HanionanbHuil TEXHIYHUN YHIBEPCUTET Y KpaiHU
«KuiBchbKui MOMITEXHIYHUI THCTUTYT IMeH] Irops CikopchbKOTo»
MiHICTEPCTBO OCBITH 1 HAYKH Y KpaiHU
HanionanbHuil TEXHIYHUN YHIBEPCUTET Y KpaiHU
«KuiBchbKui MOMITEXHIYHUHN THCTUTYT IMeH] Irops CikopchbKOTo»
MiHiCTEpCTBO OCBITH 1 HAYKH YKpaiHu

KBanidikamiiina HaykoBa

npaus Ha IpaBax pyKoONucy

HECTEPYK AHJPII OJTEKCAH/IPOBIY
VJIK 004.94:661.152.012(043.3)

JAUNCEPTANIA

THO®OPMAIIMHA TEXHOJIOI'IA YIIPABJIHHS BUPOBHUIITBOM
MIHEPAJIBHUX TOGPUB

126 — indopmariiiiHi cUCTEMH 1 TEXHOJIOT11
12 — indopmarriifHi TEXHOJOT11

[TonaeThcst HAa 3700yTTS HAYKOBOTO CTYNEHS JToKTOpa (histocodii

Jlucepraiiist MICTUTh pe3yabTaTH BJIACHUX JIOCHIKEHb. BUkoprcTtanus inew,
PEe3YIbTATIB 1 TEKCTIB IHIIMX aBTOPIB MAaIOTh IMOCHJIAHHS Ha BIJMIOBIIHE JHKEPEIIO

A.O. Hecrepyk

Hayxosuii kepiBHuK — Koprienko borgan SIpocnaBoBud, JOKTOp TEXHIYHUX HAYK,

npodecop

Kuis — 2025



AHOTANIA
Hectepyk A.O. Iudopmariiina TexXHOJOTIS YOPaBIiHHA BUPOOHUIITBOM

MiHepanbHuX 100puB. — KBamidikaliiiina HaykoBa mpalis Ha mpaBax pyKOIHUCY.

HNucepranis Ha 3100yTTS HAyKOBOrO CTyINeHs JokTopa ¢igocodii 3a
crienianbHicTIO 126 «IHpopMalliiiHi cucTeMu 1 TeXHOJOT1» — HallloHanbHUI TeXHIYHUN
yHiBepcuTeT YKpainu «KuiBCchbkuil moniTexHiyHui HCTUTYT iMeH1 Iropst CikopchKoroy,
Kwuis, 2025.

HucepraiiitHa po0OOTa TPHUCBIYCHA CTBOPEHHIO TEOPETHYHHMX Ta TMPHUKIATHUX
pe3yabTaTiB 3 PO3poOKHM 1H(GOPMAIIMHOT TEXHOJOTl yMHpaBIiHHA BUPOOHHUIITBOM
MiHEpAJIBHUX IOOPUB 3 ypaxXyBaHHIM BUMOT 3MEHIIICHHS] CHEPTOBUTPAT Ta 3a0e3MeUeHHS
3aJIaHO1 IKOCTI TOTOBOTO MPOIYKTY.

[Ipioputerom  iHpOpMaIIMHOI TEXHONOTHi € 3a0e3NeueHHs 3MEHIIECHHS
CHEProBUTpAT I JOCSITHEHHS 3a7aHoi SKOCTI KIHIIEBOTO IMPOJAYKTY. 3HAaYyHA yBara
NPUIIJISETECS CUCTEM1 YIPABIIHHS MPOLIECOM TPAHYJIIOBaHHS Y TICEBAO3PIIKEHOMY
mapi, JTOCIIIHKEHHIO CTBOPEHHS Ta YIPABIIHHS XaoCy IS MiABUIIEHHS 1HTEHCUBHOCTI
TEIJI0- Ta MAaCOOOMIHY.

AHai3 pe3ysbTaTiB ICHYIOUMX JOCIIDKeHb B Tally3l YIIPaBIiHHSI BUPOOHHUIITBOM
MIHEpaJIbHUX JOOPHUB CBIAYUTH MPO BIACYTHICTh HA JAHWHW Yac KOMIUIEKCHOTO MiAXOY,
SIKUY BpaxOBYBaB OU crienu(iKy yrpaBIiHHS TEXHOJOTTYHUMHU MPOIIecaMu BUPOOHMIITBA
MiHEpaIbHUX JOOPHB.

Tomy icHye HaraibHa mOTpeba B TOMAIBIIOMY JOCTIIKEHHI MaTeMaTHUYHUX
MOJIeNIel Ta CUCTEM YIIPaBIIHHS BUPOOHUIITBOM MIHEPAIbHUX JOOPHUB Yy TpaHyIsATOPI 3
MICEBIO3PIPKEHUM IIapOM 3 METOI0 iX YJOCKOHaJeHHS. A po3pobOka iH(popMaiiitHO1
TEXHOJIOTIi YIpaBiIiHHSA BHUPOOHHUIITBOM MiHEpPAJIbHUX JOOPHB € HAJI3BHYAWHO
aKTyaJIbHOIO Ha CHOTOAHINIHIN AeHb. TakuM YMHOM, yce Iie 1 3yMOBHJIO HEOOXITHICTh
BUPIMICHHS AaKTyaJbHOI HAayKOBO-TEXHIYHOI 3amadl MiABUIICHHS e()EKTUBHOCTI
BUPOOHUIITBA MIHEpAJIbHUX TOOPHUB, NLIIXOM MOOYAOBH MaTeMaTHUYHUX MOJCICH Ta
CUCTEM YOpaBIiHHS BUPOOHHUIITBOM MIHEPAIbHUX JOOPUB 3 YypaxXyBaHHSIM BHUMOT

3MEHIIICHHS €HEPTOBUTpPAT Ta 3a0€3MeUeHHS 3aJaH0i SKOCTI TOTOBOT'O MPOIYKTY.



YV 6cmyni oOrpyHTOBaHO aKTyalbHICTh AUCEPTALIHOI poOOTH, CHOPMYIBOBAHO
METy Ta OCHOBHI 3aBJIaHHS JOCIIKEHHS, HaBEJICHO BIIOMOCTI 1100 3B’ A3KY POOOTH 3
HayKoro Temoro. [logaHo aHOTallil0 OTPUMAHUX B AMCEPTAaLlli pe3yJIbTaTiB, BUCBITIICHO iX
HayKOBY HOBHU3HY 1 IPAKTUYHY 3HAYUMICTh, BII3HAYEHO OCOOMCTUH BHECOK 3100yBaya y
CHUIBHUX MYyOJIKaIisAX, HaBEACHO KUIbKICHI IMOKAa3HUKH CTOCOBHO OIYOJIIKOBAaHUX
HAYKOBHX Tpallb, CTPYKTYPH Ta 00CSTy TUCEepTAaIllii.

YV nepwiomy po30ini IpoBeCHO NOCTIIKEHHS PO3BUTKY MaTeMAaTHYHUX MOJEIei
Ta CHCTEM YIIPABIIiHHS MPOIECY TPAHYIIOBAHHS y MICEBI03PIIHKEHOMY IIapi, IO TOKa3ye
BIICYTHICTh ~ PO3TJISIAY  PSAAY  OCOOJNMBOCTEM  MpoIleCcy  TpaHyJIOBaHHS Y
NICEBJ03P1IPKEHOMY I1api B KOMILIEKCI.

[IpoBeneHo aHami3 MiAXOMIB JO MATEMAaTHYHOTO MOJCIIOBAHHS TPOIECY
TpaHyJIIOBaHHA Yy TICEBJO3pi[UKEHOMY mmiapi. Bu3HaueHo mapamerpu, M0 MaroTh
HaWOUIBIIMK BIUIMB Ha IMOBEJIHKY TEXHOJOTIYHOTO mpolecy. IcHyroul MareMaThyHi
MOJICJII HE BPaxOBYIOTh PO3CIFOBaHHS €HEPTii MpU 3ITKHEHHI Ta Iepenayy KiHeTUYHOI
eHeprii BiJ TBepoi ¢azu 10 piakoi. TakokK B TaHUX MOJEISIX HEAOCTaTHHO BpaxOBaHa
Xa0TUYHICTh MPOLIECY TPAHYIIIOBAHHS Y MICEBAO3PIIKEHOMY HIapi.

OCHOBHHMM THCTPYMEHTOM JIS TIABUILCHHS €(DEKTUBHOCTI IIPOIIECY BUPOOHUIITBA
MiHEpaJIbHUX JOOPUB € BUOIp CHUCTEMH YIpaBIiHHs. Y3araJibHEHO OCHOBHI ICHYIOYI
OiAX0AW 10 TMOOYJAOBH CHCTEMH  YIIPaBIiHHS  IPOIIECOM TpaHYJIOBaHHSI Yy
TICEBJIO3P1PKCHOMY IIapi.

PosrnstHyTi ocHOBHI MeToAM 3a0€3neYeHHs PYHKI[IOHATBHOT 0€3MeKH Ha XIMIYHUX
MIATPUEMCTBAX, M0 € BAXJIMBOIO CKJIAJ0BOIO iH(OPMAIIHHOT TEXHOIOTIi yIpaBiIiHHS
BUPOOHUIITBOM MiHEpATBHUX I0OPUB.

PesynpraToM OISy pe3ynbTaTiB AOCTIIHKEHb Ta JIITEPATypHUX JDKEpEN CTaau
chopmynbOBaHi 3amadi, SAKi HEOOXIIHO BUKOHATH JUIS CTBOPEHHS €(QEKTHBHOI
iHbOpMAIiiTHOT TEXHOJIOT11 YIpaBIiHHA BUPOOHUIITBOM MiHEPATBHUX JOOPHB.

Jlpyeuii po30in TPUCBSYCHUN CTBOPEHHIO TPhOoX(a3zHOI MaTeMaTHUYHOI MOJEINI
MpoIlecy TpaHYIIOBAaHHS Yy TICEBAO3PIIKEHOMY Iapi Ta MaTeMaTU4HOI MOAel

rPaHyJIOMETPUYHOIO CKJIATY.
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Po3poOneno TpboxdasHy MaTeMaTUYHY MOJENIb MpOLECy TIpaHyJIOBaHHSA Y
MICEeBAO3PIIKEHOMY IIapi, SKa BPaxOBYE TIAPOJUHAMIKY TCEBIO3PIIKEHOIO IIapy,
nepeavyy KIHeTUUHOI €Heprii, po3CitOBaHHS €HEprii, CTHCHEHHSI Kpalelb 3 YaCTUHKAMU,
iX aaresir0 1O MOBEPXHI, KIHETUKY BHUCHUXAHHS pO3YMHY HAa TOBEPXHI YaCTUHOK,
PO3CiIOBaHHS €Heprii NpH 3ITKHEHHI Ta mnepegada KIHeTUYHOI eHeprii BiJl TBepaAoi das3u
10 pinkoi. Jlana MaTemMaTuyHa MOJIENIb MOKE BUKOPUCTOBYBATHUCS JUISI PO3POOKHU CHCTEM
YIpaBIiHHS TPOILECOM TPaHYIIOBAHHS Yy IICEBIO3PIHKCHOMY IMIapi. 3a JOTOMOTOIO
peanizailii cTBOpeHoi mojeini B nmporpamHomy naketri MATLAB onepkano mepexinHi
XapaKTEePUCTUKH TEMIIEPATYPH MPOLIECY TPAHYIIOBAHHS Y TICEBI03PIIHKEHOMY IIapi.

Po3pobiieHo mMareMaTWdHy MOJIEbh TPaHYJIOMETPHUYHOTO CKIAMy IS TPOIECY
BUPOOHMIITBA TPaHYILOBAHUX MiHEPAIBHUX JOOPHUB, sIKa BPAXOBYE, 110 YMOBH JIJISl POCTY
YaCTUHOK BUKOHYIOTHCSI JIMIIE B 30HI XOJOJHOTO 3MOYYBAHHS ITJ{ COIJIOM, B 30HI
3MOYYBaHHS TeMIlepaTypa MiJIBUILYEThCS BiA IHEHTPY A0 OOKiB, B 130T€pMIuHIA 30HI1
TEeMIIepaTypa MoBITPs PIBHOMIPHA, B 30HI TEIJIOOOMIHY TeMIIepaTypa rapsdoro moBITPs
pI3KO Majae, 3pOCTaHHS YaCTUHOK BU3HAYATUMETHCSI PO3MIPOM 3MOUYBaJIbHOT aKTUBHOT
30HU Ta MIBUJAKICTIO MEPEHECEHH YaCTUHOK JO I[i€] YaCTUHH TICEBI03PIIKEHOTO MIapy,
B 30HI 3MOYYBaHHS BiOyBaeThcs arjomepailis. JlaHa MaTeMaThuyHa MOJECNb J03BOJISE
oJIep)KaTy PO3IMOALT TPaHy] 3a PO3MIPOM B JIBOX PEAKTOpaX, IO JA€ 3MOTY OI[IHUTHU
SIKICTh KIHIIEBOTO TIPOJTYKTY.

B mpemvomy po30ini BUKOHAHO OCHIIIKEHHS Xa0Cy B MPOIECY TPaHYIIOBAHHS Y
MICEBIO3PI/PKEHOMY IIapi Ta CTBOPEHA CHCTEMa YIPaBIiHHS XaoCOM TPOIECY
BUPOOHUIITBA MIHEpPAJIHHUX JOOPUB Yy TPaHYISATOPI 3 TCEBIO3PIHKECHUM IIAPOM, IO
JI03BOJISIE 30UTBIINTH XaOTUYHICTh MPOIECY TPAHYJIAIIT Y MCEBIO3PIHKECHOMY Iapi s
ITIIBUIICHHS IHTEHCUBHOCTI TEILJIO- Ta MACOOOMIHY.

PeanizoBani cuctemu ympaBninas 3 MPC, PID, LQR ta Fuzzy Logic-
pETyIsITOpaMy Ha OCHOB1 TPhOX(ha3HOT MAaTEMATUYHOT MOJIEII MTPOIIECY TPAHYIIOBAHHS Y
MICEBIO3PIKEHOMY Tirapi. Takox cTBOpeHa cuctema ympasiiaas 3 MPC-perynstopom
HAa OCHOBI MAaTeMaTHYHOI MOJEJNl TPaHYJIOMETPUYHOTO CKIIaTy, SKa MPHCKOPIOE
YTBOPEHHS TpaHyld 3aJaHOrO pO3Mipy TiJg dYac Tpolecy TpaHyIIOBAaHHA ¥

TICEBI03P1IKEHMY IIapi.



Yemeepmuti po30in TIOUMHAETHCS 31 CTBOPEHHSI CHCTEMHU 3aXUCTy KPUTHYHHUX
pecypciB BUpOOHUIITBA MIHEpAJIbHUX TOOPUB 3 PO3AUICHHSIM BUPOOHUIITBA HA 30HU, Bl
BIIJIVICHOI 30HU 3 JIOCTYIIOM 4epe3 JEeMUIITapU30BaHy 30HY 0 OOMEXEHOi 30HU IS
HAaUKpUTUYHIIINX pecypciB. CucreMa 3aXUCTy KPUTUYHUX PECYpPCIB BUPOOHMIITBA
MIHEpaJIbHUX J0OpHUB 3a0e3neuye KOHTPOJbOBAHUU JOCTYH 1 MIHIMI3yE MOXKIIUBICTh
3arpo3 JJisi KpUTUYHUX PECYPCIB.

3anpornoHoBaHa MaTeMaTHYHA MOJIENbh MPOTHIIi 3arpo3aM y CHUCTEMi 3aXHCTY
KPUTUYHHUX PECYpPCiB, 3aBISKH SKii MOXHA pO3paxyBaTH IMOBIPHOCTI 3HAXOJKEHHS B
OJTHOMY 3 IIIECTH CTaHIB: CTaH CIIOKOIO; HaJIWIIIA 3arpo3a 1, ame He pealizoBaHa;
Ha/IilIIIa 3arpo3a 2, aje He pealli3oBaHa; 3arpo3a 1 peanizoBaHa; 3arpo3a 2 peallizoBaHa;
3arposa Bijowura.

Po3pobneno  iHdopmaliiiHy ~ TEXHOJOTIO  YOpaBIiHHS  BHUPOOHHUIITBOM
MIHEpaJIbHUX JOOPUB, OCHOBHUMHU KOMIIOHEHTAMU SIKOi € HACTYITHI TEXHIYHI1, MPOTpaMHi
Ta OpraHi3aliifHO-METOJMYHI 3aco0M: MaTeMaTH4YHI MOJeNl Tpolecy BUPOOHUIITBA
MIHEpaJIbHUX JTOOpHWB, CHCTEMHU YIPaBIIHHS BHUPOOHHUIITBOM MIiHEpPAIbHUX TOOPUB,
CUCTEMa 3axXHCTy KPUTHYHHUX PECypciB BUPOOHHUIITBA MIHEpPAIbHUX JOOpPHUB Ta
MaTeMaTHYHa MOJIENIb TPOTHII 3arpo3aM y CHCTEMI 3aXHCTy KPUTHYHUX PECypCiB.
Bukopucranns iHdopMaiiitHoi TeXHOJOrii BHUPOOHHUIITBA MIHEpAIbHUX JOOPUB
JI03BOJIMJIO 3HU3UTH €HEPrOBUTPATU Ha 7% 3a PaxyHOK PO3POOKU CHUCTEMH YIPABIIHHS
Xa0COM, IO 301IbIIMIA IHTCHCHUBHICTh TEIIO- Ta MAacCOOOMIHY Yy TICEBIO3PIIKCHOMY
mapi.

Po3pobneno MeTonuKy BUKOpHCTAaHHS 1H(OpMAIHOT TEXHOJOTIl YIpaBiIiHHS
BUPOOHUIITBOM MiHEpATBHUX I0OPUB.

VY sucnoskax mojaHi OCHOBHI pe3yJibTaTH IHUCEPTALIAHOTO JOCHIIKEHHS, IO
BiIOOpakaroTh pe3yibTaTH BUKOHAHHS 3aBJaHb, 110 TMOCTaBJICHI s (HOpMyBaHHS

iHbOpMAITiiTHOT TEXHOJIOT11 ypaBIiHHA BUPOOHUIITBOM MiHEPAIBHHUX JOOPUB.

Haykosa noeusna ompumanux pesynomamie
Ha migcraBi TeopeTHYHUX 1 TPAKTUIHUX OCT1KEHb, BAKOHAHUX Y TUCEPTALIMHINA

poOOTI:



enepuie

- po3poOieHo TphoxdazHy MaTeMaTHYHy MOJEIh MPOIECY TPaHYIIOBaHHI Yy
MICEBO3PLXKEHOMY 1Iapl 3 ypaxyBaHHSAM TIIPOJUMHAMIKH ICEBIO3PIIKEHOrO
mapy, nepeaadi KIHETUUHOI €Heprii, po3CilOBaHHS €HEprii, CTUCKAHHS Kparelb 3
YaCTHMHKaMHU, iX aaresii 10 MOBEPXHi, KIHETHUKU CYILIIHHS PO3YMHY Ha MOBEPXHI
YaCTHHOK, PO3CIIOBaHHS €HEprii Mpu 3ITKHEHHI Ta mepeaya KIHETUYHOI1 eHeprii
BiJ TBEPOi (ha3u 10 PiIKOI sl IEPEBIPKU HASBHOCTI AETEPMIHOBAHOI'O XaoCy;

- pO3po0JICHO CHCTEMYy VIpaBIiHHSA XaoCOM TpOIeCYy TpaHyTIOBaHHSI Yy
TICEB/IO3PIIKEHOMY IIIapi 3 BU3HAUEHHSIM Yacy MPOrHO3YBaHHS TSI 3a0€3MeYeHHS
€()EeKTUBHOTO TEIUIO- Ta MAaCOOOMIHY;

OMPUMANA NOOAILULUL POZBUMOK

- MaTeMaThyHa MOJCIb TPaHYJIOMETPHYHOTO CKJIaTy, SIKa BPAaXOBYE YMOBH IS
pPOCTY YAaCTHHOK, MIJBUIIEHHS TEeMIepaTypu BiJ ILEHTPY [0 OOKIB B 30HI
3MOYYBaHHS, PIBHOMIPHICTh TEMIIEPATYPH TEIUIOHOCIS B 130TEPMIUHIi 30HI, pi3Ke
naJiHHS TeMIepaTypa TeIIOHOCIS Y 30H1 TEII0O00MIHY, arjioMeparlito Y4acCTHHOK;
YOOCKOHANEHO

- MaTeMaTU4YHy MOJIEIb MPOTHU/IIT 3arpo3aM Yy CUCTEMI 3aXHUCTY KPUTHIHUX PECYPCIB,
AKa BpAxOBY€ MOXJIMBICTh HAIXOUKEHHS [0 CHUCTEMH JBOX 3arpo3 s
HAJAIITYBAaHHA CUCTEMH 3aXHCTy KPUTHYHHX PpECcypciB  BUPOOHHUIITBA
MiHEpaIbHUX JOOPUB;

- iH(dopMaIliiHy TEXHOJIOTII0 YMIPaBIiHHSI BUPOOHUIITBOM MiHEpPATbHUX TOOPUB,
OCHOBHUMH KOMITOHEHTAMH SIKOi € HACTYITHI 3acoOM: MaTeMaTH4HI MOJeli
npolecy  BUPOOHUIITBA ~ MIHEpadbHUX  JOOPUB, CHUCTEMHU  yNpPaBIIHHSA
BUPOOHMIITBOM MIHEPAJIBHUX JOOpPUB, CHCTEMa 3aXHCTYy KPUTHUYHUX PECYpCiB
BUPOOHMIITBA MIHEpPAIBHUX JOOpUB, MaTeMaTHYHA MOJIE]b MPOTUIIL 3arpo3aM y

CUCTEMI 3aXUCTy KPUTHYHUX PECYPCiB.

IIpaxmuune 3naueHHs OMPUMAHUX pPe3YTbImamis
Po3po6iieni B nucepralniiiHiii poO0TI MaTeMaTUYH1 MOJIEJI1 Ta CUCTEMU YIIPABIIHHS

CTaJI OCHOBOIO JJIsl CTBOPEHHSI 1HPOPMAI[IHHOT TEXHOJIOT11 yIpaBIiHHS BUPOOHUIITBOM



MiHEpaJbHUX JTOOPUB, 110 3a0e3neuye 3HUKEHHSI €HEPrOBUTPAT 32 PaxXyHOK PO3pOOKHU
CUCTEMH YNIPABIIHHS Xa0COM, L0 30UIbIIMIIA IHTEHCUBHICTh TEIJIO- Ta MAaCOOOMIHY Y
MICEBA03P1IKEHOMY IIapl.

[IpakTHYHO BarOMUMH BBa)KAaIOThCSI TaKi pe3yIbTaTH:

- Tpbox(dazHa MaTeMaTUIHA MOJIENb MIPOLIECY TPAHYITIOBAHHS Y MICEBIO3PIIKECHOMY
mapi;

- CHCTEeMa YIpaBJIHHSA XaOCOM MPOLECY BUPOOHUIITBA MIHEPAJbHUX IOOPUB Yy
rpaHyJsTOPI 3 TICEBAO3PIHKCHUM I1apOM;

- 1H(opMaliiiHa TEeXHOJIOT1sl YIpaBiIiHHS BUPOOHUIITBOM MIHEPAJIbHUX JTOOPHB.
PesynpraT mgucepraiiiiinoi poOOTH ampoOOBaHO 1 BHKOPUCTAHO Y TaKHX

Oprasizallisx Ta ycTaHOBaXx:

-y HaBYAIBHOMY Tporieci HaimioHanmbHOTO TEXHIYHOTO YHIBEpCHUTETY YKpaiHH
«KuiBcbkuit mositexHiyHUM 1HCTUTYT 1MeHl Irops Cikopcbkoro» i dac
Bukiaganus aucuuiuiid «lIporpamyBanns. Yactuna 2. CTpykTypa AaHHX Ta
ANTOPUTMUY, «AJITOPUTMHU Ta MATEMATUYH1 METOJIA 3aXUCTY 1HPOpMAIIii»;

- pe3ylbTaTh  BUKOHAaHHA  JEPKOIOUKETHOI  HAyKOBO-JOCHIIHOI  poOOTH
«Inopmarriiina TexXHONIOT1S 3aXUCTy KpUTHIHUX pecypciB» (Ne 0121U110809) y
HaBYAJIbHOMY Tiporieci HarioHanpbHOrO TEXHIYHOTO YHIBEpCUTETY YKpaiHu
«KuiBcpkuit momiTexHiYHUN 1HCTUTYT iMeHl Irops Cikopcekoro» mia dac
BUKJIaIaHHs qucHUIUTiH «IIpoekTyBaHHS 1HGOPMAIIHHUX CUCTEMY, « Y TIPABIIHHS
IPOEKTAMMY;

-y Incruryri xiGepHetnku imeni B.M. TI'mymkxoBa HAH Vkpainu s
BIIPOBA/KEHHA B iHpopMaIriiHo-aHamiTuaHy cucreMmy «AI'POTEIDy.

JlaH1 mpo BIIPOBAIKEHHS MiITBEPHKEHO BIATIOBIIHUMH TOKYMEHTaMHU.

Knrouosi cnosa: indopmaliiiiHa TEXHOJIOT1sSI, MAaTeMaTHIHA MOJICITb, MOJICITIOBAHHS,
MOJIeTb, CHCTEMa YIpPABIIHHA, ONTHMAajbHE KEpyBaHHS, CHCTEMa, KEpyBaHHS,
PETYISITOPH, MAHIMYJISATOPHU, MYJIbTUIUTIKAINS CHJIHM, OaraTOKpUTEpiabHICTh, CUCTEMA

3axucTy iHopMaIlii, 3aXUcT iHPopMaIlii, mapaMmeTpu.



ANNOTATION

Nesteruk A.O. information technology for managing the production of mineral
fertilizers. — Qualifying scientific work on the rights of the manuscript.

The dissertation on competition of a scientific degree of the Doctor of Philosophy
on a specialty 126 “Information systems and technologies” — National Technical
University of Ukraine "Ihor Sikorsky Kyiv Polytechnic Institute”, Kyiv, 2025.

The dissertation is dedicated to developing theoretical and applied results for the
creation of an information technology for managing the production of mineral fertilizers,
considering the requirements for reducing energy consumption and ensuring the specified
quality of the final product.

The priority of the information technology lies in reducing energy consumption
while achieving the desired quality of the end product. Significant attention is given to
the control system of the granulation process in a fluidized bed, as well as to the study of
chaos creation and management to enhance the intensity of heat and mass transfer
processes.

An analysis of existing research results on the state of critical resource protection
in mineral fertilizer production indicates the current absence of a comprehensive
approach that would take into account the specificities of managing technological
processes in mineral fertilizer production.

Therefore, there is an urgent need for further research on mathematical models and
control systems for mineral fertilizer production in a fluidized bed granulator to improve
their efficiency. The development of information technology for managing mineral
fertilizer production is particularly relevant today. Thus, all these factors have determined
the necessity of addressing a pressing scientific and technical problem: enhancing the
efficiency of mineral fertilizer production through the development of mathematical
models, a control system, and the creation and implementation of new information
technology.

The introduction substantiates the relevance of the dissertation, formulates the
objectives and main tasks of the research, and provides information on the connection of

the work with the scientific theme. It includes an annotation of the results obtained in the
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dissertation, highlights their scientific novelty and practical significance, emphasizes the
author's personal contribution to joint publications, and presents quantitative indicators
regarding published scientific works, as well as the structure and volume of the
dissertation.

The first chapter examines the development of mathematical models and control
systems for the granulation process in a fluidized bed, revealing the absence of a
comprehensive consideration of several specific features of the granulation process in a
fluidized bed.

An analysis of approaches to the mathematical modeling of the granulation process
in a fluidized bed is conducted. The parameters that have the greatest impact on the
behavior of the technological process are identified. Existing mathematical models do not
account for energy dissipation during collisions and the transfer of kinetic energy from
the solid phase to the liquid phase. Additionally, these models insufficiently consider the
chaotic nature of the granulation process in a fluidized bed.

The primary tool for improving the efficiency of the mineral fertilizer production
process is the choice of a control system. The main existing approaches to designing a
control system for the granulation process in a fluidized bed are summarized.

Key methods for ensuring functional safety at chemical enterprises, which are an
important component of the information technology for managing mineral fertilizer
production, are reviewed.

The result of the review of research findings and literary sources is the formulation
of tasks necessary for creating an effective information technology for managing mineral
fertilizer production.

The second chapter is devoted to the creation of a three-phase mathematical model
of the granulation process in a fluidized bed and a mathematical model of granulometric
composition.

A three-phase mathematical model of the granulation process in a fluidized bed has
been developed, which takes into account the hydrodynamics of the fluidized bed, the
transfer of kinetic energy, energy dissipation, compression of droplets with particles, their

adhesion to the surface, the kinetics of solution drying on the surface of the particles,
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energy dissipation during collisions, and the transfer of kinetic energy from the solid
phase to the liquid phase. This mathematical model can be used to design control systems
for the granulation process in a fluidized bed. By implementing the developed model in
the MATLAB software package, transient characteristics of the temperature in the
granulation process in a fluidized bed have been obtained.

A mathematical model of granulometric composition for the production process of
granular mineral fertilizers has also been developed. This model accounts for the fact that
particle growth conditions are met only in the cold wetting zone under the nozzle, where
the temperature increases from the center to the sides. In the isothermal zone, the air
temperature is uniform, while in the heat exchange zone, the temperature of the hot air
drops sharply. Particle growth is determined by the size of the active wetting zone and
the rate of particle transfer to this part of the fluidized bed, with agglomeration occurring
in the wetting zone. This mathematical model allows the determination of the granule size
distribution in two reactors, enabling the assessment of the final product quality.

The third chapter focuses on the study of chaos in the granulation process within a
fluidized bed and the creation of a chaos control system for the production of mineral
fertilizers in a fluidized bed granulator. This system increases the chaotic behavior of the
system to enhance the intensity of heat and mass transfer.

Control systems based on MPC, PID, LQR, and Fuzzy Logic regulators have been
implemented using the three-phase mathematical model of the granulation process in a
fluidized bed. Additionally, a control system with an MPC regulator has been developed
based on the granulometric composition mathematical model. This system accelerates the
formation of granules of the specified size during the granulation process in the fluidized
bed.

The fourth chapter begins with the development of a protection system for critical
resources in mineral fertilizer production, which divides the production process into
zones: from a segregated zone with access through a demilitarized zone to a restricted
zone for the most critical resources. The system ensures controlled access and minimizes

potential threats to critical resources.
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A mathematical model for countering threats within the critical resource protection
system has been proposed. This model allows calculating the probabilities of the system
being in one of six states: a state of calm; threat 1 received but not realized; threat 2
received but not realized; threat 1 realized; threat 2 realized; threat neutralized.

An information technology system for managing mineral fertilizer production has
been developed. Its main components include the following technical, software, and
organizational-methodological tools: mathematical models of the mineral fertilizer
production process, production management systems, a protection system for critical
resources, and a mathematical model for countering threats in the critical resource
protection system. The application of this information technology in mineral fertilizer
production has resulted in a 7% reduction in energy consumption due to the development
of a chaos management system, which increased the intensity of heat and mass transfer
in the fluidized bed.

A methodology for applying the information technology system to manage mineral
fertilizer production has also been developed.

The conclusions summarize the main results of the dissertation research, reflecting
the achievement of the tasks set for the creation of the information technology system for
managing mineral fertilizer production.

Scientific novelty of the obtained results

Based on the theoretical and practical research conducted in the dissertation:

for the first time

a three-phase mathematical model of the granulation process in a fluidized bed was

developed, taking into account the hydrodynamics of the fluidized bed, transfer of

Kinetic energy, energy dissipation, compression of droplets with particles, their

adhesion to the surface, kinetics of drying of the solution on the surface of particles,

dissipation of energy during collision and transfer of kinetic energy from the solid
phase to liquid to check the presence of deterministic chaos;

a chaos control system for the granulation process in a fluidized bed with prediction

time determination to ensure effective heat and mass exchange was developed;

received further developed
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the mathematical model of granulometric composition, which now accounts for the

conditions for particle growth, temperature increase from the center to the edges in

the wetting zone, uniformity of the heat carrier temperature in the isothermal zone,

a sharp drop in heat carrier temperature in the heat exchange zone, and particle

agglomeration;

improved

a mathematical model of countermeasures against threats in the system of

protection of critical resources, which takes into account the possibility of two

threats entering the system for setting up the system of protection of critical

resources of mineral fertilizer production;

information technology of mineral fertilizer production management, the main

components of which are the following tools: mathematical models of the mineral

fertilizer production process, mineral fertilizer production management systems, a

system for protecting critical resources of mineral fertilizer production, a

mathematical model for countering threats in the critical resource protection

system.

The practical significance of the results

The mathematical models and management systems developed in this dissertation
formed the foundation for creating an information technology system for managing
mineral fertilizer production. This system ensures reduced energy consumption by
implementing a chaos management system that increases the intensity of heat and mass
transfer in the fluidized bed.

The following results are considered practically significant:

a three-phase mathematical model of the granulation process in a fluidized bed;

a chaos management system for the mineral fertilizer production process in a

fluidized bed granulator;

an information technology system for managing mineral fertilizer production.

The results of the dissertation were tested and utilized in the following

organizations and institutions:
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in the educational process of the National Technical University of Ukraine "Igor
Sikorsky Kyiv Polytechnic Institute” during the teaching of courses such as
"Programming. Part 2. Data Structures and Algorithms" and "Algorithms and
Mathematical Methods of Information Security";
as part of the state-funded research project "Information Technology for Critical
Resource Protection” (No. 0121U110809) in the educational process at the
National Technical University of Ukraine "lgor Sikorsky Kyiv Polytechnic
Institute™ during the teaching of courses such as "Information System Design™ and
"Project Management™;
at the V.M. Glushkov Institute of Cybernetics of the National Academy of Sciences
of Ukraine for integration into the "AGROTEP" information-analytical system.
The implementation of these results has been confirmed by relevant
documentation.
Keywords: information technology, mathematical model, modeling, model, control
system, optimal control, system, control, regulators, manipulators, force multiplication,

multicriteria, information protection system, information protection, parameters.
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BCTVYII

AKTYaJIbHICTh TEMH

[HTEeHCUBHE yCKIaAHEHHS 1 30UIbIIIEHHS MacIlITa0iB MPOMUCIOBOIO BUPOOHHUIITRA,
PO3BUTOK MaTEMaTUYHUX METOMAIB YIpaBIiHHS, BOPOBAKEHHS I1H(OPMAIIHHUX
TEXHOJIOT1A B yc1 cepu MiIsTIBHOCTI JIIOAUHU, SKICHO 3MIHMIU (HOPMYIy YNpaBIiHHS,
3HAYHO MIABUIIMIM Horo edextuBHICTh. [lepeBarm iHQOpMaLIMHUX TEXHOJIOTIH
yIIpaBIiHHS MPOIIeCaMy BUPOOHHIITBA MiHEPATLHUX JOOPHB SCKPABO MPOSIBISIFOTHCS TTi]T
yac 30upaHHs Ta 00pOOKM 3HAYHOT KUIbKOCTI 1H(pOpMAaIlii, peanizalii CKIaJHUX 3aKOHIB
ynpaBiiHHg. [ CHOpOLIEHHS YOpaBliHHS BUPOOHUITBOM MIHEpPAIbHUX JT0OPUB
HEoOX1IHO MoOynyBaTh ePeKTUBHY 1H(POpMalIHY TEXHOJOTII0, 110 BKIIOYAE (YHKIIIT
yIpaBIIiHHS Ta aHAJI3Y.

Po3BuTok cydacHuX 1H(MOpPMALIMHUX TEXHOJIOTIH O3BOJISE€ 3HAYHO ITiIBUIIUTH
e(eKTUBHICTh MPOLECIB BUPOOHUIITBA MIHEPATbHUX JOOPUB. 3HMKEHHS COOIBApPTOCTI
IPaHyJIbOBAaHUX MIHEPATbHUX JOOPUB pEAT3yEThCS IUIAXOM MIABUIIEHHS SKOCTI
TOTOBOTO MPOJIYKTY, 3HUKEHHSI €HEPrOBUTPAT — 32 PaXyHOK 3a0€3MeUeHHs MMiIBUIIICHHS
IHTEHCUBHOCTI TETUIO- Ta MAaCOOOMIHY Y CHCTEMI YIPABIIHHS Xa0COM Ta 0Oy I0BH HOBO1
1HbOpMAIIIITHOT TEXHOJIOT11 yIIpaBIiHHSI BUPOOHHUIITBOM MiHEPAJIbHUX JI0OPUB.

CkIaaHICTh TEXHOJOTTYHUX MPOIIECIB TPAHYIIOBAaHHS y TICEBI03PIIKEHOMY Iapi
i yac BUPOOHUIITBA MiHEpAJbHUX JOOPUB 3yMOBIIIOE MOTPEOy MOCITIHKEHHS Pi3HHUX
MaTeMaTHYHUX MoOJene, sKi O OmuCyBaM SK MATPUMKY TeMIEpaTypu Yy
MICEBIO3P1PKEHOMY IIIapi TakK 1 TPaHYJIOMETPUYHUIN CKJIa/, Ta BUKOPUCTOBYBAIUCH JIJIS
3a/1a4 ynpaBJIiHHS.

