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Ot 1998 r. kategpa ALl exerogHo nposexaga MexgyHapoaHa Hay4vHO-
TeXHu4yecka KoHdepeHuma "ABTomMartmsauuss Ha [OUCKPETHOTO NpPOM3BOACTBO" B
pamkute Ha [OHuM Ha Haykata Ha TY-Codwmsa yact ot EBponencks TexHonoruyex
yHusepcutet (EUt+). B KoH(pepeHuuaTa yyacteBaT Bogewm ydyeHu oT Bwnrapma u
yyxxbuHa. lNpoeexaa ce cneumanHa cecus, Ha KOATO ce NPeacTaBAT MHOBATMBHMU
pa3paboTkn Ha CTyaeHTM u mnagum yvyeHu. OpraHuaupa ce npegcraBsHe Ha upmu,
pabotewm B obnactta Ha aBTOMATU3NPAHOTO [OUCKPETHO MNPOM3BOACTBO M
MexaTpoHuKkaTta. B pamkuTe Ha KoHepeHUuaTa ce npoeexaa Kpbria Maca, Ha KosiTo
ce obcbxaaT akTyanHu Bbnpocu n npobrnemm Ha obpasoBaHUETO, HaykaTa 1 BusHeca.

KoHbepeHumaTa ce opraHusmpa OT kaTegpa ,ABToMatmsaumsa Ha OUCKPETHOTO
NpPou3BOACTBO” KbM MalumHocTpouTeneH akynTteT Ha TeXHUYEeCKN yHUBEPCUTET —
Codusa. TemaTumkuTe Ha KOHepeHUMsiTa ca B obnactta Ha MexaTpoHuKaTa,
aBToMaTu3aumsaTa u poboTmsaumaTa Ha UCKPETHOTO NPoM3BOACTBO. PasrpaHuyasar
ce AeBeT OCHOBHM Hay4yHU HanpasneHus:

+ TeopeTuyHn npobrnemyu Ha aBTOMaTM3auMATa Ha  [AMCKPETHOTO
NpPOn3BOACTBO
TexHONnornm 1 MalumH1 3a aBTOMaTU3MPaHOTO OUCKPETHO NPOM3BOLCTBO
ABTOMaTM3npaHe NOTOKa Ha AeTannute
MpomuLneHn poboTtn n poboTnanpaHn KOMMIEKCH
ABTOMaTM3auUnsa Ha MOHTaxa
MexaTpoHuka
Cuctemu 3a ynpasneHvue B AUCKPETHOTO NPOU3BOACTBO

NHoBauum n NHXEHEePUHI Ha aBTOMaTU3npPaHOTO ANCKPETHO Npon3BOACTBO

- F F F F F

CAD/CAM/CAE cuctemu n BUpTyasiHO MHXEHEePCTBO

3a XXXIV MexayHapogHa Hay4yHO-TeXHMYecka KoHdepeHums " ABTomaTtumsaums
Ha auckpeTHoTo npomsBoacTBo 2025" (XXXIV MHTK "AAM 2025"), ot 29 toHn go 02
tonn B rp. Cosonon ca npuetun 35 6p. Hay4yHn goknaga ot 65 astopa, 20 6p. OT KOUTO
ca npegnoxexu 3a nyénukyeaHe B Web of Science. OctaHanute Hay4yHu goknaam ca
nyonvkyBaHu B HacTosAwma 6p.8/2025 Ha cnucaHne ,ABTOMaTM3aumnsa Ha QUCKPETHOTO
npounssoacTeo®. O6Lwo 15 6p. nneHapHn goknagu, 7 6p. B NbpBO NSIEHapHO 3acegaHne
n 8 6p. BbB BTOPO NneHapHo 3acenaHue n 20 6p. noctepHu goknagum, 10 6p. B nbpBO

NOCTEPHO 3acengaHune " 10 6p. BbB BTOPO NOCTEPHO 3aceaHune.
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NMPOEKTUPAHE HA HUICKOCTOMHOCTHA CUCTEMA 3A LLUNPULIOBAHE HA
MAJNOIrABAPUTHU OAETAUIN

AHHa-Mapus JlazapoBa
TexHu4vecku yHUsepcumem — Cocpusi, bvneapus

PeHeTa lJumutpoBa
TexHu4ecku yHugepcumem — Cogpusi, bbreapusi

Pe3rome. HacTtoawmnaT goknag pasrnexaa npoekTMpaHeTo Ha HUCKOCTOMHOCTHA
cucTtema 3a WwnpuuoBaHe Ha manorabaputHu getamnu. Llenta Ha HUCKOCTOMHOCTHaTa
cuctemMa € 3a KpaTbk nepuog OT BpemMe ga ce npoumsBedar ronsam  Gpon
mManorabapuTtHu getannun. KoHuenTyanHuaT MoAen Ha cuctemarta e pa3paboTeH Taka,
ye fOa OTroBapsd Ha 3agageHuTe MbpBOHAYanHM YCNoBUS 3a MPOM3BOACTBO Ha
ManorabapuTHn getannu npu cnasBaHe Ha BCUYKW OrpaHUYEHUsi Ha TEXHOSTOrNMYHNSA
Npouec N HACKA LieHa.

Knroyosu Oymu: HUCKOCTOMHOCTHA cucTema, LinpuuoBaHe, MarnorabapuTHu
AeTalnnu, npoekTnupaHe

YBop

MHXEKUMOHHOTO LWNPULOBaHE Ha nnacrtMaca € BUMCOKOPa3BUT TEXHONOrMYeH
npouec, Ha 6a3a Ha npon3BoAcTBeHUs npouec neeHe nog Handrade (Nikolov, 2022).
OCHOBHOTO My NpegHa3Ha4YeHne e CEpUMHO NPON3BOACTBO Ha NilacTMacoBM U3AENUS
C pas3nuyHu cdopmMn N pasmepun. Tasm TEXHOMNOIMSA € LMPOKO pas3npocTpaHeHa B
MHOYCTPUATA W Hammpa nNPUIIOXKEHWE B aBTOMOOMIOCTPOEHE, €ENneKTPOHUKA,
MaLUMHOCTPOEHE, MeanLnHa, hapmMaumnsd, onakoBbyHa MHAYCTPUA U OPYTN CEKTOPU Ha
nugyctpusta (Vipes Industrial Automation Ltd, 2025; Zaharinov, 2023; Dichev, 2021;
Dichev, 2024). MNpouecbT BKMOYBA HarpsiBaHe Ha NonMMepeH matepuarn 4O TeYHO
CbCTOsIHWE, crned KOeTo TOW Ce BNPbCKBa MO BMCOKO HansaraHe B npeaBapuUTEnHoO
nspaboteHa dopma. CneagBa oxnaxgaHe u maTtepuana npuagodbveBa 3agageHata
dopmMa KkaTo OT MaTpuuaTta ce OoThAens rotoBust NpPoaykT. YUpes MHXEKUMOHHOTO
LNpuLoBaHe MoraT da ce npomsBexagaT M3genns ¢ BUCOKa TOYHOCT Ha pasmMepuTe,
OTIIMYHN MEXaHWYHWU CBOMCTBA M MUHUMAneH npoueHT Ha bpak. (Engineering-review,
2025). Cpepa knioyoBuTe NPeaMMCTBa Ha MHXEKUMOHHOTO LUNPULIOBaHE Ca BUCOKa
NPON3BOAUTENHOCT, Bb3MOXHOCT 3a NOBTOPSEMOCT, 40Opa NOBbpXHOCTHA 06paboTka
Ha geTannuTe N WNPOK CNEeKTbP OT U3MNO0S3BaHN MaTepuann. TexHonornaTa ocurypsiea
e(PEeKTUBHOCT B NPOM3BOACTBEHUS NMPOLIEC M NO3BOSIiIBA MAcoOBO MPOM3BOACTBO Ha
nnacTMacoBu AeTannn ¢ BUCOKO Ka4yeCTBO M HUCKK pa3xoaun (Malakov, 2014; Malakov,
2023; Tomov, 2017; Vassilev, 2024).

1. Ocob6eHOCTH Ha TeXHONMOrM4YHNA nNpouec

TexXHONOMMYHUAT NPOLIEC BKMNKOYBA HAKOSIKO OCHOBHUM CTbBIKM, NMOKa3aHu Ha ur.
1. lpouecbT 3anoyBa CbC 3aTBapdAHe Ha doopmarta, crej KoeTo ce nogasa
nnacTmMacoB MaTepuan (npax Unu rpaHynun) B 3axpaHBallo YCTPONCTBO Ha MalunHaTa
3a UHXEKUWOHHO WwnpuuoBaHe. NogageHnaT maTtepuan ce Harpsisa 1 pasTtonsea, crneg
KOEeTO 4pe3 BMHT Ha MalmHata 3a WHXEKUWMOHHO LINpUUOBaHE pPas3TONEHUsT
nnacTmMacoB MaTepuan ce u3Tracksa npes Al3a 3a WnpuyoBaHe C BUCOKO HansaraHe
N ce MHXeKTUpa B Npa3HOTO NPOCTPAHCTBO Ha dhopmMara.
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Cnepgpa oxnaxgaHe Ha popmaTta, KaTo No TO3M Ha4YnH ce Npou3BeXaa rotoBus
Aetaun BbB oopmaTa, KOATO MaTpuuaTta gasa. /3BaxgaHeTo Ha rotoBust AeTaunsn ce
N3BBbPLUBA Ype3 oTBapsiHE Ha dhopmaTa cren NpUKIoYBaHe Ha OXNaXaaHeTo.

3aTBapsHe HarpsaaHe NHxxekTupaH OxnaxpaHe OTsapsHe N3BaxxpgaHe
Ha chopmaTa Ha e Ha Ha Ha chopmaTa Ha roTOBMS
MaTepuana MaTtepuan oTnmMBKaTa petann

®ur. 1. OCHOBHM CTBLNKMN Ha TEXHONOIMYHUA NpoLec

OcHoBeH BnuseLy, akTop 3a NPOM3BOACTBO Ha KayeCTBEH AeTainn ypes To3u
TEXHOMOIMYEH Mpouec e TepMUYHOTO CBMBaHe Ha maTtepuwana. [Npu oxnaxagaHe,
nnacTtMacoBuTe MaTtepuanu MpOMEHAT CBOUTE pas3Mepu M MO Ta3u NpuyunHa,
yCrnoBMUsiTa Ha LUMPULIOBaHE Ca pasnuyHu 3a BCekn MaTepuan. 3a ga ce nocTurHe
BMCOKO KayeCTBO Ha eduH AeTaunrn, Npy npoekTupaHe Ha hopMmaTa e Heobxoaumo aa
ce oTunTaT KoeduUMEHTUTE Ha CBMBaAHE B 3aBMCMMOCT OT M3MON3BaHUA Martepuvarn.
(Deep Mold Co. Ltd, 2025).

2. CblwecTByBalM MalUMHM 3a WINPULIOBaHe Ha nfacTtmaca

Ha dour. 2 e nokasaH npumMep Ha CbLUieCTBYBalla MallMHa 3a LUNPULOBaHE Ha
nnactmaca Ha pupma KCLKA mogen EK16-12P PVC. (Kclka Machine Manufacture
Co. Ltd, 2025). Opyr npumep Ha cdmpma FANUC mogen ROBOSHOT aS100iA e
nokasaH Ha ¢ur.3, a Ha ¢ur.4 e nokasaH MoLen Ha MaliMHa 3a LWNPULOBaHE Ha
dupma BULTECHEXPORT - mogen BTE226 (Bultechexport, 2025; Injection molding
machine with servo drive BTE226).

®dur. 2. KCLKA uHXxeKuuMoHHa malwuuHa - mogen EK16-12P PVC

10
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®ur. 3. FANUC uHxeKkuMoHHa mawiuHa - mogen ROBOSHOT aS100iA

®ur. 4. BULTECHEXPORT uHXeKuMoHHa malumHa - mogen BTE226

Hai-mMankuTe MallnHK 3a WnpuLoBaHe ca npegHasHavyeHn 3a Npon3BOACTBO Ha
Mariku nnactMacoBu getannu nnm 3a nabopatopHu uenu. Te obUKHOBEHO nmaTt cuna
Ha 3aTaraHe ot okono 5 o 20 [t] u ca koMmnakTHM Mo pasmepu. Hanpumep mMawnHUTE
Ha dmpma BULTECHEXPORT ot cepusta BTE330 ca npegHasHavyeHu 3a marsnku
NPOM3BOACTBEHN cepuu U npoTtoTunupaHe. Ha dur. 5 e nokasaHa manorabaputHa
mMawuHa 3a wnpuuoBaHe (Bultechexport, 2025; Mini injection molding machine
BTE330).

®ur. 5. MawwuHa 3a wnpuyoBaHe BULTECHEXPORT - mogen BTE330

Han-ronemnte MaluvHM 3a LWINpULOBaHE Ce M3Mon3eaT 3a NPOM3BOACTBO Ha
ronemMmu nnacTMacoBu U3genus, KaTo aBToMOOUNHN BPOHKU, KOHTENHepU 1 ap. Te nmat
cuna Ha 3aTdraHe OT HAKOIKO Xunsgun ToHa. MNpumep 3a TakaBa MalUMHa, € MOAENbT
ROBOSHOT a-S450iA Ha dupma FANUC, npegHasHayeH 3a Npom3BOACTBO Ha
roriemMu nracTtMacoBu n3genus, nokasana Ha dwur. 6 (Fanuc, 2025).

11
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®ur. 6. MawwuHa 3a wnpugoBaHe FANUC -mogen ROBOSHOT a-S450la

CpaBHeHMe Ha OCHOBHWUTE MapameTpyu Ha nokKasaHuTe Mo-rope MalluuMHU 3a
LUNpULIOBaHe ca nokasaHu B Taon. |.

Ta6nuua |l. CpaBHUTENEH aHanNu3 Ha NapamMeTpuTe

BULTECH

MapameTbp OumeHcus KCLKA FANUC EXPORT
OdvnameTbp Ha BUMHTA mm 65 22 70
CKOpOCT Ha BUHTOBETE r/min - 300 166
NHXEeKUMOHHO HanaraHe Mpa 13,73 260 228
TeopeTnyeH obem Ha cm? 785 29 1478
LUNPULIOBAHETO
Terno Ha LWNpUUoBaHEeTo (pPs) 1,1 25,2 1330
CKopOCT Ha WnpuLoBaHe cmd/s - 50 406
Cwvina Ha 3aTsaraHe KN 588,4 1000 5884
3aTdarawy xoq mm - 350 900-1450
[ebenuHa Ha dopmaTa mm 280 350-900
PascTtosaHne mexagy npbtuTe mm - 560x510 880x880
Pasmep Ha nnovaTta mm 460*220*280 660x610 616x616
E>xxekTopHa cuna / cTbnka KN/mm - 0,25 -
Terno Ha mawunHaTa t 5,8 4,4 7
Pasmepu Ha mawmHaTa mm 4500*3530*2100 | 1700x1950x4100 -

Hal'lpaBeHMFlT CpaBHUTENEH aHaJIn3 Ha NapaMeTpuTe Ha pasrnegaHnte MmallnHn

NoKasBa, Y€ Mma MHOro U pasnuyHn pupmm, NpomnsBexXaaLlm pasnuyHn TMnopasMmepu
MawnH1n 1 obopyaBaHe 3a LNpUUOBaHE CbC CXOAHW OCHOBHW MNapameTpu B
3aBMCUMMOCT OT rofieMvHaTa Ha KpaumHWAT rotoB AeTaun. EgHa TakaBa maluvHa 3a
LINpULOBaHE € He Marika MHBECTULMS, KOSITO NMoBMLLABA KpanHaTa ueHa Ha eanHuua
npomnsBeneHa npoaykums. Nopaam Tasm npudmnHa LenTa Ha HacTosiwaTa paspaboTka
€ [la ce NpoeKkTupa HACKOCTOMHOCTHA CUCTEMA 3a LUNpULOBaHe, KOATO Aa ce U3MNosn3Ba
3a NPoOM3BOACTBO Ha CPaBHUTENHO Marnkm HemeTanHu AeTannu npu cnasBaHe Ha
BCUYKM NU3NCKBAHUS HA TEXHOMOMMYHUS NPOLIEC, NMOCTUraHe Ha BMCOKO KayecTBO Ha
Npomn3BeaEHUTE AETalnM 1 HACKa LeHa Ha eanHuLa nNpoayKums.

3. NMpoekTnpaHe Ha HUCKOCTOMHOCTHA CUCTEMaA 3a LINpULOBaHe
Mpn NpoeKkTMpaHeTO Ha HWUCKOCTOMHOCTHaTa cCucTemMa 3a LWnpuuoBaHe ca
OTYEeTEHMU CnegHUTe 0CoBEHOCTU:
o Heobxoaumo e getarna ga uma noaxoAsy TEXHOMOTMMYHM HAKMOHU Ha
nssaxgaHe (mexay 0,5° n 3°) cnpamMo nocokarta Ha oTBapsiHe Ha hopmara,
KOETO YyNnecHsIBa U3BaXX4aHeTo Ha roToBus AeTann.
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HdenutenHnte nuHUM NnpeacTtaBnsaBaT pbboBeTe Ha getanna, No KOUTO ce
pasfnendar otaenHuTe enemMeHTu Ha oopmarta. Te ce cb3gaBaT cnep Kato
ce Mopenupa pfetawna, 3aefHO C NpeABUMAEHUTE HAKMOHW, Kato e
cbobpaseH n KoepUMEHTLT Ha CBUBaHE Ha MaTepuana.

o [denutenHnte NOBBPXHUHW 3anoyBaT OT AenuTenHata nuHMA U ca
pa3nosioXXeHn NepneHanKynsipHO Ha NocokaTa B KOATO Ce n3Baxaa rotosus
petavn. Te wurpaat Krw4YoBa pPons nNpu OTAENSHETO Ha pasnuyHuTe
dopmoobpasyBaLLn efieMeHTH.

Tean chaktopu rapaHTmpar, Yye getannurte we 6baaT NPEUN3HO NPOEKTUPAHN U
nponssegeHn 6e3 pgedektn. Ha cur. 8 e nokasaH 3D mogen Ha npoekTupaHarta
HUCKOCTOMHOCTHa C1CTeMa 3a LUNpuLoBaHe Npu 3agageHnTe MbpBOHAYarHM yCrnoBus:

o PaboTtHa 30Ha ot 150 [mm] go 150 [mm].

o Pasmepu Ha rotoBute getannu ot 70 [mm] go 70 [mm].

MabapuTHMTe pasmepu Ha cuctemarta ca 1000 [mm] Ha 260 [mm]. KpanHute
nroum ca ¢ pasmepu 220 [mm] Ha 260 [mm], a BbTpeLHUTe nno4vn ca ¢ paamepu 200
[mm] Ha 200 [mm]. lNMpeaBuaeHn ca CTbNKOBU ABUraTenn ¢ rondam BbPTALL, MOMEHT.

®dur. 7. XapakTepHu n3rnegm Ha npoekTupaHaTta HUCKOCTOMHOCTHa CUCTEMA 3a LUNpULOBaHe

®ur. 8. 3D mogen Ha NnpoeKkTUpaHaTa HUICKOCTOMHOCTHA CMCTEMA 3a LUNPULOBaHe
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OCHOBHUTE CTPYKTYPHM €MIEMEHTUN Ha HUCKOCTOMHOCTHaTa cucTema ca:

HanpaBnsiBaLLy;

BUHT;

BaniuoBaH Ca4MeH BUHT,

asuraTternu,

npeaeH 1 3ageH pnaHeL;

NUHENHW narepu;

NnaHKu 3a ABuUraTtenuTe;
ANCTaHUMOHHA BTYIKa;

3bbOHa wanba;
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e MOABWXHA N HEMOABMXKHA NII0YN;
e CcadmeHa ravika.

PaboTtHata 30Ha Ha HWUCKOCTOMHOCTHATa CUCTEMA 3a LWNPULUOBAHE €
NPOCTPAHCTBOTO BbB hopMata (MaTpuuaTa), KoSTo ce Hamupa Mexay noaBukHaTa un
HenogBwxHaTta nnoyn. HenogBwxkHaTa nnoya € cBbp3aHa C BUHT (LLUHEK), KONTO e
NPOEeKTUpaH Ada LwnpuuoBa HeobxoanmusaTt matepman 0o 15 [g], 3a Aa ce u3nbiHu
npoekTupaHaTa popma (MaTpuua).

lMpoekTupaHa e n cuctema 3a OTCTpaHsiBaHE Ha roToBUSA AeTann ot dopmara
(maTpuuarta). Ts ce CbCTOM OT NPYXMHA, NNaHKa N exekTop. bpoaT Ha exekTopuTe B
cuctemaTa CbOTBETCTBA Ha Oposi Ha geTanmnuTe, KOMTO Le ce wwnpuuosaTt. B Taka
npoekTupaHata dopma (maTpuua) Ha HUCKOCTOMHOCTHaTa cucTtema morat ga ce
n3paboTaT eauH, ABa, TPU U AOpPY NOBeYe AeTalnm B 3aBMCMMOCT OT rofieMuHaTta Ha
rabapuTHUTE UM pasmepu.

Tasn Bb3MOXXHOCT NoBMLLABA 3HAYUTENHO NPOM3BOAMTENHOCTTA Ha cucTemara.
3a nopobpsBaHe NpPoOU3BOOMTENHOCTTA M KAyeCTBOTO Ha AeTannuvte B Taka
NpoekTupaHaTa cucteMa ce BHeApsiBaT HarpeBaTenHa 1 oxnaxagalia cucrema.

4. U3Boaun

MawwnHnTe 3a WNpUUOBaHE Ha HEMETanHW AeTannv u unsgenusa urpast
CblLleCTBEHA ponsg B CbBPEMEHHOTO MPOM3BOACTBO. Te ocurypsiBaT BMCOKa
€(dEeKTUBHOCT M Ka4eCcTBO Npu n3paboTkarta Ha nnacTMacosu usgenus. TexHonorusaTa
Ha WHXEKUMOHHO LWNpULOBaHe MNO3BOSfiABa MacoOBO MPOW3BOACTBO Ha AeTaunm C
BMCOKa NPEeLM3HOCT, MUHUManEH 6pak n OTNIMYHM MEXaHUYHM CBOWMCTBA.

C pas3BuTMETO Ha HOBUTE TEXHOSMOrMW, MOAEPHUTE MAaLUMHW 3a LUNpULOBaHe
cTaBaT BCe No-eHeproeeKTUBHN N MPeLU3HN, KOETO AoNpPMHACS 3a ONTUMU3NPaHE Ha
NPOM3BOACTBOTO M pasxoanTe. Tasm TEXHOMNOMMSA He caMo YrecHsiBa NPOM3BOACTBOTO
Ha nnacTtMacoBu OeTaunv, HO U OcurypsiBa BMCOKaA CTEMEH Ha MOBTOPSIEMOCT U
Ka4yecTBO, KOETO S NpaBu KNoYoB (pakTop B MHAYCTPUANTHOTO pasBuUTHE.
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DESIGN OF A LOW-COST SYSTEM FOR INJECTION MOLDING OF SMALL
PARTS

Abstract. This report examines the design of a low-cost injection molding system
for small-sized parts. The goal of the low-cost system is to produce a large number of
small-sized parts in a short period of time. The conceptual model of the system is
developed to meet the initial conditions for the production of small-sized parts while
respecting all the limitations of the technological process and at low cost.

Keywords: low-cost system, injection molding, small parts, design
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CPABHUTEJIEH AHANN3 HA TEXHOJIOITMYHU NPOLIECU 3A
nPON3BOACTBO HA MANNIOTABAPUTHU HEMETAJTHUA OAETAUITA

AHHa-Mapus JlazapoBa

TexHu4ecku yHusepcumem — Cocgpusi, bvnzapusi
Ctunusan Hukonos

TexHu4ecku yHusepcumem — Cogpusi, bbreapusi

Pe3tome. HactosiaTa ctatvsa pasrnexga pasnnyHnTe TEXHONOrMYHU NpoLecH
3a Npon3BOACTBO Ha ManorabaputHu HemeTanHu geTannu. HanpaBeH e cpaBHUTENEH
aHanuM3 Ha [gBaTa Hal-4eCcTO M3MON3BaHW 3a LenTa TexHonorMyHu npoueca, 3D
NPUHTMPAHE W WHXEKUMOHHO LWnpuuoBaHe. AHanmM3bT e OKycupaH BbPXY
epeKkTMBHOCTTa, TOYHOCTTA, pasxoauTe WU MNPUMOKUMOCTTA Ha npouecure.
MpeacTaBeHm ca CbleCcTBYBaLLM MaLLUHM 332 pasrnexaaHuTe TEXHONOMMYHN NpoLecu
Ha pasnM4yHK BOAELLM NPOU3BOAUTENMN.

Kntouosu ymu: TeXHONOrM4eH npouec, ManorabaputeH getann, npon3sBoacTBo,
3D npuHTUpaHe, MHXEKUMOHHO WnpuLioBaHe

1. YBOg

TexHonoruaTa Moxe ga 6bae AedmHMpaHa KaTto NpUNoXeHWe Ha HaykaTta 3a
ocurypsiBaHe Ha oOOLWEeCTBOTO W HEroBUTE YNIEHOBE C OHE3N Hella, KOUTO ca
HeobXxoauMn unu xenaHu. Ts 3acsara exXegHEeBUETO HM MPSAKO U HENPSKO, N0 MHOro
Ha4YMHW. TEexXHONOMMYHMAT Npouec € YacT OT MPOM3BOACTBEHMS MNPOLEC,
npeAacTaBnsBawia CbBKYMHOCT OT B3aMMOCBbBbP3aHU LEWCTBMSA 3a U3MEHEHWe Ha
Ka4yeCTBEHOTO CbCTOsIHME Ha 0bpaboTBaHOTO u3genue. Ton moxe aa 6bae cBbp3aH
C pasfiMyHKU eTanu OT NPOM3BOACTBOTO Ha AaaeHo nsgenue (Groover, 2013).

B HacTosAWMA MOMEHT CbLLEeCTBYBaT pa3HOObpa3HN TEXHONOMMN U TEXHONOMNYHU
npouecn 3a Npou3BOACTBO U3Oenus, U 3a TsaxHaTa aBToMaTusauus n pobotmnsaums
(Dimitrova, 2024; Dimitrova, 2019). B CcbBpeMeHHOTO MpPOM3BOACTBO Ha
ManorabapuTHM HeMeTanHu [OeTaunu Cce UW3Nons3BaT pPasfnYyHU  TEXHOSOMMYHU
npouecu, KOMTo nmaT cBoUTE NpeanmmcTBa U Hegoctatbun. M36opbT Ha noaxoasiy
TEXHONMOrMYEeH nNpouec 3aBUCKM OT MHOXECTBO (pakTopW, KaTtO TOYHOCT,
NpOn3BOAUTENHOCT, CEBECTONHOCT Ha Npomn3BexaaHata NpoayKUMst N NPUITOXEHNETO
Ha roTOBOTO KpanHO u3genve v ap.

HacTtosiwaTta ctatma vma 3a uen ga pasrnega OCHOBHUTE TEeXHOMNormm 3a
Npon3BOACTBO Ha ManorabapuTHM HemMeTanHu getamnu. Toa ca TexHonorunte 3D
NPUHTUPAHE MU MHXEKLUMOHHO LnpuuoBaHe. Ypes aHanmM3 Ha TEXHUTE OCOBEHOCTH,
KaTto edEKTUBHOCT WU MPUMNOXMMOCT B pasnMyHM NPOU3BOACTBEHWM MNpoOLecKH, ce
onpeaenaT OnTUMarnHUTE YCroBMS 3a M300Op Ha TEXHOMOrMsl 3a NPOM3BOACTBO Ha
ManorabapuTHM HEMeTarnHW AeTannn, KOSTo OTroBaps Ha cneundUYHNTE N3NCKBAHUS
3a Ka4yecTBO, pa3xoamn 1 OyHKLUNOHANHOCT.

2. 3D npuHTHUpaHe

3D npuHTUpaHeTOo, € [oOMNo NONyNAPHOCT Ha3BaHWE Ha rpyna TEXHOSOMMYHU
npouecu, 4acT OT TeXHONOorMsaTa 3a aguTUBHO NPOU3BOACTBO. TO € CrOXeH npouec,
KOWTO BKNIOYBA Cb3gaBaHe Ha gurutaneH CAD moaen n HEroBoTo oTnevaTBaHe KaTo
peaneH TpumamepeH O0beKT.
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AONTUBHO MPOM3BOACTBO, BKMtoYBa udpaborsaHe Ha 3D TBbLpAM Aetamnu oT
npeaBapuTenHO cb3gagdeH aurntaneH mogen. [etana ce usrpaxga nocTeneHHo,
ypes HaHacsiHe Ha Heobxoaumnsa 6pon crnoese OT M3bpaHus maTtepuan eanH Bbpxy
apyr. lNMoseyeto 3D TexHonormm cnegBaT TO3M NpuUHUMN, KaTo agebenuHata Ha
cnoeseTe 0OMKHOBEHO Bapupa mexay 16 n 180 [um], B 3aBUCMMOCT OT KOHKPETHUS
aetann. BaxHo e pga ce otbenexu, ye aguTUBHOTO NPOWU3BOACTBO HE € eauHHa
TexHonorus, a obeguHeHne OT pasnuyHM NPon3BOACTBEHM npouecn. Makap un ga ce
pasnuyasaT eguH OT ApYr, Te CNoA4eNsiT TPU OCHOBHWN XapaKTePUCTUKW:

= paboTaTt 4Ypesd gobaBsaHe Ha maTtepuan, Heobxoaum 3a marpaxgaHeto Ha 3D
obekTa;

* parpaxgaT obekTa Ypes nocnegoBaTenHoO HacnarsaHe Ha CroeBe;

* BCeKM uarpageH obekT e cb3ganeH Ha 6asarta Ha gurutaneH 3D mogen.

Tesn xapakTepuCTUKM NpaBAT aguTUBHOTO NPOM3BOACTBO MHOBATMBEH U MBKaB
MeTo[ 3a Cb3[aBaHe Ha (PM3MYECKN NPOAYKTW.

BpemeTo 3a nspaboTtka Ha geTanna, Bapupa OT HAKOJSIKO Yaca A0 HSKOJIKO OHM,
B 3aBUCMMOCT OT CIioXHocTTa My. 3D npuHTUpaHuTe getamnu v usgenua Hamumpart
NPUNOXEHNEe B MHOIO M PasfinyHnN MHAYCTPUN — OT apXUTEKTYpa 1 NPOAYKTOB AU3alH
00 KocMuyecka nHayctpusa n meguuunHa (3ADBGPRINT Ltd, 2025). BypHoTo pa3ssutune
Ha Ta3nm TexHomnorus npes3 nocnegHuTe roguMHM s NpaBu npegnodntaHa 3a
NPOM3BOACTBO Ha pa3HOObpasHu AeTannm OT pasfnnyHN HeMeTarnHM MaTepuanmu.

CobuectByBaT HacTonHu 3D NpuHTEPU, KOUTO Ca KOMMaKTHU U NpeaHasHadYeHu
3a uspaboTka Ha Marnku 4o cpeaHun no pasmepu getamnu. Te morat ga 3D npuHTMpaT
petanmnm ¢ pasmepun ot 200 [mm] go 600 [mm], kaTo no-ronemmTe pasmMepu ce
nocturat ¢ mogenu Ha 3D npuHTepu kato Raise3D Pro3 Plus. 3a getannu ¢ pasmepu
Hag 600 [mm] ce nsnonseat wmpokodgopmaTHn 3D npuHTepu kato BigRep n Omni3D.
Ha npakTuka, ¢ nomoLiTa Ha Tasn TEXHOMOrMa MoraT ga ce uspaborsart getamnm u
n3genus ¢ BCsKakBu pasmepu 1 pasHoobpasHmn hopmu.

MpouecnbT Ha 3D npuHTMpaHe NnpemMuHaBa Npe3 HAKOJSIKO KIM4YOoBM eTana, KouTo
rapaHTMpaT Ka4eCTBEHOTO NPOU3BOACTBO:

2.1. Cb3paBaHe Ha AM3anHa

[MbpBaTa cTbrnka e paspaboTBaHe Ha gurutaned 3D moaen, KOMTO CryXu KaTo
OCHOBa 3a NpyHTMpaHeTo. B To3n eTan ce onpeaenaT matepuana, opmaTa n metoga
Ha NPOM3BOACTBO CNPSAMO NpegHa3HayvYeHneTo Ha getanna. Mogena ce cb3gaBa CbC
CAD codTyep, kaTo TOBa e gurntanHaTa npoekumsi Ha 6baewmnsa puanyeckn obekxT.

2.2. NMNoproToBka Ha 3D Mopgena u npuHTepa

Cnep kaTo An3aHbLT € roTOB, MOAENbT Ce NOAroTBSA 3a neyaTt Ypes crnarcBaHe
— npouec, Npu KOUTO AUrMTanHUAT obekT ce pasgens Ha TbHku 2D cnoese u ce
npeobpasyBa B mMawwuHeH G-kod. To3uM KOA4 CbObpXa MHCTPYKUMWM 3a NPUHTEpA,
BKITIOYMTENHO CrioeBe, HacTPOMKM U TpaekTopum Ha nedyat. [pu no-ronemn obekTu
MoZenbT MOXe Aa 6bae pasgeneH Ha YacTu, KOMTO BNOCNeaCcTBMe fa ce CrrobaT.

2.3. 3D npuHTUpaHe

Tpetata cTbnka e camOTO NPOU3BOACTBO 4Ype3 m3bupaHe Ha TEXHOMOrMYeH
npouec 3a 3D neyat. Han-nonynapHute TexHonoruu 3a 3D neyaT BKNOYBAT:

» FDM (Fused Deposition Modeling) — pastonsBaHe Ha nnacTMacoBa HULLKA U
HacnarsaHe BbpXy nnatdopma.

= SLA (Stereolithography) — BTBbpAsBaHe Ha cdoTtononumepHa cmona ¢ UV
nasep.

= SLS (Selective Laser Sintering) — cuHTepoBaHe Ha npaxoobpa3eH maTepuan
C nasep.
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N36paHnaT TexHomornyeH npouec u maTtepuan onpenenst usnyeckuTe u
MEXaHUYHNTE XapaKTEPUCTUKN Ha KpaNHUSA NPOLYKT.

2.4. NocnepBawa obpaboTka

Cnepn kaTo 06eKkTbT € NPUHTUPaH, YeCTo ce Hanara gonbrHuTenHa obpaboTka,
3a ga 6bae HanbnHO roToB 3a ynoTpeba. ToBa BKMHOYBA MEXAHUYHU, XUMUYHU UK
TEPMUYHN METOoAM KaTo wnandaHe, nonupaHe, 6osiaucBaHe uMnn nakupaHe. Ako
00eKTbT e oTnevaTaH Ha YyacTu, TO3M eTan MoXe Aa BKkroYBa u crnobsasaHe (B2N Ltd,
2025).

Ha c¢wur.1 e nokasan 3D npuHTep ELEGOO Mars 4 Ultra. Ton e komnakteH u
BucokonpounssoauteneH 3D npuHTep, nanonaeawy texHonornara MSLA 3a neuart ¢
¢OTO NONMMEPHU CMONN.

MpuHTEpPBT pasnonara ¢ paboTHa nnowy ot 153,36x77,76x165 [mm], nogxoaswa
3a cb3gaBaHe Ha Marnku go cpegHo ronemm obektn. bnarogapenne Ha HoBata ACF
3awmTHa unmosa TexHonorns, Mars 4 Ultra noctura ckopocT Ha neyat go 150
[mm/h], KoeTo 3HaunTenHo yckopsisa npomssBoacTBeHus npouec (Elegoo Technology
Co. Ltd, 2025).

®ur. 1. 3D npuntep ELEGOO Mars 4 Ultra (Elegoo Technology Co. Ltd, 2025)

®ur. 2. 3D npuHTep Zortrax M200 (Zortrax, 2025)
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3a nNpon3BOACTBO Ha Marku AeTannm ot NoSIMMEpPHU Matepmanu, ca NoaxoasLm
3D npuHTepwn, nanonssawm FDM TexHonornsa. Ha cwur.2 e nokasan 3D npuHTep 3a
nonumepun. Ton nanonssa TexHonorndara Layer Plastic Deposition (LPD), npu kosaTo
pasToneH TepMo NfacTU4eH Martepuan ce HaHacs Criov MNo CoW BbpXy Harpsata
nnatcpopma, wusrpaxgamkmn 3D mogena. [NpuMHTEPBT € CbBMECTMM C BbHLUHM
MaTepuanu, KoeTo NpeaocTaBs MBKABOCT Npu n3bopa Ha KoHcymaTusn. PaboTtun cbe
cneunanusnpan cogptyep Z-SUITE, KonTo ynecHsBa nogrotoeBkata Ha MoAenure 3a
neyaT v npeanara pasnuyHn yHKLUNMOHANHOCTK 3a oNTMMM3NpaHe Ha npoueca. Mima
BMCOKa TOYHOCT 1 noBTopsiemocT (Zortrax, 2025).

®wur. 3. 3D npunTep MfgPro230 xS (3D-EDU GmbH, 2025)

Ha ¢wur.3 e nokaszaH 3D npuHtep MfgPro230 xS, konto e uHayctpmnaneH 3D
npuHTEep, npomssedeH oT XYZprinting. M3non3eBa TexHonornsta 3a CenekTuBHO
nasepHo cuHTepoBaHe (SLS). lMogxoadw, e 3a Npou3BOACTBEHW U UHXEHEPHU
NPOEKTU, N3UCKBALLWN CNOXHA reOMeTpUst U BUCOKa ToYHOCT. ObemMa Ha uarpaxkgaHe e
230x230x230 [mm]. Ton nossonaBa NPOM3BOACTBO Ha CPeLHO rosieMyU KOMMOHEHTH.
(3D-EDU GmbH, 2025).

3. MHXXeKUMOHHO WwnpuuyoBaHe

LLInpnuoBaHeTo, NO3HATO OLLE KaTO NleeHe NoA HansraHe, € LWMPOKO U3MNOoN3BaH
TEXHOMNOrM4YyeH npouec 3a MacoBO NPOW3BOACTBO Ha NnacTMacoBM u3genus c
pasnuyHu pasmepu n gopmu. NpouecsbT ce 0OCHOBaBa Ha MHXEKTUpAHEe Ha pa3ToneH
nonumMepeH Martepvan B npeaBapuTenHo m3paboTeHa dopma (Matpuua), B KOATO
cnen oxnaxgaHe MmaTtepuana ce BTBbpasBa M npugobmsBa xenaHata dopma.
OcHOBHUTE eTanu Ha TO3M NpoLec BKMOYBAT 3aTBapsiHe Ha MaTpuuaTta, HarpsiBaHe U
pa3TonsBaHe Ha nnacTtMacaTa, BNpbCKBaHE B MaTtpuuaTa, OXnaxaaHe U U3BaxgaHe
Ha roToBua getann cur.4 (Ariete Group, 2025).

