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ITEPEJIIK CKOPOYEHb

CAD — Computer Aided Design;

CPS — Cyber-Physical Systems;

IoT — Internet of the Things;

NCU — Numeric Control Unit;

AC — aBTOMaTHU30BaHI CUCTEMH;

311 — 3aparounii mpUCTPIii;

KII — kepyroua nporpama;

OK — 00’€eKT KepyBaHHS;

[TIJI-perynsitop — mponopiiitHO-1HTETrpaibHO-TUGEPEHIIHHUN PETYIATOD;
[IK — nepcoHallbHUI KOMII FOTEP;

[TYTIK — nmpucTpiil YKCIOBOTO MPOrPaMHOI0 KEPYBaHHS;
CUIIK — cuctema 4nuciIoBOrO MPOrPaMHOTO KEPYBAHHS;
KII — kepyrouunit mpucTpiif;

UYIIK — yucnoBe nporpaMHe K€pyBaHHS.

IKT - indopmarliiiini Ta KOMyHIKaI[iiH1 TEXHOIOT11

K®C — xi0epdi3uuHi cuctemu



BCTVII

Y cyvacHHMX yMOBax PpO3BHTKYy MAIIMHOOYZiBHOI ramy3i OZHMM 3
HaNBOXJIMBININX HAUPAMIB € HMiIBULIEHHA e(PeKTUBHOCTI TeXHOJOTTYHUX ITPOIECiB
00po6ku MetaniB. OcobmuBy posib y IIBOMY IIpolieci Bifirpae ¢pesepyBaHHS Ha
BepcTarax 3 4yucyjoBuM mporpaMHuM KepyBaHHAM (UIIK), ske 3abe3medye BuCOKY
TOYHICTh, AKICTb OOpOOKM Ta MOXXJIMBICTH aBTOMATH3aLii BUPOOHWYMX IIPOIECIB.
OpHak, He3BaKalouX Ha IIPOIPeCUBHUM PO3BUTOK TeXHOJIOTH, Bce e iCHye noTpeba
B OIITMMIi3aliii mporieciB ¢ppe3epyBaHHA IJI1 LOCATHEHHS OLIBLIOL IPOLYKTHUBHOCTI Ta
MiHiMi3alii BUpOOHWYHX BUTPAT.

CyvacHuil piBeHb BUPOOHMIITBA y BCBOMY CBIiTi IIOTpeOye 3aCTOCYBaHHSA
aBTOMATH30BaHOTO 00JIafHAHHA HAa BCIX JNiMAHKAX OyAb—AKUX BUPOOHUIITB.

OCHOBHI TEXHOJIOTIT BKIIOYAlOTh BUKOpHCTaHHS IHTepHery peuedt (loT),
MTYy4HOTO 1HTENEKTY (Al), MaIMHHOTO HABYAHHS, BEJIMKUX JaHUX, XMapHUX Ta
nepudepiitHux o0uYMciIeHb, POOOTIB Ta aBTOHOMHHUX TPAHCIOPTHUX 3aco0iB. Bcei 11
TEXHOJIOT1i JT03BOJISIIOTH CTBOpIOBaTH "po3ymHi (abpuku", e BUPOOHUYI MPOIECH
MaKCUMAaJIbHO aBTOMAaTH30BaH1 Ta 1HTErPOBaH1, IO JO3BOJIAE JOCITTH BUCOKOTO PiBHS
MPOAYKTUBHOCTI Ta SIKOCT1 32 HUKUYOIO COO1BAPTICTIO.

Takox BayxTMBUM € BUKOpUCTaHHS Kibephiznuaux cuctem (CPS), ki MoeaHyIOTh
B co01 1udpoBi Ta (i3u4HI KOMIOHEHTH, Ta uudposi aABiiHUKK (Digital Twins), 1o
JTO3BOJISIFOTH MOJIETIIOBATH Ta ONTHUMI3YBaTH BUPOOHMUI MPOIECH B pEalbHOMY 4Yacl.
Bukopucranusi Takux pilieHb poOUTh BUPOOHUIITBO OUIBII aNalTUBHUM 1 THYYKHUM,
CIIPUSIIOYM MIBUJIIIINA alanTariii 70 3MIHHUX YMOB PUHKY

[TinmpuemMcTBaM JOBOAUTHCS MIOJIATH TPYMHOI, MOB'SI3aHI 3 HECTAuCl0 3HAHb,
pecypciB, a TAKOXK CTpaxoM nepesr MaciTabHuMu 3miHaMmi. Lle moTpedye cTpareriyHoro
IJIaHYBAaHHS Ha PIBHI J€pXKaBU, PETIOHIB Ta CAMHUX MIANPUEMCTB, a TAKOK 3aITy4YECHHS
KBaT(hiKOBAaHUX KaJIPiB Ta MOCTIHHOTO HABUYAHHS ITEPCOHAITY.

Taxi TeXHOJIOrIT HE TUIBKU MIJBUILYIOTh €(DEKTUBHICTD, ajie il CTBOPIOIOTH HOBI

013HEC-MO/Iell, 1110 3MIHIOIOTh CIIOCIO B3aeEMO/IT Y BUPOOHUUYMX JIAHIIOraX MOCTaYaHHs.
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Takum 4rHOM, aBTOMaTHU3AaIlisl BUPOOHUIITBA € BAXJIMBUM KPOKOM JIJIsl Cy9acHUX

MIIPUEMCTB, OCKUIBKH JIO3BOJISIE JOCSTTH BHUCOKOI KOHKYPEHTOCIIPOMOXHOCTI Ta
3a0e31euy€e rHy4YKICTh BAPOOHMYMX MPOIECIB B YMOBAaX IIBUIKUX 3MiH Ha PHUHKY.

HeobximguicTe aBTOMaTM3alii BUPOOHWYMX IIPOIECIB 1 KOXHOTO BUAY
o0JlaHAaHHA 3yMOBJIEHA THM, 1[0 BOHA € BAYKJIMBOIO YaCTUHOIO CUCTEMH, L0 BU3HAYAE
e(eKTUBHICTH 1 PO3BUTOK CyYaCHUX MAIIWHOOYiBHUX misnpueMcTs. lle mae 3amory
3HAYHO 301MBIIUTH OOCAT BUPOOHWIITBA IIPU OJHOYACHOMY 3HIDKEHHI BUTpAT Ha
BUTOTOBJIEHHS IIPOAYKIIi].

BrpoBamxeHHa aBTOMaTH3allii BUPOOHUIITBA € TAKOX aKTyaJIbHUM TOMY IIO,
0e3 Hel HEMOXJIMBe KOHKYPEHTHOCIIPOMOXKHe ICHYBaHHfA KOMIIaHII Ha pHHKY.
Tomy w10 aBTOMaTH3aLis BUPOOHUTBA TATHE 32 COOOIO MiABUINEHHA BUPOOHUYOCTI
mpari, picT 06’eMiB BUITyCKy IPOAYKIIii, MiBUIIEHHA SKOCTI BUPOOiB, CKOPOUEHH
ZOJI1 JIIOJCHKOI ITpaifl.

CxyafHO YABUTH Cy4acHe BUPOOHUITBO Oe3 OOJIafHAaHHA 3 YIIPABIIHHAM.
Koxae mizmpueMcTBO Mae, IjIf JOCATHEHHSI BUCOKUX IIOKa3HUKIB IIPOAYKTHUBHOCTI,
OCHAIIYBAaTH CBOi BUPOOHWUI JIiHII BepcTaraMu 3 yIpaBmiHHAM. [Ipukiazom Takoro
obnamuaHHA € dpesepHi Bepcratu 3 UIIY.

I Tomy, BUXOAAYN i3 BUIECKAa3aHOTO, MOXKHA 3pOOUTH BUCHOBOK, IO 33Jada
aBTOMAaTH3allii IpolleciB ynpasaiHHA BepcTatamu 3 UIIY e akTyanbHOIO.

Mera xBamidikamiiinoi poboT MaricTpa — TiABHUIIUTH e(eKTUBHICTH
bpesepHOI 00pOOKM dYepe3 IOKpalleHHSA IIOKAa3HWKIB 4Yacy BCTAaHOBJIEHHA Ta
IepeperyII0BaHHA CUCTeMU.

J1J1st BUpIIIICHHS TOCTaBJICHOT METH HEOOX1THO BUPIMIUTH TaKi 3aja4i:

— TpoaHai3yBaTH CY4YaCHHUN CTaH PO3BUTKY CHCTEM aBTOMATH3allii yHpaBIiHHS
Bepctartis 3 UITY;

— pO3pOOHTH MaKeT BEPCTATy;

— pO3po0uUTH CIOCIO MIABUIIECHHS SAKOCTEW MEPEXIAHOr0 MPOLECY CUCTEMU; —

po3paxyBaTH MapaMeTPH CTIHKOCTI Ta SKOCTI CUCTEMU;



— ONTUMI3YBaTH OTPUMaHI TapaMeTpH;
— MPOBECTHU EKCIIEPUMEHTANIBbHI JOCIIIKEHHS.
PoGoTa BHMKOHaHA 3riHO METOAWYHUX BKa3iBOK Ta 3 BukopuctanHsMm J[CTY

3008:2015 [3].
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1 AHAJII3 CYYACHHUX PIIIEHDb Y CP®PEPI ABTOMATHU30BAHOI'O

YITPABJIIHHSA BEPCTATAMUA 3 YnCJIOBUM IHPOI'PAMHUM
KEPYBAHHAM

1.1 EBoJsrontist cy4acHHX CHCTEeM aBTOMAaTH3alii BUPOOHMYMX NPOLECIiB

EBomronist cucteM aBToMaruzailii BHUPOOHHYHUX TMPOIECIB CTajga OJAHUM 13
KJIOYOBUX UYWHHUKIB PO3BUTKY IMPOMHCIOBOCTI y PI3HHMX €Tamax I1HAYCTpialbHUX
peBoJroLiii. Bix BpoBapyKeHHS MapoOBUX MAIIMH JI0 Cy9acHUX Ki0ep(di3uUHUX CHUCTEM,
aBTOMaru3aiisi Oe3mocepefHbO  BIUIMHYJIA Ha  MIJBHUINEHHS MPOAYKTUBHOCTI,
e()EeKTUBHICTh YIIPABIIIHHS BUPOOHUILITBOM Ta 3a0€3ME€UYEHHS BUCOKOI SIKOCTI MPOIYKIIIi.
3aranom BUAUIAIOTH HACTYIIHI €Tallu:

- Imgyctpia 1.0: [lepmmii etan iHaycTpianbHOI peBomtouii (18-19 cromirrsa) Oys
30CepeKeHNI Ha MeXaH13allli BUpOOHUIITBA 3 BUKOPUCTAHHSM MapOBUX JBUTYHIB. Lle
JTIO3BOJIMJIO 3HAYHO 30UIBIIMTH BUPOOHUYI MOTYKHOCTI Ta 3HU3UTH BUTPATU HA PYyUHY
npaito. ABTomMaru3allis y nei nepiog oOMexyBanacs JIHMILIEe MEXaHIYHUMH IPUCTPOSIMU
Ta MamuHaMu.[19]

- Ianyctpis 2.0: dpyruit eran (xiHeub 19 — mnowarok 20 CTOHITTS)
XapaKTepu3yBaBCsl MACOBUM BIPOBAKEHHSIM €JIEKTPUKHU Ta CTaHIAapTU3allli MPOIIECiB.
Enexrpudikaiiss 3aBofiB Ta MIAOPUEMCTB Jaja TMOIMITOBX [JII  PO3BUTKY
aBTOMAaTH30BaHUX CUCTEM Ha OCHOBI €JICKTPOMEXaHIYHUX KOMIIOHEHTIB, 1O IMiIBUIIIIIO
THYYKICTh 1 IIBUJIKICTh BUPOOHWYMX TporieciB. Ha 1ipoMy eTami 3’sBHIIMCS KOHBEEPHI
CUCTEMH, 1110 CIIPUSIIIU MAaCOBOMY BUPOOHUIITBY. [19]

- Inpyctpis 3.0: YV 20 cTomiTTi aBTOMaru3ais J0CAra HOBOTO PIBHS 3aBASIKU
PO3BUTKY KOMI'IOTEPHHMX TEXHOJOTIH Ta iH(MopmamiitHux cucrteMm. lle OyB modarox
BUKOPUCTAHHS TporpaMoBaHux Joriunux koHTposepiB (IUJIK), mo mo3Bommiu
aBTOMAaTU3yBaTH CKJIQJHI MPOIECH BHPOOHMIITBA, a TAKOXK KEPYBaHHS HUMH depe3
xomm'rotepu. [louanacs mmdpoBa Tpanchopmallis BUPOOHMIITBA, IO TpHU3BENA [0
ONTHUMI3alli yIpaBIiHHS Ta 3a0e3Me4eHHs] BUCOKOI TOUHOCTI BUKOHAHHS OTIEPALIiif.

- Impyctpis 4.0: CyuyacHuii eTan po3BUTKY, IO TOYaBCs Ha MovaTky 21 cTomiTTs,

XapaKTEePU3YEThCA 1HTErpaIiero KioepdizuuHux cuctem, mrydHoro iHtenekry (LLII),
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Intepuery peueir (IoT) Ta Benmukux naHux y BuUpoOHH4YI mporecu. Iamycrpis 4.0
OpIEHTOBaHa Ha CTBOPEHHS "po3yMHUX (abpuK", 1€ MAIIMHKA Ta CHCTEMH aBTOMATHYHO
aIanTylThCs 10 3MiH YMOB, B3a€MOJIIOMHM OJWH 3 OJHMM B peanbHOMy 4yaci. e

3a0e3Meuye BUCOKY THYUKICTh, €(DEeKTUBHICTh Ta MPOAYKTUBHICTh BUPOOHUIITBA. [19]

1.2 Inpycrpisn 4.0

[agyctpiss 4.0 — 1e cyyacHa KOHUEIIIS PO3BUTKY MPOMHUCIOBOCTI, IO
nepenbadae 1UGpoBy TpaHCHOPMAIlI0 BUPOOHHUIITBA UYEpE3 IHTETPAIlil0 HOBITHIX
iHopMmaniiftHux Ta koMmyHikauiiHux TexHoiorik (IKT). Ileit miaxia rpyHTyeTbCs Ha
BUKOpucTaHH1 Kidep-Pizuunux cucteM (KOC), intepuery peueit (IoT), Benukux manux
(Big Data), mryunoro inrenekry (LI) Ta XmapHux oOYHMCIIEHb AJIE CTBOPEHHS
po3ymHuX mianpueMctB. OcHoBHA MeTa [HaycTpii 4.0 — MiABUIIIEHHS TPOAYKTUBHOCTI,
THYYKOCTI BUPOOHUYUX MPOIIECIB Ta €PEKTUBHOCTI yIpaBIiHHS pecypcamu.[20]

Konnenuis Oyna npencrasineHa B Himewunni y 2011 poui Ha ["aHHOBEepchKkOMY
ApMapKy, 10 CTAJI0 MOYaTKOM HOBOIO €Tally B PO3BUTKY CBITOBOI IPOMHCIOBOCTI.
Inaycrpis 4.0 3MiHMIA TIAXOAM A0 OpraHi3aili BUpOOHUIITBA, KEPYBAHHS JIAHLIFOTAMU
MOCTAaYaHHS Ta B3a€MOJI1i MK MAMPUEMCTBAMHU Ta CIOXKKBaYaMu. [ 19]

[oT 3abe3neuye oOMiH gaHUMU MDK (I3UYHUMHU OO'€KTaMH 4Yepe3 MEpexi.
3aBAsSIKM CEHCOpaM Ta MPUCTPOSIM, MIAKIIOYEHUM 10 IHTEPHETY, MIJIPUEMCTBA MOXKYTh
aBTOMATU3yBaTH MPOIECHU, KOHTPOJIIOBATH poOOTYy OONaJHAHHA Ta MPOTHO3YBaTH
TEeXHIYH1 HecipaBHOCTI.[20]

KO®OC o0'ennytors ¢pizuuHi 00'ekTH Ta ixHI UU(POBI ABIMHHUKY, IO JO3BOJISIE
IHTerpyBaTH BUPOOHUYI TIporiecH y nmudpose cepenonuiie. L{i cuctemu 3a6e3medyroTh
B3a€EMOJI1I0 MK (DI3MYHUMHU 1 WWW KOMIIOHEHTaMH BUPOOHUIITBA B PeaIbHOMY 4Yaci.

I Ta anropuT™¥H MAIlIMHHOTO HAaBYaHHS I03BOJISIIOTH aHAITI3YBaTH BEJIUKI 00CsITH
JTAaHUX Ta ONTHUMI3yBaTu BUpOOHMUI Tiporiecu. Lle BKiIto4ae aBToMaTH4HyY J1arHOCTHUKY,
MIPOTHO3YBaHHS 300iB 1 ONTUMI3aIlil0 BUKOPUCTAHHS PECYPCIB.

XMapHi miathopMu HAAAIOTh MOXJIMBICTH IIEHTPANI30BAaHOTO 30€piraHHs Ta

00pOOKH JTaHUX, IO CIPOIIYE YIpaBIiHHSA mianpueMcTBoM. Bognouac Texnonorii Edge
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Computing 103BOJISII0OTE 00pOOIATH AaH1 HA iepudepli Mepexi, 10 3MEHIITY€E 3aTPUMKHU
Ta MIJBUIIY€E MPOTYKTUBHICTH.[20]

Takok BUKOPHCTOBYIOTHCS TaKi TEXHOJIOTII sk udpoBi aBiitHukH (Digital Twins),
JIOTIOBHEHa Ta BipTyalbHa peanbHiCTh (AR/VR), iHTErpoBaHi CHUCTEMHU YIpaBIiHHS
BupoOHuiTBoM (MES, ERP).

[udporuit ABIMHUK — 1€ BIpTyaJibHa MOACHb (Pi3MIHOrO 00'ekTa abo IMpoIIeCy,
sKa BiloOpakae WOT0 B peaslbHOMY 4Yaci. BOHM TO3BOJISIOTH MOJEITIOBATH CIIeHApii
poboTu 00JiaHAHHS, BUSBIATH IOTEHINMHI TpoOJeMy e 10 iX BUHUKHEHHS Ta
ONTHUMI3yBaTH MPOLIECH.

Texnomorii AR/VR BUKOPUCTOBYIOTbCS JUIsl HaBYaHHS MPALIBHUKIB, TEXHIYHOI
HNIATPUMKHA Ta OOCITYroByBaHHA oOnajgHaHHsA. Hampukian, J0MOBHEHA pEasbHICTh
JIO3BOJISIE  OMEpaTopy OauuTh I1HCTPYKIiI B peaJbHOMY Yaci IMijJ Yac PEMOHTY
oOyaIHaHHS.

MES, ERP cucremu [103BOJSIIOTE €(DEKTUBHO KEpyBaTH  pecypcamu
NIJIPUEMCTBA, BIJICTEKYBaTH BUPOOHMYI MPOLIECHM B pPEATbHOMY 4Yacli Ta IIBHJIKO

pearyBaTtu Ha 3MIHU IIOIIUTY.

1.3 InTepHer peuyei

[arepuer peueit (Internet of Things, [0T) — 11e KOHIIETITISA, IO OXOTUTIOE MEPEKY
¢13uuHMX 00’ €KTIB, 00JaAHAHHS Ta MPUCTPOIB, SIKI OCHAIIEHI CEeHCOpaMu, IPOrPaMHUM
3a0e3MeueHHsM Ta MiIKII0YeHHsIM /10 iHTepHeTy. [onoBHa ies [oT nomnsirae y Tomy, 1100
IPUCTPOi MOV 30MpaTH, OOMIHIOBATHUCS Ta aHaNI3yBaTH JlaHi 0e3 BTpy4aHHs JIIOUHH,
10 CHpUs€E NABUIICHHIO €()EKTUBHOCTI, aBTOMATH3allli Ta Oe31epepBHOTO MOHITOPUHTY
pi3HuX Tpornecis.[20]

[oT Bimirpae kiIrO4OBY posib y po3BUTKY IHmyctpii 4.0, amke 3a0e3mnedye
iHTerpamiro (izuyHux 00'ekTiB y mudpoBuii mpoctip. Crorogni loT oxorutroe pi3Hi
rajrysi, Bii pO3yMHUX OyAMHKIB 1 MiCHKUX 1HGPACTPYKTYP J0 CKIATHUX BUPOOHUYHX Ta
JIOTICTUYHUX CUCTEM.

loT-cucremu 3a3BrU4ail CKIaJar0THCS 3 TAKUX KJIFOYOBUX E€JIEMEHTIB:
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- Cencopu. lle ¢i3uuHi KOMIOHEHTH, SKI 30UpalOTh JaHI TPO CTaH
HABKOJIMIIIHBOTO cepenoBuina abo mpouecu. [IpuknagamMu € AaT4MKU TEMIEpaTypH,
BOJIOTOCTI, pyxy, GPS-Tpekepu Tomio.

- KomyHnikaiiiai mpoTokonu Ta Mepesxki. s mepeaadi TaHUX BUKOPUCTOBYIOTHCS
pizai Texnozorii: Wi-Fi, Bluetooth, 5G, ZigBee, LoRaWAN. Bubip mnporokomy
3QJIKHUTH BiJl BAMOT JI0 IBUJIKOCTI Mepesiadl JaHWX, CHEPTroCIOXKUBAHHS Ta pajlycy Jii.

- [Tnardpopmu 006poOku manux. JlaHi mepenarThcs A0 XMapHUX Iutardopm adbo
o0pobisaroThCs Ha niepudepii mepexi (edge computing). XMapa BUKOPUCTOBYETHCS TSI
aHaJli3y BEJMKHX MacHBIB JaHMUX, a edge-mpucTpoi MO3BOJSAIOTH MPUMMATH PIIICHHS
JIOKAJIbHO 1 3 MIHIMAJIBHOIO 3aTPUMKOIO.

- Cucremu ympaBmiHHS Ta 1HTepdeiicu. lle mporpamue 3a0e3mneueHHs, IO
JI03BOJISIE KOPUCTyBauaM MOHITOPUTH Ta KepyBatu loT-mpuctposimu depe3 BeO-
iHTepdeiicn abo MoOuUTbHI gomatku. [lpukiamom MoxyTh OyTd iHTepdeiicu s
KEepPYBaHHS pO3yMHUM JIOMOM a00 BUPOOHUYUMU TIPOLIECaMHU.

VY npomucnoBocti [0T BHUKOPHCTOBYETBCS ISl MOHITOPHHIY Ta YHPABIIIHHS
BUPOOHMYMMHU JIHISIMHM, @ TaKOXX IMPOTHO3YBaHHS MOJOMOK oOmamHanHHs (predictive
maintenance). 3aBIsSKM CEHCOpaM Ta AaHANITHUII MIANPUEMCTBA MOXYTh YHHUKATH

IIPOCTOIB 1 3MEHIIYBaTH BUTPATH Ha PEMOHT.

1.4 Ki0ep¢dizuuHni cucremMu

Kibepdizuuni cucremu (Cyber-Physical Systems, CPS) — me iHTerpariis
¢13u4HNX 00’€KTIB Ta MPOLECIB 13 LHUPPOBUMH TEXHOJOTISIMU 4Yepe3 KOMI HOTEpHI
CUCTEMHU Ta Mepexi. BOHU M03BONSIOTH 3MIMCHIOBATH MOHITOPUHT, YIPABIIHHS Ta
ONTUMI3AIlII0 TIPOIIECIB Yy pealbHOMY Yaci 3aBASKH TICHIM B3aeMoOii Mk (PI3UUHUM 1
BipTyasibHUM cBITOM. CPS € 0CHOBOIO Takux CydacHUX KOHIeMuii, sk [uayctpis 4.0,
po3yMHi (pabpuKu, aBTOHOMHI TPAHCIIOPTHI CUCTEMHU Ta PO3yMHI MicTa.[1]

TonoBHOMO 1i7e€r0 KiOEp(DI3UYHUX CHUCTEM € TOEAHAHHA MaHUX 3 (PI3UYHUX
CEHCOPIB 1 MPUCTPOIB 3 aHATITUKOIO Ta YIPABIIHHAM depe3 MudpoBi miaTGopMH, 110

JI03BOJISIE CUCTEMAaM MPaIOBaTH aBTOHOMHO Ta a/IaliTyBaTUCS J10 3MIH Y CEPEIOBUIIII.



