakcuMmajbHas MOITHOCTb
He mospkHa mpeBbimars 10 MBr, a 2,4 I'To —
He Oosee 100 MBT ¢ MakcmmasbHON BBICOTOM
nofBeca aHTeHHB — 10 meTpoB. Kak mokasbiBa-
eT TIpaKTHKa, JaHHBIX MOIHOCTEH HOCTaTOYHO,
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%Q; RTK-nonpasku

RTK-6a30Bas craHius

CHHXPOHH3AIHA
THCC-nannsix
-

Puc. 1. lIpuanmmuanbhas cxema 'HCC-u3mepennii npu tecrupoBannn ADAS

Fig 1. Schematic diagram of GNSS measurements during ADAS testing

4TOOBI TOKPHITE 30HY paguycoMm 500—600 meTpos
(py yCJIOBUU TIPSAMOM BUAMMOCTH). Ecyim moss-
JIIeTCS HEOOXOMMMOCTh B OOJIBINEH 30HE OXBaTa
pPaIOCUTHAJIOM, T.€. MCIOJIb30BaHKE OOJIee MOIII-
HOTO TIeperaTdynka, TO HEOOXOTUMO MPOXOIUTH
MPOLIEAYPY TOJTYyYCHHS Pa3pelIeHUus Ha KCIOJIb-
30BaHHE paaAnodacToThl W peructpanmu PIC,
YTO MOXKET IO BPEMEHHU 3aTAHyTcA 10 6—8 Mme-
ciAneB. DTO IeJIecoo0pa3sHO TPH TPOBEICHUN
WCIBITAHUN BCETIa B OIMHOM W TOM K€ MecCTe
(aBTOMOOMJIBHOM TIOJIMTOHE), TaK Kak B CJlydae
nepebasupoBaHnsa BCE pas3pelieHrs HeoOXOMMMO
MOJTy4YaTh 3aHOBO.

Ilpn ncnbiTannax u Baauganun cucteM ADAS
HEIOCTATOYHO TIOJIYYCHHS TOYHBIX KOOPHUHAT
KQKIOT0 W3 TOABIKHBIX IPUEMHHKOB, HE00XO-
IUMO BBIYHACIIATH TMapaMeTpPhl UCIBITYEMOTO aB-
TOMOOWJTA (KpaTdaiiinee, MPOAOIbHOE U MOMeped-
HOE PACCTOSHUA, CKOPOCTh COMMKEHHS W T.I1.)
OTHOCHUTEJIPHO BCIIOMOTATEJIbHBIX TPaHCIOPTHBIX
CpencTB wim JMHAA pasMeTkd. C 3TOH IesIbio
KaXK/Iblil aBTOMOOMJIb 000PYAyeTCs JOMOJTHUTETb-
HBIM KOMILIEKTOM TEJIeMETPHUH IJI1 CHHXPOHHU3a-
uuu 'HCC-nannbix Ha nesieBoM oobvekTe (puc. 1).

Ilepen cneumanucramu Huxkeropouckoro ro-
CYyIapCTBEHHOTO TEXHUYECKOrO yHUBEPCHUTETA
Obly1a TOCTaBJIeHAa 3a7a4da pa3padoTaTh W peasid-
30BaTh Ha MPAKTHKE U3MEPUTEJIBHYIO YCTaHOBKY
1o TecTUpoBaHMUIO U Baymaanuu ADAS-(ysKmmit
JIETKOTO KOMMep4YecKoro aBTomoOwmisa. [lpmHIm-
MraJIbHAA CXeMa MpefcTaBJIeHa Ha puc. 2.
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Ha puc. 2 obos3HaueHO: a — 4YacTh, yCTaHaB-
JinBaemasi Ha HUCIBITyeMoe T.C.; 6 — 9acTh, yCTa-
HaBJMBaemasi Ha BCIIOMOraTrejgbHOe T.C., [ —
CAN-unTepdeiic, MOOKIIOYaEeMbIii K OOpPTOBOIA
“H()OPMAIIMOHHON MUHE; 2 — U3MEPUTEIbHOE PY-
seBoe kosieco MSW; 3 — mamepurenpabit [HCC-
npubop Racelogic Vbox 3i 100Hz RTK; 4 — Tese-
metpus 2,4 I'Tn cuaxponusanun ['HCC-ganabBIX
MeXny aBToMoOmiIaMu; 5 — panuokanan 2,4 'y
cuaxponmsanun 'HCC-mannpIx; 6 — paawonpu-
emank RTK-monpaBok; 7 — pagmokanain 2,4 I'Tn
nepenaun RTK-monpaBok; 8 — qucmiieit ckopocTu
OBHKEHUA T.C.; 9 — MHOropyHKLIMOHAJIBHBIN 1H-
crieit MFD; 10 — Video Vbox Pro; 11 — Racelogic
CAN-mmHa; 12 — THCC-6a30Bas cTaHIus ¢ Tere-
metpueii 2,4 ' nepenaun monpasok.

OCHOBHBIE COCTABJISIONINE JIEMEHTH U3MEPHU-
TEJIbHOW YCTAHOBKU:

1. Beicokorounsrii usmeputespHbiii ['HCC-
npubop Racelogic Vbox 3i 100 Hz (mo3. 3 puc. 2).
YcranaBnuBaeTcs B KaXIoe TPaHCIIOPTHOE Cpefl-
CTBO IS pacdyeTa TOYHOTO MECTOIIOJIOKEHHUH,
OTpeeICHns] JUHAMHYECKNX  XapaKTepPUCTHUK
7 mapaMeTpoB oneHKH pyHKmmit ADAS.

2. THCC-6a3oBas crannug (mo3. 12) Heobxo-
auMa 1711 YTOYHEHUd (10 2 CM) MECTOIIOJIOKEeHU
n3MepuTeTbHbBIX mpudopos. g nepemaun RTK-
MOMPAaBOK OPraHU3yeTCAd MECTHasA PagroCBA3b,
TO ecTh 0a30Basi CTaHIMSA U BCE POBEPHI 00OPYIy-
eTcsd pagruoMOIyJIAMU, PAOOTAIOIUMH Ha 9acTOTE
2,4 I'Tt (mos. 6).
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Puc. 2. [IpuHuunnanbHas cxeMa H3MepHUTeIbHON YCTaHOBKH

Fig. 2. Schematic diagram of the measuring installation

3. HomonuutenpHas Ttejaemerpus 2,4 I'Tn
(mo3. 4) cuuxponmsanuu ['HCC-maHHBIX HEO00-
xoguMa s pacueta ADAS-mapaMeTpoB, TaKux
KaK OTHOCUTEJIbHOE PACCTOAHHME MEXKIY HCIIBITY-
€MBbIMU TPAHCIIOPTHBIMU CPECTBAMH, CKOPOCTb
COTMIKEHUS U T.IL.

4. CAN-unTepdeiic Racelogic CANO2 (mo3. 1)
MOAKJTIOYaeTCs K MH()OPMAIIMOHHON IUHE HCIIbI-
TYeMOIro aBTOMOOWJISA JIs (PUKCAIlUM CTAaTyCOB
cpabateiBanuss ADAS-byHKIHMi, a Takxke psaga
IPYTUX MapaMeTpoB (0OOPOTHI ABUTATEJIS, HaXKa-
THE Ha TOPMO3, Mefajlb rasa, BKJIIOYEHHE CUT'Ha-
JIN3aTOPOB TOBOPOTA, HOMEDP BKJIIOUEHHOU Tepe-
Ja94 1 T.IT).

5. Hucmieit ckopoctH (1o3. 8) — oToOpakeHue
JIEUCTBUTEJIBHON CKOPOCTH JIBUKECHUA T.C.

6. MuorodyHknnoHaabHbl guciuieir  MFD
(mo3. 9) Mmo3BOJIsSET BHIBECTH HA MUCILJICH JII000I
13 U3MepseMBIX MapaMeTpoB. Hampumep, Heobxo-
JIIM TIPU KOHTPOJIe OOKOBOI AUCTAHIIUU MEXKTY T.C.

7. Racelogic Video Vbox Pro (mo3. 10) —
I'HCC-nipubop ¢ BO3MOKHOCTBIO 3aIIUCH BUEOIIO-
TOKa OMHOBPEMEHHO ¢ 4 BHICOKaMep, HeOOXOMUM
npu GuKcau cpabaThIBaHMUsI CBETOBBIX MHINKA-
TOPOB, TepeceueHus TPAHCHOPTHBIM CPEICTBOM
JIMHUM Pa3METKU, BUACO3ANUCh ACHCTBUN BOLUTE-
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s 1 T.0. A cuaxponusanuu 3amucu ¢ Vbox 3i
nonkodaeTcs k Racelogic CAN-mmne (mos. 11).

8. WsmepurenpHoe pyseBoe Kojgeco MSW
(mo3. 2). YcraHaBiIMBaeTCs HEMOCPEACTBEHHO
Ha [ITAaTHOE PYJIeBOE KOJieco, He0OXOmuM i 13-
MEepeHHus YyIJla IOBOpPOTa, CKOPOCTH BpalleHUs
U KpyTAmero MomeHTa. V3aMepeHHbIe aHHBIE
nepenaloTcs Ha Vbox 31 Takke MNpU ITOMOIIA
Racelogic CAN-IIIIHBL

YcraHoBKa M3MEPHUTESIBHOIO  00OpPYIOBaHMS
Ha OCHOBHOE M BCIIOMOIaTeJIbHOE TPaHCIOPTHHIC
CpencTBa MpeacTaBiieHa Ha puc. 3 (a-0). Puc. 3, e —
pasmemenue ['HCC-6a30B0oii CTaHIIUM C YCTAHOB-
JICHHOM Ha TEJIECKOMMMYECKOW IITAHTe paauoriepe-
natunka 2,4 I'Ty u ero anteHHbl. CTOUT OTMETHTD,
YTO MaKCHUMaJIbHas MOITHOCTh cocTaBiisgeT 60 MBT,
BBICOTA TOJIBECA aHTEHHBI — 5 M, UTO MMO3BOJIAET HC-
M0JTh30BaTh JaHHBIN HCTOYHHK POC 06e3 mosyye-
HUSA IONOJIHUTEJIbHBIX Pa3pelIeHHIA.

Ha puc. 3 noxkasansl: a — Racelogic Vbox 3i
100Hz B caJioHe OCHOBHOT'O TPAHCIIOPTHOT'O CPE-
CTBa; O — YCTAHOBJICHHBIE Ha KPBIIIIE OCHOBHOI'O
T.c. GPS/I'moHacc u TemeMeTpudecKue aHTCHHBI,
6 — Racelogic Vbox 3i 100Hz B cayione Bcriomo-
raTeJIbHOro TPaHCIOPTHOIO CPEICTBA; 2 — KaMephbl
Video Vbox Pro, ¢ukcupyiommue mnepeceucHue
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e

Puc. 3. Yeranosnennoe u3MepureibHoe 000py10BaHHe

Fig. 3. Installed measuring equipment

MIEPETHUM TIPABbIM KOJIECOM JIMHUU Pa3METKH; O —
U3MEpHUTEJIbHOE pysieBoe Kojeco MSW, mucrieit
Vbox, canonnas kamepa Video Vbox; e — THCC-
0a3oBast CTAHIUSA C KOMIIJICKTOM TEJICMETPHUU.
Ilpu tectupoBanum ¢ynkmuit ADAS, cBs3an-
HBIX C pabOTOii IO OMPEICTICHHUIO TIOJIOCH! JIBUYKE-
HUs, OTCYTCTBYET HEOOXOIMMOCTh HCIIOJIb30Ba-
HUsI BCIIOMOTATEIbHOTO TPAHCIIOPTHOT'O CPE/ICTRA.
BMmecTto Hero, ncnosib3ys KOMILICKT MO pa3MeTKe
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TMOJIOCHl JTBMYKCHUS, OCYIIECTBJISIETCA Ha3eMHas
TPacCUpPOBKAa JIMHAM C TEOle3MYECKON TOYHO-
cThio (puc. 4) ¢ MOCJeAyIOMeH 3arpy3koil B u3-
MepUTEIbHBI mproop Vbox3i, ycTaHOBJICHHBIN
Ha OOBEKT UCHBITaHUM. biaromapss aTomy mpous-
BOJMTCS pacueT HEOOXOMUMBIX [IJIsI OIICHUBAHUS
u Baympanuun ADAS-GyHKINH TapaMeTpoB JBH-
YKEHHMS: PACCTOSIHUE OT KOJIEC JIO JIMHUH, CKOPOCTh
BBIXOJIA U3 MTOJIOCHI JIBUYKCHHUS.

U3Bectua MITY «MAMW», Ne 1(47), 2021



Puc. 4. TpaccupoBka THHAH pa3MeTKH

Fig4. Tracing the line markings

Pe3ynbTaTtsl TECTUPOBaHUS

¢yukynii ADAS mn nx obeyxagexHve

Pa3spaboTanHas u3MepHUTESIbHasA  CHUCTEMa
ObLIa arpoOMpoBaHa MPU TECTUPOBAHUU MPOTO-
THIIA JIETKOTO KOMMEPYECKOTr'0 aBTOMOOWMJIsSA, 000-
PYAOBAHHOTO CHCTEMaMH IOMOIIM BOIUTEIIO.
HcnbiTanuss mpoBoguiuch Ha monurone OWIL
«bepe3oBas moiiMa», TECTHPOBAIUCH CJICAYIO-
mue GyHKITNH:

— IPENYNPESKICHUE O BBIXONC U3 3aHMMAEeMOi
TOJIOCHI IBUKCHHS,

— IETEKTOP CJICTbIX 30H;

— TIOMCK TTApPKOBOYHOI'O MECTa.

JIJ1s HATJIATHOCTH TPEACTaBUM YacTh Pe3yJib-
TAaTOB MO TECTHUPOBaHUIO (yHKIMU «JleTeKkTop
MepTBeIX 30H» (BSM). Pexxum ucnbiTanus: Te-
CTUPYyEMOE TPAHCIOPTHOE CPEICTBO BHMIKETCS
co ckopocThio 30-35 KM/4, BCroMoraTeJIbHBII
aBTOMOOMJIb pasrossierca 1o 40—45 km/4 u mpo-

M3BOJIUT OIEPEKEHUE IO IMpaBoMy OopTy. 3amgadya
TeCTa — OMNpPEACIUTh MOMEHTHI CcpabaThIBaHUs
U TIOIa4M CBETO3BYKOBOW CHUI'HAJIM3AIMK ITOMOII-
HUKa «MOHHUTOPHHT MEPTBBIX 30H». [loMuUMO
CTAaTHUCTHYCCKUX JAHHBIX MPOM3BOAMIIACH 3aIKCh
BUZICOPsIa TIpy roMoIu obopymoBanus Racelogic
Video Vbox Pro. Ilpumep Bumeokampa mokasaH
Ha puc. 5.

Kak BHIHO, TOMHMO BO3MOXKHOCTH CHHXPOH-
HOM (pMKcaMu BHUACO cpasy ¢ 4 Kamep Mpo-
rpaMMHOe O0OecCIiCUCHHe TMO3BOJIIET HAHOCUTD
BUPTYaJIbHYIO pa3sMeTKy, MOMOTAloIyi0 OICHHU-
BaTh PacCIoJIOKEHHE HAPYIKHBIX 00BbeKTOB. CTOUT
oTMeTuTh, 4T0 Video Vbox obopymoBan CAN-
HHTEP(EHCOM ¢ BO3MOMKHOCTBIO 3aIKCH JIOMOJI-
HHATEJIBHBIX 32 KaHaJIoB W3 WHGOPMAIMOHHON
IIMHBI — BCE YKCJIOBBIC 3HAYCHHMS, MPEACTABJICH-
Hble Ha BUAcoKaape (puc. 5), MOJyUeHbl TaHHBIM
CrocoboM (CTaTychl cpabaThiBaHHUS 3BYKOOIITHYE-
ckoro curHaiuszaropa BSM, pacnosioxkeHue wuc-
MBITYEMBIX TPAHCIIOPTHBIX CPEACTB OTHOCUTEIb-
HO JPYyT Jpyra, a TakyKe TOYKH KOHTaKTa — TOYKH
Ha IIEpUMETPE T.C., COOTBETCTBYIOIINE MUHUMAJTb-
HOMY PACCTOSTHHIO MEKIY 00BbEKTaMHU TECTA).

Wameputenpabii mpubop Racelogic Vbox 3i
100 Hz Bwuramcisger m 3anuceiBaeT ADAS-mapa-
METPBI, K KOTOPHIM OTHOCSATCS:

— CKOpPOCTb MBIDKCHHSI O00OOMX OOBEKTOB
(puc. 6, a);

— pacCTosiHME MEXOY T.C.. KpaTdyaiiliee, mpo-
IOJIbHOE, TIonlepedHoe (puc. 6, 0);

— KOHTAaKTHBIC TOYKH OOOMX TPAHCIOPTHBIX
cpencts (puc. 6, ). Ilpu HacTpoiike N3MepUTEITb-
HOU CHCTEMBI pa3MedaeTCsl KOHTYDP HMCIBITYEMbIX

Puc. 5. Kanp suneopsiza Video Vbox Pro
Fig. 5. Video frame of Video Vbox Pro
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Puc. 6. I'pacpuxu, noyueHHble no pe3yibTaTaM ucnbiTanuii cucrembl BSM

Fig. 6. Graphs derived from BSM system test results

aBTOMOOWJICH (Tak Has3plBacMble contact points),
T.e. PACIIOJIOKEHHE MapKepoB MO MEPUMETPY OT-
HocUTeJIbHO u3MeputesibHoit GPS/I'mmonacc an-
TeHHbl. B Hamem ciaydae 3To ObUTM 4 TOYKH:
JIEBBIY MIEPEHUI YTOJI — IIEPBBIIA MapKep, U fajiee
HyMepalus MPOTUB YaCOBON CTPEJIKH;

— CKOPOCTb COJIMKEHUA, a TaKkKe YCKOPEHHE
OIHOT'0 00BbEKTa OTHOCUTEJILHO IPYTOro;

— YIJIOBOE PacCTOSAHNE MEXIY KypcamH T.C.
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Takum oOpa3om, Mo pe3yJbTaTaM HCIBITaHUN
MBI TT0JTy4aeM HabOp CTATUCTUYECKOTO MaTepuiia,
KOTOPBII TO3BOJISIET OIEHUTh MPABUIIBHOCTH (TOY-
HOCTh (DYHKIIMOHMPOBAHHS, OTCYTCTBUE JIOMKHBIX
cpabaTteiBaHnii) padbotTel amroput™ma ADAS-cuc-
TEMBI, CBAJTUINPOBATh €¢, IPOBEPUTh HA COOTBET-
CTBHEC BBICOKAM MEXKTyHAPOIHBIM M OTCYECTBCH-
HBIM TPeOOBaHUSAM, YTO SIBJIACTCS HEOThEMJICHHON
YaCThIO IIpoIiecca Pa3padboTKH JIIOOOro MPOIYKTa.
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Ha puc. 6 nokasans: a — rpaduk ckopocTeit
IBHYKEHUSI OCHOBHOT'O U BCIIOMOTATEJIbHOTO T.C.; O —
MIPOIOJIBHOE, MOTIEPEYHOe PACCTOSTHIE MEXKAY T.C.,
crarycel cpabarbiBanusi BSM; ¢ — kpardaiiiuee
paccTossHAEe MEXKIY T.C., KOHTAKTHBIE TOYKH.

3aksno4eHne

PaspaboranHas n3mMepuTebHas cUCTeMa Obliia
YCIIETTHO arpoONpOBaHa IIPH UCTIBITAHUSAX CUCTEM
TIOMOIIIM BOIUTEJII0O TMPOTOTHIA IIEPBOUA CEPHH.
IlonydeHHBIE B XO/e WCIBITAHUN PE3yJIbTaThI
OyIyT WCIIOJTb30BaHBI TP JTOBOIKE U OTJIAJIKE aJl-
TOPUTMA BBICIICTO YPOBHS BJICKTPOHHBIX TTOMOIII-
HUKOB, TaK)Xe TJIAHUPYETCS MOBTOPHOE HWCIOJIb-
30BaHUE TIPH TECTUPOBAHUM ITPOTOTHUIIOB BTOPOIA
U TPEThEN CEPUU.

