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MHOPOPMATUKA U YIIPABINEHUE
B TEXHUHECKUX N COLUUATIbHbIX CUCTEMAX

VJIK 53.072 EDN: AQHPLU

NCCIEAOBAHUE MEXAHUYECKOI'O YIAPA
C IOMOIBbIO CUMBOJIBHOI'O ITPOLUECCOPA MATHCAD

E.A. Hukyann

ORCID: 0000-0002-2520-681X e-mail: nea2nea@ya.ru
Hwuxeropoackuii rocy1apcTBeHHBIN TeXHUYeckuit yHuBepcuteT uM. P.E. AnekceeBa
Huorcnuii Hos2opoo, Poccus

[MpencraBneno nccnenoBanne PU3NIECKUX ACTIEKTOB CTOJIKHOBEHMS ABYX Tell, B Pe3ysibTaTe KOTOPOTO BIEp-
BBIC TIOJTYYCHBI TPAMBIC 3aBUCUMOCTH CKOpOCTef/'I OTCKOKa Te€J OT K03(1)(1)I/I].[I/ICHT21 BOCCTAHOBJICHUA TP HEUCHTPAJTIBHOM
yaape W OIpeesieHbl YCIOBHS OTCYTCTBHS OTCKOKA TPH aOCONFOTHO HEYNPYTOM CTOJKHOBEHWHW. [IpuBiIedeHHE CUM-
BostbHOTO TIpotieccopa MathCAD 15 mis BeIBo/Ia CIOKHBIX (POPMYJT TO3BOJWIO CHU3UTH TPYIOEMKOCTh TPOIecca, 3-
0e)KaTh BO3MOYKHBIX OIIHOOK PYYHOTO BBIBOJA 1 MOBBICUTH TOCTOBEPHOCTH IMOJTYUYECHHBIX PE3YJIbTATOB.

Knrouegvie cnosa: ynap, koapduueHt BocctanoBneHns, MathCAD, cuMBONBHBIH nporeccop.

JJIAA HUTUPOBAHMA: Hukynun, E.A. UccnenoBanne MexaHHM4eCKOTO yaapa ¢ MOMOIIBI0 CHMBOJIBLHOTO MPOLECCo-
pa MathCAD // Tpynst HI'TY um. P.E. Anekceea. 2024. Ne 1. C. 7-15. EDN: AQHPLU

RESEARCH OF MECHANICAL IMPACT USING
MATHCAD SYMBOLIC PROCESSOR

E.A. Nikulin
ORCID: 0000-0002-2520-681X e-mail: nea2nea@ya.ru
Nizhny Novgorod state technical university n.a. R.E. Alekseev
Nizhny Novgorod, Russia

Abstract. The paper presents a study of the physical aspects of the collision of two bodies. The direct depend-
ences of the rebound velocities on the coefficient of restitution for an off-center collision were obtained for the first
time, and the conditions were determined under which there is no rebound in a perfectly inelastic collision. The
MathCAD 15 symbolic processor for deriving complex formulas made it possible to simplify this time-consuming pro-
cess, avoid possible manual derivation errors and increase the reliability of the results obtained.

Key words: collision, coefficient of restitution, MathCAD, symbolic processor.

FOR CITATION: Nikulin E.A. Research of mechanical impact using MathCAD symbolic processor. Transactions of
NNSTU n.a. R.E. Alekseev. 2024. Ne 1. Pp. 7-15. EDN: AQHPLU

BBenenue

SIBneHne MexaHM4ecKoro yjapa NpucyTCTBYET B JTH000H KOMIIBIOTEPHOM IporpaMme, Mo/ie-
JUPYIOIIEH BH)KCHHE HECKOJIBKUX B3aMMOJIEHCTBYIOMUX 0O0BEKTOB. B pesyibpTaTe CTONKHOBEHUI
MOJABUXHBIE OOBEKThl U3MEHSIOT CBOM CKOPOCTH M TPaeKTOpUM JajibHeiinero npuxenus. [lpa-
BUJIbHBIA pacyeT 3TUX MapaMeTpoB, MAKCUMAJIBHO OJIM3KUX K peausiM OKPYXKaroIlero Mupa, siBiis-
eTCs BaKHeHIIeH 3aaaueit Gu3ndecKoro MoAeTuPOBaHUSI.

© Hukymun E.A ., 2024
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N3ydyeHrne MeXaHHMYECKOTO yJapa BXOJUT B IMPOrpaMMy Kypca GU3HKH JiIsS By30B [1-4], HO
PelKo JIOBEeIEHO JO MOJHOTO HCCIIEAOBAHUS BOIPOCOB, CBSI3aHHBIX C MOHSITHEM Ko2(hduyuenma
60CCMAHOGIIeHUs], UHOT/Ia OTPAHUYMBAsACh MPOCTEHIIMMH CIy4YasiMU IEHTPATbHOIO U aOCOIIOTHO
yopyroro yaapa [1]. Hauboinee neransHoe ucciaenoBanue npeacTaBieHo B [S], rae, oJHaKo, CIyTa-
HbI BEKTOpHAs ¥ CKaJIIpHAs BEJIMYMHBI IIPHU BHIYMCIEHUH MPOEKIIUU OJJTHOTO BEKTOpa Ha JPyToi.

B nacrosimeit paboTe BBIIIOIHEHO MOJIHOE UCCIIEI0BAaHNE MEXaHNYECKOTO yIapa ¢ MOMOIIbIO
T.H. CHMBOJILHOTO TIporieccopa mporpammbl MathCAD, 9To MO3BOJIHIIO H30€KaTh OIMOOK PYIHOTO
BbIBoJa. [Iporpamma MathCAD naGupaeT momyssipHOCTh Oyiarofapsi KOMIIAKTHOCTH 3amucH ¢op-
MyJI, MAaKCUMaJIbHO OJIM3KOH K €CTECTBEHHOMY MaTeMaTH4YeCKOMY SI3bIKY, MPOCTOTE MOCTPOESHUS
BCEX BUJIOB I'pa)MKOB M COCOOHOCTH K CHMBOJIBHBIM BBIYMCICHUSIM [6]. Pesynbrarel mocieHux
BBIBOJIATCS CIIpaBa OT 3HAaKa CHUMBOJIBHOTO paBeHCTBa «—»». [IpH 3TOM IIMPOKO HCIONB3YIOTCS
CHUMBOJIbHBIE OrlepaTopsl solve (pemuTs), simplify (ynpoctuts), factor (pa3noKuTh Ha MHOMKHUTEIIH)
1 OJIOK pereHus CUCTEMBbI YpaBHEHHUH, 3allMCAaHHBIX MEXIY KIIoueBBbIM cioBoM (Given (Z1aHo) #
BcTpoeHHo# (ynkiueit Find (HaitTh).

LenTpanbHblii yaap

B kauecTBe 00BEKTOB HCCIIEIOBAHUS NIPUMEM NPOCTEHUINNE 0OBEMHBIE TENA — IIAphl ¢ Mac-
camu {mi,m>}, paguycamu {ri,r2}, BEKTOpaMH IIEHTPOB {cC1,c2} ¥ CKOPOCTEH B Ha4asle CTOJKHOBE-
Hus {vi,»2} (puc. 1, a). CHauana m3yuum yenmpanvHulil (IPSIMO) yoap, TP KOTOPOM BCE CKOPO-
CTH HalpaBJeHbl 10 JIMHUU C1C2, COSAUHSIONIEH eHTphl mapoB. Eciu oHO W3 Ten (JOMyCTHM,
BTOpOE) 3HAYUTEIHLHO MacCHUBHeE JPYroro, OyJeM moiarats ero maccy my=o (B MathCAD »T0 He
CHUMBOJI GECKOHEUHOCTH, a BCTpoeHHas nepeMenHas 0=10"7). MoskHO monmarars 3To CBEpXMAacCHB-
HOE TeJIO KaK IIapoM, TaK U INIOCKOU CTeHKoH (puc. 1, 6) ¢ BeKTOpoM HopMaii N, mapajuieabHo KO-
TOPOMY HaIpaBlIEeHbI BCE CKOPOCTH.

Puc. 1. llenTpanbHblii ynap

Fig. 1. Central collision

Tpebyercs HaiiTu ckopocTH {uj,u>} OTCKOKa Tel B KOHIE yAapHOTo B3auMmojeicTBus. [lpu
LEHTPAJILHOM yJlape 3TH CKOPOCTU TaK)Ke€ HalpaBJIeHbl MapajiieIbHO BEKTOPY HOPMAalU K TOBEpX-
HOCTSIM B TOUKe KacaHus c¢. Bo Bcex MccienoBaHUSX Pa3MYHBIX TUIOB YJIapoB OyaeM mojaraTh
0OECKOHEYHO MaJIOH JUTUTENTFHOCTh KOHTAKTa TEI M OTCYTCTBHE OCTATOYHBIX Jeopmanuii ux ¢op-
™Mbl [Ipu aGcomoTHO ynpyroMm (HUjeaibHOM) yAape OTCYTCTBYIOT MOTEPH CyMMApPHBIX UMITYJIbCa U
KHHEeTHYecKoi sHepruu. Ha ocHOBe 3THX ABYX 3aKOHOB coxpaHeHus B MathCAD cUMBOJIEHO BBI-
BOSTCS (OPMYIIBI KOHEUHBIX CKOPOCTEH Tel:



HHd)OpM(lmuK(l U ynpaejieHue 6 MEexXHU4YeCKuxX U COYUaIbHblIX cucmemax 9

premlvl+mv2  Kom (miviZ+m2a2?) =2
Given  p=mlul+m22 K= (mlu?+mew?) <2
ml-vl —m2-vl + 2-m2-v2
ml + m2
2-ml-vl —ml-v2 + m2-v2
ml + m2

(1)
= Find(ul ,2)\" =

3neck U fanee nepeMeHHble p u K 0003Ha4al0T cyMMapHble HadallbHbIe UMITYJIbC U KHHETH-
YECKYIO HEPIHUIO JIByX Tel. Pe3yibTar CHMBOJIIBHOTO pacyeTa:

Uy = (rmy =y oy +2myv, . Uy = (2 =y oy +2myv,
my+m, my+m,
dbopmupyetcst B 1-oM cToNOIe cCOCTaBHOM 2x2-MaTpHIlbl, Bo3BparmaeMoit pynkuueit Find (HewHTe-
pecHbIit Ham 0-0# CTOJOET] COMEPIKUT CKOPOCTH {U1=V1, U2=V2} B OTCYTCTBHE CTOJIKHOBEHUS).
CrocobHOCTh cuMBOJIBHOTO Tiporieccopa MathCAD BbMUCIATE Mpeaessl TO3BOJSIET JIETKO

MOJTYYUTh YacTHBIE CiTydau pemenus (1):

ul v2 ul 2-v2 —vl ul —vl
- lim - lim lim -
ml - m2 \ U2 v ) m2— 0 \u2 V2 V250 m2-—> o \U2 0
Bce onn 04eBUIHBI U3 )KH3HEHHOTO OTBITA U O€3 BRIYMCIICHHH MPEeJIeIOB:
e Tela C paBHBIMH MaccaMH mi=m2 TpH JOOOBOM yjaape OOMEHUBAIOTCS CKOPOCTIMH
{u1=v2, up=v1} (Kak B 3aHUMATEILHON UrpyiKke « MasTHUK HploTOHaY);
e Teno OECKOHEYHOU MacChl 71=00 MOCIIe yAapa COXPaHsIET CBOIO CKOPOCTh U>=V2 U OTTAJIKUBAET
MIePBOE TEJIO CO CKOPOCTHIO —Vi, 100aBIIsis K Hel YIBOCHHYIO COOCTBEHHYIO CKOPOCTH 2V72;
® eClIM K TOMY K€ BTOPOE€ MAacCHBHOE TEJIO HEMOABUXKHO (v2=0), TO OHO Tak M OCTaeTCsl Hemo-
JIBUKHBIM, a TIEPBOE TEJI0 OTCKAKHUBAET OT HETO C MPOTHUBOIOJIOKHON CKOPOCTHIO —V1.
Jpyras uaeanuzanus — abco1iomuo Heynpyeutl yoap, Ipu KOTOPOM Tella He OTCKAKUBAIOT
JIPYT OT JApyTa, a Kak Obl «CIHMMAIOTCS» B OOIIYIO Maccy mi+ma, KOTOpas Mo 3aKOHY COXpaHCHUS
CYMMAapHOTO UMITYJIbca MPOI0JIKAET JTBUTATHCS C OOIIEH CKOPOCTHIO U:
ml-vl + m2-v2

u:=p=(ml + m2)-usolve,u — 1o (2)

[Ipu paBHBIX Maccax Tell CKOPOCTh JABM)KEHHUS «CIHUIIIErOocs» Tela JIBOMHOM Macchl paBHa
CpellHeMy 3HAYCHHIO CKOpPOCTeW CTONKHYBIIUXCS Tel (vi+12)/2, a pU yJape Teja ¢ Maccou mi o
TSKEJIO€ TEJIO C Maccod m2>>m| MoclieJHee HE U3MEHSIET CKOPOCTH JBUXKEHUS U=V, B TOM UHUCIIE,
OCTaeTCsl HEMOABMKHBIM 1Tpu v2=0:

142
im u factor e% m u —v2 im  m u —0

ml - m2 m2 - o v2—>0 m2—>w

N ecnm, B otnmmume ot (1), CKOpocTh ¢ B (2) BEIBOAMUTCS TOJIBKO W3 3aKOHA COXPAHECHHS WM-
MyJbCa, BIOJHE JOTMYHO OXKHUIATh HEBBITOJIHEHUS 3aKOHA COXPAHEHHS KMHETHUYECKOW DHEpruu,
BBIUMCIIUB €€ MTOTEPI0 OT Havajia /10 KOHIIAa EHTPAITbHOTO a0COIFOTHO HEYIPYTOTo yaapa:

ml-m2-(vl —v2)2
2-(ml + m2)

K — (ml + m2)-u® + 2 factor —>

Ota pa3HOCTH TOIUIA HA YBEIWYCHUE BHYTPEHHEH dHepruu, ne)opMaIuio U HarpeB 00oux
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Ten. B neficTBUTENbHOCTH NIPH YAape YacTh BHYTPEHHEN SHEPIUH CXKaTHs BO3BpAIlaeTcs TeJlaM Ipu
OTCKOKE, YBEITMYMBAsl Pa3HUILY MEXTY KOHEYHBIMU CKOPOCTAMHU u1 U 2. KomudecTBeHHO ATO Ya-
CTHYHOE BOCCTAHOBJICHHE KMHETHYECKOW 3HEPrHM TeJ IMOCNe yaapa XapakTepusyercs Kosgguyu-
enmom eoccmanogienuss (KB) kKoHeuHON pa3HOCTH CKOpPOCTEH w42—u| OTHOCHUTENIBHO HAYaIbHOMN
PasHOCTH V2 — V1!

U _”1=kB(V1_V2)- (3)

OrvmernM ommGOYHOCTH NpeuIaraeMoit B [4, 51 dopmynst k, =(u, —u, )/(v,—v,) u3-3a He-

ONpPENICIEHHOCTH Ollepaluu JIeJIEHUsT BEKTOpOB. B dYacTHOM ciyyae HENOJBM)XHOW CTEHKHU
(v2=u>=0) KB cBs13pIBacT JUIMHBI MPOTHUBOIIOJIOKHO HAIPABICHHBIX BEKTOPOB CKOPOCTEH IaJIeHUs
V1 M OTPaXXEHUS U1 COOTHOIIICHUEM U1=—KzV1.

DKCIEePUMEHTAIBHO YHCICHHOe 3HAYeHHe Kk,=./l, /h, OIpeneseTcs IO OTHOIICHUIO

MaKCUMAaJIbHBIX BBICOT COCEJHUX OTCKOKOB YIPYIOro Iapa OT TOPHU30HTAIBHOTO MOJja, u3Mepsie-
MBIX IO HIKHEMY Kparo mapa. s Batel k=0, nepeBa —1/2, cramu — 5/9, croHOBO# Kocth — 8/9,
ctexna —15/16. [lpu cTONKHOBEHHH Tell U3 pa3HBIX MaTepHAIIOB JJOTMYHO OpaTh MUHUMAIBHBIA U3
nByx KB. PydHo# BBIBOI 3aBHCHUMOCTEl BEKTOPOB cKopocTer ui(ks) u uz(ks) or KB moctaTtouno
TPYIOEMOK, a CUMBOJIBHBINA mporeccop MathCAD, ucxoas U3 3akoHa COXpaHEHHUS CyMMapHOTO
HUMITyJIbCa M YpaBHEHHUS (3), CIIpaBIIeTCS ¢ 3TUM 0e3 3aTpyIHEHUS

Given p=ml-ul + m2-u2 w2 -ul = kv-(vl =v2) U:= Find(ul ,u2)
ml-vl + m2-v2 —kv-m2-vl + kv-m2-v2

1(kv) := U,
ul (kv) = Up — ml + m2 (4)
w(kv) = Uy - ml-vl + m2-v2 + kv-ml-vl —kv-ml-v2

-l ml + m2

[IpaBuiibHOCTH BBIBOJA (4) MOATBEPXKIACTCS COBIAICHHEM IpPE/ICIbHBIX CIy4acB C MpPHBeE-
JIEHHBIMU BBIIIIE CBOMCTBaMH aOCOMOTHO ympyroro (ks=1) u aGcomotHo Heympyroro (ky=0) yna-
pOB:

vl + V2
) ul(1) o v2 ) ul (0) 2
lim simplify — lim factor —
ml — m2 \u2(1l) vl ml — m2 \ u2(0) vl +v2
2

. (ul(l)j (2~V2 —Vlj . (ul(O)j (VZJ
lim - lim -
m2 - o \U2(1) V2 m2 - o \ U2(0) V2
. . (ul(l)j _)(—v1) . . (ul(O)]
V250 m2— e \U2(1) 0 V250 m2—w \U2(0)
HenenrpaabHblii yaap

BonbIIMHCTBO CTONIKHOBEHUH TeJl MPOUCXOAUT B IPOU3BOJIBHBIX HANPABICHUSIX CKOPOCTEH
{vi, v2}, U IpU UX HemapaeJIbHOCTU C BEKTOPOM HopManu N B TOUKE KacaHUsl ¢ yAap SIBISETCS
HeyeumpanvbHulM (KOChIM) (pHC. 2).
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Puc. 2. HenenTpajabHbIi yaap

Fig. 2. Off-center collision

[Tockonbky B (3) K03 HHUIMEHT BOCCTAHOBJICHHS ONpeeieH JIIT BEKTOPOB CKOPOCTEH, Ta-
paIENBHBIX BEKTOPY HOpMad NN, TO HEOOXOIUMO Pa3jIOKUTh BEKTOPHI {Vi,2} Ha CyMMBI HOp-
MaJTBHBIX ¥ TAaHTCHITMAIBHBIX (KacaTeIbHbIX) COCTABISIOMUX {Vig,V2u} U {Vik,V2k}. 7151 3TOTO OMMpe-
nemuM B MathCAD gexmoprvie yuaxuun pr(v,N) mpoekiuu BekTopa v Ha Bektop N u od(v,N) op-
TOTOHAJIBHOTO JTIONOJIHEHUS (MepIeHANKYIsIpa) BEKTOpa v K BekTopy N [7]:

pr(v,N) = ﬂN od(v,N) := v—pr(v,N)
N-N
31ech 3HaK YMHOKEHHSI «*» BEKTOPOB O3HAYaeT WX CKasIpHOE Tpom3BeneHue. Eme pas3 o1-
METUM, 4YTO B [5] mpoekmusi BEeKTOpa Vv Ha BEKTOp N OIMMOOYHO BBIYHUCISETCS KaK CKALAp
(v-N)/(N-N). Temeps MOXHO 3amucarh CIeyIOMME PAa3IOKEHHs! Ul HAYATbHBIX {Vi,V2} U MOJ-
JIeKaIX HAX0XKJACHUIO KOHEYHBIX {u1,12} BEKTOPOB CKOPOCTEH:

Vi :P”(VlaN)a Vik :0d(V19N):V1 “Vius> Vou =pr(v2,N) > Vak =0d(v2,N)=v2 “Vou- ©)

ﬂanee 13 BBIABUHYTOI'O BLIIIC AOIIYHICHHS, YTO BpEMA KOHTAKTa TCJI paBHO HYJIIO, U3-3a Y€~

ro paBHA HYJIIO U pa60Ta HaIIpaBJICHHBIX 110 KacaTeJIbHOU CHJI TPpEHUA, IPUMEM BAXXKHYIO HaCaIn3a-
IMUIO YJApHOTI'O IpOoIiecca, 3aK/II0YaroNIyr0Csa B paBEHCTBEC KaCaTCJIbHBIX COCTABIAIOIIUX CKOpOCTefII
Vig =Uix > Vox =Upg - (6)

Pemasi cuMBOJIBHO CUCTEMY aHAJIOTMYHBIX (4) ypaBHEHUI COBMECTHO € (6), IOIyUUM CIOXK-
HBIC 3aBUCHMOCTH CKOPOCTEH {u1,u2} OT KO3 PHUIIMEeHTa BOCCTAHOBIICHUS ks B BEKTOPOB Viy M V2u:

Given p=ml-ul + m2-u2  uw2N—-ulN = kv-(vIN — v2N)
vl —vIN=ul —ulN v2—-v2N=uw2 - uw2N U:= Find(ul ,u2,ulN,u2N)

m2-vIN —m2-v2N + kv-m2-vIN — kv-m2-v2N
ul (kv) := Ug simplify — vl — 22 v v v O]
ml + m2
1.vIN — ml-v2N + kv-ml-vIN — kv-ml-v2N
@ (kv) == Uy simplify — v2 4 VX 7MY v my
ml + m2

31eck JOCTYIHBI PEHICHUS U 11 HOPMATBHBIX COCTABJISIFOIIUX CKOPOCTEH {Viu,Vou}:

ml-vIN + m2-v2N — kv-m2-vIN + kv-m2-v2N
ml + m2
ml-vIN + m2-v2N + kv-ml-vIN — kv-ml-v2N

ml + m2

ulN(kv) := Uy >

WN(kv) = Uz —>
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JIOTIOTHUTENBHO BPYUYHYIO YIPOCTHB Pe3yJbTaThl petieHui (7), IoJyuyuM HCKOMBIE CKOPO-
CTH:

u, (ks ):V1 _my (1+kB )(VIH ~—Vou ) . U, (ks ):V2 + ny (l+kB )(VIH —Vou ) ' ®)

Bo BTOpOoM ypaBHeHuU (7) HCMONB3YIOTCS HOPMANIbHBIC, a 3HAYUT, KOJUTMHEAPHBIE COCTaB-
JISTIOIUE CKopocTelt {vi,v2, u1,u2}, a HE CaMH 3TU CKOPOCTH, MMOCKOJIBKY IPH KOCOM yJape pa3HOCT-
HBIE BEKTOPBI V,—V, U U, —u; HE MapaJljIebHbl U HE MOTYT OBITh CBSI3aHBI CKAJISIPHBIM KO3 GHUITH-
eHToM k. [IpencraBisieTcss HEOOXOAMMBIM OIIPOBEPTHYTH pacxoxee yTBepxaeHue [1-5], uro mpu
aOCOJIIOTHO HEYNPYTOM yaape, T.e. TpH ky=0, CTONKHYBIIHWECS Tela OyATO OBl «CIHMMAIOTCS» U
JIaNbIlle JIBUTAIOTCS C PAaBHBIMU CKOPOCTSAMHU u1=u2 KaK equHOe Ienoe maccoi mi+mo. Crenas
MpoOHOE BEIYMTAHUE CKOPOCTEH HEYNIPYTHX OTCKOKOB B (8):

1u2(0) —ul(0) simplify — v2 — vl + vIN — v2]

5

3aM€4dacM, YTO UX PaBEHCTBO BO3MOKHO TOJIBKO IIPU paceHcmee Vi, =V, | KacamejlbHblX cocmaes-

JIAIOWUX HAYANBHBIX CKOPOCMEU Vi, =V;—V|, H V, =V, —V,,. Huxe mnpencrapiaena mporpaMmmuas

HIJUTIOCTpanus 5TOro BeCbMa pec)Koeo ciryvas.
Hanee, BBIYUCIINB CUMBOJIMYCCKH JIBa IIpeacia:

lim wul(kv) — vl —VvIN + v2N — kv-VIN + kv-v2N
m2 — o
lim lim ul(kv) — vl —-vVIN-kv-vIN
V2N—> 0 m2 > «
HOJIyYMM ToJie3Hble GOopMyJIIbl pacyeTa CKOPOCTEeH OTCKOKA IIapa Maccoil m1 OT Mmperpajbl Maccoi
my>>m1, KaK JBUKYIIEHCs He 10 KacaTelIbHON CO CKOPOCThIO vou#(0 (yaap TsKeJIol TeHHUCHOU pa-
KETKOH M0 JIETKOMY MsI4y), TaK U HEMOJABHXKHOU ¢ v2=0 (OTCKOK Msi4a OT 110J1a UM CTEHKH):

lim “1:V1_(1+ka)("1n _Vzn)’ lim ”1:V1_(1+kB)V1H-
My —>00 mz_—:ooo (9)
V2

Paborta BTOporo mpezena B (9) mpu CTOJIKHOBEHMM IIapa C HEMOIBHIKHOM IIOCKOCTBIO
npejcTaBjiIeHa Ha puc. 3:

a) Ipu aOCOJIOTHO YIPYTOM YJape peaju3yercsi paBeHCTBO YIVIOB MAJIeHUsS M OTpaKeHUs, a
IIPH TTJICHAN TIEPIICHIUKYISIPHO TI0cKOCTH (v/=0) map OTCKaKuBaeT OT Hee MPOTHUBOIIOIOXHO CO
CKOPOCTBIO U=—V];

0) mpu a0COIOTHO HEYIPYTOM yaape IIap TepseT HOPMAIbHYIO COCTABJISIONIYIO BEKTOpa CKO-
POCTH U MEPEXOJUT B PEKUM CKOJIBKEHHS UM KaueHUs MO MOBEPXHOCTU CTEHKHM B HAIllpaBJICHUU
KacaTeIIbHOU COCTABJISIONIEH CKOPOCTH Vi 1Ipn MepneHInuKyIIpHOM MaJeHUH NIap OCTaHABJIMBAa-
ercs (u; =0).

u,(1y=v,—2v, =v, —v u,(0y=v,—v, =v

1u 1x

0) k=0
Puc. 3. Yaapsl 06 creny
Fig. 3. Hitting the wall
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Jlns mostydeHus aHATOTHYHBIX (1) GopMyJT MpSMBIX 3aBHCHMOCTEH KOHEYHBIX CKOPOCTEH
{u1,u2} OT HaYANBHBIX CKOPOCTEH {Vi,V2} W UCKIIOUEHHs JIBOHHOrO pacuera B (8) OJAMHAKOBBIX
(dbparmMeHTOB (l+kB )(pr(vl,N )— pr(vz,N ))/ (m1+m2), chopMupyeM OKOHYATEIbHYIO (DYHKIIHIO, BBI-
YUCJISIIOLTYI0 CKOPOCTH JIBYX TeJl TOCJIe UX CTOJIKHOBEHHUSI IO JBYXIIATOBOMY QJITOPUTMY M BO3-
BpAIAOIYI0 COCTaBHOM BEKTOP [u1 uz]:

(1+kv)-(vl —=v2)-N N
(ml + m2)-N-N (10)
(vl-m2-w v2+ml-w)

HcnpitaeM 5Ty GyHKIMIO Ha IpEMEpax pacyera yAapoB ¢ pa3HbIMUA UCXOJAHBIMU JTaHHBIMU.

udar(ml ,m2,vl,v2,N,kv) =

IIporpamma u npumMepsl

B npuBenennoit Hmwxke MathCAD-nporpamMme, paGoTaromeit s HarisgHOCTH B 2D-
MPOCTPAHCTBE, BHAYAJIE 3aJAF0TCS HCXOIHBIE MTapaMETPhI IBYX OKPYKHOCTEH (Ha KelnToM (oHe):
® BEKTOPHI MMOJOKEHUM IEHTPOB {C1,C2} U CKOPOCTEH B Hadaje yaapa {vi,v2};
e Macchl {m1,m2} ¥ KOAPPHUIMEHT BOCCTAHOBIECHUS Ks.

Jlasiee BEIYUCTSIOTCS: BEKTOP HOPMAIH K OKPY>KHOCTSIM N=c1—C2 B TOUKE UX KacaHUus, paJu-

YCBI OKPYKHOCTEH W3 yCIIOBHU ml/ m, :’”12 / 7,22 IPOMOPIUOHAIEHOCTH Macchl 2D-kpyra kBaapary
(Ipu MOAETMPOBAHUHU CTOJIKHOBEHHUH mapoB B 3D-nipocTpancTBe — KyOy) €ro paguyca u 1 +7, =|N |
paBEHCTBA CYMMBI PaJIlyCOB PACCTOSIHUIO MEXY IIEHTpaMH, I10CJI€ YeTr0 CTAHOBUTCS BO3MOKHBIM
HAHTH KOOPJMHATHI TOUKH KACaHWs ¢ M3 IPONOPUmH |c—cy|/|c, —c|=7 /r, kak KopeHb BexTOpHOTO
ypaBuenns  (c—c; ) =(c;—c)j. Temeps Bce TrOTOBO s oOOpameHds K  (YHKIHHA
udar(ml,mz,vl,va ,kB), BO3BPAILAIOIIEH CTPOYHBIA COCTABHOM BEKTOP [u1 uz] CKOPOCTEM OKpYIK-

HOcTell B KoHIle ynapa. Jlns rpaduueckoil WUTIOCTpaIMM PacHOIOKEHUSI 00erX OKpPYKHOCTEH U
HaIpaBJICHUH HAYaIbHBIX W KOHEYHBIX BEKTOPOB B MOMEHT yjapa OIpPEJeIAM BEKTOPHYIO (QYHK-

o ofc,r,t)=c+r[cos(t) sin(¢)]" u mBe cocraBmple MaTpuIEI TOuEK V=[c, ¢, +v, im ¢, c;+v,| u
u=[c, ¢, +u; im c, c,+u,|, rae Touka im=[i iJ' ¢ MHEMBIME KOOpAHHATAMH (i — MHUMAs €IMHH-

11a) UCTIOJIB3YETCs IS 3ampeTra BhiBoja Ha XY-rpaduke COeMHHUTENBHBIX OTPE3KOB MEXIY OKpY-
KAIOIIUMHU €€ TOUKaMHU.

0 3 0 —4
(cl cz):{(lj (4)} (vl V2):= KZJ (OH oe.r.0 :=C+r.(c<.)s(t))
sin (t)

(ml m2 kv):=(1 4 0) N:=rcl-¢c2 t:=0,0.1.2x
Given Jymla2 = /m2rl 1l +12 = |N|
(rl ) = Find (r1 ,r2)—>( V2 j _cl2+c2rl (i
0 2.\/5 c:= —io im := :
(ul w2) :=udar(ml,m2,vl,v2 N, kv) vIK := od(vl ,N) v2K := od(v2,N)
v := augment(cl,cl + vl ;im,c2,c2 + V2)T u:= augment(cl,cl +ul ,im,c2,c2 + u2)T

[lepBblil mpuMep, WILTFOCTPUPYIOIIUN a0COIIOTHO YIPYTUH yAap ¢ UCXOIHBIMU JIaHHBIMHU
¢,(0,1), ¢,(3.4), v,(0,2), v,(~4.0), mi=1, mo=4 u ky=1, nan Bextop HopMamu N(—3,—3) mmuHoiA
32 , PaguyChl OKPYKHOCTEH 7’1=\/§ , B =22 , TOYKY MX KacaHUs c(l,2) U KOHEYHbIE BEKTOPBI
orckoka u;(—4.8,-2.8), u, (—2.8,1.2). Bot kak 3to BermsauT Ha MathCAD-rpaduke, nonomHeH-
HOM BPYYHYIO HEOOXOJUMBIMHI 0003HAYEHUSIMHU TOUEK U BEKTOPOB!
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v
A\

(n
u

o(cl,rl,t); o

o(c2,r2,t
( )1 0

€1
00O

6

4

-2

,u

Ye 4 2 0 2 4 e (M “2)=K_2_8
()

(@ ,o(cl,rl,t)g,0(c2,12,t)9,co

(rl 12)=(1414 2.828)

oo [() ()

0

owoao-{[)
—4.8) (—2.8

1.2

)
)

Bo BTOpoM mpumepe 3HaueHWe Ko3(dHIMEeHTa BOCCTAHOBIICHWS W3MEHEHO Ha k=0, a
ocTaJbHbIe HCXOHBIE JaHHBIE OCTABICHBI IPEXHUMHU. PacueT mokaszai: HEeCMOTpPs Ha MOJIEIUPOBa-
HUE a0COIOTHO HEYNPYTOoro yjaapa, MOJXy4eHbl pa3Hble CKOPOCTH OTCKOKOB OKpPY>KHOCTEH u; #u, ,
T.€. B JaJIbHEHIIIEM OKPY>KHOCTH He OyJIyT JBHUraThCs MapajuIeNbHO, a cpa3y pa3oUIyTcs Ipyr OT
Jpyra B pa3zHble CTOPOHBI. [IpuunHOM Takoro momejneHUs SBJSIOTCS HE paBHBbIE KacaTelbHbIE CO-
CTaBIISIIOIIME HAYaIbHBIX CKOPOCTEH V), #V,, (BBIIEIEHO TOIyObIM (hOHOM).

8
V<1> 6
u<1> 4
o(cl,rl,t)1 o
o(c2,r2,t
( )1 0
C]
O OO -2
—4
-6

{0
\%

ul u2) =
4 -2 0 2 4 ¢ )[(_0'4

W0 ,o(cl,rl,0)0,0(c2,12,t)0,¢c0

kv=0
N

(rl 12)=(1414 2.828)
ao-|(5) (7))
2 0
~1\ (-2
oo (1] (3]

o) )

B Tpetbem mpumepe ypaBHseM pa3HbIe KacaTelIbHbIE CKOPOCTU 2Vix=Vax MYyTEM YJBOCHHS
nepBoro HavaiabHOTO BekTopa 110 vi(0,4). Kak u oxxunanock, B pe3ynbTaTe MOJIYYHJIACH PaBHBIE KO-
HEYHbIe CKOPOCTH U1=L2:

D
A\

D
u

o(cl,rl,t); 2

o(c2,r2,t
( )1 0

€1
OO0O0

8

6

4

-2

-6
(
v

—4

,u

-2 0 2 4

\ ,o(cl,rl,t)g,0(c2,r2,t)q,cq

kv=0

(rl 12) =(1.414 2.828)

o o[(2) ()]

0
K—z -2
(vIK v2K) =

9]¢
o o)

0.8

)
)
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D70 03HAYAET, YTO IOCIE TAKOTO «MSATKOT0» CTOJIKHOBEHHS 00€ OKPYXHOCTH B OTCYTCTBHE
BHEIIIHUX CHJI HAUHYT JIBUTAThCS KaK eanHoe nesoe (puc. 4, a). Ho tak kak ¢usnueckn onu apyr ¢
JPYTOM HE CKJIEEHBI, TO TIPH M; # m2 MOJ JAEHCTBUEM HEPAaBHBIX CHII TSDKECTH M COMPOTHBIICHHS
BHEIIHEH cpesibl MX MyTH pasoiayred (puc. 4, 6).

kv=0 FRAME = 4

10 10
"O-9- 0.
SFog. o O e @ ol o 5 o
o O"®~-@- ©0:-0--0 ®—0'®'O'O'§O->®”O -0
0 . O 00
0 ® 0 OOOO—O 3
® %
-5 Q) _5® Q)
~10 -10
-10 0 10 -10 0 10
a) 0)

Puc. 4. J/IBn:kenne ¢ a6COTI0THO HEYNIPYTHM CTOJTKHOBEHHEM

Fig. 4. Motion with a perfectly inelastic collision
BriBoab1

[TpuBneuenune cumBobHOTO Tporieccopa MathCAD k pereHuro 3aa4u MOJTHOTO HCCIIEO0-
BaHUS (PU3NICCKUX ACTIEKTOB CTOJKHOBEHHS JIBYX TEJ MOKA3aJI0 BHICOKYIO A (EKTHBHOCTH 3a CUET,
BO-TIEPBBIX, YIIPOIIEHUS ITOTO TPYAO0EMKOI0 MPoIliecca, HCKIIOUEHUS BO3MOXKHBIX OIMUOO0K PyYHOTO
BBIBOJIa POPMYII H, BO-BTOPBIX, IOBBIIIIEHHUS JOCTOBEPHOCTH PE3yJIbTaTOB MccienoBanns. B pabote
BIIEPBBIC MOJTYUYEHBI 3aBUCUMOCTH CKOPOCTEH OTCKOKA Tell OT Kod((UIlMeHTa BOCCTAHOBJICHHSI TIPU
HEIEHTPaJIbHOM YJlape, a TakKe OIpe/eieHbl YCIOBHS OTCYTCTBUSI OTCKOKa Mpu abCOIIOTHO He-
YOPYTOM CTOJIKHOBEHHH.
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HccnenoBaHbl BOZMOKHOCTH NPUMEHEHHUS alTOPUTMOB KOMIBIOTEPHOTO 3pEHUS IS pacro3HaBaHHS KIIETOK
KpOBH Ha OWOMEIWIIMHCKAX M300pakeHHsAX. B KkauecTBe OCHOBHOTO HWHCTPYMEHTA WCIIONB3YIOTCS HCKYCCTBEHHBIC
HelipoHHBIE ceTH. BEITIONHEHA pa3MeTka M ayrMEHTANNs aHATM3APYEMBIX M300pakeHuil, TOATOTOBICHEI TaHHBIS IS
00yueHUsT HeHpOHHBIX ceTeil, NpeJCTaBJIeHO CpaBHEHUE PAa3UYHBIX HelpoceTeBbIX apXWUTeKTyp. Tarke pazpaboTaH
aJIrOpUTM Paclo3HAaBaHUsA NepeceKatoluXxcsl 00bEKTOB, OCHOBAaHHbII Ha pa3/ielleHud KOHTYpa 00beKTa Ha CerMEHTHI 10
KJIIO4YeBbIM ToukaM. [IpuBeneHbl pe3ybTaThl paboThl AITOPUTMOB Ha peajibHbIX M300paKeHUSIX MUKPOCKOMUU KPOBH,
BEITIOJTHEHO CpaBHEeHME WX S()()EeKTUBHOCTH, BBIICICHBI JOCTOMHCTBA W HemocTaTku. Hambosee BBHICOKHE MOKa3aTeln
TOYHOCTH PAcIO3HABaHMs OBbIIM JOCTUTHYTHI C MPUMEHEHHEM HelipoHHOi cetn YOLOVS. IlpoBeneHHbIe B paMKax pa-
OOTBI SKCTIEPUMEHTHI MOKa3alu QPEeKTUBHOCTh MPUMEHEHH HEMPOCETEBOTO MOAX0/1a I aHai3a OMOMETUIITHCKIX
N300paKeHUI.
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Abstract. The paper presents studies on the possibility of using computer vision algorithms for blood cells
recognition in biomedical images. Artificial neural networks are used as the main tool. The analyzed images were la-
beled and augmented, data for training neural networks were prepared, and a comparison of various neural network ar-
chitectures was presented. An algorithm for intersecting objects recognition were developed. It is based on dividing the
contour of an object into segments using key points. The results of the algorithms operation on real blood microscopy
images are presented. Their effectiveness is compared and their advantages and disadvantages are highlighted. The
highest recognition accuracy rates were achieved using the YOLOvVS model. Experiments showed the effectiveness of
using a neural network approach for biomedical images analysis.
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1. BBegenue

[IpumeneHre TeXHOIOTUH KOMIBIOTEPHOTO 3PEHHUS JIsl aBTOMATU3AIMN aHAJI3a n300paxe-
HUH, TTOJYYSHHBIX TP MUKPOCKOIMH KPOBH, TIO3BOJISIET CHU3HUTH BIMSHUE YEIIOBEUECKOTo (aKTo-
pa, YMEHBIIUTh Harpy3Ky Ha CIECIHAIUCTOB B 00JacTH 1a00paTOpHON TUATHOCTHKU U TOBBICHTH
CKOpPOCTh 00paboTKu Omojornueckux oOpasnoB. (s pacmo3HaBaHusS OOBEKTOB HAa OMOMEIHUITHH-
CKHX CHHMKaX MOTYT HCIOJIB30BAaThCs KaK MCKYCCTBEHHBIC HEWPOHHBIE CETH, TaK M AJTOPHTMBI,
OCHOBaHHbIe Ha MaTeMaTtudeckux metozax [1-4]. Kaxplif u3 9THUX MOAX0I0B UMEET CBOU CHIIbHBIC
u cinabbie ctopoHbl. Tak, 11 00pabOTKH M300pakeHH C MCIOJb30BaHUEM TPAJAUIIMOHHBIX MaTe-
MaTUYEeCKUX aJITOPUTMOB B OOJIBIIMHCTBE CIy4aeB HE0OX0IMMO MEHbIIIEe KOTNYECTBO BIUMCICHUIM
10 CPAaBHEHHIO C HEHPOHHOW CETHIO, NMPU 3TOM HE TPEOYIOTCS CIeNHATM3UPOBAHHBIC HEHPOHHBIE
wim rpaduueckue yckoputenu. C Ipyroit CTOpOHBI, MOAENTH TIyOOoKoro oOyueHus: 6oiee ruOKN u
YHHUBEpCAITbHBL. B oTIM4mMe OT MareMaTnyecKuX ajrTOPUTMOB, OHU TIO3BOJITIOT U30€KaTh CIOKHOM
MPOLEYPhl PYYHOUM HACTPOWKH MapaMeTpoB, a TAKXKE 3a4acTyr0 MOKA3bIBAIOT 00Jiee BHICOKYIO TOY-
HOCTB IIPH pacro3HaBaHUH OOBEKTOB. BHIOOP KOHKPETHBIX aITOPUTMOB WM X KOMOWHAIIHMA OTpe-
JieIIsieTCsl OCOOCHHOCTSMU pelIaeMoii 3a/jauu ¥ TpeOyeT NPOBEICHHsI UCCIIe0BAHUM.

2. [TocTaHoBKA 3a1a4H U BXO/IHbIEe JAHHbIE
Jlannast paboTa MOCBSIIIIEHA UCCIEIOBAHUIO MPUMEHEHUS aJITOPUTMOB KOMITBIOTEPHOTO 3pe-

HUS B 3aj71a4€ aHaIn3a OMOMETUIIMHCKUX N300paKEeHNM, TTOJIYYSHHBIX ITPH MUKPOCKOIIHH 00Pa3IoB
kpoBu. Ha puc. 1. mpuBeaeHbI mpuMepbl N300pakeHnid, KOTOpbIe OYAyT paccMaTpuBaThCs J1ajee.

Puc. 1. Ilpumepsl n306paneHnii, moJ1y4eHHbIX NPH MHKPOCKONHH 00pa3ioB KPOBH

Fig. 1. Examples of microscopy images of blood samples
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Ncxonnsiii Habop M300pakeHU COCTOUT U3 275 CHUMKOB, MPU ATOM 00BEKTaMHU MHTEpeca
SIBIISIFOTCSL KJIIETKA KPOBH (3PUTPOLMTHI, JEUKOIUTHI, TPOMOOIUTHI). OCHOBHBIM METOJIOM OOHapy-
KEHHS U paclo3HaBaHUS U3y4aeMbIX OOBEKTOB SIBJISIETCS. MOIIHBIA U THOKUI MHCTPYMEHT, yCIell-
HO MPHUMEHSEMBIN ISl aHaM3a U300paXKeHUH — UCKYCCTBEHHBIE HEMPOHHBIE ceTu. YTOOBI MOJIro-
TOBUTH M300pakeHUs Il 0O0yUeHUs, HE0OX0IMMa UX pa3MeTKa — JIAHHBIA ATal OBbLT BBITIOJIHEH C
UCMOJIb30BaHUEM TaKeTa labelimg; B pe3ynbTare JUIsl KaXI0ro m3o0pakeHHst ObUT cOpMHUPOBAH
Gaitn pa3MeTkH, cofep Kauii KOOPAUHATHI BEPINHH, OTPAHUIHABAIONINX TPSIMOYTOIEHUKOB KaXKT0U
KJIETKH KpoBH. [ yBennuenus obbema obOydaroineil BHIOOpKH Oblla BBINOJHEHA ayrMEHTalus
JIAHHBIX C UCIIOJIb30BAHUEM METOJI0B OnbOIuoTeku imgaug. [Ipr 5TOM HCIOIB30BATUCE: OTpaXKeHHE
[0 TOPU3OHTAIN U BEPTUKAIM, IPUMEHEHHE ITyMa, U3MEHEHUE PE3KOCTH M KOHTPACTHOCTH M300-
paxennii. [Tocne ayrmenTanum oOydJaromuii qatacet U3 2376 CHUMKOB ObLT C()OPMUPOBAH W pas-
JieJIeH Ha 00y4arolIylo U BAIMIAIIMOHHYIO BBIOOPKH B cooTHOIIeHnH 80:20.

Pemenue paccmaTpuBaemMoit 3a1auu JeTEKIIMH 00BEKTOB MpeoaraeT onpeaeaeHue Hajiu-
YUsI UCKOMBIX OOBEKTOB Ha M300PaKEHUU M MOUCK KOOPAWHAT BEPIIUH OTPAHUUYMBAIOIIUX TPSIMO-
YTOJIBHUKOB Kaxk/10T0 00bhekTa. CyIEeCTBYIOT JIBa OCHOBHBIX MOAX0/1a K PEIICHUIO TaHHOM 3a/1a4ul ¢
UCTOJIH30BaHUEM HEMPOHHBIX CeTel: METO/Ibl, OCHOBAaHHbIE Ha PETHOHAX MHTEpeca (JABYXdTalHbIE),
U METOJIbl, HE MCTIONB3YIOIINE OT/IEIbHBIA aITOPUTM JIJIsl T€HEPALlUA PETUOHOB (0JIHO3TanHbIe). B
JIBYXATAITHBIX METOJaX CHaydajla MPOMCXOUT BBICIICHUE PETHOHOB C BHICOKOHW BEPOSTHOCTBHIO CO-
JIep>KaHusl 00BEKTOB, a 3aTeM BBIOpAaHHBIC 00JIACTH PAacCMATPUBAIOTCS KIACCH(PUKATOPOM C TIEITBIO
OTIpeNIeINTh, JEHCTBUTEIBHO JU O0JIACTH COJIEPKUT UCKOMBIH OOBEKT, U PErpeccopoM, KOTOPBIH
YKa3bIBa€T PACIOIOKEHUE OTpaHUYMBAIOIICH paMKi. B 0HOATAHBIX METOaX ONpeAensoTcs Ko-
OpAMHATHI OTPAHUYHMBAIOIIUX PAMOK C PA3IMYHBIMU XapaKTepUCTUKAMU (HAIpUMep, BEPOSITHOCTD
MIPUHAIIEKHOCTH KJIAcCy), U Jlajiee KOPPEKTUPYETCs MOJI0KEHUE PaMOK.

3. JKcHepUMeHTAIbHAS YACTh

B npouecce BbinoaHeHUs: paOboThl ObLIM alpoOOMPOBAHbI YETHIPE HEMPOCETEeBbIE APXUTEKTY-
pel: Faster R-CNN (peanu3yeT IBYXAITaIHbIA METO JCTCKTUPOBAHUS OOBEKTOB) H TPH apXUTEKTY-
Ppbl, pUHAJyIeKaIUe K nonyisippomy cemeiictBy YOLO — YOLOv3, YOLOv4, YOLOVS (peanu3sy-
FOT OJTHOATAITHBIA METOJ] IETEKTUPOBAHKS OOBEKTOB).

[lepBoii cpenu paccCMOTPEHHBIX APXUTEKTYP VI PACHO3HABAHUS OOBEKTOB HAa OCHOBE IIIy-
Ookxoro 0Oy4eHHs BBHICTYMIIIA HelipoHHas ceTh Faster R-CNN [5]. Ona npencrapiser coboif moJ-
HOCTBIO CBEPTOUHYIO CETh C OTAEIBHBIM MOJYJIEM I'€HEpAaTOpa PErMOHOB MHTEpPeca IO IIPU3HAKaM
ucxoanoro mzoopakenusi (RPN). CrenepupoBaHHbIE PETHOHBI MEPEAAIOTCS B JIBA MOJTHOCBSI3HBIX
cnosi: box-regression-layer, IPOrHO3UPYIOMINI 3HAYSHUS] CMEIICHUS JUIsl OTPAaHUYMBAIOIINX PAMOK,
u box-classification-layer, KTacCUPUITUPYIONIHA H300pKEHUS B TIpe/IeIax IpeiaraeMoii 00JacTH.
[Tocne npoxoxaenus ciosi RPN crnenyet cioit RolPooling niist npeodpa3oBaHusi perHOHOB K OJHO-
My pa3Mepy ¥ JaibHeimeil kiaccupuKanuy u CMEIeHHs TPaHHUIl OTPaHUIUBAIOIMX paMok. O0y-
YeHUE CEeTH NMPOU3BOAMIOCH C IOMOINBIO OTKPBITOM HeiipocereBoii 6ubnuoreku Tensorflow. B ka-
YeCTBE OCHOBBI JIJIs1 U3BJICUCHUSI PETMOHOB MHTEpeca ObllIa UCIIOIb30BaHa HelipoHHas ceTh VGG-16.
OOyuenue npousBoauiaock B 14 snox (10 snox co ckopocthio o0yuenus 0,001 u 4 smoxu co ckopo-
cteto oOyuenus 0.0001), B kauecTBe ONTUMHU3ATOPA AITOPUTMA FPATUEHTHOTO CITyCKa OBLT UCIIOh-
30BaH CTOXACTUYECKHI IpaJiueHTHbIH ciyck [6]. [Ipumep paboTsl ceTu nmpeacTaBieH Ha puc. 2.

[Tockonbky ABYXCTaluiHbIE JETEKTOPHI MOAPAa3yMEBAIOT JIBE CTaJMH, & COOTBETCTBEHHO, U
JIB€ HEHpOHHBIE CeTH, [0 CBOEH MPHUPOJie OHU IPOUTPHIBAIOT OJTHOCTAJAUWHBIM JIETEKTOPAaM, COCTO-
SIAM TOJILKO U3 OJHON HEHPOHHOW CETH B YacTH CKOpOCTH 00paboTku (oTorpaduii, mokassBast
IIPU 3TOM CXOKUH WM Jla)ke MEHBIINKA YpoBeHb TOUHOCTH. CKOPOCTh U TOYHOCTh OOPabOTKU JaH-
HBIX HaIlpsMYIO BJIMSET Ha KaueCTBO MOCTAHOBKU JIMAarHo3a, MO3TOMY B JIAHHOM HCCJIE€IOBaHUU
HaMH OBUIM PAacCMOTPEHBI HEKOTOpPbIE MOJENN OJHOCTAJIUHHBIX JeTeKTOopoB cemeirictBa YOLO.
[lepBoit 3 HUX sBisieTcss YOLOv3 — apXATEKTypa MOJIEIH TIIyOOKOro oOy4deHHs, MUCIOJIb3yeMast
JUTSL pacrio3HaBaHUs 00BEKTOB Ha N300paxkeHusx [7].
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Puc. 2. Ilpumep pa6oTsl ceTn Ha 6a3e apxuTekTypsl Faster R-CNN
AJIS1 pacNO3HABAHHUS KJIETOK KPOBH

Fig. 2. An example of a blood cells recognition network based on the Faster R-CNN architecture

JlanHasi HelipoHHas ceTh MOJpa3feliseTcs Ha TPU OCHOBHBIE YacTH: TiepBas COCTOUT U3
CBEPTOUYHBIX CJIOCB IS W3BIICUYECHUS OOBEKTOB W3 BXOJHOTO HM300paXEHHWs, BTOpas OOBEIUHSET
KapThI MIPU3HAKOB OOBEKTOB PA3HBIX MACIITA0O0B IS YIIYUIIEHUS TOYHOCTH PACIIO3HABAHUS, TPEThS
COCTOWT W3 TOJHOCBS3HBIX CIIOEB, KOTOPBIE MPEICKA3BIBAIOT MECTOMOJIOXKEHHE M KacC KaKJI0Tro
o0wpekTa Ha u3oOpaxeHun. B YOLOv3 Taxke UCHOIB3YIOTCS SIKOPHBIE KOPOOKH, KOTOPBIE Mpe-
CTaBIISIOT COOOM TIpeIBAPUTEIHHO OMpe/e/ICHHBIE OTPAHWYMBAIOIINE PAMKH Pa3HBIX pa3MepoB H
COOTHOIIIEHU# cTOpOH. B codeTanuu ¢ ceTkoi, KoTopas IeIUT U300paKeHHS Ha SKOPHBIE STUCHKH,
OHU MCIIOJIB3YIOTCS JJIsl IPOTHO3UPOBAHMSI MECTOIIOJIOKEHHUSI U pa3Mepa 0OBEKTOB Ha M300paxe-
Huu. OOydeHre TPOBOJAMIIOCH ¢ MTOMOIIBIO (hpeiiMBOpKa darknet, B KauyecTBE pealH3alliy MOICIH
YOLO na Tensorflow ucnonn3oBan darkflow. O0y4yenne mpoBoauiock B 250 smox ¢ pa3mepom 6at-
4ya 48, co cKopocThIo 00yueHus1, paBHO# Se-5. [Ipumep paboThl cetn nmpeacTaBieH Ha puc. 3.

