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B crarbe paccMOTpeHbI OCHOBHBIE TPeOOBAHMS POCCHICKUX M 3apyOe)KHbIX HOPMATHBHBIX I[O-
KyMEHTOB TI0 BHOpoO3alure pabouero Mecra ornepaTopa KOJIECHBIX M I'yCEHMYHBIX MAIMH U BbI-
TOJIHEH WX CPaBHUTEJBHBIX aHamm3. HopMmupoBaHwe mnapaMeTpoB oOIe BuUOpaimm Ha pPabodmx
MECTax OIEPaTOPOB TPAKTOPOB M CAMOXOJHBIX CEJIbCKOXO3SHCTBEHHbIX MAIlMH B HAIIEW CTpaHe
nporicxonutr coriacHo TpeboBammsim CH 2.2.4/2.1.8.566-96, TOCT 12.1.012-2004 u T'OCT
12.2.019-2015. B xauecTBe KpHUTEpUEB OLICHKH BBIJCIAIOTCS CPEIHEKBAJPATHUCCKUE 3HAUCHUS
BUOPOYCKOpEHMI 3a ONpeJeICHHBbI MepHoJ] BO3ICHCTBUS B KaKIOW OKTaBHOW (TPEeThOKTaBHOM)
nosioce 4yacToT. OHM CPaBHUBAIOTCS HA MPEAMET COOTBETCTBUS C pErilaMEHTHPYEeMbIMH 3HAUEHHUS -
MU U3 ONpeJeNIeHHOro cTaHaapra. Ha mexXayHaponHOM ypoBHE OOBEKTOM COOTBETCTBHS HPUHAT
crangapt 1SO 2631-1: 1997, koropslii ycTaHaBIMBaeT TPeOOBAaHHS BEPTHUKAJIHHON W TOPU3OHTAIH-
HOW BHOpalMM C ONpeJIeJICHHBIM BPEMEHEM BO3JEHCTBUSA Ha uenoBeka oT | MuH 10 24 yacoB B
nuanazone dactoT or 1 I'm mo 80. B craTbe mokaszaHo, 4TO HawOojee JKECTKHE TPeOOBaHWS TIO
YPOBHIO JIOKaJIbHOW BHOpaly ycTaHoBJIeHbl B Poccuiickoil @enepaimu. Mimu npenycmaTtpuBaeTcs
YyeTKas perjaMeHTalys IO BUIY BBINOJIHIEMBIX padoT, NJIUTEIbHOCTH, BEJIMYMHE, HATPABIICHUIO
JNEHUCTBYIOUMX HAarpy3oKk U T.A. OTHOCUTENBHO MATKUX TpeOOBAaHMN MPUIEP/KUBAIOTCS B OOJbIIMH-
cTBe cTpaH EBpomsl, kpome [lomemm, rae IIJIY perymupyercs ¢ yueTom Bo3pacTa, Iojia ¥ COCTOsI-
Hus 4denoBeka. Kpome TOro, B HOpMaTHBHBIX JOKYMEHTaX OOJBIIMHCTBA MHOCTPAHHBIX FOCYAapCTB
NPUCYTCTBYIOT JIBa, @ HMHOIZAa M TPH MOKa3aTels: NOpPOroBble (BEpXHEE M HIKHEE) 3HAUEHHS U
I[IAY. Ilpu nOCTWKEHWH MOPOTrOBOTO 3HAYEHUS] OOBIYHO HAYMHAIOTCS NEPBHYHBIE MEpHI MO IMPOT U-
BOJICHCTBHIO BPEIIHBIM (haKTOpaMm.
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Knroueswie cnoga: xonechvle u 2yceHuuHvle MawluHbvl, pabovee mMmecmo onepamopd,
s8uUbpayuoHtvle 8030elicmsus, Mpedo8aHuss HOPpMAMUBHBIX OOKYMEHMO8.

The paper discusses the main requirements of Russian and foreign regulatory documents on vi-
bration protection of the operator's workplace of wheeled and tracked vehicles. Their comparative
analysis was performed. The normalization of the parameters of general vibration at the workplaces
of operators of tractors and self-propelled agricultural vehicles in our country occurs in accordance
with the requirements of SN 2.2.4 / 2.1.8.566-96, GOST 12.1.012-2004 and GOST 12.2.019-2015.
The root-mean-square values of vibration accelerations for a certain period of exposure in each oc-
tave (one-third octave) frequency band are allocated as the evaluation criteria. They are compared
for compliance with the regulated values from a specific standard. At the international level, the ob-
ject of compliance is the ISO 2631-1: 1997 standard, which establishes the requirements for vertical
and horizontal vibration with a certain exposure time on a person from 1 minute to 24 hours in the
frequency range from 1 to 80 Hz. The article shows that the most stringent requirements for the lev-
el of local vibration are established in the Russian Federation. They provide clear regulation of the
type of work performed, duration, magnitude, direction of existing loads, etc. Relatively soft re-
quirements are in most European countries, except Poland, where the MPL is regulated taking into
account the age, gender and condition of a person. In addition, in the regulatory documents of most
foreign countries there are two and sometimes three indicators: threshold (upper and lower) values
and MPL. When the threshold is reached, primary measures are usually initiated to counter harmful
factors.

Keywords: wheeled and tracked vehicles, operator's workplace, vibration effects, regu-
latory requirements.
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kameB A.M. CpaBHUTENIbHBIA aHAJIM3 POCCHICKUX U 3apyOe’KHbIX HOPMATHBHBIX TPeOOBaHMH K
BHOpoO3ammre oneparopa Tpakropa // Uzeecmus MI'TY « MAMH». 2021. Ne 2(48). C. 2-8. DOI:
10.31992/2074-0530-2021-48-2-2-8

Cite as: Z.A. Godzhayev, T.Z. Godzhayev, M.V. Lyashenko, V.V. Shekhovtsov, A.l. Is-
kaliyev Comparative analysis of Russian and foreign regulatory requirements for vibration pro-
tection of a tractor operator. Izvestiya MGTU « MAM1I». 2021. No 2(48), pp. 2-8 (in Russ.). DOI:
10.31992/2074-0530-2021-48-2-2-8

DOI: 10.31992/2074-0530-2021-48-2-9-17

BausiHue Ha XapakKkmepucmuky JIUHEUH020 nepucma/sismu4ecKoeco Hacoca (ﬁOpM bl
ceyeHUus U 0/1UHbI CHCUMAEMBIXYHUACMKO8

Influence of the cross-sectional shape and length of the compressible sections on the
characteristics of a linear peristaltic pump

'pyme AU A.l. Grishin
Dedepanvroe 20Cy0apCcmeeHHO e ABMOHOMHOe Moscow Polytechnic University, Moscow,
00pazosamenvbHoe YuUperHcOeHUe 8blCULE2O Russia

obpaszoeanus « Mockosckuii nomumexnuyeckuti  foxmccloud@rambler.ru
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B 0030pHO#1 wacTu paboTHI KpPaTKO MpeACTaBICHb HAUOOJEE PACMIpPOCTPAHEHHBIE CYIIECTBYIO-
IIMe KOHCTPYKIMA HACOCOB TIEPUCTAJIBTHICCKOrO TPUHIMIIA JCHCTBUSA, @ TAK)Ke OCHOBHBIE OOJACTH
ux npuMeHeHwss. OCHOBHasE 4acThb Pa0OTHI TOCBSIICHA WCCICAOBAHUIO BIMSIHUS Ha palboTy Tepu-
CTaNbTUIECKOr0 HACOCA C JIMHEHHO paCIONIOKEHHON TPYyOKO (popMBI MmomepedHoro ceuenus Tpyo-
KA B 00JIACTH C)KUMAEMBIX YYaCTKOB, & TAKXKE COOTHOIICHUS Pa3MepOB BBDKUMHBIX dJICMEHTOB, Tie-
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PHOIIMYECKH CKMMAIONMX TPYOKy Hacoca B TONEPEYHOM HampaBiieHuMW. VccnemoBaHus TpOBOI -
JIMCHh TIOCPENICTBOM YHCJICHHBIX dKcTiepuMeHToB B mporpamme STAR-CCM+, koropas ocHOBaHa Ha
METOJIe KOHTPOJBHOTO 00beMa. B pesynbrare NpOBEACHHBIX BBIYMCICHHWH OBUIO TOMYYEHO, YTO
NpPUMEHEHHE BBICTYINOB HAa BHYTPEHHEH MOBEPXHOCTH TPYOKH JaeT MOJOKHUTENBHBIN dddekT, ecam
BBICTYIIBI UMEIOT OCOOYI0 KPHBOJIMHEHHYIO (POPMY C IUIABHBIM TIEPEXOIOM OKOJIO BHYTPEHHEH I10-
BEPXHOCTH TPYOKH, PUYEM yBEJIMYCHHE CO3/aBacMOrO JAaBJICHHS M MOJa4yu OOJbIIEe B TOM Ciydae,
€CJIM BBICTYIIBI NPUCYTCTBYIOT TOJBKO B 00JACTH CXKATHS TPYOKH NEPBHIM BBDKUMHBIM 3JIEMEHTOM.
ITpu 5TOM yron HakjoOHa XapaKTEPUCTHKH HACOCAa MEHSETCS TaK, YTO MOJIOKUTEIbHBIN 3PheKT He
HaOJroaeTcs B OOJIACTH MajblX 3HAYEHHH CO3/1aBaeMOro JaBicHWs. V3yueHue BIWSHUS pas3iiid-
HBIX COOTHOIICHHH JUIMH C)KUMAaeMBbIX YUaCTKOB TPYOKH Ha cO37aBaeMble HACOCOM TOady W JaB-
JICHWE TIOKAa3aJlo, YTO JUJII UCCJIEAYEeMOro B paboOTe HEMOJNHOro C)XKaTusg TPyOKH Hacoca HauOosee
OJIaroNpUATHBIM  SIBJISETCSI WCTIONIb30BAHME BBDKUMHBIX DJIEMEHTOB OJMHAKOBOM JUuMHBL. Kak s
TpyOKH 6€3 BBICTYIOB, TaK U JJIsI TPYOKU C BBICTYNAMHU, IIPUMEHEHHE BTOPOrO BBDKMMHOIO dJieMe H-
Ta OOJBIICH WIM MEHBIICH JJIMHBI, YEM JIJIMHA OCTAJILHBIX BHDKHMHBIX 3JIEMEHTOB IPU OJHOM U TOH
’Ke CyMMAapHOH JUIMHE BCEX TPEeX CIKUMAeMbIX Y4aCTKOB, MPHBOAWT K YBEIMUCHHIO YTEUEK TPH He-
TIOJTHOM C)KaTHH TPYOKH, U, TAKUM 00pa30oM, CHIDKAeT MoJavy Hacoca.

