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AHOTAIIA

Mopmuno A.M. TIinBuIlIeHHST PYXJIMBOCTI BIHCBKOBUX KOJICHUX MAIlIHH
IUISIXOM 3aCTOCYBaHHS MDKKOJNICHUX AudepeHIianiB 3 TiApOCTaTUYHUM
OonmoxyBaHHsIM Oe3 (QpukmiiiHuX auckiB. — KBamidikamiliHa HayKoBa mpais Ha
paBax pyKOIHCY.

Jlucepramiss Ha 3100yTTS HAYKOBOTO CTYIEHS MOKTOpa (imocodii 3a
cnemiaibHicTIO 255 «O30poeHHs Ta BilicbkoBa TexHIKa» (25 — BoeHH1 Haykw,
HallloHAJbHA Oe3meka, Oe3mneka Jep>KaBHOTO KOpJOHY). — HarionansHui
TEXHIYHUI YHIBEPCUTET «XapKIBCbKUI TMOJITEXHIYHUI 1HCTUTYT», XapKiB,
2020.

AkTyanbHicTb TemHu. [loTpeba B mixkkomicHux audepenmianax (MK/)
BUHHKJIA BIJIpa3y  MICJSl MOSIBU MEPIIMX aBTOMOOUIIB 13 MPUBOAOM Ha JBa
Kojeca ojnHi€i oci. HaiOinpm Biq4yTHO I MoTpeda MposiBisiacs MpH
IIPOXO/P)KEHHI aBTOMOOUIEM IOBOPOTIB 1 i3/1 MO JAOpPOrax 3 HEPIBHOCTSIMH.
Bigcytnicte MKJ[ y Takux TpaHCMICISIX MTPUBOJIUIO JO TOSIBU IHPKYJISIIT
HOTY>KHOCTI, HEBUIIPAB/JIAHO BEJIUKOTO JOJIATKOBOTO HABAaHTAXXCHHS HAa BEIy4y
BICh 1 KoOJjieca, MiJABUIIEHHS BUTPATU TajMBa, BEJIUKOrO 3HOIIYBAHHS IIHWH. 3
BUHAXOJIOM KJACHYHOT0 KOHIYHOTO cuMmerpuyHoro MKJI mi mpoGnemu Oynu
BupimeHi. OqHak 3'sBUIKCA 1HIII TpoOJIeMH, MOB'sI3aH1 3 IBUILEM OYKCYBaHHS Y
BOXKKHUX JIOPOXKHIX ymMoBax. [IpupoaHo, 110 Ha e BUKIWK HAMWIIACS BEJHMKA
KUIBKICTh TEXHIYHUX PIllIeHb, K1 TaK YM 1HAKIIE 3TJIA/HKYBalId MPoOiieMy, aie
HE BUPIUIYBAJIU ii KOMIUIEKCHO.

B ocranHHl necATHUMITTA 3'ABUIMCS KOHCTPYKTHBHI PIIICHHS, Yy SKUX
BeMYMHA OJOKYyBaHHSA JudepeHIiaga KOHTPOIIOEThCS EJIEKTPOHIKOK TI0
3aJJaHOMYy aJITOPUTMY, a TaKOX MPHUBOIU, y SIKUX CHCTEMa KOHTPOJIO TATH
ynpasisie 0e3nocepeHb0 KPyTHUM MOMEHTOM, IO MiJABOJUTHCS JO BEIY4YOTO
kojeca. Oco0iMBO e(pEeKTUBHO Taki PpIMIEHHS MPalolTh Y BUOAAKY

3aCTOCYBaHHS €JIEKTPUIHUX 200 T1IPOCTATUIHUX MOTOP-KOJIIC.



Opnak, HE AWBISYUCHh HA JIOCTAaTOK TEXHIYHUX pIllIeHh B 00JIacTi
nudepeHIiaTbHOro MPUBOAa BEAyUnX Koilic, edeKTuBHOT KOHCTpyKiii MK]/]
11 BicbkOBUX KoyicHMX MamuH (KM) 1 TMOBHONPHUBIAHUX aBTOMOOLIIB
oararonuiboBoro mnpusHadeHHs (I[TABIT) orpumano moku He Oyio. IcHyroui
KOHCTPYKIIIi abo sIK 1 paHillle BUKOPUCTOBYIOTh MOBHE OJIOKYBaHHSA 3 PYYHHUM
KepyBaHHsIM, a00 0a3yloThcs Ha audepeHIiagax, IO CaMOOJIOKYIOThCS,
MiBUIICHOTO TEPTA, AKI HE B 3MO31 OJHOYACHO 3a0€3MEYUTH 1 BUCOKY
MIPOX1/IHICTh, 1 TAPHY KEPOBAHICTh.

Tomy, He HMBISYUCH Ha OYpXJIMBUM PO3BUTOK EIIEKTPOHHUX CHCTEM
KEepyBaHHA Ta 1HAUBIIYyaJIbHOTO €JIEKTponpuBoAay, 1is BiiicbkkoBux KM 1 ITABII
po3pooka edpexrruBHOr0o MKJ] 13 BHYTPIIIHHOK aBTOMATHYHICTIO € aKTyaJIbHOIO.

