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VIIK 338.4
CHCTEMA ABTOMATU3ALI /LIS 3ABE3NEYEHHSI KEPYBAHHSI SIKICTIO
[MPOJIYKIIIT HA BCIX ETAIIAX BUPOSHUIITBA

C.O. Binnuuenko

XapkiBChKUIT HAIIIOHATBHUN YHIBEPCUTET PajliOCTEKTPOHIKH

VYkpaina, 61166, Xapkis, np. Haykn 14

E-mail: sofiia.vinnychenko@nure.ua

Anomayia: Y nawiit crarti posrnsmaerbes pons MES B ympaBiiHHI SKICTIO TIPOAyKIii Ha
mianpueMcTBl. OnucaHo (YHKIIOHANBHI MOXJIMBOCTI CHCTEMH, SKI 3a0€3MeYylOTh 3HHIKCHHS
KUTBKOCTI Opaky, 4acy mpOoCTOiB Ta BUTpaT Ha nepepobdnenHs. OcoOIHBY yBary MpHIICHO OCHOBHHM
mporecaM BHUTOTOBJIEHHS TPOJYKINi, TaKWM SK KOHTPOJNb CHPOBHHH, TPOIECY BHUTOTOBJIEHHI,
IIPOBECHHS MPOMDKHUX IHCHEKUiil, (hiHAIbHA IepeBIpKka roTOBHX BHPoOIB. Po3risHyTo mopamsmi
nepcrnekTuBy Bukopuctanus MES ans ontumizaiii BApOOHUITBA Ta 3HUXKEHHST BUTDPAT.

Kntouoei cnoea: MES, sikicTh, BApOOGHHITBO, MPOAYKILiS, NedeKTH.

AUTOMATION SYSTEM TO ENSURE PRODUCT QUALITY MANAGEMENT AT ALL
STAGES OF PRODUCTION

S. Vinnychenko

Kharkiv Kharkiv National University of Radio Electronics

Ukraine, 61166, Kharkiv, Nauky av, 14

E-mail: sofiia.vinnychenko@nure.ua

Annotation: This article examines the role of the MES in managing product quality within an
enterprise. It describes the functional capabilities of the system that provide for reducing the amount
of defective products, reducing downtime, and reducing rework costs. Particular attention is paid to
the key manufacturing processes, such as raw material control, manufacturing process control, in-
process inspections, and final inspection of finished products. The article also considers the further
prospects for using MES to optimize production and reduce costs.

Key words: MES, quality, production, products, defects.

CyuvacHi miImpHeEMCTBA TIParHyTh 3a06€3MeYUTH BHCOKY AKICTh CBOEI IPOYKIIii, 1100 BiAMOBiAaTH
3MIHHAM BAMOTaM PHHKY, MIHIMi3yBard BUTPATH Ta ITi[BULIYBATH KOHKYPEHTHO3ATHICT. OHUM 3
e()eKTHBHUX IHCTPYMEHTIB, SIKl CIPUSIOTh JOCSATAHHIO BUINCBKA3aHHUX LUICH, € CHCTEMa YIpaBIIiHHS
BrpobHnnTBoM MES (Manufacturing Execution System). MES-cuctema 3a6e3neuye aBToMaTH3arliio
Ta YIpaBIiHHA BCIMa BUPOOHWYHMH IIPOLECAMH Ha PIBHI LEXy, 3 €JHYIOYH B €JUHHH Hu(poBHil
JIAHIIOT BCI €Tamu — BiJl OTPUMaHHA CHPOBHHH IO BHITYCKY TOTOBOI MPOAYKIlii. BrposamkeHHs
CHCTEMH Ha MIANPHEMCTBI [03BOJISE He IIMIIE ONTHMI30BYBAaTH BHPOOHMYI TIpolecH, a i
3OIHCHIOBATH IOCTIfHHN KOHTPOIb $KOCTI MpPOAYKLII, IO € BAXIMBHM I CKIAJHUX Ta
6araTOKOMMNOHEHTHUX TTiINPUEMCTB.

Jlanwii mMarepian mpucBs4eHO nociipkerHo posi MES-cucremu B 3a0e3medeHHi Ta yHpaBJliHHI
SKICTIO TIPOAYKLIl Ha BUPOOHHYOMY MIANPHEMCTBI, OXOIUTIOIOMH BCI eTamW Ii BHIOTOBJICHHSL
Po3rnsinaeThcsl BIUTMB CHCTEMH HA MiNBUIIEHHS TAKWX MOKA3HUKIB e(EeKTHUBHOCTI, SK 3HWKECHHS
KUIBKOCT1 OpaKy, 3HH)KEHHS Yacy IPOCTOIB Ta BUTPAT Ha MepepoOiIeHHS, a TAKOXK MIIBUIICHHS PIBHS
BLIMOBLIHOCTI CTAaHJApTaM Ta PiBHs 3a0BOJICHOCTI KJII€HTIB OTPUMAHOI IPOIYKILI€IO.

MES-cucrema kepye SKICTIO NPOOYKIII HA MIAMPHEMCTBI 4epe3 JesKl KIIOYOBI (YHKLII Ta
nporecH, 3abe3nevyoun BiIMOBIAHICTS BHPOOIB HOPMATHBHHM BHMOTaM:

— BXIiJIHUI KOHTPOJTb CHPOBUHH Ta KOMIUIEKTYHOUHX;,
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— KOHTPOJIB SIKOCT1 ¥ TPOIeCi BHTOTOBIICHHS,

— YNpaBJIiHHSA NPOMDKHAMH IHCIIEKIISIMHE;

— IepeBipka roTOBUX BHPOOIB [1].

Po3rnsineMo koxeH mpolec 0i1bl JETATLHO.