12

VY pesynbprari aKTUBHOTO BIIPOBA/KEHHS JATUYUKIB Ta MEPEKEBUX MPUCTPOIB
BiIOyBa€eThCs Oe3MepepBHE HAKOMTMYSHHS BEIMKUX 00CSTIB JaHUX, BiomMuXx sik Big Data
[1]. B ymoBax Takoi aquHamiku kidepdizuuni cuctemu (CPS) moxna agantyBatu juist
e(eKTUBHOTO YIPAaBIiHHS [IUMHU JAaHUMH Ta KOOPIUHAI] B3a€MOIIT MK MPUCTPOSIMH,
[0 JI03BOJIUTH CTBOPIOBATH aBTOHOMHI, THYYKI Ta CaMOKOHTPOJLOBaHI cuUcTeMu [2].
HonartkoBo, BrnpoBamxkeHHss CPS 'y mpouecu BUPOOHMIITBA, JIOTICTUKM — Ta
OOCIIyrOBYBaHHS CHpPUATHME TEPETBOPEHHIO TPAIUIIHUX 3aBOAIB Yy (adpuku
Inayctpii 4.0, mo MaruMme 3HaYHUN eKOoHOMIYHUHN edekT [3].

Posrsinemo apxitextypy CPS, BoHa ckiaga€eThest 3 1’ ATH PiBHIB.

®i3uyHUl piBeHb. BKIIIOUae JaTuuKu, aKTyaToOpH Ta MPUCTPOI, 0 B3a€MOJIIIOTh
13 ¢i3uyHUM cepepoBuieM (OONagHAHHSA, MAIIMHH, TPAHCIOPTHI 3aco0M TOIIO).
CeHcopu 30uparoTh JIaHi, a aKTyaTOpU BUKOHYIOTh KOMaH HA OCHOBI aHATITHKH.

Komymnikariiinuii piBeHb. 3abe3nedye OOMIH JaHUMU MK (DI3UYHUMHU Ta
upPOBUMHU KOMIIOHEHTaMu. 3a3Buuail BUKOpUCTOBYI0oThes Mepexi [oT, Wi-Fi, 5G, a
TaKOX CIeLIaJIbHI MPOMHUCIIOBI ITpoToKoiM (Hanpukian, OPC-UA, Modbus).

[Hudposuii pieHs (oOurcitoBaIbHUI). BKitouae 00UnCIIOBAIbHI PECYPCH IS
00pOOKM TaHMX, 10 HAJIXOIATH 13 CEHCOPIB, a TAKOXK JJI MPUUHATTS pilieHb. Lle Moxe
OyTH sIK XMapHa miaargopMa JJid aHalli3y BEIUKUX OOCATIB JaHUX, TaK 1 edge-mpucTpoi,
110 3a0e31euyoTh 00YMCIIeHHs 0e3MoCepeTHhO Ha MICIT.

Kepytounii piBeHb. Ha 1poMy piBHI NpaltolOTh AJITOPUTMHU YNPABIIHHA, LIO
aHaI3yIOTh JJaH1 Ta MPUIMAIOTh PIIICHHS II0JI0 aBTOMaTH3allii mporieci. L{e Moxke OyTu
cucrema kepyBaHHs BupoOHuIITBOM (MES) abo aBTOHOMHa cucTema yHOpaBIiHHS
TPAHCTIOPTOM.

[aTepdeiicu kopuctyBaua. /[ae MOXIMBICTH JIONSAM B3aEMOIISTH 3 CHCTEMOIO
yepe3 MOOUIbHI 10AaTKH, BeO-1HTepdeiicu abo nucneryepchki miargopmu. Inrepdeiicu
3a0e3MeuyIoTh Bi3yasi3aliio IpOoIEciB 1 Aal0Th 3MOTy BTPYYaTUCs y POOOTY CHCTEMU B
pasi moTpeowu.

Y po3ymHux ¢adbpukax (smart factories) kiGepdizuuni cucremu (CPS)
IHTErpyIOTh YC1 BUPOOHHYI MPOIIECH B €IMHY CUCTEMY, 3a0€3IMeuyroun Oe3rnepepBHUit
OOMIH JJAaHUMH MDK OOJIalHAHHSAM, MPOrPaMHUM 3a0€3MEUEHHAM Ta YIpPaBIIHCHKUMHU

pimieHHsMU. JlaTYuKW Ha BUPOOHWYMX JIHISX BIJCTEXKYIOTh CTaH OOJaJHAHHS,
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TeMIIeparypy, piBeHb BiOpalilii, 3HOC KOMIIOHEHTIB Ta 1HIII TapaMeTPU B peaIbHOMY Yaci.
Ha ocHOBI 1ux AaHMX cHUCTEMa aBTOMAaTHMYHO KOPHUTYE HaJAIITyBaHHS, ONTHMI3yIOUH
poboui mporiecu abo 3aryckae MNpoduUIaKTHIHE OOCIyrOBYBaHHS, SKIIO BHSBJICHO
BIIXWJICHHS YW 3arpo3y mosoMku. lle mo3Bomnsie yHuKaTtu HemependadeHux 300iB,
MiHIMI3yBaTH MPOCTOT Ta MiBUIIYBATH 3arajibHy €(eKTUBHICTH BUPOOHMIITBA.

Kpim Toro, Taki cucTeMHU MOXYTh CAMOCTIMHO IUIAaHYBaTH BUPOOHUYI MPOIIECU
3aJIe)KHO BiJ] PIBHS 3aBaHTAXCHHS JIHIM 1 MOMWTY Ha MPOAYKIIIO, IO 3ade3mneuye
IHYYKICTh Y BUKOHAHHI 3aMOBJIeHb. 3aBlaku iHTerpanii 3 ERP-cucremamu (Enterprise
Resource Planning) i maniroramMmy nocradaHssi, BUPOOHUIITBO aBTOMAaTUYHO OHOBIIIOE
JIaH1 IIPO HAsBHICTh MareplajiiB Ta ONTUMI3YE JIOTICTHYHI ONeparii.

[HTenexTyasbHe BUPOOHHUITBO TAaKOX CIPHSIE MiJABUILEHHIO SKOCTI MPOAYKIII].
CucTeMHu MaIIMHHOTO 30pY Ta aJTOPUTMHU IITYYHOTO 1HTENEKTY 311HCHIOIOTh KOHTPOJIb
SKOCTI Ha KOXHOMY €Tali, BHSBIAIOYM JACPEKTH 1€ [0 3aBEpIICHHS LUKIY
BupoOHuNTBa. lle 3MeHIlye KUIbKICTH Opaky Ta J03BOJISIE CBOE€YACHO BHOCUTHU
KOPEKTUBH.

Kpim minBuIlleHHS NPOAYKTUBHOCTI Ta SIKOCTI, TakKi PIIICHHS JIOMOMAararoTh
3MEHILUTH CIOXKHUBAHHS €Heprii Ta pecypciB. CHUCTEMH aHaNI3ylOTh JAaHi Mpo
CIIOKMBAaHHS PECYpPCIB Ta BUSBISIOTH MOMJIMBOCTI JUJIi ONTUMI3AIlli, HaNpUKIa,
aBTOMAaTUYHO BHMMKAIOUM HEBMKOPHUCTOBYBaHI MallMHU a00 MepeHaJallTOBYIOUYH
MPOLIECH JJIsi 3MEHILEHHS €HEeprocrnoXKuBaHHA. TakuM 4MHOM, po3yMHI (aOpuKH He
JIUIIE TiJIBUIIYIOTh KOHKYPEHTOCIPOMOXKHICTh MIANPUEMCTB, alleé W CHPUSIIOTh
€KOJIOT1YH1M CTaJIOCTI.

Taka iHTerpamisi yciXx KOMIIOHEHTIB y €IUHY MEpEXY J03BOJIsIE CTBOPUTHU
MOBHICTIO aBTOMAaTHU30BaHE Ta THYYKE BUPOOHHMYE CEPEIOBHILE, SIKE aJaNTyeThCS 10
3MiH MOMUTY Ta YMOB PUHKY, BIIKPUBAIOYH HOBI MOXJIMBOCTI JIJIsl pO3BUTKY Oi3HECY B
ymoBax [uaycrpii 4.0.

Kibepdizuuni cucteMu CKIamarOThCS 3 JBOX OCHOBHUX KOMIOHEHTIB. [leprmii
3a0e3neuye Oe3NepepBHE MIAKIIOUEHHS IS IIBUAKOTO 300py JaHUX 13 (PI3UYHOro
cepenoBuiia Ta oOMiHy 1H(popmariietro MK (i3UYHUMU 00 €KTaMH 1 HUPPOBUMH
cuctemMamMu. J[pyruii KOMIIOHEHT 30CEpEeIKEHUI Ha pO3yMHIA 00poOll LHX JAHHX,

BUKOPUCTOBYIOUM aHATITUYHI IHCTPYMEHTH Ta OOUUCIIIOBAIbHI PECYPCH ISl CTBOPEHHS
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KiOeprpocTopy, /e 3A1MCHIOETHCS KePyBaHHS Ta ONTHUMI3AIlisS MPOIIECIB Y peaIbHOMY
qaci.

[Ipote Taka BUMOra € Ha/ITO 3araJIbHOIO Ta HEYITKOIO JIJIsl IPAKTUYHOI peaizallii.
Ha Bigminy Bin apxitektypu 5C, ska MOKpOKOBO omucye mporec modynoBu CPS,
MOYMHAIOUH B1J1 300y JaHMX 1 3aBEPIIYIOYM aHATITHKOIO Ta OI[IHKOIO KiHIIEBOT BapTOCTI,
1151 MOJIETTh 3a0e3Meuy€e CTPYKTYPOBaHUM MIAX1]] A0 BIPOBAIKEHHS CUCTEM.

Apxitektypa SC Ma€ HACTyITHI PiBHI.

3’eqnanns (Connection). Ha nepriioMy piBHI BiiOyBa€eThCs iHTErpatlis Gpi3uyHUX
MPUCTPOIB, TAKUX K JATYUKH, KOHTPOJIEPH, pOOOTH Ta iHIIE BUPOOHUYE OO HAHHS,
13 nudpoBumu cucremamu. Lleil etan nependayae MiAKIOYEHHSI BCIX MPUCTPOIB J0
Mepexi Juist 300py TaHUX y pealbHOMY Yaci. JlaTyuku BiJICTEKYIOTh TaKl MapaMeTpH, siK
TeMIleparypa, Bibparis, IBUAKICTb POOOTH, 3HOIIEHHSI KOMIIOHEHTIB TOILO, IEPEAatOun
JaH1 y CUCTEMY LTS MOJIAJIBIION 00poOKH.
OcHoBHa MeTa: 3a0e3Me4nTH TOCTYII JI0 BCIX JIaHMUX 1 CTBOPUTH 0a3y Juist mudpoBizaliii
BUPOOHHYHUX MPOLECIB.

[TepetBopennst (Conversion). 310paHi 1aHi 00pOOISIOTHCS Ta IEPETBOPIOIOTHCS Y
3po3yMiuiuid  (opmar s aHAMITUYHUX cucTeM. Ha 1pomy erami NpOBOAMTHCS
¢GiapTpaliis, OYMILEHHA Ta MEpPBUHHUN aHaji3 JaHuX. MeTow UbOro pIiBHS €
MIEPETBOPEHHS BEIUKOTO MOTOKY «CHUPHUX» JIAHUX Yy KOPHUCHY 1H(MOpMAIIitO, sIKa MOXKE
BUKOPUCTOBYBATUCA  JUIS  TPUUHATTA  pIlIEeHb  Ha  HACTYNMHUX  PIBHSAX.
OcHoBna meta: [ligroryBaru naHi I aHAJITUKY Ta BUSBJICHHS aHOMAJIIH y TIpoIiecax.

Kibepueruka (Cyber). Leit piBens 3a0e3neuye HEeHTpani30BaHU MOHITOPUHT Ta
KOHTPOJIb 3a JIONOMOTOI0 HUGPOBUX MojeNeld BUpOOHUUYUX TporieciB. [Hpopmairis 3
PI3HHUX MPUCTPOIB 00'€NHYETHCS B €UHY KiIOEPHETHYHY MOJIECIIb, sIKa BiT0Opa)kae cTaH
CUCTEMHU B peasibHOMYy 4aci. Ha 1iboMy piBHI BUKOPHUCTOBYIOTHCSI TEXHOJOTIT IHTEPHETY
peueii (IoT), MamMHHOTO HaBYAaHHS Ta AHATMITUKA BEIMKUX JaHUX JJIS BUSBICHHS
3aKOHOMIpHOCTEN 1 noOynoBu Mozenen MOBEIIHKH CUCTEM.
OcnoBHa Meta: CtBopuTH IIUGPOBUI ABIMHUK BUPOOHUYOI CUCTEMH JJI1 MOHITOPUHTY
i onrTuMi3allii B peaqbHOMY Yaci.

[Ti3nanus (Cognition). Ha npomy piBHI AaHi, OTpuMaHi 3 KiIOEpHETUUHUX

MOJICJICH, aHaNI3YIThCA 3a JOMOMOTOK aJITOPUTMIB IITy4HOro 1HTENEKTYy (Al) ms



15
[IMOIIOro po3yMiHHs mpolieciB. CUCTEMU MOXKYTh MPOTHO3yBaTH MOXJIUBI MTPoOIeMH,
TaKi sSIK TTOJIOMKHY O0JIaTHAHHS, BIIXUJICHHS B HOPM 9H MOTEHIIiiTHI TpocToi. Kpim Toro,
HAa OCHOBI IIMX JIaHUX CHUCTEMa MOXE PpEKOMEHIYyBaTH OINTHUMaJIbHI CTparerii
BUpOOHUIITBA Ta ympaBiiHHA. OcHOBHa Mera: Po3yMiHHS cHTyalii Ta HpPUNAHATTS
OOTPYHTOBAHUX PINICHB JJIS IMiIBUIICHHS €(EKTUBHOCTI.

Kondirypamis (Configuration). OcraHHiii piBeHb nependadae BIPOBAIHKEHHS
3MiH Y BUPOOHHUI MPOIIECH HA OCHOBI OTPUMAaHUX 1HCAWTIB 1 pekomeHaamnin. Cuctema
MO)X€ aBTOHOMHO KOPWUTYBaTH IMapaMeTpu OOJiaJHaHHS a00 3MIHIOBAaTH BUPOOHUYI
TUTAHU JUTSL T IBUIIEHHS TIPOYKTUBHOCTI, 3MEHILIEHHS TPOCTOIB Y €KOHOMIT pecypciB.
V pa3i BUSABIECHHS NPOOJIEMHHUX CUTYaIll cCHCTeMa 3amycKae Npo(UIaKTHYHI 3aX0/I1 Y1

TEXHIYHE 00CITyroByBaHHS.[2]

1.5 Kepyroui nporpamu

Kepyroui mporpamu € BAXXJIMBAM €JIEMEHTOM aBTOMAaTH30BaHUX CHUCTEM, OCKUTBKH
BOHU 3a0€3MeuyIOTh YIPaBIIHHS 00JIaJHAHHAM, KOOPIAMHAIIIO MPOIIECIB Ta IHTETPAIiIO
¢G13u4HMX 1 TUPPOBUX KOMIIOHEHTIB. PO3po0OKa Takux mporpaM BUMAarae 3acTOCYBaHHS
CHeHiIbHUX METOIB 1 MIAXOMIB JJis 3a0€3MeUeHHs] HaIIiHOCTI, MPOIYKTUBHOCTI Ta
aganTUBHOCTI cucteMu. OJIHUM 13 MONMIMPEHUX IIJIXOAIB € MPOrpaMyBaHHS Ha OCHOBI
JIOTIKM Ta CTaHiB, 30kpema BukopucTaHHs Ladder Logic abo ckiHYE€HHUX aBTOMATIB
(FSM). Ileit MmeTo 4acTO 3aCTOCOBYETHCS B TPOTrPaMyBaHHI IPOMHUCIIOBUX KOHTPOJIEPIB
(PLC) 1 6a3yeTbest Ha pesieiiHii JIOT1Li, IO MOJETIIY€E Iepexiy] 13 PyYHOTO yIpPaBIIIHHS
Ha aBToMaTtu4He. [IporpamMa B TakoMy BHIIAIKY CKIAIAETHCS 3 HA0OPY CTaHiB, KOXKEH 13
SKUX BIJNMOBIJIa€ TIEBHUM yMOBaM Y TMOMAIsIM. Xo4a I[EW MIAXiA € MPOCTUM IS
Bi3yallizallii Ta 3py4yHUM JJIs IHKEHEP1B, BIH MOXKe OyTH MEHII THYYKUM TIPH peaizallii
CKJIQJHUX CHUCTEM.

[Ile omauM eheKTUBHUM METOAOM € MOAYJbHE POrpaMyBaHHsI, KOJU MporpaMa
pO30MBAETHCA HA OKpeMi He3ajekH1 OJOKM (MOAYINi), KOXKEH 3 SIKUX BUKOHYE TMEBHY
dyHnkiiro. Taka CTpyKTypa J03BOJISE JIETKO IIOBTOPHO BUKOPHUCTOBYBATH 200 3MIHIOBATH
OKpeMi 4acTHHM Oe3 BIUIMBY Ha BCIO cucTeMy. lle 3Ha4HO crpolrye TecTyBaHHS Ta

HaJIaroyKCHHA IIporpamMu, IpoTc BUMara€ pCTejibHOIO IjIaHyBaHHS I 3a0e3IeUueHHS
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edexTuBHOI B3aeMoii Mk MoayisiMu. OOuBa MIIXOAHM MOXKYTh KOMOIHYBaTHCS JJIst
CTBOPEHHSI OUIbII THYYKHX, HaJIMHUX Ta MacmTaOOBaHMX CHCTEM YIIPABIIHHSA, IO
BI/IMOBIAIOTH MOTpeOaM Cy4acHOTO BUPOOHMIITBA.

KirouoBUM acmekToM po3poO0KH KEpyHUuuX MIporpaM TakoXK € 3a0e3ledeHHs
MaciTaboBaHOCTI Ta THy4kocTi. Lle ocobnuBo BaxumBo B ymoBax Iumyctpii 4.0, ae
CUCTEMU MOBUHHI a/IalITyBaTUCs 10 3MIH Y BUPOOHUUYUX MPOIIECax Ta IHTETPyBaTH HOBE
oOmagHaHHs ©e€3 3HAUYHUX 3MIH Yy TMporpamMHOMy Komi. /i [bOro IIHMPOKO
BUKOPHUCTOBYIOTHCSI 00’ €KTHO-OPIEHTOBAHI IMIJIXOAH, /e KOKeH (PI3UYHUN €JIEeMEHT 4
(YHKIIISI CHCTEMH peati3yloThCsl y BUITISAL OKPEMHX 00'€KTIB 13 BIACHUMHU METO/IaMH Ta
arpubyTtamu. lle moneriiye nqonaBaHHs HOBUX KOMIIOHEHTIB 1 CIIpUsi€ MacIITaOyBaHHIO
CUCTEMH 3 MIHIMAJIbHUMU BUTpPaTaMH yacy.

[Ile omHMM BaXIMBUM MIAXOAOM € BHUKOPHCTaHHS CEpBIC-OpPIEHTOBAHOI
apxitekrypu (SOA), sika 3a0e3redye IHTErpaliio Pi3HUX MPOTPaMHUX KOMIIOHEHTIB
yepes crangapTu3oBaHi iHTepdericu. e no3Bonse 06’ €qHyBaTH JOKaabHI Ta BiJaleH1
pecypcH B €IMHY CUCTEMY U pealli30ByBaTU THYYKE YIIPaBIiHHS Yepe3 [EHTpaIi30BaHl
mwiargopmu. Hampuknan, y cucremax, MoB's3aHUX 13 JIOTICTUKOIO a00 yIpaBIiHHIM
JaHoramMu nocradaHHs, SOA 3a0e3neuye 1HTErpaumil0 BUPOOHMYMX JaHUX Y
peansHOMY vaci 3 ERP a6o loT-mmargpopmamu.

OxpeMy yBary NOpHAUIAIOTh MNHTAHHSIM HAIHHOCTI Ta OE3MEKH KEPYIOUHX
nporpaMm. B ymMoBax mikiitoueHHs1 00IafHAHHS 10 MEPEXK1 ICHY€E pU3HMK KiOeparak, sKi
MOXYTh 3YNUHUTH BHPOOHHMLTBO a0O MPU3BECTH [0 BHUKPHUBIECHHS AaHuX. Jlis
3armoOiraHHsl ~ TaKUM  CUTyallliM  BHUKOPHCTOBYIOTBCS  METOIM  3aXUIIEHOIrO
nporpamMyBaHHs, SKi nependadaroTb MUQPPYBaHHS JAHUX, ABTEHTHU(IKALIIO
KOPHUCTYBauiB Ta 0araTopiBHEBHI KOHTPOJIb AOCTYIy A0 cucteMu. Kpim Toro, cuctemu
MOHITOPUHTY Ta BIJHOBJIEHHS Ticias 300iB AarOTh 3MOTY MIHIMI3yBaTl BIUIUB
HenepeadauyBaHUX CUTYallld Ha BUPOOHUYUHN MpoIec.

VY cyuacHOMY MiIXO0/i O CTBOPEHHS KEPYIOUUX MPOTpaM BCe OUIBIIOTO 3HAYCHHS
HaOyBae mrTyyHuil iHtenekr (Al) ta mamwmune HayanHs (ML). L1 Texnonorii
JO3BOJISIOTH  MpOrpaMaM He JIMIE BHUKOHYBAaTH 3aJlaHl alroOpuTMHu, aje u
CaMOHABYATUCS, BUSBISATH MPUXOBAaHI 3aKOHOMIPHOCTI Ta aJanTyBaTh poOOTy

oOnagHaHHA 3aJeXHO BIJ 3MIHHUX YMOB. Hampuknaa, mNporHo3He TexXHIYHE
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oOciyroByBaHHsT Ha OCHOBI Al Mo)ke aHami3yBaTW TIOKa3HUKU OONagHaHHA Ta
MOTIEPEIKATH IPO MOXKIIMBI TIOJIOMKH i€ 0 IXHBOTO BUHUKHEHHSI, 110 3HIKYE PU3UK
MPOCTOIB 1 MIJIBUIIY€E €PEKTUBHICTH BUPOOHUIITBA.

Takum YMHOM, METOM CTBOPEHHS KEPYIOUMX MPOrpaM CHpPSIMOBaHI HE JIMIIE Ha
3a0e3revueHHs 0a30BUX (YHKIIH yIpaBlIiHHSA, a i HA IHTETPaIliio Cy4yaCHUX TEXHOJIOT1H
JUIs1 TOCSITHEHHSI BUCOKOI THYYKOCTI, MPOAYKTUBHOCTI Ta Oe31eku. BukoprcTanHs Takux
HiAX0AIB cripusie GOPMYBaHHIO PO3YMHHUX, aJalTUBHUX CUCTEM, 3JaTHUX BiJMOBIIATH
BUKJIMKaM JIMHAMI4HOTO BUPOOHUYOTO CepeioBUINA Ta MiATPUMYBATH CTPATETii CTaIOTOo

PO3BUTKY MiIPUEMCTB.

