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JlucepTanmoHHHAT TPy € 0OCH/IEH W HACOYeH 3a 3ammTa oT KareapeHus ChbBET Ha KaTeapa
,, | IPON3BOJICTBEHU TEXHOJOTUU U CUCTEMH KbM ,,DaKkynaTeT 10 MHAYCTPUATHU TEXHOJIOTHUHU " Ha
TY-Codus Ha penoBHO 3acenanue, nposeaeHo Ha 02.02.2026 r.

[TyOnuvnarta 3ammra Ha AucepTanuoHHUs Tpyn me ce cheron Ha 30.04.2026 r. or 15:00
gaca B Kondepentnara 3ama Ha BUL] Ha Texumyecku ynuBepcurer — Codusi Ha OTKPUTO
3ace/laHie Ha HAy4YHOTO JKypH, ompeaencHo cbe 3amoex Ne OXK 5.1-21/17.02.2026 r. Ha
Pextopa na TY-Codus B cbeTaB:

1. nou. n-p unx. SABop CodpoHOB — npeacenaren

2. pou. a-p uek. [[Bero3ap MIBaHOB — Hay4eH cekpeTrap
3. mpod. a-p urx. CrossH MaienikoB

4. nou. a-p uHx. Banentun Atanacon

5. goir. n-p urx. Kanua Kpymos

Penenzentn:

1. nou. a-p unx. SABop CodpoHor
2. jaou. a-p uiK. BajgeHTHH ATaHAcoB

Marepuanute 1o 3amuTara ca Ha pas3loIoKeHHe Ha MHTEPECYBAIIUTE Ce B KaHIIeIapusaTa
Ha ,,DakynreTa mo unayctpuanau texnonorun Ha TY-Codusi, 610k Ne3, kabunet Ne 3230.

JlucepTaHThT € peAoBEH [OKTOpPaHT KbM Karenpa “IIpou3BOICTBEHM TEXHOJIOTUU H
cucteMu”’ Ha ,,Pakyarer 10O HMHAYCTpUAIHM  TexHojoruu“. WM3cieaBaHusATra 10
JHMCEpTAlMOHHATa Pa3paboTKa ca OCBHIIECTBEHHW OT aBTOpa C METOIUYHOTO PHKOBOJCTBO Ha
PBKOBOJIMTEIIUTE MY, KATO YaCT OT TSX Ca MOJKPEIICHH OT HAYYHOU3CIICIOBATEIICKHU MPOCKTH.

BJATOJAPHOCTHU

ABTOpPBT U3Ka3Ba CHEIMAIHU 0JIaroJapHOCTH Ha:

Ha exumna u pbkoBonacTtBoTo Ha naboparopusta ,,CAD/CAM/CAE B unpycrpusita® KbpM
OUT npu TY-Codus, unero obopynBane 0e U3MOA3BAHO MPH peAUIia U3CIEIBAHNS, OTUCAHU B
TUCEPTALIMOHHUS TPY;

Ha ,,HanmmoHaneH 1eHTHp 3a MEXaTPOHWKA W YUCTH TEXHOJOTHH , Ch3aJcH 1o JoroBop NO
BG05M20P001-1.001-0008, 3a BB3MOXKHOCTTA J1a C€ TOJ3Ba HAIWYHOTO CHEIHATA3HPAHO
o0opyaBaHe;

Ha nayuynute mu ppkoBoaurtenu mpod. au ['eopru Jumutpor TomopoBs, wi.-kop. u ipod. 1-
p Kocrantun XpuctoB KamOepoB 3a Oe3leHHUTE CBBETM M CBHACHCTBHE IO BpeMe Ha
0o OpMSHETO HA AUCEPTAUOHHUS TPY/

Ha moute 651M3Ku ¥ pUsATENHN, KOUTO MU OKa3Baxa MOJKpENa 3a 3aBbPUIBAHETO HA TPYyAa.

ABTop: Mar. umx. Koncrantun Jlrobomupos JJumutpos
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|. OBIIIA XAPAKTEPUCTUKA HA JUCEPTAIIMOHHUA TPY [

AKTYaJIHOCT Ha MpPodieMa

JluceprailuoHHUAT TpPyJ € HAcoyeH B 00JacTTa Ha BUCOKOCKOPOCTHHTE JIMHAMHYHU
BB3JICHCTBUS U BUPTYAIHOTO MPOTOTUIUPAHE, KAaTO (POKYCHT Ha H3CICABAHETO € BBPXY
MOJEJIMPAHETO, MPOBEKIAHETO HA E€KCIIEPUMEHT, U BaJMJALMITA HA YUCIECHU MOJEIH IpHU
OBP30NPOTHYAIIY HEJIMHEHHN MPOLECH, KOETO OIpEAesl HAyYHO-TIPHIOKHATA 3HAYUMOCT U
aKTyaJIHOCTTA Ha U3CJIEABAHETO.

ey Ha TUCepTALMOHHMS TPY/A, OCHOBHH 32124 U METOAH 32 U3CJIeABaAHe

Bb3 ocHOBa Ha HaNpaBEHUAT aHAN3 HA ChCTOSHUETO HA PA3TIICKIAHUAT MPOOJIEM U Ha TaKa
OIMMHMCAHUTE TI0-TOPE M3BOH, € (OopMyJIMpaHa ClIeJHaTa 111 Ha JUcepTalnoHHaTa paboTa:

Jla ce cp3mame paboTemr MOAXOM 3a MOJCIHMpPAHE M M3CJICIBAaHE HA BHCOKOCKOPOCTHU
JUHAMHUYHU TIPOIICCH Ype3 aHAJIM3HM MPH W3IOJI3BAHE HA BAIMIUPAHH BUPTYATHH NMPOTOTHUIIH.
Ot Taka onpejenieHarTa el IPoU3TUYAT CICTHUTE OCHOBHU 3aJlauu:

3apaua Nel: Jla ce u3rpaau KOHUENIMS 32 MOJCIMPAHE U U3CJIEABAHE HA BUCOKOCKOPOCTHU
JTUHAMHWYHU TTPOIIECH YPE3 BUPTYATHO MPOTOTHITUPAHE.

3amaua Ne2: J[a ce ch3mane METOJOJOTUSI 3a M3rpakJaHEe Ha BUPTyaJeH MPOTOTHUII 3a
M3BBPIIBAHE HA MHKCHEPHH aHAJIW3W Ha BUCOKOCKOPOCTHHU TMHAMUYHH MPOIECH

3amaua Ne3: /la ce ch3mane METO0JIOTHS 3a TPOBEXK/IaHE HA €KCIIEPUMEHTAIHU U3MTUTBAHUSA
3a M3cle[BaHEe HA MOBEACHUETO Ha (PM3UYECKH MPOTOTUIH NMPU BUCOKOCKOPOCTHU JMHAMHYHU
MPOLIECH;

3apaua Ne4: J[a ce cb3maze MOAXOA 3a BaIMIUpPAHE HA BUPTYaJHUTE MPOTOTUIIM HA
BHCOKOCKOPOCTHM JIWHAMHYHU TIPOIECH IOCPEICTBOM IPOBEKIAHE HA CKCIEPUMCHTATHU
n3ciieIBaHus Ha GU3UYECKU TPOTOTHUTT

3agaua Ne5: Jla ce oIleHM aJIeKBAaTHOCTTa W NPHIIOKUMOCTTA Ha CH3JaJCHUS TOJIXO0J Ype3
anpoOanusi BbpXY BUCOKOCKOPOCTEH TUHAMUYCH MPOIIEC

Pa3paboTreHnTe METOAMKM IENAT TOBHINABAHE HA JOCTOBEPHOCTTa HA CHMYJIAIIMOHHUTE
pe3ynTaTd W Ch3JaBaHE Ha CHUCTEMAaTHYCH W TPOCIEAUM TIPOIEC 3a CHIIOCTaBKA MEXKIY
(PMBUYECKN EKCTICPUMEHT M YHUCIICH aHaJIn3.

Hayuyna HoBOCT

Pa3paboTeHa e MeTO0I0THS 32 IPOBEXKAAHE EKCIIEPUMEHTAIHU U3CTIe/IBaHUS 3a U3CIICABAHE
Ha TOBEJCHUETO Ha (U3NYECKH MPOTOTUIM HPHU BUCOKOCKOPOCTHU JWHAMHYHU IIPOLECH,
pa3paboTeHa € METONOJIOTHS 3a M3TrPAKAAHE HA W3YMCIUTEICH MOZEN 3a W3BBpIIBAaHE Ha
WHXCHEPHU aHaJIM3Ud Ha BUCOKOCKOPOCTHM JIMHAMUYHM MpollecM Ha Oa3ara Ha BUPTYyaJieH
MPOTOTUI, pa3padOTEH € UWHTETPUPAH TOJIXOJ 3a BalUuAMpaHE M U3CIEABaHE Ha
BUCOKOCKOPOCTHM JMHAaMUYHM IIPOLIECH, KOHUTO CBhYETaBA METOMOJIOTHUTE 3a BHUPTYaIHO
MPOTOTUIIHPAHE U EKCIEPUMEHTAIHH U3CIeABaHUS Upe3 JOpa3BUTHE HA METOMA ,,uepHa — Osia
KyTUs B €IMHHA JIOTHYECKa CTPYKTypa

IIpakTHYecKa NPUIOKUMOCT

M3rotBeHn ca MpakTUYECKHM HACOKM 3a IJIaHUpPAaHE U TPOBEXKJIaHE HA EKCIIEPUMEHTAIHU
HU3NUTBAaHUA HOPU BUCOKOCKOPOCTHH AOHHAMWUYHH BLSHCﬁCTBHH, OTUHTAllK OT'paHUYCHUATA,
CBBp3aHM C pa3pyMIUTEIHUS XapakTep Ha TECTOBETE, OTPaHWYEH Opoi TPOTOTHUIH U
CHGHI/I(l)I/IKI/ITC Ha HU3MCpPBATCIIHATA TEXHHUKA. AHaJ'II/I3I/IpaHO (& BIIUAHUECTO Ha
EKCIIEpUMCHTATHATA TEXHUKAa BBPXY BB3MPOU3BOJAMMOCTTA Ha pe3yJiTaTHTe, KaTo ca
uAeHTUGUIMpPaHN (HaKTOpH, BIHMSCIIM BbPXY OpPHUEHTALMATA W KMHEMaTHKaTa Ha MajaliuTe
Tela Ha 4YMATO OCHOBAa ca (OPMYyJNHMpAHU MPENOPHKU 3a MOJ0O0psiBaHE HA TOYHOCTTA MpHU
M3MUTBAHUS OT TUI CBOOOJHO TaaaHe. M3BiIedeHW ca MOJ3M 3a JETailyiHaTa pa3paboTKa H
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ONTHMU3AIMS HA JM3aiiHa Ha M3JeNueTo OaTepreH MOy B ChOTBETCTBHE C MOJENa ‘‘UepHa-
Osia KyTHus”.

Anpodanus
W3cnenBanusaTa mo gucepranusara ca ui3BbpuieHH B saboparopuute “CAD/CAM/CAE B
uaaycrpusata” kbM @UT Ha TY-Codus u “3D KpearuBHOCT u OBbp30 MPOTOTUIIUPAHE KbM
CHUPJI, xato wacT OT WH3CIEABAHUATA Ca OCBUIECTBEHHM IpuU paboTaTa MO MPOEKTa
“HannoHaneH HeHTHP 32 BBPXOBU IMOCTIKEHHSI 10 MEXaTPOHUKA U YUCTH TEXHOJIOTUI .

CTpykTypa 1 00eM Ha JUCEPTANMOHHUS TPYA
JucepraunoHHuAT Tpya € B obem oT 204 cTpaHMIM, KaTo BKJIIOYBA YBOI, S TJIaBU 3a
pemiaBaHe Ha (popMyJIHMpaHUTE OCHOBHHU 3a/ladyM, CIHCHK HAa OCHOBHUTE MPUHOCH, CIIUCHK Ha
nyOnuKanmuuTe MO JUcepTauusATa W U3MoJA3BaHa jureparypa. Llutupanu ca obmo 123
TUTEpaTypHU W3TOUYHHMIM, Kato 121 ca Ha matWHWMIA W 2 HA KUPWIUIA, a OCTAHAIUTE ca
WHTEpHET aapecu. Paborara BkirouBa 0010 63 ¢urypu u 5 tabmunu. Homepara Ha durypure u
TabIuIKTe B aBTOpedepaTa ChOTBETCTBAT HA TE3H B JUCEPTALMOHHHUS TPY/I.

Hyoaukanun
Pesynrature ot mucepTalmoHHaTa paboTa ca MyOJWKYBaHW W JOKJIAJBAHW B CIICIHHUTE
HAy4YHU MyOJIMKAIMU U HAy9HH (HOopyMHu:

1. Todorov G., Kamberov K., Dimitrov K., Approaches To Virtual Prototype Validation
of Drop Tests, (2025) AIP Conference Proceedings, 3274 (1), art. no. 050009, DOI:
10.1063/5.0258754, Q4, SJIR 2024: 0.153
https://www.scopus.com/inward/record.uri?eid=2-s2.0-
105000344621&d0i=10.1063%2f5.0258754&partnerlD=40&md5=c36756a357b70869d
4ec4f361604c654

2. Todorov G., Kamberov K., Gavrilov T., Dimitrov K., “Drop test validation of a virtual
prototype of EV Battery Pack”, 14" National Congress on Theoretical and Applied
Mechanics, 2024, Journal of Theoretical and Applied Mechanics (Bulgaria), 55 (4), pp.
387 — 401 https://www.scopus.com/inward/record.uri?eid=2-s2.0-
105027095513&partnerlD=40&md5=5ee9c74c0e9213462130a771fb6af633

3. Todorov T., Bankov B., Zagorski M., Gavrilov T., Dimitrov K., Rapid Prototyping and
Measuring Assessment of a Complex Geometry (2024) 34th International Scientific
Symposium Metrology and Metrology Assurance 2024, MMA 2024, DOI:
10.1109/MMA62616.2024.10817673,
https://www.scopus.com/inward/record.uri?eid=2-s2.0-
85216922578&d0i=10.1109%2fMMA62616.2024.10817673&partnerl D=40&md5=5f0
5e60f87cbaad35bf73991c6d55f4c

4. Todorov G, Kamberov K, Ivanov T, Dimitrov K. Virtual and Physical Prototyping in
Mechanical Shock Test of an EV Battery Module. Engineering Proceedings. 2026;
121(1):12. https://doi.org/10.3390/engproc2025121012
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1. CbABPKAHUE HA JUCEPTALIMOHHUS TPY ]I
1. IUTEPATYPHO IIPOYYBAHE

HapactBamure wu3UCKBaHUS KbM O€30MAaCHOCTTA M HAACKIHOCTTa HA CHBPEMEHHUTE
WH)KEHEPHHU MPOJYKTU MOTUBUPAT U3CIEABaHUA B cdepaTa, MOBUIIABAWKA HUBOTO HA 3HAHUE U
JaBaiiki Bb3MOXKHOCT T€ J1a ObJIaT MOKPUBAHH YpE3 BCE MO-TOYHHU, CHCTEMATUYHU U JI0Ka3yeMH
WHXCHEPHU aHaIW3M. B yclioBusATa Ha yCKOPEHHM IUKIM HAa pa3pabOTKa, YCIOXKHSIBAIIH CE
KOHCTPYKIIMHM W IIHPOKAa ynoTpeda Ha THHKOCTEHHH W KOMIO3UTHH PEIICHUS, JUHAMHYHUTE
BB3JICHCTBUSL C€ TMPEBPBHIIAT B KPUTHYECH (PAKTOp NpH MPOCKTUPAHETO M OLIEHKAaTa Ha
U3JIEIHATA.

BuCOKOCKOPOCTHM ITMHAMUYHHU NPOLIECH

BucokockopocTHHTE AWMHAMWYHU MPOIECH OOXBAIIaT SBJICHHUS, NPH KOUTO IBWKECHUETO,
nedopmarusaTa W B3aUMOJACHCTBUATA MEXIY OOCKTHTE C€ CIIydBaT B KpaTKd BpPEMEBU
unTepBany — nox 1*¥107s. Te ce XxapakTepu3upar ¢ BUCOKHM CKOPOCTH, 3HAYMTEIHH NMHEPLIUOHHH
edeKTH M Pe3KH NMPOMEHH B HATOBAPBAHUATA, KOUTO BOJIAT IO CIOXKHU MEXaHUYHH, TCPMUYHU
U BBJIHOBH sIBIICHUS. Te€3M MPOIIECH MOraT Ja BKJIIOYBAT YJApH, CKCIUIO3MH, CBPBHX3BYKOBU
JBUKCHHSI, KAKTO ¥ BUCOKOCKOPOCTHH JehopManvy Ha Marepuaid. Pa3doupaHeTo U aHaIM3bT
Ha TaKMBa MPOIIECH Ca BaXKHU 32 MHOYKECTBO WH)KCHEPHU MPHUJIOKEHHUSI, KATO MPOSKTHPAHETO Ha
Pa3HOOOpa3HU MOTPEOUTEIICKA TPOAYKTH, aBTOMOOMJIHATA M aepPOKOCMHUYECKaTa WHAYCTPHS,
OaJlMCTHYHATA 3aIlUTa, IMPOW3BOJICTBEHUTE TEXHOJOTHHM W MaTepuano3HaHuerto. [29] Upes
YCBBBPIICHCTBAHW METOAWM HA YHCJICHO MOJCIMPAHE ¢ CKCIICPUMCHTATHA TEXHUKH,
WH)KEHEPUTE MOraT Ja MPEIBIKIAT W ONTHMHU3HPAT TOBEJACHUETO HA KOHCTPYKIHH U
MaTepHaau TpPU Pa3IUYHU YCIIOBHS, KOETO IONPUHACSA 3a IMOBHUIIaBaHE Ha 0OE30MacHOCTTA,
HAJCKTHOCTTA U €PEKTUBHOCTTA Ha ChbBPEMEHHHUTE TEXHOJIOTHH.

MpoabMKUTENHOCT HAa CUMYNUPaHUA npouec
1.5, 10s 1s 0.1s 0.01s 0.001s 0.0001 s

<€

Mbn3eHe Cratuka AMHamuKa

CBOBOAHO BanucTuka YAAPHO-BBAHOBO [JeTtoHauus
nagaHe HaToBapBaHe

Duzypa 1-2: Obobwenue Ha 8UCOKOCKOPOCMHUME NPpoyecu U 00X8ama Ha U3C1e08aHemo

CuMyJIaIMOHHOTO MO/JEJIUPAHEe KATO OCHOBEH HHCTPYMEHT NPH U3CJIeIBAHETO HA
BHCOKOCKOPOCTHH JHUHAMMYHU MPOLECH
B cbBpemMeHHaTa MHIYCTpUSI U3UCKBAHUATA KbM IIPOJYKTUTE CTABAT BCE MOBEYE, HE3aBUCUMO
Jany cTaBa BBOPOC 3a M3CIEABAHE HA IOBEJACHUETO HAa W3JCIHMETO, TapaHTHUpaHE Ha
0€30MMacHOCTTa HA MOTPEOUTENS WM IEI0CTTa Ha MpoaykTra. OT JMHAMHYHU BIUSHUS KaTo
yaapu W KaracTpou [0 TECTOBE Ha W3IMyCKaHe, B [HENIHO BUPTYAJTHHUTE aHAIM3U Ca
HE3aMEHUM MHCTPYMEHT 3a MPOEKTHUPaHEe Ha onTUMHU3npaHu KoHCTpykuuu. [103] TecroBere Ha
CBOOOZHO MaJaHe ca 4acT OT CTAaHAAPTHUTE M3MUTBAHUSA, KOUTO TapaHTUPAT HAAEKIHOCTTA,
0e30macHOCTTa ¥ KaduecTBOTO Ha npoayktute. [104] Te3u u3nuTBaHus ce npujarat B pa3iundHu
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WHIYCTPUAIHNA CEKTOPH, BKIIOYUTEIHO MOTPEOUTEIICKH MPOIYKTH, aBTOMOOHMIIHA WHIYCTPUS,
MEJIMIIMHCKA TEXHUKA, OTIAKOBKHU U APYTH. [22]

IIporpamum cpeacTBa M HHCTPYMEHTH 32 MOJIeJITUPAHE HA BUCOKOCKOPOCTHH

AUHAMMYHH MPOLECH

CBHBpPEMEHHOTO CHMYJIAIMOHHO MOJCIUPaHE HAa BHUCOKOCKOPOCTHU JMHAMUYHHU MPOIECH €
HEepa3puBHO CBBP3aHO C M3MOJI3BAHETO HA CIEHUATIM3HPAHH IPOTPAMHH CPEICTBA, KOUTO
OCUTYpSIBAT BB3MOXKHOCT 32 YHCICHO MOJCIHMpAHE, aHAIW3 W WHTEPIpETalHs Ha CHUIHO
HEJIMHEWHY SIBIICHHUS KaTO yJIapu, CBOOOJIHO MajiaHe, pa3pyllaBaHe W B3aWMOJICHCTBHE MEXIY
paznuunu cpenu. PaszButnero Ha CAE (Computer Aided Engineering) codtyepute mpes
MOCJICJIHATE JECETHJICTHS TH MPEBPbIIa B OCHOBEH HWHXXCHEPEH HWHCTPYMEHT, 0e3 KOWTO
MPOBEKAAHETO HA HAJICHKIHU CUMYJIAIIMOHHU aHAJIN3HU € IPAKTUYECKU HEBB3MOXKHO. [3]

MN3KyCTBEH MHTEJIEKT B HHKEHEPHHUTE AHAJIN3HU
B mnocnegHuTe TOMMHM WM3KYCTBEHHUSIT HWHTEJEKT C€ M3IO0J3Ba KaTo HWHCTPYMEHT 3a
MpeBapUTEIIHA OIICHKA Ha Pe3yJTaTH OT MHXKEHEPHU aHaJIM3HU, KaTO MPEACTABISIBA €CTECTBEHO
MpPOABKEHUE Ha pa3BUTUETO HA KOMIIOTBPHO MOJINOMOTHATOTO HMHXEHEPCTBO. KbM
HACTOSIIIIUST MOMEHT TE3W TIOAXOAM BCE OIe HE Ca HaIbJIHO pPa3BUTH H IIHPOKO
pasnpocTpaHeHU B 00JacTTa Ha BHCOKOCKOPOCTHUTE JWHAMUYHU TPOIECH M CKCIUTUIIUTHUTE
YUCJICHU aHAJTH3H.

HN3Boau kbM riasa 1

B pamkuTe Ha Tekymiara IjiaBa € HW3BBPIICHO IIEJICHACOYCHO JIMTEPATypHO MpPOYyYBaHE,
o0XBalIamo CHBPEMEHHATA HaydyHA WM MPHIIOKHA JIUTEpaTypa B 00JaCTTa Ha BHUPTYaTHOTO
MOJCIUPAHEC U YUCIICHUTEC aHAJIWM31U Ha BUCOKOCKOPOCTHU JUHAMHWYHHU IMPOLUECH, KATO:

* O000meHn ca OCHOBHUTE TMOHSTHS, CBbP3aHU C MH)KEHEPHHUTE aHAJIM3H M B YAaCTHOCT C
JTMHAMUYHHUTE TaKHUBa;

* Pasrienana e ¢u3nueckara CHIIHOCT HA BUCOKOCKOPOCTHHTE IMPOLIECH C aKICHT BBPXY
WHEPUMOHHUTE e(EeKTH, BBIHOBOTO pPAa3MpPOCTPAHEHHE U CKOPOCTHO-3aBHCHMOTO
MaTepHaITHO MTOBE/ICHHE;

* Pasrienanm ca BUCOKOCKOPOCTHHTE AWHAMHYHU aHAU3U KaTO CHIIECTBEH €JIEMEHT OT
KU3HCHHUA LIUKBJI HAa M3ACIHUATA C OIJICA HaMaldBaHC Ha BPEMCTO M pPas3sxoJuTe 3a
pa3p360TKa Ha TPOAYKTU CBHC CHeHanﬂﬂﬂl HN3UCKBAHHA KbBM IIOBCACHUCTO HM IIPH
HUMITYJICHA B”b?))lef/'ICTBI/ISI;

* AHanm3upaHu ca aKTyalHu cpepu Ha NMPUIIOKEHHWE Ha BUCOKOCKOPOCTHUTE TUHAMUYHH
CHUMYJAllMU C IeJ TMO3WIMOHUpPaHe Ha pa3paboTKaTa B KOHTEKCTa Ha CHBPEMEHHHUTE
WH)XCHEPHU TCHJICHIINH;

* OO0o0meHn ca OCHOBHUTE METOJAU 32 EKCIIEpUMEHTAlHA BaJMAAlNsS HAa CHUMYJIAllMOHHU
MOACIIN Ipu BHCOKOCKOPOCTHH JUHAMHWYHHU BBSﬂCﬁCTBHH, BKJIKOUYUTEIITHO
BHCOKOCKOPOCTHO 3aCHEMaHe, aKCeJIePOMETPHYHN U TCH30METPUYHH W3MEPBAHHS, KaKTO
Y KOMOMHHPAHU TIOIXO/TH;

* Pasrienanu ca M3MOA3BaHUTE MPOTPAMHHU CPEIU W YHCICHH TMOAXOJU 3a MPOBEXKIaHE U
BaJWIaNMs HA TMHAMAYHYU aHAJIN3W, KaTo ca (GopMyaupaHu HACOKH 3a Objemara padora
10 TEMAaTHUKarTa,

* VYCTaHOBEHO €, Y€ B aHANM3UPAHUTE H3TOYHMIM JIMIICBA SICHO CTPYKTypUpaH U
(I)OpMaHI/BI/IpaH nmoaxona 3a Bajiuaanusa Ha CUMYJIALIMOHHUA aHaJIN3 ITPH BUCOKOCKOPOCTHU
JTUHAMUAYHU [POLIECH;

* HaGensizaHu ca KpUTUYHU MapaMeTPU U HACTPOMKHU HA JUHAMHYHUTE CUMYJIALUU, KOUTO
cjieaBa aa 6’b,IIaT OTYETCHHU OILIC BBB (bazaTa Ha KOHLOCHTYAJIHO U3IrpaKJIaHC Ha MOZCJIA,

* Ha 6a3a Ha u3BbpIICHHS aHAIN3 ca (OPMYJIMPAHU TENITA U 331a4UTe Ha AUCEPTAITHOHHUS

TPYA.