CTOUT OTMETHUTD, YTO JaHHAS U3MEpPHUTEIIbHAS
CHCTEMa YIOBJICTBOPACT MEKIYHAPOIHBIM H OT-
€YCCTBCHHBIM HOPMATHBHBIM JIOKYMEHTaM, IIO-
BTOMY MOXKET UCIOJIb30BaThCsA TP CEPTUDUKAIIN-
OHHBIX HcnBITaHuAX ADAS-crctem.

Bo3MOoXHOCTH TaHHOTO U3MEPHUTEJIBHOIO 000-
PYIOBaHHS HE OT'PAHWYMUBAIOTCH TECTUPOBAHHEM
CHCTEM, TIPENCTABJICHHBIX B JJAHHOU CTaThe, BO3-
MOKHO TaK)Ke IIPOBOJUTH UCIIBITAHKS aTalTHBHO-
ro kpym3-koHTposisa (Adaptive Cruise Control —
ACC), skcTpeHHOTO TOpMOXkeHHs (Autonomous
Emergency Braking — AEB) kak c¢ aBmxyieiics
IIEJIbIO, TaK W C HETIOIBMYKHOM, MPENyIIPEKICHUS
o cronkHoBeHuu (Forward Collision Warning —
FCW), pacriosnaBanus nopoxxHbix 3HakoB (Traffic
Sign Recognition — TSR).

HccrienoBanns BBITTOJTHEHBI TIpW (DHHAHCOBOM
nofyiepskke MuHoOpHayku Poccnn B pamkax mpo-
exkta «Co3naHne BBICOKOTEXHOJIOTMYHOTO IPOU3-
BOJICTBA MOJIEJIBHOTO psga aBToMoomieil ['A3erp
Next ¢ HOBOIi 2JICKTPOHHOI apXUTEKTYPOU DJICK-
TPOHHBIX cucTeM» Mo Cormamennio Ne 075-11-
2019-027 ot 29.11.2019 (moctanosnenue IlpaBu-
teabcTBa Poccmiickoit @enepanmu ot 09 ampess
2010 roma Ne 218) ¢ wmcnoJib30BaHHEM H3MEpH-
TeJIbHOM ammapatypsl LleHTpa KOJUIEKTHBHOTO
nosp3oBaHusag HI'TY «TpancnopTHBIE CUCTEMBI».
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MODERN APPROACH TO TESTING AND VALIDATION
OF DRIVER ASSISTANCE SYSTEMS

YE.I. Toropov, YU.P. Trusov, PhD in Engineering A.S. Vashurin, P.S. Moshkov
Nizhny Novgorod State Technical University n.a. R.E. Alekseev, Nizhny Novgorod, Russia
evgeny.toropov@nntu.ru

The ever-increasing demands of vehicle safety are forcing car manufacturers to develop ADAS systems
(“intelligent assistants”). However, before starting sales of car equipped with such functions it is neces-
sary to fully test and validate the algorithms for the operation of electronic systems in various conditions.
Currently, the most popular methods for debugging and testing ADAS systems are based on "model-",
“software-" and "hardware-in-the-loop" modelling, which allows developers to identify and eliminate er-
rors in the early stages of product development, thus saving money. Despite the enormous advantages
of simulation, full-scale tests remain the fundamental and final stage before the start of mass production,
this is due to the fact that international and Russia government standards currently don’t provide for the
certification of “electronic assistants” through virtual tests. In this regard, manufacturers of measuring
equipment and test-engineers are faced with the task of developing a new test setup that provides fixing
the GNSS-position of vehicles in dynamic modes with centimeter accuracy, as well as making synchro-
nized video recording. This article describes the approach of the employees of the NNTU n.a. R.E. Al-
ekseev to the solution of this problem: the design of the concept and its implementation on a light com-
mercial vehicle with ADAS systems. To fix coordinates with centimeter accuracy we have used Racelogic
Vbox 100 Hz, operating in the RTK-mode, synchronized video recording was made using Racelogic Video
Vbox Pro, which includes 4 wide-angle cameras. The approbation of the measuring installation was car-
ried out when testing the following systems: a blind spot detector, a lane departure warning and a parking
space search assistant. The article presents a number of graphs of the functioning of one of the systems.

Keywords: ADAS, RTK, GNSS, measurement equipment, testing, validation.

Cite as: Toropov YE.l., Trusov YU.P., Vashurin A.S., Moshkov P.S. Modern approach to testing and vali-
dation of driver assistance systems. Izvestiya MGTU «MAMI». 2021. No 1 (47), pp. 63—72 (in Russ.). DOI:
10.31992/2074-0530-2021-47-1-63-72.

U3BecTtua MITY «<MAMW», Ne 1(47), 2021



YAK 533.2, 51-72
DOI: 10.31992/2074-0530-2021-47-1-73-80

YUCJIEHHOE UCCNEQOBAHUE BJINAHUSA
WHTEHCUBHOCTU KOAryisaunun KANENb
HA PACMPELENEHUE ®PAKLWNN
NOJIMAUCTIEPCHOIO A9P030J14

Tykmaxkos [.A.
(MepepanbHblil UCCNEN0BATENLCKMIA LIEHTP «Ka3aHCKMIA HayuHbIiA LeHTp PAH», KasaHb, Poccus
tukmakovDA@imm.knc.ru

WccnenoBaHye nocBSILLEHO U3YHEHUIO BJINSIHUSI MIHTEHCUBHOCTU KonebaHuii aapo30sisl Ha pacrpesnesie-
HUe ppakunii AMCrepPCcHoON KOMMOHEHTbI KOary/mpyroLero aspol0Jis. B paboTte YncieHHO MoaenvpyioT-
cs1 kosiebaHusl aap0o30Jisl B 3aKPbITOM KaHane. [ns onucaHust AMHaMUKN HECYLLEN cpeabl NMpUMeHsIeTcs
[ABYXMepHasi HeCTaunmoHapHasi cuctema ypaBHeHuii HaBbe-CTokca 4151 CXMMaeMoro ra3a, 3anvcaHHasi
C y4eTOM MexXGda3HOro cui0BOro B3anMoaericTBusI U MexgasHoro ternsioobmeHa. [ns onvucaHus avHa-
MUKW ANCNEepPCHOV ¢asbl, A1 Kaxaom ee ¢ppakLumm peLuaeTcs cuctema ypaBHeHUN, BKoYaroLLasi B cebsi
ypaBHEHNE HepaspbIBHOCTY A1 CPEAHEN MJIOTHOCTU (Gpakuymy, YpPaBHEHWUSI COXPaHEHWsl rpoCTPaH-
CTBEHHbIX COCTaB/ISIOLUNX UMIY/IbCA U YPaBHEHNE COXPaHEHWs1 TerJioBOvi SHEPruv ¢pakumy amcrnepc-
Hovi a3kl razoB3Becu. Mexga3Hoe crioBoe B3anMOAeNCcTBMe BKIOYaa0 B cebsi cuny Apxumena, cuiy
rpUCoeanHEHHbIX MacC 1 CUITy aspoaMHaMUYECKOro COrnpPOTUBIEHUS. Takxke y4YuTbiBasICs TernioobMeH
Mexay HecyLer cpenon — ra3oM v Kaxaov na dpakumi amcnepcHon ¢gassl. Matematnydeckas moaesib
ANHAMUKW MOSIMANCIIEPCHOro asp0o30Jisl AOMNOJIHSI/IaCh MaTeMaTUdeCKoW MOLAEsbio CTOJIKHOBUTEbHOM
Koarynsiumm aspo30/is. [ CoOCTaBasoLMX CKOPOCTY KOMIIOHEHT CMeCH 338aBajiiCb OAHOPOAHbIE rpa-
HU4HbIe ycnoBus Aunpuxne. [11s ocTanibHbIX QYHKLUMI ANHAMUKN MHOropa3Ho cMecu 3a4aBasinchb O4HO-
pPOAHbIE rpaHnyYHble ycoBusl HeriMaHa. YpaBHeHus peluaanck siBHbIM MeToaoM Mak-Kopmaka co cxe-
MOV HEJIMHEVIHOM KOPPEKLMM, MNO3BOJISIIOLLEN M0JTyYNTb MOHOTOHHOE peLleHve. B pe3yibTate YnCIeHHbIX
pacyeToB OblIO OnpeneseHo, 4To BO6M3M reHepupyrollero kosebaHus nopLuHs obpa3yetcs 0b6/s1acTb
C MOBbILLUEHHbIM COAEPXaHNEM KPYNHOANCNEPCHbIX YacTuL. [Mpouecc koarynsumm npuBoanNT K MOHOTOH-
HOMY pOCTy 06bEMHOro coaepxaHusi pakumm KPYrHOANCIEPCHbIX YacTul, U MOHOTOHHOMY YMEHbLLIEe-
HMIO 06LEMHOIO COAEPXAHWNSI MEJIKOANCIEPCHbIX YaCTUL. YBenmyeHne HTEHCUBHOCTY KonebaHwuii ra3a
npUBOANT K MHTEHCUGUMKaLMY rpouecca Koaryasumm kanesb a3po30Jis.

KnioueBbie cnoBa: MHOrogasHbie Cpefbl, YACeHHOEe MOAE/NPOoBaHne, MoVANCIEPCHbIV aspo307b,
MexgasHoe B3auMoaericTBue, Koaryssums.

Ans untupoBanus: TykmakoB [.A. YucneHHoe viccnenoBaHWe BIUSHUST MHTEHCUBHOCTY KOaryasumm
Kanesb Ha pacrnpeneneHue gpakumi noauaucrnepcHoro asposons // Niasectus MITY «MAMW». 2021.
Ne 1(47). C. 73-80. DOI: 10.31992/2074-0530-2021-47-1-73-80.

BeBeneHune

MHorue mpupoIHbIC SBJICHUAS W TEXHUYCCKHE
MPOIIeCCHl CBSI3aHBI C JIBIJKCHHUEM CIIJIONTHBIX
cpefl, ABJIANINXCA HEOMHOPOTHBIMH TIO CBOWUM
MEXaHUYCCKUM W (U3NKO-XUMUYCCKUM  CBOW-
ctBam [1-10]. Ilpobnema ymameHuss mucmepc-
HOM KOMITOHEHTBI a3pO30JIbHBIX Cpell B KaHaJIax,
TpyDax W eMKOCTAX BCTpPEYaeTCs B PsAIE BOMPO-
COB TIPOMBITIVICHHOH dHepreTuku [6]. [y ounct-
KM Ta30KaIeJIbHOTO TIOTOKA OT JUCIIEPCHOU (ha3bl
YaCcTO TPUMEHSIOTCA B WHEPITMOHHBIC CEerapaTo-
polL. [Ipr 3TOM MeJIKOIHUCIIEPCHBIE YaCTHUIIBI TLII0XO
OTIEJIAIOTCA  WHEPIVOHHBIMHA  CeTlapaTOpaMu,
¥ BO3HUKAET 3ajada yaaJIeHUs MEJIKOIMCIICPCHBIX

© Tykmakos J1.A., 2021

YaCTHUIl TUCTIEPCHONW (a3bl 3a CUET IOTJIOMICHUS
MEJIKOTUCIIEPCHBIX KareJb KaIlJIAMU OOJIbIIero
pasmMepa, TocJie 4ero KpymHoaucnepcHas (asa ra-
30KaIleJIbHOU Cpenbl OTOEJIACTCA OT ra3a UHEPLH-
OHHBIM CENapaTOpPOM.

W3yyeHue AUHAMHUKH adpO30JIbHBIX  Cpel
B CjydYae, KOorma KamejibHasg KOMIIOHEHTAa CMECH
AMEET MAaCCOBYIO JOJIIO, COOCTaBUMYIO C Macco-
BOM 1oJIeit ra3a, TpeOyeT MCIIOTh30BaHUA MaTeMa-
TUYECKUX MOJEJIEH, yUYNTBIBAIOIINX NHEPILIUOHHOE
7 TEIJIOBOE B3aMMOJCHCTBHAE Ta30BOM U Kallejib-
HOIl (a3 cMecH, CKOPOCTHYIO W TEIJIOBYIO He-
OTHOPOMHOCTHh Te4YeHUs MHOTO(a3HOH cpensl [1].
B nannOit paboTe mpuMeHseTCs MaTeMaThdecKas
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MOJICJIb, OIMCHIBAMOIIAsl IMOJII CKOPOCTH U TEM-
TepaTyphl Yy KaXKJI0il U3 KOMITOHEHT cMmecH. J{mc-
nepcHas ¢a3a cMecHu MOJACIMPYETCs KaK MHOTO-
(paknmoHHas — (QpakIuu JIUCICPCHON a3kl
OTJIMYAIOTCSA Pa3MEpPOM TUCIICPCHBIX BKJTFOUCHMUIA.
Maremarndeckass MOJEJIb TUHAMUKH ITOJTH]IH-
CIEPCHOM Tra3oKameJIbHOM Cpeabl JIONOJTHSIACh
MOJICJIBIO CTOJIKHOBUTEJIbHOU Koaryssmuu [4, 10].

HanHasg paboTa TOCBAINEHA WCCJICIOBAaHUIO
BJIMSTHUS KOATYJIAIMKA YacTHI] TUCIIEPCHOU (hasbl
a’po30JId Ha paclpeiesicHne 00beMHOIo comep-
JKaHUA (PaKIUN ra30B3BECH NP KoJIeOaHUAX ad-
PO30JIs B 3aKpHITON TpyOe.

MeTtoabl nccnegoBaHus

JluHaMuKa TOJIMAUCIICPCHON I'a30B3BECH OIU-
CBIBAETCA CUCTEMOM YPaBHEHUI MOJUINCIIEPCHON
ra3oB3BECH C Y4YETOM MeX(pa3HOro OoOMEHa WM-
MyJIbCOM U DHEeprueil. J[BrxkeHue Hecymen cpemst
OIMHCHIBacTCsl cucTeMoil ypaBHeHUT HaBbe-CTOK-
ca [11] amd c:KMMaeMOro TEeIIONPOBOTHOIO rasa
C YYETOM MeX()a3HOT0 CHIIOBOTO B3aUMOJICHCTBUSA
1 TEII000MeHa:
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op V! i i
pc’;tl PV (VT 48, p -1, )=
} . @
:_Zij +Z(vakp, (i,k=1, 2);
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ooV .,
LI v rivt)=
ot JJ ?3)
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3nech V, :[ul.,vl.] — BEKTOpP CKOPOCTH KOMIIO-
HCHT CMECH, T, — TCH30p BA3KHX HAIPKCHUI He-
CyIei KOMIIOHCHTHI:

~u28-2p), o, -ue S -20),
oy

o M

Ty = 1( ox oy

+%), D=

ox

YpaBuenune (1) ommcChHBaeT HEMPEPLIBHOCTH
IIJIOTHOCTH HECYILIEH CPEeNbl M CPEIHEH MIIIOTHOCTH
(bpakmuii nucniepcHoit ¢hassl (0 > 1). YpaBuenus (2)
1 (3) ONUCHIBAIOT 3aKOHBI COXPAHEHUST KOMITOHEHT
BEKTOpa MMITyJIbCa HecyIed cpembl M (pakiuit
aucnepcHoil (a3bl COOTBETCTBEHHO. YpPaBHEHUSA
(4) u (5) onuCHIBAIOT 3aKOHBI COXPaHEHUS TTOJTHON
SHEPr'uy ra3a M TEIJIOBOU SHEPrun Gpakiuil auc-
TIePCHOM (hasbl.

Cua Mexk(ha3Horo B3auMOIEHCTBHS BKJIIOYAET
B celd CIIy a’pOIMHAMUYECKOrO COIMpPOTHBJIE-
HUA, CIIIy ApxuMeNa U CUJIy MPUCOEIMHEHHBIX
mace [1]. 3necy p, p, u, v, — JaBJ€HHE, IJIOT-
HOCTb, JI€KapTOBBI COCTABJIAIOIINE CKOPOCTU He-
CyIIEH Cpelibl B HANIPABJIEHUU OCEH X U ) COOTBET-
CTBEHHO; T}, e, — TeMIIepaTypa u IOJIHast SHEPrusi
rasa; o, pl,T C €, U, v, — 00bEMHOE CozepIKa-
HHE q)paKuHH )mcnepCHou (asel, cpenHsas IJIOT-
HOCTb, (u3nueckas IJIOTHOCTb, TEMIlepaTypa,
TEMJI0EMKOCTb, BHYTPEHHAA SHEPrus, 1eKapTOBBI
COCTAaBJIAIOIINE CKOPOCTH (BPAKIHM AUCTICPCHOMN
(ha3zmr; ij — COCTaBJISIOMKE BEKTOpPa CHUJIOBO-
ro B3aUMONEHCTBUA (hpaKIuil TUCTIEPCHON (ha3bl
U Hecyel cpensl, k£ = 1,2; Q — TEIJIOBOH MOTOK
MEXIY j-oi (pakiueil TucnepcHoi ¢asbl U Hecy-
el cpenoit, j = 2.1, [1, 2]:

3 o
Fo= 3 oy Copnlla =) =)’ )+
+o [aul +u %4. %
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24 4 40,4, M, \V V\/c

il tl

Re, :pl‘VI_Vi‘zrz I, PT:CPM/%
0 =300, (,-T)/r, i=2,..n

OmHUM W3 BaXHBIX IapaMeTPOB JTWHAMHUKH
MHOTO(a3HBIX Cpell ABJIAETCS O00ObEeMHOE Comep-
JKaHWEe JIHCIICPCHON (ha3bl, OTHOIICHHE OO0beMa
KOMIIOHEHTBHl CMECH K 00IleMy o0beMy cMecu

= V./V, upu 5TOM (uU3nYECKasA MIOTHOCTb Ma-
Tepuajla AUCIIEPCHON (as3bl MPENCTaBIIACTCS He-
M3MeHHOM. J|J1 ommcaHus mporiecca KoaryJsIsaiuu
YaCTHI] UCIIOJIh30BaJIach MaTeMaTUYeCKask MOIC/Th
CTOJIKHOBHTEJILHOM KoaryJisanuu [4]:

—=lekNm =—N ZkN (6)

Jj=i+l

B ypasnennu (6) m u M — Macca 1 KOHLICHTpa-
LU 9aCTHUIl -0 (ppaKInm,

4
Q; ZETCNi’/f’ ej :arctg(vj /“/')’

k, = %(di +d,) [ul. cos(0,) +,sin(0,) - Ju2 +7 J

W3MeHeHne COCTaBIIAIOIUX CKOPOCTH -0
(bpaknum qucnepcHoii (hasbl onpenessieTcs CIemy-
IOIUMHU Y PaBHEHUSIMHU:

1 i—1
;lj:l kl/( )ijJ’
d. 1 i—1
%—Ej_]kij(v —vl.)m N
d 0 0
—=—tu,—+V,—

dt ot ‘'ox oy

Temmeparypa dwactur i-off (Gpaknuu TOcie
MOJIOMICHHST 00Jiee MEJIKMX YaCTHUI[ HaXOIHUTCS
13 yPaBHEHUS:

. 1

T, = "
Cm

i i Jj=l

Hannune B rasokamejibHOM ITOTOKE ITPOIEC-
COB KOAryJjsIuu XapakTepusyeTcs Oe3paszmep-
HBIM MapaMeTpoM uucjioM Bebepa — paccmaTpu-
BaeTca 4uciao Bebepa We, =2pr, |V] —Vl.|2 /o,
rme  o-Ko3(G@UIIMEHT MOBEPXHOCTHOIO HATH-
JKEHHMs JKUIOKOCTH, M3 KOTOPO#l c(hopMHpOBa-
Hbl KallJId adpo30Jid, P, — IJIOTHOCTb HeCyIleH
cpensl. B MomenmmpyeMBIX Tporeccax OTHOCH-
TeJIbHBIC Yrciia Bebepa mimg ¢paxmumit gucmepc-
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HOIi (ha3bl UMEIOT 3HAUYCHUE MEHBIIEC KPUTHYECKO-
ro We_ = 10.

