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|. OBLLA XAPAKTEPNCTUKA HA OUCEPTAUMOHHUA TPY[

AKTyanHocT Ha npobrnema

Bce noBeye HapacTBawms Osn Ha TOBapHUTE NMPEBO3UN U CTPEMEXA 3a HamansBaHe
Ha pas3xoauTe 3a npeBO3BaHe Ha ToBapuTe BOAM OO YBeNMYyaBaHe Ha MacaTa U
ObikMHaTta Ha BnakoBuTe cbcTaBu. OCHOBHMUTE pencoBuM NbTuwa B EBpona ca
narpageHn 3a HatoBapBaHe 22.5t/oc, cbC cTpemex 3a yBenuvaBaHe o 25 t/oc. C
pa3BMTUETO Ha TpaHCMopTa, BfakoBUTE CbCTaBW CTaBaT BCe MNO-AbSIrM, SOCTUralim
abmkmHa Hag 1000 m. ToBa HeMMHyeMO BOAM OO0 pasnuyHM npobnemu cBbp3aHu C
TAXHaTa ekcnnoatauus. CbwecTBeH npobrnem npeacraenseaT CUNUTE, KOUTO Ce
nonyyaBaT B TErfnMYHO-OTOMBAYHUTE CHLOPDBLXEHMUS, MO BPEME Ha [OBWKEHUETO Ha
BTAKOBMSA CbCTaB. XapakTepuaupa ce C TOBa, Ye Npu M3creaBaHeTo Ha HagbXHUTE
yCUnna ce aHanmsmpa KakTo ABWKEHMETO Ha Bfiaka KaTo UAno, Taka U OTHOCUTENHUTE
npemMecTBaHUA Ha OTAENHUTe BaroHW OT cbCTaBa My. [locnegHuTe ca B pes3ynTtaTt Ha
pasfiMyHUTE CUNKM, KOUTO AEWCTBAT Ha OTAENHMTE BaroHM U OT XnabuHute wu
€nacTUYHOCTTa Ha MeXayBaroHHUTE BPb3kW. HagnbXHu cunu ce nonyyasaTt nNpu BCEKU
PEXMM Ha OBUXKEHMETO Ha Braka, HO Han-BMCOKN CTOMHOCTM Ca XapakKTepHW Npu cnnpaHe
Ha BnakoBus cbctaB. OCHOBHaTa NpuUYMHa 3a n3crnegBaHe Ha HaANMbXHUTE ycunua ca
nosBarta Ha nykHaTuMHW, AedopMaunn U paspyLIEHNS, KakTO B MeXAyBaroHHUTE BPb3KH,
Taka 1 No CTPYKTYPHUTE eNEeMEHTM OT NOABMKHUSA CbCTas (pama, KoL, Tanuru n ap.) unm
aepannupaxe.

Llen Ha AucepTauMoHHMA TPyAd, OCHOBHM 3aJayuM M MeToaM 3a
u3scneaBaHe

Cnen HanpaBeHVsl aHanuM3 Ha TeopusATa Ha CNMpayvyHUTE CUCTEMU Ha BrakoBeTe,
KaKTO M Ha METOAMTE 3a TEOPETUYHO M3creaBaHe Ha HaaNbXXHOTO NOBeAEHNEe Ha BNakoB
CcbCTaB MoXe Aa ObAe nocTtaBeHa LEenTa Ha camus auceptaumoHeH Tpya. dopmynvpa
ce Mo CreaHnst HaunH:

Ha Gasa pesyntaTtu, nony4YyeHu OT MpoOBeAeHWUTE NabopaTopHU M3NUTBAHUS 3a
yCTaHOBsIBaHe Ha pa3BUTUETO Ha CMpaYHUTE CUMK MO AbIHKMHATa Ha BNakoBUs CbCTaB
1 BbB (PYHKUMS HA BpEMETO, 1 Ype3 n3bop Ha noaxoasiy matemaTuyecku Moden aa ce
HanpaBu U3creaBaHe Ha HaaTbKHOTO My NOBeAEHNE B CbOTBETHUS PEXUM.

3a nocTuraHeTo Ha noctaBeHaTa uen e Heobxoamumo ga 6baaT n3nblHEHU crnegHuTe
3apauu:

1) W3bop Ha guMHamu4eH mMoper, KOWTO Aa NpeAacTtaBs MaKCUManHO TOYHO
pPasBUTUETO HA HAAMBXHUTE YCUNUA MO BPEME Ha CNMpayHns NpoLiec.

2) TlposexgaHe Ha nNabopaToOPHN M3NUTBAHWS 3a YCTAaHOBSIBAHE Pa3BUTUETO
Ha CcnupadYHUTe CUnIM NpU MoAenuvpaHe Ha pasfMyHM BrakoBM CbCTaBw,
pPasfnnUYHM CKOPOCTU Ha ABMKEHNE, Pa3fNIUYHN XapaKTEPUCTUKM HaA XKeNe3HUd Mbr,
pasnunyHu cTpaTeruun 3a ynpasrneHme Ha CnnpadHnuTe cucteMm n ap.

3) W3BbplBaHe Ha YNCIIOB EKCNEPUMEHT C n3bpaHnst MatemaTnyeckm Moaen
N cHeTUTe Npu nabopaTopHUTE U3NUTBAHUS NapamMeTpu.

4) CpaBHsfiBaHe ¥ aHanu3 Ha NOJlydeHUTe eKkcrnepuMeHTanHo pesyntatn C
N34nMCNUTENHUTE TakMBa.

5) ®opmynupaHe Ha U3BOAMW.



Hay4yHa HoBoOCT

PaspaboteHa e MeToavka 3a u3cnedBaHe Ha npouecute Ha pasBuTUE Ha
HaOTbXXHUTE CUMW BbB (PYHKUMSA HA BPEMETO M pasBUTUETO Ha CNMpaYHUTE NPOLIECH MO
AbikKMHaTa Ha BfakoBUS CbCTaB.

OT nony4vyeHute pesynrtatyv e nNpeanoXxeH AMHaMUYEH MOAern Ha BfakoB CbCTas,
CbCTOSAL, ce OT 44 BaroHa, KOUTO NpeacTaBs MakCMMarHO TOYHO MOBEAEHMETO MY Npu
Pa3fIMYHN CKOPOCTM Ha AOBWXKEHWE, PasfiMYHU XapaKTEPUCTUKM Ha XKEeNes3Hus MbT U
pasnuyHK cTpaTernun 3a ynpasneHne Ha CNMpavYHnTe CUCTEMMU.

MpakTnyecka npunoXxmnmocT

MonyyeHuTe pesyntatm OT AUCEPTAUMOHHUS TPyA OTHOCHO pasBUTMETO Ha
CnMpayHnTe NpoLecu BbB (OYHKLMA HA BPEMETO U BapuaumsiTa Ha Hag TbXXHUTE CUK ca
NPUMNOXUMK MNPU pellaBaHeTO Ha CnupayHy 3agauyn c uen nogobpsiBaHe Ha XOOO0BO-
AVHaMWYHUTE KayecTBa Ha U3creaBaHusl NOABMKEH CbCTaB.

Anpobauus

OcHOBHUTE pe3ynTaTu OT AUCEepPTaLMOHHUS TPy ca AOoKNaABaHW Ha MeXayHapoaHu
KOHdbepeHLMN 1 ca NybnnkyBaHn B NEPUOANYHN U3OAHUS:

e International Scientific Conference on Aerospace, Automotive and Railway
Engineering BulTrans-2021

e AIP Conference Proceedings, Volume 3064, Issue 1, 10 April 2024

e International Scientific Conference on Aerospace, Automotive and Railway
Engineering BulTrans-2023

e Engineering Proceedings by MDPI, Volume 121, Issue 1, 13, 2026

e International Scientific Conference on Aerospace, Automotive and Railway
Engineering BulTrans-2025

My6nukauun

MonynapusnpaHe Ha wu3cneaBaHuaTa, NpeanoXeHUTe MeTOOMKW, MNosyvyeHuTe
pesyntatm v ¢opmMynMpaHuTe U3BOOM € M3BbPLUEHO MOCPeacTBOM NeT [OoKnaaa,
N3HECEHN Ha KOHEPEHLINN C MEXAYHAPOAHO y4YacTue. EguH goknag e camMocToATeneH.
EavH poknag e ny6nvkyBaH B MHAEKCUPAHO n3gaHne B CBETOBHOM3BECTHaTa 6a3a AaHHM
SCOPUS, a octaHanute 4eTtnpun 6posi B pedhepmpaHn n3gaHus.

CTpyKkTypa U 06em Ha AMcepTaLMOHHUA TPyA

AOunceptaunoHHuaT Tpya e B ob6em ot 130 cTpaHunum, KaTo BKIOYBa YBOA, 5 rnaBu 3a
peluaBaHe Ha (bopMynMpaHUTe OCHOBHM 3a4a4u, CNIMCHK HA OCHOBHUTE NPUHOCK, CMINCHK
Ha nyGnukauunTe no guceptauusaTa u n3nonaeaHa nureparypa. Lutupaxum ca obuwo 142
nutepaTtypHn u3tovHuumM, kato 91 ca Ha natuHuua n 51 Ha kmpunuua. Pabotata
BkMto4Ba obwo 51 cdurypn n 3 tabnuun. Homepata Ha durypute n Tabnuuute B
aBTopecbepaTa CbOTBETCTBAT Ha TE3U B ANUCEPTALMOHHUA TPy,



Il. CbAbPXAHUE HA OUCEPTAUUOHHUA TPYL

NMABA 1. O630p Ha cblLecTBYBaLLOTO NOJSIOXKEHME MO TeMaTa Ha

auncepTrtauuaTa
O630pbT Ha M3cneaBaHMsITa CBbP3aHN C HAOTbXHUTE YCUIUS BbB BlakOB CbCTaB B
peXum crnvpaHe e n3BbpLleH Ha 6a3a aHanu3a Ha AOCTbMHUTE NUTEPATYPHU U3TOYHULM
no Temata Ha AucepTaumoHHus Tpyd. B nutepatypHuss ob630p ca aHanusnpaHu
OCHOBHUTE BMAOBE BNakoBU CNUPAYHN CUCTEMU, TEXHUTE XapaKTEPUCTUKU N UBMEPUTENN
Ha e(eKkTMBHOCTTa UM. Bb3 OCHOBa Ha ToBa € (hopMynupaH U3BOAbLT, Y€ Han-BUCOKU
HaOMbXHU CUNK ce noslydasaT npu cnvpaHe Ha BNakoBus CbCTaB. [10 KOHKPeTHO ToBa
Ce Ab/DKM Ha HeCcTauMoHapHUS Nepuog MNo HanmbfBaHe Ha CAMpayYHUTE UMAWHOPU C
Bb3AyX, KOUTO ce onpeens oT n3non3saHna PyHKUMOHeH BeHTuN [43]. JonbnHUTENHO
BNaKoBUAT CbCTaB OOBUKHOBEHO € CbCTaBEH OT pasfMyeH TUM BaroHW, C pasfinyHK
Cnvpa4yHn CUCTEMU, PEXUM Ha (PYHKUMOHHUS BEHTUN U pasfMyHO HaToBapBaHe Ha
BaroHUTe, OTKbAETO Ce NnoslyyaBaT pasfimyns B CUNNTE MeXOy OTAENHUTE Xene3onbTHU
eanHuun [44]. BcnegctBMe Ha ToOBa WM HAMMUYMETO Ha enacTUYHW efieMeHTu B
MEeXOyBarOHHUTE BPbBL3KM Ce MosflydaBa OTHOCUTESNHO MNpPeMecTBaHe Ha OTAEeNHuTe
BO3una eHoO CrpsiMO APYro, KakTo v yaapu mexay Tsx [45].
M3BbpLUEeH € aHanuM3 n Ha OCHOBHUTE METOAM 3a U3crneaBaHe Ha Haa TbXHUTE CUNK
Ha BIlaKOB CbCTaB B PEXMM CrpaHe, Npu KOeTo € YCTaHOBEHO, Ye CbLLEeCTBYBa eQUHEH
noaxon 3a u3crneaBaHeTO UM, 3akrnoyaBaly, ce B CregHoTo:
- 1n3bop Ha noaxoasdul ANHaAMUYEH MoAen, NpPeacTaBsil, MakCMManiHO TOYHO
Ha4MbXXHOTO NOBeLEeHME Ha BNaka;
- onpegensiHe Ha cunuTe, AeNCTBaLLM Ha BCSAKO BO3WUSIO OT CbCTaBa Ha Bnaka;
- CbCTaBsHe MW pelaBaHe Ha AudepeHuManHuTe YypaBHEHWUHA, OMNUCBALLM
OBWXEHNETO Ha Bnaka;
- onpegensiHe Ha cunuTe, NosTly4YeHu B TEMMUYHO-OTOMBAYHUTE CbOPBXKEHUS.
CbrnacHo M3BbPLUEHMS aHanus3, Han-noaxoAsil) 3a TakbB TUM uM3cnegBaHe e
TpMMacoBMA MOAES Ha Bnaka, KOMTO NpeAcTaBs NOBEAEHNETO Ha BaroHUTE, HaMUpaLLm
ce B Ha4vanoTo, cpefaTa 1 kpas Ha Briaka (dwur. 1.11).
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Que. 1.11 Tpumacos duHamu4eH moders 3a u3crnedsaHe Ha HalITb)XXHUME Cuslu Ha eraka,
KbOemo: m; — maca Ha eOUHUYHO 8o3uso, [kg]; ai— yckopeHue Ha sosunomo, [m/s?]; ki —
KoeguuyueHm Ha ernnacmu4yHocm Ha measiudHo-ombusayHume cbopbXxeHus, [N/m]; ci—
KoegpuyueHm Ha OemngpupaHe, [N.s/m]; Bci — cnupayHa cuna, [kN]; Woi -
coripomusumersiHa cuna om  OCHOBHOmoO  cwrpomuserneHue, [kN];  Wri —
cbripomusumersiHa cuna om kpusa, [kN]; Wii— cbripomusumersiHa cusia om Hak/loHa Ha
nbms, [KN]; Fi— cuna e mexdysa2coHHUMe 8pb3Ku, [kKN].

Han-ronama TpyaHOCT npeacTtaBnsiBa Aa Ce U3SICHW NOBEOEHMETO Ha Briaka rnoj
OEeNCTBMETO Ha CnMpavyHMUTe CUn BbB OYHKUMS Ha BpemeTo [71]. MNopaan Tasm npuynHa,
noBeYeTo n3cneaBaHusi ca HaCo4eHM UMEHHO KbM MOLENUpPaHe Ha CNnpavyHUTe Npouecu
[102] 1 NO-KOHKPETHO HecTaumoHapHaTa (hasa nNno HanbfBaHEe Ha CNMPaYHUS LMNUHABP
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[103, 104]. N'onama 4acT oT pa3paboTknTe NpeacTaBAT TEOPETUYHO M3CnedBaHe Ha
CAnpavyHNTE CUIMK, KaTo NIMNCBAT EKCNEePUMEHTANHM pe3ynTtaTtu, KoMTo aa sepuduumpar
TeopeTn4Ho nonyyeHnte. Bb3 ocHoBa Ha aHanu3a M3BbpLUeH B 0630pa Ha npobnema e
dopmMmynunpaHa uenTta Ha gucepTaumoHHUS TpyL4.

NMABA 2. AHanu3 Ha cerawHOTO NOJIoXEeHMe Ha CTeHA 3a raso-
AVMHaAMMYHO uU3cneaBaHe Ha BJIakOBU CNMPAYHU CUCTEMM N HEFOBOTO
MoaepHU3upaHe

HaTypHuTe n3nNMTBaHUA 3a CHEMaHe Ha MapamMeTpuTe Ha BrakoBUTE CMMpPaYHu
cUCTeMM ca W3BbPLUEHUM Ha CTeH, Hamupal, ce B nabopatopusita Ha kaTegpa
sKenesonbTHa TexHuka“ Ha TexHunyeckn yHuBepcutetr — Coduma. C Hero ce
OCbLUECTBABA CUMYIIMPAHETO Ha ChIvMpayHUTe npouecu Mpu BrakoBUM CbCTaBu
obopyaBaHM C KOHKPETHUA BUA cnnpayHa cuctema. [JbrmkmHaTta Ha ,CbCTaBa“ Moxe Aa
6bae pasnuyHa, kaTo 6posT Ha BaroHUTEe MoXe Aa Bapupa oT 1 o 44 (dur. 2.1).

Que. 2.1 Obw, 8ud Ha cmeHO 3a 2a300UHaMU4YHU u3criedeaHusi Ha criupadyHume
cucmemu: 1 — Hocewa KOHCMPYKUUS,; 2 — 8b30yxo0800U; 3 — byHKUUOHEH 8EeHMUIT mMurl
KE1; 4 — cnupayeH yunuHobp; 5 — kpaH-mawuHucm Knorr D2; 6 — 3anaceH pe3epgoap;
7 — Komripecop; 8 — maHomMempu.

OT u3BbPLIEHMS aHanM3 Ha CbLEeCTBYBAWOTO CbCTOSAHME Ha CTeHga, 3a
OCbLLECTBSIBAHE HA HATYpPHUTE U3NUTBAHUS € HanpaBeH MbrieH Npernen Ha BCUYKK
KOHCTPYKTMBHU €MEMEHTN, KaKTO N OCbBPEMEHABAHETO MY, KOETO € U3MbIIHEHO KaKTO
cnefBa: WHTerpypaHe Ha HOBa Bb3Ayxo-cHabauTenHa WHCTanauus; npoBepka u
KanubpupaHe Ha Bb3NpuUeMaTtenuTe 3a HansraHe; NpoBepka M Bb3CTAHOBSIBAHE Ha
XEPMETUYHOCTTA Ha MNHEBMATUYHUTE BPBL3KU, MOAEPHU3MpaHe Ha u3MmepBaTenHarta
cuctema.

3a uenute Ha [guCepTauMOHHUSA Tpyn € W3BbPLUEHO MOAepHM3MpaHe Ha
nameputenHaTa cuctema. Llenta Ha mogepHusaumnata e ga ce ocurypuy usnonssaHe Ha
CbBpPEMEHHU M3MepPBATENHM CPeaCTBa U BUPTyarneH MHCTPYMEHT npu obpaboTtBaHe Ha
AaHHUTE, Oa ce NOBULLIM TOYHOCTTa MNpWU M3MEpPBaHE M Aa Ce rapaHTupa HageXaoHOCT U
YCTOMYMBOCT Ha CHEMAHUTE NapamMeTpu.

NMABA 3. Pa3paborBaHe Ha u3MepBaTeslHa CMCTEMa 3a CHeMaHe

napameTpuTe Ha cnupavyHaTta cuctema
3.1. UamepBaTenHa cuctema
C HoBopaspaboTeHaTa wu3MepBaTenHa CUCTEMa Ce€ KOHTponupar crnegHuTe
BENNYUHN:
- HandraHeTo B rnaBHUS Bb3gyxonposos (PL) BbB dyHKUMS OT BpemeTo t, 3a
OTAENHN TOYKM OT AbIPKMHATA Ha BNaka;
- HangraHeTo B cnvpayvHus umnuHabp (Pc), BbB (pyHKUMA oT BpemeTo t 1 3a
OTAENHN TOYKM MO ObfPKMHATA Ha Bflaka B 3aBMCUMMOCT OT KOHKPETHOTO
n3cnenBaHe.



Mo TO3M HaunH ce uUenu Aa ce CHeMe TaAxHaTa XapakTepucTuka npu pasnuyHu
pexuMmmn Ha paboTa Ha cnvpayHata cuctema, KoHdurypaums oT BaroHM u ctpaTtermm 3a
ynpaBneHue.

HoBata wmn3amepBaTenHa cuctema e 6asmpaHa Ha U3USNO HOBW TEXHOMOMMKM 3a
o6paboTBaHe Ha curHana nosnyvyeH oT TpaHCMUTEpUTe 3a HansraHe. 3a oHarnegsBaHe u
Nno-TOYHO NpeacTaBsiHe Ha namepBaTenHaTa cuctema Ha cwur. 3.1 e nokasaHa HenHaTta
CTPYKTYpHa cxema.

J):u

TparcMuTepn Meuiarel KommoTepHa
pancMiTep HBM 3 B

3a HAIIATaHe | 4.20ma 408 cHcTeMa

HMsnnTarenex
cTeH

MexaHaHI
MaHOMETpI

FFFV ¥

Que. 3.1 CmpykmypHa cxema Ha usMepgamesiHama cucmema.

[MapameTpuTte Ha cnmMpadyHata cuctema ce usMepBaT €eOHOBPEMEHHO OT
TpaHCMUTEPUTE 3a HansraHe U MeXaHUYHUTE MaHOMETPU, KOUTO ca PasnosiOKEHN B
pPas3fnMYHN TOYKN OT CTeHda. TpaHCMUTepUTE 3a HansraHe ce 3axpaHBaT C MOCTOSIHHO
HanpexeHue oT 5 o 24 VDC o1 nsnonssaHna ycuneaTern, KbM KOMTO ca cBbp3aHu. 1o
TO3N HA4MH Ce enMMUHMpPa HeobxoaMMOCTTa OT OOMbLbIHUTENHO 3axpaHBaHE, KOETO
3HauYUTENHO ONpoCTsBa u3MepBartenHaTta cuctema. CbrnacHo cxemaTta Ha CBbp3BaHe,
N3XoOHMAT curHan moxe Aa 6bae no HanpexeHuve unu no Tok. B cnyvas e nsbpaHa
CXeMa Ha CBbp3BaHe MO TOK, nopagu dakta, 4Ye AbfPKMHaTa Ha NpoBOAHUUUTE €
3HauyuTernHa U ako U3XOAHWA CUrHamn e HanpexeHue e ce nonydasa ronam nag. Ot
TpaHCMUTEPUTE, U3XOAHUAT cuUrHan (TOKbT CbC CTOMHOCT OT 4 o 20 mA) ce nogasa KbM
yHuBepcanHus ycunsaten HBM MX840B. Ton e 8-kaHaneH, kaTto BCekM KaHan
no3BonsiBa CBbp3BaHETO Ha 15 pasnuyHm no Tun npeobpasysaTtenn. [JaHHUTE, NONyYeHn
OT ycuneaTtensa ce npegasaT Ha nepcoHaneH komnoTbp vpes3 Ethernet TexHonorusa 3a
cBbp3BaHe. Toan TuUn ycuneaTtenun paboTaT CbC cneunanuanpaH copTyepeH NpoayKT
catman®AP, KkbOeTo curHanbT OT TPaHCMUTEPUTE MOXE [a ce nNpeacTaBu B pasnunyeH
BMA, KaTo LUM(POB CUrHAN CbC CbOTBETHATA MepHa eaAnHULa Unn BbB BUA Ha rpaduka.