1) Bxignuii KOHTPOJIE CHPOBMHY Ta KOMILIEKTYIOUMX

Jlanuii mpolec € MepIIMM KPOKOM Y JIAHIIOTY 3a0e3MedeHHs AKOCTI NPOJYKIii, HAlUICHHH Ha
MepeBipKy BIMOBITHOCTI BXIJIHMX MarepialiB BCTAHOBIEHHWM cTaHaapraMm ta Bumoram. B MES-
CHCTEM] JaHMil NMPOLEC CUHXPOHI3YEThCA 3 IHIIMMH €TanaMu BHPOOHMITBA, L0 Ja€ MOXIMBICTH
ONepaTHBHO BHABIATH Ta YCYBaTH CHPOBHHY 3 Je(eKTamMHu.

ITpn HagxomkeHH] Ha ckiiaa Marepiaiie Ta kommiektyiounx MES peectpye ix, dikcyroun nami
nocTavyabHAKa, ATy MOCTaBKH, HOMEp MapTii, HaliMeHyBaHHS Ta KUIBKICTh OJWHHIG. B cuctemy
TaKOXK 3aHOCHTBCS CYNMYyTHA JOKYMEHTAIlis, Taka sIK cepTHU(IKaTH AKOCTI, MACTOPTH Ta crerdikarii.
IpyHTyIOYMCh HA OTPUMAHUX JAHUX, CHCTEMa IIEPEBIPSE BIANOBLIHICTh HAJXOKEHL BCTAHOBICHHM
no iXHIM JoKyMeHTaM BHMoram. Ha paHomy eTami CriBpOOITHHKM MOXYTh TMOpIBHIOBATH (hizmuHi
JaHI MarepiaTiB 3 3amucaMM y cucTemi, 100 JONATKOBO BNEBHUTHCS Y 1X BIANOBITHOCTI
crenudikamiam. SKIO KOMIaHIS-BUPOOHHK NPOXYKLII BHKOPHCTOBYE Traiy3eBi a00 BHYTPIIIHI
crangapti, To MES-cuctema Moxke mocHnatHcs Ha HHX JUIS JIOIRATKOBOI MepeBIpKM MapameTpis
cupoeund. Ilpy BusBNeHHI BIOXuWIeHb cHcTeMa (ikcye 1 kiacudikye iX: cepiio3Hi HedeKTH, SKI
BHKJTIOYAIOTH BUKOPHCTAHHS JIAHOTO Martepiany, abo MEHII KPUTHYHI, sIKI MOXJIHBO yCyHYTH. MES
MOJKE 3alpONOHYBaTH MOAAIBINL il B 3aleKHOCTI BiA kiacudikamii nedeKTiB — NOBEpHEHHS
NOCTA4aNBHUKY, JIOOMpAIOBAHHS Ha Micii a0 J03BIT Ha BUKOPHUCTAHHA B 3alCKHOCTI BiN
BCTAHOBJIEHHX KPHUTEPIiB BiNOOPY CHPOBMHM. 3a pe3ynbTaraMy MEepeBipOK Marepiaid OTPUMYIOTh
CTaTyC Y CUCTEML: «CXBAJICHO JI0 BUKOPUCTAHHS», KYMOBHO CXBAICHO», «BlAXHIeHO». CHpOBHHA, AKa
He IpoiIUIa TepeBipKy, OJIOKYeThCsS IS MOJAIBIIOr0 BHKOPHCTAHHA. 3aTBepDKEHI Marepianu
NEPeMIIIYIOTECSl Y 30HY FOTOBHOCTI 10 BUPOOHHMITBA, a BIAXMJIEHI — B 30HY JI0OMpAIioBaHHs abo
noBepHeHHs.. TIOBIIOMIICHHS PO CTAaTyCc Maprii MOXyTh OyTH BINPaBJIEH] CUCTEMOK Ha po0o4l
TEPMIHATM MEPCOHATY, €IEKTPOHHI MOIITH ab0 Yepe3 IHTErpoBaHy CHCTEMY OMOBILIEHb KOMIAHII.
MES Takox ¢ikcye Bci Iii 3 Mmarepianamu ta 30epirae icTopito nepeBipok y 0asi 1aHux.

2) KoHTpOIb SIKOCTI Y MpoLeci BATOTOBICHHS

Jlauuit npouec nae MOXKIJIMBICTh BUSIBJSTH JAe(eKTH Ta 3amodirati iM Ha KOKHOMY eTari
BHT'OTOBJIGHHS, TakUM YHHOM 3ale3ledyloud BUNYCK Npoaykuii Bucokoi sikocti. MES Binmirpae
BKITMBY POJb Y aBTOMATH3allii JaHOTO MPOIECY, BIJCTIIKOBYIOYH KPHTHYHI TTapaMeTpH Ta BYACHO
TOBiIOMJISIFOYH TIPO BCI BiIXHJICHHSL.