JJ1g  cOCTaB/IAIOMUX CKOPOCTH KOMIIOHEHT
CMECH 3a[aBajIiCh OMHOPOIHBIE TPAHUYHBIC YCJIO-
Bus Jupuxuie. [{ia octanbHbIX QYHKIUI AMHAMU-
K MHOTO(}a3HOI cMecH 3a/1aBaJINCh OMHOPOJIHBIC
rpaHnyHbie ycsioBus HeitmaHa.

Cucrema ypaBHEHHUI TUHAMUKHA MHOTO(ha3HON
cpensl (1)—(5) pemanace AByX3TaHBIM SBHBIM KO-
HEYHO-Pa3HOCTHBIM MeToioM Mak-Kopmaka, mo-
3BOJISIONIUM TIOJTy4YaTh PEUICHUs BTOPOro MOPs-
Ka TogHoCTH [11].

PaccmoTpuM mpuMeHeHHE YWCIIEHHOTO  all-
TrOpUTMa Ha MPUMEpPE CKAJISPHOIO HEJTMHEHHOTO
YpaBHEHH: B YaCTHBIX MTPOU3BOAHBIX (7):

of Oalf) ob(f
al{.ﬁ_kgzc(f). (7)
t ox oy
AJ'IFOpI/ITM SABHOI'O KOHCYHO-PAa3HOCTHOI'O

MeTona Mak-Kopmaka 11 HeJTMHEHHOTO ypaBHe-
Hus (7) nmeeT Bup (8)—(9):

. . At ;
fj,k = fj,k _E(ajn,k —a; ) -

_Ay(bjk+l b))+ At

f’m OS(f;k fjk) OSAX( tl,k )_
O,S%(b_;k—b/k, )+0,501c,
()]

3mech AX, Ay — maru mo mpocTpaHCTBEHHBIM
HaIpaBJIeHUsAM, Af — IIIar 110 BPEMEHH.

[Tocne kakgoro BpeMEHHOIO IIara JJisl MOJTy-
YeHUsT MOHOTOHHOTO YWCJICHHOT'O PEIICHUS IPH-
MEHsJIach CXeMa HeJTMHEHHON KOPPEKITUT YUCIICH-
Horo penieHus [12].

Pe3ynbTatel pacyeToB

B pacueTax 3amaBaJiuCh CJCAYIONIME Mapame-
TPBI MOAEIMpYeMoro mporecca. JucnepcHas pasa
ra3oB3BECH COCTOsAJIA U3 ABYX (Dpakiuil ¢ auame-
Tpamu dactull d = 2 MkM 1 d = 200 MKM, 00beM-
HBIMH COJICPKAHUAME KaKI0H (ppaKIuu o, = o,
0,005 ¢ gucnepcHBIMH BKJIIOUYCHUSMU, PaBHOMED-
HO pacIpeaeeHHBIMU 0 BCeil eMKOCTH, IS Ha-
YaJIbHOTO MOMEHTa BpPEMEHHU (PH3MYCCKON IIOT-
HOCTBIO MaTepHasa 4acTHIl p,, = p,, = 1000 kr/m’.
[pu ¢ = 0 mopIleHb HAYMHAJT ABMIKEHUE IO TapMO-
HUYECKOMY 3aKoHY X(f) = A-sin(w), rme @ — u-
KJIMYECKas 4aCTOTa MEePBOro JTMHEHHOTO PE30HAH-
ca KoJieOaHU# B 3aKpHITOM Tpyde, ® = mc/L [13].
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Ha puc. 1 cxemarmdeckn m3o0pakeH aKyCcTHYe-
CKHii pe30HaTop. BhicoTa aKyCTHYeCKOTro pe3oHa-
Topa — L = 06938 m, nmameTpa Tpyost — 4 = 0,1 m.
PacueTnbie mapameTpsl ceTkn — 200 y3710B B Ha-
npasyieHuu ) u 40 y3J10B B HAIPaBJICHUH X.

L

»(t) =asin(wt)

Puc. 1. CxemaTnueckoe nzodpaxenne
aKyCTHYeCKOro pe3oHaTopa

Fig. 1. Schematic representation
of an acoustic resonator

Cxema [aHHOTO pPE30HATOpPa WCIOJIb30BaHA
B ¢msmueckom skcriepumenTe [8]. Beprtuxaiib-
HOE pACIIOJIOKEHNE KaHajia, B KOTOPOM IIPOWC-
XOIAT KOJIeOAHWs a’po30JIs, OOBSCHICTCA TeM,
YTO MPH TAKOM PACIIOJIOKEHNN aKyCTHIECKOTO pe-
30HATOpa TMPOIeCC TPABUTAIMOHHOTO OCAXKICHUS
6osee pimrenpHBINA. [IpocTpancTBeHHOE pacipe-
JeJICHHE )-COCTABJIAIONIEH CKOPOCTH Ta3a MPH KO-
Jie0aHUAX MBYX(PPaKIIMOHHONW Ta30B3BECH MPEI-
CTaBJICHO Ha PHUC. 2, HA TOBEPXHOCTH TOPIIHSA
M Ha 3aKPBITOM KOHIIE KaHajia HaOJIOMATCA MU-
HUMaJIbHBIE 3HAYCHHWS CKOPOCTH, HAmOOJIbIIee
3HAYCHHNE )-COCTAaBJIAIONIAs CKOPOCTH Tasa Jo-
cTuraeT BOJM3M cepenuHbl KaHasa. Kosebanus
crosiba rasa B OTHOPOTHOM Ta3e W B a’dpo30Jie
OTJIMYAIOTCA WHTEHCUBHOCTHIO (pHUC. 3), UTO BHI-
3BaHO MeK(a3sHBIM B3aWMOJECUCTBAEM HECyIIei
cpenbl u gucriepcHoit (asel. [lpm ammmutymax
xoxxaeHus nopmHa A = 0,05 cmu 4 = 0,1 cm Be-

76

JINYUHBI U3MEHEHUs )-COCTaBJIAIONICH CKOPOCTH
rasza B IByX()paKHMOHHOI Ta30B3BECH COCTABJIAIOT,
cooTBeTcTBeHHO, 0,69 1 0,715 OT BeJIMYUH HU3MeE-
HEHUS )-COCTAaBJIAIONICH CKOPOCTH ras3a Ipu COOT-
BETCTBYIOIIAX aMIUIATYIaX XOXKIEHUs TOPIIHS.
Takum oOpa3om, Tpu BO30YKISHUW ITOPITHEM
OoJiee MHTEHCUBHBIX KOJICOAHW BJIMSTHHUE JIHIC-
TIepCHOM (ha3bl ABJIAETCA MEHEE CYIECTBCHHBIM.

0.4 vi, M/c
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Puc. 2. TIpocTpancTBeHHOE pacnpe/eieHne
y-COCTaBJISIONIEf CKOPOCTH ra3a B MOMEHT BpeMeHH
t=0,62c
Fig. 2. Spatial distribution of the y-component
of the gas velocity at the moment of time t = 0,62 c

Juts ppakiuii KPyIMHBIX 4acTHUI] CKOPOCTH KO-
JIeOaHUU MMEIOT CYIIECTBEHHOE OTJIMYHME OT CKO-
POCTH KOJIeOaHUN MEJIKOMUCIIEPCHBIX YaCTHII,
P 3TOM MEJIKOIUCIICPCHBIC YaCTHIIBl HMEIOT
HECYIIEeCTBEHHBIE CKOPOCTHBIC OTJINYMS B CpaBHE-
HUU ¢ Hecymien cpemoit (puc. 4). Ha puc. 5 uso-
Opa’keHbl BPEMCHHBIC 3aBUCHMOCTH OOBEMHBIX
conepkaHuil Gpakuil qucnepcHoit ¢asel. M3 pu-
CyHKa CJICTyET, 9YTO MacCOICPEHOC YaCTHI] KPYII-
HOU (hpakIMH TPOUCXOTUT C OOJIbIICH WHTEH-
cuBHOCTHIO. Tak Kak mis1 Oojiee KPYIMHBIX KarleJib
3a CYET WX OOJIbIICH MHEPIIMOHHOCTHA BO3HUKAIOT
YCJIOBUSI HECUMMETPUYHOCTH IePeIad UMITyJIbca
Karuie Ha ¢a3ax CKaTHsA U Pa3perkeHUs MPHU BOJI-
HOBBIX KoJjicOaHmsax Tasa [9, 14], ycmiamBaercs
apeiid gucriepcHbIX BKJIoueHuil. Ha puc. 6 nipen-
CTaBJICHBl BPEMEHHBIC 3aBHCUMOCTH OOBEMHOIO
conepKaHus (ppaKuil TUCICPCHON (asbl, MMOTY-
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Puc. 3. BpemeHHble 3aBHCHMOCTH CKOPOCTH ra3a
B IBYXKOMIIOHEHTHO#i ra3oB3BecH
A1 Pa3IHYHbIX aAMIUTATY/X XO/KIEHHs NOPILHS.
Pacuerbl, nonyuennbie No Mojien
OTHOPOIHOTO BSI3KOTO Tra3a:

kpuBas 1 — amrumTyna xoxaerns moprmaa 4 = 0,05 oM,

KpuBas 3 — amrmTyaa xoxaenusa nopmss 4 = 0,1 cm.
Pacuetsl, nonyyeHnble o Moaenn

ABYX(pPaKLMOHHOIi ra3oB3BecH:
KpuBas 2 — amrmTyza xoxaeHus mopmas 4 = 0,05 o,
KkpuBas 4 — amrmTyza xoxaeHns nmopmaa 4 = 0,1 cm

Fig. 3. Time dependences of the gas velocity
in a two-component gas suspension for different
amplitudes of piston stroke. Calculations obtained
by the model of a homogeneous viscous gas:
curve 1 — piston stroke amplitude A = 0,05 cm,
curve 3 — piston stroke amplitude A = 0,1 cm.
Calculations obtained by the model of a two-fraction
gas suspension: curve 2 — piston stroke amplitude
A = 0,05 cm, curve 4 — piston stroke amplitude

A=01cm

v, wc
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Puc. 4. Bpemennas 3aBHCHMOCTD y-cOCTaBIAIOMIel
CKOPOCTH KOMIIOHEHT CMeCH:
kpuBas 1 — Hecymas cpema; KpuBas 2 — (hpaxmus
JTUCTIEPCHOI (pa3bl ¢ pasMepoM YacTuIl d = 2 MKM;
KpuBas 3 — ¢paknus qucnepcHoit ¢passl d = 200 MkM
B Touke x = //2, y = L/20

Fig. 4. Time dependence of y velocity component
of the mixture components, curve 1 — carrier medium;,
curve 2 — fraction of the dispersed phase
with a particle size of d = 2 um; curve 3 — fraction
of the dispersed phase d = 200 um at the point
x=h/2,y =L/20
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ax10° 2
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tc
Puc. 5. Bpemennble 3aBUCHMOCTH BeJTHYHHBI
00beMHBIX COfIePIKAHHIL:
MeJIKOtucTiepcHO (paknmu d = 2 MKM —
kpuBas 1 — u kpymHOAHCIiepcHOM dhpakmuu d = 200
MKM — KpuBad 2 — B Touke X = h/2, y = L/20
Fig. 5. Time dependences of the volumetric content
of the fine fraction d = 2 um — curve 1
and the coarse fraction d = 200 um — curve 2
at the point x = h/2, y = L/20
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Puc. 6. BpemenHble 3aBCMMOCTH 00beMHOI0
cogep:xanns (ppakumii qucnepcHoii (aspl
B Touke X = h/2,y = L/20.

O0bemHble coep:kanus ppakuuii YacTul AUCHEPCHOH
¢a3bl mpu Bo30yKIeHHN KoIedaHHUii ¢ aMIUTHTYOi
xo:xaenns nopumsa A = 0,5 em:

KpuBas 1 — yacTuIrsl ¢ pasmepoM d = 2 MKM;
KpuBas 2 — 9acTHITH ¢ pasMepoM d = 200 MKM.
O0bemHble cogep:kanus (ppaxuuii YacTHI AUCHIEPCHOI
¢a3bl npu Bo30Y:KAEHHH KojleDaHuii ¢ aMIIHTyA0MH
xoxnennst nopmas A =1 em:

KpuBas 3 — 9aCTHIIBI C pasMepoM d = 2 MKM;
kpuBas 4 — gacTullsl ¢ pasmepoM d = 200 MKkM

Fig. 6. Time dependences of the volumetric content
of the dispersed phase fractions at the point
x =h/2, y = L/20. The volumetric content of fractions
of particles of the dispersed phase upon excitation
of oscillations with an amplitude of piston movement
A =05 cm; curve 1 — particles with a size
of d = 2 um; curve 2 — particles with a size
of d = 200 um. Volumetric content of fractions
of dispersed phase particles upon excitation
of oscillations with the amplitude of piston travel
A =1 cm; curve 3 — particles with a size of d = 2 um;
curve 4 — particles with a size of d = 200 um
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YeHHBIE pacuyeTaMH MaTeMaTHYECKOM MOJIEIIH,
YUYUTHIBAIOMEH KOAT'yJIAIUIO YacTHUIl. 3a CYET I0-
TJIOIEHUs MEJIKMX YaCTHIl KpyImHBIMH HaOJTroma-
€TCc MOHOTOHHBI POCT OOBEMHOI'O COMIEpIKaHU
(bpakum KPYIHBIX YaCTHUI] 1 MOHOTOHHOE YOBIBa-
HHE 00hEMHOI'0 COACPIKaHUsI MEJTKMX YaCTHII.

Ha puc. 7 npencTaBjieHbl YMC/ICHHBIE pacUeThI
MIPOCTPAHCTBEHHBIX pacHpelesIeHHii 00bEeMHOI0
conepykaHus (Gpakuil TUCIIepPCHOM (a3bl ra30B3-
BECH, TOJIYUYCHHBIC MPU MOJEJIMPOBAHUHU KojieOa-
HAM C Pa3IMYHOM WHTEHCHUBHOCTBHIO XOXKICHHS
TIOPITHSA JIJIT MaTeMaTUYECKOU MOJE/IU, HEe Y4H-
THIBAIOIICH KOaryJsamuu Kameib. [Ipm Oosbimeit
WHTEHCUBHOCTH BO30YKICHHUS KOJICOAHWI Cpefibl
BOIM3M TopmIHA (BOJIM3HM y3j1a CTOSYEH BOJTHBI
MOJIsL CKOPOCTU [JIsl MEPBOTO JIMHEHHOrO pe3o-
HaHCa B 3aKpPHITON TpyOe) 001acTh MOBBIIICHHON

1
004 016V M

000 002 004 006 008 010 0.2
Puc. 7. IlpocTpancTBeHHOE pacnpene/ieHne 00beMHOTO
conep:kanmii (ppakmmii ra3oB3BecH BI0OJIb ocH X = /2
B MoMeHT Bpemenn ¢ = 0,62 c.

O0bemHble conepxkanus ¢pakuuii YacTHI JUCNePCHOi
¢a3bl npu Bo30Y:KAEHHH KojleDaHuii ¢ aMIIUTy 0|
xoxaenus nopunsa A = 0,5 em:

KpuBasi 1 — 4acTHIIBI C pa3MepoM d = 2 MKM;
KpuBas 2 — 9acTUIlH ¢ pasMepoM d = 200 MKM.
OobemHbIe coep:kanus (PpaKnuii YacTHI JUCTIEPCHOI
¢a3bl npu Bo30YyKIeHHH KoledaHuii ¢ aMIUTHTY O
xXoskeHus nopunsa A =1 em:

KpHBas 3 — 4aCTHULIbI C pasMepoM d = 2 MKM;
kpuBas 4 — yactunel ¢ pasmepoM d = 200 Mxkm

Fig 7. Spatial distribution of the volumetric content
of the gas suspension fractions along x = h/2
at the time t = 0,62 s. The volumetric content
of fractions of particles of the dispersed phase upon
excitation of oscillations with an amplitude of piston
movement A = 0,5 cm; curve 1 — particles
with a size of d = 2 um; curve 2 — particles
with a size of d = 200 um. The volumetric content
of fractions of particles of the dispersed phase
upon excitation of oscillations with an amplitude
of piston movement A = 1 cm, curve 3 — particles
with a size of d = 2 um, curve 4 — particles
with a size of d = 200 um
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KoHIeHTparuu [9, 14] KpyTHOIHUCIICPCHBIX YaCTHI]
(dhopmupyeTcs 6osiee HHTCHCUBHO.

PacueTsl 00beMHBIX comepKaHui paKIIwii arc-
MEPCHOM (a3bl ¢ Y4YETOM BJIMSHHUS KOAryJIsIuu
MpeICTaBJICHH Ha pHC. 8. YBeJIMueHNEe WHTECHCHB-
HOCTH XOKICHHMS ITOPIIHSA IPUBOANUT K HHTEHCU(DH-
KaIli{ TIporiecca KOaryJ ISy YacTUIl — yBeJInde-
HHIO OOBEMHOT'O CONEPYKaHUs KPYITHOMHUCIICPCHOM
(paKIuu 1 YMEHBIICHUIO 00BEMHOTO COICPIKaHUS
MEJIKOIMCIIEPCHON (PpaKITHH.

BbiBOAbI

B pesysbraTe YHCIEHHOTO MOICIMPOBAHUS
OBLIO BBHISBJICHO, YTO B IpOIlecCce KOoJieOaHWH Imo-
JIMUCTIEPCHOM Ta30B3BECH BOJIM3HU y3JIa CTOSUYCH
BOJIHBI TIOJISI CKOPOCTH Tas3a (opmupyercs 00-
JIACTh C TMOBBIIIEHHBIM CONEPKaHUEM KPYITHOIH-
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Puc. 8. [IpocTpancTBeHHOE pacnpenenenne 00beMHOTO
conep:kannii ppakumii ra3oB3BecH BIOJIb ocH X = h/2
B MOMeHT Bpemenn ¢ = 0,62 c.