OcHoBHUTE NpeaMMcTBa Ha pa3paboTeHaTa usmepBaTtenHa cuctema morat ga 6baar
0606LLeHN No crneaHnsa HauYuH:

- He e Heo6XoaMMO M3MOoM3BaHETO Ha BbHLUHO 3axpaHBaHE Ha TPaHCMUTEpPUTE
3a HansraHe;

- W3NON3BaHWAT TUN ycuneaTten mma ocem Ha Opon kaHana, nopaau KoeTo 3a
uenute Ha OucepTauuoHHMS Tpyd Cca Heobxooumu OBa, MNOHexe
TpaHcMmuTepuTe ca 14 6pos;

- ycunBaTenuTe ca C KOMMakTHa U neka KOHCTPYKLUNS;

- copTyepHMAT npogykT catman®AP nma MHOro Bb3MOXHOCTU 3a 0bpaboTka u
BMU3yanunsaumus Ha U3xXogsawms curHan,

- copTyepbT MO3BOMNSABa W3BEXAaHe Ha pesyntatute OT U3MepBaHeTo B
pasnu4yeH copmar.

3.2. MeToauka 3a m3cneaBaHe HagMbXHUTE CUMM HA BJIAKOB CbCTaB B PEXUM
cnupaHe 4pe3 eKCnepMMeHTanHoO CHeMaHe Ha OCHOBHWUTe napamMeTpu Ha
cnupayHaTta My cuctema

3.2.1. O6wm nonoxeHus

3a pasnuka oT TeopeTUYHUSA Noaxon 3a onpeaeniiHe Ha OCHOBHUTE NMHEBMATUYHU U
MEXaHWYHW npouecu, npoTMyawu BbB BfRakoBaTa CnupadyHa cuctema, npu
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eKCNepuMEeHTanHoOToO UM onpeaensHe ce noslydyaBa no-rongma TOYHOCT Ha NosyyeHuTe
pesyntatun. ToBa ce Ob/KM OT egHa CTpaHa Ha dakTa, Ye 0OeKTbT Ha uacnenBaHeTo
npeAacTaBnsaBa peanHa BaroHHa cnupayvHa cuctema. OT gpyra cTpaHa npy TeOpeTUYHNS
noaxon ce MnpaBAT HAKOM OMPOCTABAHUS, KOUTO HEMWMHYEMO BOAAT A0 M3BECTHA
HeToyHoCT (Makap W MuHMMmanHa). B Hactoswara meTtogmMka ce uenn pa ce
cuctemaTuanpaTt MeToamTe WU cpeacrtBata No yCTaHOBSABaHE Ha napamMeTpute Ha
MHEBMAaTUYHUTE Mpouecu, npoTuydawm B CnNupadHata cuctema npu  pasnuyHa
KOH(pUrypaumsa oT BaroHun u pexumMmm Ha paboTa Ha cnMpavHata cuctema. ToBa OT CBOS
CcTpaHa wWe cb3gage egHa fobpa OCHoBa 3a onpefensHe Ha HaanbXHUTE yCunus B
peXuMm CnupaHe Ha Bnaka. Hacrtoswarta meTtoauka gopa3BuBa Beye cb3gageHaTta oT
[135].

3.2.2. EkcnepumMeHTanHo onpegendHe Ha OCHOBHUTE MapaMeTpu Ha BnakoBaTa

cnvMpayHa cuctema

3.2.2.1. WNamepBaHu BENUYMHU

OcHoOBHUTE NapameTpu, KOUTO Ca BaXkHW 3a HAacTOSALWETO u3cneaBaHe ca:

- HandraHeTo B rnaBHUsA Bb3gyxonposos (PL) BbB dyHKUMS OT BpemeTo t, 3a
OTAENHM TOYKM OT ObJHKMHATA Ha BNaka;

- HangraHeTo B cnupayHus umnuHabp (Pc) BbB doyHKUMSA OT BpemeTo t n 3a
OTAENHM TOYKM MO AbJDKMHATa Ha Braka B 3aBMCUMOCT OT KOHKPETHOTO
nacnegBaHe.

Upes Tax ce uenu ga ce CHeMe TAxHaTa XapakTepucTuka npu pasnuyHu pexnmmn Ha
paboTa Ha cnupadHaTa cuctema un KoHdurypaums ot BaroHn. OctaHanuTe napameTpu
Ha cnMpayHaTa cucTeMa Ce KOHTponupaT camMO BWU3yasiHO Ype3 MOHTMpaHUTE Ha TAX
MaHOMETPM.
3.2.2.2. [TllocnepoBaTenHOCT Ha U3BbpLIEHUTE onepaunmm MO0 CHEMaHe Ha

XapakTepUCTUKM Ha NapamMeTpuTe Ha CnupayHaTa cuctema
3.2.2.2.1. HayanHu ycrnosus

Mpeon ctapTupaHe Ha cTeHda 3a raso-ANHaAMUYHU U3CReABaHUSA Ha CnupavHuTe
npouecn e Heobxoaumo fa 6baaT cnaseHwn crefHUTe YCNoBUS C LEen NpaBWUiIHO U
6e30nacHoO NpoTMYaHe Ha ekcnepuMeHTanHnAa Npouec:

1) TemnepaTypaTa Ha OKONnHaTa cpefa 3a NpoBeXaaHe Ha 3nMTBaHuaTa Tpsbsa
Aa e okono 20 °C;

2) Bcuuykn cbeguHeHus kato mydu, ckobu, mapkyum u ap. Tpsbea ga 6bvaar
NPOBEPEHN 3a HANNYNETO Ha pa3xnabBaHusa N NYKHATUHW Npean 3apexnaHeTo
Ha cuctemarta CbC CrbCTEH Bb3AyX;

3) Mapkyunte n TpvbonpoBoauTe TpsibBa ga 6baaT NPOBEPEHUN 3a HanMMyne Ha
BbTPELUHO aepOANHAMUYHO CbMNPOTUBIIEHNE MO CbOTBETHUTE METOAW;

4) Cnep 3apexjaHe Ha cuctemaTa CbC CrbCTEH Bb3AyX Ce M3BbpPLUBA Orfes 3a
HanuuMe Ha 3Ha4YUTENHU MPOMNYCKM Ha Bb3AyX. AKO HAMa TakmBa ga ce
HanpaBu MNpoOBeEpKa Ha MNIbTHOCTTA Ha rMaBHUSA Bb34YXONPOBOA Aanu € B
Aonyctummte HopMmu. ToBa ce M3BbPLUBA KAaToO MpuU 3apefdeHa cuctema ce
NMOHWXWN HandaraHeTo B rnasHUA Bb3gyxonposog ¢ 0.5-0.7 bar n cnen Tosa
pbKOXBaTKaTa Ha KpaH-mMalUMHUCTa Ce NOCTaBu B NOSIOXEHME ,M30MMpaHo” un
ako 3a 60 s HanAraHeTo B rMaBHMS Bb34YyXOMPOBOA CE MOHWXKK C NnoBeye OT
0.05 bar, To TpsibBa Aa ce HanpaBM NPOBEpPKA 3@ HANMYNETO HA HEMITLTHOCTY;

5) lNpun 3apegeHa cuctema ce n3BbpLLBaA NPOBEPKA HA PYHKLMOHHUS BEHTUI 3a
nocTuraHe Ha BpeMeHaTa Ha 3anbfiBaHe M Uu3npasBaHe Ha CnMpayvyHus
UMANHOBP;

6) EkcnepumeHTMTE NO 3agbpXaHe CbC crnvpadHata cuctema Tpsbea ga ce
npoBeXaar, KoraTo CcbliiaTa € HanbfHO 3apedeHa 1 rotoea 3a LeNCcTBue, T.e.
npu CTOMHOCTU Ha HandraHuata: PL = 5bar; Pa = 5 bar (Hangrane B A-
kamepaTta Ha ®B); Pr= 5 bar (HansaraHe B 3P); Pc = 0 bar;
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7) EkcnepumeHTuTe no pa3xnabBaHe Ha cnvpayHaTta cucTema ce N3BbpLuBaT npu
CTOMHOCTU Ha HansgraHuaTta: PL< 5 bar (3a ekctpeHo cnupaHe PL= 0 bar) n Pc
>0 bar.

3.2.2.2.2. CHeMaHe Ha xapaKkTepUCTUKUTE Ha ra3o-guHaMuU4YHMUTE NPoLieCcH

Llenta e ga ce cHemaT gmarpamuTte 3a HanbrBaHe U U3NpasBaHe Ha CnupadHus
UMIMHOBP U Oa ce U3MEPAT BpeMeHaTa Ha: KOMaHOHUS MMNYAC; 3a pa3npocTpaHeHue
Ha cnupadHaTa BbiiHa. Ypes3 Te3nm BpemMeHa ce u34ncnaBatT CbOTBETHUTE CKOPOCTW.
[Ownarpamute ce cHemaT Npu pasnuyHa KoHdurypaums oT BaroHu, 3a ABaTa pexunma Ha
PYHKUMOHHNA BEHTUIT, KaKTO M 3a HEXOMOreHHOCT Ha Bnaka oT ll-pu poa, B cnegHata
nocrnenoBaTenHoOCT:

1) CbcTaBs ce ,Bnak” ¢ onpeaeneHns 6pon BaroHu, KaTo MUMHUManNHUAT 6pon 3a
TakbB TUN U3NUTBaHe e 1, a MakCUMarnHuaT, KOMTO NO3BOSIsIBa CTEHAA € 44.

2) Bcuykn pbKOXBaTKM Ha (PYHKLUMOHHUTE BEHTUMN Ce MOCTaBAT B CbOTBETHUS
pexum. Npn cnumynupaHe Ha XOMOreHeH Bnak, TO BCMYKW BaroHW cnefea ga
6baart unm B pexxum ,,P”, unu B pexum ,G”. 3a HEXOMOreHeH Bnak, BaroHUTe ce
NPEBKNIOYBAT M B [BaTa pexuma Ha PyHKUMOHHUS BeHTUN. Pasrnexgart ase
KOH(urypaumm ot ,BaroHun®. Npu egHaTa, MbpeBaTa MNOSIOBMHA OT BaroHuUTe
paboTaT B pexum ,P”, a BToparta B pexum ,,G”. INpun BTOpaTta koHdurypaums e
obpaTtHoTO.

3) MoHTMpaT ce TpaHCMUTEPUTE 3a HansraHe Kato 3a BCska KOHdUrypauus ot
BaroHu 3aabikuTenHo Tpabsa ga Mma TpaHCMUTEpP B HayanoTo, cpeaata u
Kpas Ha Bnaka.

4) N3BbpwBaTt ce nnaHupaHuTe U3NMTBaHMS no 3agbpxaHe u pasxnabBaHe CbC
cnvpayHarta cuctema:

e PerynnpoBbyHO 3agbpxaHe. [lpu TO3M BUL 3aabpkaHe ce npemMumHasa
npes Bcsika CTeneH Ha KpaH-MallnHUCTa 40 NbiHo cnyxebHo cnvpaHe (5 >
PL >3.5 bar), kaTo 3a Bcsika CTeneH crieq yCTaHOBSIBAHE HA MOCTOSIHHO
HansraHe B CrnvpayHus umnuHabp ce uadakesa 20 s npegu npemuHaBaHe
KbM crieaBailiata C Uen M3paBHsIBAHE Ha HandraHeTo B Lenua rnaBeH
Bb3yX0NpoBoOL.

e EKCTpeHO 3agbpxaHe. M3BbpluBa ce 3aabpXKaHe 00 yCTaHoBsABaHe Ha PL
= 0 bar n Pc = PCmax.

Cnepn npuknioyBaHe Ha M3NUTBaHUATA MO 3agbpXXaHe CbC crnvpayHaTta cuctema ce
npemMvHaBa KbM pasxnabBaHe Ha cbliaTa U CNupaHe Ha 3anuca OT U3MepPBAHETO.

5) N3nuTBaHMSA 3a CHeEMaHe Ha BpeMeTO Ha KOMaHAHWA MMMyrc U BpeMeTo 3a
pa3npocTpaHeHne Ha cnMpayvyHaTta BbiiHa.

e Bpeme Ha kOMaHOHUA UMNyTC.

CobcTaBs ce ,Bnak‘ ¢ MmakcmmanHums 3a cteHga 6pon BaroHu (44 BaroHa) n Ha paBHU
pa3CTOsHUA NO ObJIKMHA Ha Briaka ce MOHTUpAT TpaHCMUTepuTe 3a HansraHe KbM
rMaBHUSA Bb3OyXONpPOBO4, KOMTO Ce CBbp3BaT KbM M3MepBaTtenHata cuctema. Korato
cuctemaTa € HanbfIHO 3apefeHa M rotoBa 3a [eWCTBME Ce BKIYBa 3anucbT U ce
N3BbPLLBA EKCTPEHO 3aabpxaHe. OTynTa ce BpeMETO OT MOMEHTA Ha MOHWXKaBaHe Ha
HanaraHeTo BefHara cnej KpaH-mMalWwWHUCTA [0 MOMEHTa Ha MOHWXaBaHe Ha
HanaraHeTo B NOCNeaHNS BaroH.

e BpemeTo, He06X0ANMO 3a pas3npoCcTpaHeHME Ha CcrnMpayHaTa BbJiHa.

CobcTaBsa ce ,Brak‘ ¢ pasnuyHa KOHgUrypaumsa OoT BaroHu, 3a BCSKa OT KOATO ce
OTYMTa BPEMETO OT MOMEHTA Ha NoJaBaHe Ha CUrHan 3a BHe3arnHo cnvpaHe Ao nosesa
Ha HandraHe B CNUPaYHUA UMNUHAOBP Ha NocneaHns BaroH. TpaHCMUTEpPUTE 3a HansraHe
ca MOHTUPAHW KbM [flaBHUSA Bb3LYXONMPOBOA HA paBHM pas3CTOsIHUS OT ObJfDKMHATA Ha
Bnaka.
3.2.2.3. O6paboTka Ha nonyyYeHnTe pesyntaTu

9



N3xoosawmaT curHan oT TpaHCMUTepuTe 3a HansraHe € TOK CbC CTOMHOCT OT 4 —
20 mA, HO n3non3BaHuAT copTyep NO3BOMNABa AMPEKTHOTO My NpeobpasyBaHe B AafeHa
efvHuUa 3a HandraHe (B criydas bar). ToBa ce ocblliecTBABa 4Ype3 BbBEXOAHETO Ha
KOPEKLMOHEH KOeULMEHT B HACTPOMKUTE Ha NPOrpamMHUSA NpoaykT. MNonyvyeHute aaHHU
B CbOTBETHATa MepHa efuHuLa ce 3anuceaT B NameTTa Ha KOMMNITbpa C paslinpeHue
Xls, koeTo nossonsBa cnegpsaiwla obpaboTka Oa ce M3BBbPLUM HA BCEKM KOMMOTHP
pasnonaraw, ¢ Microsoft Excel. 3anuceT cbabpxa AaHHUTE OT TpaHCMUTEPUTE 3a
HandaraHe 3a Bcska 0.1 s OoT BpeMeTo, U3roTBeH B TabnnyeH sug.
3.2.2.4. WV3uncnsiBaHe Ha OCHOBHWUTE ra3o-AVHaAMWYHW MapameTpu Ha crnvpavHus
npouec
ToBa ca CbOTBETHO CKOPOCTTa Ha KOMaHOHWA WMMYNC W CKOPOCTTa Ha
pasnpocTpaHeHMe Ha cnuvpayHaTa BbnHa. Ha ©6asa nonydeHuTe pesyntatm oOT
npoBefeHNTEe U3NUTBaAHUS OTHOCHO BPEMETO Ha KOMaHAHWUS MMMYyrc U BpemeHaTa 3a
pasnpoCTpaHeHue Ha cnupayvyHaTta BbilHa NpU pasnuYHUTE KOHUrypaumm OT BaroHW,
MoraTt Ja ce U3YUCHAT CbOTBETHUTE CKOPOCTU. CKOpOCTTa Ha KOMaHOHUA UMMYIIC ce
onpeaens cornacHo ypasHeHue (1.19).
[, m
Ve = _”,_
tew S
CkopocTTa Ha pasnpoCTpaHeHWe Ha cnupayHaTa BbfiHa ce onpefens CbrnacHo
ypasHeHue (1.20).
[, m
VCB =T,
teg S

[JoNbMHUTENHO 3a M34YMCNEeHUsTa € HeobxoauMMo Aa ce M3MeEpU ObJhKMHaTa Ha
rMaBHUS Bb34YyXONPOBOZ, 3@ BCUYKM KOHDUIypaLmmn OT BaroHMW.
3.2.2.5. OnpegensiHe Ha cnupayHata cuna no BPeME Ha HecTauuMOHapHMS W

KBa3MCTauMOHapHMA cnupaveH npouec

AKO ce B3eMe Nnoa BHMMaHue BpemeTo t Ha pa3BUTUETO Ha CnNMpadHns npoLec, Ton
YCIOBHO MOXe [a Ce pasfjenu Ha gBa OCHOBHWM nepuwopa. lMbpBuatT nepuog, T.Hap.
,HECTaLUMoHapeH“ € MOMEHTBbT Ha HapacTBaHe Ha HansiraHeTo B CMPAYHUSA LUNIMHABP
ot 0 bar go 95 % oT makcumManHoTO HanaraHe. BTopmuaT nepuoa ce xapakrepusupa c
nogabpkaHe Ha NOCTOSIHHO HansiraHe (CTauMOHAPHOCT) B CMPAYHUS UMNUHABLP.

Ha 6a3a pesyntatuTte nofny4YeHn Npu HaTypHUTE N3NUTBAHNA, OTHOCHO U3MEHEHNETO
Ha HandraHeTo B cnupadHusa umnuHabp (Pc) 3a Bcska 0.1 s OT BpeMeTO € Bb3MOXHO
onpenensiHeTo Ha cnMpayHaTta cuna 3a BCEKM MOMEHT OT BpeMeTOo. ToBa BKIOYBaA KaKTo
HecTauMoHapHUS, Taka M KBasuMCTauMOHapHUS MPOLEC NO HanmbfiBaHe Ha CnupayYHuTe
unnuHgpu. MsuncneHmnarta ce nssbpluBaT Ha 6asa 3aBucumoctn Ha UIC [23] cbrnacHo
ypaBHeHue (4.7).

BC = ZE&I/IH.' U [kN]

3.2.2.6. OnpegensiHe Ha cuUnNUTe B MEXAyBaroHHUTE BPb3KN

Mpu N3sCHeH xapakTep Ha N3MEeHeHWe Ha cnupadHaTta cuna B yHKUUSA Ha BpEMETO
ce onpeaensT cunuTe B MexayBaroHHUTE BPb3KY, eACTBALLN Ha pasfiMyHU NO AbIMKUHA
BMaKkoOBW CbCTaBW NPW pasrfiMyHn cTpaTerMm Ha ynpasneHne Ha cnupayHaTta cuctema, B
cnepgHaTta nocriejoBaTesiHoCT:

3.2.2.6.1. N3bupa ce mogen 3a u3cnegBaHe Ha HaASTbXHUTE CUMN BbB BIAKOBUS
CbCTaB.

3.2.2.6.2. N3bupa ce BaroH npoTOTUM, YUMTO nNapamMeTpu ce u3non3eaTr 3a
n3vncnsiBaHe Ha JencTeawmTe My Hag S TbXHU CUMN.

3.2.2.6.3. OnpepensaT ce CbNPOTUBUTENTHUTE CUIN, KOUTO Ca NOPOAEHN OT pasfnyeH

xapaktep. OCHOBHUTE ca KakKTo crnefsa:
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- CbNPOTUBUTENHA CUNa OT OCHOBHOTO CbLMNPOTMBIIEHME HA Bfaka, CbrfacHO
ypaBHeHue (4.8):

5 N
w0=A+BV+CV ,[W]

- CbMpOTUBUTESTHA CUMa OT HAKMOHA Ha NbT4, CbrNacHo ypaBHeHue (4.11):

W; =1i.G,[N]
3.2.2.6.4. M3BbpwBa ce wMogenuvpaHe Ha XapakTeEPUCTUKUTE Ha TerfimyHo-
0TOMBAYHUTE CbOPBKEHUS.
3.2.2.6.5. CbcTaBaAT ce agudpepeHumanHuTe ypaBHEHUS 3a BCEKM BaroH OT BlakoBUSA
CbCTaB.
3.2.2.6.6. M3BbpLluBa ce aHanuM3 Ha NOBEAEHNETO Ha Bnaka B HagbXHa Nocoka npu

pasnUYHUTE ekcnnoaTauMoHHM napameTpu. 3a uenta ce paspaboTBaT CUMYNaUMOHHM
MOAEnNMN.

FMABA 4. MaTemaTnuyecku mogen, paspa6oreH B Simulink ®

Mpn paspaboTBaHETO HA MaTteMaTU4Yecku Moern, KOMTO OonMcBa NMOBEAEHUETO Ha
BMaKOB CbCTaB M Bb3HUKBALMTE HAANBXHW CUNU NPU OBUWKEHUETO My B CnupadveH
pexuM e usnonassaHa noanporpamata Simulink® Ha codTyepa MatLab®. N3rpageHuaT
Moen ce CbCToM OT 44 BaroHa, KOETO ce pasnuyaBa 3HaYUTENHO OT U3MNON3BaHUAT 3a
OCHOBa TpMMacOB MOAEN, pa3rneaaHu B nutepatypHusa 063op. YesenunyasaHeTo Ha 6pos
Ha Macute B MoAena uma 3a uen ga ce MNOCTUrHaT MakCUMarnHO TOYHM pesynTaTtw,
CbOTBETCTBALLM Ha MOBEOEHMETO Ha €eKBMBANEHTEH peaneH BfakoB CbCTaB.
CxemaTtuyHO MOAEeNbT € NpeacTaBeHnaT Ha dour. 1.11.