Ha eram miArOTOBKM O BUIOTOBJICHHS CHCTEMa 3aBAHTAXKYE [APAMETPH Ta CTAHIAPTH It
KOXKHOTO By mponykuii. I{i mapamMerpn BKIIIOHAIOTH Taki MOKa3HUKH, SIK TEMMEpaTypa, THUCK, yac
00po0KH, IIBUAKICTE OONAAHAHHS Ta iHIIE. TakoXk MOXIUBE 3aBaHTAXKEHHS poOOYIX IHCTPYKIIH Ta
TIPOTOKONIB, SIKHM MOBHHHI CiTyBaTH oneparopu. [Ticis 3amycky mporecy cucreMa OTpPHMYE NTaHi 3
BMPOOHWYOro 0ONaJHAHHA Ta JAATYMKIB B PeXKUMI peanpHOro yacy. Bes iHdopmallis aBToMatiyHO
30MpaeTbcAd Ta BIIOOPAKAeThCA HA MOHITOpax [pPANIBHHUKIB. JSIKIO 3HAYeHHA NapameTpiB
BUIXUIISIIOTBCS. BIJl BCTAHOBIEHWX HOPM, CHCTE€Ma O/pa3y CMOBIIIYE MEPCOHAT, @ B KPHTHYHMX
BUIIAJIKaX 3yNHHSE OONaJHAHHS, 3ano0iraloyd BHTOTOBJIEHHIO Tpoaykmii 3 nedexramu. [l
0cOOMMBO BAKIMBHX MPOIECIB BHUTOTOBJICHHS (HampWKian, y (apmaneBTHUHINH abo XapdoBiif
MPOMHUCIIOBOCTI) KOHTPOIL MOXe OyTH JOMOBHEHHH KOPCTKMMH HOPMAaTHBHMMH BHMOTaMH, TAKHMH
sk GMP (Good Manufacturing Practice), HACCP (Hazard Analysis and Critical Control Points), siki
TakoeK BpaxoByroThes ¥y MES [2]. Skmo B mpomeci BHIOTOBJIEHHS MPOAYKIii OyJ0 BHSBICHO
nedexrn, To MES aBromarnuHO 3adiKcOBY€ JaHI PO HUX, BHOCAYH IH(OPMALIIO NPO IX MPUPOLY,
yaCc BUHMKHEHHS Ta e€ran BHPOOHHMLTBA, Ha skoMmy 1e BiaOynocsa. Takoxk cucrema 31aTHa
OpraizoByBaTu KopuryBaibHi Ta momepemxyBanbHi nii (CAPA — Corrective Action / Preventive
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Action) npu BusiBneHHi npobGnem [3]. Komu peectpyerhes aedekT, BoHa 371aTHa 3amporoHyBaTH
NPOLEAYPH I YCYHEHHsS NPHYMHM, K, HAPUKIaJ, 3MIHA HalallTyBaHb OOJIaJJHAHHS, JOJATKOBa
nepesipka Ta inmre. CHcTeMa MOBIIOMIISE BiIMOBINATBHUX OCIO MTPO MOMKIIUBI 3aXOMH JUIS BUPIIICHHS
npo0ieMH Ta BUMArae NiATBepIDKCHHS 1S IX BUKOHAHHS, SIKIIO LE JOLUIBHO.

3) YupaBiiHHS IPOMIXKHIMH IHCTIEKI[ISIMH

Jlanuit mpouec Ja€ MOMJIMBICTh KOHTPOMIOBATH SIKICTh MPOAYKIIi Ha KIIOYOBHMX eTamax
BMPOOHMYOTO MpOIECy, 110 JIONOMarae MonepeAnTH MepenaBaHHs JedekTiB Ha HacTymHi crajii
po3po0Ky Ta MIHIMI3YBaTH PU3KK BHITYCKY OpakoBaHOI POy KILIi.

Ha erani nmiuanyBaHHS BHPOOHUITBA BH3HAYAIOTHCS KPUTHYHO BAXKITHBI TOUKA KOHTPOJTIO SIKOCTI, B
SIKHX HeoOXiTHO OYyJie MPOBOMUTH TPOMiXKHI iHcHekIii. []i TOYKH BCTAHOBITIOIOTHCS B 3aJICKHOCTI BiJl
XapakTepPUCTHK MNPOAYKUIl Ta eTamiB, Je Haii0Lnpll BiporiiHa nosea BigxuieHs. s KOkKHOI
incriexniiinoi Toukn MES 3anae koHKpeTHI KpHTepii MepeBIpkW (HaNpHKIaza, TOYHICTH PO3MIpIB,
30BHIIIHIH BUMISAA) SIKI BIAMOBIAIOTH CTaHAAPTaM SIKOCTI Ta BHMOraM TEeXHIYHHX yMoB. Takox
CHCTEMa aBTOMATHYHO IUIaHye NPOMDKHI IHCIEKIil 18 KokHOi maptil npoxykuii. Boxn
TIPU3HAYAIOTECS 3 BH3HAUCHO 3a3/ialierigp MEepIOIWYHICTIO alo MICHs JOCSTHEHHS KOHKPETHOTO
erany (Hampuiaa, micas oOpodku Ha craHky, 30mpaHHS jgeraneit abo dapOyeanHs). Skimo
HeoOXiiHa nepesipka 3 Ooky mromueH, To MES Hanpapse moBigOMIICHHS KOHKPETHHM Opuragam
abo creniayictam. Takoxk MOKITHBE OJTOKYBaHHS MOJATBIIONO PyXY MPOAYKILIT TT0 BUPOOHHHI JIHIT 3
OOKy CHCTeMH, MOKHM IHCMEeKIlis He Oynae 3aBeplieHa. Pe3ynbTatd nepesBipok 3 OOKY MepCOHATY
3aHOCATBCA Y CHCTEMY 1 fAKWIO B Ii mpoueci OyJ0 BHABICHO BIAXWJICHHS, TO BOHH ()KCYIOThCS Ta
KIacH(IKYIOTECS 3a THIOM, PIBHEM KPHTHYHOCTI Ta MOXJIMBHM NPHYMHAM BHHHKHEHHS. Takoxk
PEECTPYIOThCS BCI IaH1 o poGieMy: Yac BUSBIEHHSI, eTan BUTOTOBJIEHHS Ta B BiaxuieHns. [Ipu
BHSIBJICHHI JIe()EKTIB CHCTEMa MOXe [pononyBarh kopurytoul nii CAPA (onucani B 1. 2).

ITicns mpoBeeHHS HCMEKIT Ta BHKOHAHHS BCiX mepeBipok MES peectpye cratyc maprii. SIkmmo
MPOAYKIliS BIAMOBIIAE BUMOram, TO ii TMpOCYyBaHHS Ha HACTYNMHMI eranm BHpOOHMITBA Oyne
JI03BOJICHO. Y BHIIAJIKY BUSBJICHHS KDHTHYHHX AC(EKTIB, SIKI HEMOMJIMBO YCYHYTH Ha MICIIL, CHCTEMa
6rokye nopansury odpoOKy naHoi mapTii Ta iHINIIOE JOJATKOBI IHCIEKIIl, MOBEPHEHHs NPOMYKIi Ha
TIOTIEPE/IHI €TaNy [U1s JI00NpalioBaHHs ad0 yTHII3alliio napTii.