3aTBapsiHe HarpsiBaHe UHxekTnpa OxnaxpaaHe OTBapsiHe U3BaxpaHe
Ha Ha He Ha Ha Ha Ha rotoBus
¢dopmarta maTepuana maTtepuan oTnuBKaTa c¢dopmara aeTtamn

®ur. 4. ETanu Ha npoueca wnpuwloBaHe
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EoHo oT Haw-ronemuTe npeguMmMcTBa  Ha  WINPULUOBAHETO € BucokaTa
NPOM3BOAMTENHOCT, KOETO [0 npaBuM MNOAXOOSAWO 3a CEepUnHO NPOU3BOACTBO.
TexHONorn4HMa npoLec No3Bosisiea 3paboTka Ha CNOXHU U3AENUSA C BUCOKA TOYHOCT
M NOBTOPSAEMOCT, a aBTOMaTM3auMsiTa Ha npoueca Hamansea Mpou3BOACTBEHUTE
pasxoaMm WM BpemeTo 3a npom3BoAacTeo. LUnpuuoBaHeTO ce m3non3sa B MHOMO
WHOYCTPUW,  BKIIKOYUTENHO  aBTOMOOWUNOCTPOEHe,  eNeKkTpoHuKa, MeauunHa,
MaLUMHOCTPOEHE U ap.

B aBTOMOGOUNHaTa MHOYCTPUA, Tasnm TEXHOMNOMMSA ce npunara 3a Npov3BOACTBO
Ha Tabna, GPOHN N Pa3NMYHN BLTPELLUHN N BbHLUHM KOMMNOHEHTU. Bbnpekn cBoute
npeanMcTBa, LWNPUMLOBAHETO UMa M HAKOW HegocTaTtbuUM. EAWMH OT OCHOBHUTE €
BMCOKaTa NMbpBOHAYanHa UHBECTMUMA 3a n3paboTka Ha MaTpuuuTe, KOeTo ro npasu
No-Marsnko epeKkTMBEH 3a Mariku Npon3BoacTBeHn cepun. OCBeH TOBA, KOHTPOMbLT Ha
napamMeTpuTe e U3KNIYUTENHO BaXKeH, 3a da ce u3berHat gedektn kato cBuBaHe,
aedopmauun n BbTpelwHn HanpexeHns B getannute (Cowon Mold Tech Co. Ltd,
2025; Deep Mould Co. Ltd, 2025).

EOWH OT OCHOBHUTE (hakTopW, BAMUSieWM BbpXYy Ka4yeCTBOTO Ha geTannia npu
NHXXEKLMOHHOTO LUMPULIOBaHE € TePMUYHOTO CBMBAHE Ha MaTtepuana. 1o Bpeme Ha
oxnaxgaHeTo nNnacTMacoBUTE MaTtepman NPOMEHAT CBOUTE pa3Mepu, KOeTo Hanara
pasfiMyHKU YCroBMS Ha LUNpULIOBaHE 3a pasfiMyHUTE BUAOBE niacTMacu.

3a pa ce rapaHTMpa BWCOKO KayecTBO Ha Mpou3BedeHuTe peTannu, npu
npoektnpaHe Ha dopmata (MatpuuaTta) TpsbBa pfJa ce B3emaT npeasug
koeduLUMEHTUTE Ha CBUBAHE, KOUTO 3aBWUCAT OT W3NON3BaHUS Matepuan. Toea
No3BOSsIBa TOYHO NPeCcMsiITaHe Ha pa3MepuTe, Taka Ye KpanHUAT NPOAYKT Aa OTroBaps
Ha 3afjafieHnTe U3NCKBaHUS.

®ur. 5. MawmHa Arburg 370 C 600 — 250 (Exapro S.A.S, 2025)

MawwuHaTa 3a neeHe nog HansaraHe Arburg 370 C 600-250 nokasaHa Ha dur.5 e
npegHa3HayeHa 3a NPoM3BOACTBO Ha MNacTMacoBu AeTalnn CbC CpefHU pasmepu.
ToyHuTe pasmepu Ha Npou3BeXagaHUTE AEeTannm 3aBUCAT OT CneunUyYHNSA an3anH n
reomeTpmusa Ha maTpuuaTa, usnonssaHa B NnponsBoacTBeHus npouec (Exapro S.A.S,
2025).

®dur. 6. Mawmna ENGEL VICTORY 330/ 80 HL (Engel Machinery INC, 2025)
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MawwuHaTa 3a neeHne nog HansraHe ENGEL VICTORY 330/80 HL nokasaHa Ha
¢ur.6 e npegHasHadeHa 3a MNPOM3BOACTBO HA MankM OO0 CpedHn Mo pasmep
nnactmacoBu getannu. Cbe cuna Ha 3aTtBapsiHe oT 80 [t] n gnameTbp Ha wHeka ot 35
[mm], T9 e noaxogsuwa 3a npaboTBaHe HA KOMMOHEHTU C TErno Ao nNpMbnuanTenHo
185 [g].

PasmepuTte Ha nnoynTe 3a MOHTaX Ha maTtpuuata ca 670 [mm] no AbMmKNHaA U
600 [mm] no wupuHa, KOETO NO3BOSISIBA M3MNOM3BAHETO HA MaTPMUU C BUCOYMHA OT
170 [mm] go 370 [mm]. Te3n xapakTepucTvku, NpaBAT MalmMHaTa noaxogsuia 3a
NPOM3BOACTBO HAa Pa3fMYHM NMacTMacoBW AeTaunn, BKIHOYUTENHO MNPeunsHn
KOMMOHEHTU U N30eNnNsa C BUCOKN U3UCKBAHUS KbM KayecTBOTO M TodHocTTa. (Engel
Machinery INC, 2025).

4. CpaBHuTeneH aHanus Ha 3D npMHTMpaHe U UHXEKLUOHHO LUNpULoBaHe

3D nNpuUHTUPAHETO W WHXEKUMOHHOTO LNpuuoBaHe ca [nBa OT Haw-
pa3npoCTpaHEeHUTE TEXHOMOrMMYHM npoueca 3a MNPOM3BOACTBO Ha MNfiacTMacoBwm
aetannu. Bonpeku ye n gBaTa npoueca cnyxart 3a Cb3gaBaHe Ha N3genuvsi C pasnuyHmn
dopmMn 1 pasmepu, Te ce pasnuyaBaT CbLLUECTBEHO MO OTHOLLEHWE Ha npoueca,
NPUNOXeHNaTa, pasxoante n mawlaba Ha NPon3BOACTBO.

Tabnuua |. CpaBHUTENEH aHanNnU3 Ha OCHOBHUTE XapaKTePUCTUKU

Xapakrepuctuka 3D npuHTMpaHe MHXXeKLMOHHO wnpuuoBaHe
TexHonoruna Ha AOVTUBEH (M3rpaxaaHe Crion no CybcTpakTnBeH (MHXeKTUpaHe Ha
NpPoOu3BOACTBO crnomn) pasToneH maTtepuan B MaTpuua)

M Mopxoasiuo 3a macoBo
r O[LXOASALLO 3a NepcoHanManpaHm
‘bBKaBOCT . NPOM3BOACTBO HAa UOEHTUYHM
N CINOXHW geTannu N
aetannm
Monumepn (PLA, ABS, PETG,
M3nonsBaHu CMONN, HAMMOH), MeTany MpeguMMHO TepMo NAacTUYHK
MaTepuan ' ' ' nonumepu (ABS, PP, PE, PC, PVC)
Kepamuka, KOMMNo3uTn
Bucoka, Ho 3aBucK oT MHoro BMcoKa 1 NOCTOSIHHA Npu
MpeunsHocT _
TexHonornaTa u Mmatepuvana CEPUNHO NPOV3BOACTBO
Heobxoauma MwuHumanHa — camo 3D mogen m CnoxHa — Heobxoguma e matpuua
noaroToBKa cnancsaHe (cdbopma)
Ta6nmu,a | CpaBHABa TEeXHOJIOr’MATa Ha MNpon3BoAcTBO, W3NOoJi3BaHUTE

MaTtepuanu, npeumsHocTTa u HeobxoammaTa NoAroToBKa.

3D npuHTUpaHeTO n3nonsBa aguTMBHA TEXHOSOMNSA, NPU KOATO MaTepuansbT ce
nobassa cron No Crnom, KOeTo Mo3BofsiBa Cb3aBaHETO Ha CrOXHU reomeTpun 6e3
HyXga OT crneumanHa wMartpuuya. WMHXEeKUMOHHOTO  LWnpuuoBaHe, M3nonasa
CyOTpaKTMBHA TEXHONOrMs, MpU KOATO pasToneHaTa nnacTtMaca ce BhApbCkBa B
MaTpuua, ocurypsisamkm BUCOKa TOYHOCT U NOCTOSIHCTBO MPU CEPUMHO NPOU3BOACTBO.

B tabnuua Il ce aHanuaupaTt nHgycTtpumMTe M NpoM3BOACTBaTa, B KOUTO [BaTa
TEXHONOrM4YHM npoueca ce uanonseat. 3D npuHTUPaHETO e noaxoaswo 3a 6bp3o
NpoOTOTUNUPaHE, NEPCOHANM3MpaHn NPOaYKTU U CITOXHN reOMETPUN.

MH)XEKUMOHHOTO LINpMLOBaHE Ce M3MON3Ba rfaBHO 3a MacoBO NPOM3BOACTBO,
KbJEeTO € HeobXoAMMO TrOonsAMO KONMYECTBO WOEHTUYHW [eTaunim € HuUcKa
cebecToMHOCT.
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Ta6nuua ll. CpaBHMTENEeH aHanu3 Ha obnacTuTe Ha NPUNoOXeHne

MpunoxeHune 3D npuHTMpaHe MHXeKUMOHHO WnpuLoBaHe
WpoeanHo 3a eauHUYHM Gpovikn m Mo-psigko M3nNon3BaHo 3a NPOTOTUMM,
MpoToTuUnupaHe
TECTOBW MOAENM 3apagwu pasxoguTte 3a matpuua
MacoBo He e nogxoasiio nopaav BUCOKK OnTmanHo 3a ronemu cepum
Nnpou3BOACTBO pasxoau 3a BpeMe 1 matepuanm (xunagu u MUIMOHU BPONKK)
lMoaxopsLlo 3a nepcoHanuanpaHu Moaxoasauwo 3a cepuiiHm
MeanuyHCKH OXoAsLL p p AX0AsLL P
wanenns npoTean, 3bOHM UMNNaHTU “ MEeOULMHCKN U3aenus, KaTo
Ovopasrpagnmmn matepuanu CNPWHLIOBKM N KOHTEWHEPU
M3nonaBa ce 3a CepuinHo
ABTOMOGUNHA ManonsBea ce 3a NpoTOTUNK, CNOXHU
- NMPOU3BOACTBO Ha BbTPELUHM NaHEenu,
MHAYyCcTpUSA AN3anHN 1 NepcoHanuaMpaHy 4yacTu

KonyeTta 1 Kopnycu
MNoaxoasauwo 3a Nnpon3BoaCTBO Ha
nnacTMacoBK KOPMycu u
eneKTpU4eCcKn nsonaTopm

MoaxoasiLo 3a cneumanuanpaHm

EnekTpoHuka
KOMMOHEHTN U Marnku cepummn

Tabnuua lll cpaBHsiIBa HAa4YanHMTE MHBECTULMM, Pa3XoauTe 3a eAUHUYEH aeTann
N NPON3BOLCTBEHATA CKOPOCT.

3D nNpuHTUPaAHETO M3UCKBA MO-HUCKM HavarHW MHBECTMLUK, HO MO-BUCOKM
pa3xoam Ha geTtann npu ronemm obemum.

MH)XEKUMOHHOTO  LUIMpUUOBaHE WMMa BUCOKA MNbpBOHA4YanHa WHBECTULUS
(pa3xogu 3a maTtpumua), HO € MIKOHOMUYECKM ePEKTMBHO NPU MacoBO NPOM3BOACTBO.

Ta6nuua lll. CpaBHMTENEH aHanu3 Ha pa3xoauTe U NPOU3BOAUTESTHOCTTa

Kputepumn 3D npuHTUpaHe MHXeKUMOHHO WwnpuuoBaHe

Bucoku — Heobxoaumo e 3akynyBaHe
Ha MalnHa n n3paboTeBaHe Ha
MaTpuua, KoATO € ckbna

HavanHu Huckn — ueHuTe Ha NpuHTEpUTE
pasxoau 3anoyBaT OT HAKOJIKOCTOTUH Jonapa

MpounssoacTeeHu | [o-BUCOKM 3a ronemu cepun, HUCKK | Hucku npy ronemmn obemum, BUCOKM 3a

pa3xoau 3a eQNHUYHU BPOKK €0UHNYHN BPONKK
CKOpoOCT Ha Mo-6aBHO, 0COBEHO NPY CROXHU N3kntountenHo 6bp30 npu cepuimHo
Nnpou3BoACTBO aetannm NPON3BOACTBO

MHoOro H1cka npu MacoBo
NpoM3BOACTBO, BUCOKA 3a Masiku
cepun

Bucoka npwu rondam obem, HO HuCKa

eHa Ha geTtaun -
U A 3a eJUHNYHN BGPONKM

Tabnuua IV npencrtasd npeamMmcreata U HegoCTaTbUUTEe Ha ABaAaTa CpaBHABaAHU
TEXHOJ10IM4YHK MnpoLeca.

Ta6nuua IV. CpaBHMTeNeH aHan13 Ha NnpeguMcTBaTa U HegocTaTbLuTe

Kputepumn 3D npuHTUpaHe MHXeKUMOHHO wnpuuoBaHe
[bBKaBOCT, NECHO Bucoka npon3BoaNTENHOCT, HUCKa
MpeanmcTBa nepcoHanunsvpaHe, MUMHUManHu LeHa npwv ronemm cepum, oTrimyHa
oTnagbuu, 6bpP30 NpoTOTUNUPAHE npeumnsHocT
Mo-6aBHo, B coka ueHa npy MacoBo | CKbN MHCTPYMEHTU (MaTpuum),
Hepoctatbumn NPOM3BOACTBO, NO-HUCKA SKOCT Ha HeepeKkTUBHO 3a Marnku cepuu,
MaTtepuanuTe OrpaHu4eHa CroXHOCT Ha getannure
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3D npuHTUpaHeTo npeanara ronsma rbBkaBOCT U MUHUMAnNHW OTnagbLUuM, HO €
no-6aBHO N HeeEKTUBHO 3a MaLLabHO NPoOn3BOACTBO.

NHXEKLMOHHOTO LUNPULIOBaAHE OCUrypsiBa BMCOKa MPOW3BOAUTENHOCT U HUCKA
LeHa Ha geTaWnn, HO U3NCKBA rofisiMa NMbpBoOHaYanHa MHBECTULMS U HAMA MbBKaBOCT
npwv NPOMEHN B An3anHa.

5. U3aBoau

3D npuHTUpaHeTO e Han-gobpuatT n3bop 3a 6bP30 NpoTOTUNMPAHE, 3a Marnku
cepuM W nepcoHanuMavpaHu W3genusi, AOKaTo WHXEKUMOHHOTO LUNpULoBaHe e
NoAXo4ALL0 3a MacOBO NPOU3BOACTBO C BUCOKa TOYHOCT N HUCKA cebeCcTOMHOCT.

B 3aBMCMMOCT OT KOHKPETHUTE HYXXAW Ha NPOM3BOACTBOTO, ABaTa MeToda morat
Aa 6bgat kombuHupaHn — 3D nevaTbT MOXe Aa Ce U3Mnon3Ba 3a Cb3daBaHe Ha
NPOTOTMNN U TECTOBW MOAENW, Npeau Aa ce NPUCTbMM KbM CEPUIHO NPON3BOACTBO
4ype3 NHXEKLMOHHO LINpULIOBaHe.
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COMPARATIVE ANALYSIS OF TECHNOLOGICAL PROCESSES FOR THE
PRODUCTION OF SMALL NON-METALLIC PARTS

Abstract. This article examines the various technological processes for the
production of small-sized non-metallic parts. A comparative analysis of the two most
commonly used technological processes, 3D printing and injection molding, is made.
The analysis focuses on the efficiency, accuracy, costs and applicability of the
processes. Existing machines for the considered technological processes from various
leading manufacturers are presented.

Keywords: technological process, small-sized part, production, 3D printing,
injection molding
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INVESTIGATING THE ROUGHNESS OF 3D PRINTED POLYMER SAMPLES
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Abstract. This work examines the types of 3D printing, and the roughness
achieved as a result of each of the printing technologies. More detailed attention is
paid to FDM printing. Test specimens were made from different types of filaments, on
which the roughness parameters were measured at a layer height of 0.1 mm. Test
specimens were also made from PLA with different layer heights, and the values for
two types of 3D printers were compared. The results obtained were analyzed.

Key words: surface roughness, 3D printing, height layer, FDM technology

1. Introduction

3D printing is increasingly used in the industry for prototyping, household
products and many other areas, thanks to the rapid production from a digital file to a
finished product. After conducting a study in (Heather, 2013) found that through 3D
printers, consumers can produce products needed in their daily lives themselves,
instead of purchasing them. With the development of technology, the types of 3D
printing methods are also increasing. They differ in the way of printing and the type of
materials.

1.1. Fused Deposition Modelling technology

The most common and easily accessible is the Fused Deposition Modeling (FDM)
technology, in which a polymer filament is melted to a certain temperature and
extruded through a nozzle, building it up layer by layer until the finished part is
obtained. For models that are not flat or have a complex shape, a supporting material
is required for its proper construction.

1.2. Selective laser sintering technology

Selective laser sintering (SLS) is another type of technology in which a powder
material is polymerized by a laser. When building models with this technology, the use
of a support material is not necessary. Large pores and holes can be formed depending
on the size of the powder. It is extremely suitable for the simultaneous production of
numerous identical parts that are located at a close distance from each other.

1.3. Stereolitography

Stereolitography (SLA) technology works with liquid photopolymers that are
hardened using a UV laser beam. The model is built layer by layer according to the
given design until it is completed. With this technology, there is no need to support the
material, and the model is built from top to bottom, upside down. The finished parts are
characterized by non-porous and smooth surfaces with high resolution.
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1.4. Metal 3D printing
Metal 3D printing can be done in 3 ways, as the types of materials can be different
metal materials and alloys - stainless and instrument steels, Inconel, titanium alloys,
aluminum alloys, copper, chromium-cobalt, nickel alloys. The possible materials are in
the form of powder and filament.
o SLM (selective laser melting) printing is done by laser melting and soldering
of metal powder;
o EBM (electron beam melting) printing is done by melting metal powder using
an electron beam;
o DED (direct energy deposition) printing can work with both metal powder
and filament, simultaneously extruding and soldering the material until the
part is completed layer by layer.

1.5. PolyJet technology

Polyjet technology is one of the latest technologies, in which the material used is
in the form of a liquid photopolymer. Drops of the material are sprayed through inkjet
heads and hardened by a UV lamp, as the manufactured part can be made of different
materials at the same time. In Polyjet printing, a supporting material is used, which is
water-soluble or removed with water under high pressure. The final product has high
print quality and smoothness.

1.6. Multi Jet Fusion technology

Multi Jet Fusion (MJF) technology produces detailed and precise parts without
support material. Using an inkjet matrix, melting agents are selectively applied to
polyamide (PA), polypropylene or TPU powder, which is then melted by heating
elements and cured by UV light. After each layer, the powder is distributed on the bed
and the process is repeated until the part is completed. After the printing process is
completed, the residual powder is removed by various shot peening systems.

Each of the technologies achieves a different smoothness of the printed material
(Bakardzhiev, 2024). Most technologies require mechanical post-processing of the
printed parts, such as sanding, sandblasting, blasting and polishing, to achieve a better
appearance or when removing the support material, which leaves rough areas.
However, despite the applied smoothing methods, the surface cannot become smooth
as glass.

According to sources (Pérez, 2018; Reddy, 2018; Peng, 2018; Kovan, 2018; You,
2016; Altan, 2018; Mohamed, 2017; Czyzewski, 2022; Brenes, 2020) the greatest
influence on roughness is exerted by the set printing parameters such as layer height
and the slope of the printed part.

When 3D printing with a lower layer height, the resulting part has better external
characteristics and is smoother at the expense of slower production (Haque, 2019;
Reddy, 2018). In FDM printing technology, the layer height is determined by the size
of the printing nozzle. The smaller the thickness is set, the higher the nozzle clock
frequency will be, which will lead to a drop in pressure and poor quality (Chohan, 2017).

In this work, the roughness of each technology will be analyzed and more
attention will be paid to the FDM technology, which is the most widespread. The goal
is to study and analyze the roughness values of different materials obtained by FDM
printing. Another task is to make roughness measurements at different layer heights
when printing with Polylactic Acid (PLA) filament by comparing the values of test
specimens made by two types of FDM printers.
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2. Roughness of parts printed using different technologies

In the production of 3D printed parts, the surface quality varies significantly
depending on the printing technology and orientation, the type of material, and the
quality of the printer (Golhin, 2023; Buj-Corral, 2019). 3D printing parameters such as
temperature and speed also affect the roughness values (Bakardzhiev, 2024).
Roughness is usually measured with a roughness tester and is measured in Ra and
Rz values. The unit of measurement for determining the deviation from the ideal plane
of the surface is usually microinches or micrometers (um). The most commonly used
unit is yum. The lower the Ra value, the smoother the surface.

Each of the printing technologies has different layer height limits. Table | presents

tolerances of the values of layer height at different additive technologies.

Table I. Tolerance of layer height at different additive technologies

Technologie Layer Height, mm
FDM 0,06+0,4
SLS 0,08+0,12
SLA 0,025+0,1

PolyJet 0,014+0,027
MJF 0,08
Steel 0,05

Aluminum 0,03+0,1

As can be seen from Table |, the PolyJet technology has the smallest layer height
and should provide the best surface quality and the lowest roughness.

Table Il presents roughness values in Ra, ym and Rz, um after 3D printing of test
bodies manufactured using different technologies from polymer materials and metal
powder.

Table Il. Roughness of parts using different technologies after 3D printing

Technologie Material Ra, pm Rz, ym
SLS PA 12 fl!le_d with 8 50.1
aluminium
MJF PA 12 10-12 59,9 — 69,4
Stainless Steel 316L,
DMLS Bead blasted 6 39.8
SLA ABS-like 1,5 10,1
FDM, perpendicular to the layering ASA 22,5 114,9
FDM, parallel to the layering ASA 0,9
PolyJet Photopolymer rigid 21 17,2

From the data provided, the best performance was measured with SLA and
PolyJet technologies with Ra- 1.5 ym and 2.1 pym, respectively.

3. Experimental results and discussion

A study was made of the roughness of test bodies made of Polylactic Acid (PLA)
filament, which were printed at different layer heights using FDM technology. Two 3D
printers- the Tevo Tornado and the Ultimaker C5, were used to compare the data. For
the Tevo Tornado printer, the possible layer height options are 0.06 mm, 0.1 mm, 0.15
mm, 0.2 mm, 0.3 mm, 0.4 mm and 0.6 mm., and for the Ultimaker C5 printer they are
0.06 mm, 0.1 mm, 0.15 mm, 0.2 mm and 0.3 mm.
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Table Il records the time required to 3D print the same test body depending on
the printer and layer height. The programs for setting the 3D printing parameters are
implemented with the Cura program. Technically, despite the ability of the Tevo
Tornado 3D printer to print parts with a set layer height of 0.06 mm, the test body could
not be built due to the inability of the printer to feed filament at the set speed.

Measurements were made on each test body: along the Z axis (perpendicular to
the layer) - (position 1), along the X axis (parallel to the layer) - (position 2) and on the
top layer in both directions - Y- (position 3) and X- (position 4), shown in Fig.1. A
portable roughness meter AR-132 CT was used and the parameters of Ra, ym and

Rz, um were recorded, Fig.2. Three measurements were made, the average values
are described in Table IV.

Table IlIl.Time for 3D printing, according to the layer height and 3D printer

Layer height, mm Printing time of 3D Printer
’ Tevo Tornado Ultimaker S5

0.06 133 min 75 min
0.1 64 min 59 min
0.15 41 min 34 min
0.2 32 min 18 min
0.3 22 min

04 16 min

0.6 11 min

r I'E 0
-

2 I1 A L/

Fig. 1. Surface roughness measurement position

An analysis of the roughness of 3D printed test bodies from various 3D materials
was also performed: PLA, PLA Wood, PETG, FilaFlex Sebs, ASA, PC, PA6, CPE

HG100 with a layer height of 0.1 mm, Fig.3. The reported results are presented in
Table V.

Fig. 2. Roughtness Tester test pieces
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Fig.3. Test pieces from different materials

Table IV. Measured and avereged surface roughtness of 3D printed PLA test pieces

Layer Used 3D 1. Perpendiculair of | 2. Parallel of 3. Top- 4. Top-
height Printer the layer the layer perpendiculair parallel
mm Type Ra, ym Rz, ym |Ra, ym|Rz, ym| Ra, ym | Rz, ym Ra, Rz,
yp , M y M , M » M , M y M um um
0,06 | Ultimaker S5 53 15,0 0,3 0,8 1,3 3,5 1,0 2,7
Tevo
0,1 Tornado 10,5 29,7 0,6 1,6 2,0 5,7 2,3 6,4
Ultimaker S5 8,2 23,1 0,5 1,4 1,0 2,8 1,3 3,7
Tevo
0,15 |Tornado 13,5 38,1 0,9 24 7,2 20,4 7,2 | 20,5
Ultimaker S5 13,1 37,2 0,5 1,4 1,2 3,4 0,8 2,2
Tevo
0,2 |Tornado 16,0 45,1 0,5 1,6 7,6 21,6 85 | 24,0
Ultimaker S5 17,3 49,0 0,5 1,4 24 6,9 2,3 6,6
Tevo
0,3 |Tornado 21,97 62,14 2,10 3,19 7,65 21,64 | 9,31 | 26,32
Ultimaker S5 23,96 67,75 0,44 1,24 1,53 4,32 2,27 | 6,42
04 Tevo
’ Tornado 21,09 59,66 1,00 2,84 6,91 19,53 | 5,05 | 14,27
06 Tevo
’ Tornado 22,20 62,75 1,26 3,57 7,52 21,28 | 5,73 | 16,20

Surface roughness measurements in 3D printing show increasing values when
setting higher layer heights. When measuring in position 1, a large difference is
observed in the roughness of the test bodies made by the two 3D printers. At almost
all layer heights, the Ultimaker S5 achieves better smoothness than the Tevo Tornado.
At a layer height of 0.1 mm, the largest difference of 22% in favor of the Ultimaker S5
is observed. Only at a layer height of 0.2 mm does the Tevo Tornado have good
roughness indicators.
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At 0.15 mm, there is no difference in roughness between the two printers. At the
second measurement position 2, the roughness values are low because the tip of the
roughness tester moves between the layers.

The roughness measurements in the surface layer of the part in position 3 and
position 4 show similar results, as it increases with increasing layer height. The values
at 0.06 mm start from Ra- 1.0 ym to Ra- 7.65 um for 0.6 mm layer height.

Table V. Measured and avereged surface roughtness of 3D printed test pieces

Material U:r?:tgll? 3. Top-perpendiculair 4.Top-parallel
Type Type Ra, um Rz, um Ra, um Rz, um
PLA Tevo Tornado 2,01 5,67 2,27 6,42
PLA Wood Tevo Tornado 1,94 5,48 2,14 6,06
PETG Tevo Tornado 2,37 6,71 1,65 4,68
ASA Tevo Tornado 3,27 9,24 2,83 8,00
FilaFlex SEBS | Ultimaker S5 5,33 15,08 4,39 12,43
PC Ultimaker S5 3,57 10,09 3,26 9,22
CPE HG100 Ultimaker S5 3,34 9,44 4,18 11,82
PA6 Ultimaker S5 4,89 13,81 4,38 12,38

At these measurement positions again, the test bodies produced by the
Ultimaker 3D printer have significantly less roughness than those printed with the Tevo
Tornado by 83%. Measurements of surface roughness in the top layer of test bodies
made of different materials show that PLA, PLA Wood and PETG filaments have the
lowest values of those studied.

4. Conclusion

3D technologies are one of the contemporary ways to manufacture parts and
functional parts. For those requiring higher precision and smoothness, the use of
Stereolithography and Polyjet technologies is recommended. The most widely
available 3D printing technology is Fused Deposition Modelling technology. To achieve
the best quality and speed of printing, it is recommended that the layer height
parameters be 0.1 mm or 1.15 mm. The surface roughness with these parameters is
like SLS and MJF technologies, but the price of FDM parts will be much cheaper due
to the lower cost of consumables and printers. The comparison of roughness data for
different types of filaments for FDM printing with a layer height of 0.1 mm did not show
significant differences. However, lower roughness values are observed for materials
that are easier to print compared to those that require greater attention to 3D printing
settings.
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COLLABORATIVE OFF-ROAD ROBOT WITH HYDROGEN FUEL CELL FOR
HEALTHCARE

Roman Zahariev

Bulgarian Academy of Sciences, Institute of Robotics, Bulgaria
Nina Valchkova

Bulgarian Academy of Sciences, Institute of Robotics, Bulgaria

Abstract. The article discusses the concept of creating a collaborative service
robot powered by a hydrogen fuel cell, designed to support medical facilities. The
characteristics of this robot are analyzed and its advantages in terms of environmental
performance and long life during the activities of serving patients in serious health
conditions and their transportation to a hospital are highlighted. Some main
characteristics and advantages of this type of robot powered by hydrogen fuel cells are
compared with battery-powered robots and the positive aspects of this comparison are
shown. The advantages of modern collaborative robots used as service robots in the
processes of transport service to the hospital are presented. The possibilities of
creating and implementing such a robot for the needs of serving people in medical
facilities, which would be powered by a hydrogen fuel cell, are shown. The main
characteristics of the created mobile collaborative service robots are briefly indicated.
The article analyzes the process of creating these collaborative robots. The main
structural elements of the structure are implemented, such as the power supply system
based on a hydrogen fuel cell, the mechanical system with high cross-country ability,
the robot control system with its sensor system, as well as the navigation system and
its development with elements of artificial intelligence.

Keywords: service mobile robots, hydrogen robots

1. Introduction

The energy that hydrogen provides is an alternative to fossil fuels with the
potential to achieve society’s development goals. Hydrogen is found in many chemical
compounds, such as water and organic biomass, and its combustion produces heat
energy — without pollutants or carbon dioxide. Increased energy consumption is a
universal driver for improving the quality of life in all societies, from developing to
developed countries. The challenge is to find highly efficient ways to produce, deliver
and use energy that will improve the quality of life without endangering the
environment, climate or geopolitical relations (Valchkova, 2019). Hydrogen fuel cell
technology is the subject of continuous research and development. Hydrogen fuel cells
are being investigated as a clean and efficient alternative to traditional internal
combustion engines, especially in the transport sector. Hydrogen combines with
oxygen in the electrochemical reactions of fuel cells to produce electricity. The most
efficient use of hydrogen is to convert its chemical energy into electrical energy in so-
called “Fuel Cells”. The high conversion efficiency of fuel cells, up to 60%, makes them
attractive compared to other fossil fuel-based electrical alternatives, which are on
average about 34% efficient. The high efficiency of fuel cell engines (typically over
90%) makes them attractive for transportation. Structurally, fuel cells consist of two
electrodes (Fig. 1) separated by an electrolyte. In the case of a hydrogen fuel cell,
hydrogen goes to the anode, acting as fuel, and oxygen, or most often air, goes to the
cathode.
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The idea of the fuel cell is that through the presence of a catalyst, molecular
hydrogen is initially dissociated on the surface of the electrode as two hydrogen atoms.
By giving up an electron, the hydrogen atoms are oxidized to hydrogen cations.

e - ' o
SUPER CONIBO o -
CONDENSER » T =
o
CONTROL R
t OF THE s ROBOT
ROBOT SYSTEM MANIPULATION

1 1 o
HYDROGEN 2

FUEL CELL OPERATOR

Fig. 1. View of the robot Roby 1

To reach the cathode, the resulting electrons and protons take different paths.
The protons pass through a membrane, while the electrons are captured by the
external circuit of the cell and represent ready-to-use energy. On the cathode side, in
the presence of a catalyst, the protons, together with some of the electrons and
oxygen, form the waste product (water vapor or pure water) of the fuel cell operation.
The reactions that occur in a fuel cell are as follows:

° at the anode: H2 — 2H+ + 2e- (1)
° at the cathode: 2e- + 2H+ + 0.502 — H20 (2)
. total for the cell: H2 + 0.502 — H20 (3)

The first fuel cell was developed in 1839 by the English scientist William Grove.
After 60 years, Mond and Langer managed to improve the design of the fuel cell. Their
Fuel Cell uses hydrogen and oxygen, delivering a current density of 3.5 [mA/cm?] and
a voltage of 0.72 [V]. Although the fuel cell was developed so long ago, it found more
serious application in the early 1960 s in manned flights of the US space program as
a source of electricity and water.

Here are some key features and advantages of hydrogen fuel cell-powered robots
compared to a classic battery-powered robot:

o Clean energy: Hydrogen fuel cells produce electricity with water vapor as
the only byproduct, making them an environmentally friendly source of
energy. This is especially important for applications where reducing carbon
emissions is particularly important.

o Longer operating time: Hydrogen fuel cells can provide longer operating
times than traditional batteries. This is especially useful for robots that need
long periods of operation between recharges.

o Fast Refueling: Refueling a hydrogen fuel cell is typically faster than
recharging a battery, providing a faster turnaround time for the robot to
resume working on its tasks. This is a particular advantage in applications
that require continuous or near-continuous operation.
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2. Description of the robotic platform

2.1. Off-road Mechanical System of Robot Roby 1

The designed Collaborative Mobile Robot is highly cross-country and capable of
working off-road (Fig. 2) and is intended for healthcare assistance (Valchkova, 2023).
With its help, it is possible to transport a victim in a very rugged area to the place,
where specialized ambulance-type vehicles can be used or to the hospital itself. In the
case of suspicious abandoned luggage or other objects that may contain an explosive
substance, by using the robot's manipulator which is used to load the suspicious object
so that it can be transported to a sufficiently safe distance, where specialized personnel
from a team of sappers can take care of their disp osal.

Also, with the help of a special thermal camera, it is possible to extinguish fires,
including in buildings, as the robot is directed to the brightest area of the fire and floods
it with special fire-extinguishing foam. For this purpose, the robot is equipped with a
special tool called a “jet”, through which a special foam is thrown under pressure onto
the fire, thus limiting contact with oxygen from the air and suffocating the fire (Fig. 3).

Based on the specific running mechanism, consisting of 4 triangular-shaped
chains, high cross-country ability is achieved with the ability to overcome obstacles, as
well as climb stairs (Valchkova, 2023). The chains are equipped with three gears
located at the corners of an equilateral triangle, around which there is a plastic chain
with metal elements. In the middle of the chains there is an axis of free movement,
providing the ability to overturn the structure when an obstacle is encountered. In the
event of one or two of the slats encountering an obstacle or a step on a ladder, the
contact point appears as a momentary center of rotation and the entire chain structure
rolls around the obstacle (Fig. 2), thus overcoming it and maintaining the robot’s
forward movement. Each of the four chains is equipped with an electric motor, so this
obstacle avoidance mechanism works for each of them independently, thus supporting
the movement of the robot (Zahariev, 2019).

Fig. 2. View of the robot Roby 1

The four chains are mounted on a housing on which it is possible to place a
stretcher for transporting a victim and which houses the control electronics cassette,
as well as numerous types of sensors providing the necessary information about the
environment. The entire structure is powered by a rechargeable battery located in the
housing and can be charged from an external docking station. The four tracks are
mounted on a housing on which it is possible to place a stretcher for transporting a
casualty and which houses the control electronics cassette as well as a number of
types of sensors providing the necessary information about the environment.
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Fig. 3. Overcoming an obstacle by a track

The whole structure is powered by a rechargeable battery located in the housing
and can be charged from an external docking station. A manipulator with 7 degrees of
mobility and a three-finger gripper are mounted on the robot body. In the case of fire
extinguishing equipment, a stand with a special "Sprayer" connected to a foam fire
extinguisher is mounted on a platform of the body, so that it is possible to spray this
foam on the brightest part of the fire. Also, the overall dimensions of the robot are
consistent with th e dimensions of building standards, so that it is possible for the robot
to pass through doors and reach internal rooms of the burning building.

2.2. Robot Control System of Robot Roby 1

The robot drive control is implemented on the basis of "servo" controllers with
feedback from incremental sensors located at each level of mobility of the manipulator.
The regional levels of the manipulator are equipped with electromagnetic brakes. The
four triangular chains of the platform are equipped with worm gearboxes that do not
allow backward movement, using their braking effect.

The robot control system is of a hierarchical and distributed type. Communication
between all modules is carried out via the RS 232 serial interface. The robot control
processor module is a 32-bit microprocessor block with the architecture of the Cortex-
M processor family. The processor module integrates a digital signal processing unit
(DSP) with support for floating-point processing for a fast and energy-efficient
algorithm. Cortex-M4 is used in digital control applications such as motor control,
sensor information fusion, power control and is suitable for implementing the proposed
algorithm for analytical coordinate transformation (Fig. 4).

The original universal 1/0 board for service robots is used. A set of digital and
analog inputs, a 10/100 Ethernet interface, PWM control using CAN, SPI and 12C
buses are implemented. This configuration allows for a flexible solution for connecting
various sensors and implementing robotic drives. The use of Mixed Reality Server
Node in the control system implements a combination of information from the map
server, the navigation component and the robot's knowledge base about objects in the
environment (Angelov, 2011). The process of recognizing and identifying scenes from
the surrounding work area is carried out using elements of artificial intelligence. The
result obtained is compared with the information from the database and an intelligent
decision is made to continue the execution of the preset program. Provided that a
positive result is obtained, a self-learning process is activated, in which the obtained
results are recorded in a database for use in future actions. The control information is
sent as an augmented reality stream to the supervisor's graphical user interface (GUI)
(Borenstein, 1996).
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Fig. 4. Graphical representation of the components supporting Intelligent Mobility

There, some of the data processing is performed before being sent back to the
robot from the user interface. The ROS Bridge tool in the ROS package is used as part
of the communication solution. Through ROS Bridge, it is possible to access ROS via
JSON formatted messages with a single socket, as well as via the so-called WEB
socket. It uses TCP port (9090) for communication, which is very convenient for remote
access, since the message can be easily forwarded through network protections
(Horvath, 2021). Thus, WEB sockets provide a way to communicate with low latency,
which is very important in such an application where real-time response is crucial
(Fig.5). The current version of ROS Bridge supports the creation of ROS topics,
publishing messages, invoking ROS services, authentication and security functions,
and a ROS launcher (Paunski, 2017).

3. Sensors system for service robot ROBY 1

The robot's sensor information system converts various values (most often
physical) into an information signal (most often electrical), which gives an idea of the
quantity and quality of the measured quantity. The mobile service robot is subject to
specific requirements for the sensor information system, dictated in particular by the
following characteristics of the robot:

o Heterogeneity of the system: it must combine elements that function in
different ways, communicate using different protocols and fulfill different
goals.

o Heteroarchaism, heterogeneity of the system organization: some of the
elements are centralized and hierarchically organized, while others are
distributed with a high degree of autonomy:

o Work in conditions of uncertainty: since the dynamics of change leads to
reaching the limits of knowledge, it is often necessary for the system to use
probabilistic or fuzzy methods.

o Work in real-time mode: all changes in the structure and functions of the
system must be built in real-time mode.