Puc. 3. IIpumep padoTsl ceTu HA 6a3e apxuTekTypsl YOLOV3 171 pacno3HaBaHusl KJIETOK KPOBH

Fig. 3. An example of a blood cells recognition network based on the YOLOV3 architecture

[IpoBereHHBIE SKCIIEPUMEHTHI IOKA3ad, YTO B OOJIBIIOM KoudecTBe ciydaeB YOLOv3 He-
YIIOBJIETBOPUTEIHFHO CIIPABIISIETCSI C pacliO3HABAaHHEM KIIETOK KPOBH (CpenmHsisi TOYHOCTH mAP
coctaBisieT 46,1 %). B cBsi3u ¢ 3TUM OBLIO MPHUHATO PELIEHUE anpoOUpOBaTh CleyIolIee MOKOoJIe-
HUE JeTeKTOpoB — YOLOv4 [8]. JlaHHast apXUTEKTypa COACPKUT HOBBIE METOBI, MOBBIIIIAIOIITIE
TOYHOCTBH U CKOPOCTh PadOTHI CBEPTOUHOM HEHPOHHOH! CeTH, CPeAr KOTOPBIX MOXHO BBIIETIUTH KaK
HanOoJiee BaKHBIC W YHUBEPCAIbHBIC IMMAKETHYI0 HOPMAJHM3AIMIO U OCTaTOYHBIE cOeMMHEHUs. J[is
o0ydeHHUs TakKe UCTOIh30BaIach OTKPhITas HelipoceTeBas Oubnmotexa darknet.
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Puc. 4. Ilpumep paGoTbl ceTn Ha 6a3e apxuTekTypbl YOLOV4 119 pacniozHaBaHHS KJIETOK KPOBH

Fig. 4. An example of a blood cells recognition network based on the YOLOv4 architecture

KomudectBo utepanuii — 6000, pazmep 6atua 32, ckopocth oOyuenus = 0,001. [Tpumep pa-
00THI ceTH mpesacTaBieH Ha puc. 4. Kpome apxutektypbl YOLOvV4, 0coObIii HHTEPEC IS UCCIIE0-
BaHUS TpEICTaBIsIeT HOBeMIee ceMeHCTBO Mojiesiell oOHapyKeHus: 00BEKTOB, MPeJICTaBIEHHOE B
Havaie 2023 r. — YOLOvS [9]. 1o cpaBHEHHIO ¢ MPEABIIYIIAMEA BepcusMu, MoJienb YOLOvVS pabo-
TaeT ObIcTpee W TOYHee, oOecTeynBasi MPU 3TOM EIUHYIO CTPYKTYpPY Ul oOydeHUs mojeneit amis
BEITIOJTHEHUST OOHapy)XKeHWe OOBEKTOB, CETMEHTAIIMK SK3EMIUISIPOB M KiacCH(UKAIIMHA HU300paxe-
Huii. B otnmune ot pacemotpeHHBIX YOLOV3 u YOLOv4, B HOBOM Bepcun YOLOvVS nipesncka3biBa-
€TCsl HEMOCPEICTBEHHO IIeHTp O0BEKTa, a He CMEIEHUE OT DJIEMEHTOB CETKHU, a TaKXKe YIydlleHa
ayrMeHTarus u3o0pakeHuidt B mpormecce oOyueHus. s oOyueHUsS HCMOIB30BaICS (hpeiiMBOpPK
PyTorch. I'nnepnapameTpbl ObUIH OA0OpaHbI SMIIEPUUECKH, UCII0JIb30BAIACh AyTMEHTAIMs B IIPO-
necce o0yuenus. KomuuectBo 3mox — 1000, pazmep 6arya TuHAMAYECKH BBIUUCIISETCS MPHU 3aIyCKe
00yueHMsI B 3aBUCUMOCTH OT JIOCTYITHOTO KOJIMYECTBA MaMsITH, cKopocTh o0yuenus = 0,01. [Tpumep
paboThI ceTH MpeACTaBlIeH Ha puc. 5.

RBC-0.S0R3C 0.6 0,59 SIMSSIIRBC G.89REC 0.83 R3C

RBC 0 89
RBC 0.90
plotefet 0.8¢
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Puc. 5. Ilpumep paGoTbl ceTn Ha 6a3e apxuTekTypsl YOLOVS ni1s pacnio3HaBanus KJIETOK KPOBH

Fig. 5. An example of a blood cells recognition network based on the YOLOVS architecture

PesynpTarel mpoBeeHUS SKCIEPUMEHTOB MMOKa3ald, YTO CIOXHBIMU JJIsI Paclo3HaBaHUS
SIBISIFOTCS CIIy4aW BH3YaJIbHOTO TMepecedeHus OO0OBEKTOB JApyr apyroM. Ilpm oOpaboTke Takux
y4acTKOB M300pakeHUl MmoKa3aTelld TOYHOCTH NaaatoT. J{Js pemenus nanHoi mpobiieMbl B pa3pa-
OaTeIBaeMoO€ pelIeHre ObUT J00aBIeH 00padOoTYNK IepeceKaromuxcss 00beKToB. [lepecekaromumu-
¢ 00BEKTaMH B OCHOBHOM SIBIISIFOTCSI DPUTPOIUTHI, KaK HanOoJiee MHOTOUYHCIIEHHBIH Klace 00bheK-
TOB Ha W300pakeHMsIX. MHOECTBO BH3YaIbHO MEPEKPBIBAIOIINX JIPYT JIpyTa 3PUTPOIUTOB B 00-
IIeM cllyyae UMEIOT MPOM3BOJIBHYIO ()OpMY, NP 3TOM IJIaBHAs BU3yajbHas 0COOEHHOCTH, MMO3BO-
nsrorast g GepeHIpoBaTh IPUTPOIUTEI — 3TO TOYKH, B KOTOPBIX OJHH SPUTPOIUTHI TIEPECEKArOT
nIpyrue. B HOpMe SpUTPONUTHI KPYTJible, a OKPY>KHOCTh MOYKHO TOCTPOUTH IO JroOoMy ee ¢par-
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MeHTy (ayre). Ha ocHOBaHMM 3THX MOJIOKEHHN pa3paboTaH ¥ pealn30BaH aJITOPUTM, OCHOBAHHBIN
Ha pa3/ieJIeHUu rpaHul] o0beKTa (IpeACTaBISIOMEro co00i MHOXKECTBO MEPECEKAIOIINUXCS HPUTPO-
IIUTOB), HA ()parMEHTHI 10 TOYKAM MEPeceUeHHs ¢ TOCIEIYIOMIM JOCTPauBaHUEM MOTyYSHHBIX
JIYT JTO0 TIOJTHOW OKPY>KHOCTH (KaX/1ast Takasi OKpYKHOCTb MPEJICTABISET COOOM IPUTPOIINT).

Peanmm3zanus pazpaboTaHHOrO alropuTMa aHalM3a MEPEeCcEeKarOMUXCs O0OBEKTOB BKIIIOYAET
CJIEJYIOUINE IIaru: OMHApU3aIMs YacTH M300paKeHHs ¢ MepeceKatolMMuc 00beKTaMu, BhIele-
HUE KOHTYPOB TIEPECEKAIOMUXCS 0O0BEKTOB, MMOUCK KITFOYEBBIX (YTIOBBIX) TOUEK, ACIEHUE KOHTYPOB
Ha (parMeHTHI MO YTIIOBEIM TOYKaM, allliPOKCHMAITUS KOHTYpa KaXJI0ro (pparMeHTa OKpYKHOCTHIO,
yJaJI€HUE CJIMIIKOM MEJKHX OOBEKTOB, KOTOPhIE TOYHO HE SIBISIOTCS MCKOMBIMH OOBEKTaMH, a
TaK)Ke yJlaJeHne MOBTOPHBIX cpabaThiBaHuit. Hanbonee BaKHBIMU 13 MepEeYHCICHHBIX BBIIIE I1aroB
SIBIISIFOTCSI OMHAPU3AIIKS ¥ TIOUCK KITFOUEBBIX TOYEK, TOCKOJIBKY OT KaueCTBa WX BHITIOJHEHUS 3aBH-
CHUT KauecTBO pabOThI BCETO alrOpuTMa B 1IesioM. PaccMoTpum gaHHbIe maru 6osee moapooHo.

Jlns peanmuzanuu dTama OwHapusanuu BeIOpaH anroput™ bpsmm [10]. B Hem mnukcens
n300pakeHNs 3aMEHSETCsl Ha YepHBIN B cllydae, €Clid €ro IpKOCTh Ha t % MeHbIIIe CpeIHero 3Have-
HUS SIPKOCTH OKPYXKAIOIIMX €ro MuKcesel (B MPOTUBHOM Ciiydae IBeT Mmukcens Oembiii). BeiOpan-
HBIM anroput™M OMHapHU3allMU MMEeT J[Ba MapaMeTpa, KOTOPHIMH MOKHO BapbUpOBaTh, MOAOUpAs
3HAYEeHHUs] HAWIY4IIAM 00pa3oM MOAXOJAINUeE A KOHKPETHON 3ajauu — pa3Mep OKHa OMHapH3a-
U (OKPECTHOCTH TUKCEISI ISl OIPEIEICHUsI CPEHET0 3HAUEHUS SPKOCTH) U TIOpOT OMHapU3aIuu
t. B pe3ynbTaTe HaCTpOMKM 3HAUCHHI TapaMEeTPOB, pa3Mep OkHa OuMHapu3anuu paseH 0,25 MUpUHBI
n300paxeHus:, mopor OuHapmu3anuu t = 5 %. B xadecTtBe anroputMa momcka yriioBBIX TOYEK OTO-
OpaH JeTeKTOp, OCHOBAHHBIA Ha JIOKATBHBIX W TI00AThHBIX CBONCTBaX KpuBU3HEI [9]. JleTekTop
aHAITM3UPYET TPaHUIIBl H300PaXKECHUS, TIPUYEM KakJas TPaHUIA pacCMaTpHBACTCS KaK (QYHKIUS U
JUTST KQKJIOW (PYHKIIUK CTPOUTCSI COOTBETCTBYIOIIAS i (DYHKIIMS KPUBU3HBI C MOCIEAYIOIUM aHa-
JM30M TOYeK 3KcTpemyMa. [lapameTpom neTekTopa moucka yriioBbIX TOUEK SBISCTCS KOAPPUIIMEHT
R, HeoOxouMBIi JI71s pacdyeTa aJalTUBHOTO IIOpora Mo KOTOpoMYy OYJyT OIPENeNsThCs «CUIIbHbBIE»
yrisl. B craThe ¢ onmucaHueM JeTeKTOpa, OCHOBAHHOTO Ha JIOKAJIBHBIX M INIOOAIBbHBIX CBOMCTBAX
KpuBHU3HBI [11], uIs MOMCKa YITIOBBIX TOYEK HA M300pa)KeHUSIX ¢ OOJBIIMM KOJIWYECTBOM YTJIOB
OBLIO MCMOIK30BaHO 3HaueHue R = 1,5. Jlns Hame#t 3aaun SMOMPUYECKUM MyTeM ObLIO Mojo0pa-

B)
Puc. 6. Ilpumep 06paboTkn ¢pparmenTa u3odpa:keHnss MHKPOCKONIMH KPOBH

HO 3HaueHue napametrpa R = 1. Harmsano paborta anroputma mpencraBieHa Ha puc. 6.
il -
C HCIOJIb30BAHHEM AJITOPUTMA PA3AC/ICHUA BU3YAJIbHO NEPECCKAIINXCH SPUTPOLIUTOB

—

- f
-
r) e)

Fig. 6. An example of processing a blood microscopy image fragment
using an algorithm for visually intersecting red blood cells separation
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PesyabTaTnl

Jlns oneHkn 3()(EKTHBHOCTH W CPaBHEHHS HEHPOCETEBBIX ApXHUTEKTYpP € MOCIEAYIOIINM
IPUMEHEHNEM aJITOpPUTMa PAcIO3HABAHMS NEPECeKAIOMUXCsl 00bEKTOB UCIOJIB30BAHBI CIIEIYIOIIHE
HoKa3aTesu:
® KOJIMYECTBO 3IO0X OOYYEHHUs — MOJ SMOXOH IMOoJIpa3yMeBaeTcsl MOJIHBIN MPOX0/] 1aTacera uepes
HEHUPOHHYIO CETh;

e pa3Mmep OaTya — MOKa3bIBAaeT, HA MApTHH KAKOrO pa3Mepa OBbLIM pazJiesieHbl TPEHUPOBOUYHBIE
JTaHHBIE [TPH 00yUYECHHH;

® CKOpOCTb OOy4YeHMs — pa3Mep Iara, KOTOPbIH aJrOpuTM CTOXaCTHYECKOro TI'paJMe€HTHOIO
CIIyCKa MCIIOJIB3YET JUIs CXOAUMOCTH;

o mAP (Mean Averenge Precision) — cpelHsii TOYHOCTb, IO3BOJISIIOIIASI OLIEHUTH, HACKOJIBKO
XOPOIIIO MOJIEIh PAcIIO3HAET MPEICTaBICHHbIE OOBEKTHI.

Pe3ynbraTel CpaBHEHHs IEPEUUCIIEHHBIX ApXUTEKTYp B IPOBEJEHHBIX 3KCIIEPUMEHTaX
IIpeJicTaBjIeHbl B Ta0m. 1.

Tabauua 1.
MMapamMeTpsl 1 nokazaresim 3QpPeKTHBHOCTH HEHPOCETEBBIX APXHUTEKTYP
B 3a/]a4€ PACIO3HABAHUS KJIETOK KPOBH

Table 1.
Metrics used to measure the performance of neural network architectures
in the task of blood cells recognition

HeiipoceteBnbie KoanuectBo Pa3smep Cxopocth
mAP, %

APXHTEKTYPbI 310X 00y4eHHus! O0aTuya 00y4yeHHs
FasterR-CNN 10+4 1 Ilepssie 10: 0.001 1 4: 0.0001 87,3
YOLOV3tiny 250 48 0,00001 46,1
YOLOv4 250 32 0,001 90,7
YOLOvV8n 300 JUHAMHYECKHI 0,01 93,7
YOLOvS8s 600 JIUHAMMWYECKUH 0,01 95,7

[To pe3ynbratam paboThl HauboJiee BHICOKUE TTOKA3aTeNd ObUIA JOCTUTHYTHI C IPUMEHEHHU-
eM HeilpoHHo#l cetn YOLOvVS, KoTOopas SIBISETCS MEPCHEKTUBHOMU U MPOBEICHUS JaTbHEUIIINX
UCCIIE0BAaHUH U peau3alliy B CUCTeMaX JIabopaTOpHOU JTUArHOCTUKH.

Jakaouenue

Jlns perieHus 3aaudl paclo3HABAaHUsS KJIETOK KPOBH HA M300paKEHUSX MHUKPOCKOMUU BbI-
MIOJIHEHO HCCJIEJIOBAaHUE C NPUMEHEHHEM M CPABHEHHMEM YeThIpeX HEHPOCETEeBBIX apXUTEKTYp:
FasterR-CNN, YOLOv3tiny, YOLOv4, YOLOvS. Pa3zpaboTan anropuT™ pacrno3HaBaHUS MEpeceKa-
IOINUXCST 0OOBEKTOB, OCHOBAaHHBIM Ha pa3felleHud KOHTypa OOBEKTa Ha CErMEHThI MO KIIOYEBBIM
toukaM. [lo pesynpTaTam paboThl HanbOoJIee BHICOKHME MOKAa3aTeId TOYHOCTH pacro3HaBaHUs ObLTH
JIOCTUTHYTBI ¢ TPUMEHEHUEM HEeHpoHHOU cet YOLOVS, nipu 3TOM CpeiHssl TOYHOCTh paclo3HaBa-
HHUs 00BEKTOB cocTaBmia 95,7 %.

[IpoBeeHHBIe B pamMKax pabOTHI SKCIEPUMEHTH MOKa3amd A(PQGEKTUBHOCTh MPUMEHEHUS
HEHPOCETEeBOr0 MOAX0/1a I aHAIHM3a OMOMETUITUHCKUAX H300paKeHUH.
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Abstract. The article proposes a new approach to modeling and analyzing surface waves of an ideal fluid. This
approach is based on stochastic surface wave modeling, which allows the generation of surface profiles without solving
the dynamic equations of hydrodynamics of an ideal fluid with a free surface. Stochastic modeling of surface wave pro-
files is used to study the statistics of the occurrence of extremely large waves — rogue waves. Statistical modeling of
surface waves allows to estimate the probability of rogue waves occurrence. The obtained probabilities were compared
with results of numerical solution of the complete equations of hydrodynamics of an ideal fluid with a free surface. It is
shown that the proposed approach can also be effectively used to study extreme three-dimensional surface waves in the
ocean.

Key words: anomalously large surface waves, rogue waves, computational experiment, hydrodynamics of an
ideal fluid.
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BBenenue

OxkeaHCKHe BOJHBI-YOUUTIBI (BHE3AMTHBIE TTOBEPXHOCTHBIE BOJTHBI OOJIBINION aMIUTATYIBI — 0
30 M [1]) mpencTapisitoT cOO0# pealibHYIO YIpO3y ISl CYA0XO0/ICTBA U MOPCKUX COOpY KeHuii [2]. B
nocieHee BpeMs MpoOJieMbl BOJTH-YOUHI] MPUBIIEKAIOT MPUCTAIbHOE BHUMAHUE HE TOJIBKO OKea-
HOJIOTOB, HO Takke (PM3UKOB M MaTeMaTUKOB. HekoTophle aclieKThl MaTeMaTHUeCKOW TEOPHH BOJH-
youiiny n3noskeHbl B MoHOrpaduu [3]. OCHOBHBIE HaNpaBJICHHS UCCIICIOBAHUN BOJH-YOUMMII CBsI3a-
HBI C M3y4YeHHeM (PM3UYECKUX MPOIECCOB, MPUBOISAIINX K (POPMUPOBAHUIO ITUX BOJH, CTATUCTUKU
WX BO3HUKHOBEHUS, a TaK)Xe YCIOBHM, KOTOPhIE YBEIMUMUBAIOT BEPOSITHOCTh BOZHUKHOBEHUS BOJIH-
yOuiiIl B OTAENTBHBIX paiioHax okeaHa. B [4-6] u pse npyrux paboT ObUIM MOJIYYeHBI OIEHKH Bepo-
SITHOCTH BO3HHUKHOBEHHMSI BOJH-YOUMI] C MOMOIINBIO BHIYUCIUTENLHBIX SKCIIEPUMEHTOB; OHHU COTJIa-
CYIOTCSI ¢ OLIEHKaMU BEpOSITHOCTEH BO3HMKHOBEHHS BOJIH-yOWiill B HaTypHBIX SKCIepUMeHTax. B
pabotax [7-9] mokazaHo, 4TO BOJHBI-YOMUIIbI MPEACTABISIOT COOOH JIOKAIbHYIO KOHIIEHTPALUIO
SHEPTUHM B Pe3yJIbTaTe HEIMHEWHOW NWHAMHUKUA HJICATbHON KUJIKOCTH CO CBOOOJHONM MOBEPXHO-
CTBIO.

B HacTosmell cratbe paccMaTpuBaeTcs MOJXOJ K MOJAEIUPOBAHUIO IMOBEPXHOCTHBIX BOJIH
0e3 peleHus TUHAMUYECKUX ypaBHeHMi. [lomydaemble mpoduiu MOBEpXHOCTH CTPOSATCS MO U3-
BECTHBIM CIIEKTpaM MOpPCKOHU moBepxXHOCTH. Cpenn 3TUX npoduiield BEICTSIFOTCS Te, KOTOPBIE yI0-
BIIETBOPSIIOT KPUTEPUIO BOJIHBI-YOUHIBL. Takum 0Opa3oM MOKHO OLIEHUTH Mepy MHOXKecTBa B (a-
30BOM MPOCTPAHCTBE, KOTOPOE COOTBETCTBYET BOJHAM-yOuiiiiam. J[aHHBIA OIX0] MCHOIb30BaAICA
B pa3jMuHbIX paboTax U Mmokasai cBoro 3¢pdexruBHocTs. B padore [10] meroast MonTe-Kapno uc-
[I0JIb30BAJIUCH MPU MOJICTMPOBAHMM BOJIH-yOUHNI, BOHHUKAIONIMX INPH B3aUMOJEHCTBUM pacrpo-
CTpaHEeHMs BOJH C TeueHUsIMH. [Ipu 3TOM mcmonb3oBaiach JyyeBas KapTHHA B I0JI€ TEUEHUS CO
CIIy4allHBIMU HeoJHOpoHOCTsIMU. B ctathe [11] Mmetoasr MonTe-Kapio ncnonp30Baauch s MO-
JIeIUPOBaHMsI BO3BBILIEHUE MOPCKOW MMOBEPXHOCTH B (PMKCHPOBAHHON TOUKE C MOMOIIBIO CyIepIo-
3WIAH CIy4YaitHbIX ¢a3. JIJis 3TOro UCHoJIb3YIOTCS BapHaHTHl ciekTpoB JONSWAP. B pesynbrare
MOJIy4eHbI OIIEHKH JJIs BOSHUKHOBEHHUS BOJIH-yOUUIl. MeToIbl CTAaTUCTHUECKOTO MOJIEIMPOBAHUS
Tak)ke OBLIM UCIIOJIB30BaHbl B padoTe [12], rae ucnosib3oBasach MOJEbh YaCTOTHO-YTJIOBOTO CIIEK-
Tpa JUIsl OMUCaHUS HAPABICHHOTO PACPOCTPAHEeHMsI CITydyalHBIX BOJIH. ABTOpaMu ObLIO MOKa3aHo,
YTO HM3-32 HEIMHEWHOCTH, B YaCTHOCTH, M3-3a peQpakiuu U GOKYCHPOBKH BOJH, HAOIIIOACTCS OT-
KIIOHEHHE OT T'ayCCOBCKOW CTAaTHCTUKH BHICOT BOJH, YTO MPUBOJHUT K YBEIUYEHHIO BEPOSITHOCTH
BO3HUKHOBEHHUS BOJH-yOuiill. B HacTosmeil pabore, B OTIMYMe OT MPEIIECTBYIONIMX UCCIIE0Ba-
HUH, paccMaTpuBaeTcsi MOJEIMPOBAHUE MPOCTPAHCTBEHHOM CTPYKTYpbI MpO(uiIst CBOOOTHOHN IO-
BepXHOCTH. Takoil moaxona Mmo3BOJIIET paccMaTpUBaThb M€OMETPUUECKYI0 IPUPOAY BOJIH-YOUHI] U
OIIEHUBATh BEPOSATHOCTh BOSHUKHOBEHHSI aHOMAJIBHO OOJIBIINX BOJIH B 33JaHHOM 00J1aCTH OKeaHa.

HaunGonee Omu3koit k Hacrosieit padoTe sABIsSETCS cTaThs [9], B KOTOPOM TakXe paccMmart-
pHUBaIOTCS MPOCTPAHCTBEHHBIE MOJIETH MOPCKOW MOBEPXHOCTH, OIEHHMBAIOTCS BEPOSTHOCTH BO3-
HUKHOBEHUSI BOJH-yOUHIl ¥ MPUMEHSIIOTCS aBTOPCKUE METOJIbI JJIsi TeHepaluu MPOCTPAHCTBEHHO-
BPEMEHHBIX CTPYKTYP MOPCKOH MOBEPXHOCTH. Pe3ynbTaThl MpecTaBIeHHOTO B CTaThe MUCCIe0Ba-
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HUST HAXOJATCS B COOTBETCTBHH C [9], HO B KauecTBe BepHU(PHUKAIIMKA UCIIONB3YIOTCS BBIYACIUTEb-
HbIC SKCIICPUMEHTHI, OCHOBAHHbBIC Ha PEUICHUW TUHAMUYECCKUX YPABHEHHIA, OMMCHIBAIOIIUX IIO-
BEPXHOCTHBIE BOJHBI MICATHOM KHIKOCTH B TUTOCKOM CITydae M HEKOTOPBIE Pe3yJIbTaThl HATYPHBIX
HaOIONEHUH.

Taxkum 00pa3oM, B JaHHOM paboTe ¢ MOMOIIBIO CTATUCTHYECKOTO MOEITUPOBAHKS BOCIIPO-
U3BOAMTCS OOJIBIIIOE KOJMYECTBO MPOCTPAHCTBEHHBIX MPOQUiIell CBOOOHON MOBEPXHOCTH KUIKO-
CTH, COOTBETCTBYIOIIMX 3aJaBacMOMy CIeKTpy. [1o 3TUM mokazaTennsaM ompeaesseTcs 4acToTa BO3-
HUKHOBEHUS MPOQHIICH, KOTOPbIE MOKHO OTHECTH K BOJIHAM-yOHMiiliam. JTa 4acToTa, B CBOIO Oue-
pelib, CPABHUBACTCS BEPOSITHOCTHIO OOHAPYKEHUST BOJHBI-YOUUIIBI, PACCYNTAHHON B BBIYHCIUTEIh-
HBIX 3KCIIEPUMEHTAX I10 MMOJIHBIM ypaBHEHUSM TUIPOJUHAMUKHN B pabotax [4-5]. PesynbTathl cra-
TUCTHYECKOTO MOJIETUPOBAHMS TPAKTYIOTCS B TEPMUHAX JUHAMHYCCKUX CHCTEM.

[TomyueHHBIE pe3yIbTaThl UCCIICIOBAHUS TTOATBEPIKAAIOT, YTO BEPOSITHOCTA BOZHUKHOBEHUS
BOJTH-YOMMII, paCCUNTaHHBIE YCPEIHEHUEM 110 BPEMEHHU, COBIAMAIOT IO MOPSAIKY C BEPOSATHOCTHIO,
MoJIy4aeMo# ycpemHeHreM 1o (a3oBOMY MPOCTPAHCTBY. DTa TUIIOTE3a MOXKET OBITh TOJE3HOM IS
OIIEHKHM BEPOSITHOCTH BO3HHUKHOBEHHS BOJIH-YOWMII B TPEXMEPHOM Cilydae, e MpsSIMbIe 3KCIIEPH-
MEHTBI C pEeIICHUEM JUHAMUYECKUX YPaBHEHHI 3aTPy/THEHBI.

JAnnamMn4yeckne ypaBHeHUs

PaccmoTpuM HenmuHEHHYIO JUHAMHMKY TOBEPXHOCTHBIX BONH HIealbHOHM xuakoctu. [Ipu
5TOM HJeallbHas HEC)KUMaeMasl KHUJIKOCTh 3aHUMAET IIOCKYIO 00JIacTh:

—o0 < y < n(z,t),
< & < 2m,

rie GyHKIus 1(X,t) OMUCHIBAET CBOOOAHYIO TOBEPXHOCTH B KKl MOMEHT BpeMeHH. | paHWIHbIC
YCIIOBUSI TIO TMEPEMEHHOU X SBJISIFOTCS 2M-TIepUOJAMYECKUMU. byneM mpeamosaraTh, 4To TEUCHHE
UJeAIbHOM KUJIKOCTH SIBJISIETCS MOTEHIMAIbHBIM. DTO YCJIOBUE SIBJISIETCS CTAHAAPTHBIM IIPH pac-
CMOTPEHUH MOBEPXHOCTHBIX BOJH B OKEaHe.

BeneactBue nOTEHNIMAIbHOCTH TEUYEHMS KUAKOCTH Mbl HMEEM IOTEHIMAl CKOpPOCTeH
®(x,y,t), c MOMOIIBI0 KOTOPOTO OMPEIESAETC s OJIe CKOPOCTEH JKUIKOCTH:

v(a:, Y, t) = VQ(LE, Y, t)7

rac orneparop rpajucHTa I[eﬁCTByeT 10 MPOCTPAaHCTBCHHLIM IICPEMCHHLIM. Us YyCJIOBUA HECIKHUMAC-
MOCTH JXKHIKOCTH

divv(z,y,t) =0
noJjiydyaeMm ypaBHeHue Jlamaca:
Ad(z,y,t) = 0.
C 5TUM ypaBHEHHEM CBSI3bIBAIOTCS CIICTYIOIIME TPAHUYHBIC  HAYaJIbHBIC YCIOBUSI:
(nt == (I):I:'r]m = (py)lyzn(x,t) =0,
1 2 _
(@t vy §|Vq)| + gy)|y:n(a¢,t) = O’
Nlt=o = no(z),
P|i—0 = Po(z,y).
rJie g — YCKOPEHUE CBOOOTHOTO TTaICHHSL.
HemocpencTBeHHOE pellieHre STUX ypaBHEHHI MPECTaBISIET cO00H OYeHb CIOXKHYIO 3aj1a-
4y KaK B TCOPETUYECKOM, TaK M B YHCICHHOM acriektaX. CyImecTByeT 00JIbIIoe KOJIMYECTBO PadoT,

IMMOCBAIICHHBIX pa3JIMYHbIM MECTOAaM YHUCJICHHOT'O PCIICHUA ypaBHeHI/Iﬁ TUAPOJUHAMUKHA ujealbHON
KUIKOCTHU CO CBO6OI[HOI71 IMOBCPXHOCTHIO. B GonpmuHCTBE U3 HUX HCIIOJIB3YIOTCS PA3JIMYHBIC IIPC-
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00pa3oBaHUsl UCXOJHBIX yYpaBHEHWH; Hanboee FPPEKTUBHBIM OKA3bIBACTCS UCIIOIB30BAaHUE KOH-
(bopmHBIX IepeMeHHbIX [13-16].

Wnes wcmonb30BaHus KOHPOPMHBIX IMEPEMEHHBIX COCTOUT B TOM, YTO B KaXKJIbIi MOMEHT
BpeMEHHU 00JacTh, 3aHMMaeMasi KHJKOCTbIO, KOH(POPMHO OTOOpa)xaercsi B HUKHIOIO TOIYILIOC-
KOCTh, YTO TapaHTHPYETCS U3BECTHON TeopeMoil PumaHa o BO3MOXHOCTH KOH(pOpPMHOTO OTOOpa-
KEHHUs Ha BHYTPEHHOCTh Kpyra Jt000# 00JacTH, UMEIOLIEH IpaHMIly, COCTOSIIYIO U3 Oojiee yeM
oJtHOM TOYKH. Takum 00pa3oM, MBI MOJTydaeM ypaBHEHHsI Ha KOHQOPMHBIE OTOOpaKECHUS, 3aBHUCS-
mue oT BpeMeHH. OHH, KaK MPAaBHIIO, OKA3bIBAIOTCS MHTETPO-TU(PPEepeHITMATHFHBIMI YPaBHEHUSIMHA
B YaCTHBIX Mpon3BoJHbIX. Hanbonee a¢hdexTrBHOM Popmoit ypaBHEHHH B KOHPOPMHBIX MEpEeMEH-
HBIX SIBJISIFOTCS YPaBHEHMSI, MOJTy4YeHHbIe B padboTte [16]. OHM oKa3amuch UCKIIOUYUATEIFHO YI00HKI-
MU JUUISl YUCIIEHHBIX PacyeToB, a TaKXKe JJI1 TEOPETHYECKOro MccieloBaHus. bbulo moka3zaHo, 4To
9TH ypaBHeHHUs siBIstorcs cucreMamu Komm-KoBaneBckoif, 4To MO3BOJIMIIO MOTyYaTh KOHCTPYK-
TUBHBIE OIIEHKN BPEMEHHM CYIIECTBOBAHUS PELIECHUIN 3TUX ypaBHEHHH. 3aMEeTHM, UYTO HCIIOJIb30Ba-
HUE HOBBIX ypaBHEHUH (B KOH(POPMHBIX TIEPEMEHHBIX ), TACT PEIIeHHs, TIOJTHOCTHIO SKBUBAJICHTHBIC
PEIIEHUSIM UCXOJHOIO yPAaBHEHUSI.

ITocTaHOBKA BLIMHCIUTEIbHBIX IKCIIEPUMEHTOB

OnureM MOCTAHOBKY BBIUMCIUTENHHBIX YKCIEPUMEHTOB, KOTOpPhIe OBLTH TMPOBEACHBI B pa-
6ote [S],  pe3yabTaThl KOTOPBIX MBI OYJIEM CpaBHHBATH C MOJICTIMPOBAHUEM BOJIHOBOH ITOBEPXHO-
ctu. [lockonbky MBI paccMaTpuBaeM MEPUOJAMYECKUE MO MPOCTPAHCTBEHHBIM MEPEMEHHBIM TI0-
BEPXHOCTHBIC BOJHBI, HAYAILHBIA TPO(HIL 3TUX BOJH MOXET OBITh NMPEJICTABJICH B BHUJIE YaCTHU-
HOM cymMMBI psiia Dyphe:

1
"Q'Kmat

gz, t=10) = Z o(k — Ky) cos(kx — &),

1
k=— 3 Kma.l‘

rae Ko — cpennee 3HaueHne BOJHOBOTO 4HCIa, Kmax — MaKCUMaIbHOE KOJIMYECTBO CHEKTPATbHBIX
Mo, Ex CYTh HE3aBUCUMBIC CIydaifHbIe BeJTMIMHBI, pABHOMEPHO pactipeaeicHabe Ha [0,271). DyHK-
s ¢(k) umena ciemryronuii BUI:

Ok, k| > Ky;
ok = | 5

kexp (—ak?) + i, |k| < K.

3nech Ok — HezaBUCUMBbIE citydaiiHble mapameTpbl. Uncno 1 < Ky < 10 onpenensio crek-
TpaJIbHYIO LIMPHHY, K, 0. — [IapaMeTpbl CIEKTPa, OLPeJCIIECHHbIE TaK, YTOOBI 3a/1aBacMbl€ 3HAUEHUSI:

KBaJIPAT CPE/IHEH KPYTU3HBI LL:
27

1
p? = 5/ nedx
0

u nucnepcust D:

MPUHUMAIU OTlpesieNieHHbIe 3HaueHus. [Ipu aToM BkIaja cmydaifHOro myma Ox He MPEeBBIIAT TpeX
MIPOIIEHTOB SHEPIHH. AHAIOTHYHBIC MOCTAHOBKH BBIYMCIUTEIBHBIX SKCIIEPUMEHTOB HCIIOJIE30Ba-
JTuck B padborax [4-5].

Cpenu MOBEPXHOCTHBIX BOJIH BBIJCIISIOT BOJTHBI, MMEIOIIME SKCTPEMaIbHO OOJIBINYIO aM-
IUIATYAY (BOMHBI-YOUHIBI). JIJiT X TOYHOTO KpUTEpHs OYJeM KCIOIB30BaTh CTAHIAPTHBIN aMILIH-
TYJIHBIA KPUTEPHIA: BOJTHA-YOMIAIIAa BOSHUKIIA B MOMEHT BpEMEHH t*, eCJTi BBITOJIHSCTCS CIIETyFoIIee
HEPaBEHCTBO:
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Hma:z: t*
v(t*) = Humae (") =" =21,

H ()
rie Hmax(t) — MakcumanbHasi BbICOTa BOJIHBI B MOMEHT BPEMEHM t, a yCpeJHEHHasi 3HAUYUTEIbHAS
BbICOTa BoJiHeHUs Hs paBHa:

H,(t*) = é /HS(T)dT,

t—AT

rie Hs(t) ecTh 3HaunTEIRHAS BHICOTA BOJIHEHHS (T.€. CPEIHSS BBICOTA TPETH CAMBIX OOJIBIIAX BOJIH)
B MOMEHT t. 3HadueHue v*=2,1 BbIOpaHO SKCIEPUMEHTATLHO U UCIOJIb3YETCS BO MHOTHX paboTax,
MIOCBSIIICHHBIX BOJTHAM-YOHUHIIaM.

B pe3ynbrate mpoBeeHHBIX MAacIITAOHBIX AKCIIEPUMEHTOB ObUIA BBIYUCIICHBI HHTEHCUBHO-
CTH BO3HMKHOBEHUS BOJH-YOHWHII, KOTOpble mpuBeaeHs! Ha puc. 1 [5]. [IpoBeaenue 3Tux sKCcIepu-
MEHTOB TpeOOBaI0 OOJBITUX BEUUACIUTEIHHBIX 3aTpaT, MO3TOMY B CIEAYIOIIEM MyHKTE MBI Oy1eM
UCTIOJIh30BATh MOJICITUPOBAHNE BOJHOBOM MOBEPXHOCTH O€3 peleH s TMHAMUYECKUX YPaBHEHUH.

0.018 i 1 g g ! ! ! ! !
0.016
0.014
0.012

0.01

0.008

Intensity of Rogue Waves

0.006

0.004

0.002} -

Dispersion

Puc. 1. UnTeHCHBHOCTH BO3HHKHOBEHHUS BOJIH-YOHHIL:
moveynas nunus — 1°=2,06-10": mupe — i’=3,08-107; cnnowmnas nunus — 1>=4,10-10°

Fig. 1. Intensity of rogue waves occurrence:
dotted —,u2=2, 06-107; dash — ,L12=3, 08-107; solid — ,u2=4, 10107

MOL[CJIH])OBaHHe MOBEPXHOCTHOI'O BOJIHCHUSA

B pesynbrare npoBeJIeHHBIX BBIYMCIUTEIBHBIX SKCIIEPUMEHTOB, OMMMCAHHBIX B MPEIbIIYIIEM
paszene, ObUIH TOYYECHBI OIEHKH BEPOSITHOCTH BO3HHKHOBEHHSI BOJH-YOWHI] IPH pa3InYHBIX Ha-
pameTpax HayalbHOTO BOJHEHHs. B "acTHOCTH, B pabote [5] ObUIM BBIUMCICHBI MHTEHCUBHOCTH
BO3HUKHOBEHUS BOJH-YOUHT. MBI TOBOPUM 00 WHTEHCHBHOCTH BO3SHUKHOBEHHSI BOJIH-YOUIAIL, a HE O
BEPOSITHOCTH WX BO3HUKHOBEHUS, TIOCKOJBKY (PaKThl BOSHUKHOBEHUE BOJIH-YOWMII OMHUCHIBAIOTCS
ciaydyaiiHbpIMu Tiporieccami [lyaccona (i ero o6o6menusimu — mporieccom Koxkcea).

[Ipodunu MOBEpXHOCTHBIX BOJIH B OKE€AaHE OMHUCHIBAIOTCS CBOMM CIEKTPOM, MOJ KOTOPBIM
MBI OyZieM TTOHUMaTh Habop Mojysel kodddunueHToB psga Oypbe Ipu pazIoKESHUN TTEPHOIYC-
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CKOHM (DYHKIIUH, TIpeICTaBIISIONICH TpoQUIh TOBEPXHOCTHOM BOJHBL. Pazymeercs, pUKCHpOBAHHBIH
CIEKTP MOTYT UMEeTh OeCKOHeuHOe unciio BoiH. [lpu ukcupoBaHHOM CHEKTpe sl TOCTPOSHUS
WHBUAYAIBHON BOJIHEI MBI OyJIeM KCIO0JIb30BaTh MeTo MoHnTe-Kapiio (cratuctiudeckoe MoJ1eiu-
poBaHme), TJIe CIy4YalHBIMU OyAyT (ha3pl. B KakJIoM aeMeHTapHOM JKCIEPUMEHTE B CEPHUH IIPO-

(GuIIH CBOOOTHOM IMTOBEPXHOCTH 3aJ1aBalICs CIICAYIOIIEeH GopMyIIoii:
20148

y(z) = D ¢(k— 50) cos(kz — &),
k=—2048
rre &k cyTh HE3aBHCUMBIE CIIydaiiHbIe BEJIMYHMHBI, paBHOMEPHO pacmpeaeneHnsie Ha [0,2m), KOoTo-
peie MojgenmupytoTcs MetogoM MonTe-Kapmo. @yuakmus ¢(K) onpenensiiack o GpopmyJie BBIIIE, ¢
WCII0JI30BAaHUEM I1apaMETPOB, KOTOPBIE OOECIIEUNBAIOT 3aJaHHBIA KBaJpaT CpelHENW KPYTHU3HBI U
mucriepcnto. Ha puc. 2 MBI IPUBOIUM MPUMEP TUITUYHOTO MPOGUIISI MOBEPXHOCTH, TIPEICTABIISIO-
IUHA BOJTHY-YOUHITY, KOTOPBIH OBUI MOTyYeHBI ¢ TOMOIIBIO MOAETHPOBAHUS CBOOOTHOM MOBEPXHO-
cTH. DTH NPO(UIH MMOXOKK HA TPOPIIIN BOJH-YOUHII, KOTOPBIE HAOIFOMAIOTCS B BBIYACITATEIBHBIX
SKCIIEPUMEHTAX U B HATYpHBIX HaOmoaeHusx [1,3]. [ kak1oro Takoro 3J1eMEeHTapHOTO SKCIEPH-
MEHTa MBI aHATM3UPOBAIH BBICOTHI BOJH B MTOJyYEHHOM MPOQUIEC W PACCUUTHIBAIN 3HAYUTEIHHYIO
BBICOTY BOJIH. Eciln OTHOIIEHNME MaKCUMaJIBHON BBICOTHI K 3HAUUTEIBHON BBICOTE MPEBBIMIAIO T10-

L — V)
poroBoe 3HaueHue ¥V = 2.1, orveuanock BO3HUKHOBEHHE BOJTHBI-YOUHIIBI B TIOJTYYECHHOM Mpodu-
j1e cBOOOTHOM TTOBEPXHOCTH.

20 T T T T

| I

20 ! ! ! L ! !
0 1 2 3 4 5 6

X, km

Puc. 2. Tunuaablii 1poQuIb BOTHBI-yOHHIBI,
NOJIyYeHHBIH ¢ IOMOMBIO CTATHCTHYECKOT0 MO/IeIHPOBAHHS

Fig. 2. Typical rogue wave profile obtained from statistical modeling

Onucannblil 271eMeHTapHbIi 3KkcriepuMeHT nosropsics 10 000 pa3, yToOBI OIYYUTH YACTO-
Ty BO3HMKHOBEHHS BOJIH-YOuiill. PaccmarpuBainch TUIIMYHBIE NTapaMeTphbl CIIEKTPa, COOTBETCTBY-
ole BOJTHAM 3bI0M. 3aMETUM, YTO B OKE€aHe BOJIHBI-yOHiilbl HanboJiee YacTo BOSHUKAIOT UIMEHHO
B Pa3BUTUHU BOJH 3bI0M. B yacTHOCTH, puBeAeM pe3ysbTaTbl OJHOW U3 Cepuil HKCIEPUMEHTOB, B
KOTOPOHM MBI HCIIOJIb30BAIU CIIEAYIOIIUE TUIINYHbBIE TapaMETPBL:
1) xBampar cpenseit kpyTusnsl p> =4,1 - 107%;
2) pucnepcust D=5.
B namem skcrnepuMeHTe BOJHBI-yOWHITEI ObLTH 3aperucTpupoBanbl 140 pa3 B pesynbrare
10* skcnepuMeHTOB, T.€. ¢ yacToit q = 0,014. DTo 3HAYeHHE XOPOIIO COrnacyerTcs ¢ MHTEHCUBHO-
CTHIO BO3HMKHOBEHUS BOJH-YOWMI] B BBIYMCIIMTEIIBHBIX JKCIIEpUMEHTax u3 padoTsl [5]. CormacHo
JAHHBIM pe3ysbTaTaM (puc. 1), BEpoSTHOCTh BOZHUKHOBEHHUSI BOJIHBI-yOUHIIBI ¢ TAKUMHM K€ Tapa-
metpamu paBHa p = 0,015. CremoBaTenbHO, MOTPENTHOCTh METOJIA CTATUCTUYECKOTO MOJIEIUPOBa-
HUSI OTHOCUTENHFHO CTATUCTUKH, TIOJTYYEHHOW MPU PElIeHUH TUHAMUYECKUX YpaBHEHUI paBHa:

~|0.014 — 0.015|
N 0.015

A % 100% = 6.67%.
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CpaBHeHUE pe3ysbTaTOB CTATUCTHYECKOIO MOJIETUPOBAHUS C pe3yJIbTaTaMHi BBIYMCIUTEb-
HBIX IKCIEPUMEHTOB Ha OCHOBE pEIICHUS TUHAMHYECKUX YPaBHEHHH Ui APYTUX I[apameTpoB
(KBagpatr cpeHel KpyTH3HBI U JUCIEPCHs) TaKXkKe MOKa3bIBaeT MOTrPEIIHOCTh B paiioHe 5-10 %.
Kpome Toro, monyuaemas CTaTHCTHKAa BO3HHUKHOBEHHUS SKCTPEMAlbHBIX BOJH, COTJIAcyeTcs C
HaTypHBIMU HaOMOAeHUIMHU B paiione o. Caxamud [17]. B aToit pabote paccMaTpuBaMCh PE3yib-
TaThl JUTUTENBHBIX U3MEPEHHH C MOMOIIBIO JATYNKOB JTOHHOTO JaBIEHUS. DTH JATUYUKU MOIYyYAIOT
CTaTUCTHKY BO3HUKHOBEHHS aHOMAJBbHBIX BOJH B (PMKCHPOBAHHOW TOUYKe. MeToanKa TOIydeHUS
OIICHOK BO3HUKHOBEHHUS BOJH-YOHWHI] B MPOCTPAHCTBE MO JAHHBIM HATYypPHBIX HAOTIOJEHWHA B OT-
JIeTTLHBIX TOYKaX omucana B padore [18].
[TocTporm TIOTHOCTH (PYHKIHMH paclpe/ieleHus] BEPOATHOCTH i mapameTpa v (OTHoIIe-
HHE MaKCUMaJILHOM BBICOTHI BOJHBI K 3HAUUTENILHOHN BBIcOTE BoJIHEeHHUs) (puc. 3). [IpuBeaem cratu-
CTUYECKHE XapaKTePUCTHUKU ATON CIIy4alfHOW BETHUMHBL:
1) wmaremaruueckoe oxxunanue E=1,531;
2) aucnepeus 62=0,399;
3) cummerpus y1=1,067;
4) »sxkcnecc y2=1,770.
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Puc. 3. IlnorHocTs pacnpenenenust PyHKIAH V

Fig. 3. Distribution density of v function

3akaouenne

[Ipyn n3yyeHnn sKCTpeMalbHbIX OBEPXHOCTHBIX BOJIH (BOJIH-yOUII) Ha OCHOBE MareMaTH-
YECKOI'0 MOJIETTUPOBAHUSI HEOOXOMMO YHUCJIEHHO pellaTh JTUHAMHUYECKHE YpaBHEHUS, ONUCHIBAIO-
e THIPOIMHAMUKY HICATHHON KUIKOCTH CO CBOOOJHON MOBEPXHOCTHIO ¢ OYEHH BBICOKOWM TOY-
HocThIO. [lockombKy mporece hopMupoBaHus BOJTH-yOUNIl U3 TUIMYHBIX BOJIH 3bIOH SIBISIETCS TIPO-
JIOJDKATENIbHBIM U MOJKET MOTpeOOBaTh COTHU M THICSIYM NEPUOJIOB, JJISI MOJEIUPOBAHUSI BOJIH-
yOuiily HeoOX0IMMO HE TOJIBKO BBIJIEP’KUBATH BHICOKYIO TOUHOCTh Pacye€ToOB, HO U MPOU3BOJUTH 3TH
pacyeTsl Ha OOJBIINX BPEMEHHBIX UHTEpBaIaX; TPEOYIOTCS OOJIBIINE PACUETHBIE MOIIIHOCTH.

PazpaboTranHblii METO/I CTATUCTUYECKOTO MOJIEITMPOBAHUS MIOBEPXHOCTHBIX BOJIH O3 HEe00-
XOJIMMOCTHU PEIICHHUSI MONHBIX JUHAMUYECKUX YPABHEHUN MO3BOJISIET CYIIECTBEHHO CHU3UTH KOJIH-
4yecTBO BbIuMcleHUH. [lpu aToM paHee mojyuyeHHbIE JaHHbIE 00 MHTEHCUBHOCTSX BO3HUKHOBEHMSI
BOJIH-YOU1l, OCHOBAaHHbBIE HA MOJHBIX JUHAMUYECKUX YPaBHEHUSX, ONUCHIBAIOIIUX THIPOIUHAMMU-
Ky HJIealbHON JKUJKOCTH CO CBOOOJHON MOBEPXHOCTH, KAYECTBEHHO M KOJIMYECTBEHHO COBIIAJIAIOT
pe3yJibTaTaMu CTAaTUCTHYECKOTO MOACIIMPOBAHUS.

[IpennoxeHHbI MOAXO0 O3BOJISET PACIIPOCTPAHUTh METO CTATUCTUYECKOTO MOJIEIUPOBaA-
HUS Ha clIydail TpeXMEPHOTO BOJTHOBOTO MOJISI.
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[TpencraBneHsl pe3ynbTaThl BCECTOPOHHETO aHATUTHYECKOTO UCCIEN0BAHNS OLIEHKH 30HBI MOPAXEHUs], CO3/1a-
BaeMoii ieTamum npeaMeToM Ha ADC npH pa3pyIIeHUH 3JIEMEHTA C BBICOKOH MOTEHIMAIbHOM WIIN KWHETUYECKOH BHEp-
rueii. B paMkax KOHCEpBaTUBHOTO M PEATMCTHYHOTO MOJIXOAOB MOJYyUeHb! ABHbIE ()OPMYJIBI AT MOCTPOEHHS KaK yacT-
HBIX TPAEKTOPHI MOJIETa, TaK M Orudaroleil Bcex BO3MOXHBIX TPAEKTOPHI ¢ yUeTOM INHAMUUYECKOTO BO3JEHCTBHS CTPYH
¥ CUJI a9POAMHAMHYECKOTO COMPOTHUBIICHNS. BBINONHEH OLIEHOUHBIN pacdeT ISl BRICOKO3HEPreTHIECKONH apMaTypBbI.

AKTyabHOCTb PabOTBHI ONpENENAETCS TEM, YTO B COOTBETCTBHM C anpoOMPOBAHHONW METOIMKON aHann3a BIUS-
HUSI BHYTPEHHUX BO3JIEHCTBUI OLIEHKA MEPEUHS OTKA30B U3-3a BO3ACHCTBHS JIETSIINUX MPEAMETOB BBIMOIHAETCS HAa OC-
HOBE 30HBI MOpakeHus. ['eoMeTprdecKre pa3Mephl 30HbI TOPAXKEHUS HAMIPSIMYIO BJIUSIOT HA 00BEM 3aBHCUMBIX OTKA30B,
KOTOpBIE TOJKHBI OBITH yuTeH mpu obocHoBaHny Oe3omacHoctH OMAD B cootBetcTBrm ¢ ®HIT PD. TTomydenHsie pe-
3yJNBTaThl PEKOMEHIYIOTCS T 000cHOBaHNUS Oe3omacHocTH OVIAD, B 9acTHOCTH, TIPH BHITIOJIHEHIH aHAJTN30B BHYTPEH-
HUX W BHELIHNUX BO3JEHCTBUI, aHAJTM30B MPOEKTHBIX M 3AMPOEKTHBIX aBapHil.

Kniouegwie cnoga: atomHas craHuysi, 6€30MacHOCTb, JETALINE MPEIMETbI, apMaTypa, TPACKTOPHUs M0JIeTa, OTu-
Garomiast TpaeKTOpUid.
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Abstract. The paper presents the results of a comprehensive analytical study of the assessment of the affected
area created by flying objects at a nuclear power plant, caused by the destruction of an element with high potential or
kinetic energy. Explicit formulas for constructing both partial flight trajectories and the envelope of all possible
trajectories, taking into account the dynamic impact of the jet and aerodynamic drag forces, were obtained within the
framework of conservative and realistic approaches. An evaluation calculation was performed for high-energy fitting.

The relevance of the work is that, in accordance with the proven methodology for analyzing the influence of
internal influences, the assessment of the list of failures due to the impact of flying objects is carried out based on the
affected area. The geometric dimensions of the affected area directly affect the volume of dependent failures, which must
be taken into account when justifying the safety of nuclear facilities in accordance with federal standards and regulations
of the Russian Federation. The results obtained are recommended for use within the framework of performing a safety
justification for nuclear facilities, in particular, when performing analyzes of internal and external impacts, analyzes of
design basis and beyond design basis accidents.
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BBenenne

Poccutickas xonmenius HOBbIX TpoekToB ADC ¢ BBOP, HanpaBnenHast Ha MOBBIIICHHE KOH-
KypeHTocnocoOHocTH poccuiickux ADC Ha 3apyO0eKHbBIX PhIHKaX, BKIIOYAET:

e yIy4IlleHWE TEXHUKO-DKOHOMHYECKHX IoKa3aresel (MOBBIMIEHNUS SKOHOMUYHOCTU BhIPAaOOTKU
AIIEKTPOIHEPIUU U CHIKEHUS 3aTpaT Ha COOPYKEHHE U IKCILTyaTallHio);

e oO0ecrieyeHHe BBINOJHEHUS COBPEMEHHBIX TpeOOBaHUH 1Mo 0e30MacHOCTH (COBEPIIEHCTBOBAHUE
KOMIIOHOBOYHBIX PELIEHHH, BBIOIHEHNE TpeOoBaHUi poccuiickux HopMatuBoB, I[AEA, EUR n
TpebOBaHMi 3aKa3unKa).

PazpaboTka mpoeKTHBIX pelIeHu M0 MOBBIIIEHUIO O€30ITaCHOCTH OCHOBBIBAETCS HA peain3a-
AU KOHIIETINH TIIyO0oKo smenonupoBannoit 3amutel (1793) [HIT-001-15, INSAG-12], npexycmart-
pHUBaeT co3sianue psija GU3NIEecKuX OaphepoB Ha MMYTH BBIX0/1a PAIHMOAKTUBHBIX BEIIECTB B OKpYXkKa-
IOIIYIO cpely U obecreueHne BHICOKOIO YPOBHSI HAJEKHOCTH TI0 3aIUTe 3TUX OapbepoB OT MOBpe-
XKJICHUU TIPU BCEX BHYTPEHHHUX M BHEITHUX BO3JEHCTBUSX. MeXTyHapoIHbIE HOPMATUBHEIE JTOKY-
MeHThl (MAT'ATD SSR-2/1, SSG-64; WENRA; EUR) n nanmonaipHbIe HOpMBI psizia ctpal (YVL
Guide B.1, B.7 (OGunnsaaus), NSC 3a (Benrpus), NUREG — 0800 p.3.5.1.1 (CIIIA), Recdoc (Ka-
Hana), ®HIT PO (HII-001-15, HIT-006-16, HII-018-05) u np.) TpeOytoT yunThiBaTh B mpoekte AC
BIIMSIHME BHYTPEHHHMX BO3JCUCTBUI Ha 6€30IacHOCTb, B YaCTHOCTH, BO3JEHCTBHE U MOCIEACTBUS
BO3HUKHOBEHUS JIETAIIUX MIpeIMeTOB (missiles). JJaHHOE BO3IeiiCTBIE MOKET TPUBOIUTH K MEXAHU-
YeCKUM TOBPEKICHUSM 3JIEMEHTOB CHCTEM U 37aHUH, K 0TKa3aM, B KOHEUHOM MTOTe — K JIeTpaJlaliiu
yYpOBHs WM ypoBHe# ['93.