[Ipu cTBOpeHHi e€auHOT cucteMu oOpoOku iH(MOpMaIlii HeoOXiqHO 3a0e3MeunTH
IITICHICTh, BHKOPUCTOBYIOUH JUISI IBOTO CHCTEMY 3aXHCTy KPUTHYHUX PECYpCiB
BUPOOHHUIITBA MIHEPATBHUX IOOPYB. BIaCTUBICTH MIIICHOCTI MOJISITA€ Y CTBOPEHH1 HOBUX
GyHKIINA, IO TpUTaMaHHI BHPOOHWIITBY MiHEpaIbHUX J0OpUB. 3acTOCYBaHHS
iHbOpMaIliitHOT TEeXHOJIOTII YIMpaBIiHHSA Jajio 3MOry Tomath y (opmarizoBaHOMY
BUTJISITI, TPUIATHOMY JUIsl MIPAKTUYHOTO BUKOPWICTAHHS, KOHIIGHTPOBAHE BUPAKCHHS
CydyaCHMX HAyKOBUX 3HAHb 1 MPAKTUYHOTO AOCBIAY JJIsi peaii3alii Ta oprasizamii

YOpaBJIiHHS MPOIECOM BHUPOOHUIITBA MiHEpaibHUX J00puB. Tomy iH(opMailiiiHa
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TEXHOJIOTIl YNPaBIIHHS BIJIICPA€ BaXJIUBY CTPATEriyHy poJib y BHUPOOHULITBI
MIHEpaJIbHUX JOOPUB, KA MOCTIHHO 3POCTAE.

3HauYHUN BHECOK Yy PO3BUTOK TeOpii 1HPOPMALIMHUX TEXHOJOTIH 3po0JeHO Yy
mpansx BiTUM3HSAHMX BueHMX, Takux sk [lamarin O.B., Tenenux C.®D., Kopnara f.1.,
Ponix O.1., XKypakoscbkuit b.1O., [lomimyk M.M., CaBuenko A.C., Kopnienko b.5. Ta
. Cepen 3aKOp/IOHHUX JOCIITHUKIB 3aCIyroBYIOTh yBaru poootu [l. I'imacmnosa, T.
ledepa, M. Xancnoy ta A. BpemaHna, siki ONUCYIOTh MaTeMaTU4H1 MOJEN1 MPOIECY
I'paHyJIIOBaHHA y MICEBA03PIKeHOMY I1api. HalO b1 BAaroMux pe3yabTaTiB y HAPSMKY
NoOyIOBH CHCTEM YIPAaBIiHHS MPOIECOM TPAaHYIIOBAHHS y IMCEBIO3PIKEHOMY IIapi
JOCSITHYTO 3aKOpJIOHHUMH JociiaaukamMu M. Xanbecrencenom, C. Batano, X. Banrom. B
npaisix Tomronu C.B., FOxaina O.K., bByunka C. C. orpuMaHo Baromi pe3yJibTaTu 3 MUTaHb
MaTeMaTUIHOTO MOJICTTIOBAHHS CUCTEM 3aXHCTy iH(OpMaIIii.

Pazom 3 TuM, po3rIIsiHYTI pOOOTH HE BUPINIYIOTH 3aBJJaHh KOMIUIEKCHOTO TiAXO0TY
Ta HE BPAXOBYIOTh CIEM(IKY YNPaBIIHHSI TEXHOJIOTITYHUMH IIpollecaMu BUPOOHHUIITBA
MiHEpaIbHUX JOOPHB.

ToMmy icHye HarasibHa mOTpeba B MOJAIBIIOMY JIOCTIDKEHHI MaTeMaTUYHUX
MOJICJIEH Ta CHUCTEM YIMpAaBIIHHSA BUPOOHHMIITBOM MiHEpPAIbHUX TOOPHB 3 METOI0 iX
yIOCKOHANEHHS. A po3poOka iH(opMaIiitHOi TeXHONOrii yNnpaBIiHHS BUPOOHHUIITBOM
MIHEpaJIbHUX JOOPUB € HaJI3BUYAlHO aKTyaJbHOI Ha CHOTOJHINIHIN JeHb. Takum
YUHOM, yc€ IIe 1 3yMOBWJIO HEOOXITHICTh BUPIIIEHHS aKTyaJlbHOI HAYKOBO-TEXHIYHOT
3amayl MiABUIICHHS €(QEKTUBHOCTI BUPOOHUIITBA MiHEPAIBHUX JOOPHUB, MUIIXOM
noOy0BM MaTEeMaTHYHUX MOJIEJIEH Ta CUCTEM YIpaBIiHHS BUPOOHHUIITBOM MIHEpATBbHUX
I00pUB 3 ypaxyBaHHSM BHMOI' 3MEHILIEHHS E€HEProBUTpAT Ta 3a0e3MeueHHs 3a7aHoi

STIKOCTI TOTOBOT'O MPOJYKTY.

3B’A30K po00OTH 3 HAYKOBUMH NPOrpaMaMu, IJIAHAMH, TEMAMH

Juceprariiina poOoTa MoB’s3aHa 3 IUIAHAMH HAYKOBO-JIOCJITHOI Ta HAaBYAJIBHOI
poOOTH 1 BIANMOBIZAE TEMATHYHIA CHPSIMOBAHOCTI HAYKOBHX PO3POOOK, IO
3niiicHoBanucst y HarjloHanbHOMY TeXHIYHOMY YHiBepcutTeTi Ykpainu «KuiBcbkuii
noMiTeXHIYHUM 1HCTUTYT 1MeHl Irops Cikopcbkoro», Ta, 30KpeMa kadenpu

1H(pOpMaIITHUX CHUCTEM Ta TEXHOJIOTIH, a caM€ B paMKax Aep:KOIIKETHOI HayKOBO-
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nocaigHoi pobotu: y 2021-2024 pp. «IHdopmaniiiHa TEXHOJIOTIS 3aXUCTy KPUTHUYHUX
pecypciB» (Ne 0121U110809); aBTop aucepraiiii OpaB y4acTb y SIKOCTI BUKOHABIIS.
Merta i 3axa4i qoCHiKeHHS
Meroto auceprauiiiHoi poOOTHM € MiIBUILEHHS €(QEeKTUBHOCTI BUPOOHUIITBA
MIHEpaJIbHUX JOOpHUB, MLUIAXOM TNOOYAOBM MaTeMaTUYHUX MOJENIEeH Ta CHCTEM
YIPaBIiHHS BUPOOHUIITBOM MIHEPAJbHUX JOOPHUB 3 ypaxyBaHHSIM BHUMOI' 3MEHIICHHS

E€HEProBUTPAT Ta 3a0€3MEUCHHS 3a/1aHO1 IKOCT1 TOTOBOTO MPOIYKTY.

JloCATHEHHSI TOCTAaBIICHOT METH TIepe0dadae po3B’A3aHHs TaKHUX 3a/1a4:

- OTJISHYTH 1CHYIOY1 MaTeMaTHU4H1 MOJICJI1 Ta CUCTEMH YIIPABIIIHHS MPOIIECOM
BUPOOHUIITBA MIHEPAJILHUX JIOOPUB Y TPAHYIISTOPI 3 TMICEBAO3PIIKEHUM IAPOM;

- pO3poOHMTH  MaTeMaTU4YHYy  MOJENb  MpOILeCy TpPaHyJIIOBaHHA Y
NICEBJO3PIIPKEHOMY IIapil 3 ypaxyBaHHSM TIAPOJAMHAMIKUA TICEBAO3PIIKEHOTO IIapy,
nepenayl KIHETUYHOI eHeprii, po3CiIoBaHHS €Heprii, CTUCKAHHS Kpareib 3 YaCTUHKaMH,
ix aaresii 10 MOBEPXHi, KIHETUKU CYIITIHHS PO3YMHY HA MOBEPXH1 YaCTUHOK;

- noOyayBaTH Ta JOCTIAUTA CUCTEMHU YIPABIIHHA MPOILIECOM T'PaHYIIOBAHHS
y MCEBA03PIIHKEHOMY II1api;

- JTOCTIIUTH HAsIBHOCTI AETEPMIHOBAHOT'O Xa0Cy Y MpOlieci TpaHyJIIOBaHHS Y
TICEBJIO3P1IPKCHOMY I1api;

- noOyayBaTd CHCTEMY VIPaBIiHHS XaoCOM TIPOIleCY BHUPOOHHUIITBA
MiHEpaJIbHUX JOOPUB Y TPAHYJIATOPI 3 MICEBAOMIPIIHKEHUM IIAPOM;

- PO3pOOUTH MaTEeMaTUYHY MOJENb MPOTHAIl 3arpo3aM y CHUCTEMi 3aXUCTy
KPUTUYHUX PECYPCIB;

- CTBOpUTH  1H(MOPMAIlIIHY TEXHOJIOTIIO  YyNpaBIiHHA BUPOOHUIITBOM
MiHEpaIbHUX JOOPUB Ha OCHOBI pO3pOOJICHUX MOJIEIICH Ta CHCTEM YITPaBIiHHS.

O06’exT nociaigkenHss — iHGopMariiiHi Tpollec BUPOOHUIITBA MIiHEPATBHUX
JTO0OPUB IUIIXOM TPAHYJIIOBAHHS Y TICEBI03PIHKEHOMY IIapi.

IIpeameT gociizkeHHs] — MOJIEINI MPOLIECY TPAaHYIIOBAHHA Y IICEBI0O3P1IKEHOMY
mapi, CHCTEMH yIPaBIiHHSA, CHCTEMH 3aXUCTY KPUTUYHUX 1HHOpMALIITHUX pecypcCiB s

BUPOOHUIITBA MiHEPATbHUX JT00PUB.
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Metoam aociaixkeHb. /[ BHUpINIEHHS MOCTaBICHUX 3ajady y AUCEpTaLIiHIN
po0OOTI BHUKOPUCTOBYBAJIMCh METOJIM MATEMAaTUYHOTO MOJENIOBaHHS (Ipu po3poOiii
TpbOX(a3HOI MATEMATUUHOT MOJIETI TPOLIECY IPaHyJIIOBaHHS Y IICEBIO3PLIKEHOMY LIapi,
MaTeMaTU4YHOI MOJIeNIl TPAHYJOMETPUYHOTO CKJIaTy, MAaTeMaTUYHOI MOJeNi MpOTHAli
3arpo3aM B CHCTEMI 3aXHCTy KPUTHYHUX PECYpCiB), YHMCIOBI METOAU PO3B’SI3KY
muepeHIiaIbHUX PIBHAHBb (IIPU PO3PAXyHKY TpbOX(a3HOi MaTeMaTUyHOI MOJeil
IpolleCy TPaHYJIIOBAaHHS Y TCEBIO3PIDKEHOMY Iapi, MaTEeMaTH4HOI MOJel
IPaHyJIOMETPUYHOIO CKJIAJly, MaTeMaTH4YHOI MOJENl MPOTHAll 3arpo3aM B CHCTEMI
3aXUCTY KPUTUYHUX PECYPCIB), METOM YNPABIIHHSA (TIPU PO3POOII CUCTEMH YIIPABIIHHS
Xa0COM TIPOIleCy TPaHYJIOBaHHSA Yy TICEBAO3PIKEHOMY IIapi, CHUCTEM YINPaBIIHHS
IPOLIECOM IPaHYIIOBaHHS y niceBno3pimkenomy mapi 3 MPC, LQR, PID ta Fuzzy Logic-
peryyisiTopamn).

HaykoBa HOBH3HA OTPMMAaHUX pe3yJIbTaTiB

Ha migcTaBi TeopeTHUHUX 1 IPAKTUYHUX JOCTKEHb, BAKOHAHUX Y TUCEePTAIIHIN
pobOTI:

enepuie

- po3poOsieHO Tphox(azHy MaTeMaTUyHy MOJENb MPOLEeCy TPaHyIIOBaHHA Y
NICEBJIO3PIHKCHOMY IIapi 3 ypaxXyBaHHAM TiIPOAMHAMIKH TICEBIIO3PIIKEHOTO
mapy, nepeaadi KIHeTUYHOT €Heprii, po3CiloBaHHS e€HEeprii, CTUCKaHHS Kparielb 3
JaCTUHKAMH, 1X ajresii 10 MOBEPXHIi, KIHETUKHU CYIIIHHSI PO3YHMHY Ha TOBEPXHI
YaCTHHOK, PO3CIFOBaHHS €HEprii Mpu 3ITKHEHHI Ta Tepenada KIHeTUYHOI eHeprii
BiJ TBEPIOi (ha3u 0 PiIKOI 71 IEPEBIPKU HASBHOCTI IETEPMIHOBAHOTO Xa0CYy;

- pO3po0J€HO CHCTEMYy VIpaBIiHHA XaocOM IpOILECYy TpPaHyJIIOBaHHS Y
IICEBI03P1IKEHOMY II1api 3 BU3HAUEHHSM Yacy MPOrHO3YBaHHS IS 3a0€3MeUeHHS
e(eKTHBHOTO TETJIO- Ta MACOOOMIHY;

OmMpuUMana noOAILUUL PO3BUMOK

- MaTeMaTh4yHa MOJENb TPaHyJIOMETPUYHOTO CKIIay, SIKa BPaxOBYE YMOBH IS
pPOCTYy YaCTUHOK, MIABUIIEHHS TEMIIEpaTypu BIJ LEHTPY 10 OOKIB B 30HI
3MOYYBaHHs, PIBHOMIPHICTh TEMIIEPATYPHU TEIUIOHOCISI B 130T€PMIUHIi 30H1, pi3Ke

MaJIIHHS TeMIepaTypa TeIUIOHOCIA Y 30H1 TEIJI000MiHY, arjiOMepallito YaCTUHOK;
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YOOCKOHANEHO

- MareMaTU4yHy MOJIEJb MPOTHII 3arp03aM y CUCTEMI 3aXUCTY KPUTUUHHUX PECYPCIB,
gKa BPAaxXOBYE€ MOJIHMBICTh HAAXOKCHHS JO CHCTEMH JBOX 3arpo3 s
HaJAITYBaHHS CHCTEMH 3aXUCTy KPUTUYHUX pECypciB  BUPOOHMIITBA
MIHEpaJIbHUX JOOPUB;

- 1H(opMaliiiHy TEXHOJOTII0 YIPABIIHHSA BUPOOHULTBOM MiHEpaIbHUX JOOPUB,
OCHOBHMUMH KOMIIOHEHTaMH $IKOi € HACTyMHi 3aco0u: MaTeMaTH4Hi MoJemi
npoiiecy  BUPOOHMIITBA  MIHEpPAJIbHUX  JIOOPUB, CHCTEMH  YIPaBJIIHHS
BUPOOHHIITBOM MiHEPAIBHUX JOOpPUB, CHCTEMa 3aXHCTy KPUTHYHHUX DPECypCiB
BUPOOHUIITBA MIHEPAIbHUX JAOOPHUB, MaTeMaTU4YHA MOJEIb MPOTHIT 3arpo3am y
CUCTEMI 3aXUCTy KPUTHIHHUX PECypCiB.

IIpakTuyHe 3HAYeHHSI OTPUMAHMX Pe3yJbTaTiB

Po3po6neni B nucepraiiiiHiii poO0Ti MaTeMaTUYHI MOJIEJI Ta CUCTEMU YIIPABIIHHS
CTaJI OCHOBOIO JJISl CTBOPEHHS 1H(POPMAIlIHHOT TEXHOJIOT11 yIIpaBIiHHSI BUPOOHUIITBOM
MIHEpaJIbHUX TOOpUB, 110 3a0e3Medye 3HMKEHHS €HEproBUTPAT 3a PaXyHOK pO3pOOKHU
CHUCTEMHM YTPABIIHHS Xa0COM, II0 30UIbIIMIa IHTEHCUBHICTh TEIUIO- Ta MaCOOOMIHY Y
TICEBJIO3P1PKCHOMY IIapi.

[IpakTHyHO BaroMMMH BBa)KAIOTHCS TaKl pe3yIbTaTH:

- Tprox(da3zHa MaTeMaTUYHA MOJIETb TIPOLIECY TPaHyIIIOBAHHS Y TICEB03P1IKEHOMY
mapi,

- CHCTEeMa YIpaBJIHHS XaoCOM IIPOIECY BUPOOHUIITBA MIHEPAIbHUX TOOPUB Y
TPaHyJIATOP1 3 TICEBIO3PIIHKEHUM IIapOM;

- iH(opMariiiHa TeXHOJIOT1sl YIIpaBIiHHS BUPOOHHUIITBOM MIHEPATbHUX TOOPHB.
Pesynprat muceprariitHoi poboTu ampoOOBaHO 1 BUKOPUCTAHO Yy TaKHUX

Oprasizailisx Ta yCTaHOBaX:

-y HaBYaAJBHOMY Tmporeci HarioHaIbHOTO TEXHIYHOTO YHIBEpCUTETY YKpaiHu
«KuiBchkuit momiTexHiYHUN 1HCTUTYT iMeHi Irops Cikopcbkoro» T dac
BukiananHs aucuuiuiin «lIporpamyBanns. Yactuna 2. CTpykTypa AaHUX Ta

ANTOPUTMIY, «AJIITOPUTMHU Ta MaTeMaTU4YH1 METOAU 3aXUCTY 1H(HOpMaIiiy;
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- pe3yJabTaTH  BHUKOHAHHS  JIEPXKOIOJKETHOI  HAYKOBO-AOCHIIIHOI  poOOTH
«IH(opmaniiina TeXHONIOT1S 3aXUCTy KpUTHUHUX pecypeiB» (Ne 0121U110809) y
HaByaJlbHOMY Tmporeci HamioHaabHOr0 TEXHIYHOIO YHIBEpCUTETY YKpaiHu
«KuiBcbkuit mosiTexHiyHUE 1HCTUTYT 1MeHl Irops Cikopcbkoro» ImiJg yac
BUKJIaaHHs nucuuiiiig «IIpoekTyBanHs HQOpMaALIHHUX CUCTEMY, « Y TIpaBIIHHS
POEKTAMI;

- y InHcruryri xkiGepHetuku iMeHi B.M. TI'mymkxoBa HAH Vkpainu s
BIIPOBA/’KEHHA B 1HpopMalliiiHo-aHamiTHUHY cucteMmy «AI'POTEID.

JlaH1 npo BIPOBaI>)KEHHS MiITBEPPKEHO BIAMOBIIHUMH JTOKYMEHTaAMHU.

Oco0ucTuii BHeCOK 3100yBaya. YCi HAyKOBI PE3yJIbTaTH AUCEPTALIHHOT pOOOTH
OTpUMaH1 aBTOPOM CaMOCTIHHO. Y mpallsix, onyO0JiKOBaHUX Yy CIIBaBTOPCTB1, 0COOUCTUI
BHECOK aBTOpa IMoJyiAirae B HacTymHoMy: B [1, 5, 7] po3poOieHO Ta peanizoBaHO
TpboX(pa3Hy MaTeMaTHIHY MOJIEINb MPOIECY TPAHYIIOBAHHS Y TICEBAO3PIHKCHOMY Iapi;
B [2, 8] po3pobieHo Ta peari3oBaHO CHCTEMY YIPaBIiHHI BUPOOHHIITBOM
TPaHyJIbOBAHUX MIHEpPAIBHUX JOOPUB y TPAHYIATOP1 3 MCEBIO3PIIKEHUM MIApOM 3
MPC-perynstopom; B [3] po3poOieHO Ta peasli3oBaHO CHCTEMY YIPABIIHHA XaoCOM
poliiecy BUPpOOHUIITBA MIHEPAIbLHUX IOOPHUB Y TPAHYIIATOPI 3 TICEBIO3P1KEHUM IIAPOM;
B[4, 6] peami3oBaHi CHUCTEMH YIPABIIHHA 3 PI3HUMH PETYISITOPAMH IPOIIECOM
I'paHy/II0OBaHHS Y TICEBAO3PIKEHOMY IIapi.

Amnpodauis pe3yabTaTtiB Aucepraniiinoi po6oTu. OCHOBHI HaAYKOB1 MOJIOKEHHS,
pe3yiabTaTH, PEKOMEHJAIll Ta BHCHOBKHM JHCEpTalliiHOI POOOTH JOIOBIIAIMCH Ta
00roBOpPIOBAIMCH Ha HayKOBO-TexHIYHHX KoH(pepeHmisx: 2021 IEEE 3rd International
Conference on Advanced Trends in Information Theory (ATIT) (m. Kuis, rpyaens 2021
poky); 2022 IEEE 4th International Conference on Advanced Trends in Information
Theory (ATIT) (M. Kuis, rpynens 2022 poky); 10th International Scientific and Practical
Conference “International Forum: Problems and Scientific Solutions” (M. MenbOypH,
gyepBeHb 2022 poky); 12th IEEE International Conference on Intelligent Data Acquisition
and Advanced Computing Systems: Technology and Applications (IDAACS) (m.
Hoptmyna, Bepecerb 2023 poky); 10th International Scientific and Practical Conference

“Global and Regional Aspects of Sustainable Development” (M. Konenraren, TpaBeHn
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2024 poky); 13th International Scientific and Practical Conference «International Forum:
Problems and Scientific Solutions» (M. Mens0ypH, yepBerb 2024 poky).

Iyoaikanii. OCHOBHI MOJOXEHHSI Ta PE3yJIbTaTU IUCEPTALIIHOrO JOCTIIKEHHS
BUKJIaJIecHO B 14 HaykoBHX NyOJiKamisix, cepel] HUX 2 MmyOJikamii y BHJAHHAX, IO
BXOJIATh /10 MDKHApOAHOI HayKOMETpU4HOI 0a3u nanux (Scopus); 5 myOmikamid y
HAayKOBUX (axoBUX BUJAHHAX YKpaiHu; 7 mnyOmikamid y 30IpHMKax MarepianiB
KOH(epeHII1H.

Ctpykrypa Ta ob0csar aucepranii. J[ucepraiiisi ckiiaaeTbesi 3 aHOTallli, BCTYITY,
YOTUPHOX PO3JLIIB, BUCHOBKIB, CIMCKY BHKOPHUCTAHUX JDpKepesl Ta aojaTkiB. Pobora
MicTUTh 173 cTopiHkH, 3 HUX 127 — OCHOBHOTrO TeKcTy, 44 pucyHku, 3 Talmuii, 2

JOJIaTKH, CIIUCOK JIITEPaTYpHUX JKepes Haiiuye 121 HaliMmeHyBaHHS.
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PO3/1JI 1. CACTEMHUWM AHAJII3 TA OI'JISII TEXHOJIOI'TH,
MATEMATHUYHHUX MOJEJIEA, CACTEM YIIPABJIIHHSA TA
THOOPMALIMHUX TEXHOJIOI'TH YIIPABJIIHHS BUPOBHUIITBOM
MIHEPAJIBHUX 1OBPUB

Ha cygacHOMYy eTami po3BUTKY MPOMHCIOBOCTI Ta arpapHOr0 CEKTOPY BaKIMBUM
3aBJaHHAM € 3a0€3Me4YeHHs] BUCOKOE(EKTUBHOIO BUPOOHUIITBA MIHEPAIbHUX JT0OpPHUB,
110 BUCTYNAIOTh KIIFOUOBUM €JIEMEHTOM y BHUPIIICHHI IPOOIEMH MPOIOBOILYO0T OE3MEKH.
BupoOHunTBo MiHepanbHUX O00pUB mependayae CKIaJHI TEXHOJOTIYHI MPOIECH,
norpedye CHCTEMHOTO MiAXOAY A0 YIPaBIiHHSA, IO JIO3BOJISIE ONTHMI3yBaTH PECYpPCH,
MiIBUIIUTH TPOAYKTUBHICTh Ta 3a0€3MEYUTH BUCOKY SKICTh Mpoaykuii. [Hpopmarriiini
TEXHOJIOT1i € OCHOBOKO IS JIOCSTHEHHS LWX I[JIed, OCKUTBKM BOHHM JO3BOJISIOTH
aBTOMAaTH3YBaTH KIFOUOBI AaCMEKTH YIPaBIIHHS BHUPOOHUIITBOM, 3a0e3MedyBaTH
MOHITOPUHT TEXHOJOTTYHMX TMPOIECIB Y peaJbHOMY Yaci Ta MpUMaTH ONTHUMAaJIbHI
pIIIICHHS Ha OCHOBI1 aHaTI3y BEJTUKUX OOCATIB TaHUX.

[HdopmariliHi TEXHOJOT1l yMNpaBIiHHA BUPOOHUIITBOM MIHEPAIBHHUX JTOOPHUB
0a3yloThcs Ha 1HTErpallii cydyacHUX IU(POBUX IHCTPYMEHTIB, TAKUX SK MaTeMaTHYHE
MOJICJTFOBaHHS, aBTOMaTU30BaH1 CUCTEMH yIIPaBIiHHSA, 3aC00HM 300py Ta 00pOOKHU JTaHHUX,
a TaKOXX aJrOpPUTMH ONTHMI3aIlli TEXHOJOTIYHMX MpoleciB. BoHM crpsMoBaHi Ha
BUPIIICHHS TaKWX 3aBJIaHb, K 3HIKEHHS €HEPro- Ta PECYypCOCTIOKUBAHHS, T1IBUIIICHHS
eekTUBHOCTI pPOOOTH o0OnagHaHHSA, 3a0e3NmedYeHHs CTaOUTPHOCTI TEXHOJIOTTYHHUX
MIPOILIECIB 1 BIMOBIAHOCTI TOTOBOTO MPOAYKTY 3aJIaHUM CTaHAapTaM sIKOcTi. OcoOIMBOTO
3HaueHHA HaOyBaloTh iH(OpMaIliifHI TEXHOJOTil Yy KOHTEKCTI aBTOMaTu3allii poboTH
TPaHyJISATOPIB 3 IICEBIO3PIKEHUM IIAPOM, SIKi € OCHOBHUMH €JI€MEHTaMH Y BUPOOHHUIITB1
MiHEpaIbHUX JOOPUB.

CydacHi cucTeMH YNPaBIiHHS JO3BOJISIIOTH IIBUAKO BIJICTEXKYBATH 3MiHY
TEXHOJIOTIYHUX TTApaMETPiB, TAKUX SK TeMIEpaTypa TpaHysl 1 TETIOHOCIS, BOJIOTOBMICT,
IIBUJIKICTh MOTOKY Ta 1HIII MOKA3HUKH, SIK1 BIUTMBAIOTh Ha AKICTh MPOJAYKTY. 3aBISKU
BUKOPHUCTaHHIO 1HGOPMALIMHUX TEXHOJOTIM MOKHA 3MEHIIHUTH JIIOACBKHUI (akTop,

aBTOMATH3yBaTH CKJIQJHI OOYHCICHHS, 10 3a0e3meuyye MABUILECHHS TOYHOCTI
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VIOPABIIHHS TEXHOJOTIYHUMHU mpouecaMu. Lle ocobGnuBo BainuBO Jisi BUPOOHHUIITBA
MIHEpAJIbHUX JOOPHUB, SKE BIIPIZHAETHCS BUCOKOK EHEPrOEMHICTIO, CKJIAJHICTIO
oOnagHaHHs Ta BAMOTraMHU 10 CTa0UIbHOCTI MapaMeTpiB BUPOOHUIITBA.

Boanouac BUpOOHUIITBO MiHEPATIbHUX JOOPUB CTUKAETHCS 3 HU3KOIO MPOOIIEM, K1
CTPUMYIOTh BIIPOBA/I>KEHHS €(peKTUBHUX 1H(OpMaIiitHuX TexHonorii. Cepe OCHOBHUX
MO>KHA BUJUIMTH: HEJOCTATHIO IHTErpallito 1HPOPMALIMHUX CUCTEM 13 TEXHOJIOTTYHUMU
JHIIMHA, BUCOKMH pPIBEHb E€HEProBUTPAT 4Yepe3 3acTapiil METOAM MOJEIIOBaHHS Ta
ONTHUMI3allli, a TAKOXK CKJIAJAHICTh afanTallii TEXHOJOT1YHUX MPOILECIB JO HOBUX YMOB
punky. Hanpuknaa, HasBHI MaTeMaTHU4yHI MOJENl TEXHOJIOTIYHHMX  IMPOLECiB
TpaHyJIIOBaHHS VY TICEBIO3PIHKEHOMY IIapi 4YacTO HE BPAaXOBYIOTh TakKi BaKIHBI
napaMeTpu, SK JUHaMiKa BOJIOTOBMICTY TpaHyJl 4YH B3a€MO3B’S30K TEIIOTH
KpHcTami3ailii Ta mapoyTBopeHHs. lle mpu3BOIUTE 10 3HIKEHHS TOYHOCTI YIIPaBIIiHHSA,
1110 Oe3MocepeIHbO BIUTUBAE HA SKICTh KIHI[EBOTO MPOJIYKTY.

[Ile oxaHi€r0 akTyaJbHOI  MPOOJIIEMOIO €  CKJIAJHICTh  3a0e3MedeHHs
dbyHKITIOHAIPHOT O€3MeKH BUPOOHUYHUX CHCTEM, sIKi TIOBUHHI IpaIfoBaTH CTaOUIBHO 3a
pi3HUX yMOB ekcrutyataiii. @yHKIlIOHabHA Oe3leka repeadavyae 37aTHICTb CHCTEMHU
BUKOHYBATH BCi HEOOXiMHI (YHKII B paMKaxX 3aJaHUX IMapaMeTpiB, II0 € KPUTHIHO
BKJIMBHM JJIS 3a1I00ITaHHS aBapiiiHUM CUTYaIlisIM, 0COOJIMBO Ha 00’ €KTaxX ITiABUIIICHO]
HeOE3MeKH, 10 AKUX HAJICKUTh BUPOOHUIITBO MiHEpATbHUX JOOPHUB.

3 ommsay Ha CKIANHICTh CyYaCHUX BHUPOOHMYUX TPOLECIB, OCHOBHHMH
HaMpsIMKaMH PO3BHUTKY 1H(GOPMAIIMHUX TEXHOJOTINH y il cdepi € CTBOPEHHS HOBUX
MaTeMaTUYHUX MoOJieNiel, po3poO0Ka aJanTHUBHUX CHUCTEM YIPaBIiHHSA, a TaKOXK
BIIPOBaKCHHsT TexHouoriil [utepuety pedeit (IoT), siki m03BONSIIOTH IHTETpyBaTH B
€IMHY CHCTEMY pi3HI €JIE€MEHTH TEeXHOJOTIYHOro mporecy. BUKOpUCTaHHS CydacHHX
iHbOpMAIITHUX TEXHOJIOT1 TakoX CHOpUSE€ ONTUMI3aIii BUPOOHWYUX BUTpAT,
CKOPOUYCHHIO CHEPrOCIOKMBAaHHS Ta MiHIMI3aIlii BIIXO/IIB, [0 MA€ BaXKJIMBE 3HAYCHHS
JUTS TIABUIIEHHS €KOHOMIYHOT €(DeKTUBHOCTI BUPOOHHMIITBA.

[HdopmaniiiHi TEXHOJIOr1i YpaBIiHHS BUPOOHUIITBOM MIHEPAIbHUX TOOPUB € HE
JUIIE BaKJIMBUM THCTPYMEHTOM ISl 3a0€3MeUYeHHsl cTad UIbHOT pOOOTH TEXHOJOTTYHUX

MPOILIECIB, ajie i MOTY>KHUM 3aCO00M JJIsl IOCATHEHHSI KOHKYPEHTHHX TepeBar Ha pUHKY.
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Ix e(eKTUBHE BIPOBAKEHHS JIO3BOJISIE BUPINIYBAaTH 3aBAaHHS  ONTUMI3allil
BUPOOHUIITBA, MIJBUIICHHS SIKOCTI MPOJYKIIIi, 3HUKEHHS COOIBAPTOCTI Ta 3MEHIICHHS
BIIMBY Ha IOBKULIA. [HTErpanis HOBITHIX 1HPOpMaALIHHUX PIilIEHb Y BUPOOHUYI IPOLIECU

CTa€ BU3HAYAIBHUM (PAKTOPOM CTAJIOr0 PO3BUTKY raiysi.

1.1. Tlpoumec BHPOOHMUTBA MiHepPAJbLHUX [O0PUB Yy TapHYJATOpPi 3

NCEeBA03PIIKEHUM LIAPOM.

['panynioBaHHS YaCTHHOK IIMPOKO 3aCTOCOBYEThCS B  PI3HUX Tamy3sx
IPOMHUCIIOBOCTI, 30KpeMa B XIMI4Hi# Ta (papmarieBTHUHIN chepax, OCKUTBKYA BOHO 3HAYHO
MOKpaIlye sKIiCTh KiHIeBoro mpoaykry. lle mporec 3abe3meuye MminBHICHHS
MEXaHIYHOI MIITHOCTI YaCTUHOK, 3aXMCT Bl MIKpPOOPTaHI3MIiB 1 30BHIIIHIX (I3UYHUX
BIUIMBIB, TAKUX K HAJMIpHA TEMIIepaTypa, BOJIOTICTh Ta CBITI0. J10 TOTO K, 301LIbIICHHS
PO3Mipy Ta IIITFHOCTI YACTUHOK MOKPAIY€e YMOBH iX 00pOOKH.

CtabiubHICTh TICEBAO3PIIKEHOr0 IIApy BiJirpae KIHOUYOBY pPOJIb Yy Iporecax
HAHECEHHSI TMOKPUTTIB 1 TpaHymroBaHHA. [lil yac CyIIiHHA MOXYTh BHHHMKATH 30HU
OC3IIISIIBHOCTI, IO CIPUYWHSE arjoMepallifo YaCTHHOK Ta 3HI)KEHHS Koe(]iIlieHTiB
TEeI10- 1 MacooOMinHy. Ile Moke mpu3BecTH 0 3yNMHUHKH MPOIeCy Ha KOPOTKUM Yac, a B
KPUTUYHUX CUTYaAIlISIX — O TTOBHOTO PyHHYBaHHS 1mapy. BomgoricTs 1 po3Mip YaCTHHOK €
KPUTUYHO  BaXJIMBHUMH  TlapaMeTpaMu, SKi  BIUIMBAlOTh HA  CTAOUIBHICTH
MICEBIO3P1KEHHSI, TOMY BOHH MAIOTh PETEIILHO KOHTPOIIOBATHUCS Ta PETYITIOBATHUCS.

['panynioBaHHSA € OJHIEIO 3 KIIOUOBUX OMEpAIliil y BUPOOHUIITBI MiHEPATbHUX
no0puB 1 Oe3mocepeIHRO BH3HAYAE SIKICTh MPOIYKIii. Y pe3ynbTaTi TrpaHyTtOBaHHS
¢i3uKO-MeXaHi1uHI BIACTUBOCTI JOOPWB 3HAYHO MOKPANIYIOTHCS: BOHU HE YTBOPIOIOTH
MUTY T 9ac BHECEHHS, MIHIMI3YIOThCS BTpaTH MPHU TPAHCIOPTYBaHHI, 30epiraHHi Ta
BHECCHHI Yy TPYHT, MiABUIIYETHCS PO3CUIMUACTICTh, 3HIKYETHCS PHU3UK 3JICKYBAHHS,
3a0e3MeuyeThCsl PIBHOMIPDHUN TPAaHYJIOMETPUYHUN CKIAJ] 13 MIHIMATbHUM BMICTOM
npioHonucniepcHoi  (pakuii. 3aBasSKM UM XapaKTepUCTHKaM J100pUBa CTalOTh
MPOCTIIIMMHU Y TPAaHCHOPTYBaHHI, 30epiranHi, J03yBaHHI Ta MaKyBaHHI, a BUPOOHUYI

IIpOLCCH MOXKHA JICTKO aBTOMATU3YBATH Ta MeXaHiBYBaTI/I.
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Jlist yTBOpEHHS! TBEpJAMX YACTUHOK 13 PIAKOrO0 BUXIIHOIO MaTepially, TAKOTrO SK
pO3YMHHU, €MYJbCli YW CYCHEH31i, 3aCTOCOBYIOThCS TEXHOJIOTIi KpucTaizallii,
IpaHyJIIOBaHHS Ta PO3MIIIOBAILHOTO CyIiHHA. [{i mpoliecH € cKIagHuMU TUHAMIYHUMU
CUCTEMaMH, SIKl BKJIIOYAIOTh B3a€EMOJIIIO PIAKOI Ta TBepHaoi (a3, a TakoX Temo- 1
MacooOMiH MK HUMU [9-13]. Pinka cupoBHMHA NEPETBOPIOETHCS HA CUITy4Yl YACTUHKHU 0€3
NUIYy 32 PaXyHOK PO3MWJICHHS B TEXHOJOTIYHINA Kamepl. Y IMCEBAO3PIIKEHOMY IIapi,
CYIICHOMY TapsuiM TOBITPSM, piJMHA BUIIAPOBYETHCS, a TBEpAa PEUOBHMHA (HOPMYE
HOBHI IIap Ha YaCTUHKAX, CTBOPIOIOYN KIHIIEBUN TTPOTYKT.

['paHyIFOBaHHS METOOM PO3MIIICHHS MOXE 3IHCHIOBATHCS SIK TIEPIOIUYHO, TaK i
6esnepepBHo. [Ipu mpomy mporecu (apOyBaHHsS Ta (OpPMYBaHHS YaCTHUHOK MOXKYTh
NOEHYBAaTUCSI 1 BUKOHYBATHCS OJHOYACHO B OJHOMY Tpuctpoi (puc. 1.1). 3aBmsku
NPOCTId KOHCTPYKIII TpaHyJaTOpa 3 TICEBIO3PIKCHUM IIapOM, a TAaKOXX BUCOKUM
MOKa3HUKAM TEIIO- Ta MacOOOMIHY, MOMKIIMBO MPOEKTYBATH KOMITAKTHI YCTAaHOBKH, SIKI
NepEeBEPIIYIOTh 1HIIN TeXHOJorii 3a edexTuBHICTIO [14-18]. OgHak y NPOMHUCITOBHX
macmTabax Iel Tpolec € EeHEeProEMHUM, OCKUIbKM BHMAarae 3HAa4YHUX pECYpCiB
IPUPOTHOTO Ta3y I HarpiBaHHS MOBITPS B TEXHOJIOTTYHINA Kamepi [19].