The robot is equipped with infrared and ultrasonic sensors that determine the
distance to possible obstacles. Around the platform there are elastically mounted
microswitches that are activated when the robot touches other objects and block its
operation when necessary. The overall complex of devices also includes a “Stereo
Vision” video camera, capable of monitoring and responding to the dynamically
changing stochastic environment (Probst, 1996).
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The robot is also equipped with a sensor, a laser interferometer scanner (Lidar),
through which it is possible to monitor changes in the environment. With its help, details
about the obstacles encountered are obtained and on this basis a decision is made by
the robot to plan a safe trajectory of movement with the ability to avoid collisions. On
the screen of the control computer, it is possible to observe the information from the
lidar, which shows the coordinates of the points in the environment that represent
obstacles. Through the procedure for integrating the specialized software module, the
data is read and loaded into another such module, the processing leading to the
recognition of the resulting "pseudo” image of the environment and this information is
updated interactively every 60 milliseconds.

4. Planning trajectory of the robot using the fusion of the sensors
information

The integration of robotic mechanical systems and a wireless sensor network
(WSN) is a development in modern technologies, which allows the creation of
intelligent, adaptive and autonomous systems. This synergy combines the physical
capabilities of the robot with the controlled actions from the received data and with the
use of the communication power of a wireless sensor network WSN, enabling
advanced applications (Khatib, 1997).

Control
Channel Web ROS Decision Making Engin
ey Sockets | Bridge
Protocol General Database
DEVICE Household Objects
with Database
Mixed
GUI MIPEG Straam Reality Navigation Stack
HTTP Protocol Server
= TCP port 8080 ‘= Node | | s
EE:. ROS Other nodes

|

Slave Controller

[ Raspberry Pi 4B r ,[ Sensors

Fig. 5. Software architecture with a communication structure

The coherence between sensors and mechanical units for which they must
provide information is not unambiguous. For example, one sensor is connected to a
mechanical connection (robot encoder), in other cases several sensors measure the
same quantity (Lidar, optical sensor, infrared sensor), in the third case the same sensor
provides information for several mechanical components (video sensor and multi-point
tracking in space), etc. It is important to note the dynamics of the configuration, which
requires a rapid change in the overall functioning of the sensor system under the
influence of the coordination unit of the mobile robot (Serpanos, 2018).
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This ambiguity and dynamics of the sensor flow implies the need to integrate
information, unify, sort, filter and supplement the data necessary to achieve the current
goal. The dynamics of the changing environment requires the integration of information
from new sensors, connected in a new way with new mechanical units, new algorithms
and approaches (Siegwart, 2019).

In practice, there is a large arsenal of approaches and methods for integrating
information in the Mobile Service Robot. The question of strategy and tactics of the
specific implementation is what combination of such methods will be applied. The
sensor subsystem combines signals from all sensors and, after processing, outputs
information about the situation in which the robot is located at all times.

5. Conclusion

The expected result is the creation and implementation of a Service Mobile
Collaborative Robot for the needs of medicine, which will be powered by a hydrogen
fuel cell. The use of a hydrogen fuel cell as a power source in a robot designed to work
in an environment with obstacles is an innovative process. Using the advantages of
such a drive, it is possible to significantly extend the operating period of the robot, while
at the same time there will be no release of pollutants, since only water and heat are
released in this process. They can be used secondarily in the work processes of the
hospital facility as elements of the environment.

In addition, in the process of creating this Collaborative Robot, several important,
from a scientific point of view, elements of the Control System are implemented, such
as its development with elements of Artificial Intelligence. The entire complex of
systems in this collaborative robot can be effectively used in the implementation of
transport operations combined with medical care. This will significantly improve the
quality of service on the one hand and facilitate the work of medical teams.

The article shows the implementation of a mobile robotic platform called Roby1,
which is a prototype for creating a service robot based on it. Based on the obtained
kinematic model, the implemented feedback sensors are shown. Controlled power
supply of the robotic system based on the use of a hydrogen fuel cell has also been
implemented. The control system for the used DC motors has been implemented,
which shows the advantages of the chosen movement scheme. After creating the
prototype of the mobile robotic platform Roby1, its characteristics were carefully
studied and thus some noticeable shortcomings were eliminated. All this shows a fully
completed mobile robotic platform that is able to provide movement in the working
environment and overcome possible obstacles to completing the task (Zahariev, 2019).

The creative team that implemented the robot is ready to move on to upgrading
the control system. By implementing intelligent control of the entire robot system, it will
be able to perform a number of activities related to servicing patients in need of a quick
transport operation to medical institutions. The use of elements of artificial intelligence
in the processes of recognizing situations that arise during the robot's actions in a
disordered and dynamically changing environment will offer opportunities for the robot
to be able to make intelligent decisions at a tactical level. In addition, successful
communication will be maintained with the supervisor or with some other users, who
will be able to set certain tasks for execution through the use of voice communication.
Of course, all this will be implemented on the basis of the created Collaborative Mobile
Robot, called Robi1, presented in this article.
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ENGINEERING STUDY OF THE POSITIONING ACCURACY OF MODULES FOR
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Abstract. Positioning repeatability is the deviation (dispersion) of the gripper of
industrial robots, of their translation or rotation modules relative to a theoretical point
precisely set by the program. These points must be reached with high accuracy when
the program is repeated. When creating new building blocks (modules) for the
construction of industrial robots and the parameters set in the technical specifications,
it is necessary to carry out checks according to a certain methodology. Positioning
accuracy is one of the main parameters of robots (especially for assembly activities)
for the quality performance of various operations in the automation of discrete
production.

Keywords: engineering studies, industrial robot, deviations, modules, positioning
repeatability accuracy

1. Introduction

In a market economy, the issue of the quality of manufactured products and their
low cost are gaining importance due to the growing competition between companies.

Discrete production processes in industrial production are diverse, which makes
it difficult to automate them. In mechanical engineering and the woodworking industry,
there is a wide variety of products for the automated production of which industrial
robots play an important role, performing basic and auxiliary operations. The
implementation of robot manipulators is especially relevant when it is necessary to
ensure high speed of movement of the manipulated object, its accurate positioning in
space and stable repetition of cycles of working movements in time.

When determining the desired spatial position of the robot's end link, it is
necessary to ensure a number of conditions and take into account the previously set
restrictions. The object moved by the robot must move at a certain speed, have a
certain positioning accuracy, and its trajectory must take into account the possibility of
collision with other production objects. The kinematic and dynamic characteristics of
the robot itself, arising under the influence of loads when performing functional tasks,
are also important (Chuev, 2019; Chuprova, 2013).

The object of study is a robot-manipulator working in woodworking, performing
linear movements, and to determine the repeatability accuracy of positioning. Position
repeatability is the ability of the robot to return to the same point in space when a given
movement is repeated many times. This parameter is important for ensuring quality
and productivity in a wide range of industrial applications. It is expressed as a deviation
from the target position in millimeters (xtmm).

The positioning accuracy of an industrial robot is determined by measuring the
deviation of the actual position of the positioning point from the calculated position set
by the program, i.e. it is quantitatively assessed by the positioning error, determined
by the magnitude of the deviation between the coordinates of the actual position of the
positioning point and the program-specified coordinates of a similar point.
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The accuracy of the gripper of the manipulator robot is the maximum linear
deviation from a preset service point in the working area, with a pre-created control
cycle (0.01 [mm] — 5 [mm]). This determines the possibility of using an industrial robot
to automate a certain production process. It is important to test the errors, accuracy
and repeatability of an industrial robot in a specific production environment (Ptaczek,
2021).

The positioning accuracy of industrial robots has an important impact on the
stability and accuracy of robotic movement, which is one of the important indicators for
measuring the performance of robots. Currently, some methods based on probability
theory are used to assess the reliability of the positioning accuracy of industrial robots
(Zhang, 2020). The aim is for the end link of the module (the gripper) to reach a specific
programmed position with minimal error (dispersion).

Geometrically, the position accuracy of the robot for a given point in its working
area is defined as the distance between the desired position and the average position
of all points in all coordinate directions, which is actually achieved after repeated
movements of the end link to the initial desired position (Fig. 1).

Accuracy
< | =
X X X
X
X &
x X x o
X : i
X % : Desired position
PR X : Obtained positions
Repeatabilit e : Barycenter of the obtained positions

Fig.1. 2D illustration of the geometric meaning of repeatability accuracy

According to the BDS EN ISO 9283 standard, the accuracy of unidirectional
positioning describes the deviation between the target position and the average value
of the actual positions when reaching the target position from the same direction
(Slamani, 2012). Table | presents the levels of repeatable positioning accuracy of
industrial robots.

Table I. Robot groups unidirectional position accuracy

Class Category Range[mm]
0 super accurate +0,001; £0,01
I very accurate +0,01; +0,1
Il with increased accuracy +0,1; £0,5
1 with normal accuracy +0,5; +1
v with low accuracy > 11

The accuracy of the manipulator and the robot movement system is characterized
by the resulting error in positioning (with discrete movement) or the execution of a
given trajectory (with continuous movement).
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Most often, the accuracy of robots is characterized by an absolute error, and for
general-purpose robots, the accuracy is divided into three ranges: small - with a linear
error of 1 [mm] or more; medium - with an error of 0.1 to 1 [mm]; high - with a smaller
linear error. Robots performing transport auxiliary movements are most often from the
first range. With an increase in the manipulator stroke, the accuracy decreases.

2. Methodology for experimental determination of positioning repeatability

accuracy
To determine the accuracy of repeatability in positioning, various measuring
equipment and methods are used - direct measurement of errors, a training method,
using a flat trajectory template, a laser method, with video cameras. They are used to
test and specify certain characteristics of manipulation, measurement of the location
of the end link, accuracy, repeatability, calibration, etc. (Conrad, 2000; Petkova, 2021).

The purpose of testing industrial robots is to establish the operational
characteristics for performing auxiliary operations for feeding workpieces and parts to
machine tools and comparing these characteristics with the prospect data of modular
robots. To implement the engineering study, the following more typical actions are
performed (Chakarski, 2008):

o establishing the range of movements - the initial and final positions of the
movements are determined.

o determining the speeds of the movements - the maximum and operating
speeds of movement are established for all types of movements.

o Checking the useful load capacity - at different values of the load capacity
and the speed of movement, it is established whether the feed accuracy is
within the required limits.

o Determining the actual positioning accuracy in the working area of the robot,
i.e. checking at characteristic points, by making measurements along the
axes and calculating the value of the deviation (scattering) for each
direction.

o Determining the deviations with an indicator clock and establishing their
average value by working with specific objects and the module executing a
real cycle.

o Checking the correct execution of the cycle of the robot building module.

o Determining the normal distribution of the deviation along the specific axis.

Positioning accuracy is the maximum deviation from a preset point during the

execution of one cycle of a given module or industrial robot.

The methodology chosen for conducting the tests includes certain stages

(Chakarski, 2008):

o Implementation of measurements for repeatability accuracy in positioning
(dispersion AX) upon reaching a selected theoretical point of the module
cycle, both in horizontal and vertical positions. The measurements can be
at least 20 or 50 pieces;

o Systematization in tabular form of the values of AX from the measurements;

o Calculation of the arithmetic mean deviation AXav with the formula:

Y01 (4Xy)
50

AXav = W)
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The range of measured deviations AXmin + AXmax is divided into 10 equal
intervals;

For each interval, the frequency of occurrence of AX is determined;

The difference for each interval is calculated:

(AXav — AXiav) 2)

where AXiav — is the average value of the ith element, i = 1 + 10;
. Merging the difference according to the formula:

(AXav — AXiav)? (3)

. Calculating the mean square deviation c:

. Calculating the function of the normal disperse Y:

2
1 _(AXaV_AXiaV)

Y= e 202 (5)

OV2T
. The histogram n is constructed
n = f(AXiav) (6)

where n [num] is the frequency of occurrence for each interval
and the normal distribution function

Y = f(AXiav) (7)

An experimental study of the repeatability accuracy of a linear motion module of
a robot operating in a woodworking plant performing feeding and unloading operations
has been conducted. The module under study has a load capacity of up to 30 [kg], a
design repeatability accuracy of positioning of + 2 [mm], and a stroke length of up to
1500 [mm].

Fig. 2. Scheme for testing positioning accuracy: 1,2 — positions of the final executive unit; 3 -
mandrel; 4 — indicator clock with an accuracy of 0.01 mm for reading linear displacements; 5,6,7
- fastening elements of the indicator
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The experiments on repeatability accuracy in positioning a linear module were
conducted at a maximum module speed of 0.8 [m/s]. Fig. 2 illustrates a schematic of
the experimental setup.

3. Analysis of the results of the experimental study of the module during
vertical and horizontal displacement

To assess the static accuracy of the robot's motion, position measurements are
performed after the end effector motion has completely stopped (regardless of the path
traveled to reach the desired position) from the previous position of the end effector.

After performing 50 forward or downward movements of the module, the results
of the indicator are recorded, which is previously reset when the module is set to the
forward or downward position before starting the experiments.

The area between the two extreme values of the deviation (positive and negative)
is divided into 10 intervals, after which, according to the above methodology, tables
are filled in and the results are analyzed.

o Results of the experimental studies on repeatability accuracy in positioning
with horizontal arrangement of the module (table IlI). The scheme of the
experimental setup is according to Fig.2, but arranged horizontally.

According to formula (1) and the measurement results, AXav is calculated:

50
2= (4X%y)
AXav = 0 = 0,57
Using the methodology, the difference (AXav - AXi sv) is calculated by formula
(2), and by formula (3) (AXav - AXi sv)? is determined and the results are plotted in
table Il.

Table Il. Results for horizontal movement of the module

Interval Ne Interval Frequency (AX av. - AX iav) (AX cp. - AX icp)? Y
[mm] of

occurrence

n [number]
1 -1,68 +-1,35 1 2,07 4,28 0,37
2 -1,34 +-1,01 1 1,73 2,99 0,55
3 -1,00 +-0,67 5 1,39 1,93 0,72
4 -0,66 +-0,33 5 1,05 1,10 0,82
5 -0,32 + 0,01 8 0,71 0,50 0,90
6 0,02 + 0,35 12 0,37 0,14 0,95
7 0,36 + 0,69 9 0,03 0,01 0,99
8 0,70 + 1,03 5 -0,31 0,10 0,95
9 1,04 + 1,37 3 -0,65 0,42 0,91
10 1,38+ 1,70 1 -0,97 0,96 0,82

The arithmetic mean deviation is determined by formula (4).

o J 21 (A%ay = M) _ 0

10
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After admitting the value Y with equation (5) and putting the results in Table II,
the histogram n = f(AXi av) (where n [numbers]) is the frequency of appearance for
every interval) and the function of the normal distribution Y = f (AXi av) are shown in
Fig. 2.

After admitting the value Y with equation (5) and putting the results in Table I,
the histogram n = f(AXi av) and the function of the normal distribution Y = f (AXi av) are
shown in Fig. 3.

L frequency of occurrence
—_Y

mm
-152 118 -084 -05 -0,16 0,185 0,525 0,865 1,205 1,54

Fig. 3. Results of experiments with horizontal movement of the module

o Results of the experimental studies on repeatability accuracy in positioning
during vertical movement of the module (Table Ill). The scheme of the
experimental setup is according to Fig.2.

22, (AX)) _

AXcp = =0

0,29

Following the methodology, the difference is calculated (AXav - AXiav) with
equation (2), and with equation (3) - (AXav - AXiav)2. The results are recorded in Table
[ll. With equation (4), ¢ is admitted:

Table Ill. Results with vertical module placement

Interval Ne Interval Frequency of | (AX cp. - AXicp) | (AX cp. = AX icp)? Y
[mm] occurrence n
[number]
1 -0,67 +-0,49 1 0,87 0,76 1,10
2 -0,48 +-0,30 4 0,68 0,46 1,44
3 -0,29 +-0,11 7 0,49 0,24 1,71
4 -010 +-0,08 11 0,30 0,09 1,89
5 0,09 + 0,27 10 0,11 0,01 1,99
6 0,28 ~ 0,46 8 -0,08 0,01 1,99
7 0,47 + 0,65 4 -0,27 0,07 1,91
8 0,66 + 0,84 2 -0,46 0,21 1,75
9 0,85+ 1,03 2 -0,65 0,42 1,20
10 1,04 ~ 1,22 1 -0,84 0,70 1,10
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After calculating the normal distribution function of Y according to formula (5) and
putting the results in Table lll., the histogram n = f(AXiav) and the normal distribution
function Y = f(AXiav) are constructed, shown in Fig.4.

25— Y,n

L frequency of occurrence

-_—Y

mm

-0,58 -039 0,2 -0,01 0,18 037 056 075 094 113

Fig. 4. Results of experiments with vertical movement of the module

4. Conclusions
The larger area of dispersion of the error when positioning the module in a
horizontal position is due to:

greater influence of friction forces in the guide bushings of the guides
and the piston rod of the pneumatic cylinder when moving at a slow
speed at the end of the module stroke;

influence of sagging of the front end of the module due to the large
stroke (1500 mm);

slow damping of vibrations after stopping the movement
(measurement is carried out between the first and third seconds after

stopping);

Most of the positive values in both cases were obtained towards the end of
the experiments, which is most likely due to a decrease in friction forces as
a result of the increase in temperature in the guide elements;

The maximum deviation in horizontal position is +1.7mm, and in vertical
position is +1.22mm, which are less than the design accuracy for this
module, namely +2 mm.

The results show that the positioning accuracy fully corresponds to the feed
accuracy of the PR for machining and other technological operations
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OB30P HA KPAYELLN POBOTU B SBABUCUMOCT OT BPOA HA KPAKATA

AnguvH XapxueB
TexHuuyecku YHusepcumem Cogpus, bbnzapus

Pestome. HactosiwaTa cratms pasrnexga pasnuMyHuTe rpynu kpadewm poboTu.
HanpaBeH e nutepatypeH 0630p Ha BMOoOBETE Kpayewm poboTn ¢ pasnudeH Gpon
KpalHM MexaHuM3MW, KaTo ca MOoKa3aHW MpUMEpPU C TEXHUTE KOHCTPYKTUBHU
0COBEHOCTN N XapaKkTepucTukn. PasrnegaHun ca nbpBuTE Cb3gafAeHu kpayelm poboTu
1 ca HanpaBeHW U3BOAM 3a TSXHOTO ABMXXEHME B 3aBMCUMOCT OT Opos Ha KpakaTa.

Knroyosu dymu: kpadely, poboT, Kpak, 0630p, MexaTpoHuKa, ABMXKEHNE

YBop

KpayewmTe poboTn nsnonseart pasnmyeH 6pon kparHu mexaHmamm (Kpaka), 3a
Aa ce npuaswxeaTt OT eAHO MACTO Ha Apyro. Kpakata urpasaTt ponsaTta Ha okayaBaHe,
KaTo No TO3WN HAYMH ABUKEHMETO HA OCHOBHOTO TASO € He3aBMCUMO OT npodumna Ha
TepeHa. C Bcska CTbMKa, onpedernieH Kpak ce noBaura 3a onpeaeneH nepuvog ot
BpeMe, KaTto MO TO3W Ha4YuMH HepaBeH TepeH MOXe Cblo Aa Obae NpeogonsH,
NO3BONABANKM NPUABMXKBAHE Npe3 TPYAHOO4OCTBbMHN TEPEHM.

Kpakata OOMKHOBEHO Ca LapHUMPHW TBbPAM Tena, KOMTO BfM3aT B KOHTAKT C
OKONHaTa cpefa 4pe3 CBosATa KpanHa AofHa 4yacT. TO3n KOHTaKT € e4HOCTPaHEH,
KOeTO O3HayaBa, Yye poboTbT ce M30yTBa Ype3 kpakaTa CU, HO HEe MOXe da ce
n3abpnea, 4ype3 MoBbLPXHOCTUTE C KOUTO KpakaTta KOHTakTyBaT. B HAkou cnydaw,
pasnuyHM XBallalliyM MeXaHu3Mu - BEHAY3WN, MarHuTu, Nennven Matepuanv n apyrvm e
Bb3MOXXHO Aa OCUrypsiBaT AOMbIHUTENHO CUENNEHNE C NOBbPXHOCTTA.

YnpaBneHneTo Ha poboTu C Kpaka € CMOXHO M Mpeau3BuKaTernHo, 3aloTo 3a
pasnuka oT HAycTpuanHuTe poboTn, Te MMmaT MHOXECTBO BXOAHM U N3XOOHU CUTHANN
KOUTO BNUAAT BbPXY ABMKEHMETO Ha poboTa.(Semini, 2020)

2. O630p Ha KpaueLin poboTu
KpavewwmTe poboTu, B 3aBMCUMOCT OT Bpos Ha KpakaTa yCroBHO MoraT da ce
pas3gensar Ha YeTupu rpynu, nokasaHu Ha gwur. 1.

EaHokpakun
[Bykpaku
Kpauewm
po6oTun
YeTnpukpakm
LecTkpaku

®ur. 1. Npynu Kpayewm poboTtun
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2.1. EpHOKpaku po6oTtu

Te3n poboTM ca No3HaTK OLLe KaTo ckadawm poboTu. MNpn TAX OBMXKEHUETO ce
oCblUecTBsBa 4pe3 ckavaHe. Han-6nuskmsat npumep OT npupogaTta 3a TakbB BUA
OBWKEHNE € TOBa Ha KEeHrypyTo, KOETO MOXEe [a Ce W3Mon3Ba M 3a OBWXEHUE Ha
ABYKpakn pobotu. MNpn TAX npemecTBaHeTO Bapupa Mexay ToBa BbB BCEKM €auH
MOMEHT €AMH KpaK Aa KOHTaKkTyBa C MOBBLPXHOCTTA, BbPXYy KOATO Ce WU3BbPLUBA
NpeMecTBaHeTO Unn 3a onpefeneH nepuog ot BpemMe HUTO eAuH OT KpakaTa Aa He
KOHTAKTyBaT C MOBBbPXHOCTTA, Npy No-0bp30 ABMKEHUE.

B)

®ur. 2. Ckavawm poboTu: a) Raibert (Machado, 2006); 6) ARL Monopod Il (Ahmadi, 1999) u B)
TTI Hopper (Communications of the ACM, 2025)

Mpes 80-te rogmHn Ha XX Bek Raibert cb3gaBa gBa npoToTnna Ha egHOKpPaKn
po6oTun. 3a ocurypsieaHe Ha CTabunHocT 1 gBaTta poboTa ca B MNOCTOSAHHO ABMXEHME,
TbW KaTO TANOTO HOCELLO BCUYKN aKTyaTOPW U 3a[BMKBALLM MeXaHn3Mu ce 6anaHcmpa
OT eM1H KpaK, 3afBWKBaH OT MHEBMATUYEH LNNNHODBP C NPYXUHA. Taka cb3gageHuaT
Kpak oT Raibert moxxe ga 6bae ¢ npoMeHNMBa AbIMKUHA, KaTo No BpeMe Ha paboTta n
ABaTa poboTa ca ckadanum NoCTOosIHHO, 3a Aa nogabpxaTt 6anaHc. NbpBuAT poboT e
OorpaHM4eH OT TOBa, Ye Cce NPUABMXKBA €OMHCTBEHO B €4Ha paBHWMHA, KaTo 4pe3
CKayaHe ce ABWXMW Hanped v Hasag, KakTo M poTupa OKOno octa cu. BTopuat pobot
nokasaH Ha ®dur.2a Mma OONBNHUTENHN Bb3MOXHOCTM 3a NPUOBWXKBAHE, @ MMEHHO
OBWXKEHNE HansgBO M HAOACHO. 3axpaHBAHETO M yNpaBfeHMETO Ce OCbLLeCcTBsBa OT
BbHLUEH M3TOYHUK Ypesd kaben (Machado, 2006).

Adpyr npumep 3a egHokpak po6ot e ARL Monopod Il (®ur.26). Tanoto e
CBbP3aHO C NpM3MaTUYeH Kpak Ype3 CTaBHa Bpb3Ka, KaTo TO3WM TUM KOHCTPYKUUSA €
orpaHvyeHa ga ce ABWXW BbB BepTuKanHa paBHuHa. Mima BucodnHa ot 700 [mm] un
Terno ot 18 [kg]. 3a pasnuka oT pobotute Ha Raibert, npy ARL Monopod I
akTyaTopuTte ca enektpuyeckn (Ahmadi, 1999).

Mpe3 2025, anoHckn yveHn oT Toyota Technological Institute (TTI) paspaboTteaT
eaHoKpak poboT, nsnonasankn obukHoseHn DC aBuratenu ¢ peaykTopu u CEH30pu 3a
n3mepBaHe Ha cunun n HatoeapBaHud (Pur.2e). Anroputbma 3a ynpasfieHMe yCnewHo
KOMMEHCUpa OrpaHMyeHnsaTa OT M3MNON3BaHETO HAa HUCKOCTOMHOCTHM KOMMOHEHTW.
PaspaboteHnar poboT, cnopen y4yeHuUTe ce crnpaBsi C NpeavsBUKaTenHn cutyaumm,
KaTo NpOMSAHAa Ha HaKMoHa No BpeMe Ha ABWXEHWE N Cb3AaaeHn UHEPLNOHHN CUMN,
ako e nocraBeH Ha aswxella ce noBbpxHocT (New Scientist Ltd, 2025).
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2.2. iBykpaku poboTtu

Mpe3 nocnegHuTe geceTuneTuvs, ABYKpakute poboTn npumeBnuMyaT BCe noBeve
BHMMaHWe OT Te3n ¢ kornena. Bbnpekn ToBa, Manko TMnoBe 4oBekonogobHu poboTm
Cca BeYye BHeLpPEeHU B eXeOHEBHUS XUBOT Ha XopaTta Unu B pasnnyHu cneumnguyHmn
nHaycTpun. NoBeyeTo OT ycnelwwHuTe pa3paboTkn Ha ABYKpaku poboTr ca orpaHnMyeHn
na pabotar B gobpe cTpyktypupaHa paboTHa cpega. PeanHuTe npunoxeHus
n3uckear, poboTta Aa ce Hamumpa B CTabunHO NonoXXeHne No Bpeme Ha paboTa, AokaTo
ce crnpaBs C BCUYKM BBbHLIHW HenpeaBuaeHU Bb3AencTBus. Manku OTKNOHEHUst OT
npeasuaeHata pabotHa cpefa, morat Aa Hapylwat 6anaHca u cepuosHo Aa HamansaT
crabunHocTTa Ha aBykpakute poboTu (Ye Xie, 2020).

Bbnpekn TpygHOCTUTE, CBbP3aHW C OCUrypsiBaHe Ha CTabuneH KOHTPON U
ynpaBneHue, ca HanpaBeHW peauua ekcrnepumeHTn ¢ ABykpakmn poboTu. MNpes 60-Te
roanHM Ha XX BEK SNOHCKM y4YeHn pa3paboTBaT MHOXECTBO ABYKpaku poboTu, ¢ uen
Aa Cb3faBaHe Ha TakbB, KOMTO Aa U3BbPLUBA PbYEH TPyAa.

®ur. 3. ABykpaku poboTtu: a) WL-1 (1966-1967) (Humanoid Robotics Institute, Waseda
University, 2025); 6) WL-3 (1968-1969) (Takanishi Laboratory, 2025) n B) WAP-1 (1969)
(Takanishi Laboratory, 2025)

MbpBUAT pobOT OT cepusiTa, paspaboteHn B yHuBepcuteta Waseda (dur.3a) e
HapeyeH WL-1, kaTo TOM MMUTUPA HauMHa Ha OBWXKEeHWe Ha YoBeka. MopobpeHa
Bepcus Ha WL-1 e WL-3 (Pur.36), KOATO e C eneKkTpo-xuapasnnyH1 CEPBO akTyaTopu,
a ynpaBneHueTo € 4ype3 meTtoda ,master-slave. To3m poboT ycnewHo peanuaupa
4YoBeKONO4OBHO NpUABMXKBAHE, BKIIOYUTENHO KNsikaHe N CTaBaHe.

CnepBawa paspaboTtka Ha yHuBepcuteta Waseda e poboT ¢ npunoxeHue Ha
N3KYCTBEHM MYCKYNW, M3NON3BaHM 3a akTyatopu. Taka poboTa MMa Bb3MOXHOCT 3a
npuaBMXBaHe caMoO B efjHa paBHMHA, KaTo U3NbJIHABA €AMHCTBEHO NpeaBapUTEnHO
3agageHu komaHau (Takanishi Laboratory, 2025).

MbpBuaT poboT, aBmxely ce B 3D npoctpaHcTBo e WAP-3, nokasaH Ha ¢ur.4a.
Upes koHTponupaHe Ha LeHTbpa Ha TexecTTa Ha poboTa, TOM MOXe Aa ce NpuaBuKBa
no cTunbu, ypes uanonsesaHe Ha cepBo aktyatopu. Pobota WABIAN (dur.46) e
Cb3fafeH C uen ga ce mscnenBa B3avMMogencTBMETO Mexay xopa u poboTtu. Ton e
NPOEKTUPaH C BUCOYMHATA MU CKOPOCTTa Ha NpUABMXBAHE Ha YOBEK, @ UMEHHO Terno
136 [kg] v BucounHa 1,97 [m]. WABIAN uma Bb3MOXHOCT fa cbbupa nHpopmaums
ypes 3BYK U KaMepu, NocTaBeHn Ha rnaearta (Takanishi Laboratory, 2025).
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dur. 4. [iBykpaku po6otu: a) WAP-3 (1971) (Takanishi Laboratory, 2025); 6) WABIAN (Takanishi
Laboratory, 2025) u B) Po6oT ,,Hermes“ (Massachusetts Institute of Technology, 2025)

Mpe3 2019 r. yyeHn oT Massachusetts Institute of Technology ycnewHo cb3pasat
ABYKpak poboT (Pur.4B,) KOUTO crean 1 Bb3NPomU3BeXaa OeNCTBUATa N ABMKEHUATa
Ha YoBEK Ype3 cneuuwanHa pusnuua. Cneg peguua nrepauumn, TECTOBE U NPOMEHN MO
ynpaeneHmeTo Ha poboTa, TOM ycnsiBa ycCnewHo Aa CcrneaM U Bb3Npou3Bexaa
OenCcTBuATa U ABMXKEHUATA Ha YoBeK. Ypes crneunanHaTa pusHuua, onepatopa Moxe
Aa 3agaBa KoMaHauM 1 aa nony4dasa obpaTHa Bpb3ka 3a CbCTOSSHMETO Ha poboTa. Mpu
3aryba Ha 6anaHc Ha poboTa, onepaTtopa MOXe Aa Bb3CTaHOBM CTabUNMHOTO My
cbeTosiHne. (Massachusetts Institute of Technology, 2025).

2.3. YeTnpukpaku pobotu

ToBa e Tun Kpayewy, poboT, KOUTO nma no-godpa ToOBApOHOCMMOCT M Nno-gobpa
cTabunHocT cnpsmMo ABykpakuTe poboTu. B cbloTO Bpeme nputexaBa noBeye
pasMax Ha NpuaBMXBaHe, NO-NPOCTa KOHCTPYKLMSA M NO-NIECHO NpOorpamMmpaHe crnpsimo
MHOroKpakuTe poboTu.

a) 6)

®dur. 5. BuaoBe YeTUpUKpaKM po6GOTH C LWapHMPHM Kpaka: a) Mammal-type robot u 6)
Sprawling-type robot (Yuhai, 2019)

Mpw YeTuprkpaknTe poboTh NMa ABa pPa3NNYHM BUAA Pa3NOSoXKeHME Ha KpakaTa
— NPU3MaTUYHO U LLAPHUPHO.
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MpM3MaTMYHOTO Pa3nosioKEHNE Ha KpakaTa € C egHa OCHOBHa, BbpTAlla ce
CTaBa, KOSATO € 3aKpeneHa 3a TANOTO M 3aKpeneH KbM Hesl XnapaBinveH LUMHABLP.

3a OBWXKEHME N KOHTPOS, LWAPHUPHOTO pasnosioKEeHWe Ha KpakaTa M3nonasa
€[VHCTBEHO BbPTALM Ce CTaBW. ToBa pasnofioXeHne Ha KpakaTa ce Aenu Ha ABa
noasuaa. Mpu nbpeuAT nogsug (Pur. 5a), BbpTALWMA MOMEHT B CTaBUTE € Manbk no
BPEME Ha [OBWXEHME W MPM NacuBHa M3NpaBeHa MNo3vuMs HAMa HaToBapBaHe B
crasute. Npu BTOpUAT noasug (Pur. 56), NbpBUS €NEMEHT OT KpakaTa B CTaH4apTHa
cTaTu4yHa No3nLMs € XOPU3OHTaneH, a BTOpUSA € BepTUKareH, KOeTo MNo3BOonsBa
KOHTPOS Ha LEeHTbpa Ha TeXecTTa Ypes3 KOHTPOoNMpaHe Ha nosvumusatTa Ha TANoTo Ha
poboTa BbB BepTukanHo HanpasneHue (Yuhai, 2019).

MbpBHNAT aBTOHOMEH YeTupukpak poboT B CALL e cb3gageH npes 1960 roanHa
n e HapedeH ,phony pony“ (dur. 6a). Bcekn kpak Ha poboTa npuTexaBa OBe
NOEHTUYHM BbPTSALWM CTaBK, KaTo TOBa NO3BOMsiBa TON 4a X04M C HOpMarHa CKOpOCT,
HO CbLO Taka M Aa Tuda. 3apagu dopmaTa Ha obbpHato T Ha cTbnanara, poboTa
MOXe Aa CTOU U3NpaBeH.

a) ‘ 6)
®ur. 6. ABTOHOMHU po6oTu: a) poboT ,,Phony pony“ ( Biswal,2021) u 6) po6oT ,,KUMO-1“
(Biswal, 2021)

Mpe3 1976 r. Shigeo Hirose n Kato npaBAaT rondma cTbnka B pa3BUTMETO Ha
YyeTupuKpakuTe poboTun cbe cb3gaBaHeTo Ha poboTa ,KUMO-1“ (dur. 66). Ton e nagko
nogodeH pobot ¢ Terno ot 14 [kg] v abmkmHa 1.5 [m]. Bcekn kpak uma no eguH
ABuraten CbC CbeuHUTEn, 3a Aa MOXe [a Ce OCbLLeCTBsABa ABMXEHME.

a) 6) B)

®wur. 7. Po6oTu ot cepusTa ,,TITAN“: a) TITAN IlI; 6) TITAN VIl n B) TITAN XIlI (Biswal, 2021)
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Mpe3 20-te rogMHn Ha XX Bek Shigeo Hirose cb3gaBa cepusita oT poboTu
HapedeHa TITAN. Cepuara 3anousa ¢ TITAN Il (dur. 7a), B konto 3D naHTorpadg e
BKMOYEH B KpayeH MexaHn3bM. To3an poboT ce npeBpblia B NbPBUAT M3Kaysaly, ce
po6oT. B cnegsawuTe ntepauun Ha cepuaTta TITAN ce 0obGaBaAT HAKOM AOMbIHEHUS,
KaTo B CbLIOTO BpemMe ce u3crnedBa npoMsHaTa Ha pasfuyHu napameTpu u
N3MNON3BaHETO Ha PasnNNUYHU MEXaHU3MMU.

Bnocnencrene NpoekTMpaHETO Ha YeTupukpaku poboTM cTaBa MacoBO U ce
nosieaeat pobotute Ckayt 1 n CkayT 2, nokasaHu Ha dur.8.

®ur. 8. PoboTu ot cepusnTa ,,Scout”: a) CkayT 1 n 6) Ckayr 2 (Biswal, 2021)

Han-HoBuTe paspaboTkm Ha uyeTupukpaku poboTu, BKMYBaT [OBE cepun
Hape4deHn BIG DOG 1 (¢ur.9a) n BIG DOG 2 (¢ur.96), konto ca npoektupaHun ot USA
Defence Advanced Research Project Agency (DARPA).

a) 6) B)

®wur. 9. PoboTu ot cepusTa ,,BIG DOG*: a) BIG DOG 1; 6) BIG DOG 2 (Biswal, 2021) u B) po6oT
»Chetah* (Biswal, 2021)

Bceku oT kpakaTa Ha poboTn, 3aaBUXKBaHM Ype3 XuapaBnunka nputexasa 4eTmpm
cteneHun Ha ceoboaa. [lpyrm no-HoBu paspaboTtku ca cepusita Chetah (dpur.98), kouto
ca cpef Han-0bp3uTe YeTupukpakm poboTu, gocTuralum ckopoct okono 45 [km/h], Ho
€[VHCTBEHO B NlabopaTopHN YCNOBUSA M 3axpaHBaHe OT BbHLIEH U3TOYHMK (Biswal,
2021).
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2.4. lecTtKkpaku po6oTu

ToBa ca TN MHOroKpaku poboTW, KOUTO ca C Mo-ronsiMa CTabunHocT oOT
yeTuUpuKpakuTe poboTn, HO C NO-YCMOXHEHa KOHCTPYKUUS 1 ynpasneHue. 3a pasnuka
OT no-rope n3bpoeHuTe TUNoBe pobOTU, MpPU KOUTO UMa CaMO €AVMH HavvH 3a
npuaBwxeaHe Ha poboTta (Mnn ABa Npu YeTUPUKPaAKUTE), NPU LWeCTKpakuTe poboTtu ce
N3N0oN3BaT HAKOSMKO pasnnyHM HauMHa Ha npuasmxkeaHe. LLectkpaknte pobotn moraT
na 6vaaTt pasgeneHn Ha gsa Buga. [NbpBua BUMA ca ABYCTPaHHO MNPaBObBIbIIHO
CUMETPUYHM, NPN KOWTO KpakaTa ca pasnofioXeHN CUMETPUYHO OT ABeTe CTpaHu Ha
TANOTO U BCAKa CTpaHa npuTexkasa no Tpu Kpaka.

BTopua Bug ca KpbroBO CUMETPUYHW, NMPU KOWTO KpakaTa ca pasnofioXeHn B
LWEeCTObIMbIIHA UM KpbroBa CTPYKTypa.

3a pa ce onpegenv Har-gobpaTta nocrneaoBaTenHOCT 3a NOBAMIaHe U cryckaHe
Ha KpakaTa € Heob6xoanMO nnaHMpaHe Ha HaunHa Ha noxoakata. LecTtkpakuTte poboTn
MoraT Ada ce NpuABWMXKBaT 4pe3 AUMHaAMUYHA NOXo4Ka WM Ype3 CTaTUYHO cTabunHa
noxogka, KOSITo e no-nogxogsawa 3a no-6asHu ckopoctu. MNpumep (Zhiying Wang,
2011) 3a cTtaTM4yHO CTAabMNHU NOXOAKM ca:

o Tripod gait — eqHOBpeMEHHO TpW Kpaka ce OBuxaT, a oCTaHanute Tpu
ocurypssaT cTabunHocT Ha poboTa.

. Quadruped gait — aBa cpeLLynonoXHW Kpaka, ce noegurat u ce gBmxar
Hanpea, a ocTaHanuTe YeTupu nogbpXxaTt TANOTO U eHOBPEMEHHO C TOBa
ce [OBwxaT Hasaj, KaTo MO TO3M HayMH W3TrackBaT TANOTO Hanpea.
O6urKHOBEHO NpU MbPBUS LMKBI, BOAELLUTE Kpaka ce NpuaBuKBaT Hanpes,
BbB BTOpUSA Ce MpuaBWXKBa BTOpaTa [BOWKa, a B TpPeTUd ce NpuaBuXKBa
TpeTaTa CpeLlynornoXxHa efiHa Ha Apyra ABOVKa Kpaka.

o One-by-one gait — kpakaTa ce aswxaT eauH cneq apyr. Korato eguH kpak
ce NpuaBwxBa Hanpen, ocTaHanuTe ca B MNOKOW.