OobemHble coepkanusa Ppakuuii yacTHI JUCTIEPCHOI
¢a3bl npu Bo30yKAeHNHN KoslebaHuii ¢ aMIIITY 10
xoxaenus nopuna A = 0,05 cm:

KpuBas 1 — 9acTHITHI ¢ pasMepoM d = 2 MKM;
KpuBas 2 — gacTaisl ¢ pasmMepoM d = 200 MKM.
OobemHbIe coep:kanns PpaKkuuii YacTHI JUCTIEPCHOI
¢a3bl npu Bo30Y:KIeHNH KoslebaHuii ¢ aMIIIATY10i
xoxaenns nopmHa A = 1 em:

KpHBasi 3 — 4aCTHIIBI C pa3MepoM d = 2 MKM;
KpuBas 4 — gacThIrs! ¢ pasMepoM d = 200 MM

Fig. 8. Spatial distribution of the volumetric content
of the gas suspension fractions along the —

x = h/2 axis at the time t = 0,02 s. Volumetric
content of fractions of dispersed phase particles
upon excitation of oscillations with a piston stroke
amplitude A = 0.05 cm; curve 1 — particles with
a size of d = 2 um; curve 2 — particles with a size
of d = 200 um. Volumetric content of fractions
of dispersed phase particles upon excitation
of oscillations with the amplitude of piston travel
A =1 cm; curve 3 — particles with a size of d = 2 mxm;
curve 4 — particles with a size of d = 200 um
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CIEpCHBIX YacThil. [Ipy yBeIMYeHUN aMILTUTYIbI
XOKJICHUsS] TIOPIIHA WHTEHCHBHOCTH (DOpPMHUPO-
BaHHA OOJIaCTH C TIOBBIIICHHBIM COICP)KaHHEM
KPYIHOAUCIIEPCHBIX YACTHI] BO3pacTaeT. YUeT
KOoaryjslliyd Kamejab ad’po30Jisi AEMOHCTPHUPY-
€T TO, YTO 3a CYET MOIVIONICHUS MEJIKUX Karesb
KPYITHBIMH KaIUIIMA TTPOMCXOIUT MOHOTOHHOE
yBeJINYCHUE OOBEMHOTO CONCPXKaHUS KPYITHO-
TUCTIEPCHBIX YaCTHII W MOHOTOHHOE YMEHBIIIe-
HHUE OOBEMHOr0 CONEpaHUS MEJIKOMUCICPCHBIX
qacTull. B 001acTy NMOBHIINICHHON KOHIICHT PaIliu
KPYITHOIUCIIEPCHOU (paKIuy 3a CYET KOoaryJis-
A 00BEMHOE CONep)KaHHE MEJTKOIHMCIICPCHBIX
YaCTHUIl CYIIECTBEHHO YMEHBIIIACTCA. YBEIUUCHUE
WHTEHCUBHOCTHU KOJIeOaHUH rasza B aKkyCTUYECKOM
pe3oHaTOpe MHTCHCUGHUITUPYET IIPOIIeCC KoaryJs-
LI1H, YBEJINYUBasi 00beMHOE COflePKaHUE KPYITHO-
TUCTIepCHON (hPpaKIMK 3a CUYET YMCHBIICHHUS 00b-
E€MHOI'0 COMIepKaHUs MEJIKOIUCIICPCHBIX YACTHII.
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NUMERICAL STUDY OF THE EFFECT OF DROPLET COAGULATION INTENSITY
ON POLYDISPERSE AEROSOL FRACTION DISTRIBUTION

D.A. Tukmakov
Federal Research Center Kazan Scientific Center of the Russian Academy of Sciences, Kazan, Russia
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The paper is devoted to the study of the effect of the intensity of aerosol fluctuations on the distribution of
fractions of the dispersed component of the coagulating aerosol. Oscillations of aerosol in closed chan-
nel are numerically modeled in operation. To describe the dynamics of the carrier medium, a two-dimen-
sional non-stationary system of Navier-Stokes equations for compressed gas is used. They are written
taking into account interfacial power interaction and interfacial heat exchange. To describe the dynamics
of the dispersed phase, a system of equations is solved for each of its fractions. It includes an equation
of continuity for the “average density” of the fraction, equations of preservation of spatial components
of the pulse and an equation of preservation of thermal energy of the fraction of the dispersed phase of
the gas suspension. Phase-to-phase power interaction included Archimedes force, attached mass force,
and aerodynamic drag force. Heat exchange between the carrier medium-gas and each of the fractions
of the dispersed phase was also taken into account. The mathematical model of dynamics of polydis-
perse aerosol was supplemented by the mathematical model of collision coagulation of aerosol. For the
velocity components of the mixture, uniform Dirichlet boundary conditions were set. For the remaining
functions of the dynamics of the multiphase mixture, uniform Neumann boundary conditions were set.
The equations were solved by the explicit McCormack method with a nonlinear correction scheme that
allows to obtain a monotone solution. As a result of numerical calculations, it was determined that in the
vicinity of the oscillating piston, an area with an increased content of coarse particles is formed. The co-
agulation process results in a monotonous increase in volume content of the coarse particle fraction and
a monotonous decrease in volume content of fine particles. Increasing the intensity of gas fluctuations
leads to intensification of the process of coagulation of aerosol droplets.

Keywords: multiphase media, numerical modeling, polydisperse aerosol, interfacial interaction, coag-
ulation.
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TOMNOJIOFTMYECKAA ONTUMUSALNA KOHCTPYKLIUU

KPbILUW JIETKOBOIO ABTOMOBUIA
C UEJ1bIO NOBbLIWEHUA SHEPTOEMKOCTH
NMPU BOKOBOM YZIAPE

Cynervn [1.A., 0.7.H. 3y308 B.H.
®rb0Y BO «MockoBCKUiA rocyaapCTBEHHbIN TEXHUYECKMIA YHUBEPCUTET UMeHn H.9. BaymaHa
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B paHHoOM cTatbe paccMaTpuBaiiCb OCHOBHbIE BOMPOCHI MOUCKA OMNTUMAasIbHbIX BaPUAHTOB YCUIEHUS
KpbILLM Ky30Ba aBTOMOOMIS HA 6a3e TornosI0rM4eckor onTummaasnmm ¢ Lesbio obecriedeHus: TpeboBaHui
naccviBHovi 6e30rnacHOCTU rnpy MUHUMYME Macchl. MeToaoM AOCTUXeHWs MOCTaB/IeHHOMV Lien sIBJs-
JI0OCb MaTemMatu4eckoe MOAEIMNPOBaHNE C MCI0JIb30BaAHNEM MOZAY/eVi TOMNOJ0rn4eCcKon OnTUMU3aumm
(Topology Optimization) nporpammHoro komrnekca ANSYS n sBHovi anHamuku LS-Dyna. [ns npoBepku
9 PHEKTUBHOCTU YCUIIEHUI B KQYECTBE PEXMMA HarpyxeHusi 6bls1 BbibpaH GOKOBOV yaap o cTtosnb, perna-
MeHTUpoBaHHbIi EBK OOH 135 «EanHoo6pasHbie npeanucaHus, KacaLmecs opuumaibHOro yTBepx-
JEHVSI TPAHCMOPTHbIX CPEACTB B OTHOLLUEHUN VX XapakTepucTuk rnpu 6oKoBoM yaape o ctonb». Kpute-
puiem 3@OeKTUBHOCTY MNPUHUMAIachk 3HEProEMKOCTb Ky30Ba, orpeaessiemMasi Kak OTHOLUEHNE SHepruv
CUCTEeMbI K OCTATOYHOW (r/1aCTUYeCcKor) AepopmaLimmy Ha ypOBHE LeHTpa ABepu. Ha ocHoBaHuy TOrMoJio-
rn4eckor onTummsaumm Oblav MoyyYeHbl [Ba rpakTUYecky PaBHO3HAYHbIX 110 3¢HEKTUBHOCTY BapuaHTa
PacrosIoXeHsl YCUInBarLLmx 3J1eMEHTOB. s Hanbosiee rnosIHOV OLEeHKW BISIHUSI NapamMeTpoB Obliv
pPaccMOTPEHbI HECKOJIbKO BapUaHTOB YCUIEHUST KPbILLN: PACCTaHOBKa CTaslbHbIX YCUIMBAIOLUMX STIEMEH-
TOB,; Pa3MeLLeHNe MNEeHOAOMVHUS 104 KPbILLY; KOMOUHALMSI CTaslbHbIX 3JIEMEHTOB C 3arOJIHEHUEM VX
rosiocTeri neHoaatoMuHueM. 1o pe3ynbTataMm MOAEINPOBaHMs Oblia BbINOJIHEHA CPaBHUTE/bHAsT OLleHKa
9 HEKTNBHOCTY PACCMOTPEHHbIX BapUaHTOB ycuieHusl. Hanbonee a¢ppekTBHbIe 0ka3aincb BapuaHThbl
yCueHusi KpbiLy 6aikamy LLIBEnnepoobpasHoro Ce4YeHUsl 1 3aroJIHEHSI UX NEHOV 1 BapuaHT YyCUIIEHUS
KpblLuy 6asikaMu LLUBEIepOo0BbpasHOro CEHEHUs 1 AnaroHaabHbIMU NePeMbIYKaMu B HUX, 00YC10B/IMBalO-
Lyme ee roBbILLIEHNE M0 CPABHEHWIO C OPUrMHaIbHON KOHCTPYKUner Ha 20,88 n 19,94 % cooTBeTCTBEH-
HO, HO rpuy 3TOM Macca rnepBoro BapmnaHTa Ha 42 K MEHbLLE MacCbl BTOPOro.

KnioueBbie cnoBa: raccvBHasi 6€30Mn1acHOCTb, TOMoJIoru4eckasl ontummu3aLys, 60KoBOM yaap, Ky30B,
BHEepProemMKoCTb, KPbILLA.

Ansa untupoBanus: CynervH [.A., 3y3oB B.H. Tononorn4eckass ontuMmnu3aumst KOHCTPYKUMU KPbILLA
JIerkOBOro aBToMobOWJISI C LI€J1bI0 MOBbILLEHUSI 9HEProeMKOCTH npu 6okoBoM yaape // Ussectuss MITY
«MAMW>». 2021. Ne 1 (47). C. 81-88. DOI: 10.31992/2074-0530-2021-47-1-81-88.

BeBeneHune

ABTOMOOMJIbHBIC aBapUH SBJISIOTCA  OTHOMN
W3 OCHOBHBIX NMPHYUH POCTA CMEPTHOCTH JIIONCH
BO BceMm mupe. B dacTHOCTHM OOKOBOI ymap fABJIfA-
eTCsl OJIHAM U3 CaMbIX CEPbE3HBIX BHUIOB aBapuu B
CBSI3M C HEMOCPENCTBEHHOIN OJIM30CTHIO BOIUTEIIS
Y TIaCCa)KHpa K MecTy CTOJIKHOBeHuA. 1o maHHbIM
mupoBoii ctatuctuku JITTI, mourn 60 % cmepreit
B pe3yJibTare OOKOBOTO CTOJIKHOBCHHSI TIPOUCXOMAT
M3-32 TpaBM TOJIOBHOTO Mosra. TpaBMa TOJIOBHO-
rO MO3ra B OCHOBHOM BO3HHMKaJa M3-3a MPOHHK-
HOBCHHS 3JICMCHTOB Ky30Ba BHYTPb MacCaKHp-
ckoro casiona. [Ipum GokoBOM ymape aBTOMOOWIIA
C IPYyTUM TPAHCIOPTHBIM CPEICTBOM WJIM y3KUM
00BeKTOM (TIepeBo, CTOJIO) YHapHBI OOBEKT 3a-

© Cynerun JI.A., 3y3oB B.H., 2021

MeJUTAeTCA 32 CYeT TJIaCTUYECKOro Ae(opMHupoBa-
HUA Y TIOTJIOMICHUA SHEPrUM TaKUX CHUJIOBBIX JJIe-
MEHTOB, KaK JIBEpH, IMOPOTH, IIEHTPaJIbHAA CTOMKA
n Kkpeima. Kpeiia, HecMOTpA Ha TO, YTO TOIKJTIOYA-
eTcs He CcHavaJsa Imporiecca neopMupoBaHud, Tak
KaK He fABJIAeTCAd HamboJiee BHICTYIAIONINM B CTO-
POHY TIPEMATCTBHSA JIEMEHTOM, OKa3bIBaeT CyIIle-
CTBEHHOE BJINAHKE Ha JehopMUpoBaHue Ky30Ba 1,
KaK CJICICTBHE, HA BeJIMYMHY TPOHUKHOBEHUA BHY-
TpeHHeil maHesn Bepu B cajioH [1]. BemencTsue
3TOTO TIOBBIIICHUE €€ JKECTKOCTH ABJIACTCH BAYKHOM
3a7a4cii, pelmICHUEe KOTOPOM TIO3BOJIUT MOBBICUTH
YPOBEHb IACCUBHOI O€30MacHOCTH aBTOMOOMIIA.
Kppima, xotopas ycuiieHa TOJIBKO TEHOATIOMU-
HUEM TIOBBIINIAET SPHEPrOEMKOCTh Ky30Ba aBTOMO-
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omws Ha 10 %, HO TIpH 3TOM Macca aBTOMOOWJIA
BO3pacTaeT Ha 97 Kr, TO3TOMY YCHJICHHE KPBIIIH
HEOOXOIMMO ITPOBOIUTH C TIOMOIIBIO TOIOJIOTHYe-
ckoii ontumuzanmu [1]. B padore P.b. I'oruapora,
B.H. 3y3o0Ba [2] ¢ MOMOIIBIO TOIOJIOTHTYCCKON OII-
THEMU3AIIHN OBLJIO peajii30BaHO ONTUMAJIHOE pac-
TIOJIO’KCHHE CHJIOBBIX 3JICMEHTOB Ha 3aJTHCH CTCHKE
KaOWHBI MIPU yape MasgTHUKOM M MPH 3TOM Macca
KaOWHBI yBeJIMYUJIach HE3HAUUTEIbHO. B pabote
A.A. ®paniy3oBa u apyrux [3] 6iarogaps npume-
HEHHUIO TOTOJIOTMYECKOM ONMTUMU3AIUK OblIa CHHU-
’KCHa Macca 3BeHbEB 3axBaTa B 1,5 pa3a 1o cpaBHe-
HUIO C TTIepBOHAYaJIBbHOM. Zhaokai Li [4] ¢ moMoInbio
TOMOJIOTMYECKON ONTHUMH3AIIUN HCCIICA0BA CIIO-
COOBI paITMOHAIBHOTO PacIpee/ICHUs TICHOAITIO-
MUHHUSI B OaMIiepe aBTOMOOWJIS ISl TIOBBIIICHUS
€ro yAapoIPOYHOCTH ITPpH (PPOHTATHHOM yape.

LUenb nccnepgoBaHnsa

Lleas paboTH 3aKIIOYaeTCsd B TOBHIIICHUT
SHEProeMKOCTH Ky30Ba 3a CUET pa3pabOTKH yCH-
JIEHWsI KPBIIIM aBTOMOOMJIA Ha 0a3e TOITOJIOrH-
YECKOW ONTUMH3ALUMU C 1EJIbI0 YOOBJIETBOPEHHUA
TpeOOBaHUI TACCUBHON 0€30IacCHOCTH.

MeTtoabl n cpegcTBa

nposegeHnNs1 UCCJ1Ie[OBaHNIN

Tononorun4eckas

onTUMMN3aLnNs KPbILLN

Ha mepBBlii B3rIAm MOXKET IOKa3aThes,
YTO KphIllla B PEKUME OOKOBOI'O CTOJIKHOBCHHS
aBTOMOOWJIA C MIPEISITCTBAEM THIIA CTOJIO SBJIACT-
Cs1 JTUIIIb OITOPOH JIJIS IBEPH U IPUHUMAEM KOCBEH-
HOE ydJacThe B ne(hOpMHUpPOBAaHUU OOKOBOW 4acTH
Ky3oBa. OqHaKo, KaK 3TO OBIJIO TIOKa3aHO B CTAaThe
[1], B da3se 3 (puc. 1) kpwlla MOTKIIOYACTCS
B HEIOCPEICTBEHHOE BOCIPUATHE BO3ICHCTBUS
cTronba W, CJIeIOBaTeIbHO, BJIASCT Ha OOIIYIO
SHEProeMKOCTb Ky30Ba M TPOHUKHOBCHUS pas-
JIMYHBIX 3JIEMEHTOB Ky30Ba B cajloH. BBy Toro,
YTO TACCHBHas OE30IIaCHOCTh BKJIIOYACT B ceOs
MHHMMU3AIHMIO  TPOJABJIMBAaHUA  D3JICMCHTOB
BO BHYTPCHHEE MPOCTPAHCTBO CaJIOHA, ITO3TOMY
B JIAaHHOM CTaThe MPOM3BOIUTCS OIICHKA BJIMSHUS
Pa3IMYHBIX BapHaHTOB yCUJICHUs KPBIIIU Ha Be-
JINYWHY TPOaBJIMBaHUS TIPA OOKOBOM yJIape.

B 6a3zoBoM BapmaHTe KphIlia ycHJIeHa 3 Tore-
PEYHBIMU JIOH)KEPOHaMH KOPHITOOOPA3HOI'o THIA
(puc. 2). BapmanTtamMu yCHJICHHS KPBIIIH OBLTH
PacCMOTPECHBL:

— panHoHaJIbHas PacCTaHOBKA CTaJIbHBIX YCH-
JIMBAIOIIUX JIEMCHTOB;

— pasMeIIcHHEe TTEHOATIOMIHUS IO KPBIIITY;
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— KOMOMHAIIUS CTAJIBHBIX 3JIEMEHTOB C 3aIoJI-
HEHHEM HUX TOJIOCTEN TIEHOATIOMUHHUEM.

ParnmonasibHasi pacCTaHOBKA — YCHJIMBAIOIIMX
3JIEMEHTOB MOYKET OBITh HalIcHA C MCIIOJIb30Ba-
HHEM ONTHUMH3AIHOHHBIX ITOIX0m0B [2—7].

Kppimma npenacraBiseT coboii JIMCTOBOE IMITaM-
MMOBAHHOE TEJIO, JJIA KOTOPOr0 MOMKET OBITh
MpUMEHMMa Tomorpaduyeckas ONTUMHU3ALNS,
MO3BOJIAIONIAS] MOJYYUTh PACIOJIOKEHUE  BHI-
MITAMIIOBOK, MyKJIEH M 3UTOB Ha HEil. AJIbTepHa-
THBHBIM BapHaHTOM SBJISETCA TOIMOJIOTHYECKast
ONTHMM3AIUA, KOTOpas IO3BOJIAET TOIYYUTh
KapThl MICEBIOIJIOTHOCTEH MaTepraa, TPaKTOBKa
KOTOPBIX BeleT K (POPMHUPOBAHHUIO PACCTAHOBKH
YCUJTUBAIOIIUX 2JIEMCHTOB.

CymiecTByeT psii IPOrpaMMHBIX —IPOAYK-
TOB, peaU3yIONUX METONbI ONTHMH3AINK, HaH-
Oojice TMOMYJIAPHBIMU M3 KOTOPBIX SBJIAIOTCSA
Ansys u Altair Inspire. Altair Inspire peanusyer

Puc. 1. ®a3a 3. lecdbopmupoBaHue Kpbliu

Fig. 1. Phase 3. Roofing deformation

)

&

Puc. 2. Ycunenne Kpbiu B 6a30B0M BapHaHTe

Fig. 2. Roofing reinforcement in basic version

U3Bectua MITY «MAMW», Ne 1(47), 2021



KaK METOJ TOIIOJIOTMYEeCKON ONTHMH3alliN, TaK
1 Tonorpaduyueckoir, Ansys — TOJIbKO METOJ TO-
roJiormyueckoil ontumm3anuu. OmHako GopMupo-
BaHHUE BHIITAMIIOBOK B Altair Inspire BO3MOXXHO
JIMIIb B TPeX BapHaHTaX: IBYX OPTOTOHAJIbHBIX
1 KpyroBoM. Kpeia BEIOpaHHOTO HaMH aBTOMO-
omns (puc. 1) HaXomUTCA MPHU yaape B CIOXKHOM
HaIPsKCHHO-Ie(OPMUPOBAHHOM COCTOSTHUH, 3TO
MTO3BOJISICT TIPEATIOJIOKUTh, YTO PaCIOJIOKCHHE
YCUJIMBAIOIIHUX 3JICMEHTOB He OYIEeT OPTOTrOHAIb-
HBIM, IIO3TOMY II€JIeCOOOpa3HO HCIOJIb30BATh
IIK Ansys. Wpesa meroma TOMOJIOTHYECKOW OII-
TUMH3AIAK MIpUBeficHa B pabote [3], B KOTOpOi
BBHIMIOJTHSUTACh ONTHMU3AIMs 3BEHbEB 3axBaTa
TIOOMHTOB TOHHEJILHOT'O KCKaBaTopa. DTO IOKa-
3bIBACT Ha YHUBEPCAJIbHOCTHh METO/IA TOIOJIOTAYE-
CKOI ONITUMU3AITHH.

J1J1s1 BBITTOJTHEHHS TOTIOJIOTMYECKOM ONTHMU3a-
LMY HEOOXOMUMO:

— 3aJlaHAe MacCHUBa MaTepuaJia I ONTHMHU3a-
IIAX ¥ OTpefieICHNEe ONTUMHU3NPYEMOI YacTH;

— (hopMHpOBaHUE PaCcUCTHON MOJICIIH;

— OTIpeIeJICHAE TIeJICBOU (DYHKITNN;

— 33/IaHHAE OTPAaHUYCHUI.

MaccuB Marepuasia JiUIs ONTHMU3AIMK TIPEI-
CTaBJIAJI COOOM KPHBITY C YacTAMH CTOEK (puc. 3)
B JIByX BapWaHTaX: 0e3 0a30BBIX YCHJIMBAIOIIUX
JIOH)KCPOHOB ¥ C HAMH.