K nmersmuMm mpeameTam OTHOCST TBEpAbIe 0OBEKTHI, 00pa30BaBIIMECS B pe3yJbTaTe paspy-
IIEHUs BJIEMEHTOB CHCTEM, 00JaJaloIUX OOJIBIION KHHETUYECKON MM MOTEHIMAIbHON SHepruen.
Jletsiiue mpeaMeThl MOTYT ObITh BBI3BaHbI: B3PHIBOM, Pa3pblBOM BBICOKODHEPIE€TUYECKOTO COCy/ia
[I0]1 AABJICHUEM, PA3JIEeTOM OCKOJIKOB BpalllalOIIMXCsl MAlIMH (ABUraTelIb Hacoca, pOTOp reHeparopa
typOoarperata [1, 2] u [p.), BBUIETOM KPBIIIKH/IIITOKA apMaTyphl U Ap. BbUIET KPBIIIKK apMaTypbl
MO>KET IPUBOJUTH K UCXOJHOMY COOBITHIO, IIPH aHATIM3€ KOTOPOro HEOOXOIUMO YUUTHIBAThH BCE 3a-
BHUCHMBIe 0TKa3bl. COracHO yKa3aHHBIM BBIIIE CTaHapTaM 0€301acHOCTH, BIUSHUE JIETALMX Ipe-
METOB JIOJDKHO OBITh YYTEHO B JETEPMUHUCTHUYECKOM U BEPOSITHOCTHOM aHajIM3aX Oe30MacHOCTH.
Pe3ynbrarhl aHanu3a BIMSHUS JIETAIIUX IPEJMETOB Ha 0€30IaCHOCTD SIBJISIIOTCSI YaCThIO UCXOIHBIX
JIAHHBIX JIJIs1 BBIMOTHEHUs aHan30B OezonacHoct (BAB u JIAB).

[lepeuenb 21eMeHTOB, 00JaAAIOIMIKUX MOTEHIUAILHONW dHEPrueH, Al KOTOPhIX MOCTYJIUPY-
eTcsl pa3pylIeHue, U MOCIEACTBUS pa3pylleHUs] KOTOPbIX He00X0AUMO YUUTHIBaTh B npoekte ADC,
COJIEP>KUT TOJIBKO BHICOKOIHEPreTHUECKHE 3JIEMEHTHL, TapaMeTpbl padoueit cpeiibl KOTOPbIX yJIOBIIE-
TBOPSIIOT OJTHOMY M3 CIIEIYIOLIMX MpU3HaKoB: 1) pabouee naBnenue P > 2 Mna; 2) paboyas remne-
patypa T > 100 C. B cooTBeTcTBHM ¢ anmpoOWPOBaHHONH METOIUKON aHAINW3a BIHUSHUS BHYTPEHHUX
BO37elcTBUiL [3] olleHKa epedHsl 0TKa30B U3-3a BO3AEUCTBUS JETAIIMX [IPEIMETOB BBIIOIHIETCS HA
OCHOBE OII€HKH 30HbI IOPAXKEHUS — 00J1aCTU IPOCTPAHCTBA, B KOTOPOH MOT'YT BO3HUKATh MEXaHUYe-
CKO€ W/MJI TeMIlepaTypHOe BO3JIeHCcTBUS, 00yCIOBIEHHOE BHYTPEHHUM BO3JIEMCTBUEM U €ro IO-
caeactBusMu. [Ipumepsl 30H mopakeHus: 00JacTh MPOCTPAHCTBA ¢ TemmnepaTrypoit Boie 500 °C —
IpU 10Kape; 30HA 3aTOIJICHUS — IOMELICHHUs, UMEIOIUEe HErepMeTHUUHbIE CBSI3H, HE MPETSTCTBYIO-
1€ WX CTIOCOOCTBYIOIINE PACIPOCTPAHEHUIO 3aTOIJICHHUS B paccMaTpUBaeMoe IOMEIIEHUE U3 Ipy-
I'UX TOMEINEeHNH, BOIIEAINX B 30HY 3aTOIUIEHUS — JUIs 3aTOIICHUS; 00J1acTh IPOCTPaHCTBA, COAEP-
JKalrasl Bce ceMeHCTBO TPaeKTOPHH [oJIeTa OCKOJIKOB POTOpa reHeparopa — JUis JIETALUX ITPEeIMETOB
u 1.4. TpyOGompoBoiHast apMaTypa — IpyIia yCTpOUCTB, yCTaHABINBAaEMBIX Ha TPyOOIPOBOJaX U eM-
KOCTSIX JUUISl YNPaBICHUS] TIOTOKaMH (JIBHKEHHEM) paboumx cpeil. Apmarypa mojapasnelisercs Ha
yIpaBiseMyo (BpYUYHYIO HJIM C TOMOIIBIO MPUBO/IA, JIEHCTBYIOIIET0 OT TOCTOPOHHET0 UCTOYHHUKA
SHEPTHH) U ACHCTBYIOIIYIO aBTOMATHYECKH (10T ICUCTBUEM CHII, CO3/IaBaeMOM JaBJICHHUEM padodeid



34 Tpyowr HI'TY um. P.E. Anexceesa. 2024. Ne 1 (144)

CpeJlbl — KJIallaHbl, PETYJISITOPBI U Jp.) YTpaBleHHe TOTOKOM CpeJibl B apMaType OCYIIECTBIISETCS €
MIOMOIIBIO paboyero — 3aopHOT0/PeTyIUPYIOLIEro OpraHa, CoCTOSIIEro U3 3aTBopa u ceyia [4]. [pu
BBICOKHX JIABJIEHUSX, OCOOCHHO MpU OOJIBIINX JUaMeTpax TPyOOIpOBOJOB, cama apMaTypa MOXKET
CTaTh UCTOYHUKOM HapylUIEHUH dKCILTyaTauu [S].

B pabore paccmarpuBaeTcss mOJIX0[ AJis pacuera mapaMeTpoB orubaroieil TpaeKTopuil Ha
npuMepe HanboJiee MpeICTaBUTEILHOIO 0TKa3a apMaTyphl, KOTOPBIA MOXKET MIPUBECTU K TOBPEKIE-
HUIO COCETHUX AJIEMEHTOB CHCTEM U 3/IaHU — BbIIETA KPBIIIKA apMAaTypPhI ¢ YIETOM IMHAMUYECKOTO
BO3CUCTBUS CTPYH U CHJI COIPOTUBIICHUS. Pe3ynbpTaThl pacueToB JiIsl 0TKa3a apMarypbl OyIyT OIH-
ChIBaTh HanboJiee 00U CIydai JEeTAIIero npeamMera.

B nacrosiee Bpems geTaibHbIe METOJIMKHU [0 aHAIMU3Y BIMSIHUS Ha 0€301MacCHOCTh JIETAIINX
MIPEeIMETOB, UCTOUYHUK KOTOPBIX PACIONOXKEH BHYTPH 3/1aHUS, B HAYYHO-TEXHHUYECKOH JUTEeparype
HE TIPE/ICTaBJICHBI, YTO 3aTpyHseT 00OCHOBAaHHME CHIKEHHUSI KOHCEpBAaTHU3Ma M Pa3BUTHE COOTBET-
CTBYIOIIMX PACUETHBIX METOJIOB, YUUTHIBAIOIIUX PsiZl 0COOEHHOCTEH — B3aMMOJEHCTBUS CTPYH Tell-
JIOHOCHUTEIISI ¢ OCKOJIKAMU, CHIIBI CONTPOTUBIICHUS, OOIINNA METO]T TOCTPOEHUST OTUOAIOIINX, OI[EHKY
Mephl TOBPEKIAIONIEro Bo3aelcTBUs U Ip. HacTosimas pabora HampaBiieHa Ha 3alloJIHEHUE yKa3aH-
HOTO mpobesia B paMKax pa3paboTaHHONW METOJIOJIOTUN aHAIN3a BHYTPEHHUX Bo3jaelicTBui [ 1].

ens uccnenoBanus — pa3paboTka METOa pacueTa 30HbI MOPAKEHUS ¢ YIETOM B3auMOJIei-
CTBHSI KOMIIOHEHTOB apMaTyphl cO CTpyel TEIIOHOCHTENsI U COINPOTUBIICHUEM BO3/yXa B paMKax
JETEPMUHUCTUYECKOTO aHAIN3a BHYTPEHHUX BO3JCHCTBUM.

ITocTaHOBKA 3a0a4U

[To anamoruum co ciay4asMu JBYCTOPOHHETO Pa3phiBa BHICOKOIHEPTETHYECKOTO TPyOOIpo-
BOJIa, B paMKaX KOHCEpBAaTHBHOTO IOJX0/Ia PacCCMAaTPUBAETCS CIICHAPHI MIHOBEHHOTO Cpe3a BCeX
KpEIUICHUH KPBIIIIKA apMaTypbl, BBI3BIBAIOIIETO JBUKEHUE KPBHIIIKU U 3JIEMEHTOB, CBSI3aHHBIX C HE
(MaxOBHK, IITOK, IIITHH/EIH, CTOMKH, JIEKTPOIPUBOI, CHIBL(GOH H T.J.) TIOJ ISHCTBHEM TEIJIOHOCH-
Tenst B TpyoomnpoBo/e. [locinencTBus ykazaHHOTO cOOBITHS BKITIOYAIOT:

1) 3aromsenue;

2) TOBBIIICHHE JABJICHUS B IOMEIIEHUH;

3) MexaHWYecKoe BO3JICHCTBHE CTPYH Ha AIIEMEHTHI CHCTEM W 3JIaHMS,

4) nMHAMHUYECKOE BO3JIEHCTBUE apMaTyphl (CTOJKHOBEHUE C 3JIEMEHTaMU CUCTEM U 3/IaHU ).

Kak mpasuiio, mH(opMaIys 0 mo10sKeHIH/HAlpaBJICHAN IIITHH/IEIIS/KPBIIIKA B TPOCTPAHCTBE
OTCYTCTBYET JI0 3aBEpPIIECHUS MOHTAXXHBIX padoT. B yCIOBHSX MIOTHOW KOMIIOHOBKH apMaTypa Mo-
KeT OBITh yCTAHOBJICHA 1O/ YIioM. Ha cTamum TexHImdeckoro u pabo4ero mpoeKToB HEOIpeAeIeH-
HOCTbH HallpaBJICHUS IITOKA TPEOYIOT paccMaTprBaTh BCE BO3MOKHBIE TPACKTOPHH T0JIETa B paMKaX
OIIEHKH TIOTCHIIMATBHOW 30HBI MMOPAKEHUSI — OTHOAOIYI0 BCEX BO3MOXKHBIX TPACKTOPHIA, COOTBET-
CTBYIOIIMX Ha4aJbHBIM MapaMeTpam.

C mpakTHYeCcKOW TOYKH 3peHHs KPBIIIKY apMaTypbhl MOKHO pacCMaTpHBATh KaKk MaTepHallb-
HYIO TOUKY, ypaBHEHUE JBM)KEHUS KOTOPOI UMEET U3BECTHBINM BU/I (TOUKA HAJl BETMUYNHOW 03HAYAET
MIPOU3BOJIHYIO 110 BpeMenu z = dz/dt):

mr=mg+P+F (D
I7le m — Macca KPBIIIKY apMaTyphl (KT); g — BEKTOP YCKOPEHHUs cBOOOIHOTO majeHus (M/c?); r — pa-
JINYC BEKTOP TIOJIOKEHUS IIEHTpa Macc KPBIMIKH apMaTyphl (M); P — cuia, co3maBaemast qaBlieHHEM
crpyu (H), B o0mem cinyuae P = P(r); F — cuna conporusnenust (H).

KoHcepBaTHBHO cHIaMU COTMPOTUBIICHHS YacTO MPEHEOPEraroT, OJHAKO MOJIE3HO yUeCcTh MX
BIIUSTHUE PEAIMCTUYHOMN MOCTaHOBKe. [ Ipy CTOMKHOBEHMY ¢ TIperpagoii cTpys OKa3bIBaeT Ha Hee AaB-
JICHUE C CHJIOH, OTIpeIeNIIeMOH, B IEPBYIO OYepe b, PACXOIOM KHUIKOCTH U €€ CKOPOCTHIO, HO TaKkKe
3aBHCsIEH 0T (hOPMBI TPErpajibl U yIiia CTOJIKHOBEHUS [6]:

P=kpSw?, (2)
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rie k — 6e3pasMepHbIil K03QPUIHEHT POPMBI, 3aBUCAIIHA OT POPMBI TIPErPabl B YCIOBHH CTOJIK-
HoBeHus (Tabm. 1); W, M/c — CpeTHSs CKOPOCTh CTPYH; P, KI/M°> — IINIOTHOCTH TEIIOHOCUTENS; S, M2 —
IUTOIIA/TH TIOTIEPEYHOTO CEUCHHUS apMATYPBhI.

Tabauya 1.
Koappuunentsi popmsbl 11s psiga cjiyuaeB HEMOABHKHBIX Mperpajg

Table 1.
Shape coefficients for a number of cases of stationary obstacles

Tun npezpaosi Koagpgpuuyuenm popmut Ilpumeyanusn

[NepnieHnukynspHas MIOCKOCTh

KunakocThb pacTeKkaeTcA 1o MmiIoCKOCTH,
A a HE OTPaAXKaeTCd OT HEC

Cuna naBneHus onpenensercs
k=1-cos(f)<1 BHYTPEHHHUM YTJIOM pasiieTa >KMIKOCTH f,
W3MEPEHHBIM Ha KPOMKE Mperpabl

Cuna paBneHus onpeessercs yriom
k=1+ cos(f)>1 pa3BopoTa CTpyH P, M3MEPEHHbIM
Ha KPOMKE Tperpapl

Xapakrep pa3BopoTa He BIUsIET
k=2 Ha JaBJIeHUE NP YCJIOBUH,
YTO CTPYS HE TOPMO3UTCS

Cuna naBieHus onpeaensercs
k=sin(a) <1 YIJIOM @ M€Ky MJIOCKOCTBIO Mperpazsl
Y OCBIO CTPYH

O4eBHWIHO, YTO yKa3aHHBIC B TabmuIle KO3 GUIIHEHTHI POPMBI aHATIOTHIHBI KOAPPUITACHTY
nepeaavn UMIyJIbca Jijisl aOCOIOTHO YIPYTOT0 MEXaHUYEeCKOTO CTOJIKHOBEHUS TBEPJIOTO TeJia C Ipe-
rpajioil Ipu COOTBETCTBYIOIIEM YIJIe OTCKOKA. B citydae, eciii cTpysl COJIEpIKUT My3bIPhKHU Ta3a WK
K MOMEHTY CTOJIKHOBEHHSI C IIPETPaIoN yiKe MEPEXOTUT B pa3Apo0IIeHHYIO THOO0 pacIbIICHHYIO CTa-
JIMH, B Ka4ecTBE IJIOTHOCTH ClIAyeT Oparh YCPEIHEHHYIO IUIOTHOCTH IO BCEMY CCUCHHIO CTPYH
BO3JIe Mperpajpl. Besikoe Teno Mmpu JBMIKCHUU HUCTIBITHIBACT MPOTUBOJICHCTBHE CO CTOPOHBI TOM
CpeJibl, B KOTOPOU MPOMCXOIUT JBIKeHHUE. [IpH ABUKEHUH OTHOCHTEIBHO HEOOJBIINX 0OBEKTOB C
MaJIbIMH CKOPOCTSIMH, T.€. TIpU Yuciiax PeiiHonbaca Re < 1,5, ocHOBHAs 4acTh COMPOTUBIICHHUS 00Y-
CJIABJINBACTCS] TPEHUEM TEJI O BO3IYX, U COMPOTUBIICHHE BO3/IyXa MOXKHO CUMTATh MPOMOPIHOHAIb-
HBIM TIepBOi cTeneHu ckopoctu [8, 9] (b, xr/c):

S

Fl = _b]7.
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B Tex e ciydJasx, Korja TeJla UMeIoT Gollee BHYIIHUTENbHBIE pasMepsl (Re > 10%), compoTus-
JeHre 00yCIOBIUBACTCS HEPIIUEH Cpelibl, B KOTOPOU JIBIKETCS TOYKA UM Tello. MOXKHO CUHTATH,
YTO B 3TOM CJIydae COMPOTUBIIEHHE BO3/IyXa MPOTIOPIIMOHAIBHO KBaJpaTy cCKopocTH [6, 7]:

5 -
Fy === ppCeSVV. H 3)

rae V u V — MOJyllb U BEKTOP CKOPOCTH TeJla, COOTBETCTBEHHO (M/C); pB — INIOTHOCTH Bo3ayxa (1,2

kr/m®); Cx — Ge3pa3MepHblil KOYQPUIHEHT adPOTHHAMUYECKOTO COMPOTUBIIEHHS, BEJINUNHA KOTO-

poro 3aBucHt ot ¢popMmbl Tena. Koaddurment conporubneHuss CX MOXKeT OBITh MPUHST MOCTOSHHBIM

JIo ckopocteit paBHBIX 200-250 m/c [11, 12].

[To cumam, neHCTBYIOIMKM Ha TeJO, IBIKEHUE KPBIIIKHA YCIOBHO MOXKHO pa3feluTh Ha Clie-
JIYIOIIUX JIBa dTarna:

1) P # 0 — nBu>keHMEe B BO3YILIHOM cpejie o IEHCTBUEM JIaBJIEHUsI CTPYH M TPAaBUTAIINH;

2) P = 0 — 1BuxeHue B BO3IAYIIHON CpeJie O] IeHCTBUEM TPaBUTAIIUH U CUJIBI COTTPOTUBIICHUSI.

Jliist KoppekTHOTO perenust ypaBHeHus (1) HeoOX0AMMO 3a/1aTh HaYaJIbHEIE YCIOBHS: HAYallb-
HOE IOJIOKEHHE Tejla B IPOCTPAHCTBE U HAYAIBHYIO CKOPOCTh JABUKECHHUS.

Jeuoicerue npu P # (). TpaekTopusi, COOTBETCTBYIOIIAS IEPBOMY 3TaIy, B OCHOBHOM OIIpeJie-
JsieTcs mapaMeTpaMy CTpyH TerutoHocuTens. PaccMarpuBaroTest apMatypbl ¢ paboduM JIaBJIeHHEM
He MeHee 2 MIla u paGoueit Temmiepatypoit He meHee 100 °C, uTo npu pazrepMeTu3anuu Tpyoomnpo-
BOJIa IPUBOIUT K BOBHUKHOBEHHUIO CTPYH IeperpeToit sxunkocTh. [Iporecc pacnana crpyii uctexaro-
e B atMocdepy neperpeToit JKuIKoCTH UMeeT Psii OCOOEHHOCTEH TI0 CPaBHEHHIO C pa3pylIeHUEM
CTpYy# XOJIOAHOH ®uaKkocTH. OHU BBI3BaHBI HAIMYHAEM B TOTOKE (ha30BOTO MEpexoia HCUOKOCHb —
nap. ICTOUHUKOM 3HEPTUU UCTIApEHUS SIBIISIETCS OCTHIBAIOIIASI TIeperpeTast )KUAKOCTh. B pesynprare
HACBIIIEHHBIN Tap, Mpou3Bens paboTy paclIupeHHus], 0Ka3bIBae€TCsl B METACTAOMIBHBIM COCTOSIHHUH.
Ha mpakTtuke peanusyercs pexnuM HEKOTOPOM TPOMEKYTOUHON HEPaBHOBECHOCTH, KOT/Ia O/THA YacTh
KHUJKOCTU 00paTuiach B map, a Apyras neperpera 10 ypoBHS MEHbIIIET0, YeM IepBOHauaIbHbINA. Kak
[IPaBUJIO, KOJIMYECTBEHHBIM YPOBEHb IIPOMEKYTOUHON HEPABHOBECHOCTH HEU3BECTEH.

AHann3 pe3yJbTaTOB BCEX MPOBECHHBIX OIMBITOB MOKA3bIBAET, YTO B MPOIECCE UCTCUCHUS
ropsiaeid BOAbl MOYKHO BBIJICNIUTH CIEIYIOIINE TPU XapaKTepHble ctaauu [13].

1. Ilepsas cmaous cBsizana ¢ pOPMUPOBAHUEM JIBUIKEHUS JKUJKOCTH HEMOCPEACTBEHHO cpa3y Ke
mocye pa3pbiBa auadparmel. OHa XapakTepu3yeTcsi BBICOKOH CKOPOCTHIO BBUIETA KUIKOCTH U3
natpyoka U CUIbHOW HepaBHOBECHOCTHIO. O000IIeHHBIN rpad K W3MEHEHUsT CKOPOCTU CTPYH B
3aBUCHUMOCTH OT JUaMeTpa HacaJka IpuBeleH Ha puc. 1. Habmionmaercss ycTOHYMBBIA POCT
CKOPOCTH CTPYH MpH YBEJIMYEHUH JraMeTpa naTpyOka. B HauanbHbII MOMEHT BpeMeHHU CKOPOCTH
BBUIETA U3 HACAJKA TOPSTYEN U XOJIOJHON JKUIKOCTEN MPAKTHYECKH COBIAAIOT.

2. Bmopasa cmaous cBs3aHa ¢ B3pbIBHBIM XapaKTepoM pa3Baiia ctpyu. Yepes 3-4,5 Mc mociie Havana
HCTEYEHUs MPOMCXOAUT pPe3KOe W MHOIOKpaTHOE yBelInueHue odbeMa cTpyu. PazBan cTpyu
MPOUCXOUT 3a BpeMs nopsiaka 1-1,5 mc. Ha B3pbpiBHOI XapakTep 3TOro sIBIEHUS YKa3bIBaeT U
TOT (haKT, YTO pasjeT KHUIKOCTH MPOUCXOJUT HE TOJBKO IO XOJy HCTEYeHHS U B OOKOBBIC
CTOPOHBI, HO ¥ IPOTUB OCHOBHOT'O TIOTOKA.

3. Tpemvsa ¢haza vicreueHus] HACTYIAET MO OKOHYAHUU B3PBIBHOI'O pazjieTa CTPyH, IpU KOTOPOM
dbopmupyercss yctoiumBas (opma CTpyH HCTEKAloed BCKUMAOMIEH KHUAKOCTU. ITO
(dbopMupoBanme 3akaHUMBaeTcs depe3 16-20 Mc mocie paspeiBa auadparMbl. B 3TOT MOMEHT
MPOUCXOJUT TOJHOE PACKPBITUE CTPYH, Yrol B OCHOBAaHMM pACKpbITHs cocTaBisieT 180 °,
(dbopMupyetcst mapaboiudeckas popma CTpyH.

BriBojibI:

1) mporecc oOpa3oBaHusI OTHOCUTEIHLHO CTAOMIBHOTO MPOQUIIS CTPYH CO CTAOMIIBHBIMU MOJISIMU
JIABJICHUs] U CKOPOCTH B paMKaX IMOCTaBJICHHOM 3a/ladyll MOXHO TPUHSTH MTHOBEHHBIM U
paccMaTpuBaTh ABMXKEHUE apMaTyphbl 110 BO3/IEHCTBUEM CTAllMOHAPHON CTPYH;

2) HaYalbHYIOI0 CKOPOCTh M PacXoj TEIUIOHOCUTENSI MOXHO OIEHUTH 1O MOJETH UCTCUEHUS
KHUJIKOCTU — HAa OCHOBE ypaBHEHUs bepHyu.
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Puc. 1. HavanabHast cKkopocTh BbliIeTa cTpyH [13]

Fig. 1. Initial velocity of jet release [13]

Jlo cux mop He yAaloch aHATUTUYECKU TOIYYUTh YpaBHEHUE TPACKTOPUHU CTPYH, OTBEUAIO-
el MeHCTBUTENBHOCTH, TaK KaK He W3YYEHBI 3aKOHBI COIPOTHBICHHS, KOTOPBIE BO3HUKAIOT TPU
JBHOKEHUH cTpyd B Bo3ayxe [14]. [Ipu aToM neTanbHBIN THIPOJUHAMHYECKUAN pacdeT MOBEICHHUS
IBYX(ha3zHOU Cpeibl MPEJICTaBISIeT cO00M caMOCTOSTENBHYIO CIOKHYIO TEXHHYECKYIO 3a/1ady, Ha
KOPPEKTHYIO pean3annio KOTOPOil U MOJydeHHe TPeACTaBUTENILHBIX Pe3yIbTaToOB, U UX Bepuduka-
IIUI0 HEOOXOIUMBI OTHOCUTEILHO Oouibiiie pecypchl. K ToMy ke B HacTosiee BpeMs OTCYTCTBYIOT
aTTeCTOBAaHHBIC JUIS MOJOOHBIX pacdeToB mporpaMMel st DBM. C 1enbio pemenns MpaKkTHYeCKIX
3a/1a4 B paMKaX KOHCEPBATHUBHOTO MOJIX0/Ia IOCTApaeMCsl HAMTH OTHOCUTENILHO XOPOIIIO ONUCHIBAIO-
1Iy1o popMy aHATUTHIECKOTO MPUOINKEHNUS, KOTOPOE ITO3BOJIUT OIIEHUTh HEOOXOUMBIE ISl pacde-
TOB MMapaMeTphbI.

Ocoboe MecTo cped ImepeyuHsl TOYHBIX pelleHU YpaBHEHUI THAPOINHAMHUKY 3aHIMAET pe-
menwue JI. Jlangay [15] o 3aromienHoii cTpye, Obtoliel 13 TOYeYHOT0 HICTOYHHUKA B HEOTPAaHUYCHHYIO
cpemy, KOTOpoe, OJTHAKO, Ha TIPaKTUKE UMeeT psij orpanuueHuid. B pabote [16] mpencraBieHo aHa-
JUTHYECKOE PeIIeHuUs TS CIydasi CAMMETPUYHOM CTPYH UJIeAIbHON HEC)KUMAEMOU JKUIKOCTH: TI0JIe
CKOpOCTH BMeeT BUJ (04eBUHO, uTO divw = 0):

A z A
w(r, z) =—<1——> 6y + ——=¢
r VrZ +z2 Vrztz2 °

YTO YJOBIETBOPHTEIHHO IMTOATBEPIKIACTCS IKCIIEPUMEHTATBHBIMA JAHHBIMHA JJIs1 BO3IYIITHOM CPeIbl
[17]. Takke nmpeacTaBIeHHOE pEIlIEHUE OMMCHIBAET TEUCHHE, BRIPHIBAIOIIEECS U3 OTBEPCTHUSI pajinyca
1o B Iutockoctr Z = 0 1 umeroniee popmy mapadosonia. ITpu 3ToM cpetHsst CKOpOCTh TOToKa W4(z),
BO3/ICUCTBYIOILIETO HA apMaTypy, paBHa:

R

ZA 2AVRZ + 2% —z VRZ +22 — 2
W,(z) = 21‘[f w,(r,0)rdr = E(JRZ + 72 — Z) _n _—
0

R R R

rac R, M — KBHUBAJICHTHBIN paanycC NonepevYHOoro CCUCHUA KpbIIIKW; KOHCTAHTA A, M2/ C — IIponopuu-

OHaJIbHA 3HAYCHHUIO pacxoJa TCINIOHOCUTEI Y€PE3 MONCPEUHOC CCUCHUC Q, Kr/c:
R

Q= Zth pw,(r,0) - rdr = 2mpRA
0
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Pacxoj1 onpesensieTcs Ha ocHoBe ypaBHeHus bepaymm: Q = mR%,/2pPy, rae Pr, I1a — nas-
JIeHHE TETUIOHOCHTENS B TPYOOIPOBOJIE; P, KI/M — IIOTHOCTH TernoHocuTest. Crila, AeicTByrommas
Ha apMaTypy, OIPEIENIeTcs B COOTBETCTBUY C BhIpakeHUEM (2):

2 2
A2 z VKT -2 VT2
P(z) = 4knR2pF(\/ R% 422 — z) = 4kmpA? —x ) = P, — e

B cooTBeTcTBUM € penieHUsIMH JIJIsl TPAEKTOPUH CBOOOIHOM CTpYH, Mpe/ICTaBIeHHBIMU B pa-
6ote [18], mpsMonuHeHHbINH yyacTok 3aHUMAET /10 70 % UIMHBI TPA€KTOPHH, YTO MO3BOJISET pPeliaTh
3aJlady OILIEHKH IapaMeTpoB I0JIeTa apMaTypbl KOHCEPBATUBHO 0e3 yueTa CHII CONpoTHBiIeHus (3) u
B OJJHOMEPHOM IOCTaHOBKE B JIOKAIBbHOM cucteme koopauHaTt OZ: ock 0z cOBIagaeT ¢ OChlo apma-
TYpBI, HAYaJI0 KOOPJIMHAT — UCXOJHOE MOJIOKEHUE IIEHTpa TSHKECTH apMaTyphl, COOTBETCTBYIOIIEE
Touke ¢ koopauHatamu (0, h) B rmobanpHo# cucteme koopauHaT OXY (puc. 2). HavanbHbie ycro-
BUS: Z=0 = 0, dz/dt=o = 0. U3 ypaBHeHus (1) Hax0IuM 3aBHCUMOCTh CKOPOCTH JIBHKCHUS B 3aBUCH-
MOCTH OT PAaCCTOSIHUS:

% = \/é fOz P(x)dx — 2zgsina (4)

Puc. 2. O0muii BUA TPaeKTOPHH NMOJeTa KPbIIIKH apMaTyphl

Fig. 2. General view of the flight path of the fitting cover

W3 ypaBHeHus (4) clieqlyeT, 9To BBUIET apMaTyphl BO3MOXKEH TOJIBKO IPH YCIIOBUU Mg Sina <
nR2Pr. [pakTuyecky i BCeX BhICOKOSHepreTudyeckux apMaryp ADC yka3aHHOE YCIOBHE BBIIOJI-
HseTcs B BUjie mg/nR2Pr << 1. Bo3eiicTBue JaBIeHNs CTPYH TEIIOHOCHTENs TIepecTaeT JeicTBO-
BaTh npM ycaosuu dz/dt = Wz, 1.e. korja apmarypa JBuxercs ObicTpee noroka. [locnennee ypaBHe-
HUE CIIy’KUT JUJIsl OLIEHKH JUIMHBI L, KOTOpYIO MPOXOAUT KPBIIIKA MO JAeHCTBUEM CHIIbI JAABJICHUS

cTpyH (puc. 3).
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Fig. 3. An example of how to determine speed and distance where the flow ceases to operate

VyutsiBas, uTo mg/aR*Pr << 1, 3HaueHne L MOKHO OLEHHTH CBEPXY, YTO MO3BOJIAET MOIY-
YUTh COOTBETCTBYIOILIME KOHCEPBATUBHBIE OLIEHKU BEJIMUMH, KOTOPBIE HE 3aBUCST OT yIiia o. BBemast

3
napametp M = 21t %, ypaBuenue dz(L)/dt = Wz(L) MoxHO mpeacTaBuTh B O0e3pa3MepHOM BUJIE

(L=R-u):
2 2 3 2
M-<§(u3+1)—§(u2+1)5+u>—(m—u) =0

Pemenune nocieHero ypaBHEHMsI ¢ yIOBICTBOPUTEILHON Il MPAKTUKHA TOYHOCTHIO MOYKHO
npeacrasuth B Buge u = 0,6187-M %5 1e L = 0,6187R-M~ %3065 Pesynrratom pemenus ypas-
HeHust (1) mpu mpencTaBIEHHBIX BBIIIE YCJIOBUSIX OyJyT HadalbHBIE YCIOBHUS s ciydas P = 0:
HavanpHas ckopocTh Vo = Wz(L), yo = h + L-sina, xo = L-cosa.

Jleuoicenue npu P = (. YpaBuenus asukeHus (1) ¢ yaeTom cuiibl conpoTuBieHus (3) B me-
KapTOBOU CUCTEME KOOPJIUHAT UMEIOT BH/I:

mV, = —DVV,
{mVy = —mg — DVV,

V. =V, - cosq, V-Vt=o =V, - sina (%)

Xt=0
Ha ocHOBe cHCTeMBbI ypaBHEHHiA (5) MOXKHO MoKazath, uto dy/dx = Vy/Vy, d?y/dx? = -g/Vy?,
MIPH ATOM W3 TIEPBOTO YPaBHEHUSI CUCTEMBI (5) ClIeyeT, 4To:

D
Vi = xt=g €XP <_Es(t)>

rie s — umHa myTH (ds/dt = V), 4To 1mo3BoJISeT 3anucaTh BhIpaXXeHUE JIJIsl TPACKTOPUH MoJieTa Y(X) B
o011eM BUE:
g X 2D
y(X) = yx=0o + X" tgx — v—fo (x —z) exp (; s) dz (6)

2052
ocos?a
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W3 BeIpaxenus (6) BUIHO BiIMSHAE KOA((HUIMEHTA COIMPOTHBIICHUS, XapaKTEPHU3YIOIIEro
CHIIy COIIPOTHBIICHUS Ha TpaeKTOpHIo nojera. PaccMoTpuM ciayvait oo = m/2 — Torza ypaBHeHue (5)
npuanMaet B mdV/dt = - mg — DV?, KoTopoe UMeeT SBHOE pelleHHe:

_ [mg D Dg
V() = /D tg |arctg| V, mg /mt]

MaxkcumanbHast JOCTHIXKHNMasd MaTepI/IaJIBHOﬁ TOYKOM BBICOTA paBHa:

m  (mg+ DVZ
Ymax = Yo +ﬁln m—g

[Ipu s TOM MakcuMasbHasi KUHETUYECKasl YHEPrUsl B MOMEHT yapa O MepeKpbITHE (I10J1) WIH
3JIEMEHT CUCTEMBI, PACIIOJIOKEHHBIN 10J] apMaTypoid Oy/1eT OonpeensiTbCs Ha OCHOBE BBIPAXKEHUS:

mVﬁ _ m?g Ymax—Ymin
- = E(l —exp (_ZDT)) )
JI1s u3ydenus IBHKEHHS MaTepUaTbHON TOUKH BOCTIONB3yeMcsl ypaBHEHUSMH Ditepa, mpo-
exTupys ypaHenue (1) Ha KacaTenbHyI0 K TpaekTopuu (dr/ds) u rmasnyio Hopmans (d6/ds-d?r/ds?)!
K Tpaektopuu apuxenus [12, 19]:
mV = —mgsin 8 — DV?
mV® = —mgcos 0
Vizo = Vo, 6t=0 = @
U3 5T0T0 ClleTyeT ypaBHEHHUE IS CKOPOCTH:

S =g+ ——V?
Vde 8 mg cos 0
KOTOPOC UMCCT PCUICHUC!
_ ., cosa 2V3D (0 cos? adq —1/2
V(e) =V cosO (1 - mg fOl cos3q ) ®)

U3 BeIpaxenus (8) cnemyer, 4to npu 0 ->— /2 3HaYeHne BEIUYUHBI V CTPEMUTCS K IPEIeIhb-
HOMY 3HaudeHHI0 Vo = (mg/D)"2. To ecTh ecim TpaeKTOpHs JIETAIIETo MPeMeTa He epeceKaeTcs ¢
nperpanoi (CTeHoi, 0aaKoif), TO KWHETHYECKast YHEPTHsl B MOMEHT yJiapa O MOJI/TIEPEKPBITHE CBEPXY
OyzeT orpannyeHa 3HadenueM 1/2 m?g/D, JIk.

KOOp,I[I/IHaTBI TOYKHU TPACKTOPUHU B IPOCTPAHCTBEC OIIPCACIIAOTCA Ha OCHOBE BBIpa)KeHHfIZ
0

x(8) = L(a) - cosa — lf V2(q)dq
g

y(8) = h+ L(e) - sina— = [/ VA(a)tgada ©)

Ecnu paccmarpuBath niuHy TpaekTopun Kak QyHkmuio s = s(0), To B 00IeM BHIe MOXKHO

D
cosa  ——
) e ms, OTKYJa BUAHO 3aMCAJIAIOIICC BIIMAHHUE COIIPOTHUBIICHUS CPCIAbl

nokasark, uro V(0) =V, s

Ha CKOPOCTb JIBU)KEHUSI.

[TockonbKy SIBHBIN BHJT TPACKTOPUH T10JI€Ta H3BECTEH — MOCTPOUM orudarornyro Y (X) JJIs ce-
MelCcTBa TPAaeKTOpUH, ONUCHIBaEMbIX BelpaxkeHHeM (6). Cnenys knaccuyeckuM mytem [20] coctas-
JIsIeM CUCTEMY YpaBHEHHIA, pellieHuEM KOTOPOH SIBIIsIeTCs ypaBHeHUE orubaromeii Y (x) — u B o01em
BHUJIC BO3MOKHO TOJILKO B TapameTprueckoii popme (- /2 < < 11/2):

x(8)

2D
Y(8) = h + x(5) - tgd+yg f (x(8) —z) exp <E s(z)) dz
Lcosé

! ds/d6 — pagmyc KpUBH3HBI TPAEKTOPHH ITIOJIETA
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2
11—5—];sin8+\/[1+§—];sin6] +4%
x(8) = LcosS | 1+ = > >

2 gL DL
=sind + —
V5 m

[Ipu ycmoun D =0, L # 0:
1
Y(8) =h + x(8) - tgd+ zy{,’ (x(8) — Lcoss)?

4
x(6) = Lcosé + ECth

[Ipu ycmosuu D # 0, L = 0 (manmpumep, pasiieT 2JIeMEeHTOB TypOoreHeparopa):
x(8)

2D
Y(8) = h + x(8) - tgd+yy j (x(8) —z) exp <F s(z)) dz
0

5
X(8) = — cos

Yo tg8cos38 — %
[Tpu ycmoBun D = 0, L = 0 moxyuuM KJIacCHYECKHI pe3yiIbTarT:

B V2  gx?
YX)=h+ Z_g - Z_VOZ
Y(x)
£18
(*7%)
7{x3)
3
el
; » ' I | 0w Ew

Puc. 4. Ornéaomas 1 YacTHble TPAeKTOPHH I0JIETA KPbIIIKH apMaTypbl

Fig. 4. Envelope and partial flight trajectories of the fitting cover

IIpumep. PaccMoTpuM citydaid BbIJIETa KPBIIIKA apMaTyphbl U1l BLICOKOYHEPreTHUECKOT 0 TPY-
6omposoja Iy 300 ¢ BHyTpenHnM pabounMm fgasienueM 4 MIla. Macca kpeimku m = 440 kr, R = 0,2
M. LleHTp Macc KpBIKA pacmoioxkeH Ha BeicoTe h = 0,5 M OT moJia B HavaIbHbI MOMEHT BPEMEHHU.
Jlnst ctaguu, Xapaktepusyroieiics ycnoBueM P # 0, pacueTsl MPUBOAST K CIEIYIOIMIUM pe3yIbTaTaM:
M=0,11; L=0,37 m; Vo =22,6 M/c. JIns ctaaun, XapakTepusyroleiics ycioueM P = 0, 3HaueHHE
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Kod(uIHreHTa CONPOTHBIICHHSI KOHCEPBATHBHO TIPUHIUMACTCSI PABHBIM (JIJI1 KPYTOBOTO IMUIMH/IPA,
o0TekaeMoro napaensHo odpasyroreit) Cx = 1,0 — s citydas o6texanus mapa [21]. PesynsTaTh
pacyeToB: MakCUMaJIbHas TaJIbHOCTh — 51 M, MakcUMallbHas BbIcoTa — 26,3 M. 3HaUueHHUe CKOPOCTH
MIPY MaJIeHUN ¢ OOJBINON BEICOTH Vo = 239 M/c. Orubaroias 1 4acTHBIC TPACKTOPHH MOJIeTa, COOT-
BETCTBYIOIINE Pa3IMYHbIM HaYaJIbHBIM YIJIaM BbLIETA O, IPEJICTaBICHbI Ha puc. 4.

Pe3ynpTarel pacueToB MOKa3bIBAIOT, B YACTHOCTH, YTO CIIy4ad BBUIETA KPBIIMIKH apMaTyphl
0071a/1a10T 00JIBINON NOTEHIIUATBHOM OMTACHOCTBIO JUISI SJIEMEHTOB CHCTEM, PACIIOIOKEHHBIX B OJTHOM
MIOMEIIEHUH, IOCKOJIbKY 30Ha TIOPaKEHUS UMEET OOJIBIITNE pa3Mephl.

[IpennosxeHHBIH MOAX0/1 SIBISETCS] KOHCEPBATUBHBIM U ITO3BOJISIET OLIEHUTh 30HY MOPAXKEHHUSI
OT JIETSIIUX TPEMETOB.

Jakarouenue

[IpoBenieHa orieHKa 30HBI MOPAKEHUS OT JIETSILETO MPEAMETA IIPH Pa3pyLICHUN 3JIEMEHTA C
BBICOKOU MOTCHIIMAILHONW MITH KHHETHYeCKOl sHeprueii. [lomydeHsl sBHBIE (OPMYITBI IS TTOCTPOE-
HUS KaK YacTHBIX TPAeKTOPHH 1ojeTa, Tak U orudarorieil Bcex BO3MOXKHBIX TpaekTopuil. Orudaro-
1€ MO3BOJISIIOT YUYUTHIBATh KaK CUJIBI CONPOTHUBIIEHUS, TaK M BO3MOXHBIE CIIy4ad BO3JECUCTBUS
CTPYH Ha OCKOJIOK pa3pyLIEHHOI0 3JIEMEHTA. Pe3ybTaThl MOI'YT OBITH IPUMEHUMBI JIJISI OLICHKH 30HBI
MOpaXXeHMsI, CO3/1aBaeéMOM OCKOJIKAaMH, 00pa30BaBIIMMUCS TPU pas3pylIeHNH TypOorenepaTopa: Jo-
MaTKH, YaCTHU KOPITYCOB, IIMJIMHAPOB JIaBJIeHUs, poTopa u Ap. IIpu 3ToM KOHCEepBaTHBHEIHN yUeT CHII
COTIPOTHBJICHUS MTPH HEOOXOAUMOCTH 00eCIIeUnBAaeT ONTUMH3AIUIO PACTIONOKEHUS 3/IaHui Ha TUIo-
maake ADC, MOCKOIBKY MMO3BOJIIET 000CHOBAHHO YMEHBIIUTH MOTEHITUAIBHYIO 30HY TTOPayKEHHUSL.

[IpencraBneHHbI TOIXO K OLIEHKE TPACKTOPUU ITOJETa JIETSIIEro MmpeaMera (apmatypa,
OCKOJIOK U JIp.) B KOHCEPBATUBHON U peaTMCTUYHON IOCTAHOBKAX YYUTHIBAET BIUSIHUE CTPYU U a3pO-
JUHAMUAYECKOTO CONPOTUBIIEHUS. Pe3ybTaThl pacueToB MOTYT ObITh HCIOIB30BaHbI JISl OLIEHKHU CTe-
[I€HU OBPEXKACHHOCTH 3JIEMEHTOB CUCTEM U 3/1aHuil. [losyueHHbIe pe3ynbTarhl IpeIaraloTcs Jis
ob6ocHoBanus 6e3omacHoct OMAD, B 4aCTHOCTH, TIPH BHIMOJTHEHUN aHATN30B BHYTPEHHUX U BHEIII-
HUX BO3JIEHCTBUHN, aHAJIM30B MPOEKTHBIX U 3aPOSKTHHIX aBapuil. MeTo | pekoMeH1yeTCsl BKIIOUUTh
B COCTaB METOAMKH WJIM PYKOBOJICTBA 10 O€30MACHOCTH IO BBIIOJHEHUIO aHAJIM3a JIETSAIMX [IpeIMe-
TOB.
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[TpencraBneH KOHLENTYyasJ bHBI MPOEKT MOIEPHU3ALMHM CHUCTEMBI OTBOAA Teria oT maporeHepartopos (ITM
CIIOT), hyHKUMOHHPYIOIIEH B CleyIONMX PexrMax 3KCILTyaTaluu dHeproosioka atoMHoii cranimm (ADC) ¢ Bojo-
BOJISHO PEaKTOPHON yCTaHOBKON: HapyLIeHHe HOPMAIIbHOM dKCIUTyaTauuy U 3anpoektHsle aBapuu. [IM CIIOT paspa-
60TaH U1 ajanTauuy NpoekToB poccHickuX ADC k TpeOOBaHMAM MEXIyHapOIHbIX PerynsToposB Mo aBTOHOMHOCTH
9HEProOJIOKOB U C LIEJbIO MOBLIIIEHHI0 aBTOHOMHOCTHU. [IprBEEeHBI Pe3yIbTaThl TEILIOIMAPABINYECKOrO MOAENNPOBaA-
Hus, 3koHoMuueckas oueHka LCOE u ouenka BnusHus [IM CITOT Ha ko3¢ duument rotoBHoctu ADC. MccnenoBaHsl
HanexHocTb 3neMeHToB [IM CIIOT n pocTwkeHue LIeIeBbIX MOoKa3aTeneil 6e30MacHOCTH MPU KCILTyaTaly CUCTEMBbI
M0 MpsIMOMY Ha3HaueHWro. [IpoBeleH aHaiM3 COOTBETCTBYIOINMX TPeOOBaHMI MEXIyHAapoAHBIX Perymaropos, naHa
OLIEHKa KanuTasbHbIX 3aTpaT Ha BHeapeHue [IM CIIOT B npoekTsl cymectBytomux ADC.
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Abstract. The paper presents the concept modernization project of heat removal system (HRS) from steam gen-
erators, operating in the following modes of operation of the nuclear power plant (NPP) with pressurized water reactor:
normal operation violations accidents and beyond design basis accidents. HRS modernization project is developed to
adapt Russian design NPP projects to the requirements of international Regulators regarding NPP level of autonomy and
to increase autonomy of NPP. The article presents results of thermal and hydraulic processes modeling, LCOE economic
evaluation, assessment of HRS modernization project impact on the NPP availability factor. Results of HRS moderniza-
tion project elements reliability analysis, assessment of the achievement of the target safety performance of the system
operation for its intended purpose are also shown. The analysis of corresponding requirements of international Regulators
was carried out, capital costs for the implementation of the HRS modernization project in current NPP projects were
evaluated.

Key words nuclear power plant, passive safety system, residual heat emission, cooldown, requirements of inter-
national Regulators, reliability indicators, availability factor, probabilistic safety analysis, reliability, failure probability.
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BBenenue

CornacHo TpeOoBaHUsAM MeXIyHapOIHOTO areHTcTBa no aromHou sHepruu (MAT'ATO),
aromHast aaekTpocTanius (ADC) qoKHA OCTaBaThCs B O€30MIaCHOM COCTOSIHMH IOCJIE€ BCEX MOCTY-
JMPOBAHHBIX UCXOTHBIX COOBITHI TSKEINBIX aBapuil, BKIIIOYas MOJHOE oOecTtounBanue. B HacTosIee
BpeMsI B HOBBIX IIPOEKTax 3HEProdyokoB pazpaboTku PO npumeHsI0TCsS CUCTEMbl IACCUBHOIO OT-
BoJia octatouHbIx TemioBbaenennit (C110T) (manpumep, cucremMa nacCUBHOIO OTBOJIA TEIUIa OT Ha-
poreneparopoB (CIIOT III') k Bojge uimu atMochepHOMY BO3AYyXY). OHU TTO3BOJISIOT ITO/JICP)KABATH
9HEProOJIOK B OE30MaCHOM COCTOSHUY MPH JIFOOBIX MOCTYIUPYEMBIX HCXOJIHBIX COOBITUSX B TEUCHUE
HE MEeHee TPeX CYTOK IOCJIe aBapuu.

Ha Hososoponexckoit ADC-2 (HBADC-2) ucnonszyercst CIIOT III', koHeUHBIM MOTJIOTH-
TEJIEM TEIUIa B KOTOPOil SIBJISIETCS BO3yX. JTa CUCTEMA COCTOUT U3 YEThIPEX HE3aBUCUMbBIX 3aMKHY-
THIX KaHAJIOB €CTeCTBEHHOW MUPKYIAuu. [Ipr 3ToM caM KOHTYp COCTOUT U3 JIBYX TEIIOOOMEHHBIX
MOyJel, TpyOOIIpOBOIOB MAPOKOHIEHCATHOIO TPaKTa C apMarypoil, NOJBOASIINX U OTBOASIIUX
BO3/TyXOBOJIOB, BO3/YIITHBIX 3aTBOPOB U PETYIUPYIOIMUX yCTPOUCTB. [[poekTHAsS MOIITHOCTh KaXKI0TO
13 KaHaJIoB cocTaBisieT 33 % OT MOLTHOCTU OCTATOYHBIX TEIIOBBIJIEJICHHH, T.€. pe3€pBUPOBAHUE BbI-
MOJIHEHO TI0 MaXKOpUTapHOU cxeme «3 u3 4». JlaHHas cucteMa mpoeKTUPOBAIACK 10 JIEHCTBOBABIIIAM
no 2016 r. HII-001-97 «O6mue monoxeHus oOecnedyeHuss O€30MaCHOCTU aTOMHBIX CTAHIIMK»
(«OI1b-88/97») B pamkax pazpabotku npoekta HBADC-2 u npennaznavanach s obecrieyeHust oT-
BOJIa TEIIa KaK B PeKUMax HOpMaJbHOU HKCIUTyaTallid SHEPro0IoKa, TaK U B aBapUsIX B TEUCHHE HE
MeHee 24 yacos. [1o BnusiHuto Ha 6e3onacHocTh anemMeHTsl CIIOT nmenu xinaccudukanmonnoe 060-
3Havenne o OI1b-88/97-2H3. B mpoekTe cuctembl OblsIa 000CHOBAaHA BO3MOXKHOCTH COBMEIIICHHUSI
¢byHKImMi 6e3onacHoCTH U HOpMasbHOU AkcIutyaTanuu o OI1b-88/97 mpu skcrutyaranuu sHEpro-
0J10Ka Ha MOIITHOCTH B pEXKUMax HapyIICHHS yCIOBUNM HOPMaJIbHOU AKcIuTyaTaruu (nanee — HYHD)
1 mpoekTHRIX aBapusix (I1A) B Teuenne He MeHee 24 yacoB. Briocnenctsuu, npu aganTaiuu IpoeKTa
o TpedoBanue HIT-001-15 «O0mue monoxxenus: odecrneueHust 0€30MacHOCTH aTOMHBIX CTAHITUN
(manee HII-001-15), CIIOT Obuta nepeBefieHa B COCTAB CHEHUATBHBIX TEXHUYECKUX CPEICTB ISt
yrpasieHus 3anpoekTHon aBapueit (311A) u 060ocHOBaHA BO3MOXXHOCTH PacXojakKHBaHUS peaKTop-
HoM ycTanoBkH (PY) B Teuenue 72 wacoB npu noimHoMm obectounBanuu ADC. [Ipu atom nipu cTpou-
tenscTBe ADC 3a pydekom u amanrtanun npoekta cuctembl CIIOT TII' moa mpaBwita MexmyHapoI-
HBIX PeryasiTopoB U SKCIUTYyaTHPYIOIINX OpraHu3aIiii ObUTH BBISIBJICHBI CJISTYIOMNE HETOCTATKH.
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1. HeBO3MOXKHOCTB pacxoJia)KUBaHUs SHEPTro0II0Ka 10 O€30IaCHOTO COCTOSIHUS C LIETIbIO BbI-
nosHenus Tpedosanwmii . 2.1.4.2.1E, C EUR (E) B pexxuMe moaHOTo 00€CTOUMBaHMSI SHEPT00I0KA.

2. HeBozmoxuocts CIIOT III', B Teuenne 72 9yacoB mociie aBapuu, 00ECIeUYnTh aBTOHOM-
HOCTB 9HEPro0JioKa B T€YeHHE 7 CYTOK U3-3a HEOOXOIUMOCTH 3alTUTKH aKTUBHBIX JIEMEHTOB CUCTEM
0e30MacHOCTH C 11eJIbI0 o/1auu B PY G0pHON KUCIOTHI 15l 0OO€CTIeueHus CTOSTHOYHOM KOHIICHTPAIH
OOpHOTO pacTBOpa B TEIJIOHOCUTEJIE TIEPBOTO KOHTYPA U JIera3aliy aporeHepaTopoB.

3. Camxernne >PPEeKTHBHOCTH TEIUIOOTBOJA OT CHCTEMBI IEPBOr0 KOHTYpa Ha KOHEYHBIX
CTaJMSIX pacXOoNaXWBaHUsI peakTopHOW ycTaHoBkH (PY) m3-3a HeycTOWUMBON HHUPKYJISIIUH
OXJTXKTaeMOU CpeIbl TI0 KOHTYPY «IIaporeHepaTop-BO3AYIIHEIA T/0» TPU BBICOKHX TEMIIEpaTypax
HapykHOro Bo3ayxa (Oonee 35 °C) m Hu3kux mapamerpax B 1-om xoHType (t menee 150 °C) mo
MIPUYKHE BbIICTICHUS] HEPACTBOPUMBIX I'a30B U3 TEIJIOHOCHUTES 1-T0 KOHTYpa U OXJIaXk/1aeMOU Cpeibl
CIIOT B maporenepatope u Bo3ayimHoM Temmooomennuke CIIOT (BTO CIIOT).

4. Ilpu sKcrulyaTallud CHUCTEMBI B PeXHUME OXHUIAHWS MMEET MECTO «Iapa3suTHBIN» cOpoc
TETUIOBO# 3Hepruu B atMochepy st nporpesa BTO CIIOT.

Kpome toro, mpu pazpadotke mpoektoB ADC 1is 3apyOeKHBIX TUIOMIAI0K, B COOTBETCTBUH
C PEKOMEHIAIUSIMHU €BPOTIEHCKUX IKCIUTYaTUPYIOMUX opraHm3anuit (European utility requirements
— EUR) u MAT'ATD, nHeobxoaumo ydecTh TpeOOBaHHUS K CHCTEMaM Oe30MacHOCTH (B TOM dYHCIIE,
maccuBHBIM) (TadmI. 1).