[BMXeHneTo Ha BCAKa >KenesonbTHa efuHMua ce  onucBa OT  cuctema
anepeHumnantn ypaBHeHUs, B KOUTO ce pasrnexgaTr camo cunuTte, AencTsallim rno
NMOCOKa Ha ABWXEHMETO Ha Braka (HagnbXHu cunum). C uen onpoctaBaHe BepTUKANHUTE
N Hanpe4vHuTe cunn ce npeHebperear [51].

AndepeHunanHnTe ypaBHEHNA Ha ABMKEHNETO Ha BNakoBUS CbCTaB, CbCTOSALL Ce OT
44 Bo3una ce u3BexgaT NoOCpeacTBOM BTOpuMA 3akOH Ha HioToH. 3a Bceku BaroH
ypaBHEHUATa ce NpeacTaBAT Mo CNegHUsS HaYuH:

- 3a MbpPBOTO BO3MSIO OT CbCTaBa Ha Bnaka (JTIOKoMOTMBaA):
(4.1) myay + ky(ep — %) + (Vg —v) = —Bey — Wy —Wr £ Wiy

- 3ai-Tug BaroH:
(4.2) mya; + ki1 Qo —x-1) + k(g — x349) + o1 (U — 1) + k(g — x41)
= _Bc,i - Wo,i - WR,i + Wi,i

- 3a nocnegHus 44-tn BaroH OT cbCTaBa Ha Braka:
(4.3) MygQuy + kg3 Xy — X43) + C13(Vgy — Vy3)
= _Bc,44 - W0,44 - WR,44 + Wi,44

KbAeTo:

- 'V e ckopocTTa Ha aBwmxeHue, [km/h];

- mj— Maca Ha eguHN4YHO BO3uno, [Kal;

- aj— YyCKOpeHue Ha BO3unoTo, [m/s?];

- ki — koenuneHT Ha enacTUYHOCT Ha TErnMMYHO-0TOMBaYHNTE ChopBXKEHUS, [N/m];
- Ci— KoeduumeHT Ha gemndumpaHe, [N.s/m];

- Bc,i— cnupayHa cuna, [kKN];
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- Wo,i — cbnpoTuBUTENHA CUNa OT OCHOBHOTO CbnpoTusrieHue, [KN];

- WR,— cbnpoTusuTenHa cuna ot kpmea, [KN];

- Wi — cbnpoTMBUTENHA CMNa OT HakfoHa Ha nbTs, [KN];

- Fi— cuna B mexagyBaroHHUTe Bpb3KK, [KN];

- Xi — NpeMeCcTBaHeTOo Ha eAunH BaroH, [m].

YpaBHeHusITa 3a JIOKOMOTMBA M MOCMEOHUs BaroH OT BnakoBaTa KOMMO3MUMA ca
pasnn4HK OT Te3n Ha ocTaHanuTe. Bcuukn BaroHn ot 2-pusa oo 43-tma Mmat eHakBa
CTPYKTYpa Ha ypaBHEHMETO ONUCBALLM OBUXKXEHMETO UM. Taka nssegeHute oopmMmynum ca
BanuaHM 3a NiMHENHa 3aBUCUMOCT Ha eNacTUYHUTE ENIEMEHTN OT TEMMUYHO-OTOMBAYHUTE
CbOpbXeHUs. 3a aa ce Nonyyn HenMHeEnHa 3aBUCMMOCT € pa3paboTeH AoMbiHUTENEH
MOZeS, B KOUTO ca MoAeriMpaHn Mo-CRoXHUAT XapakTep Ha MeXayBaroHHUTE BPb3KU C
eHepronornbluaHe. Mpy pellaBaHeETO Ha ypaBHEHUsTa, ONUCBALUM OBWKEHUETO Ha
BNakoBUSA CbCTaB € HeOOXOAMMO Aa Ce U3SACHM XapakTepa Ha U3MEHEHME Ha BCUYKU
CUNK, KOUTO MYy Bb34ENCTBaT.

4.1. CnupayHa cuna

KaTo ocHoBa npu MOgenupaHeTo Ha cnupadHata cuna Ha OTAENHOTO Xene3onbTHO
BO3UMO Ca M3MOM3BaHN LaHHUTE OTHOCHO WM3MEHEHMETO Ha HansraHeTo B rfaBHUA
Bb34yXOMNpoBO4, W CAMpavyHUs UWIWMHOBLP, CHETM Ha CTeHga 3a raso-AnHamMuyHo
nscneasaHe. OT xapakTepa UM Ha U3MEHEHWE cred MaTeMaTuyHu npeobpasyBaHusa ce
nofnyyaBa u TbpceHaTa cnmpadHa cuna [137]. OBsCHeHNETO Ha MaTeMaTU4HMS anapaTt
N MoLenupaHeTo My € HanpaBeHO crej aHanu3a Ha crnupayHaTa cMcTtemMa Ha ToBapeHus
BaroH, KOMTo e n3bpaH KaTo NpoToTUN B n3cnensaHeTo. [peacraseH e Ha dur. 4.1,

e

\

ey

Que. 4.1 Jlocmosa npedasameriHa cucmema Ha ea2oHa ripomomuri [138]

HansraHeTo Ha Bb3ayxa, npeogonsasanky cunata 6ytanoto Ha TBbPAO huKeupaHms
KbM BaroHHaTa pama crnvpadeH LnmHabp, 3aABMXKBa XOPU3OHTanNHUTe 6anaHcepu, Kato
yBenuyaBa edekTuBHaTa chnvMpadyHa cuna C npegaBaTenHoOTO  OTHOLWEHWe 3a
nonoxeHneto Ha camute 6GanaHcepu. 3a wu3bpaHuss BaroH TOBa npedaBaTenHO
OTHOLLUEHMEe npu npaseH BaroH € 4.1, a 3a HatoBapeH 11.73 [138]. OT Tam cunaTa ce
npepaBa KbM BepTukanHute 6anaHcepun, MUHaBaWku Npes3 peryrnaropa Ha nocroBarta
npegasaTenHa cuctema. Te oT CBOA CTpaHa 3a4BWXKBaT TPUbIbIIHUTE BanoBe, KbM KOUTO
ca fpuvKpeneHn Kanogkoabpxatenute ¢ kanogkute. Taka nonydyeHarta HaTUCKoBa cuna
B (hpUKUNOHHMS BBb3eN ce npeobpasyBa B cnupadHa yYpes KkoeduumeHTa Ha TpMeHe BbB
PpUKUMOHHNA Bb3en. MaTemaTudecku u3BeXJaHETO Ha CnupayHata cuna e
npeacTaBeHo No CAeaHUs HaunH:

- edbekTMBHa cuna Ha cnupadHusa uunmHasbp [41]:
(4.4) F, =p.. F—Fg[kN],

KbAeTo:

F e nnowita Ha 6yTanoTo B cnvpadYHmsa UMnuHabp, [cm?);

Fr — cvna Ha npyxuHaTa B cnvpavyHus umnuHabsp, [KN].

- CyMmapHa HaTuCKOBa cura BbB PpUKLMOHHUS Bb3en [41]:
e B Clly4yal Ha HaTOBapeH BaroH:
(4.5) ZF,‘ILI/IH. = (Ft' Iyar. — LR FR)rlr [kN]'
KbAeTo:
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inar. € OOLLOTO NpefaBaTeniHO OTHOLIEHWE Ha flocToBaTa npedaBaTerniHa cuctema
(JICC) B pexxmm HaTOBapeH BaroH;

iR — NpegaBaTeriHo OTHoLWeHWe cnep perynaTtopa Ha JICC;

Fr — cuna ot npyxwnHaTta Ha perynaTtopa Ha JICC, [KN];

n — K.IM.4. na JiCC.

e B CNny4yaun Ha npaseH BaroH, [41]:

(4.6) ZF,‘ILI/IH. = (Ft' ir[p. - iR' FR)rl' [kN]'
KbAeTo:
inp. € OOLLOTO npegaBaTeNHO OTHOLLUEHWE Ha NocToBaTa npegaBaTefiHa cuctema
(JICC) B pexmm npaseH BaroH;
- cnupadHa cuna, [41]:
(4'7) BC = ZF,‘HI/IH.' Hi» [kN]'
KbAeTo:
Mk € KOe(PUUNEHTHT Ha TpUeHE BbB PPUKLNOHHUS Bb3ETT.
[MocoyeHUTe 3aBMCUMMOCTM 3a OMpedensiHe Ha cnMpavHata cuna ca 3anoXeHu B
MOAena 3a u3crneaBaHe Ha xapakTepa Ha U3BMEHEHWe Ha cnvpayvHaTta cuna, paspaboTeH
B MatLab Simulink ®, koiiTo e npeacraseH Ha cur. 4.2.

lNpenasatenHo
DT OTHOLLEHUE Ha

(O— F nce

Bpeme

Hanaraxe
BCL

IMnouy Ha
Gyranotos Cwna ot
cu npyKuHaTa

B CL

npyXUHaTa Ha
perynatopa B
Cc

MpenaBaTen+o
OTHOLIEHNE Ha
perynaropa Ha
nce

—3 3

CnupayvHa cuna CkopocT

E
s

CnupayeH msT

3asucumoct Ha pkotV

Yekopenne

e
F

OT1mis kbm kmh

Que. 4.2 Mamemamu4deH moders 3a onpedesisiHe Ha criupayHama cursa

4.2. CbNpoTUBUTENHA CMTa HA OCHOBHOTO CbNPOTUBNEHNEe

OCHOBHOTO CbNPOTMBREHME OENCTBA Ha BCSKA OTAENHA Xene3onbTHa eauHuua oT
BMaKkoOBMSI CbCTaB, OBWXEWKM Ce MO MpaB XOPW3OHTANeH yyacTbk OT NMbTHa. ToBa €
CbNpoTUBUTENHATA CWMa, KOATO FO0 CbNbTCTBA Npe3 UAnoTo ABWMXEHME Ha Bnaka u
BKIOYBA CbLMNPOTUBIIEHUSTA OT TPUEHETO B ByKCMTEe, Mib3raHeTo U TbPKansHETO Ha
KornenaTta no pencute n Bb3AyWHOTO cbnpoTuBrieHne. OBUKHOBEHO ce n3umcnsaBa Ha
Gasa ekcnepumeHTanHo mM3BegeHn opMynun OT BTOpa CTEMNEH 3a pasnuyHuTe BMOOBE
NOABWXKEH XXene3onbTeH CbCTaB. Te nvat crnegHus Bua;

4-8) —A+BV+CV2[N]
®o = Ak

KbOeTo:

wo e crneundunyHaTta conpoTusuterniHa cuna, [N/kNJ;

V - ckopocT Ha aswxeHue [km/h];

A, B n C ca ekcnepymeHTanHo u3BegeHW MNOCTOSAHHU KoedULMEHTN, KOUTO ce
pasnuyasaT 3a pasfnn4yHUTE Xenes3onbTHU BO3MNa.
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KoedmumeHTbT A 0TpassiBa ppuKLUMoHHUTE 3arybun, B HamanasaHeTo Ha BbpTALLNTE
MOMeHTM n C aepoauHaMM4HOTO CbMpoTuBreHne. BuabT Ha ypaBHEHMETO 3a
N3MNON3BaHMS BaroH NPOTOTWUMN 3aBUCKM OT TOBa Aanu € npaseH unum HatoBapeH. [Npu
npaseH BaroH ypaBHeHueTo e [17]:

(4.9) , [N
wo = 1,8+ 0,01V + 0,00053V2, [W]

3a HaToBapeH BaroH Ta3u 3aBucumocT gobmea suaga [17]:

(4.10) 0,9 + L (4+018V+0003V2)[N]
w = ) - ) ) ) T A7 )
0 mg kN
KbAeTo:
Mq € 0CEBOTO HaTtoBapBaHe, [KN].
MopgenbT, C KOUTO € n3crnenBaH xapakrepa Ha Te3u cunun e npeacraBeH Ha dour. 4.4,

=

5 CxopocT

m/s keMm km/h

C bnpoTUBUTENHA CUMa

KoxcTtanTa C

Quz. 4.4 Mamemamu4yeH moden1 3a orpedesnisHe Ha cuslama om OCHOBHOMO
cbripomusrieHue

4.3. CbnNpoTUBUTENHA CMNA OT HAaKNOHA Ha NbTA

HaknoHbT Ha NbTs cnaga KbM CbAPOTUBUTENHUTE CUMKN, KOMTO OENCTBAT Ha
NOOBWXHMS XKene3onbTeH CbCTaB camMo MpPU XapakTepPHW YCNoBUS, T.€. HE O CbNbTCTBA
M3UAN0 Npwu OBWKEHMETO My. Te3nm CbhpoTUBMEHUA ce Hapudat noa obuwoTto
HaumeHoBaHue ,gonbnHuTENHU®. CbrnacHo [2, 17] cneundmyHata CbNPOTUBUTENHA
cura OT HaKnoHa MbTs € paBHa Ha CaMUSA HAKMOH, KOUTO € B3eT CbC CbOTBETHUS 3HaK.
CbOTBETHO aKO MOABWXHUAT CbCTaB Ce OBWXM MO HAKMOH Ha M3KayBaHe, 3HaKbT € C
NONOXWUTENHaA CTOMHOCT, a Ha cryckaHe C oTpuuartenHa. [dencteutenHata cuna ot
HaKNoHa ce nony4asa KaTo crneumdunyHata ce YMHOXM CbC CbOTBETCTBALLaTa cua Ha
TeXeCTTa Ha BO3UMOTO, 8 UMEHHO:

4.11) W; =i.G,[N],

KbaeTo:

i € HAKNOHBT Ha NbTS [%o];

G — cuna Ha TexecTtTta [KN].

MopoenbT, npeacraBsiw, AOBWXKEHMETO Ha €OUMHUYHO >Kene3onbTHO BO3UMO noA
OENCTBMETO Ha HaKNoHa Ha NbTS € NnpeacTaBeH Ha pur.4.6
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CBnpoTHBNEHHE
OT HaKINoH

Haknon Cunana Maca Mot
TewecTra Ha
BaroHa

Quea. 4.6 MamemamuyeH molers 3a ornpederisiHe Ha curama om Hak/ioHa Ha Mmbms
4.5. MopenupaHe Ha MeXXayBaroHHUTE BPb3KU
Mpwn n3cnegBaHeTo Ha HAOMBXHUTE CUMK, Bb3HUKBALLM NO BPpEME Ha OBWXEHME Ha
BNakoBUSA CbCTaB, €AMH OT HaW-BaXHUTE €NEMEHTU € MaKCUMasrHO KOPEKTHO ga ce
MOAENMpaT XapakTePUCTUKUTE Ha MNOrnbLjaluTe anapatn Ha TerniMyHo-oTOMBaYHUTE
cbopbxeHusi [139, 140]. B HawaTa cTpaHa, 0coOeHO npu TOBapHUTE NPEeBO3n Haun-
roNsAMo NPUNOXeHNe HammpaT TErNMUYHO-0TONMBAYHM CbOPBXKEHNSA N3NMbITHEHU C Bydepu
M TernnyeH anapat. ToBa oO3HayaBa, 4e € HeobxoguMmo pfa ce wmogenupaTt
XapaKkTepucTukKUTe U Ha ABaTta anapata. B cnyyan Ha nuHenHa xapakTepucTuka, KaTo
Tasn oT ypaBHeHua 4.1, 4.2, 4.3, B Moaerna ce 3amMecTBaT CbOTBETHO KOeULMEHTUTE
Ha enacTUYHOCT M Ha gemndupaHe. TakaBa xapakTepuctmka umaT camo LMNUHAPUYHO-
BUHTOBUTE MPY>XMHU, @ B CbBPEMEHHUS NOOBWMKEH XENE30MbTEH CbCTaB He Ce BrpaxaaT
TakbB TUN nornbLiawm anapatu. OCHOBHO Ce U3Mon3BaT Takuea ¢ MeTano-ryMeH naket
WM NONMMEPEH MOornblualy anapaT, KOUTO ca C HENIMHEEH NPOrpecuBEH XapaKTep Ha
N3MEHEHMETO Ha cunarta cnpamMo npemMecTBaHeTo. CbLL0 Taka € BaXHO, Ye B Moaerna Ha
MeXOyBaroHHUTE BPb3KM € HeoBXoaMMO Aa ce BKMNHYM M KOpaBMHATa Ha pamaTa Ha
BaroHa, MOHEXe MNpu M34YeprnBaHe Ha XO4a Ha HSAKOW OT TEernn4yHo-oTOMBaYHUTE
CbOpbXEHUs, Te 3anoyBaT ga paboTaT KaTo TBbPAO TANO U NpefaBaT HaTOBapBaHETO
N3USN0 KbM rfiaBHaTa pama.
KaTo npoTtoTun npu mogenvpaHeTo ca manonssaHu Oydep n TernmyeH anapar CbC
cnegHuTe JaHHN U XapakTePUCTUKN, CHETU NPU pearHo U3nuTBaHe:
1) Bydep:
- xoa Ha 6ydep —f =101.2 mm;
- cuna npu MmakcumanHus xog Ha 6ydgepa — P = 1015 kN;
- CTOWMHOCT Ha norbnHartarta eHeprusa — We = 37.9 kJ;
- CTOWMHOCT Ha akymynupaHata eHeprna Wa = 30 kJ.

CunoBsa xapaKkTepucTuka Ha bydep
P, [kN]

1200

800

0 =

0 20 a0 60 80 100 120

Que. 4.7 Cunosa xapakmepucmuka Ha byghep: P — cuna npu makcumarieH xo0 Ha
bygbepa, kN; f— xo0 Ha bychepa, mm.
2) TernnyeH anapat
- XOA Ha TernunyHma anapart — f = 56.6 mm,;
- cuna npu makcumanHusi xog Ha TernmyHus anapat — P = 620.82 kN;

f, [mm]
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- CTOMHOCT Ha norbnHartarta eHeprusa — We = 9.75 kJ;
- CTOWMHOCT Ha akymynupaHata eHeprua — Wa = 5.57 kJ.

P, [kN] CunoBa xapaKTepucTuKa Ha TeriMyeH anapar

700

500

400

o I i
) 20 30 40 s0 s T [mm]

Que. 4.8 Cunosa xapakmepucmuka Ha meanudyeH anapam: P — cuna npu
MaKkcumMareH xo0 Ha meaniudHus anapam, kN, f— xod Ha meanu4yHus anapam, mm.

PeanHnte cMnoBm XxapakTEpPUCTUKN HA TErMNYHO-OTOMBAYHUTE CbOPBXKEHMUS, 3a Aa
ce npunoxart B MOAena Ha BrnakoBusi CbCTaB e Heobxoagumo ga 6vaat obeanHenun. Toea
ce npaBu C LENn B Modena fAACHO da ce pasrpaHuvaBa OMbH OT HaATUCK. 3aTtoBa B
n3crneaBaHeTo e NpPUeTo NPemMecTBaHNA C MOSNOXUTENEH 3HAK a Ce cuyuTaT 3a OMbH, a
Te3n c oTpuuarteneH 3a Hatuck. OcBeH ToBa B 06egnHeHaTa cunoBa XxapakTepucTmka e
nobaBeHa M KkopaBMHaTa Ha pamaTa, KOATO CbLO BHAcCs M3BECTHA HENWHENHOCT.
lMpencraBseHa e Ha dour. 4.9.

P, [kN]

— =) - i . . f [mm]

T

Quez. 4.9 MoldenupaHa cusoga Xxapakmepucmuka Ha meanudHo-ombusayHus
anapam: P — cuna npu makcumarieH Xxo0 Ha meanu4Ho-ombusayHume cbopbxeHus, kKN;
f— x00 Ha meaniu4HO-ombuga4yHUMe CbOPBXXEHUS, mm.

[lBeTe cunoBu xapakTepuctmkm Ha bydepa 1 Ha TErnMYHUA anapaT ce pasnuyaBsaT
OT peanHuTe TakmBa. ToBa € Taka, 3alloTo B MoAeNia npeacTaBaHeTO UM € HanpaBeHO
No TpW TOYKU. Te ca CbOTBETHO B HA4anoTo, cpedaTa M Kpasi Ha Xxoda Ha Ternn4yHo-
oTOMBa4YHMUTE CbOpbBXKEHUs. PaspaboTeHO € Mo TO3M HayMH C LUen onpocTaABaHe Ha
MOAena, KOeTO 3HAYUTENHO e HamMann BpeMeTO 3a M34YUCNEeHME, a B CbLOTO BpeME
HAMa Ja noBnnse CbLEeCTBEHO BbpXy pesyntatute. Cnen usdepnBaHeTo Ha xoda Ha
TErnM4YHO-oTbMBaYHNTE CbOPBXKEHNS, 3anoyBa KpmBaTa Nno HaToBapBaHe Ha pamaTa, 6e3
HanMyue Ha enacTUYHOCT MexXay BaroHuTe. Ts e onpegeneHa cbrnacHo [60], kbaeTo e
3anoXXeHo MakcuMarHo HaabXHO HaToBapBaHe npu onbH Aa e 1.5 MN, a 3a HaTuck
2 MN [141, 142]. lNpwn Te3n cunu ca oTYETEHN CLOTBETHUTE AedopMauun B pamaTta Ha
BaroHHaTa KOHCTPYKLUA.

MogenbT, KONTO nNpeacTtaBa enacTudHata cuna Ha MeXOyBaroHHUTE BPBL3KUM €
npeactaBeH Ha dwr. 4.10.
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KoedwmymneHT Ha

eNacTUYHOCT Ha
pava =
|>G 2

MpeeknoysaTen
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w12
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H\

o
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2z
E

H\

KoedMUKeHT Ha

aCTUYHOCT Ha |
TErMHUEH anapart ot
0Omm o 38 5mm —

> 005

KoedwuumeHT Ha  [TpeBKmiouBaTen MpeBKnoYBaTEN
ENacTHUHOCT Ha

pama

KoeduluueHT FE ENACTHYHOCT Ha 0
Oychep o1 Omm go 50mm xog

lMpeexnoyBaTen

Que. 4.10 MamemamuyeH molOer 3a ornpeoderisiHe Ha curume 8 Mexoysa2oHHUMe

80 B3KU.

Cnep aHanusa n CbOTBETHO mMoaennpaHeTo Ha BCU4KM CUIMK, KOUTO OKa3BaT BIinAHME
BbpPXY BJlakOBUA CbCTaB € N3BbPLUEHO obeanHaBaHe Ha BCUYKM MOAENN.