[Tin yac rpaHyItOBaHHS PO3YMHIB METOJOM 3HEBOJHEHHS OCHOBHOIO YMOBOIO €
3a0€3IMeUeHHs] YITKO BU3HAYEHOT'O TPaHYJIOMETPUYHOI'O CKJIaIy KIiHIIEBOI'O MPOIYKTY.
[Iporiec 3pocTaHHs rpaHysl BU3HAYAETHCS (PI3UKO-XIMIYHUMH BJIACTUBOCTSMU BUXIJTHHX
MarepiajiB, IapamMeTpaMyd TEXHOJOTIYHOTO PEXUMY Ta I1HIMUMHU ¢daKTopaMu, SKi
BITUBAIOTH HA B3a€EMOJIII0 MIXK JUCTIEPTOBAHUMH PIIKOIO Ta TBEPAOIO (pazaMu.

Pe3ynpTaTi 4HMCIEHHUX JOCTIKEHb MIATBEPKYIOTh, IO HA SIKICTh KIHIIEBOTO
MPOYKTY, KIIFOUOBUM MOKA3HUKOM SIKO1 € €KBIBaJICHTHUH JllaMeTp YaCTUHOK, HAMOLIbIIIE
BIJTUBAE TEMIIEpATypa TMCEBAO3PIMKEHOTO 1apy, Y AKoMY (HOPMYIOThCS TpaHylu (pHC.
1.1). ¥V rpanynsatopi 1 3 mceBAO3pIHKEHUM MAPOM PO3YHMH TOJIAETHCS 32 TOTIOMOTOO
BUKOHABYOTO MPUCTPOIO 2, a MEHTPH TPaHYIIOBAaHHS — 3a JOMOMOTOI0 BHKOHABUOTO
npuctporo 3. Harpite moBiTps, siIke CIyrye TEMJIOHOCIEM, MONAETHCS 3HHU3Y JOTOPH.

['oTOB1 rpaHyny BUBAHTAXXYIOTHCS Yepe3 BUKOHABYUHN MPUCTPiHt 4.
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Puc. 1.1. Anapar s rpaHyJIfOBaHHSI TEPMOJIA0UTBHUX PEYOBHH Y
NCEB03PIKEHOMY mIapi: | — rpanynsTop, 2 — NpUCTpii AJid BBEACHHS TOYATKOBOTO
pPO3UMHY, 3 — IPUCTPIN IS BBEJACHHS YACTHHOK; 4 — MPUCTPIN ISl BUBAHTAXEHHS

TOTOBOI MTPOAYKITII.

[ceBno3pimkeHHit map 4acTo pO3TISAAETHCS K MOBHICTIO IEPEMIIIAHUN 3aBASKU
IHTEHCUBHOMY TEpPEMINIYBaHHIO TpaHyl. Y BEpXHIM YacTUHI MIapy pPO3MHIIOETHCS
PO3YMH, YTBOPIOIOUM aKTUBHY 30HY, i€ BiOYBA€THCS OCAKEHHS CIPEI0 HA TPaHyIH Ta
BUTIAPOBYBAHHS PO3UYMHHUKA.

VY rpanynaropax i3 MCEBAO3PIIKEHUM IIapOM MPOIeC KpHUCTali3allli peuoBUHU
BimOyBaeThcsl mif 4ac ¢opMmyBaHHA Tpanyl lLleil MexaHisM peanli3yeTbcs SK Yy
MICEBIO3PIPKEHUX amaparax, Tak 1 B MPUCTPOAX 13 MAJAal0UUM IIapoM, Yy SKHUX IIap
3BOJIOKYETHCS JUCTIEPCHOIO PITUHOIO Ta IHTEHCUBHO MEPEMIIITYETHCS.

TBepna pedoBuHA, 10 BBOAUTHCS B CYCIICH3IWHUHN IIap y PiaKii ¢azi, 4aCTKOBO
ociJlae Ha MOBEPXHI YaCTUHOK IIapy, a YaCTHHA YTBOPIOE HOBI IEHTPU TPAHYITIOBAHHS.
JIMOBipHiCTh POCTY IPaHYJI Ha TIOBEPXHi 3aJIC)KHUTh BiJl CHIIM 3UCTUICHHS KPAILTi PilMHH 3
TBEPAMMH dYacTUHKaMH. KIIEWKICTh pPIAMHM BHU3HAYAETHCS TBEPAICTIO TpaHyl Ta
BJIACTUBOCTSIMU CaMoOi1 PIIMHHU, 30KpeMa CITIBBIIHOIIEHHSIM pPiAkoi Ta TBepaoi a3 y

Kparuii.
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HoBi rpanynu MOXXyTh YTBOPIOBATHCS TaKOXX 4Yepe3 MeXaHI4YHE ado TepMIuHe
OpoOsieHHs. Y TEPMIYHOMY BUMNAJAKY YACTUHKH OLIBIIOTO PO3MIPY, IO HUPKYIIIOIOTh M1k
30HOI0 aKTUBHOTO TEIUIOOOMIHY Ta OCHOBHUM 00'€MOM IIIapy 3 HUXKUYOIO TEMIIEPATYPOIO,
3a3HAIOTh TEPMIYHUX HANpPYr, $KI MOXYTh pO3KOJOTH TpaHyly. [HmmiA BapiaHT
pYHHYBaHHS OB’ SI3aHUH 13 TEMIIEPATyPOIO MIApY, IO 3HAYHO TEPEBUIILYE TEMIEPaTypy
KUITIHHS PIAVMHU: MPU KOHTAKTI 3 TPaHyJIOK piIMHA IHTEHCUBHO KUIUTh, YTBOPIOIOUHU
nap, 10 CTBOPIOE THUCK 1 PO3PUBAE TUTIBKY TBEP0i PEUOBHHHU.

HasBHi rpanynu mij 4yac npoIecy TakoxK MOXKYTh 30UIbIITyBaTUCS Yy po3Mipax. Lle
BiZIOYBa€THCsI, KOJIM YACTHHKU PEUOBUHM 3 PITMHU OCIIal0Th Ha MOBepXHIO rpany:. e
OJIMH CTIOCIO POCTY — 3IUTTSI TPAHYJI, IO MOXJIMBE 32 YMOB 3HAYHHUX CHJI 3UCTITICHHS MK
YaCTHMHKAMHU, SIKI BUHUKAIOTh 3aBISKH PIAKiA ¢azil. Haanmumok pimvHu Ha MOBEpXHI
YaCTUHOK (Yepe3 BUCOKY MICIIEBY BOJIOTICTh UM TEMIIEPATyPy MaTepialry) MmiICHITIOE CHITH
MIOBEPXHEBOT'0 HATATY, IO CIIPUSIOTH 3ITUIUICHHIO.

[IpakTiyHe  3aCTOCYBaHHA  TPOLECY  TPAHYIIOBAHHS  CYNPOBOKYETHCS
TPYIHOILIAMHU, TAKUMHU SIK HEOJTHOP1IHICTh YACTHHOK 32 PO3MipoM, (hOPMOIO Ta KOJILOPOM,
10 TPU3BOAUTH JO PO3MOJLITY BIACTUBOCTEH MPOAYKTY. BupoOieHuid mpoaykT mae
BIJIMTOBIIaTH criediKaIlisiM, 3aTBEPKCHUM 3aMOBHHKOM.

Jlns rpaHytOBaHHS y TICEBJIO3PIKEHOMY Iapi 3aCTOCOBYIOThH araparu pi3HOi
KoHcTpyKiii. Kopmycu rpanynsaTopiB OyBarOTh HUIIHAPUIHUMHU, KOHIYHUMH 3 MajuM
(mo 20°) a6o BemukuM (30-60°) KyTOM PO3KPUTTSA CTIHOK, ITMJTIHAPOKOHIYHUMH,
MPSIMOKYTHUMH a00 KBagpaTHUMHU. [ i1poirHaMi4H1 0COOIMBOCTI armapaTiB 3ajiekaTh Bij
ixapoi Gopmu. Hampuxkman, y mpucTposix 3 KyToM po3KputTTsa 10 20° mceBao3piKeHHS
piBHOMIpHE TI0 BCchoMy Tmepepidy. llpu OuTbIIOMY KyTi 3 SBISIETBCS PO3PITKEHE
[EHTPAJIbHE SAApO, a OUIbII UIUIPHUN IMap KOB3a€ OIS CTIHOK, CHPUYUHSIIOUN
¢doHTanyBaHHs. J[esKi mpUCTPOi MarOTh 30HU JIOKaIbHOTO poHTaHyBanHs [11, 18, 20-27].

Y [mWaiHApUYHUX ~amapatax 4YacTo BIACYTHIM IMap TBEPAWX YACTHHOK Y
MATHAPUYHIA JacTuHI. [IpsSIMOKyTHI mpUCTPOT BUKOPUCTOBYIOTHCS ISl CIIPSIMOBAHOTO
MEepEMIIIEHHS YACTUHOK 13 TONIEPEYHUM MMOTOKOM TETUIOHOCIS, 8 KBaJIpATHI — ONTUMAaIbHI

JUISL IPOMHKCIIOBOTO 3aCTOCYBAHHS Ta MPOEKTYBAHHS BUCOKONPOAYKTUBHUX MPUCTPOIB.
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1.2. MopenoBaHHs Ipouecy rpaHy/JII0BaHHA Yy NICeBA03PizKEeHOMY HIAPI.

[lin yac rpaHyatOBaHHS PO3YHMHIB METOJIOM 3HEBOJHEHHS T'OJOBHOIO BUMOTOIO €
OTPUMaHHS MPOAYKTY 3 3aJlaHUM TPaHYJOMETPUYHUM CKJIAJOM. 3arajoM MeXaHi3M
pOCTY TpaHyJl 3aJIeKUTh B1J] BIACTUBOCTEN BUKOPUCTOBYBAHMX MaTepialliB, HapameTpiB
MpoIiecy Ta 1HIIMX YMHHUKIB, 10 BIUIMBAIOTh HAa B3a€EMOJIIIO PiKOi Ta TBepaoi ¢a3 y
JTUCTIEPCHOMY CTaHI.

Jist onucy 3MiH y PO3MOJUIL pO3MIpIB YaCTHMHOK IMiJi Yac TpaHyJIOBaHHS B
TMICEBJIO3P1PKEHOMY IIapi 3aCTOCOBYIOTh MoeNb Oanancy [11, 27].

3aranbpHe piBHSHHA O0ajlaHCy HA OCHOBI JJOBKMHHU B TAKETHOMY PEXHMI, SIKE OIUCYE

MIBUKICTD 3MIHU (YHKIIIT HIIIBHOCTI yMciia yacTUHOK N(t,L) 3a1a€ThCcst TaKUM YHHOM

[18]:

L) _ g, L (L.1)
~ 9 @t Ln(t, L) (1.2)
oL ’
1
1 1
2L o 13 33" 1 »
+L7jﬂ(t’(L —4 )2 D nct, (L3 = 43)3)n(t, A)dA - n(t, L) | B(t, L An(t, A)dA (1.3)
0 2 0
(L0233
o0
+ [S(t, A)b(t, L A)n(t, A)dA—S(t, Lyn(t,L) (1.4)

L

ne (1.1) —3apomxkenns, (1.2) —3pocranns, (1.3) — arperariis, (1.4) — poznamysanss, N(t,L)
— (yHKIiS MUTPHOCTI B TepMiHax miamerpa dactuHOk L, S(t,L,A) — smpo arperarii Ha
OCHOBI1 JIOBXXKMHH, SK€ OMHCY€ YACTOTY, Ky YAaCTUHKH aiamMeTpoM L Ta 1 CTHUKArOTh,
YTBOPIOKOUM 4acTHHKY 00’ emom L3+A3b(t,L|1), € ¢pynkuis posnoxiny ¢parMenris, 1mo
OMMHCYE YaCTOTy YTBOPEHHS YaCTHHOK JiaMeTpoM L Bim po3magy YaCTHHKU JiaMeTPOM
2,S(t,L), 3aCHOBaHE€ Ha JOBXHHI PO3PUBY MIBUAKOCTI BHOOpY, fKa € 4YacTOTOIO
pyilHyBaHHSI YacCTUHKHM jiameTpoM L, B(tL) € IIBUAKICTIO 3apOKEHHS 1 Gt L)€

MIBUKICTIO POCTY.
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VY nceBnO3piKEHOMY IMapi 3pOCTaHHS YACTHUHOK 3/1€0UIBLIOTO Bil0YBa€ThCS
yepe3 MexaHI3M HaiapyBaHHs. OJHAK arperaifiss 4aCTUHOK 4YacTO JOMIHY€E, TOM1 SIK
MPOLIECH POCTY YaCTUHOK HEJAOCTATHBO JOCIIKEH] Ta P1IKO BPaXOBYIOThCS Y MOJIETSAX
Oamancy. Jlns MopentoBaHHS 3pPOCTaHHS YAacCTMHOK Yy TIICEBAO3PIIKEHOMY Iapi
BUKOPHUCTOBYETHCS CHPOIICHE siApo Oanancy [27]:

o 21Dy (1.5)
x [nL2dL
0
ne b — ¢pakuis posnuiaeHHs, sKa CIpHUsE 3apoPKeHHI0, @ — poO3MHIeHA PO3YHMHEHA
pedoBuHa, L — qiaMeTp 4aCTHUHOK.

VY nuckpeTHOMY MiJIXO/1 PIBHSHHS MoOjeN 0allaHCy PO3B’A3yEThCS ISl KOKHOTO
OKpPEMOro 1HTEpBaJly pO3MipiB 4YacTUHOK. OCHOBHOIO MEPEBarol0 IbOT0 METOJY €
MOJKJIUBICTh OTPHMMAaHHS TOYHOTO PO3MOJITy YAaCTHHOK 3a po3Mmipom. IIpote s
JOCSITHEHHST BHUCOKOI TOYHOCTI HEOOXIJHO BHUKOPHUCTOBYBAaTH BEJIMKY KUIBKICTb
1HTEepBaJiB, M0 MPU3BOAUTH JIO 3HAYHUX OOYMCIIOBAJIBLHUX BUTpAT, OCOOJIMBO IS
CHUCTEM 13 IIIUPOKUM PO3IOA1JIOM YaCTHHOK 32 PO3MIPOM.

MeTo MOMEHTIB € ITIX00M JI0 PO3B’ sI3aHHS MOJICI1 OajaHCy, SKUi 0a3yeThCs Ha
BUKOPHUCTaHHI MOMEHTIB — 1HTErpPAJIbHUX XapaKTEPUCTUK PO3MOJLTY UYaCTHHOK.

MomeHTH BU3Hau4al0Thes 32 (HOPMYIIOL0:

m, (© :+£On(L;t)Lde (1.6)

ne K — mopsiiok MOMEHTY, N — YucelibHA MIUTBHICTh TOBXUHH, L - po3Mip 9acTHHOK.

Ha BigmiHy Bin TpaauIiifHOTO MIAX0/Y, B IKOMY IOMYJIAIIS YACTUHOK OMMUCYETHCS
qepe3 Ppo3MoAlT MIUIBHOCTI yucenbHOCTi N(L), METoq MOMEHTIB BHKOPHCTOBYE
IHTETpaIbHI XapaKTEPUCTHKH, TOB’s3aHI 13 cepeaHiMU a00 3araJbHUMU 3HAYCHHSIMU
napameTpiB, TAKUX K MOBEPXHA 4 00’ €M yacTHHOK. OCHOBHA MepeBara 1mpboro MeTo1y
MOJIATa€E B TOMY, IO JIJISL MOTO peaizallii moTpiOHO MEHIe O0YHNCIIIOBATFHUX PECYPCIB
MOPIBHSHO 3 YHUCEIbHUMU MOJIETSIMU OallaHcy.

3 TOSIBOIO BHCOKOMPOAYKTHBHUX KOMIT FOTEPIB OyJI0 3ampOrOHOBAHO MOJECIb

T1APOAMHAMIKH, IKA MA€ BEJIMKUU MTOTEHITIal Y TOCI1KEHH1 CKJIaHOT TMHAMIKY TTOTOKIB
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ra3o-TBepaux cepenoBull [28]. ICHYIOTH JBI OCHOBHI KaTeropii TakuX MOJENeil:
Eineposa ta Jlarpanxosa.

V¥ moneni Eitnepa xoxkHa (a3za BBaXKA€ThCS B3AEMOINPOHUKHUM KOHTUHYYMOM, J1€
obcsar (a3 He MOXKe MEPEeKPUBATUCS, a TXHI 00’€MHI YaCTKU CYMYIOTHCSI 10 OJMHUIIL.
0O6’emHa yacTka g pa3u ( BU3BHAYAETHCS PIBHSHHSIM:

n_p
iz 2a =t (17)

7e N_P mo3Hayae 3arajibHy KUIbKICTh (a3 1 gBiisie cO0010 00'eMHY YacTKy KOXKHOI (a3u
(=g, ra3osa asa i =S, TBepaa ¢asa).
EdextuBHa ryctuna ¢a3u ( BU3HAYAETHCS:

/3q =89Pq (2.8)

e pg - pisuuna rycruna dasu q.

Monens Eilinepa mo3Boiisie BKJIIOUATH ACKLTbKA BTOPUHHUX TBEPAUX T (asw.
30epeKeHHsI MacH Ta IMITYJIbCY BUKOHYIOTHCS BIAMOBITHO Il KOXKHOI ¢azu. Takum
qyuHOM, Mojienb Einepa Bupimrye Habip 3 N piBHSAHL OE3MEPEPBHOCTI Ta IMITYJIbCY, IO
3MYIIyeE TIed Miaxig OyTH OJHUM 13 HAWOUIBI CKIaaHUX O0araTodasHUuX MOJICIICH.

PiBusiHHS 30epexeHHs Macu Juis ¢asu ( €:

d(agrg) _onp .
T +V. (aqpqvq) = pZzl(m pg mqp) + Sq (1.9)
me N_p — KUIBKICTh (a3 1 mpq xapakrepusye ¢asy macooOMiny o y dasy Q, 1 mgp

XapakTepu3ye MacooOMiH Bia ¢asu g 10 pasu P, Sq 0O3HAYAE TEPMIH JUKEPENIA MACH IS

dazu (, TKuif 32 3aMOBYYBAHHSIM JIOPIBHIOE HYIIIO.

PiBastHHS 30epeKeHHS IMITYNIbCY JJIS Ta30BO1 (ha3u MOXKHA 3aMMUCATH TaK:

9(agrgVy) ] = )
T+V~(agpgvg) =—ang+V-rg +agpg0 +

n_s B - -
+S§1 (Kgs (Vs —Vg) + MsgVsg —MggVqs) + (Fg + Rt o + Fum,g) (1.10)
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ne N_S mo3Hayae KUIbKICTh TBepAuX (pa3. Ilepmnii qonaHok y JiBiM YaCTHUHI PIBHSHHA
(1.10) o3Hayae HecTallOHAPHE TPUCKOPCHHS, a JAPYrUd JOJAHOK IPEACTaBIIsAE
KOHBEKTHBHE MTPUCKOPEHHS MOTOKY.

PiBHSIHHS TIepeHECEHHsI TPaHyJIbOBaHOI TeMIlepaTypu s S-01 TBepaAoi ¢asu
MPOMOpIIiiiHE KIHETUYHIA €Heprii BUIAJKOBOIO pyXy 4acTUHOK. OTpuMaHe PIBHAHHS

TPAHCTOPTY 3 KIHETUYHOI Teopii 3a monetto Jinra i [imacniosa [29-30] Burisgae tax:

+V- (aspSVSGS):| =(- psf b rs): Vs~V - (kg  VOs) ~ 7o + Fps (1.11)

3| d(agps0s)
2 ot

he (-pgl+7s): Vg - T€HEpallis €Heprii TBepANM TEH30pOM Harpy>KeHb, kogVOs ABIIE
co0oro nudys3ito eHeprii 3 koediieHToM Tudy3ii 175 TpaHyIbOBAHOI €HEpTil ko -

Mopenb OaraTtoda3zHoro noToky, 3acHoBaHa Ha miaxoai Einepa-Eiinepa, Tpakrye
KOXHY a3y SK OKPEeMHUU B3a€EMOIPOHMKHUN 1 B3a€MOJIIOYMI KOHTHHYYM Yy MexXax
3arajibHOi  OOuYMCITIOBaIbHOI oOOjacTi. Y Mekax Ii€i Mojell 3aCTOCOBYEThCS
moaudikoBane piBHsHHS Ha'e-Ctokca, sike 3a0e3nedye yMOBY, 110 o0'eM ofHiel dha3u
HE MOXKe 3aiimatu iHImIa (aza. Y gaHOMy MiAXO0JAl TBEpJl YaCTHUHKH, SK IPaBHIIO,
PO3MIISAAIOTHCS SIK ICHTUYHI 3 TIEBHUM PENPE3E€HTATHUBHUM J1aMETPOM 1 MILUIBHICTIO.
B3aemonii Mk ¢azaMu BpaxoOBYIOThCS Yepe3 JOJATKOBI WIEHH B PIBHAHHAX, IO
ONMKCYIOTh IUHAMIKY KOXKHOT OKpemoi ¢a3u. OcHOBHA IepeBara 1i€i MeTOUKH TOJSATaEe
B MOJKJIMBOCTI TOBHOMACIITA0OHOTO MOJIETIOBAHHS TMPOIECY. 3aCTOCYBAHHS METOIY
O00YHUCITIOBATBHOT T1IPOAMHAMIKH, MOOYI0BAaHOTO Ha ocHOBI Mojem Eiinepa-Einepa, €
BU3HAHUM 1 €EKTUBHHM IT1IX0JIOM JJII BUBYECHHSI OaraTo(a3zHoro moToKy ra3o-TBEpIux
TUT y TPaHyJISITOPI 3 TICeBIO3piKeHnM Trapom [31-35].

Mopens Jlarpamxka BIACTEXYE pPyX KOXKHOI YAaCTHHKH, BPaXOBYIOYHM CHIIU
3ITKHEHHSI MK YaCTUHKaMH Ta BIUIMB Ta30BOTO cepenoBuia. Lle mo3Bomsie BpaxyBaTu
BIUIMB 1HJIUBIyaJbHUX BJIACTUBOCTEH YaCTHMHOK Ha JWHAMIKy mporecy [31, 36-38].
[Ipote uwepe3 oOMexeHHS OOUYMCITIOBAIBLHOI MOTYXKHOCTI MOjeNnb Jlarpamka He MOXe
epexkTMBHO OOpOOJISITH BENMKI CUCTEMH 3 MIIbMOHaMU 4YacTHHOK [39-43]. V Takux

BHUNAJKaX JOIIbHIIIE 3aCTOCOBYBaTH Mojienb Elnepa-Eitnepa.
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Mogens Jlarpanxa-Eitnepa onucye ra3oBi OynbOaiiku siIK AUCKPETHI YaCTHHKH,
0 MOXYTh 3IIITOBXYBaTUCSA, 3JIMBAaTHCS Ta 3MIHIOBaTH CBOi po3Mmipu. Bona
3aCTOCOBYETBCA [UJIsl JOCHTIDKCHHS B3a€MOJIi Ta3y Ta TBEPAMX YACTHHOK Y
TICeBIO3pIIKeHOMY Tapi [44-47].

bararomacmrabuuii miaxija g03BOJISE€ MOEIHYBATH MOJENI MEHIIOr0 MacuTady,
10 BPaXOBYIOTh B3a€MO/I1i YaCTUHKA-YaCTHHKA Ta ra3-4acTUHKA, ISl pO3POOKHU 3aKOHIB
B3aeMOJii Yy  BEIMKOMACHITAOHUX MOJENAX. EKCcIepuMeHTalbHI  JAOCTiIKEHHS
HiITBEP/DKYIOTh €PEKTUBHICTH IIBOTO MIIX0Y Y MOJICIFOBaHHI MOTOKIB [44-47].

Jl1is BpaxyBaHHS SIBUII arjioMepallii MoJieh OanaHcy MOETHYEThCS 13 PiBHAHHAMU
nepenocy Hap’e-Ctokca, 1o 3a0e3mnedye MOXKIUBICTh MOJACITIOBATH TaKl MPOIIECH, SK
pict, arperaimiss Ta pyWdHyBaHHS dYacTHHOK. llel miAXim MO3BOJSE YTOYHIOBATH
XapaKTepUCTUKH Ta30-TBEPJIUX MOTOKIB Yy Mekax Mojelni O0aratoda3zHoro noroky [48—
52]. Iicns po3B’s3aHHS pIBHSAHB OajaHCy OTPUMaHi pe3yJIbTaTh 3aCTOCOBYIOTHCS IS
OOYHMCIIEHHSI CEpPEelIHbOro JiaMeTpa dYacTUHOK. [li JaHl BHUKOPUCTOBYIOTHCS IJif
MOJAIBIIIOT0 YTOYHEHHS MapaMeTpiB B3aeMOJii MK Ta30BOIO0 1 TBepaAow (a3zamMu B
Mozen Oaratoda3sHOro MOTOKY, a TaKOX IS OHOBJICHHS 1H(OpMAIil Mpo PpO3MOILI
YJaCTOK, iX MIBUIKICTH 1 TEMIIEpATYPy B MekaX MoJIeli OaIaHCy.

AHaJi3 mokasye, 1o o04YMCIIOBAIbHA TiApOJAMHAMIKA Ma€ 3HAYHI MMepeBaru i
IIPOTHO3YBaHHS TIOBEJIHKM Oararoa3Horo IMOTOKY B TMPOIECI TpaHYIIOBaHHS 13
nceBao3pikeHuM mapoM. [IpoTe KIO4OBMMH MpoOiieMaMH 3aHINAIOTHCS BUCOKA
oOuncoBabHA CKJIAIHICTh 1 BIICYTHICTH OE3MEPEPBHOTO BUXOAY MOJCHI, IO €
BOKJIMBUM JIJIsl CUCTEM KEpPYyBaHHS, 3aCHOBAaHMX Ha MOJEIIOBaHHI. Y IIbOMY KOHTEKCTI
OararokamepHa Mojzenb OanmaHcy € e(eKTUBHUM PIMICHHSIM, OCKUIBKH J03BOJISE
3MEHIIUTHA OOYHCTIOBAIbHI BUTPATH Ta BUKOPUCTOBYETHCS JUIsl YIIPABIiHHS MPOIIECAMH,
BPaxOBYIOUM JIOKaJIbHY TiAPOJWHAMIKY PI3HUX 30H TpaHyiasTopa. Y I Mozmemi
TPaHYJISATOP MOJUISETHCS HA OKPEMi PETiOHHU, BUXOISYHN 3 JOCIIIHKCHb TUHAMIKA Ta30-
TBep 101 pianHU. KOKeH perioH BBaXKaeThCsl OAHOPIIHUM, IO JO3BOJISIE 3aCTOCOBYBATH
OJIHOBUMIPHY MOJIEJIb OaJIaHCy JJIsl IPOTHO3YBaHHSI JIOKAJIbHOT'O POCTY YACTUHOK 1 3M1HU

iX posmoauty 3a po3mipamu. llpu 1bOMy BpaxoByeTbCsi OOMIH YaCTUHKAMHU MIXK
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cyciiHiMU perioHamMH. KuTbKICTh TaKMX 30H BHU3HAYAETHCS EKCIEPUMEHTATbHUMU
JTAHUMH, TIIPOIMHAMIYHUM MOJICTIOBAaHHAM 200 €MIIPUYHUMHU METOAaMHU.

VY Oarathox XiIMIKO-T€XHOJOTIYHHUX Mpollecax, IO 3aly4yaloTb TBepAy ¢azy,
BIIOYyBA€ThCS 3MIHA PO3MIPY OUCHEPCHUX YACTHMHOK. J[0 Takux MpoOIECiB HalekKaTb
KpUCTani3alis, pO3UYMHEHHs], CYLIIHHS, TOPIHHS, MpOi3, ra3udikaiis, CTUpaAHHS TOLIO.
[{i 3MiHM MOXYTh 3HAYHO BILJIMBATH Ha MPOIIECH 4Yepe3 Pi3HI MEXaHi13MHU, HAIMPUKIIAI,
3MIHY KIHETHKH, TUIOLII MI>K()a30BOi MOBEPXHI UM XapaKTEPUCTHUK PYXy a3 y pobouomy
00’em1. YacTo 11e¥ BIUIMB HACTUIBKY 3HAYHUMN, IO HOT0 HEMOKIIMBO ITHOPYBATH ]| 4ac
NPOEKTYBAaHHS IPOMUCIIOBUX cUCTeM. Hampukiaz, y mporecax craaroBaHHs, MipoJi3y Ta
razudikaiii po3Mip YACTUHOK MOXE 3MIHIOBaTHCS 0araropa3zoBo, IO BaXKJIMBO
BpaxoBYBaTH JJis 3a0€3MeUeHH T'1IPOIMHAMIYHOI CTa01IBHOCTI, 0COOJIMBO B arnaparax i3
TICEB/IO3P1PKEHUM IIIaPOM.

VY BuUMaakax TakuX TMPONECIB, SK TPAaHYJIIOBAHHA 4YHM TMOAPIOHEHHS, 3MiHA
JUCIIEPCHOTO CKJIay TBEPIUX YACTUHOK € OCHOBHOIO METOIO TEXHOJIOTI, SIKa BUPILIYE
KOHKpETHI  3aBAaHHs. Hampukman, TrpaHylIiOBaHHS — JIO3BOJIsIE  MEpPepoOsTH
IpiOHOMUCIIEpCHI YAacTUHKM (MWJI) Y TOTOBY IMPOAYKIIiIO, SIK 1€ BIJOYBAETHCA Y
BUPOOHUIITBI MIHEPAIBHUX TOOpHUB. Y Taly3i OUYHINEHHS CTIYHHUX BOJ TpaHyJIFOBaHHS
AKTHUBHOTO MYJTY 13 IICEBAO03P1KECHUM IIIAPOM JIO3BOJISIE OTPUMYBATH OpPTaHivH1 JOOpHBA.

JlocmKeHHsT TOKa3yloTh e(ekTuBHICTh MeTony Monrte-Kapino i aHamizy
arnmomepariitaux mporeciB. OKpiM TOTo, po3poOiieH1 MaTeMaTUYH1 MOJIEI1, 3aCHOBaH1 Ha
PIBHSHHSAX OaJlaHCy, K1 TOUHIIIE BiZ0OpaXarTh GI3UYHY IPUPOTY 3MiH Y TUCIIEPCHOMY
ckimaai yvactuHOK. OpHaK Taki MOJENI MalTh OOMEXKEHHH XapakTep 1 3a3BUYail
BUKOPUCTOBYIOTHCS JIUIIIE JIJISl CIISIU(DIYHUX TEXHOJIOTTYHUX TIPOIIECIB.

JIJst KUTBKICHOTO OTHCY 3MiH y TUCIIEPCHOMY CKJIaJi YaCTHUHOK, sIKi 00yMOBIIEH1
OJTHOYACHOIO [I€I0 KIUIBKOX IMPOLECIB PI3HOT NPUPOIH, 3aCTOCOBYETHCS MPUHIUI
cymeprnos3uiiii. Y 1boMy MiAX0/i IMBHAKICTh 3MiHH (YHKINT PO3MOMLTY YaCTHHOK 3a
Maco0 pO3TJISIAETHCA K CyMa IIBUIKOCTEH, 110 T€HEPYIOTHCS OKPEMUMH MPOIECAMH.

Takuit miaxia MaTeMaTHdHO BimoOpakenuit y hopmyii (1.12).

oF oF
sy (1.12)
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el minxig 70 MaTEeMAaTUYHOIO MOJICTIOBAHHS, 3aCHOBAHUN HA BUKOPHUCTaHHI
JMHIAHUX, KBa3UIHIMHUX AUQPEpEeHIIaIbHUX Ta IHTErpo-audepeHIialbHUuX PIBHSIHB,
J03BOJISIE  JICTAIBHO OINUCATH CKJIAJHI TPOLECH Yepe3 KIHETHUYHI1 PIBHSHHS, 10
BIJIMOB1IAI0Th OKPEMUM CKJIaJIOBUM MPOLIECY.

VY 3arajibHOMY BHUIAJAKYy 3MIHM JHCIEPCHOTO CKiIaay TBepaoi (asu, 1o
BII0YBalOThCA B Oe3nepepBHUX a00 MEPIOJMYHUX arapaTax, ONUCYIOTbCA PIBHSIHHSAM

HAaCTYIIHOT'O BUAY:

%miv(w—Dpﬁ)naim(u—aimDm)f =1t -1" (1.13)

Y ¢dopmymi (1.13) BusHaveHO, 110 f(F,m,t) € QYHKIIIEI0 PO3IMOALTY YaCTHHOK 3a
po3MipoM M. BiamoBigHO /10 BU3HAYCHHS (PYHKIIIT PO3MOALTY, BUpa3 f(F,m,t)dm SBIsE
c000F0 KITBKICTh YaCTHHOK 3 MacaMH B jiana3oHi (M, m + dm) Ha oAWHHMIO POOOUYOTro

00’eMy amapaTa B OKOJII TOYKH 3 PaiiyC-BEKTOpOM I y MOMEHT 4acy t. ¥V piBusuHi (1.13)
W — CepelHs IIBHAKICTh TBEPAOI (asu, o, — Koe(ilieHT 3MillyBaHHsS TBEPAOT hasu
(mepenbavaeThes, MO BiH OJTHAKOBUM JIJIS BCIX HAIPSMKIB), a TAKOXK u(F,m,t) — 3arajibHa
CepellHd IIBHUJIKICTh O€3MepepBHOTO POCTY YACTUHOK, SIKa MOXE BHUHHUKAIOTH SK
BHACIIIJIOK 3JTUTIAHHS JIPIOHUX YACTUHOK 3 BEJTMKUMH, TaK 1 BHACIIIOK OCQ/DKEHHS Ha iX
noBepxHi TBepaoi Ba3u 3 po3unHiB. KoedimieHT Dy, (koedirieHT qudy3ii B MacOBOMY
IIPOCTOPi) BpaxoBye Bapiallii MIBUIKOCTI POCTY OKPEMHUX YaCTHHOK. UneHu 1+ 1 1— B
npaBii YacTWHI PIBHSHHS BIAMOBIMAIOTH 3a 3MIHY PO3MIPYy YaCTHHOK BHACHIIOK

KOaryJsii Ta JpoOJIeHHs BIATOBIIHO.

1.3. Cucremn ylpaBJiHHA pexKuMOoM NCEeBA03PiKEeHHSA Ta

rPaHyJIOMETPHYHHUM CKJIAA0M Yy IPaHYJIATOPI 3 NCEBAO03PIIKEHUM HIAPOM.

CTaOuThHUI PEXUM TICEBIO3PIHKEHHS BIIrpae KIOYOBY pOiib y 3a0e3MedeHH]
BHUCOKOi €()EKTUBHOCTI MPOIIECIB, SIKI BKIIOYAIOTh TOKPUTTS Ta TPAHYITIOBAHHS TBEPIAUX
YaCTUHOK. Y IIbOMY PEXKHMM1 3HAYHO MIJBUIIYIOTHCA IHTEHCUBHICTH TEILIONEpeaayl Ta
MacoOOMIHY MIXK TBEPJIOI0 Ta PIAKOIO (Dazamu, 10 JO3BOJISIE TOCITaTH KOHTPOJILOBAHOTO

30UIBILIIEHHS pO3MIpYy YacTUHOK. OJHAK, Y 3aJIeKHOCTI B1Jl YMOB Y Iapi, NP KOHTAKTI
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BOJIOTMX YAaCTUHOK MOXYTh YTBOPIOBAaTHUCS PiIKI 3’€AHAHHS. SIKIIO BOJIOTICTb
MEepPEBUIIlYE JOMYCTHUMI MEXi, 1€ MOXE CIPUYUHUTU arjoMeparfifo YacTUHOK 1
3HEBOJHCHHS IIapy, 110 HEraTHBHO BIUTMBAE Ha mporiec [53].

Ha cporopHimHiii [eHb MNPaKTUYHO peai30BaHl CHUCTEMU VYIPABIIHHSI B
OCHOBHOMY OPI€HTOBaH1 Ha PEryJIFOBaHHS MPOIIECY TEIJIO- Ta MacO-00MiHY (HaNpHUKIIa,
BOJIOT'OCT1 1 TEMIIEpaTypu MPOAYKTY) 1 IHTETpajbHUX BEJIUYMH (HAMPUKIAJ, 3arajbHOl
Macu MpOoJYyKTy) abo cepeAHiX BeJMYUH (HAMpPHUKIad, CEPEIHbOI0 PO3MIPY YAaCTUHOK).
Xoua cXeMHU KOHTPOJTIO 3arajioM 33/I0BOJIbHSIOTh BCTAHOBJICHI BUMOTH, BOHH HE MOXYTh
rapaHTyBaTH, L0 PO3MOJLIT BJIACTUBOCTEN 3arajioM BiAmnoBinae crneuudikamism. Lle
O3HAYae, 10 B PEaJbHOCTI 3pOCTAal0Y0i >KOPCTKOCTI crienudikanii mpoAaykKiii cucrema
KOHTPOJITI0 BUPOOHUIITBA TOTPEOy€E BIOCKOHAICHHS.