Merow aucepraniiiHoi po0OTH € 30UIBLIEHHS TATOBOI JMHAMIKA
kojicHux OponerpaHcnoptepiB 1 ITABII B cknagHMX JOPOXKHIX YMOBaX MpH
BUCOKHMX TIIOKa3HWKAaX EKOHOMIYHOCTI 1 KEpPOBAHOCTI IUIAXOM PO3POOKH 1
3acrocyBanHa MKJI 13 rizpocratuuHuM ONOKYBaHHSIM Ha 0a3l LIECTEPEHHOTO
Hacocy.

JInst HOCSITHEHHS TTOCTaBJICHOI METH HEOOX1/THO BUPIIIUTH TaKl 3aBJAaHHS:

— METOAaMH YHCEILHOTO MOJEIIOBAHHS MPOBECTH JOCIHIKCHHS BILTUBY
cTpyktypu 1 mapamerpiB MKJl Ha auHaMiKy pO3rOHYy MAIIMHHM B CKJIQJHHX
JOPOKHIX YMOBAX;

— METOJIaMHU YHUCEJIHHOTO MOJICITIOBAHHS MPOBECTU JOCIIKEHHS BIUIUBY
cTpyktypH 1 mapametpiB MKJ[ Ha omip KpHBOJIIHIMHOMY pyXY 1 KEpOBaHICTb;

— OI[IHUTU TEOPETUYHO 1 EKCIEPUMEHTAIbHO MOXIIMBICTh peanizaiil
T1IPOCTAaTUYHOTO OJIOKYBaHHS 0e3 MoAaTKOBUX (PpukiiiHux auckiB st MKJI
oponerpancnoprepa bTP-4 1 Bu3HaunTH loro HE0OX1/1H1 TEXHIUHI MapaMeTpH;

— OIIHUTH EKCIIEPUMEHTAIBbHO XapaKTEPUCTUKH INTATHOTO KYJAYKOBOTO
MK]I 6ponerpancnoprepa bTP-4 npu moBHOMY BHBIIITyBaHH1 OJTHOTO 3 KOJIIC;

—Bu3Hauutu mnapamerpu MK/ 13 rigpoctaTuyHUM OJOKYBaHHSM 1

MCTOAAMHU YHUCCIIBHOTO MOJIACIIOBAHHA IIPOBCCTHU I[OCJ'IiI[)I(eHHH O6paHI/IX



napameTpiB  pyxJuMBOCTI OpoHeTpancnoptepa bTP-4, ykommuiekToBaHOTO
3anponoHoBanuMu MKJI.

HaykoBa HOBHM3HA OoTpuUMAaHMX pe3yJbTaTiB. OCHOBHUMH HAyKOBUMU
pe3yibTaTamu, siKi BAHOCATBCS Ha 3aXKCT, SBJISIOTHCS:

— BIEpIIe HAyKOBO OOIpyHTOBaHAa MOXJIUBICTH cTBopeHHs MK/ 3
TiApOCTaTUYHUM OJIOKYBaHHSAM ©O€3 J0JIaTKOBUX (PPHUKIIIOHIB Ha OCHOBI
IIECTEPEHHOT'0 HACOCY ISl KOJIICHOTO OPOHETPAaHCIIOPTEPa;

— BIEpIlEe 3alPONOHOBAHUN €HEPreTUUHUNA METO]l OLIHKU €(PEeKTUBHOCTI
MK]I, sikuit Ha BiIMIHY BiJl ICHYIOUHX CIUPAETHCS HA BTPATH HE MPU CTATIOMY
pyci, a NpuU PO3rOHI MAIIMHU B CKJIAJHUX JOPOXKHIX YMOBaX [0 3aJaHoi
MIBUIKOCTI;

— BIIEpIIE 3allPONOHOBAHUN METOJ OILIHKMA BIUIMBY CTPYKTYpH 1
napameTpiB MK/[ Ha crpoTHB KpUBOMIHIMHOMY PyXy MO J0porax 3 TBEPAHUM
MOKPUTTSM, SIKHW Ha BIJIMIHY B1J] ICHYIOUHUX CIIMPAETHCA HA OIIHKY HE TIIBKU
BTpaT B MKJI mpu KpuBOMiHIAHOMY PYCl, @ 1 Ha BTpaTH NpPU IPOKOB3YyBaHHI
KOJIIC 1O JIOpO031 1 30UIBIICHHS IMCHOTO PaalyCcy MOBOPOTY 3a PaXyHOK YBOIY
KOJIIC 1 IX MPOKOB3YBAaHHS;

— BIIEpIIE EKCIIEPUMEHTAIbHO OTpUMaHa 3aJIeKHICTh OJIOKYBaJIBHOTO
MOMEHTY BiJ IMIBUAKOCTI OYKCYBaHHS IJii JBOXPSIAHOTO KyhadykoBoro MKJI
oponetrpancnoptepa bTP-4.