1.6 Anauni3 cyyacHux cucrteM (ppezepyBanbHux Bepcraris 3 UIIK

Cydacni cuctemu uymcioBoro mnporpamioro kepyBanHs (UIIK) Bimirparots
KJIIOYOBY POJIb Y PO3BUTKY IPOMHUCIIOBOTO O0JaJHaHHS, OCOOMMBO Yy BepcTarax Jyis
TOYHOTO (hpe3epyBaHHs, TOKapHOI 0OpoOkM Ta uutipyBaHHA. BoHM € OCHOBOIO st
aBTOMaTHU3allli MPOIECIB 1 MIBUIIEHHS MPOYKTUBHOCTI HA BUPOOHHUIITBI, T03BOJISIOUH
KOMITaHISIM BIAMNOBIIaTH BUMOTaM PUHKY Ta BUCOKHMM CTaHAapTaM sikocTi. Hipkue
po3mIsiHyTO 0cHOBHI acniekTu cydacHux UIIK-cucrem, Takux sk FANUC, SINUMERIK
1 Haas, Ta X MOXJIMBOCTI.

Cucremn FANUC mmpoko BHKOPUCTOBYIOTHCS B PI3HHUX Taiy3siX 3aBAsKd
OIATPUMIN  yHiBepcaidbHUX (G-KOJIB Ta CYMICHOCTI 3 OUIBIIICTIO MPOTPAMHOTO
3a0e3neuenns a1 YIIK.

Hogi moneni konTposnepiB FANUC matoTh (pyHKIIT a1anTUBHOTO YIPABIIHHSA, SKi
JIO3BOJISIIOTh  aBTOMAaTHMYHO KOPUTYBaTH MapaMeTpH pi3aHHS 3aJeKHO BiJl CTaHy
THCTPYMEHTY Ta Marepiaiy, 10 3HaYHO MIJBUIILYE MPOTYKTUBHICTD 1 TOUHICTh 0OPOOKH.

[aryituBamii inTepdeiic FANUC crpusie mBUAKOMY HaBYaHHIO OTIEPATOPIB Ta
CHpOIIY€E MpoLEeC MpOorpaMyBaHHs, LI0 3HWXKYE PHU3UK TOMUJIOK 1 MPOCTOIB Ha
BUPOOHUIITBI.[5]

Cuctrema SINUMERIK Bix Siemens, 30xkpema cepii 840D, 3abe3nedye TOUHICTS 1
IIBUJIKICTB y Mpoliecax 00poOKH 3aBISKH (PYHKIIISIM JIJIs S-0ChOBO1 (hpe3epHOi 00pOoOKH

Ta CKJIaJHO1 TOKapHOi pOOOTH.
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Siemens SINUMERIK nerko inTerpyerbes 3 KibepdizuuHUMH CHCTEMaMHU, IO
JI03BOJISIE CTBOPIOBATH "pO3yMHI" BHUPOOHWYI MPOIECHU 3 MOXKIUBICTIO BiIJAJICHOTO
MOHITOPHUHTY, A1arHOCTUKH Ta MPOTHO3YBaHHS 00CIIyrOByBaHHS 0O/ IHaHHS.

Cucrema SINUMERIK mnpomnonye MomynbHUN MiAXiA A0 HalalITyBaHHS Ta
MOJIMBICTh MacIITaOyBaHHS 3aJIeKHO BIJ pO3MIpy MIiANPHUEMCTBA Ta CKJIATHOCTI
BUPOOHUYHUX TIPOIIECiB.[6]

BaxnuBum acnekrom koHTposiepiB Haas € 3posyminuii inTepdeiic 1 mmpoxuit
Ha0lp 1HCTPYKIM IS MporpaMyBaHHS, 110 POOUTH Il CUCTEMH NPUBAOIMBUMHU IS
MaJIMX 1 CepeaHiX MiAMPUEMCTB.

KonTponepu Haas nerko miakmogatotrbes 1o CAD/CAM-niporpam, 1o 103BOJISIE
IIBUJKO TEHEPYBaTH Ta 3aBaHTAXyBAaTU TPAEKTOPii OOPOOKH, ONTHUMI3YIOUM dYac
HAJTAIITYBaHHSA Ta 3HUKYIOUH TIOMUJIKH.

CydacHi mozeni o0JagHaHI MOMKJIMBOCTSMU BIJJIAJICHOTO KOHTPOJIO 4Yepe3
IHTEpHET, IO JO3BOJSE€ KEpIBHUKAM BHUPOOHMIITBA KOHTPOJIIOBATH MPOLECH B
peaabHOMY 4Yaci.

CyuacHl KOHTpoJepu MaroTh (YHKIT camoajanTarlii, 0 J103BOJIIE CUCTEMAM
HaJIAlITOBYBAaTH MapaMeTpu 0OpOOKH 3aJIEKHO BiJl CTaHY 1HCTPYMEHTY a00 Marepialy.
[le 3HM)KY€ PHU3UK TOLIKOPKEHHSI 1HCTPYMEHTY 1 3a0e3ledye SKICHIIIMI KIHLEBUMA
IPOAYKT.

[TinTpumka Texnosnoriit [naycrpii 4.0. bararo cyuacnux cucrem UIIK po3pobiieni
3 ypaxyBaHHsSM BUMOT I[Hmayctpii 4.0 1 MIATPUMYIOTH OOMIH JaHWUMH 3 1HIIUMH
enemeHTamMu BuUpoOHMITBa uepe3 [oT Ta kibepdizuyHi cucTeMu, MO A03BOJSE
HIJIPUEMCTBAM CTBOPIOBATH IHTETPOBaH1 BUPOOHUY1 IPOLIECH.

ApromaTtusoBani cuctemu UIIK ochHameHi maryukamMud Ta MOHITOPHHTOBHUMU
CHUCTEMaMH, 1110 JI03BOJISIE B1JICIIIIKOBYBaTH CTaH 00JIalHAHHS 1 TPOTHO3YBaTH TEXHIYHE
00CITyrOBYBaHHS.

Ananmiz cyuvacHux cucreM UIIK mokaszye, mo 1mi pilieHHS HaAAOTh
MIJMNPUEMCTBAM  BEJIMKUW  TOTEHINA]  JUI  TIABHUIICHHS  e(PEKTUBHOCTI  Ta
MPOAYKTUBHOCTI. Big BuOOpY HanmamTyBaHb OOpOOKH 70 aJalTHBHOTO YIIPABIIHHS Ta
1HTerparii 3 KibepHi3MIHUMHU CUCTEMaMU — KOXKHA 3 CHCTEM Ma€e CBO1 IlepeBaru ta cepu

3actocyBaHHs. YcmimHe BukopuctanHs UIIK-cucrem crpusie 3a0e3neyeHHI0 SKOCTI
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MPOYKIIIi, 3HMKEHHIO 3aTpaT 1 JOCITHEHHIO BUCOKOI KOHKYPEHTOCIPOMOXKHOCTI Ha

PUHKY.

1.7 Pi3HOBHAM KOHTPOJLIEPIB

Arduino Uno — 1e KOMMOakTHa 1 NOMYJIsipHa MIKPOKOHTpOJIEpHa ILjiara,
po3pobneHa ISl JIETKOTO OCBOEHHS ENEKTPOHIKM Ta TmporpamyBaHHs. Bona
BUKOPHUCTOBYEThCSI K y HaBYaJIbHUX IUISIX, TaK 1 JUIsi CTBOPEHHS PI3HOMAHITHUX
MPOEKTIB, MOYMHAIOYH BiJl IPOCTUX MPOTOTHUIMIB 1 3aKIHYYIOUU CKJIAHUMU CHCTEMaMu
aBTomMaru3amii. B ocHOBI Tuiatm nexuTh MikpokoHTponep ATmega328P, sxuit
3a0e3nevye JOCTAaTHIO MOTYXKHICTh JJIsi BUKOHAHHS OararboxX 3a/ad, a HOro TakroBa
gactora 16 MI'11 nmosBomisie mBuako oOpoOmsaTh komaHau. Arduino Uno mae 14
U(POBUX BXOJIIB 1 BUXO/IB, 3 AKUX 6 MOXKHA BUKOPUCTOBYBaTH Jijisi Tenepartii [IITM-
CUTHAJIIB, @ TAaKOXX 6 aHAJIOrOBUX BXOJIB, SIKI YaCTO 3aCTOCOBYIOTHCS ISl 3UUTYBAHHS
CEHCOpHUX AaHuX. [ KUBJICHHS IjaTa MoXKe BHKOpHCTOByBaTH sk 5 B Big USB-
HOPTY, TaK 1 30BHIILIHE JHKEPEJIO 3 HApyTroto BiA 7 1o 12 B, mjo 3a0e3nedye rHyuKicTh y

BHOODI Kepena eHeprii.[13]

P’“"’i’ i

Pucynok 1.1 — MikpokonTposepHa miata Arduino Uno

MikpoxkonTtponepHa miata Arduino Uno miaTpumye cTanaapTHi iHTepdericu, Taki

ax UART, SPI 1 12C, 1o n03Bossi€ 1€TKO MIIKIIIOUATH 0 Hel 1HI mpuctpoi. Lle poOuts



20
IUIaTy YHIBEPCAJIBHOO, aJKE BOHA MOYKE B3a€MOJISATH 3 PI3HOMAHITHUMHU CEHCOpamH,
MOJYISIMH 3B’SI3KYy, AMCIICSIMH Ta IHIIMMHU €JIEKTPOHHUMHU KOMIIOHEHTaMH, L0 €
OCHOBOIO JUIsl CTBOPEHHS I1HTEpAaKTUBHMUX MpuUCTpoiB. Ilmara migkmrodaeTscs 10
xoMm'torepa uepe3 USB, 10 BHKOPHCTOBYETBHCS SIK JJIsi MPOrpaMyBaHHS, TakK 1 JJIs
nepenaui naHux. IlporpamyBanHs Arduino Uno BigOyBaeTbcst 3a JIOMOMOTOIO
cnenianbHOi cepenonuiia Arduino IDE, ae kopucTyBadi nuiryTh NporpamMu Ha MOBI, 1110
0azyerbcsi Ha C++, 3aBASKM YOMY MPOIEC HABUAHHS Ta PO3POOKH MPOEKTIB CTa€
IHTYITUBHO 3PO3YMLINM.

Arduino Uno € mnaropmoro 3 BIZKPUTHM KOJOM, 1 II€ O3Hauae, 10 Oyab-XTO
MOXKE€ BIJIBHO KOPUCTYBATHCS ii CXeMaMU Ta JOKYMEHTAIll€l0, a TaKoX CTBOPIOBATH
BJacH1 Momudikalii uu cymicHi npuctpoi. Taka BiAKpUTICTH no3Boimia Arduino Uno
CTaTH TOMYJSIPHOIO Cepell MOoYarKiBLIB 1 mpodecioHamB 1Mo BchoMy CBITY. COTHI
JOCTYMHUX O10J10TeK 3HAYHO CIPOIIYIOTh JOJaBaHHA PI3HUX (PYHKIIIOHATBEHOCTEH,
TaKUX SIK yNPaBIiHHS JBUTYHAMM, YMTAHHA 3 JATYMKIB TEMIIEparypud 4 BOJIOTOCTI,
3YUTYBaHHS 3 aKCEJIEPOMETPIB, BUKOPUCTAHHA OE€3IPOTOBUX MOAYIIB 1 HAaBITh
ctBopeHHs mepexi [arepuer peueit (IoT).[13]

Arduino Uno 4acto BHUKOPUCTOBYIOTh VY pI3HUX Trajiy3siX, 30KpemMa B
poOOTOTEXHIIl, aBTOMATH3Allll, CHCTEMAaX MOHITOPUHTY, IHTEPHETI peyel, a TaKoX s
JIOMAIIIHbO1 aBTOMATH3AIlll Ta yMHPAaBIIHHS MPUCTPOSIMHU. 3aBISKU BEIUKIM CHUIBHOTI
po3poOHMKIB Ta eHTy3iacTiB, Arduino Uno mae 06e3niu iHCTPYKIIA, HaBYaIbHUX
pecypciB Ta TOTOBUX MPUKIAMIB TPOEKTIB. [HTErparmis mimaru 3 KidepdiznuyHuMU
cucteMaMud a00 IHIIMMU TMPUCTPOSIMU  JIO3BOJISIE  CTBOPIOBAaTH  SIK  IPOCTI
€KCIIEpUMEHTAJIbHI MPOEKTH, TaK 1 CKJIAIHINII CHUCTEMH, IO BIJMOBIIAIOTH BUMOTaM
Cy4acHOiI aBTOMaTH3allii Ta KOHTPOJTIO.

Raspberry Pi — 11e KOMIakTHUIl OJHOIJIATHUN KOMII FOTEP, CTBOPEHUU IS
HABYaHHS OCHOBaM IMpPOrpaMyBaHHS Ta EJIEKTPOHIKH, ajie 3aBISKH CBOIM IMOTYXHHM
MOKJTUBOCTSIM BiH 3HAWIIIOB 3aCTOCYBaHHS 1 B MpodeciitHux nmpoekTax. Po3pobnennii y
BenmukoOputanii ponmom Raspberry Pi, meit mpuctpiii craB momyinsipHUM cepen
eHTy31acTiB Ta mpodecioHaniB Mo BcboMmy cBiTy. Raspberry Pi mae pi3Hi Moneni, Big
0a30BUX 10 MOTYXXHIMMX, TakuxX sk Raspberry Pi 4, siki 103BOJSIOTH MpaloBaTH 3

pPI3HOMaHITHUMH OIEpallifHUMU CHUCTEMaMH, HaldacTilie Ha OCHOBI Linux, sK-OT
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Raspberry Pi OS (panime Bimomoi sik Raspbian), Ubuntu ta inmmx. 3aBasku USB- 1
HDMI-nopram, a takox BOymoBanuMm Wi-Fi ta Bluetooth momynsam (y HoBimmx
Monensix), Raspberry Pi jgo3Bonise Jnerko mifkiaodatd mnepudepiiiHi  TpHUCTPOI,

M1IKTIOYaTHCS IO IHTEPHETY, BUBOAUTHU BiJI€O Ta MiJ € JHYBATH Pi3HI TaTUUKH 1 MOITYII.

Pucynok 1.2 — MikpokoHTposiepHa mara Raspberry Pi 5

Raspberry Pi ocnamenwnii mporiecopom ARM 1 moke matu Big 512 Mb 1o 8 I'b
OMEepPaTUBHOI MaMm’sTl 3aJ€KHO BIJ MOZENII, 0 pOOUTh MOro 3JaTHUM BHUKOHYBAaTH
PI3HOMaHITHI 3ajja4l — BiJ] 3aITyCKy MPOCTUX MPOrpaM 1 HaMCaHHA KOy /10 poOOTH B
poJIi MYJIBTUMEIIHHOTO IEHTPY a00 HaBiTh HEBETUKOTO cepBepa. Llelt komm’roTep
ninrpumye GPIO (General Purpose Input/Output) moptw, 1m0 103BoIIsIE 3’ € THYBATH HOTO
3 IHIIUMH €TIEKTPOHHUMHU KOMITOHEHTaMH, TAKUMHU K CBITJIOMIOAM, KHOTIKH, TaTYHKH,
MOTOpH, 3aBISKM YOMY BIH 1€aJIbHO MIAXOAWUTh MJI1 I1HTEPAKTUBHUX IPOEKTIB,
pOOOTOTEXHIKH, JIOMAIIHBOI aBTOMaTH3allli Ta pPo3poOKK MPHUCTPOiB st [HTEepHETy
peueii (10T).[22]

[Tonynsapuicts Raspberry Pi Takoxkx cnpudvHeHa IIMPOKOIO TMIJATPUMKOIO B
1HTEpHEeT-CIUIbHOTI. B Mepexi € 6e31iu nociOHUKIB, BiI€OYPOKiB, (POPYMiB 1 TOTOBUX
MPUKIIAIIB, K1 IOMOMAaraloTh HOBaYKaM 1 JOCBIJYEHUM KOPUCTYBadaM peali30ByBaTH
cBOi mpoekTu. Raspberry Pi Takox aKTUBHO BHKOPHCTOBYETHCS B IIKOJax Ta

yHIBEpCUTETaX JIJIsl HABYAHHS MPOTPaMyBaHHIO, €JIEKTPOHIL, MEPEKEBUM TEXHOJIOT1SIM
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Ta pOOOTOTEXHIIII.

OxpiM OCBITHIX Ta JIOCHIIHUIBKUX wined, Raspberry Pi Bce wacrime
3aCTOCOBYIOTh Y KOMEPIIHHUX pIMICHHSIX 3aBASKH HU3bKIH BapTOCTi, HHU3BKOMY
C€HEPTOCTIOKUBAHHIO 1 MOKIIMBOCTI aJiamnTariii 70 IMUpOKOTo crekTpa 3aaad. Hampukian,
BiH MOJKE€ CITY’KUTH OCHOBOIO JJI MEJIiaruieepa, KOHTpoJiepa CUCTEMHU O€31EeKH, OCHOBOIO

JUTsl aBTOMATH3allli B "'po3yMHOMY JIoMi", a TAKOX SIK cepBep /i 30epiraHHs JaHUX.

1.7 MeTta pocaigKkeHHs

Merta 1aHoro AO0CIIKEHHS TOJIArae y MUOOKOMY aHali31 CydyaCHHUX IiIXO/IB J0
CTBOpPEHHS, 1HTerpaiii Ta ontumizaiii kidepdizuunux cucrem (CPS) y BUpoOHMUMX
mporecax 3 ypaxyBaHHsIM npuHuumiB Iamyctpii 4.0. 3okpema, IOCTITKCHHS
CIpsIMOBaHE HAa BHUBUCHHS apXITEKTYpHUX PillleHb, TakKUX K mojenb 5SC, a Takox
IHHOBAIIMHUX TIIXOMIB JO PO3POOKH KEPYHOUHUX IIporpaM, IMo 3a0e3MedyroTh
aBTOMATHU3all110, THYYKICTh Ta aAalTUBHICTh BUPOOHHUIITBA.

OcHoBHa yBara NPUAUBIETHCS BIUIMBY TaKMX TEXHOJIOTiHM, SIK 1HTEPHET peuei
(IoT), mrryunuit inTenext (Al), BenMKl AaHl Ta MPOTHO3HE TEXHIYHE OOCITyTOBYBaHHS,
Ha MiIBUIICHHS €)EKTUBHOCTI YNPABIIHCHKUX 1 BUPOOHMYMX TpoueciB. OKpiM LbOTO,
JTOCTIDKCHHSI CTaBUTh 3a METY BH3HAUUTH METOAW ITABUINCHHS HAAIHHOCTI Ta
K10epOe3MeKy 1HTErpOBaHUX CUCTEM, IO € KPUTUYHUMHU I MiHIMI3alii PU3HKIB 1
3a0e3neueHHs 6e3nepediitHol poOOTH MiAMPUEMCTB.

JIOCSTHEHHSI TOCTAaBJIEHOI METH BKJIIOYAE€ HE JMIIE PO3pPOOKY TEOPETUYHUX
MIIXO/IB, ajie ¥ aHall3 ICHYIOUMX NpakTuK peanizauii CPS y npoMucioBocTi, OLIHKY
iXHBOT EKOHOMIYHOT €(h)eKTHBHOCTI Ta BU3HAUYCHHS MOTEHIIMHUX BUKJIHMKIB. ¥ paMKax
JTOCTIKEHHS Oy/1e 3alpONOHOBAHO MIJISIXU ONTUMI3AIlll BUPOOHUYUX MPOIECIB IUISIXOM
BIIPOBA/KCHHS HOBITHIX TEXHOJIOT1M, 110 BIANOBIAAIOTH BUMOTaM Cy4YaCHHUX

HIIPUEMCTB Ta CIPUSIOTH CTAJIOMYy PO3BHUTKY.
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2 ITPOEKTYBAHHS CIIOCOBY KEPYBAHHSA BEPCTATOM 3
YIIK

2.1 Cnoco6u kepyBanHs BepcraTrom 3 UIIK

JUist aHamizy METONIB YIpPABIIHHS BepCTaTaMyd 3 YHCIOBUM MPOTPAMHUM
KEepyBaHHSM Ta TMONAJBIIMX JOCT/KEHb SK OCHOBY OylIeMO BHKOPHUCTOBYBATH
KOMITAKTHUHM HACTUIbHUN (pe3epHuil BepcTar, Mpru3HauYeHUM JIJIs1 BAKOHAHHS (hpe3epHUX
poOit. (pucynok 2.1).[18]

Lleli BepcTaT BUKOHYyE OOpOOKY 3a JIONOMOIOK OOEpTaJbHOIO 1HCTPYMEHTY,
AKUN 3M1HCHIOE pyX 10 ocsix X, Y, Z st oOpoOKM jerali; MepeMillleHHS poOodmnx
OpTraHiB 31HCHIOETHCS 33 JOTIOMOTOI0 TBUHTOBHX Tepead, a CTaHMHA CIYTy€E OCHOBOIO
JUTSL PO3MIIIIEHHS €JIEMEHTIB KOMIIAKTHOTO O0JIaTHAHHS.

IIepeBaru:

— KOMITaKTH1 pO3MIpH;

— MaJia Bara;

— MPOCTOTA OOCITYTOBYBaHHS Ta EKCILTyaTallii;

— HU3bKUH piBEHb IIYMY Mij 4ac poOoTH;

— €KOHOMHE CIIOKMBAHHSI €JIEKTPOEHEPrii;

— MOXJIMBICTb MAKIOYEHHS 10 Mepexi 220 B.

Henoniku:

— TPYAOMICTKMI MPOLEC MIArOTOBKM MPOrPaMHOI0 3a0e3MeyeHHsl, Mo MoTpedye
y4acTi I0CBIIYEHOTO (PaxiBLs;

— BHCOKa BapTICTh JOJATKOBOTO MPOrPaMHOTr0 3a0e31eYeHHS;

— JIOPOTHH Crieliali30BaHUi 1IHCTPYMEHT;

— PY3HK TOIIKOKEHHS 3aTOTOBKM a00 BepcTara BHACIIOK MOMUJIKH Y TIPOTPaMI.

st toro, mo6 kepyBatu Bepctarom 3 YIIK, HeoOXiTHO BHUKOPHCTOBYBAaTH
CHeIlaTi30BaHl METOAMKM Ta MiAxoau. Bubip KOHKpeTHOro crnocoOy yHpaBiliHHS
BU3HAYAETHCS BUMOTaMHU JI0 PIBHS TOUHOCTI Ta MPOIXYKTUBHOCTI, IKMX CJIIT JJOCSTTH 1]

gac poOoTH.



24

a) ppoHTanBEHUN BU; 0) THIIBHHUHN BU

Pucynox 2.1 — KomnaktHuii HacTUTbHUN (Ppe3epHUii BepcTar

3arajiom y cucTeMax 4McJIOBOIO IPOrPAMHOTO KEpyBaHHS 3aCTOCOBYIOTh OJIUH 13
I1AXOA1B:
— METOJM 3 MPSIMUM 3B’ SI3KOM 1 3BOPOTHUM 3B’ SI3KOM (PUCYHOK 2.2);

— MCTOOAHN aAUTHUBHOIO, iHTeJ'IeKTyaJ'IBHOl"O Ta p06aCTHOl"O KCpYyBaHHA.

» @) »

Pucynok 2.2 - Cuctema kepyBanHs BepcraroM 3 UIIK i3 mpsmum 3B’ s13xkoM
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VY cuctemMi KepyBaHHS JJIsl Y3TO/KEHOT poOOTH JIBUTYHIB (Ppe3epHOTo Bepcrara
3actocyemo IIIJI-perymsmiro. [Hami ciig AeTanbHO PO3MISIHYTH 3aKOHM KepyBaHHS,
oOyIyBaTH CTPYKTYPHY CXEMY Ta OOUHCIUTU KIIFOUOB1 KOS(PIII€HTH ISl MATeMaTHYHO1
MOJIEI.