. Free Gait — gBuxeHne nNpu KOETo nmncea ukcMpaHa nocnenoBaTeNHOCT,
a HayMHa Ha [OBWXKEHMe Cce HacTponBa ChnpsAMO MOBBbPXHOCTTA 3a
npuasmxkeaHe. ToBa € M3KIOYUTENHO CIOXEH HaYvH Ha OBWXEHWe, HO
AaBa Bb3MOXHOCT 3a OBWXEHWE MO-CNOXHU U TPYOHOAOCTBLMNHU TEePEHMU.
(Types of robot gait, 2025)

®ur. 10. PoboT ,,.Drosophibot” (Goldsmith, 2019) u po6oTt ,,HAntR* (Ciiek, 2021)

Apyr npumep 3a wecTtkpak poboT e poboTbT HapeyeH Drosophibot, konTto e
npoekTupaH no nogobue Ha HacekomoTo nnogosa mywuua (Pur.10a). PoboTsT €
pa3paboTeH oT y4eHu oT yHuBepcuteTa Case Western Reserve, kato egHa ot uenute
e Ton ga 6bae NPONopUMOHanHO yrorieMeH CnpsiMo B3auMCTBaHMS GMONOrMyeH BUA.
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3agBWXKBaHETO € Ype3 CepBo ABUratenu, Kato npeaBaHeTo Ha ABMKEHUETO He
€ ANPEKTHO OT U3XOASALLNA Ban Ha ABUraTens, a ce OCbLUEeCTBABA Ype3 AOMbIIHUTENHA
3bOHa NpefasBka, KOATO yABOsiBa BbPTAWMAT MOMEHT Ha asuratenute. CbLlo Taka
KbM CTaBuTe ca [oGaBeHW W MPYXWHW, KOUTO nogrnomaraT ABuratenure un mm
obnekyasat npu yaapuv v npenatcteus (Goldsmith, 2019).

Mpumep 3a wecTkpak poboT e pobota HANtR (Pur.106), konto e 6asmnpaH Ha
wecTtkpak poboT PhantomX AX. lpun To3n pobOT BCeKM KpaK npuTexasa 4eTupu
cTeneHun Ha ceobopa, KoeTo nogobpsBa ABUKEHNETO, pa3npeneneHMeTo Ha TexecTTa
Mexay OTAerHUTEe Kpaka M ABWKEHWETO MO HaKMOHEHW MNOBBbPXHOCTU. PobBOTbT
npuTexasa TOBapoOHOCUMOCT 85 % OT COBCTBEHOTO CU TErNI0 U MOXe Aa ce OBWXM
Hesaeumcumo okoro 1 vac (Cizek, 2021).

3. 3akn4yeHue

AHanuampaHmte TUNoBe Kpadewm poboTn umaTt pasnmMyHM KOHCTPYKUMKU U ca
Ccb3fadeHn 3a MnocTuraHe Ha onpegeneHn uenn u ungen. EgHokpakute poboTw,
nomaraTt M3KMIYUTENHO MHOFO 3a pas3BMBAHETO Ha Kpadewwmte poboTM B NbpBUTE
cTaun Ha pa3BUTUE, HO TE€ HE HaMupaT pearnHo NPUNOXeEHNe B eXXe4HEBHUS XXUBOT U
B HOycTpusTa. [IBykpakute poboTu OT CBOS CTpaHa ca pa3paboTBaHn 1 pa3BUBaHW,
3a [Ja 3aMecTAT xopaTa B ONacHU U TPYAHW YCroBuUSA Ha Tpyd. TAXHOTO passuTue €
CBbp3aHO C npeau3BMKaTencrtea M npobnemm npu ocurypsiBaHe Ha KOHTPO,
ynpaBneHne u CTabWiHOCT Ha KOHCTpyKuuaTa. YeTupukpakmte M MHOFOKpakuTe
po6oTM no3BonsiBaT Mo-ronsima CTaburiHOCT, NO-NECEH KOHTPON W ynpaBneHue B
CpaBHEHWe C BYKpPaKMUTE, HO MMaT orpaHuyeH obxeaT OT 3agayun, KoUTo Buxa umanu
Nnones3Ho JeucTBue.
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OVERVIEW OF WALKING ROBOTS DEPENDING ON THE NUMBER OF LEGS

Abstract. This article examines the different groups of walking robots. A literature
review of the types of walking robots with different numbers of end mechanisms is
made, and examples with their design features and characteristics are shown. The first
created walking robots are examined, and conclusions are made about their movement
depending on the number of legs.

Keywords: walking robot, leg, review, mechatronics, movement

Aldin Hadzhiev, Eng
Technical University of Sofia
Faculty of Mechanical Engineering
Sofia, Bulgaria

E-mail: idnhadziev@gmail.com

61



.Y ABTOMATU3ALMSI HA IUCKPETHOTO MPOU3BOACTBO
) W 4 ISSN 2682-9584

XWUBPUOHO YNPABJIEHME HA MPOTE3A 3A NTOPEH KPAUHUK

WoTto UNoToB

Bbwnzapcka AkaBemusi Ha Haykume, MIHcmumym no pobomuka, bbnezapus
Emun lNeTtpoB

bwneapcka Akademus Ha Haykume, IHcmumym ro pobomuka, bbzapus

Peslome. HactosiwaTa cratms npeacrtaBs xmbpuaHa cuctema 3a ynpasrieHue
Ha NpoTe3a 3a ropPeH KPamHUK, KOSITO UHTErpupa MMOENEKTPUYHN CUTHANN 1 rnacosu
komaHan. Cuctemarta ocurypsisa no-gobpa ¢yHKUMOHANHOCT M aganTUBHOCT B
CpaBHEHWEe C ynpaBfieHMEeTO Ha MpoTe3a camMO C MoMoLiTa Ha MUOENEKTPUYHU
curHanu. lpeactaBeHa e xapayepHata apxuTekTypa, pasrnegaH e oboweHusT
anroputbM Ha gencrteBme. PaspaboTteHaTa cuctema npegnara nogobpena
HaOeXOQHOCT CMPsIMO CbLLECTBYBALUUTE PELLUEHUS1 Ype3 MHTEerpupaHeTo Ha moaynu
3a nbpBMYHaA 0OpaboTka Ha curHanM W aganTUBHO  ynpaeBneHue. Ypes
KOMOWHNPAHOTO M3MON3BaHe Ha MUOENEKTPUYEH U FNacoB KOHTPOI, NpoTe3aTta MoxXe
Aa OTrOBOPWU Ha CMNOXHM MOTOPHW KOMaHAW, KOUTO He MoraT Aa ObaaT M3MbIHEHU
camo 4Ype3 euH OT ropenocovYeHnTe METOAMN.

Knroyosu Oymu: MMOENEKTPUYHO ynpaBrieHue, rnacoBo ynpaBlieHue, nportesa
3a ropeH KpanHWK, MMOENEKTPUYHIN CUrHanm

1. YBop

3arybaTa Ha ropeH KpanHUK 3Ha4YUTerHO BNNsie BbPXY Ka4eCTBOTO Ha XUBOT Ha
nHameuga. TpaguuMoHHUTE MUOENEKTPUYHN NPOTE3N OCUrypsiBaT (PYHKLMOHAMNHOCT,
HO 4yecTo ce HabniogaBaT npobnemMu Kato HUCKA TOYHOCT Ha pasno3HaBaHe Ha
XecTtoBe u orpaHunyeH koHTpon (Rott, 2023; Shukla, 2020; Mohd, 2017). macosoTo
yrnpasrieHve, oT Apyra cTpaHa, ocurypsisa antepHaTvBeH MeTo[ 3a KOHTPOI, HO e
orpaHu4eHo B ycnosus ¢ goHos wym (Dhafer, 2023; Wells, 2021; Triwiyanto, 2023).
KombuHnpaHeTo Ha gBaTta nogxoga B xubpugHa cuctemMa MoOXe Aa gosede Ao
3HaunTenHn nopjobpeHmMs BbB  (PYHKUMOHANHOCTTa W eeKTUBHOCTTa Ha
yrnpaBneHueTo.

B nocnegHute rogvHu ynpaBneHWeTo Ha MNpOTe3HM YCTPOWCTBa MNpeTbpnssa
3HaunTenHn nogobpeHua 6GnarogapeHne Ha  KOMOMHMpPaHETO Ha  pasnuyHu
TexHornorum, kato mmoenekTpudHo (EMG- Electromyography) u rmacoso ynpasnexue
(Shukla, 2020; Mohd, 2017; Shabbir, 2025). Pa3sntneto Ha n3kycTBeHUTEe KpanHuum
ce pokycupa Bbpxy nogobpsieaHe Ha TsAxHaTa (PYHKUMOHANHOCT, WHTYUTUBHOCT U
yno6cTBO 3a notpebutennute, kaTo LenTa e ga ce NOCTUrHe MakCUMarnHoO ecTecTBeH
KOHTPOI U MHTerpauusa ¢ HepBHO-MYyCKyrnHaTa cMcTemMa Ha 4oBseka.

Tasn TexHonorms e ocobeHO nonesHa Mpu MNauueHTu C uenesa MYCKyrHa
penHepsauma (TMR - Targeted Muscle Reinnervation), npu kouto uMma
HEBPOSIOIMYHN  YCIIOXHEHWUs, 3aTpygHsABalM TPaauMUMOHHOTO  MUOENEKTPUYHO
yrpaBsrieHne, KOMTo KOMMNpoOMeTUpaT KOHTpora Ha MYCKynHuTe curHanu. B TakuBa
cny4aw rnacoBsoToO ynpasrieHue npefocTaBs BaXHa antepHaTmBea.

2. XnbpupgHa cuctema 3a KOHTPOJ1 Ha NpoTe3a 3a ropeH KpanHuK

MpeonoxeHata cuctema 3a XMbpuaHO ynpasrieHne Ha poboTuanpaHa pbka —
npotesa ype3 EMG curHanu u rmacosu KomMaHaW € uarpageHa OT YeTUpU OCHOBHMU
KOMMOHEHTa.
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YcTponctBoTo 3a cHemaHe Ha EMG curHanm (MYO Armband; Thalmic Labs, no
date) n rnacosua moayn (Voice Recognition V3; Elechouse, no date), nsnpawar
JaHHN cboTBeTHO 4pe3 Bluetooth m UART KOMyHMKaUMA KbM MUKPOKOHTpONep
ESP32 (Espressif Systems, no date), konto rMm npeobpasyBa B ABWMXEHME Ha
poboTm3MpaHa pbka Cc 5 crteneHn Ha cBoboga. OCHOBHUTE KOMMOHEHTU Ha
XnMbpnOHOTO ynpasBneHne ca npeacraBeHn Ha dur. 1.

/

\
/

MYO Armband

s

A

PoboTtusupaHa pbka MukpokoHTponep ESP32

e

®dur. 1. O6La cTpyKTypa Ha XUOpPUAHOTO ynpaBrieHue

3a ga ocurypu pyHKLMOHAMNHO 1M MBKaBo ynpaBrieHne, XMbpuoHUsT KOHTponep
Ha NpoTe3a 3a pbka CbyeTaBa ABa KMOYOBM MEeToda — MUOENEKTPUYEH U rNacoB.
EMG rpuBHaTa geTektMpa enekTpuyYeckuTe CUrHamm OT CbKpaleHUsl Ha MYCKynuTe
Ha nNpeamMullHMLATa, KOUTO ce reHepupaT npu ONuT 3a ABWMXKeHue. Te3n curHanm
NpenocTaBAT OMPEKTHA MHopmaumsa 3a HamepeHusiTa Ha notpebutensa. OT cBos
CTpaHa MOAynbT 3a pa3no3HaBaHe Ha rnacoBu KOMaHAW NO3BosisiBa Ha noTpebutens
Ja wu3gaBa KOHKPETHW MWHCTPYyKUMW, KaTo “"xBaHuW", "oTBOopwu", ,3aknoyBaHe Ha
OBWXEHUATa”, ,OTKMIOYBAHE Ha [OBMXKEHMATA® KakTo U pasnnyHn KOMOMHaumMm Ha
nos3vumsiTa Ha npbCcTUTE. Tean ABa NOTOKa OT AaHHKU ce obeamHsiBaT n obpaboTBar
OT MUKpOKOHTporiep ESP32, KOMTO CRnyXu KaTo LeEeHTpaneH KoopauHaTop.
MwukpokoHTponepbT nHtepnpetnpa EMG curHanute n rmacoBuTe KOMaHOM, KaTto v
npeobpasyBa B Npeuu3HW CUrHanu 3a ynpasreHne Ha poboTuampaHata pbka C¢ 5
cTeneHun Ha ceoboaa.

2.1. XapagyepHa apxuTtekTypa

Ha dur. 2 e npencrtaBeHa €rfieKTpoHHaTa CXeMa Ha yrnpaBleHue, BKIo4YBalla
OCHOBHUTE KOMMNOHEHTU N BPB3KN MexXay TAX.
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- GlfIO 21 pa3nosHaBaHe V3
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[2 KoHBepTop 5-40V
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®ur. 2. EnekTpoHHa cuctema 3a ynpaBreHue

EnektpoHHaTa cuctema 3a ynpasrfieHMe Ha npoTes3ata Cce 3axpaHBa OT [Be
Gatepun, KOUTO MUWHaBaT npe3 3awuTa W MNOHMXKaBal, MOy, OCUrypsiBaLiu
NPaBUMHOTO HanpeXeHue 3a Bcska vacT. B ueHTbpa € MUKpokoHTponepbT ESP32,
KOWTO nosiydyaBa rnacoByM KOMaHOM 4pe3 MOAyn 3a pasno3HaBaHe Ha ped n EMG
curHanum oT mMuoenekTpudHata rpyBHa. ESP32 obpaboTtBa komaHauTe M msnpawa
CUrHaNMM KbM MOAYN 3a LWMPOYMHHO-UMMYMCHA MoAynauusi, KOWTO KOHTposnvpa
OBWKEHMETO Ha NeT cepBo MOTOpa — NO eIMH 3a BCEKU NPBLCT Ha pbKaTa.

2.2. CoptyepHa apxuTeKkTypa

Crapt
(umknuyeH npouec)

Hanuuve Ha
nlacoBa KOMaHAg

‘bBnageHue ¢
KOMaHaa
, 3aKniouu’

CbBnageHue ¢
OTBOpeHa pbka“,

CbBnageHue ¢
3aTBopeHa pbka“

CbBnaneHue ¢
,Kom6uHaums

Opasorka va
KoMaHauTe
oT MYO Armband
Yaka komaHaa l
L, OTKNIOYN*
HE AKTyanuaupaHe Ha AkTyanusupaHe Ha KTyanusvpaHe Ha AKTyanuaupase Ha
no3uuuATa Ha nosuumsTa Ha nosuumsTa Ha No3uUMATA Ha pbkaTa
pbKaTa pBkata pbkata CNpPsAMO XecToBeTe OT
CNpsMo komaHaarta CnpsiMo KOMaHaaTa CNpsiMo komaHaaTa MYO Armband
CuBnageHue ¢ KomaHaa
»OTKNIOYM*

| L , J

®ur. 3. Brnok-cxema Ha anropuTbMa Ha ynpaBneHue
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bnok-cxemata ot dur. 3 npencraBa B3aMMOLEWCTBMETO MeEXAY [MacoBOTO
ynpasneHue n EMG koHTpona 4pe3 curHanm ot Myo Armband.

Mporpamata pabotn uuknuyHo. B HavanoTo ce npoBepsBa ganv uma
nogageHa rrnacoBa komaHga. AKO HsIMa TakaBa, ce NpemMuHaBa KbM MpoBepKa Ha
XectoBeTe OT pbkata u4pe3 yctponmctBoto MYO Armband n ce aktyanusmpa
no3nuusaTa Ha pbkaTa, crnej KoeTo nposepkaTa 3anoysa oTHavano.

AKO uMa nogageHa rnacosa komaHga, ce npoBepsiBa A4anu Ts CbBnaga C HAKOSA
OT nNpeABapuUTenHoO 3agageHnTe kKomaHau. AKO e noryvyeHa cTaHgapTHa KoMaHga 3a
KOHKpeTHa nosuums (,OTBopeHa pbka“ ... ,KombuHauua 1 ... n T.H.), no3mumsaTa Ha
pbkaTta ce akTyanusvMpa W npoBepkaTa 3anoysa oOTHavarno. AKO KoMaHgaTa e
»3aKMo4n“, cuctemaTa 3aknoyBa ABMKEHUATA U Bn3a B CrieumaneH pexmnm, B KOUTO
Yaka eguHCTBEHO rnacoea komaHnga ,Otkmoun”. Korato T Obaoe noganeHa,
OBWKEHMETO Ce OTKIToYBa U NPOLIECHT 3ano4vsa OTHa4aro.

YnpaeneHneto ypes EMG curHanm € ¢ no — HUCHK NPUOPUTET OT TO3U Ha
rnacoBuUTE KOMaHAW.

ANroputTbMbT Ce M3MbIIHABA HEMNPEKbCHATO, AOKATO 3axpaHBaHEeToO He 6bae
N3KNKYEHO.

3. EkKcnepumMmeHTanHu pesynrtaTtu

3a na 6bae onpegeneHa TOYHOCTTa Ha OTAENHUTE MOAANHOCTU CbhluMTe Bsxa
TecTBaHu nooTaenHo n 6e HanpaBeHa oueHKka 3a edekTuBHOCTTa MM. [MoaxoabT
cneasa MeTtogornorus, nogobHa Ha Tasu, onucaHa B uacregsaHeto Ha (Mohd, 2017),
HO TbW KaTo B TOBa MW3CneaBaHe Ce W3MoN3Ba pasnuyeH Moayrn 3a rnacoBo
KOMaHABaHe U MPUIIOXEeHNEeTO 3a XMBpMAHOTO ynpaBrieHne e pasnuyHo, ce Hanara
Aa ce OCbLUECTBAT HOBU U3CNeaABaHus, C KOUTO Aa ce onpeaenn ePeKkTMBHOCTTa Ha
NPeAnoXeHoTo ynpasBneHne.

Cnncbk Ha rmacoBuTe KOMaHAW € nokasaH Ha dur. 4, a ekcnepuMeHTanHuTe
pesyntaTtu ca nokasaHu Ha owur. 5.

"OTBOPEHA PBKA" " 3ATBOPEHA PBKA" "KOMBHHAIIHA1  "KOMBHHAIUHA 2
®dur. 4. UnocTpauus Ha pexumuTte Ha rnacoBo komaHaBaHe (Wells and Akers, 2021)

[aHHuTe ca cbbpaHu 4pe3 10 ekcnepuMmeHTa CbC 3apaBu 4OOpPOBOMLUM, KATo
npu BCekn ekcrnepumeHT ca um3BbpuweHn 100 xecTta, crneg KOETO ca U3YUCTIEHMU
cpegHuTE NpoueHTn, Nnokasann Ha dur. 5 (Mohd, 2017).
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Camo EMG Camo rnac Xubpuaex moaen
MeToa Ha ynpasnexnue

®ur. 5. ToyHOCT Ha pa3no3HaBaHe Ha KOMaHAUTe

4. O6cbxpaHe

Ha ®ur. 6 e npeacraBeHa ekcnepuMeHTanHarta noctaHoBKa.

AHanM3bLT Ha MONYyYEHUTE EKCNEPUMEHTaNHN pe3ynTtatm NOTBbpXAaBa
npeanmcTBaTa Ha XMbpnaHUsa Noaxon 3a ynpaBneHMe Ha NpoTe3a 3a ropeH KpamHuK.
Mpn oTaenHo wu3non3eBaHe Ha MwuoenekTpuyHata rpuBHa MYO Armband ce
HabniogaBaT  TUMWYHW  OrpaHMYEHUsl, CBbP3aHM C  HecTabunHocTtTa  Ha
enekTpomuorpad)CkuTe CUrHamnu, KOATO 3aBUCUM OT aHATOMUYHUTE OCODEHOCTUM Ha
noTpebuTensi, NO3ULMOHMPAHETO HAa CEH30pUTE M BBHLWIHWM (hbakTopu KaTto Bnara,
enekTpuyeckn cmyuwieHms u ap. OcBeH ToBa, NMHEMHOTO pPasnoSioKeHMe Ha
CEH30pUTE He ocurypsiBa MbfHO NOKPUTME Ha NPESMULLHUYHUTE MYCKYNW, KOEeTO
BOAW 0 HETOYHOCTM NPU pasno3HaBaHe Ha CIIOXHU ABMXEHMS.

OT pgpyra cTpaHa, rnacoBuMaT MoAyn MNoKasBa BUCOKA YYBCTBUTEITHOCT KbM
OKOSTHUSA LIYM, KaKTO U 3aBUCUMOCT OT MHAMBUAYANHUTE XapakTepPUCTUKM Ha rnaca
Ha noTpebutens. HeobxoaumocTtTa OT npeaBapuTenHo obyyeHne Ha KomaHauTe u
OrPaHUYEHMAT PEYHMK Ha BrpageHus coptyep CbLUo npeactasnssat 6apvepu npeg
LUMPOKOTO MPUSIOXXEHNE Ha TO3N METO[, B peanHa cpeaa.

Bbnpekn Te3n HegocTtatbuM, KOMOMHMpPaAHETO Ha ABaTa MeToda B XxubpuaeH
MOAEeN 3HaunTenHo nogobpsiea edekTUBHOCTTA. Pesyntatute nokassaTt, 4Ye npwu
nsnonseaHe camo Ha EMG koHTpon TouHOCTTa Ha pasno3HaBaHe € 75%, a npu
rmacoBo ynpaenenne — 82%. Korato gBeTte mMoganHOCTM ce W3nonssBaT 3aefdHo,
TOYHOCTTa goctura 92%. ToBa ce Ab/MKM Ha OONbMBALLMS XapakTep Ha ABaTa Buaa
KOHTPON — KOrato eAMHUAT He YHKUMOHMpA ONTUMarnHo, APYrMat Moxe aa
komneHcupa. Taka ce noBuwasa obLiaTta HageXagHOCT Ha cucTemara.

Toan edekt ce obsicHsABa 4pe3 npuHUMNA Ha MynTUMOAANHO CrMBaHE Ha
CcuUrHanu, nNpy KOUTO MHGOpMaumsiTa OT pasfMyHU M3TOYHMUM ce KoMBuHMpa 3a no-
npeumsHo B3emaHe Ha pelleHus. Hanpumep, ako EMG curHanute He ca 4OCTaTbyHO
OTYETNMBMW, rracoBaTa KOMaHAa MOXe Aa MOTBbPAW HaMepeHMEeTO Ha nauueHTa.
O6patHo, ako rnacoBaTa komaHaa He 6bae npaBunHO pasno3HaTta, EMG koHTponbT
MOXeE [ia OCUTYPW Hy>KHaTa peakumsi.
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OcBeH TOBa, cuctemata Moxe pga b6bae KoHdurypupaHa Taka, vye EMG
KOHTPONMbT Aa OTroBaps 3a AMHaMWUYHU [OBWXKEHWS, [OOKaTo rnacoBuTe KOMaHau
crnyxaTt 3a aKkTUBMpaHe Ha ornpeferieHn pexumMu — KaTo 3akftovBaHe, OTKIYBaHe
Wnu 3ajafeHn MNo3UUMOHHM KOoMOWHaumu. ToBa npaBu B3auMOOEWCTBMETO Mo-
MbBKaBO U NO-MHTYUTUBHO.

OcobeHOo UeHHO € NMpUNoXeHWEeTO Ha rNacoBOTO ynpaBreHue npu naumeHTn c
orpaHuvyeHa MYCKyfnHa akTMBHOCT, HanpuMmep Mpu criydyam Ha uenesBa MyCKyriHa
pevHepBaLuMsa UnuM ABYCTpaHHa aMmnyTauus, KbaeTo TpagnunoHHuaT EMG koHTpon e
3aTpyaHEH UMM HEBBb3MOXEH.

CpaBHeHueTo c npeaxogHn wuacnegBaHua (Mohd, 2017; Shabbir, 2025)
nokasea, 4Ye npegnoxeHara cuctema e HaarpageHa rno OTHOLUEeHWe Ha moayrHaTta
apxvuTekTypa, xapgyepHaTta MpocTtoTa W NpUoXMMoCTTa Npu peariHu yCroBuS.
EkcnepumeHTUTE BbpXy 3apaBu [ob6posBonuu AeMOHCTpUpaT HaaexaHOCT Ha
cucTemaTa M HenHaTa ajekBaTHa peakuusi Npu CTaHOAPTHWU ABWXEHUA U KOMaHOW.
3a usAnocTHa oueHka ca HeobxoOuMM TECTOBE BbPXY MauWeHTU C amnyTaunn, KakTo
B KOHTpONUpaHa, Taka 1 B peanHa cpeaa.

|

®dur. 6. EkcnepumeHTanHa noctaHoBKa

5. 3aknroyeHune
OT pguckycusita Ha nonyvyeHute pesyntaTtu Ha npegcraBeHata xuvbpugHa
cuctemMa 3a  ynpaeBneHMe Ha npoTe3a 3a [OpeH KpaWHMK  MHTerpupalla
MUOENEKTPUYHN CUTHANMU WM rNacoByM KOManau, MoraT da Cce HanpaBaAT CcrnegHute
N3BOAMN:
. KomMBGuHnpaHmatT nogxon nogobpsiBa TOYHOCTTA Ha pasno3HaBaHe W
HageXOHOCTTa Ha ynpaBNeHMeToO B CPpaBHEHME C M3MNON3BAHETO cCamMO Ha
EMG wnn camo Ha rinacoB KOHTPOS;
. CuctemaTta npegnara no-BMcoka r-BKaBOCT, KaTO NO3BOSISIBA U3MbIIHEHNE
Ha MO-CNOXHW KOMaHAW Ype3 KoMOMHaUMS OT CUrHanu;
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[‘MacoBOTO KOMaHABaHE NpeaocTaBs Bb3MOXHOCT 3@ HE3aBUCUM KOHTPOJT
npy nauMeHTUn C OorpaHMyeHa MYCKyfHa akTMBHOCT MMM B Criyvyaum Ha
ABYCTpaHHa amnyTauus, KbAeTo MeXaHU4yHUTe ByTOHU He ca onuus;

. XapayepHaTa W codTyepHaTa apxuTekTypa nossonsiBaT 6baeLlo
HagrpaxgaHe Ha cucTtemata WM WHTerpauust ¢ apyrm 6GuoceHsopu u
afanTUBHM anropuTMin 3a obydeHune;

Mpencrosawm nscnegBanuns e ce ookycupar Bbpxy:

. [MoBuwWaBaHe Ha yCTOMYMBOCTTA Ha cucteMara CnpsiMo LUYM U CMYLLEHWS;

. PaswwnpsaBaHe Ha peyvyHMKOBUTE BBb3MOXHOCTW Ype3 BHeapsABaHE Ha Mo-
YCbBbPLIEHCTBaHM MOAENN 3a rNacoBO pas3no3HaBaHe;

. [MpoBexgaHe Ha KIWMHUMYHU U3NUTBAHUA C pearnHu nNaumeHTn, 3a ga ce
OLEeHM ObnrocpoyHata eqeKTMBHOCT, YyAOBCTBO M nNpuemaHe Ha
cuctemara;

. N3cnegBaHe  Bb3MOXHOCTTA 3@  MEXaHMYHO  HagrpaxgaHe m
AONBbNHUTENEH KOHTPOS&T 4Ype3 BbBEXAaHe Ha HOBUM  OBWXKEHMS,
3amecTBalwm npobrnemMHa unm nuncealla rpuBHEHa CTaBa.
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UPPER LIMB PROSTHESIS HYBRID CONTROLLER

Abstract. The article presents a hybrid control system for an upper limb
prosthesis that integrates myoelectric signals and voice commands. The system
provides better functionality and adaptability compared to controlling a prosthesis
using only myoelectric signals. The hardware architecture is presented, the
generalized algorithm of action is discussed. Compared to existing solutions the
developed system offers improved reliability by integrating modules for primary signal
processing and adaptive control. Through the combined use of myoelectric and voice
control, the prosthesis can respond to complex motor commands that cannot be
executed using only one of the above mentioned methods.

Keywords: myoelectric control, voice control, upper limb prosthesis, EMG
signals
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MAIN CHALLENGES FOR INTEGRATION OF INDUSTRY 5.0 PRINCIPLES IN
EXISTING SYSTEMS FOR AUTOMATION AND CONTROL OF INDUSTRIAL AND
MANUFACTURING PROCESSES

Dimitar Totev
Technical University of Sofia, Bulgaria

Abstract. In the last decade the concept Industry 4.0 was set as a main frame
for automation and digitalization and had a huge impact on the optimization of
manufacturing and industrial processes. Nowadays, as a native successor, Industry
5.0 upgrades this concept with a new set of principles, ideas and technologies. The
aim of this work is to define the main challenges for integration of Industry 5.0 principles
in existing systems for automation and control and to propose strategies for their
resolution.

Keywords: control systems, digitalization, industry 5.0, sustainability, industrial
processes, manufacturing

1. Introduction

In the modern world most of the industrial and manufacturing processes are
automated. Most of the automation is based on classic control systems which rely on
PLC (Programmable Logic Controller), SCADA (Supervisory Control and Data
Acquisition) and DCS (Distributed Control System) technology. With the introduction
of the internet and the fast development of high technologies such as loT (Internet of
Things), Al (Artificial Intelligence), Big Data, AR/VR (Augmented and Virtual Reality),
etc. at the beginning of the new century, the question for digitalization and
modernization of the existing control systems has become more and more actual. In
2011, the German government introduced for the first time the concept “Industry 4.0”
as a framework for digitalization and automation of industrial and manufacturing
processes using newly developed high technologies and CPS (Cyber-Physical
Systems) as a base for optimization of the efficiency and the competitiveness of the
German industry against its competitors worldwide. Based on its universal approach,
in the last decade the concept “Industry 4.0” became unofficial world standard and a
model for modernization and optimization of industrial and manufacturing processes.
The world COVID-19 pandemia (2019 — 2023) faced the world with a new reality, which
heavily affected the global production and supply chains. All this revealed some of the
weak points of the concept “Industry 4.0” and created the need of a new updated
strategy for organization of the manufacturing and industrial processes. Following
these needs, in 2021, the European Commission introduced the new concept “Industry
5.0” which is a native successor of the concept “Industry 4.0” and sets a solid
benchmark for improvements and upgrade of the existing concept and its principles
toward the new global reality and challenges in the manufacturing and industrial
processes (Rijwani, 2025).

2. Main principles of the concept Industry 5.0

As its predecessor, the concept “Industry 5.0” relies on the automation and
digitalization in order to improve the efficiency and the competitiveness of industrial
and manufacturing processes but at the same time puts the main focus on the human
role in these processes and human collaboration with the high technologies,
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sustainability, green technologies and resilience. The main principles of the concept
“Industry 5.0” are shown on figure 1.
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Fig. 1. Main principles of the concept “Industry 5.0”

o Human-centric technologies

These technologies ensure that people and their knowledge stay important part
of the industrial and manufacturing processes and are not replaced by high
technologies. The main aim of the concept “Industry 5.0” is that technologies should
serve the people and not replace them. Such technologies are Collaborative Robots,
Augmented and Virtual Reality (AV/VR), Brain Computer Interfaces (BCI),
Exoskeletons, etc. All these have to ensure that Al driven digitalization respects human
values and rights and provides a transparent decision-making process while
collaborating people and Al. (Kambushev, 2019; Dichev, 2022; Dichev, 2024)

o Green energy

One of the main aspects of the concept “Industry 5.0” is the usage of sustainable
and renewable sources of energy. All this leads to integration of energy sources such
as solar, wind, hydro and minimization of the usage of fossil fuels.

o CO2 neutral technologies

Since one of the main targets of the concept “Industry 5.0” is the sustainability,
the minimization of the COz2 footprint of the manufacturing and the industrial processes
is one of the most important topics. Therefore, technologies for capturing, utilizing and
storage of carbon dioxide play an important role in this concept.
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o Recycling

Recycling and waste management is important in concept “Industry 5.0” for
optimization and increase of raw materials usage efficiency, optimization of the cost of
the final product and the general environmental footprint of the industrial and
manufacturing processes.

o Circular economy

The main aim of the circular economy, as one of the main principles of the
concept “Industry 5.0”, is to create a sustainable economic model where manufacturing
and industrial processes are based on the resource efficiency and the 3R strategy —
reuse, remanufacturing and repair. It puts an accent of the closed loop processes with
high integration and utilization of resources and materials from one process and
industry to another. (Dimitrov, 2019; Nikolov, 2019)

o Resilience of crisis

The main focus of this aspect is that the industrial and manufacturing processes
are organized in such way, so that they are protected and able to predict, adapt and
recover from unexpected situations such as economic crisis, supply chain failures and
unavailability, pandemics, natural disasters, cyber-attacks and any other force major
situations.

- loT

O Al and machine learning

@ Robots

Big data and analysis

\ — ]

CPS

\

Fig. 2. Main set of technologies of the concept “Industry 5.0”

Despite of the changed focus, the concept “Industry 5.0” keeps the same set of
key technologies as the concept “Industry 4.0” but their usage has a different value.
The main set of technologies is shown on figure 2.

o 0T (Internet of Things)

One of the main technologies and the backbone of the cyber-physical systems.
It is a network that connects devices, sensors, machines, systems, etc. in order to
exchange data with equal rights and has a flat model of communication architecture.
In most cases communications are based on low energy transmission protocols.

o Al (Artificial Intelligence) and machine learning

This is an important technology that plays a significant role in autonomous
decision making based on processing of a large amount of data, recognition of patterns
and predictions.

o Robots

Robots are special machinery that can be programed to perform different
movements and tasks autonomously and are largely used in the industrial and
manufacturing processes for replacement of human labor. (Dimitrova, 2025; Malakov,
2023; Tsolov, 2024)
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o Big data and analysis

Big data is normally a large volume of structured or non-structured data. Analysis
of such data volumes is one of the bases for recognition of data models and
autonomous decisions.

o CPS (Cyber-Physical System)

A cyber-physical system is any set of processes, devices, algorithms and
systems that work together to ensure industrial or manufacturing processes.

The differences in using the main set of technologies in the concept “Industry 4.0”
and the concept “industry 5.0” are shown in table I.

Table I. Main set of technologies and their usage in the concept “Industry 4.0” and
concept “Industry 5.0”

Technology

Industry 4.0

Industry 5.0

Important technology that allows
integration and data exchange

Important technology that allows
integration and data exchange
between different devices and

loT between different devices and

layers of the system

layers of the system including also
people as an integral part of this

eco system
Al and machine learning Important te_cr_mology_ for Imp_ortant technology used as
autonomous decision making decision support
Replace the human labor | Work together with people and not
Robots . . X
whenever this is possible replacing them
Important technology for | Important technology used as

Big data and analysis autonomous decision making

Main concept for creating an
autonomous automation system
without or with minimal human
interaction

decision support

Integration of people as an
important part of the cyber-
physical systems

CPS

As it can be seen from the table, the concept “Industry 4.0” relies on technologies
as a main alternative of the human labor and knowledge, while concept “Industry 5.0”
is trying to integrate the people as integral and important part of the industrial and
manufacturing processes.

3. Main challenges for integration of Industry 5.0 principles in existing
systems for automation and control of industrial and manufacturing processes
The main challenges for integration of existing systems for automation and
control with the principles of Industry 5.0 are as follow:
o Old communication and system infrastructure that cannot be upgraded to
the new communication standards and technologies
In some of the existing systems the communication and system infrastructure are
outdated and due to some specifics cannot be upgraded. In old systems
communication is based on some closed internal protocols that cannot be integrated
into the new communication standards. This makes practically impossible the
integration of new high technologies and exchange of information between the different
layers of the system.
o Incompatibility of the existing hardware and devices with the new
technologies and no possibility of upgrading and change
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Some of the systems are based on hardware with an expired life cycle that cannot
be upgraded or replaced with a new model. This makes the extension of the system
impossible and does not allow the integration of new hardware and devices.

J Incompatibility of the existing system and application software with the new

technologies and no possibility of upgrading and change

In most of the cases in the existing systems, the software is custom made based
on specific engineering environment which makes the reconfiguration and adding of
new functionalities an impossible task.

o Low level of integration between the different system components and

hierarchy levels

In the past systems were organized in a vertical hierarchy model which makes
the integration of different components and levels very low and the exchange of
information between them very limited. This is contraversive to the requirements of the
concept “Industry 5.0” where data exchange and communication is one of the main
focuses.

o Low energy efficiency of the devices and components

Some of the old equipment and devices have high-power consumption which
makes the existing system inefficient in terms of energy consumption. This seriously
affects the carbon footprint of the industrial and manufacturing processes and their
whole environmental footprint which violates one of the main principles.

o Incompatibility of the existing manufacturing and industrial processes with

the principles of the concept “Industry 5.0”

Not all the industrial and manufacturing processes can apply with the principles
of the concept “Industry 5.0”. For example, processes with strategic or military
purposes have totally different priorities and normally they don’t need to comply with
any environmental and resource efficiency requirements. Even more, due to security
purposes, they cannot exchange data or be accessible from third-party systems and
environments.

4. Main directions for integration of Industry 5.0 principles in existing
systems for automation and control of industrial and manufacturing processes

Following the main challenges for integration of existing systems for automation
and control with the principles of Industry 5.0, the main directions are as follow:

o Upgrade of the existing system and communication infrastructure

One of the most important steps for integration is the upgrade of the system and
communication infrastructure. This will give a possibility for easy integration of new
devices and ensure the data exchange between the different layers of the system. The
upgraded infrastructure should be based on open architecture and modern
communication protocol and standards, and should support further extensions and
upgrades, as well as integration with other systems and third-party devices and
environments.

o Upgrade of the existing hardware

The upgrade of the existing hardware is important for the implementation of new
technologies, software and devices. The main aim is that the upgraded hardware
should support easy integration, communication and data exchange with other
devices, The hardware configuration should be open as much as possible and allow
future upgrades and extensions.
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o Upgrade of the existing software

Since most of the high technologies related to the concept “Industry 5.0” are
based on software backend and modern algorithms, upgrade of the existing software
is one of the most important steps. The new software environment should be open and
structured in such a way, so that a new functionality could be easily added and
implemented. It must support all actual software development standards, principles
and frameworks. Since cybersecurity is an important topic nowadays, it should comply
with all relevant standards and procedures.

o Implementation of new technologies

The implementation of new high technologies is crucial for the systems in order
to comply with the principles of the concept “Industry 5.0”.

As one of the main principles is human-centric industrial and manufacturing
processes, it is important to ensure that people are equal part of the cyber-physical
systems. In order to achieve such deep integration, technologies like AR/AV
(Augmented and Virtual Reality) and BCI (Brain Computer Interfaces) must be
implemented. One of the important aspects here is the ethics while using Al (Artificial
Intelligence) for decision support

Another important aspect is environmental protection. There are a lot of
technologies that could apply, but the most important of them are those related to
integration of renewable energy sources, energy monitoring and energy efficiency
management, as well as waste management, recycling and resource management
efficiency.

Resilience of crisis is another important principle of the concept “Industry 5.0".
Here most of the technologies that can be implemented have a strong Al background
and are based on big data and analytics. An important aspect here is also the cyber
security, which is one of the main concerns in the modern systems.

5. Conclusions

The concept “Industry 5.0” is a native successor of the concept “Industry 4.0”
which main aim is to provide un upgraded framework of measures, principles and
technologies for modernization and improvement of the industrial and manufacturing
processes.

Even though both concepts share the same goal and set of high technologies,
they have a different focus. While concept “Industry 4.0” is focused mainly on the
optimization and efficiency, the concept “Industry 5.0” is focused on the human-centric
approach, environmental sustainability and resilience of the industrial and
manufacturing processes.