FMABA 5. PeayntaTtv oT nusuucneHusaTa
B tasn rnaBa ca npeacTtaBeHu pe3yntatute OT U3YUCNEHMATA, KOUTO Ca U3BBbPLLUEHN
3a pasnuMyHNTE hakTopu, OKa3BaLLM BIIMSIHUE BbPXY HAATBXHUTE CUMNN:
- pasnu4yeH Gpor BaroHu B CbCTaBa Ha Baka;
- pasnuyeH pexum Ha paboTa Ha cnupavHaTa CUCTEMa;
- pas’nNUYHM NO3ULMM Ha KpaH-MaLLUUHUCTA;
- pasnuyeH Npodun Ha NbTS;
- pasnuyHa Maca Ha BaroHUTE;
- Hanuuue Ha BaroHW C U30nMpaHn CNPadKu.
CucrematmsmpaHo KOHurypauumuTe Ha BrakoBaTta KOMMO3ULMUSA U HanpaBeHUTEe
N34McCneHns ca npeactaBeHn B Tabnmua 5.1.
Tabnuya 5.1 Pasnu4yHu KOHghu2ypayuu Ha eriakosusi CbCmas.

ITo3umnus va KM
bpoi Baronn 5-ta 9-ta EKCTPEHO
5|P,G P,G P,G
10 |P,G P.G P,.G
15|P,G P.G P,G
20|P,G P.G P,G
25|P,G P,G P,G
30| P,G P,G P,G
35|P,G P,G P,G
40| P,G P,G P,G
44|p.G P,G, G/P, £i, uzonupanu PG
5,11,17,24,29,35,41

M3non3BaHu ca crniegHnTe O3Ha4YEeHUS:
- P - pexum ,P“ Ha pyHKUMOHHMS BEHTUN;
- G - pexum ,G" Ha PYHKUMOHHNA BEHTUN,
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- G/P - nbpBuTe 22 BaroHa paboTaTt B pexum ,G”, a octaHanute 22 B pexum
P
- i — HakKIrioH Ha NbTS.

AHanunaupaHu ca 58 pasnuyHu criydasd Ha cbCTaBa Ha Bnaka, XapakTepuUCTUKU Ha
XenesHus MbT U CTpaTeruu 3a ynpasrieHMe Ha cnupadHaTta cuctema. C ToBa ce uenuv
MaKCMMarHO TOYHO [a ce OTpasn XxapakTepbT Ha N3MEHEHNE Ha HAOBXHUTE CUNN NpU
pasriyHn yCrioBus.

3a no-ronsiMa npernegHocT, pesyntatuTe ca pasgeneHu Ha 6asa aktopute, KOMTO
oKasBaT BIMSIHMUE BbPXY HaanNbXHUTE cunu. Han-ronama Texect MmaT pexmma Ha
PYHKUNOHHUA BEHTUM, MOMOXEHNETO Ha M3MNON3BaHWUS KpaH-MalMHUCT U BpoaT Ha
BaroHUWTe BbB BflaKoBUSA CbCTaB. PasgensHeTo € u3BbpLlUeHO B OTAENHU TOYKW, KaTo
OCHOBAa B TOBa Ce M3MO3Ba PEXUMbT Ha PYHKLUNOHHUS BEHTUI.

5.1. Pexum ,,G“ Ha PYHKLMOHHUA BEHTUN

B pexum ,G* Ha paboTa Ha cnupayHaTa cucTtema ca aHanuavpaHu nosuuumte 5-ta,
9-Ta N eKCTpeHo cnupaHe C KpaH-MallMHUCTa 3a BlakoBW KOHMUrypaumm CbCTOSALWLN ce
ot 5, 10, 15, 20, 25, 30, 35, 40 n 44 BaroHa.

Mpn cnyxebHuTe 3agbpXaHWa CbC CnMpayHaTta cuctema, u3paseHo 4ypes 5-Ta
NO3VUNS Ha W3MON3BaHUA KpaH-MAWWHUCT € YCTaHOBEHO MfaBHO W3MEHeHue Ha
HagnbXHUTE cunu (6e3 ygapu mexay BaroHuTe), 4OpU 1 3a Han-ObAMS BNakoB CbCTaB.
ToBa ce Ob/KM Ha NNaBHOTO HapacTBaHe Ha criMpadHaTta cuna Ha BCEKU OT BaroHUTe.
MakcumariHm CTOMHOCTUM ce nony4yasart npu 44 BaroHa, KaTo CTOMHOCTUTE UM JocTuraT
114 kN cymapHa cuna. lNopaawn pasnukata B 3a4e/CTBaHETO Ha cnnpavHaTa cuctema Ha
OTAENHWUTE BaroHu ce nosnyyasa ,cbbupaHe® Ha Bnaka, T.e. HAaTOBaApBaHETO € U3UANo B
HaTUCK no Bydepute. Han-ronemm CTOMHOCTM Ha HAANBXHUTE CUNKU Ce MnoryyasBaTt B
cpefarta Ha Bnaka (22-pa mexaysaroHHa Bpb3Ka), a Han-mariku ce nosiydaBsaT B HErOBUS
Kpan. Pesyntatute npu 44 BaroHa ca npeacrtaBeHun Ha gur. 5.1 n ¢ur. 5.2.

Baronl

Baron2

Baron3 Baron4

Baron5 Baron6
Baron8
Baron9 Baron10
Baron11 Baron12
Baron13 Baron14
Baron1l5 ———Baron16
Baron17 Baron18
Baron19 Baron20
Baron21 Baron22
Baron23 Baron24
Baron25 Baron26
Baron27 Baron28
-Baron29 Baron30
Baron31 Baron32
Baron33 Baron34
Baron35 Baron36
Baron37 Baron38
5 16 5 30 io 5 P Baron39 Baron40

Barond1 Baron42

t,s
Barond3 Barond4

Baron7

Pc, bar

Que. 5.1 3asucumocm Pc=f(t) npu pexum “G” Ha byHKUUOHHUS 8eHmMus1, 5-ma no3uyusi
Ha u3rosn3eaHusi KpaH-mawuHucm u 44 eazoHa: Pc — HarnsieaHe 8 criupayHusi YuuHObp,
bar; t — epeme, s.
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20 —T0C1 ——TO0C2
—T0C3 —T0C4
——T0C5 —T0C8

50 —T0C7 ——T0C8
—T0C9 —T0C10
—T0C11 —T0C12
—T0C13 - TOC14
——T0C15 ——T0C16
—T0C17 ——T0C18
—T0C19 —T0C20
—T0C21 —T0C22
—T0C23 ——T0C24
—T0C25 TOoC26
—T0C27 TOC28
—T0C29 TOC30
—TO0C31 ——T0C32
—T0C33 —T0C34
—T0C35 —T0C36

——T0C37 TOC38
——T0C39 ——T0C40
-140 a—TOCA41 TOC42

—T0C43

Quea. 5.2 HadnwxHu cunu npu pexum ,G” Ha byHKUUOHHUSI 8eHMUII, 5-ma rno3uyusi Ha
U3rion38aHuUsl KpaH-mawuHucm u 44 eaecoHa: F — HadnbxHa cuna 8 measluyHo-
ombusayHume cbopbxeHus, kN, t — epeme, s.

Mpn TO3M pexum Ha paboTa Ha cnupayHaTa cucTema npu pesyntaTtuTte 3a KbCu no
AbimkuHa Bnakose (8o 10 BaroHa) ce nonyyasa pefyBaHe Ha HaTUCK M OMbH.

Mpn ocbllecTBABaHE Ha MbAHO CRyXebHo cnvpaHe (9-Ta MNO3MUMA Ha KpaH-
MallMHUCTTA) Ce YCTaHOBABAT MbpPBUTE yaapyu MeXAy BaroHUTe Mpu Ab/MKMHA Ha
BNakoBusa cbcTaB Hag 35 BaroHa. [JO TO3M MOMEHT MakCMMarHUTEe HaabXHU CUNKU He
HagBuwasaTt 104 KN (npu 35-BaroHeH cbCTaB). Ygapute Mexay BaroHuTe npu no-
ronsgMa ObJDKMHA Ha BMaKOBUS CbCTaB BOAAT OO0 JIOKanHW 3HAYUTENHM NO rofieMuHa
CVNn B MexayBaroHHUTe Bpb3ku, gocturawm Ao 344 kN 3a 44-saroHeH cbeTaB. Ygapute
3anoysaTt cneq 10-Tm BaroH n ce nonydasat 00 31-BM BaroH OT CbCTaBa Ha Braka.
CpaBHeHO ¢ 35-BaroHHUs1 HapacTBaHeTO Ha cunute € Hag 3 NbTu. MIaMeHeHneTo Ha
cunute npu 35 BaroHa n npu 44 ca npeacraseHn Ha cur. 5.3 n dur. 5.4.

20 —T0C1 —T0C2
—T0C3 —T0C4
—T0C5 ——T0C8

0 —T0C7 —T0C8
50

—T0C9 —TOC10

—T0C11 —T0C12

—T0C13 TOC14

—T0C15 w——TOC16

—T0C17 TOoC18

—T0C19 —T0C20
—T0C21 —T0C22

F, kN

——T0C23 ~ ——TOC24
-60
——T0C25 T0C26
——T0C27 T0C28
——T0C29 T0C30
-80

——T0C31  ——T0C32
——T0Cc33  ——TOC34
100 ——T0C35 ~ ——TOC36

—TOC37 TOC38

——T0C39 TOC40

-120 ——T0C41 TOC42

t,s ——T0C43

Quea. 5.3 HadnwxHu cunu rnpu pexum "G" Ha hyHKUUOHHUS 8eHmus, 9-ma rno3uyusi Ha
KpaH-mawuHucma u 35 eazoHa: F — HaldnbXxHa cuia 8 meaniudHo-ombugayHume
cbopwbxXeHust, kN, t — epeme, s.

19



LLLLLLL

F, kN

L]
| 1]

NN
|11

Quea. 5.4 HadnwbxHu cunu rnpu pexum "G" Ha yHKUUOHHUS 8eHmur, 9-ma rno3uyusi Ha
KpaH-mawuHucma u 44 eazoHa: F — HaldnbXxHa cuia 8 meaniudyHo-ombugayHume
cbopwbxXeHust, kN; t — epeme, s.

Mpn BnakoeBu cbCTaBuM C AbMKMHA 00 20 BaroHa, NMpuM KOUTO OTCLCTBAT rosiemMu
3aKbCHEHUS B CNUPAYHNA CUrHan, HagTbXXHUTE CUMKN ca U3LASO B NOMOXUTENHA NOCOKa
(onbH). Mpwn Hag 20 BaroHa, Nopagu 3aKbCHEHMETO Ha crnvpayHaTa BbiflHA cunuTe ca
oTpuuaTerniHu (HaTuck).

EKCTpeHOTO crnvpaHe KaTo UANo € pexum, Npu KOUTO ce nonyvasaT Han-BUCOKU
CTOMHOCTM Ha HagnbXHuTe cunu. CpaBHEHO C NBLMHOTO CcnyxebHo cnupaHe,
HapacTBaHeTo e oT nopsgbka Ha 30 kN. OTHOBO xapakTepbT Ha U3MEHEHNE Ha cuUnNuTe
€ NNaBeH Npu BNakoBm CbCTaBu C AbiMKUHA A0 35 BaroHa, CbOTBETHO NpW No-4bArn ce
nonyyasaT ydapu Mexay BaroHuTe, pasnofioXeHu B cpefaTa Ha Bnaka. AHanua3bT Ha
pesyntatuTe CbLUO MOKa3Ba, Ye CbLUECTBYBa pasfunka B peakuusita Ha (PYHKLUNOHHUSA
BEHTUN Ha oTAenHuTe BaroHW. He ce nonyyaBa nocnefosaTenHo 3afencTBaHe Ha
cnnpavyHnTe CUCTEMM MO ObIHKMHA HA Bfiaka, a XaoTUYHO TakoBa. ToBa BOAM OO0 CMsiHA
Ha nocokaTa Ha HagbXHUTe cunu. B HayanoTo Ha cnvpayHus npouec ce nonyyasa
HaTUCK 1 yaapu Mexay BaroHuTe (3a Obfrv BNakoBe), crieq KOeTo npeMmnHaBsa B ONMbH U
Nno-nnaBHO pasnpegensHe Ha cunuTe No ObfkKUMHA Ha Briaka. CTOMHOCTUTE Ha
HaTUCKOBUTE CUMM ca MNO-rofieMn, nopagu ynapute, KOUMTO ce nonyyaBaT Mexay
BaroHuTe, KaTo MakcumarnHata cuna goctura 385 kN npu 29-ta mexgyBaroHHa Bpb3ka.
ToBa e npeacrtaBeHo Ha gour. 5.5.
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385 kN

1L

t,s

Que. 5.5 HadnwxxHu cunu ripu pexum "G" Ha yHKUUOHHUS 8EHMUJT, EKCMPEHO criupaHe
C KpaH-mawuHucma u 44 eaecoHa: F — HaldnbxHa cuna 68 meariudyHo-ombusayHume
cbopbxeHusi, KN; t — epeme, s.
5.2. Pexum ,,P” Ha PYHKLUMOHHUA BEHTUN
Toan pexum Ha paboTa Ha (PYHKUMOHHUST BEHTWUI, KOWTO HE € XapakTepeH 3a
TOBapHUTE BIiakoOBe Ce NnoslydaBaT 3Ha4YUTESTHO NO-rofieMn HaaTbXXHU CUNU B CpaBHEHNE
20



c ,G* pexum. lNonyyaBaTt ce BCrneacTBME Ha TOBa, Y€ MMa MHOMO rofieMu passivku Ha
AOCTUraHeTo Ha curHana 3a cnvpaHe 40 CbOTBETHUS BaroH, a OT TaM 1 cpaboTBaHETO
Ha camarta cnupayHa cuctema. [MbpBuUTE BaroHu, nopagm KbCOTo pa3CcTosiHUE A0 KpaH-
MallMHMUCTa 3agbpxaT Obp30, KAaTO MOCTEMEHHO CUrHambT 3a CnupaHe u3octaea, C
HapacTBaHe Ha ObJhKMHATa Braka. MdoctaBaHeTO cTaBa 3HAYUTESNTHO KbM BaroHuTE,
HaMMpallnm B Kpas Ha Bnaka. ToBa ce NOTBbp)XAaBa OT pesyntaTtute OTHOCHO
HanaraHeTo B CNUpaYHNA LUNUHABP CAPAMO BpeMETO, NpeacTaBeHun Ha dour. 5.6.

~———Baronl ———Baron2
——Barou3 ——Barond
~———Baron5 ———Baron6
——Baron7 ———Barou8
——Baron9 ——Baron10

——Baron11
——Baron13
——Baron15
~——Baron17
——Baron19
——Baron21
——Baron23
——Baron25

Baron27
—— Baron29

Pc, bar

——Baron31
——Baron33
——Baron35
——Baron37
——Baron39
0 10 20 30 40 50 60

——Barond1
——Barond3

~———Baron12
Barow14
——Baron16
Barow18
——Baron20
——Baron22
——Baron24
Baron26
Baron28
Baron30
——Baron32
——Barou34
——Baron36
Baron38
Barowd0
Barowd2
—— Barond4

Que. 5.6 3asucumocm Pc=f(t) npu pexum "P" Ha ¢byHKUUOHHUS eeHmus1, 9-ma no3uyus
Ha u3riofi38aHus KpaH-marnuHucm u 44 eazoHa: Pc — HarnsieaHe 8 criupaqyHusi UUiuHOBbP,
bar; t — epeme, s.

AHann3bT Ha rpadukaTa nokassa 4e, MakCMMasriHUTEe CTOMHOCTU Ha HansaraHeTo B
CNMpaYHMa UMNUHABP 3a NbpBUA BaroH ce gocturat npu 14 s, a 3a 44-tM TOBa Ce
nonyyasa npu 32 s. IMeHHO Ta3u pasnuka oT 18 s, BoAW A0 3HAYUTENHUTE HALMBXHU
CUNK, KOUTO Ce NoJSlyvaBaT B TO3U PEXUM.

AHanu3bT Ha pesynrTaTuTe € M3BbPLIEeH B CbluaTa nocrnefoBaTenHOCT KakTo npwu
pexum ,G* Ha PYHKLMOHHUS BEHTUN.

B 1031 pexum owe npu cnyxebHuTe 3aabpXaHuUs CbC CnMpayHaTta cuctema ce
noflyyaBaTt yaapu B TErMNYHO-O0TOMBAYHUTE CbOPBXEHUA. AHANM3BLT 3a 5-TO NONOXEHne
Ha M3MNon3BaHNA KpaH-MalUMHUCT NoKasBa, Ye NMbpBUTE yaapu 3anoysaT crnej ObimkuHa
Ha BrnakoBusa cbcTaB Hag 30 BaroHa, KOeTo e npeacraseHo Ha dwur. 5.7.

F, kN

Que. 5.7 HadnwxHu cunu ripu pexum "P" Ha ¢byHKUUOHHUS 8eHmMuIs, 5-ma no3uyus Ha
usrion3deaHusi KpaH-mawuHucm u 30 eaecoHa: F — HadmbXHa cuna 8 meariuyHo-
ombusaHume cbopbxeHus, kN; t — epeme, s.

Mpn Te3n napameTpu Ha BNaKOBUA CbCTaB, Ce MoslydaBaT HUCKM MNO-CTOMHOCT
HagbXHKU cunn. M3knoveHne npasm nepmoabT OT Bpeme mexay 151 16.5 s, kbaeTo ce
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nonyyaBaT CbyOpPSHUA MeXOy HAKOSIKO BarOHW, Hamupalliy ce B HavanoTo Ha Bnaka.
Han-ronemn cunu ce otumtat npu 11-Tm BaroH, kato Te mmat ctomHocT 332 kN.
OtpanevyaBanku ce OT TO3M BaroH ce rnony4yasa 3aTuxBaHe Ha Te3n ygapu, kato crep 20-
TW BaroH, Te HanbNHO u34es3BaTt. [lpn BNakoBM KOMMNO3MUMW C MNO-Marnka ObJDKMHA,
pasnpeaeneHneTo Ha CUNnTe ce OCbLLEeCTBSBA NNaBHO 6e3 Hanuume Ha yaapu Mexay
BaroHuTe. MIMeHHO 3apagu OTCbCTBMETO Ha yAapy MakCUManHUTE HaLfbXHU CUNKU He
Hagevwaeat 110 kN. C yBenuyaBaHeTO Ha ObIDKMHATa Ha Briaka ce yAbrkasa U
nepuoga Ha OeUCTBMe Ha yaapute, Kakto u camute cunu. B cnydaa npu 44 BaroHa,
MakcumanHaTta um ctomHocT goctura 395 kN, oTHOBO B cpefaTa Ha BNakoBMs CbCTaBs
(16-Tv BaroH). ToBa e nokasaHo Ha dur. 5.8.

——T0C1 ——T0C2
——T0C3 ——T0C4

——T0C5 ——T0C6

45 50 ——70C7 —T0C8
—T0C9 ——T0C10
——T0C11  ——TOC12

—T0C13 TOC14
——T0C15 TOC16
——T0C17 T0C18
——T0C19  ——TOC20
——T0C21  ——TOC22
=—TO0C23 —T0C24
T0C25 TOC26
T0C27 T0C28
TOC29 TOC30
——7T0C31  ——TOC32
——T0C33  ——TOC34
——T0C35  ——TOC36

—T0C37 TOC38

—TOC39 TOC40
450 ——T0C41 TOC42

tis ——T0C43

Que. 5.8 HadnwxHu cunu ripu pexum "P" Ha ¢byHKUUOHHUS 8eHmMuIs, 5-ma rno3uyusi Ha
KpaH-mawuHucma u 44 eaecoHa: F — HalOnbxHa cuna 8 measiudHo-ombugayHume
cbopbxeHusi, KN; t — epeme, s.

Mpn 9-Ta NO3nLMA Ha M3NON3BaHUA KpaH-MaLIMHUCT (MbAHO cnyxebHo cnupaHe),
XapakTepbT Ha UBMEHEHME Ha CUNUTE, KOUTO AEMNCTBAT B HAANbXHA NOCOKA € CXOAEH C
TO3M Npu 5-Ta NO3NLMS Ha KpaH-MalMH1UcTa. MakcumarnHm cunu oTHOBO ce nony4yaT npu
BM1AKOBUS CbCTaB C HanW-ronsiMa ObJHkKMHA U Te ca cbe cTonmHocT 395 kKN. OcHoBHaTa
pasnvka ce CbCTOM B TOBa, Ye nepuoabT Ha OEeUCTBME Ha yaapuTe Mexay BaroHuTe e
MHOro No Abfbr. AKO NpU CbLUMA BNakoB CbCTaB U 5-Ta NO3nUMA Ha KpaH-MalUMHUCTA,
nepuoabT OT BpEMe, B KOUTO Ce nosiydasaT yaapu mexay BaroHun e 5.6 s (cwur. 5.8), To
npu 9-Ta no3mums ygapute npogbrkasaT 17.9 s, koeTo € 3 NbTK NO-AbNbI Nepuos Ha
aencteue. CbLLO Taka Npy TOBA NOSTIOXEHWE Ha KpaH-MalLMHUCTa yaapy Mexay BaroHuTe
ce nonyyasart cnej ObiKMHA Ha BNakosus cbeTaB Hapg 20 BaroHa. [Jo Tasu ObrkuHa
XapakTepbT Ha M3MEHEHME Ha HaONbXHUTE CUNKN € MNfaBeH U CTOMHOCTUTE UM He
npesuwasat 105 kN. MbpBuTE yaapu ca npu BNakoB CbCTaB C 25 BaroHa, nNpu KOWUTO
cunuTe B TErMUYHO-0TOMBaYHNTE CbopbxeHusa aocturaT 345 kN n Bpeme Ha gencreue
Ha ygapute ot 10.81s go 18.5s. ToBa cpaBHeHWe MOKasBa, Ye He3aBMCUMO Aanu
BMTAKOBUAT CbCTaB € C AbkMHA 25 nnn 44 BaroHa, CTOMHOCTUTE HA MaKCUManHuTe
HaOMbXHU CcUNK HaMaT cblecTBeHa pasnuka (50 kN). Obaye BpemeTo Ha yaapHO
OENCTBME HapacTBa 3HAYUTENHO C yBenvMyaBaHETO Ha Opos Ha BaroHUTe, KOETO €
npeactaBeHo Ha dwur. 5.9 n cur. 5.10.
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50 —1T70C1 ——TOC2
—1T0C3 ——TOC4

50
=——T0C5 —TOC6
—1T0C7 ——TOC8
=—T0C9 =—TOC10
——T0C11 ——TOC12
——T0C13 ——T0C14
——T0C15 ——T0C16
——T0C17 ——T0C18
——T0C19 ——T0C20

345 kN —T0C21 ——TOC22

——T0C23 ——TOC24
s

-400

Quea. 5.9 HadnwxHu cunu nipu pexum "P" Ha ¢byHKUUOHHUS 8eHmurl, 9-ma rno3uyusi Ha

u3rioni38aHusi KpaH-mawuHucm u 25 eaecoHa: F — HadnbXxHa cuna 8
ombuesayHume cbopwbXXeHus, kN, t — epeme, s.