VY Hamiit Mmozeni 00’ €KTOM KepyBaHHS BUCTYTIA€ €IEKTPOIABUTYH, IPEICTABICHHIMA
TphOMa MapaMeTpaMHu:

— BUXIJHUI TIOKa3HUK Y;

— BXIJTHUM 3a7aBajibHui mapametp U;

— BX1JIHUH 30yprorounii BIums f.

3a nonomoroto [I/[-perynstopa Mu OyaemMo 31HCHIOBATA KOHTPOJIb 1 KEpyBaHHS
KPOKOBUMH JIBUT'YHaMH, SIKI 3a0€3ME€UyIOTh HEPEMILIEHHS pOOOYOro OopraHy B3/I0BXK
ocen X, Y, Z.

3aranpHe 300pakeHHs 00’ €KTa KepyBaHHS HABEJICHO HAa PUCYHKY 2.4.

JUJi1 KOHTPOJIIO 32 €JIEKTPOABUTYHOM HA MOro OCl BCTAHOBJIEHO €HKOJEP, KUl
nepeiae 3Ha4eHHs BUX1THOTO [TapaMeTpa yyy, TOOTO KyT OBOPOTY (KUIBKICTh IMITYJIbCIB
Ha OJIUH 00epT).

30yprotoua i — 1€ BIUIMB 30BHIMIHIX (PAKTOPIB, SIKI MOPYLIYIOTh KOPEKTHE
¢byHKIIOHYBaHHS 00’ ekTa. [IpuKkiagaMu Takux BIUIMBIB € TEPTS, HABAHTAXEHHS TOILO.
3a 3HAYHOIO HABAHTAXEHHS KPOKOBUI JABUTYH MOXE «BTpayaTu» IMIYJIbCH, IO

MPU3BOJUTH JI0 HETTOBHOTO BUKOHAHHS HEOOX1THOT KIJTBKOCTI KPOKIB.

Xex(t) Y(t) Xeux(t)

»  Perynatop f——» Ob'ext >
KepyBaHHs

Pucynok 2.3 — Monens 00'ekTa KepyBaHHS

106 ycynyTH BXiaHUI 30ypIOIOUNii BIUIUB, BUKOPUCTOBYEMO JPYTHI TTapameTp,
TOOTO 3aAaBaibHUN. TeXHIUHUNA TPUCTPIM, SKUN 3AIMCHIOE aBTOMaTHYHE KepyBaHHS,
HaszuBaeThes kepyrounm npuctpoeM (KII). O6’ext kepyBanus (OK) pa3zom 13 kepyrounm
Ta 3a/IaBAJIbHUM MPUCTPOEM yTBOPpIOIoTh Cructemy Aromarnunoro Kepysanus (CAK).

Ha pucynky 2.4 300paxkena ctpykrypHa cxema CAK
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Pucynok 2.4 — Ctpykrypna cxema CAK

CrpykrypHa cxemMa cuctemu aBTroMaTuuHoro kepyBaHHs (CAK) BimoOpaxkae
OCHOBHI KOMIIOHEHTU CHCTEMH Ta IXHI 3B’A3KH, [TOKA3yIOUH, K CEHCOpPHU, KOHTPOJIEPH,
BUKOHABYl MEXaHI3MHU, KOHTYpPU 3BOPOTHOIO 3B’S3Ky Ta IHILI €JIEMEHTH MHpPALIOITh
CHUIBHO JJIA MIATPUMAHHS KOHTPOJIIO HaJ MPOoLiecOM 4M oOnagHaHHAM. OCHOBHA MeETa
TaKol CXeMU — MPOJIEMOHCTPYBATH (YHKIIII KOXKHOTO 3 €JIEMEHTIB, MOTIK 1H(opmarrii
MIK HUMU Ta MOCTIAOBHICTB 1, 10 3a0€31euy0Th €()EKTUBHY POOOTY CUCTEMHU. Y I11i
CXE€MI CEHCOPH BUMIPIOIOTh HEOOXIJHI MapamMeTpH, Takl K TeMIreparypa, THUCK YU
IIBUJIKICTh, TIEpEAar0odH I1i JaH1 O KOHTpoJIepa.

Kontponep, y cBow uyepry, oOpoOisie oTpuMany 1H(oOpMalito, MOPIBHIOE ii 3
MOTPIOHMM 3HAYEHHSAM 1 BIANpaBIsiE KOMAaHAM BHKOHABYMM MeEXaHI3MaM s
KOpUTYBAaHHS MapaMeTpiB, SKIIO 1€ MOTpiOHO. BUKOHABYI MEXaHI3MU peati3yroTh IIi
KOMaH¥, 3AIACHIOIOYN KOPUTYBAaHHA, SIKE JOMOMAara€e MmiITPUMYBaTH 3aJaHUN CTaH
cuctemu. [Ipu IbOMY KOHTYp 3BOPOTHOTO 3B’SI3KY 3a0€3Meuy€e MOCTiIHHE HaIXOIKEHHS
iH(opMalii Tpo MOTOYHUN CTaH MPOIIECY, IO J03BOJSIE KOHTPOJIEPY 3A1MCHIOBATH
KOpUTYBaHHS B peaJibHOMY 4Yaci Ta 30epiraru cTadiabHICTh POOOTH.

Yci KOMIIOHEHTH cXeMU 00’ €/THaHI B €IMHUMN ITUKI OOMIHY JaHUMH Ta KOMaH], 0
JI03BOJISIE CHCTEMI OTIEpAaTHBHO pearyBaTy Ha 3MiHU ¥ aJanTyBaTHCS O YMOB POOOTH.

KepyBanns 06'extom kepyBanHs (OK) MOXKHA 3/1IIICHIOBATH 32 TPhOMa OCHOBHUMH
MPUHITUTIAMH.

[lepmmii — 1€ OpUHLMI PO3IMKHYTOTO YIIpaBIiHHS, KU mependadae, 10
KEePYBaHHS 3TIACHIOETHCS 3a 3a37ajieTib BU3HAYCHUM QJITOPUTMOM 0€3 ypaxyBaHHSI

30BHIIIHIX (AKTOPIB.
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Jpyruii npuHITMIT — KOMITeHcallis 30ypeHb, ¢ NPy BUHUKHEHH1 30ypeHHS HOoro
pE3yabTaT BPAXOBYETHCS SK KOPEKTHMBA B QJITOPUTMI YIPaBIIHHS, IO JO03BOJISE
pearyBaTy Ha 30BHIIITHI BIUIUBH.

TpeTiii mpuHIMI — yHpPaBIiHHSA MO BIAXWJICHHIO (3BOPOTHINA 3B’S30K), KOJH
aNITOPUTM YIIPABIIHHS KOPHUTYEThCSI HA OCHOBI (PAKTUYHOTO 3HAYCHHS BUXITHOI
BEJIMYMHM, 110 JO3BOJIIE BPaXOBYBATH pealibHI BIIXWJICHHS BiJ 3a/IaHOTO 3HAUCHHA. Y
HAIIOMY BHUTIAJKy Oyle BUKOPHUCTAHO MPUHIIAI YIIPABIIHHS 10 BIIXUJICHHIO.

Ha pucynky 2.5 300paxena cxema CAK 3 kepyBaHHS 1O NPUHIMITY BiIXUIJICHHS

a00 31 3BOPOTHIM 3B’ SI3KOM.

A 4

U y
3n L,®_, yn » oY

Mn33 «

Pucynok 2.5 — CAK no npuHuumny BiAXWIEHHS (3BOPOTHIH 3B’ S30K)

Mikpokontposnep renepye LM curnan HeoOX1JHOT YaCTOTH Ta TIepeae Horo Ha
BXIJ] PyrOTO JABUTYHA 3 €HKOIEPOM. IMITylbcH, 10 HAAXOMATH BiJ IIbOTO JBHUTYHA, €
BUX1JTHOIO BEJTMYMHOIO Ta BHOCSThH KOPEKIIIO y 3BOPOTHHUH 3B'SI30K.

Ham CAK knacudikyrothcs [21] 32 TaKUMH KPUTEPISIMU:

a) 3a aJITOPUTMOM POOOTH:

1) cucremu crabimzaiii — MATPUMYIOTh PETrYIbOBAHMA TapaMeTp Ha
3aJlaHOMY PiBHI;

2)  mOporpaMHE KEpyBaHHS — aiTOPUTM 3alaHuii SK QYHKIA dacy, me
BUX1THABEITUYMHA 3MIHIOETHCS BIJTIOBIAHO JI0 331aHOTO 3aKOHY;

3) chiaKyrod4l CHUCTEMH — aJIrOpuUTM poOOOTH HEBIAOMHM 3a3fajeriip, 1

pEerylibOBaHa BEJIMYMHA MA€ BIATBOPIOBATH 3MIHY MEBHOI 30BHIIIHKO1 BEJIMUNHU;
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4)  ekcTpemajbHlI CUCTEMU — IOKAa3HUK SKOCTI a00 €(PEeKTHUBHOCTI MPOIIECY
NoJaeThcs SIK (YHKIIST MapaMeTpiB CUCTEMH, € caMa (yHKIS Mae EeKCTpPeMyM
(MakcuMyM ab0 MIHIMYM);

5)  cucTemu ONTUMAIBHOTO KEpPyBaHHS — MPOILEC KepYBaHHSA Bi10yBa€ThCS TaK,
00 TIeBHA XapaKTEPUCTHKA MPOIIeCcy Oylia ONTUMATHHOIO;

6)  aJanTUBHI CUCTEMH — JEAKl MapaMeTpu 00 ’€KTa KEpyBaHHS Ta IHIIHMX
CJIEMCHTIB CUCTEMHU MOXKYTh 3MIHIOBATHCS BiJIOBITHO IO YMOB.

Ham anroputm Hanexuth JO MPOrpaMHOrO KepyBaHHS, /i€ BUXIJHA BEIMYMHA
BU3HA4Ya€ThCSA K pesyabrar 111/1-perymroBanns.

0) no Buay auepeHuiadbHuX PIBHSAHB, 110 OMUCYIOTh CHCTEMY;

1) miHiiHI (CTaTUYHI XapaKTEPUCTHKU BCIX €JIEMEHTIB € MPAMOJIIHIHHUMU); 2)
HEJIHIMHI (CTaTUYHA XapaKTEPUCTUKA € HENIHINHOT).

B) 3a XapaKTepOM CUTHAJIIB B OCHOBHUX €JeMeHTax; 1) Oe3nepepBHi;

2) MUCKpEeTHI — Oe3MepepBHUIN BXIJHUI CUTHAJI MEPETBOPIOETHCS HA BUXOJI B
MOCJIIJIOBHICTbD IMITYJIBCIB.

Hamnr mpoexT HemiHiiHUN 1 curHaiau JUCKpeTHI. | ocTaHHE, pO3rJIsTHEMO THIOBI
3aKOHU YIPaBJiHHS, 0 BU3HAYAIOTh AJTOPUTM YIPaBIIHHSA Y (QYHKIII BiJ MOMUIKA
ynpasiiHHS. 117 3aKOHOM perystoBaHHS PO3YMIIOTh aJrOPUTM, BIAMNOBIAHO 10 SKOTO
KepYIOUMi MpUCTpid (popMye BILIUB, 1m0 TojmaeTbes Ha Bxig OY. 3akoHH KepyBaHHS
OMKCYIOTHCS TMEpeNaBaIbHUMK (YHKIISIMH, SIKI € OIHHUM 13 COCO0IB MareMaTHYHOTO

OMHCY JTUHAMIYHOI CHCTEMHU.

2.2 Orisig 3aKOHIB KepyBaHHS

Tun nepenaBanbHOI QyHKINIT KEPYIOUOTO MPUCTPOIO BU3HAYAE BIAMOBITHHIA 3aKOH
KepyBaHHS. BUAUISIOTE I’STh OCHOBHUX 3aKOHIB KepyBaHHs: mponopuiauii (I1),
inrerpanbauii (I), mpomopiiitno-iHTerpansauit (I11), mpomopuiitHO-TUdepeHIIiHnN
(ITX) 1 mponopuiitHo-iHTerpanbHo-gudepenuiinui (ITLIT).

[I-perynsarop € OIHUM 13 HAUMIPOCTIIIMX MPUCTPOIB Ta AITOPUTMIB KEPYBAHHA Y
:u(t)u(t)u(t), mpomopiiiHUN BXITHOMY CUTHAITY (TOMWJIII perymroBaHHs) e(t)e(t)e(t) 3

koedimienTom mponopuiHocTi K. Ilefi koedilmieHT BHU3HAYAETHCS MPOMOPIIHHOIO
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yacTuHOO [I-perynstopa i mpoTUIi€ BIIXUICHHIO PEryIbOBAHOI BEJIMUMHU B1J] 33J1aHOTO

3HAQUCHHS B IIOTOYHUI MOMEHT qgacy.

u(t) = K, -e(t), 2.1

ne K, — KoeilieHT miCUIeHHS PEryIaTopa.

Yum OiTbIIIe BIAXUISETHCS PETYIbOBaHA BETUYMHA, TUM BUIIUN BUX1THUI CUTHAT
BIJIHOCHO TOTpiOHOTrOo 3HaueHHs. lle o3Hayae, M0 cTaTMYHA TOMUJIKA JOPIBHIOE
BEJTMYMHI I[LOTO BIIXWICHHS. MOXKe TpalmuTUCS TaK, IO CHCTEMa HIKOJIU HE JOCSTHE
CTa0lJILHOTO CTaHY Ha 3aJ]aHOMY PiBHI. 301IbIIIEHHS KOe(il[l€eHTa MOCUJICHHS 3HIKYE
CTaTUYHY TOMUJIKY, IMIJICHIIFOIOYH PI3HUIIO MK BXIIHUM Ta BHUXIJHUM CHUTHaJIaMHU.
Opnak HagMIpHE 3POCTaHHS I[LOTO KOe(illleHTa 37jaTHE BUKJIUKATA aBTOKOJIMBAHHS, 1
MO/TAJIBIIIE ITIIBUIIIEHHS MOYKE TIPU3BECTH JI0 HECTAOUIBHOCTI BCIE€T CHCTEMU.

Y npakTMUHMX BHUIQJKaX IMJICHIIOBAJIbHI  BiacTUBOCTI  II-perymstopa
BU3HAYAIOTHCS] TAKUMU TTapaMeTpaMHu:

— BEIMYMHA, 00EpHEHA 10 Koe(illieHTa IPOIOPLIHHOCTI Ky :

d=— (2.2)

— MeXa MPOMOPLIMHOCTI, B1I0OpakeHa y BIACOTKAxX 1 o0umciieHa 3a (popmysoro
(2.3), mokazye, Ha CKUIBKA BIJICOTKIB Ma€ 3MIHUTUCA BXIJHUW CHUTHAI BIJ

MaKCHUMAaJILbHOTO 3HaYeHHS, 100 BuX1 mocar 3MiHd Ha 100%.

D=d-100%. (2.3)

ABTOKOJIMBaHHS — 1€ HE3racaroul KOJMBaHHS, SIKI BUHUKAIOTh Y JIUCHUIIATUBHIN
CUCTEMI, JIe CTIMKUN cTaH (POPMYETHCS B YMOBAaX HEPIBHOBAXKHOTO CEPEIOBHINA TIPH
pPO3CIIOBaHHI €Heprii, 10 HAIXOAWTh 330BHI. BOHM MIATPUMYIOTBCS 32 PaxyHOK
MOCTIMHOTO (HETEeP10IUYHOT0) 30BHIIIHBOTO BILIUBY.

II-perynsaTop BUKOPHCTOBYETBCS B IIpoLEcax, J€ HE BHUMAra€rbCsi TOYHE
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yTpUMaHHS 3aJaHOTO 3HAYCHHS, 1 SK HACTIOK, BUHUKAE CTaTMYHAa moMmika. lle
MOSCHIOETBCSA TUM, IO BUXIJHUN CUTHAJI HE MAa€ JAOCTATHHOI CHIM JUIS MiATPUMAHHS
nmapaMeTpiB CHUCTEMHU Ha IMOTpPIOHOMY piBHI. Xoua PpErymsaTop MOXKE JOCITTH
HEOOX1THOTO 3HAYEHHSI, Y BUIAJIKy BITUBY 30BHIIIHIX 30ypeHb BiH HE 3MOKE IOBEPHYTH
CHUCTEMYy 0 IOYaTKOBOTO PIBHS, JOKM MOMUIKAa HE 3pOCTE 0 TAKOrO PIBHSA, IIO
BUXIJIHWI CUTHAll CTaHE JOCHTh MOTY)KHHM s BIUIMBY. Uepe3 Iie s HAIIOTO
NPUKIIATy TaKUM MPUHIIMIT PETYIIOBAHHS HE MiIXOAUTb.

[Tl-perynmsarop 3acTOCOBY€ i30[pOMHE KEpyBaHHs, TCHEPYIOUHM CyMy JBOX
KOMITOHEHTIB — CHTHaTy, MPOMOPIIIHOIO MOMMIIl, Ta CUTHAIY, MPOMOPLIHHOTO
iHTerpaidy Bin 1€l nmomwmikd. Otxe, BuxiaHuil curHan [ll-perymstopa u(t)u(t)u(t)
BU3HAUYAETHCS HE JIUIIEC 3HAYCHHSIM MOMUIIKHM KepyBaHHS e(t)e(t)e(t), ane i iHTerpaIoMm

11€1 HOMWIKH.
Ut) =K, - e(t) + K, [ e, - dt (2.4)

ne K1 — xoedilieHT MOCUJICHHS IPOIl OPIIHHOTYACTUHY;

K( — xoedirieHT mocunaeHHs 1HTerpaJbHOI YaCTHHHU.

Ockinbku I1I-perynstop MoxHa ySIBUTH SIK MOEAHAHHS JIBOX PETYISITOPIB, IO
MpaIfoTh TapaielibHO, WOTr0 MiACHIIOBAIbHI BJIACTUBOCTI BH3HAYAIOTHCS JIBOMA
napameTpaMu: Mexero mporopiiitocti d = 1 /K, obepHenoro no koedimienta K, i
yacom 13osipomy T = 1/ K, , o6eprenum a0 K. Cucrema 3 [1I-perymnsitopom Mae kparii
JUHAMIYHI XapaKTEPUCTUKU TOPIBHAHO 3 MPOMOPLIAHUM 3aKOHOM. Y MEpexiTHUX
mpoliecax 130poOMHa CUCTeMa TOoi0Ha O CUCTEMHU 3 MPOMOPILIMHUM KepyBaHHSIM, a B
CTaJOMy pEXUMI — 10 I1HTerpajpbHOro. Builla mpomnopliifHa KOHCTAHTAa 3MEHIIYE
BUXIJIHMM pIiBEHb MNpPH OJHAKOBIM TMOMMIIII, a OUIbIIa iHTErpaJibHa KOHCTAHTa
YIOBUTBHIOE HAKOMMMYEHHS IHTETpabHOI ckianoBoi. [ll-perymioBanust 3abe3meuye
HYJIbOBY CTaTUYHY MOMWJIKY 1 CTIMKICTh 1O MEpPEIIKOJ, BUMIPIOBAJILHOTO KaHAIy.
[HTerpaspHa YacTMHA KOMIIEHCYE CTaTHYHY TOMMWJIKY IIISXOM Oe3nepepBHOTO
HAKOMIMYEHHSI TMOXWOKM € 3a MEBHUM Yac 1 CTBOPEHHA KEPYIOUOTO0 CHUTHAIY,

MPOTIOPLINHOTO HAKOTTMYEHIN BEJTMYUHI.
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Cnabka ctopona Ill-perymstopa mossirae B 1oro moBiIbHIM peakilii Ha BILUIUBH,
II0 MOXYThb 3MIHIOBaTH cucTeMy. JlJis HOro HamamTyBaHHS CIOYATKy IHTETPajbHY
MOCTIMHY 4Yacy BCTAHOBIIOIOTH HAa HY/Ib, a NPONOPIIAHUK KoedIillieHT — Ha
MakcuMmanbHe 3HadeHHs. [loTiMm, sk 1 B HamamrtyBaHHi [I-perymsaropa, 3MeHIIYIOTH
MPOTOPIIHHUN KOE(IMIEHT TOTH, JOKH CHCTEMa HE IIOYHE MPOSIBISITH CTaOUIbHI
KoJMBaHHA. Haiikpaiie 3HaueHHs MPOMOpIIHHOro koedilieHTa — NPUOIU3HO Y/BIYI
Olnple 3a Te, MpPU SKOMY BHUHHKAIOTh KOJIMBAHHA, a TMOCTIHHA 4Yacy IHTErpyBaHHS
noBUHHA OyTH npubiu3HO Ha 20% MEHIIOI0 3a Mepiojl UX KouBaHb. ONTHUMAIbHUM
BBAXKAETHCS MEPEX1THAN MTPOIIEC 13 TIepeperymroBanasIM 01u3bK0 20%.

[MI1-perynsatop o00’€qHye TpU €JIEMEHTU: MPONOPLIAHUMN, IHTErpatbHUMN 1
nudepeHiiHui, 10  CTBOPIOE  KOMIUIEKCHUW  MPOIMOPIIHHO-THTErpaIbHO-
mudepennioounii peryastop. Buxigauit curnan II/-perynsaropa u (t) ¢opmyerscs
Ha OCHOBI 3HAUEHHS PETYJIIOBAIBHOI MOMHIKH € (t), 1HTerpana Bija 1€l TOMUIKH, a

TaKoXK 1l TMOXIJHOI, IIO JI03BOJSIE HOMY BpPAaXOBYBaTH 1 HAKONMYEHY IOMHUIIKY, 1

IIBUJIKICTh 3MIHU ITOMUJIKH, 3a0€31eUy0dr OUIBII TOYHE KEPYBaHHS.

de(t)
dt

Ut) =Ky - e(t) + Ko [, e(t) - dt + K, - (2.5)

[lincumoBanbhHi  BnactuBocTi  [II/I-perynsitopa  BU3HaAyaroTbCcs  TphOMa
KITFOYOBUMHU ITapaMeTpaMu: Mexa rpomnopitidaocti d = 1/K1; wac i3ogpomy T1= 1/Ko, Ta
yac nepeayBaHHs Tq = K. Cuctremu 3 IIIJI-perynaropamu 00’€HYIOTH MEpeBard,
BJIACTHUBI MIPOMOPIIHUM, IHTETPAITBHUM 1 IPOMOPIIIIHHO-TU(EPEHITIHHUM PETYISITOPaAM.
BoHu BiApI3HSIOTBCA BIACYTHICTIO CTaTUYHOI TOMMJIKH 1 3a0€3MeYyroTh BUCOKY

IIBUJIKICTh PEaKIlii Ha 3MIHU.
2.3.1 Orusaa koHCeTpyKUii ppesepHoro Bepcerara 3 YITY
Harm Bepcerar € HacTUIBHOIO MOJIETUTIO (Ppe3epHOTo BepeTara, 1o Mae Tpu oci. Bin

o0poOisie AeTani 3a JOMOMOTOK PIXKYYOro IHCTPYMEHTY Tl OOEpTaHHS, SKHM

oOepTaeThbcsl Ta MEPEMIIAEThCA B3IO0BXK oce X, Y Ta Z i1 BUKOHAHHS OOpPOOKH.
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[TepemitnieHHs poOOYMX €JIEMEHTIB 3/I1MCHIOEThCS Yepe3 TBUHTOBI Nepeiadi, a CTaHWHA
CJIyTY€ OCHOBOIO JIJISI PO3MIIIICHHS €JIEMEHTIB KOMITAKTHOTO 00 THAHHS.

Ha pucynky 2.1 300pakeHo 3arajibHHUI BUITISI BepcTara.

Ham Bepcrar obnagranmii matoro kepyBanHs Arduino Uno. [TnaTta 300paxena
Ha pucyHky l.1.