There are many challenges for the integration of the existing control systems with
the principles of the concept “Industry 5.0” but main of them are related to the
incompatibility of the existing hardware and software environment with the new
technologies and standards.

A set of basic directions for integration of the existing control systems with the
principles of the concept “Industry 5.0” has been defined, which gives the most
important steps of measures that have to be considered in order to enable these
systems for implementation of the needed technologies and further modernization and
integration.
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MODERNIZATION THE CONTROLLING OF AUTOMATED MECHATRONIC
SYSTEM FOR CUTTING ECO-BRIQUETTES

Slav Dimitrov
Technical University of Sofia, Bulgaria

Abstract. The purpose of the present work is to carry out the modernization of
an automated control of a mechatronic system for cutting eco-briquettes. The system
is equipped with an electric circular saw to perform cutting of eco-briquettes with one
size and uniform density. The modernization aims to provide the functionality to cut
ecobriquettes of different widths and different moisture contents. For this purpose, it is
necessary to carry out the regulation of a circular knife with different speeds according
to the thickness and moisture content of the incoming eco-briquettes.

Keywords: automation, mechatronic system, programming, regulation, eco-
briquette

1. Introduction

The modernization and automation of existing machines and devices for specific
technological processes is a great challenge for mechanical engineers (Malakov, 2023;
Dimitrova, 2020; Vladimirov, 2024). Analysis of preliminary information and task
parameters is of particular importance when designing (Dimitrova, 2019; Kambushev,
2020) and implementing a new control system (Biliderov, 2019; Calovska, 2024). It is
necessary to take into account all requirements specific to a given technology before
approaching its automation and modernization (Tomov, 2017; Totev, 2022).

This development will be aimed at presenting a modernization of a mechatronic
system for eco-briquette cutting. The main indicators for the purpose of the upgraded
system are the thickness of the eco-briquettes and the presence of moisture content
in the pressed material. According to their shape, eco-briquettes are cylindrical and
rectangular, and in this paper, upgraded control for cylindrical ecobriquettes is
designed. The examined dimensions of cylindrical ecobriquettes are shown in Table I.

Table | examined dimensions of cylindrical ecobriquettes

N Diameter [mm] Length [mm]
1 60 100
2 70 150
3 80 200
4 90 250
5 100 300

Ecobriquettes have different moisture contents, depending on the incoming raw
material, which is a major factor in their combustion. The moisture content of
ecobriquettes is usually between 5% and 10%, which is significantly lower than natural
wood, which can have a moisture content of 30% to 50%. Lower moisture in the
finished product has many advantages:

o Higher combustion efficiency - give more heat per kg.

o Less smoke and soot - a cleaner burn that keeps the chimney and stove

clean.

o Less ash - less waste after combustion.
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The automated mechatronic eco-briquette cutting system takes into account the
different briquette diameter and moisture content. The system aims to make the
optimum cut of the briquette without distorting its shape or reaching blackening or
ignition.

2. Operating principle of the system

The mechanical construction of the mechatronic system for cutting off eco-
briquettes includes:

o A support frame, with guide rails mounted thereon for the movement of
tanks clamped to a mobile sled.
A mobile platform driven by a lifting pneumatic cylinder.
A pressurized pneumatic cylinder serving to hold the material.
An electric motor connected by a belt drive to the shaft of a cutting disc.
Pneumatic cylinder control modules.
Electrical control panel for process operation.
Electric weighing scale for measuring the product.
Position and moisture content sensors.

Fig. 1. Diagram of mechatronic system for cutting eco-briquettes

The upgraded mechatronic system has the following working principle:

o The primary raw material is placed in a storage silo and the moisture sensor
sends the moisture content to the programmable logic controller. The raw
material needs to be agitated to balance the moisture content.

o The automated mechatronic briquette system presses the primary raw
material and converts it into an eco-briquette.

° From the feed nozzle, the thickness of the briquette produced is determined
with reference to Table |I.

o The briquette is moved along a chute conveyor to the cutting area.
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The length of the manufactured product is set by a touch panel (HMI) and
measured with an incremental encoder.

After reaching the desired length, the upgraded system starts the circular
saw blade to the lower position.

The speed of the cut is determined by the presence of moisture and the
thickness of the eco-briquette.

After reaching the lower position sensor, the circular knife returns to the
upper position and the eco-briquette is removed from the working area with
a step conveyor.

o The prepared product is passed to a weighing scale and it is determined

whether it is the proper weight.

o In case of abnormal weight, the product is examined for distortion by the

circular knife.

The speed of the circular knife is determined by the basic parameters diameter
and moisture, assuming that the linear feed rate of the actuator is the same for all sizes
of eco-briquettes. The maximum speed of the electric motor is 1500 [RPM]. The speed
calculation is presented in the following formula:

EK — RPM = Fgp. Vo Ko (1)

Wherever:

EK-RPM - Calculated circular saw blade speed.

F.x — Diameter of eco-briquette.

V.x — Moisture content of circular blade.

Kk — Amplification coefficient.

Example with a maximum moisture content of 10 [%] and a maximum diameter
100 [mm]:

EK — RPM = 100 % 0,1 * 150 = 1500 [rpm]

Example with a moisture content of 7 [%] and a diameter of 80 [mm]:
EK —RPM = 80 % 0,07 * 150 = 840 [rpm]

Example with a moisture content of 5 [%] and a diameter of 60 [mm]:
EK —RPM = 60 * 0,05 * 150 = 450 [rpm]

The main movements in the automated mechatronic system are carried out by
pneumatic cylinders and a frequency-controlled electric motor. A frequency controller
with current monitoring [A] has been integrated to the system modernization, enabling
to track the load of the electric motor against the different moisture content of the eco-
briquettes. The selected circular saw blade electric motor is characterized by low
power consumption and high efficiency.

System modernization is a major goal of the upcoming development and in order
to carry out a complete process, a programmable logic controller has been added to
the mechatronic system. The controller is needed both to control the basic processes
and to monitor the actuators from the inserted sensor. The execution of the automatic
cycle is also performed by the high process controller, the main indicator being the
current rise in the frequency regulator for the different types of eco-briquettes.
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An "HMI" visualization and control system is integrated to the upgraded system.
The developed visualization is used to select basic operating modes, set different sizes
of eco-briquettes and set time cycles. The visualization also shows the variation of
current [A] with respect to different moisture content in the system. Electrical
documentation for the connection of the main components has been developed for the
upgraded system. The electrical documentation has been developed according to the
norms and complies with the main safety standards (Fig. 2) all types of sensors and
instrumentation implemented in the system are provided in the documentation.
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Fig. 2. Part of electrical documentation
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3. Development of programming code and visualization of the improved

system
To implement the automatic control loop of a moderated mechatronic system and

execute the program's step loop, specialized code was created (Fig. 3).

%DB4
“scale_DB_3"
9%FB1
“scale”
EN ENO
0
B X1 YQWO 6
27648 X2 “Motor_Control_
390 — y1 xr— Speed”
1690 Y2
MW206
"Scale_Speed_|
Motor® Y

Fig. 3. Part of program code for manual operation mode
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Fig. 4. Part of program code
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Set speed display Currentd?;);s;l;lmption o — eco-briquette size Main
0 0 , 0
Choosing the diameter of an eco briquette ) ﬁ presence of moisture
[ F60 j [ F70 ] [ F80 ] % ity B
[ F90 ] [ F100 ] number of details
I 0

Fig. 5. Visualization of main system

Graphical representation of the variation of current consumed versus briquettes
with different moisture contents:
o In the condition of moisture content of 5% and diameter [@ 60].
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Fig. 6. Electric power consumption in the condition of 5% moisture and diameter [(60]

o In the condition of moisture content of 7% and diameter [@ 80].
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Fig. 7. Electric power consumption in the condition of 7% moisture and diameter [ 80]
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o In the condition of moisture content of 10% and diameter [@ 100].
3000
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1500
W
1000 A
500
0
1 2 3 4 5 6 7

Fig. 8. Electric power consumption in the presence of 10% moisture and diameter [()100]

4. Conclusions
As a result of the modernization of the control of the automated mechatronic
system, the following results have been achieved:

o Selection of main elements for modernization.

o Preparation of electrical documentation.

o Calculation of main circulator speed relative to system processes.

o Developing program code to control a modernized eco-briquette cutting
system.

o Developing a visualization and control system for a modernized eco-
briquette cutting system.

o Graphical representation of power variation in relation to different moisture
contents.
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Pe3tome. B HacToswaTa pa3paboTka ce pasrnexga 3akoHogaTtenHaTta pamka B
Penybnuka bbnrapusa B cdepata Ha kubepcurypHoctTa. AKUEHTUpa ce Ha
Bb3MOXHOCTUTE 32 B3aUMOOENCTBUSATA MeXay ObpXaBHUTE OpraHu B UCTOPUYECKU
nnaH M HactosweTo. Ha ocHoBaTa Ha aHanuM3 Ha CUCTEMM 3a B3aMMOOeNCcTBue B
cthbepaTa Ha kKnbepcurypHoCTTa B ApYrn CTpaHu ce nNpaBun ONUT 3a U3BIIMYAHE Ha MOYKK
N NpeanoXeHus 3a YCbBbpLUEHCTBAHE Ha oopMaTa Ha HOB gurutaneH mogern.

Krnrouyosu Oymu: KNGEPCUIrypHOCT, KUGEPUHLMAEHTWN, AUrMTaneH Moaen

1. YBoa

Mpe3 2015 noa knbepataka 6sxa noanoxeHn cantosete Ha LMK, MBP, JAHC,
KEBP, HAI n napnameHTa no BpemMe Ha NpoBexaaHUTe ToraBa MecTHU m3bopu
(Nova, 2015). Bbnpekn 4e Han-macuBHata M MawabHa aTtaka Ha bankaHckus
MONyoCTPOB OO0 TO3M MOMEHT YyCns Aa OrpaHuyM AocTbha Ha notpebutenu Oo
AbpXaBHUTE WH(OPMALMOHHM CUCTEMM, TO HE Ce CTUrHa OO HepernameHTupaH
AOCTbMN N U3TM4aHe Ha gaHHu. bbnrapus BnocnencrTeme ce ob6bpHa 3a NOMOLL KbM
CALl 3a pascnegBaHeTo, KaTo B paMKUTE Ha CbTPyAHUYECTBOTO Gewe obmeHeHa
nHpopmaumnsa M TexHonormm 3a 3awmta oT kmbepataku. ToBa OT edHa cTpaHa
noowpsiBa Yy>KAeCTpaHHOTO NapTHLOPCTBO, HO OT Apyra AEMOHCTpupa nuncarta Ha
pecypc 3a camoCTOATENHO pa3creaBaHe U pasKkpyMBaHe M3TOYHMKA Ha atakata U ga
6bae npuBeaeH NO4 OTrOBOPHOCT.

2. [ocerawHO B3aMMogencTBMe Mexay UWHcTuTyumute B PenyGnuka
Bbnrapus

Cnepn rogvHu Ha yBenuyaeallm ce KMOEpUHUMAEHTU N aTakm KbM CUTypPHOCTTA
Ha ObNrapckoTo HaceneHMe W TexXHUTe [AaHHW, W3NbNHUTEeNnHata BnacTt W
MHCTUTYUUUTE gagoxa 3asska go 2020 r. ctpaHaTa ga A4OCTUrHe 3a40BOSIUTENHM HMBA
Ha KnMGepyCcTOMYMBOCT 4Ype3 HauumoHarnHa ctparterus 3a kmbepcurypHocT. EgHa ot
CTBIMKUTE, KOUTO AbpKaBaTa HanpaeBu 6e ga nogroTeuM M NpPUEME 3aKOHOAATENHU
NPOMEHWN, C KOUTO Han-Hakpasa Aa 6bae agpecupaHa knbepcurypHocTTa B bbnrapus.
Mpe3 2018 r. 6bnrapckms napnameHT npue 3akoH 3a kmbepcurypHocT (3KC), ¢ konTo
MC pasnopegu ynpasreHMeTo W opraHusauusita Ha HauuoHanHa cuctema 3a
KnGepCcurypHoOCT, Ha4eno C HaunoHaneH KoopanHaTop, CEKTOPHM N HALUWOHASTHN eKUNn
3a pearvpaHe npu UHUMAEHTN ¢ kKoMMNoTbpHaTa curypHocT (Cybersecurity Act. 2018).

3aKkoHbT oOWe B CBOETO Havano akueHTMpa BbpXy chnogeneHarta
WHCTUTYLMOHAaNHa OTroBOPHOCT M CbBMecTHa pabota. Npe3 2019 r. 6e npueta u
Hapenba 3a MMHMManNHUTE M3UCKBAHWUS 3a MpeXoBa M MH(OPMaLMOHHA CUTYPHOCT
(HMNMIWC).

85



.Y ABTOMATU3ALMSI HA IUCKPETHOTO NPONU3BOACTBO
) W 4 ISSN 2682-9584

C Hesa ce rapaHTMpa 3awmta Ha uHGOPMaUMs W NNYHUM JaHHUM  4pes
3a0bIDKUTENHU TEXHUYECKN, OPraHnU3aunoHHN 1 npouenypHU Mepku. Jupektnemte un
npenopbkMTe Ha MexayHaponHu opraHudaumm (EC n HATO) mnrpadar BaxHa pons B
Cb3[aBaHeTO Ha HauuMoHanHu 3akoHogaTtencTBa no kmbepcurypHoct. B Bwnrapus
MOXe [da Ce cuyuTa, Ye CerawHoOTO 3aKoHOAaTencTBo e pa3paboTeHo M npueTo B
OTroBOp Ha HyXaaTa OT Cb3JaBaHe Ha MHCTPYMEHT, KOMTO Aa CbAbpXa Te3n akToBe
N ga rapaHTupa no-gobpa sawmta Ha HaumoHanHata KmbepcurypHocT. AkageMuyHu
TpyaoBe OTKpMBAT HEAOCTaTbK B TOBa AMPEKTHO 3aMMCTBaHe nopagu nuncata Ha
BUCOKO KBanuduumpaHun kagpu B cdeparta Ha knbepotbpaHata. Cneasa ga nm 6bvae
HanpaBeH KpaTbK aHanu3 C (POoKyC BbPXYy O4YakBaHaTa CbBMecCTHa paboTa Ha
NHCTUTYyLUMMUTE.

2.1. 3aKoH 3a KubepcurypHoct

Cnopepg un. 2, an. 1 u 2 ot 3KC, knbepcurypHocTTa npeacraensiBa CbCTOsIHUE
Ha MpeXxoBa 1 MHopMaLMOHHA CUIYPHOCT Ha 00LWEeCcTBOTO U AbpKaBaTta, B KOETO Te
ca 3alnMTeHU OT 3annaxm CBbP3aHn C MPEeXn U MHOpPMaLMOHHA UHPACTPYKTypa
(Cybersecurity Act. 2018). ToBa cbCTOsiHME Ce MOCTUra Ypes3 npuraraHe Ha
MHOXECTBO MEPKN U OEeNCTBUS B OUMMTANHOTO MPOCTPAHCTBO, KAKTO MPEBAHTUBHM,
Taka n npotmBogencTeaw. Cammute Mepku 3a MpexoBa W MHEPOPMALMOHHA
CUFYPHOCT MO eCTeCTBO Ca OPraHm3aumoHHU, TEXHUYECKN U TEXHOMOMMYHU, KaTo ce
npunarat cnpsiMo cybektute, n3bpoexun B Un. 4, an. 1: aaMUHUCTPaATUBHUTE OpraHu;
onepaTtopy Ha CbLUECTBEHW YCNyrMm M AOCTaBYMUM Ha UMPOBM ycryru; nuua c
nNyGnMyYHN YHKLMK, HeonpeaeneHn Kato onepaTtopy Unu 4ocTaB4YMLmM; opraHnsaumm
3a 00wecTBEeHN ycnyru, HeonpeaeneHn Kkato onepaTopu unu goctasymum. o To3u
Ha4MH Cce YyCTaHOBsiBa pamkaTta 3a MeXOYMHCTUTYLMOHANHOTO B3auMOAEWNCTBUE,
KOSITO 3aablKaBa ObpXKaBHUTE OpPraHn 1 onepaTtopuTe Ha KpUTU4Ha MHpopmaumnoHHa
WHppacTpykTypa pna paboTaT 3aedHO 3a rapaHTMpaHe Ha CUrypHocTTa Ha
WHPOPMALMOHHUTE cUCTEMU W Mpexn. Tasnm HaumoHanHa KoOOpAMHAUWOHHO-
OopraHusaumoHHa Mpexa 3a knbepcurypHocT e npeacraseHa Ha dur.1 nog dopmata
Ha onepartmBeH uarneg OV-4 ,[lnarpama Ha opraHM3aunoHHUTE B3aMMOOTHOLLEHNNA®,
Ccbobpa3Ho pamkaTa 3a apxXMTEKTYPHO MogenmpaHe Ha cuctemm Ha MMHUCTEPCTBO Ha
otbpaHaTa Ha CALL. MyuHMMmanHuaT obxeBaT Ha MepPKUTE, KaKTO 1 APYr NPenopbKA U
Mepku, OuBaT onpegensHn ¢ Hapegba oT MwuHuctepckus cbBetr (MC), no
npeanoXeHne Ha MUHUCTbpPa Ha eNeKTPOHHOTO ynpaBfeHne, YNEeTo MUHUCTEPCTBO
(MuHucTepcTBO Ha enekTpoHHoTo ynpasnexHve (MEY) npeacraensBa v HaumoHaneH
komneTeHTeH opraH (HKO) 3a Bcuikmn agmmHmnctpatmeHm opradm (AO).

° CbBeT no kubepcurypHoctTa

YacT oT cuctemara 3a 3awuTa Ha HauuoHanHaTa CUrypHoOCT € 1 cuctemaTta 3a
KNOEpCUrypHoCT, YMeTO YynpaBfeHne U opraHusMpaHe ce ocbliecTBsBa OT
MuHMCTEPCKN CbBET, NoANOMaraH oT cb3gageHus ot Hero CbBET NO KNGEPCUTYPHOCT.
CbBeTbT ce CbCToM OT 17 NOCTOSAHHW YNEeHOBE, C Bb3MOXHOCT Ada yyacTBar olle 6
rpynu. maBHaTta My 3agada e ga aHanuaupa TeHOeHuuuTe, puckoBe, METOAu 3a
NPOTMBOAENCTBME W paspewlaBaHe W MHOro [pyrM, KaTto wuMMa MNOCTOSAHHO
B3aMMOAENCTBME U KOMYHUKALMA C KOMMNETEHTHUTE OPraHn no KMGEepcurypHocCT,
HaUWOHAaNHN KOMMNETEHTHN OpraHu, HauMOHanHoO €AnHHO 3BeHO 3a koHTakT (HE3K),
perynaTopu n gpyrm MHCTuTyunn. MMHUCTbp-npeaceaaTensart onpenenst ¢ peleHne mn
HaLMOHaneH KoopanHaTop no KnbepcurypHocTTa, KOMTO CbLLO Aa U3NbIHABaA ponaTa
n Ha cekpeTap Ha CbBeTa no knbepcurypHocT. OT YneHoBeTE Ha CbBETa, aHANU3bT
LLle Ce aKUeHTMpa BbpXY HAKOSKO OT TAX.
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o MUVHUCTBP Ha eNeKTPOHHOTO yrnpaBreHue

B u3nbnHeHve Ha cBouTe 3aAbiPKEeHUsl, MMHUCTBPBLT NpoBeXaa Obp)KaBHaTa
nonmMTnKa B cdpeparta Ha MpexoBaTa U MHMOPMaLMOHHA CUTYPHOCT. ToM WU3roTes,
npegnara Ha MC un cneg peanusauuaTa Ha HauuoHanHa cTtpaternsa 3a mpexosa U
WHpopMaUMOHHa curypHocT no un. 8, an.3 oT 3akoHa 3a KubepcurypHocT;
KoopaOuHMpa AOeNHOCTUTE 3a OTKpMBaHe, npeofonsdBaHe W MNpefoTBpaTsBaHe Ha
knbepataku BbPXY ObpKaBHUTE UH(POPMALNOHHN CUCTEMU N MPEXM U KOHCYNTUpa
opraHuTe Ha ObpXaBHaTa BnacT B Ta3u obnact u apyrn. OcBeH Te3n 3agbikeHus
MUHUCTEPCTBOTO, B pONisiTa CM Ha HaumMoHaneH komneTeHTeH opraH (HKO), ynpaxHsBa
KOHTPON 1 perynaums Bbpxy agMmuHucTpatusHute opranum (AO).

o MuHUCTBP Ha BbTpELWHUTe paboTa

MWHUCTBPBT Ha BbTPewHUTe paboTa M OpraHUTe KbM MUHUCTEPCTBOTO
NpOTMBOAENCTBAT Ha KMbepnpecTbNHOCTTa M 3annaxmuTe oT Hes Ha HaUMOHANHO HUBO.
B MasHa anpekuus ,bopba c opraHmsmnpanata npectbnHocT (FABOIN) ce opraHunsnpa
LleHTbp no knbepnpecTbnHOCT 1 eKnn 3a pearnpaHe Npy MHUWMAEHTU C KOMMKTbpHATa
curypHoct (EPUKC). Te ce koopauHuMpaTt C HaUMOHaNHUSA eKkun 3a pearnpaHe npu
nHUMOeHT kommnwTbpHata curypHoct (HEPUWKC) no un. 19 ot 3K. T[lpwu
obocHoBaTenHM  NpeanosioXeHus  3a  uaeHTuduuupaHe Ha  KOMMIOTbPHO
NpecTbniieHne, CEKTOPHUTE €KMW 3a pearwpaHe npu MHUMAEHTU C KOMMNIOTbpHaTa
curypHoct (CEPUKC) Ha agMuUHUCTpaTUBHUTE OpraHn MHGOpMUpaT CBOEBPEMEHHO
'OBOIT kaTo B TOBa Bpeme ce onuTeat Aa hpuntpupart unm npeyctaHoBAT 3110BpeHUS
WHTEPHET TpaduK.

o ObpxaBHa areHums ,,HaumoHanHa curypHoct (JAHC)

Ha areHuusiTa ce Bb3nara pga W3NbfHABaA MNonuTMKata no 3awura oT
KNOEPUHLUMOEHTU B KOMYHUKALMOHHUTE U WHAOPMALVOHHUTE CUCTEMWU C [NaBeH
aKUEeHT BbpXY CTpaTerndecknte obekTn u 4enHOCTM 3a HauMoHanHaTa CUrypHoCT Ha
cTpaHaTa. B Hesa ce cdopmupa n passmBa LIeHTbp 3@ MOHUTOPUHT U peakuust npu
MHUMAEHTN CbC 3HAYMTENHO yBpexaawo Bb3gencrame Bbpxy KMC Ha cTpaTernyecku
00eKTV 1 OenHOCTN OT 3HayYeHue 3a HaumoHanHata curypHoct (LeHTbp 3a MPU3YB
BbpXy KNC Ha COO3HC). To3n ueHTbp € B NOCTOSIHHA FOTOBHOCT 3a KOOpAUHWPaHa
M CbBMECTHa peakuuMsi C ApyruTe OopraHu OT HauuoHanHata KoopAMHALWOHHO-
OpraHusaunoHHa Mpexa 3a knbepcurypHocT. B TakuBa cnydam, pbKOBOAUTENUTE Ha
cTpaTterndeckn o6eKkTW, KOMUTO [oKnaaBaT 3a KUBEepUHUMAOEHT, ca ANbXHUM [a
dounTpupaT unu NpeycTaHoBAT 3MOBPeAHUA UHTEPHET TpaduK.

o AAMUHUCTPATUBHM OpraHu

3KC onpegens u3MCKBaHUSS WKbM agMUHUCTpPaATUBHUTE opraHu. ToBa
npeacTaBnABaT PbKOBOOUTENM HA MHCTUTYUMW, 4YUUTO ycnyrm u obxsaT ca
HepaspMBHa 4acT OT HOPMAnHOTO exeaHeBMe Ha Obnrapckute rpaxgaHuTte u
6esnpobneMHO onepupaHe Ha AObpXaBaTa. Te HOCAT npsika OTFOBOPHOCT 3a
MpexoBaTa M WMHMOPMaUMOHHA CUIYPHOCT B CBOSI CeKTOopeH obxBaT (BKMOYBaLL
obeKkTUTe Ha KpUTUYHaTa MHAPACTPYKTypa Ha cTpaHaTa), AOpW KoraTo OeNHOCTTa e
Bb3ri0XXeHa Ha TpeTu cTpaHu. [Mopagn Tasm nNpuyvHa € HOpMaTUBHO 3anmcaHo, 4ye
BCEKM agMUHUCTPATMBEH OpraH TpsabBa Aa oauTupa, oueHsBa 1 yrnpaxHsBa KOHTPON
BbpPXY HMBOTO Ha MpexoBa U MHopMaunoHHa curypHocT. C peweHne Ne 192 Ha
MwuHuctepcku cbBeT oT 09.04.2019 r. ca onpeagenenn 4 agMUHUCTPATUBHU OpPraHu:
MUHUCTbPA Ha eHepreTukarta, OTroBapsll 3a CekTop ,EHepreTuka“; MMHUCTBbpPA Ha
TpaHcnopTa M cbobLieHnaTa, oTroBapsilw, 3a cekropute ,TpaHcnopTt un ,Lndposa
WHPaCTPyKTypa“; MWHUCTbPA Ha 34paBeonas3BaHeTo, OTroBapsily, 3a CeKTop
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~3apaBeonasBaHe” 1 MUHUCTbPa Ha PerMoHanHoTo passBuTMe U BnaroyCTpoOnCTBO,
oTroBapsy, 3a cektop ,JloctaBka u cHabgsiBaHe ¢ NnTenHa Boga“.

Bcekn eomH oOT TAX MMa Bb3NOXeHa 3ajayaTa ga Ccb3fage HaumoHarned
komneteHTteH opraH (HKO) no wmpexoBa u uHMOPMaLUMOHHA CUIYPHOCT 3a
CbOTBETHOTO BEAOMCTBO, KOETO [a [MOoKpuBa HYXAUTe U OTFOBOPHOCTUTE 3a
CbOTBETHUTE CEKTOPU M Mpunexawm noacektopu. ExeqHeBHUTE OTFOBOPHOCTU Ha
TO3M OpraH BKMOYBaT: paspaboTBaHe, npegnaraHe W criefeHe 3a cnasBaHe Ha
BbTPELLHM MpaBuna M MNPaKTUKM 3a KMOEPCUrypHOCT; Aa NOAAbp)Ka KOHTaKTU W
KOMYHUKaUMa ¢ Apyru agMUHUCTpaUuK, 3BeHa, opraHmsaummn n ekcneptn B obnactra
Ha MHOpPMaUMOHHATa CUrypHocT. B crnyyanm Ha KMOGepuHUMAEHT TOW € AfbXeH Aa
yBeaoMun cboTBeTHUA cektopeH EPUKC kbM HaumoHanHus KOMneTeHTEeH opraH 3a
pearmpaHe Ha WHUMAOEHTU C KOMMIOTbpHATa CUFYPHOCT CMpPsIMO MpUETUTE
KOMYHUKaUMOHHK pernameHtn B HMWMWC. T[lepmnoguyHo cnepgsa pa Obaar
OANTUPAHN M OLEHSABAHW Oanv U3NbMNHABAT 3a4bilKEHUATa CM agMUHUCTPATUBHUTE
opraHu, onepatopu 1 AOCTaBYNLM Ha CbluecTBeHU yenyrn (dur. 1).

3a BCEKM eOnH CEeKTop CbLO Taka MPUCHLCTBAT U onepaTopu Ha CbLECTBEHU
ycnyrn. Te npeacTtaensBaT nybrvyHM Mnu YacTtHM cybekTn, nsbpoeHn B NpunoxeHme
Ne1 Ha 3akoHa 3a kubepcurypHocT. OCHOBHUTE WM 3agbilKEHUs BKIOYBaT
npegocTtaBsiHe Ha CbLEeCTBEHa ycnyra, 3aBucella OT Mpexu U UHPOPMaLNOHHU
cuctemn, ga cnaseaT MNoAXOAsLWWM MEpPKM, C KOUTO Oa rapaHTupaT HMBO Ha
KnbepyCToM4MBOCT, a B Crydal Ha WHUMOEHTM [da ysegomsaBaT HesabaBHO
CbOTBETHUTE CEKTOPHW €KUNM 3a pearnpaHe. AOMWHUCTPATUBHUTE OpraHuM ca
OTrOBOPHM 3a onpefernsiHe Ha onepaTopuTe Ha CbLLECTBEHWN YCyrn B CbOTBETCTBME
C MeToauka, npueta oT MuHMCTepckn CbBET, KaTo Te GuBaTt BNMcaHn B HenybnmyeH
PErMCTBbP Ha CbLLECTBEHUN YCIYrN KbM MUHUCTBbPA Ha €MNEKTPOHHOTO yrpaBreHune.

2.2. Hapepba 3a MWHMManNHMWTE WU3UCKBaAHUA 3a MpexoBa M
nHcdopmaumoHHa curypHoct (HMUMUC)

CnepBaluarta 3akoHogaTeNnHa pamka, KoaTo Wwe 6bae aHanuanpaxa, e npuetarta
Ha 19.07.2019. Hapegba 3a MWHUMaNHUTE UW3UCKBAHWA 3a MpexoBa W
nHdopmaumnoHHa curypHoct (HMUMWC) ¢ noctaHoBrneHme Ne 186 o1 MuHucTepcku
cbBeT (Regulation on the general requirements for network and information security,
2008). C Hesa ce ypexnaT MUHUMANHUTE MEPKN U U3UCKBaHUS 3a KMBGEpCUrypHOCT,
npenopbKW, NpaBuna 3a U3BbpLUBaHe Ha NPOBEPKM U NpoLeaypaTa 3a yBeJoMsiBaHe
3a MHUMOeHTU. ToBa BKMNOYBA ObPXXaBHUTE OpraHuW, MEeCTHUTE OpraHu, 4YacTHuUTe
opraHusauun, y4ebHuTe MHCTUTYUMN 1 Opyrn. Ta e BaXHa He caMo 3a 3awuTarta Ha
KpUTU4HaTa nHopmaLmMoHHa MHPpaACTPYKTypa, HO 1 3a 3alumMTaTa Ha NIMYHUTE daHHU
Ha rpaxgaHuTe.

EOuH acnekT oT MepkuTe 3a HamansiBaHe Ha pyUcka OT UHUWAEHTU € rapaHTupaHe
Ha 4YOBeLUKUTEe pecypcu B cekTopuTe. HagexaHocTTa BbB BegoMCTBaTta, Mmalum
OTHOWEHME KbM obxBaTa Ha npouecuTe M AerHOCTUTE B Hapeabarta, BkNo4YBa
ocurypsiBaHe Ha kKagpu C nogxogsuia Keanudukauus, 3HaHUS W yYMEHUS.
ExxegHeBHUTE UM 3a4bibDKeHUss MoraT [a BKMAYBAT 3alMTHM acnekTn, Kato
agMUHUCTPUpaHe, cerperauns, unTpupaHe Ha UHTepHET TpaduK, Kpuntorpadus,
oTopu3aumnsa 3a MU3MNon3BaHe Ha YCTPOWMCTBA U CUCTEMW, YNpaBrieHWe Ha OOCTbMU,
dom3ndecka saluuTa, 3amTa Ha CbPBBPU, XapLyepHU U COPTYEPHU YCTPOUCTBaA U
apyrm. Hapepbata vma 3a uen ga nogobpu curypHoctta Ha MH(OpMaUMOHHUTE
cuctemun B bbnrapms n ga Hamanu pucka ot kubepartaku u gpyrn gopmu Ha Kubep
NPEeCTBLMNHOCT.

89



.Y ABTOMATU3ALMSI HA IUCKPETHOTO NPONU3BOACTBO
) W 4 ISSN 2682-9584

Mpunaraneto Ha HMUMWC e 3agbimKUTENHO 3a BCUYKM OpraHM3auum, KOUTo
obpaboTBaT M CbxpaHsaBaT MHGOPMaLMs B €NeKTPOHeH dopmaTt, u Te TpabBa ga
rapaHTupar, Ye U3NbIHABAT MUHUMAaNHUTE N3NCKBAHUSI.

3. Mpouec Ha yBeaoMsiBaHe 3a MHLUMAEHTU C MpeXxoBaTa U MHchopMaLMOHHA
CUrypHocCT

B pamkute Ha HMUMWC ce npenswxga B3avMOLAEWCTBUE MEXOY PasnnyHu
WHCTUTYUMM N opraHu3aumm B bbnrapuda. Tosa Bkntousa MBP, MO, JAHC, MEY,
OKCWU n mHoro gpyrn. C BceobLum ycmnusa n KoopamHauus MOXe ga ce rapaHTupa m
NOBULLM KNBEPCUTypHOCTTa Ha MHpbopMaLMOHHaTa MHAPaCTPYKTypa.

Mpn HacTbnBaHe WM OCHOBATENIHO CbMHEHMe/CUrHan 3a Kubep WHUMAOEHT,
CNYXUTENAT N0 MpexoBa M UHAPOPMALNOHHA CUTYPHOCT UM agMUHUCTPATUBHOTO
OEXYPHO nuue uHdgopmmpa cboTBETHUAT cektopeH EPUKC B pernameHTMpaHute
CpoKkOBE — OO0 [ABa 4aca cneg nbpBOHAYarHO KOHCTATMpaHe W A0 S5 AHu
aAMUHUCTPATUBHUAT OpraH npeaocTtaBs usnata uHgopmauusi, C KOATO pasnonara
OTHOCHO nHumaeHTa. Cnopea 3K, cektopHute EPUKC BuBat yBegomsaBaHu B cryyau
Ha KNOEPUHUMOEHTU W CUrHaNM C MHMOPMALMOHHN CUCTEMM M YCNyrn Ha
aAMWHUCTPATUBHUTE OPraHun, Obp)XaBHW NpeanpusaTusi, OHOOBE, WHCTUTYLUU U
Apyrm opraHm ¢ nyonuyHn yHKUMKM, KakToO W B Crydam C MpexoBaTta W
WHPOPMaLMOHHA CUIYPHOCT Ha KpuUTMYHaTa WHQOPMaUMOHHA MWHGPaACTPYKTypa.
Hauunonanunatr EPUKC (HEPUKC), konto e B cbCTaBa Ha M3nbnHUTENnHa areHuus
enektpoHHo ynpaenenne (MAEY), ©umBa yBegomsiBaH B clnyyau, Korato
KNOEPUHLUMAOEHTBT MMaA HALMOHANHO UMM MEXOAYHapOA4HO 3HA4YeHMEe, KaTo Hanpumep
Korato 3acdra MpexoBaTa W MH(OPMAUMOHHA CUTYPHOCT Ha  KPUTUYHMK
MHPOPMALMOHHN MHPACTPYKTYPU UM HA HaUMOHanHaTa CUrypHOCT M OoTOpaHa Ha
cTpaHaTta. CblLUO Taka Ton MoXe ga Obae BKMOYEH B paspellaBaHETo Ha npobnemum
CbC 3HAYNTENTHO OTPaXXeHUe, 3acaralum LWMPOK Kpbr noTpedbutenu.

dopmaTa, KOATO Ce WU3Non3Ba 3a yBeOOMSABaHE € [eTaunHo onucaHa B
npunoxeHne Ne 7 Ha HapeabaTta. B Heqa ce nogaBaTt KOHTAKTUTE Ha nogaTtens (MMeHa,
TenedoHeH HOMep, eNneKkTPoHHa nowia), AaHHW Ha 3acerHata opraHu3auma (gaTta u
4yac Ha KOHCTaTupaHe, TUN Ha UHUUAEHTA, KpaTKO OnucaHue, Bb34eNCTBUE) U OAHHN
3a npegnpuetn genctend. CeKTopHUTE eKnnn 3a pearmpaHe B Crnyyan Ha 3anuTtBaHe
npeaocTaBAaAT HaBpeMEHHa MHopMaumst OTHOCHO AENCTBUATaA CNPAMO UHUMAEHTA U
HeroBua cTtatyT. B cnyyan Ha 3Hauum obulecTBeH WHTepec, Moxe ga Obae
MHpOPMMpPaHa N 0OLLLECTBEHOCTTA MO KOHKPETHU Ka3yCu.

4. AHanu3 Ha B3aMMoAenCTBMETO Mexay uHcTutyuum B PB cnep
npuemaHeto Ha 3K u HMUMUC

Mpe3 2019 r. egHa kubepartaka gokasa KOMKO Jarneye e ouwe crpaHaTta oT
NOCTUraHETO Ha KNGEepPyCTOMYMBOCT, KaK 3aKOHUTE 1 CTpaTernmte 3a knbepotbpaHa ca
CUITHM Ha TEOPUS, HO NECHO NPEOAONIMMN B peariHUs XXMBOT, U Kak B peariHa cutyaumsi
ObpXKaBHUTE OPraHn U WHCTUTYUMM He paboTAaT HaBPEMEHHO, KOOPAWHWPAHO U
edekTnBHo 3aegHo. Ha 15.07.2019 r. HAI nHopmmnpa 3a HeoTopusmpaH 4OCTbMN 40
NUYHUTE AaHHM Ha oKomno 5,1 MMH. 6bRrapcku rpaxgaHm n komnaHun. TunoBeTe
AaHHK, KOUTO ca Bunn He3akoOHHO AOCTbLNEHU ca BKNYBanu umeHa, EMH, agpecu B
CTpaHaTa M JyxbuHa, TenedoHn, wumMenn agpecn, OaHbYHO-OCUTypUTENHA
MHpopMaunsa n apyrm, 06BbP3aHn C UHCTUTYLUKM KaTo AreHums MuTHuum, AreHuus no
3aeTocTTa, AreHums 3a coumanHo nognomarane n H30K.
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Cnepn paskpyBaHeTO Ha MHUMAEHTa, AbpxasHu opraHu kato MBP, JAHC, HAT
n apyrvn 6s1xa aHraxxupaHu ¢ peakuusaTa, HeyTpanusmpaHeTo U NPOTUBOLAENCTBMETO Ha
aTakara.

Mpwn peructpupaneTo Ha curHana, HAI nssectn MBP n JAHC. HEPUKC 6Gewe
N3BECTEH 1 BKINIOYEH B NpoLueca 3a oueHKa Ha npobnema v 3awimMrta Ha fJaHHuTe, KaTo
KOOpAMHMpalle OeWHOCTTa Ha OpyruTe 3acerHatu opraHn u gage npenopbku 3a
OencTBusiTa, Kouto TpsibBa Aa ce npegnpuemar.

TeubT Ha gaHHM Ge onpedeneH kato gurutaneH ,YepHobun® - katactpoda ¢
HEBWXOAHWN OAbNrorogvLHN NoTeHUManHn NocneacTsuns, KOATO AaBa peasHa oueHka
Ha HaumoHanHata knbepyctonumocTt. Peguua 6bnrapckm n mexayHapoaHn meanm
aKkueHTMpaT BbpXy pellaBallaTta pons Ha B3auMoAencTame 3a KubepcurypHocTTa Ha
Bbnrapms 1 kak BCBLLHOCT C HErNWKXMPaHEeTO Ha OcCTapenuvre CUCTEMU U TEXHUTE
npobonHu ce e gokasarno, Ye bbnrapusa He e JocTaTbyHO 3psAna 3a ga nogabpxa
€EKTUBHO CbTPYAHNYECTBO MexXay UHCcTUTyummTte. Kputnkn noHecoxa MBP, JAHC un
HAIN Ha Tema ynpaBneHMeTO Ha WHUMOEHTA N BPEMETO 3a peakuus, BbNpeku
HanNn4MeTo Ha NpeaBapuTenHa NHpopmauns 3a KPUTUYHM TOYKN B UHPOPMaLMOHHaTa
NMHPaCTPYKTypa Ha areHuusaTa no npmxogu. KomyHukaumsta CbLLO Nokasa fivnca Ha
KOOpAMHaUMS 1 3psana KynTypa Ha KWGepCcurypHoCT cpef CnyxuTtenure.