2. KOHIENIAS 3A MOJEJIUPAHE W W3CJEIBAHE HA
BUCOKOCKOPOCTHU JUHAMMYHU TIPOLIECU YPE3
BUPTYAJIHO IMTPOTOTUIIMPAHE

I'maBara ¢opmynupa KOHLENTyaJlHa paMKa 3a MOJEJIMpaHe M M3Cle[BaHe Ha
BHCOKOCKOPOCTHH JIMHAMUYHH TPOLIECH Ype3 BHUPTyaslHO mnpoTtotunupane. IIpencraBenute
MOCTAHOBKH U KPUTEPUU Ca Pe3ysTaT OT U3BBPIICHOTO JIUTEPATypHO MpoydYBaHe U 00oOmaBaT
YTBBPACHUTE B HayyHaTa W NPUJIOKHATA IMPAKTUKA NPUHLMIM 33 YHUCIEHO ONMCAHHWE Ha
OBp30MPOTHYAIIM HEJNWHEHHH SBJICHHUA. B TO3M KOHTEKCT ca CHHTE3HpaHH OCHOBHHUTE
M3MCKBAaHUs KbM M300pa Ha YHCIICH MOAXOM, AePUHUPAHETO HA TPAHUYHH M HAYAJIHU yCIIOBHA,
(dbopMynHupaHETO Ha MAaTEPHATHU U KOHTAKTHU MOJEINH, KAKTO M YCIOBHUATA 32 OCUTypsSIBaHE Ha
YHCIIeHA YCTOMUMBOCT U (PU3UUECKA JOCTOBEPHOCT Ha PE3yJITaTUTE.

OCHOBHH eJIeMEHTH Ha KOHLeNIUATA
Konuenmusra 3a MoaenupaHe 1 U3cieIBaHe Ha BUCOKOCKOPOCTHU JUHAMUYHHU MPOLIECH Upe3
BUPTYQJIHO MPOTOTUIIMPAHE CE€ OCHOBAaBa Ha TPU B3aUMOCBBpP3aHU HAIpaBJIEHUS, KOUTO
ONpPENENAT LAJIOCTHHS OAXO0, METOAN U KPUTEPHUH 32 OLIEHKA B HACTOAILATA JUCEPTAIUs
* WM3srpaxnaHe Ha U3YUCINUTEIECH MOAEI
» UM306op Ha MeTox 3a pelIeHrne U HACTPOIKa Ha aHan3a
* Bepudukanus u Baiuaupane Ha Mojiena

AHAJMTUYHO ONUCAHME H YHUCJIeHA GOPMYJIUPOBKA HA U3YHMCIUTETHUTE MOIEJTH

B rnaBara ca pasrienaHd OCHOBHUTE CTIEIU(DPHKY HA W3UMCIUTEITHUTE MOJCIN TIPH aHATH3U
Ha OBp30MpOTHYAINM SIBICHHS, KaTo ce€ o0oOmaBar G(yHIaMEHTATHUTE NPUHLUNNA Ha
YHUCICHOTO MoJenupane u (aKTOpuTe, BIHUSCIIM BBPXY YCTOMYMBOCTTA, TOYHOCTTA H
¢usnueckara 000CHOBAHOCT Ha pemieHusTa. lIpeacraBeHu ca XapakTepHHTE OCOOCHOCTH Ha
BpeMeBaTa MHTETPaLMsl, TUCKPETU3ALUATA, MATEPUAITHOTO U KOHTAKTHOTO MOJIEIMpaHe, KaKTO
1 OCHOBHM HACOKHM IpH M300pa W HacTpoiikaTa Ha aHanu3a. PopMylMpaHHU ca U NMPENOPHKH,
MPOU3TUYAIIM OT JIMTEPATYpHOTO NPOyYBAHE M MH)KEHEpPHATa MpakTHKa, KOUTO MOJIomarat
MPABIIIHOTO KOH(DUTYpUPAHE HA CUMYJIAITMOHHUTE MOJICITH.

Konuenrtyanna pamka 3a u3rpaxaaHe Ha M34UCJUTEEH MOAE

N3rpaskganeTo Ha M3YMCIUTEICH MOJEN 3a M3BBPIIBAHE HAa AHAIN3 HA BHUCOKOCKOPOCTHH
AMHAMHYHH TIpoIlecH Ha 0a3zata Ha BHPTyaJeH MPOTOTHII HM3WCKBA CHUCTEMAaTHYCH W
MOCIIEZIOBATENICH TIOAXO, TIPH KOMTO TeOMETpHUsATa, MAaTEePHATHOTO MOBEICHHE W TPAHUYHUTE
YCIIOBUSI €€ pasriIeXJaT KaTo B3aMMOCBBP3aHHM €JIEMEHTH Ha e€JHa o0Ina 4HcieHo-(hu3uYHa
MIOCTaHOBKA.
B pamkuTe Ha HacTosIaTa KOHIETITyaJTHAa paMKa M3YMCIUTEIHHAT MOJET C€ pasriiexiaa He
kato jupektHo komme Ha CAD reomerpusara, a Karo I€JI€BO M3rpaJeHa YHUCICHA
perpe3eHTanus, ChbOTBETCTBAllla HAa XapakTepa Ha pasMIekXTaHMs TUHaMU4YeH mpouec. Tosa
npearnoara ochb3HaT OajlaHC MEXIy IeOMEeTpHYHa NETalIHOCT, MaTepualiHa aJeKBAaTHOCT U
KOPEKTHO 3a/1a/IcHH I'PaHWYHM U KOHTAKTHHU YCIIOBHUS, C IIeJ pa3OupaHe Ha MOBEICHHETO Ha
00EKTa IIPU BUCOKOCKOPOCTHH B3aUMOCHCTBHS.

N300p Ha MeTOA 32 YHCJIEHO pelieHne
N3060pbT Ha METO/ 3a YUCIIEHO PEILIEHUE € KJIFOUOB €JIEMEHT OT KOHLEMIUATA 32 MOJIEJIUPaHe
U U3CJIEBaHE Ha BUCOKOCKOPOCTHHU AMHAMUYHU IIPOLECH UPE3 METO/1a HAa KpailHUTE €JIEMEHTH.
Toit onpenenst HaYMHA HAa BpeMeBa MHTETpalys, CTAOMITHOCTTA HA PEHICHUETO U BH3MOXKHOCTTA
3a aJIeKBaTHO ONMCaHUE Ha HEIMHEWHUTE e(EeKTH, XapaKTEepHU 3a YAApHUTE U LIOKOBUTE
HATOBapBaHUA.



Konuenryanna pamka 3a epuuxkanus 1 Bajauganus

Bepudukanusara u Bamumanuara ca JBa KOHIICNTYaJHO pa3IMYHU €Tama B Ipoleca Ha
BUPTYQJTHO TPOTOTUIIMPAHE, Ype3 KOUTO C€ OICHSABA HAJEKIHOCTTA HA YHUCICHUS MOJICT W
HeroBaTa NPWIOKUMOCT. Bepudukanusita € HacoueHa KbM IpPOBEpKaTa Ha W3YUCIUTEIHUS
MOJIeJT M LIeNM J1a YCTaHOBH JJId MOJENBT € M3rPaJieH M MapaMeTpUu3upaH B ChOTBETCTBHE C
MPEIBAPUTEIIHO JePUHMpaHATa YMCICHA W KOHIICTITyaJlHa MOCTaHOBKa, 0€3 Ja ce M3MOJ3BaT
eKCIIepUMEHTAIHUA JaHHU. Banunanusra uma 3a 1ei1 1a OLleHH JOKOJIKO U3YUCIUTEIHUS MOJEN
OTroBapsi Ha PEATHOTO (PU3UYECKO IMOBEACHUE Ha WM3CJIC/BaHATA CHUCTEMa 4Ype3 CpaBHEHHUE C
HE3aBHUCHUMH CKCIIEPUMEHTATHU PE3YJITATH.

KoHnenTya/jHa cxeMa HAa HANPABJICHUATA IPH MOJEJIMPAHETO HA
BHCOKOCKOPOCTHH JWHAMHYHM NPOLECH
[IpencTaBeHa € KOHIENTyalHa CXEMa,
Excnnuunrer  MnnuuuTen 0600611aBala OCHOBHUTE HANPABICHUS H
AR e KJIIOYOBU TOUKM, KbM KOUTO TpsA0Ba J1a ce

[pannyHm
i sl OpOsSiBU  TOBUIIEHO BHUMaHHE MpHU
U3rPaXKIaHETO HAa M3YUCIIUTEIICH MOJEI
\ / 0asupaH Ha BHUPTyaJIeH MPOTOTHN 3a
BHUCOKOCKOPOCTHH JHHAMUYHU TIPOIICCH.

HenuHeitHn Hacrponkm

Pa3pywasaHxe

KOHTaKTH 1 ananmuss Cxemara rpynupa KPUTUYHUTE
f \1 aCIIeKTH Ha MOJECIMPAHETO B TPHU
CucrassHe Ha
/uauucnureneu Peaynraru ._\ OCHOBHHM HAIIpaBJICHUSI — CBCTaBsAHE Ha
CFL e~ Banpauws ~ M3YHMCJIMTENIEH MOJIEN, HACTPOHMKH Ha
aHaJIM3a b5 HHTEPIIpETALUS Ha
pesyaTaTuTe, Karo IueiaTa M € Ja
Martepuantu
XapaKTepUCTUKH e‘i“ﬂ’:;::::T aKIeHTHupa BBPXY TyBCTBUTCITHUTE
napamMeTpy, KOUTO OKa3BaT JOMHUHHPAIIO
Feomerpus Ananus n
Ha WHTepnpeTauus BJIUAHUC BBpPXY CTa6I/IHHOCTTa,
Mnasxu Ha pesynrarure
ENEMEHTHTS/ (o0 o uexay TOYHOCTTA W (hpU3UYECKATa JOCTOBEPHOCT

efeMeHTuTe

Ha YHUCJICHOTO PCIICHUC.

@uzypa 2-3: Cneyugpuxu npu moderupanemo na ~ V3BOAM KbM riiaBa 2

dopmynupaHa €  KOHIEHIMS 32
MO/IEJIPaHe u u3CieIBaHe Ha
BHUCOKOCKOPOCTHH AMHAMUYHU TPOIECH
4ype3 BUPTYaJIHO MPOTOTUIIUPAHE, KOSATO JeUHUPA OCHOBHUTE MPHUHIIUIN W KPUTEPHH 3a
U3rpaXJIaHe HAa YCTOWYMBH YMCIIeHW Mozenu. KoHienusara oOeauHsIBa OTACTHUTE €Talmu Ha
aHaJIM3a B €IMHHA JIOTHYECKA PaMKa 32 KOHKPETCH M3CJIeIBaH O0CKT B TUCEPTAIMOHHHMS TPY/I;

O06001IeH ca OCHOBHUTE MaTEMAaTHYECKU 3aBUCHMOCTH U YPAaBHEHUSI, OMICBAII METOUTE
32 BpeMeBa MHTETPalUs CHCTEMATH3MPANKH MPHHIUIUTE HAa CHUMYJIAMOHHOTO MOJICIHpaHE
MIPU BHCOKOCKOPOCTHU BB3JICHCTBHsA. POpMUpPAHU ca [IEHHU TPEMOPHKU 33 M3TPAKIAHETO Ha
BUPTyaJIHUSl MOJCJ HAa KOHICNTyaJHO HUBO Ha 0a3a Ha pasriieJaHUTe ITyOJUKyBaHH
npoyuBaHus B chepara;

Bceku eneMeHT € pasriieliaH KaTo 4acT OT B3aMMOCBBbp3aHa CHCTEMa, B KOSITO T€OMETPHSITA,
MaTEpHATHUTE MOJICIH, YUCICHUTE HACTPOMKH M OICHKATa Ha PE3yJITATUTE OKa3BaT B3aMMHO
BIIUSTHUE BBPXY PE3YJITATUTE OT aHAIIN3a,

Pa3paboTeHaTa KOHIEHIMSA 32 BHPTYaJHO MOJEIHMpPAHE MPEIOCTaBs I'bBKaBa METOJIOJIOTHMYHA
pamKa, KOSITO He € O0OBBbp3aHa ¢ KOHKPETHA YHCIICHA peain3alis U MOXKe J1a ObJie ajJlanTupaHa
KbM pa3jIMYyHU BUCOKOCKOPOCTHH JWHAMHYHU 3aJa4d. ToBa Ch31aBa HEOOXOIMMATa OCHOBA 32
MOCIIEJIBAIIIOTO pa3pabOTBaHE HA METOJOJIOTHMH W pealu3hpaHe Ha KOHKPETHU YHCIICHU
W3CcIieABaHMS, IPEACTABCHH B CIICABAIINTE TJIABH HA JUCEPTAIIMOHHUS TPYIL.
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3. METOJ0JIOT'UA 3A N3I'PAKJIAHE HA  BHUPTYAJIEH
INPOTOTHUII 3A N3BBPILIBAHE HA UTH’) KEHEPHU AHAJIN3U HA
BUCOKOCKOPOCTHU IUHAMMNYHU ITPOLECH

Pa3paboTena e MeTo010T s 3a U3rpaXKIaHe Ha U3UMCIIUTENIEH MoJieNl 0a3upaH Ha BUPTyalleH
MPOTOTHUIl U TPOBEXKJAHE HA YHMCIEH WHXKEHEPEH aHAIW3 Ha BHUCOKOCKOPOCTHHM ITWHAMUYHH
npouecu. IlpencraBeHara Mmociie0BaTEHOCT OCUTYpsIBA CHCTEMAaTH4YHA M BB3IPOU3BOAMMA
OCHOBa 3a IOCJE/Ballla €KCIIEpUMEHTAIHA BalMIalUsl Ype3 UHTErpUpaHe BbB BaIUJAIllMOHEH
MOJIXOJ U 32 U3IO0JI3BAaHE HA BUPTYaAJIHUS IMPOTOTHUII KATO HA/AEKIEH WHKEHEPEH UHCTPYMEHT B
mpoueca Ha pa3pa0OTBaHE M OLIEHKAa Ha KOHCTPYKLUH, IMOJJIOKEHH Ha BHCOKOCKOPOCTHHU
JTMHAMUYHU BB3JIEHCTBUS.

Posst Ha BUPTYaJIHUS NPOTOTHUII M HHKEHEPHUTE AHAJTHU3H IPU BUCOKOCKOPOCTHH
AUHAMHYHHU MPOLECH
BupTyanHusiT mpoTOTUII € OCHOBEH WHCTPYMEHT B CHBPEMEHHHUS WH)KEHEPEH aHallu3 Ha

BHUCOKOCKOPOCTHH JAMHAMUYHHU MPOIIECH, ThI KaTO MO3BOJISIBA U3CIIEABAHE HA MOBEICHUETO HA
KOHCTPYKIIMU TIPH yIApPHU M UMITYJICHU HATOBApBaHMS OLIE B PAaHHHUTE €Taly Ha MPOCKTHpAHE.
C pa3BUTHETO HA YUCICHUTE METO/IM U U3YUCIUTETHATA TEXHUKA BUPTYAJTTHOTO IPOTOTUIIHPAHE
Ce YTBBP)KJIaBa KaTo €(EeKTUBHO CPEACTBO 3a aHAJM3, ONTHMHU3AIMS U OIICHKA Ha PUCKA, KaTo
3HAYUTEITHO HaMaJIIBa HEOOXOAMMOCTTa OT MHOTOOPOWHU (PU3UUECKH MPOTOTHITH.

Metononorusi 3a u3rpaxaane Ha U34YMCJIAUTEIEH MO/Ie]1 HA CBOOOHO NMalaHe

Bb3 ocHOBa Ha wu3rpajeHara KOHIICMIHUS 32 ChCTaBSHE HA CHUMYJIALIMOHEH MOJIEN TpH
BHUCOKOCKOPDOCTHHM JIMHAMHYHU HATOBapBaHHs, B HACTOSINUAT pas3jiel € pa3padoTeHa
MocJIeIoBaTeIHa METOIOJIOTHS 32 M3TpaKIaHe Ha M3UMCIIUTEIICH MOoJie 0a3upaH Ha BUPTYyaJcH
npototurn. [lporneca e medwHUpaH KaTO TOCIEIOBATEIHOCT OT METOIU 3a JedUHHpAHE Ha
OTICITHUTE CTHIIKH, KAaTO KOHKPETHHTE HACTPOMKHM Ha MOJeTa W CTBIKH 3aBUCIT OT
u3cienBaHaTa PU3MKa U KOHKPETHATA 3a/1a4a, KaTO HACOKH 3a TSIXHOTO Je(UHUpaHE ca daJIcHH
B IpeIWIIHATA pasriieflaHa KOHIENTyalHa T[yiaBa. MeTrojoioruirta uMa 3a [el Ja
cHCTeMaTH3Upa OTACTHHUTE €Tali Ha YUCIEHOTO MOJEIHNpaHe U JJa OCUTYpH JIOTHYECKa BPh3Ka
MEX]Ty TCOPETUYHHUTE PUHITUIIH, YHUCICHUTE METOIU M €KCIIEPIMEHTAIHATA BaJTUIaLlHsI.

HM3rpaxaane Ha M3YUCIAUTEIEH MO/ M NMPOBEXKIaHe HA AHAJIN3 HA CBOOOIHO
najgaHe
C men neMOHCTpUpaHE W BallUAMpaHe Ha pa3paboTeHaTa METOAOJOTHS 3a BUPTYaJHO
MOJICTTUPAHE W BaJIHMIAlAg Ha BUCOKOCKOPOCTHH JWHAMHYHU TPOILECH € pasrielaH OMpOCTEH
yZapeH cleHapHii — CBOOOJHO MajaHe Ha CTOMaHEHa cauMa OT ThPKaJIIL Jiarep BbpXy TBbpa
MeETaJlHa I17104a, KaKTo Bede € Ae(PUHUPAHO B MPEIUIIHATA TJIaBa.
['moOanHuAT Bamuaupall MOapaMeTbp B U3CIEABAHETO € BHCOYMHATa Ha OTCKAaydaHe,
perucTpupana 4pe3 BUCOKOCKOPOCTHO BHI€03aCHEMAaHE, KOSITO C€ M3I0JI3Ba 3!
® CKCIEpUMEHTAIHA OIICHKA Ha 3aryOuTe Ha eHeprus MpH yaapa;
® BaIMIAINS HA CUMYJIAIIMOHHUS MOJIET;
® AHATUTUYHO M3YHCIICHUE Ha KoeuieHTa Ha Bb3ctaHoBsiBaHe (COR).

B pesynTar Ha yMcieHUs aHANIM3 € OIpeielieHa CKOpOCTTa Ha cauMara ciiesl ynapa, Ha 6asza
Ha KOSITO € M3YMCJICHa BHCOYMHATa Ha orckayaHe. [lomyuyenara cTolHOCT moka3Ba J00po
ChOTBETCTBUE C  CKCIEPUMEHTATHO  W3MEpEHaTa BHUCOYMHA, PETUCTpUpaHa  upe3
BHCOKOCKOPOCTHATa KaMepa, MoJApoOHO onucaHa B cieaBaimara riasa. Ha 6a3a Ha HavaiHarta
CKOPOCT U Ta3M Ha OTCKOK € oIpeiesieH KOe(pUIIMEHTHT Ha Bb3CTAHOBSABAHE , KOWTO CITY>KH KaTo
OCHOBEH KOJIMYECTBEH MHAMKATOP 3a €HepruiiHuTe Tpanchopmanuu npu yaapa. CrrnocraBkaTa
B €Tama Ha BajJHWJalus MEXIy UYUCICHHUTE, €KCIIEPUMEHTAIHUTE W aHAIUTUYHUTE pPE3yJITaTH
MOKa3Ba KOHCHCTEHTHO TIOBEJIEHHME M OYaKBaHa MOCOKAa HA OTKJIOHEHUSTa, O0YCIOBEHH OT
peaTHUTE KOHTAKTHU ¥ MaTepUATHU €(DEKTH.



[Tonyuenure
pe3ynratu
NOTBBPK/1aBAT, qe
U3TPAJICHUAT
BUPTYaJIEH MPOTOTUII

M 1 nMma 0JIM3KO bi (o)
0YaKBaHOTO
. MHOBEIEHUE U MOXKE Ja
obekTa Ha ObJe M3II0J3BaH KaTo
uacneasaHe HaJe)KJIHA OCHOBa 3a
BaJIUIAIAS Ha
y METOJIOJIOTHATa M 3a
n H MTOCJIC/IBAIIIA
Onpezenste Ha . | M3Bop Ha meTona 3a
u3nkara Ha > i paslIUpEeHd YHCIICHH
BpEeMeBa WHTerpaLua:
W3cneasaHus npouec M3CIIC/BAHNS.
[JeduHupaHe Ha JeduHupaHe Ha MoaroToBka Ha H3Boau KbM ri1aBa
KOHTaKTHU < MarepuanHu < reoMETpUATA Ha 3
B3aUMOJENCTBUA XapaKTepuCTHKK BUPTYanHUA NpOTOTHN PaspaGorena e
IocCJeIoBaTeIHA
v METO0JIOTHS 3a
OeduHupaHe Ha | Ownckpetuaauus Ha o HacTpoitku Ha M3rPAXIAHC Ha
rPaHW4HK YCNOBUA “| uscnensanua odexr = axanwaa BUPTYJICH IIPOTOTHUIL
U TpOBEXKIaHE Ha
¢ YHUCJIEH AaHajad3 Ha
Axanus u MposexaaHe Ha BHCOKOCKOPOCTCH
WHTEepnpeTaLMs Ha [« CUMYNaLMOHEH JTUHAMHUYEH MpPOIeC OT
pesyntatute aHanus THUII CBOOOHO IaJlaHe,
KaTo ca OTYETEHHU
v HACOKHUTE M €TaINuTe
0TOEIA3aHU B
Kpait KOHIIENTyaJiHaTa
rjaBa. OcTananuTte

U3BOJIM ca 00OOIICHU
B CJIEIHUTE TOYKHU:
Hamnpaseno e
CpaBHCHHE MEXTY
pa3iMYHU TOJIXOJU B

@uzypa 3-1: Memoodonoeus 3a uzepaxcoare Ha U34UCIUMENEH
mooen (M1)

KOHTEKCTa Ha CBOOOIHOTO IaaHe;

Onucann ca MOAPOOHO CTHIIKMUTE OT METOJOJOTHSATA B KOHTCKCTa Ha W3IPaXIAHETO Ha
BUPTYyaJICH MOJICI 3a M3ITUTBaHE HA CBOOOIHO MaJlaHe;

MeTtozonorusra ¢ anpoOupaHa 4pe3 ONMPOCTCH MpHUMEp — IMajaHe Ha CTOMAHCHa cauMa OT
TBhPKAJISII JIarep BbPXY TBHP/ia KOHTAKTHA MTOBBPXHOCT, KOSTO MO3BOJISIBA SICHO JeUHUPAHE HA
TCOMETPHSITA, MATEPUATHUTE XaPAKTEPUCTUKH U TPAHUYHUTE YCIIOBHUS,

[TomydeHWTEe YHUCIIGHW pE3yJlTaTH Ch3JIaBaT HAJSKIHA OCHOBAa 3a  IIOCJIC/BAIla
CKCIIEPUMCHTAJTHA U aHAJIMTHYHA CHIIOCTAaBKa, Ype3 KOATO B CJCABAIIMTE IJIABH CE WU3BBHPIIBA
BaJMJAIMS HAa BHUPTYaTHHWs MOJEI W OICHKA Ha TMPWIOKUMOCTTa Ha pa3paboTeHaTa
METOOJIOTHSL.
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4, U3CJIIEABAHE METOAOJIOTUS 3A TIIPOBEXIAHE HA
EKCIIEPUMEHTAJIHU WU3IIMTBAHUSA 3A M3CJIIEABAHE HA
HOBEAEHUETO HA @®U3UYECKHU TMPOTOTUIIN TIIPA
BUCOKOCKOPOCTHU ITUHAMMNYHU ITPOLHECH

ExcriepyuMeHTaIHUTE  W3NUTBAHUSA Ca  HEpa3[elHa 4acT OT  H3CIEABAaHETO Ha
BHCOKOCKOPOCTHH JTMHAMUYHH TPOILECH, Thil KAaTO OCHTypsBaT OOCKTHBHA WH(pOpMauus 3a
PEAIHOTO MOBEJIEHUE Ha (PU3NYECKUTE MPOTOTUIM IIPU yJIaPHU HATOBAPBAHUS, B ChOTBETCTBUE
c Mozena ,uepHa-Osna kytus“ . Te mo3BonsiBaT HAaOMIOAEHME W OLIEHKAa Ha LSJIOCTHOTO
MOBE/ICHUE HAa KOHCTPYKLMATA, HA MEXAHU3MUTE Ha AeopManus U pa3pyllaBaHe, KAKTO U Ha
CHeprUiHUTE MpPOIECH, KOUTO TPYAHO MOrar Aa ObJaT OLEHEHH KOPEKTHO CaMO upe3
BUPTYaAJIHO IIPOTOTUIIUPAHE.