Arduino Uno — 11e MiKpOKOHTpoJIepHa I1ata Ha ocHOBI yina ATmega328P, ska
IIIUPOKO BHUKOPHCTOBYETHCS B PI3HUX MPOEKTAX MJIs aBTOMAaTH3allli Ta KepyBaHHS.
3aBAsIKM CBOIM TIPOCTOTI B TMPOrpaMyBaHHI, YHIBEPCAJIBHOCTI Ta MOXJIMBOCTI
MIIKJIFOYEHHST JOJAaTKOBHX JATUMKIB 1 BUKOHABUMX MexaHi3MiB, Arduino Uno craia
NOMYJSIPHUM BHOOpPOM y PpI3HMX cdepax, 30KpemMa B CHCTEMaxX KepyBaHHS
MajiorabapuTHUMH BepcTaramiu.[13]

Jlns hpesepHOro BepcTara HeBeJMKUX po3mipiB, Arduino Uno Moke BUKOHYBAaTH
GbyHKIIIT KOHTpoJIepa, KEPYIOUHd PyXoM 1 poOOTOr0 BepcTaTa. 3a JOMOMOTIOI0 JApaiBepiB
KPOKOBHUX JBUTYHIB, Arduino Moxke 3a0e3mneuyBaTH TOYHE KEPYBAHHS TMOJOXKEHHSIM
1HCTpyMeHTa 10 ocsiX X, Y 1 Z. JlonaTkoBl CEHCOpH, TaKl SIK JATUYUKHU MOJOKEHHS YU
KIHIIEBI BUMHUKa4l, MOXKYTh 3a0€3ME€UUTH TOYHE 3yITMHEHHS B MOTPIOHUX KOOPAMHATAX,
M1JBUILYIOYH O€3MEKyY 1 TOYHICTh 0OpOOKH.

Arduino Uno Takox no3Bojsie migxiatouatu [IIM-ynpaBiiHHS AJis1 KOHTPOJIO
IIBUKOCTI 00epTaHHs piKydoro iHCTpyMeHTy. Lle 1ae 3mMory agantyBaTu BepcTaT Jyis
00poOKu pi3Hux MarepianiB. Hanucanus nporpamuoro koay ais Arduino Uno no3Boiisie
3aJ1aT¥ rapameTpu 0OpOOKH, IMBUAKICTh PYXY OCEH, MBUAKICTh 00OEpTaHHS IHCTPYMEHTA
Ta 1HII Ba)JIMBI MapaMeTpH, U0 pOoOUTH ii €(h)eKTUBHOIO MIATPOPMOIO IJIsi KEpyBaHHS

MajiorabaputHuM (pe3epHUM BEPCTATOM.

2.3.2 OcHoBHi xapakTepucTuku iatu Arduino Uno

Mikpokontponep: ATmega328P — momynsipanii 8-61THHIT MIKPOKOHTPOJIEP Bij
xommanii Microchip Technology. Mae ontumanbHuil 0anaHc MiX TPOAYKTUBHICTIO Ta
CHEeproCIOKMBAaHHAM, 110 POOUTH MOro YHIBEpCaIbHUM [UIsI LIMPOKOTO CIEKTpa
3aBJ/laHb.

Kinekicte BuBoAiB. [{udposi Bxoau/Buxonau: 14 uudpoux miHiB (BUBOIIB), 6 13
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akux miaTpumyiorh [IIM (MpoTHO-IMITYJIBCHY MOAYJAIIIO) JJI  PEryTrOBaHHS
YaCTOTH CUTHAITY, IO J03BOJISIE€ KEPYBATH, HAITPUKJIIA, ITBUIKICTIO 0OCpTaHHS JBUTYHA.

AHanoroBi Bxojau: 6 aHAJIOTOBHUX IMiHIB, SKI MOXYTh BHUKOPHUCTOBYBATHUCH MJIS
3YUTYBaHHS aHAJOTOBHX CHUTHAJIB B JNaTYWKIB, HANPUKIAN, JII BU3HAYCHHS
MIOJIOKEHHS MTOB3YHKA a00 TaTyrKa oOepTaHHS.

TakroBa yacrora: 16 MI'mT — 10cTaTHRO BHCOKA INBUAKICTH IJIsI OUJIBIIOCTI
0a30BUX 3aBIaHb KEpyBaHH, 3a0€31eUye MBHUIKE BUKOHAHHS KOMaHT 1 00pOOKy TaHUX.

[Tam'sTh. @nem-nam'ate: 32 kb qy1s 36epiranas nporpamuoro koxay. [IpubauzHo
0.5 kb 3aitusaTo 3aBantaxysadem (Bootloader), sikuit 3a6e3mneuye mpocTe 3aBaHTaXKCHHS
nporpam uepe3 USB.

OneparuHa nam'ste SRAM: 2 kb mayig poO6OTH 3 TUMYACOBUMHU 3MIHHUMHU, IO
BUKOPHCTOBYIOTKCS T11]T YaC BUKOHAHHS IPOTPaAMHU.

EEPROM: 1 b nns 30epiraHHs JaHux, siKi 30epiraroThCs HaBITh MICIS
BUMKHEHHS KUBJICHHSI.

Hampyra >xuBnenns. Poboua Hampyra: 5 B — ontumaneHa ams poOoTH 3
1IM(PPOBUMHU KOMIIOHEHTAMH, JTIOCTyITHUMH Jijis1 Arduino.

Kusnenns uepe3 USB. Arduino Uno moxHa xuButH uepe3 USB, 110 3a06e3neuye
SK POrpaMyBaHHs, TaK 1 )KUBJICHHS B1Jl KOMI'IOTEpA.

JXKupnenns yepe3 30BHIMIHIA po3'eM. Bix 7 mo 12 B, myis aBToHOMHOI poOOTH
(HanpuKiaz, BiJ agantepa abo akyMmyssiTopa).

USB-intepdetic. Arduino Uno BuxopuctoBye intepderic USB Type-B nmns
MIIKITIOYCHHS 10 KOMIT'IOTepa, Yepe3 KU MO)KHA 3aBaHTAXyBaTH MPOTPAMH, & TAKOXK
BECTH MOHITOPHUHT Ta HajlaropkeHHs: poootu. USB Takox 3a0e3mneuye >KMBICHHS IJ1aTH,
110 3PYYHO I TECTYBAaHHS Ta BiJIAIKU.

Posmmpennss MoxomBocTed. Arduino Uno Mae chemiainbHi po3'eMu  iis
IKITFOYSHHS TOAATKOBUX TUIAT (ITUJIIIB), TAKUX SIK IpaiiBepu KPOKOBUX JIBUTYHIB, Wi-
Fi a6o Bluetooth momymi, 1m0 103BOJsIE PO3MIMUPIOBATA (PYHKITIOHAIBHI MOMKJIUBOCTI
TUTATH.

Monyni [IIM MoXyTh KepyBaTu JIBUTYHAMU 1 MIJKIIOYATUCS A0 MIWJIIB JIS
YIPABJIIHHAS MMOTYKHUMH JBUTYHAMH Ha BEpCTaTaXx.

3pyune mnporpamyBaHHs. [lnara miarpumye Arduino IDE — iHTYiTHBHO
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3pO3yMiJie CEPENOBHIINE ISl HAMMCAHHS KOy 3 O10morekaMu Jjis poOOTH 3 PI3HUMU
JaTIUKaMH Ta MOIYJISIMH, SIKe CyTTEBO CIIPOIIY€E MpOIiec mporpamyBaHHs. KopucrtyBadi
MOXXYTh MHCATH KOJl Ha MOB1, cxoxii Ha C/C++.

Ceitnonmionn iHauKarii. BOymoBanuii cBiTionion Ha nudpoBomy miHi 13: MokHa
BUKOPHCTOBYBATH JIJIS BIJTaIKK 200 IPOCTO TECTYBAHHS TIATH.

CeiTiioniony >KMBJICHHS Ta Mepefadl JaHuX: BKa3ylOTh Ha MIJKIIOYEHHS 10
JKUBJICHHS Ta Ha niepeAady aaHux depe3 USB.

Temneparypuuit mianazon podotu: Arduino Uno po3paxoBaHa Ha poOOTy Ipu
temneparypi Bix -40°C no +85°C, 1m0 poOUTH 11 PUIATHOIO /17151 BUKOPUCTAHHS B PI3HUX

yMOBaXx, BKJIFOYaIOYU MPOMUCIIOBI.

2.3.3 IlepeBaru Arduino Uno ais ppesepHoro Bepcrara

MOXXIMBICTh TOYHOTO KEpyBaHHS KPOKOBUMHU JBUTYHAMU JJISl TTO3UIIIOHYBAaHHS
0 OCSIM.

[IIM no3BoJisi€ 3MiHIOBAaTH MIBUAKICTh 00€PTaHHS PIKYUYOro IHCTPyMEHTA.

[Ipocra iHTerpaiis 3 JaT4MKaMy TMOJIOKEHHS Ta KIHIEBUMH BUMUKAYaMH JIJISI
KOHTPOJIIO poO0YOi 00J1aCTI.

Jlerke MiAKIIOUEHHS O JpalBepiB ABUTYHIB 1 IHIIUX MOAYMIB JUIsi TOOYIOBU
(YHKI10HATBHOI CHCTEMH KEpyBaHHS.

Arduino Uno € onTuMajgbHUM DPIIICHHSIM [JIi MajoradapuTHUX (pe3epHux
BEpCTaTIB, OCKUIbKM BOHA 3a0e3nedye THYYKICTb, HAAIMHICTh Ta JOCTAaTHIO

O6III/ICJ'IIOBaJ'IBHy HOTy)KHiCTB AJIs1 KCPYBAHHA OCHOBHUMHU KOMIIOHCHTAMH BEPCTATY.

2.3.4 /IBuryHu Ta ix apaiiBepu

Ha nam Bepcrar BcraHoBiieHO Tpu ABUryHu Tunmy Nema 17 HS4401, axuit €
BHCOKOTOYHBIM KPOKOBUM JBUTYHOM, IIO MiIXOAMWTH JIJIsl 3aCTOCYBaHb y BepcTarax 3
UITY, npunTepax 1 cucTeMax aBTOMaTh3aIlii, e HeOOX1JHUI TOYHUI KOHTPOJb PyXYy.

[leit ABUTYH OCHAIIEHUM YOTHPMA MPOBOJAMM ISl TIKIIFOUEHHS JI0 JpaiBepa,

00 MATpUMYE OINONSIPHUNA PpPEKUM poOOTH. BUKOPUCTOBYETHCS MEPEBAKHO 3
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IpaiiBepaMu, 3AaTHUMHU 3a0€31eUUTH HEOOX1AHUN CTPYM, IJIsl OITUMAIIEHOTO KOHTPOJIIO
fioro poOoTu Ta yHMKHEHHs meperpiBy. Bin uymoBo migxoauts st CNC-maiuH,

MIPUHTEPIB, p13aKUX MAIIUH Ta 1HIIMX JI0ATKIB, JI¢ Ba)KJIMBA TOUHICTb.

Pucynok 2.6 — Kpokosuit asuryn Nema 17 HS4401

TaGmuis 2.1 MICTUTh KJIFOUOBI TEXHIYHI XapaKTEPUCTUKH KPOKOBOTO JABUTYHA

Nema 17 HS4401.



Tabmuus 2.1 - KIIOUOBI TEXHIYHI XapaKTEPUCTUKH KPOKOBOTO ABMTyHa Nema

HS4401.
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17

ITapamerp

3HaueHHs

Tun nBuryHa

binonsipanii KpoKOBUit

Kpok kyrta

1,8°

[ToryxHicTs, P

10-25 Br(3a1eXuTh BiJl HABAHTAKESHHS)

YTpuUMy04rii MOMEHT

0.42 H-um (a60 0.45 H-m)

Crpym™ Ha da3y 1.5 A (abo 1.68 A)
OO6eprarounii MOMEHT 3,5 H- oM
MowmeHT iHepiil 260 T/ CM2
OcnoBuii <0,02 MM
Makc. pagianbHUR 75N
Makc. ocboBHi 25N
Orip i3o05s11ii >100 MQ
KinpkicTh map mostociB 50
Omip dazm 1,2 Om
[HxyKTUBHICTH ~2.8 M['H
Kuac 13omsii B (130°C)
Po3mip xopryca 57 x 57 Mmm
JloBxuHa Kopryca 113 Mmm
Hiametp Bana 5 MM
JlorxuHa Baja 24 mm
Tun BuxigHOTO Bana [Tnockwuii (D)
KinpkicTs BUBOIB 4
JloBxuHa POBOIIB 400 MM
Maca ~280T

Jlns mopanbpIIoro BUBUEHHS aBTOMaTu3allli ¢pe3epyBaIbHOIO TIPOIECy Ha

Bepcrari 3 UYIIK HeoOximHO po3poOUTH HOTO CTPYKTYpHY CXEMY, BH3HAYUTH

nepeaaBagbHl (PYHKINT AJ1s1 KOXKHOT YaCTUHM CUCTEMH, a TaKOXK YCI€l CUCTEMH — SIK
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BIIKpUTOi, Tak 1 3aMkHeHOi. [lami ciig mpoBecTH aHali3 CcTabiIbHOCTI CUCTEMH Ta
OLIIHUTH 11 OCHOBHI XapaKTEPUCTUKH.

3a ocHOBY OepeMo JjaHy CTpyKTypHY cxemy|[ 18] (pucyHok 2.7).

fbuzyw 1 1 Bre X
X//‘/ A A N y/f/
— X MK Hbuzyy 2 Brv Y —— X | Ppesep |
- I
[bveyn 3 Biew 7
famyux

Pucynok 2.7 — CtpykrypHa cxeMa ¢pesepyBaibHoro Bepcrara 3 YITK

Mexanizm kepyBanHs (MK) — BignoBizae 3a oOpoOKy BXigHOro curHaiy X(t),
dbopMyBaHHS KepYIOUUX KOMaH]I 1 Iepeady ix 10 BUKOHABUYUX MEXaHI3MiB.

[IpuBonu ([Buryn 1, Jsuryn 2, J[BuryH 3) — peamnizyloTh NEpPEMIlICHHS
dbpe3epHOro IHCTPYMEHTY IO TPbOX KoopauHarax: X, Y, Z.

Oct X, Y, Z — KoOpauHATHI OCI, MO SIKUX BUKOHYETHCS pPyX MPUBOAY IJIs
MO3ULIOHYBaHHS THCTPYMEHTY.

Jlatunky — 3a0€3Me4yloTh 3BOPOTHIM 3B’S30K, KOHTPOJIOIUYM IOTOYHE
MOJIOKEHHS THCTPYMEHTY Ha KOKHIHM oci. [Hopmarlis 3 1aTuukiB HAAXOOUTh 10 OJIOKY
KEepYBaHHS JIJIs1 KOPEKIIiT pyXy.

O®pe3ep — KIHIIEBUUA BUKOHABYMM MEXaHI3M, IO 3MIMCHIOE OOpOOKy merasl
BIJIMOBITHO /10 3a/IaHUX MPOTPAMOIO TPAEKTOPIi.

Cymatop curHalliB — BUKOPUCTOBY€ETHCS JJISl TIOPIBHSAHHS BX1JHOTO CUTHATY X(t)
13 3BOPOTHUM CHUTHaJOM Y(t) sIkuii opMyeThCcsl naTuuKamu. Pe3ynprar mogaeTsbest 10

OJOKY KepyBaHHS JJIsl OOYMCIEHHS! TOMUJIKH 1 KOPEKIIi pyXy.
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B sixocTi apaiiBepiB /Ui HAIIMX ABUTYHIB BUKOPUCTAEMO TPH ApailBepu MoJei
DRV8825.

HpaiiBep DRV8825 — 11e iHTerpoBane pilleHHs sl KEpyBaHHS OlMOJISIPHUMHU
KpokoBUMH JBUTYHaMU, DRV8825sKe mUpoKo BUKOPUCTOBYETHCA B OOJQAHAHHI IS
IPUHTEPIB, CKAHEPIB Ta 1HIINX aBTOMAaTU30BaHUX CHUCTEM.

OcHoBHi xapaktepuctiuku DRV8825:

- [TinTpuMKa Hapyry KUBJICHHS:

- Jianazon wHanpyru: 8.2 B - 45 B, mo 103BoJsie€ TIpaIioBaTi 3 MHAPOKAM
CTIIEKTPOM JIKEpEIT )KUBIICHHS.

- OnTuManbHe BUKOPUCTaHHS MPH Hampy3i Onm3bko 24 B s OuibmiocTi
CTaHJApTHUX 3aCTOCYBaHb.

- MakcumanbHUN BUXITHUMA CTPYM:

- o 2.5 A Ha a3y (3 HaJIe)KHUM OXOJIOKEHHSIM ).

- JInsg  cTaHmapTHOrO  BUKOPUCTaHHS ©0€3  J0JAaTKOBHX  pajiaTopiB
PEKOMEHIOBAaHO OOMEKUTH CTpyM 10 1.5-2 A.

- [TinTpumye MiKpoKpoKyBaHHS 0 1/32 Kpoky, 10 3a0e3neuye MIaBHICTh
pPYXy Ta BUCOKY TOUHICTh HO3UL[IFOBAaHHS.

- [lepeBara mist cuctem, siki MOTPeOYIOTh BHCOKOi PO3AUIBHOI 3aTHOCTI,
Hanpukiaz, y 3D-npuntepax abo UITY.

- Kontposbs ctpymy:

- [HTErpoBaH1 PeKUMH IIBUIKOTO, OBUIBHOIO Ta 3MIIIAHOTO CHALY.

- CTpyM MOXHa peryJiroBaTH 3a JJONOMOIOI0 MOTEHLIOMETPa, U0 JO3BOJISIE
HaJAIITyBaTH JpalBep MiJl KOHKPETHUN JBUTYH.

- [HTerpoBaHuii 3aXUCT BijJ NEPEBAHTAKEHHS IO CTPYMY.

- 3axucT BiJ MEperpiBy, 3aMUKaHHS Ha 3€MIIIO, 3aMUKaHHS MK 0OMOTKaMu
JIBUTYHA.

- JonatkoBuii 3axucT y pasi 3aHmxkeHnoi Hanpyru (UVLO).

- [aTepdeiic:

- [Ipoctuit y BukopuctanHi intepderic STEP/DIR, skuii no3Bojsie

1HTerparito 3 MiKpokoHTpoJjepamu (Hanpukiaa, Arduino abo STM32).
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- MoxnuBICTh peBepcy o0epTaHHs 3a gornoMoroto Bxoay DIR.

JlpaiiBep Ma€ Taky apXiTeKTypy:

- Hpaiieep mae 1Bi H-moctm, peamizoBani Ha OCHOBI N-KaHaJIbHUX
MOSFET-Tpan3ucTtopis, siKi KEpyIOTh 0OMOTKaMH JIBUTYHA.

- HanamryBanHs MIKpOKPOKYBaHHSI BUKOHYETLCS Yepe3 I'ITh KOHTPOJBbHUX
BxoaiB (MODEO-MODE4).

- BOynoBanuit ocrmmnstop 3abe3neuye MIaBHICTh poOOTH 0€3 JT0JaTKOBUX
KOMITOHEHTIB.

HpaiiBep 300paxeHuil Ha pUCYHKY 2.8.

Pucynox 2.8 — [IpaiiBep kpokoBoro asuryna DRV8825

2.3.5 Kusiaenns Bepcrara YIIK

Jlns >xuBIeHHST BepcTaTta BUKopucTaemMo 0ok skuBneHHss LEDTEX 24V. bnok
xuBlienHs LEDTEX 24V € ogauM 13 mOmyNspHUX pilieHb g 3a0e3medeHHs
ctabuipHOi poOoTu cBiTHomiogHux (LED) cuctem. BiH BUKOpPHCTOBYETHCS B PI3HUX
OCBITJIIOBAJILHUX TPOEKTAX, 30KpeMa [JIs MIACBITKH IHTEP'€piB, 30BHINTHBOI
apXITEKTYpHOI MIACBITKH, PEKJIAMHUX KOHCTPYKIIIA, a TaKOX JUIsl TPOMHCIIOBOTO
3acTOCyBaHHA. Hwmkue po3riIsiHEMO TEeXHIYHI XapaKTEpUCTUKH, TEepeBard, MPUHITUI
poOOTH Ta raxy3i BUKOPUCTAHHS I[LOTO IPUCTPOIO.

- Bxinna nampyra (AC): 100-240 B (50-60 I'n).
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- IlinTpuMka MMPOKOTO Aiama3oHy BXIAHOT HAMpyrud 3ade3nedyye CTallIbHY
poOOTYy HaBITh MpHU MEepenagax eIeKTPOKUBIICHHS.

- Buxinna nanpyra (DC): 24 B.

- ls nanpyra € crannaptHoro i 6arateox LED-cucrtem.

- [TotyxHicTh: 3anexHO BiJ MOJAENI, MOTYXHICTh MOXKe BapitoBatucs Big 30 Bt
10 500 BT, u1o 103Bossie miaiOpaTy IPUCTPId i1l KOHKPETHOTO HaBAaHTaKEHHSI.

- Koediuient xopucnoi aii (KK/I): 85-95%.

- Bucokuit KKJI no3Bossie 3HU3UTH BTpaTH eHeprii Ta 3a0e3nmeuyuTH
E€KOHOMIYHICTb.

- PiBens 3axucty: [P20, IP65, [P67 a0o iHmil.

3ae)KHO BiJ THUIY KOPIYCy, MPHUCTPIM Moxe OyTH NpuU3HAYCHUH IS
BUKOPHUCTaHHS BCEPEIMHI TPUMIIIEHb 400 B yMOBaX BUCOKOI BOJIOTOCTI Ta MHILY.

3axucr:

- Bin KopoTKOro 3aMuKaHHS.

- Big nepeBaHTa)keHHS.

- Big meperpiny.

Oxonomxenns: [lacuBHe (paniatop) ab0 akTUBHE (BEHTUIIATOP).

Tumn 0Xoa0MKEHHS 3aJICKUTH B1J] TOTY>KHOCT1 MPUCTPOIO.

Temneparypuuit gianazon pobotu: -20°C mo +50°C.

VY Bepcrarax 3 4KMciIOBUM nporpaMHuM kepyBaHHsAM (UIIY) Onoku >KuBiIeHHS,
taki sk LEDTEX 24V, BinirparoTh BaXIUBY pojib y 3a0e3MeueHHl cTablIbHOT poO0TH
CJICKTPOHHUX KOMIIOHEHTIB. 3aBIsIKM CBOIM TEXHIYHUM XapaKTEepHCTUKaM, OJIOK
JKUBJICHHS IIbOTO THUMY 171€aJbHO MiAXOAUTH IJIs KUBJICHHS NepudepiiiHuX NpUcTpoiB,
CJICKTPOJIBUTYHIB 1 KOHTpOJepiB BepcTaTiB UITY.

biok xuBieHHs 300pakeHnit Ha pUCYHKY 2.9.
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Pucynok 2.9 - bnok xusnenns LEDTEX 24V

brnok xusnenns LEDTEX 24V e edekTuBHUM 1 HaaIMHUM PIMICHHAM IS
3a0e3revyeHHs CTabuTbHOI POOOTH ENEKTPOHIKM Ta MexaHiku B cuctemax YITY, mio

CIIpHSIE ITIIBUIIICHHIO TOYHOCTI Ta HAIMHOCT1 BEPCTATIB.