Came x BUpOOHHUIITBO MiHEpPAILHUX JOOPHB € CKIATHUM MPOIECOM 3 TUHAMIYHOIO
3MIHOIO TOKA3HMKIB. JIJI1 OTpUMaHHS KIHIIEBOTO MPOAYKTY BUKOPUCTOBYIOTHCS XIMIYHUMN
PO3YHH, SIKUI PO3MIIIOETHCS Ha YACTUHKH B TEXHOJIOTTUHIN KaMepi, B K1 BITOYBa€ETHCS
iX cyIriHHsg, TOOTO MCeBIO3pimKeHHs, Temtonociem [54-66]. Ha puc. 1.2 300pakena
pO3IIMpEHAa cXeMa MpOLEeCy TPaHyIIOBAaHHS y ICEBAO3PLIKEHOMY IIapi, sKa OKpiM
caMoro amnapary JUII TpaHy/IIOBaHHS BKIIIOYA€E B c€0€ 1 CHCTEMY YIPABIIHHS, SIKa PETYITIOE
PIBEHb HAJXO/KEHHS TEIUIOHOCIS Ta PO3YMHY. 3aBISKU PErYIIOBAHHIO CTa€ MOXJIMBUM
3MIHIOBaTH CITIBBIIHOIICHHS BCiX €JIEMEHTIB MPOIIECY I'PaHyIIOBaHHS, 110 BIUIMBAE Ha

SIKICTh KIHIIEBOTO TIPOJTYKTY.
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Puc. 1.2. Cucrema ynpaBiiiHHs IPOIIECOM I'PaHyJIFOBaHHS y ICEBA03PIIKEHOMY HIapi

JUIsl KITBKICHOT OI[IHKHM PEXKUMY ICEBAO3PIIKEHHS, 30KpeMa SIKOCTI LUPKYISAIIT
YaCTUHOK, OyJi0 po3poOJieHO KilbKa MiAXofiB. Jl0 OCHOBHHUX METOMIB i1leHTHdIKAIlii
OTO PEKHUMY HAJNEXaTb: Bi3yalbHE CIOCTEPEKEHHS, aHalll3 OCbOBOIO PO3MOJLTY
KOHIIEHTpallli TBEPANX PEUOBUH Ta IHTEPIPETALlisl KOJIMBAHb THUCKY B 11api [67].

3a0e3nedeHHs] CTaOUIbHOTO PEXUMY TCEBAO3PIIKEHHS € KPUTUYHUM IS
e(EeKTHBHOCTI MPOIECiB, IO BKIIOYAIOTh MOKPUTTS Ta TPAHYJIOBAaHHS YacCTHHOK. Y
CTAaOUTLHOMY PEXKHMI1 3HAYHO TOCHIIFOIOTHCS MPOIECH TEIJIO- Ta MacOOOMIHY MIX
TBEPJIOIO Ta PiAKOIO a3zamMu, 110 T03BOJISIE KOHTPOIIOBATH 3pPOCTaHHS YacTUHOK. [Ipore,
SKIIO B IIapi BUHUKAE HaJMIpHA BOJIOTICTh, II€ MOJXKE CIPHUYMHUTH arjioMepariiro
YaCTHUHOK, YTBOPEHHS PIIKMX 3’ €/IHAHb 1 HABITh 3HEBOAHEHHS 1mapy [11].

KinbkicHUN OMUC PEXHUMIB TCEBIO3PIIHKEHHS 3A1MCHIOETHCS HUISIXOM aHai3y
JaCOBUX PAJIIB KOJIMBaHb THCKY. EGEKTUBHICTh IILOTO MIAXOAY 3aJICKUTh Bl TOYHOCTI
METOAY BUMIPIOBAHHs Ta aHajizy curHajiB. CUTHalud THUCKY MOXYTb OOpOOJSTHCS B
JacoBii 00J1acTi (3 BUKOPUCTAHHSAM JUCIIEPCii YU CTAaHAAPTHOTO BIAXWIICHHS ), YaCTOTHIN
obJacTi (CIeKTpaabHUM aHajli3) a00 Ha OCHOB1 HEJIIHIMHUX YaCOBUX PSIIIB (TEOPis Xaocy)
[12]. daHi, oTprMaHi ITiJT Yyac BUMIPIOBAaHb THCKY B IIapi, BiTOOpakaroTh TaKi SBUIIA, K
TypOYJIEHTHICTh, pyX Ta BUBEpKEHHs Oynbnoariok [16].

Merton ymOpaBiaiHHA Ha OCHOBI mepemnajgy THCKY € HaWmpocTimuMm 1
HAWJOCTYIHIIINM, TOMY IIHUPOKO BUKOPUCTOBYETHCS y BUPOOHHMUMX Mpoiecax. [IpoTe
el Mmiaxia Mae oOMEXKEHHsS, OCKUIBKH HE 3a0e3leuye paHHBOTO IONEPEKEHHS PO
MO>KJIMBE 3HEBOJHEHHS IIapy, IO YCKIIATHIOE HOTO BUKOPUCTAHHSA B aBTOMATH30BAaHUX
cuctemax [60, 63]. HesBaxkarounm Ha 1€, ICHye YMMAajO CHCTEM YIPaBIiHHA, SKi
CIpsIMOBaH1 Ha 3ar00iraHHs arJoMepallii i1 9ac MOKPUTTS YACTUHOK. Y TaKUX CUCTEMAX
nepenaa TUCKY BUKOPHCTOBYETHCS SK KOHTPOJIbOBaHA 3MIHHA, a BUTpATa PIIUHU IS
MOKPUTTA — K perynboBana [20, 65, 66].

[HIITUM TIAXOA0M € METOJ YIpABIIHHS, 3aCHOBAaHWW Ha aHaji31 CHOXKHBaHHS
€JIEKTPOCHEPT1i CUCTEMOIO MepeMinnyBaHHs. BiH 0co0MBO e(peKTUBHUM 1151 BUSHAYCHHS

KIHIIEBO1 TOUKH IpanyatoBaHHA [21-23]. Xoua cepeHe 3HAUEHHS CIIOKUBAHHS €HEPT1l Y
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4acoBii 0OJaCTi HE BUSIBISAE PIAMHHO-IMHAMIYHUX HECTAOUILHOCTEH Ha MOYATKOBHUX
CTaaisIX MpoOUEeCy, BHUKOPUCTAHHS CTAaHAApPTHOIO BIAXWIEHHs, jgucnepcii  abo
CHEKTPAIBHOIO aHAJI3y CUTHAIIB €HEPrOCIOKUBAHHS J03BOJISIE OTPUMATH OUIBII TOYHY
1HOpPMAaIIIO PO TIAPOAUHAMIYHUI PEXKUM.

[Iporiec rpaHyatOBaHHS TaKOX JOCHIKYBAJIX 32 JOTIOMOTOIO JTaTYMKIB HAMPYTH
JUIsl BUMIPDIOBAHHSI KOJMBaHb y KaMmepi oOJaJHaHHS 3 TCEBAO3pIIKEHUM mapom. Ll
KaMepa CKJajganacs 3 JBOX KOHIICHTPUYHUX IMIIHJPIB, MK SKUMHU PO3TAIIOBYBAJIUCS
YaCTUHKHU B KUIBIEBIM 00yacTi, a BHYTpIIIHINA MwiiHAp obeprtaBcs [57]. Hns omnucy
dbopMyBaHHS Ta POCTY TpaHysl 3aCTOCYBAJIM CIEKTPAJbHUI aHali3 1 TEOpil Xaocy
(HeMHIMHMUKA aHai3 13 BUKOPUCTAHHSAM PEKOHCTPYKIII aTpakTOpiB), IO JO3BOJISE
3IMCHIOBATH K SKICHHH, TaK 1 KUIBKICHHH aHai3.

Po3pobneno wmeromonorito s imeHTHdIKAIil 30H 3HEBOAHEHHS IIapy
MIKPOKPHUCTAIIYHOI IIEJI0JIO3M Ta TMICKY, 110 0a3yeThCs HAa BUMIPIOBAHHI CHUTHAJIiB
KOJIMBaHb THCKY Ta iX CIIEKTPaIbHOMY aHalli31 3a J0TOMOT o0 repeTBopeHHst Dyp’e [28-
29]. Amnami3z 371ACHIOBABCSA IUISXOM HEMHIHHOTO MIA0OpPY CIEKTPIiB THCKY JIO
eKCTOHEeHITIanbHOo1 PyHKIII1, cxokoi Ha ["aycoBy. [lomiTHI 3MiHU y TpodIIX cEpeaHBOT
gacToTu ['ayca 103BOJISIOTh TOUHO BU3HAYATH MOMEHT HACTaHHs 3HeBoHEHHA. CepeaHs
gactota ['ayca pa3om i3 Koe(iIliEHTOM TICEBIO3PIKEHHS BigoOpakaloTh KHUITIHHS B
mapi, IEMOHCTPYIOUH Pi3HI JIiaria30HU 3HAYEHb JJIs PI3HUX PEKUMIB TICEBIO3P1KCHHS,
MIOYAaTKOBUX €TaIliB 3HEBOHEHHS Ta HEPYXOMUX I1apiB. BukopucTanHs 11i€i MeTO10JI0Ti{
y MO€AHAHHI 3 ymockoHaieHuM anroputmom I[IIJ[-perynaropa nnsi MOHITOPUHTY Ta
VIOPABIIHHS TPOIIECAMH B pPEaJbHOMY Yacl JO3BOJMIIO TMOKPAIIUTH T1IPOJIMHAMIYHI
YMOBH MOPIBHSHO 3 HEKOHTPOJIHOBAHUMHU TPOIECAMHU.

CrexTpanbHUW aHai3 1 TEOpis XaoCcy € OUIbII TOYHHUMHU W ONEpPaTUBHUMU
MeTOMaMH iIeHTH(IKAII] HeCTAOUTPHOCTEH Yy MOPIBHSHHI 3 MOHITOPHHTOM IE€pemnaay
TUCKY Ta CIOXHWBAaHHAM C€HEPrii y 3MINIAaHOMY TMICEeBAO3pimKeHOMY Tmmapi. OmHak
CIIOCTEpPEKEHHSI CIEKTPIB TMOTY)XKHOCTI Yy dYacTOTHIM o0macti abo aTpakTopiB y
0araTOBUMIPHOMY MPOCTOP1 3AHUIIAETHCS CyO €KTUBHUM, IO CTBOPIOE CKJIAJHOILIL IPU
Mo0y/10B1 3aMKHYTOI'0 LMKy YIPABIiHHS Ha OCHOBI JIMIIE aHAT13y CIEKTPIB MOTYKHOCTI

[59, 60]. ITonpu e, ['aycoBuii cnexkTpanbHuil anami3 [59, 60] Ta ctatucTuyHa 00poOKa



42

aTpakTopiB [58, 62] mpoAEeMOHCTPYBAIH CBOIO €PEKTUBHICTh Ta HA/IIMHICTh y BUSBJICHHI
HECTaOUTbHUX PEKHUMIB IICEBIO3P1IKEHHS.

[IporHo3yBaHHS pO3MOJUTY YaCTHHOK 3a PO3MIPOM [IJIsi BHU3HAUYCHHSI KIHIIEBOi
TOYKH TIPOIIECY TPAHYITIOBaHHS a00 BUSBJICHHS HeOaXKaHUX ariioMeparliiHuX yTBOPCHb
M dYac TOKPHUTTS 3alUINAEThCS CKIAIHUM BUKIUKOM. BUW3HAYeHHS MOMEHTY
3aBEpIICHHS MPOIIECIB TPaHYIIOBAHHS YU MOKPUTTS € 3HAYHOIO MpoOaeMoto. JIjis OLiHKU
pO3Mipy YAaCTHHOK BHKOPHUCTOBYIOTBCS TaKi METOJMM, SK TPOCIFOBaHHS, 0OpoOkKa
300paxkeHb 1 JazepHa pgudpakiiis, sSki 3a0e3MeuyloTh BHUCOKY TOYHICTh, ajie He
JT03BOJISIFOTh OTPUMYBATH JIaH1 B PEKHUMI PeaJbHOTO Yacy 0e3MmocepeIHhO B 001aHaHH1
JUTSL IOKPUTTS a00 TpaHytoBaHHs [45, 46, 68, 69].

BooricTe € KII0YOBUM IMapaMeTpoM JUIsl KOHTPOJIIO TPOIECiB, MOB’SI3aHHUX 13
IPaHyIIOBAHHSM Yy TICEBJO3PIKEHOMY IIapi. 3poCcTaroui BUMOTH JIO SKOCTI MPOIYKIIiT
CIPHSUTA BJOCKOHAJICHHIO METO/IiB MOHITOPHHTY BOJIOTOCTI Ha TAKMX yCTaHOBKaxX. BMicT
BOJIOTM B TpaHyliaX € OJIHIEI0 3 OCHOBHMX 3MIHHMX MJIs MIATPUMAaHHSA CTaOUIBHOCTI
peXKUMY TICEBAO3PIIKEHHS Ta, pa3oM 13 PO3MIPOM TPaHyl, CIYXUTh Ba)XJIUBUM
napaMeTpoM SIKOCTI, SIKUM BIUIMBA€ HA TaKi XapaKTEPUCTUKH, SK: IIUIBHICTh, MIIIHICTB,
KPUXKICTh, TPUBAJIICTh PO3MAy, CTINKICTh O CTUCHEHHS Ta 3aXHUCT BiJl MIKpPOOPTaHI3MiB.
JI1s MOHITOPHHTY BOJIOTOCTI TpaHyJd Yy pealbHOMY dYaci Ta KOHTPOJIO MPOIeCy
TICEBIO3P1IPKEHHSI 3aCTOCOBYIOTHCS Pi3HI METO/IH, Cepe]l AKUX HAMOUIBII MOITUPECHUMH €
iH(ppauepBoHa Ta OMKHS 1H(PpPadYepBOHA CIIEKTPOCKOMIsA (HAa OCHOBI MOTJIMHAHHSA a0o0
BIIOUTTS XBUJb B IH(OPAYECPBOHOMY CIIEKTpPi), a TaKOXX METOJU, IO aHAI3YIOTh
aKyCTHYHI CUTHAJIH, HAIIPHUKJIA, 13 BAKOPUCTAHHAM aKyCTHIHOI eMicii [52, 70-76].

Ha mpornec rpanynoyTBOpeHHSI y TICEBIO3PIIKEHOMY IIapi CYTTEBO BIUIMBAIOTH
TaKi mapaMeTpH, K TeMIEpaTypa IpaHyl, TeMIepaTypa TeIIOHOCISI Ta BOJIOTICTh TPaHyI.
Jlnst 3a6e3nedeHds: €heKTUBHOTO YIPABIIHHS TPOIECOM MPOMOHYETHCS KOHTPOIIOBATH
Il TapaMeTpH, IO JO3BOJUTH ITABUIIATA EHEProe(EKTUBHICTh 1 SKICTh KIHIICBOI
nponykitii. TemmepaTypa TEIUJIOHOCIS, TeMIlepaTypa TpaHyl 1 1X BOJIOTICTb
B3a€MOINOB’SI3aHI: TMEPEBUIICHHS TEMIEPAaTypHOro Jiama3oHy TEIJIOHOCISI MOXKe
MPU3BECTHU 10 HAMIPHOTO HArpiBaHHS FpaHyJ 1 KPUTUYHOTO 3MEHILIEHHS iX BOJIOTOCTI.

Ile, y cBoro 4yepry, CHOpUYMHSIE HAJIMIIKOBE CHOXXKHBAHHSA €HEprii s HarpiBaHHS
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MOBITPS, 110 € €HEPreTUYHO Hee(PeKTUBHUM. TakoX HaAMIpHE BUCYUIYBaHHS TI'paHyI
poOUTH iX KPUXKHMH, 110 HETAaTUBHO BIJIMBA€ HAa TPAHCIOPTYBAHHSA Ta BUKOPUCTAHHS
MIHEpaJIbHUX A00puB. /[ moOynoBuM e(pEeKTHBHOI CUCTEMHU YIPABIIHHSA MHPOLECOM
I'PaHyJIIOBaHHA Y NICEBIO3PIIKEHOMY IIapl PpEKOMEHAYEThCS BPaXoBYyBaTH TEMIEPATYPHU

TEIUIOHOCIS Ta TPAHYJI IK OCHOBHI MapaMeTpu yrpasiinus [77-87].

1.4. ®dyskuioHaabHa 0e3neKa BUPOOHMITBA MiHepPaJIbHUX 100pUB

OdyHKIlIOHAIBHA O€3MeKa IIMPOKO OINMKMCaHa B 0araThbOX CTAaHIApPTaX PI3HHUX
opranizamii Takux sk 1SO (International Organization for Standartization) 26262 [88].
Cragmapt 1SO 13849 Ttakox BiZHOCUTBCS 0 (PYHKIIOHANBHOI Oe3meku 1
BUKOPUCTOBYETHCS B MPOMUCIIOBIH aBTomMaTu3aitii [89].

Jnst XiMI4HOI MpPOMUCIOBOCTI icHYIOTh crtangaptu 1SO 45001:2018, skuii
BCTAHOBJIIOE BUMOTH JIO0 CHCTEM YIPABIIHHS pHU3UKaMH Ta OXOpoHHU mpari, ta I1SO
14001:2015, sxuifi BCTAaHOBIIOE BHUMOTH JO CHCTEM YIPABIIHHSI HABKOJIMIIHIM
cepunopuimieM [90-91]. [Ipo 3aragpHHi MiAXiA [0 yHOPaBIIHHS pPHU3HKAMHU IS
inenTudikairii, oliHKKA Ta 3MEHIICHHS PHU3UKIB HaeTbes B cragmapti 1SO 31000:2018
[92]. Cranmapt ISO 9001:2015 omucye cHCTEMH YIpPAaBIiHHSA SKICTIO Ta BCTAHOBIIIOE
BHMOTH JIO CUCTEM YIIPaBJIiHHS SKICTIO KIHIIEBOTO MPOAYKTY y XIMIYHIN MMPOMHUCIOBOCTI
[93].

OcHoBHoto cremianizamiero NFPA (National Fire Protection Association) e
MOKeKHa Oe3MeKa, aje ICHyeE CTaHAapT M0A0 (PYHKI[IOHATBHOI OE3MeKH eNEeKTPUUHUX
cucreMm y npomuciosux mnpomecax — NFPA 70 [94]. Takox B cranmapti NFPA 79
MICTSITBCS BUMOTH IOJIO €JIEKTPUYHOI OE3MEeKH MPOMHUCIOBOTO OO HAHHS, 110 TICHO
OB’ s13aHO 3 (PYHKITIOHATBHOIO Oe3mnekoro obmaaaanHs [95]. Takox mpo QyHKIIOHATEHY
oe3neky Haerbes B ctanmapti OSHA (Occupational Safety and Health Administration)
29 CFR 1910, sxkuii MICTUTh 3arajbHi MpaBWja Ta HOPMH 3 Oe€3mekdu Tmpary, sKi
3aCTOCOBYIOTHCSA 10 BCiX ranyseii mpommciioBocTi [96]. Ille omna opraxizaiiis, ska

3aiiMaeThCAd PO3pOOKOI0 CTaHAAPTIB (PYHKIIOHATBHOI O€3MeKH MJig BCIX Tally3eil 1e
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ANSI/ISA (American National Standards Institute / Industry Standard Architecture), a
came crangapt ANSI/ISA-84 (Functional Safety) [97].

Crannmapt IEC (International Electrotechnical Commission) 61508 «Functional
safety of electrical/electronic/programmable electronic safety-related systems» e
OCHOBHHMM 3arajlbHUM CTaHAApTOM (YHKI[IOHATHHOI O€3MeKH, 10 3aCTOCOBYETHCS IS
BCIX Trayly3eil 1 BU3Hayae (yHKIIOHAJIbHY O€3MeKy SK YaCTHHY 3arajibHOi Oe3IMeKH, 1110
CTOCY€ETHCSI CUCTEM YIPaBIiHHSA Ta 00JIaHaHH mij iX KoHTposem [98].

LlenTpaJibHUMH B CTaHAApTI € KOHIIEMI[li IMOBIPHICHOTO PHU3HMKY M KOXKHOI
¢ynkuii 6e3nexku. Pusuk € QyHkiiero yactotu (260 IMOBIPHOCTI) HeOE3MeUHOoi NOoI1i Ta
TSOKKOCT1 HACHIAKIB MOJii. PU3MK 3HWKYEThCA 10 TPUHHATHOTO PIBHA IUISIXOM
3aCTOCYBaHHS (DYHKITIH O€3MEKH.

[lonsaTrs ¢yHkuioHaNbHOT Oe€3MeKn Moke OyTH 3acTOCOBaHE JO CHUCTEM
MOHITOPUHTY Ta ympaBiiHHS. Taki cucremMu 30MpaloTh JaHI 3 BUAAYEIO0 KEPYHOUOIo
BIUIMBY, I[UIb SIKOTO HAOMU3UTU TOKA3HUKU A0 ONTUMaiIbHUX. CTPYKTYpy KOHTYpY
yIPaBIiHHA MOXKHA OIHCATH SIK CYKYITHICTh €JIEMEHTIB, IO 3IHCHIOIOTH YIIPaBIIIHHS
poIecoM abo CUCTEMOTO.

3a cranmaprom |IEC 61508-4, dyHkmionanpHa Oe3meka — YacTHHA 3arajibHOi
Oe3reky, IO 3yMOBJICHA 3aCTOCYBAaHHSAM OOJagHAHHS Ui YOPABIIHHA 1 CHCTEM
yIpaBIiHHSA 151 00J1aITHAHHS YIIPaBIIiHHS, 1 3aJIe’KHA BiJ] MPAaBWIHHOCTI (DYHKITIOHYBaHHS
CHUCTEM, TIOB’s3aHUX 3 OC3IMEeKO0I0, Ta 1HIIMX 3aC001B 3HMKEHHS PU3UKYy. TOOTO pHU3UK €
JIOCTaTHHO BAXJIMBUM TApaMeTpOM, OCKUIBKA Ha HOTO OCHOBI BHUPINIYETHCA SKa
HeOe3MneKa € OUTBII MPIOPUTETHOIO.

Bumorn no moxkymentartii mictsatees y po3aim 5 IEC 61508-1. OcHOBHI BUMOTH
MOJIATAI0Th B TOMY, IO JOKYMEHTH MAalOTh MICTUTH JOCTaTHIO 1H(POPMAIIO SK IS
HACTYMMHHUX CTajid po3poOKH, Tak 1 s Bepudikaiii pe3yabTaTiB MOTOYHOI CTaiil;
J0CTaTHIO 1H(pOPMAIIiIO K JJIs 3a0e3MeUeHHs, TaK 1 JIs OliHIOBaHHS ()YHKIIOHATBHOT
Oe3mneKu.

B xoni oumiHku (QyHKIIOHANIBHOT O€3MEKU MPOBOJATHCS MNEPIOUYHI ayAUTH
¢dyHkiioHanbHoi Oe3neku. OKpIM 1BOTO, TP MPOBEICHH1 cepTUdIKaIli BUKOHYETHCS

OI[IHKA MPOLECIB 1 MPOAYKTY cepTU(IKalIiHOIO OpraHi3aili€lo, 3a pe3yJbTaTaMu SKOTO
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BUJAETHCS CcepTU(IKAT BIAMOBIIHOCTI. AYAUT MOBUHEH MPOBOJUTUCS BIAMOBIIHO 0
3a37aJeriib po3po0JIeHOro TaHy ayIuTy (PYHKI[IOHATBHOT OE3MEKH.

Mogenbs JKUTTEBOTO IMKIY Tiepedadae BUKOHAHHS TOCJIIOBHOCTI €TamiB,
MOYMHAIOUM BiJl PO3POOKM KOHLEMINT 10 BadigamiiHoro TecTyBaHHsS. OCHOBHUMU
etanaMu € (OpMyBaHHSI KOHIIEMIIIi CUCTEMU, CTBOpEHHS crienudikailii BUMor Oe3IeKw,
MPOEKTYBAHHS apXITEKTypU CHUCTEMH, PO3pOOKa amapaTHUX KOMIIOHEHTIB, aHajl3
PU3MKIB Ta KPUTHYHOCTI BIJIMOB, TPOCKTYBAaHHS Ta HAINMCAHHS KOJIY IMPOTrPaMHOTO
3a0€3MeUeHHs], TeCTyBaHHS OKpPEeMHUX MOAYJIB 1 cucteM y uuiomy. OcobnuBa yBara
OPUIISAETBCA  IHTErpallifHOMY TECTYBaHHIO Ta Bamijamii, o0 3a0e3neuyroTh
BIJIMOBIJIHICTh IHTETPOBAHOT CUCTEMH BUMOTaM JI0 O€31eKu Ta (PyHKI[1I0HATLHOCTI.

Haniiinicte 00'ekTa BU3HAYAE€THCS MOro 3JATHICTIO MIATPUMYBATH HapameTpH,
HEOOXIJTH1 JI1 BUKOHAHHS 3a/laHUX (PYHKIIIM, Y BCTAHOBJICHUX Mekax. BoHa oxoruttoe
PSKMMH  eKCIUTyaTallii, TeXHiYHe OOCIyroBYBaHHS, YMOBH TPaHCIOPTYBaHHSI Ta
30epiranHs. OJHUM 13 acTEKTIB HAIIMHOCTI € 0€3BIIMOBHICTD, SIKa BKa3y€e Ha 37aTHICTh
cucteMu (QYHKIIIOHYBaTH Oe3mepepBHO Oe3 3001B MPOTATOM IMEBHOr0 4Yacy abo olcary
po6otu. be3BiIMOBHICTh € OKpEeMHM BHITQJKOM HAIIHHOCTI JUISI CUCTEM, SKI HE
noTpeOyIOTh 0O0CITYTOBYBaHHS.

dyHkiioHanbHa 6e3mneka, BianoBinHo 10 cranaapty IEC 61508, noennye B cobi
dbyHkIii  Oe3mexkn Ta IXHIO I[UTICHICTb. BoHa TICHO TOB’s3aHa 3 TaKUMH
XapaKTepUCTUKaMU, K O€3BIIMOBHICTh, JOCTYIHICTh 1 HajildHICTh. Uepe3 peanizaliiro
bynkiin Oe3mexn (yHKIIOHaNbHA Oe3meka 3abe3nedye 3axuCT BiJl BHUITAJKOBHX 1
CUCTEMATUYHHUX BiIMOB.

Meronu 3abe3nedeHHst PyHKITIOHAIBHOI O€3MEeKH CIPSMOBaHI Ha TOTEPEKEHHS
BIIMOB amapaTHUX KOMIIOHEHTIB, CIIPUYMHEHUX (DI3UYHUM 3HOMICHHSM a00 CTapiHHAM
€JIEMEHTIB, a TAKOK YCYHEHHS HEIONIKiB, OB’ I3aHUX 13 MPOIleCaMU MPOEKTYBAHHS, 110
MOXXYTbh TPU3BOJUTH J0 CUCTEMATHYHHUX BiAMOB. Jl0 TOTO X I1i METOAM CIIPSIMOBaHI Ha
3aXUCT BiAg Kibep3arpo3. butbmricte MeTOAIB € KOMIUIEKCHUMH: BOHH OJIHOYACHO
aJpecyloTh K BUIAJKOBI, TaK 1 CUCTEMATH4YHI BIIMOBH, 3a0€3ME€Uyl0OUr TAKUM YHMHOM

BCceO1UHMM MiAX1A 10 QYHKI[IOHATBHOT OE3MEKH.
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Jlo TakuxX METOMIB HAJEKUTh YHOPABIIHHSA (PYHKIIOHAIBHOIO O€3MeKOIo,
VOPABIIHHS MPOEKTaMH, YINPABIIHHA >KUTTEBUM IUKIOM, METOIU pO3pOOKH Ta
TECTyBaHHS. 3aCTOCYBaHHS METOIB YINPABIIHHS MPOEKTaMHU J103BOJIsIE 3a0€3MEeUnTU
HEOOXITHUM piBEeHb Oe3MeKu, TOOTO YyTPUMATUCA Y TaK 3BAHOMY TPUKYTHUKY SIKOCTI —
LUTICHICTh, JOCTYHHICTh, KOH(PIACHIIAHICTh. JIOKyMEHTYBaHHS Ta YOpPABIIHHS
JOKYMEHTAIIIEI0 € Ba)XJIMBUM METOJOM, IO J103BOJsiE€ 3aikcyBaTH BC1 TEXHIYHI Ta
OpraHizaiiiHi pIilIeHHS 00 PO3POOKH MPOAYKTY JUisl 3a0e3nedeHHs Oe3MeKH.
Peanizamiss sxurreBoro mukiny (QyHkmioHanbHoi Oesneku € Bumororo [EC 61508, ne
O0COOJIMBHI aKIIEHT pOOUTHCS Ha TakKli acleKTH, SK MPOLEeC PO3POOKH CUCTEMHU Ta
IporpaMHOro 3a0e3MeueHHsI, peaizallis mpolecy Bepudikallii Ta Bajijailii, CynpoBia
OPOAYKTY TMICHsS penidy 3 ypaxXyBaHHSM 3BOPOTHOTO 3B'A3KYy 3a pe3yJbTaTaMu

eKCIUTyaTarii.

1.5. IlocraHoBKa 3aJa4 JOCJIIKEeHHSA

CyugacHi iHpOpMaIlIiHI TEXHOJIOTII € HEBII €MHOI CKJIAI0BOIO YIPABIIIHHS
CKJIQJJHUMH TEXHOJIOTTYHUMH TPOIECaMH, SIKI BHUKOPHUCTOBYIOTHCS B YIPaBIIiHHI
BUPOOHUIITBOM  MiHEepanbHUX J00puB. OCOOMMBICTIO TAaKOro BHUPOOHMIITBA €
OaratocTymeHeBi XiIMI4HI peakiii Ta (i3WYHI TPOIECH, IO NOTPeOyIOTh YiTKO1
KoopauHaIlii Ta Oe3mepebiiiHoi poOoTu. bynb-skuii 301 y IHMX mpolecax MOXKe
MPU3BECTH JI0 3HUKEHHS SKOCTI KIHIIEBOTO MPOIYKTY, 30UIbIIICHHS! BUTPAT PEeCypciB, a B
OKpEeMHX BHUIAJKaX HABITh JO aBapiiHUX cuTyamiil. e cTaBUTh BHCOKI BUMOTH 0
byHKITIOHATBHOT O€31eKH 1HPOpMaLITHIX TEXHOJIOTIH, K1 3a0€3Me4yt0Th pOOOTY TaKHX
CHCTEM.

OnHiero 3 OCHOBHHX MPo0JieM Yy BUPOOHUIITBI MiHEpATBHUX JTOOPHB € CKIATHICTh
VIPABIIHHS MPOIECAaMU TPaHYTIOBaHHS, SKI BIIOYBAIOTHCS Y MCEBAO3PIIKEHOMY TIapi.
L{i mporiecn BUMAararTh TOYHOTO JOTPUMAHHS TEXHOJOTIYHUX MAapaMETPiB, TAKUX SIK
TeMIeparypa, BOJIOTICTb, MIBUAKICTh MOTOKY pEareHTiB, PO3MOAUT YaCTUHOK TOLIO.
[cHytoul iHGoOpMaliifHI TEXHOJOTll 4YacTo € PEeCypCOMICTKMMHM, IO IiJIBUIILYE

co01BapTICTh KIHIIEBOTO NPOJAYKTY. BHcoka BapTicTh MpOrpaMHO-amapaTHUX PIIIEHbD,
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HEOOXIAHICTh YaCTOrO OHOBJIEHHS MPOrPaMHOro 3a0e3MeyYeHHs] Ta 3Ha4Hl BUTpATH Ha
EHEepropecypcH € OJTHUMU 3 KIFOYOBUX BUKIIHUKIB CYy4aCHOTO BUPOOHHIITBA.

Takox Ba)KJIMBOIO CKJIa/10BOIO € (PyHKIIIOHAJIbHA Oe3MeKka 1H(OpMaIiiiHUX CUCTEM,
gka 3a0e3nedye CcTaOUIbHY poOOTY  aBTOMATHU30BaHUX CHUCTEM  YIPABIIHHSA
BUPOOHULITBOM MIHEPAIbHUX JOOpUB. Y XIMIYHOMY BHUPOOHHUUTBI (YHKIIOHAIbHA
Oe3rneka O3Hayae 3/IaTHICTh CHCTEMHM BUKOHYBATH BCl KPUTUYHO BaxJIMBI (QYHKIi B
yMOBaxX HOpMaJIbHOI pOOOTH, aBapiitHUX CUTYallli 400 3MiH Y 30BHIIIHBOMY CEPEIOBUIIII.
JIns TEXHOJOTTYHUX TMPOIEeCiB BUPOOHUIITBA MIHEpPATbHUX JOOPUB 1€ BKIIOYAE
3a0e3nedeHHss Oe3nepebiiHoi  pobOTH  O0NajHaHHS, JAOTPUMaHHS HOPMATHUBHUX
XapaKTePUCTUK KIHIIEBOTO MPOJIYKTY Ta 3aM00IraHHs aBapifHUM CUTYaLlisIM.

[Iporiecu TpaHymIOBaHHA Yy TICEBIO3PI/HKEHOMY IIapi XapaKTePU3YIOTHCS
CKJIQHOIO TAPOANHAMIKOIO, TETNIOMAacOOOMIHOM 1 peaKIlisiMU Ha MOJIEKYJISPHOMY PIBHI,
K1 HEOOXIJTHO BpaxOBYBaTH s 3a0€3MEUCHHS ONTHUMAJIbHUX TMapamMeTpiB poOOoTH.
butbmiicTs icHyrO4HX 1HGOPMAIIHHIX TEXHOJIOT1H HE BPaXOBYIOTh 111 MPOIECH Y MOBHIN
MIpi, 110 TPU3BOJUTH JI0 TIEPEBUTPAT PECYPCiB, 3HUKEHHSA €(PEKTUBHOCTI MpOoIeCy Ta
BTPAT B SIKOCT1 KIHIIEBOT'O MPOAYKTY.

3anpoBa/pKeHHs] HOBUX 1H(QOpPMAIIHMX TEXHOJOrii Mae Oa3yBaTucs Ha
KOMILIEKCHOMY TIJIX0/11 O BUPIIIEHHS 3aBJaHb YIIPaBIiHHSI BUPOOHUYUMHU IPOIIECaAMHU.
Hampuknaa, cTBopeHHST MaTeMaTUYHOI MOJIEN, SIKa BPaXxOBY€E IMPOIIECH Ha MIKpO- Ta
MaKpOpiBHi, JO3BOJUTH ONTUMI3yBaTH YMOBH T1IPOAWHAMIKH APy, 3HU3UTH BAPTICTh
nepepoOKr Ta MIABUIIUTH €(QEKTUBHICTh BUPOOHUIITBA. Y CBOIO UEPTy, aBTOMATH3AIlIS
CUCTEM YTPAaBIIHHS JO3BOJIUTH JOCATTH CTAOUTHHOCTI y BUPOOHUIITBI Ta 3a0€3MEUNTH
OTPUMAaHHS MPOYKIIii BUCOKOT SIKOCTI TIPH 3MEHIIICHH] BUTpAT.

3aBaHH qucepTaniiiHol podoTH

Omxe, mus 30UTbIICHHS €(QEKTUBHOCTI BUPOOHUIITBA MIHEPAIBHUX JTOOPUB
MOTPiIOHO BUPIMIATH TaKi 3a7a4i:

- po3poOUTH  MaTeMaTH4YHY  MOJAENb  MpOLECYy  TpPaHyIIOBaHHI Yy
MICEBAO3PIIKEHOMY IIapl 3 ypaxXyBaHHSIM TiIPOJAMHAMIKH TCEBIO3PIIKEHOTO IIapy,
nepeayl KIHETUYHOT €Heprii, pO3CiI0BaHHS €Heprii, CTUCKAHHS Kpaneib 3 YaCTUHKaAMU,

iX aaresii 10 NOBEPXHi, KIHETUKU CYIIIHHS PO3UYUHY Ha MOBEPXHI YACTUHOK;
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- noOyAyBaTH Ta AOCIALAUTH CUCTEMHU YNPABIIHHS MPOLIECOM I'PAHYIIOBAHHS
y TICEBIIO3PIKEHOMY TIapi;

- JOCIIIUTH HASIBHICTh AETEPMIHOBAHOI'O XaoCy y MPOLEC] TPaHyIIOBAHHS Y
MICEeBA03PIIKEHOMY Iapi;

- noOyAyBaTH CHUCTEMY VYIPABIIHHS XaoCcOM TIpoLecy BUPOOHHULITBA
MIHEpaJIbHUX JOOPUB y TPaHyJSATOP1 3 ICEBAO3PLIKEHUM IL1apOM,;

. pO3pOOUTH  MAaTeMAaTHYHY MOJENb 3aXUCTy KPUTUYHUX PECYpCIB
BUPOOHUIITBA MIHEPAJIbHUX J100pUB;

- CTBOpUTU  1H(MOPMAILIIHY TEXHOJIOTII0  YNPaBIiHHA  BUPOOHHUIITBOM

MIHEpaJIbHUX JOOPUB HA OCHOB1 PO3POOJIEHUX MOJENIEH Ta CUCTEM YIPaBIIIHHS.

1.6. BucHoBkH 10 po3ainy 1

1. [IpoBeneno anaii3 OCHOBHHMX MIAXOIIB 10 MAaTE€MaTHYHOTO MOJEIIOBAHHS
IpoIleCy BUTOTOBJICHHI MIHEpPAJbHUX JOOPUB y TPAHYJIATOPI 3 TICEBIO3PIIKECHUM
mapoM. BcTaHOBIEHO OCHOBHI MapaMeTpu, CKJIaj amnapary, peXuMH poOOTH Ta
TEXHOJIOT1YHI OCOOJIMBOCTI TIPOIIECY TPaHYJIOBaHHS Y TICEBIO3PIIKCHOMY IIapi.
Bcranosnena HeoOXiaHICTh 3a0e3MeYCHHST MATEMAaTUYHOTO MEXaHI3My MPOTHO3YBaHHS
IPaHyJIOMETPUYHOTO CKJIaJly — OCHOBHOT'O TIOKa3HUKA SIKOCTI BUX1HOTO MPOAYKTY.