Bes nomxepoHOE

C J0H:KepoHAMH

OnTHMH3HPYeMad 9acTh

Puc. 3. MaccuB MaTepuana ajisi ONTHMA3ANAN

Fig. 3. Array of material for optimization

Pacuetnass Momenp paspabarbiBajiach IIpe-
WMYIIECTBEHHO C  HUCIOJIb30BaHUEM  000J10-
YeYHBIX KOHEYHBIX 9JIEMEHTOB, T'PaHUYHBIMH
ycaoBusmu (I'Y) 1 KoTopoil ABJISIUCH: 3a-
KpeIJIeHHe M0 CTOWKAaM W YCHJIME BIOJIb OopTta
(puc. 4). Ilpu npoBegeHUN ONTUMU3AIUA CTOUKHU
Ky30Ba HE YYUTHIBAJIUCh, TIOTOMY YTO OHH MOTYT
WCKa)XaTb pe3yJibTaThl onTumusanuu. Harpys-
Ka Opajiach HETOJIHOHM, TaK KaK 4acTb SHEPrUH
B mporiecce aehopMUpoBaHUsA Obla yKe 3aTpa-
YeHa Ha TIOPOr' U JBEPb, IOTOMY YTO ITHU JBA CHU-
JIOBBIX 2JIEMEHTA TEPBBIMU BCTYIAIOT B KOHTAKT
co crojioom. Kpome Toro, emMHMYHBINA KpaII-TeCT
HE TMO3BOJISIET OICHUThH MPUJIOKEHUE HATrPy3KH
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HE B MecCTe pa3MelleHUs MPEensTCTBUsA, CTOj0a,
Mo3TOMY TOTpeOyeTcs psl pacyeToB M ONTHMH-
3al[M1 HA OCHOBAHUM COBOKYITHOCTHU PE3YJILTATOB.
3HaueHne Harpy3Ku OIPENesIsioch Mo rpadukam
pacnpeneseHus 3HEpPruil, KOTOphle IpencTaBlie-
HBl B pab6ore [1]. Ilpm Gompmux medopManusax
YKECTKOCTh M PasMepbl KOHCTPYKIMH MEHAITCA
CYILIECTBEHHO, YTO BJIUAET HA PACUCTHYIO CXEMY,
OIMHAKO 3a7auecil SBJIACTCI MHHUMH3AIHA Aehop-
Malui, MO3TOMY CIPaBEIJIUBO pPaccCMaTpUBATH
JIEUCTBUE NPOU3BOJIBHOM CHUJIBI, IIPUJIOKECHHOU
K Hene(hOpMHUPOBAHHOM FeOMETPHH.

@DparMeHTE KOHEIHO-31eMEHTHOH MOJETH

Puc. 4. Koneuno-3nementHas MojaelIb H cxema
TPAHUYHBIX YCJIOBH

Fig. 4. Finite element model and boundary
conditions scheme

LleneBoit GyHKIMEH AB/IAJIACH MaKCUMM3AIIUS
JKECTKOCTH, OTpaHUYCHUEM — OCTAaTOYHAas Macca,
paBHas 50 % ot ucxomHoit. Ha puc. 5 npencras-
JIGHBI Pe3yjIbTaThl ONTHMM3AllMKA 110 BapHaHTaM
«0e3 JIOH)KEPOHOBY U «C JIOH)KEPOHAMMY.

«C JIOHKEPOHAMHI»

N

Puc. 5. Pe3ynbTaThl TONONOrNYecKoi ONTHMH3 AN

Fig. 5. Topological optimization results

B mpouecce ynapa aBTomo6miis o cToJid cTosid
MOXET HaXOIUThCA B JIIOOOW TOYKE, COOTBET-
CTBEHHO, 11eJIeCO00Pa3HO YCHIIMBATh BCIO KPHIITY,
MOATOMY YCHJIME OT CTOJI0a MOXKET IMpHJIaraTh-
cs BIOJIb BCETO OOpTa, 3aKPEIJICHUE BBITIOJIHEHO
M0 CTOMKaM B MECTax MX OTHEJICHHUS OT OCTaJIb-
HOW YaCTH.

B pesynpraTte TpaKTOBKM KapT IICEBIOIJIOT-
HOCTel (puc. 6) ObUTH pa3paboTaHBI CIICMYIONINEC
BapHaHTHl YCUJICHHUS C TOJIIMUHOW CTEHKU 3 MM
1 BBICOTO# 24 MM (pa3Mepsl COOTBETCTBYIOT TOJI-
IIAHE W BBICOTE 0a30BBIX JIOHKEPOHOB). B mayb-
HEHIeM JaHHBIC pasMepbl YTOYHSJIUCH C ITOMO-
NIbIO TTAPAMETPUUYCCKON OMTHUMH3AIUY.

83



CyneruH [.A., 3y3oB B.H.
Tononoruyeckas onTMMM3auusa KOHCTPYKLUU KPbILLUW JIEFKOBOro aBTOMOOUNS
C LeNblo MOBbILLEHUS 3HEeProeMKoCTU npu G0KOBOM yaape

«bez JIOHZKEPOHOB» «C JIOHXXKEPOHAMH»

: r«;\\.

= ‘\\ \\

Puc. 6. BapuanTs! ycuiennsi 1o pe3yabTaTaM ONTHMH3ALNN

Fig. 6. Reinforcement options based
on optimization results

WNnrtepnperanus pesysabTaToB MPOBOAUIACH
C YYEeTOM TEXHOJIOTMYECKUX BO3MOYKHOCTEH,
HO 3TO HE SBJISICTCS OCHOBHOM LIEJIBIO CTAThH, TO-
9TOMY CHOCOO M3rOTOBJICHUS U YCTAHOBKH YCUJIU-
TeJIel B Ky30B HE pacCMaTpPHUBACTCH.

Hna npoBepkn 3PQPEKTUBHOCTH yCHUJICHUI
Obly1a BBITIOJTHEHA NPOBEPKA B YCJIOBHUSAX BUPTY-
aJIbHOrO  Kpall-TecTa, perjiaMeHTHPOBAHHBIX
npaBuwiamMu EDK OOH 135 «EmmHO0OpasHbie
Mpeanucanns, Kacaiomuecs O(UIINaIbHOTO YT-
BEP)KJICHHS TPAHCTIOPTHBIX CPEAICTB B OTHOILICHUH
WX XapaKTEePUCTHK IMPU OOKOBOM yaape O CTOJION.
[IpumemM cienyromue o603Ha4eHUs (puc. 7):
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Puc. 7. Dueprun npouecca ynapa o cToiad

Fig. 7. The energies of the process of hitting the pillar
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A — Ky30B B UCXOJIHOM HCIOJIHEHUH, Oe3 ycu-
JIUTEJICH;

B — BapuanT mocsie onTuMu3anuu 0e3 JIOHKe-
POHOB;

C — BapuaHT mocjie ONTUMHU3AIUH C JIOHKEPO-
HaMHU.

KoppekTHocTh  pelneHuss — TOCTaBJICHHOM
3a7a4y IpoBepseTCs KOHTPOJIEM SHEPruil mporec-
ca (puc. 7).

CyMMa BHYTpeHHei, KHHETHYECKOU 1 YHEPTUU
CKOJIB)XCHUS JIOJKHA OBITh paBHA TOJTHON 2HEP-
UM C BEJIMYMHON MOTPEITHOCTH OMpEenesIsseMoil

Puc. 8. [lecpopmupoBanHoe cocTosiHNE TOCTIe yiapa

Fig. 8. Deformed state after impact

SHEpruei mecovyHsx yacos [8]. Ha puc. 8 mpusene-
HBI 1e(OpPMHUPOBAHHBIE COCTOSHUS Ky30Ba IMOCJIE
yaapa o cToJio.

O heKTUBHOCTD BapUAHTOB OIICHUBAEM
T10 SHEPrOEMKOCTH. DHEPrOEMKOCTh OIpeNeIsAiIach
KaK OTHOIICHHUEC HAaYaJIbHOM SHEPIUU K Pa3sHOCTH
MEXIy HadaIbHBIM (TIpU Helme(hOPMHUPOBAHHOM CO-
CTOSIHUM Ky30Ba) M KOHCUHBIM (TIpH HeHOpMHPO-
BaHHOM COCTOSIHUH KYy30Ba), pe3yJIbTaThl IPHUBE/IC-
HbI B Tabmne 1 u Ha puc. 9 u 10.

182
180

181
180
178
169
162 I
A B c

Puc. 9. DHeproeMKocTb pa3anYHbIX BAPHAHTOB Ky30Ba

=R
NN
INEC

SHeproemKocTb, A/ mMm
e
(2] D o)} ~ ~N
= (o)) o o N

Fig. 9. Energy intensity of different body options

Ha ocHOBaHMM TOJTy4EeHHBIX pE3yJIBTATOB
MOYKHO C/IeJIaTh BBIBOI O TOM, YTO BapHaHT YCHU-
senusi B saBnserca Oosiee adpdexkTuBHbIM, BCIeH-
CTBHE Yero najibHEHIIee PacCMOTPECHHE BapuaH-
TOB YCHJICHUsI Oy/ieM BBITIOJIHATH HA €r0 OCHOBE,
B KQUECTBE JIONOJHUTEJIBHOTO PACCMOTPHUM TaKKe
BapHaHT pa3MElICHUsl YCUJICHUS U3 TEHOATIOMU-
HUA NIOI KPBIIIEH.

Takumu BapuaHTamu sBjsrorcs (puc. 11):

B1 — ycusmBatomuii 3;1eMeHT coOpaH u3 6ajiok
HIBEJIIEPOOOPA3HOTO CEUCHUS;

B2 — BapmanT Bl ¢ 3amosiHeHHMeM moJIoCTEH
YCUJIMBAIOIIETO 2JIEMEHTA MIEHOATIOMIHHUEM;

B3 — BapuanT Bl ¢ ycTaHOBJICHHBIME B OasIKax
IMaroHaJIbHBIMU TIEPEMBIYKaAMU;

D - nmeHoamomuHMi mon Kphimeil 6e3 cTasib-
HBIX 0aJIOK C UCXOIHBIMH YCHUJTUBAIOIUMU JIOHKe-
poHamHu.

Tabauya 1

JHepProeMKocTb pa3IMYHbIX BAPHAHTOB KY30Ba

Table 1. Energy intensity of different body options

Bapuant Hi:g::;m Macca, kr | Pasmep nocie nedopmanuu, mm | DHeproeMkocts, Jxx/mMm | [lpupoct, %
A — 1302 169 —
B 1843 +26 1332,62 181 6,99
C +34 1328,2 180 6,36
lzvestiya MGTU «<MAMI», Ne 1(47), 2021 85
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Tononornyeckas onTMMMU3auus KOHCTPYKLUW KPbILLX JIEFKOBOIFO aBTOMOOUASA
C LeNbl0 NOBbILUEHUS 3HEProeMKOoCTU Npu 60KOBOM ypape

HenegopmuposanHoe
COCTOsIHIe

1342,93mm

1328,2mm

Puc. 10. Ilosicuenune k pacuety pa3mepa
B 1ehOPMHPOBAHHOM COCTOSIHHH

Fig. 10. Explanation of the calculation
of the size in the deformed state

JUTsi onMCcaHHOI'O paHee Kpall-TecTa ObLIN BbI-
MTOJTHEHBI pacyeThl, B Tabumie 2 u Ha puc. 12 npu-
BEJICHBl pAcCYCTHBIC BEJIMYUHBI SHCPrOEMKOCTH,
KOTOpasi OIpeIesIsyiach Kak OTHOIICHUE Hava IbHOM
SHEPI'MH K Pa3HOCTH MKy Hada IbHBIM (IIpU HeJle-
(hopMUPOBaHHOM COCTOSIHMM Ky30Ba) M KOHCYHBIM
(ipu 1eopMUPOBAHHOM COCTOSIHMM Ky30Ba). [le-
(hbopMHPOBaHHOE COCTOSIHHAE Ky30Ba [IJIsl PaccMo-
TPEHHBIX BAPHAHTOB IIPEICTABJICHO Ha puc. 13.

B1

B3

”Wuw

Puc. 11. BapuanTtsl yenienns Kpbim (BapuanTbl B2,

B3 u D B pacceueHHOM COCTOSIHHH)

Fig. 11. Roofing reinforcement options

(options B2, B3 and D in the dissected state)
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Puc. 12. JneproemMkocTH BApHaHTOB
€ YCHJIEHHBIMH KPbIIIAMH

Fig. 12. Energy intensity options
with reinforced roofings

Tabauya 2

Cpasnenue 3¢¢eKTHBHOCTH yCHJIEHHs! KPbILIH 10 YJHEProeMKOCTH

Table 2. Comparison of the efficiency of roofing reinforcement in terms of energy intensity

HavasnpHbrit Pasmep nmocnie | OneproemxocTts, | [IpupocT,
Bapuant Hcnomaenne Macca, kr
pasmep nedopmanuu, MM Jx/Mm %
A | OpuriHanbhas - 1302 169 -
KOHCTPYKIIHsI
Ycunenne
B 10 pe3yIbTaTaM +26 1332,62 181 6,99
ONTUMU3AIMN
Ilo Bapuanty B
B1 ¢ GaJIKamMK BEJIIEPOO- +25 1330,11 180 6,76
Opa3HOro ceueHust 1843
gy  |!lopapuanty Bl 39 1389,21 204 20,88
C TICHOQTIOMHHUCM
ITo Bapmanty Bl
B3 B JMarOHAJIbHBIMU +81 1379 203 19,94
MePEeMBbIYKAMHU
IlenoamomuHmit
D 10 KPBIIIel ¢ UICXOTHBIMU +52 1365,3 195 15,36
JIOH)KEPOHAMH
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Puc. 13. ecpopmupoBaHHOe COCTOSIHHE Ky30Ba
s BapuantoB A, B1,2,3u D

Fig. 13. Deformed state of the body
for options A, B1,2,3 and D

AHanmu3 pes3ysIbTaTOB IO3BOJISIET  CHEJIATh
BBIBOJI O TOM, 4TO HambOoJjiee d(hHEeKTUBHBIMU SAB-
nsaorcsa BapuaHTe B2 m B3, omma m3 #ux, B2,
COIECPKUT OaJIOYHYI0 KOHCTPYKIIMIO HAa OCHOBE
TONOJIOTUYECKON ONTHMHU3ANNKA C 3alleHEHHBIMHI
ee moJjocTaMu, BTopoii, B3, peanm3oBaH Takxe
Ha OCHOBE pe3yJIbTaTOB ONTUMHU3AINHU, HO MO-
paboTaH yCTaHOBKOW MMArOHAJIBHBIX TEPEMBIYCK
B OaJIKU yCHUJICHUS.

BbiBoabI

1. B pesymbprare MomenmpoBaHHS OOKOBO-
ro ymapa o CTOJIO Ky30Ba C JIByMs BapHaHTaMH
KOHCTPYKITUU KpPBHIH (C JIOHXKEpOHaMU H 0e3)
Ha OCHOBE MHTEPIPETAIlNU PE3yJIbTaTOB TOIOJIO-
TUYECKON ONTUMH3AIUU TOJTYy4YeHO, 4TO UX 3(-
(DEKTHBHOCTh TPAKTHUYECKU OIUHAKOBA W TIPHU-
BOOUT K YBEJIMYCHHUIO SHEProeMkoctu Ha 6,36
1 6,99 % cooTBeTcTBeHHO (TabmIa 1).

2. IlpoBeeHHbBIEC UCCTICMOBAHMS TIOKA3aJId, 9TO
HamOoJiee 3(PPEeKTUBHBIMU, C TO3UIUN TTOBHIIIIE-
HUS SHEPrOEMKOCTH, OKa3aJINCh BapHUaHT yCHJIe-
HUS KPBIIIH OaJIKaMU IIBEJIepooOpa3HOTo cede-
HUS Y 3aTI0JTHCHUS WX IIEHOW M BAPUAHT YCUJICHUS
KpBIIKA OaJIkaMy IIBEJJIEPOOOPA3HOTO CEYCHUS
Y IMaroHaJIbHBIMU MEPEMBIYKaMH B HUX, 00YCJIOB-
JIMBAIOIIVE €€ TMOBHIIICHNE TI0 CPABHEHUIO C OpH-
ruHajpHOU KoHCTpyknwmed Ha 20,88 m 19,94 %
COOTBETCTBEHHO, HO TIPH 3TOM Macca IMepBoro Ba-
puaHTa Ha 42 KT MEHBIIIE MacChl BTOPOTO.
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TOPOLOGICAL OPTIMIZATION OF THE ROOF STRUCTURE OF A PASSENGER CAR
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IN ORDER TO INCREASE ENERGY INTENSITY IN A SIDE IMPACT

D.A. Sulegin, DSc in Engineering V.N. Zuzov
Bauman Moscow State Technical University, Moscow, Russia
d sulegin@mail.ru

This article considered the main issues of finding options for strengthening the roofing of the vehicle body
based on topological optimization in order to meet the requirements of passive safety with a minimum
mass. The method for achieving this goal was mathematical modeling using the Topology Optimization
modules of the ANSYS software package and the explicit dynamics of LS-Dyna. In order to test the ef-
fectiveness of the reinforcements, the pillar side impact according to UNECE 135 “Uniform provisions
concerning the approval of vehicles with regard to their performance in side impact on a pillar” was
selected as the loading mode. The efficiency criterion was the energy intensity of the body, defined as
the ratio of the energy of the system to the residual (plastic) deformation at the level of the center of the
door. Based on the topological optimization, two variants of the arrangement of the reinforcing elements,
practically equivalent in efficiency, were obtained. For the most complete assessment of the influence
of the parameters, several options for strengthening the roofing were considered: placement of steel
reinforcing elements; placement of foam aluminum under the roof, combination of steel elements with
filling their cavities with foam aluminum. Based on the simulation results, a comparative assessment of
the effectiveness of the considered amplification options was carried out. The most effective were the
options for reinforcing the roofing with channel-shaped beams and filling them with foam and the option
for reinforcing the roofing with channel-shaped beams and diagonal bridges in them, causing it to in-
crease compared to the original structure by 20,88 and 19,94 %, respectively, but at the same time the
mass of the first option is 42 kg less than the mass of the second.

Keywords: passive safety, topology optimization, a side impact, a body, energy intensity, a roof.

Cite as: Sulegin D.A., Zuzov V.N. Topological optimization of the roof structure of a passenger car in
order to increase energy intensity in a side impact. Izvestiya MGTU «MAMI». 2021. No 1 (47), pp. 81-88
(in Russ.). DOI: 10.31992/2074-0530-2021-47-1-81-88.
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MATEMATUHECKOE MOAEJIUPOBAHUE
CUCTEMbI KOHTPOJI19 CONMPOTUBJIEHUA
U3019LUNN BbICOKOBOJIbTHON 3JIEKTPOCETY
TMbPUAHOIO ABTOMOBUJIA

Manbiwes A.H.', FpyHenkoB E.A.", k.7.H. le6enos B.B.'?,
0.7.H. Kosnoeckuii B.H.2, k.1.H. LLnwkos A.H.?