2.4 Po3paxyHoOKk cucTeMH KepyBaHHA

J1J1st KOKHOTO efieMeHTa BepcTara moTpioHO 3HANTH niepenaBaiibHi QyHKii. 1100
o0uncIUTH TepenaBanbHy (QYHKIII0O OOpaHUX KpPOKOBHX JABUTYHIB, CKOPHCTAIOChH

dbopmyroro (2.6).

szq)MTllO
s2J+sD+2p2d,nl,’

Jie p — KUIbKICTh Tap MOJIIOCIB;
®M — marniTHmi noTik (T - M2); N — KUIbKICTh BUTKIB;
lo — cuma ctpymy (A);
%)

J — MOMeHT 1Hepii (KT * M

b

D — xoedimienT B’si3koro Teptst (H-M - ¢ - pa}:[_1 ).
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B 2-50%2-8,4-1,55-3,5
Wascr23) = 0,00002652 + 5 +2-502-84-1,55-3,5
227850
= 0,00002652 + s + 227850’

Ha Bepcrari nms nepegaydi KpyTHOTO MOMEHTY BiJI IBUTYHIB JO PYXOMHX YacCTHH
(mopTany) BHKOPHUCTOBYETHCS IMepeaada TUIy TBUHT-Taika (pucyHOk 2.8). OcHOBHI
rapaMeTpH M€l mepeaadi Taki:

- Po3mipu Bana (momxuna x giamerp): 790 Mm x 8 mm;

- Posmipu raitku (Bucota x giametp): 15 MM X 22 mm;

- Kpok pi3sou: 1 mm;

- Marepian Bana: cranp C45;

- Marepian raiiku: OpoHsa.

Pucynok 2.10 — I'BuHT TpaneneinanabHui [§]

Jlns takoro TUmy mnepeaad 3a3BUYail BUKOPUCTOBYIOTH O€31HEPIINHY JaHKY.
OpHak crodarky HEOOXIIHO BU3HAUUTH TEpeAaTodHe BIJHONIICHHS IS Tepesaadi

TBUHT-Taiika 3a popmynoro (2.7).
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u=2>1 (2.7)

Jie p — KPOK pi3i, MM;

D — miameTp, MM.

1
U_3,14-8_O’04

[lepenaBanbHa QyHKIIS A1 Iepeaadi TBUHT-Taka MaTUME TaKUil BUTIISI:

WBJI(1,2,3) = 0,04‘

Jami noTpiOHO 3HAaWTH TepenaBalibHy (YHKIIIO €JIEKTPOJABUTYHA, SKUN

BUKOPHCTOBYETHCS SIK IIMUHAENb 114 (ppe3epyBaHHs [9]. Ock OCHOBHI XapaKT€pUCTUKU

IITTAHJIETIS 3 BOJSSHUM OXOJIO/KEHHSM, SIKMHM € B KOHCTPYKIIiT (ppe3epHOro Bepcrara:

Hiametp: 80 MM

PerymtoBaHHS MIBUAKOCTI: Yepe3 BUXIAHY HAIMPYTy 1HBEpTOpa Ta HAJIAIITyBaHHS
poboUoro peKUMy

[Buakicte obepranus: 10 24,000 06/xB

OX0JIOMKEHHSA: BOJITHE

[ToTyxHicTh: 2,2 kBT

Hampyra: 220 B

Hominanenuii ctpym: 10 A

Yacrora: B1x 0 'y 1o 400 I'1ix

I[Tigmunaukn: 2x7005C P4 DT 12x7002C P4DT

[Manra: ER20

Hiametpu ¢pes: 13 mm, 12 mm, 11 mMm, 10 mm, 9 MM, 8 MM, 7 MM, 6,35 MM, 6 MM,
5 MM, 4 MM, 3,175 Mm, 3 MM, 2 MM, 1 MM

[TepenaBanbHa QyHKIIIS PO3PAXOBYETHCS 32 TAKOIO (HOPMYIIOIO:



W(s) = 2

S

me k; — xoedirienT nepepayi gsuryna (2.9).

ne KO — HoOMIHaJIbHE 3HaUY€HHA cTpyMy 30y1keHHd (2.10)

Uu—I4R,
w

KO =

ne Uy — HoMiHaJIbHA Hampyra, B;
Iq — cTpym y 0OMOTIII SIKODS,

A; Ry — omip y oomorui, Om;

Wy — HOMIHAJIbHA KyTOBA MIBUJKICTH, paa/c (popmymna 2.11).

Ny

Ie Ny — KyToBa IBUIKICTh BUXiZHOTO Baty, paz/c (popmyrna 2.12).

n, = 2nV,

ne V — HomiHanpHa yacToTa 0OepTaHHs, 00/CeK.

n, = 23,14 1570,

44

(2.8)

(2.9)

(2.10)

2.11)

(2.12)
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_ 3,14-1570 _ 1643
a)H - 30 - )
@—220_10'0324—132
= 164.3 - os
k.. = 1 _ 0,7
ABT1,32 0
0,76
Wopes = ——

SIK maT4MK IIBHJIKOCTI 3aCTOCYEMO TaXOT€HEepaTop, L0 MOXKHA PO3IVISAATH SIK
Oe31HepUIMHUI JIIHIMHUI eJeMeHT. Y TakoMy pa3l nepefaBajibHa (PYHKI[S JaTyvKa

MIBUAKOCTI Mae BUDILA (2.13):

Wiara(5) = =22, (2.13)

wH.Tl"

ne Uy tr — HOMiHaJIbHA HaMpyTa TaxoreHeparopa, B;

Wy.Tr — HOMIHaJIbHA MIBUAKICTh 00€pTaHHs TaxoreHeparopa, 1/c (2.14).

ZnnH.TF

e = —2 (2.14)

1€ Ny tr — HOMIHAJIbHA YacTOTa 00EpTaHHs TaxoreHepaTopa.

3a popmynamu (2.13)-(2.14):

_2:314-15000 ____
Wy rr = 60 - ’
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Wiara(s) = = 0,064

1570

Arduino Uno MOXXHa po3MIsiaTH SIK IMITYJIbCHUM €JIEeMEHT CUCTEMH 3 NIEBHUMHU
XapakTepucTukamu nuckperusaiiii. Kourponep mae 10-0iTHUI aHamoroBo-uu@poBuii
nepeTBOpIOBad, 110 3ade3neuye 1024 piBHI AUCKPETHOCTI.

[Tpu po6Gouiit Hampy3i 0-5 B posainbHa 31aTHICTh ckiagae omau3bko 0,0049 B Ha
piBEeHb, IO J03BOJISIE TOCUTH TOYHO TEpEeIaBaTH aHAJIOTOBI curHamu. Ha Buxomi, 3a
JIOMIOMOTO10 IUPOTHO-IMITYIbCHOT Moayisiii (LLIIM), Arduino Uno Moxe imiTyBaTu
aHAJOTOBUM CUTHAJ 3 PO3IIBLHOIO 3/IaTHICTIO 8 OIT (256 piBHIB), IO TAKOX MIATPUMYE
HETOraHy JIHIHHICTh 1J11 0araThoX J0/IaTKIB.

KBapuioBuii reneparop mikpokontpoisiepa Arduino Uno mpairoe Ha vactoTi 16
MI'u. OnuH TakT OporpaMu BUKOHYEThCA 3a 1/16 1i€i yacToTu, mo 3abe3neuye BUCOKY
MBUAKICTh 00po0OKu. 3a xBriiMHY Arduino Uno BUKOHYE 05in3bK0 960 MiJIbIIOHIB TaKTiB
porpamu, Mo 103BOJIsIE €PEKTUBHO OOpOOISATH HaBITh JOCUTH CKJIAQJIHI 3aBIAHHS B
peaabHOMY 4Yaci.

Otxe, saxmo Arduino Uno BukoHye 960 MiIbHOHIB TaKTiB Ha XBUJIMHY, TO HOTO
JMCKPETHICTD cKiIaaae 960 MITH TakTiB 3a 1eH uac, a nepiog auckpetHocti T = 1,04x107°
xBUaWH. L{e 3BOOUTH MUCKPETHICTH KOHTpOJEpa Maike J0 HyJs 3a 9acoM, TOMAl 5K
HaWOUIbIIA TOCTIHHA Yacy CUCTEMHU JOpiBHIOE | XBWiMHI. TakuM YUHOM, POOMMO
BUCHOBOK, 10 Arduino Uno He CTBOPIOE 3aTPUMOK Yy CHUCTEMI, TOMY ISl HOTO

nepeaaBagbHOI PYHKINT MOKHA IPUNHSATH 3HAUCHHS, PIBHE OJMHUIII.

W, = 1.

Ha pucynky 2.9 300paxeno crpykrypHy cxemy CAK
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—1 Wasls) — Wy,i(s)
L(/\\/'i Wi (5 Wao(s) | Wals) };/xi\' Wypes (S/ | L
W3 (s) W,,3(s) ‘
Waana('s/

Pucynok 2.11 — CtpykrypHa cxema CAK

1106 OIiHWUTH XapaKTePUCTUKU CUCTEMH, MOTPIOHO BU3HAYUTH IeperaBaibHI
GyHKLIT SIK pO3IMKHYTOI, TaK 1 3aMKHYTOI cucTeM. lle J03BOIMTH MpOBECTH aHaII3

CTIHKOCTI, IMHaMIYHUX BIACTHUBOCTEH Ta 1HIINUX BAXJIMBUX MapaMeTPiB.

Vl/p(s) = Wi - (W,ELB1WBJ11 + W,ELBZWBJ'IZ + W,ELB3WBJ'I3) ) W¢pe3a (215)

W (S) — WMK'((W;{Bl WBJ'Il)+ (WABZ Wsin2 ) + (WAB3 Wsa3 ))'W(l)pes
3 1+WMK'((WA31 WBH1)+(WAB2 Wsan2 ) + (WLLB3 Wen3 ))'Wd)pes'W,aaT'{

, (2.16)

[TimcTaBUBIIM 3HAMAEH] 3HAYEHHS OKPEMUX MepeaBaJbHUX QPYHKIIHN y hopmynu
(2.15) Ta (2.16), MO)kHa OTpUMATH 3arajbHy MepeaaBaibHy (YHKINIO PO3IMKHEHOI
cucteMu W,(s). Lle nactb 3MOry OLIIHMTH 1i JMHAMI4HI BIACTUBOCTI Ta MOBEIIHKY B

YMOBaX BiJICyTHOCT1 3BOPOTHOTO 3B’ SI3KY:

20779,92

W (s) = :
p 0,000003s3 4+ 0.04s%2 + 9114s

Jlaui, miicTaBUBIIM BioMI TiepenaBaiibHi GyHKIi y hopmyny (2.16), o6uuciamnmo

nepenaBaibHy QYHKINO 3aMKHEHOT cucteMu W s ().
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0,06s3 + 831,252 + 189,39 - 10%5
9-10"12.56 + 24-10=7 - 55 +0,06-s% +72912-s3 +8,3-107s2 +1,2-107s

[TepeBipuMO CTIMKICTh 3aMKHYTO1 CHCTEMHU 3a JJOIIOMOTOI0 KpUTepito Muxaitnosa,
Ui 4oro moOynyeMo BIAMOBIAHY KpuBY. Y mporpamHomy cepenosumii MATLAB
BUKOHA€MO HEOOX1/1HI IEPETBOPEHHS JIJIs1 OTPUMAHHS XapaKTEPUCTUUHOTO MOJIHOMA B
KOMIUIEKCHIM tuiomuHi. Lle peanidyeTscsi yepe3 BHUKOHAHHS HACTYMHUX KOMaHH Y

KOMaHJIHOMY psaky (puc. 2.13).

9e-12 s"6 + 2.4e-07 s*5 + 0.06 s*4 + 729.2 s"3

+ 8.3e07 572 + 2.014e08 s

Continuous-time transfer function.
>> Syms S |

>> D=9%-12*s"6 + 2.4e-07*%s*5 + 0.06*s"4 + 729.2%s*3 + 8.3e07*s%2 + 2.014e08%*s;
>> s=j*w;
>> Djw=compose (D, s)

Djw =
- (5570730176784211*w~6) /618970019642690137449562112 +
+ (w*5%45334718235548591)/18889465931478580854784 + (3*w~4)/50 -

- (w*3*36461)/5 - 83000000*w~2 + w*2014000001

PucyHok 2.12 — YacTuHa Koy JJisl pO3paxyHKy KOMILIEKCHOTO

XapaKTEPUCTUYHOTO MOTTHOMY
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Jani nobynyeMo kpuBy Muxaitnosa (puc. 2.14). Kox nporpamu ajis ii moOyaoBu

HaBEJICHO Ha PUCYHKY 2.13.

>> Re=[];Im=[];
for w=0:0.1:100
Djw =-(5570730176784211*w"6) /618970019642690137449562112+

+(w"5%45334718235548591) /16889465931478580854784+ (3*w*4) /50-
- (W*3*36461) /5-83000000*w*2+w*2014000001;

Rel=real (Djw);
Iml=imag (Djw) ;
Re=[Re,Rel];

Im=[Im, Iml];

end

>> figure, plot(Re,Im)
>> grid on

Pucynok 2.13 — Kon a5t mobynoBu kpuBoi Muxaitnosa

1.8 =

1.6 [ '\\\\\\

14 D

0.8 \
N

0.6 | N

04 \ -
0.2 \

x10™

Pucynok 2.14 — Kpusa Muxaitnosa

3 rpadika (puc. 2.15) moxxHa 3poOUTH BHUCHOBOK, IO cHcTeMa cTaliapHa. Lle
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MOSICHIOETBCS THM, [0 KpPUBA XapaKTePUCTHUYHOTO pIBHSHHS BUXOOUTh Yy
HECKIHYCHHICTh Y MMOCTUI KBaJPaHT, 10 BIAMOBIAAE MOPSAKY PIBHSIHHSI N=6n.

ITepeBipsiemo 3a kputepiem HatikBicra. [{js miaTBEpIKEHHS CTIMKOCTI 3aMKHYTO1

CUCTEeMH HEOOXiTHOIO Ta JOCTAaTHBOIO YMOBOIO € BIJCYTHICTh IMpaBUX KOPEHIB Y

xapakrtepuctuyHoMy piBHsAHHI (I=0). Takox BaxiauBo, 1m00 aMmILTITYIHO-(ha30Ba

gacToTHa xapakrtepuctuka (ADUX) po3iMkHYTOI cuctemu (puc. 2.15) He oxoruToBaia

Touky (—1;j0).

10° Nyquist Diagram
I
{ :
1.5 /o
I A
1r o
0.5} ( -
2 N~ T
é 0r e R __,_(_i:"' //\
2 05 ( o 5
£ ~
& -1r . I
£ D
— -15r \
L |
=i |
-25
-3+
\ A
5 10 -5 0 5
Real Axis 107

Pucynok 2.15 — AQUX cucremu kepyBanHs Bepcrary 3 UIIK

Nyquist Diagram

Imaginary Axis

-1 -0.5 0 0.5 1
Real Axis

o
(4]

Pucynox 2.16 — MacmraboBana AOYX 10 Hyist KOOpAUHAT
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3poOKMO OIIIHKY HAIIOT CUCTEMHU aBTOMATUYHOTO KepyBaHHs. [|Jig boro poOoumMo
PO3paxyHOK MOKAa3HUKIB SIKOCTI cucTeMH. bytyemo rpadik nepexiiHoi XapaKTepUCTUKH

(puc. 2.17) 1 poOumo Horo aHai3.
Ha rpadiky BusHO 1110 Yac BCTaHOBIICHHS HAIIOT CHCTeMH ckiaiae tp = 5,1 c.

3a gopmysoro 2.17 BU3HAYaEMO BIJICOTOK MEPEPETYIIOBAHHS:

g ="t . 1, (2.17)
_ 122-0,99 _ 940
= 22222100 = 23%.
A .
tc

Pucynok 2.17 — IlepexigHa xapakrepuctuka cucreMu kepyBaHHs YITK

ITix yac pobotu dpeseproro Bepcrara 3 UIIY obOnagHaHHS MiAAAETHCS BIUIUBY
pi3HHX (paKTOpiB, TAKUX SK BiOpallii, HEPIBHOCTI MOBEPXHI, 3MIHA THUCKY, TEMIIEpATypH
Ta cui pi3aHHs. Taki BIUIMBHM MOXYTh HETaTUBHO IMO3HA4YaTHCs Ha poOOTI Bepcrara.
Hanpuknaa, KpokoBi IBUTYHH, $IKlI 3a0€3MEUyIOTh pyX OCEH, MOXYTbh HpPOITyCKaTH
KPOKH, 10 TPU3BOAUTH JI0 3HWKEHHS TOYHOCTI TO3UITIOHYBaHHS IHCTPYMEHTY.

L1 gakTopu TakoX MOXKYTh COPUUYUHUTH BTPATY CTIMKOCTI CUCTEMH, OCOOIHMBO

SKILO poOoTa BiOyBa€eThCs MOOIN3Y MeXi CTIMKOCTI. [1{00 YHUKHYTH Takux mpooiiem,
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BOXJIMBO 3a0€3MeYnTH CTaOUIbHY pOOOTY CUCTEMHM 3 JOCTATHIM 3amacoM BiJICTaH1 Bijl
KOP/IOHY CTIHKOCTI.

OT1xe, MOXHA AIMTH BUCHOBKY, 1110 ISt 3a0€3MeUeHHs HaA1iiHOT poOOTH cucTeMu
kepyBaHHsl (pe3epHoro Bepcrata 3 UIIY KpuUTHYHO BaXJIMBO BHU3HAUUTH 3alacH
CTifiKkocTi 3a Qazoro Ta ammuniTyaoro. lle 703BoMUTH MiHIMIZyBaTu PU3UMKH BTpaTU
CTIMKOCTI ITi/T BIUTMBOM 30BHIIIHIX (paKTOPIB.

JInsg BU3HAYEHHSA 3amacy CTIMKOCTI HEOOXigHO ToOyayBaTtd JiorapuMidHi
amrtitynHo-yactotny  (JIAUX) Tta  (dazo-gactotHy xapakrepuctuku  (JIOUX)

po3pobiieHoi cuctemu. I padiku xapakreprucTrk 300pa3uMo Ha pUCyHKY 2.18.

Bode Diagram
Gm = 8.73 dB (at 34.9 rad/s), Pm = 130 deg (at 8.64 rad/s)

Magnitude (dB)

Phase (deg)

Frequency (rad/s)

Pucynok 2.18 — JIAUX Ta JIOUX cucrtemu KepyBaHHS

Ha ocHoB1 orprManoro rpadika MoXKHA BUSHAYUTH TaKi MOKa3HUKU CTIUKOCTI:
— 3armac CTIMKOCTI 3a aMIuIiTynot0: AA = 8,73 nb;
— 3amac CTiikocTi 3a ¢azor: Ap=130°.

AHanizyrouu rpadik, BUAHO, 110 3arac CTIMKOCTI 3a aMILTITYAO0 JIEKUTh y MeXax
Bin 6 n1b no 20 nb, a 3amac 3a ¢azoro norparmisge B aiana3zoH Bix 30 ° go 600 °. 1le

CBITYUTH PO T€, 10 po3pobiIeHa cCUCTeMa Ma€ HOpMaJIbHE JIeMIT(pyBaHHS 1 € CTIHKOIO.
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2.6 BucHOBKH 10 po3aiiay

Jl7iss CTBOpEHHS aBTOMAaTHU30BaHOI CHCTEMHU KepyBaHHS OyJio MpoaHalli30BaHO
METO/H yrpaBiiHHs ¢ppe3epHuM Bepctatom 3 UITY Ta BimoBiHI 3aKOHU pEryJIIOBaHHS.

Po3pobrmeno maket dpeseproro Bepcrata 3 UIIY, aeTasbHO MOCTIIKEHO HOTO
OCHOBHI KOMIIOHEHTH Ta BHU3HA4YEHO IepenaBalibHI (DyHKIII KOXXKHOTO eneMeHTa. Ha
OCHOBI IIbOT0 OyJia CIIPOEKTOBAHA CUCTEMA KEPYBaHHS.

[IpoBeneHo anami3 CTIMKOCTI Ta SKOCTI pOOOTH CUCTEMH YIIpaBIiHHA. Pe3ynbratu
JOCTIKEeHb MOKa3aly, 10 CHCTeMa € CTIMKOIO, a OTpUMaHi XapaKTEepUCTUKU 3araciB
CTIMKOCTI Ta CTPYKTYpPH BIAMOBIJAIOTH BUMOTaM JI0 Takux cucteM. [IpoTe, mokazHUKU
yacy BcTaHoBiieHHS tp = 5,1 Ta mepeperymoBanHa ¢ = 23% He 3aJ0BOJILHSIOTH
CTaH/IapTH.

JIJist BIOCKOHAJICHHSI CUCTEMHU Y TPETHOMY PO3JLII MepeadauyeHo OCHAIICHHS ii
[TII-perynsitopoM, miadip Horo mnapameTpiB Ta MOPIBHSHHA HOBUX IMMOKA3HUKIB 4acy

BCTAHOBJICHHS 1 MEepeperyJItOBaHHs 3 OTPUMAHUMHU Y MONEPETHBOMY PO3ILTI.
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3 CUCTEMA KEPYBAHHJSI BEPCTATY 3 UlIIK

3.1 CrpykrypHa cxema cuctemu 3 III/[-peryasitopom

®pe3epHuil BepCcTaT 13 YUCIOBHM MPOTPAMHHUM KEPYBaHHSIM — II€ CKJIaJHA
cucrema 3 OaraTbMa 3MIHHUMH, SIKI JUHAMIYHO 3MIHIOIOTBCS TIiJ 4Yac poOOTH.
CtBOopeHHsT e(DEKTHBHOI CHCTEMH YIPABIIHHSA TakKUM OOJaJHAHHSIM € CEPUO3HUM
BUKJIMKOM, aJ[’k€ BOHAa TMOBMHHA 3a0e3MeuyBaTd BUCOKY TOYHICTh 1 CTAOLIBHICTb.
Hanpukmnan, mig dyac oOpoOKM MOBEPXOHb, OCOONMBO LWIHAPUYHUX, ABUTYHH HE
MOBUHHI BTPA4yaTH KPOKH, N[00 YHUKHYTH MOXUOOK. OKpIM LIbOr0, poOOTa IIMTUHIEIS
Mae€ 3aJUIIATUCS CTAOUTBHOIO MPOTSITOM YChOT'O TEXHOJIOTTYHOTO ITUKITY.

Jna uporo BukopucroByemo IIIJI-perymstop. Ane, Ha cHUCTeMy KepyBaHHS
BEpCTaTy IMiJl Yac poOOTH MOXKYTh BIUIMBATH YMHHUKH, K1 HE 3aBXKIU BPaXOBYIOThCS
1] yac po3poOKH CUCTEMHU KepyBaHHS. TOMy BaXKIMBUM 3aBJIaHHSIM € aBTOMATHYHE
HaJallITyBaHHs IMapaMeTpiB peryisTtopa. Y pa3l MOTpeOM TaKOk MOKHA BHKOHATH
pyunuii min6ip mapametpiB [1I/-perynsropa nins 3a0e3nedeHHs] ONTUMAIBHOT poOOTH
CHUCTEMHU.

MonentoBanns cuctemu 3 [11/I-peryastopom 6yaemo pooutn y MatLab.

Ha pucynky 3.1 300pakeHO 3MOf€/IbOBaHy cucTeMy y cepenoBui MatLab. Y

[II/I-perynstop 3aBOAUMO CTaHAAPTHI 3HAYEHHS1, BOHU 300paxKeH1 Ha pUCYHKY 3.2.

- 0.065° +831.25% + 189.39 + 10°6s
" 95 1001268+ 2.4 % 10075 +0.065* +729.125° + 8.3 % 10V 4 1.2 % 10Ms

Pucynok 3.1 — Cucrema xepyBanns BepctaTtom 3 UIIK 3 III/[-perynastopom Ta

3BOPOTHIM 3B’ SI3KOM
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¥ Compensator formula

p+rlip N 1
s 1+ N

S

Main  Initialization ~ Output Saturation = Data Types  State Attribute
Controller parameters

Source: |internal

Proportional (P): ] 1

Integral (I): \1

Derivative (D): \0

Use filtered derivative

Filter coefficient (N): ’100

Pucynok 3.2 — HanamryBanns napamerpis [ /[-perynsropa

I'padik nmepexiiHOT XapaKTEPUCTUKU, OTPUMAHUMN 13 BAKOPUCTAHHSAM CTaHJAPTHHUX
napametpiB [lI/I-perynstopa, mnpencraBieHuid Ha pucyHky 3.3. VYV 3B’S3Ky 3 UM
aKTyaJIbHUM € 3aBJaHHs aBTOMAaTHMYHOI'O HaJaIITyBaHHA MapaMETpIB pEryjiasTopa s
JOCSITHEHHSI ONTUMAJbHOI POOOTH CHUCTEMHU. TakoXK MOXIMBUN pydyHUM miaOip

napameTtpiB [1IJ[-perynaropa 3ai1exHO BiJl BUMOT 10 TIPOLIECY YIPaBIIHHS.