4) IepeBipka roroBUX BUpOOIB

Jlauuii mpomnec € 3aBepIITBHAM €TaloM KOHTPONIO SKOCTI, skuil 3ade3medye BiIMOBIAHICTH
MPOJYKITii BCTAHOBNEHWM CTaHIApTaM Ta BUMOTaM Mepes BIAMPaBKOIO 3aMOBHHKY abo Ha cKIa.
Eran € KpuTHYHO BaXUIMBHM JUIs MIHIMI3aulli PU3HKIB IOBEPHEHHsS NpOAyKuli Ta 30epe)KeHHs
pemnyTailii KOMNaHii.

JIna xookHOI MapTii MpoAyKiii (JOPMYEThCS TIaH MEPEBIPOK B 3aJIEKHOCTI B 1i THMY, BUMOT
3aMOBHHMKA Ta rajty3eBHX craHaapris. [Inan Bkmodae B cebe mepenik TECTIB, MapaMeTpiB, METOJIB
nepeBipKU Ta kKpHUTepiiB BiAnoBiaHOCTi. IlepeBipka Moxe 6yTH BHOIPKOBOO (U1 YACTHHH BHPOOIB 3
naptii) abo mMoBHOIO (JUIl KOKHOTrO BUPOOY) B 3aNIeXKHOCTI Bl PIBHA KPUTHYHOCTI MpoAyKuii Ta
crienu(iky 3aMOBJICHHS. 3araJibHAI M1aH NepeBIPKH AKOCTI BKIFOYAE B cede:

— BIBYQIbHHH OIS MEPEBIPAETHCS 30BHILIHIA BUIIsiL BUpOOY, BIANOBIAHICTH (apOyBaHHs,
MapKyBaHHS CTaHapTaM,

— BHMIpPIOBaHHS MapamMeTpiB. BUKOPUCTOBYIOTBCS MPHIAAW /Ui MEPEeBIPKH TOYHOCTI PO3MIpIB,
MacH, reoMeTpii Ta IHIMX (QI3HIHAX XapaKTePHCTHK;

— (YHKIIOHANBHI TECTH: MEPeBIPSIOTHCS KIOYOBI poO0OUi XapakTepUCTHKH BUPOOY (HampHknian,
€NIeKTPUYHI TapameTpH, TepMETHYHICTB). JInsi aBTOMAaTW30BaHWUX MPOIECIB BHKOPHUCTOBYIOTECS
CrenianbHI CTeHU Ta 00JIaJHaHHS.

— BUMpOOYBaHHS HAMIHHOCTI: B NESKUX BUIAJKAX MPOBOJMUTHCS TECTYBaHHs Ha 3HOCOCTIMKICTB,
y/lapHi HaBaHTaKEHHS, TEMIIEPATYPY Ta BOJIOTICTh, 3 METOI0 TapaHTyBaHHs JOBFOBIYHOCTI Ta SKOCTI
poboTu BUpOOY.
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Pesynbratu ycix TecTiB Ta HepeBIpOK 3aHOCATHCS Yy BianoBimHi po3aum B MES. Slkmo BoHM
3i0paHi 3 BHMKODHUCTAHHSM aBTOMAaTH30BaHOTO OOJaJHAHHS, TO TEPEJAIOTECS B CUCTEMY
Ge3nocepeHb0. BoHa Takoxk peecTpye, CKUIbKM BHPOOIB B mapTii BUABHUIOCS OpakoBaHUMU, 11100
BU3HAUUTH pIBEHb BIANOBIIHOCTI Bciei maprii cranmapram. Ilicns nepeipok MES o06po6isie
pe3yJIbTaTH Ta aBTOMATUYHO NPUCBOIOE MPOAYKIIii CTATyCH:

— «CXBAJICHO»: MPOIYKIs BINOBIIa€ BCIM BUMOraM Ta MOxe OyTH BiJIBAHTXKEHA,

— «YMOBHO CXBAJICHO»: IPOJIYKIIisi OTpeOye HE3HAUHUX JJOONPALIOBAHb Mepe]| BIIBAHTAXKEHHSIM;

— «BIAXWIJICHOY»: MPOIYKI(iSl HE BIJNOBIZAE BUMOIraM Ta BINPABISETHCS B 30HY J0ONpPALIOBAHHS
a0 Ha yTuIi3alio.

3a pesynabpraTamu nepeBipkd roropux BHpoOiB MES ¢opmye 3BiTH, siki BKIIOYalOTh B cebde
KUIBKICTh TEPEeBIPEHUX OJMHHIb, MPOLEHT BIAMOBIAHOCTI, TUNU JE(QEKTIB Ta YacTOTy IX IOSIBH.
KoxxeH mponykTt abo maprisi 31 CXBIEHUX CHCTEMOIO JUISl TOJAIBIIONO BiJIBAHTA)XXEHHS 3aMOBHUKY
MapKy€eThCsl YHIKQTBHUM ieHTH(IKaTOpoM (HanmpHKiaa, mrpux-kogom abo QR-koxom) (puc. 1.1)

$L900v0

rooLezsL

Pucynoxk 1.1 — 306paxennst QR-kony Ha 6arapei s cMaptony [4]

ITicnst 3aBepuieHHst Bcix nporeciB MES koHTpomoe BiJBaHT@XEHHsI NPOAYKIIi 3aMOBHHUKY,
OHOBJIIOIOYH CTaTyC MapTii Ta peecTpyrouH ii mepeMileHHs..