IIpakTH4yHe 3HaYeHHS OJIeP:KAHUX pe3yJIbTaTiB.

[IpoBeneHi MOCHIKEHHSI HAJald MOKJIIUBICTh PO3paxyBaTH MapaMeTpu
HIECTEPEHHOI0 Hacocy il rigpocratuyHoro OsokyBanHa MK, mo 3
HE3HAYHUMHM JOpPOOKaMH MOHTYEThCS B KapTep TOJIOBHOI mepenadi
oponetrpancnoprepa bTP-4 1 B 3M031 3aMIHUTH MOKYIMHUN POCIMCHKUN BY301 3
TIpIIMMHU €KCIUTyaTallliHUMU XapaKTEPUCTUKAMHU.

Po3pobneni  meToau  OIMiHKM  €(DEeKTHUBHOCTI  AudEpeHIlialiB  Mpu
NPSIMOJIIHIHHOMY PO3TOHI B CKJIAJHUX JOPOKHIX YMOBaX 1 IPU KPUBOIIHIHHOMY

pyci mo jgoporax 3 TBEPAUM IMOKPUTTSAM HAAAIOTh MOXKIUBICTH MPOBOJUTH
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CTPYKTypHO-TIapaMeTpuuHuii cuHTe3 He Tuibku MK, a # MDKOChOBHX
mudepenttianiB qis BiicbkoBux KM ta [TABII 3 MexaHI9YHOIO TPaHCMICIETO.

[IpakTiuHe 3HA4YEHHS PE3YJNbTATIB JAUCEPTALIAHOTO  JOCIIHKEHHS
MIATBEPKYETHCS aKTaMU MPO BIOPOBAHKEHHS B PO3PAXYHKOBY MPAKTUKY
3arpornoHoBaHuX MeTofiB omiHku edextuBHocTi MKJ] B Il «XapkiBcbke
KOHCTpPYKTOpChbke Oropo 3 mammHoOyayBanHs iM. O.0. Mopo3oBa» ta TOB
«MamrigponpuBo/», a TAKOK aKTOM PO BIPOBAKEHHS B HABUAIBHUI TPOIIEC
MetoxiB omiHku edpextuBHOCTI MKJI B HTY «XIII» npu miaroToBIl CTyACHTIB
3a crnemianbHicTIO 133 — [Nanmy3eBe mammHoOyayBaHHs, cnerianizami 133.02 —
ABTOMAaTH30BaHE NPOEKTYBAHHS TPAHCIIOPTHHUX 3aCO01B BUCOKOI MPOX1THOCTI.

BucHoBku mo podori:

1) 3 amamizy miTepaTypHHX JKepen OyB 3poOJieHHN BHCHOBOK PO
BIJICYTHICTh T€XHIYHOTO pimleHHs B o0nacti MK/, sike 6 3a0e3neuyBano BUCOKY
MPOXIAHICTh (Y TOMY YMCII TPU MOBHOMY BHBILNIYBaHHI BEIy4YUX KOJIIC), HE
NOTIPUIYBAJIO KEPOBAHICTh, MaJI0 BHYTPIIIHIO aBTOMATHUYHICTb, OyJIO JOCHTH
MPOCTUM 1 JICIIEBUM y BUTOTOBJICHHI 1 HAIIMHUM B €KCILTyaTallii.

2) Inss KM, ekcruiyaTaiiist SIKHX MPHUITYCKA€ MOYIIMBICTh BHBIIIYBaHHS
pu pyci ogHOro abo aekuibkox kouic, y MKJI mis 3a6e3nedeHHst mpoXiTHOCTI
HEOOX1THO BUKOPHUCTOBYBAaTH ab0 TMOBHE OJOKyBaHHSA, a00 MPOTHOYKCOBOYHI
cuctemu Ha 0a3i ABC, abo nudepeniiany, mo caMoOJIOKYIOThCS, 3 MOMEHTOM,
o OJIOKYe, 3aJ€KHUM BiJ pi3HHIN a00 KBajpaTa pi3HHUIN YacTOT BIJJHOCHOTO
oOepraHHs miBoce 1 Kopmyca nudepenmiana. BukopuctanHs TOBHOTO
OJIOKYBaHHSI B ICHYIOUMX KOHCTPYKIIISIX BUMarae a0o MOBHOI 3yNUHKH MAalllUHUA
nepes  OJoKyBaHHSM / po30JIOKYBaHHAM Jau(EpeHiianiB ad0 BUKOPHUCTAHHS
GpUKIIAHUX JWCKIB, OJOKYBaHHS SKUX BHUMAara€e J0JIaTKOBOTO BiJIOOpPY
MOTYXHOCT1 JUIsl iXHROTO BTPUMAaHHSI B 3aMKHYTOMY CTaHi 1 SIKI IpU aKTHUBHIM
eKCIUTyaTallll MalllMHU B CKJIaJHUX JOPOXKHIX YMOBaX IHTEHCUBHO 3HOIIYIOTHCSI.
J{nst BUKOpUCTaHHS NpOTUOYKCOBOUHMX cucTeM Ha 0a3i ABC Ha naHuii MOMEHT,