Knroueswle cosa: nepucmaibmuueckuli HACOC, 63auUMO0elicmeue HHUOKOCmi 1 meep-
0020 mend, BbIYUCIUMENbHASL 2UOPOOUHAMUKA.

In the overview part of the work, the most common existing designs of pumps of the peristaltic
principle of operation, as well as the main areas of their application, are briefly presented. The main
part of the work is devoted to the study of the influence on the operation of a peristaltic pump with a
linearly arranged tube of the shape of the cross-section of the tube in the region of the compressible
sections, as well as the ratio of the sizes of the release elements periodically compressing the pump
tube in the transverse direction. The studies were carried out through numerical experiments in the
STAR-CCM + program, which is based on the control volume method. As a result of the carried out
calculations, it was found that the use of protrusions on the inner surface of the tube gives a positive
effect if the protrusions have a special curvilinear shape with a smooth transition near the inner sur-
face of the tube, and the increase in the generated pressure and feed is greater if the protrusions are
present only in the compression region tube with the first squeeze element. In this case, the dis-
charge angle of the pump characteristic changes so that a positive effect is not observed in the re-
gion of small values of the generated pressure. The study of the influence of different ratios of the
lengths of the compressible sections of the tube on the flow and pressure created by the pump
showed that for the incomplete compression of the pump tube investigated in the work, the use of
squeeze elements of the same length is favorable. Both for a tube without protrusions and for a tube
with protrusions, the use of a second squeeze element of greater or lesser length than the length of
the remaining squeeze elements with the same total length of all three compressible sections leads
to an increase in leakage when the tube is not fully compressed, and thus reduces the pump flow.

Keywords: peristaltic pump, fluid-solid interaction, computational fluid dynamics.

Jna yumupoeanua: 'pmvH A.J. BiusHue Ha XapakTEepUCTHKY JIMHEMHOTO NEPUCTANb-
THYECKOro Hacoca (OpMBI CEUEHMS M JUIMHBl C)KUMaeMbIX ydacTKoB // Hszeecmus MI'TY
«MAMH». 2021. Ne 2(48). C. 9-17. DOI: 10.31992/2074-0530-2021-48-2-9-17

Cite as: A.l. Grishin Influence of the cross-sectional shape and length of the compressible
sections on the characteristics of a linear peristaltic pump. zvestiva MGTU « MAMI». 2021. No
2(48), pp. 9-17 (in Russ.). DOI: 10.31992/2074-0530-2021-48-2-9-17
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Development of methodology for calculation of optimal distribution of electric power
between power units of condensing power plant

k.T.H. Unenues B.1O., V.Y. llichev, PhD in Engineering
k.T.H IOpuk E.A. E.A. Yurik, PhD in Engineering

Kanyorccxkuii punuan @I'OY BO «Mockoscku  Kaluga Branch of Bauman Moscow State
2ocyoapcmeennvlil mexnuveckutl ynueepcumem  Technical University
umenu H.D. Baymana (nayuoHnanvhulil patrol8@yandex.ru

uccie008amenbCKull YHUGEP CUMem) »
patrol8@yandex.ru

MeToasl ONTUMU3ALMK UCTIONB3YIOTCS TPU PEIICHM MHOTUX 3a7a4 B o0macTH sHepreTuku. On-
HOM M3 TaKuX 3ajlad sIBIsieTCs NpoljeMa ONTHMAalbHOIO Tepepacrlpe/iesiCHUs] MOIHOCTUA MEXIY
SHEProOJIOKAMH NIEKTPOCTAHIMUA C LEJbI0 JOCTIKEHUS MHHUMAJILHOTO pacxoja TOIUIMBa. OTO
0COOEHHO Ba)KHO JIJISI MOIIHBIX KOHIIEHCAIMOHHBIX 3MekTpocTaHimid (KOC), B KOTOPBIX ga)e OTHO-
CUTEJIbHO MaJjiasi 3KOHOMUSI TOIUIMBA MPHBOJUT K 3HAYUTEIILHOMY 3KOHOMHUYECKOMY 3PdeKTy.

CraTbsl MOCBSIEHA ONMCAHMIO Pa3pa0OTAaHHONM METOJWKH TAaKOM ONTHMM3AIWMH, OCHOBAHHOM Ha
NPUMEHEHUM COBPEMEHHOr0 MeToja Ju(phepeHIMaIbHOM HBOMIOIMY, 00JIaaloero MHOTHMMHU
MPEUMYIIECTBAMHU TIEpe]] «KJIACCHYECKAMW» METOJaMHU ONTHMMM3alMU. B yacTHOCTH, ¢ €ro momo-
IO MOKHO HAWTH MMEHHO TJIOOAJbHBIM, a HE JIOKAJIbHBIM SKCTPEMYM IIEJIEBOM (DYHKIWMM; TaKxke
3TOT METOJ OTJIMYAeTCs] MPOCTOTOM M IIMPOKMMHU BO3MOXHOCTSMU IPU UCTIOIb30BAHUM COBPEME H-
HBIX TIPOIPaMMHBIX CPEJICTB.

Ouenp ymoOHO MeToA auddepeHIMAIbHON BOMIOIMKA OpraHM3oBaH B OubOsmoreke SCIPY cBo-
OOIHO PaCPOCTPaHIEMOro si3blka MporpamMMupoBaHus Python, mosTomy Ha 3TOM si3bIke pa3pada-
ThIBaJIACh pacyéTHas MporpaMma JJisi pelieHus MOoCTaBJICHHOM 3aaun. B pabore paccMoTpeHsl ai-
TOpPUTM U CTPYKTypa pa3paOOTaHHOM MpOrpaMMBbl, a TAKXKE MOPSIAOK MOATOTOBKM HUCXOJHBIX 1aH-
HBIX M TPOLECC BBIYMCICHUN Ha INPUMEpPE KOHKPETHOM KOHIEHCALOHHOW 3JIEKTPOCTAaHIMU. Y IIo-
MUHAIOTCSI MOZYJIH, UCTIONIb3yeMbI€ B MporpaMme I 3arOoJIHeHUsS MacCHBOB JIAHHBIX, & TAKXKE JJIs
BBIBOJIA PE3Y/IbTATOB B BHAE KaU€CTBEHHBIX I'PahHKOB.

C noMoripl0 MporpaMMbl MOCTPOEHA JuarpaMma ONTHMalIbHOIO Tepepacrpe/iesieHus] MOLIHO-
CTeH MEXIy SHEProdJIOKaMM I JIFOOOH CyMMAapHOW MOIIHOCTH paccMaTpPHBAEMOM 3JIEKTPOCTAa H-
M. Taxke JUId BCEro JMana3oHa MOLIHOCTEH 3JIEKTPOCTAHLMM BBIYKCIIEH PAacXof YCJIOBHOTO TOI-
JMBa YU SKOHOMMSI TOIUIMBA TMpU peajn3allid ONTHUMAajbHOIO Mepepaclpe/iesieHuss MOIIHOCTEH Mo
CPABHEHUIO C PABHOMEPHBIM pPACHpPEICIICHUEM.

[Tonmy4yeHHbI MpOrpaMMHBIN MPOIYKT, TOCTYIHBIM BCEM KEJIAIOIMM HAa CalTe aBTOPOB CTATHH,
MO3BOJSIET HE TOJBKO M3ydaTh MpaKTHUYECKOe NMpUMEHEHHe MeTona AudQepeHImanIbHON IBOOIH,
HO TAKKE€ CO3[1aBaTh HA €r0 OCHOBE IPOrpaMMBbl JUId PELICHUs MPOYMX 3a7ay ONTHUMM3ALMH, HEKO-
TOpPbIE U3 KOTOPBIX YIOMSIHYTHI B CTATheE.

Knwuegwvle cnosa: onmumuzayus, nepepacnpeoenenue MOUHOCHU, I80II0OYUOHHbBLE
Memoobl, MOWHOCHb MypouUH, Memoo oudgepenyuanvroi ssortoyuu, a3vix Python.

Optimization methods are used to solve many problems in the field of energy. One of such tasks
is the problem of optimal redistribution of power between power units in order to achieve minimum
fuel consumption. This is especially important for powerful condensation power plants, where even
relatively small fuel savings have significant economic effect.