2. Po3risiHyTI OCHOBHI MiAXOAW A0 MOOYMIOBH CHCTEM YIIPaBIIHHS MPOIECOM
TPaHyJIIOBaHHA Y TICEBIO3PIKEHOMY CTaHl. BusBIeHO HEOOXIAHICTh BpaxyBaHHS
Xa0TUYHOTO XapaKTePy PyXy UYACTHHOK Y TCEBAO3PIIHKEHOMY MIapi s TMOOYAOBH
CUCTEMH YIPABIIHHS IMPOIIECOM BUPOOHUIITBA MIHEPATBbHUX MOOPWB Ta MiABUIICHHS
€(EeKTUBHOCT1 TEXHOJIOT1YHOTO MPOIIECY.

3. Jlns  MmIBWINEHHS  CTaHy  3aXHUIIEHOCTI  Mpolecy  BUPOOHMIITBA
IPaHyJIbOBAHUX MIHEPAIBHHUX JOOPHUB Bij] 3arp03 MOPYIICHb (PYHKI[IOHAIBHOI O€3MeKH,
AKi MOXYTh BIUIMHYTH Ha 3MIHY KPUTHYHUX PECYpCiB, BUSBIEHA HEOOXITHICTH
3a0€3MeUeHHs] MaTEeMaTUYHOro MeEXaHI3My mpoTuAali 3arpo3am. IlpoananizoBana

HOpMaTUBHA 0a3a BUMOT (DYHKI[IOHATIBHOI O€3MeKH JIJIs1 XIMIYHOT TPOMUCIOBOCTI.
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4, CdopmoBani 3amadi, siki HEOOXIAHI JJIsi JOCSTHEHHS TMOCTaBJICHOI METH
aucepraiii. [CHyroul IiAX0AN 10 MOJEIOBaHHS BUPOOHUYOIO MPOLECY HE J103BOJSIOThH
MOBHOIO MIPOIO BpaxyBaTH BIUIMB AMHAMIKH OB’ I3aHUX [MapaMeTPiB, 110 MPU3BOIUTH J10
MIABULIEHHS! €HEProCIOXKUBAaHHA Ta 3HIKEHHs edekTUBHOCTI mpouecy. Lle 3ymoBiioe
HEOOXIAHICT, pO3pOOKM HOBOi 1HGOpPMAIIHOT TEXHOJOrii, ska O0a3yeTbcs Ha
KOMIUJIEKCHUX MOJENSAX, II0 BPaxOBYIOTh BCl KIIOUOBI NapamMeTpu TEXHOIOTTYHOTO
IpOLECy, BKJIIOYAIOYM PO3CIIOBAHHS €Heprii mpu 3ITKHEHHI Ta mepenaya KiHETUYHOI
eHeprii Bim TBepaoi ¢asu o piakoi. Taka iHdoOpMmaliifHa TEXHOJIOTIS JO3BOJIUTH
NOKPAIUTH YNPaBIiHHSA BUPOOHULITBOM MIHEpaNbHUX NOOpUB, 3a0€3MEUMBIIMN 33/IaHy

SIKICTh TOTOBOT'O MMPpOAYKTY Ta SMCHIICHHSA CHCProBUTpPAT.
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PO311J1 2. MOAEJIOBAHHA NPOUHECY BUPOBHUILITBA MIHEPAJIBHUX
JOBPUB Y I'PAHYJIATOPI 3 ICEBAO3PI/IZKEHUM IIIAPOM

CTBOpeHHSI MaTeMaTUYHOI MOJIEJN1 IPOLECY IPaHyIIOBAHHS Y TICEBIO3PIIKEHOMY
mapi € OJJHUM 13 KJIIOYOBUX KPOKIB JJI aJIEKBATHOT'O OMUCY TEXHOJOTTYHOTO MPOILECY.
KoMOiHOBaHI1 mpoliecH CyLIIHHS Ta TPaHyIIOBAHHS B OJJHOMY anapari € nepcreKTUBHUM
pIIEHHSM, SKE€ JI03BOJISiE 3HAYHO 3HU3UTU eHeproBuTpatu. lle ycyBae HEoOXITHICTH
NOMEPEHBOr0 CYUIIHHS PO3YMHY Ta MOJIAJIBIION0 IPAHYIOBAHHS OTPUMAHOTO OPOIIKY
B OKpEeMOMY MpPHUCTPOi. Y pe3yibTaTi KOMOIHOBAaHOTO MiAXOJYy Ha BUXOJl OTPUMYIOTh
IpaHyJIbOBAHUM MPOAYKT, 110 MiIBUINLYE €(hEKTUBHICTH BUPOOHUIITBA.

3MiHa rpaHyJOMETPUYHOTO CKJIaay TBEPAMX YACTHHOK MOXe OyTH TOB'si3aHa 3
pi3HUMU (DI3UYHUMH SIBUILIAMH, TAKUMH SIK IPOOJICHHSI, arjioMepallis, CTUpaHHs, ycaJka,
po3urHeHHs Toulo. Jlns BpaxyBaHHS (I3MKH Tpolecy po3poOJieHO TphoxdasHy
MaTEMaTU4YHY MOJIeNIb TPaHYJIOBaHHS Yy T[ICEBIO3PIHKEHOMY IIapi, IO OIHUCYE
TEMIIEPATypy YACTUHOK, TEMIIEPATYPY Kpareib Ta TEMIEepaTypy TEIUIOHOCIS.

OCHOBHUM TOKa3HUKOM SIKOCTI TOTOBOT'O MPOAYKTY € TPaHyJIOMETPUYHUMN CKIIa]
MiHEpaIbHUX J00pHB. sl OIIHKY KIUIBKOCTI TpaHyJ 3aJaHOi SKOCTI PO3pOOJICHO

MaTeMaTUYHY MOJIEJIb TPAHYJIOMETPUYHOTO CKJIATy.

2.1. Tpboxdazna mareMaTH4HA MOJeJib TMpPolleCy TPAHYJIOBAHHA Yy

NceBA03piaKeHOMY 1Iapi

[ceBmo3pimKeHwHit Iap BiAIrpae BayKIUBY POJIb y CydacHIN TEXHIIll, 3aBJSKH CBOIM
VHIKaJIbHAM BJIACTUBOCTSIM 1 IIIMPOKUM MOKIIMBOCTSIM 3acTocyBaHHs. [IceBmno3pimmKeHHs
— e Tpolec, MpH SAKOMY IIap CHUIyYOro Martepiady TEpEeTBOPIOETHCA Ha
TICEBJIOTOMOTECHHY CHCTEMY MiJ BIUIMBOM IOTOKY Ta3y ab0 KparuIMHHOI PiIWHU, IO
BUKOHY€ (PYHKIIIIO 3pIDKYBAJIBHOTO areHra. Y IhOMY CTaHi TBEPHl YACTHHKHU IIapy
MOBOASTHCS TakK, HIOM BOHU «3Ba)KEH1», MOAIOHO N0 PIAKUX YAaCTHHOK Yy PIAUHI.
[lceBno3pimxenuit map HaOyBa€e BJIACTUBOCTEH PIAMHU, TAKUX SK IUIMHHICTb, 3JaTHICTh

MepeInuBaTUCs, YTBOPEHHS XBWIb 1 BIICYTHICTh BHYTpIIIHbOrO TepTs. LI yHIKanbHI
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XapaKTePUCTUKH 3a0e3MEeUnIN MUPOKE MOMIMPEHHS TEXHOJIOT1H, 0 BUKOPUCTOBYIOTH
MICEBO3P1IKEH] IapH.

[IpomucnoBe 3acTOCyBaHHS TCEBIO3PIIKEHUX IIapiB 3yMOBJIEHE 1X YMCICHHUMU
nepeBaramu [55]. [HTeHCHMBHE mepeMilnyBaHHsI TBepAOi (a3u B TaKUX Iapax CIPHsIE
PIBHOMIPHOMY PO3MOJAUTY TEMIEPATyp 1 KOHLEHTpALli, 0 YCYBa€ PU3UK JIOKAJIbHOTO
NeperpiBy, KU MOKE€ HETaTUBHO BIUIMHYTH Ha SKICTh HPOJAYKTY Ta CTaOUIbHICTb
TEeXHOJIOT1YHOTO Tpotiecy. KpiM Toro, koediiieHTu TErIonpOBIAHOCTI Ta TEIIOBiI1au1
MDK TICEBIAO3PIHKEHUM IIapOM 1 TEMJIOOOMIHHUMHU TOBEPXHSIMU € BUCOKHUMH,
NOPIBHIHHUMU 3 aHAJOTIYHUMHU TMOKAa3HUKAMM I KpalmIMHHUX piguH. lle mo3Bosse
NPOBOJAUTH TPOIECH 3 BEJIUKUM TEIUIOBUM HABAaHTA)XKCHHSIM Ta BHUCOKOIO TOYHICTIO
TEMIEPaTypHOTO KOHTPOJIIO.

[Ile onHI€IO BAXJIMBOI TIEPEBArold € BEJIMKAa aKTUBHA MOBEPXHS (Ha30BOTO
KOHTAKTy, SKa HAOJMKAETHCA O CyMapHOI MOBEPXHI YACTUHOK. 3aBISKH TUTMHHOCTI
NICEBJIO3PIIPKEHOTO 1Iapy CTAa€ MOKIMBUM CTBOPEHHS amapatiB Oe3nepepBHOI [ii, 1110
J03BOJIAIOTH OOpOOJIATH PEYOBHMHHM B PI3HMX arperaTHUX CTaHaxX: MOPOIIKH, MacTH,
po3unHH, cycrneHs3ii Tomo. Kpim Toro, amaparu 3 NCeBIO3PILIXEHUM IAPOM MalOTh
BITHOCHO TPOCTY KOHCTPYKIIiFO, JIETKO MiAAal0ThCsl aBTOMAaTH3aIlli Ta 3a0e3IeuyloTh
BHUCOKY €()EKTHBHICTH MPOIIECIB.

BrnactTuBOCTI TBEpAMX YACTHHOK, IO CTAHOBJIATH IIap (AUCTIEPCHICTD, YKOPCTKICTH,
dbopma), MarOTh BEIWKHI BIUIMB Ha XapakTep ICEeBAO3PLIKEHHSA. MOHOIUCIIEPCHUMA
MaTepiai CXWIbHHH 10 YTBOPEHHS IICEBA03PIHKEHUX MapiB 13 6apOoTaskeM OynbOaIiok.
[lomigucriepcHi MaTepiaau YTBOPIOIOTh OMHOPIAHINII IIApH, TICEBAO3PIHKEHHS iX
mpoTikae Jerme. Bosori, myxki marepianu, IO 37EXKYIOThCS, YTBOPIOIOTH IMIAPU 3
KaHaJlaMH, 10 SKUX MPOXOJUTHh OCHOBHA YacThHa razy. OTe, MpHU 3piHKEHHI ra3amMu
CIIOCTEPITaEThCSl HEOTHOPITHE TICEBAO3PIIHKCHHS, NIl SKOTO XapaKTepHE YTBOPECHHS
Oynp0OaIIok. 3apormOHOBAHO YMMAJIO TEOPIiN JUIsl IOSICHEHHS 1HOTO SBUIIA, aJI€ KOIHY 3
HUX TTOBHICTIO HE TiTBEPJIKEHO.

MaremaTi4H1 MOJIEI1 MPONECY FPaHyIIOBaHHS KIacU(IKYIOThCS 3a KUIBKICTIO a3,
ne "daza" nmo3zHauae o0sacTh, 1O MICTUTHh TBEPIY peuoBHHY abo ra3. Ilepmii momeni

0asyBanucsi Ha OAHO(A3ZHOMY MIJIXOM1, SIKMM ITHOPYBaB CErperamiio razy Ta TBEpAUX
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YaCTMHOK, a TaKOXX HAasBHICTh TMOpPOXKHMH y mapi. Leld mniaxiag BUSBUBCSH
MajoeEKTUBHUM, OCKUIBKH OMKMCYBAB MPOIIEC Y MICEBIO3PIIHKEHOMY I1Iapl HaBITh ripIlle,
HDK MOJIEN 1iealbHOTO nepeMimnyBanss [11].

3HaYHOTO  TPOTpecy JOCATHYTO 3aBASKA  BPaxyBaHHIO  OCOOJIHMBOCTEH
rigpogunamiku. Hampuknan, monpem JleBimcona Ta XappicoHa i T€TEPOreHHHUX
peakIliii BpaxoBYIOTh PI3HUII0 MK MEPETBOPEHHSIMU Y (a3ax i amapara iieaJbHOTO
nepemimryBanHg Ta JaBo¢a3Hoi cuctemu. Lli Moneni 103BOJSAIOTH OMMCATH MPOLEC Y
BUIJIS/Il YMOBHO MOBHICTIO IEPEMIIIAHOL CyIIIbHOT Qa3u [11]. BiacyTHIiCTh BpaxyBaHHS
ra3oBux Oynb0amok y ogHo(a3HUX MOJENSIX CIPUYMHUIA MOSABY BO(A3ZHUX MITXO/IB,
SIKi TPYHTYIOTBCS Ha PI3HUX MPUITYIICHHAX 1100 PO3MOALTY das.

3a oaHier0 3 HUX [45] MCEBMO3PIMKEHUN Iap PO3TIAIAETHCS SK CHUCTEMa, IO
CKJIaJIa€ThCA 3 BOX (ha3: Oe3MmepepBHOI, KOO € 3BaXKE€H1 YACTUHKU 3 PO3MOIUICHUM MIXK
HUMHU 3pIDKYBJIBHUM areHToM, 1 JHUCKpPeTHOi ra3oBi OynbOamku. [lpu 1pomy
BBAXKAETKCS, 110 Oe3nepepBHa (aza rnepedyBae y cTaHi MOYATKOBOIO MCEBIO3PIIKEHHS,
a BeCh HQUIMIIIKOBUH Ta3 MPOXOIUThH KPi3b MIAp Y BUTIISIA1 OYIb0aIIoK.

ExcniepumenTanbHi JTOCHIIKEHHST TOKa3ajdd BIIMOBIHICTE JBO(GA3HOI Teopii
TOCTIIHUM JaHUM, IPOTEe BOHA MOTpeOye yTouHeHHa. OJIHE 3 HUX MOJISTaE B TOMY, 110 B
NeSIKOMY JTlala3oHi IIBHUIKOCTEH TICIsA TEpexoAy VY IICeBAO3PILIHKEHUN cTaH Imap,
PO3IIUPIOIOYNCH, 3AJMIIAETHCS  OJHOPITHUM, a OyiapOaImKkd 3'SIBISIOTHCS  TIPH
MOJAJIBIIIOMY 30UTBIIICHHI IMIBUAKOCTI Ta3y. BcraHoBneHo, 1o mpu 30UIBIICHHI
IIBUAKOCTI Ta3y 3pOCTa€ KUIBKICTH Ta3y, M0 MPOXOAUThH uepe3 Oe3nepepBHY, Tak 1
TUCKpETHY (ha3u.

VY poGoTi [55] 3a3Ha9a€ThCs, IO CTYIIHD OJTHOPITHOCTI MCEBIO3PIIKEHOTO APy
3aJIeKUTH BiJl CIIBBITHONICHHS CHJI TTIOBEPXHEBOTO HATSTY Ta CHJI, IO NEPEIIKOKAIOTh
YTBOPEHHIO OyNb0AIIoK, TAKUX SK B'SI3KICTh 1 1HEPIisA. Y TCEBAO3PIIKEHUX CUCTEMAX
BUSIBJICHO aHAJIOT TIOBEPXHEBOTO HATATY, 110 JOTIOMArae 3p03yMITH MPOIIECH arjioMeparii
IpiOHOIMCIIEpCHUX YacTHHOK. ['iApoauHaMIYHIM OMmip, SIKWA JTi€ Ha YaCTUHKY ITiT Jac ii
pPyXy, CTBOPIOE HM3bKUH THUCK Yy TIAPOJAMHAMIYHOMY CHi/l, IO CHpuUsi€ 30JMKEHHIO
YaCTUHOK 1 YTBOpPEHHIO ariomepariB. [[aiiHHsS TUCKY MK YaCTUHKaMU, BIAMOBIAHO 10

3akoHy bepHymii, cipusie GOpMyBaHHIO arperaris, K1 IepeOyBatOTh y CTaH1 HECTIMKOi
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piBHOBaru. Lle mpu3BOAUTH 10 YTBOpPEHHS (IIyKTyalliii HIUIBHOCTI, MyJbcalliil mapy,
Oynb0aIloK 1 Mepexoay B HEOJIHOPIAHUN CTaH.

JIBohazHi MoJIeNl OMUCYIOTh MPOIIEC TPAHYIIOBAHHS y TICEBIO3PIIKEHOMY IIapi
AK B3a€MOJI110 1BOX (ha3: ra3oBoi (0€3 TBepIMX YACTUHOK) Ta TBEPAOT (110 MICTUTH JIUIIE
yacTUHKM). Tpudazni Mojeli A0Jal0Th J0 I[bOT0 3BaXKEHY AUCHIEPCiIO Ta OyIbOAIIKH, K1
MICTSATh T'a3 TOTO X CKJIay, 0 ¥ y aucnepcii. Y paMkax UX MoJielied MaconepeHoc y
3BaXKEHIA AUCTEPCli OMHCYEThCS SIK JABOCTAMHUM MPOIEC: BiJl €MYJbCli 10 3BaXKEHOI
nucriepcii Ta gaii 10 Oynbp0ariok.

ITin 4ac CTBOpEHHS MOJCNI, NPOIEC 3HEBOJHEHHS Ta TPaHYJIIOBAHHSI ¥
TICEBI03PIDKEHOMY IIIapi pO3MISIABCS K TpU(a3HUH TeTepOreHHUN MPOIeC, B SKOMY
B3a€EMOJIIFOTh TPU KOMITOHCHTH: YACTUHKH, BUXITHUN po34WH Ta TerutoHocii. Ilin gac
MOJIEJTIOBAHHS BBaXXAJIOCS, 110 3MiHA TApaMETP1y MCEeBA03PIIKEHOTO apy BiAOYBaeThCs
B Yaci 0e3 BpaxyBaHHs 3MIHM BHCOTH Ta PaJiaJibHOI CKJIaJI0BOi, TETJIOOOMIH MK BCiMa
KOMITOHEHTaMH TMPOIIECY € KOHBEKTUBHUM, YACTUHKU € MOHOJUCIIEPCHUMHU, TOPUCTICTh
Ta arJioMepallisi BiICyTHI, Kparli MarOTh BY3bKUM PO3IMOILT 32 PO3MIPOM, MK KparuIsiMu
BIJICYTH1 31TKHEHHS, 3JIMITAHHS Ta HAJUIIAHHS HA CTIHKU KOPIYCY.

MaremMaTuuHa MOJEJIb IOBHHHA BIAMNOBIZATH TaKUM KJIHOYOBHM BHMOIaM, SKi
320€31euyI0Th TOYHICTh Ta PEalliCTUYHICTh OIMUCY POOOTH TPaHyIATOpA:

- TemneparypHuii miama3oH poOOTH TpaHyIsTOpa: MOJAEIb TOBHHHA
BpPaxOBYBaTH, III0 TeMIIEpaTypa B IpaHyJIATOpi 3HaxoAuThesa B Mexkax Bif 300 K mo 420
K.

- [loyatkoBi yMOBHM: JJsi TIOYaTKy pPOOOTH TpaHyIsATOpa HEOOXITHO
3a0e3MeunTH TaKi MOYaTKOBI 3HAUCHHS TEMIIEPATYPHU:

1. Temmneparypa rpanyn: 300-305 K.
2. Temneparypa kpanens: 290-295 K.
3. Temneparypa termmonocis: 390-400 K.

['paHnyHi yMOBH: MOJENh TOBMHHA TapaHTyBaTH, IO MapaMeTpH
TEMITepaTypH 3aJUIIAIOTHECS B IOMyCTUMHUX MEKaX:
1. Temneparypa rpanyn He noBuHHa niepesutryBatu 370-390 K.

2. Temneparypa kpamens He moBuHHA niepeBunyBata 380—400 K.
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3. TemmepaTtypa TemIoHOCis He ToBUHHA onyckaTtucs Hukye 300 K.

[{i BUMOTH € KPpUTUUYHUMH 11 3a0€3MeUeHHs] CTa0UTbHOCTI pOOOTH TpaHyJIsITOpa,
3anoOiraHHs neperpiBy adbo mepeoxoo KEHHI0O KOMIIOHEHTIB, a TAKOX JJIsl JOCSTHEHHS
HEO0OX1THOT IKOCTI KIHIIEBOT'O MPOIYKTY.

Jl71st onucy mpoliecy Temo00MiHY B TpaHyJIATOP1 BAKOPUCTAHA HACTYIHA CUCTEMA
PIBHSHB:

- 3MiHa TeMnepaTypyu YaCTUHOK:

de
P_ _O.) -
MpCp at apSp(@a ~Op)-M pvdrdery *C4%g chyst " (2.1)

+M,C 0,0+ Ry M Cy(Oy —O,) =7 — s
ne ap, — koedimieHT Temsonepenadi 4acTMHOK, Bm/(M?**K); Sp — muoma MOBEPXHi
YACTHHOK, M2, @, — TeMIeparypa TemioHocis, K; @, — teMneparypa 4acTHHOK, K; M, —
Maca YaCTHHOK, K2, Vgry — MUTOMa IIBUAKICTH CYIIIHHS BOJIOTM Ha YaCTHHKAX Y B
Kkparsix, 1/c; Qary — MUTOMA TEIUIOTA CYIIIHHS Kpanenb, /[oc/ke; Gqg— MacoBl BUTpaTH
Kpameinb, Ke/c; X4 — KOHIEHTpaIlis Kpameiab po3duHy; Qcryst — MUTOMAa TEIUIOTa
KpucTanizaiii kpanenb, /owc/ke; My — Maca 4acTMHOK, k2; Cp — MUTOMa TEIUIOEMHICTh
YacTUHOK, /[[c/(ke*K); Iy — Koe(ilieHT akciadbHOI IucIiepcli 4acTUHOK, [/c; Opy —
IIOYaTKOBa TeMIIEpaTypa 4acTHHOK, K; Rag — MATOMa MIBUIKICTH CTUKAHHS Kpameib 3
yacTuHKamu, //c; Cq — muTOMa TETUIOEMHICTh Kpanenb, /[c/(ke*K); @4 — TeMiepaTypa
Kparnensb, K; yo— po3CitoBaHHS €Heprii Ipu 31TKHEHHI, /{oic/c; pps — iepeiada KIHeTUYHOT
eHeprii, orc/c.
- 3MiHa TeMIepaTypu Kparmeb:

de

_d_ _ _
M,C, - =G,C4%, RadeCd(@d 0,)+

+M derdery + ade(@a - @d )

(2.2)

ne Gyg— MacoBi BUTpaTH Kparmelb, ke/c; Cq — TUTOMA TEIIOEMHICTD Kpaneis, /{oc/(ke*K),
Odo — moyaTKoOBa Temneparypa kpaneib, K; Rad — MIUTOMa MIBUIAKICTh CTUKAHHS Kpamneib
3 yacTuHKamu, I/c; Mp - Maca 4acTHHOK, k2; G4 — Temmeparypa Kpamenb, K; ©p —
TeMIiepaTypa 4acTuHOK, K; My, — Maca 4YaCTHHOK, K2; Vdry — TUTOMA IIBHJKICTh CYIITHHS

BOJIOTM Ha YaCTMHKAaX 4M B Kpamsix, //c; Qdry — MUTOMA TEIJIOTA CYIIIHHS Kparelnb,
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Joic/ke; ag — koediuienT Temonepenaui kpaneib, Bm/(m?*K); Sq¢ — miomia MmoBepxHi
Kpaneib, u?; @y — TemIepaTypa TemioHocis, K.
- 3MiHa TeMIepaTypy TEIIOHOCIS:
do

a _
MaCaF—Ga(CaG)

a0 ~Ca®a) ~8,5,(0, -0 ) -a;5,(®, -0,) (2.3)
ne Ga — MacoBl BUTpATH TeIIOHOCIs, xe/c; Cq — MUTOMA TEIMJIOEMHICTh TEIUIOHOCIS,
IDic/(ke*K); O — moyaTKOBa TeMIlepaTypa kpamenb, K; @, — TemrnepaTypa TeIIoHOC 1,
K, ap, — xoediuieHT Teruionepenayl YaCTHHOK, Bm/(m**K); Sp — myjoma moBepxHi
YaCTHHOK, M?; Op— TeMIeparypa yacTHHOK, K, ag— Koe(illieHT Terionepeaayi Kpanesib,
Bm/(M?*K); Sq— m101a NOBEpXHi Kpaneib, u%; Og— TeMneparypa kpaneib, K; M, — Maca
TEIUIOHOCI, K2.

Po3poOnena MaremMatnuyHa MOJEldb BPAXOBYE TIAPOJUHAMIKY MCEBIO3PIIKEHOTO
mapy, rnepeaavyy KiHETHYHOI €Heprii, po3CitOBaHHS CHEprii, CTUCHEHHS Kpareib 3
YaCTHMHKaMH, iX aAre3it0 10 MOBEpPXHI, KIHETUKY BUCHUXAaHHS PO3UYMHY Ha TMOBEPXHI
gacTUHOK. CrcTeMy PiBHSHB PO3pOOJIEHO 3 YpaxXyBaHHSM €MIIIPUYHUX CIIBBIIHOIICHD
IUIsL pO3paxyHKy MHTOMOI IIBHAKOCTI BUCHUXAHHS, MUTOMOI IIBHIKOCTI OCA>KECHHS
Kpareiib Ha YacTHHKax B Pe3yibTaTi aaresii, koedillieHTa OChOBOTO PO3CIFOBAHHS
JaCTHUHOK, KOe(III€HTIB Terutonepeaadi, koediieHTa s po3paxyHKy BTpaT MaTepiaity
1 TOBIIMHY APy MOKPHUTTS, @ TAKOXK MTOYATKOBI YMOBH.

30UIbIIeHHST TpaHyl OUIbII IMOBIPHE, SKIIO 30UIBIIYETHCS CHJIA 1 MIBUAKICTDH
34UeIJICHHS Kpareib PIAMHY 3 TBEPAUMHU YaCTHHKAMU. ANITE3UBHI BIACTUBOCTI Kparuti, B
CBOIO Yepry, 3aJIe’KaTh BiJl TBEPJOCTI MOBEPXHI TPAHYIN 1 BIACTUBOCTEH PEYOBHHHU, 1110
PO3IMITIOETHCSI.

[TuTomMa MBUAKICTH CTUKAHHS Kpareib 3 YACTHHKAMU MOe OyTH po3paxoBaHa 3a
HACTYITHOIO ()OPMYJIOIO:

R -Gy _ Gy St
¥ M, Y My, Sty +0.35

) (2.4)

ne Mpo — moyaTkoBa Maca 4acTUHOK, x2; G¢ — MacoBa BUTpaTa Kpameisb, ke/c; Sty — 9ucio

Crokca aJist Kpanesb, sike MOXKHa pO3paxyBaTH 3a TaKo (GOpMYJIO0:
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p,V,d2
St, =—4=24 (2.5)
Hadp
€ pd — TYCTHHA Kparenb, k2/m°; Va — MBUAKICTH PyXy TEIIOHOCIsS, m/c; dg — miameTp
Kpareib, M; [la — JAHAMIYHA B’ SI3KICTh TeIUIoHOCI, [1a*c; dp — niameTp 4acTHHOK, .
Po3citoBaHHs eHeprii npu 31TKHEHHI SBJIsiE€ COO0I0 MIBUAKICTh PO3CIFOBAHHS €Heprii
B MEXax TBep/0i (ha3u BHACIIIOK 3ITKHEHb MK YacTUHKamu. Lleil siBuie MmonentoeTbes
3a 1oroMoror kopessiiii JlyHa:
2
- 12(1-e,)9, » az(3kB®p
g =—— 22 e
dJz TP M,

ne €, — Koe(dillieHT BIJHOBJICHHS 3ITKHEHHS YAaCTMHOK 3 IHIIMMM YacTUHKaMu; Jo —

)5S, (2.6)

pamianbHuit po3noaia, m; dp — KiaMmeTp YacTMHOK, M; Sp — IUIOIIA OBEPXHI YACTHHOK, MZ;
pp — TYCTUHA YAaCTHHOK, k2/M%; @p, — Koe(ilieHT Temuonepenadi 4acTMHOK; O —
TemIeparypa 4acTuHOK, K; kg — ctana bonbimana, /[oc/K; Mp — Maca 4aCcTHHOK, Ke.

[Tepenaya kKiHeTUYHOT €HEPrii BUITAIKOBUX YaCTUHOK Bix TBepoi (a3u 10 piakoi
¢dazu moxke OyTu obunciieHa 3a GopMyIior:

~3K,.0,
S

p

Pps = (2.7)

e Kps — KoedilieHT cuin B3aeMoii piluHu Ta TBEpAOro Tina, Bm/(m?*K); S, — mioma
MIOBEPXHI YACTHHOK, M%; Op— TeMIIEpaTypa YacTHHOK, K.
KinpkicTh Temia, Mo BUAUISETHCS MPU BUIAIICHHI BOJOTH 3 MOBEPXHI Kparielb,

MOJKHaA IICPCIINCATHU TaK:

M
M pvdrdery = ﬂ R@hZo AP(?dry (28)

p

ne f — koediieHT Maconepenadi, m/c; Mhyo — MOJEKyIsipHa Maca BOJAH, Ke/Mob; Op —
Temreparypa 9acTuHok, K; R — yHiBepcanbHa rasosa crana, (m%*ke)/(c?>*K*mons); AP —
PI3HUIA TapLiadbHOTO TUCKY, [1a, Qdry — MMTOMA TEIJI0Ta CYUIIHHS Kpanens, /{owc/ke.
TakuM 4MHOM MU 3MOXKEMO PO3paxyBaTH BCl 3 pIBHSAHHS Ta OTPUMATH BUMIpPH
TEMITepaTyp YaCTHHOK, Kparelb Ta TETUIOHOCIS B OJTHY OJIMHHUIIIO Yacy.
Pe3yabTaTn 004ucIeHHsS TPHOX(a3HOI MaTeMaTHYHOI MO/1eJ1i TPAaHY/JIIOBaHHS

y IICeBAO3PiAKEHOMY HIAPi.
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JUist OTpUMaHHS JUHAMIYHUX PE3YJIbTaTIiB PO3pOOJIEHOI MaTeMaTU4YHOI MOJEINI
CTBOPEHO MporpaMy i OOYMCIICHHS JIaHOT MaTeMaTU4YHO1 MOJeli MeToaoM PyHre-
Kyrtta 4-ro nopsiaky Ha MoBI nporpamyBanHs Python (nmepa nporpama). 3a 1onomMoroo
BOYy/ZIOBaHUX MaTEeMAaTHYHUX O10JI10TEK TMPOBEICHI OOpaxyHKH Ta Bi3yali3oBaHa
MOBENiIHKa TeMIepaTyp YacTHHOK, Kpameidb Ta TEIUIOHOCISI 3 MOMEHTY BKIIIOUEHHS
YCTaHOBKH JI0 KiHIISI BUKOHAHHS MPOIIECY.

Takox cTBOpeHa iIEHTHYHA MO (QYHKIIIOHATY TporpamMa B TPOTPaAMHOMY
3a0e3neuenni MATLAB (npyra mporpama). Pesynbratn oOGpaxyHKy 000X mporpam
OyAyTh BUKOPHUCTAaHI B OJIAJIBIINX KPOKaX MOCSITHEHHS KiHIleBoi MeTH. [lepia mporpama
BUKOpPHCTaHa JJIs BH3HAUCHHS MOKa3HWKIB JlsamyHoBa Ta moOymoBM aTpakTopa TMpu
TOCIIDKEHH] Xaocy i/l Yac BUKOHAHHS MPOIECY TPaHyJIIOBAHHS Y TICEBAO3PIIKCHOMY
mapi. J[pyra mporpamMa — OCHOBa Il MOJICIIOBAHHS POOOTH PEryJSTOPIB, OCKUIbKHU
nporpamue 3a0esneyeHHss MATLAB wmictute BOyIOBaHI KOHCTPYKTOPU ISt
MOJIETTIOBAHHSI PETYJIATOPIB, SKi 3HAYHO MOJIETIIATh TaHUW eTal.

Merton Pynre-Kyrra 4-ro mopsaky 1€ OJWMH 3 HaWMONIUPEHINIUX METOMdIB
po3B’si3Ky nudepeHIiabHUX piBHSIHL. lle iTepamiiinuii MeTron 3 OOYHCICHHSIM
IPOMDKHUX 3HaueHb (YHKINT Ta ii MOXiJHHUX, III0 BUKOPHUCTOBYETHCS ISl OTPUMAHHS
OUTBIII TOYHOTO PE3YJIbTATY.

B migpo3gimi  2.1. cdopmynaroBaHa Tphox(azHa MaTemMaTHYHA MOJCIHb
I'paHy/II0OBaHHS y TMICEBIO3PIIHKEHOMY IIapi, SKa CKIATAETHCA 3 TPHOX JU(epeHITiaTbHUX
piBHsAHB (2.1), (2.2) Ta (2.3). 1llo6 po3B’s3atu ix meromoM Pynre-Kyrra 4-ro mopsaky
HaM HeoOXiHO 3HaiTH 3Ha4YeHHs QyHKIT Y(X) HA TPOMIXKY [Xo, Xn]. CTBOpEeHY MOIEIH
THTEPIPETYEMO Y BUTIIA I JUuEepEHIIaTbHUX PIBHSIHB MEPIIOTO MOPSAIKY Y BUTIISIL:

y=f(xy) (2.9)
3 MOYaTKOBUMHU yMoBamu Y (Xo)=Yo.
3a AOMOMOTr00 JAHOTO METOAY MU MOXEMO OOYMCIUTH HACTYIHE 3HAYEHHS Yn+1

Mi/1 YaC HACTYMHOT'O KPOKY Xn+1, AKHI MOXKHa OOUYUCINUTH:

Xn+1 = Xn +h (210)
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ae h — BemuumMHA OJHOTO KPOKY. B Hamomy BUIaAKy Iie 4ac, OJMH KPOK SKOTO PIBHUMN
0.001 cexynau.

J1Jis BU3HAYCHHS IPOMDKHHMX 3HAYCeHb MOTPIOHO 00uncuTH 3Ha4eHHS K1, K2, K3 1Ky
3a I0MOMOTror0 hopmyiI:

kl = hf (Xn’yn)

k2=hf(xn+h,yn+ﬁ

r2] k2 (2.11)
ky = hf (X, +—, -2
3 ( n+2 yn+ 2)

k, = hf(x, +h,y, +K,)
[Ticns 0OpaxyHky hopmyi (2.11) cTae MOKITMBUM 00paxyBaTh HACTYITHE 3HAUCHHSI

Yn+1 32 IONOMOT010 (POPMYIIH:

Yoo = Yn +%(k1 + 2k, +2k; +k,) (2.12)

Jlami, BUKOPUCTABIIN HACTYITHE 3HAYCHHS HE3aJICKHOI 3MIHHOI — 4Yacy, SIKy MH
MOXEMO OOYHUCIUTH 3a IornoMorow ¢opmyinu (2.10), Ta m0HHO OOUYUCIIEHY 3aTCKHY
3MIHHY — TEMIIepaTypu YaCcTUHOK, Kpareib Ta TEIUIOHOCIS, MOBTOPIOEMO aITOPHUTM
CTHOYaTKy JI0 TOTO MOMEHTY, JOKH MU HE JIiiIeMO 10 OCTAHHHOT'O 3HAYCHHS B IIPOMIKKY
[Xo, Xn]. ITim wac mporpamumux oOpaxyHKiB gaHui npomikok mopiBaroe [0.001, 150] 3
kpokom 0.001 cexynau.

Jlis mporpamHuoi peanizaiii B maketi MATLAB Bukopucrana ¢yukitis 0oded5(),
sIKa JI03BOJISIE PO3B’A3aTH CUCTEMY TU(epeHITiaTbHUX PIBHSIHB 3a JIOTIOMOT'0F0 KOMOHAITI1
meTona Pynre-Kyrra 4-1o 1 5-ro mopsaky. Jlana ¢pyukiis (0de45()) no6pe miaxoauTs 1is
(GYyHKITIH, 10 HE MOXKYTh PI3KO 3pOCTaTH UM MaJaTH, 10 T00pe KOPETIOEThCS 3 paHilie
CTBOPEHOI0O MAaTEMAaTUYHOI MOJCIUTI0 TPAHYJIIOBAHHS Yy TICEBIO3PILIKEHOMY IIapi,
OCKUTBKU TEMIIEPATypH i 4ac JAHOTO MPOIECY PI3KO HE 3MIHIOIOTHCS, a KOJUBAIOTHCS
B HEBEIUKHX MeXax. AKTUBHHU TEIUIOOOMIH MDK YacTHHKaMH, KparuisiMd Ta
TEIUIOHOCIEM CIIOCTEPITa€ThCsl JUIIE HAa MOYATKY JaHOTO MPOIECy, IO HE BIUIMHE HA
TOYHICTh O0YMCIIEHb. TEIUIOHOCIH TOCTIHO HArpiBa€ThCSA, IO HE Ja€ WOMY HAJITO
CWJIBHO OXOJIOHYTH.