BHUCHOBKH. ITincymoByoun, MoxkHa 3a3Ha4uTH, o MES 3a6e3nedye koMIUIeKCHE YIpaBiHHS
SIKICTIO MPOJYKLIi Ha BCIX eranax BUPOOHMITBA: BiJl BXIAHOIO KOHTPOJIIO CHPOBHMHM JIO NMEPEBIPKH
roroBoi mpoaykuii. Cucrema aBTOMaTH3y€ KJIIOYOBI IIPOLECH, BKJIIOYAIOYM  IHCHEKI,
JIOKYMEHTYBAHHSI JIaHWX, YIPABJIIHHS KOPUTYBAIBHUMHU [issMM Ta aHali3 BiaxuieHb. lle nae
MOXUIUBICTh CKOPOTUTH BIUIMB JIIOJCBKOrO (paKTOpy, NPUCKOPUTH BHMKOHAHHS MEPEeBIPOK Ta
3a0e3MeynTy BIAMOBIIHICTS MDKHApOAHUM cTaHzapraMm. [lomanplimii po3BUTOK BKIOYae B cebe
iHTerpanito 3 iHmMMU komnoHeHtamu MES, 3 cucremamu tunmy ERP, SCADA, BukopucraHHs
LITYYHOr'O IHTEJEKTY Il IPEAUKTUBHOIO aHaNII3y BIXUJIEHb, TOLLO.
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Konx HaByanus Mojeni:

import pandas as pd

import numpy as np

from sglalchemy import create_engine

from sklearn.model_selection import train_test_split
from sklearn.ensembls import RandomForestClassifier
from sklearn.metrics import classification_report

import joblib

FACTORY_COMFIG = {
"BASELINE_THICKNESS™: 117.5,
"BASELINE_TEMP": 115.8,
"BASELINE_TIME": Z7ea,

# KoedlyleHTH SanesHocTi
"TEMP_COEFFICIENT™: 8.5,
"TIME_COEFFICIENT™: 1@,

"TEMP_TOLERAMCE™: 15.8,
"TIME_TOLERAMCE™: c@@
h
DATABASE_URI = "mysgl+pymysgl://rootiroct@localhost/manufacture™
engine = create_engine{DATABASE_URI)
guery = """
SELECT
d.applied_thickness,
dr.furnace_temp,
TIME_TO_SEC(TIMEDIFF(dr.end_time, dr.start_time)) AS drying_time
FROM battery b
10IM dosing_deta d ON d.battery_id = b.id
J0IM drying_dats dr ON dr.battery_id = b.id;

data = pd.read_sql{guery, engine)

print{f"3aeaHTaxero peancHux sanuwcis 3 BA: {len(data)}")
def classify_guality_strict(row):
t_real = row['applied_thickness']

temp_real = row[ "furnace_temp']

time_real = row["drying_time"]



cfg = FACTORY_CONFIG

delta_thickness = t_real - cfg["BASELINE_THICKMESS"]

ideal _temp =

ideal_time =

if time_real

return 1

if time_real

return 2

if temp_real

return 1

if temp_real

return 2
if time_real
if temp_real

if temp_real

return @

synthetic_rows =

cfg["BASELIME_TEMP"] - (delta_thickness * cfg[“"TEMP_COEFFICIENT"])
cfg["BASELIME_TIME"] + (delta_thickness * cfg[“"TIME_COEFFICIENT"])

> (ideal_time + cfg["TIME_TOLERANCE"]):

¢ (ideal_time - cfg["TIME_TOLERANCE"]):

» (ideal_temp + cfg["TEMP_TOLERANCE"]):

< (ideal_temp - cfg["TEMP_TOLERANCE"T):

> 5e8d: return 1
> 168: return 1
< 6@: return 2

[1

_ in range(2@a):
t = np.random.uniform{l11l&, 113}

temp =

time_bad = np.random.uniform{3338, 3888)

synthetic_rows.append({"applied_thickness": t, "furnace_temp": temp, "drying_time":

"forced_label™: 1})

time_good = np.random.uniform{2588, 3188)

synthetic_rows.append({"applied_thickness
"forced_label": @})

_in range(l@a):
t = np.random.uniform{11@, 125)

" t, "furnace_temp”: temp, “drying_times":

104

time_bad,

time_good,
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synthetic_rows.append(
{"applied_thickness": t, "furnace_temp": 115, "drying_time": 328808, "forced_label™: 13})
synthetic_rows.append(

{"applied_thickness™: t, "furnace_temp": 288, "drying_time": 2788, "forced_label"™: 1%})

synthetic_df = pd.DataFrame(synthetic_rows)
full_data = pd.concat([data, synthetic_df], ignore_index=Trus)

print{f"daHux nicnAa pgogasadHA cMHTeTWkK: {len{full_data)}")
def get_final_label{row):
if pd.notnalrow.get( ' forced_label')):

return int{row['forced_label'])

return classify_guality _strict{row)

full_data['status_code'] = full_data.apply(get_final_label, axis=1)

s
n

full_data[["applied_thickness", “furnace_temp®, "drying_time"]]
full_data["status_code™]

b
n

¥_train, ¥_test, v_train, y_test = train_test_split(X, v, test_size=08.2, random_state=42)

model = RandomForestClassifier(n_estimators=280, max_depth=18, random_state=42)

model.Fit(X_train, y_train)

print{"\n3eiT no AkocTi mogeni:"™)

print{classification_report(y_test, model.predict(X_test)))

joblib.dump{model, "drying_gquality_model.pkl™}
print{"Mogens zGepewsHo vy drying_quality_model.pkl™)

Kon 3amycky cepsepa Flask:

from flask import Flask, request, jsonify
import joblib
import numpy as np

app = Flask(__name__)
model = joblib.load("drying_guality model.pkl™)
STATUS_MAP = {

a: "oK",

1: "OVERHEAT_CRACKING",
2: "UNDERHEAT_HUMIDITY™
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def find_recommendation(thickness, temp, time, original_prediction):

if time > 3608:
suggested_time = 2788
return "drying_time", suggested_time, f"Drying time {int(time)}s is critically long! Reduce
it to {suggested_time}s."