The article is devoted to description of developed method of such optimization, based on the ap-
plication of differential evolution, which has many advantages over the “classical” methods of op-
timization. In particular, it was the global rather than the local extremum of the objective function
that could be found. This method is also easy and powerful when using modern software tools.
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Differential evolution method is organized in the library SciPy of Python programming lan-
guage, so calculation program was developed in this language to solve the problem. The work con-
siders algorithm and structure of the developed program, as well as the procedure for preparing ini-
tial data and calculation process using example of a specific condensing power plant. Modules used
in the program to populate the data arrays, as well as to output the results in the form of high-quality
graphs are mentioned.

With the help of the program, diagram of the optimal redistribution of capacities between power
units for any total capacity of the power station is constructed. Also, for entire power range of the
power plant, nominal fuel consumption and fuel economy are calculated when implementing the
optimal redistribution of capacity in comparison with an even distribution.

Obtained software product, available to everyone on the website of the authors, allows not only
to study the practical application of differential evolution method, but also to create programs based
on it in order to solve other optimization problems, some of which are mentioned in the article.

Keywords: optimization, power redistribution, evolutionary methods, turbine power,
differential evolution method, Python language.

Jna yumuposanua: Unenues B.1O., IOpuk E.A. Pa3paboTka MeTOAMKH pacuéra ONTH-
MaJbHOrO pachpe/iesIiCHHsI dIEKTPUIECKO MOIHOCTH Mexny sHeprobiokamu KOC /I Uzeecmus
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Study of the combined drive of theroad train

K.¢-M.H. 3yeB C.M.", S.M. Zuyev', PhD in Physics and Mathematics
K.T.H. Manees P.A.%, R.A. Maleyev', PhD in Engineering

ImaTkoB IO.M.l, YU.M. Shmatkovl,

[upokos n.c.t, P.S. Shirokov!,

K.T.H Sxyrms JI.P. D.R. Yakhutl?, PhD in Engineering
Y\@r50Y BO «Mockosckuii nonumexnuveckuii  *MOSCOW Polytechnic University, Moscow,
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B nanHOl cTaThe OMMCHIBAETCA HA3HAUEHUE, OOJACTU TNPUMEHEHUS, OCHOBHBIC IAapaMeTphbl
OOJIBIIETPY3HBIX aBTOINOE3/0B ISl TEPEBO3KM TPY30B CIELMAIBHOIO W OOIIEXO3SHCTBEHHOTO
Ha3HaueHus. PaccMOTpeHsl OOMNbIErpy3HbIE aBTOMNOE3Aa C BEAYIIMMH KOJIECAMH TPHIICTHBIX 3Be-
HbeB. [lokazaHpl mpeuMyIlecTBa MPUMEHEHUs: OONBIIETPY3HBIX ABTOMOE3/I0B M0 CPAaBHEHHIO C O M-
HOYHBIMU TPY30BBIMH aBTOMOOWISIMH.

PaccMoTpensl goMOMHUTENbHBIE MCTOYHHKU SHEPTMM K IITaTHOMY ABUrAaTENMIO (IM3EIbHBINA WIN
ra30TypOMHHBIM ABUraTelsb Uil MPHBOAA TPEX(a3HOro reHeparTopa), MpeHa3HaueHbIe Il TPEeo O-
JeHUsT KPYTHIX TOIBEMOB U TPYAHOMPOXOJUMBIX y4acTKOB Joporu. [IpoBeseH aHamm3 moBOpoTa
aBroroe3na. [lokazaHel TpeuMyliecTBa KONBIEBOM CXEMBbI U MApaJUICIbHOM C HHIUBUIYaJILHBIM
ynpaBienreM. [IpousBeieH aHamm3 Cwil TATH MO KojiecaM U pa3dpoc moTeph Mpu MOBOPOTE aBTOIMO-
€3/1a B MHOTOJIBHTaTeJIbHOM TpHBOAE. [IpencTaBieHsl TATO-IUHAMHUYECKHE CBOMCTBA aBTOIOE3/I0B,
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KOTOpBIE XapaKTEPU3YIOT NpeleiibHble CWIOBbIE U KMHEMATHMUYECKUE BO3MOXHOCTH aBTOINOE3/I0B B
Pa3IMUHBIX PEXUMAaX JBIDKEHUS.

BbINonHeH NMOKWCK palMOHAJILHOTO PACTpPEeNIeHss TOKOB B 3aBHCUMOCTH OT CWI, AEHCTBYIOLIHUX
Ha KOoJIecax M MOTEPh B IIMHAX.

IIpoBeneHO Hcclie0BaHKE TOBOPOTA TPAHCIIOPTHOTO CPENCTBA, BBIYKCIICHBI 3HAYCHUA TOKOB,
BenmuMHa pa3zdbpoca TokoB U ux BiamsiHue Ha KIIJI. OmpenenieHbl SKOHOMHYECKHUE XapaKTEpPHCTUKU
aBTOIOE3/10B.

Pa3paborana metonuka u aaropurmel pacuera norepb u KIIJI. [Ipeacrasnen aaropurm pacuera
npu paBeHCTBe TOKOB. [IpoBenens! pacuers! KIIJ[ Ha pa3mm4HBIX CKOPOCTSIX M paJHycax MOBOPOTa
npu BwkeHuMHd aBtomnoe3na. IIpomssenen anammz KIIJ[ mpu paBeHCTBE TOKOB M MOIIHOCTEW TPH
M3MEHEHNMM CKOPOCTHU JIBIKEHUS.

[IpennoxeHsl pas3iMyHble KOHCTPYKTOPCKO-TEXHOJOTMUECKHE MEPOIPHATHS JJIs1 TOBBIIICHUSA
TEXHUYECKHX XapaKTEPUCTHK aBTOIOE3/A.

Knrouesvie cnoea: asmonoeso, meniodieKmpudeckuti npueoo, KpynHo2abapumuuolil
MAACENI0BECHDIL 00BEeKm, MOOYIbHBII MPAHCROpmMED, 2pY308as niam@popma, cucmema
VNP ABeHUSA, MAHEEPEHHOCMb, YNPABAAeMOCHb, KOHMPOJLEp, Y201 HOBOPOMA ONOPbL, P V-
Jleeas npozpamma, 3adaruiee 8osoelcmsue, pacco21acosatue.

This article describes purpose, areas of application and main parameters of heavy road trains for
the transportation of special and general cargo. Heavy-duty road trains with drive wheels of trailed
links are considered. The advantages of using heavy-duty road trains in comparison with single
trucks are shown.

Additional energy sources for a standard engine (diesel or gas turbine engine for driving a three-
phase generator), designed to overcome steep ascents and difficult road sections, are considered.
The analysis of the turn of the road train is carried out. The advantages of ring and parallel circuit
with individual control are shown. The analysis of the traction forces on the wheels and the spread
of losses when turning the road train in a multi-engine drive are made. The traction and dynamic
properties of road trains are presented. They characterize the limiting power and kinematic capabili-
ties of road trains in various modes of movement.

A search for a rational distribution of currents depending on the forces acting on the wheels and
losses in the tires was made.

The study of the turning of the vehicle was carried out. The values of currents, the magnitude of
the spread of currents and their influence on the efficiency were calculated. The economic charac-
teristics of road trains were determined.

A methodology and algorithms for calculating losses and efficiency were developed. An algo-
rithm for calculating at equal currents is presented. Calculations of the efficiency at various speeds
and turning radii when the road train is moving are carried out. The analysis of the efficiency at the
equality of currents and powers when the speed of movement is changed was made.

Various design and technological measures are proposed to improve the technical characteristics
of the road train.

Keywords: road train, thermoelectric drive, large-sized heavy object, modular convey-

or, cargo platform, control system, maneuverability, controllability, controller, support
swing angle, steering program, setting action, misalignment.

Jna yumupoeanun: 3yes C.M., Manees P.A., llImatkos FO.M., [llupokos I1.C., AxyTib
J.P. WccnenoBanne koMOUHMpOBaHHOTO mprBoaa aBronoe3na // Uzeecmus MI'TY « MAMM».
2021. Ne 2(48). C. 26-35. DOI: 10.31992/2074-0530-2021-48-2-26- 35

Cite as: S.M. Zuyev, R.A. Maleyev, YU.M. Shmatkov, P.S. Shirokov, D.R. Yakhutl' Study

of the combined drive of the road train. Izvestiva MGTU « MAMI». 2021. No 2(48), pp. 26—35 (in
Russ.). DOI: 10.31992/2074-0530-2021-48-2-26-35
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HmumayuoHHoe modeauposaHue cucmemsl KOHMPO/s U30A51YUU 8bICOK0B01bMHOU
J/slekmpocemu mpaHcnopmHozo cpedcmed ¢ 2u6pudHoli cu10801ii ycmaHo8Koli

Simulation of the insulation monitoring system of the high-voltage electrical network of a
vehicle with a hybrid power plant

Mansmues A.H.%, A.N. Malyshevl,

I'pyrerko E.A.% YE.A. Grunenkov?,.

k.1.H. JleGesnos B.B.>?, V V. Debelov* 2, PhD in Engineering
Mmsia M.JLY M.D. Mizin*,