5. UsBoau

AHanu3bT Ha JOcCerawHOTO B3auMOeNCTBME MeXay UHCTUTYLMUTE B cTpaHaTta
nokasBa CTPEMEX W HaMepeHWs 3a MOAEepHM3MpaHe W MOBULIABaHE Ha
knbepyctonumsoctta. B ucTopudecku nnaH, npeam npuemaHeTo Ha 3akoHa 3a
knbepcurypHoct 1 HMUMUC, nogxoabT 3a peakumss U NpOTUBOLAEWCTBME Ha
knbepaTtakn moxe ga 6bae onpedeneH, KaTo XaoTUYEH, HEKOOpAMHMPaH 1 6aBeH B
onpegeneHa creneH. Cnep oTpyuatenHUTe OLEHKM U NPEenopbKkM HA MeXayHapoLHU
napTHbOPW, CTpaHaTa npasu Kpadka Hanpes Ype3 HoBa HOpMaTMBHA pamka, KOATO Aa
agpecupa HOBUTE TEXHOJSIOrMYHU Npean3BuKaTesnicTBa B 3aluMTaTa Ha ObpXaBHUTE
MHPOPMaLUMOHHN cuctemun. KnubepmHunaeHTute cnep Tasu 3akOHOBa akTyanusauus
obaye NoTBbpAUXa CTpaHaTa KOMKO € [arney Bce owe OT CBOUTEe NMapTHbOPW, KaKTO
TEXHOSIOrMYHO, Taka U OpraHM3aunoHHO. B M3BbPLUEHNAT aHanmM3 OKyCbT € BbpXY
paspaboTBaHeTO Ha npenopbkn 3a nopjobpsiBaHe Ha oOpraHusaunaTa W
B3aMMOAENCTBMETO MEXAY ObPXXaBHM OpraHun nNpu permcTpupaHe Ha knbeparaka.

BnaropgapHocTu:

HoknagbT € HanucaH GnarogapeHue Ha puHaHcMpaHe OoT MUHMCTEpPCTBO Ha
o6pa3oBaHMETO N HaykaTa B M3NbJIHEHNE HA HaunoHanHaTa cTpartervs 3a pasBuTue
Ha HayyHuTte wuscneaBaHua 2017 — 2030 no HaumoHanHa HayyHa nporpama
,CUrypHOCT 1 oTbpaHa“, npueta ¢ peweHme Ha MuHuctepckm cbeeT Ne 731 ot 21
oktomBpu 2021 .
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ANALYSIS OF EXISTING SOLUTIONS IN THE FIELD OF INTERACTION
BETWEEN INSTITUTIONS IN CYBER INCIDENTS

Abstract. This paper examines the legislative framework in the Republic of
Bulgaria in the field of cyber security. It focuses on the possibilities of interactions
between the state authorities in the historical perspective and the present. Based on
the analysis of systems of interaction in the field of cybersecurity in other countries, an
attempt is made to draw lessons and suggestions for improving the form of a new
digital model.

Keywords: cybersecurity, cyber incidents, digital model

Assoc. Prof. lvan Hristozov, PhD
ORCID iD: 0009-0005-1168-676X
Rakovski National Defence College

Sofia, Bulgaria

E-mail: ihristoz@rndc.bg

Assoc. Prof. Veselina Aleksandrova, PhD
ORCID iD: 0000-0002-9119-4618

Rakovski National Defence College

Sofia, Bulgaria

E-mail: v.gagamova@rndc.bg

Assoc. Prof. Chavdar Kostadinov, PhD
ORCID iD: 0000-0001-5358-7122

Rakovski National Defence College

Sofia, Bulgaria

E-mail: ch.kostadinov@rndc.bg

Assoc. Prof. Ivan Chakarov, PhD
ORCID iD: 0000-0002-6062-4806
Rakovski National Defence College

Sofia, Bulgaria

E-mail: i.chakarov@rndc.bg

92



.Y ABTOMATU3ALMSI HA IUCKPETHOTO NPONU3BOACTBO
) W 4 ISSN 2682-9584

Cb3OABAHE U MOOEJNIMPAHE HA CUCTEMA 3A YMNPABJIEHUE HA
KAYECTBOTO B ABTOMATU3UPAHO NMPON3BOACTBO

MeTtbp MapuHoB
TexHu4yecku yHueepcumem — Cocgpusi, bvreapus

Pe3tome. B pabortaTta ce npencraBs cuctema 3a ynpasrieHME Ha KayecTBOTO,
KOSATO Mma 3a uen ga nogobpu opraHusauuaTa n pabortata Ha aBToMaTU3NPaHO
NOTOMHO npou3BoAacTBOo. Cuctemata wmogenupa U (PYHKUMOHANHOCTUTE  Ha
aBTOMAaTM3NPaHOTO MPOM3BOACTBO. T4 OT4YMTa nonuTukaTa 3a KayecTBO Ha
NPOU3BOACTBOTO KAaTO OTYMTa KPUTMYHM MpoLecuM 3a KayecTBOTO, onpegens
eeKTMBHOCTTa Ha BCSiKa MPOU3BOACTBEHA CTbMKa TbPCENKM Bb3MOXHOCTU 3a
nogobpeHne. Cblo Taka cnoMmara 3a MUHMMW3UPaHE Ha puUCKOBETE M Opos Ha
nospeaute. CuctemaTta npeagnara nnaHMpaHe Ha npouecu u paboTHU CTbMKU 3a
Bb3MOXHUTE nogobpeHus Ha kadecTBoTo. Crneau 3a M3MNbfHEHWE Ha MOTOYHOTO
NPOM3BOACTBO KaTo cbOMpa MHMOPMaUMSA 3a KayeCTBOTO Ha OTAENHUTE eTanu u
oTynMTa edektnte oT nogobpeHneTo. PopmanHUAT MOAXOA 3a Cb3[aBaHe Ha
cuctemata ce 6asupa Ha IDEF (Integration Definition) nporpameH es3uk 3a
PYyHKUMOHANHO MoAernupaHe n cumMmyrnvpaHe Ha JaHHW KaTo e M3non3sBaHa 1 TEXHWKa
3a cuctemeH aHanuna n ausanH (SADT).

Knroyosu Oymu: mMeTon 3a MNpPOEKTUpaHe, WHCTPYMEHTW 3a NpOoeKTUpaHe,
yrnpaBrieHMe Ha Ka4eCcTBOTO, MOAeNMpaHe, MOHUTOPUHT, B3EMaAHE Ha peLLeHus

1. YBOA

B Tasu ctatua ce npeanara metop 3a cb3faBaHe Ha cMcTema 3a yrpasrieHue Ha
KayeCcTBOTO Ha MOTOYHO POBOTM3NpPaHO NPon3BoACTBO. Lienta My e Aa npefocTaBm Ha
npou3BoACcTBEHATa CUCTEMA WMHCTPYMEHT 3a ONTuMmM3auusl Ha cuctemaTta 4pes
noBuLIaBaHe Ha NPON3BOAUTENHOCTTA K NogobpsaBaHe Ha opraHn3aunaTa.

MbpBata uen e ga ce npoBepu (PyHKUMOHaNHaTa MocrneaoBaTenHoCT Ha
cuctemarta. B To3m cnyyam kadecTBOTO ce MoAenunpa CbC copTyep 3a MoaenvpaHe
Ha NpOM3BOACTBEHMTE  (OYHKUMK, KOWTO npegnara adanui, paspaboTka,
PENHXEHEPUHI U WHTerpauusi Ha MHOPMauUMOHHM cucTemun. ToBa npennocTass
paswmpsaBaHe Ha aHanusa OO0 AMHaMUYHa NPOU3BOAMTENHOCT Ha cucTemMarta WU
ONTUMMU3NPaHe Ha N3MOM3BaHEeTO Ha pecypcuTe B Ta3n cuctema.

BHegpsaBaHeTo Ha cuctema 3a yrnpaBneHue Ha KadecTBOTO MMa 3a uen aa
nopobpu opraHusauuaTa n paborata Ha npouec, CbCTOSL, Ce OT MHOro etanu. Tosn
MOZeN no3sonsBa Aa ce Mmogenupat AevHOCTUTEe, (PYHKUMOHANHNTE BPb3KN U AaHHU
B €[Ha opraHu3aumsi, Kato ce M3non3BaT TEXHUKU 3a PenHXeHepuHr. PassutneTo B
obnactta Ha ynpaBneHMeTO Ha KayecTBOTO ce poKycupa BbpXy Aum3anHa W
OOKYMEHTUPAHETO Ha CMCTEMW 3a ynpaBfieHWe Ha KayecTBoTO, 6e3 ga ce oTuuTa
BHeJpsiIBAHETO Ha Takasa cucTemMa B opraHudauusaTta. (Kumarasinghe, 2021). Manko
nscnegosaTenu NpeacTaBaT MeToauM 3a npunaraHe Ha Tasm cuctema.

Mma cblo gafeHn KOHKPETHW HaCOKM MNpouechbT Ha MnpoekTupaHe Ha HOBU
NPOAYKTU Oa Ce HanpaBu NO-HageXOeH Ha HUBO ynpaBneHwe Ha WHgopmauusaTa,
BKIMIOYUTENHO CTBMKM 3a BHeApsiBaHE Ha cucTeMa 3a ynpaBfieHMe Ha KavyecTBOTO
(Cach, 2023):

o AHanunsnpaHe Ha npoekTa 3a npoueca 3a OTKpUBaHE Ha MbPBU eNeMeHTH

OT MoenupaHeTo My;

93



.Y ABTOMATU3ALMSI HA IUCKPETHOTO NPONU3BOACTBO
) W 4 ISSN 2682-9584

o AHanunsnpaHe Ha MeToanTe 3a OTYNTaHE Ha PUCKOBETE;
o [okasaTencrBo, Yye puckoBeTe Morat ga ce ynpaenasaT popmanHo no
OTHOLLEHME Ha pa3xoanTe, BPEMETO U N3MbIIHEHNETO.

MeToabT, KOUTO Cce pasrnexga Tyk ce ooKycmpa BbpXy CUCTEMM 3a ynpaBreHue
Ha KayeCTBOTO MpM MOTOMHM [OUCKPETHW MNPOU3BOACTBA, KbAETO CblleCTByBa
MOHUTOPUHI N UMa HyXOa peanu3auuaTa Ha pasnuyHuTe n3paboTeHn NpoaykTu aAa
6baoe [onNbNHUTENHO BanugupaHa. ToBa BoAM A0 AOMNbAHUTENHO 3abaBsHe.
MpMHUMNBT Ha ynpaBrfieHWe Ha KayeCTBOTO Ha MPOU3BOLACTBOTO € WNICTPUpaH Ha
dur.1.

WNHCcTpyMeHTH 3a

Kopurupatum un NPOV3BOACTBO Puckose,

npeBaHTUBHU WHaukaTopu 3a

AencTBus KayecTBo
Cucrema 3a

ynpasJsieHne Ha
Ka4yecTBOTO

e S

Pecypcu Monutuka OrpaHuyeHus
3a KayecTBO

®ur. 1. MpuHUMN Ha ynpaBrneHue Ha Ka4ecTBOTO

MpeponaraHnte CTbNKM 3a BHeOpsiBaHE Ha CUCTEMA 3a YynpaBleHME Ha
Ka4yeCTBOTO Ha NOTOYHO aBTOMAaTM3MpPaAHO OUCKPETHO NPON3BOACTBO Cca:

) YTo4HsABaHe Ha nonuMTukaTa u uennte 3a Ka4ecTBo ;

) OnpepgensiHe Ha KPUTUYHM NMPOLIECU 38 KAYECTBOTO;

o OnpepnensiHe epeKkTMBHOCTTA Ha oTAaenHaTa onepauus n nogobpeHneTo;

. OnpepgensHe pgenctBust 3a HamansiBaHe ©Oposs Ha noBpeau W
HEeCbOTBETCTBUS;
OnpegensiHe Ha puckoBeTe M NogobpeHusaTa 3a Han-gobpu pesyntatn C
MUHUMareH PUCK;
lMnaHnpaHe CTbNKUTE 3a HabenssaHnTe NnogobpeHus:;
M3nbnHeHne Ha nnaHa 3a JeNCcTBuE;
MpocneasiBaHe Ha epekTUTe OT NOAOOPEHNATA;
OueHka Ha Nony4yeHnTe CnNpsIMO OYakBaHUTE pe3ynTaTu;

I'Ip|/| oOHOBsIBaHE LennTe 3a Ka4eCTBO - KbM CTbNKa 1, MHA4Ye — KbM CTbIKa
3.

2. OnucaHue Ha coupmara

OTaensT 3a nogapbXKKa Urpae BaxkHa ponsd 3a opraHm3npaHeTo u paboTata Ha
NOTOMHO poBOTM3MpaHO npou3BoAcTBO. Pongta My e ga ocurypu npaBUIHOTO
PYHKUMOHUPAHE Ha MaLLUMHUTE M A M3BbpLUBA BCUYKM onepaumm no npeBaHTUBHA U
kopurmpawa nogapbxka. OToenbT 3a nogapbXka pasnonara CbC cobCTBEHU
YOBELLKN N TEXHUYECKM pecypcu. YoBeLLKMTe pecypcu ca ekunu OT onepaTtopu 3a
nopgapbxka. HamansiBaHe Ha Opos Ha Te3n onepatopu He [obaBA MHOrO KbM
neyanbara. TexHnyecknTe pecypcu ca obopyaBaHeTo U MatepuanuTte, Heobxogmmum
3a U3BbpLIBaHE Ha NogapbXKa.
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Hyxga ot maTepuanu unu obopyasaHe TpsibBa ce 3asiBsiBa Ype3 crnyxbaTta 3a
3aKynyesaHe M e obycrnoBeHa OT TeXHUYECKUs OIoKeT U orpaHuyYeHusTa 3a BCsKa
nokynka. CbrnacyBaHeTo BOAM A0 AOMbIHWUTENHO 3abaBsHe. Mma pnBa Buaa
noaapbXKa: nNepuoamMyHa npesBaHTMBHA M Kopurvpawa. JaHHuTe, HeobGxooumu 3a
3aJeicTBaHe Ha NoaapPBLXKUTE, ce n3npatlaTt oT cuctemaTa 3a MOHUTOPUHT.

3. MeToaa 3a usrpaxagaHe Ha cuMcTema 3a ynpaBrieHMe Ha Ka4eCTBOTO

o Ctbnka 1: YTouHABaHe Ha nonuTukaTa u uenute 3a kadectso. [Nonutukarta
Ha Ka4yeCTBOTO MO3BOMsiBa AEMHOCTTA Ha NOTOYHATa NIMHWUS Aa rapaHTupa
yAOBMNEeTBOPEHOCTTA Ha KNueHTute. KNnneHTbT npeacraBnsiBa n cuctemara
32 MOHUTOPWHT, 1 CNOHCOpP U 6eHedULMEHT Ha onepaunmMTe NO NOAAPBXKKA.
ToBa n3nckBa NPOM3BOACTBOTO Aa paboTu NpaBusHo.

. Ctbnka 2: OnpegensiHe Ha KPUTMYHMTE 3a KaA4yecTBOTO MPOLECU BbB
Bpb3ka c uenute. OCHOBHUTE MpoOLleCU 3a NOCTUraHe Ha KayecTBO ca:
npouecbT Ha noaApbXKa, MPOLEeCchbT Ha 3akynyBaHe W NpouechbT Ha
oby4eHne.

dur.2. nokasea MogenupaHeTo Ha npoueca Ha noaapwbxka. OrpaHuyeHusTa ca

nHopmMaunaTa OT MOHMTOPMHIA M KA4yeCcTBOTO Ha MHCTpymMeHTuTe. HacouBawwuTte
enemMeHT 3a Ta3n AeNHOCT ca: BIo4XKeTHT, NpeBaHTUBHATA M Kopurpalla noaapbxkka
N HOPMaTUBMTE 3a N3HOCBAHE HA MALLUMHN U KOMMOHEHTMW.

EnemenTH 3a ynpasinenue OrpannyeHus
Bxon R nOﬂﬂpL)KKa U3xon R
(AMOpTH3HPAHH MALIWHM) g T (IMopbpkann MalIHHK)
Pecypcu

Yopemku 1 TexHuuecku

®dur. 2. Cxema Ha npoueca Ha noaapbKKa.

[MpouechbT e BaXeH, Tbil KAaTO OCUrypsiBa HanMYnMeTo Ha TEXHUYECKU Pecypcu,
HeobxoouMMn 3a rnNagkoTo MNpoTMYaHe Ha nogapbxkata. lNMpouecbT Ha obyyeHue
npefocTaBs ymeHusiTa, HeobxoaMMmn 3a NpaBUIHO M3BbPLUBaAHE Ha onepauunTe.
CpeqacTBarta 3a 00yunTenHust Npouec ca OT TEXHUYECKMs BrogXeT Ha upmara.

KomneTeHTHOCTTa ce u3uckBa unu npuaobuea. Ta m3anckea cpencrsa U ce
nocTura B onpedeneH KOHTEKCT, CBbp3aH C U3MbIIHEHNETO Ha 3agadn. Kateropunte
pecypcu 3a KOMMETEeHTHOCT ca: 3HaHWA, HOy-xay, OnuT, CNOCOBHOCTK, CNOCOBHOCTY,
nnyHocTHM 4YepTtn. OCBEH TOBa MMa U CTPYKTypupaHe Ha pecypcu 3a YMEeHus B
kateropun. (Mizrak, 2023) KomneTeHTHOCTTa MOXe pfa ce pgeduHupa upes
KOMBUHaUKNA OT pecypcu 3a PUHANU3NpPaHo N3NbiHEHNE B AaOeH KOHTEKCT.

. Ctbnka 3: OnpegensiHe Ha e(eKTUBHOCTTA Ha BCEKU OTAENEeH eTan oT
npoueca M TbpCeHe Ha Bb3MOXHOCTM 3a nogobpenune. Cuctemarta 3a
ynpaBreHne pasynta Ha aHanm3 Ha NpoLecu U TEXHUKK 3a CTaTUCTUYECKU
KOHTpOn, 3a fa ce NpefoCTaBAT aHHUTe, HeobxoaMMKy 3a U3BbpLUBaHE Ha
KOopekuMm wunum nogobpeHna Ha npouecu, KouTto He paboTtart npwu
onpeaenenun ycnosus (Magd, 2020).
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MpouecbT Ha NoaApbXKKA Ha MalUMHUTE U3NCKBA Noaxoasawo obopyaBaHe 3a
MaHunynupaHe - MpPeuM3HN WHCTPYMEHTM W KBanuduumpaHu onepaTtopu no
noaapbxkata. EdpekTmBHOCTTa Ha noaapbKKkaTa ce Mepu C TeCToBe 3a e(PeKTUBHOCT
Ha pPeMOHTMpaHOTO obopyABaHe, CTENeHTa Ha yCnewHa WHTEPBEHUUS U CPEeaHOTO
BpeMe 3a npaBunHo pyHKUMoHnpaHe. 3a edbekTUBHOCTTA Ha Npoueca Ha 3akynyBaHe
ce npoBepsiBa CbOTBETCTBMETO MEXAY WU3NCKBAHOTO Ka4yeCTBO 3a MHCTPYMEHTUTE U
KayecTBOTO Ha 3aKyneHUTe MHCTPYMEHTU. [pn TpeHMpPOBBYHUSA NPOLIEC Ce onpeaens
edeKTMBHOCTTA Ha 00Yy4YEHMNETO, KOSTO MOXE Aa Ce OLEHM OT CTENEHTa Ha ycnelHa
WHTEPBEHLMS U CKOPOCTTA Ha MHTepBeHUMATA.

. Ctbnka 4: OnpenensHe Ha OeNCTBUSA 3a HamansiBaHe 6pos Ha noepeaun m
HecbOoTBeTCTBMA. M3non3Ba ce amarpama npuyMHa-cneacTsme, KosATo
nomara 3a YTOYHABAHETO W Ha BPbL3KATE MexXay nNpuYnHUTE
(knacudoukaums) (Pillet, 2001).

o Ctbnka 5: OnpepensHe Ha puckoBeTe W u3bop Ha nogobpeHns
ocurypsBawmn Han-gobpu pesyntatm ¢ MuHumaneH pwuck. OCHOBHUTE
puckoBe MoraT fa ce Knacudguumpart B TpU KaTeropun: pasxoaun, Bpeme u
CbOTBETCTBME. PUCKBLT OT pasxoanTe e CBbp3aH C AOCTaBEHUTE NPOAYKTU
(maTepmannte un o0y4yeHMETO) 3a MPaBUMHOTO (PYHKUMOHMPAHE Ha
ycnyrata.B 3aBMCMMOCT OT pasmepa Ha M3Non3BaHUTE MalWHU B
aBTOMaTM3NPaHO MPOM3BOACTBO, PUCKOBETE, CBbP3aHWM C BPEMETO,
Heobxo4MMOo 3a npefocTaBsHe Ha 06opyaBaHETO 3a NogApbXKKa, 3aBUCAT
rMaBHO OT HaNMYHUTE MHCTPYMEHTM U TPaHCNOPTHUTE cpeacTBa. 3a ga ce
ynecHu n3bopbT Ha NogobpeHnsa n TAXHOTO NNaHupaHe, uMa pasgeneHne
MeXay PUCKOBETE M CBbP3aHUTE C TAX OorpaHnyeHus,. lNpeanoxeH e n nut
3a nnaHnpaHe Ha n3dbpaHnTe NogodpeHus.

o Crbnka 6: [naHupaHe (npouenypw, Npouecun n cpeacTsa) 3a npunaraHe
Ha nopobpeHusnTa. N36opbT 3a MmogMdmKkaumsa Unm cMsaHa Ha MallnHUTE e
pesyntaT OT pelleHne Ha PbKOBOACTBOTO. PMUCKBLT B TO3M cnyyam € no-
BUCOK 1 3abaBeH.

4. dopmaneH noaxon

BaxHo e ga uma popmanHn MHCTPYMEHTU 3a NpoBepka Ha oyHKUMOHanHaTa
nocrnegoBaTesIHOCT Ha NpoLecuTe 1 Bb3MOXHOCT 3a NogobpsaBaHeTo 1 ynpaBrieHneTo
um. lMpegnaraHnat nogxon ce ocHoBaBa Ha MHcTpyMeHTa IDEF, konTto gaBa AcHO
YHKUMOHANHO NpeAcTaBsHe Ha cucTeMara 1 Bpb3kaTa Mexay pasnuyHuTe QyHKUUK.

IDEF (WHTerpupaH «KomnioTbpeH e3uK) geduHupa apxuTektypata Ha
NHOYCTpUanHuTe cuctemu. TOM ocurypsiBa aHanus M KOMyHUKaLMs Mexay xopaTa,
yyactBawm B nogobpsisaHeTo Ha npou3dsoactsoTo (Cheung, 1998). Tyk ce nsnonsea
3a aHanus, geuHupaHe n MogenupaHe Ha npouecuTe U 4ENHOCTUTE Ha NOTOYHOTO
npon3BoAcTBO (Schaefer 2024). IDEF e cbcTtaBeH ot mogynu : Mogenvpaxe, 6asnpaHo
Ha genHocTtu (IDEFO), NHdopmaumornHn mogenu (IDEF1), Mogenn 3a cumynauums
(IDEF2), Onucanue Ha npoueca (IDEF3), O6ektHo-opueHTupaH amsanH(IDEF4),
OnucaHua Ha oHTonorusata (IDEFS), YnaBsHe Ha KoHUenTyanHW paunoHanHOCTU
(IDEF6), Meton 3a oaut Ha uHdopmauunoHHn cuctemn (IDEF7), MopgenvpaHe Ha
notpebutenckn unHtepdencn (IDEF8), Cneumdukauum 3a gusanH, 6asmpaHu Ha
cueHapuu 3a nHdopmaumoHHm cuctemu (IDEF9) n T.H. Tyk ca nsnonssaHn metogure
IDEFO v IDEF3.
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IDEFO e 6a3upaH Ha ,TexHWUKa 3a CTPYKTypupaH aHanms u npoektupane“ (SADT).
SADT ce cbctom ot gBe 4actu: 1) gedpuHupaHe Ha YHKUMUTE Ha cucTema
(CTpyKTYpupaH aHanua) n 2) paspaboTsBaHe Ha Moaen (TexHuMyeckn amsainH). MNpunara
ce 3a Npoun3BoacTBeHU 1 npomuwneHn npouecu (Peffers, 2005).

Ha nbpBo mMsacTo, aHanm3bT Ype3 SADT Ha gageHa cuctema no3BosisiBa ga ce
KOHCTpyupa mogen kaTo nopeauvua ot 4ENCTBUSA U AaHHWU, KOUTO Ca NO-Marko CROXHU
OT nmbpBoHavanHute. SADT e nepapxuyeH, MOAYNEeH W CTPYKTypupaH MeTon 3a
aHanua otrope Hagony. Ton No3BonsdBa M3BaXAAHETO Ha MaKCMMarnHO KONMM4ecTBO
agetamnn  npu  gekomnosvuyuaTta. [ObnboyvHata Ha nocnegHata  3aBUCUM  OT
NH(popMaLUMOHHATa CBBbP3AHOCT MeXAy pas3nuyHuTe HuBa. Bcaka gmarpama oT no-
HWUCKO HMBO CbAbpXKa OrpaHNYEHO KOSMYEeCTBO MHApOpMaLUs, CBbp3aHa C KOHKpeTHa
Tema.

SADT pasgena Ha ,KAKBO“ un ,KAK® ype3 dyHKUMOHANHO onucaHune Ha
cuctemarta, He3aBUCMMO OT pasfnMYHUTE peLleHus 3a HEMHOTO BHeapsiBaHe. Ton nva
ABe HMBa Ha abCcTpakums: KOHUenTyanHo U opraHMsaunoHHo. Mogenupa cuctemata
cnopeg ,4aHHM" 1 ,0eHOCTKN®, NpeacTaBeHn ¢ gentarpamm n akturpamm (dur.3.).

Hannn 3a ynpasiiesue JleiiHocTH 3a ynpaBieHue

Bxommu l vl - l Wsxonuu ['eHepupariu l l TorpeGutencku
JIaHHH ::[ T HEMHTO(TM T ':: JaHHU  JeHHOCTH ::1 HAHHH '::ﬂeﬁﬂocm

MexaHH3MH/TIOJIKPETIH Ha JeiiHoCTTa MexaHU3MU/MOAAPHKKY Ha TaHHUTE

®dur. 3. AkTurpama u gentarpama Ha mogena SADT

Mexay IDEF n SADT mopenute uma obwm Toukn. Hanpumep IDEFO e
noeHtTnyeH Ha onucaHue ot SADT akturpamu, a IDEF1 e ekBuBaneHTeH Ha SADT
aevrtarpamu.

IDEF3 e meTog 3a rpahuyHO MogenupaHe Ha CroXHa cuctemMa ypes guarpamm
1N MHOPMaLMOHHN OOKYMEHTU. brnok-cxemnTte ca ot Yetnpm enemedTa: 1. OtgenHaTta
eavHuua (obekT wvnn apTedakT, KOUTO MOXe Ada ce npou3Bege OT cuctemara),
OTpa3eHa C NpPaBObLIbMHWK, pa3feneH Ha TpU 30HWU: MMe, HUBO B MEepapXU4HOTO
AeKoMrnosvpaHe n Homep Ha Bb3MOXHa cBbp3aHa IDEFO genHocT; 2. Bpb3kuTte 3a
cBbp3BaHe Ha eanHuunTe; 3. Jlornuecku onepatopu («U», «ATNMN» n «camoy, «NJTNy»);
4. lMpenpaTtkn, Ha IDEF3 3a goctbn JO 4YacT OoT Mogena (Mnwu OO Apyr mogen)
(Vernadat, 1999). lMNonyyennte IDEF3 mogenu ca kayecTBeHU, HO He NO3BoNsiBaT
aHanua u onNnTMMmn3auunsa Ha npouecuTe.

B IDEF3 ce 3anuncea npouechT B CbOTBETCTBME C NPUOPUTETHUTE U NPUYUHHO-
CNneacTBEHUTE BPb3KM MeXAy AEMHOCTUTE N cbbuTuaTa. Ton € CTPyKTypupaH MeToq
N ce CbCTOM OT ABa MOAena 3a onvMcaHWe Ha NMoToKa Ha npoueca M Ha npexoja Ha
cbeTosiHneTo. C metoga IDEF3 npnynHHO-cneacTBeHUTE U NpeueaeHTHUTE BPb3KN B
MOTOMEH MPOM3BOACTBEH MNPOLEC Ce M3pa3saBaT fecHo. To3M MeTo4 He oTyuTa
YOBELLKOTO npucbcTame. [pyru paswmpeHnsa Ha metogda IDEF BkntouBaTt n pecypcu
(Aguilar-Savén, 2004). Tyk meta-mogensT Ha IDEF3 e uarpageH ¢ npyHunnute u
koHuenuuuTte Ha UML (Unified Modeling Language) Ha C++. OnucaHmeTo Ha npoueca
€ CTPYKTYpMpaHO OKONO KOHCTpyKuMATa Ha eamHuua 3a nosegeHune (UDC), kosaTo e
BCEKM eTan oT npoueca. 3a ga gopmupat cueHapumn, UDC ce cBbp3BaT 4Ypes Bpb3Ku
N Nornyeckn cbeguHutTenu. Te npeobpasyBaTt KOHTPOMHUTE NOTOLUWN, CUHXPOHHU UNn
aCUHXPOHHW, Ha JadeH npoLec.

97



.Y ABTOMATU3ALMSI HA IUCKPETHOTO NPONU3BOACTBO
) W 4 ISSN 2682-9584

5. SADT mopgen Ha noaapbXKa

SADT mopgen 3a NnoTOYEH NPOM3BOACTBEH MpPOLIEC 3anodBa C M3BOp Ha uen u
rmegHa TOYKa, T.e. CUCTeMa 3a YMpaBlfieHMe Ha KayecTBOTO 3a NoAadpbXkka B
aBTOMaTU3NPaHO ANCKPETHO npou3soacTsBo. Cneasa cb3gaBaHeTo Ha auarpama A0
3a obwaTta pamka Ha nogapbxkaTa. Ta cbabpXa 3anucuTte, pesyntatute, NonyyYeHn
cnep OerHOCTTa, OrpaHuYeHusiTa U HanumyHutTe pecypcu. lNMocne ce cb3paBa 6asa
AaHHM ¢ ekcnepTu. CneaBa opraHM3npaHe Ha NosnyYeHuTe AaHHU B CNUCHK, rpynnpaHe
Ha JaHHWUTe, Cb3[aBaHe Ha CNUCHbK C AeNHOCTU Ha 6asaTta Ha rpynupaHuTe OaHHW,
rpynupaHe Ha genHocTtun, obpaboTBaLlm egHn 1 CbLlum FpyNn AaHHW, U AeTannuanpaHe
Ha ycnyraTa.

Onarpama A0 cbabpka 4eTMpU OEMHOCTM Ha NoAadpbXkKKaTta: opraHusaumnara,
N3NbIIHEHNMETO, MOHUTOPUHIa 1 NoaobpsiBaHETO Ha Npou3BoanTenHoctTa (dur.4.)

lpesantupua IloanTuka Cpok Biowker VHHHMaeH
NOMAPbAKA /  NPOH3BOICTBEH Mpar

MbpBoHAYATHO i ;‘:‘\l l ‘i l/ l A o .
d CTATBK

CbCTOSTHHE HA

MOTO4HATA JIHHHS J/

OcurypsiBane —L>

+_’

Ha llomlp]))l(l('a A_O e
e /T y $\ IlocTurane na ueante
YoBewKH pecypen e 2 (uuuATA padoTH

/ ONTHMAJIHO)
Texnuueckn pecypen  Hanmuen Gromker

®ur. 4. SADT mopen - Auarpama A0

Ownarpama A1 gaBa opraHusauuaTa Ha noggpbxkara, KOATO ce CbCTOU OT Tpu
aenHoctn: 1) nnaHupaHe Ha OeucTBusTa, 2) onpedensiHe v pasnpegensiHe Ha
YOBELLKN N TEXHNYECKM pecypcu 1 3) onpeaensHe Ha pa3xoauTte (dur.5.).

UPCB“"T“B“ﬂ Munnmaiex
NO/UIPBAKKA 1_17//upuu'mo;m BEH I1par

[Tporpama 3a noipbxKa
) Ilnanupane na

neiiHocTHTE

P Nudopmarms
~ ‘ 7'y 1
HauajHo c¢heTosinne 31],'11[””0 YOBCIIKH H

Ha cHCTeMaTa TEXHHYECKH peCypcH

v

9 Onpejensine u pasnpeje-
JIsiHe HA YOBEIIKH H

TEeXHHYECKH PecypcH
4

v

3asBKa 3a
MIOKYIIKA
A7

S
~
ITonurnka

1
®opmupane Onpenxeasine Ha \ »
3asBKa JOBCIII- H3KJIIOYEeHHATA \

KH pecypcH U R}
3asBKa 4 4 \

Ortka3s \
Bamuaupane
- — Z J /\/ Ha 3asBKHTE
P
YoBelIKH pecypcH Hasuen GromkeT

®ur. 5. SADT mogen - gnarpama A1
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Mpun onpedensiHe Ha MbpPBOHAYANHOTO CbCTOSIHME HA TeXHMKaTa (KONMYeCTBO,
No3nUUSl, CbCTOSIHME Ha KOMMOHEHTUTE W T.H.) ce uanpawia W uHdbopmauus 3a
cTapTupaHe Ha pasnpefensiHe Ha YOBELLKTE U TEXHUYECKUTE PECYPCH.

Mporpamata 3a nogdpbXka B3ema MpedBua MUHUMAanNHUS npar  Ha
Npoun3BoACTBO. Pe3ynTaTbT € pasnpeaeneHneTo Ha YOBELLKN U TEXHUYECKM PeECYpCH,
3asBKM 3a 3aKkynyBaHe Ha NuUncBaly KOMMOHEHTU U 3a OOYy4YeHWe Ha YOBELLKU

pecypcu.
Owarpama A2 gaBa M3nbfHEHMETO Ha NogapbXxkata. Cbabpka YEeTUPU KyTUMN.

ITporpama 3a
TNOUIPBIAKKA

Pesynrarn
>
»

- ’ Peanmsanus neii-
. HOCTH 110 HOUIPBLARKA
A

Marepnanu
_3a pabora

3ajaHn 3a YOBEIIKH H
TeXHHYECKH pecypcH

Ocrarbk
>

>

Vupasienne na
HHCTpYMEHTHTE

Jedexrnn
MarepHa

dopMmupate Ha

PM 3
A v JUKET 32 eKCILIOATs
Y 'll Brozuker 3a ekcruloaraius YOBELLIKH pecypeit
Ipuaarane odyuenne &
7| Ha WwoBemIKH pecypen 3 A 0
Tk 3aKbCHEHHE
dopmupane Ha 3asBKa A
(Banmjupasne) ¥
Hinbanenne ua
7| Groxxera (MOKynKkm)
3asBKa 3a MOKyIKa
(Baumpane) Texmmscxue /1 . Haumiuen Grojuker
pecypen 3a HHCHexkun /° 3ul(yI[yBa][c H N
ylpaBiieHHe Ha
eXHIUECKH Decype
L TeXHHYECKH pecypcH )
(dopmupaHe Ha YOBEIIKH pecypcH

®ur. 6. SADT mopen - Auarpama A2

M3nonseankn nporpamaTta 3a nogapbXka KaTo BXOAHWM AAHHUM U MUHMMAmHUS
NPOM3BOACTBEH Mpar Kato KOHTPOSIHO OrpaHuyeHue, pes3yntaTbT € 3aBbplUBaHe Ha
nogapbXkata C HOBO CbCTOSIHME Ha MHCTanauuaTa. [pyr pesyntaT OT Ta3u ENHOCT
€ CbCTOSIHNETO Ha MHCTPYMEHTUTE, MU3MON3BaHN 3a U3BbPLUBAHE Ha NoagpbXKkaTta,
KouTo TpsibBa na 6baaT NPoBEPEHU, 3a Aa ca roTOBM 3a NocrneaBalla NnoaapbXKKa.

[enHoctTa no obyyeHne Ha YOBELLKMTE PECYPCUM € OrpaHuMyeHa oT GroaxeTa.
PesyntatbT € 00y4eHu cneumanncTin, NOCTUralimM HUBOTO Ha KavyeCTBO Ha UcKaHaTta
paboTta. lNocnegHaTta EVHOCT e peanuanMpaHeTo Ha npoaykuuaTa. Ta ce 3agencTsea
OT 3asiBKM Ha KNneHTuTe. Pe3ynTaTbT € HanMyMeTo Ha TEXHUYECKU pecypcu, KaTo
onepaTtmMBHUAT BOOKET 1 CPOK 3a JOCTaBKa.

Owarpama A3 gaBa gBeTe ynpaBnsiBally AeNHOCTU 3a nogapbxka. [Mbpearta e
ynpaBneHneTo Ha AencTBuATa No nogapbxkarta. HOBOTO CbCTOSAHME HA TEXHUKaTa OT
M3BbpLUEeHaTa MnoagpbXKKa Cce B3emMa KaTo BXOAHW [aHHW, pasnukata Mexay
HabensisaHUTe Uenn 1 NONyyYeHUTe pes3ynTaTtM KaTto u3xogHa WHdopmaums wu
nporpamMara 3a NnogapbXKa KaTo ynpaBnsaBalln JaHHMW.

BTopata genHoct 3ano4yBa C 0OOydeHUTE 4YOBELLKM PECYPCUM KaToO BXOon 3a
ynpaBneHne Ha Ka4yecTBOTO Ha oOydeHmeTo. PesyntaTbT e pasnukata mexay
NMONy4YEHOTO WM nnaHMpaHoTo oby4veHne. OrpaHnyeHusTa ca BanuaMpaHeTo Ha
nnaHuMpaHoTo obyyeHue 1 nporpamaTa 3a noaapbxKKa.

Ownarpama A4 paBa penHocTMTe no HabnwgeHve u nogobpsieaHe Ha
nogapbxkata. BxoabTt e pasnukute B 00ydeHneTo u Llenn/PesyntaTu.
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BlookeTbT € orpaHuMyeHue 3a npegnaraHeTo Ha KopurMpawm OencTeus.
Pesyntatute OT Tasu LEVWHOCT ca NpPeasioKeHuTe Kopurupawim wn npeBaHTUBHU
aencrTeus.

MogensT IDEF3 Ha gnarpama A2 (Pur.6.) onncea KOHTPOMHWUS NOTOK Ha npoLeca
nogapbxka. Mima fBe pelleHuns 3a n3BbpLiBaHe Ha Nogapbxkka.

EgoHoTO e u3BbplwBaHe Ha obyyeHne Mnu 3akynyBaHe Ha YOBELUKM PeCypcCu.
BTopoTo € u3BbpwBaHe Ha AENHOCTU NO MOAAPBXKKA WM KOHTPOS&T Ha paboTHute
NHCTPYMEHTU. [yHKTUpaHaTa cTpenka mogenvpa Bpb3kaTa Mexay ABeTe JeNHOCTH.