5
Jae

step_temp
step_time

best_temp = temp
for _ in range(l@):
if original_prediction ==
best_temp -= step_temp
elif original_prediction ==
best_temp += step_temp

if model.predict{[[thickness, best_temp, time]])[8] == @:
return "furnace_temp”, best_temp, f"Change the temperature to {best_temp}ﬂcﬂ
best_time = time
for _ in range(l@):
if original_prediction ==
best_time -= step_time
elif original_prediction ==
best_time += step_time

if model.predict{[[thickness, temp, best_time]])[8] == @:
return “drying_time", best_time, f"The time does not match the thickness. Set
{int(best_time)} s."
return Mone, None, “The settings are critical. Manually change both the time and temperature.™
@app.route(” /validate/sdrying”, methods=["P0OST"])
def wvalidate_drying():
data = reguest.get_json()

thickness = float(data[“applied_thickness"])
temp = float(data["furnace_temp"])

time = float({data["drying_tims"])

¥_new = np.array{[[thickness, temp, time]])

prediction_code = model.predict(¥_new)[8]
status_text = STATUS_MAP.get({prediction_code, "UMKNOWN")

response = {"status": status_text}

if prediction_code != @:
param, value, msg = find_recommendation(thickness, temp, time, prediction_code)

if param:
response["recommendation™] = {
"paramster": param,
"suggested_wvalue™: value,
"message™: msg
¥
else:
response["recommendation™] = {"message": "The settings are critical. Manually reduce
both the time and tempesrature.™}

return jsonify{response)
if __nmame__ == "__main__":
app.run{port=5081)
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Kon intepdeiicy AiValidatorStrategy:
package com.example.Manufac.ai;
import com.example.Manufac.dto.TechnicalSheetDTO;
import java.util.Map;

public interface AiValidatorStrategy
boolean supports(String processType);
Map<5tring, Object» validate(TechnicalSheetDTO sheetDTO);

Kon knacy DryingAiValidator:
package com.example.Manufac.ai;

import com.example.Manufac.dto.TechnicalSheetDTO,;
import org.springframework.http.ResponseEntity;
import org.springframework.stereotype.Component;
import org.springframework.web.client.RestTemplate;

import java.util.HashMap;

import java.util.Map;

@Component

public class DryingAiValidator implements AiValidatorStrategy{

private final RestTemplate restTemplate = new RestTemplate();
private final String FLASK URL = "http://127.9.0.1:5801/validate/drying”;

@0verride

public boolean supports(String processType) {
return "DRYING".equalsIgnoreCase(processType);

¥

@0verride
public Map<String, Object»> walidate(TechnicalSheetDTQ sheetDTO) {
Map<5tring, Object> uiResponse = new HashMap<>();

try {
double finalThickness = (sheetDT0.getThicknessOfSubstanceMax() +
sheetDTO. getThicknessOfSubstanceMin()) / 2.8;
int finalDryingTemp = (sheetDTO.getDryingTemperatureMax() +
sheetDTO. getDryingTemperatureMin()) / 2;
Long timeAvg = (sheetDTO.getTimeOfDryingMax() + sheetDTO.getTimeOfDryingMin()) / 2;

Map<String, Object> requestData = new HashMap<>();
requestData.put(“applied thickness”, finalThickness);
requestData.put("furnace_temp”, finalDryingTemp);
requestData.put({"drying_time", timelvg);



ResponseEntity<Map> responseEntity = restTemplate.postForEntity(FLASK_URL, requestData,
Map.class);

Map<String, Object> flaskBody = responseEntity.getBody();
String status = (String) flaskBody.get("status");

if ("OK".equals(status)) {
uiResponse.put(“valid”, true);
uiResponse.put(“message”, “"The technical data sheet is Al-verified. Parameters are
in the optimal quality zone");
} else {
uiResponse.put("valid", false);
String defectMsg = getDefectMessage(status);

if (flaskBody.containsKey("recommendation™)) {
Map<String, Object> rec = (Map<String, Object») flaskBody.get("recommendation™);

uiResponse.put(“message”, defectMsg + " " + rec.get("message”));
uiResponse.put(“suggested_value", rec.get("suggested_value™));
T else {

uiResponse.put(“"message", defectMsg);
¥
¥

} catch (Exception e) {
uiResponse.put(“valid”, false);
uiResponse.put("message”, "AI module connection error: " + e.getMessage());

¥

return uiResponse;

¥

private String getDefectMessage(String status) {

if ("OVERHEAT_CRACKING".equals(status)) return "Risk of defect: Cracking (Overheating)”;
if ("UNDERHEAT_HUMIDITY™.equals(status)) return "Risk of defect: High humidity
(Underheating)™;

return “Unknown defect risk™;
¥

Kon cepgicy AiValidationService:

@Service
public class AiValidationService {
private final List<AiValidatorStrategy» validators;

public AiValidationService(List<AiValidatorStrategy> validators) {
this.validators = validators;
¥

public Map<String, Object> validateProcess(5tring processType, TechnicalSheetDTO dto) {
return validators.stream()

filter(v -> v.supports(processType))
findFirst()

.map(v -» v.validate(dto))

.orElseThrow(() -» new IllegalArgumentException(”No AI model found for process: " +
processType));

h

Mertona, 1m0 nepexoruoe eHanoinT pazoM 3 napametpom DRYING 3i cropinku

1100 3amyCTUTH MPOIIEC BaJliIallii:

@PostMapping(”/validate-sheet™)

@ResponseBody

public Map<String, Object»> validateSheet(@RequestBody TechnicalSheetDTO sheetDTO,
@RequestParam(defaultValue = "DRYING") String processType)

{

¥

return aiValidationService.validateProcess(processType, sheetDT0);
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Kon 36epexxenoi mpouenypu:

SET @OLD_SQL_MODE = @@sgl_mode;
SET =gql_mode = "";