100 —T0C1

—T0C3

50 —T0C5

—T0C7

—TOC9

50

—T0C11
—T0C13
—T0C15
—T0C17
—T0C19
—T0C21
—T0C23
——T0C25
—T0C27
——TOC29
—T0C31
—T0C33
——TOC35
——T0C37

—T0OC39
-450 —T0C41
t’ S —T0C43

meeriu4Ho-

—T0C2
—T0C4
—TOC6
—T0C8
—T0C10
—T0C12
——T0C14
—TOC16
——TOC18
—T0C20
—T0C22
—T0C24
TOC26
TOoC28
TOC30
—T0C32
—T0C34
—T0C36
TOC38
——TOC40
TOC42

Quea. 5.10 HadnbxHu cunu npu pexum "P" Ha ¢byHKUUOHHUSI 8eHmus1, 9-ma rno3uyusi Ha

u3rion38aHuUs KpaH mawuHucm u 44 eazoHa: F — HaldnbXxHa cuna 8
ombusayHume cbopbxeHus, kN, t — epeme, s.

B pexum ,G" Ha OYHKUMOHHUSA BEHTUM, HAaU-roNemMu HaambXHU CUnu ce

meeriu4Ho-

nony4asaT

Npu eKCTPeHO 3agbpXXaHe CbC CnupadHaTta cucTteMa. Ham-Texbk pexum ce sBsiBa U
pasrnexgaHus pexxmumMm Ha PyHKUMOHHUS BEHTUI. MakcumanHm HagnbXXHU cunu gocturaT
512 kN npu BnakoB cbCTaB, nMmaly, AbimkuHa 44 BaroHa. [py Tasm ObmkuHa Ha Braka
OTHOBO Ce nosy4aBart yaapu Mexay BaroHuTe, KOUTo He ca NpuyMHa 3a Han-BMCOKUTE Mo
CTOMHOCT cunu. 'padomkaTta, KOSATO NpeacTaBsa Xxapakrepa Ha U3MeHEHNE Ha HaaTbXXHUTE

CUIN BbB BCUYKN TEIMNYHO-OTOMBAYHN CbOPBXXEHUS MPU BIIAKOB CbCTaB C M
ObIKMHA € nokasaHa Ha ¢wur. 5.12.
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Quea. 5.12 HadnwxHu cunu npu pexum "P" Ha @yHKUUOHHUS 6eHmursi, €KCmpeHOo
crniupaHe C KpaH-mawuHucma u 44 eazoHa: F — HadnbXHa cuna 8 meariuyHo-
ombusa4yHume cbopbXeHus, kN; t — epeme, s.

Ypoapute mexay BaroHUTe ce norlydaBaTt npu BakoB CbCTas, KOMTO MMa B CbCTaBa
Cu noBeYe OT 25 BaroHa. [lpu cbCTaBu € No-marnka Ab/HKUHa HapacTBaHETO Ha cunuTe
cTaBa nnaeHo, 6e3 yaapu, Kato MakcumanHuTe ctomHocTu He npesuwasaT 140 kN. Tosa
€ NoslydeHo npu Brak ¢ AbimkuHa 20 BaroHa. 3a cpaBHeHme Npu 25 BaroHa, KbeTo BeYve
3anoysarT ga ce nosiyvasart ygapu Mexay BaroHuTe tesu cunm gocturat 375 kN.

5.3. AHanu3 Ha pe3ynrtatuTe Npu pasfiM4HU CTpaTerMm 3a KOMno3upaHe Ha
BaroHuTe U ynpasJfieHMe Ha cnupayHaTta cuctema

B Tasu nogtoyka ca npeactaBeHuM pesynTatuTe OT U3YUCHEHUATA 3a pPasfiMyHU
KOH(purypaumm ot BaroHu, Npodoun Ha NbTH M ynNpaBneHue Ha crnvpavyHata cucrema.
ToBa ca Han-CbLUeCTBEHUTE (PaKkTopu, KOUTO OKasBaT BNUSHME BbPXY NpoLecute Ha
cnvpaHe B pearnHaTta ekcrniioataumnsa Ha xxenes3onbTHUA NoABWXKEH CbCTaB. Pesyntatute
ca aHanuaupaHu npu 9-ta No3nums Ha N3NOS3BaHUS KpaH-MaLUMHUCTY (MbIHO CRy»XeBHOo
cnvpaHe) N ObIMKNMHA Ha BNakoBus cbeTaB 44 BaroHa.

5.3.1. YenHute 22 BaroHa paboTAT B pexum ,,G* Ha PyHKLMOHHMS BEHTUST, @ OCTaHanuTe
B pexum ,P“

TeopeTnyHo, Ta3u cTpaTerust 3a ynpasreHne Ha cnvpadHata cuctema Tpssbsa ga
KOMMNeHcupa 3abaBsiHETO Ha KOMaHOHMA MMNync 3a cnupaHe. ToBa 6u goseno Ao
ApPacTUYHO HamarnsiBaHe Ha HaANbXHUTE YCUIKUS, NOMYyYEeHN B MEXAYBaroHHUTE BPBH3KN.
M3cnegBaHeTo e HanpaBeHO Ha CTeHA 3a raso-AMHaMUYHO u3cnefBaHe, KbOeTo
YHKUMOHHUAT BEHTUN Ha NbpBUTE 22 BaroHa paboTtart B pexum G, a octaHanute 22 B
pexum ,P“. Pesdyntatute oT HanpaBeHOTO U3NUTBaHe ca npeacraBeHn Ha dur. 5.13.

2
——Barow3 ——Barond
6
8

——Barow9 ——Baron 10
——Barow1l ——Baron12
—— Baron13 Baron14
—— Baron15 Barow16
——Barow17 Baron18
——Barow19 —— Baron20
——Barow21 ——Baron22
——Barow23 ——Baron24

Barow: 25 Baron26

Baron27 Baron28

Baron29 Barou30
——Baron31 ——Baron32
——Barox33 —— Baron34

Pc, bar

———Baron35 = Baron36
——Barowd7 —— Barond8
& = Barow39 Barowd0
© ——Barowd1 —— Barowd2
—— Barow 43 ——Barondd

Que. 5.13 3asucumocm Pc=f(t) npu paboma Ha 1-eu 00 22-pu eacoH 8 pexum "G", a
ocmaHanume 8 "P": Pc — HansizaHe 8 criupadqHusi YunuHosbp, bar; t — epeme, s.
AHann3bT Ha durypaTta nokasea, 4Ye OTAENHWTE KPMBM OTHOCHO HansraHeTo B
cnMpaYyHnsa UMNUHAOBLP ca B NO-TECEH AMana3oH B CPABHEHWE C Te3WN MNokasaHu Ha dwr.
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5.6, KbOeTO BCMYKM BaroHn ca B pexum ,P”. Pasnukata BbB BpeMeTo 3a AOCTUraHe Ha
MaKkCUManHoTO HansiraHe Ha 1-BM M 44-TM BaroHM Npu pasrexgaHus pexmm Ha
dPYHKUNMOHHUA BeHTUN € 10 s. AKO BCUMYKM (DYHKLIMOHHW BEHTUNU ca B pexum ,P“ Tasu
pasnuka e 20 s. CpaBHEHO C BNakoB cbcCTaB paboTewy B pexum ,G* Ha YHKUMOHHUSA
BeHTUN, pa3nukata e 10.4 s. ToBa noka3sBsa, 4Ye nonyyeHuTe pesyntaTn oT U34ncrneHusaTa
He TpsibBa Aa ce pasnuyasBaTt OT Te3u, NOSyYeHU 3a BrakoB CbCTaB, YNNTO (DYHKLIMOHHU
BEHTUNM Ha BaroHuTe paboTaT nsusano B pexum ,G*. Pesyntatnte oT nsdncneHusaTa ca
nokasaHu Ha dour. 5.14.

66 —T0C1 ——T0C2
——T0C3 ——T0C4
——T0C5 ——T0C6
——T0C7 ——T0C8
——T0C9 ——T0C10

50 ——70C11 ——TOC12
——T0C13 Toc14
——TocC15 ——T0C16
—T0C17 TOoC18
—TOC19 —T0C20
—T0C21 —T0C22
—T0C23 —T0C24

TOC25 TOC26
TOC27 TOC28
TOC29 TOC30
——T0C31 ——T0C32
——T0C33 ——TOC34
——T0C35 ~——TOC36
——T0C37 TOC38

——TOC39 TOC40
-400 ——T0C41 TOC42
—T0C43

Que. 5.14 HadnwxHu cunu npu paboma Ha QOyHKUUOHHUS 8eHmus 8 pexum "G" 3a 1-eu
00 22-pu 8az2oH, a ocmaHanume 8 pexum "P" u 9-ma nosuyusi Ha U3rnon3eaHusi KpaH-
mawuHucm: F — HadnwbxHa cuna 8 meaniudHo-ombusayHume cbopbxeHus, KN; t —
gpeme, S.

MakcnmanHuTe HagmbXHU CUNK ce nony4yasaTt B cpefarta Ha Braka mexgy 22-pu u
23-Tn BaroH, gocturamkmn 360 KN. XapaktepbT Ha U3MEHEHME HA HAObXHUTE CUMK ce
nobnwkaea MakCMMarnHo Ao pesyntatute, NnolyyeHu 3a BfiakoB CbCTaB C (PYHKLMOHHM
BEHTMNK, paboTewwm nsyano B pexunm ,G” dur. 5.4. ToBa ce AbMKM HA MOEHTUYHOTO
N3MEHEHME Ha HansiIraHeTo B CNMpaYHna UUNMHABbP Npw ABaTa pasrfnegaHu cnyyas.

5.3.2. BnvsiHne Ha nsonnpaHeTo Ha 4YacT OT CNUpPaYHUTE CUCTEMU Ha BaroHUTE BbpXYy
rofieMmHaTa Ha HagnbLXHUTE CUNK.

M3onnpaHeTo Ha cnvpayHaTa cuctemMa Ha BaroHUTe ce OCbLyecTBsBa B Mojerna 3a
44 BaroHa, paspaboteH B Simulink®. XXenesonbTHUTe BO3WMa, KOMTO Ca C U30MMPaHW
CMMpayHn cUcTeMn MM ce Mnporpamupa, Yye cnupayHarta cuna e paBHa Ha Hyna u ca
NoAfI0XKEHN caMO Ha CbNPOTUBUTENHN CUMN U CUINUTE OT MEXAyBaroHHUTE BPb3KU. 3a
N3YMCNEHNSATa Ca U3NON3BaHU PEXNUMU Ha PYHKLMOHHUSA BeHTUN ,G* n 9-To nonoxeHue
Ha U3MNonN3BaHWs KpaH-MaLMHUCT (MbHO cnyxebHo cnupaHe). Ha crnyyaeH npuHumn ca
N30NNpPaHn cNMpadYHnUTe CUCTEMU Ha criegHnTe BaroHwu: 5-tn, 11-tu, 17-tn, 24-tun, 29-1n,
35-T1 n 41-Bn. PesyntatuTte OT n34nucneHusaTa ca nokasaHum Ha gur. 5.15.
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150 —T0C1 —TO0C2
—T0C3 —T0C4
——T0C5 ——TOC6
=—T0C7 —T0C8
—T0C9 —T0C10

—T0C11 —T0C12

——T0C13 ToC14
——T0C15 ——T0C16
—T0C17 ToCc18
—T0C19 —T0C20
—T0C21 —T0C22
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—T0C25 TOC26

TOoC27 TO0C28
———TO0C29 TOC30
—T0C31 —T0C32
—T0C33 —T0C34
—T0C35 —T0C36

—T0C37 TOC38

——T0C39 TOC40

-400 ——T0c41 ToC42
ts

Que. 5.15 HadnwxHu cunu npu pexum "G" Ha hyHKUUOHHUS 8eHmur1, 9-ma rno3uyusi Ha
U3ros3eaHuUsi KpaH-MawuHucm u u3oflupaHa crnupadyHa cucmema Ha 4Yacm om
gazoHume: F — Ha0nbxXHa cusna 8 meanu4Ho-ombusayHume cbopbxeHusi, KN; t— epeme,
S.

CpegHaTta yact Ha rpacdukaTta, 0O BpeMe OT 25s, oTpassBalla xapaktepa Ha
N3MEHEHNE HAa HAOTbXHUTE CUMM HE Ce pasfiMyaBa CbLIEeCTBEHO OT Ta3u Ha BfaKoB
CbCTaB C BKMOYEHN BCUYKM CMIMPAYKN U CbLUMA PEXUM Ha paboTta. MakcumanHuTte cunm
B TO3M yyacTbK OT rpadumkata gocturat 320 kN 1 OTHOBO ce oTyuTaTt B cpefaTa Ha
BNakoBMA cbCTaB. PasnukaTta ce cbCTOM B Kpas Ha cnvpadHus npouec ot 34 s oo 36 s.
B TO31n MoOmMeHT ce nonyyaBaT yaapu B TEMMUYHO-OTOMBAYHUTE CHbOPBXKEHUA MeXay
BaroHa C nsonupaHa cnupadHa cuctemMa u BaroHa, Hamupall ce npeg Hero. Tam ca u
Han-ronemmTe HagbXxHU cunu. Makcumanuute gocturat 338 kN, otyeTeHo 3a 10-TaTa
MeXxayBaroHHa Bpb3Ka, KOeTO € YCTaHOBEHO OT rpadoukaTa. 3a cpaBHEHUE MpU BI1akoB
CbCTaB, paboTeLy Npu cblLaTa cTpaTerms 3a ynpasieHme Ha cnvpadkaTa, Ho 6e3 aa numa
n3onuvpaHn TakuBa, MakcumanHute cunu pgocturat 343 kN. ToBa nokasa, 4e
rofieMmHaTa Ha CUNIMTE He Ce U3MEHS 3HaunTenHo. EQMHCTBEHO BNUSHME OKa3Ba BbpXy
Xapakrtepa Ha U3BMEHEHME Ha CUINNTE B Kpasi HA CNMpaYHns npoLec.

5.3.3. BnvsiHMe Ha HakfoHa Ha NbTH BbPXY HALMBXHUTE CUIU

ToBa u3cregBaHe e HarpaBeHO 3a BIlakoB CbCTaB C MakcMmanHa AbrkuHa (44
BaroHa), YneTo OBWKEHUEe € CUMYSIMpaHo No Hau-ronemMusi Bb3MOXeH HaknoH (25 %o),
KaKTO Ha CnyckaHe, Taka 1 Ha u3kadBaHe. Llenta e ga ce aHanusnpa BNMAHNETO Ha TO3U
HaKNOH BbpXY CUNUTE, MOMYYEHU B TEMNMYHO-OTOMBAYHUTE CLOPBXEHUA. CbrinacHo
npegcraBeHoto B [naBa 4, HakfMOH Ha ChyckaHe UWe YyBenuun Jdna  Ha
cbnpotmButenHute cunm ¢ 19.625 kN, a Ha mM3kayBaHe CbLOTBETHO Lie MM Hamanmw.
PexumbT Ha cnnpayHaTta cuctema e G, a nosanumaTa Ha n3nons3BaHns KpaH-MalnHUCT
e 9-ta. [bpBO € HanpaBeH aHanuM3 Npu OABWXEHWE Ha BNakoBMS CbCTaB MO HAaKMOH Ha
crnyckaHe, KOUTO € npeactaBeH Ha cur. 5.16.
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Que. 5.16 HadnbxHu cunu npu pexum "G" Ha hyHKUUOHHUS 8eHmur1, 9-ma no3uyusi Ha
U3rosi3eaHusi KpaH-MawuHUCm, HakmnoH 25%o0 Ha criyckaHe u 44 eacoHa: F — HadnbxHa
cuna e meanu4yHo-ombusayHume cbopwbxXeHusi, kN; t — epeme, s.

Mpn TO3M Moaen Ha ABMXEHWETO Ha BNAaKOBMS CbCTaB Ca Hanuue yaapu mexay
BaroHuTe ¢ npoabmkutenHoct ot 10.75 s 0o 24.37 s (13.62 s). VIMeHHO B TO3M y4acTbK
OT rpacdukaTta ce perucTpmpar n Han-rofieMmTe HagbLXHU CUn cbC cTOMHOCT 359 KN,
KOUTO Ca XapaKTepHW OTHOBO 3a CpeJHUTe BaroHW OT CbCTaBa Ha Bnaka. Pesyntatute
(nokasaHn Ha dur. 5.4) Ha ekBMBANEHTEH BIIAKOB CbCTaB, KOMTO Ce OBWXM MO NpaB
XOPU3OHTaNeH y4acTbK OT MbTA Ca MakcumanHa HagnbxHa cuna 343 kN, un
NPOOBbIMKNTENHOCT Ha yaapute mexay BaroHuTe 9.96 s. OT Tyk MOXe Ja ce 3aKmo4u, Yye
HaKNOHBT Ha ChnyckaHe BoOAM OO0 YyBenuMyaBaHe Ha HagnbXHute cunu ¢ 16 kKN u
yBennyaBaHe Ha MPOABIDKMTENHOCTTA Ha ydapute B TernnMyHo-oTOMBavyHUTE
CbOpPbXeHUS ¢ 3.66 s.

HaknoHbT Ha uskaysaHe 25 %o MMa 06paTHUA XapakTep CNPSAMO TO3M Ha CryCKaHe.
Mpu Tasu KoHUrypaumsa Ha pericoBms NbT HAOBLXKHUTE CUMN B TEMMUYHO-OTOMBaYHNTE
cbopbxeHusa gocturat 350 kN, koeTo e nokanHo camo B 18-Ta MexayBaroHHa Bpb3Ka.
ToBa e yBenuyeHne oT 7 kKN cnpsiMo BnakoB CbCTaB, KOWTO Ce ABWXM NO MNpas
XOPU3OHTarneH yyactbK OT NbTA. OTHOCHO NPOABLIMKUTENHOCTTAa Ha BPEMETO, 3a KOeTO
ce nony4asar ygapute mexay saroHute e 7.98 s, npu KoeTo ce nosiydasa HamarnsisaHe
¢ 1.98 s. Pesyntatute ca npegcraseHu Ha cwur. 5.17
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Que. 5.17 HadnbxHu cunu npu pexum "G" Ha hyHKUUOHHUS 8eHmur1, 9-ma rno3uyusi Ha
U3riof138aHUsl KpaH-MawuHUCm, HaK/MoOH Ha u3kayeaHe om 25%o u 44 eacoHa: F —
HadnbXHa cuna 8 meanu4yHo-ombusayHUmMe cbopwXXeHus, kN; t — epeme, s.
5.4. CpaBHeHMe Ha NonyYeHUTe pe3ysniTaTtv C TeOpPeTUYHO U3BEeAEeHU TakKuBa

Mpn TOBa wu3cnenBaHe, pe3ynTatuTe OTHOCHO XapakTepa Ha W3MEHEHWEe Ha
HanAraHeTo B CAMpayYyHUs UWNUHABLP, MOfyyYeHU 3a pexum P’ M eKcTpeHo Cbe
cnupayHaTta cMctema ca CpaBHEHU C TEOPETUYHO N3BedeHa xapaktepuctmka. OcHoBaBa
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ce Ha ghakTa, Ye CbrracHo nuTepaTypHUTe N3TouHuum [2, 18, 23] BpemeTo 3a HanbnBaHe
Ha CNUpaYyHMs UUNMHOBLP 3a pexum ,P“ e oT 3 40 5S U MakCMManHOTO HansraHe B
cnnpavyHna umnuHabp e 3.8 bar. Cblo Taka Bb34yXbT B rMaBHUA Bb3QyXONPOBOA Ce
OBWXN cbeC ckopocT 250 m/s [23, 24, 25]. 3a npoToTKn Ha n3cneaBaHeToO € U3MNon3BaH
CbLMAT BaroH, Kakto wn npu nabopatopHo cHeTuTe pesyntatn. [lonyyeHa e
ngeanuanpaHa xapakTepucTuka Ha HanbBaHETO Ha CNMPaYHNA LMNNHOBP:

~——Barou1 Barow2

Pc, bar

——Barond3 ——Barondd

Que. 5.18 NdeanusupaHa 3asucumocm Pc=f(t) npu pexxum "P" Ha ¢byHKUUOHHUS 8€HMUJT,
€KCmpeHOo criupaHe ¢ KpaH-mMawuHucma u 44 eacoHa: Pc — HanseaHe 8 criupa4yHusi
UuunuHowbp, bar; t — epeme, s.
AHanusbT Ha dwur. 5.18 nokasea, 4Ye KpuBUTE 3a OTAENHUTE BaroHW ca B MO-TECeH
AnanasoH OTKOSIKOTO Npu AeNCTBUTENHAaTa XxapakTepucTuka. ToBa ce ObIKN Ha MHOMOTO
drakTopu, KOMTO He ce oTuuTaT Npu MOAEeNMpaHeTo N, KaTo Hanpumep BpeMeTo 3a
peakumaTa Ha OYHKLUMOHHUSA BEHTUI, TPUEHETO Ha Bb3ayXa B rMaBHUS Bb34yXONpoBoa
n ap.

Mpn Taka 3agageHaTa xapakTepucTuKa 3a HanbifiBaHe Ha CivpayvyHus LUIvHALP,
nonyyvyeHuTe pes3yntatu 3a JafeHnsa BNakoB CbCTaB ca npencraBseHn Ha dour. 5.19.
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Quea. 5.19 TeopemuyHo u3gedeHU HalOTbXHU cunu rpu pexum "P" Ha yHKUUOHHUS
8E€HMUJI, EKCMPEHO CcriupaHe ¢ KpaH-mMawuHucma u 44 eazoHa: F — HalnbXHa curna 8
mearnu4yHo-ombusayHume cbopbxxeHusi, KN; t — epeme, s.