PoJist Ha eKcIepUMEHTAJHUTE U3CJIEABAHUS NIPU AHAJIU3 HA BUCOKOCKOPOCTHH
AMHAMUYHU Bb3AeHCTBUS
ExcnepuMeHTanHUTE UW3NUTBAHUS 3aeMaT KIKYOBO MSCTO B  M3CIEABAHETO HA

BHCOKOCKOPOCTHU JTUHAMHYHHU MPOIECH, Thil KaTO MO3BOJISABAT OILICHKA HAa PEaTHOTO MOBEICHHE
Ha KOHCTPYKIMUTE MIPU KOMIUJIEKCHHU YCJIOBHS, XapaKTepU3UPAILX C€ ChC CHIIHA HETMHEHUHOCT,
KOHTaKTHU B3aUMOJICHCTBUS U BUCOKH CKOPOCTH Ha jaedopManus. B Te3u ciiydaun, BUPTyaaTHUTE
MPOTOTUIIA, HE3aBUCUMO OT TSAXHATa CJOXHOCT, Ca OIPAaHUYEHU OT HJIeaTU3alUN B
reOMETpHUATa, 3aJaJICHUTE MaTepUaTHU XapPAKTEPUCTUKU U HACTPOMKHUTE HA KOHKPETHUS
aHaynms. [lopanu HanMYKMeTO HA MHOTO MMPOMEHJIMBH 3a PEUICHUETO Ha MOI00HA 3a/1a4a, KaKTO U
Ha TPYAHO MPEIBUIMMOTO MOBEICHUE HA CHUCTEMaTa, YECTO MbTU C€ Hajara Ja ce M3BBPIIU
BaJIMIAIMA 32 TAPAHTUPAHETO HA KOPEKTHHU PE3yJTaTh. B mpakTHkaTa eKCIepUMEHTHT MOXKE Ja
M3MBJIHSIBA HAKOJKO OCHOBHHU (yHKIHMH. OT €IHa CTpaHa, TOM YeCTO CIY)KH KaTo CPEACTBO 3a
cepTudUKaIMsI U MPOBEpKa HAa CHOTBETCTBUETO HA M3ICIHS W KOHCTPYKIIMH C HOPMATHUBHHU
M3UCKBaHUSI TIPU yAapHU HatoBapBaHus. DOKychT Ha Tekyiiara paboTa € HacOuYeH KbM
EKCIIEPUMECHTAIHUTE HW3MUTBAHUS KOWTO TIO3BOJISIBAT HWJACHTU(DUIIMpAHE Ha peaJTHUTe
MEXaHU3MHU Ha Jedopmalius, paspyliaBaHe U TpaHcPopMaius Ha €HEprusi, KOUTO YECTO He
Morar na ObJaT €JIHO3HAYHO W3BJICYCHW OT YHCICHH pe3yiaTaTH. B To3M CMHUCHI
EKCIICPUMCHTBT TPEAOCTaBs KAYeCTBEHA W KOJIMYECTBEHA WHGOpMAIUs 3a IOBEICHHUETO Ha
o0eKTa mpu yaap.

HN3MmepBaTeJHM METOAM MPH BUCOKOCKOPOCTHU AUHAMMYHH €KCIIEPUMEHTH

[Tpu w3nUTBAHUATA OT TUII CBOOOHO MagaHe MHPOPMAIUATA 32 TUHAMUYHOTO TTOBECHUE HA
TECTOBHS 0Opasen He MOXKe Ja ObJe MOlydeHa JUPEKTHO 4pe3 KIACHYECKH CTATUYHU WA
KBazucTaTHUHU wu3MepBaHus. OIEHKaTa Ha pe3yiTaThTe ce 0Oa3upa Ha PErHCTPUPAHE Ha
rII00aTHM KUHEMAaTUYHH TapamMeTpu (CKOpOCT, TpeMecTBaHe, BpeMe Ha KOHTAaKT) W Ha
HaOJII0ICHNE Ha HACTBHITWIINTE €IaCTHYHU ¥ IUIACTHYHU AePOpMaInu.

B riaBara ca pasriieiaHd OCHOBHUTE €KCIIEPUMEHTAIIHU MMOJX0/IU 3a PETUCTPUPAHE U OLICHKA
Ha JMHAMHUYHOTO MOBEACHUE NIPU YJIapHU HATOBAPBaHMUsI, U3II0JI3BAHHN KAKTO B MHAYCTpUaIHaTa
MpaKTUKa, Taka M B CbBPEMEHHUTE HAydyHH wu3cienBanusd. llpencraBeH e 0030p Ha
¢uznueckuTe, BUPTYaATHUTE U XUOPUIHUTE METOAM 3a U3MEPBAHE M aHAJIM3, KaTO aKLEHTHT €
MOCTAaBEH BBPXY TIXHATA MPUIOKUMOCT TMpPU BaIUJAUMS HA BHUPTYaJHU MPOTOTHUIIH.
AHanu3upaHu ca NpeIuMCTBaTa, OrPAHMYCHHITA U HUBOTO HA JOCTOBEPHOCT HA Pa3IuYHUTE
MOAXOAM B 3aBUCUMOCT OT TEOMETpHsTa, Marepuaja M XapakTepa Ha JIUHAMHUYHOTO
BBb3/ciicTBUE. OCHOBHUTE U3MOJI3BAHU MTOAXOAHM Ca:

¢ BHICOKOCKOPOCTHO BHI€03aCHEMAHE
eO1ieHKa Ha OCTaThyHA TUIACTUYHA JIehopMaLus
® AHAIMTUYHM NTPECMATaAHUS
o XuOpUIHH TOAXO0IU
11



MeToa0/10r44 32 MPOBEKIAHE HA €eKCIIEPUMEHTAJIHUA U3NUTBAHUA MPU TECTOBE HA
BHCOKOCKOPOCTHHM IMHAMUYHH Bb3ACHCTBUSA
B noarnmaBata e ¢opmyiaupaHa METOJIOJIOTHS 3a IPOBEXAAHE Ha EKCIIePUMEHTAIHU
W3MHUTBAHUS TIPH BHUCOKOCKOPOCTHU JWHAMHUYHU BB3ACHCTBH, MMOMaJalyd B o0XBara Ha
TUCEPTAMOHHMS TPYA. METOAOJOTHATA CThIIBA BBPXY pasrielaHuTe B MPEAXOAHHUTE pPa3Ieiu
KJ1acu(UKaIH Ha

CKCIICPUMMCHTAIHHA M2
METOOU, HU3MEPBATCIIHU Moarotoska/
Kanubpauus Ha
noaxon U MPUHIHUIN 3a u3MepBarenHara
[eduHupane Ha TexHuka (M4)
BaJMganyd Ha BUPTYAJIHU e
IIPOTOTHIIN. AMaMITIHOTO
Bb3fgencrsue
[Ipennoxenara
METOO0JIOT U [ [lecduHnpaqe Ha
CLEHapHA Ha
OpUIIOKKUMaA 3a pPas3IMdYHUu AVHAMUUHOTO
Bb3gencrsue
THUIIOBE BHUCOKOCKOPOCTHH l
BB3CUCTBUS B
MoaroToska Ha
pasriICKaaHuAa BPEMECBU usuiecknn [«
npotoTvn

JIMAIIa30H, BKJIIOYUTEIIHO
CBOOOJIHO TajJiaHe, yAapHH
B3aUMOJICHCTBUA U APYTH
WMITYJICHU CLICHapHH,

——

MoaroToBka/
Kanubpauua Ha
u3MepBsarenHara
TexHuka (M4)

¥

Moarotosxal

XapakTepusupamu ¢€ C Kanubpauua Ha
KpaTKa MpOIbIKUTEITHOCT S obia ()
Ha  KOHTAaKTa,  CHJIHO "
HCEJIMHEHHO MOBCICHHE U Mposexaate Ha

eKCnepmMMmeHTa
OIpaHUYCHU -
BB3MOKHOCTH 3a - o —

W3BNWU4YaHe Ha
HHpeKTHO I/I3MepBaHe Ha s cz:}?:;gzi:";-e = eKCcnepuMeHTanHuTe
BBTPELIHUTE HpOLIECH. e
Metoposorusra

UHSB OueHka Ha
066;{ a HafeXgHOCTTa Ha ‘_Banw:lauua Llen Ha CpasxureneH > I/L:;Z’Z{pv:l:)isggﬁe
HOCHeHOBa’I‘eHHO eKcne;;n;s:;::Hme Ha BN eKCl‘lepMMeHTa? aHanus MSCﬂeﬂBaHMR?
TUTAHUPAHE Ha
eKCHepI/IMeHTa, Ceprucbuumparie
nepuHupaHe Ha :
AHanuz u
I'pPaHUYIHUTE YCJIOBUSA H AA > WHTEpNpETaLMA Ha |« aA
[anHuTe

HaTOBapBalllUTe CJIyYaw,
MOATOTOBKA HA MPOTOTUTIA
u U3MepBaTeHATa
CHUCTEeMa, TPOBEXKIaHE Ha
M3MUTBAHUSITA u
IbpPBUYHA  OIEHKA  Ha
pesynrarute. [logxoastT e
(dhopmynupaH Ha KOHIIENITYaJTHO HUBO, 6€3 00OBbp3BaHE ¢ KOHKPETHA KOHCTPYKIIUS WM Maiao,
KOETO T03BOJISIBA Al Tallusl KbM Pa3IuIHU MHXCHEPHH MPUITOKCHHUS.

Quzypa 4-1: Memooonoeus 3a npogexcoare Ha
eKcnepumMeHmanto uzcieosauve — (M2)

Ouenka u aHaau3 Ha pesyararure. IIporokon oT M3NUTBAHKUSA
OneHkata Ha pe3y/lTaTUTE C€ HU3BBHPIIBA Bb3 OCHOBA Ha MPEABAPUTETHO AePUHUpAHU
KpUTEpHUH, ChOOpa3eHH C LielTa Ha EKCIEpUMEHTa — BaJINJALUs, CPAaBHUTEIECH aHAIU3 WU
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cepruduuupane. KitouoB eneMeHT B TO3M MPOIEC ca MPOTOKOJIUTE OT M3MUTBAHHUSA, KOUTO
OCUTYpPSIBAT CTPYKTYPHUPAHO U MPOCIEAUMO JOKYMEHTUPAHE Ha IPOBEICHUTE TECTOBE.

[IpoTokonuTe OT W3NMTBAaHUSA CHABPKAT UHPOpPMaLMi 3a TECTOBUS  oOpaserl,
EKCIIEpUMEHTAJIHATa MOCTAHOBKA, H3II0JI3BaHAaTa W3MEpBATEIHA TEXHUKA, HACTPOMKUTE Ha
00OpyJIBaHETO, YCIOBMATA Ha W3NUTBAaHE W HAOMIOJAaBaHUTE pe3yiaTaTu. Te ciaykaT Karo
OCHOBa 3a IOCJIeBallla MHTEpIpeTalns Ha JaHHUTE, 3a OLIEHKAa Ha IMOBTOPSIEMOCTTa U 3a
apryMEHTHpaHE Ha HAJEKIHOCTTAa Ha EKCIHEPUMEHTATHUTE pe3yiTatd. B KOHTeKcTa Ha
HACTOSAIIOTO M3CJEIBAHE MPOTOKOIUTE OT M3MUTBAHUS UMAT JOMBIHUTENHA PO KaTO BPH3Ka
MeXIy (PU3NIECKUTE EKCIIEPUMEHTH U YUCIICHUS aHAJIU3, MIO3BOJISBAKH JUPEKTHA CHIIOCTaBKa
Ha KJIIOYOBM MapaMeTpu M OOEKTHBHA OLICHKAa Ha CTENEHTa Ha CBOTBETCTBUE MEXKIY
EKCIIEPUMEHTAIIHUS U BUPTYAJIHUS IPOTOTHIL.

H3caenBaHe HA eKCIIEPUMEHTAJTHATA TEXHUKA

B Hacrosimara riaBa € U3BBPLICHO M3CIIE[BaHE Ha paboTara Ha MAlIMHA 3a U3MUTBAaHUS Ha
cBOOOAHO manaHe, ¢ (OKYyC BbpXy JAMHAMUKaTa Ha Majallata mMaca W BIMSHHETO M BBPXY
3ara3BaHETO HAa OpUEHTAIMSATa Ha TECTOBMSI OOEKT. AHAIM3UPAHU Ca PEATHUTE IBHUKEHUS Ha
yCTaHOBBYHATA Maca B HayaJlHUA €Tall Ha M3OUTBAHETO 4Ype3 BHUCOKOCKOPOCTHO
BUJI€O3aCHEMAHe, KaTo LelTa € Ja €€ HUACHTUQUIMPAT H3TOYHHULM Ha OTKIOHEHHS OT
UJCATHOTO TOBEJCHHE M Ja CE€ OIECHM MPUIOKUMOCTTA HAa MaIllWHATa 32 HM3MUTBAHUS I10
paznuuHu ctaHmaptu. [lomydenunte pe3ynTaTd CIyKaT Karo OCHOBa 3a ¢opMylMpaHe Ha
MPAKTUIECKN HACOKH OTHOCHO M3IMOJI3BAHETO Ha MAlllMHATa, KaKTO W 3a KPUTHYHA OIICHKA Ha
OTPaHUYEHUSTA, KOUTO CJIeBa Aa ObAAT OTYETCHH MTPU HHTEPIPETALNS HAa EKCIIEPUMEHTATHUTE
JaHHH.

ExcnepumeHTaIHU M3C/IeIBAHUS HA JMHAMHUYHA BUCOKOCKOPOCTHHU MPOLECH U
BAJU/IALMSA HA NIPEICTABEHATA METOX0JI0T U

B rmaBara e mpeacTtaBeHO mMpuiaraHETO Ha pa3padOTeHaTa e€KCIICPUMEHTAIHA METOOJOTHS
3a W3ClieIBaHE Ha BUCOKOCKOPOCTHHM JTWHAMHWYHHM IMPOIECH YPEe3 M3MUTBAHMS OT THII CBOOOHO
majgaHe. 3a IeNMTe Ha BajlWJaluATa € U3MOJ3BaH ONPOCTeH H Ja00pe AepuHUpaH
EKCIICPUMCHTAJICH OOCKT OT MPEIUITHUTE TJIABH C IIeJI MPOJBbKaBaHE Ha HW3CIICIBAHETO —
CTOMaHEeHa cauMa OT ThPKAJIAILL JIarep, KOeTO MO3BOJISIBA SICHA UHTEPIPETALMS HA PE3YNTATUTE
Y MUHMMH3UPaAHE Ha JOMbIHUTEIHU KOHCTPYKTUBHU U TEXHOJIOTUYHU BIUSHUS.

[IpoBeaeHUTE EKCIEPUMEHTH UMAT 32 1IeJT J1a OCUTYPST HaJlekKIHA eKCIIepUMEHTa Ha 0asa 3a
onpeiesiHe Ha KUHEMATUYHUTE TIOKa3aTeNd MPU yAap, KaTO OCHOBEH OIEHBYECH MapameThp €
W3MOJI3BaHa BHCOYMHATa HAa OTCKa4aHe U CHOTBETHO KOC(PHUIIMEHTHT HA BB3CTAHOBSBAHE.
[TonyueHuTe pe3yaTaTu CllykaT 3a €KCIHEpPHUMEHTAIHAa U AHAIUTUYHA CHIIOCTABKA C YUCIICHUS
MOJIe]I, TPEJCTAaBEH B MPEIX0HATA I1aBa.

ExcriepumMeHTHTE Ca TPOBEIEHW C IMOMOINTAa Ha CTaHJApTHA MallMHa 3a W3MUTBAaHUS Ha
cBOOOIHO MajjaHe Oe3 HalpaBsIBAIINA, B ChOTBETCTBHE ¢ M3UCKBaHUATA Ha cTaHmapT [SO 2248.
W3non3BaHaTa MOCTaHOBKA OCHTYpsBa J00pa MOBTOPSIEMOCT HAa YCIIOBUATA HAa HM3MUTBAHE U
MUHHMMAJTHO BIIMSIHUE HA MMApa3UTHU JABUKCHUS U 3aBbPTAHMS HA TECTOBUS OOCKT.

Bucounnara Ha majaHe e 3ajajeHa kaTto 1 m, KOETO ChOTBETCTBAa Ha CKOPOCT Ha KOHTAKT
npuom3uTenHo 4.43 m/s. MexaHu3MbT Ha MalllMHATa YCKOpSBa MAJaioTo TSAJIO C MO-BUCOKA
HavyaJiHa CKOPOCT B CpaBHEHHE ChC CBOOOJHOTO MajJaHe MO/ ACHUCTBUE HA 3eMHOTO MPUTETJISIHE,
KOETO BOJH JI0 BUCOKA MOBTOPSIEMOCT Ha KOHTAKTHATA MO3UIUS U YJICCHSIBA PETUCTPUPAHETO HA
mpoieca 4pe3 BHCOKOCKOPOCTHO BHJIEO3aCHEMaHE. 3a pEerucTpupaHe Ha JIBUKEHUETO €
M3M0JI3BaHa BUCOKOCKOPOCTHA Kamepa cbe ckopocT Ha 3amuc 1500 kaabpa B cekyHna. [lonero
Ha 3pPCHHE € OPHCHTHPAHO BEPTHKATHO, KOETO TO3BOJSBA NPHU HW3MHUTBAHUATA C IO-MEKaTa
KOHTaKTHA TUTo4Ya J1a ObJie 3aCHETa MMbJIHATA TPACKTOPHUS Ha OTCKOKA W CHOTBETHATa BUCOYMHA,
a TIpH MO-TBBpAATA II0Ya — TOYHO ONPEIEIITHE Ha CKOPOCTTa HEMOCPEICTBEHO CJIe] KOHTAKTA.
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B pe3yJrar Ha
MIPOBEJICHUTE U3MUTBAHUS
€ OTYeTeHa BHUCOYMHA Ha
OTCKOKa oT
npubnusurenHo 85 cm
IIpY U3MO0J3BaHE Ha IO-
TBBpJATa KOHTaKTHa
y104a 1 0KoJ1o 32 cm npu
no-mekara miova. Te3u

pe3yiratu SICHO
JEMOHCTpUpPAT

3HAYUTCIIHOTO  BIIMSHHC
Ha MEXaHUYHUTE
CBOICTBa Ha KOHTAKTHATa
ITOBBPXHOCT BBPXY

eHepruiiHuTe 3aryou mnpu
yaap. Ilpu usnurBanusTa
C TIO-MeKaTra Iuloya e
HaOmo1aBaHa ACHO
u3paseHa JIOKaJHa
IUIACTUYHA eopMaLus B
30HaTa  Ha  KOHTAKT,
nokazaHa Ha @urypa 4-
11. Ta3u nedopmarus
BOJAU J0 3HAYMUTEIHO IIO-
HUCKAa  BHCOYMHA  Ha
OTCKOKa ¥ ChOTBETHO I10-
HUCKAa  CTOMHOCT  Ha
Koe(puuueHTa Ha

BB3CTaHOBsIBaHE. Pe3ynTarute, MoydeHU MpHU MO-TBbpAaTa KOHTAKTHA IUI0OYA, Ca M3MOI3BAHH
3a ToCJeBalla aHAIMTHYHA M YHCJICHA CHIIOCTaBKAa, Thil KaTo MEXaHMYHUTE CBOWCTBa Ha
ioJara ca MO-OMU3KM 10 TEe3W HAa CTOMAaHEHOTO TOMYE M BIUSHUETO HAa IUIACTHYHATA
nedopmarus € orpanndeHo. Ha tasu 6a3a e ompenenen koepuueHT Ha Bb3cTaHoBsiBaHe COR
~ (.85, KOWTO € B ChOTBETCTBUE C OYAKBAHUTE CTOMHOCTH 32 KOHTAKT MEXJIy CTOMAHCHH TeJia C

BHCOKa TBBPJIOCT.

(a) Ilpeou konmaxma
@Duczypa 4-13: Cpasnenue na eucouuHama Ha OMcKa4aHe
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ExcnepumeHTaIHU U3C/IeIBAHUS HA JTMHAMUYHN BUCOKOCKOPOCTHHU MPOLECH U
BAJIMIALMS HA MPEJACTABEeHATA METOX0JI0T sl
HagexxnHoTo OT4YMTaHe Ha EKCIEePUMEHTAIHUTE pe3ylATaTH NpPH W3MUTBAHUS OT THUI

CBOOOIHO MajjaHe W3UCKBA KOHTPOJI BbPXY TPU KIFOYOBH enieMeHTa: (1) Bh3Mpou3BOAUMOCT Ha
yCIIOBUATA Ha MajaHe, (2) mocTaTbyHa BU3yaidHa MH(OPMALNS 32 OPUEHTALNUATA U KOHTAKTHUS
MOMEHT H (3) u3Mepuma BeIMYMHA, MOAXOASINA 32 KOJTMYECTBEHA CHIIOCTABKA C M3UHCIUTEITHUS
Mojen. B HacToAmoTo u3ciieBaHe OCHOBHUAT €KCIIEPUMEHTAJIEH MHAMKATOp 3a BaJUAalus €
koeumeHThT Ha Bb3cTaHoBsiBaHe (COR), ompenensH 4pe3 BHCOUMHATA HA OTCKAa4YaHE W/WIIH
CKOpOCTTA cJiell yapa, U3BJIeUeHH OT BUCOKOCKOPOCTHO BUAEC03aCHEMAHE.

HU3Boam ot riasa 4
Pa3zpaboTena e MeTOJ0JI0OTHS 3a IUTAHMPAHEe, MPOBSXKIAHE M aHAIW3 HAa EKCIIePUMEHTAIHU
M3CJICIBAHUS MPH BUCOKOCKOPOCTHH JMHAMUYHU BB3IACHCTBHUSA, OPUEHTHpPAHA KbM IOJArOTOBKA
Ha HAACKIHM JaHHM 3a IOCJIeJBalla BaluAanus Ha BUPTyalHH mnporoturnu. OcTaHamIuTe
M3BO/IM ca 000OIIEHH B CJCTHUTE TOUKH:

e 1I3BBpIIICHO € U3CiIeIBaHEe HA U3IT0JI3BAHOTO JIJAOOPATOPHO 000PYIBaHE 32 TECTBAHE MPH
CBOOOHO TaJaHe C aKIEHT BbPXY BB3MPOU3BOJMMOCTTA U 3alla3BaHETO Ha
OpHEHTAIMATA MPU KOHTAKT. Upe3 BUCOKOCKOPOCTHH 3aIMCH Ca HACHTU(DUIIUPAHH
CTpaHMYHHU OTMECTBAHMS Ha Majaiara Maca.

o dopMmynupaHu ca MPAKTHYECKH HACOKH 32 MUHUMH3UPaHE Ha BIMSHHETO Ha
OTMECTBAHETO Ha IajaIiara Maca

e Meroaonorusra ¢ arnpodupana ¢ MpocT MpuMep — CBOOOTHO MaTaHe Ha MeTallHa cepa,
B ChOTBETCTBHE C MPEAUIIHUTE TJIaBH HA KOHIICTTUPAHE M MPOBEXKIaHEe Ha
CHUMYJIAlIMOHEH aHaJn3.

e EkcrneprMEeHTHTE ca YCIEIIHO MTPOBEJACHHU, KaTO € 3aCHeTa MPEI[M3HO BUCOUYHNHATA HA
OTCKOK 32 IICJTUTE HA BAIMJAIHUATA HA CUMYJIAIIHOHHIS MOJICIL.