DROP PROCEDURE IF EXISTS seed_battery_data;
DELIMITER $%

CREATE PROCEDURE seed_battery_data(IN batches INT, IN per_batch INT, IN start_batch_number INT)
BEGIN
DECLARE b INT DEFAULT @;
DECLARE 1 INT;
DECLARE batch_num INT DEFAULT start_batch_number;
DECLARE per INT DEFAULT per_batch;
DECLARE avg_thickness DOUBLE DEFAULT 117.5;
DECLARE avg_temp IMT DEFAULT 115;
DECLARE avg_time_ms INT DEFAULT 2798008 ;
DECLARE min_thickness DOUBLE DEFAULT 11@;
DECLARE max_thickness DOUBLE DEFAULT 125;
DECLARE min_time_ms INT DEFAULT 1508008 ;
DECLARE max_time_ms INT DEFAULT 3508008 ;
DECLARE min_temp INT DEFAULT 88;
DECLARE max_temp IMT DEFAULT 15@;
DECLARE r DOUELE;
DECLARE t DOUBLE;
DECLARE temp INT;
DECLARE time_ms INT;
DECLARE status VARCHAR(28);
DECLARE serial VARCHAR(S®);
DECLARE weight DOUBLE;
DECLARE capacity INT;
DECLARE res INT;
DECLARE wol DOUELE;
DECLARE batch_id BIGINT;
DECLARE inserted_bat_id BIGINT;

WHILE b < batches DO
IMSERT INTO batch (number_of _batch, quantity_of_batteries, nominal_capacity, batteries_model,
rated_wvoltage, technicalSheet_id)
VALUES (batch_num, per, 3888, '18858', 3.7, 3):
SET batch_id = LAST_INSERT_ID{);

SET i = 8;



WHILE i < per DO
SET t = ROUND(min_thickness + RAND{)} = (max_thickness - min_thickness), 1);

IF RAND() < @.38 THEM
IF t » aveg_thickness THEMW
SET temp = GREATEST(min_temp, FLOOR(avg_temp - (18 + RAND()*25)));
SET time_ms = LEAST(max_time_ms, aveg_time_ms + FLOOR{ 228888 + RAND()*1008808)):
ELSE
SET temp = LEAST{max_temp, FLOOR(ave_temp + (1@ + RAND()*25)1));
SET time_ms = GREATEST(min_time_ms, avg_time_ms - FLODR{Z@A888 + RAND()*=1022888));
END IF;
SET status = 'DEFECTIVE';
ELSE
SET temp = FLOOR{avg_temp - ((t - avg_thickness) #* 8.5) + (RAND{)I*6 - 3));
IF temp < min_temp THEW SET temp = min_temp; END IF;
IF temp » max_temp THEW SET temp = max_temp; EMD IF;
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SET time_ms = ROUND(avg_time_ms + ((t - avg_thicknsss) * S80888) + (RAND{)*200088 - 180@88));

IF time_ms < min_time_ms THEN SET time_ms = min_time_ms; EHWD IF;

IF time_ms > max_time_ms THEW SET time_ms = max_time_ms; END IF;

SET status = 'WORKING';
END IF;

SET serial = CONCAT('B', batch_num, '-', LPAD(i+1,3,"@'));
SET weight = ROUMD(46.5 + RAND(}*1.5, 2);

SET capacity = 2988 + FLOOR(RAND()*=148);

SET res = 18 + FLOOR({RAND{}*15);

SET wol = ROUND(3.65 + RAND()*@.12, 2);

INSERT INTO battery (serial_number, weight, actuval_capacity, actual_internal_resistance,

voltage, status, batch_id)
VALUES (serial, weight, capacity, res, wol, status, batch_id);
SET inserted_bat_id = LAST INSERT ID();

INSERT INTO dosing_date (applied_thickness, battery_id)
VALUES (t, inserted_bat_id);

INSERT INTO drying_data (id, start_time, end_time, furnace_temp, battery_id)

VALUES (inserted_bat_id, '@8:00:88', ADDTIME('®3:00:80', SEC_TO_TIME(ROUND(time_ms/1008))),

temp, inserted_bat_id);
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SET 1 =1 + 1;
EMD WHILE;

SET b = b + 1
SET batch_num = batch_num + 1;
EMD WHILE;
EMDE%

DELIMITER ;
CALL seed_battery_data(49, 18, 182);
DROF PROCEDURE IF EXISTS seed_battery_data;

SET sql_mode = @OLD_SQL_MODE;

Kox PLCService:

package com.example.Manufac.service.plc;

import lombok.RequiredArgsConstructor;
import org.springframework.stereotype.Service;

@service
@RequireddrgsConstructor
public class PLCService {

private final WeighingMixingPLC weighingMixingPLC;
private final CoatingPLC coatingPLC;

private final AssemblyPLC assemblyPLC;

private final TestingPLC testingPLC;

public void simulatekeighingProcess{Integer batchNumber, boolean isRetry) {
weighingMixingPLC.simulatekeighingProcess(batchNumber, isRetry);

h

public void simulateMixingProcess(Integer batchWumber) {
weighingMixingPLC.simulateMixingProcess(batchNumber) ;

h

public void simulateDosingProcess(Integer batchWumber) {
coatingPLC.simulatelosingProcess(batchiumber);

h

public void simulateDryingProcess(Integer batchWumber) {
coatingPLC.simulateDryingProcess(batchNumber);

h

public void simulatePressingProcess{Integer batchNumber) {
coatingPLC. simulatePressingProcess (batchNumber);

h



public void simulateCuttingProcess(Integer batchMumber) {
assemblyPLC. simulateCuttingProcess (batchlumber);

h

public void simulatestackingProcess{Integer batchNumber) {
assemblyPLC. simulateStackingProcess{batchiumber);

h

public wvoid simulateCellElectrolyteProcess{Integer batchMumber) {
assemblyPLC.simulateCellElectrolyteProcess (batchMumber);

b

public void simulateFirstTestProcess{Integer batchMNumber) {
testingPLL.simulateFirstTestProcess{batchlumber);

b

public wvoid simulateSecondTestProcess{Integer batchMumber) {
testingPLC.simulateSecondTestProcess(batchMumber);

h

public wvoid simulateThirdTestProcessi{Integer batchMumber) {
testingPLC.simulateThirdTestProcess{batchNumber);

b

Kox WeighingMixingPLC:

package com.example.Manufac.service.plc;

public interface WeighingMixingPLC {

vold simulateWezighingProcess(Integer batchMumber, boolsan isRetry);

vold simulateMixingProcess(Integer batchNumber);

Kox WeighingMixingPLCImpl:

package com.example.Manufac.service.plc;

import
import
import
import
import
import
import
import
import
import
import
import
import
import
import
import
import

com.
com.
com.
com.
com.
com.
com.
com.
com.
com.
com.
com.

example.
example.
example.
example.
example.
example.
example.
example.
example.
example.
example.
example.