ITpar Ha MUHMMaJIHA
IPOIYKLIUS [Tporpama 1o nojpbxKara

~N [TocTurane Ha 1EJIUTE

Pesynratu /\/
L} =

Yupag.ienue Ha jeii-

HOCTHTE 110 NOIPBKKA Pa3nnka MCIKIY
LIEeJIA/pe3ynTaTH
A
dopMupaHe Ha MOPHUYKU
dopMupanu (Banupanus)
YOBEIIKH peCYpCcH A 4

Vipasiienne Ha KadecT-
J| BOTO HA 0GyeHHETO HA
YOBEHIKH PecypcH

dopMupaHe Ha
NOpBYKH (BaHAALNSA) | YoBelKH pecypeH
-

} Henoctur B o0ydyenuero

®ur. 7. SADT mogen — lnarpama A3

OnepaTuBeH OIOIKET
OcTarbK

Heobxonumoct
oT oOyueHue
S Ilpenniarane na S1

KOPHTHPAIIH
> nedcTBUA

A4

IIpennoxxenu nenicTBUS
Pasznuka mexny ped A

LIeJIN/pe3yIITaTh
pesy YoBelku pecypcu

®dwur. 8. SADT mogen - lnarpama A4

6. 3aknro4yeHue

MpeacTtaBeH e MeTOA 3a n3rpaxgaHe Ha cMcTema 3a yrnpaBfeH1e Ha Ka4yecTBoTO,
KOSITO € MHCTPYMEHT 3a ynpasrieHne nmall 3a Luen nogobpeHne Ha opraHusauusata un
paboTata Ha aBTOMaTU3MpPaHO NOTOYHO NPOM3BOACTRO.

MeToabT ce CbCTOM OT AeceT CTbMNKW. M3anon3saHeTo My Boau A0 U3SIBSIBAHETO
Ha PUCKOBETE N CBbP3aAHUTE C TAX OFPaAHUYEHUs U OO0 onpedensiHe Ha pelleHue 3a
BCEKM PUCK M N3MepPBaHETO Ha e(peKTUBHOCTTA Ha BCSIKO TaKOBa peLUeHue.
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MeToabT faBa M Bb3MOXHOCT PUCKOBETE U CBbP3aHUTE C TAX OrpaHUYeHnsa aa
6boat pasgeneHn, KoeTo ynecHsiBa M300pbT Ha nogobpeHMs U HauYMHT Ha
OCbLLECTBABAHETO UM.

B pabotaTta cbuw0o Taka e npeanoxeH opmanen noaxod, 6asmpan Ha IDEF,
no3BonisiBall, SICHO (YHKLMOHANHO MpeAcTaBsiHe Ha NPOM3BOACTBOTO, KaKTO W
Bpb3KkaTa Mexay pasnuyHute dyHkunn. Ypes mogenupaHe c¢ IDEF ce noctura
npoBepka Ha PyHKLMOHANHOCTTa Ha cucTemaTa, BKIHOYUTENHO M NPAKTUYECKN CTHIKN
(ctbnkn 7, 8, 9 n 10).

Te3an cTbNkM NO3BONSABAT BHEAPSBAHETO Ha CUCTEMa 3a YNPaBlEHUTO Ha
KayecTBOTO, HO Ca HeJoCTaTbYHM 3a NOTBbPXKAABaHETO Ha ycrnexa Ha MeToAa.
BbBexgaHeTo Ha popmManHM MHCTPYMEHTU 3a npoBepka Ha (PYHKLMOHMPAHETO Ha
npouecute U Bb3MOXHOCTTa 3a nogobpsiBaHe M KOHTPOM Ha npouecute e eauH
cnegBaw, etan B nogobpsBaHeTo Ha paspaboTteHus meTon. [MpeonoxeHudaT 3a
nogapbxka mogen SADT cnasea npuHumMna 3a nNoctostHHOTO nogobpexHne (PDCA),
CbCTOSALW, Ce OT YeTupwu CTbNKM - nnaHupaHe (Plan), npaktuyecka pabota (Do),
nposepka (Check) n gencreme no nogodpeHne (Act). MNMpunaraHeto My B paboTHUTE
npouecn [OoKasaHO MOBULIABA KOHTPONa WM MOCTOSIHHOTO YCbBbLPLUEHCTBAHE Ha
KpanHUTE NPOAYKTMU.
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DESIGN AND MODELING OF A QUALITY MANAGEMENT SYSTEM IN
AUTOMATED PRODUCTION

Abstract. The work presents a quality management system that aims to improve
the organization and operation of automated flow production. The system also models
the functionalities of automated production. It takes into account the production quality
policy by considering critical quality processes, determines the effectiveness of each
production step, looking for opportunities for improvement. It also helps to minimize
risks and the number of failures. The system offers planning of processes and work
steps for possible quality improvements. It monitors the implementation of flow
production by collecting information about the quality of individual stages and taking
into account the effects of the improvement.

The formal approach to creating the system is based on IDEF (Integration
Definition) programming language for functional modeling and data simulation, and the
system analysis and design technique (SADT) is also used.

Keywords: design method, design tools, quality management, modeling,
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DYNAMIC MODELING OF A QUALITY MANAGEMENT SYSTEM IN AUTOMATED
PRODUCTION

Petar Marinov
Technical University of Sofia, Bulgaria

Abstract. This paper presents a dynamic approach to creating a quality management
system for an assembly line for automated discrete manufacturing based on Petri nets. The
system thus created allows for additional analysis of the dynamic behavior of the production
system, taking into account the availability of resources for each activity separately, some of
which are consumed during the production process. An integration of the SADT tool and Petri
nets is proposed for more convenient modeling and greater functionality of the quality
management system. A temporal SADT model for a quality management system is also
considered and compared with the constructed dynamic model.

Keywords: Petri nets, Mathematical model, Analytical models, modeling, simulation

1. Introduction

A SADT model of a quality management system in flow manufacturing was
proposed in (Marinov 2025). This model covers the functionalities of the system and
their interactions, but does not allow for the analysis of its dynamic behavior. This work
considers the dynamic modeling of a quality management system for automated
discrete manufacturing using a Petri net. A Petri net is a formal approach with a
rigorous mathematical basis, using graph theory. First, a Petri net is presented. Then,
a combination of SADT modeling with a Petri net is proposed. The constructed SADT
model of the quality management system is improved by upgrading it with a Petri net,
which adds the ability to analyze and detect possible blockages in the functioning of
the system, as well as to establish adequacy between resources and set goals. Then,
resource allocation in a production quality control system is discussed. A temporal
SADT model of the quality management system is also considered. The two created
models are compared.

2. Petri nets

Petri Nets are a powerful tool for modeling and analysis in the study of discrete
manufacturing systems. Petri Nets offer a graphical notation of step-by-step processes
containing selection, iteration and parallel execution. They have a precise
mathematical definition of the semantics of their execution, with a well-developed
mathematical theory for process analysis. They are applied to real-time systems,
robotic systems, distributed systems, artificial intelligence, etc. A certain inconvenience
exists when the modeling system is complex and the Petri Net is large, because in this
case its graphical representation is difficult to visualize (Fakhredaie, 2015).

The quality management system develops depending on events. The constraints
on the occurrence of these events can be deterministic or stochastic. Deterministic
constraints affect the implementation of audits and monitoring of quality procedures.
The stochastic aspect emerges from quality control, which influences the frequency of
machine tuning and therefore the performance. In this work, autonomous Petri nets,
temporal Petri nets and stochastic Petri nets are used (Grobelna, 2021; Drighiciu,
2017; Lafortune, 2018).
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2.1 Autonomous Petri net

One of the things that makes Petri nets interesting for application is that they
provide a balance between modeling and analysis.

Many things that are desirable to know about competing systems can be
automatically determined for Petri nets. In the general case, some of these things are
very resource-intensive to determine. There are subclasses of Petri nets that model
interesting classes of competing systems, and the workflow is simpler.

A Petri net is a directed bipartite (two-colored) graph that has two types of nodes
— transitions, i.e. discrete events that can occur, and positions (places), i.e. conditions,
and its directed arcs describe which positions are pre- and/or post-conditions for which
transitions. Places are represented by circles, and transitions by rectangles. Each arc
connects only one place to one transition or a transition to a place. Each place can
contain one or more characters. The state of the network is defined by a marking vector
of non-negative integers whose dimension is equal to the number of locations. Each
element of the marking vector stores the number of markings at the associated
location.

Mathematically, a Petri net is the quintet N = (P, T, A, Pre, Post) of finite sets,
where: P = {p1, p2,..., pn} is the set of places, T = {t1, to, ..., tm} is the set of transitions,
A c (PxT)u(TxP) is the set of edges, Pre: PxT—X, Pre(pi, tj) is the set of weights of
the edges connecting a place pi to a transition tj, and Post: PxT—R&, Post(tj, pi) is the
set of weights of the edges connecting a transition tj to a place pi.

A labeled Petri net is a pair R=(N, Mo), where N is a Petri net and Mo is the initial
labeling.

Let 'tj u t;° be the sets of input and output locations of the transition tj, and ‘pi and
pi’ be the sets of input and output transitions at location pi.

A transition tj is of a marking M if and only if, M(p)= Pre(pj, tj), V p€'tj, where M(p)
is the marking of location p. A marked transition can be crossed. Crossing a transition
tj consists of removing Pre(pi, tj) marks from each location pi €'tj and adding Post(pk, t;)
marks to each location pk € ti. Crossing a transition is an instantaneous operation.
Crossing a transition leads from a marking M to a new marking M'. The marking M is
reachable from the initial marking MO if there exists a crossing sequence transforming
Mo into M. The evolution of the marking of a Petri net can be described by the
fundamental equation of Petri nets:

M = MO + Wo 1)

(W(pi, tj) = Post(pi, tj) — Pre(pi, tj)) 2

where 0 is a sequence of traversable transitions transforming Mo into M.

An output transition is a transition without an entry point, it is always traversable.
A source is a transition without an exit point (Fig. 1).

For the reachability of a given Petri net N and a marking, a defined. A(N, Mo)
denotes the set of reachable markings of the Petri net N with respect to the initial
marking Mo.

A Petri net is alive if and only if ¥ M € A(R,Mo) there exists a sequence of
transitions that can be intersected by M, containing all transitions.

A Petri net is reversible if and only if there exists a sequence of transitions
transforming M into Mo for v M € A(R,Mo).
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A Petri net is bounded if there exists a number k > 0 such that v A(R,Mo) for which
M(p) < k.

In the present work, a Petri net is used that is reachable, alive, reversible, and
bounded.

Fig. 1. Transition: T1 is a source, T5 is an output, Mo =[ 2, 1, 0, 1] is the initial marking

2.2. Temporal Petri nets

When transitions are functions of time, we arrive at a T-time Petri net (Liu, 2022).
When time is associated with locations, we arrive at a P-time Petri net (Diallo, 2015).
Here we use a T-time Petri net. A transition can be traversed if it is validated without

interruption by marking locations for at least a duration equal to the associated time
delay.

T2 (8)

Fig. 2. Time Petri net with time 5

T2 (x)

Fig. 3. Stochastic Petri net for transition T1 and time 7 for transition T2
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In the T-time Petri net, tokens have a minimum dwell time at each location and
during this time they cannot be used for transition (Fig.2). The time in the production
system is the time it takes for the machine to make the product.

2.3. Stochastic Petri net

In a stochastic Petri net, the structure is the same, but the intersection of certain
transitions is determined by random variables (x) (Fig.3).

3. Transition from IDEFO/SADT to Petri Nets

There are publications related to IDEFO/SADT and Petri Nets. The method in
(Gehlot 2021) is based on the annotation of the SADT model with information
describing the input/output relationships by explicitly specifying the meaning of the
arrows. Rules are derived for constructing a colored Petri net associated with the
annotated SADT model, which can be simulated.

In (Koziolek, 2020) the authors propose rules for transforming a SADT model into
an autonomous Petri net for parallel or conflicting activities. First, the input and output
of each activity are specified, which are replaced by transition-place-transition
structures. Each shared resource is represented by a place with a token. Activities with
one input and one output for a lathe robot are considered.

The method proposed by (Kaisarlis, 2020) starts with the construction of a
functional hierarchy diagram representing the material flow. Then another information
flow diagram is constructed that controls the material flow. The two diagrams combined
give a controllable diagram from which a connected Petri net is constructed.

In (Yaqiong, 2011), manufacturing systems are considered based on the arrow
annotation of the SADT model. A Petri net is constructed from the SADT model using
secondary nets corresponding to the elements of the SADT model. Each task in the
SADT model is replaced by a Petri net consisting of two places and two transitions
(Fig. 4). Initially, a place (i) is marked.

l Control/Constraint
Non- active
Input | Deactivated Activated | Oy pyt
— ] ey
\@A‘Ctive/
ResourcesI

Fig. 4. SADT model in Petri net. Place (i) is «inactive», place (a) is «active»

Then, rules are defined for the flows (material, information, etc.), represented by
the arrows of the SADT model. There are seven types of synchronization arrows —
precedes, equals, meets, contains, begins, ends, drives. Fig.6. illustrates the principle
for Shared resources are also modeled. Finally, arcs and transitions are added, which
represent the external inputs and outputs of the SADT model.
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In (Basak, 2015) a method for controlling a flexible manufacturing system is
presented. A SADT model is used to study the system specifications. The interface is
implemented by SADT/IDEFO transformation rules in a Petri net.

The dynamics of activities are determined by two events: 1) triggering and 2) end
of the activity and is modeled by a transition-place-transition structure. Only shared
resources are modeled.

These methods are intended for production systems. They represent the
sequence of activities and shared resources. Quality management is also based on
the availability of resources specific to each activity, some of which are spent (finances,
materials).

Given the above-mentioned features, this work proposes another method for
moving from the IDEFO/SADT model to a Petri net model. It is based on the presented
approaches, but integrates elements that take into account the specific aspects of the
quality management system. The connection of Petri nets with different formalisms is
also used, as well as the extension of Petri nets to add capabilities for hierarchical or
structural modeling (Arronategui, 2024).

The first step defines each activity, as well as the inputs, outputs, controls and
resources. Then the flow of information and material is defined by arrows. Special
attention is paid to the additional elements necessary for the functioning of a quality
management system: external control and consumables.

4. Application

A Petri Net as an Equivalent to an A0 Diagram in the SADT Model

To create a Petri Net, the SADT model from (Hu, 2020) is used, considering the
SADT — AO diagram. First, the meaning of each activity, inputs, outputs, controls and
resources are defined. A distinction is made between information and material flows to
facilitate the interpretation of the results obtained from the Petri Net simulation.

The Petri Net is constructed by representing the SADT activities as transitions.
The interfaces between activities are defined by arrows and transformed by the Arrow-
Place-Arrow structure. The transformation can be branching (Fig.5) or clustering (Fig.
6). The result is the Petri net structures.

T3

Fig. 5. Example of interface branching

P12 P13
P9 gl
T4
N \a

P17

q

Fig. 6. Example of interface grouping
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A good example of external control is Fig.7, which shows the transformation rule
for this type of control.

Minimum production threshold not reached

TG Condition not met
Condition met

Minimum production threshold reached

Fig. 7. External management - Reusable resources

There are reusable resources, consumable (budget) modeled with squares,
unusable (damaged tools) modeled with transition. All subsequent steps are
performed, reaching from the SADT model - diagram A0 to the equivalent Petri Net.
Simulation of the resulting scheme gives the dynamic aspects for the SADT AOQ
diagram. Thus, blockages generated by errors in the system design or lack of
resources can be detected.

The dynamic approach is built as a transition from a system based on the IDEF
programming language to a Petri net. A new tool for modeling dynamic aspects based
on the temporal technique for structural analysis and design (SADT) has been added.

5. Temporal SADT

The temporal SADT model is for studying the dynamic aspects of a modeled
system by using interfaces to characterize data flows and temporal information.

The construction of a temporal SADT model is based on the following steps:

o Using an equation that uses the order of activation of activities to describe

the different paths followed by the flows at each activation;

o Marking arrows describing the behavior of the activity. The type of each
arrow in the SADT model is marked to explain the role of the different
production flows. The arrow can be a material flow, or an information flow
(data or event) for synchronization or inhibition;

o Using typed interfaces to characterize the production flows. There are two
types of interfaces - explaining the rules for visualization and showing the
graphical representation of the behavior of the activities.

To implement the temporal model of the A0 diagram of the SADT model, the
activation equations are first described. Then the description of the behavior of the
activities is presented. And finally the rules for implementing the A0 diagram of the
temporal SADT model are applied.
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6. Comparison between the SADT association - Petri net and the temporal
SADT model

So far, two varieties of the SADT model have been described, with which to track
the production and information flows by simulating the model. But the information flows
are better defined in the temporal SADT model.

Furthermore, the SADT Petri Net tool is able to show the behavior between
activities (Fig.8), which shows that the execution of the management network depends
on the termination of the first network to perform maintenance actions.

o The SADT - Petri Net tool is more effective for modeling resources,

especially shared resources, and can also indicate their availability.

. The distinction between inputs, controls, and time events is clearer in the

temporal SADT model than in the SADT — Petri Net tool.

o For the simulation of temporal SADT, code is created in C++ or Smalltalk.

On the other hand, there are several software programs for simulating Petri
Nets.

o For optimization, an optimization algorithm must be created in both models.

Temporal SADT is an extension of the SADT model for modeling the dynamic
behavior of a system. In this context, a scenario can be proposed for using both tools:
SADT — Petri Net and temporal SADT together (Fig.9), which improves the results in
modeling and using the system.

Implementation ot _ Tool control
maintenance activities
Output 1
N /@ ’O
A Output 2
O g
oy
[

4 /_)\_—\ N\ a

J

Control

) Output 4

j ontrol

Implementation of
the human resour- Implement the
ces training budget (Purchase)

Fig.8. Behavior between activities
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Defining the goal

'

Realization of SADT model

'

Realization of SADT model and
utilization of SADT - Petri net

8
l:b
3

Is the goal
realized ?

Realization of temporal SADT

”

Goal reached

Fig. 9. Temporal SADT and SADT - Petri Net together

6. Conclusion

The paper presents a dynamic approach for analyzing the dynamic behavior of a
quality management system in an automated production system, by transitioning from
the IDEFO/SADT model to a Petri Net. The advantages of a Petri Net are indicated.
The presented approach additionally takes into account the availability of resources for
each activity separately, some of which are spent during the production process
(finances, materials).

The transition from IDEFO/SADT to a Petri Net is described in detail, the rules
used to achieve this transition are shown. A new time SADT tool is explained, which
helps in modeling dynamic aspects. A comparison between the IDEFO/SADT tools —
Petri Net and time SADT is proposed. A scenario for integrating the two tools is also
proposed.

An integration of SADT and Petri Net is proposed. Thus, the ease of modeling
with the SADT tool is combined with the power of modeling with a Petri Net. The goal
is to identify possible shortcomings in the functioning of the system, as well as the
adequacy of the allocated resources with the set goals.
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Abstract. This paper explores common operational challenges in platter ski lifts,
including mechanical failures, environmental influences, and user behavior effects, and
highlights the importance of integrating advanced sensor technologies for real-time
monitoring and predictive maintenance. The study examines various sensor types,
including mechanical, optical, acoustic, and thermal sensors, which play a critical role in
detecting misalignment, mechanical strain, temperature fluctuations, and structural
defects. Additionally, the paper presents an innovative system utilizing mechanical tilt
sensors, a control unit, and a light signaling board to monitor cable alignment, enhance
skier awareness, and prevent misalignment-related failures. The proposed system
improves lift safety, reduces mechanical wear, and optimizes maintenance strategies,
ultimately increasing the efficiency and lifespan of platter ski lift facilities.

Keywords: platter ski lifts, sensor integration, cable alignment, predictive
maintenance, real-time monitoring, lift system safety

1. Introduction

Platter ski lifts, also known as button lifts or platter pull lifts, are a widely used means
of transportation in ski resorts, providing an efficient way for skiers and snowboarders to
ascend slopes. Analogies have been drawn between ski lifts and various systems,
including electrical circuits, to help explain their operational principles (Mogstad, 2020).
These systems operate through a continuously moving overhead cable supported by a
series of pylons, with individual platter mechanisms attached at regular intervals. Unlike
aerial lifts such as chairlifts and gondolas, platform lifts maintain contact with the ground,
requiring users to place the plate between their feet while maintaining balance on their
skis or snowboards as they pull themselves up.

The mechanical structure of a platter ski lift consists of several key subsystems, each
contributing to its operational reliability (Vukov, 2024). These include:

o Drive Station. The drive station serves as the primary power source of the
system. It houses the main motor and gearbox, which generate the torque
required to drive the cable. Additionally, it incorporates braking mechanisms
that allow controlled stopping of the lift in emergencies. A speed regulation
system is also present to adjust the velocity of the cable, ensuring safe
operation under different loading conditions.
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Return Station. Located at the upper end of the lift, the return station is
responsible for redirecting the cable to complete its continuous loop. It contains
a return pulley, which facilitates smooth redirection of the cable with minimal
friction. A counterweight-based tensioning system is also integrated to maintain
optimal cable tension, preventing excessive sag or misalignment that could
compromise the lift's functionality.

Cable System. The cable is a fundamental component of the platter lift,
providing the continuous loop necessary for skier transportation. Constructed
from high-strength, wear-resistant steel, it is designed to withstand high
mechanical stress and environmental conditions. The cable's flexibility and
durability are crucial for maintaining long-term performance and reliability.
Support Pylons and Sheave Assemblies. Throughout the lift's length, pylon-
mounted sheave assemblies support and guide the cable. These sheaves
minimize lateral displacement and reduce vibrations, contributing to the overall
stability of the system. The height and spacing of the pylons are carefully
engineered to maintain a consistent trajectory of the cable while compensating
for terrain variations.

Detachable Platter Grips. The platter grips are spring-loaded mechanisms that
attach at predetermined intervals along the cable. They engage automatically
when the skier grabs the lift and disengages at the unloading station, ensuring
a smooth release. Their design must allow for controlled detachment to prevent
abrupt stops or excessive strain on the cable (Fig. 1).

Fig. 1. Platter ski lift

h of these subsystems plays a crucial role in the overall efficiency and reliability
ski lifts. A failure in any component can lead to operational disruptions, making
maintenance and technological enhancements essential for long-term

performance.
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Platter lifts offer several operational advantages, including high transport capacity,
relatively low energy consumption, and suitability for beginner and intermediate slopes.
As ski resorts look for ways to enhance operational efficiency and reduce environmental
impact, innovations in autonomous ropeways have become an important consideration.
The next step for ski lift systems involves making better use of energy through advanced
autonomous technologies. These innovations are increasingly viewed as a potential
solution to improve energy efficiency and address some of the existing mechanical and
operational challenges (Doppelmayr, 2023). However, their efficiency is affected by
mechanical wear, dynamic loading conditions, and environmental influences such as ice
accumulation, temperature fluctuations, and wind forces. Structural stress, resulting from
continuous cyclic loading, can lead to damage in key components such as cable
attachments, pulleys, and support structures. Additionally, external factors such as
improper user handling and sudden variations in user load can induce additional forces
that contribute to system failure.

To enhance reliability and minimize operational downtime, modern platter lift
systems can benefit from advanced monitoring technologies. The integration of sensor-
based diagnostics, including mechanical strain sensors, optical alignment detectors, and
environmental monitoring systems, facilitates real-time condition assessment and
predictive maintenance. Such innovations enable early fault detection, improving safety
and extending the operational lifespan of these facilities.

2. Common Operational Challenges in Platter Ski Lifts

Platter ski lifts, while efficient and widely utilized in ski resorts, are subject to various
operational inefficiencies arising from mechanical degradation, environmental exposure,
and user-induced disturbances. These challenges necessitate maintenance protocols and
the integration of advanced monitoring techniques to ensure continuous functionality and
safety. Some of the most common failures are:

2.1. Mechanical Failures

Mechanical failures in platter ski lifts primarily stem from cable misalignment, wear
of material, drive system inefficiencies, structural stress on pylons and sheave
assemblies, and platter grip malfunctions. The cable system, as the primary load-bearing
component, undergoes continuous cyclic loading and environmental stressors, leading to
gradual misalignment and amortization that compromise the dynamic stability of platter
grips and overall system reliability. Drive system inefficiencies arise from deterioration of
engine performance due to thermal stress and electrical fluctuations, gearbox wear
resulting in suboptimal torque transmission, and braking system inconsistencies that
increase the risk of uncontrolled movement (Ewald, 2023). Moreover, the structural strain
on pylons and sheave assemblies, resulting from bearing wear and loosened fasteners,
intensifies vibrational instabilities and uneven tension distribution, hastening cable wear.
Platter grip malfunctions, including elastic component wear, surface wear, and impact
loading effects, further contribute to unintended detachment and potential safety hazards
(Fig. 2).

These mechanical challenges require the implementation of proactive maintenance
measures and continuous monitoring to uphold lift efficiency and prevent operational
interruptions.
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Fig. 2. Ski lift rubber seal wear

2.2. Impact of Environmental Conditions on Lift Performance and Stability

Platter ski lifts are prone to environmental stressors that significantly impact
operational performance and structural integrity. Frost formation on cables and support
structures increases the overall mass and tensile stress, potentially leading to
deformations that compromise stability, while excessive snow accumulation obstructs
critical mechanical components, necessitating frequent de-icing and clearance efforts.
Thermal fluctuations further contribute to material expansion and contraction cycles,
causing progressive misalignment of structural elements and altering the lubricant
viscosity, which affects gearbox and bearing efficiency. Additionally, strong winds impose
fluctuating lateral loads on the cable system, leading to oscillatory instabilities and
deviations in lift trajectory, which may compromise user safety and system efficiency (Fig.
3). These environmental factors necessitate robust structural designs, real-time
monitoring mechanisms, and adaptive operational strategies to lower adverse effects and
ensure continuous functionality.

2.3. Impact of User Behavior on Lift Stability and Performance

Different user behaviors create significant challenges for the stability and efficiency
of platter ski lifts, primarily due to inconsistencies in load distribution and interaction with
the lift system. Differences in skier weight and sudden loading changes generate transient
forces, causing localized stress concentrations on the cable and increasing mechanical
strain on platter grips, which can accelerate material wear and reduce system longevity.
Inexperienced skiers might not use the lift smoothly, applying uneven or sudden forces
that disturb the lift's motion (Fig. 4).
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Fig. 3. Ski lift frost formation (Snowbowl) Fig. 4. Platter ski lift usage

This may cause the lift to vibrate or shake, which creates further issues. To make
sure the lift works well and safely, the system needs to be designed to handle different
kinds of user behavior. It also helps to provide better instructions to users and use
technology to monitor the system in real-time to catch and adjust for any irregular
movements or forces.

2.4. Advanced Monitoring and Preventative Maintenance

To address operational limitations, modern platter ski lift systems must integrate
advanced technologies such as structural health monitoring (SHM) systems, including
strain gauge sensors for real-time stress analysis, and environmental sensing arrays that
enable predictive frost formation management and aerodynamic stability assessments.
Additionally, automated diagnostic tools utilizing machine learning algorithms can detect
abnormal vibration trends that signal potential mechanical failures, while user interaction
modeling allows for the predictive adaptation of engagement mechanisms based on skier
proficiency levels (Abro, 2024) By applying these scientific methods, ski resorts can
improve lift reliability, optimize maintenance schedules, and ensure the ongoing safety
and efficiency of platter ski lift systems.

3. Advanced Sensor Integration for Ski Lift Monitoring and Safety

The integration of advanced sensor technologies into ski lift systems has significantly
enhanced operational efficiency, safety, and predictive maintenance capabilities. Sensors
are crucial for real-time monitoring and the early detection of issues that could
compromise the functionality and safety of the lift systems (Dichev, 2024). Various sensor
types are utilized to assess different mechanical, environmental, and system aspects. For
instance, Lin et al. (2022) developed a safety training monitoring system for ski resorts
based on wireless sensor networks, highlighting the potential of sensor technologies in
enhancing safety measures in ski-related environments (Lin, 2022).

3.1. Mechanical Sensors:

Mechanical sensors are designed to measure the physical changes that occur within
a material or structure due to applied forces, pressure, or strain.
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These sensors include strain gauges, pressure sensors, and load sensors, which
are commonly used in ski lift systems to monitor the condition of key components.

Strain gauges measure the deformation or strain in a material, providing critical data
on the stress that structural elements like cables, pylons, and lift grips are subjected to.
Pressure sensors, on the other hand, detect changes in force or pressure within hydraulic
or pneumatic systems, while load sensors measure the weight or force applied to various
components, ensuring even load distribution and preventing overloading. Mechanical
sensors are of great importance for identifying potential system failures or wear before
they lead to significant damage, thus providing the ongoing reliability and safety of ski lifts.

Mechanical sensors, integrating these technologies into loT-based predictive
monitoring systems offer a comprehensive approach to predictive maintenance
(Narayana, 2024). loT systems enable real-time, continuous monitoring of ski lift
operations and related infrastructure. This allows for early identification of potential
failures in critical components, ensuring that maintenance is carried out in a timely
manner, reducing downtime and maintenance costs (Gorin, 2022).

3.2. Optical Sensors:

Optical sensors operate by using light-typically infrared or laser beams-to detect
objects, measure distances, and monitor various system conditions without physical
contact. Laser sensors are particularly effective in measuring the alignment of cables and
detecting misalignment issues, while infrared sensors are used for temperature monitoring
and detecting anomalies such as frost formation on cables and components. Optical flow
sensors track the movement of objects and components, offering valuable data on the
dynamic behavior of the lift system, including the alignment and stability of platter grips
and cables. These sensors are suitable because they offer non-contact measurements,
reducing wear and tear on equipment while enabling precise monitoring of both
mechanical and environmental conditions.

3.3. Acoustic Sensors:

Acoustic sensors utilize sound waves to detect mechanical irregularities or
environmental changes, making them valuable for diagnosing potential issues in ski lift
systems. Ultrasonic sensors send high-frequency sound waves through materials, helping
to identify sub-surface defects like cracks or corrosion in structural components such as
cables, pylons, and sheave assemblies. Sound/vibration sensors are sensitive to the
sounds or vibrations produced by machinery and can detect irregularities like bearing
failures or imbalances in the system. By monitoring changes in the normal acoustic pattern
of mechanical components, acoustic sensors enable early detection of problems that
could lead to system malfunctions, allowing for timely maintenance and repairs. These
sensors play an essential role in ensuring the smooth operation of ski lifts and preventing
unexpected failures.

3.4. Thermal Sensors:

Thermal sensors are used to measure temperature variations within a system, and
they are crucial for detecting issues related to overheating, material amortization, and
environmental changes. Infrared sensors provide a non-contact method of measuring
temperature and can detect hot spots in components like motors, gearboxes, and
electrical systems, which might indicate potential failures.
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Thermocouples and thermistors are more precise temperature sensors that are
commonly used in systems requiring accurate temperature measurements.
Thermocouples work by generating a voltage in response to temperature differences,
while thermistors change resistance as temperature fluctuates, allowing for the detection
of temperature changes in specific components.

Thermal sensors are important for monitoring the functional integrity of ski lift
systems, ensuring that components do not overheat, which could lead to system failures
or safety risks.

4. Implementation of Sensor Technologies to Improve the Operation of Platter
Ski Lift Facilities

The proposed system for monitoring and maintaining cable alignment in platter ski
lifts consists of three essential components: mechanical tilt sensors, a control unit, and a
light signaling board. These components collaborate effectively to detect any deviations
in cable alignment in real time, ensuring that immediate corrective actions can be taken
to prevent misalignment from progressing and to optimize system performance (Caves,
2024). Mechanical tilt sensors are the ideal choice for this application due to their high
precision in detecting angular shifts. These sensors utilize internal pendulum mechanisms
or MEMS (Micro-Electro-Mechanical Systems) technology, which are capable of
accurately measuring the angle of displacement (Fig. 5).

By continuously tracking the cable's position, the sensors provide valuable data that
the control unit processes in real time to determine whether the cable remains within the
acceptable alignment limits. This data is crucial in ensuring the lift system responds
promptly to any deviations.

When the system detects a deviation in the range of 8-10 degrees of cable position,
it triggers the light signaling board, which displays a red arrow indicating the direction of
the misalignment. Similar signaling technologies, such as the TWS (Tower Warning
Signal) stack light system deployed at a ski resort in the Dolomites, also contribute to
improving safety by managing access and signaling critical information to users (Sirena,
2024). The left-pointing red arrow is activated when the cable deviates to the left, while
the right-pointing red arrow appears when the deviation occurs to the right. This visual
indicator helps the skier immediately recognize which direction they need to adjust their
position to correct the misalignment. By providing these directional signals, the system
helps ensure that skiers can stay properly positioned and prevent further disturbances in
the lift's operation.

If the misalignment worsens and the cable deviates by 12 degrees or more, the
system escalates the response to ensure the safety and stability of the lift. In this case, a
red “X” indicator is activated on the light signaling board to indicate that the deviation is
critical. This indicator acts as a clear and unmistakable signal of a serious misalignment
that requires prompt attention (Fig. 6).

At this stage, additional safety measures may be automatically triggered by the
system. These could include speed adjustments to reduce the strain on the lift system, as
the cable’s misalignment could cause increased mechanical wear and stress. Short-term
pauses of the lift may also be implemented to prevent the misalignment from worsening,
potentially causing more damage to the system or creating safety hazards for users.
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For optimal sensor performance, mechanical tilt sensors need to be placed in
locations where they can most effectively detect misalignments as they occur. The most
suitable placement for these sensors is immediately after the sheave assemblies (Fig. 7).

Sensor
Platter ski lift /// sheave
sheave / assemblies
assemble
S SR

|

’“\3&\\\&\&&3\\\@\&\\\&\%\5\}&
\
\
Supporting \ Lift cable
arm

Platter ski lift. Q{,
support 1/
beam A

Movable joint /

Fig. 7. Platter ski lift control system with Tilt sensor

This area is critical because it is where the cable experiences the greatest tension
and movement, which makes it the most sensitive zone for detecting any angular
deviations. The sheaves have a key function in guiding and supporting the cable as it
moves along the lift, and any misalignment that occurs at this point can have a significant
impact on the overall operation of the system. Placing the sensors here ensures that any
cable deviations are detected as soon as they occur, allowing for prompt corrective action
before the misalignment extends further along the lift. By catching these issues early, the
system can prevent the cable from deviating too far and causing more serious problems
down the line. These sensors should be securely mounted on a stable structure to prevent
false readings by external factors such as vibrations, wind, or environmental disturbances.

Such stability is crucial in providing reliable data that will guide the system’s corrective
actions effectively.
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The combination of mechanical tilt sensors, real-time data processing, and a visual
signaling board makes this system an efficient and effective solution for monitoring and
correcting cable alignment in platter ski lifts. The precise sensor placement and immediate
response mechanisms ensure that misalignments are addressed as soon as they are
detected, thereby maintaining smooth lift operation, enhancing safety, and extending the
longevity of the lift system by reducing mechanical wear caused by improper alignment.

Integrating this system into platter ski lift operations offers several advantages:

o Enhanced Safety: Real-time monitoring and early warning signals (like red
arrows) help prevent accidents by alerting skiers to misalignments and
triggering automatic safety responses when critical rates are exceeded.

o Reduced Mechanical Wear and Tear: Early detection of misalignments
minimizes stress on the cable and other mechanical components, extending
their lifespan and reducing the need for frequent maintenance.

o Improved Operational Efficiency: The system ensures smoother lift operation
by maintaining proper cable alignment, reducing downtime and energy
consumption, and enhancing overall performance.

o Increased Longevity of the Lift System: By preventing damage and excessive
strain, the system helps prolong the lifespan of key components such as
cables, motors, and sheaves, leading to cost savings on repairs and
replacements.

o Better User Experience: With visual cues (green and red lights), skiers can
adjust their positioning, ensuring a smoother, more reliable ride, which
enhances their overall experience.

o Real-Time Performance Monitoring: Continuous real-time data collection
enables operators to monitor lift performance, identify potential issues early,
and optimize maintenance schedules, leading to improved system
management.

5. Future steps

One of the main consumables of this type of lift is Ski lift rubber seal wear. Research
is planned to establish a more accurate time for changing the Ski lift rubber seal wear in
order to avoid unwanted stops and increase the operational reliability of the ski lift. This
would lead to better experiences for skiers, reduce unexpected waits, and increase the
user experience. For future research, it is assumed to use non-destructive methods such
as 3D scanning using laser scanners, which can contribute to a proper comparison model
(Paneva, 2023).

6. Conclusion

The integration of mechanical tilt sensors in platter ski lift facilities is essential for
enhancing safety, operational efficiency, and equipment longevity. By implementing
precision sensors to monitor cable alignment in real-time, ski resorts can proactively
detect deviations, prevent mechanical strain, and optimize the maintenance process. The
real-time data provided by these sensors enables immediate corrective actions, reducing
the risk of malfunctions and ensuring continuous safe operation for skiers.
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The system’s visual indicators guide skiers to adjust their positioning, improving user
compliance and further enhancing ride stability. As sensor technology continues to
advance, the integration of such systems will play a pivotal role in transforming ski lift
operations and setting new standards for reliability, safety, and sustainability. These
innovations will ensure that platter ski lifts operate efficiently in dynamic winter
environments, providing a smoother and safer experience for skiers while extending the
life of the lift system.
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Abstract. The rapid advancements in Industry 4.0 have led to the widespread
use of Cyber-Physical Systems (CPS) in automated discrete manufacturing, resulting
in improved efficiency, adaptability, and connectivity. However, the increasing
digitalization of manufacturing environments also introduces significant cybersecurity
vulnerabilities, highlighting the need for urgent and effective strategies to mitigate
these threats. Digital Twin (DT) technology emerges as a promising solution, enabling
real-time simulation of cyber threats and the development of intelligent defense
mechanisms. This paper examines the crucial role of digital twins in enhancing
cybersecurity within discrete manufacturing, specifically focusing on areas such as
threat modeling, anomaly detection, and predictive defense strategies. The study also
discusses the major challenges of implementing digital transformation (DT) and
outlines future research directions to strengthen cybersecurity resilience in innovative
manufacturing settings. It emphasizes the urgent need to address cybersecurity
vulnerabilities and raise awareness about this critical issue among stakeholders.

Keywords: Digital Twins, Threat Simulation, Automated Discrete Manufacturing,
Real-Time Monitoring, Cyber-Threat Modeling

1. Introduction

The convergence of industrial automation and digital technologies has redefined
the landscape of modern manufacturing. Integrating CPS into discrete manufacturing
processes enabled unprecedented operation efficiency and automation. Still, the
interconnected ecosystems are susceptible to cyber threats, which can disrupt
production, compromise data integrity, and result in significant financial losses (XS
Web Design, 2024). Traditional cybersecurity solutions often exhibit limitations in
proactively identifying and mitigating evolving threats. In this context, Digital Twin
technology has gathered increasing attention for its potential to enhance cybersecurity
resilience. By replicating physical assets and processes in a virtual environment, DTs
provide a dynamic framework for real-time monitoring, threat simulation, and adaptive
defense strategies.