[opu 1 npu ngeanusmpaHn JaHHM OTHOBO 3a Ta3n ObJHKMHA Ha Bnaka ce nonyyasaT
yaoapu mexay saroHute. BpemeTo um 3a gencTtBvMe € MHOro no-marsnko, OTKOSIKOTO Mpu
cumynauMsita Ha BIfiakoB CbCTaB C AENCTBUTENHA XapakTepucTuka No HanbfBaHe Ha
cnvpavyHna umnuHabp. CpaBHABaNKU NPOObLIMKUTESNTHOCTTA Ha yaapute B TEOPETUYHUSA
cnyyan e 1.49s, a npu peanHo nonyyeHute € 17.9 s, KOETO € USKITIYUTESHO ronsma
pasnuka. OT rnegHa Todka Ha ronemuHaTta Ha nosiydeHuTe cunm He ce nonyyasaT
CbLLECTBEHU pa3nuKkn, KaTo U B ABaTta pasrnexgaHu cnyyas Te ca okono 400 kN.
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[MbpBUTE yOapu Mmexay BaroHUTe ce nonyyasaT Nnpuy BNakoB CbCTaB C AbiMKUHA Haf
37 BaroHa (cour. 5.20). I3cnegBaHeTo Noka3ea, Ye MbpBUTE yAapwu ce noryvaBat 3a
BlakoBa KOMMO3MLUS, CbCTOsLWA ce OT 25 xenes3onbTHM eauHnun. ToBa npasu ¢ 12
BaroHa no-rofisMa Ab/KWMHA Ha Braka, 6e3 ga ce nosiBaBaT ygapu mMexay Tax U
CbOTBETHO PSI3KO HapacTBaHe Ha CUNUTE B TErNMYHO-OTOMBAYHUTE CbOPBXKEHUS.
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Quea. 5.20 TeopemuyHO u3gedeHU HaldNbXHU cunu rpu pexum "P" Ha yHKUUOHHUS
8EeHMUJI, EKCMPEHO criupaHe ¢ KpaH-MawuHucma u 37 eazoHa: F — HadnbxHa cursa 8
meanu4yHo-ombusayHume cbopbxeHus, kN; t — epeme, s.

MU3Boau kbm MNaBa 5

1) OTHOCHO pexum ,G*

e aHaNU3bT Ha pes3ynTaTuTe nokas3Ba, 4Ye Han-6naronpuATeH pexum Ha
PYHKUMOHHNSA BEHTWUS 3@ BNakoBM CbCTaBM C ronisiMa AbihKUHA ce aBsiBa
pexumbT ,G*.

e HaW-BMCOKM CTOMHOCTU Ha HaOMbXHUTE CUMK Ce nosnyyaBaT Npu eKCTPeHO
3agbpXaHe C KpaH-MallnHUCTa, Kato Te He npesuwasaTt 380 KN.

e yaapuTe Mexay BaroHuTte (KbApaBaTta 4yacT oT rpadmkaTta) ca XxapakTepHu
npy ObJ/DKMHA Ha BrakoBusi CbCTaB Haga 35 BaroHa, a npu cryxebHo
3agbpKaHe, u3paseHo € 5-Ta No3nLMs Ha U3NON3BaHUS KpaH-MaLUHUCT
HanbHO OTCbLCTBAT.

e [Mpu BrakoBe c AbmkuHa Ao 15 BaroHa B cbcTaBa cu, B pexum ,G* ce
nosily4asaT Mo BUCOKN HaO TbXHWN CUMN, OTKONKOTO npu ,P“ pexum.

2) OTHOCHO pexum ,P*

e HaW-BUCOKM CTOMHOCTM Ha HaANBXHUTE CUNM M 3a TO3M pPEeXUM ce
nosiydasaT nMpuv eKCTPEeHO 3agbpxaHe CbC CcrvpayHata cuctema.
CrtonHoctta um pgoctura go 520 kN.

e yOapuTe MeXay BaroHuTe ce nosfyyasaT Npyv MHOro no-mMarnka gbJhKMHa Ha
BJTAKOBUA CbCTaB, KOETO 3aBUCK OT NOSIOXKEHNETO Ha KpaH-MaluMHUCTa. 3a
5-Ta no3numusa Ha M3NoN3BaHNA KpaH-MalLUMHUCT TOBa CTaBa Npu Ab/MKMHA
Ha Bnaka Hag 30 BaroHa, a 3a MbfHO CNyXebHO cnMpaHe N eKCTPEHO
cnupaHe Hag 20 BaroHa.

3) CmeceH pexum ,G/P*“:

e pu Tasu cTpaTterns 3a pabota Ha PYHKUMOHHWSA BEHTUN Ha BNakoBUA
CbCTaB He Ce MnosiydaBa CblUeCTBEHa pasnuka B HaOAMbXHUTE CUMW,
CpaBHEHO C TaKbB, KOMTO paboTn n3uano B pexnm ,G“. ToBa ce AbmMKM Ha
dakTa, 4Ye pasBUTUETO Ha HanAraHeTo B CNMPaYHMS UUAWHOBLP He ce
pasnuyaBa MHOrO, KaKTO € HarnpumMmep CPaBHEHO C pexum ,P¢.

4) Hanuyue Ha n3onupaHn BaroHW.

e CblNacHO pesynTtaTuTe, U30NMPaHETO Ha BaroHW OT CbCTaBa Ha Briaka BOAn
A0 nosiBaTa Ha yaapu Mexay TaX B Kpas Ha cnnpadHus npouec. Tesum yaapum
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ce rnonyyasaT MexAy BaroHa C M3onMpaHa cnupadHa cuctema v To3u
npeau Hero.

e B Kpasd Ha CrMpaHeTo ce nosnyyaBat MakCUManHUTe HaTUCKOBU CUMU MEXAY
BaroHuTe.

5) TMpodwun Ha NbTSA:

e HaKMNOHBLT Ha NbTH HE OKa3Ba BNUSAHWE BbPXY rofieMMHaTa Ha HagTbXHUTe
cunu, a Bbpxy BpeMeTo UM 3a gencrteme. CpaBHEHO C NpaB XOpPU3oHTarneH
y4yacTbK Ha NbTH, NPU CyckaHe ToBa BpeMe ce yBenuyasa ¢ 3.66 s, a npu
n3kavBaHe Hamansea ¢ 1.98 s.

6) CpaBHeHMe Ha nonyyeHuTe pesynrtaTu C TakmBa, N3BeAeHU OT HanpaBeHOo
TeopeTU4HO nscreasaHe. ToBa cpaBHeHWe JoBene A0 U3BOAa, Ye KOMKOTO
KpMBUTE Ca B MO-TECEH AMana3oH ca 3a HanbfiBAaHe Ha CnupayvyHus
UMNMHOBbP  Ha  OTAenHMTe  BaroHW,  TOMKOBa  MO-Manka e
NPOABIMKUTESNTHOCTTA Ha yAapuUTe B TEMMUYHO-0TOUBAYHUTE CHOPBXKEHNUS.

HAYYHO-NPUNOXHU U NPUNTOXHU NMPUHOCH

Ha 6asa pesyntatute oOT AUCEPTAUMOHHUS Tpyn OTHOCHO U3cregBaHETO Ha
N3MEHEHMETO Ha HaAASTbXXHUTE CUNKU NpPU TOBApHUTE BriakoBe C AbimknHa Hag 500 m,
MOXe Oa ce o606wn, Yye e paspaboTeH noaxoasu, Mogen 3a uacnenBaHeTo M. Tosm
MOZESN CbYeTaBa KaKTO KOMMKTbPHA CUMYyNauus Ha pasBUTMETO Ha HaATbXHUTE CUNN,
Taka W peariHO HaTypHO M3NUTBaHe 3a u3cnegBaHe Ha CnupadYHuTe npouecn BbB
dyHKUMA Ha BpemeTo. M3BbplieHaTa pabota nossonsiea ga 6vaaTt opmynupaxm
crnegHuTe OCHOBHU NMPUHOCK:

Hay4Ho-npunoxHu

M3BbplleH e aHann3 Ha HOPMaTUBHUTE OOKYMEHTU U AOCTbNHUTE nuTepaTypHu
M3TOYHW OTHOCHO BIIAKOBUTE CMMpPAyHM CUCTEMW, METOAUTE 3a THAXHOTO
CUMynNupaHe W MU3NUTBaHE W HauYMHUTE 3a u3cnenBaHe Ha rornemuHaTta Ha
HaOMbXHUTE CUMNK, KOUTO Bb3HUKBAT B MEXAyBaroHHUTE Bpb3kn. Ha 6asa Toea e
yCTaHOBEHO, 4e noBe4yeTo OT paspaboTkuTe npencrtaBaT pesynrtatm oOT
TEOPETUYHO N3cnenBaHe Ha Te3N CUMM YPEe3 YMCIIEHWN METOAN U MaTeEMaTUYHN
MOZEeNu, HO NUNCBa ekcrepuMeHTanHo BepuguuupaHe Ha Tesn pesynraTu.
PaspaboTteHa e meToauMka 3a wu3crnegBaHe Ha npouecute Ha pasBUTUE Ha
HagMbXHUTE CUNU BbB (PYHKUMS Ha BPEMETO M pPa3BUTMETO Ha cnupayvyHuTe
npouecu No gbmKNMHATa Ha BI1akoBUS CbCTaB.

PaspaboTeH e guHaMmn4eH Moaen Ha BrakoB CbCTaB, CbCTOSLL, Ce OT 44 BaroHa,
KOMTO NpeactaBss MakCMManHoO TOYHO MOBEAEHWETO My MoA4 OEeNCTBMETO Ha
pas3fnMYHN CKOPOCTU Ha ABWXEHNE, Pa3fNINYHN XapaKTEPUCTMKN Ha XKENEe3HUS NbT U
pasnuyHK cTpaTernun 3a ynpasneHne Ha CNMpavYHnTe CUCTEMMU.

MpuNoXHM NnpuHocU

3a uennTe Ha aucepTauMoHHUA TPy € U3BbpLUeHa MoAepHU3aunsa Ha cTeHn 3a
raso-guHaMn4yHO u3cnegBaHe Ha CchnvpadyHuTe npouecn. 3amMeHeHa e
KOMMpecopHaTta WHCTanauuss W e HanpaBeHa npodunakTuka Ha BCUYKK
NMHEBMATUYHU ypeau Taka, Yye Ja OTroBaps Ha ekcnnoaTaunMoHHUTE U3NCKBaHUS
Ha UIC.

BHeopeHa e m3mepBaTenHa cuctemMa, CbCTodAWa ce OT TPaHCMUTEPWU, KOUTO
n3mepBaT HaNAraHeTo B rNaBHWS Bb34YXOMNPOBOA U CMPaYHUTE LMIUHAPU, KOUTO
ca pasnonoxeHu B 14 Toukun. MN3uano HoBa e cuctemaTta 3a perucrpupaHe u
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obpaboTka Ha [gaHHWTE, NOfy4YeHW OT TPaHCMUTEPUTE, KOATO MO3BOSISIBA
pa3nUYHN HauuHW 3a BuM3yanusauusita MM. ToBa S MNpaBu noaxogsiia 3a
M3Moni3BaHETO M B peauLa Hay4yHO-M3CcrneLoBaTenckm 4ENHOCTH.

Upes paspaboTeHnTe AUHAMUYHM MOAENV Ha BMAKOBUSI CbCTaB B PEXXMM CnipaHe
Ca YyCTaHOBEHW CUITUTE, KOMUTO Ce MNofy4YyaBaT B MeXAYyBarOHHUTE BPb3KM 3@ BCUYKM
BaroHu OoT 3afafileHns CbCTaB Ha Bnaka. PaspaboTeH e moaen, KOWTo NpeacTaBs
TEOPETUYHOTO pa3BUTMNE HA CMIMPAYHMUTE NPOLECU N Ca aHANU3NPaHN NOSTyYEHNTE
pesynTtaTu.

. MO,EI,epHI/I3I/IpaHI/IFIT CTeHg, nsMepBarteriHarta cucreMma, MmetToamkKkarta 3a CHeMaHe

Ha HagnNbXHUTE CUNM N CUMYNAUMOHHWUS MOAern, OTHOCHO pa3BUTUETO Ha
cnvpayHuTe npouecu BbB (PYHKUMS Ha BpPeMeTo ca MNpunoxmmmn B Gbaewm
pa3paboTkM Npu peltaBaHeTo Ha CnMpayHn 3a4ayn ¢ pasnnuyHy No TMN NOABUXKEH
CbCTaB W CnvpavHa cuctema, BKIOYMTENHO M Ha BaroHW C TOBapO-3aBMCUMO
cnvpaxe.

MoaepHuU3NpaHnaT CTena, namepBaTtenHarta cuctema, MeToavkaTa 3a cHeMaHe
Ha HagNbXHUTE CUMM U CUMYIaUMOHHUAT MOLEn YCnewHo ca MpUoXeHn B
y4yebHua npouec no AUCUMNIMHUTE ,TeXHONOrma M CUCTEMW 3a ynpaBrieHue
Bnakosete“ n ,TAroBM M cCnvpadHm U34UCNEHMS", n3yvyaBaHMU OT CTygeHUTE B
cneumnanHocTn ,TpaHcnopTHa TexHuKa W TexHonormmn“ un ,TexHomnorns w
ynpaBneHne Ha TpaHcnopTta“ kbM ®PakynteTa Ha TpaHchnopTa Ha TexHU4ecku
yHuBepcuteT - Codus.

CMNMNCBK HA NYBJIMKALIMUTE NO ANCEPTALUUOHHUA TPYA
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SUMMARY

Dissertation Title: Investigation of the variation in longitudinal train forces during
braking
Autor: Eng. Stefan Krastev, MSc

The dissertation is dedicated to the longitudinal forces arising in a train set during
braking. Various models describing their emergence and evolution are investigated. Their
dependence on the actual development of braking processes in both stationary and non-
stationary phases is defined. For this study, laboratory tests were conducted to establish
the development of braking forces under various simulated train configurations, travel
speeds, track gradients, and braking system control strategies. Based on this, a suitable
research model was developed and the results were analyzed.

Chapter one provides a review of research related to longitudinal forces in a train set
during braking, based on an analysis of available literature on the dissertation topic. The
literature review analyzes the main types of train braking systems, their characteristics,
performance metrics, and methods for investigating longitudinal forces within the train.
On this basis, the goal and objectives of the dissertation are formulated.

Chapter two analyzes the current state of a test rig for gas-dynamic investigation of
the braking system of a 44-wagon train. For the purposes of the dissertation, a
modernization was carried out, including the replacement of the compressor unit and a
complete inspection of the braking system.

Chapter three presents the measurement system required for recording the primary
parameters of the braking system. A methodology for conducting laboratory tests and
determining the longitudinal forces in the train has also been developed.

Chapter four presents the development of the train set models under the influence of
longitudinal forces using MATLAB Simulink®. The mathematical apparatus for calculating
the forces is described, and the models for individual forces as well as the integrated
model of the entire train set are presented.

Chapter five presents the research results based on the factors with the most
significant impact on longitudinal forces, such as the triple valve mode, the number of
wagons in the train, and the position of the driver's brake valve. This chapter also
analyzes operational factors affecting longitudinal forces, such as track gradient and
braking system inhomogeneity. The obtained results are compared with theoretically
derived data.

In conclusion, it can be summarized that the modernized test rig, the measurement
system, the methodology for recording longitudinal forces, and the simulation model
regarding the development of braking processes as a function of time provide a significant
opportunity to improve the dynamic qualities of long-haul trains.
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|. GENERAL CHARACTERISTICS OF THE PHD THESIS
Relevance of the Research Problem

The steadily increasing volume of freight traffic and the drive to reduce transport costs
have led to an increase in the mass and length of train sets. Railway tracks in Europe are
currently designed for an axle load of 22.5 t/axle, with an ongoing trend towards
increasing this limit to 25 t/axle. Furthermore, with the evolution of the transport sector,
trains are becoming longer, reaching lengths exceeding 1000 m.

These developments inevitably lead to various operational challenges. A significant
issue arises from the forces generated within the drawgear and buffering systems during
train movement. The study of longitudinal forces is characterised by the need to analyse
both the motion of the train as a whole and the relative displacements of individual
wagons within the consist. These displacements result from the varying forces acting on
each wagon, as well as the slack (clearance) and elasticity of the inter-wagon
connections.

While longitudinal forces occur in every operating mode, their peak values are
typically observed during braking. The primary motivation for research in this field is the
prevention of fatigue cracks and structural failures in both the inter-wagon couplings and
the structural components of the rolling stock (such as underframes, bogies, etc.), as well
as the mitigation of derailment risks.

Aim of the Dissertation, Key Objectives, and Research Methods

Following the analysis of train braking system theories and the existing methods for
the theoretical investigation of longitudinal train dynamics, the aim of this dissertation can
be defined. It is formulated as follows:

Aim: To investigate the longitudinal behaviour of a train set during a specific operating
mode, based on results obtained from laboratory tests regarding the spatial and temporal
development of braking forces, and through the selection of an appropriate mathematical
model.

To achieve the stated aim, the following objectives must be addressed:

1. Selection of a dynamic model that accurately represents the development of
longitudinal forces during the braking process.

2. Conducting laboratory tests to determine the development of braking forces by
simulating various train configurations, operating speeds, track parameters, and
braking system control strategies.

3. Execution of a numerical experiment using the selected mathematical model,
integrated with the parameters obtained from the laboratory tests.

4. Comparison and analysis of the experimental results against the calculated
numerical data.

5. Formulation of conclusions based on the research findings.
Scientific Originality
A methodology has been developed for investigating the temporal development of

longitudinal forces and the propagation of braking processes along the length of the train
consist.

Based on the obtained results, a dynamic model of a 44-wagon train set has been
established. This model provides a highly accurate representation of the train's behaviour
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under the influence of varying operating speeds, track characteristics, and braking system
control strategies.

Practical Applicability

The results obtained from this dissertation regarding the temporal development of
braking processes and the corresponding evolution of longitudinal forces are applicable
to the resolution of braking performance problems. The primary objective of such
applications is to enhance the running dynamics and ride quality of the investigated
rolling stock.

Dissemination of Research Results
The primary findings of this dissertation have been presented at international conferences
and published in periodical journals:

e International Scientific Conference on Aerospace, Automotive and Railway
Engineering BulTrans-2021

e AIP Conference Proceedings, Volume 3064, Issue 1, 10 April 2024

e International Scientific Conference on Aerospace, Automotive and Railway
Engineering BulTrans-2023

e Engineering Proceedings by MDPI, Volume 121, Issue 1, 13, 2026

e International Scientific Conference on Aerospace, Automotive and Railway
Engineering BulTrans-2025

Publications

The dissemination of the research, the proposed methodologies, the results obtained,
and the formulated conclusions has been carried out through five papers presented at
international scientific conferences. One paper is single-authored. One report has been
published in a journal indexed in the world-renowned Scopus database, while the
remaining four have been published in peer-reviewed editions.

Structure and Volume of the PhD Thesis

The dissertation consists of 130 pages and is structured into an introduction, five
chapters dedicated to addressing the key research objectives, a summary of the main
contributions, a list of publications related to the thesis, and a bibliography.

A total of 142 literary sources are cited, of which 91 are in Latin script, 51 are in Cyrillic,
and the remainder consist of web resources. The work includes 51 figures and 3 tables.
The numbering of the figures and tables in this Abstract corresponds to the numbering
used in the full PhD Thesis text.



Il. CONTENTS OF THE PHD THESIS

CHAPTER 1. Literature Review

The review of research regarding longitudinal forces in a train consist during braking
is conducted based on an analysis of available literature related to the subject of the PhD
thesis. The literature review analyses the primary types of train braking systems, their
characteristics, and their performance indicators. Based on this, it is concluded that the
highest longitudinal forces occur during the braking of the train set. Specifically, this is
due to the transient period of the brake cylinder filling, which is determined by
the distributor valve (triple valve) used [43]. Furthermore, a train consist may be
composed of different types of wagons with varying braking systems, distributor valve
settings (G/P modes), and load conditions, leading to discrepancies in the forces
generated between individual railway units [44]. Consequently, this results in relative
displacement between the vehicles and longitudinal impacts (buffing and drafting)
between them [45].

An analysis of the primary research methods for investigating longitudinal train forces
during braking was conducted. It was established that a unified approach exists for such
research, consisting of the following:

e Selection of an appropriate dynamic model that accurately represents the

longitudinal behaviour of the train;

« Determination of the forces acting on each vehicle within the train consist;

« Formulation and solution of the differential equations describing the motion of the

train;

o Calculation of the forces generated within the couplers.

According to the analysis performed, the most suitable model for this type of research
is the three-mass train model. This model represents the behaviour of the wagons located
at the head (front), middle, and rear (end) of the train (Fig. 1.11).
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Fig. 1.11 Three-mass dynamic model for the investigation of longitudinal train forces,
where: mass of an individual vehicle, [kg]; acceleration of the vehicle, [m/s?]; stiffness
coefficient of the couplers, [N/m]; damping coefficient, [N-s/m]; braking force, [kKN]; basic
running resistance force, [kN]; curve resistance force, [kN]; gradient resistance force,
[kN]; inter-wagon coupling force, [kN].

The greatest challenge in this kind of study is elucidating the behaviour of the train
under the influence of braking forces as a function of time [71]. For this reason, most
research in this field is specifically focused on the modelling of braking processes [102],
and more specifically on the transient phase of the brake cylinder filling [103, 104]. A
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significant portion of these studies presents theoretical investigations of braking forces,
yet there is a notable lack of experimental results to verify the theoretical findings. Based
on the analysis conducted in this literature review, the aim of the PhD thesis is formulated
as follows: to investigate the longitudinal behaviour of a train set during a specific
operating mode, based on results obtained from laboratory tests regarding the spatial and
temporal development of braking forces, and through the selection of an appropriate
dynamic model.