1.1.1. Kosnosckuit B.H.? V.N. Kozlovskiy®, DSc in Engineering
'rHII P® ®I'VII HAMH, Mocksa, Poccus, IState Research Center of the Russian
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S@I'BOY BO «Caml'TV», Camapa, Poccus Russia
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vladimir.debelov@nami.ru Polytech), Samara, Russia
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B pabore mpeacTaBieHbl pe3yabTaThl MaTeMaTUYECKOTO M MMMTAIMOHHOTO MOJEJIMPOBAHMS, A
TaKKEe PACYETHO-IKCIIEPUMEHTANIbHBIE 3aBHCUMOCTH, IIO3BOJIIIOILME OLEHUTh paboOTy CHUCTEMBI
KOHTPOJISL COINPOTHBIICHUS W3OJLMM BBICOKOBOJIBTHOW AJIEKTPOCETH THOpUIHOrO aBTOMOoOwWIl. B
paboTe Takke MPUBOJSATCS CXEMbl U3MEPEHHS CONPOTUBJICHUS M3OJISLMM, MaTeMaTHdecKas MOJIEIb
B cpeaxe MATLAB Simulink, ocobeHHOCTH pabOTBHI MPOrpaMMHO-ANMapaTHOrO WMHUTAIMOHHOTO
koMIuiekca. Llenpio paboThl sBIsIeTCs MONydeHHe HauOoee JOCTOBEPHOM MaTeMaTHYecKod u (u-
3M4ECKOM MOJENM COMNpPOTUBICHWS W3OJLMY, OIpe/IesieHHe apXUTEKTypbl OaTaped BBICOKOTO
HaTpsDKEHWsT ¢ BXojsmel B €€ coctaB cuctemoil |IRM, BeIsiBiieHHEe KiTFOUEBBIX (YHKIHMN U XapaKTe-
puctuk cuctembl |IRM, ampobampsi cucTeMbl IMUTALMOHHOTO MozesMpoBanmsi. Bo BBeaeHnn oboc-
HOBaHa Ba)XHOCTh cucTeMbl |IRM U mpuBORATCS CCHUIKM HAa CTaHAApPTHI, PEriaMEHTUPYIOLHE Tpe-
OOBaHMs K M3MEPEHMIO U ONpE/ICJICHUI0 HEHCIPABHOCTH AMIEKTpoceTu. IIpencraBneHa CTpyKTypHas
CXe€Ma CHCTEMBbI yMpaBieHus OaTapeeil BBICOKOIO HAMNPSKEHUsI, OIMCAH COCTaB €€ OCHOBHBIX dJie-
MeHToB. PaccmaTpuBaroTcst QyHKIMM M KITIOYEBbIE XapaKTepucTuku cuctembl |IRM, mpuBoasiTcs
THUIOBBIE XapaKTEPUCTHKU CHUCTEM KOHTpos m3oisiimu. HarmsnHo paccMoTpeHa NpHHIMIMAIbHAS
CXeMa ONpelleJiCHUs COINPOTHUBIICHUS W3OJSLIMM NPOBOAHUKOB M 3JeKTpudeckod nemd. Ilpencras-
JeHa cxeMma 3aMeuleHust AUPGepeHIMaIbHOIO YCIWIUTEN MOCTOSHHOIO TOKA C OHOMOJAPHBIM -
TaHWEM, KOTOPBIM HCIONb3YeTCs ISl YCWICHH MauiblX TuddepeHIManbHbIX HANpsSKEHU Ha LIy H-
T€ NpU M3MEHEHWM OOJNbIIMX CHUH(A3HBIX HANPSKECHUM, BXOJSILIETO B COCTAB M3MEPUTEIIHHOM LIETIH.
BeInonHeHO MaTeMaTHYeCcKoe M MMUTAIMOHHOE MOJAEJMPOBAaHME /Uil OLCHKHM METOJa pacuera co-
NPOTUBJICHUS W30JSILMM 10 M3BECTHOM CXEME, KOTOpas MCHOJb3YETCS IPU M3MEPEHHU 10 METOAY
TpeX BOJIBTMETPOB. PaccMOTpeH peXuM IPOBEPKM HCIPAaBHOCTU CHCTEMBI KOHTPOJS M3OJILMUA B
KOTOPOM BBINOJIHAETCSI HECKOJIBKO TECTOBBIX MNPOLEAYP COAECPXKAIMX MMUTALMOHHOE MOZEJIMPOBa-
HUE HEHCIIPAaBHOIO M HMCIPABHOTO COCTOSIHMS M3OJLSILMM IyT€M MOAKIIOYEHUS U W3MEPEHHs TECTO-
BOro comnporusieHusd. IlomydeHsl pe3yabTaThl (PM3UYECKOr0 MMUTALMOHHOTO MOJEIMPOBAHUA CH-
creMbl IRM u mMepeHuss conpoTHBIEHNS M3OALMY, HANPSDKEHUS MEXKIY KaXkKIbIM M3 IHUTAOLIMX
NPOBOJIOB BBICOKOTO HANPSDKEHUS U KOPIyCOM aKKyMYJISITOPHOW OaTapeu BBICOKOIO HATPSKEHHUS,
HalpsDKEHUE MEXKAY MPOBOIAMHM, HANPSDKEHHE AKKyMYISITOPHOW OaTapeu, BBIYUCICHO (hakTude-
CKOE€ COMNpOTHBJICHHE M30IALMM. B BbIBOmax oObsAcHIETCS 3(PHEKTUBHOCTH (PU3MUECKOro U MMUTa-
LIMOHHOTO MOJIEJIMPOBAHMS, IMOJyYEHHUE JAOCTOBEPHOM MaTeMaTHM4ECKOW MOJENM M HHM3Kasl IOrpelil-
HOCTb MOJIEJIMPOBAHUS XapaKTEPUCTUKH W3OJILIHM.

Knrouegwvie cnosa: cucmema INEKMPONUMAaHUusl, COnpomuejaerue u3oniyuu, npoecpamm-
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Ho-annapamenZ KOMnjekKc, 2u6pudHa;1 cujsloeas ycmaHnosKka

The paper presents the results of mathematical and simulation modeling, as well as calculated
and experimental dependencies, which make it possible to evaluate the operation of the insulation
resistance monitoring system of the high-voltage power grid of a hybrid vehicle. The work also
provides circuits for measuring insulation resistance, a mathematical model in the MATLAB Sim-
ulink environment, and the peculiarities of the operation of the software and hardware simulation
complex. The aim of the work is to obtain the most reliable mathematical and physical model of
insulation resistance, to determine the architecture of a high voltage battery with the IRM system
included in it, to identify the key functions and characteristics of the IRM system, to test the simula-
tion system. The introduction justifies the importance of the IRM system and provides references to
standards that govern the requirements for measuring and identifying utility faults. The block dia-
gram of the high voltage battery control system is presented. The composition of its main elements
is described. The functions and key characteristics of the IRM system are considered, typical char-
acteristics of insulation monitoring systems are given. A schematic diagram of determining the in-
sulation resistance of conductors and an electric circuit is clearly considered. An equivalent circuit
of a differential DC amplifier with a unipolar power supply is presented, which is used to amplify
small differential voltages on a shunt when changing large common-mode voltages, which is part of
the measuring circuit. Mathematical and simulation modeling was carried out to evaluate the meth-
od for calculating the insulation resistance according to the well-known scheme, which is used
when measuring using the three-voltmeter method. There was considered the mode of checking the
the insulation control system, when several test procedures performed containing simulation of the
fault and operating condition of the insulation by connecting and measuring the test resistance. The
results of physical simulation of the IRM system and measurement of insulation resistance, voltage
between each of the high voltage supply wires and the high voltage battery case, voltage between
the wires, battery voltage were obtained. The actual insulation resistance was calculated. The con-
clusions explain the effectiveness of physical and simulation modeling, obtaining a reliable mathe-
matical model and low error in modeling the insulation characteristics.

Keywords: power supply system, insulation resistance, hardware and software complex,
hybrid power plant.

Jna yumupoeanusn: ManviieB A.H., I'pynenkoB E.A., Jlebeno B.B., Mmun M. /1., Kos-
noeckuii B.H. MmuraimionHOoE MOAEIMpOBaHWE CUCTEMBI KOHTPOJSI M3OJSILMHA BBICOKOBOJIBTHON
ANIEKTPOCETH TPAHCIIOPTHOTO CPEJCTBA ¢ THOPUIHOW CHWIOBOM ycTaHoBKou /| Uzeecmuss MI'TY
«MAMH». 2021. Ne 2(48). C. 36-50. DOI: 10.31992/2074-0530-2021-48-2-36-50
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HccaedoeaHue cocmassisaouwux conpomuesieHust noeopomy zyceHulmoﬁ MAUWUHbBI HA
n/J1I0MHOM ONOPHOM OCHOBAHUU

Investigation of the components of the cornering resistance of a tracked vehicle on a solid

supportbase
k.T.H [lagankua B.B. B.V. Padalkin, PhD in Engineering
MTITY um. H.O. Baymana, Mockea, Poccus, Bauman Moscow State Technical University,
padalkin@bmstu.ru Moscow, Russia

Ilenpto McciienOBaHus, BBINIOJTHEHHOTO B CTAThE SIBIISIETCS MOBBIIICHUE TOIHOTHI U JIOCTOBEPHO-
CTH TIOAXOJIOB K OIPEJECJICHMIO COCTABIIIIONMX CONPOTHBICHKUS MOBOPOTY T'yCEHWIHOH MAIVHBI, a
TaKXKe CO3/laHUe NPUrOJHOM I NPaKTUIECKUX PacueTOB METOIUKU UX OLEHKU.