5. MOAXOJA 3A BAJIMAUPAHE HA BUPTYAJIHUTE MNPOTOTHUIIN
HOCPEACTBOM IPOBEXJIAHE HA EKCIIEPUMEHTAJIHAU
N3CJIIEABAHUSA HA ®PUSUYECKHA ITPOTOTHUIIN

BanmupanusaTa Ha BHUPTYaJIHHTE NPOTOTHIM IPEACTABIsBA KJIKOYOB €Tall B aHalM3a Ha
BHUCOKOCKOPOCTHH TMHAMHYHU MPOLIECH, Thil KaTo uYpe3 Hesl Ce yCTAHOBSBAa CTENCHTA Ha
CHOTBETCTBHE MEK/y YUCICHUSI MOJICN U PEATHOTO (pU3HIECKO moBeeHue. To3u mpolec He ce
CBEX/a 10 TUPEKTHO CHBIIAJICHUE HA OTACIHHU PE3yJITaTH, a M3MCKBa IEJCHACOUYCH M300p Ha
BAJTUTUPAILY [TOKA3aTEIH, TIOIXOISIIN METO/IU 32 CPAaBHCHHUE U SICHH KPUTEPUH 3a IIPHEMaHe Ha
KOpenanusTa.

Posist Ha BaMAMpPaHEeTO NPH BUPTYAJIHO NPOTOTUIIMPAHE HA BUCOKOCKOPOCTHH
AMHAMHYHHU MPOLECH
CaMOCTOSTETHOTO H3IOJI3BaHE HA YHCIECHW MOJIENH TPH BUCOKOCKOPOCTHU JHHAMHYHU
MPOIIECH € OTPAaHUYCHO OT PeIrlla TOMYyCKaHus U uicann3anui. HesaBucumMo ot Hampeapka Ha
W3YUCIIUTETHUTE METOAM M CO(TyepHHTE WHCTPYMEHTH, YHCICHHUSAT aHaW3 HE MOXKE
€THO3HAYHO JIa TapaHTHpa KOPEKTHO BB3MPOM3BEKIAHE HAa PEATHOTO (DM3MUYECKO TOBEICHUE
0e3 excriepuMeHTanHa pedepenuus. [lopagu ToBa BanuIMpaHETO HE CJe/Ba Jla ce pasriiexia
KaTo €JHOKPAaTHO CpaBHEHHUE Ha PE3yJITaTH, a KaTO UTEPATUBEH IPOLIEC, MPU KOWTO YHCICHUST
MOJIEJ CE€ OLICHSBA, KOPUTHPA U YCHBBPIUICHCTBA Ha 0a3aTa Ha €KCHEPUMEHTATHO YCTAHOBEHU
3aBHUCHUMOCTH M TEHJCHIUH.
B TO3M KOHTEKCT BaJMIMPAHETO 3aeMa IIEHTPATHO MSCTO B ISUIOCTHHS H3CIEAOBATEIICKU
LIUKBJ, CBBP3BAWKH EKCIEPUMEHTAJIHUTE M3IUTBAHUSA M UUCIECHHUS aHalIM3 B €JIMHHA
METOZ0JIOTMYHa paMKa. Upe3 Hero ce ocurypsiBa mpexo oT (uzuueckute HAOIIOACHUS KBM
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3abJI00YEHOTO MHTEPIPETHpaHe Ha MpoIlecuTe BBB BUPTyaJHa cpeaa M 0oOpaTHO.
BanuaupaHusat BUpTyajeH NPOTOTUI HE CaMO BB3IPOU3BEXKIAa U3MEPUMHU EKCIIEPUMEHTATHU
MoKa3aTeNd, HO W TO3BOJISIBA aHAJIW3 Ha BBTPELIHM BEIMYMHH, KOMTO HE MoraT na ObaaT
JUPEKTHO HA0JII0/1aBaHU eKcliepuMeHTaHo. KoHlenTyaiHarta OcCHOBa Ha TO3M MOJXOJ MOXE J1a
ObJe omucaHa ype3 Mojena ,,depHa — Osna KyTus' . OU3NYECKUTE MPOTOTHUIIH CE PA3TICKIAT
KaTo ,,9epHa KyTHs, IPU KOSATO Ca JOCTHIIHU €AMHCTBEHO BXOJIHUTE BB3/ICHCTBUS M U3XOIHUTE
peakuuu, 0e3 Bb3MOKHOCT 32 JUPEKTHO HAOIIOJCHHE HA BHTPEIIHUTE MPOIIECH. 3a pa3liuKa OT
TAX, BUPTYQIHUTE MPOTOTUNHU (DYHKIMOHUPAT KaTo ,,051a KyTHs, IPU KOSTO CTPYKTypara,
JIOTUKATa W B3aMMOBPB3KUTE MEXIY OTACITHUTE €JIEMEHTH Ca HAI'BJIHO M3BECTHU U TMOMJICKAT
Ha aHanu3. KomOuWHupaHeTo Ha JBaTa MOAXOJa B WTEPAaTUBHA CBBP3aHOCT IO3BOJISIBA
(GU3NYECKUAT eKCTIEPHMEHT Jia CIIy’KH KaTo pedepeHuus 3a MpoBepKa Ha YUCIEHUS MOJEIN, a
BUPTYAJIHUAT aHAIN3 — KaTO MHCTPYMEHT 3a HHTepHpeTanus u 00o01iaBane Ha Ha0II01aBaHOTO
MOBE/ICHHUE.

Metoau 3a Basuganus

M3BbpiiieHa e 00001eHa ChIIOCTaBKa MEX/Ty OCHOBHUTE METOM 33 BAIMAAIUS HA BUPTYATHH
OPOTOTUNN 4pe3 (U3MUECKH EKCIePUMEHTH Ha 0a3a Ha pasrielaHUTe B JUTEPATYPHOTO
npoyuBaHe TpynoBe. B Tabmuma 5-1 ca cucremMaTw3upaHu pa3iUYHUTE EKCICPUMEHTAITHU
noaxoad, CBHOTBETHHUTC BaJduAWpalld HWHAWUKATOPHW, HHUBOTO Ha TOYHOCT, 6’Lp3HHaTa Ha
npujiaraie, IMIpUIOXKHMOCTTAa W IIOTCHIHAJIa HM 3a BajJdAdallid Ha BHPTyaJlHM MOJCIIH.
AHaIN3BT IIOKa3Ba, 4€ 4aCT OT MCTOJUTC HMMAT YHHUBCPCAJICH XapaKTCp M MOorar ga 6’BI[aT
MpWIAraHu MpU MIHPOK KJIAC 3a7a4d, JOKATO APYTH Ca CHJIHO OTPAaHWYECHH 10 crenupuaHu
NPUJIOKEHHSI U TEOMETPUH, KOETO € OTPa3eHO B KoJioHaTa ,,HuBO Ha mpuioxumoct . HuBoTto
Ha BaJMJAIlMs OLICHSIBA B KAKBA CTEIEH ChOTBETHHUAT SKCIIEPUMEHTAJICH METO/I € IOCTAThYCH 32
HaJISKTHA BATUIAIMS HA BUPTYAIHUS MOJICI, IPU YCIOBHE HA NOOpa KOPECTIOHICHIIUS MEXITy
eKCIIepUMEHTAIHA U 4YiclieHH naHHU. [locoyeHara TOYHOCT € 0000mieHa Ha 0a3a peleBaHTHU
HAy4YHH IyONUKAIMM, a KpUTepUAT ,.bbp3nHa™ oTunta HEOOXOAMMHS OOEM Omepanuu H
BpEMETO 32 00pabOoTKa Ha EKCTIEPUMEHTATHUTE PE3YJITaTH.

Taonuua 5-1: Memoou 3a supmyanua earudayusi ype3 Quzuiecku excnepumeHmu

Metoxn HNupuxatopu Tounoct bbp3una Huso na HuBo Ha
(%) NPUJI0KHMOCT BaJHA LU
VIS Bunnma mtactayana nedopmaris Cpenna BasHo CpenHo Bucoxko
3DSC | CkanmpaHa KOHCTPYKIHUS pend u | Bucoka BbaBHO CpenHo Bucoxo

[$2) (1§ (I)I/ISI/II{GCI(I/I CKCIICPUMCHT

HSC [IppBOHAYATHA CKOPOCT, Cpenna BbaBHO Bucoxo Bucoxo
MaKCHUMaJlHa 1eopMalOHHA
JbJDKWHA, BACOYMHA Ha OTCKavyaHe

HSC UYecroTa Cpeana Cpenno Hucko Cpenno

EFC UYecroTa Cpeana bopzo Hucko Cpenno

HSC Yckopenue npu yaapa Bucoxa CpenHo Bucoko Hucka

ACC TabmuuHu cToHOCTH Bucoxa Bbwp3o Bucoko Hucka

SG TabnuaHu CTORHOCTH Bucoxka bopzo Cpenno Cpeana
Xubpunex B 3aBucumoct ot cioydas Bucoxa baBHO Bucoko Bucoxo

HOJIXO

, KbJETO:

HSC —Bucoko ckopocTtHo 3acHemane (High ACC — AkcenepomeTsp (Accelerometer)

speed capturing) SG — Tenzomersp (Strain gauge)

PIE — ®usnuecko - BU3yaaHa WHCTIEKINA 3DSC — 3/1 ckanupaHe 3a OlleHKa Ha

(Physical inspection by eye) wiactuyHa nepopmarust (3D scanner for

EC — Ananutuunu uzuncnenus (Energy plastic deformation measurement)

calculations) VIS — Busyanno (Visual)
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IMoaxox 3a BajMaupaHe HA AMHAMUYHUA CUMYJIALMU

B pamkuTe Ha moaxoja ca BKIFOYECHH JIBETE MPEICTABEHH METOOJIOTHH KaKTO U OJIOK 3a
aHAJMTUYHA OIlEHKA Ha IMOBEJICHHUETO Ha TECTBAHWUTE OOCKTH, CIEIBAHHM OT MPOBEPOBBHUYCH
0JIOK, KaToO Ta3u CTPYKTypa MO3BOJIsIBA MIPWJIATaHE HA UTEPATUBEH IMMOJXO/, 10 JOCTUTAaHE Ha
100pO0 HUBO HAa KOPECTIOHJICHIIMSI HA PE3YyJITaTUTE OT CUMYJIAIIMOHHHS aHAJu3 B KOHTEKCTA
Ha pasriefaHusi MoJien ,,yepHa-0sana* kytus. He e 3aabKUTETHO YCIIOBUE /1a C€ TIPOBEXIAT
KaKTO €KCIePUMEHTAIHH, TaKa U aHAJIMTUYHU U3CIEBAHUS, BH3MOXHO € JIa Ce M0JI3Ba CaMO
€MH METOJ| Ha Bajujalus, HO MpPaKTUKATa MOKa3Ba ye XUOPUAHUS MOJIXOJ BOAU JO Hail-
onTUManHu pe3yiartatu. [IpeacraBenara 00k cxema € AepUHUpaHa KaTo MOAXOMA, Thid KaTo
M3M0J13Ba METO/I0JI0TUU KaTO JUCKPETHU CTHIIKHU B TIOCJIEIOBATEIHOCTTA CH.

M3 Baaupanus Ha
BHUPTYaJleH
CHUMYJIAIMOHEH MOJeJI
Ha BHCOKOCKOPOCTEH

MacneageaHa
ROHCTRYKA AUHAMHUYICH npouec
Bamupanusra Ha
l ! l BUPTYQJIHU MOJEIN IIpHU
Moarotoska u MoaroToeka u BUCOKOCKOPOCTHHU
nposexaaHe Ha nposexaaHe Ha Mposexnatie Ha p
BUpTYaneH aHanus U3NYECKH agsﬁ:T:::g JUHAMHWYHU ITPOLHECH YECTO
M1) excnepumenT (M2) A
| I M3UCKBAa KOMOWHHpaHE Ha
pa3nuyHu HOAXOIH,
b 4 0co0eHo0 B cilydyad, IIpu

KOUTO BXOIHUTE JaHHU 34
MaTepraga U KOHTaKTHUTE
Tela HE Cca  HambJIHO
W3BECTHHU WM ca OOEKT Ha

Kopekuma Ha
BUPTYanNHUA NpOTOTHN

pesyntatute?

s 3HAYUTEIIHU
i) HEOIPEIEICHOCTH. B
MoaroToska Ha TaKHBa CUTyalnuu
kbuHanNHUA BUPTYaneH
npoToTvn JAUPECKTHATa
l eKCIIepUMEHTAITHA
CBIIOCTaBKa ChC
MpoeexaaHe Ha
CHMYNaUMOHEeH CUMYJIAIUOHHUTC
aHanus
pe3yaTaTH MOXeE Jia JI0BEJIe
JI0 3HAYUTETHA
OTKJIOHEHHS, KOHUTO HE
MPOU3THYAT OT
HEKOPEKTHOCT Ha YHCIICHUS
MOJIEN, a oT
D -1: 11 BIT
uzypa 5 00x00 3a 6aﬂu()upanjewﬂ3a HA OUHAMUYHU e ——— B
namosapsanus (M3) OIIMCAHUETO Ha

¢usnveckara cuctemMa. B rmaBata € TPUIOKEH XUOPUACH BaJHIAIMOHEH TOIXOJ,
ChUCTaBalll AHAIWTUYHA OLIEHKA M EKCICPUMEHTaTHAa CBHIIOCTaBKA, KATO MEXIWHHA H
oOcekTUBHAa pedepeHTHa BEJIMYMHA € W3I0J3BaH KOC(PUIIMEHTHT Ha BbH3CTAaHOBSIBAHE.
N360pbT Ha TO3M TIOKa3aTen € 000CHOBAH OT (pakTa, 4e TOW ONMUCBA TII00ATHOTO EHEPTUHHO
MOBEICHUE Ha CHCTEMaTa MpH yaap U MOXe 1a ObJe OMpeesieH KaKTO aHAIMTUYHO, TaKa U
EKCIIEPUMEHTAITHO M YMCIIeHO. [Ipu mpocT reoMeTprdeH 00EKT, KaKbBTO € CTOMaHeHa cdepa,



COR nmnpencraBisiBa HaACKICH M JIECHO HHTEPIPETUPYEM MapaMeThp 3a OLEHKAa Ha
a/IeKBaTHOCTTA HAa BUPTYAJIHUS MOJIEII.

[Tocturuato € MHOro J00pPO CHOTBETCTBHUE MEXKIY PE3yJTATHUTE, MOJTYYCHH Ype3 TPHUTE
HE3aBUCHMHM IOJX0Ja 3a ONpeJeiisiHe Ha KOeUIMeHTAa Ha BB3CTAHOBSIBAHE. AHAJIMTUYHO
n3unciieHara croiHoct € € = 0.844, excriepuMeHTaIHO ornpeseneHaTa ctouHoct € € = 0.85, a
pe3yaTaTeT OT uncieHus aHanu3 € € = 0.84. bnmzocTtra MeXay Te€3uW CTOMHOCTH IOKa3Ba
KOHCHUCTECHTHOCT Ha TOJXOJUTE W TOTBBPXKJIAaBa MPUIOKHMOCTTAa Ha KOMOWHHUPAHHS
AHATUTUYHO—CKCIIEPUMEHTATHO—YHMCIICH METOJT 332 BaJMallUs HA TECTOBE OT THUIT CBOOOIHO
naJiaHe M 3a OIICHKA Ha MOBEACHUETO Ha 00CKTa MPH yaap.

0.0073883 Max
0.0065673
0.0057464
00049255
0.0041046
0.0032837
00024628
0.0016418
0.00082002

0 Min

@Duzypa 4-11: [Ipedcmassane na Hanpedicenusama u oegpopmayuume

Banuaupan BUpTyasieH NPOTOTHUII KATO OCHOBA 32 Pa3LIUPEHU YUCTCHU
H3CJIeIBAHUA
Crnen u3BbplIEHATa BaNIMIALUs, CUMYJAMOHHUAT MOJIEN MOe Ja ObJe U3MO0J3BaH KaTo
HaJEeXKJHA OCHOBAa 3a pa3MIMPEHU YHUCICHU W3CIEIBAaHUs, HAAXBBPISIIM 00XBaTta U
OrpaHMYEHUATA Ha (PU3UYECKUTE EKCIIEpUMEHTH. ToBa MO3BOJsIBa €()EKTHUBHO H3IOJI3BAHE
Ha Mojela KaTo HMH)XEHEpEeH WHCTPYMEHT B IIO-KbCHHUTE €Tanmu OT pa3zpaboTkara Ha
U3JICIIAETO.
OcCHOBHHUTE HallpaBIICHHMsI Ha IMPWIOKEHHE HA BAIMIUPAHHUS BHUPTYyaJeH NPOTOTHUII

BKJIFOYBAT:
e U3cnenBaHe Ha clieHApUU U3BBH EKCIIEPUMEHTAIHNS 00XBAaT, KaTO MO-TOJIEMH BUCOUYNHU

Ha Na/1aHe, Pa3JINYHU KOHTAKTHHU MOBBPXHOCTH MJIM KOMOMHUPAHU HATOBApBaHUS;
e Ananu3 Ha HEOJNArompUsATHU U TPYAHO peaTU3yeMH EKCHEPUMEHTAJIHU CIIy4au,

BKJIFOYUTEITHO HECUMETPUYHHU YAAPU U TPAHUYHHU OPUEHTALIUH;
e M3nos3BaHe Ha MOJena 3a MAPaMETPUYHU H3CJICIBAHUSA, KOHCTPYKTUBHA ONTHUMU3ALIMS

1 OLICHKA HA pUCKa MPU yAApPHU HATOBAPBAHMS.
JIOMBJIIHUTENTHO NPEAUMCTBO Ha BAJIMIMPAHUS BUPTYAJIEH POTOTUIl B KOHTEKCTA HA YE€pHA —
Osiy1a KyTHsI € Bb3MOXKHOCTTA 32 JIeTaiJieH JOCTBII 10 BBTPEIIHNA BEIUYMHU, KOUTO HE MOTaT
na ObAaT NUPEKTHO H3MEPEHHM M0 EeKCIIEPHUMEHTAJeH IIbT, KaTO paslpelesieHus] Ha
HaMpeXXEeHHUs, JOKaJIHH IJIACTUYHM JleopMaIiy, CKOPOCTH Ha aedopMHUpaHe M eHEPTUHHU
KOMITIOHEHTH 110 BpeMe Ha yzaapa. I1o To3u HaunMH BauaUpaHuaT BUPTyaJleH NPOTOTHUI HE CeE
OorpaHuyaBa J0 BB3IPOU3BEKIAHE HA EKCIIEPUMEHTAJIHUTE pPE3yJITaTH, a Ce INpeBphlLIa B
paslIMpeHre Ha EKCIIEPUMEHTAIHOTO H3CJIE[IBaHE, MO3BOJIABAILO 3abJIOOYEH aHAIU3 Ha
¢u3nyeckuTe NpOLECH U MOANOMArano B3eMaHETO Ha OOOCHOBAaHM WHYKCHEPHU pEIICHUs
IIpU  BUCOKOCKOPOCTHM JMHAMUYHM BB3JACHUCTBUA. JIpyro roysiMO MNpeauMCTBO €
BB3MOXKHOCTTA 32 U3MOJI3BaHE HA BeUe BaJUAUPAHUS BUPTYAJIEH NPOTOTUN 32 pa3lIMpsBaHE
Ha 00XBaTa Ha M3CJIEBAHMUS.
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N3Boau kbM ri1aBa S
Pa3pabotreHa u mpuIIOKEHAa € MOCJIEIOBAaTENeH IMOAXOA 3a BalIMIAllMs Ha BHPTYaHH

OPOTOTHUIIN IMIPH BHUCOKOCKOPOCTHHM AWMHAMHUYHHU IIPOLECH, KOHUTO HHTCTpHUpPA aHAJIUTHUYCH,

CKCIIEPUMEHTAJICH M YHUCJICH IMOJAXO0J B €JIMHHA Joruvecka pamka. OcTaHaiuTe M3BOAM ca

0000IIICHH B CIICTHATE TOYKH:

e (CucremaTu3MpaHH ca pa3rjeJaHUTE MPOYyYBAHHUS, Kacaelly Ce J0 BallWJUpaHe Ha
JMHAMAYHHA CUMYJIAIIMOHHH aHAJTU3H

e Ha 06a3a Ha pa3rienaHuTe NPOYYBaHHS Ca AHAJIM3UPAHU W CPABHEHH METOIHWTE 3a
Balngalyvsa Ha BUPTYAITHHUTC TMHAMWYHU aHAJIU3U,

e lI3BBpIICHUAT CpPaBHUTCIICH aHAJIM3 Ha METOAUTE 3a BajWJalus II0Ka3Ba, ue
KOMOHWHHUPAHETO Ha PA3IMYHU E€KCIECPUMEHTAIHN M aHAIUTHYHU MOIXOAM BOAM JO IO-
BHCOKO HMBO Ha JOCTOBEPHOCT CIPSMO M3IMOJI3BAHETO HA CIMHUYCH METO/I.

e II3BBpIICHUAT CpPABHUTEJICH aHAIM3 HAa METOAMTE 3a BaJWIAlMsS I[OKa3Ba, ue
KOM61/IHI/IpaHeTO Ha pa3IMdYHA CKCIICPUMCHTAJIHHU U aHAJIWUTUYHH IMOAXOAM BOJAU OO II0-
BHCOKO HHUBO Ha JIOCTOBEPHOCT CIPSMO M3MOI3BAHETO HA SAMHUYCH METO/I.

e I3mbiaHeH ¢ XWOpHUIACH NOAXOA 3a BalWAHWpaHe, MPH KOHUTO KOS(DHUIMEHTHT Ha
BB3CTAHOBSIBAHE € W3IOJI3BaH KaTO IJ00aJeH M YCTOWYMB MHIUKATOP 3a €HEPTHUHOTO
MOBEJICHHE HA CUCTEMaTa IpH yaap.

e [lpunoxeHn e pa3pabOTEHHS TOIX0J, KaTo ce HaOJfogaBa MHOTO J0OPO CHOTBETCTBHE
MEKy pe3yJITaTUTE OT anmpoOalnusaTa Ha U3CIeIBaHUTE METOI0JIOTHHU 3a U3rpakIaHe Ha
M3YUCIUTEIHH MOJICIM Ha BUPTYaJIHU MPOTOTUIIM U MPOBEXKIaHE HA EKCIIEPUMEHTAITHO
u3cjeBaHe, KaKTO M Ha BaTMIAIMS Ype3 aHATUTHYIHO MPECMSITaHE.

e Pa3paboreHus moaxoj padOTH YCIEIIHO B KOHTEKCTAa HA MPOCT MPUMEpP Ha JUHAMHYCH
CHUMYJIAIIMOHEH aHaJIu3.

6. OHEHKA HA AJAEKBATHOCTTA U NNPUJIOXNUMOCTTA HA
CB3JAAEHHUA 1TOAXOA YPE3 AIIPOBAIIMA BbBPXY
BUCOKOCKOPOCTEH JANHAMMNYEH MHNPOLEC HA
CBOBOJHO ITAJIAHE

Pasrmenano € mpakTHYECKOTO MpujaraHe Ha pa3pabOTEeHUs CHCTEMEH TOJIXO0J 3a
MOJICJIMPAaHE Ha BHUCOKOCKOPOCTHU JMHAMUYHHU TPOIECH Ype3 MHCTPYMEHTUTE Ha
BUPTYAITHOTO MpoToTUNHpane. DoKychT € BbpPXy U3rpaKJaHETO HA U3YUCIUTENICH MOJIET Ha
BUPTYaJICH IPOTOTHUI U MPOBEXKTAHETO HA EKCIUTUIIMTEH YUCJICH aHAIN3 Ha CIICHAPUN OT THII
CBOOOJIHO MajiaHe, KaTo MPOILEChT € CTPYKTypHpaH Taka, 4€ Ja OCUTYPU TPOCIEIUMOCT
MEXy BXOJHUTE JOMYCKaHUs, YUCIeHATa MMOCTAHOBKA U U3MEPUMUTE U3XOIHU MMOKA3aTEeIH.
ITo To3m HaumH ce ch3AaBa OCHOBA 3a BepH(HUKaUig Ha Mojesia (ITOCIEIOBATETHOCT Ha
MMOCTAHOBKATa) W BAJIHIMPAHE CIPSMO CKCICPUMEHTATHH PE3yNTaTH (ChOTBETCTBUE C
(U3HUECKOTO TTOBECHHE).