2. The Role of Digital Twins in Manufacturing Cybersecurity

A Digital Twin is a digital replica of a physical system continuously synchronizes
with its real-world counterpart through real-time data acquisition. In manufacturing
cybersecurity, DTs are proactive tools for analyzing system vulnerabilities, detecting
anomalies, and developing strategic countermeasures (Tekinerdogan, 2020). Digital
Twins facilitates a comprehensive understanding of the cyber-physical threat
landscape by leveraging sensor data, machine learning algorithms, and predictive
analytics. This capability enables manufacturers to anticipate, simulate, and respond
to potential cyber incidents before they materialize, enhancing system resilience and
operational continuity.
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Fig. 1. lllustration of Conceptual Framework of Digital Twins in Cybersecurity for Discrete
Manufacturing

3. Digital Twin-Based Threat Simulation and Detection

The ability to simulate and analyze cyber threats within a controlled virtual
environment is considered one of the fundamental applications of DTs in cybersecurity.
By mirroring the behavior of production assets and networks, DTs allow for executing
simulated attack scenarios to assess vulnerabilities and response strategies. For
instance, studies have demonstrated the effectiveness of DT-based testbeds in
replicating various attack vectors, including denial-of-service (DoS) attacks,
unauthorized access attempts, and ransomware incidents. The generated threat
intelligence can be utilized to train advanced machine learning (ML) models capable
of identifying abnormal patterns and classifying security threats with high precision.
Moreover, DTs enable the establishment of self-adaptive security protocols that
dynamically adjust to emerging threats, thereby mitigating potential disruptions in real-
time. DTs facilitate cybersecurity through a structured process of threat simulation and
detection. The threat simulation workflow involves the following stages shous in table
I. The following flowchart details the process of cyber threat simulation using Digital
Twins, illustrating the sequential stages from data acquisition to response and
mitigation.

Real-Time
Data Acquisition

Threat Modeling
& Attack Injection

Response &
Miligation Strategies

Digital Twin
Replication

Sensors, Mirroring phy- Simulating Automated
Logs, Netvii-orak sical process cyber threats Human intervention
OPC-UA-MQTT MATLAB, Similink Attack scrlpts
NetFlow Vulherability databases

TensorFlow, PyCaret

Fig. 2. lllustration of the workflow for cyber threat simulation using Digital Twins, detailing the
sequential stages from data acquisition to response and mitigation
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Table I. Stages of the threat simulation workflow
Stage Description

Real-Time Data Acquisition:
- Collecting data from loT devices, industrial machines, PLCs, and network logs.
- Network traffic is continuously monitored using deep packet inspection tools to
detect abnormal communication patterns
- Logs from Sec Information Event Management (SIEM) systems are
aggregated for historical analysis.

Digital Twin Replication: Synchronizing the virtual model with real-world processes.
- The DT mirrors the manufacturing process in a high-fidelity simulation
environment

2 - Al-Driven predictive models, including neural networks and Bayesian interface,
are used to synchronize virtual and real-world behaviors in near real-time.
- Block-chain-based integrity verification ensures that DT states remain
untampered.

Threat Modelling & Attack Injection: Simulating potential cyberattacks.
- Potential attack vectors are modelled using framework.
- Adversarial simulations include ransomware deployment, MitM attacks, and
insider threat scenarios.
- Attack injection tools simulate real-world cyberattacks on the DT environment
and analyze system resilience.

Anomaly Detection & Risk Assessment: Using Al-driven analytics to identify deviations
from normal system behavior.
- Al/ML-based anomaly detection models analyze deviations from normal
behavior using algorithms
- Risk assessment is conducted using the Common Vulnerability Scoring
System (CVSS) to classify threats based on impact and exploitability
- An event-driven cybersecurity dashboard provides real-time visualization of
detected threat and risk levels

Response & Mitigation Strategies: Implementing automated or human-assisted security
measures.
- Automated firewall rule adjustments and Intrusion Prevention System (IPS)
updates are deployed in response to detected threats.
- Al-driven adaptive security policies, utilizing reinforcement learning,
continuously optimize defense mechanisms.
- Cybersecurity incident reports are generated, logging attack details and
system responses for forensic analysis and future improvements.

4. Intelligent Defense Strategies through Digital Twins

Digital twins (DTs) are crucial in developing intelligent defense mechanisms for
manufacturing cybersecurity, going beyond just threat simulation. The continuous data
streams generated by DTs offer valuable insights into system behavior, which help
detect anomalies through Al-driven analytics. Advanced deep learning techniques,
such as recurrent neural networks (RNNs) and convolutional neural networks (CNNs),
can be integrated into DT frameworks to enhance intrusion detection capabilities.
Furthermore, DT-enabled cybersecurity systems can dynamically utilize reinforcement
learning to improve defensive strategies based on evolving threat patterns. This
adaptive approach ensures that security measures remain effective against
sophisticated cyber adversaries, ultimately strengthening the cybersecurity posture of
automated manufacturing environments. In the context of the definition of Digital Twins,
we see a wide range of applications, uses, and added benefits for DT in any production
or manufacturing system compared to traditional models.
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The division is in two categories — the first encompasses operational applications
of DTs to monitor and control systems and detect anomalies. The second category
includes tactical/strategic applications such as scenario studies, training, incident
simulation, and system design.

Understand

Live data Simulated data

DESCRIBE

Digital
twin

a DECIDE
Actuators Ob Tactic/Strategic

applications
Fig. 3. Digital twin, with the left side representing operational applications (what it is now) and
the strategic application (what if and future scenarios) on the right side

Physical
system
present

A multi-layered approach is employed:

Table Il. Layers and components/functions integrating with Al models

Layer

Components/Functions

Physical Layer

Interconnected machines, 10T sensors, and controllers.

Digital Twin Layer

Virtual model with real-time synchronization.

Al & Analytics Layer

Machine learning models for anomaly detection and predictive
analytics.

Defense Layer

Automated responses, adaptive firewalls, and security orchestration.

Defense Layer
Automated responses, adaptive firewalls, and
security orchestration

Al & Analytics Layer
Machine learning models for anomaly detection
and predictive analytics

Digital Twin Layer
Virtual model with real-time synchronization

Physical Layer
Interconnected machines, |oT sensors, and
controllers

Fig. 4. Layers and components/functions integrating with Al models
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The diagram below illustrates the WF in a loop and how DTs integrate with Al
models in the Al & Analytics Layer to enable real-time threat detection and autonomous
security responses in manufacturing environments.

Closed-Loop Intelligent
Defense Strategies

Anomaly
Analysis

Decision Threat
Making Assessment

Defense
Implementation

Fig. 5. Flow diagram of closed-loop intelligent defense strategies

5. Case Study: Digital Twin Implementation in Discrete Manufacturing

To illustrate the practical implications of DTs in cybersecurity, we shall
demonstrate the practical implications of Digital Twins (DTs) in cybersecurity; let us
consider an automated discrete manufacturing facility where programmable logic
controllers (PLCs) manage production processes (Jiang, 2024). By implementing DTs,
real-time operational data from PLCs can be continuously monitored and analyzed for
any deviations from expected behavior. In an anomaly—such as an unauthorized
configuration change or an unusual command sequence—the DT system can activate
an automated response to isolate the affected component, initiate a forensic analysis,
and prevent potential cyber incidents. This real-time anomaly detection and response
capability dramatically enhances the resilience of manufacturing infrastructures
against cyber threats. This case study examines an automated discrete manufacturing
facility specializing in high-precision industrial robotics.

The increasing reliance on Cyber-Physical Systems (CPS) in this domain has
introduced vulnerabilities, necessitating an advanced cybersecurity approach. Digital
Twins were deployed to enhance threat detection, operational resilience, and response
automation. The diagram below illustrates the stages of applying Digital Twins for real-
time monitoring and anomaly detection in an automated discrete manufacturing
environment. It outlines the data flow from PLCs to the Digital Twin system, enabling
proactive threat detection and mitigation.

The Digital Twin was used to simulate multiple cyberattack scenarios. For
instance, different threat types scenarios in a DL are described in Table 3.

In this simulated test scenario, we incorporate parts of different actual test cases
(Tayouri, 2023), (Varghese, 2022). For example, a simulated Denial-of-Service (DoS)
attack on the facility’s loT-enabled production line resulted in significant delays.
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Cybersecurity Case Study in
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Fig. 6. Cybersecurity Case Study: Digital Twin Implementation in Discrete Manufacturing

Table lll. Different threat types scenarios in a DL

Threat Type Description
aDg::(l;of-Semce (DoS) Overloading network infrastructure to disrupt communication.
Ransomware attacks Encrypting critical production files to halt operations.
. Unauthorized access to PLCs and unauthorized command
Insider Threats :
execution.
Supply Chain Attacks Ln;ac;(:;;:mg vulnerabilities through compromised software

The Al-driven anomaly detection system flagged the unexpected traffic surge,
triggering an automated mitigation response, thereby preventing real-world production
downtime. The DL autonomously adjusts firewall configurations through integration
with Al-driven models in response to detected anomalies; using reinforcement learning,
the system refined its threat identification capabilities, reducing false positives by 18
over 6 months. A set of performance metrics was used to assess the effectiveness of
the DL implementation:

Table IV. Cyber threat detection performance metrics:

Cyber Threat Detect$€v::1¥?D|gltal Response Time || Real-World Impact Mitigated?
‘Ransomware Attack H Yes HS seconds H (® Data encryption prevented ‘
DoS Attack Yes 8 seconds _ Network stabilized before

impact
‘Insider Threat H A\ Partial H12 seconds H & Unauthorized access blocked‘

The cited studies present empirical evidence and detailed methodologies for
applying Digital Twins for cybersecurity in manufacturing environments, closely
aligning with the context of this simulated case study.
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While the Digital Twin-based cybersecurity framework demonstrated significant
improvements in threat detection and response time, further research is required to
enhance its adaptability to zero-day exploits. Future implementations should explore:

. Integration of Blockchain for immutable data integrity.

. Federated Learning Models to improve security intelligence across multiple

manufacturing sites.

. Standardized cybersecurity protocols for Digital Twins in industrial settings.

6. Challenges and Future Research Directions
Despite their transformative potential, the deployment of DTs in cybersecurity
for discrete manufacturing is accompanied by several challenges:

Table V. List of description of main challenge areas in DTs

Challenge Area Description

Ensuring accuracy, consistency, and authenticity of real-time
data used by DTs.

Computational and Integration | Addressing high computational demands and seamless

Data Integrity and Authenticity

Complexities integration with existing architectures.
Standardization and Establishing industry-wide protocols and compliance
Regulatory Compliance mechanisms for DT-based cybersecurity solutions.

Future research should explore how DTs can adapt to evolving cyber threats
through self-learning algorithms and decentralized security architecture and refining
DT-driven cybersecurity methodologies by integrating blockchain for tamper-proof data
management, enhancing Al-driven anomaly detection models, and developing self-
healing security architectures. Additionally, interdisciplinary collaborations between
cybersecurity experts, industrial engineers, and Al researchers will be crucial in
advancing the effectiveness and adoption of DTs in manufacturing cybersecurity.

7. Conclusion

Digital Twins represent a paradigm shift in cybersecurity strategies for automated
discrete manufacturing, offering proactive and intelligent solutions for threat detection,
simulation, and mitigation. By enabling real-time risk assessment and adaptive
defense mechanisms, DTs enhance the security resilience of industrial infrastructures
against emerging cyber threats. As the manufacturing sector continues to evolve
toward greater digitalization, the strategic adoption of DT technology will play a pivotal
role in safeguarding critical industrial assets. Future research should prioritize the
optimization of DT frameworks, integrating advanced Al models, and establishing
standardized security protocols to ensure the widespread implementation of DT-based
cybersecurity solutions in Industry 4.0 environments.
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NOCTNPOLUECUPAHE MNMPU U3MNOJNISBAHE HA CAM CUCTEMU 3A
FEEHEPUPAHE HA YTNPABJIABALLU NMPOTPAMU 3A CNC MALLUUHU 3A
NNA3EPHO PA3AHE

CtunusiH Hukonos
TexHu4vecku yHusepcumem — Cogpus, bbreapus
BosiH BaxyeBaHoB
TexHu4ecku yHusepcumem — Cocgpus, bbnzapus

Pe3rome. B ctatnarta ca geuHMpaHn OCHOBHUTE (PYHKUUM U3MBIIHABAHU OT
noctnpouecopute Ha CAM cuctemuTe nNpu reHepupaHe Ha NporpamMmu 3a MalluHKU 3a
nasepHoTo psisaHe. PasrnegaHn ca ocobeHocTM npu  paspaborBaHe Ha
nocTnpoLecopun, U3MNon3BaHN 3a reHepuvpaHe Ha ynpasnsasawm nporpamun 3a CNC
MaLUWHK 3a nasepHo psidaHe ¢ manonssaHe Ha CAM cuctemn. [ageH e npumep 3a
reHepupaHe Ha nporpamu 3a CNC mawumHa 3a nasepHo psasaHe ¢ nanonssaHe Ha CAM
cuctemata SheetCam TNG.

Knwoyoeu Oymu: CAM cuctemn, CNC MawuHn, nasepHO psa3aHe,
noctnpouecupaHe

1. YBOA

JlazepHOTO psisaHe e efHa OT Han-NpeunsHUTe U eEKTUBHU TEXHONOrMM 3a
obpaboTka Ha maTepuanu, KOATO HaMmpa LIMPOKO MNPUMoXKeHne B WHAOYCTpusTa
(Kellens, 2014). lNpwu Hea ce wu3non3Ba KOHLUEHTPMpAH nas3epeH Inby, 3a
BMCOKOCKOPOCTHO M BUCOKOTOYHO psi3aHe Ha pasnuyHW maTepuanu, BKIHYUMTENHO
MeTanu, nnactMacu, AbpBO U Kepamuka. Vima Tpu OCHOBHUW BuAa: rasoBu nasepw,
danbbp 1 KpuctanHu nasepu. MawnHNTE M3NON3BaLLM KaTo MHCTPYMEHT 3a ps3aHe
WUNKU rpaBvpaHe nasepeH nby ca JoOunM NonynspHOCT KaTo nasep KbTepu (Laser
cutters). Toa ca mawmHn cbc CNC ynpasneHune, KOUTO ce U3nonseaT 3a NpeLmsHo
psa3aHe unu rpaBMpaHe Ha usgenusa ot pasnuyHn matepuann. CNC cuctemara 3a
yrnpaBreHue, Ha MalwnHUTE 3a NasepHo psA3aHe, OcuUrypsiea KOHTpPoONMpaHe Ha pexuma
Ha paboTa Ha u3nonsBaHusa nasep M ABMXEHUETO Ha NasepHUs MbY, HaW-4ecTo B
paBHuHata XY, cnpsmo obpabortBaHus getann. Cb3gaBaHeToO Ha ynpaBnssalla
nporpaMa 3a efHa MallvHa 3a NnasepHoO pA3aHe, He ce pasnuyaBa CbLUECTBEHO OT
Cb3JaBaHeTO Ha ynpaBnsBawia nporpama npu 2% obpaboTkM C U3non3BaHe Ha
obpaboTBaln LeHTpU. B 3aBMCUMOCT OT CMOXHOCTTa Ha M3PA3BaHUS KOHTYpP, TOBa
MOXe [a ce U3BbpLN PbYHO MUnu ¢ u3nonissaHe Ha CAM cuctema (Urinov, 2023). B
HacTodWwarta cTaTua ca pasrnedaHu OCHOBHWUTE eTanu npu reHepupaHe Ha
ynpaBndBaliy nporpamMu 3a MallMHW 3a fasepHo ps3aHe ¢ usnonssaHe Ha CAM
cucTemMu 1 cneundukaTta npym NOCTNPOLLECUPAHETO Ha Cb3aafeHuTe ¢ Tx 06paboTku.

2. eHepupaHe Ha ynpaBnsaBalwm NporpamMm 3a MallMHU 3a NTa3epHO psA3aHe
c nanonspaHe Ha CAM cucrtemn

OcHoOBHUTE eTanu Npu reHepuMpaHe Ha ynpasnsiBally nNporpaMmy 3a MallnHW 3a
nasepHo psizaHe ¢ nsnonssaHe Ha CAM cuctemun ToBa ca:

o 3apaBaHe Ha nHdopmauumsa 3a obpaboTBaLlaTa MaliMHa

NHdopmaumsTa 3a obpaboTBallaTta MaluvMHa BKMHOYBA: TUMBT Ha MaluMHaTa,
pa3mMmepuTe Ha paboTHaTa 30Ha, BUABT Ha pexellaTa rnaea, KosiTo e ce U3Non3ea u

Aap.
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Tasn nHopmaums Moxe ga ce 3anasn BbB dpavn M ga ce M3noni3esa npu
reHepupaHe Ha ynpasnssallu nporpamm 3a Ta3m mawwmHa ¢ CAM cuctemara.

o 3apaBaHe Ha o6paboTBaHUA KOHTYP

O6paboTBaHUAT KOHTYp MOXe Aa ce cb3gage B CAM cuctemata unu ga ce
MMMOpPTBA, ako € 6un npeaBapuTENHO cb3gageH ¢ nsnonaesaHe Ha CAD cucrtema.

Mpn BbBEXOAHE Ha 0b6paboTBaHMSI KOHTYpP, TOM TpsAGBa Oa ce No3uMuMoHMpa B
paboTHaTa 30Ha Ha MalwuHata W ga ce onpedeny Hadanoto Ha paboTHaTa
KoOpAuHaTHa cuctema, B KOATO LLie ce onvucea HeroBaTta obpaboTka.

Cnepn BbBexaaHe Ha obpaboTtBaHusa koHTYp B CAM cuctemarta, ToM MOXe Aa
6bae mognduumnpaH, Ypes MmawabrpaHe n pasMmHoOXaBaHe (Cb3fgaBaHe Ha Konus Ypes
poTauus, TpaHcnauusa unm CUMeTpUst), B 3aBUCUMOCT OT MHCTPYMEHTapmuymMma ¢ KOUTO
pasnosnara usnonsBaHata cuctema.

. FeHepupaHe Ha NbTA Ha pexellaTa rnaea

Mpeaon ga ce reHepupa NbTS Ha pexeuwarta rnasa, noTpedbutena Moxe na
nobaBn KbM KOHTYpa, KOWTO Xenae fa uspexe AonbrHUTENHa nHdpopmauus, Karo:
HavanHa v KpamHa no3uLms Ha pexellarta rfaea; ydacTblLm OT KOHTypa, KOUTO fa He
ce u3pasBaT (cnyxaT 3a noaabpXaHe Ha u3paA3BaHWs AeTann No Bpeme Ha
0bpaboTBaHETO); TPAEKTOPUSA Ha OBUXKEHME HA pexellaTta rnasa Mexagy otaenHute
N3psA3BaAHN KOHTYpU 1 Op.

[MbTAT Ha pexellaTa rnaea ce reHepupa aBToOMaTUYHO OT CMCTEMAaTa Bb3 OCHOBA
Ha BbBEAEHUTE B AaHHW.

o CumynupaHe 1 pegaktupaHe Ha reHepupaHaTa obpaboTka

3a ocbllecTBABaHe Ha cMMynaumsta e Heobxoanmo aa ce 3agage dopmaTa u
pa3mMepuTe Ha 3arotoBkaTa. [1pu oTKpuBaHe Ha rpybu rpeLuky B NbTs Ha pexellaTa
rnaBa, crnej Kpas Ha cMMmynaumsita, TOW MOXe Ja Cce pefakTupa 4pes3 npomsiHa Ha
BbBeAeHUTe napameTpu 3a obpaborBaHus koHTyp. CAM cuctemute, 0OGMKHOBEHO
no3BonsiBaT PbYHO NpemaxBaHe Unu gobaBsHe Ha OBMXKEHME 3a pexellaTta rnaea.

o NMocTnpouecupaHe

"eHepupaHeTo Ha ynpasnsiBallia nporpama ce noctmra Yypes nocrnpoLecupaHe
Ha nonyvyeHuMst NbT Ha pexewarta rnaea. 3a uenta ce m3bupa nocTnpoLuecop,
cboTtBeTcTBaLy Ha CNC cuctemarta 3a ynpasneHue Ha mawmHata. Cb3ganeHusT nbT
Ha pexellaTa rnaea MoOXe ga ce NocTnpouecMpa MHOMOKpaTHO 3a Cb3gaBaHe Ha
ynpaBnsaBaLum nporpamu 3a pasnuyHn CNC cuctemm.

) Busyanusauua Ha ynpaBnsBawara nmnporpamMma W OKOH4YaTenHa

penakuus

"eHepupaHaTa ynpasnsiBalla nporpama ce Bu3yanuampa B TEKCTOBU peaakTop.
Mpn Heo6XxO0ANMOCT B HESl C MOMOLLTa Ha TEKCTOBUSI pedakTop MoraT Aa ce n3sbpLiaT
OONBITHUTENHN KOPEKLNMN.

) BbBexaaHe Ha ynpaBnsiBawara nporpama B MaluMHaTa

BbBexxgaHeTo Ha reHepupaHarta ynpasnssawa nporpama B CNC cucrtemaTta Ha
MallMHaTa ce M3BbpPLUBA Ype3 U3NOM3BaHe Ha NoAXOoAsL, HOCUTES, Ha KOWUTO T Aa ce
3anuue, B 3aBUCMMOCT OT Hann4yH1UTE BXoAdoBe Ha cuctemaTta nnm ype3 DNC cuctema,
NO3BOSISABALL YNPABMEHMETO Ha HAKOSKO MaLLMHKW, CBbp3aHu B Mpexa.

3. MNocTnpouecupaHe Ha reHepupaH1sa NbT HA UHCTPYMEHTA.

PaspabotBaHeTo Ha YI1 cbc CAM cuctema ce noctura 4Ypes npeobpasyBaHe Ha
AaHHUTe, reHepupaHn oT cuctemarta u 3anucaHm B CLData (Cuter Location Data)
dann, BbB oopmart (ko4), Nnoaxoadil 3a ynpasneHue Ha KoHkpeTHa CNC malumHa.
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ToBa npeobpasyBaHe ce Hapuya nNoCTnpouecupaHe, a cneyuanuavpaHaTta
nporpama, mnsnonssaHa ot CAM cuctemata, KOATO M3BbLPLUBA NpeobpasyBaHeTo -
nocTnpoLecop.

PasnnyHute kKombrnHauum ot obpaboTeawa mawmHa u1 CNC cucrtema mnamnckesat
pasnu4Hu noctnpouecopu (Liu, 2010), (Hadjiiski, 2012).

3a pewaBaHe Ha npobnemunTe, CBbpP3aHM C MHOroobpasneTo Ha CbBPEMEHHUTE
CNC mawwuHn, B CAM cuctemute ce usnonssaT reHepanuanpaHn (obobLieHn)
noctnpouecopun. Te ca npegHasHadeHn 3a reHepupaHe Ha YI1 3a damunua CNC
cuctemm (06MKHOBEHO pa3paboTBaHM OT eQuH NPON3BOANTEN).

OcHoBHUTE (hyHKUMK, N3NBIHABAHN OT noctnpouecopa Ha egHa CAM cuctema
Npv reHepupaHe Ha MalUMHK 3a fNa3epHOTO psi3aHe ca:

° npounTaHe Ha gaHHuTe oT CLData anna;

e npeobpasyBaHe Ha AaHHUTE 3a ABWXEHWE - NO3BONA Ha noTpebutens ga
n3bupa HauyMHa Ha M3BeXdaHe Ha KOOpAWHATUTE Ha Bb3NOBUTE TOYKU OT
TpaekTopuaATa Ha OBWXKEHWe abCOMTHO WU MHKPEMEHTANHO U
n3non3BaHuTe Npu ToBa KOOPANHATHU CUCTEMMU;

e  BKMOYBAHE Ha [OONBIHUTENHW KOMaHOW - MNo3BonsiBa ga ce [obaear
KOMaHOX W cneuwanHu CUMBOMW, 3a YynpasreHuMe Ha crneumduyHn 3a
Nnas3epHOTO psid3aHe AENCTBUSA, N3MbIIHABAHM OT MalLMHaTa;

e reHepupaHe Ha pasnevyaTka Ha nporpamaTa - KOHTponMpa u3BexaaHaTa B
nporpamata WHopmaumusa, BKAOYBAHE Ha OOMBIHUTENHU  [AaHHM,
noanomarally HacTpOMBAHETO Ha MalLuMHaTa U 3anUcBaHe Ha nporpamara
BbB hbavn ¢ dopmar, nogbpxaH oT CNC cuctemata, 3a KOATO €
npeaHasHayeHa.

MocTnpouecopbT MOXe Aa M3NbIHABA M OPYrM cneunduYHN 3a KOHKpeTHaTa
MawmnHa ¢yHKuMnM, kato gobaBsiHe Ha KOMaHOM 3a ynpaBfeHuMe Ha npoueca Ha
obpaboTBaHe, oOpaboTrBaHe Ha p[gaHHM OT BkMoYeHM kbM CNC cuctemarta
n3mepBaTenHn CoHau 1 ap.

4. Nl'eHepupaHe Ha nporpama 3a uspssBaHe Ha getaun “llnaHka“

3a geMOHCTpMpaHe Ha Bb3MOXHOCTUTE Ha MOCTNPOLIECUPAHETO NPU N3NoN3BaHe
Ha CAM cuctemn 3a reHepupaHe Ha ynpasnssawu nporpamu 3a CNC mawwmHu 3a
nasepHo psisaHe, we Obaoe wu3nonseaHe CAM cuctemata SheetCam TNG
(https://sheetcamshop.myshopify.com, 2025). Ypes Hes we ce reHepupa nporpama 3a
obpaboTBaHe Ha geTtann “lNnaHka“, BbpXy MalumHa 3a nasepHo pssaHe “Neona Fiber
3000“ (www.neona.com, 2025) dour.1.

MawwwunHaTta “Neona Fiber 3000, nanonssa ¢ombpo nasepeH N3TOYHUK C MOLLHOCT
3000 [W]. ToBa 1 no3BonsABa Aa pexe NMCTOB MaTepuan oT: cToMaHa ¢ aebenvHa oo
6 [mm], anymuHun ¢ gebenvHa go 6 [mm] u mecuHr ¢ gedbenunHa go 3 [mmj. Mpwn
psisaHe Moxe Aa ce m3nonaea obayxeaHe c: kucnopogd (Oz2), asoT (N2) unu Bb3gyx
(Air). MawwuHaTa ce ynpasnsaea oT CNC cuctemata LinuxCNC GUI — AXIS user
interface.
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NMpeaeH NnogsvXKeH Kanak Yekmeppxe 3a otnagbum @ Kanak Ha yekmea»keTo
®ur. 1. CNC mawmHa 3a nasepHo psasaHe “Neona Fiber 3000

[Mpun psA3aHeTo € Bb3MOXHO KOHTPONMpaHe Ha:

o pexuma Ha pabota Ha nasepHuss U3TOYHUK - HenpekbcHaT (Continuous
mode) unu nmnynceH (Pulsed mode);

MOLLHOCTTa Ha nasepa B [%]; ;

yectoTtarta Ha umnyncute (Pulsed mode) B [Hz];

npoabinkntTenHocTtTa Ha umnyncute (Pulsed mode) B [ms];

HanaraHeTo Ha paboTHus ras (Gas Pressure) B [Bar];

n3yakeaHe 3a npobusaHe (Pierce delay) B [sec];

nosunums Ha gokyca (Focus Position) B [mm];

BMCOYMHA Ha crnegeHe npu psidaHe (Cut height) B [mm];

BMCOYMHA Ha cnegeHe npu npobusaHe (Pierce height) B [mm];
TemnepaTyparta Ha nasepHusa nstovHuk (Temperature) B ananasoH 10+40
[°CI;

o ckopocTTa Ha psasaHe (Cutting Speed) [mm/min];

o obayxsalums ras.

YacT oT Te3n napameTpu MoraT ia ce KOHTponMpaT nporpaMHo Ypes U3rnonssaHe
Ha napameTpudHn M komaHgute ot Buga MXXX PXXX kaTo:

M150 P50 — 3agaBa mowiHoCT Ha nasepa 50%,

M103 P4 - 3apgaBa no3uums Ha pokyca cnpsamMo Bbpxa Ha ato3aTta 4 [mm],

M110 - Bkntousa nasepa,

M111 - /3kniouBa nasepa n gp.
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BE=8 B REBEREHELEHER L REER:IDIScahRSUO 2 TERSE MmN JRAZAH.SEH
x

Machine options
Machine type Post processor  Working envelope Table display  Save/load

Output file units Output folder
Parts : (® Metric (® Remember last
M@ planka nova Olnch O Drawing folder
O Job file folder

(O Always use this folder
Zzero

® Top of work
Output file extension | cnc

D Top of spoil board
D) Top of table Encoding Default encoding

Tools Post processor

® | T1: Laser, 0.06 mm kerf LinuxCNC plasma - laser

T2: Laser, 0.1 mm kerf LinuxCNC plasma and laser post processor

T3: Laser, 0.15 mm kerf
1 | T4: Laser, 0.2 mm kerf Modal G-codes and coordinates
TR Comments enclosed with (and )
1 | T5: Laser, 0.06 mm kerf e miatil

Té: Laser, 0.1 mm kerf Laser outputs power as spindle speed
T88: Foil burn on INOX
T99: Marking

Operations Import post Edit post Post documentation

No Offset, 0, T1: Laser, O....

OK

f Sgl ="

Cut distance 342.814 mm, 3 Pierces, Time 18.35 s 17.544 mm, 55.697 mm Pos X| -0 mm

®dur. 2. KoHTyp 3a uspssBaHe Ha getavn “lNMnaHka“ B cpepata Ha SheetCam

CAM cucremata SheetCam npuema gaHHu BbB dpopmatm kato: DXF, HPGL,
SVG n gp. Pasnonara ¢ HAKOSMKO KOH(Urypupyemu noctnpoLecopa M no3Borisisa
Cb3faBaHe Ha noTpebuTenckn nocTNpoLEecoOpU 3a KOHKPETHM KOMOMHauumu
obpaboTealla mawmHa CNC cuctema.

SheetCam nos3eongaBa pa3mMHOXaBaHe Ha BbBEeAEHM KOHTYpu 3a obpaboTtBaHe,
ypes: konupaHe, AybnupaHe, 3aBbpTaHe U cumeTpus. Cuctemarta Buadyanusmpa
TpaekToOpUNTE Ha pexellarta rnasa, npu reHepmpaHnte obpaboTku.

Ha dur.2 e nokaszaH MMNopTBaHNA KOHTYpP 3a U3psisaBaHe Ha getann “lnaHka“ B
cpepgata Ha SheetCam, wn3bpaHuAT NOCTAPOLECOP W HEroBUTE MbpBOHAYarHu
HaCTPOWKM.

Ha dwr.3 ca nokasaHM [guanosuvte 3a CTapTMpaHe Ha npoueca Ha
nocTnpoLecupaHe 1 reHepupaHuTe nporpaMmn 3a mnspassaHe Ha getann “lnaHka“ c
n3nons3saHe Ha:

o noctnpouecop 3a CNC cucremarta LinuxCNC — goctaBeH cbc SheetCam;

o noctnpouecop Neona — paspaboteH cneunanHo 3a “Neona Fiber 3000“.

Ha reHepupaHaTta ¢ nomoLyta Ha noctnpouecopa Neona nporpama CbC CTPENKM
ca nokasaHu gobaBeHNTe OT NOCTNpoLecopa napaMmeTpmuyHn M KomaHau, N3non3BaHun
3a ynpasfieHne Ha malumHaTa:

° M113 - nskniouBa nogaBsaHeTo Ha o6ayxBall ras;

. M121 - Bgura nasepHaTta rnaeaTta Ha MakcumariHa BUCOUYMHaA;

o M125 - Bgura nasepHaTta rnaeata Ha 10-12 [mm] BUCO4nHa OT

mMartepwuana, koraTo rnaesarta e 6una Ha paboTHa BUCOYMHA.
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Running post processor X |seTTinGs X
Post processing... Milde steel = fe MATERIAL ( Options: fe, fezn, 5, al, cu, cuzn, xxx..(custom) ) | | ~
Part:planka nova Galvanized steel = fezn THICKNESS ( Format: 1.0= Tmm, 1.5= 1.5mm) 15
No Offset, 0, T1: Laser, 0.06 mm kerf Stainless steel = ss
Post processing completed Aluminium = al ASSIST GAS ( Options: air, 02, n2) air
Copper= cu =
Brass = cuzn
For Custom material code use: small letters and numbers
LinuxCNC Neona 5
oK OK
O Automatically hide me if there are no problems [[] Automatically hide me if there are no problems
7] *LinuxCNC.cnc - Notepad | *Planka Neona.cnc - Notepad
File Edit Format View Help File Edit Format View Help
0010 (Filename: LinuxCNC.cnc) (Filename: Planka Neona.cnc)
Ne@20 (Post processor: LinuxCNC plasma - laser.scpost) (Post processor: NeonaFiberS_TU_Sub_V1_M3.scpost)
N0@30 (Date: ©5/04/2025) (Date: ©5/04/2025)
N@@40 G21 (Units: Metric) G21 G40 G64P0.05
NG5 G4e G9O (Fmm )
NOO60 F1 S1 ( Material code: al-1_5-air)
Neo7@ (Part: planka nova) o <al-1_5-air> call
Neese (Operation: No Offset, @, T1: Laser, 8.06 mm kerf) | (-------------------mmmommmmm oo )
NO090 GOO Z12.7000 Goo X10 Y10 ( cCalibratig point coordinates )
NO100 X11.0735 Y16.5251 o <xcalibrate> call
NO110 73.0000 (e )
NO120 MO3 (Part: planka nova)
NO130 Ge4 PO.5 ( Operation: No offset, @, T1: Laser, ©.06 mm kerf)
N0140 GOl 71.5000 F100 SO (mmm )
NO150 GO3 X11.0735 Y16.5251 12.4749 12.4749 F2000.0 o<xcut-par-set> call
NO160 M@5 M125 ¢
NO170 GO Z12.7000 M113
NO180 X96.0735 GOO X11.0735 Y16.5251
NO190 7Z3.0000 o<xcut> call
NO200 Mo3 GO3 X11.0735 Y16.5251 12.4749 J2.4749
NO210 Go4 PO.5 M5
NO220 GO1 71.5000 F100 M125 ¢
NO230 GO3 X96.0735 Y16.5251 12.4749 J2.4749 F2000.0 M113
N@240 Me5 GO0 X96.0735 Y16.5251
NO250 GO Z12.7000 o<xcut> call
NO260 X110.0000 Y34.0000 GO3 X96.0735 Y16.5251 12.4749 ]12.4749
NO270 Z3.0000 M5
NO280 Me3 M125 g
NO290 Go4 PO.5 M113
NO300 GOl 71.5000 F100 GO0 X110.0000 Y34.0000
NO310 Y20.0000 F2000 o<xcut> call
NO320 GO2 X90.0000 Y0.0000 I-20.0000 J-0.0000 F2000.0 GO1 X110.0000 Y20.0000
NO330 GO1 X20.0000 F2000 GO2 X90.0000 Y0.0000 I1-20.0000 J-0.0000
NO340 GO2 X-0.0000 Y20.0000 10.0000 ]20.0000 F2000.0 GO1 X20.0000 Y0.0000
NO350 GO1 X0.0000 YA8.0000 F2000 GO2 X-0.0000 Y20.0000 10.0000 120.0000
NO360 X110.0000 GO1 X0.0000 YA48.0000
NO370 Y34.0000 GO1 X110.0000 YA8.0000
NO380 MeS GO1 X110.0000 Y34.0000
NO390 Goo Z12.7000 M5
No40eo Me5 M30 M121 <
M113
Mo2

®dur. 3. FeHepupaHe Ha NporpamMa 3a uspssBaHe Ha getann “MnaHka“

3a cb3gaBaHe 1 pegakTupaHe Ha noctnpouecopn SheetCam manonasa Makpo
esvka Lua (www.lua.org, 2025). [IBaTta u3non3BaHu MocTnpouecopa OTBOPEHU B
TEKCTOBUAT pedakTop 3a nocrnpouecopu npegocrtaseH oT SheetCam ca nokasaHu Ha
dwvr.4.
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- [=] X @ C\Users\ etCam TNG! berS_TU_Sub_V1_M3.scpost - Editor =] X
File Edit View Search Tools Insert Preferences Window
B H & @B o AN CEFEP 0 5
Li X ost  NeonaFibers_TU_Sub_V1_M3.scpost

D
. L LinuxCNC Neona

Errors

ine  1of 153, Col 1, Chars 5022 [INS]
®dur. 4. PegaktnpaHe Ha noctnpouecopu B SheetCam

Moctnpouecopa Neona BknoYBa pasnuyHM MOAYMAn, HAKOW OT KOUTO ca:
e  [Je(uHUpaHe Ha cTapToBUA gmanor gpur.3
-- defining material parameters

post.DefineCustomOption("MATERIAL ( Options: fe, fezn, ss, al, cu, cuzn, xxx..
(custom) )","Material",sc.unitTEXT)
post.DefineCustomOption("THICKNESS ( Format: 1_0=1mm, 1_5=1.5mm)
" "Thicknes",sc.unitTEXT)
post.DefineCustomOption("ASSIST GAS ( Options: air, 02, n2)
" "AssistGas",sc.unitTEXT)
--post.DefineCustomOption("LASER MODE ( Options: p = Pulse, cw = Continuous )
" "LaserMode",sc.unitTEXT)
" 3aJaBaHeTO Ha Kpasl Ha nporpamarta ¢wur.3
function OnFinish()

post.Text(" M121\n M113\n M02\n")

end
e un3bop MHCTPYMEHT (npegBapuTenHo AeduHUMPaHW HacCTPOWKM, 3a
napameTpute Ha mbpo nasepa)
function OnToolChange()

if (tool==88) then

post.Text ("o<xfoil-par-set> call\n")
elseif (tool==99) then

post.Text ("o<xmark-par-set> call\n")
else

post.Text ("o<xcut-par-set> call\n")
end

end
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5. U3Boau

N3non3BaHeTo Ha CAM cuctemu 3a reHepupaHe Ha yrnpasnsiBalLyn nporpaMmm 3a
CNC mawwmHu 3a nasepHo ps3aHe, 3HauMTenHo obnek4yasa paborara Ha nporpammucTta
N My NpefocTaBsa Bb3MOXHOCT Aa onTuMuaunpa obpaboTBaHeTo Ha AeTannure.

HedrHnpaHm ca OCHOBHUTE (PYHKUMM U3MbAHSBAHW OT MOCTNpOLEecopuTe Ha
CAM cuctemute npu reHepmpaHe Ha MallWHK 3a Na3epHOTO ps3aHe.

PepaktupaHeto Ha npegoctassHute ot CAM cuctemmuTte noctnpouecopu,
no3BonsiBa ga ce oTyeTaTr BCUYKM OCODOEHOCTU, HA KoMOBuHauumsTa obpaboTBalua
MawmnHa — CNC cuctema. eHepupaHuTe C KM3NON3BaAHETO Ha MoAUdMUMPaHU
NMOCTNPOLIECOPU NPOrpamMu, He U3NCKBAT AONBHUTENHO peaakTupaHe n morat ga ce
N3NBbMNHAT OMPEKTHO OT MaluMHaTa, KOeTo HamansiBa BpeMeTo 3a HacTponBaHe Ha
MalunHaTa.
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POST-PROCESSING USING CAM SYSTEMS TO GENERATE PROGRAMS FOR
CNC LASER CUTTING MACHINES

Abstract. The article defines the main functions performed by postprocessors of
CAM systems when generating programs for laser cutting machines. Features of the
development of postprocessors used to generate control programs for CNC laser
cutting machines using CAM systems are considered. An example of generating
programs for a CNC laser cutting machine using the SheetCam TNG CAM system is
given.
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