Tabauua 1.
PexomeHganuu eBponeicKuX IKCIJIYaTHPYIOIINX OPraHu3anui

Table 1.
Requirements of European operating companies

IIynxr HT{ TpeboBanus
21421C H606§O,E[I/IMO MPOAEMOHCTPUPOBATD B MPOEKTE, {TO 6e30naCHoev COCTOSIHME T0C/Ie Hapy-
EUR (E) LIeHHUi{ HOPMA/ILHBIX YCIIOBHUA SKCILTyaTaLMH, MPOCKTHBIX ABaPHi U CIIONHBIX N0C/IEA0BA-
TEJIbHOCTE MOYKHO MOAACP>KUBATh OECKOHEUHO
21421E B npoekre crnenyer npeaycMoTpeTh BO3MOXKHOCTb JOCTHKEHUs 6€30aCHOr0 COCTOSIHUA B
EUR (E) TeyeHue 24 4acoB MPH CIOKHBIX MOcenoBaTebHOCTIX. B mobowm ciyyae OezonacHoe co-
CTOSIHUE JOJKHO IOCTUIaThCsl O MCTeUeHHsl 72 4acoB
B nmpoekTe no kaxxaomy sHepro010Ky HeoOX0AMMO NpPeayCMOTPETh BO3MOYKHOCTb OTBO/IA
2.1.6.7.2A Teria BO BCeX DKCIUTyaTallMOHHBIX COCTOSIHUSX, MPHU aBapHUAX, MPOSKTHBIX BHEITHUX OMac-
EUR (E) HOCTAX W PeIKMX U THKEJIbIX BHEITHUX OMAcCHOCTIX B TeueHue 7 IHel 0e3 BHeIIHel Mmoj-
JEPKKH
21673 CraHuus 10/HKHA OcTaBaThCA HE3aBUMCHUMOI OT BHELLHET O 21eKTPOCHA0KEHUsI, O KpaiiHei
EUR (E) Mepe, B TeueHue 7 JHel BO BCeX COCTOSHUAX CTAaHLMHU U NIPU PEAKUX U TSKENIbIX BHELIHUX
OMAacHOCTSIX
PaspaboTtunk nomken obecrnevnTs BbIMOJHEHUE aHAJIN3a, KOTOPbI NOATBEPAMT, YTO CTaH-
HEUR (E) | uus cnoco6Ha BeaepxaTh BO3AEHCTBUS ¢ MOMEHTA Hayasa NOJHOr0 00ECTOUMBAHMS CTaH-
LIMU ¥ [0 BBOJA B OKCIUTyaTaLMIO Pe3ePBHOI0 MCTOUHMKA/PE3ePBHBIX MCTOYHHUKOB MTUTAHUsI
[IpoekTHbIe aBapuK AOJIKHBI UCTIOIB30BATHCS 151 ONPeAeTICHUs TPOSKTHBIX OCHOB (BKIIIO-
SSR-2/1 qasi KpUTepuu (yHKLMOHUPOBAHMS) CUCTEM O€30MacHOCTH U JAPYTHX Y3J10B, BAKHBIX JUIS
) 0e30MacHOCTH, KOTOpPble HEOOXOAMMBI AJIi KOHTPOJISl MPOEKTHBIX aBapUKUHBIX YCIOBUN U
fev. MpU3BaHbl 00ecneunTb BO3BpallleHHe CTAaHLMU B 0€30MacHOe COCTOSIHME U CMSIrYeHue Mo-
CJIeICTBUI JIOOBIX aBapuii
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B xonTtekcte pexomenmanuit EUR BaxHo paznuyats monstus «be3omacaoro» n « Konrpom-
pyemoro» coctosauit ADC. Cornacuo pekomenaanusim EUR, Revision E:

Safe State («be3onacHoe COCTOSIHUE») — 3TO COCTOSIHHE CTAHIIMH M YHEPro0JIOKa MOCIIe 0XKH-
JTaeMBIX KCIUTyaTallMOHHBIX COOBITHH, TPOSKTHBIX aBapuil MM TOCIIE CI0KHBIX MOCIIEeI0BATEIbHO-
CTel pa3BUTHUS aBapUH, IPU KOTOPBIX PEAKTOP MOJKPUTHYCH, U OCHOBHBIE (DYHKIIMH O€301TacHOCTH
MOTYT BBITIOTHSTHCS U IOITICPIKUBATHCS B CTAOMIIBHOM COCTOSTHUU B T€USHUE IITUTEIILHOTO BPEMEHH;

Controlled State («<KoHTponmpyemMoe COCTOSTHHE) ) — ATO COCTOSIHUE CTAHIIMH TTOCTIE OXKUIae-
MBIX IPU SKCILTyaTallMi COOBITUN UITH TIOCTIE aBAPUMHBIX YCIOBUHN, IPU KOTOPOM MOTYT o0ecreyn-
BaThCsl (hyHIaMEHTaIbHbIe (YHKIUU O€30IacCHOCTH U KOTOPOE MOXKET MOJIEP)KUBATHCS B TEUCHHE
BpPEMEHH, JOCTAaTOUHOTO JIJIsl BBIIOJIHEHUSI MEP € LENbIO TOCTHXKeHUs «be30omacHoro» cocTosHus.

«...B otnmune ot Kontponupyemoro coctosiuus, B beomnacHoM cocTossHUM GyHAaMeHTalb-
HbIe (YHKIIMY 00ECTIEYNBAIOTCS B TEUSHHE JITUTEITLHOTO BpeMeHH (B TO BpeMs Kak B KoHTpomupye-
MOM COCTOSTHUH — B T€UEHHE BPEeMEHH, JIOCTaTOYHOTO Ul MPUHSTUS JeicTBUil ais nepeBoja ADC
B be3onacuoe cocrosaue)» [1]. B momnepikanuyn aBTOHOMHOCTH SHEPTOOJIOKA U JTOCTHOKEHHS Oe3-
OTIaCHOTO COCTOSIHUSI HAUOOJIBIIYIO POJIb UTPAIOT peKoMeHaanuu (tabdi. 1). Jlis BeimonHenus Tpeo-
BaHWI 00BeIMHEHUsI 3amagHoeBporneiickux PerynstopoB (Western European Nuclear Regulators'
Association (WENRA)), a takkxe pekomernanuit EUR u MAT'ATD B nmpoekTax COBpPEeMEHHBIX poc-
cutickux ADC nenecoodpazno BHeapuTh [IM CIIOT, KOTOPHIiA TO3BOJIUT:

e o0ecrneunTh pacxoJaXKHBaHHE SHEProOsioka 70 0e30MacHOTO COCTOSHUS (PEKHM «XOJOTHOE
COCTOsSTHHE» peakTopHou ycTaHoBKkU (PY)) ¢ nensto BeimmoaHeHus tpebosanmii m. 2.1.4.2.1E, C
EUR (E) (tabm. 1);

® TIOBBICUTH aBTOHOMHOCTH 3HEPro6IioKa A0 7 CYyTOK B YCJIOBHSIX MOTEPH KOHEYHOTO TOTJIOTUTEIS
(. 2.1.6.7.2A) u sanekrpocHadxkenus (1. 2.1.6.7.3, 2.1.7.5H EUR (Rev.E)) (Ta6m. 1);

® TOBBICUTH 3(P(PEKTHBHOCTH TEIUIOOTBOIA OT CUCTEMBI | -Tr0 KOHTYpa Ha KOHEYHBIX CTa/IUsX PacXo-
naxxuBaaus PY B aBapusx JUIsl BRITOJHEHUST pekoMeHaanwii . 5.24 SSR-2/1 rev.1 (tad:m. 1);

® y4YecTh OIBIT, HMOJYYEHHBIM MpPU SKCIUTyaTalldd W MPEINYCKOBBIX HAIAJOUYHBIX OMEpaIUsx
rojioBHOro sHeprodsoka Nel HBADC-2.

Onucanue npegiaaraemoro IIM CIIOT IIT'

Jlns noctuxenus: TpeOyeMbIX Mokazateneld paboThl npeanaraercs Baectu B cucremy CIIOT
[II" cnegyromue n3MEHEHUS.

1. [Ipu HOpMaNbHOH AKCILTyaTalluy SHEProOJIOKa UCIOJIb30BaTh «IIapa3uTHBIY cOpoc Ten-
JIOBO# SHEPTHHU B aTMOCQEPY IS MOTyUeHHSI JIEKTPOIHEPTUH (3/3) ¢ TIOMOIIBIO TEPMOIIIEKTPOTeHE-
patopoB (TOI') u HakomueHus ee B akKyMyJIITOpHBIX Oatapesx (Ab). TOI' pasmectuts Ha TpyOO-
nposojax CIIOT III'.

2. IlpumMeHUTH Ta30yIOBUTENHN JIsl YalleHus ra3oB u3 termioooMennukoB (1/0) CIIOT I1I' B
pexuMax paboThl CUCTEMBI 110 PSIMOMY Ha3HAYEHUIO «I1ap-BOJIay, «BOJA-BOJIAY.

3. JIns MOBBILIEHUS aBTOHOMHOCTH pabOThl CUCTEMBI UCIOIB30BaTh JIEJIOBBIH TENIOOOMEH-
Huk (JITO).

4. DOnextposnepruto oT Ab u TOI' pacxonoBaTh B aBapusix Ul IUTaHUS HACOCOB, ra30yJIo-
BUTEJIeH, apMaTyphl ra3oyJajieHus U3 IepPBOro KOHTYpa, Mo a4l OOPHOU KUCIOTHI B IEPBBIN KOHTYD
JUIs 00eCTIeUeHHsI CTOSIHOUYHOM KOHIIEHTPAIUH.

5. Wcnonp30BaTh HAcOC MPU MPOTPEBE CUCTEMBI IIPU BBOJIE PY B pexum «ropsiuee cocTosi-
HUE» U3 PEXKUMA «XOJIOAHOE COCTOSIHUEY.

[Ipunnummansras cxema moaepausupoBanHoit CIIOT I1I" npusenena na puc. 1.
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Puc. 1. Ilppanunuaasuas cxema moaepunzuposannoii CIIOT IIT:
1 — napozenepamop, 2 — mepmosiekmpuieckuli 2enepamop, 3 — 2azoyno8umelv,
4 — 1e008vlil MeNn100OMEHHUK, 5 — YUPKYIAYUOHHBII HACOC, 6 — 8030YULHbLI MENI000MEHHUK,
7 — 8030yuHbLll 3ameop, 8 — 8030yx0600, 9 — mpyobonpo8oo noo800a OXAaANCOaeMotl cpedvl,
10 — mpybonposoo omeoda oxaadicoaemoli cpeowt, 11 — sanopuas apmamypa

Fig. 1. Schematic diagram of the upgraded passive heat removal system from the steam generators:
1 — steam generator, 2 — thermoelectric generator, 3 — gas collector, 4 — ice heat exchanger,
5 — circulation pump, 6 — air heat exchanger, 7 — air-shutter, 8 — air duct,
9 — cooled medium supply pipeline, 10 — cooled medium outlet pipeline, 11 — shut-off valves

CIIOT III' Bkimrowaet: maporenepatop (1), BO3AymIHbIH Tem1000MeHHUK (6), KOTOpbIE COeTH-
HEHBI IPYT ¢ Apyrom Tpyoomposojamu (9), (10) moaBoaa u 0TBOAA OXJIAKIAEMOMN Cpelibl, COOTBET-
CTBEHHO, TEM CaMbIM 00pa3ys TPaKT «[aporeHepaTop — BO3AYIIHBINA Ter1000MeHHUK». Kpome Toro,
OHa COAEPKUT TEPMOIIEKTPUUECKU reHepaTop (2) u ra3oysioButesb (3), KOTOpbIE MOKIIOUEHbI K
TpyOompoBoay (9) moaBoAa OXJIAXKAAEMOU CpeJibl K BO3AYIIHOMY TeIIOOOMEHHHKY (6). B KoHTYpe
Tpy6ompoBoja (10) oTBoa 0XJ1axaaeMoii Cpe/ibl OT BO3YIITHOTO TEINIOOOMEHHMKA (6) YCTAaHOBIICHBI
JIETIOBBIN TEMJI000MEHHUK (4) W MUPKYISAIUOHHBIN Hacoc (5). B tpybomporone (10) orBoga oxia-
&KJIaeMOH Cpefibl OT BO3AYIIHOIO TerjooOMeHHMKa (6) ycTaHoBieHa 3amopHas apmarypa (11) ak-
TUBHO-TIACCUBHOTO JIEUCTBUSI.

[Ipn HOpManbHOM KcIuTyaTanuu 3Heproosioxka aromHoi cranuuu CIIOT IIIN maxomutes B
pexuMe OXKUIAAHUS, TP KOTOPOM TEPMOAJICKTPUIECKUi reHepatop (2) paboTaeT mo mpsMoMy Ha3Ha-
YEeHUIO, IpeoOpasys TeIUIo B dJeKTpuuecKuil Tok. [lomydennas sHeprusi HakarIuBaeTcs Ha akKKyMy-
ASTOpHBIX Oatapesix (AB), He mpecTaBlIeHHBIX HA pUC. 1, TOCKOIBLKY OHHU HE BIUSIOT HA IOCTUXKEHUE
TEXHUYECKOT0 pe3yibrara. [ [pu BO3SHUKHOBEHNH aBapUIHBIX peXXUMOB IIpU pabOoTe FIHEprodoka cu-
cTeMa HauMHaeT paboTaTh 10 NMPSMOMY Ha3HAUEHUIO, IPU 3TOM BBEJICHUE B JIEUCTBUE IUPKYJISIIN-
OHHOT0 Hacoca (5), razoynoButeis (3) U OTKpBITHE JIMHUK oxJaxaaeMol cpeasl K JITO (4), nmpous-
BOJMTCS 10 CUTHAJIaM aBTOMATUYECKOI'0 ¥ aBTOMaTU3UPOBAHHOI'O YIIPABJICHUS [IPH CHUIKEHUH TEM-
nepaTyphbl OXJIaX/1aeMOi cpeibl B MapoBoAsSHOM TpakTe Huxke 150 °C u3 cucTeMbl yrpaBiIeHUs TeX-
HostormdeckuMu poreccamu ADC (omucaHue He TPUBOJIUTCS B CHITY 001IIen3BecTHOCTH). B cocTase
I[IM CIIOT PY BBOP-1200 npearnonaraeTcsi UCIIONIb30BaHUE YETHIPEX Ta30yJIOBUTENIEH, BOCBMHU
LUPKYJISLHOHHBIX HACOCOB, YETHIPEX JIeJ0BLIX TEMI000MEHHUKOB 00BeMoM 1o 150 M, geThIpex Tep-
MODJICKTPUYECKUX TeHEPaTOPOB.
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Xapaktepuctuku obopyaosanusi [IM CIIOT

1. Kmaccudukanus / kinaccudukammonHoe 00o3HadYeHue 1eMeHToB cucTeMbl o HIT-001-15 —
2HT.

2. PesepBupoBanue 371eMeHTOB cUcTeMbI — 4x33 %.

3. XapakTepUCTHKA HUPKYISAIMOHHOTO Hacoca: nofada — 20 M>/u, Hamop — 25 M BOJ. CToJ6A.
MommHoCTh 3neKTpoaBuraress — 3 kKBT.

4. Tlonesnsiit 06bem JITO oaHoro kanana — He Menee 150 m°.

5. DnekTpuueckas MOITHOCTh JieJjoreneparopa — He 6osee 1 kBt. Macca nonydaemoro jbja B
cyTku — He meHee 2 500 kr.

6. Cymmapsas snekTpuueckas MmomHocTs 1Ol ognoro kanana — He menee 20 kBT.

7. Emxocts Ab omHoro xanana — e meee 800 A*y.

[Tpunnunuanshas cxema kanana [IM CIIOT ¢ ykazanuem obopynoBaHus IpeACTaBIeHA HA

puc. 2.
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Puc. 2. Texnonoruyeckasi cxeMa KaHaJa NpeajaraeMol CHCTeMbI
1 —napoecenepamop, 2 — TOI', 3 — BTO CIIOT, 4 —JITO, 5 — neoozenepamopul, 6 — KOHOEHCAMHbLE HACOCHI,
7 — Hacoc manot 6oowl, 8 — Ab, 9 — npeoopazyiowuii uneepmop, 10 — wxag ynpagienus
anexmpomacHumamu 6030yuinvix 3ameopoe CIIOT, 11 — wum ynpagnenus 21eKmponpugooamu Cucmembl

Fig. 2. Technological scheme of the proposed system channel:
1 — steam generator, 2 — thermoelectric generator, 3 — air heat exchanger, 4 — ice heat exchanger,
5 —ice machines, 6 — condensate pumps, 7 — meltwater pump, 8 — batteries, 9 — converting inverter,
10 — air-shutter electromagnets control cabinet, 11 — electric drives control panel
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PesyabTaTsl Tertornapasiandeckoro pacuaera [IM CIIOT

Jlns BeIOTHEHUS pacueTa MoiepHusupyemoro Bo3aymuoro CIIOT 6wt ucnonp3oBan pac-
YeTHBIM aHanu3 3anpoekTHoit aBapun (311A) — OTka3 BceX UCTOYHMKOB AJIEKTPOCHAOKEHUS Tepe-
MEHHOTO0 TOKa, pazpabotanubiii A 6;10ka Noe 1 HBADC-2 [2]. MomHOCTh OCTaTOYHBIX TETTOBBIIE-
JICHUH NMpUHSTA 110 JaHHbIM Taou. 15.4.24 HBADC-2, ['naa 15 [2], inHaMyKa U3MEHEHUS MOIIHOCTH
[OCJIe 0OCTaHOBA peaKkTopa MpeJICTaBIeHa Ha puc. 2.
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Puc. 3. I'paduk u3mMeHeHHsI MOITHOCTH OCTATOYHbLIX TeNJIOBbIIe1eHHH

Fig. 3. Residual heat power graph

CormacHo pacyeTHOMY aHanu3y [2], pacxonaxuBanue PY 3a 24 yaca mpoucxoauT 3a cueT
CIIOT III" (¢ yuacTueM OBICTpOACHCTBYIOIIEH peAyKIIMOHHOW YCTAHOBKU cOpoca mapa B atmocdepy
(bPY-A) B untepBaine ¢ 5 nmo 1823 cek aBapum), najgee IpUBOJAMUTCS B JACHCTBUE MACCHBHAS YacThb
CUCTEMBI aBapUITHOTO OXJIAXK/IeHUsI akTUBHOM 30HBI peakTopa (CAO3), OTKpbIBatOTCS JTUHUU K THJI-
poemkocTsM riepBoit ctynenu (panee — ['E-1). B pe3ynbrare aToro temneparypa B I€pBOM KOHTYpe
cHuxkaercs ¢ 295 no 140 °C 3a 4,5 cyrok (394 400 c). JlanbHeiimee pacxonaxuBanue PY, mocie
ucuepmanus 3amnaca 6opHoro pactsopa ['E-1, (o ucreuenuu 4,5 CyToK) MpOUCXOIUT TOJIBKO 32 CUET
pabotsr CIIOT I1I'. Mexos U3 TuHAMUKY TEIUIOBBLIETICHUH 32 IIECThIe CYyTKH, MOYKHO YTBEpK/IaTh,
YTO Ha HavaJio ceabMbIX cyTOK MomHocTH CIIOT OyaeT HegocTaTOYHO /ISl HOPMAJBHOTO pacxoJa-
xuBaHus PY. MoIIHOCTh OCTaTOYHBIX TEIUIOBbLAEIEHUN OT PY Ha Hauano ceapMbIX CyTOK Oyner
coctaBiaTh 14,5 MBT, Ha Hauano BocbMbIX CyTOK — 10,3 MBT. O1HOBpeMEHHO ¢ 3TUM MPOUCXOISIT
IpoIecChl BBIIETICHUS I'a30B U3 TEIIOHOCUTENS 1-ro ¥ 2-ro KOHTYPOB, YXYyALIAIOIIUX TEIUIonepe-
Jady, Kak B maporeneparopax, Tak u BTO CIIOT.

HyHO 0TMETHUTB, UTO MOIITHOCTH OCTATOYHBIX TEIUIOBBLIICTICHHUI HAa HAYaI0 CEIbMbBIX U BOCh-
MbIX cyTok 14,5 MBT 1 10,3 MBT nocturaercst mpu paboTocrocoOHOCTH BCeX MaporeHepaTopoB U
yeTblpex kaHaioB CIIOT u oTcyTcTBUS BAMSHUS BBIIEIEHUS I'a30B HA MPOIECChl TEIUIO00OMEHA Kak
B maporeneparopax, Tak u BTO CIIOT.
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Fig. 4. Power graph of passive heat removal system from the steam generators

Jl1st moaTBEpKIEHNSI aBTOHOMHOCTH SHEPro0JIoKa ¢ MCIOIb30BaHUEM MOJIEPHU3NPOBAHHOM
CIIOT III" nyist oTBOIA TeTIa BEIOPAHBI M MPUHSTHI CIIEIYIOIINE TPaHUYHbIE YCIOBHS (TalI. 2).

Tabnuuya 2.
I'pannunble ycI0BUs 17151 BBINOJIHEHHS pacyeTa
Table 2.
Boundary conditions for calculations
HavanbHoe Koneunoe
HaumenoBanune napamerpa 3HaYeHHe 3HAYeHHe
napamerpa napamerpa
Temnepatypa napo-soasHoii cmecu Ha Bxoze B CIIOT, °C 140 70
Temnepatypa napo-BojsHoi cMecu Ha Bbixoae u3 CIIOT, °C 120 60
Temnepatypa Ha Beixone u3z JITO, °C 70 30
Temnepartypa xsnagonocurens B JITO, °C -10 70
Macca xnagoHnocurens B JITO (nen), ToHH 600 0
Temnepatypa Bozayxa Ha Bxoae B CI1OT, °C 38 38
Temnepatypa Bo3ayxa Ha Beixoae u3 CIIOT, °C 130 60
JiurenbHOCTH pexxuMa, ¢ (CyT) 394400 (4,5) 604800 (7)

TennorunpaBnuyeckuii pacyeT BHIIOIHEH C UCIOIb30BaHUEM porpamMmMbl Mathcad. I1pu BbI-
MIOJIHEHUU PacyeTOB MOCTYJIUPOBAJIOCH, YTO HEPACTBOPEHHBIE ra3bl U3 MOJIOCTEN MaporeHeparopa u
BTO CIIOT III' ynanensl 3a c4eT pabOThl apMaTypbl aBApUHHOIO ra3oyIalieHUs aporeHepaTopos,
sanmutanHoi oT Ab u TOI'. B 1-Mm KoHTYpe oOecniedeHa cTOsSTHOYHAsI KOHIIEHTPaIdsi OOpHOM KUCIOTHI
3a CYeT MO0JIauu €€ OT HAaCOCOB, TakKe 3anuTaHHbIX 0T Ab u TOI'. [{upkynsius TemioHOCUTeNs 10
koHTypy «Ilaporeneparop-BTO CIIOT» ocymectBisercs Hacocom, 3anutaHHbiM oT Ab u TOI.
Macca np11a BeIOpaHa, CX0As1 U3 TpeOyeMoi MOIHOCTH TEIJIO0TBOAA ISl iepeBoaa PY B «xonon-
HOE COCTOSIHUEY, paBHOU 4,6 MBT.

Pe3ynbraThl pacyeToB MOATBEPKAAIOT, YTO MoITHOCTH MojepHusupoBanHoit CIIOT III" Oy-
JIET TOCTAaTOYHO JJIs MOBBILIEHUS! aBTOHOMHOCTHU 3Heprodioka ADC 10 7 CyTOK U pacXojaKUBaHUS
PV 1o «xomomaHoro cocTosHUS.
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OneHka HAZEKHOCTH CHCTEMBI

Jlnis onpeienieHyst HaJIeXKHOCTH CUCTEMBI ObLJI BBIIOJIHEH aHAJIN3 HAJIE)KHOCTU MOJECPHU3UPO-
BanHoi CIIOT III" mpu momorum nporpammsl it DBM Risk Spectrum PSA, arTecToBaHHO# B poc-
CHUHCKOM Ha/I30pHOM opraHe [3] 1 mpeacTaBIsIFoel HHTErPUPOBAHHBIN TTaKeT pa3padOTKH JIOTUKO-
BEPOSITHOCTHBIX MOJIEJIEN U BBIIIOJIHEHUSI BEPOSTHOCTHOTO aHall3a O6e3onmacHocTh. B xone ananmmsa
IIOCTPOEHO JIEPEBO OTKA30B 3JIEMEHTOB CUCTEMBI, U OLIEHEHA BEPOSITHOCTh OTKA3a CUCTEMBI B pa3jIny-
HBIX peXUMax padoThI.

Pe3ynbraThl OLIEHKM HAJIe)KHOCTH CHCTEMBI B CPABHEHMM C aHAJOTHYHBIMU I[1OKa3aTeNIIMU
CIIOT [II' HBADC-2 npuBeneHs! B Ta0I. 3.

Tabauua 3.
Pe3ynbTaThl OEHKH HATE)KHOCTH CHCTEMBI
Table 3.
System reliability assessment results
Koa-Bo Bpems BepositHocTh 0TKa3a
Peskum padornt paﬁoqglyfIOT paGorel, u | MoaepHu3HpOBaHHAN CIIOT IIT
KaHaIo08 CHoT HBADC-2
Pexa 4 72 1,62E-05 7,15E-05
pacxonaxuBaHus PY
ﬁ;ﬁiﬁﬁfgyﬁ?p"m 4 72 1.03E-03 2,76E-03
Egifg“ﬂzmﬂa rena 4 168 8.23E-05 -

B otnnune ot ananuza nagexnoctu CIIOT III' HBADC-2, rae pacueT npoBOIUIICS [P yueTe
paboThl CUCTEMBI B T€UEHUE 3 CYTOK U HE YUUTHIBAI YACTUYHBIX OTKA30B TEIJIOOOMEHHHUKOB, IIPH
pacyeTe HaJeKHOCTH MpeIaraéMoi CUCTEMbl YUUTHIBAJIUCH BCE BO3MOXKHBIE OTKA3bl JJIIEMEHTOB U
pabota B TeueHue 7 CyTOK.

Pe3ynbrarsl ananu3a HaJAEKHOCTU MO3BOJISIIOT YTBEPKAATh, YTO BEPOSITHOCTh OTKa3a Mpej-
CTaBJICHHON CUCTEMbl HAXOJUTCS HA YPOBHE COBPEMEHHBIX TpeOOBaHUM, MOBHIIIAET ypPOBEHb O€3-
OTIACHOCTH PHEProOIIOKa B IIEJIOM, JOCTUTAsl MPU 3TOM TpeOyeMbIX ()YHKIIMOHATBLHBIX TIOKa3aTeleH.

Bausuaue Ha nokaszareaun rorosHoct ADC

I'otoBHOCTE ADC — 3TO CBONHCTBO 3HEProOJIOKA COXPAHATh BO BPEMEHU B YCTAaHOBJIEHHBIX
mpejenax 3HaueHMs BCeX MMapaMeTpoB, XapaKTepU3yIOIUX CIIOCOOHOCTh TPOU3BOIUTH AIIEKTPOIHEP-
THIO B 33JJaHHBIX PEXKUMaX U YCIIOBHUSIX IIPUMEHEHUS, TEXHUYECKOro 00CTy)KUBaHUsI U peMoHTa. Of-
HUM W3 OCHOBHBIX TOKa3ateiel 3(h(EeKTUBHOCTH SKCIUIyaTaIlldd CTaHIMH SBIIeTCsS Ko (uIment
rotoBHOCTU. KO3 UIIMEHT FOTOBHOCTU — 3TO BEPOSITHOCTH TOTO, YTO OOBEKT OKaKeTcsi B paboTo-
CIOCOOHOM COCTOSTHUY B IPOM3BOJILHBIN MOMEHT BPEMEHH, KPOME TUTAHUPYEMBIX IEPHUOJIOB, B TeUe-
HHUE KOTOPBIX IPUMEHEHHE 00BbEKTa 10 Ha3HAYEeHUIO He mpeaycmarpuBaercs [4]. JlanHblii nokasa-
TeJIh OJJHOBPEMEHHO OIICHMBAET CBOMCTBA pabOTOCIIOCOOHOCTH M PEMOHTOIIPUTOTHOCTH OOBEKTa U
B cirydae ADC 3aBUCHUT OT Ha/IEKHOCTH CTPOUTEIbHBIX KOHCTPYKIIUNA, CUCTEM U 3JIEMEHTOB (000py-
JIoBaHUs ) OJI0Ka.

Jlns pacueTta Koa(duireHTa TOTOBHOCTU pa3pabOTaHHON CUCTEMBI MOYKET OBITh UCIOJIB30-
BaHa (opMyia:

- A
K= (M

rJie 4 — MHTEHCUBHOCTH BOCCTAHOBIICHUSI CUCTEMBI TIOCTIE OTKa3a, 1/4;
A — HHTEHCUBHOCTH OTKa30B CUCTEMBI, 1/4.
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B pa3paborannoii MmonepHu3npoBaHHO# cucteMbl oTBoAa Teria (MCIIOT) mpexycMoTpero
YeThIpe HE3aBUCUMBIX KaHana. JlomycTumoe BpeMst paboThI 0J10Ka Ha MOIIIHOCTHU NP paboTOCIIoco0-
HbIX Tpex u3 yetbipex kananoB CIIOT III" cocraBnser 168 u [5].

[IpunrMaem BpeMsi BOCCTAHOBJIEHHSI CUCTEMBI I1OCJIE€ €IMHUYHOTO 0TKa3a (#z) paBHbIM 168 4,
TOTJa UHTEHCUBHOCTH BOCCTAHOBJIEHUS COCTABUT:

1 1
U C 168 0.006 (1/4). (2)
BeposiTHOCTE 0TKa3a cucTeMBbl Ha HHTEpBaje paboThl B 72 4 IPH MCIOJIb30BaHUHN Hanboee
KOHCEPBATUBHBIX MOJXO/I0B K pacueTy (pe3yapTaT pacuera MpeCTaBlIeH Ha puc. 4):
Q)=1—e*=496-107*% 3)
rjae t = 72 94— BpeMs pabOThl CUCTEMBI,
/A — MHTEHCUBHOCTh OTKa30B CUCTEMBI, 1/4.

. RUNINFO.RSS - RiskSpectrum Analysis Tools  — O X
Eile View Analysis Help

ANALYSIS CASE 1(1)
Name : JNB-P
Type : Faulttree gate

MCS ANALYSIS
Q : 4.496E-004 No of MCS : 50033
Cutoff error: 0.6060E+000 Remains : 0.000E+000

UNCERTAINTY ANALYSIS
Simulations

TIME DEPENDENT ANALYSIS
Time points

IMPORTANCE ANALYSIS
Events

Parameters
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CCF groups

Components :

Systems

Event groups :
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Puc. 5. Pesyabsrar pacueroB Hagexuaoctd MCIIOT IIT' ¢ nomomsbio Risk Spectrum PSA

Fig. 5. Reliability assessment results made in the Risk Spectrum PSA
for the modified passive heat removal system from the steam generators

Takum 06p330M, HWHTCHCHUBHOCTDb OTKA30B CUCTCMBbI:

A=-1n@= 2:10° 1/uac 4)
I/ICXO,ZLSI nu3 3T1T0T0, KOB(I)(I)I/II_II/ICHT T'OTOBHOCTHU paspa60TaHH0171 CUCTEMBI COCTABUT.
6:107
SESTENTEER ©

Kos¢pdpunment rororoctt MCIIOT BrImie, weM 1iesteBoit ko3 dumuent roroBHocTH ADC,
IMPUHUMAEMBIH JUIsl IPOEKTOB HOBBIX HEProOI0KoB — 92 %. DT0 CBUAETENBCTBYET O TOM, UTO BHE/I-

peHHe paccMaTpUBaeMOl CHCTEMBI B CyIecTByomue MpoekTsl ADC He puBeAeT K CHUKEHUIO KO-
a¢dunrenTa ToTOBHOCTH OJI0Ka.
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KanurajabHble 3aTpaThbl HA p€AIN3AIINI0 CUCTEMbI

Jlnst pacyeTa KamuTaNbHBIX 3aTpaT NpUHATH paciieHku 1o ®EPwm 81-03-13-2001 «Denepans-
HbIE €JIMHUYHBIC PACIIEHKA HAa MOHTaXX 000py10BaHUs [3 ] U HH/IEKCH U3MEHEHUS CMETHON CTOMMO-
ctu Ha Il kBaptanm 2022 r. [4]. Macchl B CTOMMOCTH 000pPYI0BaHUS MPUHSATH Ha OCHOBaHHUH pede-
PEHTHBIX pelmeHuil. Macca U CTOUMOCTH TPYOOIIPOBOJIOB M apMaTypbl CUCTEMBI IPUHATA YKPYII-
HEHHO Ha OCHOBAHHMH Pe(EepEeHTHBIX pEIICHHIA CHUCTeM Oe3omacHOCTH coBpeMeHHBIX ADC paspa-
0otk P®. Bennunna 3aTpat Ha dJIeKTpOTEXHIUYECKOe 00opynoBanue mpunsta pasHoi 10 % ot 06-
el CTOUMOCTH.

Tabauua 4.
Kal'll/lTaJ'll:Hl:.le 3anaTbl Ha pea.muaumo CUCTEMBI
Table 4.
Capital costs
E,f Pacuenka, pyo/T
-3 = CToumMocTh
g = 5 MOHTAXKa Hroro,
To3uuus 5| 2 S MJIH
S| g E = DKemnyaTanus Marepuainsl, 1en.,
2| 28| = Onnata pyo.
= Tpyna MalIuH u3aesust MJIH pYyo.
5 W MEXaHM3MOB | M KOHCTPYKIUH
1/0 CTIOT 8 | 57 54 | 9028,59 9850,62 249,92 1,033 464,264
Hacoc 18] 002 | 0.1 (22452292 16957.29 32961,16 0,027 0,380
KOHACHCATHbIN
E(f‘;;c Talon 14 1 0,013 | 0,003|224522,92 16957,29 32961,16 0,001 0,055
Tpy6e1, 4| 525 | 10,5] 67249,85 4960,31 12532,26 0,890 24,559
1 xanHan
Apwmarypa, 4| 30 16 | 40403,00 277224 5007,88 0,771 123,084
1 xanan
JITO 4| 60 96 [141614,62 6443 .66 28487.27 16,948 307,793
Jlenorenepu-
pytotmas 8 1 0,2 |147597,75 69612.,91 2147,56 0,044 8,351
CUCTEMA
TAr 41 025 | 033650689 12294,09 2097,74 0,015 1,061
OJeKTpoTeXHUYecKoe 000py10BaHUE 103,283
Bcero: 1032,83

Jlnst pacyera onepaluOHHbBIX 3aTpaT NOTpedIeHUE IIEKTPOIHEPTUU eIMHUIIAaMU 000pyI0Ba-
HUS TIPUHSITO HA OCHOBE pepepeHTHBIX PEIeHUI, 3aTpaThl Ha AJIEKTPOIHEPTHH — COTTIACHO JIAHHBIM
o ee cebecrommoct AO «Konmepn Pocareproaromy», Tapud Ha yTHIH3AIUIO MPUHSAT IS OTXOJIOB
II kmacca omacHocTU coriacHo ¢eaepanbHOMy 3aKoHY 0T 24.06.1998 N 89-D3 (pen. ot 19.12.2022)
«O0 oTx0/1ax MPOM3BOJICTBA U MOTPeOIeHHs» [8] HA OCHOBAaHWUY MMEIOIIMXCS HAa PHIHKE MPEITONKe-
Huil. BennurHa 3aTpaT Ha 3JeKTpoTeXHUUYECKoe obopyaoBaHue npuHsTa paBHo 10 % oT oOmei
CTOUMOCTH.
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Tabauua 5.
OnepannoHHbIe 3aTPaThI Ha 00ecneYeHne PadoThHI CHCTEMBI
Table 5.
Operation and maintenance costs
o g
S. | 2f
(=}
o = a E 5 Texn. Brison YTuauzanus, HToro,
IMo3uuus 5 g = g ¥ 00CIIyXK., H3 JKCIL., VUIH DVG MUIH DVG
= E‘ S s MJIH pYO0. MJIH pY0. Pyo- pyo-
= 5=
[<p]
T/O CIIOT 8 - 0,950 0,0172 12,042 0,967
Hacoc .| 8 3 08 0,0003 0,0005 0,022 0,001
KOHIOCHCATHBIN
Hacoc 4 1012 | 08 0,0002 0,0000 0,0007 0,0003
TaJIOW BOObI
TpyOrl, 1 kaHan 4 - 0,088 0,0148 2,342 0,102
Apmarypa, 4 0,500 0,0128 3,568 0,513
1 xaHan
Jlen Ak 4 - 1,000 0,2825 21,408 1,282
150 m
Jlenoresepupy- | g | 37 | o3 0,017 0,0007 0,045 0,020
romas cCucteMa
or 4 0,004 0,0003 0,067 0,004
DnekTpoTrexHuyeckoe ooopynosanue — 10 % or odmeil cyMMbl 0,321
3212

Kak u3BecTHO, 01MH U3 MOKa3aresnel SKOHOMUYECKOH a3 dexTuBHOCTH dKcIuTyaranuu ADC
spisietrcst LCOE (Leverized cost of electricity) — nonHas yjenpHasi IpUBeACHHAs CTOUMOCTD JJICK-
TPUYECKOH 3HEPIUU, T.€. [ICHA IIEKTPOIHEPIUHU, IIPU KOTOPOH JOCTUTAETCS [IOJIHOE TIOKPBITUE COBO-
KyIHOH ctouMocTH BiazieHust ADC B TeueHHe JKU3HEHHOTO IUKIIa cTaHuU. OneHKa BIUSHUS BHE -
penus npeayiaraemoii cucreMsl Ha nokazareiab LCOE ADC npoBenena B cootBerctBHe ¢ «EqunbiMu
OTpacjeBbIMUA METOJUYECKUMHU YKa3aHUSIMHU 110 onpenenennto nokazarens LCOE u npenenbHOi cTo-
umoctu ADC B Poccun, obecrieunBarolieii KOHKypeHTococoOHbIM ypoBeHb nokaszatenss LCOEy [9]:

3¢ L yn 031”1 - HI - AN HII
p I HJ[:I(I +CZ[3A3C)

n CL- WAYC. (1-HID)

TN (FYoTEs

IJie 71 — CyMMapHasl JUTUTeNbHOCTh (B Toax) IPOEKTHOTO HepUOIa IKCILTyaTalliH, B COOTBETCTBUH C

COBPEMEHHBIMH IpoeKTamu poceuiickux ADC mpuHsitast paHoi 60, K343%, — KanurtanbHble 3a-

TpaThl HA pealn3alllio Ipe/iaraeMoi CUCTEMbIL, IIPUBE/IEHHBIE K MOMEHTY BBOJIa SHEPro0I0Ka B 9KC-
TUTyaTalllio, paCCYUTHIBAIOTCS IO (hopMmyIie:
ADC_ ytl 1,ADC ARC\HT _
K3ipm= 20 K3 7 (1 + PCIT; =1.390 mipa py6., (7)
ADC_ 1032,83
3= o 17,214 maH py6. — KanmuTAJIbHBIC 3aTPaThl HA peaTn3alliio Mo rojiaM,

MIPUHSTH PABHOMEPHO pacIpeeICHHBIMU IO BCEMY CPOKY CIIy KOst ADC;

LCOE jnc= = 0,017 py6/kBry, (6)

t1-]
)

rae K
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fo— TOJl HaYaJla peasn3alluy MPOEKTa;

{1 — TOJl HavyaJla peajin3aluy MpoeKTa;

HIT =20 % craBka Hayiora Ha MPUOBLIH;

03iA3C = 4,917 mnH py0. — oneparioHHbIe 3aTpaThl Ha 00ecreYeHrne padoThl CUCTEMBI,
MPUHATHIE PABHOMEPHO pacipeeIeHHBIMU 10 BCeMy CPOKY ity k061 ADC;

Cﬂfac: 8 % — cTaBKa JUCKOHTHUPOBAHUS B j-OM TOAY, PUHSTASI OJJMHAKOBOM IO BCEMY CPOKY

ciyx0b1 ADC;
AAIC_ 1032,83
! 60
pacrpeieIeHHOHM Mo BceMy CpoKy city:k0b1 ADC;
Cl; = 1,07 — KyMyJISITHBHBIH WHICKC TOTPEOUTEIBCKUX TIEH B i-OM TOMY, IPHHSTHIA OTHHAKO-
BBIM I10 BCEMY CPOKY ciryk0b1 ADC;
AC 4

PCI[?SC: IC—l - 1 — peasibHas cTaBKa TUCKOHTUPOBAHUS,
1

WA= N - KUYM - 24 - 365 = 8,480-10° kBt B rox — MIPOTHO3ZUPYEMBIN CPETHETOOBOM
TIOJIE3HBIN OTIYCK 3JIEKTPUUECKONA SJHEPTUN ATOMHOM 3IIEKTPOCTAHIINY;

N=1100 MBt — snektpuyeckast MOITHOCTh HETTO ADC, MpUHSTA B COOTBETCTBUU C COBpE-
MEHHBIMH MTpOeKTaMu poccuiickux ADC;

KNYM = 88 % — k03P dHUITUEHT HCITOIb30BaHMS YCTAHOBICHHON MoImHOCTH ADC, IPUHSAT
B COOTBETCTBHH C II€JIEBBIMH [TOKA3aTENSIMI COBPEMEHHBIX MPOEKTOB poccuiickux ADC.

PesynbraThl pacueTa cieyromue.

1. KanuranmeHble 3aTpaThl HA PeaM3aIUI0 CHCTEMBI COCTARISIFOT mopsaka 1,033 mupa pyO.
VYBenuuenue KanuTaibHbIX 3aTpat npu BHeapenun MCIIOT cocraBnser nopsaka 250 Mt pyO., 9To
IOpU 3arparaX Ha CTPOUTENBCTBO PEAKTOPHOIO OTENEHHs] TUIOBOIO HSHEPro0sIoKa Mopsiika
100 mapa. py0. DpUBOIUT K YBEJTUUYEHUIO €M0 CTOMMOCTH MeHee yeM Ha 1 %.

2. OnepanonHsle 3atpaTsl Ha obecnedenue pabotrsl MCIIOT cocraBnstor 3,212 muH pyoO.
3a BECh )KM3HEHHBIN ITUKII SKCIUTyaTaruu dHeprodmoka ADC.

3. Poct cpenneit pacueTHOl cebecTOMMOCTH IPOU3BOACTBA 3JIEKTPOIHEPIUH Ha IPOTSHKEHUT
Bcero xku3HeHHoro 1ukia anekrpoctannun (LCOE) npu Baenpennn MCIIOT coctaBut meHee 2 Kor.
3a KBT*u.

= 17,214 miH. py0. — aMOpTH3aIUsI 3 i-bIif IEpUOJI, MPUHSATAS PABHOMEPHO

3akaouenue

[Iposenennas onienka [IM CIIOT (matent P® ot 07.02.2020 Ne 2713747) mo3BosieT caenaTh
BBIBOJ] O L1€JIECO00Pa3HOCTH U NPAKTHYECKOW BO3MOKHOCTH IIPUMEHEHUS JAHHOTO PEeLeHUs Ha Oy-
nyumx npoekrax ADC ¢ peaktopom tinia BBOP st nosblieHus ypoBHs 0€301aCHOCTH SHEProoIIo-
KOB U IIPUBE/ICHUS IIPOEKTOB B COOTBETCTBUE CO BCEMM TPeOOBAHUSIMU MEXIYHAapOAHbIX Peryssro-
POB M SKCILTYyaTUPYIOIIUX OpraHU3aI1ii IpY He3HAUUTEIbHOM YBEIMUSHUN KallUTaIbHbIX BIOKEHUN
U ceOECTOMMOCTH JJIEKTPOIHEPTUH OTHOCHTEIIBHO CTOMMOCTH COOpY’KeHus aHajmornunoit ADC B
Poccuiickoii ®eneparumu.
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[IpencraBneHa HOBas KOHCTPYKIUS MTHEBMOTHUAPABIMICCKOTO aMOPTH3AaTOpa ¢ BBIHOCHO! THEBMOKAMEpPOH,
obecrnieunBaroIeil CieMu(pUISCKYI0 YIPYTYIO XapaKTePUCTHKY, 3P PEKTUBHO CHIKAIOILYIO aMIUTUTYAbI KOJeOaHWiA TipH
JBIDKEHUH TPaHCTIOPTHO-TexHOoormaeckoit mamuas! (TTM) o HepOBHOI Topore, MOBBIMIAS TPUA 3TOM CKOPOCTH JBH-
KECHHS TI0 HEPOBHOCTSIM Aopord. [IpwBeneHsl cpaBHUTENbHBIE Tpad)UKU MABJICHUS W KECTKOCTH YIPYTOTO HJIEMEHTa
aMOpTH3aTopa C YIeTOM BRIHOCHOI THEBMOKaMepoii n 0e3 Hee. AKICHT C/IeJIaH Ha CHIKCHUE TUHAMWYECKUX Harpy30K
3a c4YeT MPUMEHEeHNs1 BBIHOCHOMW THEBMOKaMephbl. B kauecTBe OLEeHKH KoJiebaTeIbHOTO Mpoliecca paccMaTpUBaeTCs By X-
MaccoBasi KoJiebaTeIbHas CHCTEMA, YUUTHIBAOIIas MMOBEICHNE HEMOIPECCOPEHHON MacChl, KOTOpast BBITIOTHEHA B BUJIE
MaTeMaTHYecKoil MOJeNn B porpaMmHoii cpene MathCAD. Pe3ynbTaThl NOATBEPKIAIOT 3(PPEKTUBHOCTh MPUMEHEHHS
HOBOTO aMmopTH3aTopa. [IpoBeeHO KOMIBIOTEPHOE MOAETMPOBaHNE CBOOOIHBIX KOJIeOaHMIi IBYXMAacCcOBOM KoJiebaTelb-
HOW CUCTEMBI, TIpe/ICTaBIeHa METOIUKA KoJIe0aTeIbHOTO Mpoliecca TMHAMHUYEeCKO# IByXMacCcoBOi KojebaTelbHOM cu-
CTEMBI.
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Abstract. The paper presents a new design of the pneumohydraulic shock absorber with a remote pneumatic
chamber, providing a specific elastic characteristic that effectively reduces oscillation amplitudes during the movement
of a transport and technological machine (TTM) on an uneven road, and consequently, increases the speed of TTM move-
ment. Comparative graphs of pressure and stiffness of the elastic element of the shock absorber with and without a remote
pneumatic chamber are presented. Emphasis is placed on the reduction of dynamic loads due to the use of a remote
pneumatic chamber. A two-mass oscillatory system is made as a mathematical model in MathCAD to assess the oscilla-
tory process, taking into account the behavior of unsprung mass. The results confirm the effectiveness of the new shock
absorber. A computer simulation of free oscillations of a two-mass oscillatory system were carried out and a methodology
for the oscillatory process of a dynamic two-mass oscillatory system is presented.

Key words: transport and technological machines, chassis, suspension, pneumohydraulic shock absorber, damp-
ing, oscillations, oscillating suspension system, mathematical model.

FOR CITATION: R.R. Bukirov, S.V. Repin. Study of optimal parameters of pneumohydraulic shock absorber with
remote pneumatic chamber to damping oscillations in transport and technological machines. Transactions of NNSTU n.a.
R.E. Alekseev. 2024. Ne 1. Pp. 58-69. EDN: EGXDOD

BBenenue

Jlunamuka JOBUKEHUs TpaHcrnopTHo-TexHosiorndeckux mamuH (TTM) na 6a3e kosieCHBIX
IIIACCH TPY30BBIX aBTOMOOWIIEH (CTPOUTENBHBIX U JIOPOKHBIX MAIllUH) 3aBUCUT OT YIPYTOIeMII(H-
PYIOIIUX XapaKTePUCTHK, OCOOCHHO MPH IKCILTyaTalllU B yCIOBUSAX O€3I0POXKbS, XapaKTepu3yolle-
rocsi TPyHTaMH € pa3jMuHbIM COCTOSIHMEM IOBEPXHOCTH, HEMOCPEJACTBEHHO BIUSIOUIMM Ha IUIaB-
HOCTh XOJ[a U pazNUYHbIe dKCIUTyaTallnOHHbIe XapakTepuctuku [1-8]. [loaTomy moBsIieHwe yrpy-
TOJEMII(UPYIOMUX CIIOCOOHOCTEH TTOIBECKH SIBIISICTCS aKTyaIbHOU MpoOIeMoil, HMEIOMIEeH BaXXHOe
HApOTHOXO03SHUCTBEHHOE 3HAUCHHE. B HacTosIee BpeMsl BRIJIEISIFOTCS CIIEAYIONINE HAPaBICHHUSI MO-
BBIIICHUSI YIIPYTONEMIIPUPYIOMUX CBOMCTB: pa3pabdoTKa yCTPOHCTB, 00ECTICUNBAIOIIAX CaMOpPETy-
JTUPOBAHUE JKECTKOCTH YNPYTUX U JeMIPUPYIOMUX XapaKTePUCTUK B 3aBUCUMOCTH OT Harpy3Kd H
peXUMOB KosieOaHui; pa3paboTKa HOBBIX CTPYKTYp aMOPTH3aTOPOB, 00ECTIEUMBAIOLINX CYIIECTBEH-
HOE TIOBBIIIEHHUE YIIPYToAeMII(DUPYIONIHX CBOMCTB MOBECOK; OIIPE/ICIIEHHE ONITUMAIBHBIX MTapaMeT-
POB KOMOWHUPOBAHHBIX YNPYTOAEMII(PHUPYIONIMX CHUCTEM, B YaCTHOCTH, MIPH COBMECTHOU padoTe
TUAPABIMYECKUX U BO3IYIITHBIX CUCTEM T0IpeccopuBaHus [9].

[InaBHOCTB X012 M IKCILTyaTallMOHHBIE XapaKTePUCTUKN MAIIUHBI BO MHOTOM OTIPEIENISIFOTCS
JIeMITIpHUPYIOIUME CBOWCTBAMH TIOJBECKH. VIMEHHO MOATOMY JISl YIIyUIIEHUSI WX XapaKTePUCTHK
MPUMEHSIFOT aMOPTH3aTOPBI, OTPAHUYHUBAIOIINE CKOPOCTH CKATHSI M PACIITUPEHUS YIIPYTOro dJIeMEeHTa
MTOJBECKH 3a CUET IOTJIOMICHUS OoJbIel yacTu sHeprun kosedanuii [8, 10]. Takke HeMayto poJib
UTPAIOT W yIpyTHE dJEMEHTHI MMOABECKH, racsinue yYIapHylO Harpy3Ky oT TOJTYKOB CO CTOPOHBI He-
POBHOCTEHN JOPOTH, IPU 3TOM HA HUX MPUXOJSTCS CUIIbHEHIIINE YIapbl CO CTOPOHBI JOPOXKHBIX He-
poBHOcTeit. [ToaToMy racsiasi cmocoOHOCTh JaHHBIX AJIEMEHTOB MOJABECKU JOKHA 00eCTIeunBaTh
TpeOyeMyIo YIpYyTyro XapaKTepUCTUKY, OoJiee MIaBHBIA X0 MAlIMHbI U COXPAHHOCTH JPYTHUX dJie-
MeHTOB mojBecku [2]. CoBMecTHast paboTa ynpyruxX u AeMI(UPYIOMHUX 3JIEMEHTOB 00eCIieUnBaeT
HaWIy4IyIo IJIAaBHOCTh XoAa. KOHCTPpYKTHUBHO yNpyrue 3JeMeHThl U aMOPTU3aTOPhl yCTaHABJIMBA-
FOTCSI B KOHCTPYKIIMIO TTOJIBECKH, KaK MPaBUIIO, OTACTHHBIMU y31aMU, HO OHU He 00eCIeunBaioT Tpe-
OyeMyIo YIpyryo u AeMI(UPYIONIyIO0 XapaKTepUCTHKU. Tak, MpUMEHEeHHe JaHHBIX YCTPOHCTB B
YCIIOBUSAX 0€3/I0pOXKbsl MPUBOAUT K CHUXKEeHHIO Ha 50 % cpemHell dKCIUTyaTallMOHHONW CKOPOCTH
TTM, cHmxKeHUIO0 0e30MacCHOCTH JOPOKHOTO JIBIIKEHHUSI, MOBBIIeHUIO 10 70 % pacxoja ToruiMBa,
yMeHbIeHuto 10 40 % MeXpeMOHTHOTO mpodera, a moTepu BUOPOUYBCTBUTEIBHBIX TPY30B (000py-
nmoBanwus) qocturaroT 15...30 % [9]. HeBo3amoxHOCTh 00ecniednTh TpeOyeMyro YIPYTyIo U JeMII(u-
PYIOIIYIO XapaKTEPUCTUKH OOBICHSETCS TEM, UTO YIPyTasi XapaKTePUCTHKA TAKIX YCTPOUCTB UMEET
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MPOTPECCUBHBIN WM JIMHEHHBINA XapaKTep, UMEIOINe BEICOKHE 3HAYCHHUS )KECTKOCTH B KOHIIE X0/1a
cxarust. [11]. Jns cmsirueHust ynpyroi XapakTepuCTUKH BO3MOKHO MPUMEHEHHUE JTOMOTHUTEIbHbBIX
9JIEMEHTOB MOJABECKH — ITHEBMATHUUYECKUX OAJJIOHOB, CBSI3aHHBIX C BHEITHUM UCTOYHUKOM CXKATOTO
Bo3ayxa [10], oHaKO WX UCIIOIB30BaHKE YCIOKHSCT U yA0POKaeT KOHCTPYKITHIO.