CHAPTER 2. Analysis of the Current State and Modernisation of a Gas-

Dynamic Test Rig for Train Braking Systems

Full-scale testing to record the parameters of train braking systems was conducted
using a test rig located in the laboratory of the Department of Railway Engineering at
the Technical University of Sofia. This facility enables the simulation of braking processes
for train consists equipped with specific types of braking systems. The length of the
consist can be adjusted, with the number of wagons ranging from 1 to 44 (Fig. 2.1).
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Fig. 2.1 General view of the gas-dynamic test rig for braking systems: 1 — supporting
structure; 2 — air pipes (brake pipe); 3 — distributor valve type KE1; 4 — brake cylinder; 5
— driver’'s brake valve Knorr D2; 6 — auxiliary reservoir; 7 — compressor; 8 — pressure
gauges.

Based on the analysis of the current state of the test rig, a comprehensive inspection
of all structural components was conducted prior to the full-scale testing.
The modernisation of the facility was carried out through the following steps: integration
of a new air supply system; inspection and calibration of the pressure transducers; and
verification and sealing of all pneumatic connections.

Recording the braking system parameters for the purposes of this PhD
thesis required the development of a new measurement system to partially replace the
existing one. The primary motivation for this was the implementation of modern
measurement tools and a virtual instrument, which enable more efficient and accurate
data acquisition and processing.

CHAPTER 3. Development of a Measurement System for Recording

Braking System Parameters
3.1. Measurement System
The newly developed measurement system monitors the following variables:
« Brake pipe pressure specified in time at specific points along the length of the train;
« Brake cylinder pressure specified in time at specific locations along the train
depending on the particular study.
6



The objective is to record their characteristics under various braking system operating
modes, wagon configurations, and control strategies.

The new measurement system is based on entirely new technologies for processing
the signals received from the pressure transmitters. For a clearer and more precise
representation of the system, its block diagram is shown in Fig. 3.1.
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Fig. 3.1 Block diagram of the measurement system

Braking system parameters are measured simultaneously by pressure transmitters and
mechanical pressure gauges located at various points on the test rig. The pressure
transmitters are supplied with a DC voltage ranging from 5 to 24 VDC directly from
the amplifier to which they are connected. This eliminates the need for an external power
supply, significantly simplifying the measurement system.
According to the wiring diagram, the output signal can be either voltage-based or current-
based. In this study, a current loop (4—20 mA) configuration was selected because of the
substantial length of the cables; a voltage signal would have resulted in a
significant voltage drop. The output signal from the transmitters is fed into an HBM
MX840B universal amplifier. This 8-channel device allows the connection of up to 15
different types of transducers per channel. Data from the amplifier is transmitted to a PC
via Ethernet connectivity. These amplifiers operate with the
specialised catman®AP software, where the signal can be visualised either as a digital
value in the respective unit or as a real-time graph.
The primary advantages of the developed measurement system can be summarised as
follows:

- No external power supply is required for the pressure transmitters;

- The amplifier features eight channels; therefore, only two units are required for
the purposes of this PhD thesis to accommodate the 14 transmitters;

- The amplifiers have a compact and lightweight design;

- The catman®AP software provides extensive capabilities for signal processing
and visualisation;

- The software allows the measurement results to be exported in various data
formats.

3.2. Methodology for Investigating Longitudinal Train Forces during Braking
through Experimental Acquisition of Key Braking System Parameters
3.2.1. General Provisions
In contrast to the theoretical approach for determining the primary pneumatic and
mechanical processes occurring within a train braking system, experimental
determination yields higher accuracy of the results. On one hand, this is due to the fact
7



that the object of study is a real wagon braking system. On the other hand, the theoretical
approach involves certain simplifications which inevitably lead to a degree of inaccuracy,
however minimal.

The objective of this methodology is to systematise the methods and tools for
determining the parameters of the pneumatic processes occurring in the braking system
under various wagon configurations and operating modes. This, in turn, provides a robust
foundation for determining longitudinal forces during train braking. The present
methodology further develops the one previously established by [135].

3.2.2. Experimental Determination of the Primary Train Braking System Parameters

3.2.2.1. Measured Variables

The primary parameters essential for the current study are:

« Brake pipe pressure as a function of time, at specific points along the length of the
train;

« Brake cylinder pressure, also as a function of time, at specific locations along the
train depending on the particular study.

The objective is to record their characteristics under various braking system operating
modes and wagon configurations. Other parameters of the braking system are monitored
only visually via the pressure gauges installed on them.

3.2.2.2. Sequence of Operations for Recording Braking Parameter Characteristics
3.2.2.2.1. Initial Conditions

To initiating the gas-dynamic investigation of braking processes on the test rig,
several essential conditions must be met to ensure the correct and safe execution of the
experimental process. These initial conditions are systematised as follows:

1. Ambient air temperature during testing must be 20°C. Given that the test rig is
located in a closed laboratory where a constant temperature of 20°C is maintained
year-round, this condition is considered fulfilled.

2. All mechanical connections, such as couplings, clamps, hoses, etc., must be
inspected for looseness or cracks before charging the system with compressed
air.

3. Hoses and pipelines must be checked for internal aerodynamic resistance using
appropriate methods.

4. Leakage inspection — After charging the system with compressed air, a visual and
audible inspection for significant air leaks must be performed. If none are detected,
a brake pipe leakage test is conducted to ensure it remains within specified limits.
This is performed by reducing the brake pipe pressure by 0.5-0.7 barin a fully
charged system, then moving the driver's brake valve handle to the "Lap"
(Neutral/lsolated) position. If the brake pipe pressure drops by more than 0.05 bar
within 60 s, a thorough leak detection procedure must be initiated.

5. Distributor valve verification — In a charged system, it must be verified that the
dristributors achieve the required filling and release times for the brake cylinders.

6. Brake application experiments must be conducted only when the system is fully
charged and ready for action, i.e., at the following pressure values: PL= 5 bar; Pa
= 5 bar; Pr= 5 bar; Pc = 0 bar;

7. Brake release experiments are carried out at pressure values: PL < 5 bar (for
emergency braking PL= 0 bar) n Pc > 0 bar.

3.2.2.2.2. Recording the Characteristics of Gas-Dynamic Processes

The objective of this section is to record the brake cylinder filing and
release diagrams, as well as to measure the command impulse times and the brake pipe
propagation times. Based on these measurements, the respective velocities are
calculated. The diagrams will be recorded for various train configurations, both distributor



valve operating modes (G/P), and for Type Il train inhomogeneity, according to the
following sequence:

1) Assembly of the ,train“ consist — a train is configured with a specific number of
wagons, with the minimum for this type of test being 1 and the maximum
capacity of the test rig being 44.

2) Configuration of the distributor valve modes — all distributors handles are set to
the respective operating mode. To simulate a homogeneous train, all wagons
must be set either to"P" (Passenger)or"G" (Goods)mode. For
an inhomogeneous train, the wagons are switched between both modes. Two
wagon configurations are considered: in the first, the front half of the wagons
operate in "P" mode, while the rear half are in "G" mode. In the second
configuration, the arrangement is reversed.

3) Installation of pressure transmitters — for each configuration, transmitters must
be installed at the head, middle, and rear of the train. These are wired and
connected to the measurement system, after which the recording is initiated.

4) Execution of various brake application and release tests:

e Service Braking (Graduated Application). During this type of application, the
driver's brake valve is moved through each braking stage until full service
braking is reached (5 > PL>3.5 bar). After each stage, once a constant pressure
is established in the brake cylinders, a delay of 20 s is observed before moving to
the next stage to allow for the stabilisation of the air in the brake pipe.

« Emergency Braking. A full application is performed until the pressures reach PL =
0 bar n Pc = PCmax..

Upon completion of the brake application tests, the system is moved to the release

phase, and the measurement recording is stopped.

5) Testing to record the command impulse time and the brake pipe propagation
time.

e Command impulse time.

The train is configured with the maximum number of wagons (44 wagons), and
pressure transmitters are installed on the brake pipe at equal intervals along the length
of the train and connected to the measurement system. Once the system is fully charged
and ready for operation, recording is initiated, and an emergency braking application is
performed. The time is measured from the moment the pressure begins to drop
immediately after the driver's brake valve until the moment the pressure begins to drop
at the last wagon.

e Brake Pipe Propagation Time.

The train is configured with various wagon arrangements, and for each of them, the
time is recorded from the moment the emergency braking signal is initiated until the onset
of pressure in the brake cylinder of the last wagon. The pressure transmitters are installed
on the brake pipe at equal intervals along the length of the train.

3.2.2.3. Processing of the Obtained Results

The output signal from the pressure transmitters is a current ranging from 4 to 20 mA;
however, the software used allows for its direct conversion into a specific unit of pressure
(in this case, bar). This is achieved by entering a scaling factor (correction coefficient) into
the software settings. The resulting data, in the respective units of measurement, is saved
to the computer's memory with an .xIs extension, enabling subsequent processing on any
computer equipped with Microsoft Excel. The recording consists of data from the pressure
transmitters for every 0.1 s interval, organised in a tabular format.

3.2.2.4. Calculation of Key Gas-Dynamic Parameters of the Braking Process

These parameters include the command impulse speed and the brake pipe
propagation speed, respectively. Based on the experimental results obtained regarding
the command impulse time and the brake pipe propagation times for various wagon
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configurations, the corresponding speeds can be calculated. The command impulse
speed is determined by equation (1.19).
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The brake pipe propagation speed is determined by equation (1.20)
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Additionally, it is necessary to measure the total length of the brake pipe for all tested

wagon configurations.
3.2.2.5. Determination of the Braking Force during Transient and Quasi-steady-
state Braking Processes

If the time of the braking process development is considered, it can be conventionally
divided into two primary periods. The first period, the so-called "transient" phase, occurs
from the moment the brake cylinder pressure begins to rise from 0 bar up to 95% of its
maximum value. The second period is characterised by the maintenance of constant
pressure within the brake cylinder.

Based on the results obtained from the full-scale tests regarding the change in brake
cylinder pressure recorded at every 0.1 s interval, it is possible to determine the braking
force for any given moment in time. This includes both the transient and the quasi-steady-
state processes of the brake cylinder filling. Calculations are performed based on UIC
[23] correlations according to equation (4.7).

BC = ZF;[I/IH.' U [kN]
3.2.2.6. Determination of Inter-wagon Coupling Forces

Once the nature of the variation of all longitudinal forces has been elucidated, the
forces generated within the couplers are determined. This analysis considers various
braking system control strategies in the following order:
3.2.2.6.1. A model is selected to study the longitudinal forces in the train set.
3.2.2.6.2. A prototype wagon is selected, the parameters of which are used for calculating
its longitudinal forces.
3.2.2.6.3. The resistance forces generated by various factors are identified:

- Main resistance force according to equation (4.8):

= A+ BV +CV? [N]
@o 4
- Resistance force of track slope according to equation (4.11):
W; =1i.G,[N]
3.2.2.6.4. Modeling of the characteristics of the draft gear is performed.
3.2.2.6.5. Differential equations are formulated for each wagon in the train set.

3.2.2.6.6. An analysis of the longitudinal train behavior under various operating
parameters is conducted. For this purpose, simulation models are developed.

CHAPTER 4. Mathematical Model Developed in Simulink®

The Simulink® MATLAB® software environment was employed to develop the
mathematical model describing the behaviour of the train consist and the resulting
longitudinal forces during braking. The constructed model consists of 44 wagons, which
represents a significant expansion compared to the basic three-mass model discussed in
the literature review. Increasing the number of masses in the model aims to achieve highly
accurate results that correspond to the behaviour of an equivalent real-world train consist.
The schematic representation of the model follows the principles shown in Fig. 1.11.
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The motion of each railway unit is described by a system of differential equations,
considering only the forces acting in the direction of the train's motion (longitudinal forces).
To simplify the model, vertical and lateral forces are neglected.

The differential equations of motion for the train consist, comprising 44 vehicles, are
derived using Newton's Second Law. For each wagon, the equations are presented as
follows:

- for first wagon:
(4.1) mya; +ki(x; —x3) + ¢;(vy —vy) = =By — Wy, — Wr £ W,

- for i-th wagon:
(4.2) mia; + kg (g —x-q) + k(O — xi49) + 6o (U — i) + k(g — x44)
= _Bc,i - Wo,i - WR,i + Wi,i

- for last wagon:
(4.3) Myays + kaz(4s — X43) + Ca3(Vas — Va3)
= —Beas = Woaa —Wras £ Wiy
where:
- Vs the travel speed, [km/h];
- mass of an individual vehicle, [kg];
- vehicle acceleration, [m/s?];
- stiffness coefficient of the draft and buffering gear, [N/m];
- damping coefficient, [N-s/m];
- braking force, [kN];
- primary (running) resistance force, [kKN];
- curve resistance force, [kKN];
- grade resistance force, [kN];
- longitudinal force in the inter-car couplings, [kN];
- displacement of a single vehicle, [m].

The equations for the first and the last wagon of the train consist differ from the rest.
All wagons from the 2nd to the 43rd share an identical structural equation describing their
motion. The formulas derived in this manner are valid for the linear dependence of the
elastic elements within the couplers.

To account for non-linear characteristics, an additional model was developed to
represent the complex nature of inter-wagon connections with energy dissipation. In
solving the equations of motion for the train consist, it is essential to elucidate the nature
of the variation for all forces acting upon it.

4.1. Brake force

The modeling of the braking force for each individual railway vehicle is based on
the experimental  dataregarding the brake  pipe and brake  cylinder pressure
development, recorded on the gas-dynamic test rig. By analyzing their variation and
applying mathematical transformations, the required braking force is obtained. The
explanation of the mathematical apparatus and the modeling process is presented
following the analysis of the freight wagon braking system, which was selected as
the prototype for this study. The model is illustrated in Fig. 4.1.
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Fig. 4.1 Wagon brake rigging [138].
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The air pressure, overcoming the force of the piston within the brake cylinder which
is rigidly fixed to the wagon underframe, drives the horizontal levers (balancers). This
increases the effective braking force according to the leverage ratio determined by the
position of the levers themselves. For the selected wagon, this leverage ratio is 4.1 for
the empty condition and 11.73 for the loaded condition. From there, the force is
transmitted to the vertical levers via the brake rigging regulator (slack adjuster). These, in
turn, drive the brake beams (triangle shafts), to which the brake shoe holders and brake
shoes are attached. The resulting clamping force of the friction block is converted into a
braking force through the coefficient of friction of the friction pair. The mathematical
derivation of the braking force is presented as follows:

- effective brake cylinder force [41]:
(4.4) F, =p.. F—Fg[kN],

where:

F is cross-sectional area of the brake cylinder piston, [cm?];

Fr — spring force within the brake cylider, [kN].

- Total brake blocks force [41]:
e |oaded wagon:
(4.5) ZF,'ILI/IH. = (Ft' Iyar. — LR FR)rlr [kN]'
where:
inar. is total multiplication ratio for the brake rigging in loaded condition;
iR — multiplication ratio after the central rigging;
Fr — counteracting force of the brake rigging regulator, [KN];
n — mean efficiency of the rigging while the wagon is moving.

e empty wagon, [41]:

(4.6) ZF,'ILI/IH. = (Ft' ir[p. - iR' FR)rl' [kN]'
where:
inp. is total multiplication ratio for the brake rigging in empty condition;
- brake force, [41]:
(4'7) BC = ZFAI/IH.' U, [kN],
where:
Mk is friction coefficient in brake blocks.
The dependencies for determining the braking force are incorporated into the model
for investigating the variation of the braking force, developed in MATLAB Simulink®, which
is presented in Fig. 4.2.
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Fig. 4.2 Mathematical model for determining the brake force

4.2. Main resistance force

The resistance acts on each individual railway unit of the train consist as it moves
along a straight and level track section. This resistance force accompanies the train
throughout its entire journey and includes the resistance from friction in the axle box
bearings, the sliding and rolling of the wheels on the rails, and aerodynamic drag. It is
typically calculated using experimentally derived second-degree (quadratic) equations for

various types of railway rolling stock. These equations take the following form:

(4.8)

where:
wo is specific resistance force

5 N
w0=A+BV+CV ,[W],

, [N/KNTJ;

V — speed of the vehicle [km/h];
A, B n C are coefficients, that depend on type of the vehicle.

The form of the equation for the prototype wagon depends on whether it is in
an empty or loaded condition. For an empty wagon, the equation is as follows [17]:

N
wo = 1,8+ 0,01V + 0,00053V?2, [W]'

(4.9)

For loaded wagon the equation is [17]:

(4.10)

my
where:
Mmgq is axle load, [kN].

The model used to investigate the nature of these forces is presented in Fig. 4.4.

1
wo = 0,9 + — (4 + 0,18V + 0,003V?),
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Fig. 4.4 Mathematical model for determining the main resistance force

4.3. Grade resistance force

The track gradient belongs to the category of resistance forces that act on the rolling
stock only under specific conditions; therefore, it does not accompany the train throughout
its entire movement. These resistances are collectively referred to as "additional
resistances". According to [2, 17], the specific gradient resistance is numerically equal to
the gradient itself, taken with the appropriate sign. Accordingly, if the rolling stock is
moving on an uphill gradient (ascent), the sign is positive, whereas on a downhill gradient
(descent), it is negative. The actual gradient resistance force is obtained by multiplying
the specific resistance by the corresponding weight of the vehicle, as follows:

(4.11) W; =1i.G,[N],

where:

i is track gradient [%o];

G — weight [kN].

The model representing the motion of an individual railway vehicle under the influence
of the track gradient is shown in Fig. 4.6.
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Fig. 4.6 Mathematical model for determining grade resistance force

4.5. Modeling of Inter-wagon Couplers

When investigating the longitudinal forces arising during train movement, one of the
most critical elements is the highly accurate modelling of the draft gear characteristics
[139, 140]. In our country, particularly in freight transport, the most widely used systems
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consist of buffers and drawgear. This necessitates the modelling of the characteristics of
both components.

In the case of a linear characteristic, such as that described by equations 4.1, 4.2,
and 4.3, the stiffness and damping coefficients are simply substituted into the model.
However, such characteristics are only exhibited by helical compression springs, which
are not installed in modern rolling stock. Instead, elastomer-based (rubber-metal)
or polymer draft gears are primarily used, which exhibit a non-linear progressive
relationship between force and displacement.

Furthermore, it is essential that the model of the inter-wagon connections incorporates
the stiffness of the wagon underframe. This is because, once the stroke of a coupler is
exhausted, it begins to act as a rigid body, transmitting the entire load directly to the main
underframe.

As a prototype for the modelling, a buffer and drawgear assembly were used with the
following data and characteristics, recorded during real testing:

1) Buffer:

- buffer stroke — f =101.2 mm;

- force at maximum buffer stroke — P = 1015 kN;
- absorbed energy — We = 37.9 kJ;

- accumulated energy - Wa = 30 kJ.

Cunosa xapakTepucTuka Ha bydpep
P, [kN]

o flmm]

Fig. 4.7 Force-displacement characteristic of a buffer: P — Force at maximum buffer
stroke, kN; f — buffer stroke, mm.
2) Drawgear
- drawgear stroke — f = 56.6 mm,;
- force at maximum drawgear stroke — P = 620.82 kN;
- absorbed energy — We = 9.75 kJ;
- accumulated energy — Wa = 5.57 kJ.

P, [kN] CunoBa xapaKTepucTUKa Ha TernyeH anapat

700
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o 10 20 30 40 50 s f[mm]
Fig. 4.8 Force-displacement characteristic of a drawgear: P — Force at maximum
drawgear stroke, kN; f — drawgear stroke, mm.
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To implement the real characteristics of the couplers into the train consist model, it is
necessary to integrate them into a combined characteristic. This is done to clearly
distinguish between tension (draft) and compression (buff) within the model. Therefore,
in this study, displacements with a positive sign are defined as tension, while those with
a negative sign represent compression. Furthermore, the stiffness of the underframe has
been added to the combined characteristic, which also introduces a degree of non-
linearity. This integrated characteristic is presented in Fig. 4.9.

P, [kN]

P T : _f [mm]

——Tensile - Compressior

Fig. 4.9 Modelled the force-displacement characteristic of couplers: P — Force at
maximum coupler stroke, kN, f — stroke of coupler, mm.

The force characteristics of the buffer and the drawgear implemented in the model
differ slightly from the real-world curves. This is because they are represented using
a three-point approximation, corresponding to the beginning, middle, and end of
the coupler stroke. This approach was developed to simplify the model, significantly
reducing computation time without having a substantial impact on the accuracy of the
results.

Once the coupler stroke is exhausted, the underframe loading curve begins. This
characteristic is defined in accordance with [60], where the maximum longitudinal loads
are set at1.5 MN for tensionand2 MN for compression[141, 142]. The
corresponding elastic deformations of the main underframe of the wagon structure were
accounted for at these force levels.

The model representing the elastic force of the inter-wagon connections is shown in
Fig. 4.10.
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Fig. 4.10 Mathematical model for the determination of inter-wagon coupling forces.

Following the analysis and subsequent modelling of all forces acting upon the train
consist, an integration of all individual models was performed.

CHAPTER 5. Analysis of the Results
This chapter presents the results of calculations performed to evaluate various factors
influencing the longitudinal forces, including:
o Varying number of wagons within the train consist;
Different operating modes of the braking system (G/P);
Various positions of the driver’s brake valve (DBV);
Different track profiles (gradients);
Varying wagon masses (empty vs. loaded);
« Presence of wagons with isolated (cut-out) brakes.
The configurations of the train sets and the performed calculations are systematically
presented in Table 5.1.

DBV position
Wagons 5-th 9-th Emergency
5 P.G P.G P.G
10 P.G P.G P.G
15 P.G P.G P.G
20 P.G P.G P.G
25 P.G P.G P.G
30 P.G P.G P.G
35 P.G P.G P.G
40 P.G P.G P.G
P,G, GI/P, i,
44 P.G isolated P.G
5,11,17,24,29,35,41

Tabnuuya 5.1 Different configuration of train set.

The following designations are used:
e P — Distributor valve in "P" (Passenger) mode;
e G — Distributor valve in "G" (Goods) mode;
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« G/P —The first 22 wagons operate in "G" mode, while the remaining 22 operate in
"P" mode;

e i-track gradient (slope).

A total of 58 different scenarios involving train configurations, track characteristics,
and braking system control strategies were analysed. The objective is to represent the
nature of the variation in longitudinal forces under diverse conditions with maximum
accuracy.

For greater clarity, the results are categorised based on the factors influencing the
longitudinal forces. The most significant factors are the distributor valve mode, the driver's
brake valve position, and the number of wagons in the train consist. The results are
divided into separate sections, using the distributor operating mode as the primary basis
for classification

5.1. ,,G“Mode of distributor

In the "G" operating mode of the braking system, the 5th and 9th service positions, as
well as the emergency braking position of the driver’s brake valve, were analysed for train
configurations consisting of 5, 10, 15, 20, 25, 30, 35, 40, and 44 wagons.