Ha JKajlb, MM HE MAaE€MO BIANpPAIbOBAHUX JOCTATHRO HAIIMHUX B yMOBax
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BIMCBKOBOTO 3acTtocyBaHHs BiTUM3HSHUX ABC, siki Moriau O JIASTTM B OCHOBY
CTBOPCHHSI TTPOTUBOOYKCOBOYHON CHCTEMH. TOMY JOIIILHUM € BUKOPHUCTAHHS
MKJI 13 rigpocTaTMyHUM OJIOKYBaHHSIM ©O€3 BHUKOPUCTAaHHS JIOJATKOBHX
(GPUKIIHHAX JTUCKIB.

3) 3 HaBeICHOTO aHATI3y BHTIKA€E, MO HAHOLIBII €PESKTUBHUM BXiTHUMHU
napaMeTpaM ISl OUIBIIOCTI MIAXOMIB IO 3a0€3MEUYCHHI0 aBTOMATHYHOIO
pO3MOMAUTY TIOTYXXHOCTI MDK KOJIeCaMH € KIHeMaTWdHa HEY3TO/KCHICTh
IIBUJIKOCTEH 00epTaHHs BEIy4HX KOJIIC 1 MOJ0KEHHS KEPOBaHUX KOJIIC.

4)Ilpu anamizi npoxigHocti KM, sKi OpUIYCKaIOTh MOMKIUBICTb
BUBIIIYBAHHS MPU pycl OJHOro ab0 JEKUIBKOX KOJIC, HEOOXITHO ONEepyBaTH
MOHATTSM  OJOKYBAJIBHOIO MOMEHTY jJudepeHiiaga, a He KoedimieHTa
0JIOKYBaHHS.

5)V pesymbraTi MaTeMaTUYHOTO MOJICIIOBAHHS 1 pO3PaxyHKIB Ha
npukiaai oponerpancrnoprepa bTP-4 Oynu orpuMaHi 3HaYeHHS MaKCUMaIbHOI
BIJIHOCHOI 4acTOTH oOepTaHHs miBoci 1 koprmycy MK/, mo Moxe BUHUKHYTH
yepe3 PI3HUINO Yy MIBHAKOCTSIX OOEpTaHHS KOJIC pi3HUX OOpTIB TIpH
MaHEBpYBaHHI Ha JOpOTax 13 TBEPAUM TMOKPUTTSAM, a TaKOXK 3aJeKHOCTI
HEOOX1THOTO JUIsl 3a0e3Me4eHHs] MPOXITHOCTI O0KyBasibHOrO MoMeHTy MKJ]
B1JI 4acCTOTH BITHOCHOTO obOepraHHs miBoci 1 kopmycy MKJI. BusiBieno, 1o
ONTUMAJIBHO OJIOKYBaJIbHUH MOMEHT TIOBHHEH 3pOCTaTH BiI HYJIS 10
MakcuManibHOro 3HadeHHs B 3000 Hm BiamoBigHO IpH 3pOCTaHHI BiJIHOCHOI
qacTOTH oOepTaHHs mBOCi i Koprycy nudepenmiaty Bix 80 xo 115 xa™.

6) 3 posmsHyTHX KOHCTpyKIid MKJl mo auHaMilli po3roHy B CKJIaTHUX
JOPOKHIX yMOBaX [Jisi CEpeAHIX 3HaueHb KOEQIIEHTIB MPOMOPIIHHOCTI
nepeBary MawTb MKJl, y SKux cTymiHb OJIOKYBaHHS 3aJIeKUTh BIiJ
HAaBaHTAKCHHS.

7) Ilpu oOpanux KoedillieHTaX MPOMOPIIHHOCTI CHCTEMH ISl MauX
KYTiB MOBOPOTY KE€pPOBaHUX KoJIic (0 8°) y MepmuX TPhOX YBEPTAX AlamazoHy

Oe3rmeyHnX MIBUAKOCTEH 1 MO OMOpY MOBOPOTY, 1 MO 3POCTAaHHIO pajiyca



noBopoTy nepeBary MaroTb MKJI, y skux cTymiHb OJOKYBaHHS 3aJ€XHUTh Bij
KBaJipaTa pi3HUIIl HIBUAKOCTEH MIBOCEH.

8) Jlns OUIBIIMX KYTIB IMOBOPOTY KEPOBAaHUX KOJIC Yy MEPIIiil MOJOBHHI
niana3oHy Oe3NeYHMX MIBUAKOCTEH Takoxxk mepeBary Mawotb MK, y saxux
CTYIiHb OJIOKYBaHHS 3aJI€KUTh BIJ KBaJapaTa Pi3HUII MIBUIKOCTEH MiBOCeh. Ae
pU MIBUAKOCTSIX, OMU3BKUX A0 MEpEeKUAaHHs, ISl OYIb-SIKUX KYTIB MOBOPOTY
KEPOBAHMX KOJIC iX BHUMEpeKaloTh 1mo mokazHukax MK, y gkux cTymiHb
OJIOKYBaHHS 3aJICKUTh BiJl HABAHTAXKECHHS.