'THU, P® ®ryn «HAMW», Mocksa, Poccus
2MoCKOBCKUiA nonuTexHUYeckuii yHmeepeutet, Mocksa, Poccus,
Sdre0yY BO «CamlTY», Camapa, Poccus
andrey.malyshev@nami.ru, viadimir.debelov@nami.ru

B paborte npeacTtaB/ieHbl MaTeMaTu4eckme MOAE/N U PACYETHO-aHa/IMTUYECKUE 3aBUCUMOCTHU, MO3BO-
JISIOLLNE Peann3oBaTb CUCTEMY KOHTPOJIS COMPOTUBIIEHWST U30/SILMN BbICOKOBOJIbTHOM 3/1EKTPOCETU -
6puaHOro aBToMobusis u CPopMynMpoBaTb TPEOGOBAHUSI K PU3NYECKON U UMUTALMOHHOV MOLENN MPO-
rpamMMHO-annapaTtHoro Komraekca 1abopaTtopHbIX UCTbITaHWiA. Llenbio paboTsl SBASETCS ornpenesieHve
OCHOBHbIX (OYHKUMI 1 XapakTepUCTUK CUCTEMbI KOHTPOJISI N30SUMN, ee 0COBEHHOCTeM, NpuHLUnna Ae-
CTBUSI U METOAOB KOHTPOJISI COMPOTUBIIEHUSI N30SLUMN, COCTaB/IeHne TpeboBaHuii K CUcCTeMe uMmuTa-
LMOHHOIro mMozAevpoBaHus. Bo BBeaeHn 060CHOBaHa BaXHOCTb KOHTPOJIS COMPOTUBIEHUST U30JISILINY,
puBOASATCS CCbUIKM Ha CTaHAapThl, PErnaMeHTupyioLme TpeboBaHus K U3MEPEHUIO 1 OrMpPenesIeHUI0
HeucrnpaBHOCTY a1ekTpoceTu. lpeacTaBaeHa CTPYKTYpPHAasi CXeMa 3J1eKTPONUTaHus aBTOMOBUIISI U POJIb
CUCTEMbI KOHTPOJISI COMPOTUBIIEHNST U30JISILIMN B 3TOM CXEME, MOSICHSIIOTCS 0COOEHHOCTU KOHTPOJISI N30-
naumn. PaccmatpuBaeTcsi NpuHUMN AEHCTBUS CUCTEMbI KOHTPOJIS U30JISILUMU U MPUMEHEHE Hanboriee
pacrnpoCTpPaHEHHbIX CXeM, MPUBOASITCS] PACYETHbIE 3aBUCUMOCTY [J151 KaXKA0V 13 NMpeAcTaBIE€HHbIX CXEM,
O3BOJISIOLLME BbIYNCIINTL COMPOTUBAEHME n30asummn. OnucaH nopsiaok NpoOBeAEeHs] U3MEPEHUI COMpo-
TUBJIEHUST 305NN cornacHo ctaHaapTy ISO v npuBOASITCS COOTBETCTBYIOLUME ypaBHeHus. [ns npea-
CTaBJIEHHOWV CXeMbl MPUBOANTCS rpaduk, MOSICHSIIOLUNA MPUHUNMN paboTbl CUCTEMBbI, KOraa rnpuv 3ambi-
KaHuy OAHOro U3 KJIKOYEN MPOUCXOAUT UIMEHEHUE HarpsKeHWsl Ha U3MEepPUTESIbHOM Pe3nNCTope rpu
HOPMaJsIbHOM COCTOSIHUW U30JISILMU [10JIOXKUTEIbHON Y OTPULATEIbHOM LUVIHBI 3J1EKTPONMUTAaHWUST BbICOKO-
BOJIbTHOU cucTeMbl. B BbiBOAax gaetcs 0606LUeHVe npeacTaBIeHHOV MaTeMaTnyeckor Mogenn n gpop-
MynMpyroTcs TpeboBaHusI K MporpamMMHO-annapaTHoOMy KOMIIEKCY, KOTOPbIVM M03BOJISIET MPOBOAUTL
UMUTALMOHHOE 1 MaTeMaTu4eckoe MOLE/INPOBAHNE I/IEKTPUYECKUX CUCTEM U UX KOMIOHEHTOB B pas-
JINYHbIX pexumax paboTel. [T0SICHSIOTCSI 0COBEHHOCTY UCIOJIHEHUS MPOrpPaMMHO-arnnapaTHoOro KOMaekK-
ca, ro3BoJISIIOLLEro MOAEINPOBATL NUBMEHEHNE COMPOTUBIEHNS] N30SIV U HEVUCIPABHOCTU MUTAKOLLEN
B/1EKTPOCETY BbICOKOIrO HarpsiXXeHusl /18 aBToMobussi ¢ rmbpuHOVi CUT0BOL YCTaHOBKOM.

KnioueBbie csoBa: cuctema 3/71€KTPONMATaHUS, COMPOTUBIIEHNE U30JISILMM, MPOrPaMMHO-annapaTHbii
Komrnekc, rmbpuaHasi cuaoBasl ycTaHOBKa.

Ana untupoBannsa: Manbiwes A.H., [pyHeHkoB E.A., de6enos B.B., Kosnosckwii B.H., LLniikoB A.H.
MaTtematnyeckoe MOAENPOBaHNE CUCTEMbI KOHTPOJIS COMPOTUBEHUS U30JSUMN BbICOKOBOJIbTHOM
anekTpocetu rmbpuaHoro astomobuns // Ussectuss MITY «MAMW», 2021. Ne 1 (47). C. 89-98. DOI:
10.31992/2074-0530-2021-47-1-89-98.

Beepgenne

3arpsi3HEHUE OKPYKAIOIIeH CPebl BHIXJIOMHBI-
MH ra3aMl TPaHCIOPTHBIX CPENCTB CTAHOBHUTCS
Bce OoJiee cepbe3HBIM B CBSI3U C PACIITUPSIONIMMCS
ABTOMOOMJIBHBIM PBIHKOM. CTOJIKHYBIIUCH C CY-
MIECTBYIOIMUMEU TIpobsieMamMu 3(hPeKTUBHOrO HC-
MOJIb30BAaHUSI DHEPTUU M 3alIUTHl OKPYIKAIOMICH
Cpefibl, UCCJICIOBAHUS, Pa3padOTKa M MPOJBUIKE-
HHE BBICOKOP(P(HEKTUBHBIX IKOJIOTHICCKN TUCTHIX

3JICKTPOMOOMJICH CTAHOBSATCS MUPOBOM TEHJICH-
nuei B aBToMooOmIbHOM cdepe [10, 11, 12, 13].
CoBpeMEHHBI  JIETKOBOH aBTOMOOHJIb, OC-
HaIllEeHHbII THUOPUIHON CHJIOBOM yCTaHOBKOW,
MMOMHUMO 3JIEKTPOCETH HU3KOI'0 HampsKeHUs 000-
PYIOBaH CETBHIO BBICOKOI'O HAIPAXKEHUS BJIEKTPO-
MUATaHKUA, KOTOpas BKJIIOYAaeT B cedd CHUCTEeMY
YIPaBJICHUSA BJIEKTPOMAIIMHONW, AKKyMYJIATOPHI
BBICOKOI'O HaNpsHKeHHs, Ipeodpas3oBaTesid IMo-
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CTOSTHHOT'O HAIIPSIKEHUS, KOMIIPECCOP KOHJIUITHO-
Hepa, CUCTEMY OTOIJICHHS, CUCTEMY YIIpaBJICHUS
HACOCOM YCHJIUTEJIS PYJICBOTO YIIpaBJICHUsA, 3a-
PATHOE YCTPONCTBO U IPYTHE CUCTEMBIL.

H3onsAmnus kabes — OMUH U3 BaXKHEHIITNX KOH-
CTPYKTHBHBIX JIEMCHTOB CETH 3JICKTPOIUTAHUSA,
OTIPENICJIAIOINX HAACKHOCTDh PabOTHl 3JICKTPHU-
YECKOW MaIlluHBI, HHBEPTOpa, Ipeobpa3oBaTesieit
MTOCTOSTHHOT'O HAIIPsKCHHMSA, W IIPU 3TOM HanboJiee
ysI3BEMasi 9aCTh 3JICKTPOCETH.

MexaHn4eckass TPOYHOCTb H3OJISAIUN 3HAYH-
TEJIPHO HUKE TI0 CPABHEHHIO C HECY UMM 3JIEMEH-
TaMH KOHCTPYKIIUM aBTOMOOHJIA W YCTPOMCTB,
KOTOpBIC CTAIlMOHAPHO 3aKPEIJICHB M HE IOIBEep-
JKEHBI CMEIICHHUI0 W AedopMarusaM. DJIeKTprde-
CKasl MMPOYHOCTh HM3OJIAIIUU 3aBUCUT OT BJIAJKHO-
CTH, TeMIlepaTypHOro ko3dduimeHnTa, crapeHus
MaTepHuasoB, BO3ICUCTBHS arPECCUBHBIX CPEN, U3-
JIy4eHUs TeIlJIa M CBeTa M APYTHUX BHEITHUX (ak-
TOPOB.

[loBpekmeHne M30JIAIUN PUBOAUT K CEPhe3-
HBIM aBapHsAM, CBA3aHHBIM C KOPOTKHM 3aMBIKa-
HUAEM THATAIONINX IPOBOIHUKOB MEKIY COOOM,
KOPITYCOM H3IeJIUI WJIA aBTOMOOWJISA M JPYTUMH
MpeIMeTaMH, 4TO INPUBOTUT K HAarpeBy W BO3-
TOPaHUIO YacTeil aBTOMOOWJIA, TIOpYEe KI'yTOB
MIPOBOIOB 1 M3MIEJINI, BHIXOMY U3 CTPOS aBTOKOM-
TTIOHCHTOB, TIOPAYKCHUIO JIIONCH W YKUBOTHBIX 2JICK-
TPUYECKUM TOKOM, HAaHECCHHIO Bpelna OKpyIKalo-
meit cpene (FMVSS 305, SAE J1766) [5, 6].

KoHTpoJIb CcOCTOAHMSA H30JIAIMN — BayKHast
W HempocTas 3ajada. BHempeHHWE MeETOIOB
U CPENCTB TUArHOCTUKU COCTOSHHS W3OJIAINH
3JICKTPOCETH TIO3BOJIACT PEIIATH MPOOJIeMy 3IKC-
IJTyaTallMOHHONM HaJeHOCTH aBTOMOOMJIA. Pas-
pabaThIBAIOTCA CTAHOAPTH 10 KOHTPOJIIO CO-
CTOSTHUS M3OJIAIMU W BHEIPAIOTCA YCTPOMCTBA,
U3MEPSIONTUEC CONMPOTHUBJICHUE W30JIAIUN  2JICK-
TPUYECKON 3aMKHYTOH 1ieru [7, 8].

ConpoTHuBJICHIE H30JISAIAA — OMHYECKOE CO-
MIPOTHUBJICHUE M30JIATOPa W 3HaYeHHE Kodddunn-
€HTa CONPOTHUBJICHHUSA U30JIATOPA TOKY, TCHEPUPY-
eMOMY TIpH MMPUJIOKEHUHN HanpspkeHus. M3omsaTop
o0J1alaeT CBOMCTBOM HaKaIlJICHUS 3apsjia, B 3aBU-
CUMOCTH OT BHEIITHEH TeMITepaTyphl U BJIQXKHOCTH
u npyrux daxTopos. CopOTUBIICHUE H3OJIAITUN —
3TO elle U COMPOTUBIJICHUE MEXKIY 3eMJICH (BHEIII-
HEll MOBEPXHOCTHIO YCTPOMCTBA) U MPOBOTHUKOM.
Ecnu conpoTuBiieHHe M30JIAIUN BEICOKOE, TO TOK
YTEUKH MaJI U COIPOTHUBJICHUE TOIICPKABACTCS
Ha 3aJ]aHHOM HJTU BBICOKOM YPOBHE.

IIpu 3KcIUTyaTaniid BHICOKOBOJIBTHBIX CHCTEM
Ka4eCTBO H3OJIAIMN 3JIEKTPOCETH aBTOMOOWJIIS
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uMeeT OOJIbIloe 3Ha4YeHHe. BakHO TOYHO HM3Me-
PHUTb COIPOTHBJICHHE H30JIALIMH, YTOOBI MPENOT-
BpaTUTh YTEYKY TOKA M HECYACTHBIC CIIyYaw,
00ecreynTh CTaOMIIBHYIO PaboTy CETH 3JIEKTPO-
MMATAHKS.

Iesbio pabOTHL ABJIAECTCS OMpPENCICHHE OCHOB-
HBIX (QYHKIHUHA M XapaKTEPUCTUK CHUCTEMBI KOH-
TPOJIA M3OJIALKU, €€ OCOOEHHOCTEH, MPHUHIIUIA
JAEHCTBUSA U METONOB KOHTPOJIS CONPOTHUBJICHHS
U30JISIUN, COCTaBJICHUE TPEeOOBaHMIA K CHCTEME
HMHTAILIHOHHOIO MOJCIUPOBAHHS.

Metoabl n cpegcTBa

npoBegeHnNs1 UCcriefoBaHns

MonenupoBaHre XapaKTCPUCTHKU COIPOTHUB-
JICHUsSI TOKOBEAYIIUX YacTCH CHUCTEM KOHTPOJISA
M30JIAIMA HEOOXOMUMO NI OIECHKH OBICTPOACH-
CTBHS W TIOT'PEITHOCTH WU3MEPCHHUS COIPOTHBJIC-
HHs, CpPAaBHCHUSA pPEajIbHON XapaKTEPUCTHUKH CO-
MPOTHUBJICHUSA C €€ MaTeMaTHYCCKIM OIUCaHUEM,
171 OIICHKH 3a/ICPKCK B IEMH W3MEPCHUS U W3-
y4eHus GU3NIECKUX 0COOCHHOCTEH paboTHl N3Me-
PHUTEJIbHBIX TICTICH.

Maremarndeckoe MoOICIMpPOBaHUE HE00Xo-
OUMO TP TIOCTPOCHHH (PU3MYECKUX MOfesieit
CHUCTEMBI KOHTPOJIS H3OJIAIUN, YTOOB TOOUTH-
¢ IOCTOBEPHOCTH BOCIHPOW3BENCHUS (usmue-
CKHX XapaKTEePUCTUK CONPOTHBJICHHUS HW30JIAINH
IJI Pas/IMYHBIX YCJIOBUU 3KCILTyaTaIlldd TpPaHC-
mopTHOro cpexactBa. IlosToMy Ba)KHBIM KpuTe-
pHeM MaTeMaTH4eCKOH MOmejid KOHTPOJIS CO-
MPOTUBJICHUS W3OJISIANA SBJIACTCA TOJTydCHHE
XapaKTCPUCTUKH COIPOTHUBJICHUS H3OJISAIIUU TO-
KOBEIYIIETO ITPOBOTHHKA TI0 €r0 MaTeMaTHIECKO-
MY OIMCAaHMIO MJIU SKCIICPUMEHTAIbHBIM JIAaHHBIM.
Maremarndeckass MOACIb  CHUCTEMBI  TaKKe
JOJ’KHA TIO3BOJIATH HMCCJIENOBAaTh HEOOpaTHUMBIC
MPOIIECCHl CTApEeHUS W pa3pylICHUSA W30JIAIHOH-
HOT'O CJI0sl, BJIUSTHUE TTPOHUKHOBEHUSI MHOPOITHBIX
BEIIECTB 1 YaCTHII, CHUKAIOIIUX COMTPOTHBIICHHUE.

Hasnauenue u ocovennocmu cucmemor IRM

CucreMa 3JIEKTPOIATAHUSA aBTOMOOMIIS ABJIA-
eTcs OHOU M3 HanboJiee BAJKHBIX, a €€ CTPYKTypa
npuBefeHa Ha puc. 1. TpeboBaHua K muTaromie-
MY HaIpsDKEHUIO B Pa3HBIX MECTaX JICKTPOCETH
pas3IMyaloTCsd, TaK)Ke pas3IndaroTcs TpeOOBaHHMS
JUTS. BRICOKOBOJIBTHOM M HU3KOBOJIBTHOM 3JIEKTPO-
CETH.

HuskoBosibTHasg cucTeMa MHATaHUA oOecIe-
YUBAeT 3JICKTPONUTAHWEM OOPTOBYIO CETh HU3-
KOr'0 HAIpPSKCHUS JIA MUTAHUA SJIEKTPUUYCCKHX
ycTpoiictB. OHa OTBeYaeT 3a KOHTPOJb COCTOS-

U3Bectua MITY «MAMW», Ne 1(47), 2021



CeTb 3NeKTponuTaHua
HW3KOMo HaNpPAKeH1a

DC/DC
Npeo6pasosatent
HanpakeHusa
Bbicokoe \ Huskoe

Cerb 3n2KTpon 1T aH Ua
BbICOKOM 0 HaNPA WEHWA

CucTema ynpasneHus
Ky 30 BHbIM
3nekTpoobopy A0BaHUEM

CucTema yn pasaeHua
3HEPrOMEHEAKMEHTOM U
3INERTPO NMTaHWUEM

Kom6uHauua npubopos

KanmaTuueckas CUCTEMa,
®apbl, Ycuautens pyns,
CTernonoabeEMHUKN, U T.A.

CUCTEM3 KOHTPOAA
33apaaa 6aTapeu

Cucrema KoHTpoAs
CONPOTHMBAEH MA M3DAILUMM

30 eKTP OMALWMHa+VIHBRPTOP
(cTapTep-reHepaTtop)

BbICO KOBO ATHBIN
KomMnpeccop
KAMME TUMECKO M
YCTaHOBKMW, U T.4.

Puc. 1. CtpykTypHas cxema cHCTeMbl IeKTPONUTAHAA ABTOMOOHIS

Fig. 1. Block diagram of the vehicle power supply system

HUAA OOPTOBOTO aKKyMYJIATOPA JIEKTPOIUTAHHS,
KOHTPOJIb TOKOB HAT'PY3KHU U YIIPABJICHUE MOIIHBI-
MH TIOTPEOUTENIAMHA, a TaKKEe PEeryInupyeT yCTaB-
Ky TOKa reHeparopa Wjn mpeodpa3oBaTesis JHep-
TUU TIOCTOSTHHOTO HAIIPSKEHUA.

Hannane nedekToB B 3JI€KTPOIIATAHUNA OOPTO-
BOI CETH HHU3KOTO HANPSKEHUA PelIaeTcs IMyTeM
OTKJIIOYCHHSI TIOTpeOuTesel, MoKa yTedKa TOKa
WJIA KOPOTKOE 3aMbIKaHMe He OyJeT yCTpaHeHO.

BricokoBoJIbTHAA cHCTeMa MHTAHUSA COCTO-
WUT U3 DJICKTPOMAINMHBI U WHBEPTOPHOT'O MPeo0d-
pasoBaresig, mpeoOpasoBaresieil MOCTOSHHOTO
HaIpsSKeHUsA, KOMIIpeccopa KOHIWUIIMOHEpa, CH-
CTeMBl KOHTPOJIS 3apsAaa BBICOKOBOJIBTHOM Oata-
peu M CHUCTEeMBl KOHTPOJISA HW3OJIALNH, CUCTEMBI
yIIpaBJIeHUA TUAPABINICCKIM HACOCOM YCHUJIUTE-
JISl pYJIEBOTO YIIPaBJICHUSA, CHCTEMBl TOPMOKCHHUS
U APYTUX CHCTEM, KOTOPBIE MUTAIOTCH OT JJICK-
TPOCETH BBICOKOT'O HATIPSKCHHUS.

Hanpsxenne 31eKTpONUTaHUSA BBICOKOBOJIBT-
HOH CHCTEMBI aBTOMOOHJISI OOBIYHO HAXOITHTCS
B amamazone 100B—500 B. bonee Bwicokoe pa-
Oouce HampsHKCHUE MPEdbABIISICT Oojiee cephes-
Hble TpeOOBaHUA K XapaKTEPUCTHUKAM W30JIAINI
MEKAY BBICOKOBOJIBTHOH IIMHOM 3JIEKTPONATAHUA
TPaHCHOPTHOTO CPEACTBA M IIACCH TPAHCIIOPTHO-
r'O CpeNicTBa.

KucnoTnas v mesiounas Koppo3us, n3MEHEHHe
TeMIepaTypsl U BJIAYKHOCTU OKPY>KaIOMIEH Cpebl
BBI3BIBAIOT CTAPEHHE WJIU MTOJIOMKY BBICOKOBOJIBT-
HOTO TOKOBEMYIEro Kabesii W ero H30JIAIuH,
YTO MPUBOAUT K CHUKEHHUIO COMPOTUBJICHUS U30-
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JIAIUY MEXKY BBICOKOBOJIBTHOM IEMbI0 U IIacCh
apromoOuid. [losoxuTrepHbIE M OTPULIATEIIBHBIC
BBIBOJIBI BBICOKOBOJIBTHOM 3JIEKTPOCETH 00pa3yioT
KOHTYD TOKa YTEUKH 4epe3 M30JIAIUIO U IIACCH,
YTO MPUBOIUT K POCTY MOTEHIMATIA ACCH.