B craTbe aHamm3MpyIOTCS JBE COCTABIIAIOIIME MOMEHTA CONPOTHBIICHMSI TIOBOPOTY I'yCEHHYHOMN
MaIlMHBI, KOTOPbIE MOXKHO BBIJIEJIUTh, €CIIM pacCMaTPUBATh B3aMMOJEHCTBHUE I'YCEHHUIIbI C OTIOPHBIM
OCHOBAaHMEM Yepe3 OT[e/bHbIC ISITHA KOHTAKTa (AKTHBHBIE YYACTKH T'yCEHHI, HAXOISAIIMECs IOJ
ornopHeIMU KaTKamu). IlepBasi cocraBisironias BO3HHMKAeT W3-3a JIMHEHHOIO NEPEMEILCHHMSI aKTHB-
HBIX YYacCTKOB T'yCEHHMI. BTopas BbpI3BaHAa BpaIlaTEIbHBIM ABIDKCHHEM IBITHA KOHTAKTa OTHOCH-
TEJIbHO BEPTUKAJIILHOM OCH.

B pabore mpuBesneHa MaremaTHyeckas MoOJeNb B3aUMOJIEHUCTBUS JBIKHUTENS U IVIOTHOTO ONOp-
HOI'O OCHOBaHWS, TO3BOJLSIIOINAS M3Y4YHUTh 3aBUCHMOCTB COCTABIIIOIIMX MOMEHTA COMNpPOTUBIICHUS
MIOBOPOTY OT I'€OMETPUUYECKHX MapaMeTpoB XOAOBOM YacCTH I'yC€HWYHOW MalmHbl. Cuia Tropu3oH-
TaJIbHOW peakiuy B JaHHOM CJIyyae MNpe/CTaBleHa B BUIE 3aBUCUMOCTHU OT Koddduimenra Oykco-
BaHusi. Taxxke obecrieueHa BOSMOXKHOCTH peaM3allil PAa3JIMIHBIX CLETHBIX Ka4eCTB JIBIKHUTEIS B
NPOJIOJbHOM M TONEPEYHOM HAIpPABJICHUM CKOJbKEHWsA. Mojienb mpearnonaraeT MpeaBapUTeIbHOE
pa3OueHre TTHA KOHTAKTa HAa KOHEUHOE YMCIIO JIeMEHTapHbIX IUIOMAJOK. Tak Kak KOJIMYeCTBO
AJIEMEHTAPHBIX IUIOLIAJIOK OKa3blBa€T BIIMSHUE HA PE3yJIbTaT, TO B CTaTh€ NPOBEACHO HUCCIIEN0BA-
HUE TI0 ONpPEEJICHHI0 MHHMMAJIbHOTO KOJIMYECTBA IUIOIIAAOK 11 00eCHedeHHs MpueMJIEMO TOoY-
HOCTH.

Bbu1 mpoBeieH aHAaM3 MMEIOIIMXCSl B JIMTEPAType BBIPaXKCHUH JJIsl ONpEeIeTIeHHs] yKa3aHHOM CO-
CTaBJAIOLIEH CONPOTHBIICHHS NMOBOPOTY. Tarke MpeisIokKeHbl HOBBIE 3MIMPHUECKHE 3aBHCHMOCTH,
Jyd4IIe COTJacyONMecss ¢ MaTeMaTHIeCKoi Mozienbio. VcenenoBanne HECKOIBKIX CYIIE CTBYIOIIHX
T'YCEHUYHBIX MAIlVH, OTJIMYAIONMXCSI MAacCOM M pa3MepoM OIOPHON MOBEPXHOCTU TpaKa MO3BOJIU-
JI0 clieJaTh BBIBOA O IIEJIECOOOPAa3HOCTH ydeTa MOMEHTa CONPOTUBJICHUS TOBOPOTY IITHA KOHTaKTa
IUISL PA3NIMYHBIX THUIOB T'YCEHMYHBIX MAIIIMH.

Knioueswie cnosa: 2ycenuynvie Mawiunvl, n080POM, CONPOMUBGTLEHUS NOGOPONTY, AKMU 8-
HbllUl Y4aCmMOK 2YCeHUYbl

The purpose of the study is to increase the completeness and reliability of approaches to deter-
mining the components of the cornering resistance a tracked vehicle, as well as to create a method
for their assessment, which will be suitable for practical calculations.

The article analyzes two components of the moment of cornering resistance of the tracked vehi-
cle, which can be distinguished if we consider the interaction of the caterpillar with the support base
through separate contact spots (active sections of the tracks located under the road wheels). The first
component arises from the linear movement of the active sections of the tracks. The second is
caused by the rotational movement of the contact patch about the vertical axis.

The paper presents a mathematical model of the interaction of the propeller and a dense support
base, which makes it possible to study the dependence of the components of the moment of corner-
ing resistance on the geometric parameters of the undercarriage of a tracked vehicle. The horizontal
reaction force in this case is presented as a function of the slip coefficient. The possibility of realiz-
ing various adhesion qualities of the propulsion unit in the longitudinal and transverse directions of
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sliding is provided. The model assumes a preliminary division of the contact patch into a finite
number of elementary areas. Since the number of elementary sites affects the result, the article con-
ducted a study to determine the minimum number of sites to ensure acceptable accuracy.

An analysis of the expressions available in the literature was carried out to determine the speci-
fied component of the cornering resistance. The new empirical relationships that better agree with
the mathematical model were proposed. The study of several existing tracked vehicles, differing in
the mass and size of the track support surface, made it possible to conclude that it is advisable to
take into account the moment of cornering resistance of the contact patch for various types of
tracked vehicles.

Keywords: tracked vehicle, turn, cornering resistance, active track area
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n.1.H Capau E.B.", YE.B. Sarach*, DSc in Engineering

Tkaues SL.A.°%, YA.A. TkacheV,

Kpoxua M.D.! M.E. Krokhin'

MI'TY um. H.D. Baymana, Mockea, Poccus, 'Bauman Moscow State Technical University,
2Quauan AO « JOHKH» — HUU CK, Mocksa, Moscow, Russia

Poccus, “Branch of the Center for operation of space
check-26@yandex.ru ground-based infrastructure, Moscow, Russia

check-26@yandex.ru

B Hacrosiiee Bpemsi CTpeMHUTENIbHO pa3BUBAETCsl 00JACTh MAIIMHOCTPOCHHS, BKIIIOYAIOIIAS CO-
3/1aHie POOOTHM3HPOBAHHBIX OBICTPOXOAHBIX MalmH. [IpoeKkTupoBaHME CHCTEM TMOAPECCOPUBAHMS
TaKUX MAaLIMH JIOJDKHO COINPOBOXKAATHCSI BBITIOIHEHUEM OINpPEJCJICHHBIX TPeOOBaHMM, KOTOphHIE B
HACToOsIIee BpeMs He C(OPMYIMPOBAHBI. Y UHTBIBAs, YTO B KOpIyce€ OBICTPOXOJHOrO poOOTa HET
YeJioBeKa, MpUMEHEHWe TpPeOOBaHMH K TOJABECKAM SKHIAXKHBIX MAIIMH HE SBJIAETCS O00OCHOBAH-
HBIM.

C 1nenpio BbIpaOOTKM PEKOMEHIAIMA IO BBHIOOPY XapaKTEPUCTUK CUCTEM MOAPECCOPHBAHUSL
OBICTPOXOJHBIX TYCEHHYHBIX POOOTOB OMPENEINIIOTCS OOBEKTHI HCCICIOBAHMS, Macca KOTOPHIX B
muanazore ot 1000 mo 10000 xr. [{ns o6bexroB maccoit menee 1000 kr cuctema moxpeccopuBaHUs
He TpeOyetcsa. O0bexThl Maccoi 6omee 10000 kr OyayT co3maBaThcs Ha 0a3e CYIIECTBYIOIIMX Ce-
PUIHBIX MAaIlIVH.

B ocHoBe mpoBOAMMOro HcCieIOBaHUS YYHUTHIBAETCS TOJIOKEHHE O TOM, YTO K paccMaTpuBae-
MOMY KJIaCCy MAalllMH He TMpebsBICHO OrpaHMUEHUI MO JHMana30Hy COOCTBEHHBIX YacCTOT KoseOa-
HU{ Kopryca. Y4uThIBas, 4TO JJIs1 ObICTPOXOAHBIX T'YCEHUYHBIX POOOTOB COXpAHSIETCS OIHO U3 OC-
HOBHBIX TpeOoBaHMII — 0OECTIeYeHHEe BBICOKOHM CpeHEl CKOPOCTH, NPeJiaraeTcsl YBEIUIHUTh JKECT-
KOCTh TOJIBECKH C LIEJIbI0 MCKJIIOYEHHS pPEe30HAHCA M3 JMalla30Ha BO3MOXKHBIX CKOPOCTEH JIBIDKE-
HUSL.

Hcnone3ys mpuHSTHIE TOJNOXKEHUS MPOBOIAUTCSI HCCJIEIOBAaHUE CHCTEMBI TOAPECCOPUBAHMS TO-
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BBIIIICHHON KECTKOCTH. MoenmpyeTcsi JBIWKEHHE TI0 TpaccaM TapMOHMYECKOro Mpomisi B pe3o-
HAHCHOM DPEXXUMeE U pa30UTOi TPyHTOBOW JOpore.