9) Iudepenmiam i3 TIBC nHa 6a3i ABC HaiOuIbIIe JOLIIBHO
BUKODUCTOBYBaTH TMpPH BIAHOCHO HEBEJMKUX 3HAYCHHSX JAucOanaHcy
KOe(DIIIEHTIB 3UCIUICHHS MO OOpTax MalIMHU 1 IHTETPYBATH iX 13 CHUCTEMaMH
MIITPUMKH KYpPCOBO1 CTIMKOCTI, SIKi JO3BOJISIIOTH 3aJIEKHO BiJI CUTYallll JIETKO
3MIHIOBATH 3HAYEHHS KOE(ILIE€HTIB MPONOPLUIAHOCTI (HACTPOIOBAHHS CUCTEMH).

10) JInst aBTOMOO1IIB MiABUIICHOT MPOXIAHOCTI, €KCIUTyaTaIlisl SKHX He
NPUITYCKAE PEXUMH 3 TOBHUM BHBIIIYBaHHAM BEIYyYUX KOJIC MOXKIHBO
edextuBHe BUKOpucTaHHsI MKJI, y skux cTymiHp OJIOKyBaHHS 3aJ€XHUTh BiJl
HaBaHTa)KCHHS.

11) Ins aBTOMOOLTIB BHCOKOi mpoximHocTi 1 BilickkoBux KM, mpu
eKCIUTyaTarii SKUX MOXJIMBO TMOBHE BUBIIIYBAHHS BEIYYUX KOJIC, JOIIIbHE
Bukopuctanid MKJ 13 QpuKUIHUM MOMEHTOM, IO 3aJIEXKUTh BlJI KBajpaTa
pI3HMII IIBUAKOCTEM o0OepTaHHs miBoceil. BOHM MOXyTh MaTH BHCOKI
SHEPreTUYH1 TTOKA3HUKU TIPU PO3TOHI 3 MIHIMAJILHUM HETaTUBHUM BIUIMBOM Ha
KEpOBaHICTh MAIIMHHU 1 MPU LIBOMY ONHUPATHCS HE Ha EJIIEKTPOHHI CHUCTEMH
KEpYBaHHsI, a Ha BJIIACHY BHYTPIIIHIO aBTOMATHYHICTb.

12) IpoBeneHi BUMPOOYBaHHS MOKA3aJH, IO CHJIA TATH BEIYy4Oro MOCTY
13 IBOPSIHUM KYJAYKOBUM JU(PEPEHIIIATIOM MPU MOBHOMY BUBIIIYBAHHI OJTHOTO
3 KoJiic (TIpaBOro) ICTOTHO 3ajJ€KHUTh BIJ YacTOTH OOepTaHHS KoJjeca, IO
OyKkcye, 1 nocsirae MmakcuMmanbHoi BennuuHu B 1091 H npu vactoTi obepTanHs

-1 . .
KoJjeca, mo Oykcye, 399 xB™. Il wacTtota oOGepTaHHs BIAMOBiAaE 0OEPTAHHIO



BX1JIHOTO (hJIaHIIA BEAYy4Or0 MOCTY I pyXy OpoHeTpaHcopTepa 31 MIBUIKICTIO
11 m/c (39,6 xM/ToT) TIiCSA YOTO HACTYTAE 3aKJIMHIOBAHHS AUdepeHITiana.

13) OtpumaHi 3HAYEHHS JUIS CHJIM TATH BEIYYOrO MOCTY 13 JBOPSIHUM
KyJa4KOBUM Au(EepeHIliaioM IpH IOBHOMY BHUBIIIYBaHHI OJHOTO 3 KOJIIC
(mpaBoro) HEIOCTaTHI JUIsi BIIEBHEHOTO TIOJOJIAHHS OpOHETPAHCIIOPTEPOM
MEpPEenIkoJl TUITYy «sIp» abo «OapxaH» 3 JlaroHaJbHUM BUBIINIYBAaHHSM 1
MEPEIIKO TUITY «PiB» 3 MOCIIJOBHIUM BHUBIIIYBaHHSM MOCTIB.

14) Ha ocCHOBI IIIECTEPEHHOI0 Hacoca 13 BHYTPIIIHIM 3a4eIlJICHHIM
MokHa peanizyBatd MK/ 13 rigpoctatuuHuM OJIOKYBaHHSIM 0€3 BUKOPUCTAHHS
JOIATKOBUX JIHCKIB TepTd. JlaHuii nudepeHmian Mae KBaJpaTUUHY 3aJI€KHICTh
0JIOKYBaJIbHOTO (TaJbMIBHOTO) MOMEHTY BiJl PI3HMII KYTOBHX IIBHJIKOCTEH
miBoci 1 kopmycy audepenuiana. Lle mo3Bossie, 3 oaHOro OOKy, OJAEpKaTH
PaKTUYHO TOBHE OJIOKYBaHHS audepeHuiana Mpu OyKCyBaHHI 1, 3 1HIIOTO
OOKy, YAHUTH MIHIMAJIBHUN OIip MOBOPOTY MpHU MaHEBpPYBaHHI Ha Joporax i3
TBEPIUM TTOKPHUTTSIM.