Karo npumep e pasriemaan 6aTepreH MOy 33 €EKTPUIECKO MPEBO3HO CPEACTBO, YacT OT
MOAyJTHA opeOpeHa CTPYKTypa, MNpPU KOATO OTIACIHHH (PYHKIIMOHATHH KOMIIOHEHTH Cca
WHTETpUpaHK B COOpHAa eauHUIa W Hocema cuctema. [logoOHM KOHCTPYKIIMH ca
PEATMCTUYHO U3JI0KEHU Ha MEXAaHUYHH BB3JIEHCTBUS IO BpEME Ha MPOU3BOJICTBO, MOHTAX U
CEPBU3HM OIEpalliu, MOPaJN KOETO OIlEHKaTa Ha MOBEACHHUETO MPHU MajaHe OT OrpaHuYeHa
BHCOYMHA MPEJICTABIIsIBA PEICBAHTEH M MPAKTUUYECKH 3HAUYUM clieHapuil. M300pbT Ha TO3M
00eKT € MOTHBUpPAH OT (haKTa, 4e MEXaHWYHH BBH3JICHCTBUS MOTaT Jla BH3HUKHAT HE CaMO
MpH eKCIUIoaTalusi, HO W 1O BpPEeME Ha TPAaHCIOPT, MOHTaX M OOCTyXBaHE, KaTo B
OTIpejieNIeHH Cy4au T€ MoraT Ja IMPEACTaBIIsABaT PUCK 3a Oe3omacHOCTTa. B pamkute Ha
JTUCEPTAIMOHHMSI TPY/l Ca pasriielaHd JUHAMUYHU BB3JICHCTBUS HA YCKOPEHUE W CBOOOHO
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najgane, nedpunupann B npunoxkumute ctangapta ISO 16750-3 u UN/ECE-R100, xouto
neUHUpAT MUHUMATHU U3UCKBAHUS KBM MOJ00OHU M3IUTBAHMS, HO B PAMKHUTE Ha TEKyIlaTa
paboTa Te ca pasIupeHH Ype3 pas3riiekaaHe Ha JOMbIHUTEIHN HEOJAronpUsITHH CIICHAPUU C
Hay4Ha eI

Hzrpaxkaane Ha N34UCIAUTEIeH MO/e/I U POBEXKIAHe HA AaHAJIU3 HA CBOOOIHO

najgase

Kakro e cnomeHato M B KOHLENTyaJHaTa IJlaBa, 3a LEJUTE Ha BaJIUJUpaHE Ha
pa3paboTeHaTa METO0JIOTUS € U3rPaJeH CUMYJIAllMOHEH aHaIu3 Ha yJapHO HaTOBapBaHE OT
TUI CBOOOJHO MajJaHe W € W3BbpILEHA IOCHeABallla BaJUAALUs 4Ype3 EeKCIepUMEHTATIHU
u3nuTBaHus. M3cnenBaHusaT oOeKT MpeAcTaBisiBa MOAYJIHA CTPYKTypa, ChIAbpiKalla Karo
KOMIIOHEHTH eJIEKTPUUYECKH OaTepuu, M3MOI3BaHA B EJIEKTPUYECKO IMPEBO3HO CPENCTBO,
KOHTO € 4acT OT MOJyJIHa CTPYKTypa ChIJIACHO T.Hap. KOHLENIHMs — KJIETKH, OOCANHEHHU B
0a30B MoAayJ, crioOeHa €IMHMIIA M MHTErpauus B HOCEHla CTPYKTypa Ha IMPEBO3HOTO
cpenctBo. [lonobHa KoHpurypanus npenmnosiara Bb3MOKHOCT 3a MEXaHUYHU Bb3JIEHCTBUS
IpU TPOU3BOJCTBO, MOHTaXX U CEpBU3HA JIEHHOCT, KOETO Hajara HW3CJe/lBaHe Ha
MOBEJACHUETO TpHU TMajaHe oOT orpaHndeHa BucounHa. Msxomuuar CAD wmomen Ha
OarepuitHUs MOAYJ € pa3padOTeH M3BBH PAaMKHTE Ha HACTOSIIATA AUCEPTAIMOHHA paboTa
OoTpa3sBa OCHOBHHTE KOHCTPYKTHUBHHU, (DYHKIIMOHAJTHH W TEXHOJIOTMYHU HM3UCKBAHHUS KBM
uznenuero. Ilpu mpoexkTupaHeTo ca B3€TH MPEABUI BBTPEIIHATA CTPYKTypa Ha 0a30BUs
MOy (KOMIIOHEHTH €JEKTPUUYECKU OaTepuu, yrpaBisBalla €JIEKTPOHUKA U OKaOelsiBaHe),
BBHIIIHUTE HMHTep(delicu C OCTaHaIUTe MOJICUCTEMH, KAKTO U OTPAHUYCHHS, CBBP3aHU C
TOIUIMHHO MOBE/ICHUE, TPOU3BOJICTBEHA TEXHOJIOTUS U Bb3MOKHOCTH 3a perukiaupane. Cruex
n3paboTBaHe Ha (PU3UUECKU NMPOTOTUI U 0100pEHUE HA KOHCTPYKTUBHATA KOHIEMLIMS, Ta3U
TeOMETpPHsI € U3IMOJI3BaHa KAaTO M3XOJIHA OCHOBA 3a M3rPaKAaHEe HA BUPTYAIHHS MTPOTOTHII B
paMKUTE Ha HACTOSIIOTO H3CJieIBaHEe. 3a IeIMTe Ha 4YHUCIEHHUs aHauu3 U ¢a3aTa Ha
BaUIMpPaHe, TEOMETPUATA € OMPOCTEHA B CHOTBETCTBUE C MpHUETATa METOJOJOTHS, KaTo ca
MpeMaxHAaTH HEWHW KOMIIOHEHTH, KOWUTO HE JONPHUHACIT CBHINECTBEHO 3a SKOCTHHUTE
XapaKTepUCTUKU U JUHAMUYHOTO TOBEJICHUE HAa KOHCTPYKIUATA MPU yIapHO HAaTOBapBaHE.
OyHKIIMOHATHUTE OaTEepUHM KIETKH Ca 3aMEHEHHM C OJIEKOTEHH MAaKEeTH, MPU KOUTO €
3ama3eHa reoMeTpHsiTa W HOCellaTa CIHOCOOHOCT Ha KOpIyca Ha KIETKUTE, HO Macara €
3HAYUTEIIHO HaMaJIeHa.

(3) Usrnen Ha KOMIIOHEHTUTE

B HavaJiHaTa rcOMETPUA B OITPOCTCHATAa reoMCTpUs

@Duzypa 6-1: Bupmyanna eeomempus

3a yHclieHUs aHAIW3 € KOH(QUTYypHpaHa eKCIUIMIMTHA JAWHAMHMYHA IIOCTAaHOBKA ChC
cnerupuYHN HACTPOMKH, ChOOPA3eHH C XapakTepa Ha pas3riexaaHus mnpoiec. B HadamHus
eTarn ca MPOBEJACHHU UTEPALMH C ONPOCTEHO MaTepUaIHO ONUCAHHUE, BKIIOYBAIIO €MHCTBEHO
JUHENHO-EIaCTUYHO IOBeAcHUE. B pe3ynrar Ha TOBa € yCTaHOBEHO, Y€ 3a KOPEKTHOTO
ONMCaHWEe Ha OTrOBOpa TpPU YAApHO HATOBapBaHE € HEOOXOIUMO BBBEXKIAHE Ha
PEUIUCTUYHN MATEPUAIHHM XapAKTEPUCTUKH, BKIIOUYUTEIHO IJIACTHMYHO mnoeneHue. C uen
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ompejeNiiHe HAa HAACKIHU JaHHU 3a MaTepUATHHUTE XapaKTePUCTHKU Ca TPOBEIACHU
CKCIICpUMEHTATHA HM3MHUTBAaHUST Ha ONBH BBPXY TPU WACHTUYHH oOpazema oOT
MPOM3BOJICTBEHUSI MaTepHal Ha Kopmyca Ha Oa3oBus maker — BayBlend® FR3040 EV
(monukapbonat—ABS). Ha 6a3a Ha mosydeHUTE pe3yJsiTaTu € olpeieiieHa eKCIIepUMEHTaIHA
auarpaMa HampexeHue—aedopmanus, npeacraBeHa Ha @urypa 6-2.

OUWATPAMA HANPEXEHUA- AEODOPMALUM

70
60
50 Y
40
30
20
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HAMPEHEHWUE MPA

0 1 2 3 4 5 6 7 8 9 10
LEDGOPMALMA %

@uzypa 6-2: BayBlend® FR3040 nonyuena kpusa na Hanpesicenus/oegpopmayuu

JlepuHupaneTo Ha KOHTAKTHHUTE B3aMMOJCWUCTBUS € OT CBHIIECTBEHO 3HAYEHHUE 32
KOPEKTHOTO NPEICTaBIHE HA BUPTYaTHUS MPOTOTHII, MOPAAX OTHOCUTEIHOTO HMpPEMECTBaHE
Ha OTJIEJIHUTE KOMIIOHEHTH Ha OaTepuilHus MOAYJ 1O BpeMe Ha yjaapa. M3mon3BaHeTo Ha
ONPOCTEHH JUHEHHU KOHTAKTH MEXAy OaTepHiHUTE KJIETKH M KOopIyca O JIOBEIO 0
M3KYCTBEHO MOBMIIaBaHE Ha oOllaTa KOpaBMHAa Ha cHCTeMaTa, KOETO OT CBOSl CTpaHa Ou
JIOBEJIO JI0 TI0-BHCOKH MUKOBU YCKOPEHHS, HAMPEKEHUS M TMO-TOJIsIMa CKOPOCT Ha OTCKOK,
KaKTO W 10 BB3MOKHA YHCIEHAa HecTaOWiaHOCT Ha Moxena. [lopaam Taswm mpuymHA B
HACTOSIIUS aHAIN3 Ca W3TOJI3BAHN HEJTMHEHHN KOHTAKTHU (HOPMYITHPOBKH.

Mexy KOMIOHEHTUTE EJIEKTpPUYECKH OaTepuu U Kopiyca ca Je(UHUpPAHH KOHTAaKTH C
TpPHUEHE, KaTo ca MpUeTH Koe(uUueHT Ha cTaTuyHO TpueHe 0,4 u KoeUIHUEeHT Ha JUHAMUYHO
tpuene 0,3. Te3u CTOMHOCTH ce HAMHUPAT B TOpHATa TPaHMIIA 33 PA3TIIEKIAHUTE MaTEpUAIH
U ca CbOOpa3eHH C PEANHOTO CHhCTOSHUE HAa KOHTAKTHUTE MOBBPXHOCTU Ha (DU3HUECKUS
MPOTOTHUII, U3PaOOTEH Upe3 Ja3epHO psA3aHe, IPU KOETO ce HabJI0JaBa MOBUIIIEHA IPanaBoCT
Ha ppOOBeTE.

DRSSy I S

MR R IS IR
WM I IR Y
3

@uzypa 6-3:. Konmakm c niouama
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CeplecTBeH eTan NpU U3rPaXKJAAHETO HA M3YUCIUTENHHMS MOJEN € JMCKpEeTH3alusITa Ha
obema. [lopaam paznuyHHTE OpPUEHTAIMM HA KOHTAKT MPHU PA3TICKIAHUTE CIydaw Ha
CBOOOJHO MajjaHe, OTAEIHUA 30HU OT KOHCTPYKLHATA C€ MOoAJIaraT Ha 3HaYUTETHO MO-BUCOKH
TpaMeHTH Ha HampexeHus u aedopmaruu. ToBa Hamara HM3MON3BAaHETO HA HEEAHOPOIHA
Mpexka, MPU KOATO IUTBTHOCTTA HAa KPAaWHWUTE EJIEMEHTH C€ aJalTupa CIpsIMO O4aKBaHOTO
JIOKaTHO HaToBapBaHe. KpuTuuHUTE 00IaCTH B 30HUTE HAa KOHTAKT ca MACHTHU(QHUIMPAHU TIO
UTEPATUBEH BT Ha 0a3a MpeaBapUTEIHU YHCICHU pelleHus. B Te3n o0nactu € mpuioxeHo
JIOKAJIHO YIITbTHSIBaHE Ha MpekaTa upe3 MU3Moi3BaHe Ha cdepu Ha BiusHue ¢ paguyc 30
mm. 3a OCUTypsiBaHE Ha IUIABEH MPEXOJ MEXAYy YIUTbTHEHUTE U MO-TpyOWTe 30HH ca
3amaneHu koeduuueHt Ha npexonx 0,5 m koeduIMeHT Ha HapacTBaHE Ha pa3Mepa Ha
€JIEMEHTUTE 2, KOETO TapaHTHpa aJeKBATHO KAaye€CTBO HA MpEKara KAKTO B KPUTUYHUTE
o0emH, Taka 1 B IPEXOJHUTE 00IaCTH.

Crnen u3BBpIIBAHE HA YHUCICHOTO PEUICHHE MAKCUMAaJHaTa CTOMHOCT Ha €KBUBAJCHTHUTE
HarnpexeHuss B kKopnyca goctura 153 MPa, karo oryereHaTta mactuuHa aedopmarius €
npubauzurento 0.4%. B 6arepuiiHuTe KIETKM MaKCUMAJIHUTE HAIIPEKEHUs HE HAJBUIIABAT
3 MPa, xaro npu TX He ce HaOIoAaBa MIacTU4YHA JedopMalus.
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Duzypa 6-4: Ckopocmen npogun na LC4 na eupmyannus mooen 8 MOMeHma Ha yoapa

Wnentuduirpana e KpUTUYHA 30HA B 00JaCTTa Ha KOHTAKTHUS BI'bJI, KBJIETO CE OYaKBa
WHULMUPAHE HA paspylllaBaHe, KOETO ChOTBETCTBA Ha HAOIIOAABAHOTO EKCIIEPUMEHTAIHO
noBeaenne. Ha durypa 6-4 e mpencraBeHO M3MEHEHHETO Ha CKOPOCTTa Karo (pyHKIHS Ha
BPEMETO M0 BEPTUKAIHO HAMpaBIEHUE 3a €IHA OT XapaKTEPHUTE MPOCIIEISIBAHU TOYKH,
W3II0JI3BaH BITOCIICJICTBUE TIPY BaJWAANNATA YPE3 CPAaBHEHUE C €KCTICPUMEHTAITHUTE JTaHHHU.
[Tokazanu ca HavajHaTa CKOPOCT IMPEIH ynapa U CKOPOCTTa Cje]l KOHTaKTa, KaTo ce OTYUTa
KOHTaKTHO BpeMe oT nopsiagpka Ha 0.1 s. B To3u mHTEpBan ce HaOmomaBa psizka MpoMsiHa B
CKOpPOCTTa, KOETO SICHO MHAUKHpPAa MOMEHTA Ha yJapa, ciell KONTO ABMKEHHETO MpEeMUHABa
KbM PEKHUM Ha 3aTUXBAIIO 3a0aBEHO JIBUYKEHUE.

ExcnepumeHTaIHU M3c/IeIBAHNS HA JTMHAMUYHN BUCOKOCKOPOCTHH MPOIECH H
BAJUIAIMSA HA MPEJICTABEHATA METOA0JI10T Ul

B rmaBata e mpenacTaBeHO TpWIAraHETO Ha paspaboTeHaTa eKCIEpUMEHTaTHa
METOJIOJIOTHSI 32 M3CJCIBAaHE Ha TMOBEACHHETO Ha (U3WYSCKH MPOTOTHUIH TIPH
BHCOKOCKOPOCTHH JTUHAMHUYHH BB3ACHCTBUSA. Upe3 M3NMUTBAHUS OT THII CBOOOIHO TaaHe Ce
JNEMOHCTpHpa MpaKTHUYeCKaTa peajau3anuss Ha U30paHUTE EKCIEPUMEHTATHU CLIEHApHH,
M3MEpBATEIHH MOAXOAN U KPUTEPHUHU 3a OLICHKA.

Ha ®urypa 6-5 ¢ moka3zan TecTBaHHs OOEKT U CHOTBETHO OPHUEHTAIMUTE HA KOHTAKT B
pa3IMYHUATE UTEpalud Ha ekcrepumenta, noapeaenn ot LC1-LC4 . 3a ¢usmueckoro
TECTBAHE € W3IMOJI3BaH €JMH NPOTOTUIl — YEeCTO CpellaHa MpakTUKa B aBTOMOOMIIHATA
WHIYCTpHS, KaTO € HaOJI0AaBaHO W 3alMCBAHO CHCTOSHUETO MY CJIe]] BCEKH €KCIICPUMEHT,
KaTo BCSIKa OpMEHTAIMsl HA KOHTAKT MPU Pa3IMUYHUTE UTEpAIlMU HE € 3acerHara OT MpeulIHa
TaKaBa.
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ITocTaHOBKa # ITocoka Ha

CBOOOHO ITajaHe

LC1 OcZ

LC2 OcY

LC3 Oc X

LC4 XY xomOmHams

(oc Ys)
LC5 XYZ xomOnHaIIA

Duzypa 6-5. Opuenmayuu Ha KOHMAxKm npu mecmosgeme Ha c860O00HO nadame
@u3nuecKuAT NpOTOTHM, MMoKkazaH Ha durypa 6-6, e u3rpaseH Ha 6a3ara Ha IMPOEKTHATA
TEOMETPHsI M € PEaTM3HpaH 4Ype3 TEXHOJIOTHH 3a OBP30 MPOTOTHIHPAHE, B KOHKPETHUS
CIIyJaif JTa3epHO ps3aHe W XUMHUYHO cienBaHe. To3u moaxon € n3bpaH, Thil KaTo B mpoieca
Ha pa3pa0OTBaHE HA HOBU M3JEJHs YECTO CE€ HalaraT KOHCTPYKTHBHHM HM3MEHEHUS, KOUTO
ype3 usnon3Bane Ha RP TexHomorum morar ga ObpIaT peanu3upaHu Obp30 U ¢ MUHUMAIHU
pasxoau, 6e3 HeoOXOAMMOCT OT MOAU(UKALIKS HA CKBIIO MPOU3BOJCTBEHO 00OPYABAHE.

Excniepumenran
HaTta yCTaHOBKa €
W3MO0N3BaHATa |
MpU  MPETUITHUTE
W3MUTBAHUS, KaTo
TS € ChCTaBEHA OT
MaIlIiHa ASLI-
DT-2000,
BHCOKOCKOPOCTHA
Kamepa,
W3MEPBATEIHO Y-
BO, 3alMCBalI0 Y-
BO U CBETJIMHECH
U3TOYHUK.
UzmurBanmsita B
CHOTBETCTBUEC c
ISO 16750 — 3 ca
3all0YHAaTH OT Hai-
OJaronpusATHUS

@uzypa -6: Dusuvecku Hpomo;hun

HatoBapBam ciaydaii (LC1 - Load Case) u ca mpoAB/DKEHH MOCIEIOBATEIHO JIO Hak-
HeOmaronpusitaus (LCS). Cnen Bcekn yaap mMpOTOTUIIBT € MOJAJIaraH Ha BU3YaJICH OTJIEH 3a
HaJIM4YMe Ha pa3pylICHUS W OCTaThYHH Je(OopMaIfu, KaTo OPUEHTAIMATA 3a CIIEABAIIOTO
U3MUTBaHE € MOoAOMpaHa Taka, Ye 3aCerHATUTE 30HU Ja He MOoMajgaT B KPUTHUYHUTE 00I1acTh
Ha KOHTaKT. BHCOKOCKOpPOCTHA Kamepa € KOHQUTYypUpaHa Jia 3aCHEMa ChC CKOPOCT Ha 3aIlnc
ot 1000 xagbpa B cEKyH/a.
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a) LCI 0) LC2
@uzypa 6-8: Kaopu npedu — no 8peme Ha u cied KOHMAKMAa HA eKCNEPUMEHMATHOMO U3Ce08aHe

IToxazaHu ca 4acT OT KaJpuUTe OT BUCOKOCKOPOCTHATa kamepa Ha Purypa 6-8 n3noia3BaHu
C 1IeJl 1a C€ U3MEPHU CKOPOCTTa Ha OTCKOK upe3 metoaute Ha DIC Ha m30paHu TOYKH, KaTo
CJIeJl TOBA J1a C€ M3MOJI3Ba 3a LEIUTE HA BAIIMJALNS HA BUPTyaIHUs NpoToTHUI. BaxkHo € na
ce otOenexu obade 4ye M30paHUTE TOUKHM CIEABA Ja ca JIECHONPOCIEAMMU U OT 4acT Ha
Koprmyca 0e3 3HauuTeIHM €eJacTHMYHU JAedopmaiuu, TOECT MpOoCiesBalia TrI00aIHOTO
MoBeJieHHEe Ha cucTemara. J(OMbIHUTEIHO MOXKE Ja ce Halmo/aBa XapakTepa Ha
elacTUYHaTa aedopmarus B Apyru TOUKH 32 JOMBJIBAHE HA Bb3MOXKHOCTUTE Ha BaJIMAALINS.
Ha ®urypa 6-9 ca nokazanu xaapu ot [loctanoBku Ne3 u Ned, xato mpu Ne3 ce HaGmonaBa
BHCOKO HUBO Ha (parMeHTalMsi Ha KOpITyca, MpaBeHKHW EKCIEpUMEHTa HEMpPHIIOKHUM 32
LeIUTe Ha BUpTyanHa Banupanus. Makap u Ne4 na e mo-nHeOmaronpusiteH ce HaOroaaBa
eJlacTudeH JieMiiupai oTroBop, MoJIeIMpyeM BbB BUpTyaiHa cpeaa. He ca moka3anu kajapu
ot LCS5 Thi1 KaTo nMopaau MacMBHOTO pa3pyllaBaHE T€ ChUIO HE Ca MOAXOAIM 3a LEJIUTE Ha
BaJIWJalMsA, KaToO 3a CMeTKa Ha ToBa Ha Purypa 6-11 ca mokazaHu pe3yaTaTUTe OT Ta3u
UTEPALINSL.
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a) LC3 0) LC4
@uzypa 6-9: Kaopu npedu — no 8peme Ha u cied KOHMAKMAa HA eKCNEPUMEHMATHOMO U3Ce08aHe

Ha cneagBammre ¢urypm ca mokasaHHM KaJpyd Ha HIKOM OT MOBPEIUTE HACTBIMIN
BCIICJICTBHE OT €KCIIEPUMEHTATHOTO TecTBaHe. HampaBeHO ¢ 0000IeHne Ha T0-3HAYNMHUTE
MOBPEIN, Th KAaTO KOIMHMPAHETO HA TECTOBHS TPOTOKOJ OT HM3CJICABAHETO HE € OOCKT Ha
Hacrosiusl Tpya. HabmromgaBaT ce cuynBaHMs W MPOMYKBAHUS IO KOpIyca Ha OaTepuitHus
MOJYJI, HO ciiefl oOcie/IBaHe HE € YCTAHOBEHO HapylllaBaHE Ha IIEJIOCTTA Ha CJICKTPUUCCKUTE
enemeHnTu. [lpu mo-OnaronmpusiTHUTE OpPUEHTAllMM CE€ HaOJII0JaBaT JIOKAIHM 30HA Ha
CUyIlBaHEe, KaTO € OILIGHEHO Y€ T€ ca MOpOACHU OT Me(EeKTH OT MPOU3BOJCTBOTO Ha
¢busnueckus npotoTut. [Ipu mo-HeOmaronpusTHUTE TOCTAHOBKH — MMaJjaHe HA PBO U BPBHX CE
HaO0JIF0/1aBaT 30HU Ha paspylllaBaHe MOpajy roysiMara KOHIEHTPAlUs Ha €HEprusl B TIX, HO
TO3U €(PEeKT € THPCEH MPHU MPOCKTUPAHETO, Thil KATO TOM JaBa BH3MOXKHOCT 3a JeMI(upaHe
Ha yJapa ¥ 3ama3BaHe Ha BbTPEUTHUTE KOMIOHEHTH. Cresl MpUKIII0YBaHE HAa M3ITUTBAHUATA,
3aMCUTE W EKCIIEpUMEHTATHATa JOKYMEHTAlMs Ca aHaJM3WpaHH, KaTO HATOBAPBAIIUTE
ciyyau oT LC3 u LCS ca u3kiitoueHH OT Mo-HaTaThIIHaTa 00paboTKa, mopaau HaOI0aBaHO
MAacHBHO pa3pylliaBaHe W otnaeisiHe Ha ¢parmeHTH. [lomoOHU sBJICHUS ca TPYAHH 3a
BB3IPOU3BEKIAHE UpPEe3 BUPTYaATHO MPOTOTUIMPAHE U HE TO3BOJISIBAT HAJEKIHA
KOJIMYECTBEHA CHIIOCTaBKA C BUPTYATHUS ITPOTOTHIL.
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THAALT

y17
S : SV
a) Ilospeou cneo LCI 0) Ilogpeou cneo LC2

@uzypa 6-10: Pezynmamu om usnumeanHusama Ha puudeckusi npomomun

a) Ilospeou creo LC3 0) Iloepeou cneo LCS

Quzypa 6-11: Pezynmamu om uznumeanuama Ha Qu3udecKus npomomun
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W3Bneuenn ca CTOMHOCTH 3a CKOPOCTTa HA OTCKOK M €JacTHMYHUTE nedopmanuu 3a
HSKOJKO XapaktepHu Touku A, B, C, D ot mpoTtoTuna npu pa3nuyHUTE OPUEHTAIMH YPe3

U3I0JI3BaHe Ha
codpTyepeH makeT 3a
aHaJIU3 Ha JBUKCHHUE.
Te3n mnapamerpu ca

M3M0JI3BaHU B
npoieca Ha
BaJIM AL Ha
BUPTYaJIHHS

nporoturn. OcobGeHo
BHUMAaHHE € OTJEIICHO
ma LC4, karo mHa
Qdurypa 6-12 u 6-13
ca npeJCTaBeHU
EKCIIEPUMEHTATTHUTE
CKOPOCTHH TPOQIIIH
Ha TOYKHUTE MO oC X4
u Y4 Ha TimobGamHaTa
KOOpJAMHATHA
cuctema (durypa 6-
5) . LC4 e u3bpan 3a
MPEICTaBsIHE TOPaIH
noOpata BU3yallHA
MPOCIECIUMOCT Ha
nehopMarmoHHUS
mporiec, KaTo
OCTaHAIIUTE
HATOBapBaIly CIydYau
ca aHamM3UpaHd II0
aHaJIOTUYEH HaYHH,

MNo3nuua no oc X [m]
==

MNo3nuua no ocY [m]

Oc X

0.60
0.50
0.40
0.30
0.20 c
0.10

0.00
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40

Bpeme [s]

Duzypa 6-12: Jlsusicenue Ha degpunuparnume mouku no oc X

OcY

0.10

0.08

0.06

0.04

0.02

0.00

0.00
-0.02

0.40

-0.04

-0.06
-0.08
-0.10
Bpeme [s]

Duzypa 6-13: J{susicenue na oepunupanume mouxu no oc Y

KaTo II0OKAa3aHUTE TOYKM ca MapkupaHu Ha Purypa 6-13 B

CKCIICPUMCHTAJIHUA IIPOTOTHUIL:

3a uenuTe Ha BalMJALUATA
BPEMETO Ha KOHTakT €
M3M0JI3BaHO KaTO OCHOBEH
napameTsp, BMECTO
KOHTAaKTHAaTa CHUjia, Thil KaTo
TO € MO-NOAXOLAN0 32
CBIIOCTAaBKa MEXKIY
YHUCIICHUS u
CKCHEPUMEHTATHUST MOJEI.
MomMmeHTBT Ha YyHapa ce
uACHTUUIMpa SCHO Ype3
psi3Ka MpoMsHA B IOCOKAaTa
U CTOWHOCTTA Ha CKOPOCTTA.