OuikyeThcsl, MO TCAS TIOYaTKy BHKOHAHHS TIPOIECY TPaHYIIOBAaHHA Y

MICEeBAO3PIIKEHOMY 11api, TEIUIOHOCIH MOYHE AaKTUBHO 30UIBIIYBAaTH TeMIEpaTypy
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YaCTHHOK Ta Kpamelsb 3a paXyHOK Iepe/iadl CBO€EI BIACHOI TeMIIepaTypH, 4epes3 M0 HOoro
TeMIiepaTypu Mae 3Hu3uTHCS. Ormsinatucsa OyayTs nepiii 150 cekyH nmpoiecy, OCKUTbKU
MIPOTHO3YETHCS, IO 3B L€ yac TeMrepaTrypH MOBMHHI BUWTH Ha CTaOLIbHUN pIBEHBb Ta
KOJIMBATHUCS JIUIIE B MEXaX HEBEJIUKOTO0 MPOMIXKKY, OCKUIBKH MPOLEC HE € JIHIMHUM 1
TEII000MIH B1JOYBA€THCS MOCTIMHO.

JIjist MOJieI0BaHHS BUKOPUCTaH1 HACTYITHI 3HAUYEHHS, 0 HaBeAeH1 y Tabmuii 2.1,

Taonuus 2.1

[lepenik mapameTpiB Ta BIAMOBIIHI IM MO3HAYEHHS 1 PO3MIPHOCTI

Ha3ga [To3HaueHHs | 3HAYEHHS
Maca 4yacTHHOK Mo 1.5
Maca kpanenb My 2
Maca noBiTps Ma 3.5
Maca 4acTUHOK 10 CTapTy Mo 1.53
[TuToMa TeII0EMHICTH Kparneib Cqd 1590
[TuToma TemI0EMHICTh YACTHHOK Co 1420
[TuToMa TeII0EMHICTD TTOBITPS Ca 1011
[ToyaTkoBa TEMIOEMHICTD TTOBITPS Cao 1015
IToyaTkoBa TemMnepaTypa 4YaCTUHOK Opo 300
IloyaTkoBa TemMnepaTypa Kpamneib Ow 293
[TouaTkoBa Temneparypa moBiTps Oq0 393
KoedimienTt akcianbHOT qucnepcii 4acTUHOK Ip 1*10°
[TuTOoMa MIBUAKICTH CYIIIHHS BOJIOTH HA YACTMHKAX YU B | Vdry 0.47
Kparisix
[TuToma TemmoTa KpucTatizallii Kpaneib Qeryst 82300
[luToMa TemioTa CyuIiHHS Kpaneib Qury 5000
Hasga [lo3nauenns | 3HaYeHHS
KoedimienT termnonepenadi 4acTHHOK ap 5.57
Koediuient remnonepeaadi Kkpamnenb ad 5.535
[iomma noBepXxHi YaCTUHOK Sp 7.07*107
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I[Inoma Temionepeaadi Kpaneib Sq 6.07*10°
MacoBi BUTpaTH Kparneib Gy 0.7
MacoBi BUTpaTH MOBITPs Ga 1
KoHueHnTpaiiisi kpanenab po3uuHy Xd 0.37

[Ticns mpoBeneHHs OOpaxyHKIB OTPUMYEMO Tpadik 3alexKHOCTI TeMIEeparyp

YaCTHHOK, Kparelib, TeIUIOHOCIS BiJl Yacy, sika 300pa’keHuil Ha pUCYHKY 2.1.

400 T T

g

Temmneparypa. [K]
=
=

320

300 —1

280
0 50 100 150

Hac, [c]

Puc. 2.1. I'padik 3a1eXHOCTI TeMIiepaTyp YaCTHHOK, Kpareib Ta MOBITPS Bif

qacy (1 — yacTuHKH, 2 — Kparuti, 3 — TeIIIOHOCIH)

Otpumannii Tpadik CBIAYATH TPO TE, IO MPOIEC BiAOYBAETHCS KOPEKTHO,
TEMIIEPaTypH B3aEMOJIIOTh MK CO0010, 5K 1 mepeadadyBaioch, Ta BCi 3 mapamerpa, a
came TeMIepaTypH YacTUHOK, Kpareib Ta TEIIOHOCIs, CTa0ilIi3yI0ThCsl HA OJJHOMY PiBHI
npubnu3Ho 3a 40 cekyHA Micas Mmovarky mporecy. Jlo IIboro 4acy crmocTepiraerbes
HE3HAYHE 3MEHIICHHS TEMIIEpAaTypy YaCTUHOK Ta Kparmelyb Ha 1-2 KelbBiHA Ta MOCTIWHE

KOJIMBAHHSl BCIX MapaMeTpiB B HEBEIUMKHX MEXax, L0 CBIAYUTH MPO HEIIHIMHICTH
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npouecy. Takox 1€ CBIAYMTh PO aKTUBHE MEPEMIITYBAHHS BCIX KOMIIOHEHTIB 1]l 4ac
MPOLIECY TPaHYIIOBAHHS.

JHonaTtkoBo nepeBipenunii mpoMikok [150, 2000], TemnepaTypu BCiX KOMIOHEHTIB
MOBOJATH cebe CTabUIbHO Ta PI3KI Mepemnaad 4Yd 3MiHa jAlana3oHa cradurizauii He
CIOCTEpIratoThes. TeMiepaTypu TPUMAIOThCSl B TOMY K J1alla30H1 KOJMBAaHb, HA SIKUU
BUMIILIN 0:113bKO0 40-BOi CEKYHIU MOJCITIOBAHHS MIPOIIECY.

Jnst miaTpuMmaHHs cTaOUIbHOI poOOTH amapaTy 3 ICEBAO3PIIHKEHUM IIapoM Y
HEOOXIZITHOMY T1IPOJAMHAMIYHOMY PpEXKHMI BCEpEIUHI HUX MOTPiIOHO PpO3poOUTH
e(eKTHUBHY CHUCTEMY KEepyBaHHS IMPOIIECOM 3HEBOJAHEHHS Ta TpaHyIIOBaHHA. SKicTb
JIaHO1 CUCTEMHU KEepYBaHHS TICHO IOB’s3aHa 3 TOYHICTIO MaTeMaTUYHOI MOJIeNi 00’ eKTa
JUISL SIKOTO PO3pOOJISIETbCS J1TaHa cucTteMa KepyBaHHA. OTpuUMaHi pe3yjiabTaTH Bif
PO3paxXyHKy MaTeMaTH4HOI MOJIEN I0Ka3yIOTh, 110 BOHA MOXE CIY>KUTU OCHOBOIO JIJIS

po3po0OKH e(DEeKTUTBHOT CUCTEMU KEPYBAHHS.

2.2. MareMaTH4YHAa MOJIe]Ib TPAHYJIOMETPUYHOTO CKIATY

[Ipu rpanyItOBaHHI y TICEBIO3PIHKEHOMY IIapi BaXXITMBHUM KPHUTEPIEM SKOCTI €
3a0e3IeueHHsI TOTPIOHOT0 rPaHyJIOMETPUYHOIO CKJIay TOTOBOTO MPOAYKTY. MexaHi3M
POCTY TpaHyJl 3HAYHOIO MIPOIO 3aJIeXKUTh BiJl (PI3UKO-XIMIYHUX BJIACTHBOCTEH BUXITHUX
MarepiajiB, YMOB EKCIUIyaTallli TEeXHOJOTIYHOrO MpOIeCy Ta IHIIUX YWHHHKIB, SKI
BU3HAYAIOTh XapakTep B3a€EMOJIi MDK TUCIIEPrOBaHOI0 PinKoio (a3or0 1 TBEpAHUMU
JaCTHHKAMHU.

Uepe3 IHTEHCHMBHE MEPEMINTyBaHHS YAaCTUHOK TICEBIO3PIMKEHUN IMap dYacTo
BBAXKAIOTh TIOBHICTIO 3MIIIAHOI0 CHCTEMOI0. PO3UMH PO3MITIOETHCS y BEpXHINA 4aCTHHI
mapy, (opMylOYM aKTUBHY 30HY, € BiIOYBa€ThCA OCiAaHHS PO3YMHY Ha TIOBEPXHI
TpaHyJI 1 BUMIAPOBYBAHHS pO3YMHHUKA. J[aHI BUMIpIOBaHb TEMIIEpATypH MOBITPS B mIapi
3 BEpPXHIM pO3NWICHHSIM uepe3 (OPCYHKY BKa3ylOTh Ha ICHYBaHHS TPBOX UITKO

OKPCCJIICHUX 30H:
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- 30Ha 3BOJIOKEHHS: Po3ramoBaHa mo0au3y pO3NUIIIOBAIBHOI (DOPCYHKHU y
BEpXHiil yacTuHi mapy. TyT cnoctepiraeTbCsi HU3bKa TEMIIEpaTypa Ta BUCOKA BOJIOTICTh
yepe3 0e3nocepe/IHe OCIaHHS PIIUHU.

- [30TepmiuHa 30HA: 3HAXOIUTHCS HABKOJIO 30HU 3BOJIOXKEHHS Ta OUIs CTIH
rpanyisTopa. Y Lild 30H1 BCTAHOBIIOETHCS OajaHC MDK TEIJIO- Ta MAacOOOMIHOM, IO
3a0e3nedye piBHOMIpHY TEMIEPATYPY MOBITPS.

- 3ona Temnonepenavi: Po3ramoBaHa Haa  pPO3MOAUIBHUKOM —Tapsyoro
noBiTpst. Y wil oOnacTi TemiepaTypa Tapsyoro MOBITPS PI3KO 3HUKYETHCS uepes
nepeaavy eHeprii OUIbII XOJI0HUM YaCTUHKAM, 10 HAIXOAATh 13 BEPXHIX 30H.

Po3mipu 11X 30H 3anexaTh Bl poOOUYMX MapaMeTpiB 1 3HAYHOIO MIpOIO BIUIMBAIOTh
Ha e(DeKTUBHICTH arjoMepaiiii. 30kpema, arjioMmeparlis 3ajJeXuTh BiJl llaMeTpa YaCTUHOK
1 TTMOMHY MPOHUKHEHHS PIAVMHU Yy 1Iap, 0COOIMBO B 30HI 3BOJIOKEHHS. PiCT 4acTHHOK
MOKJIUBUM JIMIIE 32 YMOB iXHbOI LUPKYJSAIIT Yepe3 30HY 3BOJIOKEHHS, 1€ YaCTUHKH
B3aEMOJIIIOTH 13 BOJIOTUM PO3YHMHOM Ta 3JIUIAIOTHCS MPH 31TKHEeHHI. Po3Mmip 11i€i 30HU Ta
IIBUJIKICTh MEPEMIIIEHHS YaCTUHOK Yy IIapl BU3HAYalOTh TEMIHU POCTY YACTHHOK 1
3arajibHy e(peKTUBHICTb arjoMeparii.

['panynsTop 13 NCEBIO3PIIKEHUM IIAPOM MOJEIIOEThCA K CHUCTEMa 3 JBOX

PEaKTOpPiB, MK SIKUMH 3/IIMCHIOETHCSI OOMIH YacTHHKaMH (puc. 2.2).

Peaxtop A
Qs P

Cin BOHG IEONONCEHHA
A
 ——-— A

N (ty=aN (1)

qit)

q(t)

Peaxrop B
Dzomepmivna sona ma
30HG Mentonepedayi

yr” (v.1)
Ny =(1-a)N.(1)

Puc. 2.2. Mogaens rpanynistopa 3 nNceBA03P1I)KEHUM I1apOM
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MartemaTuyHa MOJ€1b IOBUHHA BIANOBIAATH HACTYITHUM BUMOTaM:

- Jiana3zoH pO3IMOAUTY IPaHyl B IKOMY IPALIO€ TPAHYISATOP MOBUHEH OyTH B
Meskax Big 0.01 MM o 3 MMM,

- NOYaTKOB1 YMOBHU (DYHKIII po3MOAlLLY TpaHyl B peakTtopax A ta B piBHI
HYJIIO.

Peaktop A Mojentoe 30HY 3BOJOXKEHHS, TOAl sK peakTtop B Bigmosimae
130TepMIUHINA Ta TEMI00OMIHHIN 30HaM. 3aCTOCYBaHHS PIBHSHb OallaHCy HACEJIECHHS 10
[IUX PEAKTOPIB JI03BOIMIIO CPOPMYIIIOBATH cUCTEMY PIiBHSAHB (2.13), ne nepiuuit 1 1pyruit

JT0JIAaHKU XapaKTepU3yIOTh 00OMIH YaCTUHKaMU Mk peaktopamu A 1 B, a Takox 3poctanHs

Iapis.
dy*(v,t) _q() [ s A 0 av 4
=0 ) -y (.0l - [y " (v,)]+ F(v) - E(V)
d St v, v dt (2.13)
Rl AR

VY mporneci gociipkeHHsT chOpPMOBaHO cUCTeMY AUEpEHIIAIbHUX PIBHAHB, SKa

ONMKCYE MEXaHI3MU IPAHYITIOBAHHS Y MICEBIO3PIIHKEHOMY IIIapi:

d@iA t > 1
d_:&.(éf - @)+ D, (t)"'zj kkx ey A==05,In(V) B« '(DjA'(DkA_
t V, blox i 2
_@iA 'Zszlﬂj,k 'CDkA - SnKrCDiA (214)
do?

A0 pa g
@D

ne @ — pyHkuis posmoxiny rpanyn B peaktopi A; @ — QyHKIis pO3MOIiTY TpaHyI B
peakTopi B; Va - 00'eM peaktopa A; Vg — 00’ em peaktopa B; q(t) — mBHIKICTE OOMIHHOTO
noToKy Mix peakropamu A i B; Di(t) — TepMmiH 3pocTaHHS JUCKPETHOTO HAIIApyBaHHS; fik
— ¢yHKIIS ariomepartii; | — K1ac KpyImHOCTI IrpaHyi; V — 00’eM wyactuHky; [Vi; Vi+l] —
JiarasoH, JIe 30CepeHKEeHI TPaHyIIH MIEBHOTO KIIacy PO3Mipy.

[TapameTpu x 1 y moB’si3aHi 3 (HOPMOIO TPAHYJIOMETPUYHOTO CKIIATy, a fo, KU
OMUCY€ KIHETUKY 3MIHU TPAHYJIOMETPUUHOTO CKJIaay, 3aJIEKUTh B/l yMOB €KCIUTyaTallii.

ITix yac po3poOKku MaTeMaTUYHOI MOJIEJIl BPaXOBYBAJIUCS TaKi KJIFOYOB1 aCIIEKTH:
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- PicT yacTHHOK MOXJIMBUM JMIIEe B 30HI 3MOYYBaHHS Mia (POPCYHKOIO, e
YMOBH JJIs1 arjioMepanii € ONTUMaJIbHUMU.

- VY 30H1 3BOJIOKEHHS TEMIIEpaTypa 3pOCTa€ Bl HEHTPY 10 OOKiB, CTBOPIOIOYHN
IpaJlEHT, SIKUW BILUIMBAE HA MPOLIEC arjaoMepari.

- B i30TepMiuHiii 30H1 3a0€31eUy€eThCsl PIBHOMIPHICTh TEMIIEPATYPH MOBITPA,
110 CIpUsie€ CTaOUTLHOCTI TEIUIO- Ta MAaCOOOMIHHUX MPOIIECIB.

- VY 30H1 TEMI000MIHY TeMIepaTypa rapsiaoro HoBITPs HIBUIKO 3HUKYETHCS
yepes nepeavy Teria YaCTUHKAM, 110 HaJAXOAATh 3 1HIIUX 30H.

- IIBUAKICTE POCTY YACTMHOK BHU3HAYAETHCS PO3MIPOM 3MOYYBAJIbHOL
aKTUBHOI 30HM Ta IHTEHCHUBHICTIO TII€PEHECEHHS YacTHHOK Yy 10 00JacTh
NICEBO3P1IKEHOTO 1Iapy.

- Arnomepariisi BiIOyBa€eTbCs MEPEBAXKHO Y 30HI 3MOUYYBaHHS, /1€ YaCTUHKHU
B3aEMOJIIIOTH 13 P1AKOIO (pa3oro.

Jlana MareMaThyHa MOJENIb TaKOX SBIIAE€ COO0OI0 cHcTeMy IudepeHIiaTbHIX
PIBHSIHB, sIKa MOXe OyTH po3B’si3aHa 3a JornoMororo metol Pynre-Kyrra 4-ro nopsiaky.
[Ipu mepiomy po3B’s3Ky piBHSIHB, JiaMeTp Tpanyn 3amanuii 0.25 mm. OOGpaxyHOK

npoBoauBCs st 30 CEKyH]I.

20
15
B
E 10
5 -
0
0 5 10 15 20 25 30

Tac, [c]
Puc. 2.3. T'padik 3amexHOCTI KUTBKOCTI YaCTHHOK JiameTpoM 0.25 MM Bijg gacy

TpaHyJIOBaHHS B peakTopi A
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3 orpumaHoro rpadiky BUAHO, IO KUIBKICTh T'paHyJl BKa3aHOro JiaMeTpa B
peakTopi A gocAria CBOro MaKCUMyMY MPUOJIM3HO HA 8 CEKYH/II POLIECY IPAHYTIOBAHHS.
Tenep obpaxyemo cuctemy piBHSHD (2.14) mis KUTBKOX IHIIUX MOXKIIMBUX JIaMETPIiB
IpaHyIL.

20

0 5 10 15 20 25 30
Yac, [c]

o= Deldd ==Dalld =Dl ==l
Puc. 2.4. I'padik 3anexHOCTI KUTBKOCTI YacTUHOK Jiametrpom 0.25, 0.5, 0.75 ta 1 MM Bixg

Yacy I'paHyJIIOBaHHS B peakTopi A

OTxe, KUIBKICTh OUTBIIINX TPAHYI 3POCTAE TPOXHU MIBUAIIE, ajle JUIs TOCATHEHHS iX
MaKCUMyMy TIOTpiOHO Ouibine dacy. Takoxk CIOCTEpiraeTbes, MmO 31 30UTBIICHHSAM
PO3Mipy TpaHyJ 3pOCTa€ 1 BIAPUB IO iX KUIBKOCTI BIIHOCHO IOIEPEAHLOTO PO3MIpY.
Takox crocTepira€TbCsi 3MEHIICHHS KUIBKOCTI TpaHynl, Outbmux 3a 1.5 MM, 1m0
300paskeHo Ha Puc. 2.5. 3aramom po3noait rpaHyll 3a po3MipoM € PIBHOMIPHHM, TOOTO
3aHA/ITO MAJIMX TPaHyJI TaK CaMO MaJio SK 1 3aHAJTO BEJIMKUX BITHOCHO CEPEIHHOTO

3HAYCHHS JlamMeTpa.
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vd N

005 045 085 1.25 165 205 245 285
0.25 0B85 105 145 185 225 2865

Hiametp, [nan]

Puc. 2.5. Po3nonin rpanys BIAHOCHO iX po3Mipy B peakTopi A

[Tpu ornsani pe3ynabTaTiB 00paxyHKy peakTopy B mpu Tux ke 3HaUeHHSX JlaMeTpy
IpaHyJl CIIOCTEPIra€ThCs 3HAYHO OUIBINA KUIBKICTD YK€ MAJIUX Ta IY>KE€ BEJTUKUX TPaHYII
BiTHOCHO peakTopa A. TakoXk KUIBKICTh TpaHyJd 3pOCTa€ JOCUTh JOBro. DyHKIlis
pPO3MOAUTY TpaHysl JO0CSIrae CBOTO MaKCUMyMy Juiie Ha 24 CeKyHIl mpolecy

I'paHyJIOBAHHA, IO TAKOX € 3HAYHO OOBIIC B I'[OpiBHiIHH?I 3 PCAKTOPOM A.

20
15 —
:%w -'"/
| /
5 //
Uu 5 0 15 20 25 30

Hac, [c]
Puc. 2.6. I'padik 3amexHOCTI KUTBKOCTI YaCTHHOK JiameTpoM (.25 MM Bijx gacy

TpaHyJIIOBaHHS B peakTopi B

Po3puBH B KIIBKOCTI IpaHyJl Pi3HOTO PO3MIpy MeHIIi. TOOTO B 3arajJbHOMY rpaHyJ
B peaktopi B 3HaxoauTuMeThes Outblie. Ko K B peakTopi A rpaHysIu 3pOCTalid 10CUTh

CTpIMKO, TO B peakTopi B 11e BinOyBaeThCs 3HAYHO MOBUIBHIIIIE.
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N
AN

0o 5 10 15 20 25 30
Yac, [c]
——D=025 =—D=05 =—D=075 =——D=1
Puc. 2.7. I'padik 3anexHOCTI KUTBKOCTI YacTUHOK Jiametrpom 0.25, 0.5, 0.75 ta 1 MM Bif

yacy I'paHyJIIOBaHHS B peakTopi B

HesBaxkaroun Ha 3HAYHO MOBUIBHINIUEN PICT Ta OUTBIIY KUIBKICTh TPaHyJl 3arajioM,
KUIbKICTh TPaHyJl ONTUMAJIBHOTO PO3Mipy HaWOLIbIIIA Ta TaKa X SIK B peakTopi A. Takum
YHHOM MU OTPUMAEMO B 3araJibHOMY 3HAUHO OiIbIlIe ONTHMAIBHUX TPaHyJI HiXK 3aHAIATO

MaJIUX YH BCIINKHX.

25
20 -

Kinericte
[ - [& ]

o

0
005 045 085 125 165 205 245 285
025 065 105 145 185 225 2868

Hiametp, [mm]

Puc. 2.8. Po3nosin rpanyn BiTHOCHO iX po3mipy B peakTopi B

2.3. BucHoBKH 10 2 po3aiay

1. Po3pobnena tproxdazHa MaTeMaTHYHA MOJICTh MPOIIECY TPAaHYIIOBAHHS Y

MICEBIO3PIPKEHOMY IIapi, SKa BPaxOBYE TiAPOAMHAMIKY IICEBIO3PIIHKEHOTO IIapy,
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nepeavyy KIHeTUUHOI €Heprii, po3CitOBaHHS €HEprii, CTUCHEHHSI Kpalelb 3 YaCTUHKAMH,
iX ajaresiro 10 MOBEPXHI, KIHETUKY BUCUXAHHS PO3YMHY Ha MOBEPXHI YACTHMHOK. Takox
BpPaxOBaH1 PO3CIIOBaHHS €HEprii MpH 3ITKHEHHI Ta Nepeaada KIHETUYHOI eHeprii Bif
TBepaoi ¢a3u A0 pinkoi. Jlana MaremaTHUHA MOJEIh MOXE BHUKOPHUCTOBYBATHCS MJIS
PO3pOOKH CUCTEM YIPABIIIHHS MPOLECOM I'PaHyJIIOBAHHS Y MCEBAO3PIIKEHOMY LIapi.

BusiBneno, mo TteMmepaTypu OCTaTOYHO CTaOuUI3yroThes 3a 40 cekyHI Ta
CIIOCTEPIratOThCS MOCTIMHI HETIH1MHI KOJTUBaHHS.

2. Po3pobiiena maremMaTudyHa MOJENbh TPAHYJIOMETPHUYHOTO CKIAAy st
pollecy BUPOOHUIITBA TPaHYJIbOBAaHUX MIHEpAIbHUX JTOOPUB, sika 0a3yeThCs Ha MOJLII
TICEB/IO3PIPKEHOTO IIapy Ha TPH 30HH — 30HA 3MOYYBaHHS, i30TepMiuyHa 30HA Ta 30HA
TETI000MiHy. MareMaTu4Ha MOJIelbh BpPaxoBYy€, IO yYMOBU JJISi POCTY YACTHHOK
BUKOHYIOTBCS JIMIIIE B 30HI XOJOJHOTO 3MOYYBaHHsS i COTUIOM, B 30HI 3MOYyBaHHS
TEMIepaTypa MiABUINYETHCSA BiJ LEHTPY A0 OOKIB, B 130TEPMIUHIN 30HI TemmepaTypa
MOBITPSI pIBHOMIpPHA, B 30HI TEIJIOOOMIHY TEeMIIepaTypa rapsdoro MmoBiTPsS pi3Ko Majae,
3pOCTaHHS YaCTMHOK BH3HAYATUMETHCS PO3MIPOM 3MOUYBaJbHOI AKTHBHOI 30HU Ta
MIBUKICTIO TIEPEHECEHHSI YaCTUHOK JI0 1€ YaCTUHU TCEBIO3PIIHKEHOr0 1Iapy, B 30HI
3MOUYyBaHHS BiOyBaeThcs aryioMmeparlis. JlaHa MareMaTH4Ha MOJIENb TaKOX MOJXKE
BUKOPUCTOBYBATHUCS JJII PO3POOKU CHUCTEM YIPaBIIHHS MPOLIECOM TpPaHyIIOBaHHS Yy
TICEBJIO3P1PKCHOMY IIapi.

Bussneno, mo pos3momia, 10 i Yac TPOILecy TpaHYJIIOBaHHSA y
TICEBIO3P1IPKEHOMY IIapi HalOLIbIIE YTBOPIOETHCS TPAHyI 3 AiaMeTpoM 1.55 mm, 110 €
HaWKpanuMm po3MipoM. 3i 30UTbIIEHHSIM BIIXUJICHHS BiJl JAHOTO MOKAa3HUKA — KUIBKICTh

YTBOPEHUX I'PaHyJI 3HAYHO 3MEHIIYETHCS.
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PO311J1 3. CUCTEMMU YIIPABJIHHA NIPOHECOM BUPOBHUILITBA
MIHEPAJIBHUX TOBPUB

EdextuBHe ynpaBiiHHS BUPOOHULITBOM MIHEPATBbHUX JOOPUB € BaXKIMBUM
3aB/JIAHHSM, sIKe 0€3M0CEePe/IHbO BILUTMBAE HA SIKICTh KIHIEBOI'O MPOAYKTY T4 €KOHOMIYHI
MOKa3HUKU BUPOOHUIITBA. B TEXHOIOTTYHMX YMOBaXx, IpOLEC BUPOOHUIITBA MIHEPATbHUX
NOOpUB B1I3HAYAETHCA CKIIAJIHICTIO, 06araroakTOpHICTIO Ta HediHiMHICTI0. OgHUM 3
KJIIOYOBUX E€TalliB € MPOIEC TPaHYJIIOBAHHS, BiJl SKOTO 3aJIC)KUTh TPAaHYJIOMETPUYHHM
CKJIaJ] POAYKTY, 10, BU3HAYAE HOTO MPHUIATHICTD JJISI BAKOPUCTAHHS B arpapHUX IUIAX.
s toro, mo6 3abe3meunTH Hale)XHE (QYHKIIIOHYBaHHS TPOIECY TpaHYJIIOBaHHS,
HEOOXIJTHO CTBOPUTH CUCTEMY YIPaBIiHHS, SKa JO3BOJIUTH PEryJIOBATH TEXHOJOTIYHI
napamMeTpH, BpaxoByKOYH 0COOJIMBOCTI BUPOOHMIITBA Ta 30BHIIIHI BIUIUBH.

Oco0OnmBy yBary B MpOIECI JOCTIPKEHHS MPUJLIEHO BUBUCHHIO YIPABIIHHS
Xa0CcoM, SAKUW MOXE€ MaTH MIClle B YIPaBiIiHHI BUPOOHUIITBOM TpaHyJIbOBAHUX
MiHEpaJIbHUX J0O0pUB. Xaoc YCKIAIHIOE Tepea0adyBaHICTh TMOBEIIHKH MPOIECY
I'paHy/IIOBAaHHS Yy TICEBIO3PIIKEHOMY IIapi, 1o noTpedye 3aCTOCYBaHHS BIAMOBIIHUX
METOMAIB ympaBiiHHA. [ aHamizy XaoTHYHUX MPOIECIB JOILILHO BHKOPHCTOBYBATH
napamMeTpu JIdamyHoBa, SKi JTO3BOJISIOTh BH3HAYUTH CTYITIHB XaOTHYHOCTI, a TaKOX
aTpaKkTop, M0 XapaKTEepPHU3ye TUHAMIKY Ta MOKe€ OyTHM BUKOPUCTAHHUM ISl BUSBICHHSA
TOYOK BIUTMBY Ha MPOIIEC.

3 METO PO3pOOKU €PEKTUBHOI CUCTEMH YIIPABIIHHS ISl TPOLIECY BUPOOHUIITBA
MiHEpaIBbHUX JOOpPUB, MOXKYTh OyTH 3aCTOCOBAaHI PI3HOMAHITHI MIAXOAH, TaKl SK:
yrnpaBiiHHs 3 nporHosyBaHHsAM (MPC-perynsTop), mpomnopiiiiiHo-iHTErpaibHO-
mudepentiitai (I I-perynsarop) peryasTopu, CACTEMH HEYITKOTO JIOTTYHOTO YIPABITIHHS
(Fuzzy Logic-perynsTop) Ta ONTHMAaIbHUH JiHIMHO-KBagpatnyHi perynsaropu (LQR-
perynsatop). KoxkeH 13 mux MiAXOAIB Ma€ CBOI IepeBaru 1 Moxke OyTH 3aCTOCOBAaHUM
3aJIeKHO BiJ] KOHKPETHHX YMOB BHUPOOHHUIITBA, OCOOJIMBOCTEW NMHAMIKK TPOIECY Ta

BHUMOT JI0 YIIPABIIIHHS.
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3.1. MocaimxeHHs nmokasHukis JIssmyHoBa Ta aTtpakTopa 1 Tpbox{a3Hoi

MaTeMaTHYHOI MO/eJIi Ipouecy rpaHyJIIOBaHHA Yy ICEBA03PiKEHOMY LIapi

VYropaBiniHHS XaoCOM BHUKOPUCTOBYETBCS [UJISl YOPABIIHHS MpoLecaMu, sKi
MIPOSIBJIIIOTh XaOTUYHY NHUHAMIKy. Xaoc — II¢ BHJ JUHAMIYHOI MOBEIIHKH, SIKHHA Mae
BUTIAJKOBUI Ta HemependauyyBaHHMl XapakTep, ajie OJHOYACHO 3 LIMM Ma€ BH3HAUCHY
CTPYKTYpy Ta 3akoHOMipHOCTi. OCHOBHOIO METOIO YIPAaBIiHHS XaoOCOM B IIpoleci
I'PaHyJIFOBaHHS Y TICEBA03PIIPKCHOMY IIapi € 3MiHA XaOTUYHOT MOBEIIHKK TAKUM YUHOM,
mo0 11 KoJWBaHHS 30UIBIIMIUCSA 31 30€epekeHHsM CcTabuIbHOCTI mporecy. ToOTo
KOJIMBaHHS IMOKAa3HUKIB HE TOBUHHI 301TBIITYBAaTUCS 3 YacoOM, IO MPU3BEJIEC JI0 BUIIAY B
HEKOHTPOJILOBAaHUH Hemepea0auyyBaHUN Xaoc, SKUH BXKE HE MaTUME 3aKOHOMIPHOCTI.
TakuM 4YMHOM CTaHe MOMJIMBUM 30UTBIINTH IHTEHCUBHICTD TETNIOOOMIHY Ta MACOOOMIHY
MDK YacTHHKAaMH, KpaIrulsiMU Ta TeIuioHocieM. Ile 103BOIUTH 30UIBIINTH IIBUIKICTH
dbopMyBaHHS Ta IKICTh KIHIIEBOTO MIPOIYKTY.

Ha BupoOHUIITBI HalYacTille 3aCTOCOBYIOTh METOJ] KOHTPOJIIO TMepernagy THUCKY
s yopasiiaHga  nporecoMm  [68-70, 99-100]. Takok BUKOPHUCTOBYETHCS MIAXIi,
3aCHOBaHWN HAa MOHITOPHHTY CTHIOKHBAHHSI €JIEKTPOEHEPTrii CUCTEMOIO 3MIITyBaHHS [69,
101]. OcHOBHMMHM MOKa3HUKAMU SKOCT1 TOTOBOTO MPOAYKTY 3aJIUIIAIOTHCS BOJIOTICTh Ta
po3mip rpanyi. CamMe Ha OCHOBI LIUX MapaMeTpiB OyI0 pO3pOOJIEHO HHU3KY CHCTEM
yrpasiaas [102-105].

[Ipomiec rpaHynOBaHHS 3HAYHOIO MIPOIO 3JICKHTHh B TaKMX 3MIHHUX, SK
TEMIIepaTypa TpaHyl, TeMIlepaTypa TEIJIOHOCIA Ta BOJOTiCTh rpaHyi. Lli mapamerpu
TICHO B32€MOIIOB’3aH1: SKIIO TEeMIEpaTypa TEIJIOHOCIS MEePEeBUIINYE TOMYCTUMI MEXi,
TpaHyJIH IePETPiBAIOTHCS, 110 MTPU3BOIUTH /10 KPUTUIHOTO 3MEHIIIEHHS IXHBO1 BOJIOTOCTI.
Ile Moxke HEraTMBHO BIUIMHYTH HA SKICTh KIHIIEBOTO MPOAYKTY. TOMY A/ CTBOPEHHS
e(eKTHBHOT CHUCTEMHU YINPABIIHHA TPAHYJIATOPOM 13 TICEBIO3PIIHKCHUM IIApOM
PEKOMEHJIOBAaHO OpIEHTYBATHCS HA MOHITOPUHT 1 PETYIIOBaHHS TEMIEpaTypu
TeruIoHocis Ta rpanya [19, 33, 106-113].

[lin vac mpouecy TpaHYIIOBaHHS Yy ICEBAO3PIIKEHOMY IIapi BiIOyBaeTbCs

Xa0THYHE TMEpPEMIlIyBaHHS YaCTMHOK 3aBJISIKA TMOCTIHOMY MOCTYHaHHIO TEIJIOHOCIS.
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BHacniok B3a€Mo/111 YaCTHHOK 13 TEINIOHOCIEM BIIOYBAETHCS iX KOJIMBAHHS Ta 31TKHEHHS
MDK c00010. 3aBASKH LIbOMY YACTHHKU MOYTb PIBHOMIPHO MOKPUTHUCA CYCIIEH3I€10, 1110
YTBOPUTh  SIKICHI TpaHyld, TOMY BaXJIMBO JOCSAITH ONTHUMAJIBHOIO  PIBHS
NepeMillyBaHHs.

XaoTW4YHe TMepeMilllyBaHHS YAaCTUHOK II€ BaXKJIMBUH HAMPSMOK JOCITIIKECHHS
YIPaBIiHHS XaOCOM, KU MOJsra€ B aBTOMATMYHOMY YIPaBIIHHI JE€TEPMIHOBAaHUM
Xa0coM. ICHYIOTh pi3H1 METOJIU JOCIIPKEHHS XaOTUYHOCTI, CEpeJl SIKUX € B1I0OpaKeHHs
JUHAMIKM B TpocTopi (ha30BUX 3MiH, PO3paxyHOK MOKa3HHKIB JlssmyHOoBa, moOyaoBa
aTpakTopis, kputepii lllenHoHa Ta iHIII.

JlJiss BU3HAYCHHS XapakTepy XaOTHYHOCTI MPOIleCy MepeMilllyBaHHsI 0OpaxoBaHi
noka3Huku JlsmyHoBa Ta moOynoBanuii arpakrop. [lokazuuku JlsmyHoBa BKa3ylTh Ha
YyTJIIMBICTh JIO TMOYAaTKOBUX YMOB, JI¢ BHCOKI IOKa3HMKH CBi4aTh MPO XAOTUYHY
MIOBE/IHKY, @ HEBEJIMKI 3MIHH B TOYATKOBHUX YMOBaX MOXYTh MIPU3BECTH JI0 CHIIBHUX 3MiH
B TPAEKTOPIi.

JI1s1 KO>KHOTO 3 BUMIpPIB ()a30BOTO MPOCTOPY ICHYE BIAMOBIIHO OJHWH MOKA3HUK
JIsmynoBa. KoxxHOMY MOXKJIMBOMY CTaHY BIJINOBIJA€ JIUIIE OJJHA TOYKA TPOCTOPY. 3MiHA
CTaHy 300pakyeThCsl pyXoM JaHoi Touku. [Iporiec rpaHystoBaHHS 3 MCEBIO3PIIKEHUM
apoM CKJIQJa€ThCA 3 TPhOX (a3 — YaCTUHKM, Kparul, TEIUIOHOCIH, BIAMOBIIHO
oOpaxoBaHo 3 noka3Huku JlsmyHoBa.

k1o xoya 6 0UH 3 IUX MOKA3HUKIB MMO3UTHUBHUM, TOOTO OLIBIITNI 32 HYJIb, TO 11€
MOK€ CBITYUTH MPO HAABHICTH NETEPMIHOBAHOTO XaoCy, a Bil €MHI MPO CTIHKICTH Ta
30DKHICTh TpaekTopii. UuM BuIl MOKa3HUKH JIsSmyHOBa, TUM CHJIBHIIIMN BIUTHB
MOYaTKOBUX YMOB.

Taxox moka3Huku JlsimyHOBa MOXXYTh BKa3yBaTH Ha THUII aTpakTopa. ATPaKTop —
11e MHOKHHA TOYOK Yy (ha30BOMY IIPOCTOPI, IO SKOi 30iratoThes (pa3oBi TpaekTopii nmpu
9aci, o IpsIMye€ 10 HECKIHYeHHOCTI. ToOTO, SKIIO MpoIieC CTapTyeE 3 PI3HUX MOYATKOBUX
YMOB, TO B KIHIICBOMY ITJICYMKY BiH 30iraeTbcs /10 IEBHOTO CTaHy a00O CTaHiB.