(]

5
Time (seconds)

Pucynok 3.3 — I'padik nepexigHoi XapaKTepUCTUKH, TOOYI0BaHUI HA OCHOBI
cTaHAapTHUX 3HadyeHb koedimientis [1I][-perymstopa

[Ilo6 mnoKpamMTH TOKAa3HUKU TMEpPEperyaloBaHHs Ta Yacy BCTAHOBJICHHS,
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3aCTOCYEMO TaKHH alTOPUTM.
BinkpuBaemo nanamryBanHsa mnapametrpiB IIIJI-perymsropa (puc.3.4). YopHum

MPSMOKYTHHKOM BHJIIJIEHO KHOMKY Tune, sika TO3BOJISE TIEPEUTH O BIKHA ONTHUMI3AIil

koedimientiB I1IJI-perynstopa (puc. 3.5).

Source: internal T
Proportional (P): |1 [E
Integral (I): ]1 \
Derivative (D): |0
Use filtered derivative

Filter coefficient (N): 100 [E
Automated tuning

Select tuning method: ' Transfer Function Based (PID Tuner App) *| Tune..

Pucynok 3.4 — Bikno nanamrysanss [11]] — perynsitopa

;“’m'“:'" = “ oer Respense Time fsecands) ame 078313 D B >
04| Reset  Show

K AddPioty | et ke ) Design Parameters

DESIGN

racking

—— Tuned response
— — -Block response
Controller Parameters
Tuned Black
P 1.0577 1
| 0.76067 1
D 0039479 o
N 267918 100
@
k-1
E
=
& Performance an d Robustness
Tuned Black
Rise time 0,557 seconds |0579 secands
Settling time 387 seconds 334 seconds
11.6% 152 %
112 115
Gai 99 B @ 244e+113 rad/s[77.9 dB @ 475e+04ra
Phasa margin 725deq @ 255 rad/s [71.2 deg @ 246 rad/s
Closed-loop stability _Stable jstable
1 L 1
6 8 10 12

Time (seconds)

Controller Parameters: P = 1038, | = 0.7607, D = -0.03948 N

Pucynok 3.5 — Bikno ontumizarii [11] — peryastopa

Ha pucynky 3.5 4opHHM NPAMOKYTHHKOM MO3HAYE€HO KHOIIKY, 3a IOIIOMOTOI0 SKO1

MO>XHa BHECTH OHOBJICH1 3Ha4eHHs 110 010Ky [1IJ[-perynsaropa.

Perymroroun mapamerp vacy peakiii (Response time), migdupaeMo onTHMabHI
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3HauYeHHS Koe(imieHTiB s HanamtyBaHHs [11J[-perynstopa.
V BikH1 Controller Parameters (puc. 3.6) BimoOpakaroTbCsi TOTOYHI KOE(DILIEHTH
omoky III/I-perynstopa (croBmenb Block) Ta HOBI 3HadeHHs, OTpuMaHi mia dYac

HajlamTyBaHHs (cToBrens Tuned).

Controller Parameters

Tuned Block
P 1.0577 1
| 0.76067 1
D -0.039479 0
N 26.7918 100

Performance and Robustness

Tuned Block
Rise time 0.557 seconds 0.579 seconds
Settling time 3.87 seconds 3.34 seconds
Overshoot 11.6 % 15.2 %
Peak 1.12 1.15
Gain margin 99 dB @ 2.44e+03 rad/s|77.9 dB @ 4.75e+04 ra...
Phase margin 72.5deg @ 2.55rad/s |71.2 deg @ 2.46 rad/s
Closed-loop stability  [Stable Stable

Pucynox 3.6 — [IapameTpu 0 Ta micid HaJalITyBaHHA

VY 1upomy X BIKHI MOXKHA MOOAUUTH JTOJIATKOBI TapaMeTpPH, TaKl K 4ac 3pOCTaHHS
(Rise time), yac BcraHoBieHHs (Settling time), nepeperymtoBanns (Overshoot) Ta mik
(Peak).

IlepeBara 1pOrO0 MIAXOMYy TMOJSATA€ B MOXJIMBOCTI  0€3MOCEPEIHHOTO
CIIOCTEPEIKEHHS 332 OCHOBHUMH XapaKTEPUCTUKAMH CHCTEMH IIij] Yac HaIAIITyBaHHS Ta
iX TIOPIBHSHHS 3 TIOYaTKOBUMU 3HAYCHHSIMU.

AHanmizytoun pesynsratd (puc. 3.6), MOXKHA 3a3HAUMTH, IO TICS OMTUMI3AIli
napametpiB  [Il/[-perynsitopa dYac  BCTAHOBJICHHS  JemIO0  30UIBIIMBCS, — aje
MepEPEryNIOBaHHS CYyTTEBO 3MeHIunoca — 3 15,2 % no 11,6 %.

Yy ObOMY BHIIAOAKY 30LJIBIIICHHS 4acy BCTAHOBJICHHSA HC Ma€ KPUTHYHOI'O BIIJIMBY,
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aJpKe el mapaMeTp He € BUpimanbHUM. HaTomicTh BeNWKe MepeperyimroBaHHS MOXKE
CIPUYMHHUTH CEPHO3HI MPOOIeMHU, HAPUKIIAI:
- BUXIJl MIBUIKOCTI TIEpEeMIlIeHHs] a00 9acTOTH OOepTaHHS 32 MEXI JOMYCTUMHX
3HAYCHD;
- 3HIDKEHHS TOYHOCTI TIO3UIIOHYBaHHA dYepe3 TMPOIMYCK KPOKIB KPOKOBUMHU
JBUTYHAMU;
- MOPYIIEHHS SKOCTI OOpOOJIOBAaHUX IOBEPXOHb 4Yepe3 HaAMIpHY IIBUJKICTb
oOepTaHHs, 10 MOXE TaKOXK MPU3BECTH JI0 IMOJIOMKH 1HCTPYMEHTY a00 3arOTOBKH.

OHoBJIICHI 3HAYCHHS TTapaMeTpiB HaBeeHI Ha pUCYHKY 3.7.

¥ Compensator formula
N )
T
1+ N =

P+I11+D

Main  Initialization =~ Output Saturation  Data Types  State Attributes
Controller parameters

Source: |internal

Proportional (P): ‘1.05772056024594
Integral (I): |0.760673208611765
-0.0394792729122707

Derivative (D):
Use filtered derivative

Filter coefficient (N): [26.7917943320883

Pucynok 3.7 - OHOBIIEH1 3HaYEHHS TapaMeTPiB

Ononenuit rpadik nepexiHOI XapaKTEPUCTHKN CUCTEMH KepyBaHHS (hpe3epHUM

BepctaToMm 3 UIIY npencraBieHo Ha pUCYHKY 3.8.
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6
Time (seconds)

Pucynox 3.8 — Ipadik mnepexiiHOI XapaKTEpPUCTUKU 3 ONTUMI30BAHUMH

3HayeHHsIMU KoedimieHTiB 11 J[-perynsropa

Otxe, oTpuMaHl NHapaMeTpu BIANOBIIAIOTH BUMOraM, IO BHCYBaIOTHCS 10
PO3p0o0IIeHOT KOHCTPYKIIIT, @ TAKOX IIJIAM 1 3aBJaHHSIM, TOCTaBICHUM Tiepe]] (hpe3epHUM
Bepcrarom 3 UITV.

Bepcrar opienToBaHui Ha BUKOHAHHA (Ppe3epHOi 0OPOOKH B YMOBAaX OJUHUYHOTO

Ta eKCIIEPUMEHTAIILHOTO BUPOOHUIITBA.

3.2 Po3po0ka nporpamMu KepyBaHHS

Kepyroua mnporpama 1jsi HacTUIBHOTO (pe3epHOr0 BepcraTta 3 UHCIOBUM
nporpamauM kepyBanHsaM (UIIK) po3pobnena 3 ypaxyBanHsM 6aratoyHKIIIOHaIBHOCTI
Ta 3py4yHOCTI ympaBiiHHA. IIporpama peanidye kKigbka cnocoOIB KepyBaHHS: 3a
JIOTIOMOTOIO TyJIbTa AucTaHiiitHoro kepyBaHHs (IU-myner), uepes Bluetooth-3'eqnanns 3
MOOUIBHMM TMPUCTPOEM, a TAaKOXK MpOorpaMHE KepyBaHHS Yepe3 KOMITIoTep 13
BUKOpucTaHHsAM 3D-mozenei 1 G-koxy.

Jist peamizairii Oyino Bukopuctano Mikpokontposiep Arduino Uno, sikuii mpaiiroe B
napi 3 KpokoBumu JaBuryHamu, Bluetooth-mogynem HC-06(puc. 3.9) ta [Y-npuitmauem.
VYrpaBiaiHHS JBUTYHaMU 3IIMCHIOETBCS 3a JOMOMOTOIO Oi0mioTexku Stepper, 10

3a0e3mneuye TOUHICTh ePEMIIIEHb.
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G L imangd
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Pucynoxk 3.9 - Bluetooth-monyns HC-06

[Iporpamue 3a0e3neyueHHs sike Oyzie BUKOPUCTOBYBATHCh:

- Fusion 360 — 11e iHTerpoBane mporpamHe 3a0e3ne4eHHs 151 TPUBUMIPHOTO
MOJICTIOBaHHS, TPOCKTYBAHHS Ta CUMYJISAIIIT, IKE TAKOXK J103BOJISIE€ TeHepyBaTu G-KOJ st
dbpesepuux BepcrariB. BoHo Hajae mmpokuil Hablp THCTPYMEHTIB JJisi cTBOpeHHs 3 D-
MoJIeTIel JeTanei, iX aHaizy Ta maroroBku a0 0opooku Ha UITY. Fusion 360 no3Bossie
HaJAIITOBYBAaTH MapamMeTpu Ppe3epyBaHHsl, TaKl sIK LIBUIKICTb OOEpTaHHS IHCTPYMEHTY,
nojaya Ta mrOuHa pizaHHsA. Otpumanuil G-koa 30epirae€TbCs y BHUIISII TEKCTOBOTO
baiiny, sskuil Moxe OyTH nepeaaHuil Ha ppe3epHUil BepceTar.

- UGS (Universal Gecode Sender) — 11e iHcTpyMeHT it iepenadi G-koay Ha
MIKpOKOHTpoOJiepH, 110 BukopucToBYtoTh GRBL sk mpommBky. IIporpama mo3Bomsie
nepenasatu niarorosiaeHud G-xox Ha Arduino Uno depe3 USB-3’ennanns. Bona Takox
HAJla€ MOXKJIMBICTH Bi3yallizailii TpaekTopii pyxy IHCTpyMEHTa, MOHITOPUHTY CTaHy
CHCTEMH Ta HaJIAITyBaHHS apaMeTpiB.

- Bluetooth Terminal — 11e MOOUIBHUI TOATOK, SIKUM TO3BOJISIE TTEpEIaBaTH
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TeKCTOB1 koMaHAu a60 G-kox yepe3 Bluetooth-3’eqnanus. Bin cioyrye iHTepdeiicom ais
PYUYHOTO YIIPaBIIiHHS BEPCTATOM, HAPUKJIIA/I, IIEPEMIIIICHHS OCEH Y pydYHOMY pekruMi abo
BUKOHAHHSA MPOCTUX KOMaH]I 00poOKH 6e3 HEOOX1AHOCTI MiAKIIOUYEHHS KOMIT I0Tepa.
Kon 6yB peanizoBanuii y cepenouii Arduino IDE. Bin 3a6e3nedye mpuiiom i

00poOKy KOMaHJ 13 TPhOX JDKEpes: MyJbTa AWCTAHIIHHOTO KepyBaHHS, Bluetooth-
3’eHaHHS Ta KoMIl torepa yepe3 GRBL.

#include <IRremote.h> // bibmioreka st [Y-nipuitmada

#include <SoftwareSerial.h> // bibmioreka ans Bluetooth

#include <Stepper.h> // bibmioTeka Juisi KpOKOBUX JIBUTYHIB

#define STEPS PER REV 200 // KiibKICTh KpOKIB Ha 00€pT ABUTYHA
Stepper stepperX(STEPS PER REV, 8,9, 10, 11); // ABuryn oci X
Stepper stepperY(STEPS PER REV, 4, 5,6, 7); // JIsuryH oci Y
SoftwareSerial BTSerial(2, 3); // RX, TX ansa Bluetooth HC-05
int RECV_PIN = 12; // Tlin nns [Y-cencopa
[Rrecv irrecv(RECV_PIN);
decode results results;
void setup() {
Serial.begin(9600); // Cranmgaptauii nmopt ajist GRBL
BTSerial.begin(9600); // Tlopt nist Bluetooth
irrecv.enableIRIn(); // Bkmountr [Y-npuiimay
stepperX.setSpeed(60);  // lIBuakicth oci X (00/XB)
stepperY.setSpeed(60);  // llIBuakicts oci Y (06/XB)
Serial.println("System Ready");
b
void loop() {
if (irrecv.decode(&results)) {
handleIRCommand(results.value);

irrecv.resume();

}



if (BTSerial.available()) {
char command = BT Serial.read();
handleBluetoothCommand(command);
b
if (Serial.available()) {
char gcodeCommand = Serial.read();

handleGCodeCommand(gcodeCommand);

}
}

void handleIRCommand(unsigned long command) {
switch (command) {
case 0xFF629D: stepperY.step(10); break; // UP
case OxFFA857: stepperY.step(-10); break; / DOWN
case OxFF22DD: stepperX.step(-10); break; // LEFT
case 0xFFC23D: stepperX.step(10); break; // RIGHT
default: Serial.println("Unknown IR Command"); break;

}
b

void handleBluetoothCommand(char command) {
switch (command) {
case 'U'": stepperY.step(10); break; // UP
case 'D'": stepperY.step(-10); break; // DOWN
case 'L'": stepperX.step(-10); break; / LEFT
case 'R': stepperX.step(10); break; / RIGHT

default: Serial.println("Unknown Bluetooth Command"); break;

b
b

void handleGCodeCommand(char command) {
Serial.print("G-code received: ");

Serial.println(command); }

62
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[Y-kepyBaHHs  NpuiiMae CUTHAJIM B  MyJIbTa, SKi  OOpOOJSIOTHCSA
MIKpOKOHTPOJIEPOM I TOYHOTO TepeMilieHHs: oceil. Lle mo3Boiisie BpydHY KepyBaTu
THCTPYMEHTOM Y peaJlbHOMY 4aci.

Bluetooth-3'ennanns  3abe3reuye MOOUIbHE KEpyBaHHS dYepe3 CIeliadbHuN
nonatok. lle 3py4HO UIsI OmEepaTMBHOTO BHECEHHS 3MiH Yy Tmporeci oOpoOku abo
nepeMileHHs BepcraTta 0e3 MiKITI0YeHHs KOMIT IoTepa.

3aBaskun GRBL Arduino Uno moxe o0po6msitu ckinaani G-Koju, sSKi mepelaroThes
yepe3 Universal Gecode Sender. Lle mo3Bomsie BukoHyBaTtu 00poOKy 3D-moxpeneit i3

BHUCOKOIO TOUYHICTIO.

3.3 BUCHOBOK po3aiity

VY posnim Oyno BnpoBamkeHo [I/[-perynsatop y cucremy ynpasiiHHS (Gpe3epHUM
Bepctarom 3 UITY, 110 103BOSMIIO0 3MEHIITUTH Yac epexXiiHOro mpoiiecy 3 tp = 5,1 ¢ 1o
tp = 3,87 c, a TakoXX 3HU3UTH PiBEHb NIepeperymnoBants 3 0 = 23% 1o o = 11,6%.

Po3pobiiena kepyrwoda mnporpama JJisi HACcTUIBHOTO (PE3epHOro Bepcrara
3a0e3neuye 3pydHe Ta OararodyHKIIOHAJbHE KEepyBaHHS, BUKOPHCTOBYIOUM Cy4acH1
iHTEepdeiicu Ta mporpamHe 3aOesneueHHs. [loennanns [Y-kepyBanus, Bluetooth-
3’eqHanHs Ta miaATpuMKd GRBL 3HayHO po3mIMproe MOXIMBOCTI BEpCTaTa, M0 pOOUTH

HOTO0 NpuaAaTHUM JJIA CKCIICPUMCHTAJIBHHUX 3dBJdHb.
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BUCHOBKU

VY Maricrepchkiii poOoTi Oyl0 TOCTIIKEHO MUTAHHS MiABUIICHHS €(EeKTUBHOCTI
TEXHOJIOTTYHUX TIPOLIeCiB (pe3epyBaHHs IS BEPCTaTIB 13 YHCIOBUM TMPOrPaMHUM
kepyBanHsaM (UI1K) nuisixoMm BAOCKOHANIEHHS CUCTEMH aBTOMAaTHYHOTO YIIPABIIHHS.

[IpoBeneHo anHaini3 cydyacHUX pillleHb Yy c(epi aBTOMAaTU30BAHOTO YMPABIIHHS.
Posrnsnyto eranu po3utky cucteM UIIK, konmenmii Inagycrpii 4.0, a Takox
BIIPOBAKCHHS 1HTEJCKTYaJIbHUX TEXHOJIOTIN, IO JO3BOJSIOTH 3a0€3MEUUTH BUCOKY
MPOAYKTUBHICTD 1 TOUYHICTh 0OPOOKHU Ha Cy4acHUX BEpCTaTax .

Po3pobneno wmaxer HacTuibHOTO (pe3epHoro Bepctara 3 UYIIK. Bukonano
MOJICJIFOBaHHS KOHCTPYKIIIi Ta po3p0o0JIEHO KEPYoUy CUCTEMY Ha 0a3i MIKPOKOHTpoJiepa
Arduino Uno. Bepcrar o0mamHaHo KpokoBUMH JBUryHamu Tuny Nema 17, ski
3a0e3MeuyoTh TOYHE MO3UI[IOHYBAaHHS 1HCTpyMeHTa 1o ocsxX X, Y, Z .

3anponoHOBaHO OaraTo(yHKIIOHAJIBHY KEepyroudy Mporpamy, 10 HIATPUMYE TpU
pPEXKUMU POOOTH:

- KepyBanns 3a nonomororo [Y-mynera misg py4HOro HaJalITyBaHHS MOJIOKEHHS
poOOUYOTo THCTPYMEHTA.

- Bluetooth-kepyBaHnHs, 1110 3a0e3neuye Oe3pOTOBE YIIPABIIHHS BEPCTATOM Yepe3
MOOUJILHUN TOJATOK.

- [Iporpamue ympaBiiHHS 3 KOMIT'toTepa, BukopructoBytoun GRBL miis BukoHanus
G-xoxis, 3reHepoBanux y Fusion 360 ta nepenanux uepe3 Universal Gecode Sender.

[IpoBeneno anami3 CTIMKOCTI Ta SIKOCTI CHUCTEMHU YyrpaBiiHHsA. Ha ocHOBI
noOynoBannx xapakrepuctuk JIAUX Tta JIOUX Oymo BU3HAYEHO 3armacu CTIAKOCTI
CHUCTEMH:

- 3amac cTiikocTi 3a amruTiTyno: AA = 8,73 nb;

- 3amac criiikocTi 3a ¢azor: Ag = 130° .

Cucrema BUSBUJIACS CTIMKOIO Ta HOPMAIBLHO JEMII(OBAHOIO.

Bnposamxeno III/[-perynarop y cucreMy ymnpaBiiHHS, IO JO3BOJUJIO 3HAYHO
MOKPAITUTH MOKa3HUKHU NIePeXiHOTO mporiecy. Yac BcTaHOBIEHHS Oy0 3MEHIIeHO 3 5,1

¢ 1o 3,87 ¢, a 3HAUECHHS MIepeperyaIroBaHHsa 3HMKEHO 3 23% mo 11,6%. lle copwusiio
pepery. p
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M1JIBUIIICHHIO TOYHOCTI MO3UIIIOHYBAaHHS Ta KOCT1 0OpOOKH MOBEPXOHb .

[IpoBeneHO eKCIEepUMEHTalbHI JOCHIIKEHHS Ha pO3pOOJIEHOMY MAakKeTi.
Pesynpratu mokaszanu, M0 CUCTeMa YIpPaBIiHHS BEPCTATOM BiJAIMOBIa€ BUMOTaM IIOJ0
TOYHOCTI Ta cTabuIbHOCTI poOoTu. Buxopucranns III/[-perynsTopa 103BOJUIIO
MiHIMI3yBaTH HETaTUBHUI BIUIMB BiOpalliid, CUJI pi3aHHS Ta 1HIIKUX 30BHIIIHIX YUHHHUKIB
i yac poOOTH BepcTara.

Takum umHOM, mOCTaBJIEHa y poOOTI MeTa JOCATHYTa: BIOCKOHAJEHO CUCTEMY
ynpasiiHHs ¢ppesepaum Bepctarom 3 UIIK, 110 103B0MMI0 TOKPALTUTH MTOKa3HUKH Yacy
BCTAHOBJICHHS, IIEPEPETYIIOBAaHH Ta 3a0€3MEeYUTH CTIMKY poOOTy CHUCTEMH B yMOBax
peanbHOro BUpOOHUITBA. OTpuMaHi pe3ynbTaTH MOXYTh OyTH BUKOPUCTaH1 JJIst

IIoAaJIbIIoro I[OCJ'IiI[)KCHHH Ta BIIPOBAPKCHHS Y HABYAJIbHUX Ta IIPOMUCJIIOBUX ITPOLCCaXx.
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Jonaroxk A

1 ANALYSIS OF MODERN SOLUTIONS IN THE FIELD OF
AUTOMATED CONTROL OF NUMERICALLY CONTROLLED MACHINES

1.1 Evolution of Modern Production Process Automation Systems

The evolution of production process automation systems has been one of the key
factors driving industrial development through various stages of industrial revolutions.
From the introduction of steam engines to modern cyber-physical systems, automation
has directly influenced productivity improvement, efficient production management, and
the assurance of high product quality. The key stages are as follows:

- Industry 1.0: The first stage of the Industrial Revolution (18th—19th century)
focused on the mechanization of production using steam engines. This significantly
increased production capacity and reduced labor costs. Automation during this period was
limited to mechanical devices and machines. [19]

- Industry 2.0: The second stage (late 19th—early 20th century) was marked by the
mass implementation of electricity and process standardization. Electrification of
factories and enterprises spurred the development of automated systems based on
electromechanical components, enhancing the flexibility and speed of production
processes. Conveyor systems emerged at this stage, promoting mass production. [19]

- Industry 3.0: In the 20th century, automation reached a new level with the advent
of computer technologies and information systems. This era saw the introduction of
programmable logic controllers (PLCs), which enabled the automation of complex
production processes and their control via computers. The digital transformation of
manufacturing began, leading to optimized management and high operational precision.