Huis Toro, 4ToObl OOHAPYKUTH HEHMCIIPABHO-
CTH B 2JIESKTPOCETH BBICOKOT'O HAMIPSKEHU, YaCTO
MPUMEHSAIOTCS METOIbl OOHApyKeHHS COMpO-
TuBjeHus n3oAnuu. Cpenn HUX Hambosee pac-
MPOCTPAHEHBL: METO[ HW3MEPEHHS HANPIKEHUT
Ha KOHIIE IIMHBI, METOJ] BBOJIa CUTHAJIOB TIepPEeMEeH-
HOT'O TOKa ¥ METOJ M3MEPEHUs HAPIKEHU U30-
JIATUY TIOCTOSTHHOTO TOoKa. CxemMa, MCrosIb3yemast
B METO/Ie ONpenesicHUs HAMpSKEHUS Ha KOHIIC
IIMHBI, TTPOCTa, HEHAJeKHA M HE MOMKET OIpere-
JINTh HEUCIPABHOCTH, HAIMPUMEDP, KOPOTKOE 3a-
MBIKaHUE Ha 3eMJI10. MeTon reHepalny CUTHAJIOB
IIepEeMEHHOI0 TOKa o0ecrednBaeT (OpMUPOBaHTE
CUTHAJIOB IEPEMEHHOI0 TOKa B CHCTEME IOCTO-
SHHOT'O TOKa BBICOKOBOJIBTHON CTOPOHBI 9JIEKTPO-
MOOWJIAA, pacueT W OMpeaesieHre COCTOSAHHS U30-
JIATUU CUCTeMBl. MeTon n3MepeHns HalpsSKeHU
M30JIAINA B CETH MOCTOSHHOTO TOKa peasin3yeT-
cfl MMyTeM U3MEpPEHUs CONPOTUBJICHUSA N3OJIALNN
METOJIOM TpPeX BOJILTMETpPoB. I[yia Toro, 4ToObI
M3MEpPUTh COMPOTHUBJICHUE H3OJIANNN, CO3MAI0TCH
CHeIaTN3NPOBAHHBIE CHCTEMBI KOHTPOJIA €€ CO-
MPOTUBJICHUA.

W3smepenune conmpoTUBIICHUA W3OJIAINHA BHICO-
KOBOJIBTHOM aKKyMYJISITOPHO# OaTapen BHIOTHSA-
eTcd BMeCTe ¢ KOMIIOHEHTAMU, PACIIOJIOKEHHBIMA
BHYTpHU KopIryca OaTapeu, Hampumep, C YCTPOIi-
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CTBaMH MOHUTOPHUHTA TEMIIepaTypbl, yCTPONUCTBA-
MH TIO[ICpKaHUsA TeMIlepaTypbl M oOecIedeHUs
TenmyToo0MeHa KUIKOCTHOTro THa [14].

O0e KJIEeMMBI BBICOKOBOJIBTHOM aKKyMYJISTOP-
HOIf OaTapeu, KaK IpaBujIo, IMEIOT pa3HbIe COMpO-
TUBJICHHS W3OJIAIMA OTHOCUTEIBLHO DJIEKTpUYe-
ckoro maccH. Ilo coobpaxkeHHsAM Oe30MacHOCTH
HaWMEHBIIIee M3 HUX CYHTAIOT COMPOTHBJICHUEM
M30JIAINH JICKTPOCETH, KOTOPOE PAaCCYMTHIBAIOT
C TIOMOIIBIO H3MEPEHHBIX 3HAYCHUN HAIIPIKCHUA.

Tlpunyun oeticmeus cucmemul

KOHMPOAST U30AAUUU ABTMOMOOUNS

CucremMa KOHTPOJIS COTPOTHUBIICHUS U30JIAIAN
(Insulation-resistance monitoring system-IRM) —
9TO HaJC)KHASA M IPOCTasi B 00CITyKUBaHUH CUCTE-
Ma, KOTOpas HMCIOJIb3yeTCs JIUIS MEePHOTUICCKOTO
WJIA HEIPEPHIBHOIO KOHTPOJSA COMPOTUBIICHUS
M30JIAIIMA TOKOBEAYINUX KabeJiel, MpuMEeHIeMBbIX
B BBICOKOBOJIBTHBIX IUTAIOMIMX IIETAX aBTOMO-
Omwis U JaeT BO3MOXKHOCTb OTCJICKUBATH JIOJITO-
BPEMEHHYIO JIerpajaliiio KaOeJIbHOH pPa3BOIKH
BBICOKOBOJIBTHOM nuTaromeit nemnu. Cucrema IRM
MOYKET M3MEPATH CONMPOTHUBJICHUHU KaOesisd B JiHa-
mazoHe oT 20 kOm go 1000 MOM, TIe ONTHMAaJTh-
HBIM cuuTaeTcs conpotuBieHue cBbime 500 kKOm.
W3mepeHUss CONMPOTUBIICHUS BBITIOJTHSAIOTCS TI0-
OYEPETHO JIUIS KaXKIOH IeNn M NJIUTEJIbHOCTD H3-
MEpEHUU 3aBHCHUT OT BPEMCHHU 3apsiKd IICTIH.
[Ipu oTKTI0YECHHOM [TeTTH N3MEPEHUS COITPOTHUBJIE-
HUSI U30JISAITUH HE BHITOTHAIOTCA.

B cooTBeTCTBUM ¢ TIOJIOKEHUSMH CTaHIAPTOB
BS ISO 6469-1-2016, ISO 16750, IEC 60664-1 [1,
2, 3] cocTostHrE M30JISAIUHA BEICOKOBOJIBTHOM 2JICK-
TPOCETH aBTOMOOWJIS HM3MEPSICTCS H30JIUPOBaH-
HBIM COITPOTHBJICHUEM JIJIS TTOJIOKUTEJILHON U OT-
pHIATeSILHON JIMHUYW MUTAHUSA MOCTOSHHOTO TOKa
OTHOCHTEJIBHO 3eMyIH. JIJ1A olleHKH TpeOoBaHMIA
0€30ITaCHOCTH BBITIOJTHSACTCSA JICJICHAC 3HAYCHUS CO-
MIPOTUBJICHUS U30JIAIIMY Ha HOMUHAJIbHbBIC HaIpsi-
KeHus: U CUCTEMBI 3JICKTPOITUTAHUS TOCTOSHHOTO
TOKa aBTOMOOWJIA, ©CJIM PEe3yJIbTaT IPEBHIMACT
BemuuHy 100 Om/B, To cerp cumtaercs 6e3o-
TIACHOM, a eCJIM Pe3yJIbTaT HUKE 3TOro 3HAYCHWA,
TO CeTh CYMTACTCA HE OE30ITaCHOM W CYIICCTBYET
HapyIIIeHNe U30JIAIUN TPAHCIIOPTHOTO CPEICTRA.

JUis W3MepeHWsl CONPOTHUBJICHUS W3OJIAINI
BBICOKOBOJIBTHOM 3JICKTPOCETH II0 OTHOIICHHIO
K IIaCCH HCIIOJIb3YeTCA IIeMb C IICPEMCHHBIM M-
nemaHcoM. {1 3TOro paccMoTpuM cXeMy Hu3Me-
pUTEJILHOM IIeITH, ITOKa3aHHOH Ha puc. 2. B cxeme
Vb — HanpsbxkeHHe akKyMyJaTopHoi Oatapen GB,
Rp n Rn — conpoTUBIICHUS H30JIAINH TIOJIOKATEITh-
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HOM IIUHBI U OTpHHaTeHbHOﬁ IIMHBI II0 OTHOIIICHHIO
K 3€MJIC COOTBCTCTBCHHO. Up u Un OpEacCTaBIAIOT
coboi HaIIpAKCHUA MOJIOKHUTCJIbHOI'O I1OJII0Ca U OT-
pULAaTCJIbHOI'O II0JIX0CA OTHOCUTECJIbHO 3EMJIN.

R5

> (] rs -

Vp

Un I:|R2 R4

R8

Puc. 2. Cxema u3mepeHus CONPOTHBIIEHHS
H30JIALHH Y1eKTPOCETH

Fig. 2. Electrical network insulation resistance
measurement circuit

WsmepuTeabHass Ienb IPEACTaBJISICT COOOi
MOJICJIb KOHTPOJIS U30JIMPOBAHHOIO COIPOTHBJIC-
HUSI BBICOKOBOJIBTHOM CETH TPAHCIIOPTHOI'O Cpefl-
CTBa, B KOTOPOi R, M R, ABIAIOTCA UIyHTHPYIO-
IIUMHU PE3UCTOPAMU C M3BCCTHHIMHU 3HAYCHHUSMHM
COIPOTHUBJICHUM, UCIOJIb3YEMBbIC JIJISI U3MEpPEHUS
aJIeMeHTH R, 1 R, S|, S, 06pasyoT 1enb conpo-
TUBJICHUA cMelleHus. R, u R, R, u R, oGpasyior
cXeMy JeJICHHS HampsbkeHus. Bo BpeMs msmepe-
HUSA TO0YEPEIHO BKJIIOYAOTCA S, U S, U U3Meps-
I0TCS BeJIMYMHBI Hanpsikenuss Vp u Vn. Tlo 3Ha-
yeHUsAM Vp m Vn onpenesisieTcs CONPOTHUBJICHHUE
M30JIAIIUHI BHICOKOBOJIBTHOM 3JICKTPOCETH.

Teopema TeBeHMHA U1 JIMHEHHBIX 3JICKTPH-
YECKHUX IICTCH YTBEPXKIAET, YTO JII00asi JICKTPH-
4ecKas I1eTb, UMEIOINast 1Ba BHIBOIA U COCTOSAIIIAS
13 TPOU3BOJILHONM KOMOHMHAIIMM WMCTOYHUKOB Ha-
NIPSKCHUS, UICTOYHUKOB TOKa M PE3UCTOPOB (CO-
MIPOTHUBJICHU), SJICKTPUICCKH JIJIS STUX JIBYX BbI-
BOJIOB AKBHMBAJICHTHA IICIIA C OJHHMM HICAJIbHBIM
ncrounnkoM Hamnpsikenus ¢ DIC V u ogaum pe-
3UCTOPOM R, COCTUHEHHBIMH ITOCJICIOBATEJIBHO
C 3TUM UCTOYHUKOM HAIIPSIKCHUSL.

Korna Bce mepekiouarenn S, u S, OTK0Ye-
HbI, HaIIPSOKCHUEC MEXIY ITOJIOKUTEJIbHOU, OT-
PHUIIATCIbHON IIMHOM M 3JICKTPUYECKUM IIaCCH
cocrapyiseT U, u U, COOTBETCTBEHHO, COITIACHO
Teopeme TeBeHnHa:
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Korma mepeksodarens S, 3aKkphiT, a S, OT-
KJIIOYEH, CTaHIapTHBIA PE3UCTOP cMmemeHus Rc,
BCTaBJIACTCA MEXKIY IOJOXKHUTCIBHOM IIMHOM
U 9JIEKTPUYECKMM Imaccu. HampsbkeHue Mexmy
MOJIOKUTEJIbHOM M OTPUIATEJIPHOW  ITHHAMM
U 3JIEKTPUYECKUM Inaccu cocrapiser U, u U,,
COOTBETCTBEHHO. MBI MOJKEM IMOJIYYUTh CIICTYIO-
1iee ypaBHEHUE:

Up, i Up, _ Uy, .
R R R

P

Cl N

Pemus YpaBHCHUA, MOKXHO IOJIYYUTb COIIPO-
TUBJICHUC U30JIALINN:

U, Uu
R, =R, |2 —1|wm
UNIUPZ
R. = UPIUN2 _UNIUP2
P — 1 .

UPIUPZ

AHaJIOTUYHO 3HAYCHHE COMPOTHBIJICHUS H30-
JISITIHA MOKET OBITh MOJTY4YEHO B CJICTYIONINX IBY X
CUTYaIUAX:

(1) Bce S, 1 S, OTKIIOY9EHBI UK S| OTKJIIOYEH,
a S, 3aMKHYT;

(2) S, 3aMKHYT, S, OTKJIIOYEH M S| OTKJIIOYEH,
S, 3AMKHYT.

Ha mpakTuke npuMmeHseTcs Takxe MOTUpHIIN-
poBaHHas cxeMma (puc. 3), OCHOBaHHas Ha METOJIE,
KoTophlii ommcaH B ctaHmapre BS ISO 6469-1-
2016.

S1

R3 R5
1 1
| S| | S
Rp Hm R7
U
+ [ GB1 P Vp
T
—
/J7 Rn [r2 R8 Vn
Un
R4 R6
1 1
—J —J

Puc. 3. [IpuannnuanpHas cxema n3MepeHus
CONPOTHBJICHHS W30 IALHH

Fig. 3. Schematic diagram of insulation resistance
measurement

R, 1 R, npencTasisAoT coboii COMPOTUBIIEHHE
M30JIAIINH TIOJIOKUTEIbHON U OTPUIIATEIbHON TO-
KOBEYIIEeH IMMHBI K Kopiycy kopmyca. U, u U,
MPENICTABJIAIOT COOOHM HaIpsKEHUE MEKIy TO-
JIO)KUTEJIbHOM W OTPULIATEJIBHON IIMHAMU U KOp-
nycom akkymyinsartopa. U,, m U,, — 3HaueHus
HaNpsOKEHUSA Ha CONPOTHBIIEHMH R, n R, coor-
BETCTBEHHO. R,, R,, R, R, R, u R, — 3Hauenus us-
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BecTHOro comnporusjieHns. Korma kmoa S pasom-
KHYT, 3HAUCHHS HAMPSKCHUS TOJIOXKHUTEIBHOM
M OTPULIATEJIBHON INHMH II0 OTHOIICHHIO K 3€MJIE
pasubl U, u U,,. Korna S 3aMKHYT, 3Ha4eHMs Ha-
NPSKCHUS IOJIOKUTEIbHON M OTPHIATEIbHOI
HH K 3emute pasubl U, u U, ..

[Ipu pasoMkHyTOM KJjTtode S 1o 3akoHy Kupx-
roa moJryuynuM BhIpayKCHHE:

UPl + UPl — UNI + UNl
R,+R.+R, R R, +R+R, R,
Korna § s3amknyT, pesuctop R, 3aKopodeH,

1 MOJTy4YaeTCs COOTHONICHHE:
UP2 + UP2 — UNI + UNI
R.+R, R, R, +R,+R, R,

[MockosibKy 3HaYeHHs COMPOTUBIICHUA R, U R,
3HAYUTEJIBHO MEHBIIE, YeM R,, R, R, v R, nx 3Ha-
YEHUAMM MOXKHO TPEHEOPEYb U IPUHATL R = R, =
= R, = R,. ®opmyia [Jis1 pacdera COpPOTUBIICHUs
M30JIAINHN OyIeT IMETh BUJI:

— 2R3 (UNZUPI — UNIUPZ) AITH
2UN1UP2 - UNZUPI

P

— 2R3 (UNZUPI _UNIUPz) )
UPIUPZ + UNIUPZ + UNZUPI

W3 ¢dopMmynn BHAHO, YTO TIOKa HANPSKCHHE
MTOJIOKATEILHOM M OTPHIATSIIHHOM ITHH IO OT-
HOIICHUIO K 3eMJIic H3MepsAeTCA TIPH OTKJIIO-
YeHHH W TOOKJIIOYeHUH S, MOXHO HW3MEPHUTH
BEJIMYMHY W3OJIAINHN TIOJIOKUTEJIBHON W OTpHIIa-
TEJIBHOM IMUH OTHOCHUTEIBHO 3eMJIM. OCHOBBIBA-
SCh Ha IPUHITHMIIC TIOCJICAOBATEIbHOIO BKJTIOUCHUS
CONPOTHUBJICHHS, HAIPsDKCHUE IIOJIOKUTCIIBHON
M OTPHUIATEJIPHON IMWH Ha 3eMJII0 MOXET OBITh
TIOJTYY€HO MYTEM M3MEPEHUA HalpshKeHus Ha R
uR,.

CorylacHO TPUHIWITY  TIOCJIEOBATEILHOTO
BKJTIOUCHHUS COIPOTHBJICHUS, KOINa IEepPeKJIIova-
TeJIb S Pa30MKHYT, CIIPABEIJINBO yPaBHCHNE:

P

R, +R.+R
Uy =Up —=—"—L wm
R,
R,+R +R
Uy =Upg ———=
Ry
Korma k1104 S 3aMKHYT, TO TIOJTY YHAM:
R.+R R,+R +R
Up, =Upgs, 2 - u Uyr=Urg, . ¢ L.
R, R,

3HaueHue CONPOTUBJIEHUA n3oALMK R, u R,
MOXKET OBITh MOJTY4YCHO U3 MPUCICHHBIX BHIIIE CO-
OTHOIIECHUA.
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Tlopsioox nposeoderuss uzmeperuti

conpomueaenus uzonayuu coaaacto 1SO

JUts W3MepeHusl CONPOTHUBJICHUS W3OJIAINI
TPAHCIIOPTHOTO CPENCTBa 00€ CHJIOBBIE KJIEMMBI
IOJKHBI OBITh OTCOCTUHEHBI OT 3JICKTPUYCCKON
CUJIOBOHM TIeMM M JAPYTUX BHEIIHWX Iereil. KoH-
TaKTHBIC TPYIIIB BHYTPEHHUX BCTIOMOTATEIbHBIX
CUCTEM JIOJDKHBI OBITh OTKJIIOYEHBI OT BHEITHHUX
WMCTOYHUKOB MUTAHUSA W TIONKJIIOYCHBI K 3JICKTPHU-
YECKOMY MCTOYHHKY, PaCIOJIOKEHHOMY Ha IacCh
TPAHCIIOPTHOTO CPEICTBA.

ComnpoTHuBJICHIE HW30JIANNN W3MEPSIOT B Te-
YeHHe CTaOWMJIM3MPYIOMIET0 IepHoia BHIICPIKKH,
IIPA KOTOPOM OITpeNesIsieTCs HauMeHbIIIee 3Hade-
HUe corpoTuByeHUsA. [lapameTps mepromos mpen-
BapUTEJIbHON W CTaOMIN3UPYIOMICH BBIICPIKEK BhI-
OWparoT B 3aBUCHMOCTH OT COCTOSHHUSA Tepexoja
HAKOIUTEJIA SHEPTUHU Yepe3 TOUYKY POCHL.

Ecam 970 BO3MOXKHO, TO akKyMyJsTopHas Oa-
Tapes JTOJDKHA OBITh 3apsKeHa JI0 MaKCHMaJIbHON
CTCTIeHN, PEKOMEHIOBAHHOW  HW3TOTOBUTEJIEM.
[Ipn m3aMepeHUsIX BHYTPH TPAHCIIOPTHOTO CpeEN-
CTBa, €CJIN aKKyMYJIATOPHAsS OaTapes 3apsKacTcs
TOJIBKO OT OOPTOBHIX MTpeobpa3oBaTesieit 1 NCTOU-
HUKOB 2HEPIHWH, TO OHA JOJDKHA OBITH 3apsKeHa
10 000 CTETICHW 3apsyKeHHOCTH, TTOMXOMSAIIEH
171 TIPOBEICHUS W3MEpPeHWi, oOecnednBaroIias
HOPMAaJIbHBI YPOBEHD (DY HKITHOHMPOBAHUS.

BHyTpeHHEE CONPOTHBIICHUE M3MEPUTEIIHHOMN
e TOJDKHO OBITH Oostee 10 MOwm.

Cucrema IRM nmomxHa 3apskaTh IEMb, TOKa
He OyneT mocTurHyTa cradmnusanus. Llemb cawm-
TaeTcsd CTaOMJIBHON, ©CJIM 3HAaYCHUE COMPOTHUB-
JICHUs ee M3OJIAINN HaxomuTcsA B mpenenax 2 %
WJIA MEHEE OT TIPEIBIYIIero 3HAYCHU .

Bat

{11111
H] Ubat
Ul Ri1 <

] l

ﬁ ﬁ ﬁ e
Ri2 |TJ1' u2 RO Rt <

Ecnm cuyioBble KOHTakTOpbl Oaraped HWHTe-
TPUPOBAHbI B aKKYMYJIATOPHYIO Oarapero, TO OHH
JOJIKHBI OBITh OTKJTIOYEHBI BO BpeMsl U3MEPCHHS.
[Iponienypa a7 Kakaoro u3MepeHus 3aKiIodacT-
cA B CJICAYIOMIEM.

Heo0xonmuMo #3MEpUTh HANPSHKCHHSA MEXKTY
KOKIOH KJIEMMOW aKKyMyJisiTopa W 3JICKTPH-
YecKMM mmaccu aBTomoOuiis (puc. 4). bosbmiee
3Ha4YCHUE HanpspkeHus obosHavaoT U, MeHb-
mee — U’ 1 1Ba COOTBETCTBYIONIMX CONPOTUB-
Jenus usonAnuu R, u R, = R. Ilockonbky R, —
HauMEHbIIee COMPOTHUBJICHUE W3OJIAIMH  TO,
CJIeOBATEIbHO, OHO U fBJISICTCS CONPOTHBIICHU-
eM m3oJAnuMu akkymyssTopa. [lpm usmepenun
HaIpsDKEHUSA TaKyKe HEOOXOMMMO BKJTIOUUTD U3Me-
PUTENIBHOE COMPOTHBIIEHHE R M3BECTHOTO HOMHU-
Hajla TmapasuleJibHO R, ¥ U3MEPUTh HaNPAIKEHUA
U, n U’,. Tlpn BBINOJHEHUH U3MEPEHMI UCTIBITA-
TEJIbHOE HAMIPSIKCHNE OJIKHO OBITh CTA0OMIbHBIM.