[cHYyIOTh pi3H1 BUJIU aTPAKTOPIB:

- ToukoBuUl aTpakTop, SIKUW Mpe/cTaBisie COO0I0 OJIHY CTalllOHAPHY TOYKY,

710 SIKO1 MPSMYE Mpoliec, TOOTO Tpolec cTadbUIbHUM 1 3HAXOAUTHCS B OJTHOMY cTaHl. Ha
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TaKMl TUI aTpakTopa BKa3ylOThb BCl BiJ’€MHI NOKa3HUKHU JlsmyHOBa mpu pI3HUX
PO3MIpHOCTAX (Ha30BOr0 MPOCTOPY.

- ['paHnyHUil LKA TpeACTaBise COOOI LMKIIYHY TPAEKTOPIO, 1O AKOI
npsmye mnpouec. Ha Takuii arpakTtop BKa3zye A0AaTHIN nmoka3HUK JISMyHOBa Mpu perTi
BiJI’€MHHUX ITIOKa3HUKIB.

- JIBOBUMIpHUHM TOp — II€ TUI aTpakTopa, 110 ONUCYE NUHAMIKY IMpOIECy B
JBOX MPOCTOPOBUX HANPSMKaX, CTBOPIOIOYH TOIMOJIOTIYHY CTPYKTYPY TOpY. Y BHMIAAKY
TprOX (pa3, HA JTAHUM aTPAKTOP BKa3ye OCTaHHIN BiJ’€MHUU moka3HUK JIsmyHOBa mpu
HAOJIMKEHUX J10 HYJISl IOTIEPEHIX.

- JIuBHMI aTpakTOp — BII3HAYAETHCS CKIQJTHOI (DPaAKTATHLHOI TeOMETPIETO.
Taki aTpakTOpy YacTo XapakTepU3YIOTh MPOIEC, SKUW MPOSBISE XaOTHYHY TUHAMIKY.
BoHu MOXyTh MICTUTH TPaeKTOPii, K1 MPOSBISIOTHCS JHUILIE OJUH pa3 1 OUIbIIEe HIKOJIU
HE TOBTOPIOIOTHCA. Takui aTpakTop XapaKTepHHH sl TPhOX(a3HUX MPOIECiB, SKi
MaroTh JI0JIaTHIM, HAOIMKEHHM 10 HYJISI Ta BiJl'€MHUN MOKa3HUK JIsmyHOBA.

JleTepMiHOBaHHI Xa0C — 1€ SIBUIIIE, IKE XapaKTEPU3Y€EThCS YYTIUBOIO 3aJIEAKHICTIO
BiJl MOYATKOBUX YMOB Yy JMHAMIYHHUX TIpoIecax. Xoda Taki MPOLECH OMHUCYIOThCS
JIETepMIHOBAHUMH PIBHSHHSMH, BOHH MOXYTb JE€MOHCTPYBAaTHU IOBEIIHKY, fKa Ha
NEepIIMA TOTJIA BUTIISAAAE K BUMAAKoBa. Lle cTBOproe ckimamHoml Ay nependadeHHs
JIOBrOTPUBAJIOT JMHAMIKH IIPOIIECY, ajie BOJIHOYAC HAIa€ HOB1 MOMKIIMBOCTI JIJIA i1 aHATI3Y
Ta yHOpaBiaiHHA. BusBICHHS Ta TOBEIEHHS HASBHOCTI JETEPMIHOBAHOTO XaoCy B
TEXHOJIOTIYHOMY TPOIIECi, TAKOMY SIK BUPOOHHIITBO MIHEPATbHUX JOOPUB, MOXKE OyTH
BOKJIMBUM KPOKOM JJI €(PEKTUBHOTO YIPABIIHHS Ta KOHTPOIIIO.

JUis 1OBeNeHHS HasBHOCTI XaoCy BHUKOPUCTOBYIOTH JOCHTH 0arato pi3HHUX
THCTPYMEHTIB MaTEeMaTHYHOTO aHATI3y Ta MojAeoBaHHs. OTHUM 3 OCHOBHUX TIXO/IB €
oOuucieHHs moka3HukiB JlsamyHosa. 1li mokasHuKHM MO3BONSAIOTh BUSHAYUTH, HACKUTBKU
CHJIBHO JIB1 OJIM3BK1 TPAEKTOPIT PO3XOASATHCS 3 YacOM. SIKIIO OuH MoKa3HUK JIsmyHoBa
MO3UTHUBHHUI, 11€ € JOKa30M TOTO, L0 MPOLIEC JEMOHCTPYE XaOTUYHY MOBEAIHKY. TaKoX,
JUIS aHalli3y Xaocy MOXKYTh OyTH BHUKOPHUCTAaH1 aTpPakTOpH, Takl sk aTpaktop. Lleit

r€OMETPUYHMI 00'€KT BiJ0Opakae AMHAMIKY MTpoIlecy y (ha30BOMY IMPOCTOPI Ta T03BOJISIE
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BUSBUTH TOYKH, JI€ IpPOLEC MOke OyTH OCOOJMBO HECTAOUIBHMM a00 YyTIMBHM [0
30BHIIIHIX BIUIMBIB.

JloBeieHHST HAsIBHOCTI JETEPMIHOBAHOTO XaoCy MAa€ BAXKIMBE MPAKTUYHE
3HaueHHs. [lo-niepiire, 1€ 103BOJIsE TIIUOIIE 3p03YMITH JUHAMIKY MPOLECY 1 IEpe10auynuTi
MOXJIMBI  CIleHapli MOro TMOBEMIHKA. XouYa XaoC YCKJIQJHIOE JIOBFOTpHUBAJE
MPOTHO3YBaHHS, IOT0 BUBUEHHS /1a€ 3MOT'Y BUSIBUTH KJIIOYOBI TOUKH BIUIMBY Ha MPOIIEC,
0 J03BOJIAE€ MpuiiMaTh OuIbll OOIPYHTOBaHI yHpaBiiHCHKI pimeHHs. [lo-gpyre,
PO3YMIHHSI XaOTHUYHOI TPUPOJIU TPOIECY JO03BOJSIE PO3POOJSITH OUIBII THYYKI Ta
aJanTUBHI CUCTEMH YIIPABIIIHHS, SIKI 3/JaTHI CTAOUTI3yBaTH MPOLIEC HABITH Y MPUCYTHOCTI
Xa0THYHUX 30yPCHb.

OnvH 3 KJIIOYOBUX AaCMEKTIB YIPABIiHHS XaOTHYHHMH IMPOIECAMU TIOJSTAE B
KOHTPOJ1 HECTaOUIbHUX TMEpIOAMYHUX OpOiT, SKI JeXaTh B OCHOBI  Xaocy.
BHKOPHCTOBYIOYH METOIH YHPABIiHHA XaocoM, Taki sk Meron Orra-I'peGomxi-Mopka
(OGY), MoxHa KepyBaTH MPOIIECOM TAaKUM YHHOM, 11100 3MEHIIIUTHA XaOTUYH1 KOJTMBAaHHS
a00 HaBITh YCYHYTH ix. Hampukian, KOpUTYHOYM HEBEIWKI 3MIHHM IapaMeTpiB B
CTpaTeTIUHMX TOYKaX, MOXKHA CTaOULTI3yBaTH TIpoIleC 1 3amo0irTH BHXOAY Ha
HEKOHTPOJIbOBAH1 TPAEKTOPII.

JloBesieHHS HAsBHOCTI XaoCy 1 TMOJajbIle HOro YNpaBIiHHSA MAalOTh BEJIHUKE
3HAUEHHS JUIsl TEXHOJIOTIYHHUX TPOIECIB, TAKUX K BUPOOHHUIITBO TPaHyJIbOBAHHUX
MiHEpaJIbHUX JOOPUB. Xa0C MOKE BUKIMKATH HemepeadadyBaHi 3MiHHM B IapaMeTpax
mpoliecy, 0 MPU3BOJUTH /IO MOTIPIIEHHS SKOCTI MPOAYKTY a00 HaBITh M0 aBapiiiHUX
cutyanid. OpHak, yHOpaBliHHS XaoCOM JIO3BOJISIE 3HU3UTH PHU3UKH, OINTHMI3YBaTH
mporiecu 1 3a0e3meunTy OUTBIN CTabiTbHY poOoTy BupoOHHUIITBAa. Hampukian, anamis
MOKa3HMKIB JISTTyHOBa MOXKE JOTIOMOTTH y BHOOP1 TaKMX MapaMmeTpiB, Ki MIHIMI3YIOTh
Xa0TUYHY MOBEIHKY 1 3a0e3medarh cTa0iIbHy pOoOOTY TEXHOJIOTIYHOTO O0IaTHAHHSI.

Ioka3uuku JlsimyHoBa 1Jsi TPbOX(a3HOI MAaTeMATHYHOI MOJeJi mpouecy
rPaHyJIIOBaHHSA y NCEBA03PiAKEeHOMY HIaPi

J11s1 po3po6ieHoi Tprox(PazHOi MaTEMAaTUYHOT MOJIEIIl TTPOLIECY TPaHyIIOBAaHHS Y
niceBA03pipkeHomy mapi (2.1, 2.2, 2.3) nokasuuku JIsmyHoBa 00paxoBaHi 3a JJOIOMOT'010

YUCEIBHOTO PpO3B’SI3aHHS CUCTEMH JudepeHLIaIbHUX PIBHAHb VY TMOEAHAHHI 3
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PIBHAHHSMH B BapiallifX, 110 ONUCYIOTh 3MiHY Tpaekropii. [loka3sHuk JlsmyHoBa Ha
KOXHIN iTepalii oOpaxoBYyeThCS Ha OCHOBI HOPMOBAaHHUX BEKTOPIB, JOTapuU(pM 3 SIKOrO
JoJlaeTbCsl 10 mnomnepenHboi itepauii. Meron ['pama-lIminra BuKOpuCTaHMNA IS
opToroHamizauii BEKTOPIB, OTPUMAaHHUX MICJIS PO3B’S3KYy CHUCTEMH AU(epeHIiaIbHUX
PIBHSHbD.

Jns peanmizanii anropuTMy OOYMCIICHHS TIOKa3HUKIB JIsmyHoBa CTBOpEHUN
OporpaMHU MOJyJb 3a jgonomorotr BOynoBanux Qynkuii MATLAB. Po3paxyHoxk
noka3HukiB JlssmyHoBa B110yBaeTbcs B OKpeMidd (DyHKIIII, B SIKYy MOAAIOTHCA MapaMeTpu
nudepeHIiabHUX PIBHSAHD TPhOX(a3HOT MAaTEMAaTUYHOT MOJIEII MPOLIeCY TPaHyIIOBaHHS
y TCEBIO3PIIHKEHOMY IIapi, PE3yJIbTaTOM SIKMX € 3 BEKTOpH, SIKI OPTOTOHAJI3YIOThCS
metonoM ['pama-llIminra, miciss 4oro HOPMAIi3yIOThCS Ta OOPaXOBYIOTHCS IMOTOYHI
noka3sHuku JlsmyHoBa Ta BXIiAHI JaHl s audepeHIliaibHUX PIBHAHB JJIS HACTYMHOT
iTepartii.

[Tix yac nocniIpPKeHHs OTPUMAHO OAMH JOJATHIM Ta ABa Bl €MHUX IOKa3HUKa
JIsnynoBa (Puc. 3.1). ITokasuuku JlsmynoBa Buay (+, -, -) CBIiAYaTh MPO HASBHICTH
JETEPMIHOBAHOTO Xa0Cy B TPhOX(a3Hill MaTeMaTUUYHIM MOJIEI MPOoLeCy TpaHyTFOBaHHS

y TICEBI03PIKEHOMY IIIapi.
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Puc. 3.1. Ilokaznuku JIsamyHoBa ajist Tppox(}a3zHoi MaTeMaTUYHOT MOJIEJI1 MPOLECY

IPaHyJIIOBaHHS Y MCEBAO3PIIKEHOMY IIapi
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Hokasunku JlsmyHoBa Ui CHCTEeMHM YIPABJiHHA XAa0COM IpouLecy
rPAHYJIIOBAaHHSA Y NCEBAO3PiAKEHOMY IaPi

[Ipu 0OpaxyHKy Moka3HUKIB JISIyHOBA JAJIs1 CHCTEMH YIIPABIiHHSA Xa0COM IPOLIECY
IpaHyJIIOBaHHS Yy TICEBIO3PIKEHOMY I1api (puc. 3.2), po3pobiieHoMy B miapo3auii 3.2,
OJINH TOKa3HUK JISMmyHOBA JUIIAETHCS NOJATHIM 1 30UTBIIKUBCS, TOOTO MPOSIBU XaoCy B
TpboXx(ha3Hill MATEMATUYHIN MOEI1 TPoLEeCy IPaHyJIIOBaHHS Y NICEBI03PIIKEHOMY LIapi
30uUThIIMIIacs. A peluTa JABa MOKa3HUK JIsmyHoBa TakoX 30UIBLIMIIMCS, aje BCe IIe
3aJIMIIAI0THCA B1I’ €MHUMH, IO CBIIYUTH PO 3MEHILIEHHS peakilii Ha 30ypeHHsl, aje npu

[[bOMY BOHA 3QJIUIIAETHCS Y CTaH1 JETEPMIHOBAHOTO XaO0Cy.
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Puc. 3.2. [lokazuuku JIsmyHOBa 7151 CUCTEMU YIPABIIHHSA Xa0COM IPOIIECY

TPaHyJIOBaHHS Y TICEBIO3P1IKEHOMY Iapi

IloOynoBa arTpakTopa sl TPbOX(a3HOI MATeMATHYHOI MoJesi mpouecy
rPaHYJIIOBAHHSA Y MCEBA03PiAKEHOMY CTaHIi

JIns BUSIBIIGHHS XaoCy B TEXHOJIOTIYHHUX TIpoliecax, TakuX SK MPOIEC
TPaHyJIIOBaHHS y TICEBIO3PIIKEHOMY TIapi, BUKOPUCTAHHS aTPaKTOpa MOXKE JAaTH I[iHHI
JaHHI. ATpakTOp J03BOJI€ Bi3yalli3yBaTH MOBEIIHKY Mpolecy B 0araTOBUMIPHOMY
MIPOCTOPI, IO € KOPUCHUM JIJIsl PO3YMIHHS AUHAMIKU mipotiecy. [Ipu npomy mpoiiec Mmoxe

3HaXOJUTUCS B OJHOMY 31 CTaHIB pIBHOBAaru ab0 MOYMHATU JAEMOHCTPYBATH XaOTHUYHI
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KOJIMBaHHS. 30KpeMa, aHaji3 aTpakToOpa MOXXE IMOKa3aTH, Yd € MPOIeC CTA0UILHUM YU
CXWJIBHUM JI0 XaOTHYHUX 30YpeHb, IO € BU3HAYAIBHUM JJII KOHTPOJIO TMapaMeTpiB
TEXHOJIOTTYHOTO MPOIIECY.

ATpakTop TakoX 103BOJIsiE€ OUTbII TOYHO BU3HAYATH KIIOUYOBI MapaMeTpH, Ha SKI
CIiJT BIUIMBATH IS YIPaBIiHHSA TMPOIECOM. Y TEXHOJIOTIYHHX CHCTEMax, TaKUX SK
BUPOOHHUIITBO MIHEpPATbHUX JOOPUB, Xa0C MOXKE BUHUKATHU YEpE3 BHYTPILIHI 30ypEeHHS
a00 30BHIIIHI BIUIMBU. BUSBICHHS 1 aHaJi3 aTpakTOpa JOMOMAra€ BUSBUTHU I[I TOUKHU
necrabutizaiii 1 3ampoBaguTd KOHTPOJBHI 3aXOAW I iX yHUKHEeHHs. KpiMm Toro,
aTPaKTOP MOXKE MOKa3aTH MEePioIUuYH1 OpOITH, /i€ BIUIMB HA MPOIEC MOXKE OyTH HANOUIBII
e(hEeKTUBHUM.

OaHuM 13 acmekTiB BUKOPHCTAHHS aTPaKTOPIB B YIPABIIHHI € MOXJIHUBICTb
IIPOTHO3YBaHHS MOBEIIHKY MPOIECy. X04a JOBrOCTPOKOBE MIPOTrHO3YBAHHS € MPAKTHYHO
HEMOJKJIUBHM Yepe3 YyTIUBICTh O OYATKOBUX YMOB, B KOPOTKOCTPOKOBIH NIEPCIICKTUBI
aTpPaKTOp MOXKE JaBaTh 1HGOPMAIlI0 MPO XapaKTEepHI TOYKH a00 HAMPSIMKH, O SIKUX
HaOJIKaeThes npoiiec. Lle BimkpuBae MOKIUBOCTI ISl TPOAKTUBHOTO KOHTPOJIIO, KOJIU
OpoleC YNpaBIs€TbCA TaKUM YWUHOM, 100 YHHKAaTH XaOTHYHUX CTaHIiB abo
BUKOPUCTOBYBATH X JUIsl JOCATHEHHS MEBHUX ITUICH.

[Ile ogHUM acIeKTOM € MOXJIMBICTh BUKOPUCTAHHS METOIIB YIIPaBJIiHHSI Xa0COM
st crabumizanii nmpouecy. Hampuknan, perynstopu tuny MPC (Model Predictive
Control) MOXXyTh HaJAIITOBATUCS ISl BpaXyBaHHS CKJIQIHMX XaOTHYHHX TpoIieciB. Taki
PETYISITOPU JO3BOJISIOTH MEPE0AYUTH TPAEKTOPIIO MPOIECY HA OCHOBI MOTOYHUX YMOB
1 BUBHAUUTH CTPATETIi YIPABIIHHS JJIS TOCITHEHHS CTa0LIbHOCTI.

ATpakTOp MOXKE TaKOXK JOMOMOTTH Yy BUSIBJICHHI MEPIOAMYHHX KOJIMBAHb a00
PE30HAHCIB, [0 MOXYTh OyTH BUKOPHUCTAHI JJIsl YIpaBIiHHS TporiecoM. Hampukman, B
Mpolieci rpaHyTIOBaHHS HEOOX1THO MiATPUMYBATH PIBHOBAry MK TEIIJIOBUM OalaHCOM 1
PYXOM YacTHHOK ISl JTIOCSTHEHHS 3aJaHOTO PO3Mipy TpaHyjd. ATpakTop Iomomarae
3pO3YMITH, SIK TPOIIEC MOXKE BUUTH 31 CTAaHY PIBHOBATH 1 5K 1€ MOXKHA 3aMTO0ITTH IIUISIXOM

KOpPUTYBaHHSI IapaMeTpiB.
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ATpakTop sBislE COOOI0 TPUBUMIPHY TPAEKTOPIIO B cHUCTEMI TU(epeHLIaTbHUX
PIBHSIHb, fIKa XapaKTepHU3ye€ XaoTW4H1 BiacTHBOCTI. Llg cuctema nudepeHuianbHUX

piBHﬂHB BUTJIIJa€ HACTYIIHUM YNHOM!

X oly-x (3.1)

Y xp-1-y (3.2)
L _xy-p (3.3)
dt

Jie X, Y,Z— 11€ 3MIHHI Tpoliecy (TeMreparypa 4aCTUHOK Kpaneib Ta TeINIOHOCIs), a o, p, f
— nmapaMeTpu MojieNl (O — CTyMiHb PO3IIMPEHHS Ta CTUCHEHHS TPAEKTOPIi, o — PI3HULA
TEMIIepaTyp, 10 MPU3BOAUTH 10 OidypKallii Ta 3MiH MMOBEIIHKH Tpolecy, S — Po3Mip
aTpakTopy Ta (opmy HOro TpaexkTopii).

OTpumaHo aTpakTop TphoX(ha3HOI MATEMATUYHOT MOJIEN1 MPOIIECY TPAHYITIOBAHHS

y mceBao3pimkeHoMy mapi (puc. 3.3).

100
80
60

X3

40

20

10.0

7.5
10.0 ~10.0

Puc. 3.3. JluBHuii atpakTop Tphox(ha3HOi MaTeMaTUIHOT MOJIEN1 TIPOIIECyY

IPaHyJIIOBaHHS Y MCEBAO3PIIKEHOMY IIapi.
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OTpumaHi pe3ynbTaTH CBIAYATH PO TE, 1110 MAE HECTIMKUN TPAaHUYHUMN [IUKJI, SKUN
ABJIsI€ COO0I0 HE3aMKHEHY KPHUBY, 1110 BKAa3y€ Ha BUCOKY UYTJIMBICTb MPOLIECY 10 BX1THUX
YMOB 1 MapaMeTpiB, 3MiHA B AKUX MOKE MIPU3BECTHU J0 3HAYHUX 3MIH B TUHAMIIL. TaKkox
aTpaKkTOp MICTUTh HemnepeadauyBaHi KOJMBAHHS, 110 BIAOYJIUCS JUIIE OJUH pa3, IO
CBITYUTH MPO HASBHICTh JETEPMIHOBAHOTO XaoCy, IO MIATBEPKYIOTh MOKa3HUKHU
JIsnyHoBa. 3arasibHa QopMa aTpakTopa CBIAYUTH MPO T€, L0 MPOLEC KOIMBAETHCSA
HABKOJIO MEBHOTO CTaHy 3 4acoM, TOOTO MpOIeC He OOMEXYEThCSI OAHUM CTaOUTBHUM
CTaHOM 1 MICTUTh KOJMBaHHA. OCKUIbKM MPOLEC TPAaHYJIIOBAHHS YYTIUBHUMA O BXITHUX
napaMmeTpiB, TO XapakTep KOJMBaHb B HiMl MOXe 3aj1ekaTd BiJ MOYaTKOBHX YMOB. lle
O3HAYae, M0 3MIHIOIOYM MapaMeTpy BUTPAT Kparelb Ta TeIIOHOCIS MOXKHA YNPaBIsATH
PEKUMOM TIEpEMIITyBaHHS Ta MIATPUMYBATH aKTUBHUN PEKUM MEPEMILTyBaHHS.

3a paxyHOK 30UIbIIEHHS PIBHS XAaOTUYHOCTI TPOLECY TPaHYJIIOBAaHHSA Y
NICEBJ03P1KEHOMY Iap1 MOKHA MOKPAITUTH MEePEMIITyBaHHS YaCTUHOK, 110 MMiABUIUTD
IIBUJIKICTh Ta IHTEHCUBHICTh BUKOHAHHS Ipouecy. Lle MoxInMBo 3poOUTH KOJIM Mpoliec
3HAaXOJUThCS B CTaH1 KOJIMBaHb, ajje OOMEXEHUX TaKMM YMHOM, 11100 IPOIEC HE BTPATUB

CBO€T CTIHKOCTI.

3.2. Cucrema ynpaspJliHHS XaocoM NpouLecy BHPOOHHUITBA MiHepPaJbHUX

A00pPUB y TPAHYJIATOPI 3 NMCEBAO3PiTKEHNM HIAPOM

Peanizarisi cuctemMu yrpaBiIiHHS XaOCOM Ha OCHOBI TPbhOX(a3HOi MaTeMAaTHYHOI
MOJIEITi TIPOIIECY TPaHyTIOBAaHHS Y TICEBI03PIIKEHOMY IIapi € BAKJIMBUM 3aBIaHHSIM IS
iHTeHCUIKaIlli TETI0- MacCOOOMIHY TIPH BUPOOHUIITBI MiHepanbHUX N00puB. OCHOBHA
MeTa TMOoJIsiTa€ B TOMY, IIO0 KepyBaTH CKIATHUMUA W HENIHIMHUMH JHHAMIYHAMU
CUCTEMaMU TaKMM YWUHOM, MO0 BOHU MpaIloBaid CTaOUIBHO, HaBITh 32 yYMOB, KOJIA
CIIOCTEPIraeThCs Xa0TUYHA MOBEJIHKA. Xa0C B TEXHOJOTIYHUX CHCTEMAaX MOKE BHHUKATH
BHACIIIZIOK 3MIHU TIApaMEeTPiB MPOIIECY, TAKUX K TeMIepaTypa, IIBUAKICTh TOTOKY a0o
THCK, 1 3a3BUYail 1€ CYNPOBOJKYEThCS HemepeadauyBaHUMHU 1 HEPEryIsIPHUMHU

KOJIMBAHHSIMU TapaMeTpiB. YTPABIIHHS XaoCOM J03BOJIsi€ 3a0e3MeuuTd poOOoTy MpHU
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MEHIIIUX Y OUIBIINX KOJUBAHHAX (B 3aJIeKHOCTI BiJ 3a7adyi) TaKUM YUHOM, 1100 HE
BTPaTUTH CTAOUIBHICTb.

Y 1prox(azHii MaTeMaTH4HIM  MoAenl  Opolecy  TpaHyJIIOBaHHA Yy
MICEeBIO3PIIKEHOMY I1api BiIOYBA€ThCSI B3a€MOJIiI MK TBEpAOK (a3oro (TpaHysiamu),
razoBor0 (azor (MOBITPS YW IHIIUMK ra3, M0 MOXE BHUCTYMATH B POJII TEIUIOHOCIA) 1
piakoro ¢azoro (3B’s3yro4a peuoBuHa ado Bosiora, pinuna). i ba3u B3aemMoaitoTh 07Ha 3
OJIHOIO, TII0 CTBOPIOE CKJIAJHY HEIHIMHY JUHAMIKY, CXWJIBHY 0 XaOTUYHOI MOBEIHKHU.
['paHyn MOXYTh XaOTHYHO IEPEMIITyBaTUCS B IIapi MijJ BIUIMBOM TOTOKY rasy, IO
NPHU3BOIMTH J0 HEPETYJISIPHOT IPaHYJTIIOBaHHS, HeTIepe10auyBaHO1 3MIiHU PO3MIpY TPaHyI
Ta IHIIMX MMapaMeTpiB mporecy. SIKIo He 3IMCHIOBATH YIPaBIiHHS IIUM IPOIICCOM,
pe3yibTaT MOKe OyTH HECTaOUTbHUM 1 TaKUM, IO HE BIJMOBIAA€E BUMOTaM JO SIKOCTI
KIHIIEBOT'O MPOYKTY.

VYrpaBiiHHS Xa0cOM Ha OCHOBI TphOX(a3zHOi MaTeMaTUyHOI MOJENI nepeadadae
BUSIBJICHHSI TOYOK HECTaOUIBHOCTI (TOUOK OidypKairii), Ae MOBEIIHKA CTA€ XaOTHYHOIO, 1
3aCTOCYBaHHS METOMIB JUIA craburizarmii i€l moeminku. OIUH 13 HAWMOMIUPEHINTUX
MIAXOIB JIJIs YIPABIIHHSA Xa0COM IOJISTa€E Y BUKOPUCTAHHI PETYIIATOPIB 3 0OMEKEHUM
3BOPOTHHUM 3B'SI3KOM a00 IHIIWX THUINB aJIrOpUTMIB KepyBaHHS, Takux sk III]I-
perynstopu, LQR (miniitHI kBaapaTu4Hi perynasatopu), Fuzzy Logic (HeuiTka jorika) abo
METOAM TependauyBabHOTO KepyBaHHS Ha ocHOBI moxeni (MPC). Lli perymsitopu
JIOTIOMararoTh KOPUTYBAaTH TOBEAIHKY MPOIIECY, MiAOUpa0Yd ONTHMAaIbHI MapaMeTpH
TUTsE KOXKHOT (ha3u mporiecy (HammpuKiaj, peryIoloun MOTIK MOBITPS abo TeMIepaTypy),
00 3MEHIIUTA HEPETYISIPHI KOJIWBAHHS 1 MIATPUMYBATH TMPOIEC TPAHYIIOBAHHS Y
CTaOUTEHOMY PEXHUMI.

VYropaBmiHHS XaocoM HE O3HA4a€ HOro TMOBHE YCYHEHHS, OCKUIBKH B JESKHX
BUIIAJIKaX HEBEIMKI XaOTHYHI KOJWBAaHHSI MOXYTh OYTH KOPUCHUMH 1 CHPUSTH
MiABUIIEHHIO e(DEeKTUBHOCTI mporiecy. Hampuknaz, B mporeci rpaHyIlOBaHHS Xa0C MOXKE
3a0e3mnedyBaTy pIBHOMIpHUN PO3IOALUT YACTHHOK Y TICEBI03PIKEHOMY IIapi, 0, B CBOIO
4yepry, Crpusie OUIbII PIBHOMIPHOMY YTBOPEHHIO Tpanyil. OHaK HaAMIPHUNA Xa0C MOXKE
MPU3BECTH JI0 TOTO, IO TPaHyIu OyAyTh YTBOPIOBATHUCS 3aHAJITO BEIMKUMU a00 3aHAITO

JIpiOHUMHU, 1110 HETATUBHO BIUIMHE HA AKICTh MPOAYKIIIL. Y BUIAJIKY JJaHOT pOOOTH 32 METY
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MOCTABJICHO 30 UIBIIUTH XaOTUYHICTh TAKUM YMHOM, 1100 BOHA HE BTPATUJIA CTAOUIBHICTb.
Lle 103BOANTH 30UIBIINTH MEPEMILIYBAHHS YaCTHHOK, 10 J03BOJUTH JOCSAITH KPaIIoro
(p1HATBHOTO MPOAYKTY 3a MEHILHI Yac.

VYropaBiiHHS XaocOM JI03BOJISIE MOJIMIIMTA KOHTPOJb Haja MNapamMeTpaMmu
I'PaHyJIIOBaHHA, MIABULIUTH SKICTh NPOAYKIIi Ta 3SMEHIIUTHA BUTPATH HA BUPOOHUIITBO 32
PaxyHOK 3HMKEHHSI KUTbKOCTI Ie(eKTHUX rpaHyi. Bukopucranus tpproxdazHoi Moaemni
Jla€ MOXKJIMBICTh BPaXOBYBAaTH B3a€MOJ1I0 pi3HUX (a3 mpolecy Ta TOYHO MPOTrHO3YyBaTH
JOCSITHEHHSI HECTA0LIBLHOTO PEXUMY, IO J03BOJISIE€ BXUTH CBOEYACHUX 3aXO1B JJI HOTO
3arno0iraHHs.

Bapianiiine aocaigkeHHs TPbOX(a3HOI MATEeMATHYHOI MOJAeb Ipouecy
rPAHYJIIOBAHHSA y NCEBAO3PiAKEHOMY HIapi

PosristHemo 3aauy ynpaBiaiHHS XaoCOM Uil TphoX(a3HOT MaTeMaTUYHOI MO
IpoIieCcy IpaHyIIOBaHHS Yy IrceBao3pimkeHomy mapi (3.9), mepexigHa XxapakTepuCTHKa
K01 300pakeHa Ha puc. 2.1. Jljsg 3pydHOCTI 3aMiCTh JOJIaHKIB MiJICTAaBUMO PIBHI iM
Koe(iIieHTH.

Koedimientu piBHsiHHS 2.1

a,=(a,S,)/(M,C,)
a, = (bdeps)/(M pCp)
a; = (Xdchyst)/(M pCp)

a,=C,/(M,C,) 34)
a; = ((12x (L-elg, ) (d,VZM,C,)) x p.a;
a; = (-3x K ) /(S,M C,)
Koedimientn piBHsSHHS 2.2:
b,=0,,/M,
bZZMp/(MpOMd) (35)
bs = (bdeps)/(MdCd)
b4 = (adsd)/(MdCd)
Koedimientn piBastHHS 2.3:
¢ =(C004)/(M,C,)
=1/M
% d (3.6)

¢, =(a,S,)/[(M,C,)
¢, =(8454)/(M,C,)
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Koediuientn TeMnepaTyp 4aCTUHOK, Kpaneib Ta TEMJIOHOCIS:

X =0,
X, :®d (37)
X3 :®a

Koedimientn BuTpat Kpamneinb Ta TEIIOHOCIS:

u
u

Ga
o (3.8)

[TincraBuBmu (3.4), (3.5), (3.6), (3.7) ta (3.8) B cucremy nudepeHIiagTbHuX
piBHAHb  TpbOoX(a3HOT MaTeMAaTHUYHOI  MOJENl  Mpolecy  TIpaHyJIOBaHHS Y

MICEBJIO3P1XKEHOMY I11api OTPUMAEMO:

Xm XZ 15
T a1(X3 - X1) —a, —+azu, + a4U2(X2 - Xl) X" —agX
dt X,
dx, X,
:bluz _bzuz(xz _X1)+b3_+b4(X3_X2) (3-9)
dt X
dx,
E = CyU; = C,U X5 — C5(Xg = X;) = Cy (X3 = X,)
400
380 | - -
360
3
o
-
o 0 ®/
s
=
3201
300
280 ' '
0 50 100 150
Tac, [c]

Puc. 3.4. IlepexinHa xapakTepuCcTHKa TpboX(}a3zHOi MaTeMaTUYHOT MOIEi

MPOIECy IPaHyIIIOBaHHS Yy TIceBI03pimkeHoMy miapi (1 — X1, 2 — X2, 3 — X3)
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[loBeninka TemmepaTyp B OTpUMAaHOMY Tpadiky TMOBHICTIO 30Iraerbcs 3
MOKa3HUKAaMU TEMIEPATYpP 3BUYANHOr0 00paxyHKy TphOoX(a3zHOI MATEMATHYHOT MOJEN]
MpoIIeCy TpaHyJIOBaHHS Yy TCEBAO3pLIKEeHOMY Iapi. Temep 31 CKOpPOYEHOTO 3amucy
PIBHSHb MOKHA OTPUMATH MEPXIiJIHI XapaKTEPCTUKU TPhOX(a3HOI MATEMATUYHOT MOIEN1
IpoIeCy IPaHyIIOBaHHS Y TICEBI03PIIKEHOMY IIapi y Bapialifx (puc. 3.5).

OOpaxyHOK TpbOx(ha3HOi MATEeMAaTHUYHOI MOJENl NPOLEeCy TpaHyIIOBaHHS Y
MICEBJIO3PIPKEHOMY IIIapl Yy Bapiallisix Ma€ Ba)JIMBE 3HAYCHHS IS JOCIDKCHHS Ta
aHai3y AaHOro MPOLECY, OCKUILKH BiH J1I03BOJISI€ OLIHUTHU MOBEIIHKY IIPHU PI3HUX YMOBAX
1 mapametpax. Lle 0co6IMBO KOPUCHO, KOJIU MPOIIEC MA€ JAEKUTbKA 3MIHHUX, SIK1 MOXYTb
BIUTMBATH Ha KIiHIIEBUW PE3yJbTaT.

3aBIsKH 00paxyHKY TPhOX(pa3HOT MATEMATHYHOI MOJIEITi MPOIIeCY TPaHyTIOBaHHS
y TICEBIIO3PIDKEHOMY IIapi y Bapialisix MOXKHA TaKOXX BHU3HAUWUTU YYTIUBICTH 0 3MiH
napamMeTpiB, BUSBUTH MOTEHI[IHHI TOYKH HECTAOUTLHOCTI a00 KPUTHUYHI 30HU, JIe HABITh
HEBEJIMKI 3MIHM MOXYTh MPU3BECTH JO CYTTEBUX BiIXuieHb y poborti. Lle mo3Bosie
Kpamie 3po3yMiTH JAWHAMIKYy 1 NpuiMaTd OUIbII OOIPYHTOBaHI pIillIEHHS TpH i
NPOEKTYBAaHHI YW YIpaBliHHI. SIKII0 OpaTh 10 yBaru MpOIEC TPaHYIIOBAHHSA Y
IICEBIO3PIHKCHOMY Iapi, TO I JoroMarae mepeadaduTd MOKIIMBI HACTIAKA PI3HUX
BapiaHTIB YIpaBIiHHA, 3HAWTH OaJaHC MK BUTpaTaMu 1 MPOAYKTHUBHICTIO, a TaKOXK

MIHIMI3YBaTH PU3UKH BUHUKHCHHS XaOTHYHUX Ta HEOQKaHUX CTaHIB.

dox

dtl = (_al —a,u, — a6)5X1 + (a4u2)5x2 + (a1)5X3
dox

dt2 = (b,u, ), + (—byu, —b,), + (b,) K, (3.10)
% =(C3)X, +(c,)X, + (—C,u; —C; —C, ) K,
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12 T T
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Hac, [c]

Puc. 3.5. Ilepexigna xapakrepucTrka Mo y Bapiamigx (1 — 60Xy, 2 — 6Xo, 3 —

5X3)

Po3paxyHok cucTeMH YNpaBJiHHSI XaocoM Ipolecy BHPOOHUIITBA
MiHepaJbHUX JOOPUB y TPAHYJATOPI 3 MCEBIAO3PiTKEHUM IAPOM

Kpurepiii sK0CTi BU3HAUYa€ TIOKA3HUK, 32 SIKUM MOYKHA MOPIBHATH PI3HI MOXKIIUBI
BapiaHTH PO3B’s3Ky. B TEXHOJIOTTYHUX MpoIecax e MoKe OyTH 3HIKEHHS COO1BapTOCTI
MPOIYKIli YW HABMaKW Makcumizaiis edekTuBHOCTI. TOOTO 3amada KPHUTEPIlO SKOCTI
0a3yeTbcsl HA JOCUTH MPOCTOMY MPUHIUII — MiHIMI3aIlisl HETaTUBHUX TOKA3HUKIB a00
MaKCHMI3aIis HO3UTHBHUX [TOKA3HUKIB.

Y Bunaaky naHoi poOOTH MOBa Hue MpO 3MEHIICHHS BHUTPAT PECypcCiB s
JOCSITHEHHS KIHIIEBOTO MPOAYKTY, TOOTO MIHIMI3aIil0 KPUTEPil0 SKOCTi. B Takomy
BUTIAJIKYy HAOIKEHHS KpPUTEPII0 SKOCTI 10 MIHIMyMy O3HayaTUMeE, IO CHCTeMa
VIPABIIHHS TPAIOE 3 HAHOUTBIIOI0 e(DEKTUBHICTIO.