[IpumeHeHre TakUX W3BECTHBIX KOHCTPYKIMU, KaK THAPOITHEBMATHUYECKUE aMOPTU3ATOPEL,
coJiepIKaIye ypyTruii 3JieMEHT B BHJIe BHYTPEHHEH MHeBMaTH4uecKoi kamepsl [11, 12] coco6HO, B
JIOTIOJTHEHHE K OCHOBHBIM (DYHKIUSIM TallleHus U JeMI(UPOBAHUS KOJICOAHUH MOIPEecCOPEHHOM
MacChl aBTOMOOMJIS, BBIITOJIHSATE €11l ¥ ()yHKIIMH ITHEBMATHYECKUX 0aiToHOB. OTHAKO U 3TUM aMop-
TU3aTOpPaM MPHUCYIIE BRICOKOE 3HAUSHHE JKECTKOCTH B KOHIIE X0/a cxkaTusi. CMsirueHue yrnpyroi xa-
PaKTEpPUCTUKHN TaKHUX aMOPTHU3aTOPOB BO3MOJKHO 3a CUET NMPUMEHEHMsI BHEIIHEWH MHEBMATUYECKOU
KaMephbl, CBSI3aHHON ¢ BHYTPEHHEH MHEBMOKAMEpOW M yMEHBIIAIOIEH OTHOCUTEIFHOE U3MEHEHHE
oObeMa raza B KOHIlE xo/1a ckatust [2]. JIBuKeHre 1Mo HEPOBHOCTSIM JIOPOTH OKa3bIBaeT HA aBTOMO-
OWJIb BO3/IEMCTBIE, BBI3BIBAOIIEE KOJICOAHHS BCEX MOPECCOPEHHBIX M HEMOIPECCOPEHHBIX Macc aB-
TomoOmIIsL. Jlist paccMoTpeHust KoieOaHuit Macc B OCHOBHOM HCIOJIB3YIOT MPOCTEHUIINE OTHOMACCO-
BEIe KoJle0aTeNbHbIe CUCTEMBL. VX IprMeHeHne B UCCIIeI0BAaHUH MTO3BOJISIET OLIEHUTH MPOIIeCC raie-
HUN KoJIeOaHUH MTOAPECCOPEHHOM MAaCChl ¢ Pa3IMYHBIMK MapaMeTpaMu cucTeMbl. OJTHAKO Takas CH-
CcTeMa He YUYHUTHIBAET BIUSHUE HEMOAPECCOPEHHBIX MAcC U YNPYTrocTH IuH. Vcmnonp3oBanue AByX-
MaccoBOM K0JIeOaTeTbHOM CUCTEMBI ITO3BOJISIET U3YUUTh BIUSHUE [TOIBECKH HE TOJIKO HA KOJICOaHMsI
MIOJIPECCOPEHHOM Macchl, HO U Ha KOJIeOaHUsI HEMOJPECCOPEHHOM Macchl, a TaKkke Ha JedopManuu
il [13]. D10, B CBOIO 0Yepe/ib, MMO3BOJUT OIEHUTh padoTy MpeiaraéMoro aMmopTu3aropa, CBOIs-
IIET0 caM MPOIEcC KoJIeOaHNi K MUHIUMYMY.

B npenpinymeit padote [2] Oplia mpeicTaBiieHa mpuMepHasi KOHCTPYKIIUS U OPHEHTHPOBOY-
HBbIE pe3yJbTaThl MOACITUPOBAHUS OJHOMACCOBOW KoJIeOaTeNbHOW CHUCTeMBI. B HacTosIel cratbe
IpeiaraeTcsl peajin30BaHHOE B KOHCTPYKIIMH M 3allaTEHTOBAHHOE TEXHUYECKOE pelIeHNe THEBMO-
THIPaBIMYECKOTO aMOpPTHU3aTOpa C JOMOJHUTEIFHON MTHEBMATHUECKON KaMepoii, HalpaBjIeHHOE Ha
oOecrieyeHre TpeOyeMol yIpyroi u JeM(Upyomei XapaKTepUCTUKA ToIBecKH [12]. YTouHEHBI
pe3yJIbTaThl MAaTEeMaTHYECKOTO MOJETUPOBAaHUS KoJebaTeIpHOro mpoiecca u ynpyrojaeMidupyro-
1€ XapaKTepUCTUKH Ipe/jiaraéMoro TeXHU4eckoro pemienus. lpemioxena nuaamMmuyeckas 1By X-
MaccoBasi KojiebaTelIbHOW crcTeMa, pealn3oBaHHas B porpaMMHuoii cpene MathCAD. VccnenoBana
JIMHAMHUKA JIByXMacCOBOM KoyieGaTelIbHOM CHUCTeMBbI MPU CBOOOJHBIX KOJIEOAHMSIX, U JlaHA OIIEHKa
BIIUSTHUS TIPUMEHEHUS BHEIIHEW MTHEBMAaTHYECKOW KaMephl Ha TMHAMUKY JBuxkeHust TTM.

TexHu4eckoe pemeHue

Jlns obecriedenust TpeOyeMol MJIABHOCTH Xoja ObLT pa3padoTaH MHEBMOTHIPABINYECKUAN
aMOPTH3AaTOP C AOMOTHUTEILHON BEIHOCHONW KaMepOi, KOTOPHKIH MO3BOJISIET 00€CTIeUnTh Kak TpeOye-
MYIO JIEeMII(UPYIOILY IO XapaKTepUCTUKY, TaK U TpeOyeMyIo yIPYyTyIO0 XapaKTepUCTHKY 3a CUeT coye-
TaHHSI YIPYTOTO U IEMIIPHUPYIOIIETO IIEMEHTOB, a IOTIOJIHUTEIFHOE TPUMEHEHHE BEIHOCHON ITHEB-
MaTU4YeCKONW KaMephl IT03BOJISIET 00ECIIEYUTh TPEOYEMYIO JKECTKOCTh B KOHIIE X0/1a IIOJIBECKH.

PazpabGoTtanublit mHeBMOTHIpaBIndeckuii amopTu3arop (puc. 1) [14], B oTaumdme ot oHO-
TPYOHBIX TMJIPOIMHEBMATHUYECKUX AHAJOrOB CTaHJAPTHOM KOHCTPYKUHUH, COAEPKUT HIDKHUN 3 u
BEepXHUH 4 IUIUHIPHI, COEAMHEHHBIEC YTUIOTHUTEIFHOM HAITPABJISIONIEH BTYJIKON 6, THAPABIMICCKII
7 ¥ THEBMATUYECKUH § MOPIIHY, HAIIPABIISIFOILYIO (pa3/ieuTeNbHas1) BTYJIKY 9, B HUKHEH 4yacTH LU-
JTuHApa 3 UMeeTcsl MpoyKuHa 12, 1715 KperieH!sl aMopTU3aTopa K OCH MallliHbI, BEPXHSIS YacThb 11~
muHApa 4 cHaOKeHa BepXHel KpbIKo# 11 ¢ 3akperuieHHOo# Ha Hell mpoymuHOM 13, 1u1st KpernaeHust
K Ky30BY MAaIlIUHBIL, ITOK 15, )KECTKO 3aKperieHHbI Ha KpbIlike 11 ¢ BHyTpeHHeH CTOpOHBL, TPOXO-
JSIUH Yepe3 HallpaBJsIOILy 10 (pa3Ae/InTENbHYIO) BTYJIKY 9 U )K€CTKO CBS3aHHBIN ¢ TUAPABIMYECKUM
MOPIITHEM 7 CTOTIOPHBIM KOJIBIIOM 14.
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Puc. 1. KoHcTpyKIHA MHEBMOTHAPABINYECKOI0 aMOpTH3ATOpa:
St — 0bwguil xo0 amopmuzamopa, Sa-— x00 ombos, Sic u Ss — X00 colcamus u cmamuveckas depopmayus

Fig. 1. Design of pneumohydraulic shock absorber:
S, — total shock absorber stroke; Sa-—rebound stroke;
Sac and S — compression stroke and static deformation

Hwxaunit munmuaap 3 uMeeT Tpu MOJOCTH: JIBE KUIAKOCTHBIE Tojioctu b u B, conepxkarmue
aMOPTH3UPYIOIIYIO JKUIKOCTh M Pa3JieieHHbIe TOPITHEM 7, ¥ Ta30BYIO TOJOCTh A, 3allOJHEHHYIO
a30TOM TI0]1 33JJaHHBIM JIaBJICHUEM U OTJENIEHHYTO OT mojiocTi b mopirHem 8. CaM HUKHHM TUITHHID
3 cHaOXeH JOTIOTHUTEIBHO 3aUTHBIM KOXKYXOM 16 JIJIs TpeToXpaHeHus caMoro IIIHHIpa OT KOH-
TaKTa ¢ OKpy’Karolei cpefoit (Irpsi3b, NECOK, MbUIh, XUMHUECKHAE PEareHThl), MOBKIIAs TeM CaMbIM
ero Hazie)KHOCTh. [lopimens 7 cHaOkeH ApocceTbHBIME KaHAJIaMH U KJlalaHaMmu (Ha puc. 1 He moka-
3aHBbl), CITY>KalIUMHU JIJIs IEPeTeKaHMsI aMOPTU3UPYIOIIEH KUIKOCTH Mexk Ty TofiocTsimu b u B 1 o6ec-
MIEYEHUS 3a CUET UX COMPOTUBIICHUS TPEeOYEMBIX THAPABIMYECKIX XAPAKTEPUCTHK aMOpPTHU3aTOpa.
Brynka 9 co ctopoHsl opiHs 7 cHaOXeHa pe3MHOBOW aMOPTU3HPYIOMIEH mpokiankoit 10, kotopast
pu 0TO0E aMOPTH3aTOPa KOHTAKTUPYET CO CTOTIOPHBIM KOJIBIIOM 14, cMsTYasi TeM caMbIM YIapHYIO
Harpy3Ky Ha aMmopTu3atop u mamuny [11].



62 Tpyovt HITY um. P.E. Anexceesa. 2024. Ne I (144)

K Bepxneit kpoimike 11 mapannenbHo ¢ MHIMHAPOM 4 TpUKpETieHa JOMOIHUTEIbHAS TTHEB-
MaTH4ecKas kamepa 5, UMeroIas KaHajl, coequHsomuii kamepsl /[ u [, 3anoiHeHHBIE CKAThIM BO3-
JlyXOM T10J] 3a/IaHHbIM JiaBfieHueM. C 1ebio o0ecreyeHus: ONTUMAIbHOM MJIaBHOCTH X014 MAIIUHbI
B 3aBHCHMOCTH OT I'Py30I0/IbEMHOCTU ¥ HEPOBHOCTH JOPOTH, a TaKXke MpeloXpaHeHHUs] aMOpTH3a-
TOpa OT MEPErpy30K, TOMOJHUTEIbHAS THEBMATHYECKasi KaMepa 5 UMeeT MpeIOXpaHUuTeIbHbIN Kila-
naH 1 U peryJupoBOYHBIM KianaH 2, MOJKIIOUYEHHOTO0 K IMHEBMAaTHYECKON cucTeMe MallnuHbl (Ha
CXeMe He M0Ka3aHa), o0ecreuynBasi TeM caMmbIM TpeOdyeMoe (HacTpoeHHoe) JaBieHue B kamepe [ u I

[Ipu nBuxennn TTM ynap oT HEpOBHOCTEN JOPOTU FaCUTCSI B OCHOBHOM 3a CUET YIIPYTOCTH
cxaroro azora B nonoctsax J[ u [ mpu aBukeHnn MyIMHIpa 3 BBEPX OTHOCUTEIHHO MIJIMHIpPA 4 U
YaCTHYHO 3a CYET C)KaTusl a30Ta B mosocT A. OObeM MoJoCTH A yMEHBIIAeTcsl BO BpeMs TaKTa
CKaTHS 32 CYET BHITECHEHHUSI XKUIAKOCTH IITOKOM 15, ABMKYIIIMMCSI BHM3 OTHOCUTEIHHO IIMIMHIpA 3,
TaK KakK JBUKEHHE MOPIIHS 8§ KOMIEHCUPYET BHITECHEHUE KUIKOCTH IITOKOM. [ "alleHne aMIuInTy bl
KoJieOaHu# mocie yiapa (T.e. 3aTyXanue KoJieOaHui) TPOUCXOIUT 3a CUET TUJIPABINYECKOTO COIPO-
TUBJICHUS! TIOPIIHS 7, BEI3BAHHOTO MPOTEKaHUEM KUJAKOCTU Yepe3 KaHaJlbl U KJIalaHbl OPIIHS 7.

MopaeanpoBaHue ynpyroii XapakTepuCTHKHU

V¥ naporacsiiast ClocOOHOCTbH MOABECKH OIPEIeNsieTcs yIpyTroi XapakTepUCTHUKOM, TPpe/IcTaB-
JISToMEe#t co00l 3aBUCUMOCTD BEPTHKAIBHON HArpy3KH Ha KOJIeco OT JedopMaruu (mporuda) mo/I-
BECKH, U3MEPSIeMOM HeTOCpeICTBEHHO HaJl 0Chlo KoJieca. [[apameTpamu, XxapakTepu3yOIUMU yIpy-
rUe CBOMCTBA MOABECKH, ABIstOTCS [2, 10, 11]: ctatnuecknii mporud Sy, TMHaAMHYECKU# X0 (TIpo-
ru0) 10 BepXHero Sqc (cKaThe) M HUKHETO Sy (0TOOM) orpaHmunTeNel Xoaa; KodpUIueHT JuHa-
MUYHOCTH; KECTKOCTD MOJIBECKH.

[TocTpoenue ynpyroii XapakTepUCTUKH aMOPTH3aTOpa HAYMHACTCS C BBIOOPA OCHOBHBIX €T0
rapamMeTpoOB B COOTBETCTBUH ¢ pekomeHaamusmu [2, 10, 11]: crarudeckoii Harpy3ku Py Ha aMOpPTH-
3aTOp B CHApSKEHHOM COCTOSTHUU; CTAaTUYECKOTO MPOruda aMopTU3aTopa B CHAPSKEHHOM COCTOSI-
HUU Sy, TMHAMAYECKOTO XOAa CXKATUS Sdc; TMHAMHUYIECKOTO X0/1a 0T00s S4r; Harpy3ku P4 Ha amop-
TU3ATOP TIPU Suc; HATPY3KU Py HA aMOPTU3ATOP MPH Sy [11aBHOCTH X0/1a TOJBECKU B 3HAUUTETIHLHOM
CTEMEeHH 3aBUCHUT OT XKECTKOCTHU YIIPYTOro 3I€MEHTa, KOTOpast XapaKTepu3yeTcs 3aBUCUMOCTBIO J1aB-
JeHus oT o0beMa C:kuMaeMoro Bo3ayxa. Huke mpezcrasiena gpopmyiia pacueTa *KeCTKOCTU YIIPY-
roro dJIEMEHTa aMOPTHU3aTopa OT JaBIICHHs B ITHEBMOKaMmepax P, nedopmanuu S 1 o0bema mHeBMa-
TUYECKUX KaMep V ¢ yueToM JOMOTHUTETLHOM KaMephl U 6e3 Hee:

2
P-F,

i ©)
V—-F, S

rre S — tekymias gedopmarust amoprusatopa (m3mensiercs ot 0 1o Sy = Sar + Sac); Fy — dppexTruBHAS
Iiona1b padovyel MmojaocTi MHEBMOTUAPABINYECKOTO aMOPTHU3aTOpa; V — TeKyImuii 00beM BO31yXa
B kamepax [ u [ (puc. 1).

Ha puc. 2 npencraBiiensl pe3yabTarsl MogenupoBanus B MathCAD ynpyToit XapakTepuCcTUKU
1 ’KECTKOCTH aMOPTH3aTopa C JIOTIOJIHUTEbHOM MHeBMAaTHYeCKO Kamepoil u 6e3 Hee /iist Hanbosee
Harpy>keHHo# 3aaneit ocu TTM Ha 6aze maccu rpy3oBoro aBTomoouist KAMA3-43502. OcHOBHBIM
YIOPYTUM 3JIEMEHTOM IpejlaraéMoro aMOpTH3aTopa SIBJISIETCS. OCHOBHASL U JIONIOJTHUTEIIbHASL TTHEB-
mokamepa (I" u /] Ha puc. 1). Bocpusitue cunoBbIX HarpyxeHuil o0ecrieunBaeTcs JaBIeHUEeM CiKa-
TOTO BO3/yXa, a KECTKOCTh — 00bEeMOM, B KOTOPOM HaXOJUTCS CKUMaeMbIil Bo3nyX [13]. 13 puc. 2
a BUJHO, YTO IOJIy4YeHHAas yIpyras XapakKTepUCTHUKa UMEET MOJIOTYIO0 XapaKTEPUCTUKY, a IPUMEHE-
HUE JIONOJHUTENbHOM MHEeBMaTu4Yeckoi KaMmepsl (JIMHUS 2) AeNaeT YIpPYTyIOo XapaKTepUCTUKY ellle
0oJ1ee MOJIOTOM, TeM caMbIM 3HAYUTENHFHO CHIDKAsl yCUIIMSI Ha X0Jie cokaTHsl (IpuMepHo Ha 61 %), u
OJTHOBPEMEHHO J1aeT HEKOTOpPOE MOBBIIICHHUE YCHINN Ha X0/1e 0TO0sI (mpuMepHo Ha 26 %), obecte-
4yuBasi TaKUM 00pa3oM 0oJiee IUIABHOE MOIVIOIIEHNE HEPOBHOCTH BO BCEM JHAla30HE X0a II0JIBECKH.
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Puc. 2. Pesyabtatsl Moaennpoanusa B MathCAD
YHOpyroii XapakTepHCTHKH (@) H ’KecTKocTH (b) amopTH3aTopa:
1 — ycunue / scecmixocms 63 OONOIHUMEALHOT Kamepbl, 2 — ycunue / HcecmKocb
€ OONONHUMENLHOU KaMepou,; 3 — TUHUSL NOKA3bIBAIOWAsl NONOJICEHUE AMOPMU3AMOpaA
noo cmamuyeckou Haepy3Kou, Sq- U Sic — X00 0mb0os u X00 corcamust, M

Fig. 2. Results of MathCAD modeling
of elastic characteristic (a) and stiffness (b) of the shock absorber:
1 — force/stiffness without additional chamber, 2 — force/stiffness with additional chamber,
3 — line showing the position of the shock absorber
under static load; Sa- u Sa. — rebound and compression stroke, m

[lepecevenne nuau B Touke O 0OBSICHIETCS TEM, YTO B Ka4eCTBE MCXOHOTO JUIsI pacyera
napaMeTpoB MHEBMATUYECKOW CHCTEMBI aMOPTU3aTOpa OBUIO MPUHSATO pacueTHOE YCUJIMe MpH CTa-
THYECKOW Harpyske Py CHapsDKEHHOTO aBTOMOOWIIS. OT HETO PacCUMTHIBAIOTCS YCHIIHS THHAMHYE-
CKOTO CXKaTHsl Syc M 010051 Sy [Tonoskenne Touku O 3aBUCHUT OT 33JaHHOTO MEPBOHAYAILHO JaBJICHUS
B Kamepax [ u J[ (puc. 1). 13 aToro cinemyer, 4To mapaMeTphl yIPyroi XapakTepUCTUKH MOTYT Baph-
HUPOBATHCA.

Kax BugHO U3 prc. 2 b, )KeCTKOCTh MTHEBMATHYECKOTO YIIPYTOTO 3JieMeHTa 0e3 MpUMEHEHHUSI
JIOTIOJTHUTENFHOM KaMephl IMeeT 0oJiee MPOrPEeCCUBHYIO XapaKTEPUCTUKY, YeM Ha puc. 2 a, TuHu 1,
u muaun 1 u 2 "He umerot nepeceueHuss. OOBICHIETCS 3TO TEM, YTO JKECTKOCTh B OOJIBIIIEH CTETICHI
3aBUCHUT OT 00beMa CKUMaeMoro Bo3ayxa V u addexTuBHoi miomanu padoueit monoctu £y, KoTo-
pBIe 00ecTieunBarOTCsl KOHCTPYKTUBHBIMHA IapaMeTpamu. [IpuMeHenne TomoTHuTeTFHON KaMephl B
3HAYUTENIBHON CTETIeHN CHUXKAET JKECTKOCTh dJIEMEHTa B KOHEUHOM Xoj1e cxkaTusl Sqc. Tak, B ciydae
CTAaTUYECKON HArpy3Kd Ha aMOpPTHU3ATOp JKECTKOCTh YIPYroro sjieMeHTa cHuxkaercs Ha 51 %, u B
KOHEYHOM XOJIe MOJABECKH KEeCTKOCTh YIIPYTOro 3JeMeHTa CHUkaeTcs Ha 92 %.

BepTl/lKaJH)Haﬂ AHHAMHKA L[ByXMaCCOBOﬁ K0J1e0aTeJILHOH CHCTEMbI

OrneHnM, Kakue pe3yJIbTaThl 1aeT O0JIee MoJIoras XapakKTepUCTHKA YIIPYTOTo JJIEMEHTa aMOp-
TU3aTOpa, BIUSIOUIEH Ha MIaBHOCTH XoAa TTM, BBINOTHUB MOJAEIUPOBAHUE KOJI€0ATETLHOTO MPO-
[ecca JIByXMacCOBOW CUCTEMBI.
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N3BecTHO, UTO aBTOMOOUITE MOYKHO TIPEJCTaBUTh KaK KoJebaTeIbHyI0 CUCTEMY, COCTOSIIIYIO
13 HECKOJIPKUX Macc, COSIMHEHHBIX MEXKIY COO00H yrnpyroaeMnpupyommMu cBs3samu. [ ananmsa
YOPYToAeMIPUPYIONNX CIIOCOOHOCTEH MTOJBECKH MAIIIMHEI ObLIa PACCMOTpPEHA IByXMaccoBas KoJie-
OatenpHas cucteMa (puc. 3), Tie Bo3MYyIIeHHE KoleOaHuii, BRI3BAHHOE MTOCIIE MPOe3/1a HEPOBHOCTH,
3aJJaHO HYJIEBBIM Ha4aJIbHBIM yClIoBHEM, J[aHHOE yCIIOBHE TO3BOJISIET POAHAIM3UPOBATH CBOOOIHOE
JIBUYKEHUE CHCTEMEI ITPH BBIBOJIE €€ M3 COCTOSIHHS TTOKOS, TTOJTy4asi CBOOOHBIE KOJIeOaHusl, KOTOpPhIe
MOKAa3bIBAIOT COOCTBEHHBIC YACTOTHI CUCTEMBI U CTETIEHb ee ieMIipupoBanus [6].

2
Ms
I
(s t1 Z ks
Va 7 | 7
= T T
f My |

Puc. 3. PacueTnas cxema AByXMaccoBoii KoJiedaTe/IbHOI cHCTEMBI NOC/I€ MPOe31a HEPOBHOCTH:
M — noopeccopennas macca;, M, — nenoopeccopennasn macca, ks — o#cecmeocms 2a3080U NPYICUHBL
amopmuzamopa, ki — socecmxocmo wiun,; Cs — OeMnhupyiowast CnocobHoCmbs amMopmuzamopa;

C: — oemnghupyrowast cnocodHOCIb WUH, Z}, Z2 — 6ePMUKATbHOE NepemMeujenue
HenoopeccopeHHOU U NOOPeCCOPEeHHOU Maccyl, Va — HanpasieHnue 08UICeHUs

Fig. 3. Calculation scheme of a two-mass oscillating system after passing a bump:
M — sprung mass, M, — unsprung mass, ks — gas spring stiffness of the shock absorber; k; — tire stiffness;
Cs — shock absorber damping capacity, C, — tire damping capacity,
zy, z2 — vertical displacement of unsprung and sprung mass; V., — direction of motion

UccnenoBanue BepTUKaIbHON TUHAMUKH Kosiebanuit TTM BeIosHSIeTCS METO1aMU MaTeMa-
TUYECKOTO MOJIETIMPOBaHUS, BKIIOYasi pa3paboTKy (pU3MKo-MareMaTudeckoi MOJIeTH B IPOTpaMM-
Holi cpenie MathCAD. YucrieHHbIE METOABI O3BOJISIIOT YUUTHIBATh PAa3IMUHbIE CUIIOBBIE, IO IEMHBIE
yCIJIOBUSI pabOThI CUCTEMBI U OIIEHUBATh apaMeTpbl KOHCTPYKIIMH MPelaraeMoro TEXHU4eCKOro pe-
LIEHUS B 33/IaHHBIX YCIOBUAX dKCIUTyaTaruu [16].

Maremarnueckas JHHAMUYECKas MOJENb JIByXMaccoBO# Kosie0aTreapHON CUCTEMBI (puc. 3)
IpeJCcTaBisieT co0o cucteMy IBYX nu(dhepeHInalbHbIX YpoBHEH BToporo mopsiaka [13, 16-20]:

Mu-% +Ct-2+Cs-(2,—2,)+kt -z, + ks -(z,—2,) =0

2
Ms-Z,+Cs-(z, -2 )+ks-(z,—2)=0

J1J1s1 oIy YeHH ST YUCIICHHOTO PEIICHUS TAHHOHM CHCTEMBI T PepeHITHATHFHBIX Y PaBHEHUI HC-
XOJIHas cucTeMa ypaBHeHu# (2) 6bu1a npuBeaeHa k popme Korm, BeimoiHeHa 3aMeHa 0000IIIeHHBIX
MepEeMEHHBIX CUCTEMBI (MaTeMaTUUECKUX IEpeMEeHHBIX) mepeMeHHbIMU MathCAD (MalmuHHBIMH Tie-
pemennbMu) [18, 19].
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Puc. 4. Pesyabtatsl moneanpoanusa B MathCAD u3MeHeHust XapakTepuCcTHK
K0./1€0aTe/IbHOTO0 Npouecca NoJpeccoPpeHHOil H HeloApeccOPEeHHOoii Macchl ABTOMOOHISA
10 BpeMeHH { (ceK), MoJIy4eHHbIe Poe3/1a HEPOBHOCTH BhIcoTOi 0,14 m:
a — nepemewerue (xo0) Koieca, b — nepemewgernue (xo0) Ky308a, ¢ — CKOPOCHb KOJIeOAMENLHO20 OBUICEHUS
koneca; d — ckopocmu Kone6amenbHO20 OBUINCEHUS KY306d; € — YCKOpeHue Ky306d
0e3 0ononHUmMenbHOU Kamepwl, f— yckopenue Ky306a ¢ OONOIHUMENbHOU KaMepoll

Fig. 4. Results of MathCAD modeling of change in the characteristics of the oscillatory process of the
sprung and unsprung mass of the car by time t (s), obtained after passing a bump of 0.14 m height:
a — displacement (stroke) of the wheel; b — displacement (stroke) of the body, ¢ — speed of oscillatory motion
of the wheel; d — speed of oscillatory motion of the body, e — acceleration of the body
without additional chamber, f— acceleration of the body with additional chamber

Jlyist urcneHHoro pemeHus: B mporpaMMHoit cpene MathCAD wcnonb3oBaics Metoa Pynre-

KyTtta ¢ pukcupoBaHHBIM mmaroM (rkfixed). JlaHHBIN METOJT KCITOIB3YETCS BO MHOTHX 3a1a4dax JuHa-
MUKH, ¥ 00BIYHO perieHue HaunHatot ¢ Hero [18, 19]. Illar unterpupoBanust BEIOUPAIOT, UCXOS U3
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HanOoJIbIIeH MapluuaibHOM YacTOTHl B cucteMe. B Hamem ciyyae OblT BEIOpaH MHTEpBal MHTEIPH-
poBanust ¢ = 0...3 cex. B xonebartenbHOl cucteme B pe3yJibTaTe MEpeMElIeHHH MacC BO3HUKAIOT
yCKOpeHHUs 3TUX Macc: Tak, B TTM BepTukanibHble BUOPOYCKOPEHHS U UX pa30opoc JOCTUTAIOT 00JIb-
X 3HaYeHui. BinsiHue HenoapeccopeHHoi Macchl Ha yCKOpEHUe TI0JIPeCCOPEHHON MacChl 3HAYH-
TEJIbHO OOJIbINE, YeM Ha IepeMelleHre. DTO CBS3aHO ¢ TeM, UTO aMIUIUTY/Ia YCKOPEHHUH BKIIIOYaeT B
KauecTBE MHOXKHUTEJISI KBAAPAT YaCTOTHI, B CBSI3U C YEM PE30HAHCHBIE YCKOPEHHUSI MOJIPECCOPEHHBIX
Macc 3HAYUTENbHBI [5-7].

PaccmoTpuMm cBOOOAHBIE KOJIEOAHUSI MAIIMHBI, BBI3BAaHHBIE IOCIE MPOE3Jja HEPOBHOCTU U
MO3BOJISIIOIINE OILIEHUTH CHJIBI CONTPOTUBIICHUS MOJIBECKH, a Takke APPEeKTUBHOCTH MPeIaraeéMoro
TEXHUYECKOTO pelieHus. B kadecTBe HadambHBIX yCIOBHH 3a1aauM HepoBHOCTE B 0,14 M. [Ipoesn
JTAHHO! HEPOBHOCTU MOJKET NMPHUBECTU K MPOOOIO MOBECKH, a 3HAYUT SIBIISIETCS HanOoJIee TSHKEIIbIM
ycinoBueM. Ha puc. 4 npuBeneHsl pe3ybTaThl MOIETUPOBAHUS KOJIeOaHUH IByXMacCOBOU TUHAMU-
YeCKOW MOJIENN MOJBECKHU IOCIIe IIpoe3a HepoBHOCTU BbicoTol 0,14 M; Z1 m Z2 — nepemenienue
HEMOJIPECCOPEHHOMN Macchl U MOPecCOPEHHOM 6e3 BEBIHOCHOM Kamephl; Z3 U Z4 — nepemelieHue He-
II0JIPECCOPEHHON MAcChl U IIOJIPECCOPEHHOM ¢ BEBIHOCHOM Kamepoit; VZ1 u VZ2 — ckopocTh Henoapec-
COPEHHOW MacChl U TIOJIPECCOPEHHON 0€3 BRIHOCHOU Kamepsl, VZ3 u VZ4 — cKkopocTh HEMmoapecco-
PEHHOM MacChl U IIOAPECCOPEHHOM C BBIHOCHON KaMepoil.

Kpussie 3aryxaronux Kojaebanuii, moyuyeHHbIEC TIOCIIE MPoe3/1a HEPOBHOCTHU BBICOTOH 0,14 M,
IIOKa3bIBAIOT, YTO IIPOUCXOIUT MOJIHOE ralleHne Kojae0aTeIbHOoro Ipolecca Ha BTOpOM Ieproje 0e3
MIPEBBILICHUS IOy CTUMBIX HOPM YCKOPEHUS Ky30Ba B CiIydae MPUMEHEHUsI TOTIOTHUTEIbHOMN MHEB-
MaTH4ecKoil kamepsbl. Tak, CHUKeHHe yIpyroi XapakTepUCTUKH IPUMEPHO B 2,5 pasza U yBeJTHUEHHE
o0bema Bo3/yxa B YIIPYyTroM dJieMeHTe aMmopTu3aTopa B 1,5 pas3a npuBesno K 3HaYUTEILHOMY CHUXKe-
HUIO MEepeMeIIeHUs] B MUKOBBIX 3HAYCHUSX HemojpeccopeHHBIX Macc Ha 70 %, moJpeccopeHHbBIX
Macc Ha 40 % (puc. 4, a-b), 9TO TPUBOJAMT K CHIKCHHUIO CKOPOCTH KoJiebanuit Ky3oBa Ha 40 % (puc.
4, c-d), a yckopeHus Ky30Ba 1 BO BCe yAaJI0Ch YMEHBIIUTH B A€CATKHU pa3 (puc. 4, e-f). Kpusble 3ary-
Xaroumx Kojebanuit 6e3 TOMOTHUTETFHOM KaMephl OKA3bIBAIOT 3HAYUTENILHO Y ITTMHEHHBIH ITPOIECC
ramenus kojebanuit. OTCyTCTBUE JONOJHUTEIBHOM KaMephbl MPUBOIUT K YBEJIUYESHUIO XOJI0B TOJI-
BECKH, YTO, B CBOIO 04epelb, IPO3UT €€ MpodoeM.

VYckopeHust Ky30Ba B cliyyae IpUMEHEHHsI aMOpTH3aTopa 0e3 IOMOIHUTEIbHONW KaMephl 3Ha-
YUTEJHFHO BBIIIE, YeM B CIIydae WCIOJIB30BaHUS JAOTIOJHHUTEIBHON KaMepsl (puc. 4, e U f) U MeHee
POJOJKUTEBHBI [0 BPEMEHHU, TEM CaMbIM MOKa3bIBasi 3HAYUTEIbHYIO 3 HEKTUBHOCTH IPUMEHEHUS
JIOTIOJTHUTENTLHOM KaMepbl, oOecrieunBaromeil TpedyemMble 3HaueHUsI BUOPOYCKOPEHUH TIOJIPECCOpPEH-
HOM Macchl, a, clieloBaTeIbHO, TpeOyeMblil ypoBeHb Iu1aBHOcTH Xo1a TTM. D10 00ycnosineHo Oonee
MOJIOTOM YNPYTOW XapaKTepUCTUKON, 3HAUYCHUE KOTOPOU TakyKe CHMIKEHO NMPUMEpPHO BIBoe [2], Ko-
TOpPOE, B CBOIO OY€pe/Ib, IPUBOJUT K CHHXKEHHIO YacTOThI Kosiebanuii macc TTM.

YMeHblIeHHe KECTKOCTU IIWH MPAKTUYECKH HE BIMSIET Ha YCKOPEHHUS MOJPEecCOPEHHOM
Macchl [6], oJJHaKo BIMSET HA epeMeleHHs [T0IPECCOPEHHON MacChl, TaK KakK IMHA UMEET CII0Co0-
HOCTbh CIJIQKMBAaTh HEKOTOpbIe HeOoJblIne HEPOBHOCTH. 1[03TOMY yueT HemoJIpecCOpeHHbBIX Mace
MIO3BOJISIET OIEHUThH B3aHMMHOE BIIUSIHUE KOJIeOaHUI TOJPEeCCOPEHHOM U HEMOIPECCOPEHHON MacChl,
KOTOPOE MPUBOJINT K M3MEHEHHUIO 3HAYCHNI COOCTBEHHBIX YacTOT Kosebanuit. [Ipennaraemsrii aBTo-
paMu aMOpPTH3aTOP C JOTOTHUTEIBHOM MTHEBMAaTHUECKOW KaMepolt B paCCMOTPEHHOM ciIydae pado-
TaeT B JOIyCTUMBIX Ipesenax 0e3 MOBBIMIEHHBIX Harpy3ok. KosjebarenbHble mpoiiecchl Moapecco-
PEHHOI Macchl 3aTyXatoT B TeUeHHE 2 CEKyH/I, INIAaBHO MOIJIONIAsi HArpy3KY, BBIBEIIIYIO CHCTEMY U3
COCTOSIHUSI TIOKOS.

PacueTsl MOKa3bIBAIOT, YTO CHUKEHUE YPOBHS JUHAMUYECKUX HArpy30K MPOMOPIHOHATBEHO
CHUKEHHMIO JKECTKOCTH yNPYyToil XapakTepucTuku. PazpaboTanHas KOHCTPYKIUS TIO3BOJISIET CHU3HUTh
JUHAMUAYecKHe Harpy3ku B 12 pa3. DTo yianoch JOCTHYB 3a CUET YBEIMUCHHsI 00beMa BCIIe/ICTBHE
YCTaHOBKHM JIOMIOJIHATEIILHON TTHEBMAaTHYeCKOW Kamepwl (kamepa J[ Ha puc. 1), mo3BoJstommed npu
9TOM CHHU3UTh HaYaJIbHOE JJaBJICHUE B THEBMATUYECKUX KaMepax. JlornoiHuTensHas THeBMaTHUeCKast
KaMmepa MpUBOJUT K 3HAYUTEIILHOMY MOBBIIIEHUIO SHEPrOEMKOCTH MOABECKU. JTO MOKA3bIBAET pac-
YETHOE COOTHOILICHHE KECTKOCTEN MpU OTCYTCTBUM U HAJIMYMM BHEIIHEH kamepsl (puc. 5) [2]. Ha
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puc. 5 mpeacTaBieHa JTMHHUS, TIOTyYeHHAas ITyTeM COOTHOIICHHUS )KeCTKOCTEH IIPpU OTCYTCTBUU U HAJTU-
YUU BHEIITHEW KaMephl, a TaKXKe yUueTa BRICOTHI BO3YIIHOTO ¢T0s10a (/) B TOTOJHUATEIHLHON THEBMA-
tudeckoir kamepe [ (puc. 1). B peannzoBaHHOM TeXHUYECKOM pEIICHHUH JOMOTHUTEIhHAS Kamepa
MMeeT BBICOTY BO3AYITHOTO cToj0a 0,2 M.

20

0 hm
0 0.1 02 0.3 0.4

Puc. 5. PesyabTaTsl mogeaupoBanus B MathCAD cooTHomenus sxecTrocTeit
npu orcyrerBud (h = 0) n namnyun (h = 0...0,4) BHemHei#l kKamMeppl

Fig. 5. Results of MathCAD modeling of stiffness ratio
in the absence (h = 0) and presence (h = 0...0.4) of the external chamber

[IpumeHeHre BHEITHEW MHEBMATHYECKON KaMephl 00ecrednBacT 3aMETHOE ITOBBIIICHUE
IJIABHOCTH XOJa TPAHCTIOPTHOTO CPEJICTBA 3a CUET CHUIKECHUSI TMHAMUYECKIX HATPY30K TIPU JIBUKE-
HUU 110 HEpOBHOH Jtopore. OHAKO BO3MOKHOCTH TIPUMEHEHHUS TAaHHOTO CII0C00a MOBBIICHUS TIJIaB-
HOCTH XOJla orpaHuueHbl. Hampumep, oqHUM U3 criocoO0B MOBBIEHUS d3PHEKTUBHOCTH SIBISIETCS
yBEIIMYCHUE JUaMeTpa, cieioBaTebHo, 1 oobeMa kamep I” u JI (puc. 1), omHako pazMepsl aMOpTH-
3aTopa OrpaHUYeHbl KOHCTPYKTUBHBIMU OCOOEHHOCTSMHU XOJIOBOM YacTH TPAHCIIOPTHOTO CPECTBA,
a TaK)Ke ATO MPHUBENIET K 3HAYATEIIEHOMY YBEIHUCHHIO Beca KOHCTPYKIIUU B €€ CTOMMOCTH H3TOTOB-
JieHus. YBeJIMYeHUe IJIMHBI BRBIHOCHOUW KaMepsl 5 (puc. 1) Takke UMeeT OorpaHUYeHHUs], BEI3BAHHEIC
KOHCTPYKTHBHBIMH OCOOCHHOCTSIMU XOJIOBOM YacTH TPAHCIIOPTHOTO cpecTBa. [loBbIIIeHNe TTHHBI
KaMmepsl I (puc. 1) mpuBOIUT K YBEIMYEHUIO JJIMHBI aMOPTU3aTOPa, pa3Mepbl KOTOPOTO OTPAHUYEHBI
KOHCTPYKTHBHBIMH 0COOECHHOCTSIMH XOJIOBO# YacTH TPaHCIIOPTHOTO CPEJICTBA.

BriBoakbl

Brenpenne TeXHHUECKOTO PEIIEHUS B PeaIbHYI0 KOHCTPYKIIUIO U IIPUMEHEHHe HOBOI MeTo-
JUKJ pacueTa Jajo BO3MOXHOCTb MOJYYHMTH JEHCTBUTEIbHBIC XapaKTEPUCTHKH IpPelaraeéMoro
ITHEBMOTUIPABJIMYECKOTO aMOPTH3aTOpa C JOMOJIHUTEIbHONH Kamepoil. OHa MM03BOJIMIIA CHU3UTH B
KOHIIE X0J1a MOJBECKH YIPYTYIO XapaKTepUCTUKY IPUMEPHO B 2.5 pasa, Jenas ee 0ojee MmoJorou,
CHU3UB TaKXe JUHAMUYECKUE Harpy3KH 3a CUeT CHUKEHHs IEPBOHAYAILHOTO JaBJICHUS B KaMepax
U YBEJIMUEHHs 00beMa CKUMAEMOT0 BO3/TyXa. JTO MPHUBENIO K YMEHBIIEHHIO KECTKOCTH TOJABECKH B
KOHIIE X0/1a IPUMEPHO B 12 pa3, HOBBICUB TEM CaMbIM €€ SHEPTOEMKOCTb.

[Ipennaraemasi KOHCTPYKIIUS aMOpTU3aTOpa codyeTaeT B ceOe racsmuit (IeMnupyrommil)
9JIeMEHT, HalpaBlIeHHBIH Ha CHkKeHue Kojebanuit TTM, m mornomaromuii (YIpyruii) 3J1eMeHT,
HaNpaBJICHHBI Ha CHIKEHHE YJapHOW HArpy3Kd OT TOJYKOB CO CTOPOHBI HEPOBHOCTEH IOPOTH.
Takxke oOecrieqnBarOTCsl BO3MOXKHOCTD PETYJIMPOBKU YIPYTHX XapaKTePUCTUK B 3aBUCUMOCTH OT J10-
poxHbIX ycnoBuid ¥ Tuna TTM, Hage)xHOCTh B 3KCIUTyaTallud M y100CTBO 0OCITy KUBaHUS/COOPKH
amopTu3aropa, o0jerdyaeTcss KOHCTPYKIIMSI TOJABECKH 3a CUET UCKIIIOUEHUS U3 Hee JIOMOJTHUTENIbHBIX
YIOPYTUX JIEMEHTOB.

BrinosiHeHO cpaBHUTENIBHOE MaTeMaTH4Yeckoe MOJETUpOBaHUE KoJe0aTelIbHOTO Ipolecca
JIBYXMacCOBOW CHCTEMBI € JIByMsI BUJJaMH aMOPTU3AaTOPOB — C JIOMOJHUTEIbHON THEBMOIH IPABIIH-
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Yyeckoi KaMepoii u 0e3 Hee. B kauecTBe BO3BMYIIIEHUSI OT HEPOBHOCTH ITyTH CO CTOPOHBI TOPOTH, JeH-
CTBYIOIIEH Ha paccMaTpPUBAEMYIO TMHAMHYECKYIO CHCTEMY, ObUTa IPUHSTA MOJEIIb CBOOOTHBIX KO-
nebanuii, 00yCIOBICHHBIX MOCTIE Mpoe3/Ia e IMHUYHOW HEPOBHOCTH. B pe3ynbTaTe mpoBeIeHHOT'O MO-
JICTTUPOBAHMS TMHAMHYECKOW MOJIEIH yCTAaHOBJICHO, YTO PUMEHEHNE BRIHOCHOHN ITHEBMATUUYECKON
KaMmepbl MO3BOJISIET CHU3UTH MEPEMENICHUSI B MUKOBBIX 3HAYEHUSX HEMOJPECCOPEHHBIX MacC MpH-
MepHo Ha 70 %, moapeccopeHHBIX Macc — Ha 40 %, 9TO MPUBOJIUT K CHIYKEHHUIO CKOPOCTH KoJiIeOaHu i
Ky3oBa Ha 40 %, a ycKOpeHusl Ky30Ba yJ1aJ0Ch YMEHBIIUTh B AecsTKH pa3. [Ipu 3ToM B ciydae uc-
MTOJTF30BaHUS JIOMOJTHUTEIEHON MTHEBMATHYECKOW KaMephbl BpeMsI 3aTyXaHHUsl yMEHBIIAETCS B 3HAYH-
TEJBHON CTETIeHH, MOKa3bIBas, YTO aMOPTU3ATOP pabOTaeT B JOMYCTUMBIX Tpe/enax 6e3 MOBBIIICH-
HBIX Harpy30K ¥ TUTABHO TOTJIOIIAs €e.

Bribpannbie pacyeTHbIE cXeMbl KoJIebaTeIpHOro mpolecca B BEPTUKATBHON IIOCKOCTH MPU
newkeHnr TTM 103BOJISIOT B TOJTHOM CTETICHH OIICHUTH JUHAMUYECKHAE CBOMCTBA HE TOJIBKO Ky30Ba,
HO U HETOAPECCOPEHHBIX Macc MamuHbL. [lonyyeHa MmaTemaTuyeckas MOJIENIb COBMECTHOM paboThI
ITHEBMOTHIPABIMYECKOTO aMOPTH3aTOPa, TIOJIBECKH TPAHCIIOPTHO-TEXHOJIOTMYECKOW MAIIMHBI U KO-
neca, peaninzoBaHHas B cpeae MathCAD.

Takum oOpa3zom, TeopeTHuecKoe HuccieqoBaHue paboThl TpeIaraéMoro amopru3aTopa
MOATBEPAUIIO BO3MOXHOCTh MPUMEHEHHUS YCTPOMCTB MOJOOHOTO TUIA B MOJIBECKAX TPAaHCIOPTHO-
TEXHOJIOTHYECKHUX MAIIHH JIJIs 3P(EKTUBHOTO MOTJIOMICHIS BO3MYIINEHUH, BEI3BAHHBIX TIPH 3KCILTY-
aranuu TTM B ycinoBusix 6€310p0xkbsi, 0€3 HEOOXOIUMOCTH UCIIOIB30BAHUSI JOMIOTHUTENBHBIX YIIPY-
T'UX 3JIEMEHTOB B BHJI€ METAIMYECKUX PECCOP, METATUIMUECKUX MPYKUH U THEBMOOautoHOB. [Ipe-
CTaBJICHHAs MaTeMaTHYeCKas MOJIC/Ib O3BOJISCT OIICHUTL OOCCIICUMBAIOINKE JUHAMUYCCKHIC TOKA-
3aTeNd KoJieOaTeIhbHBIX TIPOIECCOB.

Cmamus nanucana npu UHAHCOBOU NOOOePICKe BLINOTHEHUS HAYYHO-UCCICO08AMENbCKUX PADOM
HayuHo-neodazo2uieckumMu pabomuuxamu ynpasienuem nayunoi pabomor CII6I'ACY 6 2023 200y.
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[lpoBeneH aHamM3 KOHCTPYKLIMHU HECYIIMX CHCTEM IWKAIOB, IAHHBIX CTATUCTHKH aBapyuil ¢ MX y4acTHEM W
Harpy304HbIX PEXMMOB TPH HCIBITAHUAX 10 Pa3HbIM TpaBHJIaM OLEHKH MaccMBHOM Oe3omacHocTh. Pazpabortan u
000CHOBaH PeXUM HarpyKeHHs CHelraIbHO Ui TPy30MacCaXMPCKUX aBTOMOOWIICH MUKAINOB C y4ETOM BO3IEHCTBUS
IPy30B Ha 3aHIOI0 CTEHKY Ky30Ba aBTOMOOWISA NpW (POHTAIBHOM CTOJNIKHOBEHMH. CpaBHEHBI IMpEeMMyIIecTBa W
HEIOCTaTK! ABYX METOIOB MOJIEIMPOBAHMA 110 NTAHHOMY PEXUMY HarpyeHus — (QPOHTAIBHBIA ymap W caja3koBoe
ucnbITaHre. MoaenupoBaHue OCYLIECTBISIOCH C MOMOLIBIO MporpamMmHoro kommiaekca LS-DYNA. Bo Bpews
3aMelJIeHUs MUKOBOE yCKOpeHHe rpys3a cocraBiseT okoyio 12 g. Ilo pesynbratam BUPTYalbHOTO UCIBITAHHUA Tpy3
BHeZpsics B KabuHy Ha riiyOuHy Oosiee 1500 MM, MONHOCTBIO YHUYTOXas BO3JIe CTEHKHU U3HEHHOE MPOCTPaHCTBO
naccaxupoB. TpebGyercs pa3paboTaTh KOHCTPYKLIMHU KaOWHBI M TPY30BO#i MIaThOpMBL, IPUMEHAA pa3Hble MaTepuaibl, B
TOM 4YHCIle, KOMIMO3ULIMOHHbIE U HOBbIE TEXHOJIOTMH COEAMHEHWH id oOecrneueHns] MPOYHOCTH, HECTKOCTH 3amHel
CTEHKM KaOMHBI TTHKarna, a Tak’ke MacCUBHOH 0e30MacHOCTH.

Knrouegwvie cioea: MeToq KOHEUHBIX 3JIEMEHTOB, IPY30MacCaXUPCKUE aBTOMOOMIH, JIETKOBbIE aBTOMOOMJIH,
nukansl, LS-DYNA, Harpy304HbIe PeXUMBbI.
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Abstract. The design of the pickup trucks load-bearing systems, the statistics of accidents with pickup trucks
and test load conditions in according to different rules of passive safety assessment are analyzed. A load condition devel-
oped and justified specifically for cargo-passenger pickup trucks is presented, taking into account the impact of cargoes
on the rear wall of the vehicle body in frontal collision. The advantages and disadvantages of two modeling methods for
this load condition, frontal collision and sled tests, were compared. The modeling was performed using the LS-DYNA
software package. The peak acceleration of the cargo during deceleration is about 12 g. Based on the results of the virtual
test, the cargo invaded the cabin by more than 1500 mm and completely destroyed the living space for passengers near
the wall. It is required to develop the cab and cargo platform designs by using different materials including composite
materials and new joining technologies to ensure the strength, stiffness of the rear wall of the pickup truck cab as well as
passive safety.

Key words: finite element method, cargo-passenger cars, light automobiles, pickups, LS-DYNA, load condition.
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BBenenune

JIOpOXKHO-TPaHCIIOPTHBIA TpaBMAaTU3M SIBJISIETCS] OJHOW M3 INIABHBIX MPUYMH CMEPTHOCTU BO
BceM Mupe. [To ranabiM BeceMupHOM opranu3anuu 3ApaBOOXpaHeHUs, exxeroqHo B pesyiprate J[TI1
ruOHet oxoJio 1,3 miH ven. Eme ot 20 10 50 MJIH Yell. oJy4aioT HecMepTelbHbIe TPaBMbI, KOTOPHIE
BO MHOTHX CJIy4asiX IPUBOIAT K HHBATUAHOCTH [ 1]. BaXHYy0 polib B CHIDKEHHH PHCKA TPaBMaTU3Ma
urpaeT maccuBHas OezomacHOCTh TpaHcmopTHHIX cpeactB (TC). CymiecTByeT Ienblid psia MpaBUl
EBpormeiickoii axoHommueckoit kommccuu OOH mo maccuBHON Oe3omacHoctn TC, BKIFOYEHHE
KOTOPbIX B HAIMOHAJIbHBIE IMTPOMBIIUICHHO-IPOU3BOACTBEHHBIE CTaHAAPTBl  CHOCOOCTBYET
MpeoTBpalleHuto Tubenu monel. JlaHHble NpaBUiIa MPONOJDKAIOT IMOCTOSHHO YTOYHSITBCS U
JIOTIOJIHSTBCSI, 0COOCHHO JIJI1 KOHKPETHBIX THUIIOB aBTOMOOUJIEH U pa3IMYHBIX BUJIOB aBapHii.

bonee 15 % obmero komuectsa TC, exxeroqno nonanaromux B JITT1 — nukanel, yetynaromue
[0 JJaHHOMY TapaMeTpy JMINb celaHaM. lIukambl — TUIIHYHBIE TPy30MaccakUpCcKue aBTOMOOWIIH,
MepeBO3sIIe He TOJIbKO Jofel, Ho U rpy3bl. [Ipu pe3koM TopMoXkeHUH, 1 0COOEHHO (GPOHTATIBHOM
CTOJIKHOBEHUU, TPY3bl MOTYT BBIPBAThCS U3 pEMHEN U NPOHUKHYTH B KAOMHY, UTO YacTO IMPUBOIUT K
CEphE3HBIM TpaBMaM W CMepTU BomuTesell u naccaxupoB. Hanpumep, B utone 2019 r. nerkoBoi
nukan Chevrolet Silverado 1500 M2013 c rpy3om Maccoit 1000 xr cTosikHyscs ¢ aepeBoM. Jlectauia
B I'PY30BOM OTCEKe MPOHMKJIA B KaOMHY uepes 3aaHee crekio (puc. 1, a). B ampesne 2018 r. nmukan
Chevrolet Silverado 2500 M2002 ¢ 272 Xt rpy3a, CTOJIKHYJICS C IEPEBOM Ha CKOpocTH 55 km/4. [py3
yaapwicst o kabuHy, B pe3yipraTe dero C-croiika KaOWHBI JedpopMUpOBaIach, CIIUHKA 3aTHETO
cueHbs Oblma ciiomana (puc. 1, 6). B oktsa6pe 2019 1. muxan Ford F-150 M2006, niepeBO3UBIIAIA
907 Kr rpy3a, CTOJIKHYJICS C IEPEBOM, IPU ATOM T'py3 YAAPHUJIICSA O MACCAXKUPCKUN CAJIOH W TPOHUK HA
30 cM B 3agHIOI0 YacTh cajoHa (puc. 1, B). B suBape 2019 r. nmukan GMC Sierra 1500 M20135,
MepeBO3UBINUIA 227 KI Tpy3a, CTOJIKHYJICS C IEPEBOM Ha CKOPOCTU 34 KM/, IPH 3TOM T'py3 YAaPUIICS
0 MACCAKUPCKUIA CaJIOH W Je(pOPMUPOBAIT 33THIOI0 MaHeIh MacCaKupcKoro cajiona (puc. 1, 1) [2].
Bce aTu npumepsl MOKa3bIBalOT, YTO MPU CTOJIKHOBEHUH TPY3, HAXOASIINICS B TPYy30BOM OTCEKe,
MOXET HAaHEeCTU TpaBMBl PA3]IMUHON CTENEeHW TSHKECTH BOMUTENO M Maccaxkupam. Hecmotps Ha
MaJIOYMCICHHOCTh MCCIIeJOBAHUN M HEAOCTATOYHOCTh CTATUCTUYECKUX JAHHBIX MO 0€30MacHOCTH
I'py30B B [IUKAaIax, HE CJIEyeT OCTaBJISITh ATOT BOIIpocC O0e3 BHUMaHusl. J{Jis mpejoTBpallieHusl pUCKOB,
CBSI3aHHBIX C I€peMEUICHHEeM I'py30B, B HACTOsIIEe BpeMsl JEHCTBYIOT IpaBuia, Hampumep, IO
KpEeIUIEHUI0 TIpPy30B M MPOYHOCTH cujeHuil. Ho OHM OKa3bIBaloTCs HEIOCTATOYHBIMU IS
obecrieuenus: OezomacHOCTH BojguTenell M  maccaxxupoB. OTCYTCTBYIOT HUCCIEOBaHUS O
PEKOMEHTy eMbIX peXKMMaX UCIBITAHUM CIIEIUATBHO JIJIS JIETKOBBIX MTAKAIOB.
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Pac. 1. Ilpamepsr ATTI nnkanos, CBA3AHABIX €0 CMEIICHAEM IPy30B:
a) Chevrolet Silverado 1500, 6) Chevrolet Silverado 2500, 6) Ford F-150; &) GMC Sierra 1500

Fig. 1. Examples of pickup truck accidents associated with load shifting:
a) Chevrolet Silverado 1500, 6) Chevrolet Silverado 2500, 8) Ford F-150; 2) GMC Sierra 1500

enp HecnenOBARHS

Lensio HacToAImEeH pabOTH ABIAETCSA UCCIIEIOBAHUE H O0OCHOBAHME PEKUMOB HAIPYKEHUS
naxanoB npu OTII ans obecnedeHns NpPOYHOCTH, XECTKOCTH M IAcCHBHOH OezomacHOCT M
anpobanya uX OpuMeHeHus Ha npumepe asToMobuns Chevrolet Silverado pns BRISBIEHUS TDKECTH
nocneAcTHH yaapa. [1pm 3ToM OCHOBHOE BHAMaHHE COCPENOTOYEHO HA OLEHKE MPOIHOCTH 3aTHEH
CTEHKU ITHKama.