TeopeTnyeckn BeMYMHA CONPOTHBIIEHUA R
HE MMEET HUKAKOro BJIMSHMS Ha pacueTHBIE CO-
npoTuBieHus u3onAuud. OngHako R BHIOMpAOT
TaK, 9YTOOBI U3MepsieMbIe HAIIPSIKEHUS KaK MOYKHO
0O0JTpIIIe TIOBBICHJIM TOYHOCTb PACYETHOI'O COMPO-
TUBJICHUS U30Jaun. [lonxonsmum ABJIsieTcs 3Ha-
YeHHUE CONpoTuBJIcHUsA B auanazore 100—500 Om/B
paboyero HampsKEHHUS aKKyMyJisiTopa. 3HaYeHHE
9TOr0 COMPOTHUBJICHUS JOJKHO OBITH HM3BECTHO
C TIOT'PEITHOCTHIO He OoJtee 2 Y.

ConpoTuB/IeHHE U30JIALMK R, PaCCUNTHIBAIOT,
HCTIOJIb3ys R, ¥ TpH 3HaueHus Hanpsokenus U, U’
1 U,, py IOMOIIK CJIEAYIONIETO Yy PABHEHHUA:

R :RO—U‘ %[ YL
l U2 Ul

Lo

[ ] [

Bat

i

a

o

Puc. 4. Cxema H3MepeHus HaHpﬂ)KeHl/Iﬁ Ha U3MEPHUTETBHOM CONPOTHB/ICHNH
0 OTHOIIICHHIO K KY30BY aBTOMOOHJIA JJIS1 BBIYUCJICHUSA R H30JIAIUA:

a) uaMepenue Hanpsokenus U,

U ,; 6) nsmepenne nanpsokenns U, U, ipu nobGasniennn R ; 1 — Ky308

aBTOMOOMIIAA, 06Pa3yIOMHUI SJIEKTPUIECKYI0 3eMIio; R, M R, — HOMAHAJTbHBIE COIPOTHBJICHHS H30JIALIMH MEKITY
IBYMsI KJIEMMaMH aKKyMyJIATOPHOI 6aTaper 1 KOPITyCOM MIacCH; R — NU3MEPHUTENIbHOE CONPOTUBIICHAE

Fig. 4. The circuit for measuring voltages across the measuring resistance in relation to the car body
Jor calculating R insulation: a) measurement of voltage U, U’,; b) measuring the voltage U, U,
when adding R, I — vehicle body forming an electrical ground, R;, and R, — nominal insulation resistance
between the two terminals of the battery and the chassis, R, — measuring resistance
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YpaBHeHUe ommchiBacTcsA B cTaHmapTtax SAE
J1766 u FMVSS 305, ISO 6469-1: 2016, HO TOJIBKO
MIPENICTAaBJICHO C APYTUMU MHICKCAMH.

R, Taxe MOXKHO PacCyMTaTh, MCHOJb3YA R,
¥ BCE YeThIpe 3HAYeHUs Hanpsokenus U, U’l, U,
U’,, ipu IIOMOIIH CIIENYIOMIETO Yy PABHEHHUS:

v, Ui
2 Ul

R =R,
Pe3ynbTatbl nuccinepgoBaHnii
u nx obecyxgeHune
IIpencraBnennsiit rpaduk (puc. 5) Mo3BoOJIACT
HAIVIAIHO M300pasHTh MPOIecC PadOTHl CUCTEMBI
IRM u usMepeHHusi CONPOTHUBJICHUS H3OJIALMH,
KOTI'JIa IIPH 3aMBIKAaHUK OTHOI'O M3 KJIFOYCH IpPOMC-
XOIUT HW3MEHEHHE HaNpsHKEHUS Ha H3MEPUTEb-
HOM pesucTtope R NpH HOPMAJIBHOM COCTOSHUH
M30JIAINN TUTFOCOBOTO M MHHYCOBOT'O ITPOBOJIOB
BBICOKOBOJIBTHOM cHCTeMBL V3MepeHus Tipo-
nucxomaT npuMmepHo B Toukax 30 ¢, 60 ¢, 90 c,
120 ¢ nHa rpadpuke kpuBoii 3. [lo m3amepeHHOMY
3HAYCHHIO HAIIPSHKCHHSA C YUCTOM 3HAYCHUH U3Me-

360

PHUTEJIBHBIX CONPOTUBJICHUN BEIYUCIISACTCSA COMPO-
THBJICHHE W3O0JIAIAN IO U3BECTHBIM (POPMYJIaM.
ConpoTHuBJICHUS TOJIOKHTEILHON M OTpUTIATEITb-
HOW IMUHBI MIPEICTABJICHB KPUBBIMEA 1 U 2 W BHI-
YUCJIAIOTCA C 3aJaHHBIM TIEPUOIOM TIOBTOPCHHS
(1a pucynke 310 30 cekyHm).

W3mepeHue conpoTUBIICHUS H30JIAIIAN TTPOUC-
XOIUT CJICAYIOIUM 00pa3oM:

1) usmepsieTcs odIee HampsDKEHUE Ha BHICOKO-
BOJIETHOI OaTapee;

2) IRM wu3smepsieT HanpsyKeHUE BBICOKOBOJIBT-
HOI1 Oatapewn;

3) IRM wm3MepseT pa3HOCTh TOTEHIIHAJIOB
MEXIY 3eMJICH W ILUTFOCOBBIM ITPOBOIOM BBICOKO-
BOJIBTHOUN CHCTEMBI;

4) IRM usMepsieT HaNpsAKCHUE BBICOKOBOJIBT-
HOI1 Oatapewn;

5) IRM wusmMmepseT pa3sHOCTb MOTEHIMAJIOB
MEXIY 3eMJICHi 1 MUHYCOBBIM ITPOBOIOM BBICOKO-
BOJIBTHOU CHCTEMBI.

Ilpn mageHWW COMPOTHUBIICHUS W3OJIAIIH
MEXIYy KOPIYCOM U TIOJIOKHUTEIbHOM ITMHOM po-
HCXOMUT CMEIICHHE TTOTCHITNAIa TIOJIOKATETbHOMN

154 124
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1| == | Hampspxerute ysomaumt
320 13,54 10,7 2| = | Cocromrme xmoua S1
3| == | Cocroarme xmoua S2
4| = | Cocroarme xmoua S3
280 121 941 5| == Cocromure xmoua S4
240 m10,5- 8,1
wo 1%
= =
—
mﬁ 200 gy 9 g 6,8
[ ]
= |2 %
5] z LN N
E 1601 é 7.5 E 55 -
o120 B 64 E 4.2 ]
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I3 [~
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| 3}
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Puc. 5. I'pachuk n3mepenus moTeHnuana Ha H3MePUTEIbHBIX pe3nucTopax

IJIA onpeaeieHus CONPOTHB/ICHUS U301
1- Hampsi>KeHUE MEXKAY KOPITyCOM BBICOKOBOJIbTHOM

U BbICOKOBOJIbTHOI IJIEKTPOCETH:
6aTapeI/I U TIOJIOXKUTEJIbHON WJTA OTpHHaTeHbHOﬂ

IIAHON NMUTAaHUA B MOMEHT YMEHBIIECHUA COIPOTUBJICHUA U30JIALIMN U CMEIICHNS U3MEPAEMOIo MOTEHIINAJIa,

OTHOCHUTEJILHO KOPITyca BHICOKOBOJIBTHOM OaTapew; 2, 3,

Fig. 5. The graph of measuring the potential on the
resistance of the high-voltage power grid: 1 — voltage be

4, 5 — cOCTOSIHME KJTIOYCH B MOMEHT NEPCKITIOYCHUA

measuring resistors to determine the insulation
tween the high-voltage battery case and the positive

or negative power bus at the time of decreasing the insulation resistance and displacement of the measured

potential, relative to the high-voltage battery case; 2, 3,
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4, 5 — state of the keys at the moment of switching
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IIMHBI 0aTaped BBICOKOTO HAMpPSIKECHHS OTHOCH-
TesibHO 3eMiid. Ha rpaduke ¢ 0 mo 35 cexyHmy
MOJICJTUPYETCS M3MEPEHUE pPa3HOCTU TOTCHIIMA-
JIOB Ha BBICOKOBOJIBTHOU OaTapem, COOTBETCTBYIO-
el HopMaJIbHOM M30JIAIMK. B MOMEHT BpeMeHH
35 cekyH/I MOZIeJTUPYeTCs U3MEepeHHe O0MIero Ha-
npsbxeHus 6atapen. Ha maTepBase ¢ 35 mo 52 ce-
KYHJIy MOIEJIMPYETCs MPOoIecc 3apsaa eMKOCTH.
Hauunas ¢ 52 cexkyHpl 10 65 CeKyHIB MOJICJIAPY-
eTcsl U3MEPEHHE CMEIICHHS MOTCHIMAIa MEXIY
MHUHYCOM BBICOKOBOJITHOI OaTaper W KOPIIYCOM,
YTO COOTBETCTBYET CHHIKEHHIO COMPOTHBIICHUS
m3osanuy. Ha wmHTEepBasie ¢ 65 mo 95 cexyHmy
MOJICTUPYETCS M3MEpPEHHEe TOTEHIMaa TUTI0CO-
BOIl INMHBI OTHOCHUTEJIHO KOpIyca, 4TO COOT-
BETCTBYET HEHMCIPABHOU IIMHE 3JICKTPOMUTAHUS.
[Torennman GaTapen CMEIIEH OTHOCHUTEJIBHO II0-
TeHIMAaja, 3aJaHHOr0 COMPOTHUBIICHUAMH CHMME-
TPHU3AIUH, YTO COOTBETCTBYET CHIIKCHHIO COMPO-
THUBJICHUS.

3aknoyeHne

CHMKEHHME CONPOTUBJICHUS H3OJIAIMNA 3JICK-
TPOCETH MOKET OBITh OOYCJIOBJIEHO CTapecHHEM
U Jerpaganieil HEKOTOPHIX THUIIOB aBTOMOOMJIb-
HBIX aKKyMYJIATOPOB.

Ecnu conpoTuBiieHHE U30IAIUN BCEl CHUIOBOM
IIEMH, U3MEPEHHOE C MTOMOIIIBIO CUCTEMbBI MOHHTO-
PHMHTa COMPOTHUBJICHUS U30JIAMN Ha OOPTY TpaHC-
MOPTHOTO CPEICTBA, COOTBETCTBYET TPEOOBAHUAM
ISO 6469-3-2020, To W3MepeHUe COMPOTUBIICHUAS
U30JIALMN aKKyMYJIATOPHON OaTapen Kak OTHEJIb-
HoOro komroneHnTa 1o ISO e mposomar [9].

IMocpencTBoM  (DU3NYECKOTO MOAEIUPOBAHUS
HCOOXOMMMO OMpPEAC/IUTh HAWJYYIIUA METON
KOHTPOJISI M30JIAIMN, KOTOPHIA MO3BOJISAET OIpe-
OEJIUTh COMPOTUBJICHHE OTHOCHTEJIBHO TIOJIO-
JKUTEJIbHOM M OTPHUIIATEIbHOM INMHUHBI 3JIEKTPO-
MUTaHUA, a TaKXKe IMOJYYUTh MaTeMaTUYECKYIO
1 pu3nUYecKyo MojIesIb CeTH.

U1 TOTO, YTOOBI OIIEHUTH A(H(HEKTUBHOCTH Me-
TOMAOB KOHTPOJIS U3OJIAINH, HEOOXOTMMO MOCTPO-
UTh TJaTGOPMY IS TECTUPOBAHHUSA U MMHUTALINN
COIIPOTHBJICHUS M3OJIANUU, YTOOBI MOATBEPIUTH
JIOCTOBEPHOCTh M HAMECIKHOCTb TCOPHHM M METOMA
HU3MEpECHHUSI.

Ilpu paszpaboTke mnporpaMMHO-anmnapaTHON
I1aTGOpMBl HEOOXOMMMO pa3paboTaThb CXEMBI
BKJTIOYECHHUS COMPOTUBJICHUA CMEIICHHS, KOHTPO-
JIsl M3OJISIMM, 3aIUTHl OT BBHICOKOIO W HHU3KOTO
HaMpsDKEHKS, OJIOKMPOBKU KOHTYpPa BHICOKOTO Ha-
MPSDKEHUS B COOTBETCTBUH € TIPUHITAIIOM OOHApY-
JKEHHSI HAPSDKEHHS, YTOOBI HCIBITATh BCIO allia-

96

paTHyI0 9acTh cucteMbl IRM. CremyeT cocTaBUThH
MOJIeJTb, KOTOpasi IMUTHAPYET OCHOBHBIC (DYHKITUU
anmnapaTHo 7eKTpuueckoit cxemsl IRM B cpene
MATLAB, a takxe miaTtdopMy i OTpabOTKH
MPOrpaMMHOT0 00€CIICYeHU S, UCIIOJTb3YsT MOy Tb-
HBIH IPUHITATI €€ TIOCTPOCHUSL.

IIpn mpakTu4eckoil ampobanuu MOACTH pe-
3yJIbTaThl U3MEPEHHBIX 3HAYCHU COMMPOTUBJICHUS
M30JIAIMA U TCOPETHYCCKUX 3HAYCHUU OJIKHBI
cxomuThed W cocTaBiATh mopsagka 100 xkOw,
U Tpd HTOM OTHOCHTE/IbHAs IIOTPENTHOCTD
He mo/pkHa mpesbimaTh 10 %. D10 mocraTodHo,
9TOOBl 0Ka3aThb JTOCTOBEPHOCTH HCIIOJIb3yEeMOM
pacYeTHON MOJIEJI CONPOTHUBJICHUSA HW30JIAINH,
OIMCAaHHOH B TaHHOU paboTe.

YuuTeIBas TPaHMIIB U AT U3MCHEHHS COIPO-
THUBJICHUST W30JIAIUN 3JICKTPOCETH, HEOOXOTUMO
pa3pabotarth (PHU3MYECKYI0O MOIEb, OOeCIeYn-
BAOIIyI0 TUHAMUYCCKOEC W3MCHEHHE COIPOTHUB-
JICHUS JJIS Pa3jInIHBIX PEKUMOB SKCILTyaTalluu
TPAHCIIOPTHOTO cpenacTBa. Momeab HeoOXommma
IJIs OlIpeNiesICHUsI ONITHMAaJIbHBIX CXEMHBIX pellre-
HH ¥ IPUMEHIEMBIX METOJIOB pacueTa U KOPPeK-
MM U3MEPEHHBIX 3HAYCHHUIA.

C y4eTOM ONMHMCAaHHBIX MPUHITUIIOB N3MEPEHUS
CONPOTHUBJICHAS H3OJIAIMK C HCIOJIb30BAHHEM
METO/Ia M3MEPCHUS HATIPSKCHUH I pa3paboTKu
(u3ryecKoif MOIEIM CUCTEMBI KOHTPOJISA W30JI-
MM TpedyeTcs peaTn30BaTh MOJICITb HAaPSKCHUS
B U3MeEpseMBIX IensAaX ¢ ucrosib3oBanueMm [IATI,
MMEIOIIET0 CJICAYIOMUe TEXHUYCCKUE XapaKTe-
PUCTHUKU:

— TWAIta30H 3HAYCHU BBIXOHOTO HAIIPSKEHUS
0-450 B £ 10 B;

— paspemaronmas CrocoOHOCTh Ha 1 OMT He MeHee
10 MB;

— IOT'PEITHOCTH He Oostee + 5 MB Ha kaHauT,

— BpeMs HapacTaHus umiysbea oT 0 B o 10 B -
50 MKc;

— BpeMmsd crnaga umnyJibca oT 10 B no 0 B —
50 mxc.

IIpn paspaboTke (u3HUYECKO W WMUTAIH-
OHHOH Mofesiell HEeOoOXOMMMO TIPETyCMOTPETh
BO3MO)XHOCTh MOJCTUPOBAHUS COCTOSTHUS 3JICK-
TPOHHBIX KJIIOWEH (IIporpaMMHasi WJIA ammapart-
Hasi MOJIEJIb), UCIOJIb3YEMBIX JJIS TIEPEKITIOYCHUS
KaHaJI0B U3MEPEHUS HU30JIAIINN MEKIY KOPIYCOM
BBICOKOBOJIBTHOI OaTapen W MIMHON 3JICKTPOITHATA-
HUSA (TI0JI0KUTEJIBHOM U OTPUTIATEIIBHOMN).

JUIs  yMCHBIIICHUS CJIO)KHOCTH, CTOMMOCTH
1 BpEMEHH Cco3laHus (pU3mIecKoil Moesu ee cie-
AyeT BBINIOJIHATH Ha CHTHAJIBHOM YpPOBHE 0Oe3 Wc-
ITOJTb30BaHUs JICMEHTOB MOJICI C BHICOKAM Ha-
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npsbkeHueM (> 60 B), ni1s KoTopblil moTpedyroTcs
0CcoOBIe CITOCOOBI pa3pabOTKH C YUYETOM IIpeb-
ABJISICMBIX TPEOOBaHMU K DJICKTPHYECKOU Oe3-
omacHoctu (EDK OOH N 100) [4]. Ympasisio-
M€ CUTHAJIBI BKJIIOYEHHUS DJICKTPOHHBIX KJTIOUCH
I  U3MEPHUTEJIbHBIX KaHaJIOB, SBJIAIOIIAXCS
BXOMHBIMH CHUTHAJIaMU  (DU3UYECKOA  MOJIEIIH,
OTPEC/IAIOIUMHI BKJIIOYCHHE W BBIKJTIOYEHUE Ka-
HAJIOB M3MEPEHHS] B CHCTEME KOHTPOJIA H30JIs-
UMY, TOJDKHBI 3aMEHAThCS Ha WH(POPMAIMOHHbIC
CHUTHAJIBI, TICpeIaBaeMble O IMUHE JaHHBIX OT CH-
CTEMBI KOHTPOJISI H30JISAIUH.
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MATHEMATICAL MODELING OF A SYSTEM FOR MONITORING THE INSULATION
RESISTANCE OF A HIGH-VOLTAGE POWER GRID OF A HYBRID VEHICLE
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The paper presents mathematical models and computational and analytical dependences, which make it
possible to implement a system for monitoring the insulation resistance of a high-voltage power grid of
a hybrid vehicle and make it possible to formulate requirements for the physical and simulation model of
the software and hardware complex of laboratory tests. The purpose of the work is to determine the main
functions and characteristics of the insulation monitoring system, its features, the principle of operation
and methods of monitoring the insulation resistance, drawing up requirements for the simulation system.
The introduction justifies the importance of monitoring insulation resistance and provides references to
standards that regulate the requirements for the measurement and determination of mains failure. The
block diagram of the vehicle power supply and the role of the insulation resistance monitoring system in
this diagram are presented, the features of insulation monitoring are explained. The principle of opera-
tion of the insulation monitoring system and the use of the most common schemes are considered. The
calculated dependencies for each of the presented schemes are given. These allow calculating the insu-
lation resistance. The procedure for measuring the insulation resistance according to the ISO standard
is described and the corresponding equations are given. For the presented circuit, a graph that explains
the principle of the system's operation, when one of the keys is closed, the voltage across the measuring
resistor changes with the normal insulation state of the positive and negative power supply bus of the
high-voltage system is given. The conclusions provide a generalization of the presented mathematical
model and formulate the requirements for the software and hardware complex, which allows simulation
and mathematical modeling of electrical systems and their components in various operating modes. The
paper explains the features of the software and hardware complex that allows to simulate changes in
the insulation resistance and faults of the high-voltage power supply network for a vehicle with a hybrid

power plant.

Keywords: power supply system, insulation resistance, hardware and software complex, hybrid power

plant.
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