Quzypa 6-14: Jlepunupane na uzcreoeanume moyxu
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LC4

\J\/\’WW{.

Vx

CKopocT [m/s]

-2 V Total

Bpeme [5]

@Duzypa 6-15: Cxopocmen npoghun om excnepumenma na LC4

Ot durypa 6-15 ce ycraHoBsiBa KOHTAaKTHO Bpeme OT mopsapka Ha 0.23 s, KakTo u
CKOPOCT Ha OTCKOK mpuoOym3utenHo 1.86 m/s. Cneasa ma ce oTOENECKH, Y€ B CPAaBHECHHE C
YUCJICHUSI MOJIENI €KCIEPUMEHTATHUTE JaHHM MMaT IO0-HUCKAa BPEMEBa PE30JIFOIUS, KOETO
MOXKE Ja JOBEIE J0 MAJKU OTKJIOHCHHS B OMPEICIITHETO Ha MAaKCHUMAJTHUTE CTOMHOCTH W
BPEMETO Ha KOHTAKT. T03u €peKT € OTYCTCH NPEABAPUTEIIHO M € MPUETO, Y€ YeCToTa Ha
3acaemane ot 1000 fps ocurypsiBa mocTarbyHa TOYHOCT HA JUCKPETH3AIUs 3a ICJIUTE Ha
HACTOSIIOTO U3CJICIBAHE.

Banupanus Ha cMMYJIalIHOHEH aHAJIM3 HA BUCOKOCKOPOCTEH JUHAMUYEH NMPoLec

B rnaBarta e mpejcTaBeHa BamuaanusATa Ha CUMYJIAIMOHCH aHAIM3 Ha BUCOKOCKOPOCTEH
JUHAMHUYCH MPOIIEC YPE3 ChIIOCTABKA C PE3YJITATH OT EKCIICPUMEHTAIHA M3ITUTBAHUS OT THII
cBOOOAHO TajaHe. Bamupanusara ¢ u3BbpIlcHa HAa 0a3a Ha pa3paOOTEHUS EKCIICPUMEHT H
MMa 3a IeJd Ja OIEHH JIOKOJIKO YHCICHHUAT MOJE] BB3IPOM3BEKIA PCATHOTO (PUINUYECKO
MIOBEJICHHE HA W3CJICABAHMS O0CKT IIPU yIapHO HATOBAPBAHE.

@Duzypa 6-16: Buzyanuzayus om cpasHumenHus aHaiu3 mMexncoy UPMmMyatHus Mooen u usuieckus
eKCnepumMeHm ¢ npocieossane Ha CneyuuyHy moukuy

[Tomyuyenure pe3ynTaTu MOKa3BaT MHOTO J10Opa KOPECHOHACHLUS MEXAy (pu3nyeckus u
Buptyannus npororun 3a LC4. 3a LC1 u LC2 ca oTdyereHH AOpHU MO-MalKU OTKJIOHEHHUS,
nokaro npu LCS5 Bamupmanmsara e orpaHudeHa 10 AeQOpPMAalMOHHO IOBEIEHHE MOopaau
CJIO’)KHAaTa KOHTaKTHa KHHEMAaTUKAa W pOTallM¥, KOWUTO MpaBiAT u3noia3BaHeto Ha COR
HEIPUI0KHUMO.

CnenBa na ce nmojgueprae, 4e BUPTYATHUIT U (PU3HMUECKUAT MPOTOTUII HE CE OYAKBA Ja Ce
IbpKaT UACHTUYHO, KAaTO MOCJIEA0BAaTEIHO OTKJIOHEHHE B OYaKBaHaTa IIOCOKAa CE€ CuuTa 3a
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JOCTAaThYHO yCiIOBHE 3a Banmujanus. [IbaHO chbBmaaeHue ¢ mporoTui, u3zpaboteH ype3 RP
TEXHOJIOTUH, OM O3HA4YaBaJl0 HECHOTBETCTBUE C TIOBEICHHWETO HAa KpaWHUS MPOIYKT,
MIPOU3BEIEH 10 1IeJIeBaTa TEXHOJIOTHSL.

Ha Ta3u 6aza moke na ce HampaBH 3aKJIIOUYEHUETO, Y€ Pa3paOOTeHHUST BUPTyaJleH MOJEIN
a/IeKBaTHO BB3MPOM3BEXKJIA (U3NUECKUTE MEXaHM3MU Ha BHCOKOCKOPOCTHHUS JWHAMHUYEH
IpoLEeC W € BaJUAMpaH 3a LEIUTE Ha HACTOSAUIOTO M3CIE/IBAHE, KaTO BCUYKU YHUCIIEHU
aHaJIM3H1 3a Pa3IMYHUTE HATOBAPBAILM CIy4Yau Cca MPOBEAECHU IPU UJICHTUYHHU HACTPOIKH.

Basmpanus Ha cHMYJIALIMOHEH AHAJM3 HA BUCOKOCKOPOCTEH JMHAMHUYECH MPOoLec
3a cumynanuuTe Ha GUHATHHS BaJUAUPAH BUPTYAICH MPOTOTUI Ca U3BBPLICHU KOPEKIINU
Ha MpeIBapUTEIHO BATUANPAHHS YHCIEH MOJEN, KaTO MacuTe Ha Oarepuute ca 3adaJeHH C
peaJlHUTE UM CTOMHOCTH, 0OABEHH ca BPB3KUTE MEXIy Oarepuute W HHTEpEHCcCHUTE
eleMeHTH. B 9acT oT pasriexnaHuTe HAaTOBApBallM Clydan OATepUTHUTE BPH3KH OKa3BaT
CHILIECTBEHO BIIMSHHUE BBHPXY IOBEACHHUETO HA MOAyJa MpH yaap, Th KaTo TOpaau
M3UCKBAHUATA 32 BHCOKM TOKOBE TSIXHOTO HANPEYHO CEYCHHE € 3HauuTenHo. llopaam
CIIO)KHOCTTa Ha aHaliM3a € W3YMCIICH €IWHCTBEHO NpU OpHeHTamusita Ha KOHTakT LC4,
OTIpeJIeNIeH KaTo Hail-HeOIaronpusTHa BaJluAUpaHa OpUSHTAIHS.

@Duzypa 6-17 - 3onama na yoap 3a LC4 npu chunannus eupmyanen mooe.

HaGmonaBa ce mmactuyna nedopmanus B oOjactra Ha phda Ha KOpIyca, KakTo
MOBUIIICHW HAINPEKEHHUsS B 4acT OT OaTepuilHUTE BPB3KU. [lopaam miuacTuyHus Xapaktep Ha
MaTepHaauTe HampexeHusita He mnpeBumaBar 275 MPa. Ilmactuunara nedopmanvs BbHB
Bpb3kuTe He HaaBumana (0,02 %, koero o3HauaBa, Y€ HE C€ OYaKBaT ChIIECTBEHU
reOMETPUYHU U3MEHEHHUSI, ChIIIACHO MOKa3aHOTO OTKJIIOHEHHUE Ha opmaTa BbB Purypa 6-18.
[lopanu BucokaTa MIIACTUYHOCT HA MEATA, U TPAHC(POPMHUPAHETO HA YacT OT EHeprusita Ha
yJaapa B IJIaCTH4YHA JAepopMalus, aTfyMUHHUEBUTE OaTepUWHNA TEPMHUHAIU HE Ca 3HAYUTEIHO
MOBJIMSIHM OT yJiapa U MpH TIX He ce HaOIroAaBaT OMacHU CTOMHOCTH Ha HANpeXeHUsTa. 3a
Kopmyca obade miuacTudHara jaedopmarus goctura okosno 0,7 %, koero Ou J0BEnO 110
JIOKAJIHO pa3pyllaBaHe — SBJICHUE, KOETO € MPEABUANMO W TPAKTHUYECKH HEU30€KHO IMPHU
TO3M CLECHAPHI.

Hanpexenusara B Garepuiinute kieTku He mnpeBumasat 30 MPa, xoero mpezicraBisiBa
JoMycTMa U Ge30macHa CTOMHOCT M HE Mperojara u3Tu4ane Ha enextponut. [locneqausT
pasrienaH KpUTEpui ca CUJIUTE B KOHTAKTHUTE 30HU MEXKAY KICTKUTE M KIEMHUTE, KaKTO U
MEXIy TEPMHHANUTE U OarepuilHuTe BpB3KU. [IpH J1azepHO 3aBapsiBaHe HAa MPOTOTHUIIUTE
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(u3cenBaHo M3BBH 00XBaTa HAa HACTOSIIMS TPYH) € ocurypeHa cpsspaima skoct or 1 kN u
MexXaHW4YHa Bpb3Ka oT 2,5 kN, kakTo 1 onbHHA SKOCT ChOTBETHO 1 KN 1 4 kN. B uncnenus
MOJIeTT KOHTaKTHUTE CHUJIH
He HagBumasaTr 110 N,
KOETO TapaHTUpa BHCOK
KOS(UITUEHT Ha
0e30MmacHoCT 1O TO3U
Kpurepuil. B 3axnroueHnue,
pe3yaTaTUTE OT YHUCJICHUS
aHaJ M3 II0Ka3BaT, dYe TIpH
pasrienaHus
HeOJIaronpusaTeH LC4,
KOHTO HE € 3aIbJDKUTEIICH
CBhIJIaCHO CTaHJApPTHUTE, HE
Ce OYakBa BH3HUKBAHE Ha

Duzypa 6-18- Pasnpedenenue na niacmuuHama
. . OITaCHH SIBJICHHSL.
Odepopmayus 8 Hall-HamosapeHama bameputina 8pwb3Kd.
CbhOTBETHO, NMPU OCTAHAIUTE
TOBapHU cllydau,

neuHUpaHU OT CTaHAAPTUTE 3a OE30MACHOCT, CHIIO HE Ce MporHo3upa puck. [loxydenure
pe3yiTaTh IMOTBBPXKIABAT aJCKBATHOCTTA HA IThbPBOHAYAIHHS KOHCTPYKTHUBEH IHM3aiiH B
KOHTEKCTa Ha yJapHO BB3JCHCTBHME NMpH HM3MHUTBaHE 4pe3 cBoOomHO mamane. [loaxoxna
JIEMOHCTPUPA BH3MOXKHOCTTA JIa CE HAMPaBH MOJIPOOCH CHUMYJIAIIMOHEH aHaJIW3 Ha U3JeIHe
KOETO IMPEJICTABIISIBA OMACHOCT NPU (PU3MIECKO TeCTBAHE.

H3Boam ot riaBa 6
AnpoOupaHeTo Ha TMOJXO0Jla JIEMOHCTPUPA BB3MOXKHOCTTA Ja C€ HampaBH MOAPOOCH
CUMYJIAIIMOHEH aHAJIU3 Ha U3JIEINE KOETO MPEJCTaBIsIBA OMACHOCT MPH (PU3HUECKO TECTBAHE.
Upes BanuaupaHusi BUPTyajeH MPOTOTHI MOTaT Jla c€ M3BbpIIAT U JPYTd CUMYJIAIIMOHHU
aHAJM3HW C BHCOKO HUBO Ha JOCTOBEpHOCT. OCTaHAIMTE W3BOJIU ca OOOOIIECHU B CICIHUTE
TOYKHU:

e Pa3paboTeHusT MoAXoa € anpoOupaH yCHEIIHO Ype3 MPAaKTUIECKOTO My TpUJIaraHe 3a
W3CJIe/IBAaHE HAa BUCOKOCKOPOCTEH JWHAMHUYEH MpOIeC OT THMN CBOOOJHO MaJaHe Ha
EJIEKTPUYECKHU €JIEMEHT OT aBTOMHAYCTpUsITA - OaTepUeH MOIYJI;

e [locturnaro e 10Opo HUBO HAa CHOTBETCTBUE MEXIY PE3YJITATUTE OT CUMYJIAIIMOHHUS
aHaJIu3 U CKCIICPUMCHTAJIITHUTC TaKHBa,

e ll3BnmedyeHn ca TON3M 3a JeTailjlHATa pa3paboTka Ha AW3aiiHA HA W3JEIHETO B
KOHTCKCTA Ha JXU3HCHUA MY HUKDBJI;

e HamaneHu ca pa3xoauTe U BPEMETO IO MPOU3BOACTBO U TECTBAHE HA MU3ICIUETO Ype3
METOAUTE Ha CUMYJIALIMOHHOTO MO/JICJTUPAHE;

[ ] OHGHCHO € BJIMAHUCTO HA BCHUYKHU CJIICMCHTU B KOHCTp}IKHI/IﬂTa II0 OTHOLICHHUC Ha
W3CJIEABAHOTO BUCOKOCKOPOCTHO TMHAMUYHO BIUSHUE;

e ll3BnedeHu ca LEHHU NMPENOPHKU 3a MOAOOpsSBaHE HA Au3aliHa My B ChOTBETCTBHE C
Mojieia YepHa-0ss1a KyTHs;

e HanpaBenu ca u3Boau 3a OBbJCIIM TPOYYBAHUS B cdepara.
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ObILIHU N3BOAU

W3BbprieHnTe W3CIeABaHUS, MPSKO CBBP3aHM C TemaTa Ha JUCEPTAIlMOHHUSA TPV,

MI03BOJIABAT Ja c€ (POpPMyYIIUpPAT CICIHUTE TIO0-BayKHU U3BOIH:

e DopMUpaHH ca MPEMOPHKH 332 U3TPAKIAHETO HA M3UMCIUTEITHUS MOJET Ha KOHIICTITYaJTHO
HUBO Ha 0a3a Ha pasriieaHuTe MyOJIMKyBaHH MPOy4YBaHUs B cepara;

e DopMmynpaHa € KOHICMIMS 3a MOJACIUPAHE M M3CJICIBAaHE HAa BHCOKOCKOPOCTHHU
JUHAMUYHHA TIPOIECH 4Ype3 BHUPTYaTHO MPOTOTHIHMPAHE, KOATO JehUHUPA OCHOBHHUTE
MPUHIIMITA U KPUTEPUH 33 U3TPAKIAHE HA YCTOWYNBU YUCICHU MOJICIIH.

ePazpaboreHa e mociegoBaTeTHa METOAOJOTHS 3a M3TrpakIaHe Ha W3YMCIUTENICH MOJCI
0a3upaH Ha BUPTYaJeH IMPOTOTHUII U MPOBEKIAHE HA YMCJICH aHAJIU3 Ha BHCOKOCKOPOCTEH
JUHAMHUYEH TPOIEC OT TUIl CBOOOJHO MajaHe, Karo ca OTYCTCHH HACOKUTE W €TaIlnuTe
oTOeIsI3aHu B KOHIICNITYaIHaTa IJIaBa.

eOnucanu ca MOAPOOHO CTBHIKHTE OT METOJOJIOTHMSATa B KOHTEKCTa Ha H3rPaKIaHETO Ha
CUMYJIAIIMOHCH aHAJIU3 332 N3MMTBAaHE HAa CBOOOIHO MajaHe

e PazpaboreHa e MeTOMOIOTHS 32 IJIaHUpPaHe, MIPOBEKIAHE M aHAIU3 Ha CKCIIEPUMEHTAITHU
U3CJICABAHMS PY BUCOKOCKOPOCTHH JUHAMUYHH Bb3JICHCTBUA,

e II3BBpIIICHO € M3CIIe[BaHE Ha M3IO0J3BAHOTO JA0OPATOPHO OOOpYy/aABaHE 3a TECTBAHE MPHU
cBOOOAHO manaHe. Ype3 BUCOKOCKOPOCTHHM 3allUCH Ca WACHTU(UIMPAHU HEXKEJIaH!
OTMECTBaHHMS Ha MajalaTa Maca.

e DopMmyMpaHy ca MPaKTHYESCKH HACOKH 32 MUHUMHU3MPaHe Ha BIMSHHETO HA OTMECTBAHETO
Ha TajamaTa Maca

e MeroaomnorusTa ¢ arpodbupaHa ¢ IpPOCT IpPUMEP — CBOOOIHO TajaHe Ha MeTaimHa cdepa, B
ChOTBETCTBHE C MNMPEAMIITHUTE TJaBU Ha KOHICTHPAaHE M NMPOBEKIAHE HA CHMYJIAIlMOHEH
aHaJIn3.

e EKCIICpUMEHTHTE ca YCICNIHO IMPOBEICHH, KaTO € 3acHeTa IPCIM3HO BHCOYMHATA HA
OTCKOK 3a IICJIUTE Ha BAJIMJIAIUATA HA CUMYJIAIIMOHHUS MOJICI.

o /I3BBPIICHUAT CPaBHUTEIICH aHAIW3 Ha METOAWTE 3a BaJlWJalnus II0Ka3Ba, ue
KOMOMHHUPAHETO Ha Pa3jUYHUA CKCICPHMMEHTAIHH W aHAJUTHYHU TOIXOAU BOAM IO TO-
BHCOKO HMBO Ha JIOCTOBEPHOCT CIPSMO M3IOJ3BAHETO HA €IMHUYCH METO/I.

ePa3paboTeH € MmocieoBaTeNIeH MOIX0/ 3a BalMJallisl HAa BUPTYAIHH MPOTOTHIH TIPU
BHCOKOCKOPOCTHH JMHAMHYHU MPOIIECH, KOSITO UHTErpUpa aHAIUTUYCH, CKCIICPUMCHTAJICH
Y YHCJICH MOJXO0/ B €IMHHA JIOTHYECKA PaMKa.

elI3mbaHEH € XWOpWUIEH TOIXOJ 33 BalUAUpPaHE, NPH KOWTO KOCHHUIIMCHTHT Ha
BB3CTAHOBSABAHE € HW3IOJI3BAaH KAaTO TJIOOAJICH W YCTOWYHMB WHAMKATOP 332 CHEPTUHHOTO
MIOBEJICHHUE HA CHCTEMAaTa IIpH yJiap.

o [IpuoxkeH e pazpaboTeHHUs IMOAXO0J], Karo ce HaOJroaBa MHOTO OOPO CHOTBETCTBHUE
MEXy pe3yJITaTHTe OT anpoOarusaTa Ha W3CICABAHUTE METOIOJOTMH 3a M3TpaXkJaHe Ha
W3YUCIIMTEIICH MOJEN Oa3WpaH Ha BHUPTyaJieH TPOTOTHII W  TPOBEXKIAHE Ha
CKCIICPUMCHTATHO M3CJICJ[BAHE, KAKTO M HA BAJIUALNS YPE3 aHATUTHYHO IIPECMSITaHE.

e PazpaboTeHusi 1moaxoa pabOTH YCIENIHO B KOHTEKCTa HA MPOCT MPHMEP Ha TUHAMHYCH
CUMYJIAIIMOHCH aHAJIU3.

e Pa3paboTeHUsAT MOIX0J € anmpoOHWpaH YCIEHIHO Ype3 MPAKTHYECKOTO My TNpujaraHe 3a
U3CJIe/IBAHE HA BHCOKOCKOPOCTEH JWHAMUYCH WPOIEC OT THUI CBOOOJHO TNajaHe Ha
CIICKTPHUYECKH €JICMEHT OT aBTOMHYCTPUSATA - OATEPUEH MOTYJT;

e[locturHato e J0OPO HUBO HAa CHOTBETCTBHE MEXKIY PE3YJITATHTE OT CHMYJIAITMOHHUS
aHaAJIM3 ¥ CeKCTICPUMCHTATHUTE TAaKHUBa,

e HamanieHn ca pa3xoguTe W BPEMETO IO IMPOU3BOJCTBO M TECTBAHE Ha HW3JICIMETO Upe3
METOJIMTE Ha CUMYJIAIIMOHHOTO MOJIECITHPAHE;
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e¢OI1CHEHO € BIMSHUETO HAa BCHYKHA CIIEMEHTH B KOHCTPYKIUSTa IO OTHOIICHHE Ha
U3CJICIBAHOTO BUCOKOCKOPOCTHO TUHAMUYHO BIIHSHUE,

e lI3BiieueHN ca NpENnopbKU 3a MOAOOpsIBaHE HA qU3aifHa B ChOTBETCTBUE C MOJIENIA YEpHA-
Osiia KyTHS;

e HanpaBeHu ca n3Boau 3a ObICIIN MPOYYBAHUS B ceparta.

INPUHOCH

Hay‘IHO-le/IJIOHCHI/I IMPUHOCHA

o Pa3pabotrena e meTojosiorus 3a IMPOBEXKJAHE EKCIEPUMEHTAJIHU W3CJEIBAHUS 32
u3cleBaHE Ha TMOBEACHHETO Ha (PU3WYECKH MPOTOTHNH TPHU BUCOKOCKOPOCTHU
JTMHAMHUYHU TTPOLIECH;

o Pa3paboTtena e MeTo0MIOTHS 332 M3TPaKIAHE HA W3UMCIUTENICH MOJEN 32 U3BHPIIBAHE
Ha WH)XXEHEPHU aHAJIM3U Ha BUCOKOCKOPOCTHM JMHAMUYHHM MpoLecd Ha Oa3ara Ha
BUPTYaJIEH MPOTOTHIL;

o Pa3paboteH e uHTErpupaH NoaXo ] 3a BaIMIMpaHe U U3CIIEBAaHE Ha BUCOKOCKOPOCTHU
JUHAMHUYHA MPOLIECH, KOMUTO ChUeTaBa METOJOJIOTHUTE 32 BUPTYaTHO MPOTOTHITHPAHE
Y eKCTIEpMMEHTAIHHA M3CJIEIBAHUS Upe3 JOPa3BUTHE Ha METOJA ,,depHa — Osyia KyTus ,,
B €JJMHHA JIOTUYECKA CTPYKTYpa.

IpuioxHU NpUHOCH

° Pa3paboTenara METOAONOTHSI € MPHJIOKEHA YCIIENTHO TPU PEaHU €KCTIEPUMEHTATHA
W3MHATBAHMS OT THI CBOOOJHO IMajaHe, BKIIOUYUTEITHO BBPXY OMPOCTEHU pedepeHTHU
00€KTH U BbpXY (U3UUECKHU MPOTOTHUIl HA OATEPUEH MOAYJ 32 CICKTPUIECKO MTPEBO3HO
CPEACTBO;

° N3rotBeHn ca NOpakTHUYECKHW HACOKA 3a IUJIAHUPAHE M NPOBEXKIAHE HaA
eKCIIEPUMEHTAIHU M3MHUTBAHUS TP BUCOKOCKOPOCTHU JMHAMHUYHHM Bb3JCUCTBUA,
OTUMTAIM OrPAHUYCHMATA, CBBP3aHU C Pa3PYLIUTEIHUS XapakTep Ha TECTOBETE,
orpaHWYeH OpO¥ MPOTOTHUIIN U CIIETU(PUKHATE HA U3MEPBATETHATA TEXHHUKA;

° AHanmuM3UpaHO €  BJIMSHUETO  HA  EKCIepUMEHTAJIHATa  TEXHHKA  BBPXY
BB3MPOU3BOAMMOCTTA Ha PE3YJITATUTE, KATO ca WAEeHTU(DUIIMpaHu (HAKTOPH, BIUICIIN
BbpPXY OpHEHTalMATa M KHHEMaTUKAaTa Ha NaJalliuTe Tejla Ha YUATO OCHOBa ca
(dbopMyHpaHu TPENOPHKU 3a MOAOOpsIBAaHE HAa TOYHOCTTA MPH W3MHUTBAHHS OT THUI
cBOOOIHO MajaHe;

o Upe3 mnpunaraHeTo Ha BaJUIMpPaH BUPTyaJe€H MPOTOTHN Ca OCBHUIECTBEHH
MOTBHPAUTEIIHA U ONTUMM3AIMOHHU TECTOBE Ha MHOBATHBHO W3JEIHE - - OaTepuUEH
MO/TyJI 32 €JIEKTPUYECKH IPEBO3HU CPEACTBA;

° N3Bnedyenn ca mon3u 3a jeTailyiHata pa3paboTka W ONTHMM3AIMA Ha JU3aiiHa Ha
U3JIeINeTo OaTeprueH MOy T B ChOTBETCTBUE C MOJIeNa “‘depHa-0s1a KyTus .
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I. GENERAL CHARACTERISTICS OF THE DISSERTATION

Relevance of the problem
The dissertation work is focused on the field of high-speed dynamic impacts and virtual

prototyping, with the focus of the research being on modeling, conducting an experiment, and
validating numerical models in fast-flowing nonlinear processes, which determines the scientific
and applied significance and relevance of the research.