AHAJIH3 NPABAJI IO NPEAOTBPAICHAI0 PHCKOB, CBA3AHHBIX CO CMEIICHACM IPYy30B
M ompeje/ieHHEe peskAMA HACPYKeHAS 119 NAKANOB

B macrommnee BpeMA cymectsyeT paa npasun EODK OOH, cornacHo KOTOpEIM NpPOBOASTCS
ACIHITAHWA ¥ MOAESJIMPOBAHHE AJIS ONECHKH 0€30macHOCTH JIETKOBHIX aBTOMOOMIEH, B TOM 9HCIE,
nuxanos. Hanpumep, npaeuno ESK OOH Nel2 — zammrta BoauTens UpH PpOHTATEHOM yaape Ha
ckopocT 48,3 U 53,1 xM/4 co 100 % mepexphiTHeM o kecTkud Gapbep; Ne 95 — TpeGoBaHue X
TTacCUBHOH 0e30MacHOCTH aBTOMODMIA IpA OOKOBOM yaape Ha ckopocTH S0 KM/M IOEBHXHEIM
nedopmupyronmmMcsa 6apsepoM. Bee octampHile ucnbiTanus (EBponeiickuii KOMUTET UCHBITAHUS
HOBEIX aBTOMOOUNeH — Euro NCAP; AMepUKaHcKas HallAOHAJIbHAA aAMHUHHCTpans 0€30MacHOCTH
OOpOXHOrO ABMWXeHUS — NHSTA; CTpaxoroif MHCTUTYT JOpOXHO# OesonmacHoctd — JIHS u ap.)
$a3upyIOTCA Ha METOOUKE AaHHKIX MM NOZpoOHHX IpaBui. B mocneaHne roqk KBa3sUCTaTHYCCKOES
FACIBITAHWE Ha IPOYHOCTh KpPHIIIA JIETKOBBIX aBroMoOmned Ovuto nobaBneHO B CTaHOApTax
acneiTapnit [[HS. Bce BHmEyKasaHHHE HOPMAaTHBH OmUm pa3palOTaHH M IACCAKHPCKHMX
aBTOMOOWJIEH M HE YYHTHBAIM COSUM(HKA Ipy300aCCAKEPCKUX @BTOMOOHIEH — TOro, 9ro
[py30IacCaXXUpCKUe aBTOMOOMIIM MOLYT OBITH 3arpy)XeHbl TIpy3aMu, KOTOpHE OpU pPe3KoM
TOPMOXCHAA H JIOOOBOM CTOJNKHOBEHMM, B CHJIy CBOHX MHepuuii, OyAyT CMemaThCcd BIEpeE],
[IPOHUKATh B KabMHy M pa3pymiaTh XHU3HEHHOE NMpOcTpaHCTBO. CeromHs INMaBHEIM pelleHUEM ANSA
NIPeSOTBPAIICHAS. HECIACTHRIX CIYYIAaeB M CEePhE3HHX TPaBM, BHI3BAHHHIX IIEPEMEMMEHUEM IPY30B,
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CIUTACTCA UX KpelicHUe. OCHOBHBRIM HOPMAaTUBHEIM JOKYMCHTOM SIBILIETCS €BPONEHCKUE cTaHIapT
EN 12195 — «Kpennenre rpysa. besonacunocts». CyTh €ro 3aKI0O4aeTcs B TOM, 9TO KPEMEKHEIE
CTSKHEBIE PEeMHH, LEMH, TPOChl WM Jip. 00eCHEUHBAIOT MPUBA3HYIO CHIY OPOTUB MHEPIUH ITpU
3aMeIeHAN. MaKCEMAIBbHOE 3HaYe e PABS3HON CHIE paccauTHBaercs 1o dopmyne F = mcyf,
rae F — MakcMManbHOE 3HA9UCHHE KBAa3UCTAaTUYECKOM CHIBI;, m — Macca Irpysa; g = 9,81M/c2 -
YCKOpeHHE CBOOOAHOTO MajgeHus; ¢, = 0,8 — Koo PUIMEHT rOpU30HTATBHOTO YCKOPEHUS BICpEa;
fs = 1+ 1,25 — xoabPunnent 6e30nacHOCTH.

OmHaxo, eClIi peaTbHOe 3Ha9SHRe YCKOpeHKs rpy3a Oonpme, ueM 0,8 g, KpenexHaHe peMHR
OyIyT HampAKEHBI BRINIE JOIYCTUMBIX IPEe/IeIoB, B pe3y/IbTaTe Yero OHU 10NAIOTCA U TEPSIOT CBOIO
NPUBS3HYIO cr10c00HOCT. [IpobneMa 3axmrogaeTcs HMEHHO B TOM, 9T0 B PeaIbHOCTH NP 1000BOM
yaape yckopeHHe rpyza coctaBmier 10 + 20g . B pesymbrare mpaBuia KpelIeHHA I'Py30B He
ofecrmeurBalOT NacCHBHyO Oe3omacHocTs mukanos npu JITII. Ha camoM Jene B KBa3UCTATHUECKUX
IKCIIEPUMEHTAX TPYZHO CMOOEIVMPOBAaTh TO, 9TO NPOMCXOAWT IIPH CTOIKHOBEHHH Ha BBICOKOH
CKOpOCTH. JINIf MOSCHEHHA 3TOH TOUKM 3peHHS MOXHO 00paTHTBCA K CTaHAApTAM WUCIEITaHWA
rpy30BuX aBToMoOmnedt mua obecnezenns ux GesonacHocTH. ITpaBunmo EDK OOH Ne29.02 u
IBeackuii cranaapr VVES 2003:29 mpeanazHaq9eHsl A 3aI0UTH BOAUTENS B KaOMHE IPy30BUKOB.
Ob6a oHM BKIFOUAIOT UCTIKITAHUE IO IPOIHOCTH 3aAHeH CTeHKH KaOuHEL. Mcnuranue B npasune EDK
OOH Ne 29.02 ssnserca KBasAcTaTWdeckuM. IIpH HCIEITaHWMM 3a0HAd CTeHKAa KaOHWHE 9epe3
YKECTKYIO IJIMTY Harpyxaercd ropu3onTansHoi cunoit 0,2 mg. Mcnwnitanue B [1IBeagckom ctaHgapte
— puHamMudeckoe. [IpsMoyrombHbIA MagTHMK Maccol 1 T yaapser O 3aJHIOK CTEHKY KaOHHH ¢
yAapHOY sHeprue# 29,4 xJx.

Roof Strength Test (B) Roof loading (A)
147kN (or 2x max, GVWR)
(the one which lower}

Rear Wal

Steogth Tewt (C)

Fe LESHKNR
A Pillar (B) Rear Wall (C)
204 0) 29.4kJ
L1600mm 500x500x1600mm
¢ 600mm 10001000k
100C-1500kg

Puc. 2. HcopiTanng oo IIpasuaam EDK OOH Ne29.02 u VVES 2003:29
Fig. 2. Tests according to UNECE Regulation N229.02 and VVFS 2003:29

Panee HEKOTOPHIC YUCHEIC CYMTAIM, UTO 3TU JBA HCIIKTAHUA SKBUBAJICHTHE, HO 3TO HE TaK.
brun npoBeaen SKCNeprMEHT, KOTa Ipy30BHK, coOTBeTCTBYIommAR TpedoparnsmM EOK OOH Ne 25.02,
¢ | Trpy3a CTOJKHYJICA CO CTEHKO# Ha ckopocTd 30 kM/4. OKa3anock, UTo rpy3 NEPEMECTUNICS BOEpEa
H pa3pyIna xKA3EeHEoe npocTpascTBo [3]. B 2011 r. 65m npoBeneHH HCIHTAHKS OTHOK H TOM JKe
KaOWHEI IO ABYMS CTaHZApTaM. Pe3yibTaTs MoKa3aHH Ha rpaduxe. MakcEMabHOE epeMeeHAE
3anHel CTeHKU KaOUHH Ipy30BHKa Ipy KCTIKTaHuaX 1o npasury EQK OOH Ne29.02 coctapnser 25
MM, UTO COOTBETCTBYET IpaBHi1y. OJHAKO MaKCHMATEHOE 3HAUCHWe JedopMalliu 3agHEl CTEHKH
KaOHHBL — 275 MM, YTO COOTBETCTBYET HapyIIEHHIO XXU3HEHHOT0 NPOCTpaHCcTRa [4].
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Puc. 3. I'paduk H3MeHeHHii mepeMelieH i 3a/1Heli CTEHKH NPH UCOLITAHUEX N0 Pa3HLIM CTAHAAPTaM

Fig. 3. Graph of changes in back wall displacements during tests according to different standards

13 panHBIX TPAMEPOB MOXKHO CAENATH BHIBOX, YTO TOIBLKO JAHAMAYECKAE HCITLITAHUA MOTY T
obecreurTs peaabHble X TOYHBIE Pe3yIbTaTkl BO3AEHCTBUSA IPy3a Ha 33JHIOK CTEHKY kKabuHul. Kpome
KPENEKHRX PEMHEH, IPOIHbIEe CAACHBA A IIOATOIOBHHKK aBTOMOOHIISH TOXe MOMOTaloT ITONIOMATh
YAAPHYIO SHEPrHi0 OT Ipy3a. OT10 perymupyerca npasunom EDK OOH Nel7 — «TpebGoeanue x
[POYHOCTH CUACHHN H MOATOMOBHUKOB» K ¢X0xkuM mpapuwioM UCO 27955 «KpenneHus rpy3os B
IaccaXXApcKax aBToMoOMLTX B MHoroueneBrx TC. TpeOGoBards 1 METOAE! HCOEITAEAAY . VicIEITAHRE
SBNAETCA AWHAMWYECKAM. B MOMEHT ynapa cKOpOCTb aBTOMOGHIA K rpy30B cocTaBigeT 5032 xm/g.
B nmponecce ucnbiTaHUA 3HaUYeHHE 3aMe/JIEHHA AODKHO MONAcTh B AuanasoH puc. 4, 6. Baraxu
Maccod 18 u 10 Xr ymapsioT 0 CIIMEKA CHACHHH H IIEPEropoIKy, YIAPHEIE SHEPTHH COOTBETCTBEHHO
paBHel 1,7 u 1,0 x/Ix. Takoe uMcOrITaHHE NMPEXHA3HAYECHO IS 3aIlMTEI BOAUTENA M IACCAXKUPOB
[acCaXUPCKUX aBTOMOOUITEH IIpK cMemeHun Oaraxa. ITuxansr oORYHO NepeBo3AT ropa3no Gobomi
BEC.
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|77 o (|
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Prc. 4. Hemprramme oo Ipasaay E9K OOH Nel7
Fig. 4. Test according to UNECE Regulation Nel7

AHaTH3 MOKA3KBAET, UTO CErOHA He CYMIECTBYET PeXUMOB, PEKOMEHIOBAHHAIX CIEIHATBHO
IULA TPY30TIaCCAKAPCKMX AaBTOMOOHIIEH ITMKAIIOB ¢ YIeTOM DeMCTBHA IPy30B Ha 33JHIOK CTEHKY NPH
¢dpoHTaNBHOM cTONMKHOBeHHU. Tpebyercd OOOCHOBATH HArPY3OMHEIN pEXUM TIHKANOB IS
obecregennsl uxX OesonacHocTH. KBasmcTaTMYecKHe HCNHITAHAS BO3ZEHCTBHSA Ipy3a HA 33JHIOIO
CTEHKY Ky30Ba OKa3aJIACh HECIIOCOOHE CMOAEMAPOBATh peanbHyl0 cutyanuio JTT]. IuaaMradeckne
HCIEITAHHA CPABHUTEIBHO XOPOIIO UMHTHPYIOT pealbHhI poLece yaapa rpy3a 1o 3aaHel CTeHKe
Ky30Ba. Jlajiee Haxo ONpeAeNTh KOHKPETHEIE DTapaMeTPEL AN JAHAMAYECKOr0 HCOHTAHAA. [lepBEM
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W3 HUX SIBJISIETCS CKOPOCTh TPY30B B MOMEHT yJapa, KOTopas B HaWOOJBINEH CTEleHU BIUSET Ha
pesymeTaT yaapa. Ilo pesymeraTtam mccienoBanuit (Sam D. Doecke u np., 2020), BeposSTHOCTH
MOJTYYEHHS] MACCaXUPOM CEPhE3HBIX TpaBM B aBapum cocTaBisier 10 %, eciam ckopocTh yaapa
aBTOMOOWIISI Tpu  (PpOHTATHPHOM CTOJKHOBEHHMH cocTaBisieT 53 km/4 [5]. UM3BecTtHO, dTO
«0e30macHbIE)» CKOPOCTH (PPOHTAILHOTO CTOJKHOBEHUS JIJIS1 Pa3HBIX THIOB JIETKOBBIX aBTOMOOUIIEH
He pa3nuyarorcs. PazHble nmpaBuiia (PPOHTAIBLHOIO CTOJKHOBEHMS JIETKOBBIX aBTOMOOMIIEH ObLIN
pa3paboTaHbl C Y4eTOM JaHHBIX M MOAPOOHBIX HcCcleqoBaHUN. B OCHOBHOM Ha Hee BIMSIET
OTpaHUYEHHE CKOPOCTH, a He TUI aBToMoOwWiel. Takke aHamM3 JAHHBIX CTATHCTUKH THKAIOB B
cucteme BeIOopounbIx uccnegoBanuit J[TIT (CISS) mokazbiBaet, uto 601ee 90 % aBapuii TpOUCXOIIT
IpU CKOPOCTU CTOJNIKHOBeHUs MeHee 50 km/u (puc. 5). 992 u3 1057 nerkux nukamoB (94 %),
nonasimux B JITTI ¢ 7060BbIM CTOIKHOBEHUEM U MOJIYYHUBIIUX JAHHBIE O CKOPOCTH B miepuoa ¢ 2016
1o 2021 rr., umesm 6aphepHYIO SKBUBAJICHTHYIO CKOPOCTh, MEHEe W paBHYIO 50 Km/4.

0 25 50 75 100 125

BAPbEPHAA 3KBUBANEHTHAA CKOPOCTb MPU JIOBOBOM YIOAPE (KM/Y)

Puc. 5. /lannblie CTATHCTUKYU pacnpeneieHusi 0apbepHoii JKBUBAJTEHTHO CKOPOCTH
JIErKOBBIX MUKANOB NpH (poHTaILHOM cToakHoBeHun [ TII

Fig. 5. Statistics on the barrier equivalent speed distribution of passenger pickup trucks
during a frontal collision

B nHacrosimee Bpemst pakTrdeckn 00IMEnpUHATO, 9TO JAJIs (PPOHTATHEHOTO CTOJIKHOBEHUS BCEX
THUIIOB JIETKOBBIX aBTOMOOMIIEH, BKITFOUAsl MUKAIbBI, «0e30MacHas» CKOpocTh cocTaBisgeT 50-56 km/d.
B peanpHOM BCOBITAHNE CKOPOCTH J1000BOro Kpami-tecta Eruo NACP s mukanoB coctaisieT 50
Kkm/4; a B NHSTA — Ha ckopoct 56 kM/4. Ha 50 xM/49 611 TpoBe/ieH psii GPOHTABHBIX UCITBITAHUI
TaKuX Mojesei, kKak Mercedes-Benz X-Class, VW Amarok, Ford Ranger u T.1., a Ha 56 KM/4 OblIH
npoBeaeHsl ucnsltanus st Ford F-150, Silverado 1500, Ram 1500 u np. I1ocKoJIbKY MCIIBITaHUS
0e30macHOCTU 3a/Heil CTeHKHM cajoHa MOTYT (M B HJeajie OJDKHBI MPOBOAUTHCS) COBMECTHO C
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(pOHTATHHBIM CTOJIKHOBEHUEM, TO CKOPOCTH CTOJIKHOBEHHUS IODKHA OBITh TaKOH XK€, Kak U CKOPOCTh
no6oBoro kpami-tecta. [loaToMy cumTaeTcs, 4TO XapaKTe€pHAs CKOPOCTh NpPU HCIBITAHUSX HA
MPOYHOCTH 3aJHEl CTEHKU Ky30Ba MUKAMOB JODKHA cocTaBisaTh S0 km/a (13,9 m/c). VcnipiTanue
CUMTAIOT BBIIEP)KAHHBIM U B TOM CITy4dae, €CJIM ero MPOBOAST IMPH OOJIbIIEN CKOPOCTH IPU YIape H,
€CJI ITUKAIl OTBEYAET IPEeIbSIBIIEMBIM TPeOOBAHUSIM.

BropeiM napameTpoM siBJIsieTCsl Macca Tpy30B. [Iukanbl oTIMyaroTcest Apyr OT Apyra MOJHOMN
Maccoii TpancnioptHoro cpeactsa (GVWR) n MakcuMalibHOM Ipy30II0ABEMHOCTBIO. B TaHHOM cTaThe
paccMOTpUM TOJBKO JierkoBoil mukam (class 2), koTopblii coctaBiser 79 % pbhlHKa TUKAMOB U
SIBJIIETCS] CAMBIM PACIIPOCTPaHEHHBIM BO BceM Mupe. [ToHas Macca JTerkoBhIX MUKAMOB MeHbIe 10
000 ¢ynTOB, T.€. 4,5 T. MakcuMasbHas TPY30MOIBEMHOCTD JIETKOBBIX MUKAMOB COCTABJISIET OKOJIO 1
000 xr. B 6a3e CISS ects nannsie o 3arpy3ke nukanoB Chevrolet Silverado, GMC Sierra n Ford F-
Series B MoMeHT aBapuu ¢ 2016 . DTy nuKamnbl 3aHUMAIOT caMbl€ BBICOKKE MO3ULIMM HA pblHKE. B
2022 1. Ha phIHKE Mpojad cOOTBETCTBEHHO 520 936, 241 521 u 653 957 equHuUIil, YTO COCTABIISIET
6omee 50 %. B 6a3e CISS 6pum 3apeructpupoBansl qansbie 0 849,301 u 961 JITII cooTBeTCTBEHHO.
KommuecTBO 3aperucTpupOBaHHBIX JaHHBIX, YIOBJIETBOPSIOIIUX TpeOOBaHUAM il oTOOpa IO
CIIEAYIOIUM TpeOOBaHUSM: HeHyJeBas Tpy30Basi Harpy3Ka; He MOJACOeIUHEH MPHUIeN COCTaBUIIO 79,
29 1 96 cOOTBETCTBEHHO.

0 200 400 600 800 1000

MACCA TPY3A B NIATGOPME B MOMEHT ABAPUM (KT)

Puc. 6. /lanHbIe CTATHCTHKHA pacnpee/ieHHsi Macc rpy30B B IJIar¢opMe NUKANOB
Chevrolet Silverado, GMC Sierra n Ford F-Series B MOMEHT aBapuu

Fig. 6. Statistics on the distribution of cargos mass in the platform of Chevrolet Silverado,
GMC Sierra and Ford F-Series pickups at the time of the accident

Ha puc. 6 npencraBieHbl JaHHbIE CTaTUCTHKU [0 Macce rpysa 3TUX MUKAIoB HA MOMEHT
J00OBBIX CTOJIKHOBeHMH. BhIsiBiieHO 63, 24 u 73 cirydaeB ¢ rpy3oM He 6osiee 200 KT, 9TO COCTaBIISIET
80.8, 82,8 u 76,0 % cootBeTcTBeHHO. B nTore mpumepHo B 80 % ciryuaeB OblIa Harpy3ka oT rpysa ¢
Maccoil MmeHee Wi paBHO# 200 kr, a mpuMmepHO B 90 % ciryuaeB — MeHee uim pasHoi 300 xr. U3
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aHaJM3a CTATUCTUKH BEIOHpaeM 200 KI KaK «XapaKTCPHYIO» MacCy A4 MCIRTAHHA NMPOYHOCTH U
TTACCHBHOH 0€30MacHOCTH 3aqHel CTEHKA Ky30BoB ITUKAIoB. [Iprawna srbopa 200 kr 3axmodaercs
B TOM, UTO GONMBIIMHCTBO COBPEMEHHRIX IMUKAMOB KOHCTPYKTHBHO HE CIOCOOHRI BEAEPXKATH yaap
Tpy3a TaKOH MACCHL, IIO3TOMY BRIDOP AL ACIILITAHAA OOIBIIEro 3Ha9eHUs He AMEeT CMEIcHa. Jpyras
IIpAYHHA MOXeT OBITE HalAeHa B MexayHapoaasiX cTangapTax ESK OOH Nel 7 m mBenckoit HopMe
VVES 2003:29, roe macca ACOBITATENLHOTO 0/10Ka (MasgTHHKA) TAKKe NPUMEPHO HE MPEBHILAIOT
OJHOM NATON OT MaKCUMAJILHO AOLYCTUMOM Harpy3Ku.

ITukansl NepeBO3AT caMbIe pasHOOOpasHEIe Ipy3hl. Hanpumep, MOTOIMKIIE, CTPOUTCILHAIC
MaTEepHaNIEl, CEJIbCKOXO3AHCTBEHHRE HWHCTPYMEHTH, Mebems u ap. [alapmTel rpy30B Takke
pazHooOpa3Hbl. B gHaHHOH cTaThe [/ aHA/M3a MCHOMB3YyeTCA pa3Mep YIAKOBKM ToBapa. B
COOTBETCTBMH C MEXIYHAPOZHEIMHA CTaHIapraMH pa3mepoB ynakoBku I[SO 3394, nambonee
TUOUYHBIE pa3Mepkrl Ipy3oe caegyrowue: 1200*1000%500, 600*400*500, 400*300*400. C uemsio
OLpPEACNeHUsT CaMoro onacHoro rabapurta Ipy30B CpedyM TUNHYHEIX pPasMEpoB, NPOBENEM psil
IpeABapUTENBHBIX pacueToB Ha KOM nukana cpeiHero ypoBHA IIPH yAapax [0 TePeropoake rpy3aMu
Pa3HEIX pa3MepoB U 3adukcupyeM nedopMalliio meperopoaku nocne yaapa (puc. 7). CoeauHeHue
MEXKAY EePeropoaKaMy M Ky30BOM CHATAETCA HepaspymaeMuM. C yMeHRbIIEHHEM IrabaprATOB TPy30B
MaKCUMaJTbHOE CMEINECHUE Neperopoaky yeemiuusaeres ¢ 217 1o 338 mm. IIpu MeHBOIEM paszMepe
IPy3a UMEET MECTO MEHbBIIAS IUIOINAAbL KOHTAKTA CTEHKHU U IPy34a, 3HAYUT, YBEIMIUBACTCA CHIA yaapa
Ha eJJMHUILY TUIOLIA/ 4, 9T0 IPUBOAUT K Sonbiueii fedopmaiiuy u 6oabnieit BepoaTHOCTU pa3pylIeHUS
KOHCTpYKUMHA. PasHuua Mexay pesyibratamMa Ne 2 m Ne 3 HeBelMKa, TaK KaK BepXHAA KPOMKa
IIepeAHeH NePEropoaKU rpy30BOro O0Tceka cBoOOIHA U HE IMEET OrpaHHYIEHM, 3Ta 001acTb Gonee
CKJIOHHA K Je(hOopMalIHu.

Makcnmanbhag

aedopMaLs: 21T 328w R

Pnc. 7. [lepeMemenns cTeHKH OpH yiape GWIOKOB pa3HbLIX raGaparon

Fig. 7. Wall displacements at impact of blocks of different sizes

TaxuM oOpazoM, npeanaraeTca J0OABATE HAr Py309HEIH PEXHEM, IIPH KOTOPOM MCIIBITBIBAETCS
[OPOYHOCTE K JKECTKOCTE Mepe/iHel CTEHKH TPy30BOTO OTCEKa U 3aAHeM CTEHKM Ky30Ba IIMKAalloB.
Bo3MOXHEI aB2 BuAa ucnuTanmni. [IepBriit — 310 npsMoit Kpam-Tect. cnHTaHREe PEKOMEHAOBAHO
Tak: rpy3 400*300*400 mM Maccoii 200 kr pazMelnaeTcsa B TPY30BOM OTCEKE IIMKANa B MPOBORUTCS
Kpam-TeCT aBTOMODMIIL C IpPy30M NpH (PPOHTAIGHOM CTOJIKHOBEHHH €O CKOpPOCThIO 50 KM/d.
IToBepxHocTe mnomazapio 400%¥400 MM gomkHa OmTE oOpameHa Brnepea. Ipys JomDkeH
pacmoJyiarateCsi Ha paccrosHmu 200 MM OT nepelHell NaHENIH TPY30BOO OTCEKA W IO LEHTPY
OTHOCHTENEHO IPOAOIBEHON OCH. BTOpoi MeTon — 3T0 canaskoroe HCOhTaHue. ToT e caMEni rpy3
pazMemaeTcs B TOM K€ MONOXEHUM B TPY30BOM OTCEKE MKAaMa 1 Ky30B (UKcUpyeTcs Ha nuardopme
KaTalyJsTe. Jlanee IaTdopMa pasroHA€TCS W TOPMO3HT ¢ 33JaHHEIM 3aMENIeHHeM (MM NpAMO
Pa3rOHAETCA ¢ 33/IaHHEIM ycKopeHreM). [Ipu 3ToM peamusyeTcs rpaduk yCKOpeHU, MONY4eHHELN [0
pe3yIbTATAM PacyeTa B MOJHOH NOCTAHOBKE NPH MOLEIMPOBAHMHM NOJHOLEHHOIO Kpam-TecTa
AAHHOIO IHKAaIma.
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Ky20B MUKANoOB CYUTAETCA BRIAESPKABIIMM 3TO HCIEITAHUA, €CJIA COXPaHEHO HeoOXomuMoe
XH3HCHHOC [IPOCTPAHCTRO AJ14 NACCAXXUPOB 3aJHEr0 CHACHUA U (MIK) A1 IaCCAXUPOB NCPEIHEro
CHAZEHUS ¥ BOOUTENA B CIIydae aBTOMODMIEH ¢ TOMBKO OOHAM PAOOM CUACHAR.

Memoo 1: a) kxpaw-mecm:
1) 3amaeTcsa CKOPOCTH yaapa paBHON 50 KM/u;
2) 3azaeTcs Macca rpy3a pasaoi 200 K
3) pazMeps! rpysa — 400*300*400 MM.
Memoo 2: 6) canaskoeoe ucnvimanue.

1) 3agaercsa CKOpOCTh yHapa paBHO# 50 kM/g;
2) 3aJaeTcid TAKOC KE YCKOPCHME KATamy/JbThl, KaK y [MKama B NOMHOM TIOCTAHOBKE IIPH

MOICITAPOBAHHUH ITIOJTHOLEHHOI'O Kpall-TECTA,

3) 3agaeTca Macca rpy3a pasHoit 200 kr;
4) pasMepr rpy3a — 400*300*400 mm.

Pe3yabTaThl HMATHPOBAHASA
B kagecrBe 00beKTa BRIOMpaeTca Ipy30NacCaXupCKuii aBTOMOOHIIL THIIA «ITHKAI», MOZEIb

Chevrolet Silverado 1500 MY2014. beim IpoBeeHH HCIEITAHAA 10 BBIMIEYKA3aHHEIM PEXKAMAM
HATPY>KCHUSA B KOMITBIOTCPHOM KoMILiekee LS-DYNA (puc. 8).

Puc. 8. Ilonmxkenne rpy3a B KOHIE BCOLITAHAK

Fig. 8. Position of the cargo at the end of the test



Mawunocmpoenue u mpancnopm: meopus, MexHO102U U, HPOU3EOOCHBO 79
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Fig. 9. Acceleration of vehicle and cargo
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Puc. 10. Cxopocth aBTOMOONIA U TPY3a

Fig. 10. Speed of vehicle and cargo

B ucnpiTaHMM MakcHMalbHOE YCKOpeHHe aBToMoOmIIs (1iargopmsl), coctapistomee 259
m/c? (26,4 g), BosnukaeT Ha 60 McC; MaKCUMAllbHOE YCKOPEHHUE IPy3a, pacCUMTAHHOE 110 METOY 1,
cocrasysteT 115 m/c? (11,7 g), Bo3HuKas Ha 81 Mc; MAKCUMAJIBHOE YCKOPEHHE TPy3a, PaCCUUTAHHOE
o metony 2, coctasiusger 127 m/c? (12,9 g), Bo3nukas Ha 82 mc. IlorpemHocTs MeToga 2 cOCTaBIIET
10 % 1o cpaBHEHMIO C METOAOM 1; /Uil yCKOpeHuUs: OHa BHOJIHE Jonmyctuma. CKOpoCTh aBTOMOOMIIS
(mnaTdopMbl) ynana 10 Hyjs Ha 84 Mc; CKOPOCTb I'py3a He yIaJa 0 HyJs, 10 KOHIa 0CTaBasich 5,5
M/c. TTOCKONBKY CKOPOCTH SIBIISIETCSI WHTErpalioM OT YCKOPEHHUs, TpaduK CKOPOCTH MOXKHO
paccMaTpuBaTh KakK €CTeCTBEHHBIN GuibTp 11 rpaduka yckopeHus. KpuBbie ckopocTd IpaKTH4eCKH
COBIA/IAIOT, U MOXXHO NPEINOIOKUATh, YTO Pa3HUIA MEXKIY pe3yJIbTaTaMH, IOJTy4YEHHBIMU JIBYMS
MeToJaMH, O4eHb MaJsia. MaKkcUMalibHasi OTHOCUTENIbHASL CKOPOCTh MEXK/y HUMU cOCTaBisieT 8,9 m/c.
OtHocHuTenbHOE cMenieHue rpy3a Oosbme 1500 mm. Ilpu 3ToM HapymaeTcs >KU3HEHHOE
MPOCTPAHCTBO JUJIsl 3aJHUX HaccaXHpoB. BO3HMKaeT HEOOXOOUMOCTh pa3palOTKH KOHCTPYKIMMA
KaOuHBl U Tpy30BOM NIaTGOpMbl C IPUMEHEHHEM pa3HbIX MaTepHaloB, B TOM YHCIE,
KOMIIO3UIIMOHHBIX ¥ HOBBIX TE€XHOJIOTMH I oOecliedeHus] IPOYHOCTU KAaOMHBI MMKama, a TakxkKe
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naccuBHOU Oe3omacHOCTH. [T0CKOIBKY pe3yabTaThl MOJEIMPOBAHMSI TOKA3BIBAIOT, YTO MPOYHOCTH U
KECTKOCTh 3aJ{HEH "YacTh KaOWHBI CIUIIKOM HU3Kas, CIEAyeT TakkKe paccMOTPeTh W UCHBITATh Ha
nuKanax MPOYHOCTh M JKECTKOCTh CIHUHOK 3aJHUX CUJECHUA U MOATOJOBHUKOB. CIUHKH U
MIOJITOJIOBHUKY SIBJISIFOTCSI BAXKHBIMU CHIJIOBBIMHU 3JIEMEHTaMHU JIJIS 3aIUTHI BOJAUTEJS U TTACCAXKUPOB B
cllydae CMEIIEeHHUs TPy30B.

3aBMCUMOCTb 3HEPTUM OT BpeMeHu (meToz 1) 3aBMCMMOCTb 3HEPTUM OT BpeMeHu (meToa 2)

300 300

250

250

200 200

é meTof 1 KMHEeTUYecKan aHeprua é MeTOof, 2 KNHETUYECKaA aHeprua
x X \
z 150 meToq, 1 BHYTPEHHAA SHeprua = 150 \ METOp, 2 BHYTPEHHAA SHeprma
S meToa 1 nonHas sHeprua s MeTOop, 2 NONHAA 3HepruA
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Puc. 11. I'paduku 3aBHCHMOCTH TIOJIHOI 3HEPIrUH,
BHYTPEHHel JHepruu ¥ KHHeMATH4YecKOii FJHepruu aBTOMOOUIISA € IPY30M OT BpeMeHH

Fig. 11. Total energy, internal energy and kinematic energy of loaded car as a function of time

Kpussle rpaukoB M3MEHEHUH SHEPT Ui IPU pacyeTax 1o 3TUM JIBYM METOaM pa3iidatoTcs.
B metone 1 mpoucxonuT CTOJIKHOBEHNE aBTOMOOMIIS € KECTKOU CTEHOI, M IOJIHASI SHEPrHsl CUCTEMBI
OCTaeTcsl MOCTOSHHOM Ha INPOTSHKEHUM BCEro Ipolecca; B METoAe 2 KaTallyJbTa U aBTOMOOWIIb
3aMeIBIIOTCS 38 CUET MPWJIOKEHUS BHEIIHEro 3aMeJIeHUs (CHJIbI), W IOJHAs SHEPrusi CUCTEMBI
YMEHbBINAETCS Ha MPOTSDKEHUH BCETO Ipoliecca B pe3yJibTaTe paboThl, COBEPIIEHHOW BHEITHEN CHIIOM.

Puc. 12. OcHoBHBbI€ 3j1eMeHTHI NOIJIONIeHHs] SHEePruH yaapa rpysa

Fig. 12. Main elements of load impact energy absorption
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nOFI'IOLLI,EHVIe 3HEeprnMm OCHOBHbLIX KOMMNOHEHTOB

e \1eTOZ, 1 334HAA CTEHKA KabUHbI e \eTos 1 yCuAnTeNb 3a4Hei CTEHKU KabUHbI
meToz 1 nepeaHas neperopoaka naathopmel e \\eTO/, 2 334HAA CTEHKA KabWUHbI
= \1eTOJ, 2 YCUINTE/b 334HEN CTEHKN KabUHbI e \\eT0/, 2 NepeaHAs neperopoaka naathopmol
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Puc. 13. I'paduk 3aBHCHMOCTH KOJINYECTBA MOIVIONIEHAS YHEPrun
OCHOBHBIX KOMIIOHEHTOB OT BpeMEHH

Fig. 13. Energy absorption quantity of main elements as a function of time

DHeprus yaapa rpy3a B OCHOBHOM IMOIJIONIAETCS] KOMIIOHEHTaMU, MOKa3aHHBIMU Ha puc. 13.
B 3anneit yacTi KaOWHBI OCHOBHBIMY M3 HUX SIBJISIFOTCS JJ1s1 00OMX METOJOB TIE€PETHSIS TIEPEropoIKa
Tpy30BOM TIaTGOpPMBI, 3aHsISI CTEHKAa KaOWHBI U YCUJIMTENb 3aJHel CTeHKH KaOmHbI. KommdecTBo
SHEPruy, MOTJIoMAaeMOl dTUMH KOMIIOHEHTaMU B O0OMX MeTo/ax, Mmoka3aHo Huxe. [lorpemHocts
MeTo/a 2 10 CpaBHEHUIO ¢ MeToaoM | Takke He npeBbimaet 10 %.

Tabnuua 1.

Iornomaemasi 3Heprusi OCHOBHBIX KOMIIOHEHTOB B MeTone 1 u metone 2

Table 1.

Absorbed energy of main elements in methods 1 and 2

Tlornomaemas 3ueprus (kx) Merton 1 Meton 2 TlorpemHocTs

niepeTHsIsE TIeperopoKa niaargopmbl 2,81 2,83 1%
3aIHSs1 CTEHKA KaOWHEI 1,29 1,20 7%
YCUJIUTEITh 3a]JHEH CTEHKU KaOWHBI 0,70 0,76 9%

C-cToiika ¥ KpBIIIKA MOYTH HE BOCIPHUHSUIA SHEPrUI0 H3-3a pa3pylIEHUWH CBapHBIX
COCIMHECHUI MEXJy HEel W 3aJHell CTEeHKOW. YIydIleHWe KOHCTPYKIMM 3aJHel 4YacTh KaOWHBI
MIAKAIlOB MOKHO peajM30BaTh C IIOMONIBIO YIIPOYHEHMS CAMON 3aJHEH CTEHKU, YCUJICHHSI TOYEK
COeIMHEHUM Mexay 3aaHel creHkoil u C-cTOHKOM W TNpUMEHEHHMsS] TOIMOJIOTHYECKO U
mapaMeTprUde CcKOW ONTUMU3AIAN.

[To cpaBHeHuto ¢ MeromoMm | («kpami-tecT»), HOTPEIIHOCTh PE3yJbTATOB IO METOdy 2
(«cama3koBoe ucnbITaHUEY) He Oonee 10 %, B TO BpeMsl Kak Harpy3ka Ha BRIYUCIUTEIILHBIE PECYPChI
CYIIECTBEHHO MeHbIe. Bpems pacuera mo merony 1 coctasisier okoso 180 vacos, a mo metony 2 —
okos10 80 wacoB (cokpaTmioch Ha 55 %). Takum 00pa3oM, 3TOT METOJ MO3BOJIMT CHU3UTH BPEMS
BBIIIOJIHEHUSI PaCYETHBIX UTEpAlUil 110 10pab0TKe KOHCTPYKLIUU U JJOCTUYD IIeJIEBbIX IapaMeTpoB IO
MPOYHOCTH KaOWHBI B OoJiee KOPOTKHE CPOKU, TapaHTHPYsS MHpPU STOM MPUEMIIEMYIO) TOYHOCTh
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pacucToB. KpOMe TOTr0, KOPPEKTHOCTH BBIBOJAOB, CACIIAHHBIX 11O PE3YJIbTaTaM PacdCTOB, IIPOBEPACTCA
CaJIa3KOBBIM HCIBITAHUEM, & HC JOPOrOCTOAIUM Kpall-TECTOM.

3akiarouenue

1. Ilo manHbIM cTatucTuku, Oojee 90 % JErkoBBHIX MHKANOB WMEIOT OapbhepHYIO
9KBHUBAJIEHTHYIO CKOPOCTh, MeHee WM paBHyr0 50 KM/4 mpu J0OOBBIX CTOJKHOBeHUsX; 80 %
JIETKOBBIX THMKAIlOB WMEIOT Maccy rpy3a, MeHee wiam paBHyo 200 Kr B MOMEHT JIOOOBOTO
CTONKHOBEHHUS. M3 TUTIMYHBIX pa3MepoB ymakoBkH ToBapoB, 400*300*400 mm sBIsSeTCS CaMbIM
ornacHeIM 715l ucnbiTanus. [losTomy st obecnedeHus: MPOYHOCTU, KECTKOCTH U O€30MacHOCTH
3aJTHEr0 MacCaKUPCKOrO CAJIOHA MIPU CTOJKHOBEHUH C IPY30M PEKOMEHAYIOTCS CIEAYIOIIUE Y CIOBUS
HarpyxeHusi: 1) ckopocth aBromoousi — 50 km/4; 2) macca rpy3a — 200 kr; 3) pa3mep rpysza —
400*300*400 mM.

2. Tlo cpaBHEHMIO € METOJIOM «Kpall-TeCT», METOA «Caja3KOBOE WCIbITAHUE) J1aeT
Pe3yNbTaTHI ¢ MOT PEIIHOCTHIO He 6oiee 10 %, a BRIYUCIUTENbHBIE PECYPChI COKpaInaloTces Ooee yeMm
Ha 50 %, 94TO 3HAYUTEIHHO YCKOPSET MPOIECC PacUETHBIX UTEPAIHMMA 1O JOPaOOTKE KOHCTPYKIIMHI
nukanoB. Kpome Toro, Takoit MeTon TpeOyeT MeHblle (PMHAHCOBBIX 3aTpaT Ha HTalle IPOBEPKHU.

3. Pe3ynbTaThl MMHUTHPOBAHMS MOKA3bIBAIOT, YTO PACCMATPUBAEMBI pEXUM Harpy>KeHUs
JIEHCTBUTEIILHO OTIACEH JJIsl BOMUTEIIEN U TAaCCAXKUPOB JIETKOBBIX MMUKAIIOB : TPYy3 BTOPraeTcs B KaAOUHY
Ha paccrosiHue 6osee 1500 MM, OJHOCTHIO YHUUYTOXKAS )KU3HEHHOE IPOCTPAHCTBO IS TACCAXKUPOB
3aJ{Hel yacTu KaOMHBI U POI0JDKAsl ABUTaThCs BIIEPE] CO CKOPOCTHIO 5,5 M/c. Bo BpeMst 3ame/jieHust
MMMKOBOE YCKOpPEHWE Tpy3a CcocTaBisieT OkoJio 12 g. OCHOBHBIMH 3HEPromoniomarumMu
KOMIIOHEHTaMM B 3aJHeil YacTu KaOWHBI SIBISIOTCS MEpeqHsis Meperopoika miar(opMbl, 3aaHss
CTeHKa KaOWHBI ¥ YCUJIUTEh 3aHEH CTEHKN KaOWHBI.

4. Jlns obecrmeyeHusi 0e30MacCHOCTH aBTOMOOWJIEH MUKAIMBI JTOJDKHBI UMETh YITy4IIeHHYIO
KOHCTPYKIIMIO Ky30Ba, 00Jiee MPOYHbIE MaTepHaibl U KperieHus. B 4acTHOCTH, HEOOXOAMMO Y CHIIUTh
3aJHIOI0 CTEHKY IaCCaKMPCKOIO CaJloHAa M IEPEJHIOI0 IaHelb Ipy30BOro orceka. Kpome Ttoro,
MIPOYHOCTH U )KECTKOCTh CIIMHOK 3a/IHAX CHJICHUI U TOATOJIOBHIKOB B MHKAIMax TaKXKe JOJDKHBI OBIThH
[IpoaHaIM3UPOBAHBI U UCTIHITAHBI.
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PaccmaTpuBaeTcs MoaenMpoBaHue CIO0XKHOTO mpolecca AeopMaliy rpyHTa Moj KojiecoM. J[nd moBbIIEHNA
TOYHOCTH PacyeToB NPU UMUTALMKA MPOYHOCTHBIX CBOMCTB IPyHTa BEIOpaH METOJ] YUCIEHHOTO MOAETMPOBaHUS Ha Oase
IVICKPETHBIX 3JIEMEHTOB. [IpencraBieHo B3anMoaeHCTBHE KECTKOTO KoJjieca (IIMHA NMEET PUCYHOK MPOTEKTOpa, HO He
nedopmupyeTcss IpH KOHTAKTE C OMOPOi) C HECBSI3HBIM TPYHTOM THTIA CYX0U necok. BeIieneHsl 1Ba COBMECTHO TIPOTe-
Karomux GU3N9IecKnX Mmporecca Mo ABMKYIIIMCS KOJIECOM: 0Calka IPYHTa M eTo TIIOCKOCTHOW caBUT. [IsTHO KOHTaKkTa
KoJleca IMUTHPYETCS B BUJIE )KECTKOTO LITAMITa C PaBHOBEIMKUMHU TIIOIAAAME (KPYTJIoi U syumnTrieckoit). Pacemor-
PEHBI [Ba CIyJasi: TiaaKas MOBEPXHOCTH MITAMIA U KOHTAKTHAPYIOLIAs MOBEPXHOCTH C TEOMETPHIECKIM prcyHKOM. [Tpn
pacdeTax y9uUTHIBAIOTCS pa3Hble COOTHOIIEHMS cABUTaOMEel Py 1 BepTukansHoit P, Harpy3ok, IefcTBYrOmuMX Ha MTaMIl
(0,1... 0,8). Pe3ynbTaThl pacueToB MoKa3aly, YTO MPUMEHEHNE YUCIEHHOTO MEeTO/Ia IUCKPETHBIX 3JIEMEHTOB MO3BOJISET
HE TOJIbKO PacCUMTHIBATH MapaMeTpbl KOHTAKTA, HO ¥ BU3yaJM3MPOBaTh peasibHble (pr3nuecKue npouecchl, Npoucxois-
LIMe B MSTHE KOHTAKTA LITAMIA-KoJieca C TPYyHTOM.

Knrouesvie cnosa: xectkoe Koiieco, LITaMIl, HanpsKeHHO-Ie()OPMUPOBAHHOE COCTOSHHE TPYHTa, OCAlKa,
CIBUT, KOI((PULMEHT CLEIIEHUs, METOA TUCKPETHBIX 3JIEMEHTOB.
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Abstract. The paper presents modeling of a complex process of soil deformation under a wheel. A numerical
simulation method based on discrete elements to improve the accuracy of calculations in simulation of soil strength prop-
erties was chosen. The interaction of a rigid wheel (the tire has a tread pattern, but does not deform upon contact with the
soil) with non-cohesive soil such as dry sand is presented. Two jointly occurring physical processes under a moving wheel
are distinguished: soil sinkage and its planar shift. The wheel contact patch is imitated in the form of a rigid stamp with
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equal areas (round and elliptical). Two cases are considered: a smooth stamp surface and a contact surface with a geo-
metric pattern. The calculations take into account different ratios of the shift Px and vertical Pz loads acting on the stamp
(0.1 ... 0.8). Discrete element method allows to calculate the contact parameters and to visualize the real physical processes
occurring in the contact patch of the wheel-stamp with the soil.

Key words: rigid wheel, stamp, stress-strain state of the soil, sinkage, shift, adhesion coefficient, discrete element
method.

FOR CITATION: Volskaya N.S. Basmanov 1.V. Method for simulation physical processes in «wheel-soil» contact
patch using stamps. Transactions of NNSTU n.a. R.E. Alekseev. 2024. Ne 1. Pp. 83-97. EDN: PJIPJA

BBenenne

B mpeapinynmmx padorax [1-4] oTMeuanack akTyalbHOCTh COBPEMEHHOTO METO/1a MPOTHO3U-
POBaHUSI YPOBHS OIIOPHO-TATOBOM MPOXOIMMOCTH KOJIECHBIX MAIIMH MIPH JIBUKEHUH B TSHKEIIBIX J10-
POKHO-TPYHTOBBIX YCJIOBHUSX. B HacTosIel cTaThe mpeAcTaBiIeHbl MPEIJIOKEHUS IO PA3BUTHIO Ta-
KHX HCClieIOBaHUH Ha 6a3e pacyeTHOTo MMaKeTa, OCHOBAHHOMY Ha YMCIEHHOM MOJIETUPOBAHUY C TTO-
MOIIBIO TIUCKPETHBIX 3JIeMEeHTOB. OTHOHN U3 3a71a4 pa3padaThIBAEMOT0 METOIa B MEPCIIEKTUBE SIBJISA-
eTcsl co37[aHne (P POBOTO ABOWHKKA IpoIlecca B3aNMOICHCTBHUS IMHBI ¢ TPYHTOM. B miepByro oue-
penb, IpeUIaraeTcsl pacCMOTPETh €€ PELICHUE Ha MPUMEpPE B3aUMOAEHCTBUS KECTKOIO KoJyleca U
rpyHTa TUMa cyxou necox. CHadana KOHTaKT Kojeca ¢ TPYHTOM MPEJCTABIISIETCS B BUAE UJI€aTbHON
reOMETPUUYECKON MOJIEIHN TISITHA KOHTAKTA (KPYTJIOTO KECTKOIO IITaMIla HeOO0JIbIIION BBICOTHI), TIIO-
[a/1b KOTOPOI'0 COM3MEpHMa C IJIOMAAbI0 MOBEPXHOCTH MEXKIY pealbHbIM aBTOMOOUIBLHBIM KOJIe-
coM 1 TpyHTOM. OCHOBHOE BHIMAaHHE aKI[EHTHPOBAHO HA UMHUTAIMU (PH3UIECKIX MTPOIIECCOB B MSTHE
KOHTaKTa HeTrJaJKoro JXeCTKOro KoJieca ¢ BHEUTHUM IOJIYIPOCTPAHCTBOM 2PYHM.

[Ipouiecc paccMarpuBaeTcsi ¢ NO3MUIMM BHEIIHEH MeXaHUKHU Koseca. M3BecTHBI MpoOieMbl,
BO3HUKAIOIINE NIPH €r0 MaTeMaTHYeCKOM MOJEIMPOBAHUU CO CTOPOHBI rpyHTa. Hambosee cyie-
CTBEHHAsI W3 HUX 3aKJIFOYACTCS B HEBO3MOJKHOCTH OJIHO3HAYHO MAaTeMaTHYeCKH ONMHCATH (HU3UKO-
MEXaHUYECKOE COCTOSIHME HEOIHOPOIHBIX IPYHTOBBIX YCJIOBHM MPEANO0IaraeéMoro paifona sKkctya-
TaIlMA TPAHCIIOPTHON MAIIMHBI ¥ OJHOBPEMEHHO MPOBECTH OIEHKY Y(PPEKTHBHOCTH €€ JABMIKEHHUSL.
N3BecTHO, 4TO A5 MIOOOM MaTepruaaIbHOM TOYKU MOJIYIPOCTPAHCTBA 2pyHm (B KOHKPETHBIX MPUPO/I-
HBIX YCIJIOBHSIX JIOCTATOYHO CIIOKHOTO TEXHOJOTHYECKH SKCIEPUMEHTa) MOKHO 3a(pUKCHpOBaThH ee
YHUKaTbHOE HAMPSKEHHO-1e(OPMUPOBAHHOE COCTOSTHUE, HO UMUTHPOBATH €r0 HEllb3s Jaxke B 1abo-
PaTOPHBIX YCIOBHUSIX.

CoBpemennble HHPOPMAIIMOHHBIE TEXHOJIOTHH MO3BOJISIOT Pa3BUBATh HAYYHBIE UCCIIEOBA-
HUS TAaKOTO pojia mpoOJieM, HAIPUMEP, C TIOMOIIBI0 UMUTAIIMOHHOTO MojenupoBanus [5-15]. Ero
4acTO MPUMEHSIIOT B CIIy4asix, KOraa:

® HE CylIIeCTByeT 3aKOHUYEHHOH MMOCTAaHOBKH 33Ja4 MCCII€0OBAHNUS;

® AHAIUTUYECKUE METOJIbI PEIIEHUS SIBIISIOTCS MATEMAaTUYECKH CIIOKHBIMU U IIPAKTUUECKU Hepe-
aIu3yeMbIMHU;

® paccMaTpHBaeMbIil TPOIECC HEBO3MOXKHO HAOIIOIaTh B PeaIbHBIX YCIOBHUSIX.

Jlanee npeanonaraercst aHallu3 pe3yJbTaTOB YHEPIreTUUECKOI0 B3aUMOIEHCTBUS IITaMIIa-KO-
jeca U AUCTIEPCHOU CpeJibl FpyHTA.

du3nyecKne MPoIecchbl, onpeaessionne 0CHOBY BHEIIHel MeXaHHKH KoJieca

W3BecTHBI TOMBITKHA peIeHns MPOOJIeMbI TI0 OIIEHKE BIIHMSHUS PEXMMa KadeHUs, CHIIOBOTO
Harpy>kKeHus, TeOMETPUYECKUX Pa3MEPOB U JIPYTHX (PaKTOPOB, CBI3AHHBIX C THEBMATUUECKUAM KOJIe-
COM Ha ero B3auMoJieiicTBHE ¢ JIehopMHpyeMOii OITOpHOM TToBepXHOCTEIO [16-20]. B aTHX paborax
OCHOBHOE BHUMAaHUE yJIeJIEHO BOMPOCcaM pa3pabOTKH PACUETHBIX METOIUK 3()h(PEKTUBHOCTH MPSMO-
JTMHEHHOTO TBUKEHUSI aKTUBHOTO KOJieca Ha TOPU30HTAILHOW MMOBEPXHOCTH B 3a/IaHHBIX JIOPOKHO-
TPYHTOBBIX ycloBHsX. JleTanu3anuu xapakTepa IpoTeKaHus: GU3NYECKUX MPOIECCOB B TPyHTE, Ha
HAIIl B3TJISAI, YICISIETCSl HEIOCTATOYHO BHUMAaHHUSI.
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1. PaccMoTpuM COBpEeMEHHBIH ITOIX0/T M HOBBIE BOBMOKHOCTH B PEIICHUN aHAJIOTHYHBIX 3a-
nad. Ha puc. 1 mpeacTaBieHbl pe3ylbTaThl UMUTAIIUN (PU3UYECKIX MPOIECCOB CBOOOIHON OCaIKU
COBMECTHO CO CIBUTOM TpyHTa MOJI IEUCTBUEM KECTKOTro Koseca ¢ momombto [10 EDEM. B mexa-
HUKE TPYHTOB PAaCCMOTPEHBI MIPUHIIUIIBI pa3/IeTbHOTO MPOBEICHUS TAKOTO POJia HKCIIEPUMEHTOB B
nmabopaTopHBIX yeloBuaX [21]. Umuranus mporiecca popMUPOBaHUS MATHA KOHTAKTA MIPEICTaBICHA
C MTOMOIIBIO KPYTIIOTO IITaMIia HeOOBIION BBICOTHI, KOTOPHI MepeMelaeTcsl B TpyHTOBOM KaHale
o/ ISUCTBUEM ABYX cull, (puc. 1 a), 0)). ImuTaTop msaTHa KOHTaKTa (IITAMIT) TIOJ IEWCTBUEM ITHX
JIBYX BHEITHHUX CHJI MOTpYy’KaeTcs B TPyHT. [lepemernenne «kojeca» B HaIpaBICHUH OCH X MOYKHO
BBIPA3UTh CYMMOU TiepeMeleHui mo ocsM X(t) m z(t), mpudeM TpaeKTOPHS JBWKEHHUS 3aBHCUT OT
BPEMEHH U CHUJIOBOTO PEeKUMa HArpyKeHHs KoJieca-IiTamIa.