- Industry 4.0: The modern stage, beginning in the early 21st century, is
characterized by the integration of cyber-physical systems, artificial intelligence (Al), the
Internet of Things (IoT), and big data into production processes. Industry 4.0 focuses on

creating "smart factories" where machines and systems automatically adapt to changing
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conditions, interacting with each other in real-time. This ensures high flexibility,

efficiency, and productivity in manufacturing. [19]

1.2 Industry 4.0

Industry 4.0 is a modern concept of industrial development that entails the digital
transformation of manufacturing through the integration of cutting-edge information and
communication technologies (ICT). This approach relies on the use of cyber-physical
systems (CPS), the Internet of Things (IoT), big data, artificial intelligence (Al), and
cloud computing to create smart enterprises. The primary goal of Industry 4.0 is to
enhance productivity, increase the flexibility of production processes, and improve
resource management efficiency. [20]

The concept was introduced in Germany in 2011 at the Hannover Fair, marking the
beginning of a new phase in global industrial development. Industry 4.0 has transformed
approaches to production organization, supply chain management, and interactions
between enterprises and consumers. [19]

IoT enables data exchange between physical objects over networks. Using sensors
and devices connected to the internet, businesses can automate processes, monitor
equipment performance, and predict technical failures. [20]

CPS integrate physical objects with their digital twins, allowing production
processes to be embedded in the digital environment. These systems enable real-time
interaction between physical and digital components of production.

Al and machine learning algorithms facilitate the analysis of large volumes of data
and the optimization of production processes. This includes automated diagnostics,
failure prediction, and resource optimization.

Cloud platforms provide centralized storage and processing of data, simplifying
enterprise management. Meanwhile, edge computing technologies process data at the
network's edge, reducing latency and boosting productivity. [20]

Other technologies employed include digital twins, augmented and virtual reality

(AR/VR), and integrated production management systems (MES, ERP).
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Digital twins are virtual models of physical objects or processes that reflect their
real-time state. They enable the simulation of equipment operations, detection of potential
issues before they arise, and process optimization.

AR/VR technologies are used for employee training, technical support, and
equipment maintenance. For instance, augmented reality allows operators to view
instructions in real-time during equipment repair.

MES and ERP systems allow efficient enterprise resource management, real-time

production process monitoring, and rapid response to demand changes.

1.3 Internet of Things

Internet of Things (IoT) is a concept encompassing a network of physical objects,
equipment, and devices equipped with sensors, software, and internet connectivity. The
main idea behind 10T is to enable devices to collect, exchange, and analyze data without
human intervention, thus enhancing efficiency, automation, and continuous monitoring
of various processes. [20]

[oT plays a crucial role in the development of Industry 4.0, as it ensures the
integration of physical objects into the digital space. Today, loT spans multiple domains,
from smart homes and urban infrastructures to complex industrial and logistics systems.

[oT systems typically consist of the following key components:

Sensors: Physical components that collect data about the environment or processes.
Examples include temperature sensors, humidity sensors, motion detectors, and GPS
trackers.

Communication protocols and networks: Various technologies, such as Wi-Fi,
Bluetooth, 5G, ZigBee, and LoRaWAN, are used to transmit data. The choice of protocol
depends on requirements for data transfer speed, energy consumption, and range.

Data processing platforms: Data is transmitted to cloud platforms or processed at
the network's edge (edge computing). Clouds are used for analyzing large datasets, while

edge devices allow for localized decision-making with minimal latency.
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Control systems and interfaces: Software that enables users to monitor and manage
IoT devices through web interfaces or mobile applications. Examples include interfaces
for controlling smart homes or production processes.

In industry, IoT is utilized for monitoring and managing production lines, as well
as predicting equipment failures (predictive maintenance). Thanks to sensors and

analytics, businesses can avoid downtime and reduce maintenance costs.

1.4 Cyber-Physical Systems

Cyber-Physical Systems (CPS) are the integration of physical objects and processes
with digital technologies via computer systems and networks. They enable real-time
monitoring, control, and optimization of processes through seamless interaction between
the physical and virtual worlds. CPS serve as the foundation for modern concepts such as
Industry 4.0, smart factories, autonomous transportation systems, and smart cities. [1]

The primary idea of CPS is to combine data from physical sensors and devices with
analytics and management through digital platforms, allowing systems to operate
autonomously and adapt to environmental changes.

The active deployment of sensors and network devices leads to the continuous
accumulation of large volumes of data, commonly referred to as Big Data. [1] Given this
dynamic, CPS can be adapted for efficient data management and coordination between
devices, enabling the creation of autonomous, flexible, and self-regulating systems. [2]
Additionally, the implementation of CPS in production, logistics, and service processes
can transform traditional factories into Industry 4.0 factories, yielding significant
economic benefits. [3]

CPS Architecture. CPS architecture consists of five levels:

Physical Level: Includes sensors, actuators, and devices that interact with the
physical environment (equipment, machines, vehicles, etc.). Sensors collect data, and

actuators execute commands based on analytics.
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Communication Level: Ensures data exchange between physical and digital
components. Common technologies include IoT networks, Wi-Fi, 5G, and industrial
protocols like OPC-UA and Modbus.

Digital Level (Computational): Includes computational resources for processing
sensor data and decision-making. This may involve cloud platforms for analyzing large
data volumes or edge devices for on-site computations.

Control Level: At this level, control algorithms analyze data and make decisions to
automate processes. Examples include Manufacturing Execution Systems (MES) or
autonomous transportation systems.

User Interfaces: Allow human interaction with the system through mobile
applications, web interfaces, or dispatch platforms. Interfaces provide process
visualization and enable manual intervention when necessary.

Applications in Smart Factories

In smart factories, CPS integrate all production processes into a unified system,
ensuring continuous data exchange between equipment, software, and management
decisions. Sensors on production lines monitor equipment conditions, temperature,
vibration levels, component wear, and other parameters in real time. Based on this data,
the system automatically adjusts settings, optimizes workflows, or initiates preventive
maintenance when deviations or potential failures are detected. This helps avoid
unexpected breakdowns, minimize downtime, and enhance overall production efficiency.

These systems can also autonomously plan production processes depending on line
utilization and product demand, ensuring flexibility in order fulfillment. Integration with
ERP systems (Enterprise Resource Planning) and supply chains enables automated
updates on material availability and optimized logistics operations.

Benefits of CPS

Quality Enhancement: Machine vision systems and Al algorithms ensure quality
control at every stage, identifying defects before production completion. This reduces

waste and enables timely corrections.
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Resource Optimization: CPS analyze resource consumption data and identify
opportunities for optimization, such as turning off unused machines or adjusting
processes to reduce energy consumption.

Such integration of all components into a single network creates a fully automated
and flexible production environment capable of adapting to changing demand and market
conditions, opening new opportunities for business growth within the framework of
Industry 4.0.

Key Components of CPS. CPS consist of two main components:

Continuous connectivity for rapid data collection from the physical environment
and information exchange between physical objects and digital systems.

Intelligent data processing using analytical tools and computational resources to
create a cyber environment where real-time management and process optimization are
carried out.

5C Architecture of CPS. Unlike generic requirements, the 5C architecture provides
a structured approach to building CPS, starting with data collection and ending with
analytics and value assessment.

The 5C architecture includes the following levels:

Connection: Physical devices such as sensors, controllers, robots, and other
production equipment are integrated with digital systems. This stage involves connecting
all devices to the network for real-time data collection. Sensors track parameters like
temperature, vibration, operating speed, and component wear, transmitting data for
further processing.

Goal: Ensure access to all data and establish a foundation for digitizing production
processes.

Conversion: Collected data is processed and converted into a comprehensible
format for analytical systems. This stage includes filtering, cleaning, and preliminary data
analysis.

Goal: Prepare data for analytics and identify anomalies in processes.

Cyber: This level provides centralized monitoring and control through digital

models of production processes. Data from various devices is unified into a single cyber
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model representing the system's real-time state. Technologies such as IoT, machine
learning, and big data analytics are used to identify patterns and build behavioral models
of the system.

Goal: Create a digital twin of the production system for real-time monitoring and
optimization.

Cognition: At this level, data obtained from cyber models is analyzed using Al
algorithms for deeper insights into processes. Systems can predict potential problems,
such as equipment failures, deviations from norms, or potential downtimes. Additionally,
the system can recommend optimal production and management strategies.

Goal: Understand situations and make informed decisions to enhance efficiency.

Configuration: The final level involves implementing changes in production
processes based on insights and recommendations. The system can autonomously adjust
equipment parameters or modify production plans to increase productivity, reduce
downtime, or save resources. In case of detected issues, the system initiates preventive

measures or maintenance. [2]

1.5 Control Programs

Control programs are a crucial component of automated systems, as they ensure
equipment management, process coordination, and the integration of physical and digital
elements. Developing such programs requires the application of specialized methods and
approaches to ensure system reliability, performance, and adaptability.

One widely used approach is logic- and state-based programming, such as Ladder
Logic or Finite State Machines (FSMs). This method is commonly applied in
programming industrial Programmable Logic Controllers (PLCs) and is based on relay
logic, which simplifies the transition from manual to automated control. A program in this
case consists of a set of states, each corresponding to specific conditions or events. While
this approach is easy to visualize and convenient for engineers, it may be less flexible

when implementing complex systems.
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Another effective method is modular programming, where the program is divided
into separate independent blocks (modules), each performing a specific function. This
structure makes it easy to reuse or modify individual parts without affecting the entire
system. It significantly simplifies testing and debugging but requires careful planning to
ensure effective interaction between modules. Both approaches can be combined to create
more flexible, reliable, and scalable control systems that meet the needs of modern
production.

A key aspect of control program development is ensuring scalability and flexibility.
This 1s especially critical in the context of Industry 4.0, where systems must adapt to
changes in production processes and integrate new equipment without substantial changes
to the code. Object-oriented approaches are widely used for this purpose, where each
physical element or system function is implemented as a separate object with its own
methods and attributes. This facilitates the addition of new components and supports
system scalability with minimal time investment.

Another important approach is the use of service-oriented architecture (SOA),
which enables the integration of different software components through standardized
interfaces. SOA allows the unification of local and remote resources into a single system
and the implementation of flexible management through centralized platforms. For
example, in systems related to logistics or supply chain management, SOA integrates real-
time production data with ERP or IoT platforms.

Special attention is paid to the reliability and security of control programs. With
equipment connected to networks, there is a risk of cyberattacks that can halt production
or lead to data distortion. To prevent such situations, secure programming methods are
employed, including data encryption, user authentication, and multi-level access control.
Additionally, monitoring and recovery systems help minimize the impact of unforeseen
situations on production processes.

In modern control program development, Artificial Intelligence (Al) and Machine
Learning (ML) are gaining increasing importance. These technologies enable programs
not only to execute predefined algorithms but also to learn independently, identify hidden

patterns, and adapt equipment operation based on changing conditions. For instance,
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predictive maintenance powered by Al can analyze equipment metrics and alert operators
to potential failures before they occur, reducing downtime and enhancing production
efficiency.

Thus, control program development methods are focused not only on ensuring
basic management functions but also on integrating modern technologies to achieve high
flexibility, productivity, and security. Employing these approaches facilitates the creation
of intelligent, adaptive systems capable of addressing the challenges of dynamic
production environments and supporting sustainable development strategies for

enterprises.

1.6 Analysis of Modern CNC Milling Machine Systems

Modern Computer Numerical Control (CNC) systems play a crucial role in
advancing industrial equipment, particularly in precision milling, turning, and grinding
machines. They form the foundation for process automation and production efficiency,
enabling companies to meet market demands and high-quality standards. Below are key
aspects of modern CNC systems, including FANUC, SINUMERIK, and Haas, along with
their capabilities.

FANUC systems are widely used across various industries due to their support for
universal G-codes and compatibility with most CNC software.

New FANUC controller models feature adaptive control capabilities, allowing
automatic adjustment of cutting parameters based on tool and material conditions,
significantly enhancing productivity and machining accuracy.

The intuitive FANUC interface facilitates rapid operator training and simplifies
programming, reducing the risk of errors and production downtime. [5]

The SINUMERIK system by Siemens, especially the 840D series, offers precision
and speed in machining processes, supporting 5-axis milling and complex turning

operations.
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Siemens SINUMERIK seamlessly integrates with cyber-physical systems,

"

enabling the creation of "smart" manufacturing processes with remote monitoring,
diagnostics, and predictive equipment maintenance capabilities.

The SINUMERIK system adopts a modular configuration approach, allowing
scalability based on the enterprise size and production process complexity. [6]

Haas controllers are known for their user-friendly interface and extensive
programming instructions, making them attractive for small and medium-sized
enterprises.

Haas controllers easily connect to CAD/CAM software, enabling quick generation
and uploading of machining trajectories, optimizing setup time, and reducing errors.

Modern Haas models are equipped with internet-enabled remote control features,
allowing production managers to monitor processes in real-time.

Self-adaptive features in these controllers allow automatic adjustments to
machining parameters based on tool or material conditions, reducing tool damage and
ensuring higher-quality end products.

Support for Industry 4.0 Technologies

Many modern CNC systems are designed to meet Industry 4.0 requirements,
supporting data exchange with other production elements through [oT and cyber-physical
systems. This enables enterprises to create integrated manufacturing processes.

Automated CNC systems are equipped with sensors and monitoring tools that track
equipment conditions and predict maintenance needs.

An analysis of modern CNC systems highlights their significant potential to
improve efficiency and productivity for businesses. From selecting machining settings to
adaptive control and integration with cyber-physical systems, each system offers unique
advantages and application areas. Successful utilization of CNC systems enhances

product quality, reduces costs, and ensures high market competitiveness.

1.7 Types of Controllers

Arduino Uno is a compact and popular microcontroller board designed for easy



78

learning of electronics and programming. It is used for both educational purposes and
various projects, ranging from simple prototypes to complex automation systems. The
board is based on the ATmega328P microcontroller, which provides sufficient power to
perform numerous tasks, with a clock speed of 16 MHz enabling fast command
processing. Arduino Uno features 14 digital input/output pins, 6 of which can be used for
PWM signals, and 6 analog inputs commonly used for reading sensor data. The board can
be powered either through a 5V USB port or an external power source ranging from 7 to

12V, offering flexibility in choosing the power supply. [13]

Figure 1.1 — Arduino Uno Microcontroller Board

Arduino Uno supports standard interfaces such as UART, SPI, and 12C, allowing
seamless connection to other devices. This versatility enables interaction with various
sensors, communication modules, displays, and other electronic components, serving as
the foundation for creating interactive devices. The board connects to a computer via
USB, used for programming and data transfer. Programming Arduino Uno is done
through the Arduino IDE environment, where users write programs in a C++-based
language, making the learning and project development process intuitive.

As an open-source platform, Arduino Uno allows anyone to freely use its
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schematics and documentation, as well as create their modifications or compatible
devices. This openness has made Arduino Uno popular among beginners and
professionals worldwide. Hundreds of available libraries simplify adding functionalities
such as motor control, temperature or humidity readings, accelerometer data collection,
using wireless modules, and even building Internet of Things (IoT) networks. [13]

Arduino Uno is widely used in fields such as robotics, automation, monitoring
systems, [oT, and home automation. Thanks to its large community of developers and
enthusiasts, Arduino Uno offers numerous tutorials, resources, and ready-made project
examples. Its integration with cyber-physical systems or other devices enables the
creation of both simple experimental projects and more complex systems that meet
modern automation and control requirements.

Raspberry Pi is a compact single-board computer designed for teaching
programming and electronics fundamentals. However, its powerful capabilities have also
made it useful in professional projects. Developed in the UK by the Raspberry Pi
Foundation, this device has become popular among enthusiasts and professionals
worldwide. Raspberry Pi comes in various models, ranging from basic to more powerful
ones like the Raspberry Pi 4, which supports various operating systems, most often Linux-
based, such as Raspberry Pi OS (formerly Raspbian), Ubuntu, and others. With USB and
HDMI ports, as well as built-in Wi-Fi and Bluetooth modules (in newer models),
Raspberry Pi easily connects to peripherals, internet networks, displays video, and

interfaces with various sensors and modules.
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Figure 1.2 — Raspberry Pi 5 Microcontroller Board

Equipped with an ARM processor and memory ranging from 512 MB to 8 GB
depending on the model, Raspberry Pi is capable of handling diverse tasks—from running
simple programs and writing code to serving as a multimedia center or a small server. The
computer supports GPIO (General Purpose Input/Output) pins, enabling connections
to other electronic components like LEDs, buttons, sensors, and motors, making it ideal
for interactive projects, robotics, home automation, and IoT device development. [22]

Raspberry Pi’s popularity is also driven by its extensive online community support.
Numerous guides, video tutorials, forums, and project examples are available online to
help both beginners and experienced users realize their ideas. Raspberry Pi is also widely
used in schools and universities to teach programming, electronics, networking, and
robotics.

Beyond educational and research purposes, Raspberry Pi is increasingly used in
commercial applications due to its low cost, energy efficiency, and adaptability to a wide
range of tasks. Examples include serving as a media player, a security system controller,

a core for home automation, and even a data storage server.

1.7 Research Objective

The objective of this research is to conduct an in-depth analysis of modern
approaches to designing, integrating, and optimizing cyber-physical systems (CPS)
within production processes, considering the principles of Industry 4.0. Specifically, the
research focuses on studying architectural solutions like the 5C model and innovative
approaches to developing control programs that ensure automation, flexibility, and
adaptability in manufacturing.

The main emphasis is on the impact of technologies such as IoT, Al, Big Data,
and predictive maintenance on improving management and production efficiency.

Additionally, the research aims to identify methods for enhancing the reliability and
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cybersecurity of integrated systems, which are critical for minimizing risks and ensuring
uninterrupted enterprise operations.

Achieving this goal involves not only the development of theoretical approaches
but also the analysis of existing CPS implementation practices in industry, evaluation of
their economic efficiency, and identification of potential challenges. The research will
propose methods for optimizing production processes by implementing cutting-edge
technologies that meet the requirements of modern enterprises and promote sustainable

development.
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HIABUIIEHHA EOEKTUBHOCTI TEXHOJIOI'TYHUX ITPOIIECIB
®PE3EPYBAHHA JIS1 BEPCTATIB 3 IIPOT'PAMHUM KEPYBAHHAM

VY cyyacHHMX raimy3sx MiJBUIICHHS €(PEKTUBHOCTI TEXHOJOTIYHUX MPOIECIB CTaJIO
Jy’)K€ BOXJIMBUM 3aBAAHHAM IS MiABUIICHHS €(EKTHUBHOCTI, 3HMIKEHHS BHUTpAT 1
3a0e3MeueHHs KOHKYPEHTOCIPOMOXKHOCTI mianpueMctB. ®pesepui Bepcraru 3 UITY
BIJIIFPAIOTh BXKJIMBY POJIb Y BUCOKOTOUHI 00poOI1i MeTaiB Ta IHIIKUX MaTepiaiB. OnHak
JUISL JIOCSITHEHHSI MaKCUMAaJbHUX PpEe3ylbTaTiB HEOOXITHO ONTHMI3yBaTH TEXHIYHI
MIPOILIECH, CKOPOTUTH Yac MPOCTOIO OO IHAHHS 1 MIHIMI3yBaTH 3HOC THCTPYMEHTY.

BuOip npaBuiibHUX NapaMeTpiB pi3aHHA (IIBUAKICT IIIUHAEIS, [TTMOMHA p13aHHS 1
IIBUJIKICT M0JIaul) Ma€ BaXKJIMBE 3HAYEHHS JJIsI TIJIBUILICHHS! €(PEKTUBHOCTI 1 3HUKCHHS
3HOCY 1HCTPYMEHTY. 3aCTOCYBaHHS aJalTUBHOTO yMPAaBIiHHS JO3BOJISIE HATAIITOBYBATH
napaMeTpu B PEKHUMI PeabHOI0 Yacy B 3aJIEXKHOCTI BiJ] CTaHY IHCTPYMEHTY 1 MaTepiairy
3arOTOBKH.

Kontponepu FANUC, Siemens SINUMERIK 1 Haas MatoTh 1HTYiTUBHO 3p03yMUIHIA
iHTEeppeic 1 QyHKIIi aBTOMATUYHOI HACTPOMKH, K1 JO3BOJSIIOTH OUIbII €(EKTHUBHO
porpamMyBaTd 1 CKOPOYYIOTh 4Yac MpocToro. bararo cydacHux cuctem YIIY Ttakox
HIATPUMYIOTh MOXKJIMBOCTI BIJIJJAJICHOTO MOHITOPUHTY, CKOPOUYIOUH Yac IIarHOCTUKHU Ta
oOciryroByBaHHs. [5]

YcTaHoBKa 1HCTPYMEHTIB 3 TOJIMIIEHUMU XapaKTEPUCTUKAMU 3 BUKOPUCTAHHSIM
BHUCOKOIIIBUIKICHUX TBEPAOCIUIABHUX 1HCTPYMEHTIB a00 1HCTPYMEHTIB 3 KepamMidyHUM
MOKPUTTSIM MIIBUIIY€ TOYHICTh 1 JOBTOBIYHICTH IHCTpyMEHTY. Bubip mnpaBUIBLHOTO
IHCTPYMEHTY AJI1 KOHKPETHOTO MaTepialy MO)Ke 3aro0irTv MOIIKOAXKEHHIO TOBEPXHI Ta
3MEHIIUTHU KUIbKICTh HEOOX1THUX 0OPOOOK.

CydacHuil ¢pe3epHuil BepcTaT IHTETPOBaHMM 3 KiOep(i3nyHOI CUCTEMOIO, sKa
3a0e3neuye aBTOMAaTUYHHUA MOHITOPHHI MpPOLIECY OOpOOKH, BUSIBICHHS BIJXWJICHb B
pearbHOMY 4aci 1 3amoOiraHHs aBapiiiHMX cutyamiil. Taki cucteMH MOXYThb OyTH
HEe3aJIeKHO CIUIAHOBAHI1 J1sl 0OCITyTOBYBaHHS HAa OCHOBI JJAHUX JATUYHKIB.

[Iporpamue 3abe3nedyeHHs aisi aBToMaTu3oBaHoro BupooHuuTea (CAM) no3Bosisie
CTBOPIOBAaTH ONTHUMI30BaHI TPAEKTOPIi IHCTPYMEHTY, CKOPOYYBAaTH dYac MPOCTOO 1
M1BUIIYBaTH €PEKTUBHICTH pOOOYOTO Yacy.

BnpoBapkeHHsT HOBUX 1HCTPYMEHTIB 1 aJaliTUBHOTO KOHTpPOJEpa HAa BUPOOHWUIN
miuii 3 UITY no3Bommiio 1 ramysi cKOpoTUTH "ac oOpoOku nmeranei Ha 15% 1 3HU3UTH
3HOC 1HCTpyMeHTy Ha 20%. BukopucTanHs AaTdvKiB Il KOHTPOJIO CTaHy MAalluHU
JTI03BOJIJIO YHUKHYTH HE3aIUIAHOBAHUX TIPOCTOIB 1 MiJBUIIUIIO 3arajibHy €(h)eKTUBHICTb.

[TinBuiennsa edexktuBHOCTI (pesepyBanHs 3 UIIY minBuieHHs €(EeKTUBHOCTI
bpeszepyBanHs 3 UIIY Bumarae KOMIUIEKCHOTO MIiAXOMy: OMNTHUMI3Allll MapameTpiB
0o0poOKku, BHKOpUCTaHHS cydacHux cuctem YIIY, 3acTtocyBaHHS BHCOKOSKICHUX
IHCTPYMEHTIB 1 aBTOMaru3alii BUpOOHMYMX MpolueciB. [HTerpamis 3 kidepdiznyHuMU
CUCTEMaMHU JI03BOJISIE CTBOPUTH THYYKY 1 TMPOMYKTHBHY BHPOOHHYY cepemdy, IO
BianoBigae BumoraM Industry 4.0. [7]
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[1i 3axomu CHPUSAIOTH MIJABUIIEHHIO SKOCTI NPOAYKIli, 3HWKEHHIO BHUTpaT 1
3a0€3MEUEHHI0 BHCOKOTO PIBHS KOHKYPEHTOCIPOMOXKHOCTI KOMIaHI Ha CBITOBOMY
PUHKY.
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