Purpose of the dissertation, main tasks and research methods
Based on the analysis of the state of the problem under consideration and the conclusions

described above, the following goal of the dissertation work has been formulated:

To create a workable approach for modeling and studying high-speed dynamic processes
through analyses using validated virtual prototypes. The following main tasks arise from the goal
thus defined:

Task Nel: To build a concept for modeling and researching high-speed dynamic processes
through virtual prototyping.

Task Ne2: To create a methodology for building a virtual prototype for performing engineering
analyses of high-speed dynamic processes

Task Ne3: To create a methodology for conducting experimental tests to study the behavior of
physical prototypes in high-speed dynamic processes;

Task Ned: To create an approach for validating virtual prototypes of high-speed dynamic
processes by conducting experimental studies on a physical prototype

Task Ne5: To assess the adequacy and applicability of the created approach through testing on
a high-speed dynamic process

The developed methodologies aim to increase the reliability of simulation results and create a
systematic and traceable process for comparison between physical experiment and numerical
analysis.

Scientific novelty
A methodology has been developed for conducting experimental research to study the behavior

of physical prototypes in high-speed dynamic processes, a methodology has been developed for
building a computational model for performing engineering analyses of high-speed dynamic
processes based on a virtual prototype, an integrated approach has been developed for validating
and studying high-speed dynamic processes, which combines methodologies for virtual
prototyping and experimental research by further developing the "black - white box™ method into
a single logical structure.

Practical applicability
Practical guidelines for planning and conducting experimental tests under high-speed dynamic

impacts have been prepared, taking into account the limitations associated with the destructive
nature of the tests, a limited number of prototypes and the specifics of the measurement technique.
The influence of the experimental technique on the reproducibility of the results has been
analyzed, and factors affecting the orientation and kinematics of falling bodies have been
identified, on the basis of which recommendations have been formulated for improving the
accuracy of free-fall tests. Benefits have been derived for the detailed development and
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optimization of the design of the battery module product in accordance with the “black-white
box” model.

Approbation
The research on the dissertation was carried out in the laboratories "CAD/CAM/CAE in

Industry™ at the Faculty of Mechanical Engineering of the Technical University of Sofiaand " 3D
Creativity and Rapid Prototyping™ at the National Research and Development Institute , with part
of the research being carried out as part of the work on the project "National Center of Excellence
in Mechatronics and Clean Technologies™ .

Structure and scope of the dissertation
204 pages long and includes an introduction, 5 chapters to address the formulated main tasks,

a list of main contributions, a list of publications on the dissertation and references. A total of 123
literary sources are cited, 121 of which are in Latin and 2 in Cyrillic, and the rest are Internet
addresses. The work includes a total of 63 figures and 5 tables. The numbers of the figures and
tables in the abstract correspond to those in the dissertation.

Publications
The results of the dissertation work have been published and reported in the following scientific

publications and scientific forums:

1. Todorov G., Kamberov K., Dimitrov K., Approaches To Virtual Prototype Validation of
Drop Tests, (2025) AIP Conference Proceedings, 3274 (1), art. no. 050009, DOI:
10.1063/5.0258754, Q4, SJIR 2024: 0.153
https://www.scopus.com/inward/record.uri?eid=2-s2.0-
105000344621&d0i=10.1063%2f5.0258754&partnerlD=40&md5=c36756a357b70869d
4ec41361604c654

2. Todorov G., Kamberov K., Gavrilov T., Dimitrov K. , "Drop test validation of a virtual
prototype of EV Battery Pack”, 14 ™ National Congress on Theoretical and Applied
Mechanics, 2024 , Journal of Theoretical and Applied Mechanics (Bulgaria), 55 (4), pp.
387 — 401 https://www.scopus.com/inward/record.uri?eid=2-s2.0-
105027095513&partnerlD=40&md5=5ee9c74c0e9213462130a771fb6af633

3. Todorov T., Bankov B., Zagorski M., Gavrilov T., Dimitrov K. , Rapid Prototyping and
Measuring Assessment of a Complex Geometry (2024) 34th International Scientific
Symposium Metrology and Metrology Assurance 2024, MMA 2024, DOI:
10.1109/MMA62616.2024.10817673, https://www.scopus.com/inward/record.uri?eid=2-
s2.0-
85216922578&d0i=10.1109%2fMMA62616.2024.10817673&partnerl D=40&md5=5f0
5e60f87cbaad35bf73991c6d55f4c

4. Todorov G, Kamberov K, Ivanov T, Dimitrov K. Virtual and Physical Prototyping in
Mechanical Shock Test of an EV Battery Module. Engineering Proceedings . 2026;
121(1):12. https://doi.org/10.3390/engproc2025121012



https://www.scopus.com/inward/record.uri?eid=2-s2.0-105000344621&doi=10.1063%2f5.0258754&partnerID=40&md5=c36756a357b70869d4ec4f361604c654
https://www.scopus.com/inward/record.uri?eid=2-s2.0-105000344621&doi=10.1063%2f5.0258754&partnerID=40&md5=c36756a357b70869d4ec4f361604c654
https://www.scopus.com/inward/record.uri?eid=2-s2.0-105000344621&doi=10.1063%2f5.0258754&partnerID=40&md5=c36756a357b70869d4ec4f361604c654
https://www.scopus.com/inward/record.uri?eid=2-s2.0-105027095513&partnerID=40&md5=5ee9c74c0e9213462130a771fb6af633
https://www.scopus.com/inward/record.uri?eid=2-s2.0-105027095513&partnerID=40&md5=5ee9c74c0e9213462130a771fb6af633
https://www.scopus.com/inward/record.uri?eid=2-s2.0-85216922578&doi=10.1109%2fMMA62616.2024.10817673&partnerID=40&md5=5f05e60f87cbaad35bf73991c6d55f4c
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I1. CONTENT OF THE DISSERTATION

1. LITERATURE REVIEW
The increasing demands for safety and reliability of modern engineering products motivate

research in the field, increasing the level of knowledge and enabling them to be covered by
increasingly accurate, systematic and demonstrable engineering analyses. In the conditions of
accelerated development cycles, increasingly complex structures and widespread use of thin-
walled and composite solutions, dynamic impacts are becoming a critical factor in the design and
evaluation of products.

High-speed dynamic processes
High-speed dynamic processes encompass phenomena in which motion, deformation, and

interactions between objects occur in short time intervals—Iless than 1*10 *'s. They are
characterized by high velocities, significant inertial effects, and abrupt changes in loads that lead
to complex mechanical, thermal, and wave phenomena. These processes can include impacts,
explosions, supersonic motions, and high-speed deformations of materials. Understanding and
analyzing such processes is important for a variety of engineering applications, such as the design
of a variety of consumer products, the automotive and aerospace industries, ballistic protection,
manufacturing technologies, and materials science. [29] Through advanced numerical modeling
and experimental techniques, engineers can predict and optimize the behavior of structures and
materials under various conditions, which contributes to increasing the safety, reliability, and
efficiency of modern technologies.
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Figure 1 -2 : Summary of high-speed processes and scope of the study

Simulation modeling as a key tool in the study of high-speed dynamic processes
In modern industry, the demands placed on products are increasing, whether it is to study the

behavior of the product, ensure user safety, or ensure the integrity of the product. From dynamic
impacts such as impacts and crashes to drop tests, virtual analysis is now an indispensable tool
for designing optimized structures. [103] Free-fall tests are part of the standard tests that ensure
the reliability, safety, and quality of products. [104] These tests are applied in various industrial
sectors, including consumer products, automotive, medical devices, packaging, and others. [22]



Software tools and instruments for modeling high-speed dynamic processes
Modern simulation modeling of high-speed dynamic processes is inextricably linked to the use

of specialized software tools that provide the ability to numerically model, analyze, and interpret
highly nonlinear phenomena such as impacts, free fall, destruction, and interactions between
different environments. The development of CAE (Computer Aided Engineering) software in
recent decades has turned it into a basic engineering tool, without which conducting reliable
simulation analyses is practically impossible. [3]

Artificial Intelligence in Engineering Analysis
In recent years, artificial intelligence has been used as a tool for preliminary evaluation of

engineering analysis results, representing a natural extension of the development of computer-
aided engineering. At present, these approaches are not yet fully developed and widespread in the
field of high-speed dynamic processes and explicit numerical analysis.

Conclusions to Chapter 1
Within the framework of the current chapter, a targeted literature study has been carried out,

covering the contemporary scientific and applied literature in the field of virtual modeling and
numerical analysis of high-speed dynamic processes, such as:
e The main concepts related to engineering analyses, and in particular dynamic ones, are

summarized;

e The physical nature of high-speed processes is examined with an emphasis on inertial
effects, wave propagation, and velocity-dependent material behavior;

e High-speed dynamic analyses are considered as an essential element of the product life
cycle with a view to reducing the time and costs of developing products with specific
requirements for their behavior under impulse impacts;

e Current areas of application of high-speed dynamic simulations have been analyzed in order
to position the development in the context of modern engineering trends;

e The main methods for experimental validation of simulation models under high-speed
dynamic impacts are summarized, including high-speed imaging, accelerometric and strain
gauge measurements, as well as combined approaches;

e The programming environments and numerical approaches used for conducting and
validating dynamic analyses are reviewed, and guidelines for future work on the topic are
formulated;

e It has been established that the analyzed sources lack a clearly structured and formalized
approach for validation of simulation analysis in high-speed dynamic processes;

o Critical parameters and settings of dynamic simulations have been identified, which should
be taken into account even in the conceptual phase of the model,

e Based on the analysis performed, the goal and objectives of the dissertation have been
formulated.



2. CONCEPT FOR MODELING AND INVESTIGATION OF HIGH-
SPEED DYNAMIC PROCESSES THROUGH  VIRTUAL

PROTOTYPING
The chapter formulates a conceptual framework for modeling and studying high-speed

dynamic processes through virtual prototyping. The presented statements and criteria are the
result of the literature review and summarize the principles for numerical description of fast-
flowing nonlinear phenomena established in science and applied practice. In this context, the
main requirements for the choice of numerical approach, the definition of boundary and initial
conditions, the formulation of material and contact models, as well as the conditions for ensuring
numerical stability and physical reliability of the results are synthesized.

Main elements of the concept
The concept of modeling and studying high-speed dynamic processes through virtual

prototyping is based on three interrelated directions that determine the overall approach, methods,
and evaluation criteria in this dissertation.

e Building a computational model

e Choosing a solution method and setting up the analysis

e Model verification and validation

Analytical description and numerical formulation of computational models
The chapter discusses the main specifics of computational models in the analysis of fast-

flowing phenomena, summarizing the fundamental principles of numerical modeling and the
factors affecting the stability, accuracy and physical validity of solutions. The characteristic
features of time integration, discretization, material and contact modeling are presented, as well
as basic guidelines for the selection and setup of the analysis. Recommendations arising from the
literature review and engineering practice are also formulated, which support the correct
configuration of the simulation models.

Conceptual framework for building a computational model
Building a computational model for analyzing high-speed dynamic processes based on a virtual

prototype requires a systematic and consistent approach in which geometry, material behavior,
and boundary conditions are considered as interconnected elements of a common numerical-
physical setting.

Within the present conceptual framework, the computational model is considered not as a direct
copy of the CAD geometry, but as a purpose-built numerical representation corresponding to the
nature of the dynamic process under consideration. This implies a conscious balance between
geometric detail, material adequacy, and correctly specified boundary and contact conditions, in
order to understand the behavior of the object under high-speed interactions.

Choosing a numerical solution method
The choice of a numerical solution method is a key element of the concept of modeling and

studying high-speed dynamic processes using the finite element method. It determines the mode
of time integration, the stability of the solution, and the ability to adequately describe the
nonlinear effects characteristic of impact and shock loads.
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Conceptual diagram of the directions in modeling high-speed dynamic processes
A conceptual scheme is presented, summarizing the main directions and key points to which

increased attention should be paid when building a computational model based on a virtual
prototype for high-speed dynamic processes.

The scheme groups the critical aspects of modeling into three main areas - compilation of a
computational model, analysis settings, and interpretation of results, with the aim of emphasizing
the sensitive parameters that have a dominant influence on the stability, accuracy, and physical
reliability of the numerical solution.

Conclusions to Chapter 2
A concept for modeling and studying high-speed dynamic processes through virtual

prototyping has been formulated, which defines the basic principles and criteria for building
sustainable numerical models. The concept unites the individual stages of the analysis into a
single logical framework for a specific research object in the dissertation work;

The main mathematical relationships and equations describing the time integration methods
are summarized, systematizing the principles of simulation modeling for high-speed impacts.
Valuable recommendations for the construction of the virtual model at a conceptual level are
formed based on the reviewed published studies in the field;

Each element is considered as part of an interconnected system in which geometry, material
models, numerical settings, and result evaluation mutually influence the analysis results;

The developed concept of virtual modeling provides a flexible methodological framework that
is not tied to a specific numerical implementation and can be adapted to various high-speed
dynamic tasks. This creates the necessary basis for the subsequent development of methodologies
and implementation of specific numerical studies, presented in the following chapters of the
dissertation.



3. METHODOLOGY FOR CONSTRUCTING A VIRTUAL PROTOTYPE
FOR PERFORMING ENGINEERING ANALYSES OF HIGH-SPEED
DYNAMIC PROCESSES

A methodology has been developed for building a computational model based on a virtual

prototype and conducting a numerical engineering analysis of high-speed dynamic processes. The
presented sequence provides a systematic and reproducible basis for subsequent experimental
validation by integrating it into a validation approach and for using the virtual prototype as a
reliable engineering tool in the process of developing and evaluating structures subjected to high-
speed dynamic impacts.

Role of virtual prototype and engineering analysis in high-speed dynamic processes
Virtual prototyping is a fundamental tool in modern engineering analysis of high-speed

dynamic processes, as it allows the study of the behavior of structures under shock and impulse
loads in the early stages of design. With the development of numerical methods and computing
technology, virtual prototyping has established itself as an effective tool for analysis, optimization
and risk assessment, significantly reducing the need for numerous physical prototypes.

Methodology for building a computational model of free fall
Based on the established concept for building a simulation model under high-speed dynamic

loads, a sequential methodology for building a computational model based on a virtual prototype
is developed in this section. The process is defined as a sequence of methods for defining the
individual steps, with the specific model settings and steps depending on the physics under study
and the specific task, and guidelines for their definition are given in the previously discussed
conceptual chapter. The methodology aims to systematize the individual stages of numerical
modeling and to provide a logical connection between theoretical principles, numerical methods
and experimental validation.

Building a computational model and conducting a free fall analysis
In order to demonstrate and validate the developed methodology for virtual modeling and

validation of high-speed dynamic processes, a simplified impact scenario is considered - the free
fall of a steel ball from a rolling bearing onto a solid metal plate, as already defined in the previous
chapter.

The global validation parameter in the study is the bounce height recorded by high-speed video
capture, which is used to:

e experimental assessment of energy losses during impact;
e validation of the simulation model;
e analytical calculation of the coefficient of recovery (COR).

As aresult of the numerical analysis, the velocity of the bullet after impact was determined, on
the basis of which the rebound height was calculated. The obtained value shows good agreement
with the experimentally measured height, registered by the high-speed camera, described in detail
in the next chapter. Based on the initial velocity and the rebound velocity, the recovery coefficient
was determined, which serves as the main quantitative indicator of the energy transformations
during impact. The comparison in the validation stage between the numerical, experimental and
analytical results shows consistent behavior and expected direction of the deviations, determined
by the real contact and material effects.



The obtained results
confirm that the
constructed virtual
prototype has close to
the expected behavior
and can be used as a
reliable basis for
validation of the
methodology and for
subsequent  extended
numerical studies.

Conclusions to
Chapter 3

A consistent

methodology for

building. a  virtual

prototype and

conducting a numerical
analysis of a high-speed
dynamic process of free
fall type has been
developed, taking into
account the guidelines
and stages noted in the
conceptual chapter. The
remaining conclusions
are summarized in the
following points:

e A comparison has
been made
between different
approaches in the
context of free fall;

e The steps of the methodology are described in detail in the context of building a virtual
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Figure 3-1: Methodology for building a computational model (M1)

model for free fall testing;

e The methodology is tested through a simplified example — a steel ball falling from a rolling
bearing onto a solid contact surface, which allows for a clear definition of the geometry,

material characteristics and boundary conditions;

The obtained numerical results create a reliable basis for subsequent experimental and
analytical comparison, through which the validation of the virtual model and assessment of the

applicability of the developed methodology are carried out in the following chapters.
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4. RESEARCH METHODOLOGY FOR CONDUCTING
EXPERIMENTAL TESTS TO INVESTIGATE THE BEHAVIOR OF
PHYSICAL PROTOTYPES IN HIGH-SPEED DYNAMIC

PROCESSES
Experimental tests are an integral part of the study of high-speed dynamic processes, as they

provide objective information about the real behavior of physical prototypes under impact loads,
in accordance with the "black-white box™ model. They allow observation and evaluation of the
overall behavior of the structure, of the deformation and failure mechanisms, as well as of the
energy processes, which can hardly be correctly assessed only through virtual prototyping.

Role of experimental studies in the analysis of high-speed dynamic impacts
Experimental tests occupy a key place in the study of high-speed dynamic processes, as they

allow the assessment of the real behavior of structures under complex conditions, characterized
by strong nonlinearity, contact interactions and high deformation rates. In these cases, virtual
prototypes, regardless of their complexity, are limited by idealizations in geometry, specified
material characteristics and settings of the specific analysis. Due to the presence of many
variables for the solution of such a task, as well as the difficult to predict behavior of the system,
it is often necessary to perform validation to guarantee correct results. In practice, the experiment
can perform several main functions. On the one hand, it often serves as a means of certification
and verification of the compliance of products and structures with regulatory requirements under
impact loads. The focus of the current work is directed to experimental tests that allow the
identification of the real mechanisms of deformation, destruction and energy transformation,
which often cannot be unambiguously derived from numerical results. In this sense, the
experiment provides qualitative and quantitative information about the behavior of the object
upon impact.

Measurement methods in high-speed dynamic experiments
In free-fall tests, information about the dynamic behavior of the test specimen cannot be

obtained directly through classical static or quasi-static measurements. The evaluation of the
results is based on recording global kinematic parameters (velocity, displacement, contact time)
and on monitoring the elastic and plastic deformations that occur.

The chapter discusses the main experimental approaches for recording and evaluating dynamic
behavior under impact loads, used both in industrial practice and in modern scientific research.
An overview of physical, virtual and hybrid methods for measurement and analysis is presented,
with emphasis on their applicability in the validation of virtual prototypes. The advantages,
limitations and level of reliability of the different approaches are analyzed depending on the
geometry, material and nature of the dynamic impact. The main approaches used are:

e High-speed video recording

e Evaluation of residual plastic deformation

e Analytical calculations

e Hybrid approaches
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Methodology for conducting experimental tests in high-speed dynamic impact tests
The subchapter formulates a methodology for conducting experimental tests under high-speed

dynamic impacts, falling within the scope of the dissertation. The methodology is based on the
classifications of experimental methods, measurement approaches and principles for validation
of virtual prototypes
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Evaluation and analysis of results. Test protocols
The evaluation of the results is carried out based on predefined criteria, tailored to the purpose

of the experiment — validation, comparative analysis or certification. A key element in this
process are the test protocols, which provide structured and traceable documentation of the tests
performed.
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Test protocols contain information about the test specimen, the experimental setup, the
measurement technique used, the equipment settings, the test conditions and the observed results.
They serve as a basis for subsequent data interpretation, for assessing repeatability and for arguing
the reliability of the experimental results. In the context of the present study, test protocols have
an additional role as a link between physical experiments and numerical analysis, allowing for a
direct comparison of key parameters and an objective assessment of the degree of correspondence
between the experimental and virtual prototype.

Research on experimental technique
In this chapter, a study of the operation of a free-fall testing machine has been carried out,

focusing on the dynamics of the falling mass and its influence on the preservation of the
orientation of the test object. The actual movements of the setting mass in the initial stage of the
test have been analyzed using high-speed video recording, with the aim of identifying sources of
deviations from ideal behavior and assessing the applicability of the machine for testing according
to different standards. The results obtained serve as a basis for formulating practical guidelines
for the use of the machine, as well as for a critical assessment of the limitations that should be
taken into account when interpreting the experimental data.

Test setup evaluation
The experimental methodology is validated through simplified free-fall scenarios. Reliable and

reproducible results require not only proper definition of the test object and loading conditions,
but also a clear understanding of the capabilities and limitations of the experimental setup. The
quality of the results is therefore governed by the system behavior during the initial stage of the
fall and its ability to ensure controlled initial conditions.

This chapter examines the operation of a free-fall testing machine, focusing on the dynamics
of the falling mass and its effect on the orientation of the test object. High-speed video analysis
is used to identify deviations from ideal behavior and to assess the applicability of the system.
The results provide a basis for practical guidelines and for evaluating the limitations of the
experimental data.

Experimental studies of dynamic high-speed processes and validation of the
presented methodology
The chapter presents the application of the developed experimental methodology for the study

of high-speed dynamic processes through free-fall tests. For validation purposes, a simplified and
well-defined experimental object from the previous chapters was used to continue the study — a
steel ball from a rolling bearing, which allows for a clear interpretation of the results and
minimizes additional design and technological influences.

The conducted experiments aim to provide a reliable experimental basis for determining the
kinematic indicators upon impact, with the rebound height and the recovery coefficient being
used as the main evaluation parameter. The obtained results serve for experimental and analytical
comparison with the numerical model presented in the previous chapter. The drop height is set to
1 m, which corresponds to a contact velocity of approximately 4.43 m/s. The machine mechanism
accelerates the falling body with a higher initial velocity compared to free fall under the action of
gravity, which leads to high repeatability of the contact position and facilitates the recording of
the process by high-speed video recording.
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As a result of the tests,
a rebound height of
approximately 85 cm was
recorded when using the
harder contact plate and
about 32 cm with the
softer plate. These results
clearly demonstrate the
significant influence of
the mechanical
properties of the contact
surface on the energy
losses during impact. In
the tests with the softer

plate, a clearly
pronounced local plastic
deformation was

observed in the contact
area, shown in Figure 4-
11. This deformation
leads to a significantly
lower rebound height
and, accordingly, a lower
value of the recovery
coefficient. The results
obtained with the harder

Figure 4-12: Experimental setup

contact plate were used for subsequent analytical and numerical comparison, since the mechanical
properties of the plate are closer to those of the steel ball and the influence of plastic deformation
is limited. On this basis, a recovery coefficient COR = 0.85 was determined, which is in
accordance with the expected values for contact between steel bodies with high hardness.

(a) Before contact (b) After contact
Figure 4-13: Bounce height comparison
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Experimental studies of dynamic high-speed processes and validation of the
presented methodology
Reliable reporting of experimental results in free-fall tests requires control over three key

elements: (1) reproducibility of the fall conditions, (2) sufficient visual information about the
orientation and contact moment, and (3) a measurable quantity suitable for quantitative
comparison with the computational model. In the present study, the main experimental validation
indicator is the recovery coefficient. (COR) , determined by rebound height and/or post-impact
velocity , extracted from high-speed video footage.

Conclusions from Chapter 4
A methodology for planning, conducting and analyzing experimental studies under high-speed

dynamic impacts has been developed, oriented towards preparing reliable data for subsequent
validation of virtual prototypes. The remaining conclusions are summarized in the following
points:

e A study of the laboratory equipment used for free-fall testing was performed with an
emphasis on reproducibility and orientation retention upon contact. Lateral displacements
of the falling mass were identified through high-speed recordings.

e Practical guidelines have been formulated to minimize the impact of falling mass
displacement

e The methodology is tested with a simple example — the free fall of a metal sphere, in
accordance with the previous chapters on conceptualizing and conducting simulation
analysis.

e The experiments were successfully conducted, with the bounce height accurately captured
for the purposes of validating the simulation model.

5. APPROACH TO VALIDATING VIRTUAL PROTOTYPES
THROUGH CONDUCTING EXPERIMENTAL STUDIES ON
PHYSICAL PROTOTYPES

Validation of virtual prototypes is a key step in the analysis of high-speed dynamic processes,

as it establishes the degree of correspondence between the numerical model and the real physical
behavior. This process is not limited to a direct coincidence of individual results, but requires a
purposeful selection of validation indicators, appropriate comparison methods and clear criteria
for accepting the correlation.