PesynbTaThl HccnieqoBaHus MOKA3bIBAIOT, YTO XapAaKTEPUCTHUKU CHCTEMBI TIOJPECCOPUBAHUS, BbI-
OpaHHBIE MO TPEJIOKEHHONM METOMUKE, TMO3BONISIOT ABUrATHCA MO TPAacce rapMOHMYECKOro mpodu-
JIsl B pe30HAHCHOM pekuMe 0e3 mpoboeB noaBecku. CKOPOCTh IBIKEHHUS IO Tpacce pa3douras rpyH-
TOBasi JI0pora OrpaHMYEHA 3HAYCHUEM, TNPEBBIIICHHE KOTOPOrO TPUBOIUT K 3HAYHMTEIBHBIM KOJe-
O0aHMSIM KOpIyca W POCTY HATPY3KH HA AIIEMEHTHI CUCTEMBI moapeccopuBanmsi. OTCyTCTBUE MPOO o-
€B O0YCIIOBIMBACT CHIKCHHE HATPYKCHHOCTH TMOABECKH, YTO TMO3BOJISIET YMEHBIIMTH Maccy ee
AIIEMEHTOB.

Knroueewte cnosa: 6ezsxunasricHvie MAULUHBL, 5blC7l’lp0)COdel€ 2yC€HuUHbl€p060n’Ibl, xXa-
pakmepucmuKku cucmembpl nodpeccopueanl

Currently, the field of mechanical engineering is rapidly developing, including the creation of
robotic high-speed vehicles. The design of suspension systems for such vehicles must be accompa-
nied by the fulfillment of certain requirements, which are currently not formulated. Considering the
thing that there is no person in the body of a high-speed robot, the application of the requirements
for the suspensions of crew vehicles is not justified.

In order to develop recommendations on the choice of characteristics of suspension systems for
high-speed tracked robots, the research objects, which mass is in the range from 1000 to 10000 kg
are determined. No suspension system is required for objects weighing less than 1000 kg. Objects
weighing more than 10,000 kg will be created on the basis of existing serial vehicles.

The study is based on the provision that the considered class of vehicles is not subject to re-
strictions on the range of natural frequencies of body vibrations. Considering that one of the main
requirements remains for high-speed tracked robots - ensuring a high average speed, it is proposed
to increase the suspension stiffness in order to exclude resonance from the range of possible travel
speeds.

Using the accepted provisions, a study of the suspension system of increased stiffness is carried
out. The movement along the tracks of a harmonic profile in resonance mode and a broken dirt road
IS simulated.

The results of the study show that the characteristics of the suspension system, selected accord-
ing to the proposed method, make it possible to move along the line of the harmonic profile in the
resonant mode without suspension breakdowns.

The speed of movement on a broken dirt road is limited to a value, which exceeding leads to sig-
nificant vibrations of the body and an increase in the load on the elements of the suspension system.
The absence of breakdowns leads to a decrease in the loading of the suspension, which makes it
possible to reduce the mass of its elements.

Keywords: unmanned vehicles, high-speed tracked robots, characteristics of the sus-
pension system.

Jna yumuposanua: Capau E.b., TkaueB fI.A., Kpoxun M.D. BbiOop XapakTepuCTHUK CH-
CTEMBI TIOJIPECCOPHBaHUS OBICTPOXOTHOIO TyceHHIHOro podora /| Uzeecmus MI'TY « MAMH ».
2021. Ne 2(48). C. 63-70. DOI: 10.31992/2074-0530-2021-48-2-63-70

Cite as: YE.B. Sarach, YA.A. Tkachev, M.E. Krokhin Selection of the characteristics of

the suspension system of the high-speed tracked robot. zvestiva MGTU « MAMI». 2021. No
2(48), pp. 63-70 (in Russ.). DOI: 10.31992/2074-0530-2021-48-2-63-70
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Optimization of transient processes of the pneumatic servo drive taking into account the
friction model with the Stribeck effect
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n.1.H. Tpyxanos K.A. K.A. Trukhanov, DSc in Engineering
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Ilenpto paboTHl sBIsETCS BBHIOOP ONTUMANILHBIX 3HAUYECHM mHapaMmeTpoB Impposoro ITH/I-
perymsTopa Al yCTpaHeHUs B CHCTEMaX aBTOKOJCOaHMil, a Takke ONTUMM3AIMS BUIA MEPEXOTHBIX
NPOLIECCOB  CJICASINET0 NMHEBMAaTHYECKOro npuBoja. [IpuunHOM uccienoBaHus MOCTyXWia Mpooiie-
Ma BO3HUKHOBEHHS aBTOKOJIEOAHMII B NHEBMATHUECKUX CHCTEMAax IpH MPUMEHEHHH MOJeled Tpe-
HUsI HanOonee MpPUOIKEHHBIX K peallbHOCTH. HaydHasi HOBM3HAa CTaThbU COCTOMUT B CO3/1aHUU KOM-
MBIOTEPHOM MOJEN Y MPUMEHEHUH METOJ0B ONTHMU3AIMU JJIs YIyYIICHHS KauecTBa IMEePEeXOHbIX
NPOLIECCOB MMHEBMATHUYECKOIO CJESAIEro NpuBoJa ¢ yuétoMm mozemu Tpenus Lltpudexa.

ABTOpaMM CTaTbM BBINOJIHEHA ONTUMU3AIMS NEPEXOIHBIX NPOLECCOB CIEALIETO IMHEBMAaTHYE-
CKOr0 INpHUBOJIAa C Y4€TOM BBIOpaHHOW Mojenu TpeHus. B xone pa®oTsl, mpy NOMOIM KOMIbIOTE -
HOI'O MOJEJIMpOBaHMA, MOf00paHbl onTuManbHble napameTpsl IIMJ[-perynsitopa, ycTpaHeHa He-
YCTOMYMBOCTh cHCTeMBbl. [l onrumuzaimy paboThl CUCTEMBI ObLIT BBIOpaH METOA I'paJUEeHTHOrO
cnycka. [Ipom3BeneHa OleHKa MOKa3aTesled KauecTBa NEPEXOAHBIX NPOLECCOB 0 U NOCJE ONTUM K-
3amvu. Ilo pesynmbTaTaM MOAEIMPOBAHMS CUCTEMBI CIEISIIETr0 MHEBMATUYECKOrO MPUBOA MOXKHO
clienaTh BBIBOJ O BO3MOYKHOCTH NPUMEHEHMS METOIA I'PaJUEHTHOTO CIIycKa JJId OINpE/eJICHUs Ia-
pametpos [N /I-perymnsiTopa.

[TpomsBenéH mepexo]; OT aHAJIOrOBOH (HEMPEPBIBHON) CHUCTEMBI K IHM(PPOBOHN (IUCKPETHOM), IS
OCYIIECTBICHUS KOTOPOro HEOOXOIMMO ONpeAeNUTh Nepuoll AUCKpeTHsalmu. B craTbe yka3aHsl
OCHOBHBIE METOJIbI ONpPEJENeHNs INEepuoJa IUCKPETHU3ALMU U MPUBEIECHBl HEAOCTATKH THX METO-
70B. AHamu3 pe3ylbTaTOB MOKa3bIBA€T, YTO METOABI, OIMMCAHHBIE B CTAaThe, CIEAYET MPUMEHSTH
JMIIb JJI8 TIEPBOrO TNPHOIDKEHUs, a 3HAYEHHE YKa3aHHOW BEJMYMHBI JODKHO BBIOMpAThCS M3 pac-
yéTa MUHMMAJILHOW TOTPEIIHOCTH MEXAY aHAJIOrOBOM (HETPEPHIBHOM) M LM(POBON (IUCKPETHOM)
cucteMoil. IlorpemHocts Menee 1% MNO3BOJIAET OCYILECTBUTH BBIOOP MPOrpaMMHUPYEMOroO JIOrHd e-
CKOro KoHTpoiuiepa. Tema cTaTbM ABISETCS aKTyaJbHOM JJI1 HAYYHOTO MCCJIENO0BaHKS U BKIIOYAET
NPEIOCTABICHNE MPAKTUIECKUX PEKOMEHAALM Mo ompeleseHno napaMmeTpoB Imgpposoro ITN/I-
perysiTopa M noadopy KOHTpOIUIEpa CHEIMAIUCTaM, KTO 3aHUMAETCs NPOEKTHUPOBAHUEM CHCTEM, B
COCTaB KOTOPBIX BKJIIOYEH CJEASIIMNA MHEBMATHIECKUNA TPUBO/I.

Knwuesvie cnosa: 111/[-pezynsamop, nepuoo ouckpemuzayuu, Kaiecmeo nepexooHo20
npoyecca, KOHMpoJiep, ONMUMU3AYUSL, NPUBOO NHEBMAMUUECKUL Cle0AUUll.

The aim of the work is to select the optimal values of the parameters of the digital PID controller
to eliminate self-oscillations in systems, as well as to optimize the type of transient processes of the
servo pneumatic drive. The reason for the study was the problem of the occurrence of self-
oscillations in pneumatic systems when using friction models that are closest to reality. The scien-
tific novelty of the article consists in the creation of a computer model and the application of opti-
mization methods to improve the quality of transient processes of the pneumatic servo drive, taking
into account the Striebeck friction model.

The authors of the article optimized the transient processes of the pneumatic servo drive taking
into account the selected friction model. The optimal parameters of the PID controller were selected
using computer simulation. And the instability of the system was eliminated as well. To optimize
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the system performance, the gradient descent method was chosen. An assessment of the quality in-
dicators of transient processes before and after optimization was made. Based on the simulation re-
sults of the pneumatic servo drive system, it can be concluded that the gradient descent method can
be used to determine the parameters of the PID controller.