15) JInst  Gponerpancrnoprepa BTP-4 pobOounii 00'eM IIECTEPEHHOTO
Hacoca 13 BHYTPINIHIM 3a4eTUICHHSM, IO J03BOJs€ TIpu OJIOKyBaHHI
peanizyBaTd MaKCHMajbHE 34YCIJICHHS 3 JOPOrol0 Kojieca, SKe He OYKCYE,
craHoButh 415 cm®. Takwuit Hacoc YCHIIIHO KOMIIOHYETHCS B rabapuTax IMTaTHOI
rOJIOBHOI Tepenayi Mpu 3aMiHl ICHYIOYOro KyJIauyKoBOro audepeHiiaia Ha
KJIACUYHUH BIIKpUTUHN AudepeHItian 3 KOHIYHUMU IIECTIPHIMH.

16) OnTuManbHUR PO3PaXyHKOBHHA JiaMeTp JIPOCEIIOIYOr0 OTBOPY
CcTaHOBUTL 2 MM. OpHaK 3aJeXHO Bl TOYHOCTI BHUTOTOBJIEHHS €JICMEHTIB
IIECTEPEHHOTO Hacoca 1 CYKymHHX OO'€eMHHMX BTpaT I BEJIUYMHA IMOBHHHA
KOPEKTYBaTHCS CKCTICPUMEHTAIBHUM IIJISTXOM B 01K 3MEHIIICHHS.

17) T'epoTopHi HAacoCH 13 IUKJIOINAIBLHUM 3a4CIUICHHSAM OYyJId 3HATI 3
pO3IIIAly TIO TPUYWHI CKJIQJHOCTI peami3ailii B HUX BHUCOKOTO THCKY 4epes
HU3BKUN Koe(ilieHT mnepekpurts npoduriB 3y0iB. ns cuntesy MK/ 13

BHYTPIIIHHOIO aBTOMATUYHICTIO, SIKM OW 3a0BOJIbHSIB BUMOTaM 1 J0 TSATOBOI



MPOXIHOCTI, 1 JO JMHAMIKM MAaIllMHK 1 OJHOYACHO HE TEepEenIKokaB il
KPUBOIIIHIHHOMY PYXY, OCTaTOUYHO MPUHHATHI nudepeHIiial, y sKoMy BeInYnHa
0JIOKYBaJIbHOTO MOMEHTY 3aJI€KHUTh BlJ KBaJipaTa PI3HUII KyTOBUX IIBUIKOCTEH
niBoceH.

18) MK]I i3 MOMEHTOM OJIOKYBaHHS, IO 3aJI€KUTh BiJl HABAHTaXKEHHS (Y
TOMY YHCIII 1 IITAaTHUN JBOPSAIHUM KyJauKOBUH ITU(EpeHIian) TO0CUTh YCIIIITHO
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ABSTRACT

Mormylo la. M. Increasing the mobility of military wheeled vehicles
through the use of inter-wheel differentials with hydrostatic locking without
friction disks. — Qualification scientific paper, manuscript.

Thesis for a PhD Degree in Technical science: Specialty 255 — Armament
and military equipment (25 — Military sciences, national security, state border
security). — National Technical University “Kharkiv Polytechnic Institute”,
the Ministry of Education and Science of Ukraine, Kharkiv, 2020.

Relevance of the topic.

The need for inter-wheel differentials (IWD) arose immediately after the
appearance of the first two-wheel drive cars. Most notably, this need was
manifested during turning and driving on rough roads. The absence of IWD in
such transmissions caused power circulation, unreasonably large additional
loads on the drive axle and wheels, increased fuel consumption and high tire
wear. With the invention of the traditional symmetric bevel gear IWD, these
problems were solved. However, there were other problems associated with the
phenomenon of slipping in difficult road conditions. Naturally, this challenge
has found a large number of technical solutions that somehow smoothed out the
problem, but did not solve it comprehensively.

In recent decades, design solutions have emerged in which the differential
lock is controlled electronically by a given algorithm, as well as drives in which
the traction control system directly controls the input torque of the drive wheel.
These solutions are especially effective for electric or hydrostatic motor wheels.

However, despite the abundance of technical solutions in the field of
differential wheel drive, there is no effective IWD design for military wheeled
and multi-purpose full-wheel drive vehicles. The existing designs either still use
complete manual lock, or are based on SLLSD that are not able to provide high

cross-country ability and good handling at the same time.
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Therefore, despite the rapid development of electronic control systems
and individual electric drives, the development of an efficient, internally
automated IWD is topical for military wheeled and multi-purpose full-wheel
drive vehicles.