Role of validation in virtual prototyping of high-speed dynamic processes
The independent use of numerical models in high-speed dynamic processes is limited by a

number of assumptions and idealizations. Regardless of the progress of computational methods
and software tools, numerical analysis cannot unambiguously guarantee the correct reproduction
of real physical behavior without an experimental reference. Therefore, validation should not be
considered as a one-time comparison of results, but as an iterative process in which the numerical
model is evaluated, corrected and improved on the basis of experimentally established
dependencies and trends.

In this context, validation takes a central place in the overall research cycle, connecting
experimental tests and numerical analysis in a single methodological framework. It provides a
transition from physical observations to in-depth interpretation of processes in a virtual

15



environment and vice versa. The validated virtual prototype not only reproduces measurable
experimental indicators, but also allows for the analysis of internal quantities that cannot be
directly observed experimentally.

The conceptual basis of this approach can be described by the “black-white box” model.
Physical prototypes are considered as a “black box”, where only input impacts and output
reactions are available, without the possibility of direct observation of internal processes. In
contrast, virtual prototypes function as a “white box”, where the structure, logic and
interrelationships between individual elements are fully known and subject to analysis.
Combining the two approaches in an iterative connection allows the physical experiment to serve
as a reference for checking the numerical model, and the virtual analysis — as a tool for
interpreting and generalizing the observed behavior.

Validation methods
A general comparison of the main methods for validation of virtual prototypes through physical

experiments was made based on the works reviewed in the literature review. Table 5-1
systematizes the different experimental approaches, the corresponding validation indicators, the
level of accuracy, the speed of application, the applicability and their potential for validation of
virtual models. The analysis shows that some of the methods are universal in nature and can be
applied to a wide class of tasks, while others are strongly limited to specific applications and
geometries, which is reflected in the column “Applicability Level”. The validation level assesses
to what extent the respective experimental method is sufficient for reliable validation of the virtual
model, provided that there is a good correspondence between experimental and numerical data.
The specified accuracy is summarized based on relevant scientific publications, and the criterion
“Speed” takes into account the required volume of operations and the time for processing the
experimental results.

Table 5-1: Methods for virtual validation through physical experiments
Method Indicators Accuracy Speed Level of Validation
(%) applicability level
VIS Visible plastic deformation Medium Slowly Average High
3DSC Scanned structure before and High Slowly Average High
after physical experiment
HSC Initial velocity, maximum Medium Slowly High High
deformation length, rebound
height
HSC Frequency Medium Average Low Average
EFC Frequency Medium Quickly Low Average
HSC Acceleration on impact High Average High Low
ACC Tabular values High Quickly High Low
SG Tabular values High Quickly Average Medium
Hybrid Depending on the case High Slowly High High
approach
, Where: ACC — Accelerometer
HSC — High speed capturing SG — Strain gauge
PIE — Physical inspection by eye 3DS C - 3D scanner for plastic
EC — Energy calculations deformation measurement
VIS — Visual
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Dynamic simulation validation approach
The approach includes the two presented methodologies as well as a block for analytical

assessment of the behavior of the tested objects, followed by a verification block, and this
structure allows for the application of an iterative approach until a good level of
correspondence of the results of the simulation analysis is reached in the context of the
considered “black-white” box model. It is not mandatory to conduct both experimental and
analytical studies, it is possible to use only one validation method, but practice shows that the
hybrid approach leads to the most optimal results. The presented block diagram is defined as
an approach, since it uses methodologies as discrete steps in its sequence.

Validation of a virtual simulation model of a high-speed dynamic process

The validation of virtual models in high-speed dynamic processes often requires a
combination of
different approaches, M3
especially in cases
where the input data
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the coefficient of recovery as an intermediate and objective reference value. The choice of this
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indicator is justified by the fact that it describes the global energy behavior of the system upon
impact and can be determined both analytically, experimentally and numerically. For a simple
geometric

object, such as a steel sphere, COR represents a reliable and easily interpretable parameter
for assessing the adequacy of the virtual model.

Very good agreement was achieved between the results obtained by the three independent
approaches for determining the coefficient of restitution. The analytically calculated value is
e = 0.844 , the experimentally determined value is e = 0.85 , and the result of the numerical
analysis is e = 0.84 . The closeness between these values indicates consistency of the
approaches and confirms the applicability of the combined analytical-experimental-numerical
method for validating free-fall tests and for assessing the behavior of the object upon impact.

Figure 4-11: Representation of stresses and strains

Validated virtual prototype as a basis for extended numerical studies
Once validated, the simulation model can be used as a reliable basis for extended numerical

studies that go beyond the scope and limitations of physical experiments. This allows for
effective use of the model as an engineering tool in later stages of product development.

The main areas of application of the validated virtual prototype include:

e investigating scenarios outside the experimental scope, such as higher drop heights,

different contact surfaces, or combined loads;

e analysis of unfavorable and difficult-to-implement experimental cases, including

asymmetric impacts and boundary orientations;

e using the model for parametric studies, structural optimization and risk assessment under

impact loads.

An additional advantage of the validated virtual prototype in the context of a black-white
box is the possibility of detailed access to internal quantities that cannot be directly measured
experimentally, such as stress distributions, local plastic deformations, strain rates and energy
components during impact. In this way, the validated virtual prototype is not limited to
reproducing the experimental results, but becomes an extension of the experimental study,
allowing for in-depth analysis of the physical processes and supporting the making of justified
engineering decisions in high-speed dynamic impacts. Another major advantage is the
possibility of using the already validated virtual prototype to expand the scope of research.
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Conclusions from Chapter 5
A consistent approach for validation of virtual prototypes in high-speed dynamic processes

has been developed and implemented, which integrates analytical, experimental and numerical
approaches into a single logical framework. The remaining conclusions are summarized in the
following points:

e The reviewed studies concerning the validation of dynamic simulation analyses have
been systematized.

e Based on the reviewed studies, the methods for validation of virtual dynamic analyses
were analyzed and compared,;

e The comparative analysis of validation methods performed shows that combining
different experimental and analytical approaches leads to a higher level of confidence
compared to using a single method.

e The comparative analysis of validation methods performed shows that combining
different experimental and analytical approaches leads to a higher level of confidence
compared to using a single method.

e A hybrid validation approach was implemented, in which the recovery coefficient was
used as a global and robust indicator of the energy behavior of the system upon impact.

e The developed approach was applied, and very good correspondence was observed
between the results of the testing of the studied methodologies for building
computational models of virtual prototypes and conducting experimental research, as
well as validation through analytical calculations.

e The developed approach works successfully in the context of a simple example of
dynamic simulation analysis.

6. ASSESSMENT OF THE ADEQUACY AND APPLICABILITY OF
THE CREATED APPROACH THROUGH APPROVAL ON A
HIGH-SPEED DYNAMIC FREE FALL PROCESS

The practical application of the developed system approach for modeling high-speed
dynamic processes using virtual prototyping tools is considered. The focus is on building a
computational model of a virtual prototype and conducting an explicit numerical analysis of a
free-fall scenario, with the process structured to ensure traceability between input assumptions,
numerical setup, and measurable output indicators. In this way, a basis is created for model
verification (consistency of setup) and validation against experimental results (correspondence
with physical behavior).

As an example, a battery module for an electric vehicle, part of a modular ribbed structure,
is considered, in which individual functional components are integrated into an assembly unit
and a supporting system. Such structures are realistically exposed to mechanical impacts
during production, assembly and service operations, therefore the assessment of the behavior
when falling from a limited height is a relevant and practically significant scenario. The choice
of this object is motivated by the fact that mechanical impacts can occur not only during
operation, but also during transportation, assembly and service, and in certain cases they can
pose a safety risk. Within the framework of the dissertation work, dynamic impacts of
acceleration and free fall, defined in the applicable standards ISO 16750-3 and UN/ECE-R100,
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which define minimum requirements for such tests, have been considered, but within the
framework of the current work they have been expanded by considering additional adverse
scenarios for scientific purposes.

Building a computational model and conducting a free fall analysis

As mentioned in the conceptual chapter, for the purposes of validating the developed
methodology, a simulation analysis of a free-fall impact load was built and subsequent
validation was carried out through experimental tests. The studied object is a modular structure
containing electric batteries as components, used in an electric vehicle, which is part of a
modular structure according to the so-called. concept - cells combined into a base module, an
assembled unit and integration into the vehicle's supporting structure. Such a configuration
implies the possibility of mechanical impacts during production, assembly and service
activities, which necessitates the study of the behavior when falling from a limited height. The
initial CAD model of the battery module was developed outside the scope of this dissertation
work and reflects the main structural, functional and technological requirements for the
product. The design took into account the internal structure of the base module (electric battery
components, control electronics and wiring), the external interfaces with the other subsystems,
as well as limitations related to thermal behavior, production technology and recycling
capabilities. After the physical prototype was built and the design concept was approved, this
geometry was used as the starting point for the virtual prototype in this study. For the purposes
of the numerical analysis and validation phase, the geometry was simplified in accordance
with the adopted methodology, removing components that did not significantly contribute to
the strength characteristics and dynamic behavior of the structure under impact loading. The
functional battery cells were replaced with lightweight mock-ups, which retained the geometry
and load-bearing capacity of the cell housing, but significantly reduced the mass.

(1) Initial geometry (2) View of components in (3) View of components in
the initial geometry simplified geometry

Figure 6-1: Virtual geometry

For the numerical analysis, an explicit dynamic setup was configured with specific settings
tailored to the nature of the process under consideration. In the initial stage, iterations were
carried out with a simplified material description, including only linear-elastic behavior. As a
result, it was found that for the correct description of the response to impact loading, it is
necessary to introduce realistic material characteristics, including plastic behavior. In order to
determine reliable data on the material characteristics, experimental tensile tests were carried
out on three identical samples of the production material of the base package housing —
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BayBlend® FR3040 EV (polycarbonate—ABS). Based on the results obtained a stress strain
diagram has been derived, shown on Figure 6-2.
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Figure 6-2: BayBlend® FR3040 resulting stress/strain curve

The definition of contact interactions is essential for the correct representation of the virtual
prototype, due to the relative displacement of the individual components of the battery module
during impact. The use of simplified linear contacts between the battery cells and the housing
would lead to an artificial increase in the overall stiffness of the system, which in turn would
lead to higher peak accelerations, stresses and a higher rebound velocity, as well as to possible
numerical instability of the model. For this reason, nonlinear contact formulations are used in
the present analysis.

Frictional contacts are defined between the battery components and the housing, assuming
a static friction coefficient of 0.4 and a dynamic friction coefficient of 0.3. These values are in
the upper limit for the materials considered and are consistent with the real state of the contact
surfaces of the physical prototype, made by laser cutting, where increased edge roughness is
observed.

Figure 6-3: Plate contact
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An essential stage in the construction of the computational model is the discretization of the
volume. Due to the different contact orientations in the considered free fall cases, individual
zones of the structure are subjected to significantly higher stress and strain gradients. This
necessitates the use of a non-uniform mesh, in which the density of the finite elements is
adapted to the expected local load. The critical areas in the contact areas are identified
iteratively based on preliminary numerical solutions. In these areas, local mesh compaction is
applied by using spheres of influence with a radius of 30 mm. To ensure a smooth transition
between the compacted and coarser zones, a transition coefficient of 0.5 and an element size
growth factor of 2 are set, which guarantees adequate mesh quality both in the critical volumes
and in the transition areas.

After performing the numerical solution, the maximum value of the equivalent stresses in
the housing reaches 153 MPa, with the reported plastic deformation being approximately
0.4%. In the battery cells, the maximum stresses do not exceed 3 MPa, with no plastic
deformation observed.
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Figure 6-3: Velocities at the point of impact
A critical zone in the contact angle region where the initiation of failure is expected is

identified, which is consistent with the observed experimental behavior. Figure 6-4 presents
the velocity variation as a function of time in the vertical direction for one of the characteristic
tracking points, which was subsequently used in the validation by comparison with the
experimental data. The initial velocity before impact and the velocity after contact are shown,
considering a contact time of the order of 0.1 s. In this interval, a sharp change in velocity is
observed, which clearly indicates the moment of impact, after which the motion switches to a
mode of damped slow motion.

Experimental studies of dynamic high-speed processes and validation of the
presented methodology
The chapter presents the application of the developed experimental methodology for

studying the behavior of physical prototypes under high-speed dynamic impacts. The practical
implementation of the selected experimental scenarios, measurement approaches and
evaluation criteria is demonstrated through free-fall tests.

Figure 6-5 shows the test object and the corresponding contact orientations in the different
iterations of the experiment, ordered from LC1-LC4. A single prototype was used for the
physical testing — a common practice in the automotive industry, and its condition was
monitored and recorded after each experiment, with each contact orientation in the different
iterations being unaffected by the previous one.
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ITocTraHOBKA # ITocoka Ha

CBOOO/IHO MajaHe

LC1 OcZ

LC2 OcY

LC3 OcX

LC4 XY xoMOMHAIIIA

(oc Ya)
LCS XYZ xoMOuHaImsa

Figure 6-5: Contact orientations in free-fall tests

The physical prototype, shown in Figure 6-6, is built based on the design geometry and is
realized using rapid prototyping technologies, in this case laser cutting and chemical bonding.
This approach was chosen because in the process of developing new products, design changes
are often required, which, using RP technologies, can be realized quickly and at minimal cost,
without the need for modification of expensive production equipment.

A specialized free-
fall testing machine
was used to conduct
the experimental tests,
with the experimental
setup shown in Figure
6-7. The tests were
conducted at different
orientations of the
assembly, with the
experiments  divided
into five separate load
cases. According to
the requirements of the
ISO 16750-3 standard,
three orientations are L T
required to be tested, Figure 6-6: Physical Prototype
and within the framework of this study, two more unfavorable orientations have been added
in order to obtain additional information about the behavior of the computational model, as
described in the introduction. The tests were started from the most favorable load case (LC1 -
Load Case) and continued sequentially to the most unfavorable (LC5). After each impact, the
prototype was visually inspected for damage and residual deformation, and the orientation for
the next test was selected so that the affected areas did not fall into the critical contact areas.
A high-speed camera was configured to record at a recording rate of 1000 frames per second.

23




a) LC1 b) LC2
Figure 6-8: Before, during and after contact shots of the experimental study

Some of the high-speed camera frames in Figure 6-8 are shown, used to measure the rebound
velocity using DIC methods at selected points, and then used for the purposes of validation of
the virtual prototype. It is important to note, however, that the selected points should be easily
traceable from a part of the hull without significant elastic deformations, i.e. tracking the global
behavior of the system. Additionally, the nature of the elastic deformation at other points can
be observed to complement the validation capabilities. Figure 6-9 shows frames from Setups
No. 3 and No. 4, with No. 3 showing a high level of hull fragmentation, making the experiment
inapplicable for the purposes of virtual validation. Although No. 4 is less favorable, an elastic
damping response is observed, modelable in a virtual environment. No footage from LC5 is
shown because due to the massive destruction they are also not suitable for validation purposes,

but instead the results of this iteration are shown in Figure 6-11.
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a) LC3 b) LC4
Figure 6-9: Before, during and after contact shots of the experimental study

The following figures show some of the damage that occurred as a result of the experimental
testing. A summary of the more significant damage has been made, since copying the test
protocol from the study is not the subject of this work. Fractures and cracks were observed on
the battery module housing, but after examination, no violation of the integrity of the electrical
elements was found. In the more favorable orientations, local fracture zones were observed,
and it was assessed that they were caused by defects in the production of the physical
prototype. In the less favorable settings - falling on the edge and top, destruction zones were
observed due to the high concentration of energy in them, but this effect was sought in the
design, since it allows for shock damping and preservation of the internal components. After
the tests were completed, the records and experimental documentation were analyzed, with the
load cases from LC3 and LC5 being excluded from further processing due to the observed
massive destruction and separation of fragments. Such phenomena are difficult to reproduce
through virtual prototyping and do not allow for reliable quantitative comparison with the
virtual prototype.
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Figure 6-10: Physical prototype test results

a) Damage after LC3 b) Damage after LC5

Figure 6-11: Physical prototype test results
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The values of the rebound velocity and elastic deformations for several characteristic points
A, B, C, D of the prototype at different orientations were extracted using a motion analysis

software  package.
These parameters
were used in the
validation process of
the virtual prototype.
Particular  attention
was paid to LC4, as
Figure 6-12 and 6-13
present the
experimental

velocity profiles of
the points along the X
4and Y 2 axes Of the
global coordinate
system (Figure 6-5).
LC4 was chosen for
presentation due to
the good visual
traceability of the
deformation process,
and the remaining
loading cases were
analyzed in a similar
manner, thus the
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Figure 6-12: Movement of the defined points along the X axis
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Figure 6-13: Movement of the defined points along the Y axis

indicated points are marked in Figure 6-13 in the experimental prototype:

For validation
purposes, contact time
was used as the main
parameter instead of
contact force, as it is more
suitable for comparison
between the numerical
and experimental model.
The moment of impact is
clearly identified by a
sharp change in direction
and velocity value.

Figure 6-14: Defining the survey points
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Figure 6-15: Velocity profile from the LC4 experiment
From Figure 6-15, a contact time of the order of 0.23 s is found, as well as a rebound velocity

of approximately 1.86 m/s. It should be noted that compared to the numerical model, the
experimental data have a lower time resolution, which may lead to small deviations in the
determination of the maximum values and contact time. This effect has been taken into account
in advance and it is assumed that a sampling rate of 1000 fps provides sufficient discretization
accuracy for the purposes of this study.

Validation of simulation analysis of a high-speed dynamic process
The chapter presents the validation of a simulation analysis of a high-speed dynamic process

by comparing it with results from experimental free-fall tests. The validation was performed
on the basis of the developed experiment and aims to assess how well the numerical model
reproduces the real physical behavior of the studied object under impact loading.

Figure 6-16: Visualization from the comparative analysis between the virtual model and the
physical experiment with tracking specific points

The results obtained show a very good correspondence between the physical and virtual
prototype for LC4. For LC1 and LC2 even smaller deviations were reported, while for LC5
the validation is limited to deformation behavior due to the complex contact kinematics and
rotations that make the use of COR inapplicable.

It should be emphasized that the virtual and physical prototypes are not expected to behave
identically, and a consistent deviation in the expected direction is considered a sufficient
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condition for validation. A complete match with a prototype made using RP technologies
would mean a mismatch with the behavior of the final product manufactured using the target
technology.

On this basis, it can be concluded that the developed virtual model adequately reproduces
the physical mechanisms of the high-speed dynamic process and is validated for the purposes
of this study, as all numerical analyses for the different load cases were conducted under
identical settings.

Validation of simulation analysis of a high-speed dynamic process
For the simulations of the final validated virtual prototype, corrections have been made to

the previously validated numerical model, with the masses of the batteries being set to their
real values, and the connections between the batteries and the interface elements being added.
In some of the considered load cases, the battery connections have a significant impact on the
behavior of the module during impact, since due to the requirements for high currents, their
cross-section is significant. Due to the complexity of the analysis, it was calculated only for
the LC4 contact orientation, determined as the most unfavorable validated orientation.

Figure 6-17 - the impact zone for LC4 in the final virtual model.

Plastic deformation is observed in the area of the edge of the housing, as well as increased
stresses in some of the battery connections. Due to the plastic nature of the materials, the
stresses do not exceed 275 MPa. The plastic deformation in the connections does not exceed
0.02%, which means that no significant geometric changes are expected, according to the
shape deviation shown in Figure 6-18. Due to the high plasticity of copper, and the
transformation of part of the impact energy into plastic deformation, the aluminum battery
terminals are not significantly affected by the impact and no dangerous stress values are
observed in them. For the housing, however, the plastic deformation reaches about 0.7%,
which would lead to local failure - a phenomenon that is predictable and practically inevitable
in this scenario. The stresses in the battery cells do not exceed 30 MPa, which is an acceptable
and safe value and does not imply electrolyte leakage. The last criterion considered is the

forces in the contact areas between the cells and the terminals, as well as between the terminals
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and the battery connections. When laser welding the prototypes (investigated outside the scope
of this work), a shear strength of 1 kN and a mechanical connection of 2.5 kN are ensured, as
well as tensile strengths of 1 kN and 4 kN, respectively.

In the numerical model,
the contact forces do not
exceed 110 N, which
guarantees a high safety
factor for this criterion. In
conclusion, the results of
the numerical analysis
show that for the
considered  unfavorable
LC4, which is not
mandatory according to
the standards, no

Figure 6-18 - Distribution of plastic deformation in the
most stressed battery connection. dangerous phenomena are
expected to occur.

Accordingly, for the remaining load cases defined by the safety standards, no risk is predicted
either. The results obtained confirm the adequacy of the initial structural design in the context
of impact impact in free-fall testing. The approach demonstrates the possibility of performing
a detailed simulation analysis of a product that presents a hazard in physical testing.

Conclusions from Chapter 6

The validation of the approach demonstrates the possibility of performing a detailed
simulation analysis of a device that poses a hazard during physical testing. Through the
validated virtual prototype, other simulation analyses can be performed with a high level of
confidence. The remaining conclusions are summarized in the following points:

The developed approach has been successfully tested through its practical application for
the study of a high-speed dynamic process of free fall type of an electrical element from
the automotive industry - a battery module;

A good level of correspondence between the results of the simulation analysis and the
experimental ones has been achieved;

Benefits have been derived for the detailed development of the product design in the
context of its life cycle;

The costs and time for manufacturing and testing the product have been reduced through
simulation modeling methods;

The influence of all elements in the structure with respect to the studied high-speed
dynamic influence was assessed,

Valuable recommendations were extracted to improve its design in accordance with the
black-white box model;

Conclusions are drawn for future research in the field.
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GENERAL CONCLUSIONS

The research conducted, directly related to the topic of the dissertation, allows the following
important conclusions to be formulated:

Recommendations have been formulated for the construction of the computational model
at a conceptual level based on the reviewed published studies in the field;
A concept for modeling and studying high-speed dynamic processes through virtual
prototyping has been formulated, which defines the basic principles and criteria for
building robust numerical models.
A consistent methodology has been developed for building a computational model based
on a virtual prototype and conducting a numerical analysis of a high-speed dynamic
process of free fall type, taking into account the guidelines and stages noted in the
conceptual chapter.
The steps of the methodology are described in detail in the context of building a
simulation analysis for free fall testing.
A methodology has been developed for planning, conducting and analyzing experimental
studies under high-speed dynamic impacts,
A study of the laboratory equipment used for free fall testing was carried out. Undesirable
displacements of the falling mass were identified through high-speed recordings.
Practical guidelines have been formulated to minimize the impact of falling mass
displacement
The methodology is tested with a simple example — the free fall of a metal sphere, in
accordance with the previous chapters on conceptualizing and conducting simulation
analysis.
The experiments were successfully conducted, with the bounce height accurately
captured for the purposes of validating the simulation model.
The comparative analysis of validation methods performed shows that combining
different experimental and analytical approaches leads to a higher level of confidence
compared to using a single method.
A consistent approach for validation of virtual prototypes in high-speed dynamic
processes has been developed, which integrates analytical, experimental and numerical
approaches into a single logical framework.
A hybrid validation approach was implemented, in which the recovery coefficient was
used as a global and robust indicator of the energy behavior of the system upon impact.
The developed approach was applied, and very good correspondence was observed
between the results of the testing of the studied methodologies for building a
computational model based on a virtual prototype and conducting an experimental study,
as well as validation through analytical calculation.
The developed approach works successfully in the context of a simple example of
dynamic simulation analysis.
The developed approach has been successfully tested through its practical application for
the study of a high-speed dynamic process of free fall type of an electrical element from
the automotive industry - a battery module;
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e A good level of correspondence between the results of the simulation analysis and the
experimental ones has been achieved;

e The costs and time for manufacturing and testing the product have been reduced through
simulation modeling methods;

e The influence of all elements in the structure with respect to the studied high-speed
dynamic influence was assessed;

e Recommendations for improving the design were derived in accordance with the black-
white box model;

e Conclusions are drawn for future research in the field.

CONTRIBUTIONS

Scientific and applied contributions

A methodology has been developed for conducting experimental studies to investigate
the behavior of physical prototypes in high-speed dynamic processes;

A methodology has been developed for building a computational model for performing
engineering analyses of high-speed dynamic processes based on a virtual prototype;

An integrated approach has been developed for the validation and study of high-speed
dynamic processes, which combines the methodologies of virtual prototyping and
experimental research by further developing the "black - white box" method into a single
logical structure.

Applied contributions
The developed methodology has been successfully applied in real experimental free-

fall tests, including on simplified reference objects and on a physical prototype of a battery
module for an electric vehicle;

Practical guidelines have been prepared for planning and conducting experimental tests
under high-speed dynamic impacts, taking into account the limitations associated with the
destructive nature of the tests, a limited number of prototypes and the specifics of the
measurement technique;

The influence of the experimental technique on the reproducibility of the results was
analyzed, and factors influencing the orientation and kinematics of falling bodies were
identified, on the basis of which recommendations were formulated for improving the accuracy
of free-fall tests;

Through the application of a validated virtual prototype, confirmatory and optimization
tests of an innovative product - a battery module for electric vehicles - were carried out;

Benefits have been derived for the detailed development and optimization of the design
of the battery module product in accordance with the "black-white box™ model.
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