The transition from an analog (continuous) system to a digital (discrete) system has been made It
IS necessary to determine the sampling period for its implementation. The article indicates the main
methods for determining the sampling period and shows the disadvantages of these methods. Anal-
ysis of the results shows that the methods described in the article should be used only for the first
approximation, and the value of the indicated quantity should be selected from the calculation of the
minimum error between an analog (continuous) and digital (discrete) system. An error of less than
1% allows the selection of a programmable logic controller. The topic of the article is relevant for
scientific research and includes the provision of practical recommendations for determining the pa-
rameters of a digital PID controller and selecting a controller for specialists who are inloved in the
design of systems that include a pneumatic servo drive.

Keywords: PID controller, sampling period, transient quality, controller, optimization,
pneumatic servo drive.

Jna yumuposanun: Kupeea B.A., TpyxanoB K.A. Onrumusaius nepe-XoIHbIX MpoIEeC-
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CoBpeMeHHbIC THEBMOTHAPABIMMECKAE CUCTEMBI TOAPECCOPUBAHKSA OBICTPOXOAHBIX TyCEHHY-
HBIX MAIllMH MMEIOT JOCTATOYHO THIOBBIC BAPHAHTHI KMHEMATHYECKHX CXEM, IMOJPa3yMeBarOIIHe
YCTaHOBKY YIPYTO-AeMIIQHUPYIONIEro 3JIeMEeHTa HETOCPECTBEHHO HAa TOIPECCOPESHHOM KOpIyce
(BHYTpH WM CHapyxH). Takoe pelieHHe KOHCTPYKTHBHO CPaBHUTEIHHO TPOCTOE, M TIOJpa3yMeBa-
€TCsI, UTO TIO3BOJISIET CHIBUTH BEJIMYUHBI HETIOJPECCOPEHHBIX Macc. J[pyrre BapHaHTHI, ¢ pa3Melle-
HAEM YIPYTUX U JEMIPUPYIOMIMX SIEMEHTOB BHYTPH HATPABISAIONIMX AJIEMEHTOB (OanaHCHpPOB),
HE «IIPWKIWINCH» BBUIY OOJbIICH KOHCTPYKTHUBHOW CJIOKHOCTH KaK CaMOro YIPYyroro WIH JeM I
¢bupyroero sneMeHTa, TaK M HANpaBISIONIETO 3JeMeHTa ToABEeCKH. KpoMe KOHCTPYKTHBHOM
CJIOKHOCTH PeajM3aliy, TaAKOe PEIICHHE YBEIMIMBACT BEIMYHMHBI HEMOAPECCOPECHHBIX Macc M, ca-
MO€ TJIaBHOE, OCJIOKHACT OPraHM3aIMI0 CHCTEMBbI OXJIAXICHMsI. BhICTymaromme 31eMeHThl XOI0BOH
4acTH 3a0MBAIOTCS TPYHTOM, CHETOM (TPS3bI0) MPH JBIDKEHHUH, KOTOPBIN EHCTBYET KaK TEIUIOH3O0-
msitop. TeM He MeHee, MPU COBPEMEHHBIX TEXHOJIOTMUECKUX BO3SMOXKHOCTSX 3TH CJIOKHOCTH MOTYT
OBITh B UBBECTHOM CTETICHN NPEOJIOJICHBI, TIOJTHOCTHIO WIM YaCTHYHO.
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OpnHako, HECMOTpPsSI HAa YKa3aHHbIE BBILLE HEJOCTATKH, 3TO PEIIEHUE MMEET M BAaXKHbIE MPEUM Y-
IIIECTBA: TMOJBECKA HE 3aHMMAaeT MECTO B 3a0pOHMPOBAHHOM OOBEME, a TONHOCTHIO HAXOIUTCS
BHYTpPU T'yCEHUIHOr0 00BOZA, UTO MO3BOJMSET HCTONB30BaTh 00bEeM Kopiyca Oornee 3G {QeKTHBHO, a,
KpOME TOro, 00€CleunTh MAKCUMAabHO YJAYHYI0 KOHCTPYKLMIO IHUWINA JJISl 3aIIUThl OT MHMHHOTO
nojipeiBa (B ciiydae ¢ TsDKeIbIM TaHKOM «OO0BEKT 279» 3TO MO3BOIWIO TAKXKE CYIIECTBEHHO TIOBBI-
CUTb MPOXOIUMOCTb).

B Hacrosmieii ctatbe mpeacTaBiieH 0030p COBETCKHX OIMBITHBIX OOpa3loB TSKEIBIX U PAKETHBIX
TAaHKOB, CHCTEMa TMOIPECCOPUBAHMS KOTOPHIX ObLIa peaM30BaHA B HAIMPABISIONMIEM 3JeMeHTe. B
CTaThe TMPEACTABICH TaKXKe METOJ ONpeeseHHs CIIOBOM W KHHEMAaTHYECKOW TepenaTod HbIX
GyHKIMI 1711 3THX BapHAHTOB MOJIBECOK, MPOBEIECH aHAJIN3 KOHCTPYKTHMBHBIX peaju3alii U IMOoKa-
3aHO, YTO XapaKTEPUCTHUKH YIPYTUX SJIEMEHTOB ONBITHBIX MAILIMH YJOBJIETBOPSIIOT COBPEMEHHBIM
TpeOOBaHMAM K TIOABECKAM OBICTPOXOIHBIX TYCEHHIHBIX MAIIIHH.

Knrouegvie cnosa: 6blCl’l’lp0)C0@Hbl€ 2YCEeHU4YHble MAULUHbL, CYCEHUUYHbIE MAULUHDbL,

ONbIMHbBLI MAaHK, noc)eecxa, cucmema nodpeccopueanuﬂ, KuHemanuka, nHeemoequaeﬂ u-
ueckas peccopa.

Modern pneumohydraulic suspension systems for high-speed tracked vehicles have fairly typical
versions of kinematic schemes, implying the installation of an elastic-damping element directly on
the suspension housing (inside or outside). This solution is structurally relatively simple, and it is
understood that it allows to reduce the values of unsprung masses. Other options, with placement of
elastic and damping elements inside the guide elements (balancers), did not “take root” due to the
greater structural complexity of both elastic or damping element and the suspension guide element.
In addition to the structural complexity of implementation, such a solution increases the values of
unsprung masses and, most importantly, complicates the organization of the cooling system. The
protruding elements of the chassis are clogged with soil, snow (mud) when driving, which acts as a
heat insulator. Nevertheless, with modern technological capabilities, these difficulties can be over-
come to a certain extent, in whole or in part.

However, despite the above disadvantages, this solution also has important advantages: the sus-
pension does not take up space in the reserved volume, but is completely inside the tracked bypass,
which allows using the housing volume more efficiently, and, in addition, providing the most suc-
cessful bottom design for protection from mine detonation (in the case of a heavy tank “Object
2797, this also made it possible to significantly increase the cross-country ability).

This article provides an overview of Soviet prototypes of heavy and rocket tanks, which suspen-
sion system was implemented in the guide element. The article also presents a method for determin-
ing the power and kinematic transfer functions for these suspension options, analyzes the design
implementations and shows that the characteristics of the elastic elements of experimental vehicles
meet modern requirements for the suspensions of high-speed tracked vehicles.

Keywords: high-speed tracked vehicles, tracked vehicles, experimental tank, suspen-
sion, suspension system, kinematics, pneumohydraulic spring.

Ana yumuposanua: umnes A.A., Hakazzoit O.A. MccnenoBanue cucteM Nogpeccopu-
Banus onbITHRIX TaHKOB CCCP Bropoii nonoeurbl 20 Beka /| Hzeecmus MI'TY « MAMH». 2021.
Ne 2(48). C. 81-92. DOI: 10.31992/2074-0530-2021-48-2-81-92
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['maBHBIM TpeHA3HAYEHWEM CHUCTEM AaKTHMBHOM 0€30MacHOCTH aBTOMOOWIS SIBJISETCS TNPEeaoT-
BpalllEHHE aBapuiiHON curyalm. [IpH BO3HHMKHOBEHMM TAaKOM CUTYalMH CUCTEMa CaMOCTOSITEIILHO
(0e3 yyacTus BOAMTEIS) OLEHMBACT BEPOSITHYIO ONACHOCTH U MPU HEOOXOAMMOCTHU MPEIOTBpAIAET
€e IyTeM aKTHBHOIO BMELIAaTEIbCTBA B IPOLECC YNpaBJICHUs aBTOMOOMWIEM

OnannM 13 criocoOOB TOBBIIIEHNS] AKTUBHOW 0€30MacHOCTH aBTOMOOWIEH NMpU TOPMOXKEHHH 5B-
JSIeTCA WCTONb30BaHME aHTUOIOKHpoBOUHBIX cucTeM (ABC). OcHOBHBIMM mpobiieMaMu B obecrie-
yeHnu paborel ABC, MOCTPOEHHBIX Ha Pa3HBIX NPUHIMIIAX YIPABJICHUS U C pa3HbIMU MapaMeTpaMHU
YIPaBICHUS, SIBISIOTCS HEBO3MOXKHOCTH MPSIMOIO ONPEJEJIeHUs] CKOPOCTH aBTOMOOWIS M, Kak
cneactsue, kodpduimenra OyKCOBaHHS, a TakKe HEBO3MOXKHOCTH A(P(EeKTHBHO pearnpoBaTh Ha
M3MEHsAEMbIE JIOpPOKHBIE YCJIOBUA B Ipouecce TopMokeHus. Hampumep, mpu TOPMOXKEHHH Ha
CKOJIb3KOWM OTNOPHOM TIOBEPXHOCTH M TIOMBITKE 00BEXaTh HAXOMAIIEECS BIEPEIH TPEISTCTBHE CY-
[IECTBYET ONACHOCTH MOTEPU CLEIUICHUS KOJeC C JOpPOroi M BOHMKHOBEHWs 3aHoca. Paspaboran-
Hble B HacTosIee Bpems anropurMbl paborsl ABC He oOecneunBaroT npeaoTBpallieHie BO3HUKHO-
BEHMS M pa3BUTHUs 3aHOCA B YKA3aHHBIX BBILIE YCIIOBHSX.