Manufac.
Manufac.
.dto.TechnicalSheetvViewDTO;

.exception. MotFoundException;
Manufac.
.models.Ingredient;
Manufac.

Manufac
Manufac

Manufac

Manufac
Manufac

constants.BatchStatus;
dto.IngredientItemDTd;

models . Batch;

models.TechnicalDataShest;

.models.WeighingItem;

.models.measzured.MixingData;
Manufac.
Manufac.
Manufac.
jakarta.transaction.

models .measured.WeighingData;
repo.¥;
service.TechnicalSheetsService;
Transactional;

lombok . RequireddrgsConstructor;
org.springframework.stereotype. Service;
java.time.LocalDateTime;
java.util.List;
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import static com.example.Manufac.utils.Simulationltils.generateRandomValidialue;

EService
gRequiredargsConstructor
public class WeighingMixingPLCImpl implements WeighingMixingPLC{

private final BatchRepository batchRepository;

private final IngredientRepository ingredientRepository;
private final TechnicalSheetsService technicalSheetsservice;
private final WeighingDataRepository welghingDataRepository;
private final WeighingltemRepository weighingltemRepository;
private final MixingDataRepository mixingDataRepository;

@0verride
@Transactional
public void simulateleighingProcess{Integer batchNumber, boolean isRetry) {
Batch batch = batchRepository.findBatchByNumberdfBatch(batchNumber)
.orElseThrow( () -> new MotFoundException{"Batch not found")};

TechnicalSheetViewDTO techSheet =
technicalsheetsService.findById(batch.getTechnicalsheet (). getId());

WeighingData weighingData =
weighingDateRepository.findByBatchForkeighting_NumberOfBatch(batch.getNumberdfBatch())
orElseGet(() -3 {
WeighingData newData = new WeighingData();
newData.setBatchForkeighting(batch);
return weighingDataRepositaory.save(newData);

i3 H

if (weighingData.getItems() != null && !weighingData.getItems().isEmpty()) {
weighingItemRepository.deleteAll{weighingData. getItems());
weighingData.getItems().clear();
weighingDataRepository.savefndFlush{weighingData);

b

List<IngredientItemDTO> reguiredIngredients = techSheet.getIngredientItems();

for {(int i = @; i1 < reguiredIngredients.size(); i++) {
IngredientItemDTD targetItem = reguiredIngredients.get(i);

double targetQuantity = targetltem.getQuantity();
double gensratedRealQuantity;

if (1 == @ && !isRetry) {
generatedRealQuantity

} else {
generatedRealQuantity

targetQuantity * @.5;

generatefandomial idValue (targetQuantity);
T

Ingredient ingredient =
ingredientRepository.findById{targetItem.getIngredientId()).orElseThrow(()} -> new
NotFoundException("Ingredient not found"));

WeighingItem weighingItem = new WeighingItem():
weighingItem. sethleighingData(weighingData);
weighingItem. setIngredient({ingredient);
weighingItem.setRealQuantity(generatedRealQuantity);
weighingItemRepository.save(weighingltem);

boolean isValid = checkTolerance(targetQuantity, generatedRealQuantity);
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if (lisValid) {
batch.setBatchstatus(Batchstatus. ERROR) ;
batch.setsStart0fProduction{LocalDateTime.now() ) ;
batchRepository.save(batch);
return;

h

hatch.setBatchStatus(BatchStatus. WETGHING CHECKED) ;
bhatch.setStartOfProduction(LocalDateTime. now());
bhatchRepository.save(batch);

h

private boolean checkTolerance(double target, double real) {
double tolerancePercent = @.85;
double diff = Math.abs(target - real);
return diff <= (target *# tolerancePercent);

h

E0verride
@Transactional
public woid simulateMixingProcess{Integer batchNumber) {
Betch batch = batchRepository.findBatchByNumberOfBatch(batchNumber)
.orElseThrow( ()} -»* new MWotFoundException{"Batch not found"));

TechnicalDataSheset techSheet = batch.getTechnicalShest();

long min5Susp = techSheet.getTimeOfMixingSuspensionMing);
long maxsusp = techSheet.getTimeOfMixingSuspensionMaxi);
long factSusp = generateRandomLongi(minSusp, maxsusp);

long minElec = techSheet.getTimelfMixingElectrolyteMin();
long maxElec = techSheet.getTimeOfMixingElectrolyteMan();
long factElec = generateRandomLong(minElec, maxElec);

MixingData mixingData =
mixingDataRepository.findMixingDataByMixingData_NumberOfBatch(batchNumber)
LorElse(new MixingData());

mixingData.setMixingDatal(batch);
mixingData.setFactTimeSuspension(factSusp);
mixingData.setFactTimeElectrolyte(factElec);

mixingDataRepository.save(mixingData);

bhatch.setBatchStatus(BatchStatus. MINING CHECKEDR) ;
batchRepository.save(batch);
h

private long generateRandomlong(long min, long max) {
return min + {(long) (Math.random() = (max - min)};

b
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JIOJIATOK B

JleMoHCTpawiitH1il MaTepial
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TeKkCcTOBI JOKYMEHTH
1 I'FOUK.506100.018 113 [TosicHIOBaTbHA 3aITCKA O9lc., . A4
2 Anpo0artis pe3yJbTariB 10c., ¢. A4
3 JlictuHr nporpamu 13c.,d. A4
JlonaTkoBi MaTepiaiu
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