The aim of the dissertation is to increase the traction dynamics of
wheeled armored personnel carriers and multi-purpose full-wheel drive vehicles
in difficult road conditions with high rates of economy and controllability by
developing and using IWD with hydrostatic locking based on a gear pump.

To achieve this aim it is necessary to solve the following tasks:

— to study the influence of the structure and parameters of IWD on the
dynamics of acceleration of the car in difficult road conditions using methods of
numerical simulation;

— to study the influence of the structure and parameters of IWD on the
resistance to curvilinear motion and controllability using numerical simulation
methods;

— to evaluate theoretically and experimentally the possibility of
implementing hydrostatic blocking without additional friction disks for the IWD
of the BTR-4 armored personnel carrier and determine its necessary technical
parameters;

— to evaluate experimentally the characteristics of the standard cam IWD
of the BTR-4 armored personnel carrier with the full hanging of one of the
wheels;

— determine the parameters of the IWD with hydrostatic blocking and
conduct a study of the selected mobility parameters of the armored personnel
carrier
BTR-4, equipped with the proposed IWD, using numerical simulation.

The scientific novelty of the results. The main scientific results that are

submitted to the public defense are:
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— for the first time, the possibility of creating an IWD with hydrostatic
locking without additional friction disks based on a gear pump for a wheeled
armored personnel carrier has been scientifically substantiated,;

— for the first time, an energy method has been proposed for assessing the
efficiency of IWD, which, unlike the existing ones, is based on losses not with
constant movement, but when the vehicles is accelerated in difficult road
conditions to a given speed,;

— for the first time, a method is proposed for assessing the influence of the
structure and parameters of IWD on the resistance to curvilinear movement on
paved roads, which, in contrast to existing methods, is based not only on the
assessment of losses in the IWD during curvilinear movement, but also on losses
due to wheel slippage along the road and an increase in the actual radius turning
due to the deviation of the wheels rolling direction and their slipping;

— The dependence of the locking moment on the slipping speed for a two-
row cam IWD of the BTR-4 armored personnel carrier was experimentally
obtained.

The practical significance of the results.

The studies made it possible to calculate the parameters of the gear pump
for hydrostatic locking of the IWD, which, with minor changes, is mounting in
the main gear housing of the BTR-4 armored personnel carrier and is able to
replace the purchased Russian unit with the worst performance characteristics.

The developed methods for evaluating the effectiveness of differentials in
straight-ahead acceleration in difficult road conditions and in curved motion on
paved roads provide the opportunity to carry out structural-parametric synthesis
of not only IWD, but also center differential for military vehicles and multi-
purpose full-wheel drive vehicles with mechanical transmission.

The practical significance of the dissertation research results is confirmed
by acts on the implementation of the proposed methods for evaluating the

effectiveness of IWD in the design practice in the State enterprise “Kharkov
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Machine Building Design Bureau named after A.A. Morozov” and LLC
“Mashhydroprivod”. An act was also received on the introduction of methods
for evaluating the effectiveness of IWD into the educational process of the NTU
“KhPI” when preparing students for specialty 133 — Sectoral Engineering,
specializations 133.02 — Automated design of cross-country vehicles.

Conclusions on the work:

1) From the analysis of literary sources, it was concluded that there is no
technical solution in the field of IWD that would ensure high crossability
(including with full hanging of the drive wheels), do not impair handling, have
internal automatism, was quite simple and cheap to manufacture and reliable in
operation.

2) For wheeled vehicles, the operation of which allows the possibility of
hanging one or several wheels when moving, in the IWD, to ensure patency, it is
necessary to use either full blocking, or anti-slip systems based on ABS, or self-
locking differentials with a blocking moment depending on the difference or
square of the difference in the frequency of relative rotation axle shafts and
differential housings. The use of complete locking in existing structures requires
either a complete stop of the machine before locking (unlocking) differentials or
the use of friction discs, the locking of which requires additional power take-off
to keep them closed and which, when the machine is actively used in difficult
road conditions, wear out intensively. Unfortunately, for the use of traction
control systems based on ABS, we do not have well-tested domestic ABS
systems that could form the basis for the creation of a traction control system in
conditions of military use. Therefore, it is advisable to use IWD with hydrostatic
locking without the use of additional friction discs.

3) From the above analysis it follows that the most effective input
parameter for most approaches to ensure automatic power distribution between
the wheels is the kinematic inconsistency of the rotational speeds of the drive

wheels and the position of the steered wheels.
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4) When analyzing the patency of wheeled vehicles that allow the
possibility of hanging one or several wheels when moving, it is necessary to
operate with the concept of the differential locking moment, and not the
blocking coefficient.

5) As a result of mathematical modeling and calculations using the BTR-4
armored personnel carrier as an example, the values of the maximum relative
rotational speed of the half-axle and the IWD housing were obtained, which can
occur due to the difference in the rotational speeds of the wheels of different
sides when maneuvering on paved roads. Also obtained are the dependences of
the blocking moment of the IWD, necessary to ensure high crossability, on the
frequency of the relative rotation of the axle shaft and the housing of the IWD. It
was found that the optimum blocking moment should increase from zero to a
maximum value of 3000 Nm, respectively, with an increase in the relative
rotational speed of the half-axle and differential housing from 80 to 115 min™.