During service braking applications, specifically represented by the 5th position of the
DBV, a gradual variation in longitudinal forces was established (without inter-wagon
impacts), even for the longest train consist. This is attributed to the smooth development
of the braking force on each of the wagons. The maximum values were recorded for the
44-wagon consist, reaching a total force of 114 kN. Due to the delay in the activation of
the braking system between individual wagons, a "bunching" of the train occurs; that is,
the load consists entirely of compressive forces acting on the buffers. The highest
longitudinal forces are observed in the middle of the train (at the 22nd inter-wagon
connection), while the lowest values occur at the rear end. The results for the 44-wagon
consist are presented in Fig. 5.1 and Fig. 5.2.
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Fig. 5.1 Brake cylinder pressure—time relationship for “G” mode of the distributor valve,
5th position of the driver’s brake valve, and a 44-wagon train: PC — brake cylinder
pressure, bar; t — time, s.
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Fig. 5.2 Longitudinal forces for “G” mode of the distributor valve, 5th position of the driver’s
brake valve, and a 44-wagon train: F — longitudinal force in the inter-wagon coupler, kN;
t—time, s.

Under this operating mode of the braking system, the results obtained for short train
consists (up to 10 wagons) show an alternation between compressive and tensile forces.

When full service braking is applied (9th position of the driver’s brake valve), the first
inter-wagon impacts are observed for train consists longer than 35 wagons. Up to this
length, the maximum longitudinal forces do not exceed 104 kN (for a 35-wagon train). For
longer train consists, the impacts between wagons lead to locally significant forces in the
inter-wagon couplers, reaching 344 kN for a 44-wagon train. These impacts begin after
the 10th wagon and occur up to the 31st wagon in the train consist. Compared to the
35-wagon train, the increase in force magnitude is more than three times. The force
development for the 35-wagon and 44-wagon trains is shown in Fig. 5.3 and Fig. 5.4,
respectively.
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Fig. 5.3 Longitudinal forces for “G” mode of the distributor valve, 9th position of the driver’s
brake valve, and a 35-wagon train: F — longitudinal force in the inter-wagon coupler, kN;
t—time, s.
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Fig. 5.4 Longitudinal forces for “G” mode of the distributor valve, 9th position of the driver’s
brake valve, and a 44-wagon train: F — longitudinal force in the inter-wagon coupler, kN;
t—time, s.

For train consists with a length of up to 20 wagons, where there are no significant
delays in the braking signal, the longitudinal forces are entirely tensile. For train lengths
exceeding 20 wagons, due to the delay of the braking wave, the forces become
compressive.

Emergency braking is generally the operating mode in which the highest values of
longitudinal forces occur. Compared to full service braking, the increase is on the order
of 30 kN. The character of force variation remains smooth for train lengths up to 35
wagons, whereas for longer trains, inter-wagon impacts occur in the middle section of the
train.

The analysis also shows that there are differences in the response of the distributor
valves of individual wagons. The braking systems are not activated sequentially along the
train length but rather chaotically, which leads to a change in the direction of longitudinal
forces. At the beginning of the braking process, compressive forces and impacts occur
between wagons (for long trains), after which the forces transition into tension and
become more smoothly distributed along the train length.

The compressive force values are higher due to the impacts between wagons, with a
maximum force of 385 kN recorded at the 29th inter-wagon connection, as shown in Fig.
5.5.
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Fig. 5.5 Longitudinal forces for “G” mode of the distributor valve, emergency braking, and
a 44-wagon train: F — longitudinal force in the inter-wagon coupler, kN; t — time, s.
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“P” Mode of the Distributor Valve
This operating mode of the distributor valve, which is not typical for freight trains,
results in significantly higher longitudinal forces compared to the “G” mode. This is due to
the large differences in the arrival time of the braking signal to each wagon and,
consequently, the activation of the braking system itself.

The first wagons, due to their short distance from the driver's brake valve, brake
rapidly, while the braking signal progressively lags as the train length increases. This
delay becomes particularly significant for the wagons located at the rear of the train, which

5.2.

is confirmed by the brake cylinder pressure—time results shown in Fig. 5.6.
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Fig. 5.6 Brake cylinder pressure—time dependance for “P” mode of the distributor
valve, 9th position of the driver’s brake valve, and a 44-wagon train: Pc — brake cylinder
pressure, bar; t — time, s.

Analysis of Fig. 5.6 shows that the maximum brake cylinder pressure for the first
wagon is reached at 14 s, while for the 44th wagon it is reached at 32 s. This 18-second
difference leads to the generation of substantial longitudinal forces in this operating mode.
The analysis of the results follows the same sequence as that applied for the “G” mode.

In this mode, inter-wagon impacts occur already during service braking. The analysis
of the 5th DBV position shows that the first impacts appear for train lengths exceeding 30
wagons, as shown in Fig. 5.7.
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Fig. 5.7 Longitudinal forces for “P” mode of the distributor valve, 5th position of the driver’s
brake valve, and a 30-wagon train: F — longitudinal force in the inter-wagon coupler, kN;
t—time, s.

For these parameters, relatively low-magnitude longitudinal forces are obtained. An
exception is observed in the time interval between 15 and 16.5 s, during which impacts
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occur between several wagons located at the front of the train. The highest forces are
recorded at the 11th wagon, reaching 332 kN. Moving away from this wagon, the impacts
gradually diminish and completely disappear after the 20th wagon.

For shorter train configurations, the force distribution is smooth, without impacts, and
the maximum longitudinal forces do not exceed 110 kN. With increasing train length, both
the duration and magnitude of the impacts increase. For a 44-wagon train, the maximum
force reaches 395 kN, occurring again in the middle of the train (16th wagon), as shown
in Fig. 5.8.
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Fig. 5.8 Longitudinal forces for “P” mode of the distributor valve, 5th position of the driver’s
brake valve, and a 44-wagon train: F — longitudinal force in the inter-wagon coupler, kN;
t—time, s.

At the 9th DBV position (full service braking), the character of force variation is similar
to that at the 5th position. The maximum forces again occur for the longest train consist
and reach 395 kN. The key difference is the duration of the impacts. While at the 5th DBV
position the impact duration is 5.6 s (Fig. 5.8), at the 9th position the impacts last 17.9 s,
i.e. three times longer.

At this DBV position, impacts occur for train lengths exceeding 20 wagons. Up to this
length, the force variation is smooth and does not exceed 105 kN. The first impacts occur
for a 25-wagon train, where the forces increase to 345 kN, with an impact duration from
10.81 s to 18.5 s. This comparison shows that regardless of whether the train consists of
25 or 44 wagons, the maximum force values differ only slightly (approximately 50 kN).
However, the impact duration increases significantly with the number of wagons, as
shown in Fig. 5.9 and Fig. 5.10.

F, kN

345 kN —roc1 —rocz

Fig. 5.9 Longitudinal forces for “P” mode of the distributor valve, 9th position of the driver’s
brake valve, and a 25-wagon train: F — longitudinal force in the inter-wagon coupler, kN;
t—time, s.
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Fig. 5.10 Longitudinal forces for “P” mode of the distributor valve, 9th position of the
driver's brake valve, and a 44-wagon train: F — longitudinal force in the inter-wagon
coupler, kN; t — time, s.

In the "G" (Goods) operating mode of the distributor valve, the highest longitudinal
forces are observed during emergency braking applications. This mode also represents
the most critical operating scenario for the distributor valve. Peak longitudinal forces reach
512 kN in a train consist with a length of 44 wagons. At this train length, impact forces
between the wagons occur once again; however, in this particular case, they are not the
primary cause of the maximum force values. The graph illustrating the variation of
longitudinal forces across all couplers for the maximum train length is shown in Fig. 5.12.
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Fig. 5.12 Longitudinal forces for “P” mode of the distributor valve, emergency braking,
and a 44-wagon train: F — longitudinal force in the inter-wagon coupler, kN; t — time, s.

Inter-wagon impacts occur for train lengths exceeding 25 wagons. For shorter trains,
the force increase is smooth and does not exceed 140 kN, as observed for a 20-wagon
train. For a 25-wagon train, where impacts begin to occur, the forces increase sharply to
375 kN.

5.3. Analysis of Different Train Sets and Braking Control Strategies

This subsection presents results obtained for different wagon configurations, track
profiles, and braking control strategies, which are among the most significant factors
influencing braking processes in real railway operation. The results are analysed for full
service braking and a 44-wagon train consist.
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5.3.1. The first 22 wagons operate in “G” mode, while the remaining 22 wagons operate
in “P” mode
Theoretically, this braking strategy should compensate for the braking command
impulse delay and significantly reduce longitudinal forces in the inter-wagon couplers.
The investigation was conducted on the gas-dynamic test rig, and the results are shown
in Fig. 5.13.
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Fig. 5.13 Brake cylinder pressure—time dependance for mixed braking mode: wagons 1—
22 operating in “G” mode and wagons 23—44 operating in “P” mode:
PC — brake cylinder pressure, bar; t — time, s..

The brake cylinder pressure curves are more closely grouped compared to the case
where all wagons operate in “P” mode (Fig. 5.6). The time difference between the first
and last wagons reaching maximum brake cylinder pressure is 10 s, compared to 20 s
when all wagons operate in “P” mode. The calculated longitudinal forces are shown in
Fig. 5.14.
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Fig. 5.14 Longitudinal forces for mixed braking mode (“G” mode for wagons 1-22 and “P”
mode for wagons 23—-44) and 9th position of the driver’s brake valve: F — longitudinal
force in the inter-wagon coupler, kN; t — time, s.

The maximum forces occur in the middle of the train, between the 22nd and 23rd
wagons, reaching 360 kN. The character of force variation is very close to that obtained
for a train operating entirely in “G” mode.

5.3.2. Influence of Isolated Braking Systems
The isolation of the braking systems for specific wagons is implemented within the
44-wagon model developed in Simulink®. For the railway vehicles with isolated braking
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systems, the model is programmed such that the braking force is zero; these vehicles are
subjected only to resistance forces and inter-wagon coupling forces.

The calculations were performed using the "G" (Goods) mode of the distributor valve
and the 9th position of the driver’s brake valve (full service braking). The braking systems
of the following wagons were isolated on a random basis: 5th, 11th, 17th, 24th, 29th, 35th,
and 41st. The calculation results are shown in Fig. 5.12.
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Fig. 5.15 Longitudinal forces for “G” mode of the distributor valve, 9th position of the
driver’s brake valve, and isolated braking systems on selected wagons: F — longitudinal
force in the inter-wagon coupler, kN; t — time, s.

The middle section of the graph, up to 25 s, reflecting the time-history of the
longitudinal forces, does not differ significantly from that of a train consist with all brakes
active under the same operating mode. The maximum forces in this part of the graph
reach 320 kN and are once again recorded in the middle of the train.

The difference occurs towards the end of the braking process, between 34 s and 36
s. At this stage, longitudinal impacts occur within the couplers between the wagon with
the isolated braking system and the wagon directly ahead of it. This is also where the
highest longitudinal forces are observed. The maximum values reach 338 kN, recorded
at the 10th inter-wagon connection, as established from the graph. For comparison, in a
train consist operating under the same braking strategy but without isolated brakes, the
peak forces reach 343 kN. This indicates that the magnitude of the forces does not
change significantly. The primary influence is observed only in the nature of the force
variation during the final phase of the braking process.

5.3.3. Influence of Track Gradient

This investigation was conducted for a train consist of maximum length (44 wagons),
with its movement simulated on the steepest possible track gradient (25 %o), for both
downhill and uphill scenarios. The objective is to analyse the influence of this gradient on
the forces generated within the couplers. As presented in Chapter 4, a downhill gradient
increases the resistance force component by 19.625 kN, whereas an uphill gradient
reduces it accordingly. The braking system is set to "G" mode, and the driver’s brake
valve is in the 9th position. The initial analysis focuses on the train consist moving on a
downhill gradient (descent), which is illustrated in Fig. 5.16.
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Fig. 5.16 Longitudinal forces for “G” mode of the distributor valve, 9th position of the
driver’s brake valve, downhill gradient of 25%., and a 44-wagon train: F — longitudinal
force in the inter-wagon coupler, kN; t — time, s.

In this motion model of the train consist, inter-wagon impacts are present with a
duration from 10.75 s to 24.37 s (totaling 13.62 s). It is precisely in this section of the
graph that the peak longitudinal forces are recorded, reaching a value of 359 kN, which
are once again characteristic of the wagons in the middle of the consist.

For comparison, the results for an equivalent train consist moving on a straight and
level track (shown in Fig. 5.4) indicate a maximum longitudinal force of 343 kN and an
impact duration of 9.96 s. From this, it can be concluded that a downhill gradient leads to
an increase in longitudinal forces by 16 kN and an extension of the impact duration within
the couplers by 3.66 s.

An uphill gradient of 25 %o exhibits the opposite effect compared to the downhill
scenario. In this track configuration, the longitudinal forces in the couplers reach 350 kN,
occurring locally only at the 18th inter-wagon connection. This represents an increase of
7 KN compared to a train consist moving on a straight and level track. Regarding the
duration of the inter-wagon impacts, it is recorded at 7.98 s, resulting in a decrease of
1.98 s. The results are presented in Fig. 5.17.
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Fig. 5.17 Longitudinal forces for “G” mode of the distributor valve, 9th position of the
driver’s brake valve, uphill gradient of 25%., and a 44-wagon train: F — longitudinal force
in the inter-wagon coupler, kN, t — time, s.

5.4. Comparison with Theoretical Results

In this study, the results regarding the time-history of the brake cylinder pressure,
obtained for the "P" (Passenger) mode during emergency braking, are compared with a
theoretically derived characteristic. This comparison is based on the fact that, according

26



to literature sources [2, 18, 23], the brake cylider filling time for "P" mode ranges from 3
to 5 s, and the maximum brake cylinder pressure is 3.8 bar. Furthermore, the air in the
brake pipe propagates at speed of 250 m/s [23, 24, 25]. The same wagon type used for
the laboratory-recorded results was employed as the prototype for this investigation. An
idealized characteristic of the brake cylinder filling was thus obtained:
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Fig. 5.18 Idealised brake cylinder pressure—time dependance for “P” mode of the
distributor valve, emergency braking, and a 44-wagon train: PC — brake cylinder pressure,
bar; t— time, s.

The analysis of Fig. 5.18 indicates that the curves for the individual wagons are much
more closely clustered than those in the actual (experimental) characteristic. This is
attributed to numerous factors that are not accounted for in the idealized modeling, such
as the response time of the distributor valve, air friction within the brake pipe, and others.

Given this specified brake cylinder filling characteristic, the resulting data for the
particular train consist are presented in Fig. 5.19.
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Fig. 5.19 Theoretically derived longitudinal forces for “P” mode of the distributor valve,
emergency braking, and a 44-wagon train: F — longitudinal force in the inter-wagon
coupler, kN; t — time, s.

Even with idealized data, inter-wagon impacts occur once again for a train consist of
this length. However, their duration is significantly shorter than in the simulation of a train
consist using the actual (experimental) brake cylinder filling characteristic. Comparing the
duration of these impacts, the theoretical case yields 1.49 s, whereas the real-world case
results in 17.9 s, representing an exceptionally large discrepancy. In terms of the
magnitude of the generated forces, no significant differences are observed, with values
remaining around 400 kN in both cases.

The initial inter-wagon impacts occur in a train consist exceeding 37 wagons in length
(Fig. 5.20). In contrast, the investigation based on a real-world braking system shows that
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the first impacts appear in a train formation consisting of only 25 railway units. This
indicates that the idealized model allows for a train length that is 12 wagons longer before
impacts and the subsequent sharp increase in coupler forces occur.
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Fig. 5.20 Theoretically derived longitudinal forces for "P" mode, emergency braking, and
a 37-wagon consist: longitudinal coupler force, [kN]; time, [s]

Conclusions to Chapter 5

1)

3)

4)

5)

Regarding "G" Operating Mode:

The analysis indicates that "G" mode is the most favourable distributor valve
setting for long train consists.

The highest longitudinal forces occur during emergency braking, with values
not exceeding 380 kN.

Inter-wagon impacts (represented by the oscillatory/fluctuating part of the
graph) are characteristic for train consists exceeding 35 wagons, whereas
they are completely absent during service braking.

For shorter trains (up to 15 wagons), "G" mode results in higher longitudinal
forces compared to "P" mode.

Regarding "P" Operating Mode:

The peak longitudinal forces for this mode also occur during emergency
braking, reaching values up to 520 kN.

Inter-wagon impacts occur at significantly shorter train lengths, depending
on the DBV position. For Position 5, this occurs for trains over 30 wagons,
while for full service and emergency braking, it starts at lengths exceeding
20 wagons.

Mixed "G/P" Mode:

This braking strategy does not result in significant differences in longitudinal
forces compared to a consist operating entirely in "G" mode. This is due to
the fact that the brake cylinder pressure development does not diverge
sufficiently to create a major discrepancy, as is the case with pure "P" mode.
Presence of Isolated brakes:

The isolation of wagons leads to the occurrence of longitudinal impacts
towards the end of the braking process. These impacts occur specifically
between the wagon with the isolated brake and the one immediately
preceding it.

Maximum compressive (buff) forces between wagons are recorded during
the final phase of the braking process.

Track Profile:

The track gradient does not significantly influence the magnitude of the
longitudinal forces, but rather their duration. Compared to a straight and
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level track, the impact duration increases by 3.66 s on a downhill gradient
and decreases by 1.98 s on an uphill gradient.

6) Comparison with Theoretical Research:

e The comparison between experimental and theoretical results leads to the
conclusion that the more closely clustered the brake cylinder filling curves
of individual wagons are, the shorter the duration of the impacts within the
couplers.

SCIENTIFIC-APPLIED AND APPLIED CONTRIBUTIONS

Based on the results of this PhD thesis regarding the investigation of longitudinal forces
in freight trains exceeding 500 m in length, it can be concluded that a robust and
appropriate research model has been developed. This model integrates computer
simulations of longitudinal force development with full-scale experimental testing of
braking processes as a function of time. The research conducted allows for the
formulation of the following primary contributions:

Scientific-Applied Contributions

. A comprehensive analysis of regulatory documents and available scientific

literature was conducted regarding train braking systems, their simulation and
testing methods, and the established techniques for investigating the magnitude
of longitudinal coupler forces. Based on this review, it was established that while
the majority of studies provide results from theoretical investigations using
numerical methods or mathematical models, there is a notable lack of experimental
verification to validate these theoretical findings.

. A methodology has been developed for investigating the temporal development of

longitudinal forces and the propagation of braking processes along the length of
the train consist.

. A high-fidelity dynamic model of a train consist comprising 44 wagons has been

developed. This model provides an accurate representation of the train's behavior
under the influence of varying operating speeds, track characteristics, and diverse
braking system control strategies.

Applied Contributions

. A modernization of the gas-dynamic test rig for the investigation of braking

processes was carried out for the purposes of this PhD thesis. The compressor
installation was replaced, and a comprehensive maintenance of all pneumatic
devices was performed to ensure compliance with the UIC (International Union of
Railways) operational requirements.

. A measurement system has been implemented, consisting of pressure

transmitters located at 14 points to measure the pressure within the brake pipe
and brake cylinders. An entirely new system for data acquisition and processing
has been introduced, which allows for various methods of data visualisation. This
versatility makes the system suitable for a wide range of research and
development activities.

. Through the developed dynamic models of the train consist during braking, the

forces generated within the inter-wagon couplers for all vehicles in the specified
consist were established. A model representing the theoretical development of
braking processes was developed, and the obtained results were comprehensively
analysed.

. The modernised test rig, the measurement system, the methodology for recording

longitudinal forces, and the simulation model regarding the temporal development
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5.

of braking processes are applicable to future research. They can be employed in
addressing braking performance challenges for various types of rolling stock and
braking systems, including wagons equipped with load-proportional (load-
compensated) braking.

The modernised test rig, the measurement system, the methodology for recording
longitudinal forces, and the simulation model have been successfully implemented
into the educational process. They are utilised in the courses "Technology and
Train Control Systems" and "Traction and Braking Calculations" for students
majoring in "Transport Equipment and Technologies" and "Transport Technology
and Management" at the Faculty of Transport, Technical University of Sofia.
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SUMMARY

Dissertation Title: Investigation of the variation in longitudinal train forces during
braking
Autor: Eng. Stefan Krastev, MSc

The dissertation is dedicated to the longitudinal forces arising in a train set during
braking. Various models describing their emergence and evolution are investigated. Their
dependence on the actual development of braking processes in both stationary and non-
stationary phases is defined. For this study, laboratory tests were conducted to establish
the development of braking forces under various simulated train configurations, travel
speeds, track gradients, and braking system control strategies. Based on this, a suitable
research model was developed and the results were analyzed.

Chapter one provides a review of research related to longitudinal forces in a train set
during braking, based on an analysis of available literature on the dissertation topic. The
literature review analyzes the main types of train braking systems, their characteristics,
performance metrics, and methods for investigating longitudinal forces within the train.
On this basis, the goal and objectives of the dissertation are formulated.

Chapter two analyzes the current state of a test rig for gas-dynamic investigation of
the braking system of a 44-wagon train. For the purposes of the dissertation, a
modernization was carried out, including the replacement of the compressor unit and a
complete inspection of the braking system.

Chapter three presents the measurement system required for recording the primary
parameters of the braking system. A methodology for conducting laboratory tests and
determining the longitudinal forces in the train has also been developed.

Chapter four presents the development of the train set models under the influence of
longitudinal forces using MATLAB Simulink®. The mathematical apparatus for calculating
the forces is described, and the models for individual forces as well as the integrated
model of the entire train set are presented.

Chapter five presents the research results based on the factors with the most
significant impact on longitudinal forces, such as the triple valve mode, the number of
wagons in the train, and the position of the driver's brake valve. This chapter also
analyzes operational factors affecting longitudinal forces, such as track gradient and
braking system inhomogeneity. The obtained results are compared with theoretically
derived data.

In conclusion, it can be summarized that the modernized test rig, the measurement
system, the methodology for recording longitudinal forces, and the simulation model
regarding the development of braking processes as a function of time provide a significant
opportunity to improve the dynamic qualities of long-haul trains.
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