— t=1.5¢ t=1.85c =2c

(dbue wmamna
- -

Tpaexmopusn Fmyduwa xoneu

a)
Von Miases (Pa)

1.00e+0S t=1.5¢ t=1.85c¢ t=2c
Tpaexmopus dBuwenun wmamna

B 0004
100+ 04

0 00+ 00

Tpaexmopusn odpaszoBanus xoneu

0)
Puc. 1. Umutanns ¢gu3nyecKuX NpoueccoB OCAAKH H CABHIa MTAMIa HA TPYHTE MEeCOK
(3adukcupoBaHbI NOJI0KEHHS HITAMIA B MOMEHThI BpemMeHH tq, t;, t3):
a) suzyanuzayus npoyeccos onpeoeieHus mpaekmopuu O8UNCEHUA YeHMPA MACC WmMamvna
U ghopmuposanus 2yOUHsl KOIeU 80 peMst €20 OBUNCCHUSL (PUKCUPYIOMCA KOMIPECCUOHHBIE CUTbL,
deticmeyloujue Ha OUCKPemHble YACUYbL UCKYCCIBEHHO20 2PYHMA); 0) OUHAMUYECKAs. KAPMUHA U3MeHeHUs.
HANPAACEHHO-0ePOPMUPOBAHHO20 COCIOAHUSL 2PYHINA 8 NpoYyecce cO8U2a Wmamna

Fig. 1. Simulation of the physical processes of stamp sinkage
and shift on sand soil (the positions of the stamp at moments tq, t;, tzare recorded):
a) visualization of the processes of determining the trajectory of the center
of mass of the stamp and the formation of the rut depth during its movement (compression forces
acting on discrete particles of artificial soil are recorded),
0) dynamic picture of changes in the stress-strain state of the soil during the process of shift the stamp)\
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[IpencraBuM pe3yabTaThl (PU3MIECKOTO MOJICITHPOBAHUS JIBUKEHUS TSATHA KOHTAKTA JKECT-
KOT0 KoJieca B BUJIE JIBYXATAITHOTO MPOIECCa, UMUTHPYIOMIETO € MOMOIIBIO KECTKOIO IITaMIIa Mpo-
I[ECC CJIBUTA IITaMIIa o] JecTBHEM CUJl, BepTukaiabHo P, u mpononwsHoii Py. 3adukcupoBano tpu
MOMEHTA JBUKEHUS IITaMIa:
® IIITaMII OMYCTHJICS Ha TPYHT U Je()OPMUPOBAII €T0 CBOEH rpaBUTAIIMOHHON MACCOM, UMUTHPY-
IoIIel, B TOM YHcIie, BEpTUKAIbHYIO Harpy3Ky P, Ha ock kojeca, Bpems tq;
® [ITaMII JOCTUT MaKCUMaJIbHOI CKOPOCTHU ABMXKEHUS 1o neiictBueM cui P, u Py, Bpems t,;
® [ITaMIl OCTAHOBHJICS, TOCKOJIBKY PEAKIUsl CUJI COMPOTUBIICHUS IBHKEHUIO TPYHTA MPEBbICUIIA
[JIABHBIA BEKTOP aKTUBHBIX CHJI, THUIIUUPYIOIIHUX €TI0 JBUKEHHUE.
[lo pe3ynbraram pacueTa BU3yallM3UpPOBaH caM MPOIIeCC B3aMMOEHCTBHS TamMna (KoJieca)
¢ TpyHTOM. M0KHO HaOIIOaTh U BBIACITUTH:
e  TIpollecchl HarpeOaHus, T.€. SIKCKABAIIUU TPYHTA (Zyy();
®  TPACKTOPHUIO NEPEMEICHHUS IIITAMIIA;
® MHAMUYECKYIO KapTUHY 00pa30BaHUs KOJEH MO KOJIeCOM (Z, Z..);
® U3MEHEHUE KApTHUHBI JEHCTBHUS KOMIIPECCHOHHBIX CHJI, JEHCTBYIONMX B KOHTakTax DEM-
HJIEMEHTOB IPYHTa KaK MeXIy cOOOM, TaKk U Ha MOBEPXHOCTD IITAMIIA;
®  U3MEHEHHe KapTHHBI HAMPSIKEHHO-IeOPMUPOBAHHOTO COCTOSIHUS MCKYCCTBEHHOTO TPyHTa
o1 TiepeMerarontumMcs mrammnom (puc. 1 0));
Bce nepeunciennble mpouecchl UMUTUPYIOTCS C YY€TOM JIMHAMUKHA W3MEHEHUsl COOTHOIIIe-
HUS ABYX aKTUBHBIX cWII P, 1 P, M, COOTBETCTBEHHO, TPOBOMUTCS aHAJIN3 B3aUMHON TMHAMUYECKON
peaxiuy mramiia 1 3aJaHHOTo THITa TPYHTA JpyT Ha Apyra. PaccMOTpeHHYO Ipyliy MOJEIUPYEMbIX
MIPOIIECCOB, OMPEIEISIIONTNX (PU3NIECKYIO KAPTUHY B3aUMOJACHCTBUS CHCTEMEBI «KOJIECO-TPYHTY, 3a-
BEpIIUM IIPUMEPOM BH3YyalTH3alluu MpoIlecca CABUTA IITaMIIa TEX K€ pa3MepOB U CHIIOBOH CXEMBI
Harpy»KeHus, HO 000PYZA0BaHHOTO IPYHTO3AICTIaMH, C 3aJJAHHO (POPMOI U pUCYHKOM. BBe1eHbI 1Ba
BapuaHTa (OpPMBI IITaMIIa: CTaHJApTHAS — KpyTiiasi (puc. 2) U cienunaibHas — JUIMITAYecKas (puc.
3). Pe3ynbrarhl MUTAIIMN TIPEACTABICHBI HA PHC. 4-7.

o :
XapakTepucTuKM mrammna |: > ’ -

Huametp mramna 100 MM
[Tnowans wrammna 0.00785 m?
BricoTa mramna 30 MM
Beprukanbnas Harpyska 80 H

Puc. 2. XapakTepucTHKH KPYIJIOro mramna

Fig. 2. Characteristics of round stamp

S ,
/”
o T

XapakTepHUCTHKH LITammna 2:
Manas nonyock 50 MM
Bbonbmas nonyocs 87,5 Mm
[Tnowanes 0.01374 m?
Beicora mirammna 30 MM
Beprukanbnas narpyska 80 H

Puc. 3. XapakTepucTHKH /LUTHNTHYECKOr0 IITAMIA

Fig. 3. Characteristics of elliptical stamp
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Prassure - Time

514144

Pressure (Pa)
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Puc. 4. U3menenue HANIPHA’KEHUA B YacCcTUle (BHpTyaJ'll:.l-lOM AaTYUKE NIOA HEHTOM KPyrJjioro l.l.lTaMl'la)

Fig. 4. Change in stress in a particle (virtual sensor under the center of a round stamp)

Compressive Force (N)

500e+00

400e+00

300e+00

200e+00

1.00e+00

llonoxenne narauxon

0.00e+00

Puc. 5. Illpumep ycTaHOBKH JATYNKOB (HAYAJI0 B3aNMOAeHCTBUSA KPYIJIOro IITAMIIA C TPYHTOM)

Fig. 5. Example of sensor installation (beginning of interaction of a round stamp with the soil)
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[lonoxkenne naraixKon

Puc. 6. Iloso:keHne TaTYNKOB NPH YCTAHOBHBIIEMCS Pe:KHMe
(B3aumMoeiicTBHS KPYIJIOro IITAMIA ¢ TPYHTOM)

Fig. 6. Position of the sensors in steady state (interaction of a round stamp with the soil)

Pressure - Time
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Puc. 7. U3menenune HaNnps’>KEHUA B YaCTUIe
(Bl/lpTyaJ'leOM AAaTYHKE oA HCHTPOM JJIJIMINTHYECKOI'0o IIITaMl'la)

Fig. 7. Change in stress in a particle (virtual sensor under the center of an elliptical stamp)
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DTOT MpUMep, TEMOHCTPUPYIOIINH BIUsSHUE (OPMBI IATHA KOHTAKTa U PUCYHKA IPOTEKTOpa
IIMHBI HA PEAKIINIO OTIOPHOM «MSTKOWY (1ehOpMUPYIOIIEHCs ) HOBEPXHOCTH (3aJal0IUil TUI TPyHTa
I10]1 IBUKUTEJIEM BHEJOPOKHBIX TPAHCIIOPTHBIX CPEJICTB), II03BOJISIET HE TOJIBKO PACUETOM OLICHUTH
3aTparhl HA PHEPreTHUECKUE MOTEpH OT JiepopMaluii B TPYHTE, HO U BU3YaIM3UPOBATh MPOTEKAIO-
M€ BO BPEMEHH JTUHAMUYECKHE Mpolecchl. [ netanusanuy 1 yTOUHEHMsI pellaeMbIX 3a/1a4d B 3a-
JIaHHBIE TOYKU UCKYCCTBEHHOT'O I'PYHTA IPEJIaracTcsl BHEAPATD «JaTYNKH-YaCTHUIIBD) (BUPTyaJIbHbIE
JaTuuky (puc. 4, 5), KOTOpble BO BpEMEHH MOT'YT CJIEUTh 32 N3MEHEHUEM HAIIPSDKEHHOTO COCTOSIHUS
B IPYHTE C BBIXOJIOM Ha ero rpaduyeckoe npenctasienue (puc. 3, 6). [Ipu moxseseHnn HTOrOB IMU-
TAIlMOHHOTO MOJEINPOBAHUS MOJIENH TISITHA KOHTAKTa KoJieca ¢ TpYHTOM [22] ObUIH BBISIBIICHBI Clie-
JYIOIHE IPEeUMYIIecTBa U HEAOCTATKH PaCCMOTPEHHON TBEPIOTEIbHON MOJIENN MATHA KOHTAKTa B
CUCTEME «KOJIECO-TPYHT». [ TaBHOE IPEUMYIIIECTBO — MaJIOE BPEMs UMUTALUN B3aUMOJEHCTBHS KO-
Jeca ¢ MITKuM rpyHTOM. [Tomyden MeTox pacdera JTMHAMHYECKOH KapTHHBI HAPSHKEHHO -1e(hOpMH-
POBAHHOI'O COCTOSIHUS MOJIYIIPOCTPAHCTBA «IPYHT» € BU3YyaIM3aUEN AIIOP: KOMIIPECCUOHHBIX CUJI,
HaIpsHKEHUH U CKOPOCTEH, 3aTPOHYTHIX MPoIleccaMy CBOOOIHOM OCAJKU U CIIBUTA IUCKPETHBIX Ya-
CTHI] UICKYCCTBEHHOT'O TPYHTa. YeTKO BU3yalIM3UpyeTcsl KapTUHA SKCKABALUU I'PYHTA NEpe IBUXKY-
muMces mraMnoMm. M3-3a 3a1aBaemMoit Masioil BBICOTHI IITaMIIa IPOUCXOAUT «HArpebaHuey» rpyHTa Ha
IITaMI, B pe3yJibTaTe KapTHHA UMUTAIMK peallbHOTO Tpoliecca uckaxaerces. [loaromy Ob110 mpen-
JI0KEHO JIPYToe pelIeHune, CBsI3aHHOe ¢ KOH(UTypaIiel ImTaMIoB.

2. Pa3paboTanbl mTaMIIbl B popMe KeCTKOro Kojieca, 000pyI0BaHHOTO IPyHTO3aIeTaMu, PH-
CYHOK M T€OMETPHUUYECKHE pa3Mepbl KOTOPOTO COOTBETCTBYIOT peallbHbIM IIMHAM HM3BECTHBIX KOH-
cTpykiwmii, Hanpumep, 16.00-20. Takum o6pa3oM BEIOpaHHBIH METO]T O3BOJIHII IIPU pacueTax UMH-
THUPOBATh IIPOIECC B3AaUMOJIEHCTBUS IIUHBI C TPYHTOM ¢ MaKCUMAJIbHBIM NPHOIMKEHUEM T€OMETPH-
YECKUX U CUJIOBBIX XapaKTEPUCTUK UX KOHTAKTA.

PaccmoTpuM npumep pe3ysnbTaToB TAKOTO pacyeTHOro dKcnepuMeHTa. B Tabi. 1 npuBeneHsbl
reoMEeTpHYECKUE MapaMeTpbl KoJjieca-1ITamia, Ha puc. 8 n300pakeHa ero TBepAOTelbHas MOAEIb,
OCHOBHBIE IIapaMETPbI €r0 T€OMETPUU U T'PaHUIIBI CUIIOBOIO HArPY)KEHHUS 110 OCSM X M y NPEeACTaB-
JIeHBI B Ta0JI. 2, T/1e BCe BapUAHTHI pacuyeTa UMEIOT CBOM HOMEp, KOTOPBIN COOTBETCTBYET HH(OpMa-
Uy rpadukoB puc. 9-13.

—

. ,/
N
/
/
/

Puc. 8. 3D-TBepaoTenbHasi MoOAeb MITAMIIA-KOJIECA

Fig. 8. 3D solid model of a stamp-wheel

Tabauua 1.

I'eomeTpuuecKkne mapamMeTpsnl Kojeca-mramna

Table 1.

Geometric parameters of the wheel-stamp

ITapametp 3naveHue

JwmameTp KoJieca o BmaguHam, MM 800
JumameTp koJieca 1o BepuIMHAM, MM 850
IlIupunHa Koneca, MM 450
UIMpUHA TPYHTO3ALIENIOB, MM 50
nar rpyHTo3alenos, rpaj 15
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Tabauua 2.
Fpaﬂnuu CHJIOBOI'0 HATPYKEHHUA 1O OCIM X U Y
Table 2.
Boundaries of strength loading along the x and y axes
s
. g . ] & o I'myOuna I'myOuna I'myOuna [upuna Jlnna
o g < X = | Yceunue KOJIeH KOJIeH KOJIeH
o5 o4 s o TSITHA TMSITHA
2§ QE s =& cABUTA Px/Pz | ot ocanku OT CABUTA (B KOHIIE
a2 g § = s g2 KOHTAKT?, | KOHTAKTa,
- o s 8 8 z | wramma Px, H IpyHTa, mrTamia CJIBUTa
Z g = =3 - 0.5 M M
4 T & MM .5 cex, MM | mITammna), MM
1 490.5 0.1 63.7 10.3 74 0.45 0.42
2 981 0.2 63.7 12 75.7 0.45 0.42
3 500 4905 1962 0.4 63.7 19 82.7 0.45 0.42
4 2452.5 0.5 63.7 25 88.7 0.45 0.42
5 3924 0.8 63.7 574 121.1 0.45 0.42
6 1471.5 0.1 105.03 16.5 121.53 0.45 0.55
7 2943 0.2 105.03 19.76 124.79 0.45 0.55
8 1500 14715 5886 0.4 105.03 34.85 139.88 0.45 0.55
9 7357.5 0.5 105.03 50.38 155.41 0.45 0.55
10 11772 0.8 105.03 104.16 209.19 0.45 0.55
0,9
0,8
2
Z 0,7
m©
9
< 06
S
x
c 0,5
o
e
z 04
=
é 0,3
a
20,2
S
0,1
0
0,5 0,600001 0,7 0,8 0,9 1,01 1,11 1,21 1,31 1,41
Bpems, c
— JKCNEPUMEHT 1 DKCNEPUMEHT 3 e JKCMIEPUMEHT 4
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Puc. 9. I'padux ab6co10THON CKOPOCTH IBHKEHHs HEHTpa KoJeca |V, |

Fig. 9. Graph of the absolute speed of the wheel center |V |

OmnpeneneHre KUHEMaTHYECKUX U CHIIOBBIX IApaMETPOB, BIUSIOIIUX Ha IEPEMELIICHUS KECT-
KOr0 aKTUBHOTO ITamIma-Kojeca moj naeiicteuem cuill P, u Py, mpencraBneno Ha puc. 9-13, rue
MOKHO BHJIETh, KAKUE YUCIIEHHbIE 3HAaUeHUSI UMEIOT KHHEMAaTUYECKUE U CUIIOBBIE ITapaMeTphl Kojieca
B TeueHue 1,5 cex uMuTupyemoro mnpoiecca. B momenT Bpemenu ~0,5 cek mrTamIl omycKaeTcsl Ha
IPYHT, I1OCJIE€ TIEPBOM CEKYH/Ibl OH HAaUMHAET BUKEHHE 10| AeUCTBUEM MPO0JIbHOM cuiibl Px. Pac-
cMaTpHBaeTCs /[Ba BApHaHTa BEPTUKAILHON HArpy3KHU Ha LIEHTP IITaMIIa-KoJieca; sl 000X BapuaH-
TOB OTJEJIbHO pacCMaTPUBAETCS BIUSHUE HA IPOLECC KOHTAKTa MPOI0IbHON aKTUBHOU CHIIbI Py, KO-
TOpasi BapbupyeTcs B nHTepBasie 3HaueHui 0,1...0,8 P,.
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Fig. 10. Graph of changes in the position of the center of mass of the stamp along the z axis
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Fig. 11. Graph of changes in the position of the center of mass of the stamp along the x axis
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Fig. 12. Graph of changes in the vertical reaction of artificial soil under the influence
of the weight of the wheel in addition to the specified vertical load on the wheel
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Puc. 13. I'padpuk nMATANHH NPHIIOKEHHS AKTHBHOM NMPOIOJIbHOM CHJIBI
K KoJIecy-IITAMITY 32 BpeMs lepeMeIleHHs

Fig. 13. Graph for simulating the application
of active longitudinal force to the wheel-stamp during movement

KoHneuHo# 11€71b10 3TOr0 pacueTHOr0 HKCIEPUMEHTA SIBJISLIach MOIBITKA OLIEHKH B3aUMOBJIH-
SIHUSI TApaMETPOB MEXAaHUYECKON CUCTEMBI «KOJIECO-TPYHT» U IPYHTA (C YUETOM THIA UCKYCCTBEH-
HOTO TPYHTa) Ha U3MEPUTENN paccMarpuBaeMoro mnporecca. Ha puc. 14-18 mpencraBiieHbl pe3yiib-
TaThl UCCIIEAOBAHUM 110 UMUTAIIMKM B3aUMOJICHCTBUS IITAMIIOB B BUJIE MATHA KOHTAKTA (IWJIMHIPH-
4ecKoi (OPMBI; pe3ysIbTaThl Ha JIEBBIX PUCYHKAX) M B BUJIE )KECTKOTO KOJieca C 3aJaHHBIM PHCYHKOM
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MPOTEKTOpa (pe3ysibTaThl — crpana). [Ipu olieHKe OMOPHO-TATOBOM MPOXOJIUMOCTH BaXKHO IPOTHO-
3UpPOBATh IITYOMHY KOJIEU U BBISIBUTH (JaKTOPHI, OKa3bIBAIOIIUE BIHSHUAE HA ee pa3Mepsl. [1o pe3yiib-
TaTaMm pacyeToB BBISIBICHO, UTO INIyOMHY KOJIEH HYKHO OIpPEJIEISITh C yUeTOM JIBYX MPOLIECCOB: CTa-
THYECKOT0 (cBOOOIHAS 0CaKa) M CBOOOHOIO IIIOCKOCTHOTO CJIBUTA IITaMIia. B mpoBeneHHbBIX pa-
Hee uccaeaoBanusax [16-21] anropuT™bl pacueTa Wiy TPOTrHO3UPOBAHUS TITyOMHBI KOJIEW HE YUUTHI-
BaJIM BO3MOXKHOCTH €€ POCTa 3a CUET COCTABJISIFOIIEH COBMECTHOTO CJIBUTY IIPOIIECCAa OCAJIKH I'PYHTA.
Harmre nccireioBanre npu BU3yalM3allid OCHOBHBIX (pU3MYecKuX mporieccoB ¢ momotsio [10 EDEM
BBISIBUJIO HEOOXOAMMOCTh yueTa JOMOJIHUTENbHON cocTaBistoeil. Panee oTMeudanoch, 4To Mpu MoJ-
HOM OYKCOBAHHH KOJIECO «3aKalbIBACTCS», pa3pyllas TPYHT B MATHE KOHTAKTA.

Takum oOpa3om, IpH UMHUTAITUN PACCMATPUBAEMBIX MTPOIIECCOB HAOIOIAETCS POCT TITyOHHBI
KOJIEH B pe3ysbTare: 1) BEpTUKAIBHOIO HArpy KeHusl; 2) MpoJO0JIbHOro cBUra Koseca (puc. 14, 15).
Mo3KHO BUJIETH, YTO C POCTOM BEPTUKAIBHOI HAarpy3KH Ha OCh KOJIeca M pOCTOM IIPOIOJIbHOM aKTHB-
HOW MPOJIOJILHOM CHUITBI pacueTHBIC 3HAYSHHS TTyOUMHBI KOJeW MOTYT JaBarh mompaBky a0 40 % B
CTOpPOHY YBENWYEHHUsI (CIIydail mTaMIia-Kojeca, B IpUMepe paccMaTpUBaeTCsl HECBSI3aHHBIN TPYHT).
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Puc. 14. IIporao3upoBanne riy0OnHbI KoJieH

Fig. 14. Predicting rut depth
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Puc. 15. IIporano3npoBanue XapakTepUCTHK CBOOOTHOI0 MJIOCKOCTHOIO CIBHTA

Fig. 15. Prediction of free planar shift characteristics



94 Tpyowr HI'TY um. P.E. Anexceesa. 2024. Ne 1 (144)

0,4

0,9
0,35 2 08
/
A
03 [ 0,7
2
0,25 0.6
<2 0,5
= 02 =
0,4
0,15
03
0,1 ¢
0,2
0,05
0,1
0 0
0 100 200 300 400 500 600 700 0 50 100 150 200 250 300
j-casur, mm j - casur, mm
==@==q = 55kMa q = 88kla q=128kMMa =0 26k[a 60kMa
Puc. 16. [Iporno3upoBanue peajimzyemoro kodpunueHra
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Fig. 16. Prediction of the realized adhesion coefficient
of a wheeled propulsion device with non-cohesive soil
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Puc. 17. Ouenka Hanps:KeHHO-1e()OPMUPOBAHHOIO COCTOSIHHS OMOPHOI MOBEPXHOCTH
MO KOJIECHBIM JABH/KHTEJIEM

Fig. 17. Assessment of the stress-strain state of the supporting surface under the wheel propulsion device



Mawiunocmpoenue u mpancnopm: meopus, MexHo102uu, NPOU3600CmMeo 95

Time: 5.00001 s
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Puc. 18. Bo3amokHOCTH BH3yaIN3allNi H3MepHUTeIell Hecymieil cmocoOHOCTH HCKYCCTBEHHOTO TPYHTA

Fig. 18. Visualization capabilities of artificial soil load-bearing capacity meters

PaccMoTpuM pe3ynbTaThl O BRIJIEIEHHOMY Iporieccy casura (puc. 15, 16): cieBa — nis uMu-
TaTopa MsATHA KOHTAKTa, CIpaBa — JJIs MITaMIIa dcecmkoe koeco. OTHOZHAYHO MOKHO CKa3aTh, UTO
JeBble rpaduKy JAI0T Pe3yNbTaThl, XapaKTEepHbIE IJIi CBOOOJHOTO IIOCKOTO CIBUTA (CIBUT XpyII-
kuit). [Ipy 5TOM Ha UCKYCCTBEHHOM T'PYHTE CABUTACTCS TJIAJIKANA [UIWHIPUYECKUN METAINTMYEeCKUNA
[ITaMI, MOKHO IPOTHO3MPOBAaTh MaKCHUMajbHOE 3HaueHue Ko3dduuuenrta cuertenus ¢ = 0,35.
IIpu paccMOTpeHHH pe3yJbTaTOB MMUTAIMU TOTO JK€ IIPOIEcca HAa NPUMEpPE IIJIOCKOIO C/IBHIa
LITaMIIa KoJIeca CO BCTPOEHHBIMU IPyHTO3alleNIaMy pe3yJIbTaThl B3aUMOJICHCTBUS ITaMIIa-KoJleca ¢
HOJIYIIPOCTPAHCTBOM MCKYCCTBEHHOT'O IPYHTA PE3KO MEHSIIOTCS: TaK Ha3bIBaeMbIi Mpolecc cBOOO -
HOTO TUTOCKOTO CIIBUTa MMeeT WHYIo criennduky. Ha mpaBsix rpadukax puc. 15, 16 SsBHO BHIHBI Xa-
paKTepHbIe YyepThl Ipoliecca, 6osee 6:1M3K0ro K ¢pusuke miactuynoro casura [21]. Ilo namemy mHe-
HUIO, 9TO 3aKOHOMEPHBIN pe3yJIbTaT yJauHO [10100paHHOrO pUCYHKA IPOTEKTOpa Ui KoJjieca U ero
reoOMEeTPHUECKUE XapaKTepUCTUKU. MOKHO BUJIETh, UTO CIEIHbIE CBOMCTBA C OMOPHOH fedopMuUpy-
€MOi IOBEPXHOCTHIO Y TAKOT'O KOJIECHOTO JIBUKUTEIISI HAMHOTO BbllIe. MOKHO IPOrHO3UPOBATh, UTO
KOA(QUIHEHT CIEIUICHHS] ¢ UCKYCCTBEHHBIM IPYHTOM MOJKET JIOCTUTHYTH 3HaueHus ¢ = 0,7.

Ha puc. 17 npencraBieH aHan3 BIMSHUS BO3pACTaHMS MPOJOJbHOM AKTHBHON CHJIBI HA
LITAMII-KOJIECO NIPY 3a/JIaHHOM BapuaHTe BepTHKalnbHOU Harpy3ku P, = 14715 H. B stom Bapuante
Harpy>Ke€Husl CpeJHME 3HAUEHUS KacaTeNIbHbIX HAIlpSOKEHWH B MSATHE KOHTAKTa Kojeca ¢ I'PYHTOM
(pu 3ajaHHOM rE€OMETPUU IPYHTO3ALIETIOB) COU3ZMEPUMBI CO CPEAHUMH HOPMAJIbHBIMU HaIIPSIKEHU-
smu. Ha puc. 18 npezacrapiieH 3aKkitounTeNbHbBIN ATAll BU3yalU3alliu Ipolecca CBOOOJHOIO CBUTa
mTaMIa-kKosneca. MoXHO cenaTh BbIBOJ, O BO3MOYKHOCTH JAJIbHEHIIEr0 UCCIIEI0BAaHUS IIPOLIECCOB
OIICHKH HecyIlel clIoCOOHOCTH IPYHTOB, B TOM YHCJIE, CHH)KEHUS YPOBHS SKCKaBal[uy IpyHTa Nepe.t
JIBUOKYIIIUMCS aKTUBHBIM KOJIECOM.

Pe3yabTaTsl

PaccMoTpensl myTH peleHus IByX COBMECTHBIX OCHOBHBIX 33/1a4 TPOTHO3UPOBAHUS PEAKITII
TPYHTOBOHM TOBEPXHOCTH TOJ KOJECHBIM JBIIKUTENIEM MAIIWHBL: OCAIKU TPYHTA M €ro CIBUTa B
MATHE KOHTaKTa ¢ kojecoM. OO03HaUeHa BO3MOXHOCTh PACCMOTPETH MPOIIeCcC IKCKABAIIMK TPyHTa
nepesl KOJIecoM TP ero MPSMOJIMHEHHOM MepeMeleHuu (B THHAMUYEeCKOH MOCTaHOBKE); UHCTPY-
MEHTOM MojenupoBanus BeIOpano [10 na 6a3ze DEM-3nemenToB. [lonrBepkaeHa BO3MOKHOCTh MO-
JIETUPOBAHYS BHEIITHEH MEXaHUKH CpeJibl (ICKYCCTBEHHOTO TPYHTA), SIBJISIOIICHCS] OMOPON IBHKHU-
TEJISIM TPAHCIIOPTHBIX CPeJl, B pacueTax Ha MPOXOAMMOCTH MAIUH.
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B naHHOM meccne0BaHNM IPEICTABIEH OPUTHHAIBHBIN TOJAXO0/ K TOCTAHOBKE 3aJ1a4M pa3pa-
00TkH U(POBOrO JBOMHHMKA UCKYCCTBEHHOTO TPyHTa THIA necoK. PaccMOTpeH MepBhIi mar 3Toi
3a]1a9u — MOJICTIMPOBaHNe (PU3MUYECKHUX MIPOIIECCOB B HECBSI3HOM TPYHTE TIOJ] BO3/ICHCTBHEM KOMOH-
HUPOBAHHOMN Harpy3KH, IPUIIOKEHHON K KECTKOMY KOJIECY.

[IpennosxeHsl criocoObl MOIETMPOBAHUS ISITHA KOHTAKTa aBTOMOOMIIBHOTO KoJleca:
® B BUJIE JKE€CTKOI'O IUIOCKOI0 METAJNIMYECKOTO IITaMIIa, UMEIOLIETO IUIOMAb, YUCICHHO COU3MeE-

PUMYIO € ATOM XapaKTepUCTUKON JIJIsT aBTOMOOMITBHBIX IIHH;
e B BHUJE XKECTKOTO IITaMIIa-Kojieca, 000pyJ0BaHHOTO TPYHTO3aleIaMH.

[TokazaHo, 4TO ¢ MOMOIIIBIO TPOTPAMMHOTO KoMILIekca DEM MOXKHO BU3YalTU3UpPOBATH Kap-
THUHY BHEITHEH MEXaHWKH aBTOMOOWIJIEHOTO KoOJieca ¢ BBIXOJIOM Ha JUHAMUKY (OPMHUpPOBAHHS TIIy-
OMHBI KOJIEH U HAMPSHKEHHO-AeOPMUPOBAHHOTO COCTOSIHUS TPYHTOBOTO TOTYIIPOCTPAHCTBA.

BriBoabI

1. Pa3zpaboTana MeTO KA UMUTAIIAN B3aUMOJICHCTBHUS JKECTKOTO KOJIeca ¢ HECBSI3HBIM TPYHTOM
(Topmo3HO# pexxum). [IpuBenen pacueTHbIN MpuMep, B KadecTBE aHAJIora KoJjieca BIOpaHa TBepIo-
TebHAst MoAeNb MUHbI 16.00-20.

2. [IpencraBneHsl pe3ynbTaThl COBMECTHON CUMYIISIIIMU TIPOIIECCOB CBOOOIHOM OCaJKH U IJIOC-
KOCTHOTO c/iBUTa. OHU BBISBUIJIA IPEUMYIIIECTBA BRIOPAHHOTO CITOCO0a UMHUTAIINH (PU3HUECKIX TIPO-
IIECCOB B MOJIYIIPOCTPAHCTBE IPYHT ¢ momolsio 110 Ha 6a3e nuckpeTHbIX 21eMeHToB DEM. Crenan
BaXXKHBII TEOPETHUYECKHIA BBIBO: BRIOOP ONTUMAIILHOTO PUCYHKA ¥ pa3MePOB MPOTEKTOPA IITHHBI MO-
KeT CYIIECTBEHHO M3MEHHUTh XapaKTep B3aUMOBIMSIHUS Je(OPMHUPYEMOCTH I'PYHTA U MATHA KOH-
TaKTa KoJjieca C BEIXOJIOM Ha CHIDKEHHE TIOTeph Ha KaueHHe KoJieca.

3. BoIsiBiIeH HCTOYHUK, JOMOTHSIOMNN KapTHHY (POPMUPOBAHUS TTTYOUHBI KOJIEH 110JT KOJIECHBIM
JIBUOKUATENEM. TakuM HCTOYHMKOM SIBJISIeTCs Ipoliecc ¢cBoOOIHOro casura rpysra. Ilokasano, uto
JUTSL CITydasi IBFDKEHUS IO HECBSIZHOMY TPYHTY MOYKHO Ha CTaJMH IIPOTHO3UPOBAHUS BBISIBUTH yBEIIH-
YeHue IIIyOUHBI KOJIeH OT ee 3HaueHus B ctatuke A0 40 %.

4. IlokaszaHo, 4TO TIPY MCHOJH30BAHUU B Ka4eCTBE HMUTATOPA PEaTbHOTO aKTHBHOTO «KOJIeca-
HITammna — KeCTKOro KoJjieca ¢ OTUMAIbHO M0I00PaHHBIM PUCYHKOM NPOTEKTOPA, MOKHO IPOTHO-
3UpOBaTh yBenudeHue Kodpdurmenta cruermienus Ha 30 %. Takum oOpa3zom, mpejioKeHa MaTeMa-
THUYECKasi MOJIeJIb ¥ aJITOPUTM IPOrHO3UPOBAHUS BO3MOKHOCTH peaiin3aliu 6ojiee BEICOKOro Ko -
(UIMeHTa CIIETUICHHUS IUHBI C HECBSI3HBIM I'PYHTOM.

5. JlanbHeliume uccaenoBaHus OyAyT MPOJIOJIKEHBI I KOJleca, HarpyKeHHOT0 KPYTSIIUM MO-
MEHTOM.
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[IpencraBneHsl pe3yabTaThl pa3pabOTKH MPOTOTUIA THOPUIHOTO TPEXOCHOTO MOTOBE3[eXo/1a Ha Oase cepuii-
HOT0 00paslia, OCYIIECTBIEH BEIOOP M 000CHOBAaHNE KOHCTPYKTHUBHBIX M TEXHUYECKUX PEeIeHHi 10 peanu3aliyi ruopui-
HOTO TIPHMBOJIa MOTOBE3JIEXO/A 33 CUET N00aBIEHHs MOAYJIbHON KOHCTPYKIIMM TPEThell OCH ¢ TPpy30BOii muargopmoii.
O60CHOBaHbI PEeUMYLIECTBA BEIOPAHHO CXeMbl IPUBOJA, CBA3AHHBIE C YJAYUIIEHUEM MPOXOAMMOCTH, YA0OCTBOM 3KC-
miyatauuu W ynpasjeHus. [IpuBeneHbl MareMaTuuyecKUe YpaBHEHUS CXEM TPAHCMUCCUU [UIsl MOJAEIMPOBAHUA, alro-
PUTMBI YNpaBJieHHUs W Pe3yabTaTbl UCCAENOBAHMA BIAMSAHUSA TMOPUAHOI cxeMbl Ha FHeprod(eKTUBHOCTb MOTOBE3/E-
xona. OTpakeHbl pe3yJbTaThl NPAKTUYECKON peau3ald KOHCTPYKTUBHOTO MCIIOJHEHHS MOTOBE3/IEX0/a C KOJECHOM
(opmynoii 6X6 1 MOLyJIEM EKTPONPUBOA, 00ECEYNBAIOLIET0 NOBBIIEHHE MPOXOANMOCTH, TPY30TIO0IbEMHOCTH 1 YBe-
JIMYEHHBIN 3amac xoaa.

Kniouegvie cnoea: rudpunHbIii MOTOBE3EXO0, NEKTPONPHUBO/ TPETHEH 0CH, MOIYJIbHAS OCh, TMOPUIHBII NpH-
BOIl, 9HEPTro3((PeKTUBHOCTb.
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Abstract. The paper presents the results of the development of a prototype of a hybrid three-axle all-terrain
vehicle based on a serial one. The selection and justification of design and technical solutions for the implementation of
a hybrid drive of an all-terrain vehicle due to adding a third axle of a modular design with a loading platform was carried
out. The advantages of the selected drive scheme related to improved cross-country ability, ease of operation and control
are substantiated. The mathematical equations of transmission diagram for modeling, control algorithms and the results
of a study of the influence of a hybrid diagram on the energy efficiency of an all-terrain vehicle are presented. The results
of the practical implementation of the design of a 6x6 all-terrain vehicle and an electric drive module, which provides
increased cross-country ability, load capacity and an increased range are reflected.

Key words: hybrid ATV, third axle electric drive, axle module, hybrid drive, efficient energy use.

FOR CITATION: M.M. Zhurkin, A.Yu. Zakharov, T.V. Golubchik. Results of practical implementation of third axle
electric drive with modular design for hybrid all-terrain vehicle. Transactions of NNSTU n.a. R.E. Alekseev. 2024. Ne
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BBenenue

MoToBe3exo/1bl HAIUTM IMUPOKOE MPUMEHEHUE KaK JOCTYIMHOE TPAHCIOPTHOE CPEeJCTBO,
CHOCcOOHOE BBITOIHSATH 33]a4M 110 TPAHCIIOPTHPOBKE JIFOAEH U IPY30B B YCIOBUSAX 0€310p0skbs. OHU
IIUPOKO UCITOIB3YIOTCS B ISCHOM U CETTLCKOM XO3STHCTBE, a TaKke B chepe TypHu3Ma, cropTa, OXOTEHI,
peibanku u T.4. McenegoBarenu oTMeuaroT JajibHeilliee pa3BUTHE IEKTPUUECKUX MOTOBE3/1€X0/10B,
a MPOrHO3UPYEMBIi POCT UX PhIHKA OLleHUBaeTCsi B 8 % B rof’.

Kitaccunueckuit MoToBe3/1€X0/1 IIpeICTaBIseT COO0M ABYXOCHYIO MAlIMHY C OJTHUM WJIH ABYMS
CHJIEHBSIMHU M HEOOJIBIION IIIOLIAaIKOM 1Mo/ 6araxHuK. J{Js 3HAYMTEIHHOTO YBEJINYCHUS TPY3010/1b-
€MHOCTHU KJIaCCUYECKUX MOTOBE3/I€X0JI0B MPOU3BOIUTEISIMU ObLIa J00aBI€HAa BO3MOKHOCTD KECT-
KOT'O KpEeIUICHUS TPEThel OCU M YCTaHOBKH Ipy30Boi m1aTgopmsl (puc. 1).

Puc. 1 leMmoHTHpYEMBIil MOAYJIb I'PY30BOii MI1aT(HOPMBI

Fig. 1. Removable cargo platform module

Kak mpaBuiio, Takas och SIBJISIETCSI BEJOMOM M HE COJIEPIKUT TOPMO3HBIX MEXaHU3MOB, IIPH-
MEeHEeHUEe MOJ00HOM TPy30BOi TIAT(HOPMBI COTPOBOXKIAETCS YXYAMIEHUEM TOPMO3HBIX U Pa3TOHHBIX
cBoiicTB. KpoMe Toro, ycTaHOBKa rpy30BO#i IIaTOpMBI HaJl TPETHEH OCHIO PUBOIUT K IIepepacipe-

! All-Terrain Vehicle (ATV) Market Size https://www.gminsights.com/industry-analysis/all-terrain-vehicle-atv-market
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JIEIICHUIO HAarpy30K MEXTY OCSIMH, YTO OTPHIIATEIHHO CKa3bIBACTCS HA YIPABIISIEMOCTH MAITHHEL. J{0-
OaBJIeHHE TPEThe HETMOBOPOTHON OCH TAK)XKe MPUBOJMUT K YBETUYCHHUIO MOMEHTA COMPOTUBIICHUS
MIOBOPOTY ¥ COOTBETCTBEHHO YXY/IIIIEHUIO MAHEBPEHHOCTH.

00630p Mojeneli BeAYIINX TPOU3BOUTEIIEH MOTOBE3IEX0I0B, C MOTOIIUKIETHON TTOCATIKOMN 1
MOTOITUKJIETHBIM PYJIEBBIM ypaBieHueMm A/l-Terrain Vehicle (ATV) moxasai, 94To B HaCTOSIITHI MO-
MEHT CEPUIHO BBITYCKAIOTCS U MPOJIAIOTCS TPEXOCHBIE MOTOBE3IEXOBI C KOJIECHOH dhopMyroit 6xX6
¢bupmamu  Can-Am (BRP) [https://www.brp-world.com/int/en/brands/can-am-off-road/models-
2022/outlander.html] u Polaris [https://www.polaris.com/] (tabm. 1).

Tabauuya 1.
TexHnueckue XapakTepUCTHKH MOTOBE31€X0/0B ¢ KoJjiecHO# ¢popmyioii 6x6

Table 1.
Technical characteristics of 6x6 all-terrain vehicles

(c yBENMYEHHBIM MEPEIaTOUHBIM
OTHOLIEHWEM), CHCTEMa TOPMOKEHUS
nsuratesieM. Pexxnmel e3161 4 WD nnn

6WD c camo00KMpyIOMHMCS MepeTHIM
anddepenunanom Visco-Lok QF

OUTLANDER SPORTSMAN
OUTLANDER MAX 6X6 XU+ 450 T BIG BOSS 6X6 800 EFI
JIBurarens
Tun V-00pa3Hblii, KUIKOCTHOTO OXJIaXACHUS 4-TAKTHBIH, JBYXIUMIUHIPOBHIA,
AKHMJIKOCTHOTO OXJIAKAEHUS
O6BeM, cm? 976 760
Tpancmuccus Bapuatop, P/ R /N /H/Extra Low L Bapwuatop P/R/N/L/H.

Cucrema ABTOMaTHYECKOTO MOJIHOTO
npuBoia AWD Ha 6 konec

MOWHOCTD, J1.C.

38

64

Maccu

Tun nepenHeit
MOIABECKU/X01, MM

JIBoliHble U30rHYThble A-00pa3Hble pbluaru
/229

Croiiku MacPherson / 240

Tun 3aaHell I0ABECKU/XO,
MM

HesaBucumast 3a1Hss1 ogBeCKa
C IBOWHBIMU NIPOJIOJIbHBIMY pblYaramu
¢ OBICTPOCHEMHBIM CTAOMIM3ATOPOM
rorepeyHoi yctoiunBoctr / 251

JBoliHble A-00pa3Hble pblyaru
Ha 4 xoneca / 160 - 240

[epennuii TOpMO3HOM
MEXaHU3M

JlBa TOpMO3HBIX aucka (214 Mm)
C IBYXTIOPIIHEBBIMU THAPABIMYECKIMHA
TOPMO3HBIMHU MEXaHU3MaMH

}:[I/ICKOBLIG FI/I,Z[paBJ'[I/I‘leCKI/Ie
Ha 4 Koneca

3aaHU TOPMO3HOM

JlBa TOpMO3HBIX AucKa (214 Mm)

}:[I/ICKOBLIG TUAPaBIINICCKHUEC

MeXaHU3M C ABYXIOPLIHEBbIMU T'MAPABINYECKUMU Ha 4 KoJjeca
TOPMO3HBIMU MEXaHU3MaMu
[TepenHue koneca, AIOAMbI 26" x 8" x 12" 25" x 8" - 12"

["abaputHble pazMepsl

Ax Ul x B, mm 2790 x 1188 x 1240 2850 x 1220 x 1220
Konecnas 6a3a (Mm) 2285 1290
Krnupenc (mm) 279 270
Cyxoii Bec (Kr) 595 480
I'py3onoabeMHOCTH
nepenHei 1 3aaHen
OarakHbIX IUIOLIAIOK (KT)

nepeaHe: 45 45

3aHeil: 318 360
EMKocTb TOMmIMBHOrO 6aka (J1) 20,5 15,5
Pama IIpocTpaHcTBEHHAs IIpocTpaHcTBEHHAs
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Peanu3anms 3JIeKTpONPHBO/IA TPeTheil ocH

Cozmaare MoTOBE3eX0a ¢ IEKTPOIPUBOJIOM WIIM THOPUIHONW CHIIOBOW YCTAaHOBKOW Tpe-
OyeT co3/laHusl CIIeNUATN3UPOBAHHON HECYIIIel KOHCTPYKIHH [ 1], CepuifHbIA BBITYCK KOTOPOH mpe-
MoJIaraeT CyIECTBEHHYIO TEXHOIOTHYECKYIO TpopaboTKy. OuH U3 BO3MOXKHBIX CIIOCOOOB MO/IEp-
HU3ALNN KJIACCUYECKUX MOTOBE3JEX00B — IIPUMEHEHUE TPEThEN OCH ¢ 3eKTponpuBooM [2]. Ta-
KOe pelreHue 00aBiseT HOBbIe (DYHKIIMH B CYIECTBYIOMIAE KOHCTPYKIIMU M TEM CAMbIM YITyUIIATh
ux. JlaHHYIO cXeMy MOXKHO CYHMTATh IPOMEKYTOUHBIM BAPHAHTOM MEKIY KIIACCUYECKUMHU CHUCTe-
MaMH1 MHOT'OOCHOTO IIPHMBO/IAa ¥ CHCTEMAaMU MHIMBHUAyalIbHOTO NprBoja. Ilocnennue o6nanaot MHO-
TOYHMCIIEHHBIMU NTpenMyIecTBaMu [3], CBSA3aHHBIMU C BO3MOXHOCTBIO MEpepacipeieieHus KpyTsi-
mero MmoMeHTa. OJIHaKO UCHOJIB30BAHUE «KMOTOP-0Ceit» Ooee 1enecoodpazHo ik MOTOBE3/IEX00B
[4] BBUIY TSDKENBIX YCIOBH 3KcIuTyatanun. [1o100HbIe KOHIIETIIAN YKe CYIIECTBYIOT, UX peaan3a-
IIUS] UCIIBITHIBAETCS] HA TPY30BBIX aBTOMOOWISIX. [InoHepaMu B TaHHOHN 00JacTh SBISIOTCS (DUPMBI
TRAILER DYNAMICS v KRONE, nipe/icTaBUBIINE TOJIYIPHUIIETI C JIEKTPOTIPUBOIOM, YBEITUYHBAIO-
i mpober Ha ogHOM Oake u Ha 20 % ymensImarouit BeIOpockl CO».

MoToBe3nexo]1 peIKo JIBUKETCS B YCTAHOBUBIIEMCSI PEKUME, UTO JeNlaeT MPUMEHEHHUE THU-
OpuaHO# cxeMbl ere OoJiee akTyalbHBIM. MOTOBE371eX0/1 ¢ THOPHIHBIM IPUBOJOM MOKET JIBUTAThCS
B CJIEIYIOIINX PEKUMAaX:

e 32 cyer aABUrareis BHyTpeHHero cropanus (JIBC), ycTaHOBIEHHOIO Ha KJIaCCUYECKOM MOTOBE3-
JIeX0JIe;

® TOJIBKO 3a CUET DJIEKTPUUECKOIO JBUTATEIS;

® UCIOJIB3Ys 00a JIBUraTelisi OAHOBPEMEHHO.

[IprMeHeHNE NIEKTPOIPUBOAA TPETHEH OCH PACIIUPSET CIEAYIOINE BO3MOKHOCTH KJIacCUYe-
CKOI'0 MOTOBE3/I€X0/1.

1. Veenuuenue oanonocmu xooa na oonom o6axe. Jlanuoe yydiieHre CTAaHOBATCS BO3MOYKHBIM
0 psily IPUYUH: BO-TIIEPBBIX, AKKYMYJISITOP MOKHO 3apsiKaTh OT CETH, YTO CaMmo 110 ceOe M03BOIIsIeT
MEPEeBO3UTH C OO0 OOJIblIee KOJIMYECTBO 3allaCeHHON SHEpruu. Bo-BTOPHIX, UCIOJIB30BAHKUE OC-
HOBHOTO [IPUHIUIIA THOPUIHBIX aBTOMOOMIIEH, 3a1eiCTBOBAHKE JIEKTPOIBUTATEINS B 30HAX HU3KOTO
KITI IBC mo3BojsieT S5KOHOMHTH TOIUIMBO. B-TpeTbHX, CYIECTBYET BO3MOYKHOCTH TOPMOKCHHS
JIEKTPOJBUraTesIeM U IpeoOpa3oBaHue KUHETUUECKOM SHEPIUU B AJIEKTPUUYECKYIO.

2. llpumenenue 2ubpUOHOU cXxembl MPAHCMUCCUY TAKKE TTO3BOJISIET UCIIOIH30BAaTh MOTOBE3 IE-
xo7 ¢ 3ariayieHHbiM JIBC B moMeneHusx 1 0coObIX SKOJOTMYECKUX 30HaX, WK JIBUTAThCS CO 3BY-
KOMAaCKHPOBKOM.

3. Ilpumenenue psioa 31eKmMpOHHBIX NOMOWHUKOG O€3 BHECEHHUH B IITATHYIO TOPMO3HYIO CH-
creMy. JlaHHbIe CUCTEMBbI IO3BOJIAT MPEJOTBpAIlaTh aBapUMHbBIE CUTYallUH CaMOCTOSITENbHO (0e3
yuacTust Bogautessi). OHM OIEHMBAIOT CUTYaIMIO M NPH HEOOXOJUMOCTH BMELIMBAETCS B Mpolecce
yYIpaBJICHUS MOTOBE3EX0I0M [5]:

® ynpasnenue OOHUM pbiuacom: JAHHAS (YHKIMS CHOCOOHA MOBBICUTH KOM(OPT BOIUTEI,
YMEHBIIUTH CKOPOCTh U3HOCA TOPMO3HBIX MEXAHU3MOB U CAENIaTh TOPMOKEHHUE 3JIEKTPOABH-
ratenieM, YIpaBIieMbIM J1JIsl BOJUTENS;

®  NPOMuUEOOYKCOGOYHAA cucmema: NaHHAsS (YHKIMS HO3BOJIMUT M30eraTb OyKCOBaHMS OCU C
3JIEKTPOIPUBOJIOM, a TaKXKe, 3a/IeiiCTBOBATh JAHHYIO OCh, KOI'JIa BO3HUKAET OyKCOBaHUE Oceit
¢ mpuBoioM oT JIBC;

®  aumMubIOKUPOBOUHAs cucmemda: NTanHasi QyHKIMS TO3BOJIUT 3P PEeKTUBHO UCIOIH30BATH CIIO-
COOHOCTH TOPMOKEHUS! C TIOMOIIBIO AIEKTPOIPUBO/IA U N30€KaTh BO3MOKHOIO Hayaja Bpa-
LIEHUS KOJIeC B OOPAaTHYIO CTOPOHY;

®  NOMOWb NPU CNYcKe ¢ 20pbl: TaHHAs QYHKIUS TO3BOJUT aBTOMATUUYECKH O IEP)KUBATH CKO-
POCTB Ha CITYCKE;

® nomowb npu cmapme 6 2opy: NaHHasi QyHKITHS TO3BOJIUT MPEIOTBPAIIATh OTKATHIBAHUE MO-
TOBE3/JEX0/a B CIIyyae HEPACTOPOIIHOCTH BOJUTEIIS;
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® cucmema akmueHou cmabunuzayuy. AJi1 YMEHBLIEHHUS CHOca NEepeaHeil ocHu, W Kak cliel-
CTBUE, MOBBIIIEHUS TOBOPOTIUBOCTH; AJITOPUTM To/IpazyMeBaeT yBenudenus Taru oT JIBC u
CO3/aHUsI TOPMO3HOTO MOMeHTa Ha TD/] mpu G0IbIIKX yriiax MOBOPOTA PYJIs.
4. Vayuuenue ounamudeckux Xapakmepucmux Momoge3oexooa 0e3 HeoOX0JUMMOCTH yBeI4de-
HUs pazMepoB U oobema JIBC, 4To mo3BOMT H30eXaTh HEOOXOAMMOCTH UCIIOIB30BaTh OoJiee mpo-
W3BOJUTENILHON CUCTEMBI OXJIAXK/ICHHUS, a TAK)Ke YCIICHUH B TpaHcMuccuu. CHU3BHUTCS pacxXo] TOT-
nuBa Ha Mexannueckue notepu B J[BC.
5. llpumenenue MoOynbHOU cucmeMbl TIO3BOJIUT IPU HEOOXOIUMOCTH JIEMOHTHPOBATh TPETHIO
0Ch WJIM TIEPECTaBUTh €€ Ha JIPYToil MOTOBE3IEXO/I.
6. IIpumenenue 2ubpuUOHOU cxembl CIOCOOHO CAENATH SKCIUTyaTaIldi0 MOTOBE3eX0/1a He3aBH-
CHUMOH OT anekTpoceteit. 1 Ha000poT, MpU HAIMYKU IEKTPOCEeTEH, MOSABISIETCS BO3MOXKHOCTD IO~
3apsJIKU, UTO JIeJaeT CTOUMOCTD BIIaJICHUSI MOTOBE3IEX00M 00JIee HU3KOM.

Onmcanne pa3padoTaHHOH KOHCTPYKIINH

ABTOpBI CTaThH MPOBETU MOIepHU3AIIIO0 MOTOBe31exo0,1a PM-650, pazpaboTraB npuiienayro
MOJIyJIbHYIO KOHCTPYKIIMIO, COCTOSIIYIO U3:
®  CUJIOBO paMbl C MEXaHU3MOM KPETLIEHUS K paMe MOTOBE3/I€X0/1a;
JIBYXPBIUAKHOM MOJIBECKH;
YIPYToAeMII(pHUPYIONTIX IIEMEHTOB;
KOJIECHO-CTYTTHYHBIX Y3JI0B;
TATOBOW aKKyMYJISITOPHOM GaTapeu;
TSATOBOTO AJIEKTPOABHUTATENS ¢ PeIyKTOpoM U auddepernnaiom;
UHBEPTOPOM CUCTEMBI YIIPABJICHHUS;
Ipy30BOii mIaTopMBl.
PazpaOoTanHblif IpOTOTUIT IPE/CTABIICH Ha pUC. 2.

Puc. 2. lIporoTnn ru6puaHOTO MOTOBE3/1€X0/1a ¢ KOJIecHOi dopmy.ioii 6x6

Fig. 2. Prototype of a hybrid 6x6 all-terrain vehicle

[Tpu ucnonszoBanuu JIBC kpyTsimuit MOMEHT TiepeacTes Ha IEPeTHUN MOCT U/WITH CPeTHHIMA
MOCT HOCPEJICTBOM MEXaHMYECKOM TPaHCMHUCCHUU KJIAcCHYEeCKOro MOTOBe3jexona. B pomu mexa-
HU3Ma CIIETIEHUS ¥ KOPOOKH Tepe1ad UCTIOIb3YyeTCs KIIMHOPpEeMEeHHOU BapraTtop. OcCOOEHHOCTHIO Ba-
pHATOPOB B MOTOBE3/IEX0/IaX SIBJISIETCS TO, UTO MEPEAATOYHOE YUCIIO 3aBUCUT HE TOJIBKO OT YaCTOTHI
BpaIlieHus, HO U OT Harpy3k# [6]. DIeKTpHYeCKuii MOTOP MPUBOJIUT BO BpallleHHUE KOjeca MOIYJIS
TPeThel OCH ¢ MOMOIIBI0 MEXaHHYECKOTO PeIyKTOpa co CBOOOHBIM MEXKOoJIeCHBIM AU depeHima-
noM. B kadyecTBe HakomuTens sHeprun Obuia BeiOpana LiFePO4 6atapes. O6anas XoTh U OOJIBITICH
Maccoi, CTOUMOCTBIO M Pa3MepOM, B OTIIMUUE OT «CYNEpPKOHJIEHCATOpay, TaKkast 6arapes MO3BOJIUT
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HCTIOJIF30BATH JIEKTPOIPHBO HE TOIHKO B KAYeCTBE M3HOCOCTOMKON TOPMO3HOM CHCcTeMS! [7], HO 1
JUISL TPOIOJDKUTEIBFHOTO IBUKEeHUs 6e3 ncnosb3oBanus J[BC.