6) Of the considered constructions of IWD on the dynamics of
acceleration in difficult road conditions for average values of the proportionality
coefficients, IWD have an advantage in which the degree of blocking depends
on the load.

7) With the selected proportionality coefficients of the system for small
steering angles (up to 8°) in the first three quarters of the safe speed range and in
terms of turning resistance and increasing turning radius, IWDs have an
advantage, in which the degree of blocking depends on the square of the
difference in speed of the half-axles.

8) The IWD, in which the degree of blocking depends on the square of the
difference of the speeds of the axle shafts, also have an advantage for large
steering angles of the steered wheels in the first half of the safe speed range. But
at speeds close to turning over, they are behind from IWD, in which the degree

of blocking depends on the load, for any angle of rotation of the steered wheels.
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9) The IWD with a traction control system based on ABS are most
suitable for use with relatively small values of the imbalance of adhesion
coefficients on the sides of the car and integrate them with directional stability
systems that allow you to easily change the value of the proportionality
coefficients (system setting) depending on the situation.

10) For off-road vehicles, the operation of which does not imply modes
with full hanging of the drive wheels, it is possible to use IWD effectively, in
which the degree of blocking depends on the load.

11) For off-road vehicles and military wheeled vehicles, during operation
of which full hanging of the drive wheels is possible, it is advisable to use an
IWD with a locking moment, which depends on the square of the difference in
the speeds of rotation of the axle shafts. They can have high energy performance
during acceleration with minimal negative impact on the controllability of the
machine and at the same time rely not on electronic control systems, but on their
own internal automation.

12) The tests showed that the traction force of the drive axle with a
double-row cam differential when one of the wheels (right) is fully hung out
substantially depends on the speed of the slipping wheel. It reaches a maximum
value of 1091 N at a rotational speed of a slip wheel of 399 rpm. This speed
corresponds to the rotation of the input flange of the drive axle for the
movement of the armored personnel carrier at a speed of 11 m /s (39.6 km / h),
after which the differential is jammed.

13) The obtained values for the traction force of the drive axle with a
double-row cam differential with full hanging of one of the wheels (right) are
insufficient for the armored personnel carrier to overcome obstacles of the
“ravine” type or “dune” type with diagonal hanging and obstacles of the “moat”
type with sequential suspension of bridges.

14) Based on a gear pump with internal gearing, it is possible to realize a

IWD with hydrostatic locking without the use of additional friction disks. This



7

differential has a quadratic dependence of the locking (braking) moment on the
difference in the angular velocities of the half-axle and the differential housing.
This allows, on the one hand, to obtain almost complete differential blocking
during slipping and, on the other hand, to provide minimal turning resistance
when maneuvering on paved roads.

15) For the BTR-4 armored personnel carrier, the working volume of the
gear pump with internal gearing, which allows maximum grip on the road when
locking on a non-skid wheel, is 415 cm?®. Such a pump is successfully assembled
in the dimensions of the standard main gear (final drive) when replacing the
existing cam differential with a classic open differential with bevel gears.

16) The optimum design diameter of the droselling hole is 2 mm.
However, depending on the accuracy of manufacture of the gear pump elements
and the total volume losses, this value should be experimentally adjusted
downward.

17) Cycloidal gear gerotor pumps have been discontinued due to the
difficulty of realizing high pressure in them due to the low coefficient of overlap
of tooth profiles. For the synthesis of IWD with internal automaticity, which
would satisfy the requirements for both traction and vehicle dynamics and at the
same time not impede its curvilinear movement, the differential is finally
adopted, in which the value of the blocking moment depends on the square of
the difference in the angular velocities of the half-axles.

18) MKD with the moment of blocking, which depends on the load
(including the standard two-row cam differential), quite successfully compete
with the considered differentials with hydrostatic locking in terms of operating
efficiency in difficult road conditions, but without fully hanging one of the
wheels.

19) For MCD with hydrostatic locking, it is enough to have a diameter of
a throttling hole of more than 3 mm for an unhindered start of rotation of the

armored personnel carrier and its curvilinear movement without a significant
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increase in energy consumption and deterioration of controllability over the
entire range of travel speeds.

20) In order to obtain the necessary cross-country ability and driving
dynamics in difficult road conditions, for a MCD with hydrostatic locking, it is
necessary to have a diameter of the droselling hole of not more than 1 mm.

21) To eliminate the contradiction, it is proposed to put a controlled
solenoid valve in the gear pump, which in difficult road conditions will allow, at
the command of the driver, in any driving mode to reduce the bore to a diameter
of less than 1 mm or even completely closing it with the pressure relief valve in

mind and volumetric losses in the pump.

Keywords: inter-wheel differential, limited slip differential, blocking moment,

hydrostatic locking, gear pump, energy efficiency, controllability.
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