Ilenpto pa®oTHl sABIAETCS MOBBILIEHHE YCTOWYMBOCTH U YIPABIAEMOCTH JBYXOCHBIX aBTOMOO M-
JIe ¢ OJTHOM BEAYIIEW OChIO MPHU TOPMOKECHMH 32 CUET aJalTUBHOIO INEpepaclperesiCeHUs TOPMO3-
HbIX ycwinid Ha konécax. [IpensoxkeH aaropurm paboOThl aHTHOJIOKUPOBOUHOM CUCTEMBI C a/1alTHB-
HbIM TIepepacripe/iefieHieM TOPMO3HBIX YCWINMH Ha Konécax aBTomoOwmi. braronapst nanHomy aii-
TOpUTMY, NPU TOPMOKEHWH HAa CKOJIB3KOW OINOPHOM MOBEPXHOCTH JBYXOCHOI'O aBTOMOOWIA C OJ-
HOI BeNyIlel OChI0 0OECIeunBaeTcsl He TOJIbKO OTCYTCTBUE OJIOKMPOBKU KOJIEC, HO M MPOTHUBOJE ii-
CTBME 3aHOCY. MeToJaMM HMMHTAIMOHHOTO MOJEJIMPOBAHMS JOKa3aHbl pabOTOCNOCOOHOCTH U 3 (-
(DeKTHBHOCTD TPEIJIOKEHHOTO aJTOPHTMa TMPH TOPMOXKCHHH JIBYXOCHOTO aBTOMOOWIS C OJHOH Be-
JYLIEN OCBhIO HA CKOJIb3KOM OINOPHOM TOBEPXHOCTH.

Knroueewvle cnoea: anmubiokupogounas cucmema asmomoOuns; yCmouyugocms u
VNPABASLeMOCHb A8MOMOOUNS, NPOMUBOOelCcmBUe 3aHOCY.

The main purpose of active vehicle safety systems is to prevent an emergency situation. If such a
situation arises, the system independently (without the participation of the driver) assesses the prob-
able danger and, if necessary, prevents it by actively intervening in the driving process.

One of the ways to increase the active safety of vehicles when braking is the use of anti-lock
braking systems (ABS). The main problems in ensuring the operation of the ABS, built on different
control principles and with different control parameters, are the impossibility of directly determin-
ing the vehicle speed and, as a result, the slip coefficient, as well as the inability to effectively re-
spond to changing road conditions during braking. For example, when braking on a slippery sup-
porting surface and trying to avoid an obstacle in front, there is a risk of losing traction and skid-
ding. The algorithms of the ABS operation developed at present do not ensure the prevention of the
occurrence and development of skidding under the conditions indicated above.

The aim of the work is to increase the stability and controllability of two-axle vehicles with one
driving axle during braking due to the adaptive redistribution of braking forces on the wheels. An
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algorithm for the operation of an anti-lock braking system with adaptive redistribution of braking
forces on the wheels of a vehicle is proposed. Thanks to this algorithm, when braking on a slippery
surface of a two-axle vehicle with one driving axle, the absence of wheel blocking and also skid re-
sistance are ensured. The efficiency and effectiveness of the proposed algorithm when braking a
two-axle vehicle with one driving axle on a slippery supporting surface were proved by the methods
of simulation.

Keywords: anti-lock braking system of a vehicle; stability and controllability of the ve-
hicle; skid resistance.

Jna yumuposanus: Xuneiikna M.M., UyrynoB JI.C. AnropurM paOGOTHI aHTHOJIOKHPO-
BOYHOW CHUCTEMBI JJISi JIByXOCHBIX aBTOMOOWIEH C OJHOM BEeAyIIEH OChIO C aJIalTUBHBIM Tepe-
pacmpeesicHieM TOpMO3HbIX yewmid /| Hzeecmuss MI'TY « MAMMH». 2021. Ne 2(48). C. 93-100.
DOI: 10.31992/2074-0530-2021-48-2-93-100

Cite as: M.M. Zhileykin, D.S. Chugunov Algorithm of anti-lock braking system for two-
axle vehicles with one driving axle with adaptive redistribution of braking forces. lzvestiya
MGTU «MAMI». 2021. No 2(48), pp. 93-100 (in Russ.). DOI: 10.31992/2074-0530-2021-48-2-
93-100

DOI: 10.31992/2074-0530-2021-48-2-101-112

K sonpocy noswviwenus sghgdpekmusHocmu cucmem Helimpa.auzayuu oKkcudos azoma 8
duzenvHuix /IBC
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CambiM 3((peKTUBHBIM METOAOM CHIDKCHUS OKCHIOB a3ota B OI' mmseneid sBISETCS CENCKTHB-
Hast ouncTka MetogoM SCR-NHj3. Mertox ucrionb3yeT aMMUaK, BBIICISIEMBIN B MPOIECCE TEPMOTH-
3a M TUIPOJIM3a pacTBOpa MOUEBHMHBI IPU €€ BIPBICKMBAHUM udepe3 (OPCYHKY B HEHUTpaim3aTop.
OTOT METOA HWMEET CpPaBHUTENHHO HEBBICOKYIO 3(eKTHBHOCTH ounucTKH OI' OT OKCHIOB a3oTa.
OcHOBHBIM  ()aKTOpOM, TPETHITCTBYIOIIMM JOCTIDKEHHIO BBICOKOM A(P(EKTUBHOCTH CHUCTEMBI
HeirpamBamm NOX sBiseTcs HEJOCTAaTOYHO BBICOKasl TeMIlepaTypa MpH peaju3aldd JTaHHOTO
nporecca.

B craThe BHITIONHEH aHAMM3 Pa3JIMUHBIX CIOCOOOB MOAHATHSA 3(HPEKTUBHOCTH TIporiecca HEeUTpa-
TM3aIlMy M TpejyiaraeTcsi HoBbl MeToa Hedrpammaimu NOX 3a cueT mpuMeHeHus BIpbICKa Mode-
Bubbl B 1mmHApsl JIBC Ha TakTe pacumpenus B nmeibHoM J[BC. DddeKkTuBHOCTE MOXKET OBITHh
JOCTUrHyTa 3a cueT Oonee Bbicokod TemmepaTypbl OI' B mummHape [IBC u yBenmueHus BpemMeHU
poriecca TEPMONIM3a U THAPOIM3a MOYEBHHBI.

PaccMoTpena KMHETHKA pa3iioKeHUs OKCHIOB a30Ta, mporecc okucienuss NHsz u pacuer temre-
paTypHbIX ycioBui B mwmHApe AusenbHoro JIBC Ha Takte Bbimycka OI'. IlpoaHammsupoBaH ONBIT
nedrpampaimu NOX, copepkalmxcst B IbIMOBBIX ra3ax TEIUIOBBIX CTaHIMH, rae ouuctka or NOX
MPOTEKAET MPU BBICOKUX TeMIiepaTypax 0e3 HCTIONb30BaHUS KaTalu3aTopa.
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[Tokazano, uto Moxepumaims nporecca SCR-NH3, 3a cdeT Brphicka MOYEBHHBI HA TAKTE BHI-
nycka OI' B nmsensHoM JIBC, mO3BONMUT ympoCTUTH CyIIECTBYIOIWM MeToa Heirpammpam NOX u
HOJyYUTh TPU 3TOM JOMNOJHUTEbHBIE MPEUMYIIECTBA JIJII COBPEMEHHOTO BbICOKO(OPCHPOBAHHOTO
JIBUraTelIs.

Knroueswie cnosa: ompabomaswue 2azvi ouzenet, eviopocol NOX, apghexmuernocmo
memooa SCR-NHs3, enpuvick moueguHbi.

The most effective method of reducing nitrogen oxides in diesel exhaust gas is selective purifica-
tion by the SCR-NH3; method. The method uses ammonia released during thermolysis and hydroly-
sis of a urea solution when it is injected through a nozzle into a neutralizer. This method has a rela-
tively low efficiency of cleaning the exhaust gas from nitrogen oxides. The main factor hindering
the achievement of high efficiency of the NOXx neutralization system is the insufficiently high tem-
perature during the implementation of this process.

The article analyzes various ways to increase the efficiency of the neutralization process and
proposes a new method for neutralizing NOx by using urea injection into the cylinders of the inter-
nal combustion engine at the expansion stroke in a diesel internal combustion engine. Efficiency
can be achieved due to a higher exhaust gas temperature in the cylinder of the internal combustion
engine and an increase in the time of the process of thermolysis and hydrolysis of urea.

The kinetics of the decomposition of nitrogen oxides, the process of NHj3 oxidation, and the cal-
culation of temperature conditions in the cylinder of a diesel internal combustion engine at the ex-
haust cycle are considered. The experience of neutralization of NOx contained in the flue gases of
thermal power plants, where NOXx purification takes place at high temperatures without the use of a
catalyst, is analyzed.

It is shown that the modernization of the SCR-NHj3 process, due to the injection of urea at the
exhaust stroke in a diesel internal combustion engine, will simplify the existing method of NOXx
neutralization and at the same time obtain additional advantages for a modern high-speed engine.

Keywords: diesel exhaust gases, NOx emissions, efficiency of the SCR-NH3; method,
urea injection.
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