B cocrase pa3paboTaHHON MOAYIFHON KOHCTPYKIIMU TPUMEHEH 3JIEKTPOIIPHBO/I, TAPaMETPhI
KOTOPOTO NpeACTaBIEHBI B Ta0I. 2.

Tabauua 2.
TexHHYECKHE XaPAKTEPHCTHKH YIEKTPHYECKOr0 NPUBOJA THOPHIHOI0 MOTOBE3/I€X0/1a
Table 2.
Technical characteristics of the electric drive of a hybrid all-terrain vehicle
No I 3
u/n apamMerp HAYEHHE
1 | Hampsokenue 144 B
2 | HomuHanmsHAg MOIHOCTE 15 kBt
3 | MakcuManbHas MOIITHOCTD 30 kBt
4 | HomuHasibHBIE 000POTHI 4500 o6/MuH
5 | MakcuManbHble 000POTHI 8700 o6/MuH
6 | HoMuHanbHBIIH MOMEHT 32 Hm
7 | MakcuManbHBIH MOMEHT 95 Hm
8 | HoMuHanbHbIN TOK 130 A
9 | MakcuManbHBIN TOK 380 A

Ha motoBe3nexon PM-650 ycranaBnmuBaeTcsi OCH3WHOBBIM JBUTATEh MOIIHOCTHIO 31KBT,
YTO B COBOKYIIHOCTH C 3JIEKTPOJBHUIATEJIEM IIO3BOJSET JOCTUYb IMOKA3aTeNedl 0 MOILIHOCTH Ha
YPOBHE C NIPECTABICHHBIMHY BbIIIE aHAIOIAMH.

B pa3paboTaHHOM POTOTHUIIE JOCTYIHBI HECKOJIbKO KOH(QUTYpaAIMi TPAHCMHUCCUH.

B nepBoii cxeme Tpancmuccnu (puc. 3) KpyTsamuii MomeHT noasoautcs ot J[BC k cpennemy
MocTy MoToBe3iexo1a. [lockoapKy Ha cpeaneit ocu oTcyTcTBYeT nuddepeniuan (rmaBHas nepegada
0003HaYeHa KBapaTOM), MEXKJy KOJecaMHt OCTH e€CTh 3a0J0KUPOBAaHHASI CBS3b.

’4 [IBC - &
‘ I

| Kl [

|

\

1 7 7

Puc. 3. Cxema TpancmMuccuu MoToBe3aexoaa (Bapuasr 1)

Fig. 3. All-terrain vehicle transmission diagram (version 1)

VYpaBHeHUs IEPBOI CXEMBI TPAHCMUCCUU UMEIOT BUI:
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JKC()K1=—M1
.]Ka)1<4=—]\/[4

K2 Lyl = s

K5 iI(IYiFH = B (1)

.
20 ok2 =M ity — My, — My
.
J x WK3 = -M 3
.
J x WK6 = —M 6
rae M; i=1...6 — MOMEHT CONPOTUBIIEHUS HA COOTBETCTBYIOIEM KoJiece, Jx — MOMEHT UHEPITUHU KO-
jeca, ik — epelaTOuHOe YHCIIO B KOPOOKe nepeaad, iryy — MepeiaTouHoe YMCIIo TIaBHOH repenayn,
M3 — TOIBOAMMBI K TPAaHCMUCCHUH MOMEHT OT JBUTATElNsl BHYTpEeHHEro cropanus, B, i=1...6 — yr-
JIOBOE YCKOPEHUE COOTBETCTBYIOIIETO KoJeca.
Btopas cxema Tpancmuccuu (puc. 4) mo3BOJISET MOAKIIOUNTE MepeTHU MOCT. MexoceBoi
nuddepeHnman OTCYTCTBYET, HO Y TIepeTHEl 0CH UMeeT MECTO MEKKOJIeCHbIH quddepeHnua (Taas-
Has repeaava 0003Ha4eHa KPYTroM) ¢ BO3MOKHOCTBIO OJIOKHPOBKH.

4 1IBC 5 6
[
KIl [
1 2 3

Puc. 4. Cxema TpancMucCHE MOTOBe3/Aexo1a (BapUAaHT 2)
Fig. 4. All-terrain vehicle transmission diagram (version 2)
YpaBHEeHMS BTOPO CXeMbI TPAHCMUCCHH OyIyT UMETh BU/I:

JKCl)Kl— 4iF17=_M1

. M,, .
Ty @xa— " iy =—M,

Wr1+ Wras =2 Wk2

WK1+ ks =2 Wks

M M,
14 —
+ =M,
lxn Ixn
° _ WK1+ Wr4 . .
@ = 5 [ -

Mg,y —M, —M,—2J, wx>=0

Sy ks =—M,



Mawiunocmpoenue u mpancnopm: meopus, MexHo102uu, NPOU3600CmMeo 105

J x WK6 = —M 6
3a0J10KHpOBaB MEKKOJICCHBIN TU(hepeHITHalT TIEPBOM OCH, MOXKHO TOJIYYUTh TPETHIO CXEMY
(puc. 5).

4 1IBC 9 6
[
[T Kl [
1 2 3

Puc. 5. Cxema TpancMuccHE MOTOBe3/iexoa (BapuaHT 3)
Fig. 5. All-terrain vehicle transmission diagram (version 3)

ypaBHeHI/Iﬂ TpeTBeﬁ CXEMbI TPAaHCMUCCUU

@ 13
WK1 = WK2 = Wk4 = WK5 = ———
Lrlkm
4JKa)K1=M,ZZBiFHiI{H_M1_M2_M4_M5 (3)

Sy wrz =—M,
L]
TpeTBSI OChb COACPIKUT DJICKTPOIIPHUBO/ U OCHAIIICHA MCKKOJICCHBIM }:[I/I(I)(I)epeHuI/IaJIOM. HpI/I
3a/1eiCTBOBAHUY DJIEKTPOIPUBO/IA [TOCIIEAHKIE IBA YPABHEHHUS IIPETEPIIAT CIIEAYIONINE U3MEHEHHUS:

T Mo
T wxs= =M,

. M i “)
Jy Wxe = 7917; 2 _ M,

rae M5;p — NOJIBOJUMBIA K TPAHCMHUCCUH TPEThE OCU MOMEHT OT 3JIEKTPOJIBUraTEs, iy — nepe-
JIATOYHOE YMCIIO TJIABHOM ITepeiauul TPEThEN OCH.

[IpencraBieHHble ypaBHEHUSI MOKHO MCIIOJIb30BaTh IPU UMHUTAIIMOHHOM MOJIEJIMPOBAaHUU
JIBU>KEHHS] MOTOBE3€X0/a.

BriBoab!

MonepHu3zanusi KJIacCU4YECKOI0 JBYXOCHOI'O MOTOBE3AEXO0/A IIyTEM YKECTKOI'O KpPEIJICHUS
pambl ¢ TOTIOJTHUTENLHOU TPEThell 0ChI0, TOMUMO 100aBIE€HUS IPY30I10ILEMHOCTHU, CO3/]a€T BO3MOXK-
HOCTH JUIs TIOBBIIIEHUSI SHEPro3(PeKTUBHOCTH, yIIyUlIeHUs! IPOXOIUMOCTH, Y00CTBA AKCILTyaTa-
1[UU U yIIpaBJieHus. JJoCTHYb YKa3aHHBIX SKCILTyaTallMOHHBIX IPEUMYIIECTB BO3MOXKHO ITyTEM J00C-
HaleHus: 6a30BOro MOTOBE3/1€X0/Ia TPEThel OChIO ¢ AIEKTponpuBoIoM. [IpencTapieHHbli NpoTOTUIl
MOJIEpHU3ALIMN OTEYECTBEHHOTO MOTOBE3/1€X0/1a C IIOMOIIBIO MOIYJIbHOI KOHCTPYKILIUU TPEThel ocu
¢ rpy30Bo#i IATGOPMOH U 3JIEKTPONIPUBOIOM MOATBEPKIAET ITH BO3MOKHOCTH.

B Hacrosimiee BpeMsi pojiofkaeTcs 1opadoTKa alfOPUTMOB YIIPABIIEHUS TATOBBIM 3JIEKTPO-
IIPUBOJIOM B COCTaBE THOPUHOTO MOTOBE3/I€X0/Ia C IIEJIbI0 TaTbHEHIIINX HCCIeIOBaHUN HKCILTyaTa-
[UOHHBIX KAueCTB M YUCJIEHHOTO aHaJIN3a BIMSHUS PUMEHEHUs THOPUIHON CXeMbl TPaHCMUCCUU
Ha pacxo/{ TOILJINBA.
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UCCJEAOBAHUE Y®PEKTUBHOCTHU AJITOPUTMA YIIPABJIEHUS
YCKOPEHUEM U 3AME/JJIEHUEM YJEKTPOBYCA
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[MpencraBneHsl TEOPETHUECKHE OCHOBBI MOCTPOECHUS alropUTMa OTHONEAATBLHOTO YMpPAaBIEHUS ABMKEHHEM
3NeKTpoOyca U pe3yNbTaThl BUPTYAILHOTO MCCIENOBAHMS, MOATBEPIKAAIOIIETO ero 3Hepro3ppekTUBHOCTE. MeToaoM
MMHTAIMOHHOTO MaTeMaTHYeCKOTO MOJEIMNPOBAHUS MCCIEIOBAHBI 3aKOHOMEPHOCTH OTIPENENICHNS] YCTaBOK KPYTSIIETO
MOMEHTA TATOBOTO 3JIEKTPONPUBOIA C TIOMOIIBIO TOJIBKO Teanu xoaa. it 3Toro (opMupyroTCsl YCTaBKH 3anpaliinBa-
€MOTO MOMEHTA JJIEKTPOIBHUIATENS C YUETOM CKOPOCTH IBIKEHHUS, a TaKKe APYTHX YCIOBHN U XapaKTEePUCTHK TPaHC-
TOPTHOTO CpeAcTBa. Peann3amyiss Takoro 3aKoHa MO3BOJISET BOAUTEIO CHU3UTh YHEPTONMOTpeOIeHre 3a cUeT yrnpasiie-
HUS MalIMHOM, MO3BOJISIIOLIETO NBHUTATHCSA 110 WHEPLHMH (HAKATOM) M MaKCUMAIBHO HCIIONB30BATh PEKYyMepaTUBHOE
TOPMOJKEHVE ¢ MUHUMAIBHBIM 3a7elicTBOBaHMEM paboueil TOPMO3HOW cHcTeMBbl. McciienoBanue BBITIONHEHO B MPO-
rpaMMHOM KoMmiuiekce Matlab Simulink. TIpennoxkeHHbI 3aKOH TATOBOTO M PEKYNEPaTHBHOTO KPYTSALIEro MOMEHTa
TATOBOTO BJIEKTPONPHUBOJA, PeXKUMa BblOera Ui pa3paOOTKM CHCTEMbl YNpaBJeHHS TATOBOTO MPUBOIA MOXKET OBITH
WCTIONB30BAH AJIs MOBBIIEHUS SHEProdPeKTUBHOCTH MEKTPOTPaHCHIOPTA.

Knrouegvie cnoea: 3neprodphekTUBHOCTb, OAHONEAANBHOE YIpaBlIeHHe, TATOBBINH PEXUM, PEKUM peKymnepa-
LM, ABW)KEHHUE HAKATOM, MaTeMaTHYeCKOe MOICIMPOBaHNe, MeJlalb X0a, YASIbHbINH pacXxo YHEPTHH.

JJISA HUTUPOBAHMA: Kiumos, A.B. HcciaenoBanue 3¢(heKTUBHOCTY anropurMa ynpaBjieHUs YCKOpPEHHEM U 3a-
Me/JIeHrueM 3J1eKTpoOyca nocpeactBoM neaanu xona / Tpynst HI'TY um. P.E. Anekceesa. 2024. Ne 1. C. 107-117.
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STUDY OF EFFECTIVENESS OF CONTROL ALGORITHM
FOR ACCELERATION AND DECELERATION OF ELECTRIC BUS
USING ACCELERATOR PEDAL

A.V. Klimov
ORCID: 0000-0002-5351-3622 e-mail: klimmanen@mail.ru
KAMAZ Innovation Center LLC
Moscow, Russia

Abstract. The paper presents the theoretical basis for development an algorithm for single pedal control of the
movement of an electric bus and the results of a virtual study confirming its energy efficiency. The patterns of deter-
mining the torque settings of a traction electric drive using only the accelerator pedal were studied using the method of
mathematical simulation modeling. The settings for the requested electric motor torque were formulated taking into
account the speed of movement, as well as other conditions and characteristics of the vehicle. The implementation of
this law allows the driver to reduce energy consumption by controlling the vehicle, allowing it to move by inertia
(coasting) and make maximum use of regenerative braking with minimal use of the braking system. The study was car-
ried out using the Matlab Simulink. The proposed law of traction and regenerative torque of a traction electric drive,
coasting mode for the development of a traction drive control system can be used to increase the energy efficiency of
electric vehicles.

Key words: energy efficiency, single-pedal control, traction mode, recovery mode, rolling motion, mathemati-
cal modeling, pedal stroke, specific energy consumption.
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BBenenne

B wnacrosimee Bpemsi HaOmrofaercs TEHACHIMSI K IPUMEHEHHUIO B PazIUYHBIX OTpACIsX
HAPOJHOTO XO3MCTBA aKKYMYJISTOPHBIX KOJECHBIX TPAHCIIOPTHBIX CPEJICTB C TSATOBBIM DJIEKTpUYE-
CKHM TIPHUBOJIOM BeAymux kosec [https://kamaz.ru]. OHE OCHaIEHBI Mepe3apssKaeMoi CUCTEMO
XpaHEHUs dJEKTPUUECKON HHEpruu (TSIrOBOW aKKyMYJISTOPHOM Oarapeeif) M TATOBBIM JJIEKTpHUe-
CKHUM TIPUBOJIOM BeAyHMX Kojec. OJHONW U3 OCHOBHBIX XapaKTEPUCTHUK SIBIISIETCS 3/1€Ch BETMYMHA
ABTOHOMHOTO TpoOera Ha OJHOM 3apsKe Nepe3apspKaeMON CHCTEMBbl XpaHEHUS HIIEKTPHUYECKOU
sHeprud. [[puMeHUTENbHO K AJIEKTPOTPAHCIOPTHBIM CPEACTBaM MOCTOSIHHO Y)KEeCTOdaroTcs Tpebo-
BaHUs K MOTPEOUTEITHLCKUM CBOMCTBAM, MOCKOJIBKY MOTPEOUTENN M AKCIUTyaTHPYIOIIHE OpraHu3a-
IUU CTPEMSITCSI CHU3UTH COBOKYITHYIO CTOMMOCTD BiiajieHusl. CHIDKEHUE CTOMMOCTH AKCIUTyaTalluu
MIPH POCTE HAaYaThbHOW CTOMMOCTH SIBJIIETCS BECbMa aKTyalbHBIM. DTOT MapaMeTp MOKHO MUHUMH-
3WPOBATh, CHIDKAS YJENBHOTO pacxona dHeprun Wy, KBT4/KM, yBennmuuBas Ipyd 5TOM aBTOHOM-
HBIA TIpoOer M CHUXasl MOTPEeOHOCTh B 3apsiiIKe CUCTEMbl XpaHEHHsI SYHEPTUU U 3aTpaThl HA OCY-
IIIECTBIIEHUE TTIEPEBO3OK.

BaxxubM HampaBiieHHeM TOBBIIICHUS MMOKa3aTeNell NaThbHOCTH XO/a SBISETCS MPUMEHEHHE
arperaToB ¢ BBICOKOH 3PPeKTHBHOCTHIO. [103TOMY B KOHCTPYKIHH pa3pabOTIYMKaAMH TIPUMEHSIOTCS
Bce OoJiee IHEproeMKue nepe3apsikaeMble HCTOYHUKH YHEPTHH, B TOM YHCJIE, B PA3IMUHBIX COUeTa-
HUSIX — 0o0Jiee MPOTPECCUBHBIE AITEKTPONpuUBOALRI [1, 2]. BTopsiM crmocoboM sBiIsIeTCsS] TPUMEHEHHE
aITOPUTMOB U METOJIOB YIIPABJIEHUS arperaTamu, O3BOJISIOIUMU MUHAUMHU3HPOBATh TOTEPH HEP-
run. BexyTcs pa3inuunble paboThl IO CHHIKEHUIO MOTEPh SHEPTUU B IIETH €€ Mepeladdl OT CUCTEMBI
XpaHEHUs K BeAylUM KosiecaM. K TakOBBIM Tak)ke MOKHO OTHECTH aJITOPUTMbI YIPABIICHUS TSITO-
BBIM DJIEKTPOTPUBOJOM, OCYIIECTBISIOMUE HauOosee »Heprodp(HeKTUBHBIA Mepexos U3 OJHOTO
COCTOSIHUSL B IPYro€ MpH JIBUKEHUU 10 COOTBETCTBYIOIIEMY 3ampocy [3].

Pa3BuTHeM 1aHHOTO MOJX0/a K YIPABICHUIO TPAHCIIOPTHBIM CPEJICTBOM SIBJISIETCSI CO3/IaHUe
ITOPUTMOB, IO3BOJISIIOUIMX HKCIIOJIb30BATh TOJIBKO MeJallb XO0Ja, YTO, Hapsily C I[OBBIIIEHUEM
9Heprod3(PeKTUBHOCTH, MO3BOJSIET YIYUIIUTh SPrOHOMHUKY YIpPaBJIEHUS U KOM(POPT MaCCaKUPOB.
MHorue uccienoBaTen OCYLUIECTBISIOT Pa3padOTKy CHCTEM YIPABIIECHUS JIBUKEHUEM, UCIOJb3Y-
IOIIMM B KQ4eCTBE OpraHa yIpasJeHUs TOJIbKO OJIHY IeJallb — NeJallb Xoa (akceneparopa) [4-16].
B nannbix paboTtax peanusyrorcs CrocoObl YIPaBICHUS C MOMOIIBIO TPUMEHEHUS PECYPCOEMKHX
METOJI0B Ha OCHOBE HEHPOCETEBBIX TEXHOJOTUH U UCKYCCTBEHHOTO MHTEIIEKTa. Takue MeTobl He
MO3BOJISIIOT PEeaIM30BaTh UX HA OCHOBE OOPTOBBIX 0JI0KOB ympasieHus. [loatomy paspaboTka cro-
co0O0B yIpaBJICHHs, 00ECIIEUYNBAIONTUX BBICOKYIO 3HEProdQ(QeKTHBHOCTh, HE OyJIydd TpPH ITOM
CIIOXHBIMU, SIBJSIETCS aKTyallbHOHM 3amaueil. Kak mpaBuiio, /Uit TATOBOTO 3JIEKTPONPUBOJIA CBOM-
CTBEHHA KOPOTKasl IleNb MEXaHMYEeCKOH TPaHCMUCCUHM C HU3KUMH JIEMIUPYIOUMMHU CBOKHCTBaMU,
c1abo AeMmupyromas BO3JACHCTBHS OT JOPOTH, YTO, HAPSLy C BHICOKUMHU TUHAMHYECKUMHU CBOM-
CTBaMU TATOBOTO JIBUTaTeJsl, BHICOKOW €ro Neperpy304Hoil CiocOOHOCTHIO IIPU U3MEHEHUHU PeKUMa
MOKET MPUBECTH K MOBBIIICHHBIM JUHAMUYECKUM Harpy3kaM B TPAaHCMUCCUU U3-3a PE3KUX yaap-
HBIX BO3JCHCTBUH IIPH OBICTPOM MEPEXOJIE C TSITOBOTO PEXMMa Ha PeKYyIepaTUBHBIN U HA00OPOT.

3aBucumocTH 3apamuBaceMoOro KpyTsamero MOMEHTA OT MOJIOKCHUS IMeAaId X0/1a
pHa pasiIIHbIX CKOPOCTHAX JIBHKCHUSN

[Iponiece nBUXKEHUS KOJECHON MaIIMHBI MOXKHO Pa3J/Ie/IUTh HAa TPU TUIIOBBIX PEKUMA: TSTO-
BbIil, TOPMO3HOM U PEXUM JBUKEHUS 10 MHEpIMU — HakartoM (puc. 1). IIpu ynpaBieHUH TOJIBKO
He1ajIbio X0/1a JBM)KEHHE TPAHCIIOPTHOIO CPEICTBA B TOM HJIM MHOM PEXHUME OIpPEeIIsieTcs cTere-
HBIO HaXKaTus Ha MeJalb A, W YCIOBUSIMM ABMKeHUs. IIpu BBICOKOH cTemneHu HaxaTus Ha IeJalb

peanu3yeTcst TATOBBIA PEXKUM, IPU OTITYCKAaHWH — JBH)KEHUE HAKaTOM WJIM TopMokeHue [ 18].
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Puc. 1. OcHoBHBIe NPUHIUNBI yHpaBaeHus [18]:
a — pedtcuMbl OGUINCEHUS MAUIUNBL @ 3AGUCUMOCTY O CIENEeNU HAXCAMUA HA NeOAb X00d,
0 — npu Hadicamuu Ha Nedaitb, 8 — NPU OMNYCKAHUU NeOANU

Fig. 1. Basic control principles [18]:
a — vehicle driving modes depending on the degree of pressure on the accelerator pedal;
0 — when pressing the pedal; ¢ — when releasing the pedal

B 3one TarY h; <h, <1 KpyTSIIMA MOMEHT Ha Baily dSleKTpoisurarens M,,>0 B 30He
0<h, <h, peKkynepaTuBHOro Topmoxenust M,, <0, B 30He h, <h, <h, JBHXKCHUS] 10 HHEPIUU
M,,=0. 3Ha4eHust CTCIICHU HAXaTHsl Ha TIe/lallb X0/1a, XapaKTePU3YIOLIeH JIEBYIO IPAHUILY TSATOBO-

ro pexuMa, orpeaessercs mo popmyire (1) [17]:

V Soi . &
(Mg f()(?) cosa +sin & +chﬂOép7),,K0

Iy

" M, .. (v) ’

rne M — macca KOJIeCHOW MalluHBL, KT 0 — YKIIOH JIOPOTH, Cx — KO (OHUIMEHT COPOTUBIICHUS BO3-
JyXa; p — IJIOTHOCTh BO3/yXa, KI/M’; g — yCKOpeHHe cBOOOHOro MajeHus, M/c2, v — CKOpOCTh Ma-
HIMHBI, M/C; V9 — CKOPOCTh Ha KOTOPOH K03()(PULIMEHT cONpOTUBIIEHHs KaUeHUIO paBeH fy, M/c; fo —
KOA(QQUIHEHT CONMPOTUBIICHUS KAYCHHIO; Iy — PAANyC KadeHHs Koiieca, M; Fio5 — JI0OOBast ILIO-
mab, M2 Mg () — MAKCUMANBHBIA KPYTAIIUH MOMEHT, peanu3yeMblil TATOBBIM 3JIEKTPOIBUIaTe-
JieM, B 3aBUCUMOCTH OT 4acTOThI BpallleHus Bajia poropa, Hwm.

3HaueHue JIeBOI rpaHmIlbl 30HBI HAKaTa MOXHO onpeAenuTs o hopmye (2) [17]:

4
hy, = by, + 0,1(a) ,

rne V.. —MaKCUMallbHasi CKOPOCTh IBUKECHHUS KOJIECHOW MaIlTuHbBI, KM/.

2)

VYcTaBku KpyTSIIMX MOMEHTOB Ha BaJly TSITOBOTO 3JIEKTPOABUTATENS Uil Pa3IMUHbIX PEKU-
MOB ompeJessiFoTes mo GopmynnaMm (3-6), a XapaKTepUCTHKHU JTOJKHBI COOTBETCTBOBAThH rpaduky Ha
puc. 2.
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Puc. 2. I'paduk 3aganus ycTaBKkn KpyTsmero momenTa Ha Baxy TI/I [18]:
7, (V) — maxcumanvhoe snauenue pexynepamugrozo momenma; 7, (V) —makcumansroe snauenue

ms206020 momenma, h, (V') —nonoowcenue neoanu axcenrepamopa,
npu KOMOPOM CIAHOGUMCSL. OOCHYNHBIM 3aNPOC MAKCUMAIBHO20 MA208020 MOMEHMA

Fig. 2. Dependence for setting the torque on the traction electric motor shaft [18]:
7, (V) — maximum value of regenerative torque, 7, (V) — maximum value of traction torque;

h,, (V) — accelerator pedal position at which the request for maximum traction torque becomes available

3HaueHNe MaKCUMaJIbHOW YCTaBKH PEKyNEpaTHBHOTO MOMEHTA Ha Bally JBHTATEJIsl OIpe/ie-
nsietcs mo popmyite (3) [17]:
SRS TR VOV AR L G)
m Mmax(w)ne ’ VO e 2 '

IJie dx — IPOJIOJLHOE YCKOPEHHE MAIIKMHBI, M/C%; 115 — YHCIIO BEAYIIUX KOJIEC.

3Ha4YeHWEe YCTaBKH PEKYIEpPaTUBHOIO MOMEHTAa B TOPMO3HOM PEKHUME OIPENeSIeTCs IO
dopmyne (4) [18]:

z, =a(£li)2 +b(:i)+c , @)
dry dry

rae a, b u ¢ — kodHUIUEHTHI aTTPOKCUMAIIUH.

Ha puc. 2 BenmuunHa cTenieHn HaXXaTus Ha MeJallb XOAa /4, OMpPENeNsieT PeKUM, MO3BOJISIO-
W 3ampaiuBaTh MaKCUMAalIbHO BO3MOXKHBIM KPYTSIIMII MOMEHT B TSTOBOM pekuMe. BenudnHa
YCTAaBKH KPYTSAILIETO MOMEHTA [ TSArOBOTO PEKUMA TIPH CTENEHHM HAXATHUS HA MENIb OT /iy, 10

h,, ompenensiercs o gopmye (5) [18]:

hr n hr
7, =d ) + e )+ (5)

dr dr,

u ud

e d, e, f — K03 PUITUESHTHI alIIpOKCHMAITIH.
BenuuuHa ycTaBKM KpYTSINEro MOMEHTA Ui CTENICHH HaKaTHs Ha TeJalib XoJa OT h, 0

TIOJTHOTO HAKATHs oIpejiesseTcs mo ¢popmyie (6) [18]:
t, =kl +1h, +m), (6)
rne k, [, m — xod¢p¢unmentsl annpokcumanuu. Ha puc. 3 nokazaHa peanu3anus 3aBUCHMOCTEH

YCTAaBOK KPYTSIIEr0 MOMEHTa JUIsl Pa3/IMYHBIX PEKUMOB U YCIOBUU JABUKEHUS TPAHCIIOPTHOTO
CpeICTBa B 3aBUCUMOCTH OT CKOPOCTH JABHKEeHUS [17].
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Puc. 3. 3aBucHMocTH 3aNIpalIHBA€MOro KPYTSIIEro MOMEHTA OT MOJIOKeHHsI eJa/In aKceaepaTopa
MPH Pa3THYHBIX CKOPOCTAX ABHKEHHSA MAIIKHBI [18]

Fig. 3. Dependence of the requested torque on the position of the accelerator pedal
at various vehicle speeds [18]

HccnenoBanue pyHKINOHUPOBAHUS AJTOPUTMA YIIPABJICHHUS ¢ IOMOIIBIO MeIATH X012
NPH BUPTYAJbHOI YKCILTyaTAlMU ¢ IOMOI[bI0 HMUTAIIHOHHOI0 MO/IeTHPOBAHUSA

C nenbto onpeneneHust 3p(HEKTUBHOCTU OJTHONIEAATIBHOTO AJITOPUTMA YIIPABICHHsI IPOBEIe-
HbI pacYeTHbIE UCCIIEIOBAHMS C IPUMEHEHUEM MaTeMaTH4eCKOr0 UMUTAIMOHHOTO MOJEIMPOBAHUS
B cpene MatLab. O61mii Bua MMUTAIIMOHHON MOJIEIM AUHAMUKY JBM)KEHHS TPAHCIIOPTHOT'O Cpe-
ctBa [ 18] moka3an Ha puc. 4. Mojenp ocHallleHa UIMHTAIIMOHHBIMUA MOJIEJISIMH TSTOBOTO 3JIEKTpUYe-
ckoro mpuBozaa [19], mepesapspkaeMoil CHCTEMBbl XpaHEHHs JIEKTPUUECKOW SHEPruu, CHUCTEMOU
ynpasneHusi. C MoMOIIbI0 IMUTAIIMOHHONW MaTeMaTH4eCKOi MOJIeNI TpaHCIOPTHOro cpecTna [ 18]
(puc. 4) nmpoBeIeHO HCCIEIOBAHUE JIBUKEHUS TPAHCIIOPTHOIO CPEACTBA, YIPABISIEMOro € IOMO-
IIbIO TOJIBKO I€/IaiM X0/Ja B YCIOBHIX CXOKHX € SKCIUTyaTalluOHHBIMU. MccienoBaTelbeKuil UK
JIBU>KEHUSI OKa3aH Ha puc. 4 [20].

HccnenoBanne 3 (GpeKTHBHOCTH B PabOTOCIIOCOOHOCTH pa3paboTaHHOTO aJlTOPUTMa OJIHO-
nefagbHOro ynpasieHus [17] mpoBoMIMCh HAa OIOPHOM OCHOBAHUM «CyXoH acganbt (¢ Koaddu-
[IUEHTOM B3aUMO/JICHCTBUS ABUKUTENIS C OMIOPHBIM OCHOBAHUEM IIPU MOJIHOM CKOJIBKEHHUH [Smax =
0,80). BupTyanpbHbpIM HCIBITaHUSM I10JIBEPTIajIOCh TPAHCIOPTHOE CPEACTBO, OCHAILIEHHOE CUCTEMOI
(bopMUPOBaHHUS YIIPABIISIONIETO CUTHAIIA CO CTOPOHBI MEJAlT X0/1a, a TaK)Ke I CpaBHEHUS Malllu-
Ha C KJIACCUYECKUM CIOCOOOM yMpaBleHUs ¢ JIBYXIEJAIbHBIM MPSIMBIM YIIPABIECHUEM KPYTSIIUM
MOMEHTOM OT IeJJaJId X0/ia, @ TOPMO3HBIM MOMEHTOM OT IeJalld TOPMO3a.

Ha puc. 6-10 npuBeneHbI OCHOBHBIE TApaMETPhI ABUKEHUS MAITUHBI ¢ TIPSIMBIM yIIPaBICHU-
€M MOMEHTOM TSTOBBIX dJIEKTpOABUTaTeNel OT menanu xona. Ha puc. 11-13 npeacTtaBieHs! Te ke
3aBUCUMOCTH JIJIsl BApUaHTa, OCHAIIEHHOTO CUCTEMOU (POpMUPOBAHUS YIPABISIOIIETO CUTHANIA CO
CTOPOHBI TOJIBKO MEJAIH X0/1a.
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Puc. 4. O0muii BUI MMATAIIMOHHO MaTeMaTH4Yeckoid moaesn [18, 19]:
1 — onopnoe ocnosanue; 2 610k OUHAMUKU OBUdCEHUsL, 3 — MSA208ble DNeKMPOOsUeamenu,
4 — yurn 0gudicenus, 5 — ms2o8vie UHeepmMopwl, 6 — mpancmuccus, 7 KiuMamuyeckue YCcioeusl,
8 cucmema xpanenus snexmpudeckoil suepauu, 9 — koneco,; 10— nepeounssn noogecka,
11 —3a0msas noosecka; 12 cucmema ynpasnenus, 13 — b6aika 3a0ne2o mocma

Fig. 4. General view of the simulation mathematical model [18, 19]:
1 — support base; 2 — motion dynamics block; 3 — traction electric motors, 4 — movement cycle; 5 — traction
inverters, 6 — transmission, 7 — climatic conditions; 8 — electrical energy storage system, 9 — wheel; 10 —
front suspension; 11 — rear suspension; 12 — control system,; 13 — rear axle beam

V, kMM
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65 181| 538 | [500 628 758| 1000 1208| 1500 1803 | | 2000 S, m

131 205 408 805 1138 1255 1873
455 1920

Puc. 5. Cxema nukia apmkenust [[TOCT P 54810-2011]
Fig. 5. Motion cycle diagram [GOST R 54810-2011]
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Puc. 6. IL1oTHOCTH BEpPOAATHOCTH MOJIOKEHHUsI TEAAH aKceJiepaTopa
JJIsl BADHAHTA € NPAMBIM yIpaBJieHHeM MOMEHTOM (IByXIeAaJIbHOe YIpaBJeHHe)

Fig. 6. Probability density of the accelerator pedal position
for the option with direct torque control (two pedal control)

BeposiTHOCTb
o
o

0 0.05 0.1 0.15 0.2 0.25

hbrake

Puc. 7. IlnoTHOCTH BEPOSITHOCTH MOJIOKEHHUSI MeJATH TOPMO32a
JJIsl BADHAHTA C NPAMBIM yIPaBJIeHHeM MOMEHTOM (IByXHeAAJIbLHOE YPaBJIeHHE)

Fig. 7. Probability density of the brake pedal position
for the option with direct torque control (two pedal control)
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Puc. 8. I11oTHOCTH BEpPOATHOCTH KPYTAIEro MOMEHTA HA BeyIeM KoJiece
JJIsl BADHAHTA € NPAMBIM yNpaBJjieHHeM (AByXINeJaJlbHoe yIpaBJeHne)

Fig. 8. Probability density of torque on the drive wheel
for the option with direct control (two-pedal control)
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Puc. 9. IL1oTHOCTH BEepOSITHOCTH pPeKyHepPATHBHOIO MOMEHTA Ha BeJyIlleM KoJjece
JJIsl BADHAHTA € NPAMBIM yIIpaBJeHHeM MOMEHTOM (IByXIeAaJIbHOe YIpaBJeHHe)

Fig. 9. Probability density of regenerative torque on the drive wheel
for the option with direct torque control (two pedal control)

BeposiTHoCTb

i I —— | Il

500 1000 1500 2000 2500
TopMO3HON MOMEHT, HM

Puc. 10. IL10THOCTH BEPOSATHOCTH TOPMO3HOI0 MOMEHTA HA BeAyIEeM KoJjece
JJIsl BADHAHTA ¢ NPAMBIM yIPaBJeHHeM MOMEHTOM (IByXIeAa/IbHOe ypaBJeHHe)

Fig. 10. Probability density of the braking torque on the drive wheel
for the option with direct torque control (two pedal control)
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Puc. 11. I110THOCTH BEepOSITHOCTH MOJI0KEHHA MeJaTu X0Aa
AJISl BADHAHTA OJHONEJAJIBLHOI0 YNIPABJICHHA

Fig. 11. Probability density of the accelerator pedal position for the single pedal control option
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Puc. 12. IL10THOCTH BepPOSITHOCTH KPYTSAIEro MOMEHTA HA BeAyIIeM KoJjece
AJISI BADHAHTA OJHONEJAJILHOI0 YIPABJICHHSA

Fig. 12. Probability density of the torque on the drive wheel for the single pedal control option
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Puc. 13. I1110THOCTHL BepPOSITHOCTH PeKyNepaTHBHOI0 MOMEHTA Ha BeyLeM KoJiece
AJISl BADHAHTA OIHONEJAIbHOI0 YNIPABJICHHS

Fig. 13. Probability density of the regenerative torque
on the drive wheel for the single pedal control option

HccnenoBanue yHeprodppeKTHBHOCTH AJITOPHUTMA YIIPABJICHHS ¢ IOMOMIBIO NeJaJIH X04a
NPHU BUPTYAJIbHOH IKCIIYATAIMHU ¢ NOMOIIbI0 HMHTAIIHOHHOI'0 MO/1e TUPOBAHHUSA

DHeprod(HEeKTUBHOCTh AITOPUTMOB YIIPABJICHHUS TSATOBBIM 3JIEKTPOIIPUBOIOM OyIeM Olle-
HUBaTh 110 MOKA3aTeJ0 YJSIbHOW MOIIHOCTU: CyMMapHO# W,,,,, KoTopas 3aTpayMBaeTCs Ha JIBH-
JKCHUE 3a OJIMH KUJIOMETp mpodera:

n 1 t
Weyn = Z ZJ My wy dt, (7)
i=1

u peKynepaTHBHOﬁ VVpEKa KOTOpasa BBIpaGaTBIBaeTCSI TATOBBIMU JJICKTPOABUIATCIIAMHA B I'€HEPATOP-

HOM peXuMe padOThl U BO3BPAIACTCS B TATOBYIO aKKyMYJSTOPHYIO Oarapero 3a OJUH KHIOMETP
npoOera:

n £
17

VVpex = Z ZJ Mpexiwxi dt, 3
i=1 o

B dopmynax (7) u (8) L — npoiineHHBIH MyTh, M,; — MOJHBII MOMEHT Ha i-M BEAyIIeM KoJle-
Ce; Mpey; — PEKYIIEPATHBHBIA MOMEHT Ha [-M BEIYIIEM KOJIECE; Wy; — YIIIOBas CKOPOCTH BPAIICHUSI
i-ro Beayiero koseca. CyMMapHasi cpeiHsisl yAelbHasi MOIIHOCTD JUISl IByX BapHaHTOB YIIPaBJICHUS
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TSITOBBIM IIPUBOJIOM B TOPOJICKOM IIMKJIE BYDKEHHS MOKa3aHa Ha puc. 14, peKynepaTuBHAs CPETHSI
yJleIbHasi MOILHOCTh — Ha puc. 15.
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Puc. 14. CymmapHasi yieJbHas MOIHOCTD, 3aTPAYMBAaeMAasi HA JIBHIKEHHE
B HCCJIe/lyeMOM IUKJIE 32 OJJHH KHJIOMETP npobdera:
1 — ¢ oononeoanvHviM ynpagnenuem, 2 — ¢ NPAMbIM YRPAGLeHUueM MOMEHMOM

Fig. 14. The total specific power spent on movement in the studied cycle per kilometer of travel:
1 —with single pedal control; 2 — with direct torque control
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Puc. 15. PexynepaTtuBHas yie1bHAas MOIIHOCTD,
3aTpaunBaeMasi Ha JBHKEHHeE B HCCJIEAyeMOM IUKJIE 32 OAUH KAJIOMETP mpodera:
1 — ¢ oOHOnedanvrbviM ynpasnenuem,; 2 — ¢ BPAMbIM YNPAGIeHUeM MOMEHINOM

Fig. 15. Regenerative specific power spent on movement in the studied cycle per kilometer of travel:
1 —with single pedal control; 2 — with direct torque control

BriBoapbl

AHau3 nmapaMeTpoB JIBUKEHHUS TPAHCIIOPTHOTO CPEJCTBA C PA3IUYHBIMU AJITOPUTMaMH
YIIPaBJICHUS] TATOBBIM AJIEKTPOIPHUBOJIOM IMOKA3bIBAaeT, YTO B Cllydae, KOTJa TPaHCIOPTHOE Cpel-
CTBO OCHAIIIEHO CHUCTEMOM (hOpPMUPOBAHUS YIPABIISIONIET0 CUTHAIA CO CTOPOHBI MeJalu X0/a, Cy-
IIIECTBEHHO pacIIMpseTCs AUana3oH UCIojib30Banus nefand (10 50 % oT moJHoro xo/aa), B TO Bpe-
Ms KaK Ui BapHaHTa C MpsIMbIM YIpPaBJIeHHEM MOMEHTOM OCHOBHOH Bec mpuxomurtcs Ha 10 % u
Jlajiee CHUYKAETCs MpakThuIecku J0 HyJs Ha 40 % monHoro xona. [lpu aToMm nrama3zoHbl H3MEHEHHS
KPYTSIIMX U peKyNepaTUBHBIX MOMEHTOB Ha BeyIUX KojlecaX NPaKTUYECKU UACHTUYHBL.

VYaenpHBIE 3HEpro3aTpaThl Ui BapHaHTa C OJHOIEAATHHBIM YIpPaBICHHEM MEHbBIIE Ha
17...35 % (B 3aBUCHUMOCTH OT peXHMa JBUKECHHS) 110 CPABHEHUIO C BAPUAHTOM C IIPSIMBIM YIIPaB-
JICHHEM MOMEHTOM TSTOBBIX JJeKTpojaBuraresneid. [Ipu 3ToM ynenbHas MONTHOCTH peKyIleparnu
JUIS BapyaHTa ¢ OJIHOIEJaJIbHBIM yripaBieHueM B cpeaHeM Ha 300 % Oosblne, yeM Ui BapuaHTa ¢
MPSIMBIM YTIpaBIIEHHEM MOMEHTOM TSATOBBIX 3JIEKTPOJIBUTATENEH, YTO MIPUBOAMUT K TOMY, YTO pabo-
Yas TOPMO3Hasi CUCTeMa NMPaKTHYECKH HE 3aJIeficTBOBaHa B MEPBOM CiIydae, YTO JOMOJHUTEIHHO
BEJIET K 2KOHOMUHU €€ pecypca.
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HALUWA ABTOPBDI

MHOPOPMATUKA U YNPABJIEHUE
B TEXHUYECKUX U COLNATIbHbIX
CUCTEMAX

I'opoxoBa Hpuna BaagmmmpoBHa — JOIEHT
HI'TY um. P.E. AnekceeBa, ka1, (u3.-MaT. HAYK

Kopeaun Ouaer Hukonaesuu — nonent HI'TY
nM. P.E. AnekceeBa, KaH/I. TEXH. HAYK

Hukynun EBrenmii AjiekcaHApPOBHY — JOIEHT
HI'TY um. P.E. AnekceeBa, KaH/l. TEXH. HAyK

CaBknn Aprem EBreHbeBHY — MarmcTpaHT
HI'TY um. P.E. Anekceesa

®poaarnda Ejgena BaagummpoBHa — J01EHT
HI'TY um. P.E. AnekceeBa, kau1. ¢pu3.-MaT. HAyK

laranosa IlosumHa AHATOJBEeBHA — JIOIEHT
HI'TY um. P.E. AnekceeBa, KaH]l. TEXH. HAyK

Hlamun Poman BsigeciiaBoBHY — 3aBeyIOIMAN
kadenpoii «Muadpopmarrkay MUPDA — Poccwii-
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Jlob6azoB Anapeii CepreeBu4 — IJ1aBHbIN clie-
uaucT AO «ATOMCTPOUIKITOPT»

MALLMHOCTPOEHUE U TPAHCIOPT:
TEOPUA, TEXHOJTOI'MK, NPOU3BOACTBO

Bacmanos HBan BagumoBuu — accucTeHT
MOCKOBCKOTO TOCYJIAapCTBEHHOTO TEXHHYECKOTO
yHuBepcurera uM. H.O. baymana

Byknpos Poman PycramoBumu - acnupasr
Cankr-IleTepOyprckoro rocyIapcTBEHHOTO —ap-
XUTEKTYPHO-CTPOUTEIILHOTO YHUBEPCUTETA

Ban YaosHb0# — acnupadT MOCKOBCKOTO ToCy-
JTAPCTBEHHOTO TEXHUYECKOTO0 YHHBEPCUTETA HM.
H.D. baymana

Boabckas Haranps CraHuciaBoBHA — IIpo-
(eccop MOCKOBCKOTO TOCY/IapCTBEHHOTO TEXHH-
yeckoro yHuBepcurera uMm. H.D. baymana, n-p
TEXH. HayK

TI'oay6unk Tumodeii BragumupoBud — J01eHT
MOCKOBCKOr0 rocyJapCTBEHHOIO TEXHHUYECKOIO
yHuBepcutera uMm. H.D. baymana, kaHj. TexH.
HayK

AKypxun Mwuxana MuxaiijioBud — acnupanT
MOCKOBCKOTO TOCYIapCTBEHHOTO TEXHUYECKOIO
yHuBepcutera uM. H.O. baymana

3axapoB Ajexkcanap FOpseBuu — nouent Moc-
KOBCKOTO TOCYAapCTBEHHOTO TEXHUYECKOTO YHH-
Bepcutera uM. H.D. baymana, kanj. TexH. HayK

3y3oB Bagepmii HukxoaaeBuu - mpodeccop
MOCKOBCKOTO TOCYJIapCTBEHHOTO TEXHUYECKOTO
yHuBepcutera uM. H.D. baymana, n-p TexH. Hayk

KaumoB Anexcanap BaaammupoBuu — pyko-
BOJUTENh CIYXKOBI JJIEKTpU(PHUITMPOBAHHBIX aB-
tomobuneit OO0  «/HHOBAIIMOHHBIA  LIEHTP
«KAMA3», kanj. TeXH. HAyK

Penun Cepreit BacuaseBuu — mpocdeccop
Cankr-IleTepOyprckoro rocyaapCTBEHHOTO ap-
XUTEKTYPHO-CTPOUTEILHOTO YHHBEPCUTETA, I-P
TEXH. HAyK

CoaonoB Amurpuii IOpseBuu — 3aBenyromuit
otnenoM «HucieHHoro aHainsa acCuBHOM Oe30-
nacHocThy ymnpasieHus «FEM MmonenupoBanms»
I'ocynapctBenHoro HayuHoro neHtpa P® OI'VII
«HAMMW», kaH]1. TEXH. HAyK
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INPUHUMAEM B IIEYATDb HAYYHBIE CTATBHA B )KYPHAI
«TPYABI HI'TY um. P.E. AIEKCEEBA»

Aopec peoaxkuuu: 603155, Huxcrnuit Hoezopoo, ya. Mununa, 24
ayo. 1363-3
e-mail: rsl@nntu.ru

IIPABHJIA O®OPMJIEHHA CTATEH, HAIIPABJIAEMBIX B PEJJAKIIHIO

* B pemaknuio HampapisSiOTCS ABa MeYaTHBIX
IK3EeMILIAPA CTAaThbH M KOMIUIEKTHI COTIPOBOIH-
TEeITbHOW JIOKYMEHTAIlUH: OYMa)KHBIM M DIIeK-
TPOHHBIH.

* PexoMeHIyeMblii 00BbEM CTaTbU HE IIPEBHI-
maeT 15 crpanun TekcTta. Bee cTpaHUIlBl OJDK-
HBI OBITH NMPOHYMEPOBaHBL. MUHHUMAJILHOE KO-
JIMYECTBO CTPAHUIl — 7; MUHHMAJILHBII 00beM
cratbu — 0,5 m.J1.

* CTaTrbl0 HEOOXO0JHMO CONPOBOIUTH AKTOM
U TPOTOKOJIOM SKCIOPTHOTO KOHTPOJIS, DKC-
MEePTHBIM 3aKJIIOUYEHHEM O BO3MOXKHOCTH OT-
KPBITOrO ONyOJIMKOBAaHMS, BBITUCKON M3 3ace-
JaHus KadeIpbl, PeKOMEHIYIOMEH CTaThio K
OITyOJIMKOBAaHUIO.

* JlewaTHble >K3eMILIAPBI CTATCH JOJIKHBI
OBITH IMOJITUCAHBI BCEMU aBTOPAMH.

* JlepBas cTpaHMIa CcTaTbU JOJDKHA COACP-
Kath cieayromyo uapopmanuio: YK (kox mo
VHHUBEPCAIHHOMY JIECITHIHOMY KIIacCHU(pHKATO-
py); HHALIUAIEI U (paMIJIMK aBTOPOB (B HOPSI-
Ke, OTpakKaloIlIM WX aBTOPCKUU BKJIAJN); aHHO-
TaIlHIo, KITFOYEBHIE CIIOBA.

e Annoranus (120-150 cioB) oTpakaeT mepe-
YHUCJICHUE PEe3YJIbTAaTOB W KIIFOUYEBBIX BHIBOJIOB,
0003HaYCHHNE HOBU3HKI M C(pepbl IPHUMEHEHHUS.

* KuroueBble ciioBa (He MeHee 10) oTpakaroT
TEMAaTHYECKYIO HaIpaBIEHHOCTh, OOBEKT U pe-
3YJIbTAThI HCCIIEIOBAHUS.

* U3noxxeHwe mMarepuana JOJDKHO OBITh JIOTH-
YeCKH BBICTPOCHHBIM. TeMaTHKa Ipe/icTaBlIcH-
HOTO HCCIICJIOBAHMS JIOJKHA CTPOr0 COOTBET-
CTBOBATH PYOPHKATOPY KypPHAJIA H MACIOPTY
cnenunajgbHocTH BAK. Pexomennayercs cnemy-
IoIIasi CTPYKTypa CTaThbH: BBOJHAS 4YacThb C
000CHOBAaHHEM HEOOXOAUMOCTH M H3JIOKCHUEM
1eau paboThl, TCOPETUUCCKUM aHAIN3, METO M-
Ka, DKCIIEpUMEHTAJIbHAS YacTh, Pe3yJbTaThl U
BBIBOJIBI (He Oozee 0,5 crpaHuIel), OMOJIHO-
rpaguyecKuii CIHUCOK, coAep:KaIUil TOJIbKO
NUTHPYEMble HJIH paccMaTpHBaeMble B TeK-
cte padoTbl. CCHUIKH HYMEPYIOTCS B TMOpPSIKE
nutrpoBanus. CaMOIUTHPOBAHNE PEKOMEH/TY-

€TCS OrpaHHYHTh TpeMsi NyHKTaMH. Peko-
MEHJIyeTCsl HCIOJIb30BaTh B OuOmmorpadudie-
CKOM CITHICKE CCHUIKM Ha HaydHbBIe paOOTHI II0
TEeMe HCCJICIOBAHUS, HHIEKCUPYEMbIC B MEXKTY-
HaApOJHBIX 0azax HAy4yHOro HUTHpoBaHus. buo-
auorpaUUeCcKrii CIIMCOK HE JIOJDKCH BKJIHOYATh
HEOMyOJIMKOBaHHbIE pabOTHI.

¢ K crarbe HEOOXOJUMO NPHJIOKHTL (ail1 ¢
nHpopManueid 00 aBTOpax Ha PYCCKOM SI3BIKE:
®HO (OJHOCTHIO), JOJDKHOCTD, MECTO padOTHI
(moyHOE Ha3BaHWE OpraHU3alllMH, TOPOJ, CTpa-
na), ugentuduxkarop ORCID, e-mail, yuenas
CTEIICHb U 3BaHUE.

* Tekct HaOupaeTcss Yepe3 OIUH HHTEPBAI
12 xernem. CHocku u npumedanus 10 xeriem.
Ilons: neBoe, mpaBoe, BepxHee n HibkHee — 20
MM. IlepeHoch He nonyckaroTes. Mcmoman3yeTcs
dbopmar Word for Windows w craHmapTHBIC
upudTel Times New Roman u Symbol.

* @®opMmyJIbHBIC BEIPAKECHHS BBIIIOJIHSIIOT CTPO-
ro B pemakrope MS Equation 3-12 keryb. Pas-
MEpPHOCTh (PU3MUYECKUX BEJIMYHMH JOJIKHA COOT-
BeTcTBOBaThH cucteme CU.

¢ CokpalieHue CJIOB, KpOMe OOIIEIPUHSATHIX,
He nmomyckaeTcsa. Mcmonmp3oBanuio abopeBHaTyp
JIOJDKHA TIPEAIIECTBOBATh MX pacIIu(ppOBKa.

e Tabmumper (11 Kerap KUPHBIA) TOJKHBI
MMETh Ha3BaHUs, MX CJCAyeT pacrojararh Io
TEKCTY CTaThH, CChIIKH Ha TaOuIEl: (Tadid. 1).

¢ Jlmarpammsl BeIIOJTHSAIOTCS B (hopmaTe Excel.
I'padmaecknii marepuan (TOIBKO B YepHO-Oe-
JIOM M300pakKeHUH) JOJDKEH OBITh YeTKUM M He
TpeboBaTh mepepucoBku. HM3o00pakeHHUS BEI-
nosHsoTesS B hopmarte jpg uiu tif ¢ paspermre-
mueM 300 dpi. PucyHky BEIIOJIHSIOTCSA IIO
I'OCT, mompucyHouHass moamwich 11 >KApPHBIH
KErJb, CChUIKH Ha PUCYHKH: (pucC. 1).
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PYKOIIMCHU U COITPOBOAUTEJIbBHAA JOKYMEHTALUA
INPUHUMAIOTCA:

2.3.1 — CucreMHBbIH aHAJIN3, yIPaBJeHHe H 00padoTka HH(popMannu
2.3.8 — UndopmaTtuka u nHGOpMaLHOHHbIE NPOLECCHI

Banepuii [TaBnoBuu Xpanunos: hranilovi@nntu.ru

2.4.9 — SInepHble JHepreTuyecKue YCTAHOBKH, TONJIUBHbIA LUK,
paauanHoOHHAas 6e30MaCHOCTh

Makcum Anekcangposud Jleruanos: legchanov@nntu.ru

2.5.11 — HazemHbIe TPAHCIIOPTHO-TEXHOJJIOTHYIECCKHE CPEACTBA H KOMIIJICKCHI

Opwit Uropesuu Mones: rsl@nntu.ru
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TPYJAbI HI'TY
um. P.E. AIEKCEEBA

Ne 1 (144)

OtBerctBenHbIil peakTop: B.U. KazakoBa

Peoaxyus:
603155, Huxuanit HoBropon, yin. Mununa, 1. 24
rsl@nntu.ru
CBoOomHas rieHa

Ioxnucano B meuats: 11.03.2024 Jlata Beixona B ceet 21.03.2024. ®dopmar 60x84 '/s.
bymara odcetnas. [leuats Tpadapernas.
Yen. mew. 1. 7,50. Tupax 300 ok3. 3aka3

Hwxeropoackuii rocygapcTBeHHBIN TexHUYeCKnil yHuBepcuTteT uMm. P.E. Anekceesa.
Tunorpadust HI'TY.
Anpec yHHBEpCHUTETA B TUTIOTpadUH:
603155, Huxuuit Hosropon, yin. Mununa, 24
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