Ha ocHoBi Bapiailii napaMeTpy Xi MOXKEMO 00paxyBaTh KpUTEpill SIKOCTi, SIKUN

MMOBUHEH NPSIMYBATU 10 MIHIMYMY:

| =-d(t;) > min (3.11)
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Jlani moxkemo oOpaxyBaTu ['amMuIbTOHIAH, SIKUM OMHUCY€E 3arajibHy €HEPriio, I10
CKJIAJAa€Thcsl 3 KIHETUYHOI Ta MOTEHUIMHOI eHeprii. Lle € BaXJIMBOIO YacTUHOIO
AQHANITUYHOI MEXaHIKA 1 J03BOJISE AOCIAIKYBAaTH JUHAMIKY HAa OCHOBI HPUHIUITY
MaKcUMyMy eHeprii. BiH Moxe OyTH BUKOPHUCTAHHM JUIsl aHaJi3y MOBEIIHKHU MPOIECY B
00J1aCT1 XaOTUYHUX PEKUMIB.

3aBAsiKM MOTO BUKOPUCTAaHHIO MOKHA Kpalle 3pO3yMITH, SIK pI3HI €HEpreTUYH1
CTaHM BIUIMBAIOTh HA XaOTHYHI Npouecu. BiH 103BoJsiE BUBHAUUTH KPUTHUHI TOUYKH, JI€
IpOoLEC MEePEXOAUTH BiJl CTAOUIBHOI'O CTaHY IO XaOTHYHOI'0, T 3HAUTH CIIOCOOU BIUIMBY
Ha 111 TOYKHU JUIsl TOBEPHEHHS MPOLECY /10 KOHTPOIHOBAHOTO CTAHY.

H =4, ((—a, —a,u, —a5)d%, +(a,u,), +(a,);) +
+ A4, ((b,u, )%, + (=b,u, —b, )&, +(b,),) + (3.12)
do, (ty)

dt

+ ﬂ's ((C3)§X1 + (04)5)(2 + (_C2ul —C3— C4)§X3) -

YMOBM ONTUMANIBHOCTI BU3HAYAIOTh KPUTEPIi, K1 MOBUHHI OyTH BUKOHAHI JJis
TOro, o0 MpoleC 3HAXOAMBCS B ONTUMAIBHOMY CTaHi, TOOTO TaKOMY, NMpPU SIKOMY
JOCSTHETHCS MAKCUMYM LIUTbOBO1 PyHKITIT. OnTHMI3aIlis IPoIIecy YIIPaBIiHHS 3aJ€KUTh
BiJl TIOCTABJICHOT 3a/a4i Ta oOMexeHb. JIJIsi TUHAMIYHMX TPOIIECiB, SKi 3MIHIOIOTHCS B
9aci, ONTUMAIBHICTh MOXKE PO3TJIAIATACS B KOHTEKCT1 YIPaBIIHHS IIPOILECOM, IO
nepeadavyae MaKCHMI3aIliio Ta MiHIMI3alliF0 BUTPAT HA IIEBHOMY 1HTEpBaJi 4acy.

[Mpunmun makcumyMmy [loHTpsriHa BHUKOPUCTOBYETHCS HJIsi 3HAXOJKEHHS
ONTHUMAJIBHUX TPAEKTOPIN y Mpolecax 3 ynpasiaiHHAM. BiH 3acHOBaHUI Ha TBEPIKCHHI,
0 ONTUMAaJIbHA TPAEKTOPIS MOBUHHA MaKCUMI3yBaTH | aMiIbTOHIaH Ha KOKHOMY €Talll.
Takoxx 3acTtocoByeThbest JiHiMHe-kBaapatuyHe ynpasmiaHs (LQR) mms mpomeciB 3
KBQIPaTUYHOIO (YHKIIE€I0 BUTPAT 1 JIHIMHUMH AU(PEPEHINIATLHUMUA PIBHIHHAMU PYXY.
CucremMa ONTUMAIBLHOTO YIPABIIHHS BH3HAYa€ KOHTPOJBHI [ii, SIKIi MaKCHMi3yBaTH
ITHOBY (PYHKITITO.

Maroun ["aminbronian (3.12) MokHa pO3paxyBaTH yMOBH ONTHMAJILHOCTI:

oH dox, (t)
= _A‘l(_al —a,u, — as) _/12 (bzuz) —1303 -

(%) dt (3.13)

,11':_

: oH
A, =— 5(0) =-4(a,u,)—4,(-b,u, —b,) - A,c, (3.14)
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. oH
e =y = il b = Ao = -6 (3.15)
3
% = —2,C, %, (3.16)
1

oH
o = A + i + by — 2,5, (3.17)

2

SIKmo  mpoaHami3yBaTH CXeMy TPOILECY BUTOTOBIEHHS TPaHyJIbOBAaHUX
MiHepalibHUX A00puB (puc. 1.2), To cuctema yrpaBiiHHS Ma€ BIUIMB SK Ha BUTPaTH
TEIUIOHOCIS, TaK 1 Ha BHUTPATH pO3YMHY. BIANOBIAHO YIHpaBIiHHSA MPOLECOM
TPaHYJIFOBaHHS MOXE BIiOYBAaTHCS B TPbOX MOXIJIMBHX BapiaHTaX — YIpaBIiHHSA
BUTpAaTaMHU TEIUIOHOCIS, PO3YMHY Ta OJHOYACHE YMPABIiHHS BUTpPATaMH TEIUIOHOCIS i
pO3UHHY.

B sxocti mapameTrpa, SKHH BIUIMBAaTUME Ha YOPABIIHHSA TphoX(a3zHOIO
MaTEMaTUYHOIO MOJIEIUTIO TMPOIIECy IpaHyJIIOBaHHS Yy MCEBAO3PIIKEHOMY Iapi 0OpaHi
BUTPATH TEIUIOHOCIA — Up. Lle 3yMOBJIEHO CHUIIBHOIO pEeakili€l0 Ha 3MiHY TeMIepaTypu
TETJIOHOCIS 1 3aBASIKU I[bOMY MOKHA 30UTBIIYBAaTH i1 KOJMMBAHHS HUISXOM TOCTIHHO1
3MIHHM BUTpAT TEIUIOHOCISA. TakoX JJIsl HarpiBy TEIUIOHOCIS BUKOPUCTOBYETHCS JJOPOT Ut
eHepropecypc — ra3. Tomy perymnsipHe 3MEHIIEHHSI BUTPAT TEIJIOHOCIS TaKOXK J03BOJIUTh
1 3MEHIIUTH BUTpPATU Ta3y, TOOTO 3pOOWTH MPOILIEC BUTOTOBIEHHS TPAHYJIbOBAHUX
MiHEpaJIbHUX TOOPHB JIemeBIUM. TomMy Oepyun 3a OCHOBY noXigHy QyHKIii ["aminpTOHA
napameTpa U; MOXKHA TIEPEUTH 10 pO3paxyHKY yIPaBIIiHHS:

AU, = -y - Sign(=4,C,cX,) (3.18)
3aBISKH [IbOMY CTA€ MOXJIMBUM 30UIBIIATH XaOTHYHICTh, KOHTPOIIOKYH PIBECHb
BUTpAT TeIUIOHOCIA. Po3B’s13aBmn piBHsiHHES (3.16) MOkHA TpadivyHO TTpeICTaBUTH 3MIHY

BUTpPAT TETUIOHOCIS:
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1.03 T T

1.021 |I

0.97 || | ||| ||

0.96 |J|

D.95 ! !

Yac, [c]

Puc. 3.6. 3miHa BUTpaT TEIJIOHOCISA

Hi}ICTaBI/IBIIII/I 3MIHHE ynpaBJIiHHSI BUTpAaTaMH TEIJIOHOCIS Y MaTCMaTUIHYy MOJICJIb

Npolecy TpaHyJIOBaHHS y TICEBAO3PIIKEHOMY Iapi MOXKHA OTPUMATH HOBUU

nepexiHui mpoliec:

400 T T

380

360 f

x1, x2, x3, [K]
E

3201 7
300 7
280 ! '

0 50 100 150

Hac, [c]

Puc. 3.7. Ilepexigna xapakTepHUCTUKa TPOIECY TPAaHYIIOBaHHS y

TICEB03PIHKCHOMY IIapi 3 YIPaBIiHHAM BUTpaTaMu TeruioHocis (1 — X1, 2 — Xz, 3 — X3)
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B pe3ynbrari 3aMiHM CTaTMYHUX BUTPAT TEIUIOHOCIS HA 3MIHHE YIpaBIiHHSA
BUTpaTaMu TEIUIOHOCII MM OTpUMalM 3OUIBIIEHHS XaocCy, SKE BUPaXKAE€TbCA
30UIBIIIEHUMHU KOJIMBAHHSIMHU TEMIIEpATyp TEIUIOHOCIS, Kpamreib Ta YaCTHMHOK. Takum
YUHOM 3aBJSKH YNPABIIHHIO BUTpAaTaMU TEIJIOHOCIE MU MOXXEMO 30UIBLIUTH pPIBEHb
NepeMilllyBaHHs YaCTUHOK 1]l Yac MPOLECy I'PaHyIIOBaHHS y NICEBAO3PIIKEHOMY 1Iapi
Ta IHTEHCU(IKYBaTH TEIJIO- Ta MACOOOMIH.

Takok MOXKIUBO OOYUCIUTH KPUTEPil IKOCTI BUKOPUCTOBYIOUM hopmyiy (3.11).

OTpumMaeMo pe3ynbTar:

2.5

1_51 ||

051 |

0 50 100 150
Yac, [c]

Puc. 3.8. Kpurepiit sxocTi

[IpoTsiromM BCHOTO TMPOIIECY TPAHYIIOBAHHS Y TICEBIO3PIIKEHOMY IIapi KpUTepin
AKOCT1 TIPSAMYE 10 MIHIMYMY Ta TMPHUCYTHI 3racarodi KOJWBaHHS MPOTITOM BCHOTO
nporecy. Lle moB’s13aH0 3 TUM, IO MPOIEC TPAHYIIOBAHHS Y TICEBIO3PIIKEHOMY IIapi

3HAXOJIUTHCS B TIOCTIMHOMY JETEPMIHOBAHOMY Xa0C1, IO CIIPUYMHSIE KOJTMBAHHS.

3.3. CucreMu ynpaBjJiHHA 3 Pi3HUMH PperyJATOpaMH  MPoOIECOM

rPaHYJIIOBAHHS Y NCEBA03PiIKEeHOMY HIaPi

CyyacHe maTeMaTH4YHE MOJICIIOBAaHHS, II[0 BHUKOPHCTOBYE MPOTpaMHi 3aco0u,

AKTHUBHO PO3BUBAETHCS K NMEPCHEKTHUBHUU HANPSIMOK, SIKUU THTErpye MaTeMaTHKy Ta
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iHpopmaTtuky. OIHUM 13 MPOBIAHUX IHCTPYMEHTIB y ik rany3i € MATLAB. 3aBasku
MaTpUYHIN OpieHTaIlli Ta MATPUMII AoJaTKoBoro makera Simulink 1s cucrema 3100yna
3Hauny nonyispHicTe. MATLAB 1 Simulink npononytoTs 3py4Hi Ta epekTUBHI 3ac00U
JUTSE MOZICJTIOBAHHS JIIHIMHUX 1 HEMIHIMHUX JUHAMIYHUX CUCTEM, BKJIIOYAIOYM Bi3yaJlbHE
Ta 00’ €KTHO-OpieHTOBaHe MporpamyBaHHs. [loegHanHs X 1BOX Mmatdopm 3ade3neuye
JOCTYI 10 MTUPOKOTO CIIEKTPpa MaKETiB MPUKIATHUX ITPOTPaAM.

J7ist BU3HaUEHHA NiepeiaBaibHO1 PYHKIIIT MOieli OyJio BUKOPUCTAHO MakeT System
Identification y MATLAB. Lleit iHcTpyMeHT 3a0e3redye MOTYKHUN (QYHKIIIOHAT IS
noOy/J0BM MaTeMaTUYHUX MOJIeNed JIIHIMHUX TUHAMIYHUX CHCTEM Ha OCHOBI aHaII3y
BXIJTHUX 1 BUXUITHUX JaHUX. 3aBASKH HASBHOCTI IHTYiTUBHOTO rpadiuHoro iHTepdercy,
KOPHCTYBad MOXE JIETKO BIIOPSIKOBYBAaTH JaHI Ta HaJAIITOBYBAaTH IapaMEeTpH
MOJICITIOBAHHS JIJIT OTPUMAaHHs Oa)KaHUX pe3yJIbTaTiB.

Opnnieto 3 BaxknuBux nepesar System ldentification Toolbox (SIT) e iioro 6araTwmii
HaOlp 1HCTpyMeHTIB. BiH 03BOJis€e BUKOHYBAaTH TIOMEPEAHIO OOpPOOKY JaHUX,
BKJIFOYAIOUn (PUIBTpAIlito CUTHAJIB, BUAAJICHHS TPEHIIB 1 3CYBIB. TaKoXX € MOXJIUBICTh
BUOOPY KOHKPETHHMX Jialla30HIB JAaHUX JUIS OUIBIN JeTallbHOTO aHaiizy. [HTerpoBaHi
METOJI aBTOPETpecii CHpHUAIOTh CTBOPEHHIO BHCOKOTOYHOTO MATEMATHYHOTO OMHCY
CUCTEMH.

[TakeT miaTpUMye aHaji3 BIATYKIB y 4acOBiM Ta YaCTOTHIN 0OJaCTAX, HAJTAIOYU
MO>KJIMBICTD Bi3yajizallii KIIFOYOBUX XapaKTEPUCTUK CHCTEMH, TAKUX K HYJI1 Ta TIOJIOCH
nepenaBanbHOi GyHKII. KpiMm Toro, y mpomeci TectyBanHs mojeneit SIT 3abesneuye
3py4Hi IHCTPYMEHTH IS OIIIHKM HEBIJIMOBIIHOCTEH 1 BH3HAYCHHS ONTHUMAJIbHHUX
napameTpiB.

['HydKkicTh Ta BIZKPUTICTH apXITEKTYpH TakKeTa pOOJSTh WOTO YHIBEPCAIBHHUM
IHCTPYMEHTOM. 3aBJISIKH MOJKJIMBOCTI CTBOPEHHS CIICIai30BaHUX AQJITOPUTMIB IS
imentudikamii, System Identification Toolbox mmpoko BUKOpHCTOBY€ETHCS B HAyKOBUX
JOCIIHDKCHHSIX 1 MPOMUCIOBUX 3aCTOCYBAHHSIX MJIsS BUPIMICHHS HAWPI3HOMAHITHININAX
3amad.

CborofHi OUIBIIICT, O0O0'€KTIB YNPABIIHHS OCHAIIEHI MIKPOIPOIECOPHUMU

cucreMamu, siki 3abe3rneuyroTh 301p iHopmalii npo craH o0'ekrta, ii 0OpoOKy 3a
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3aJlaHUMHM aIrOPUTMAMHU Ta IOBroTpuBaje 30epiranus. L1 1aHi 103BOJIAIOTH aHAI3yBaTH
TEXHOJIOTIYHUM MpOLIEC, BUSABIATU MOPYLIEHHS Ta IXHI NPUYMHU, & TAKOXK 3a MOTpeOu
BHOCUTU KOPEKTMBH 10 ympaBiiHHA. KpiM Toro, orpumana iHdopmariisi Moxe
BUKOPUCTOBYBATUCH JJISI BU3HAYEHHS JUHAMIYHUX XapaKTEPUCTHK 00'€KTa 1 CUCTEMU
yIpaBJliHHS, TOOTO AJI MPOBEACHHS 1I€HTU(IKAL].

Jljist cTBOpEHHs cucTeM ynpaBiiHHS oOpanuil nporpamuuii naker MATLAB. s
OO CIMOYaTKy oOpaxoBaHa TNepenaBaibHa (YHKIIS TpolLecy TIpaHyIIOBaHHS Y
ncesao3pipkeHomy mapi. IlepenaBanbHa (QyHKIS — e MareMaThyHa MOJENb, sSKa
BUKOPUCTOBY€ETbCS JIJIl OMHUCY JIMHAMIKHM, SIKa JJis YIpaBIiHHS BH3HA4Ya€ BIANOBIIb
Ipollecy Ha BXIJHUN CUTHAJI B 4acoBii oOiacti. BoHa siBysie coO010 BiTHOIIEHHS MIXK
NEPETBOPECHUMHU MTPOCTOPOBUMH 3MIHAMHU BXIJTHOT'O Ta BUX1IHOTO CHUTHAJIIB, 1 MOXKE OyTH
npesicTaBlieHa y BUTIISAL APOOOBOT palioHaIbHOT (DYHKIIIT, sIKa HABOJUTH KOE(MIIIEHTH.

Jnst oOpaxyHKy mnepenaBainbHOi (QyHKIII Bukopuctanuii monayis MATLAB

System Identification (puc. 3.9), 3 sskoro orpumana nepeaaBanbHa GyHkiis (3.19):

0.5422-s+1.514 (3-19)

W (s) =
) s®+16.28-5% +11.99-5+1.563

4. System |dentification - TF_1 - = X

File Options Window Help

Import data ~ Import models

Operations .

| [
=
— \
— \

B
Werking Data ‘ ‘ ‘ ‘ ‘ ‘ ‘

Data Views Model Views
To To
[] Time piot Workspace || LTIViewer | [T Model output [] Transient resp Nonlingar ARX

[] pata spectra [ model resids [ Frequency resp Hamm-Wiener

D Freguency function ﬁ D Zeros and poles
air to part

Noise spectrum
= Vaiidation Data J ’

Estimate —=

Estimate Transfer Functions dialog ready to use

Puc. 3.9. Intepdetic momymo MATLAB System Identification

Ha BXin momani MOKa3HUKH 3MIHHM TEMIIEpATypH TEIUIOHOCIS, Ha BHXiJ — 3MiHA
TemriepaTypu 4acTHHOK (puc. 3.10), OCKUTBKM BiJ 3MiHH TEMIIEpATypy TEIIOHOCIS MU
OUYIKYyEMO 3MIHY TeMIIepaTypu YacTUHOK. OTpuMaHa nepejaBaibHa (QYHKIIA 301raeThes

3 MOKa3HUKAMH MaTeMaTUYHO1 Mojel mporecy Ha 97.27%.
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4. Time Plot: ul-»y1 = O >

File Options Style Channel Experiment Help

Input and output signals
400 Ly it EfIELS

300

393

S 3929999995 % f

v

392.9999990

50 100 150
Time

Puc. 3.10. Bxigni Ta BUX11H1 AaH1

3a 101oOMOT O OTPUMAHOI NiepeAaBaibHOl (DYHKITIT 3HANACHO MATPUII MOJIEII, 110
XapaKTEePU3YIOTh 00’ €KT YIPaBIIiHHS

-16.2777 —2.9980 -0.7815

A=| 4.0000 0 0 (3.20)
0 0.5000 0
1
B=|0 (3.21)
0
C=[0 01355 0.7572] (3.22)
D =[0] (3.23)

JocaiazKeHHS CIOCTePe:KyBAHOCTI Ta KEPOBAHOCTI

[lepen modYaTKOM TPOEKTYBaHHS CHUCTEM YIpaBiiHHA Ha 0a3l CTBOpPEHOI
nepeaaBabHOi QYHKIT TOTPIOHO MOCHIIUTH i KEPOBAaHICTh Ta CIOCTEPEKYBAHICTH.
KepoBaHnicTe xapakTepu3ye MOXKIUBICTh TIEPEBEJCHHS KEPOBAHOTO TIPOIECYy 3
MOYAaTKOBOTO B 3aJaHWil CTaH 3a JONMOMOror KepyBaHHs. [Ipomec BBakaeThCs
KEpOBaHOI0, SIKIO iICHYe Take kepyBaHHs U(t), mo 3a0e3meuye nepeBeACHHS IpoLecy 3

I[OBiJ'H)HOFO IIOYaTKOBOI'O CTaHY Xo B I[OBiJ'II)HHfI 3aHaHHﬁ CTaH Xq OPOTsIATrOM CKIHUEHHOTO
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qacy. [lane Bu3HaueHHs KepoBaHOCTI chopmynboBaHo Pynonspom Kammanom Ha ocHOBI
JHIAHOT CTAI[IOHAPHOTO MPOLIECY, SIKA OMUCYETHCA 3a AOMOMOr0I0 PIBHSHHS:

X ()= A-X(t)+B-U(t) (3.24)
ne A — marpuns nporecy (3.20) po3mipHicTio NXN (N — KUIBKICTh TApaMETPIiB CTaHY Ta
KUIBKICTh HE3aJICKHHX PIBHIHb MaTeMaTWYHOI Mojeni); B — marpuns Bxony (3.21)
po3MipHicTIO NXM (M — KUIBKICTh KepyBaHb); X(t) — BEKTOp 3MIHHHX CTaHY PO3MIPHICTIO
n; U(t) — BekTOp 30BHILIHIX /il PO3MIPHICTIO N.

Takox piBHsiHHS (3.24) TOMIOBHIOETHCS PIBHSAHHSIM 3B’ 513Ky MK BEKTOPOM 3MIHHUX
crany X(t) Ta BEeKTOPOM mapaMeTpiB MPOIECY, 10 BUMIprol0Thes, Y(1):

Y(t)=C- X(t) (3.25)

ne C — marpuiis Buxony (3.22) po3mipHicTio XN (I — KUIBKICTh TApaMETPiB MPOIIECY).

[Iporiec Ha3WBa€THCS IUIKOM a00O MOBHICTIO KEPOBAHOIO, SIKIIO IS OYAb-SIKUX
MOMEHTIB Hacy 1o 1ty , 1e t1>tg 1 1151 Oynb-IKUX 3aJaHUX CTaHIB Xo1 X1 ICHY€ KEpyBaHHS
U(t) (to<t<t; ), mo mepeBoauTh mpoiiec i3 mouatkoBoro crany X(fp)=Xo B KiHICBHUI
X(tl)le.

YMOBU MOBHOT KEPOBAHOCTI Jlae Teopema Kanmana — niHiiiHa N — BUMIpHA CHCTEMA,
0 OMHUCYEThCSA PIBHAHHAM (3.24), € MOBHICTIO KEPOBAHOIO TOJI 1 TLIBKH TOMI, KOJH
0JIOYHA MaTPUIIA:

K=[B!A-B!A*.B|...IA".B] (3.26)
po3MipHOCTI NXNM Mae paHr, 1Mo JOPIBHIOE N:

rank K =n (3.27)

Panr marpuili AOpiBHIOE HAWBUIIOMY MOPSJAKY MIHOPDIB MATpHIll, IO HE

JOPIBHIOIOTH HYJIO. K — MaTpuIlsd KEpOBAHOCTI, BOHA CKJIAJAETHCS 31 CTOBIIIIIB MAaTPHITI
BX0ony B Ta moOyTKiB MaTpuIilh mporiecy 4 Ta BXxony B :

B;A-B;A*.B;...;A"".B (3.28)

Sxmo maketom MATLAB, 10 icHyroTh ABI BOymoBaHi (GDYHKIT AJisi TIEPEBIPKU

CIIOCTEPEXKYBAHOCTI Ta KEPOBAHOCTI JMHAMIYHUX MPOLECIB, SKI OMHUCAHI Yy BHIJISI

MAaTpUYHUX PIBHSIHb. BUKOpUcTaHHS MaHUX QYHKIIN JACTh YITKO 3pO3YMITH YU IPOILIEC

MOXJIMBO TOBHICTIO KEPYBAaTH Ta CIIOCTEPIraTH.
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JUist moYaTKy BU3HAYMMO CKUIBKM CTAaHIB MPUCYTHI B MPOLIECI TPAaHYJIIOBAaHHS Y
MCEeBI0O3PLIKEHOMY cTaHl1. J{Jis nporo 3aiiiemMo B iH(popMalio nepeaaBaibHol GyHKIIT B
monyni MATLAB System ldentification. B mynkri «Parameterizationy», minmyHKTI

«Number of poles» MicTUTh OKa3HUK KITLKOCTI cTaHiB (puc. 3.11).

Name: tIfl7
Continuous-time identified transfer function.

Parameterization:
Number of poles: 3 Humber of zeros: 1
Nurber of free coefficients: 35

Puc. 3.11. Ilapametpu nepenaBanbHO1 GyHKIIIT

Oyukiis ctrb(A, B) o6uncaroe MaTpuiio kepoBaHocTi (3.26) 11 3ajaHMX MAaTPHIIb
A ta B. [Ipoiiec € kepoBaHUM, SIKILIO PAHT MaTPHUILll KEPOBAHOCTI PIBHUHM KIJIBKOCTI CTaHIB
n. Lle o3Hauae, M0 BEKTOPU CTaHIB MOXKYTh OYTH JIOCSATHYTI 32 JOMOMOI'OIO BXIJTHUX

curnamis U(t).

[Ipouiec Ha3UBaETHCS LUTKOM 200 MOBHICTIO CIIOCTEPEKYBAHOIO, SIKIIO ICHYE TaKe
t1(t<ti<oo), mo 3a Bimomorw iHdopMmariero mpo Buxig Y(z) i Bxim U(z) mporecy ms
IHTEepBaly <r<f; MOXHa BU3HAYUTH BCl KOOPJAMHATU BEKTOPY 3MiHHUX cTaHy X(?). [Ipu
CUHTE31 MPOIECy 31 3BOPOTHUMHU 3B’SI3KaMH, BOHA BHU3HAYAETHCS SK (DYHKITS 3MIHHHUX
CTaHy, B SKii MiJIalOThCS BHMIPIOBAHHIO BEKTOP BHXigHUX BeiauunH Y(I) 1 BekTOp
kepiBuo1 aii U(t).

CrarmionapHuii Tiporiec, mo onucyeThes piBHIAHHAME (3.24) Ta (3.25), BBaXaeThes

MOBHICTIO CIIOCTEPEKYBAHOIO, SIKIIO PAHT MATPHIIl CIIOCTEPEKYBAHOCTI:
H=[C"|A'C"}|...I(A")™C"] (3.29)

po3mipHicTIO NXNM gOpiBHIOE N:

rank H =n (3.30)
®ynkiis obsv(A, C) oburcioe MaTpuIlo crioctepexyBanocTi (3.29) st 3amanux
Matpuilb A Ta C. [1o aHanorii 3 KEPOBaHICTIO — MPOIEC € CIOCTEPEKYBAHUM, SKIIO PAHT
MaTpHulll CIOCTEPEKYBAHOCT1 JOPIBHIOE KUTBKOCTI CTaHiB N. | B TakOMy BUIAJKy MOKHA

CTBEP/DKYBAaTH, 110 BCi CTAHW MOXYTh OyTH BH3HAuYeHI yepe3 BuXinHi curaamu Y(t).
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3acrocyBanHs gaHux pyHkuiii B MATLAB 10 maTpuib CTBOPEHOI IEpe1aBaIbHOT
dynkmuii 4 (3.20), B (3.21) ta C (3.22) 103BOJWIO BICBHUTHCS, IO JAaHUH MPOLEC €
CTIOCTEPEKYBAaHUM Ta KEPOBAHUM, OCKUIBKM PAHTHM MATPHUIlb CIIOCTEPEKYBAHOCTI Ta

KEPOBAHOCTI1 CHIBMAIAI0OTh 3 KIJIBKICTIO CTaHIB N.

1 sys = ss(tf17);
2 kerov = rank(ctrb(sys.A,sys.B))

3 spost = rank(obsv(sys.A,sys.C))
4

mmand Window

*» spot_kerov

kerov =

spost =
3

Puc. 3.12. O6paxyHOK KepOBaHOCTI Ta CIIOCTEPEIKYBAHOCT1

Orxe, naHa mepenaBajibHa (DYHKI[ISI CTBOPEHOI MaTeMaTUYHOI MOJEN MpPOoIecy
IpaHy/IIOBAaHHS Y TICEBAO3PIIHKEHOMY CTaHI € MPHAATHOK [JIsi TOOYIOBH CHCTEM
yIpaBIiHHA Ha 11 OCHOBI.

CuctemMu ynopaBiiHHA € BaXXJIMBOIO CKJIAJOBOK0 B CYYacCHHUX 1H(OpMaIIiHUX
cUcTeMax, sIKi 3a0e3MeuyioTh 3a/JaHl MapaMeTpu B PI3HUX TEXHOJOTIYHUX MPOIlecax.
Pizai perymsatopu, Taki sax IIIJ[ (mpomopiiiinuii-iHTerpanbHuii-audepeHIiaTbHuR
perymsatop), LQR (miniitHu# kBampatuunuii perynstop), Fuzzy Logic (perymstop Ha
OCHOBI HeuiTkoi Joriku) Ta MPC (peryisiTop Ha OCHOBI TPOTHO3YIOYI MOJEI),
BUKOPUCTOBYIOTh Pi3HI METOJIUKH JJIsI TOCSATHEHHS OaKaHWX PE3ybTaTiB y YIpaBIiHHI.
[MI/I-perynsTop BHUKOPHCTOBYE KOMOIHAIID MPOMOPIIIHOTO, I1HTETPATBHOTO Ta
T epeHIliabHOTO TTapaMeTpiB 71 3HWKEHHS MOMWIKK ynpaBmiHasa. LQR-perymsatop
MIHIMI3y€ KBaJpaTUUHy (YHKI[II0 BUTpAT, 3a0e3Meuyioun onTuManbHui Buxia. Fuzzy
Logic perynstop omnepye 3 HEYITKMMHU 3MIHHMMHU Ta MpaBWIaMH, adanTyIOUYUCh A0

3MiHHUX YyMOB. MPC-perynsitop BUKOPUCTOBYE MPOTHO3YIO1 MOJIEN1 sl YIIPABIIHHS B
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MaitOyTHbOMY. KoKeH 3 IIUX perynasaTopiB Ma€ CBO1 MmepeBaru Ta OOMEKEHHs, 1 iX BUOIp
3aJIEKUTH BIJl KOHKPETHOT 3a7]a4l Ta YMOB 3aCTOCYBaHHS.

Cucrema ynpasiiHHA BUPOOHHITBOM MiHEpPaJbHUX J00PHB Y IPaHYJIATOPI 3
ncesao3pirkeHum mapom 3 LQR-peryasTtopom.

LQR (Linear Quadratic Regulator) — e onTuManbHUN JTIHIHHUA KBaIpaTHIHHHA
PErymsaTOp, AKUH MIHIMI3y€ KBapaTUUHY (PYHKIIIO0 BIAXHUJICHHS BiJ] 3a1aHOTO 3HAUEHHS
Ta 3ycwuia ynpasiiHHA. LQR 3abe3neuye crabuibHe Ta ONTHMalbHE YIPaBIIHHS
niHIMHUMU Tiporiecamu. Lleit meTon OGa3yeThbcs HA MaTeMaTW4HIN Mojell Mpolecy Ta
BUKOPUCTOBY€E MATPUIll 3BaXKYBAaHHS AJI1 HaJAIITyBaHHs peryistopa. KoxHiil 3MiHHIN
CTaHy Ta YIPaBIIHHIO TPUCBOIOETHCS BaroBuUi KoedilllEHT, SKUM BimoOpaxkae ii
BaXJIUBICTh Y KOHTEKCT1 JIOCATHEHHS Oa)XKaHOTO YIPaBJIiHHS.

Jlist 6e3nepepBHUX CHCTEM OIMMCYBAHUX B IIPOCTOPI CTaHIB MAEMO:

X" (t) = Ax(t) + Bu(t) (3.31)
ne X(f) — Bekrop craHiB cuctemMu (po3MipHicTh hx1), U(f) — BekTop ympaBIiHHSI
(po3mipHicTh Mx1), 4 —MaTpuis cucteMu (po3MipHIicTh NxXN), B —Marpuiis ynpasiiHHs
(po3mipHicTh NXM),

Kpurepiit sikocTi:

J= J:O (X" (1)Qx(t) +u" (t)Ru(t))dt (3.32)
e Q — CUMETPUYHA IMO3WTHBHO BH3HAYCHA MATPHIIS PO3MIpHICTIO NX N, sika BU3HAYa€e
Bary Juisi ctadiB X(t), R — cuMeTpuyYHa MO3UTHUBHO BU3HAYCHA MATPHUII PO3MIPHICTIO
MxM, sKka Bu3HAauae Bary i 3ycuns ympasmiaas U(t), X' ()QX(t) — imrerpamsa
KBaJIpaTU4YHa MOXHOKa, sIka BIATIOBITA€ 3a SKICTh PETYIIOBAHHS HA IHTEPBAI B1I HYJIS 70
HECKIHYCHHOCTI, SKICTh MOJXKE 3aJaBaTHCS BIIMOBITHOI MAaTPHUICI Q, UT(t)RU(t) -
XapaKTepu3y€e CEHEprilo sKa 3aTpadeHa [JIs peryismii, [ed mapaMeTp 3aJaeThCs

OAVMHUYHOIO MaTpulero R.

KepyBanns, 3naiinene mo LQR anroputmy MOBUHHO 3310BOJIBHITH KPUTEPIi:
u(t) = —Kx(t) (3.33)

Ac K- Ooc MaTpuns 3BOPOTHOTO 3B’513Ky 3a CTaHOM, sIKa BU3HAYA€TbhCA AK:
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K=R'B'P (3.34)
Martpuus P 3nHaxonutsces 3 piBHsIHHS Pikkarti:
AP+ATP—PBR_1BTP+Q:O (3.35)

ne P — cumeTpuyHa MO3MTUBHO BU3HAYEHA MATPULS PO3MIPHICTIO NXN.
Jnst cuntedy LQR-perynstopy noTpiOHi maTpuui mojeni A, B Ta Marpull npu
Kputepito sikocTi Q, R . CTpykTypHa cxema cuctemu yrpasiiHHg 3 LQR-perynsaropom

300pakeHa Ha puc. 3.13.

lL J D
11 X & X
r(t) T » B A{JTE): ax J — C yit)

Puc. 3.13. CtpykTypHa cXxema CUCTEMHU yIpaBaiHHA 3 onTuMaibHuM LQR -
peryisiTopom (r(t) — BXi, u(t) — 3aKOH YIpPaBIIHHS, X(t) — CTaH mpolecy, X, —
MOYaTKOBUM CTaH Mpoliecy, x(t) —3MiHa cTaHy mpolecy, y(t) — Buxia, A B,C,D —

MaTpHIIi IPOCTOPY, K — MaTPHIIs 3BOPOTHOTO 3B’ SI3KY)

OTpumaBImIM TiepeaBalibHI MaTpHIll, MU MOXXemMo oOpaxyBatu pobory LQR-
peryisiTopa 3a JA0MoMOror BOymoBaHux ¢yHKIINA mMaTtematuyHoro makera MATLAB.
Jlns uporo BukopuctaHa (GyHKIS Igr(A B,Q,R,N), 3a JOMOMOIOI SIKOi MOJIHUBO
oOpaxyBaTu pilieHHs piBHAHHS PikkaTi, BEKTOp KOe(illieHTIB Ta BEKTOpP KOPEHIB
XapaKTepUCTUYHOTO TOJIHOMAa 3aMKHEHOI cHCTeMH. Maroun I mapamMeTpu CTae

MOXXJIMBUM OTPHMATH TMEPEXiTHY XapakTepucTuky ontumanbHoro LQR-perymstopa

(puc. 3.14).
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Step Response

Amplitude

= = -

5 6 .- 8 9 10

Time (seconds)
Puc. 3.14. TlepexinHa xapakTepuCTHUKA CUCTEMHU YIPABIIHHS 3 ONTUMATbHUM

LQR-perynsitopom

CucreMa ynpapJ/iiHHSI BUPOOHUIITBOM MiHEPAJbHUX J00PUB Y IPaHYJISITOPI 3
NCeBI03PiIzKeHUM mapoMm 3 Fuzzy Logic-peryJsitopom.

Heuitka norika (Fuzzy LOgIC) — e MeTo1 yIpaBiIiHHS, SKHH MOEIIOE HEUITKICTh
Ta HEOJHO3HAYHICTh B 3HAHHAX 1 NMpUHMAE PIIICHHS HAa OCHOBI JIOTIYHUX IPABUI B
CHUCTEeMax yIpaBJliHHSI. BHKOPUCTOBYIOUM JIIHTBICTAYHI 3MiHHI Ta MpaBWIa, PETYJISTOP
Ha OCHOBI HEYITKOI JIOTIKM MOJK€ IpallfoBaTH 3 HEYITKUMH BXIJTHUMH JaHUMHU Ta
npuiiMaTy HeviTKe ynpapiiHHsA. e mae oMy 31aTHICTB 10 ajanTailii 10 3MIHHUX YMOB
1 HEOJTHO3HAYHUX CUTYaIliid. BiH BupinIye 3aBaaHHs Ha OCHOBI PO3MUTHX BX1THUX JaHHX,
3a0e3Mneuyoun aIalTUBHICTh IO 3MIH Y BUXITHUX YMOBaX Ta CIIPOMOXHICTh MPUNMATH
pilIEHHS HaBITh MPH OOMEKEHUX a00 HEMOBHUX JaHMX. BUKOpUCTaHHA perynsropa 3
HEYITKOIO JIOTiKOI0 €(heKTUBHE B YMOBAaX, KOJIU JJaH1 a00 BUMIPIOBAHHS HE € aOCOTIOTHO
TOYHHUMH, a CHCTEMa TOBHHHA aIaNTyBaTHCS IO PI3HOMaHITHUX cutyamid. [leir metox
J03BOJISIE 3a0€3MEeYNTH THYYKE Ta €()EKTUBHE YIPaBIiHHSA B HENIHIMHUX CHCTEMAaX,
OCKLTPKA PO3MHTICTh Ta HEOJHO3HAYHICTh HE € OOMEXKEHHSAM B JaHOMY BHUIIAJIKY.

CtpyKkTypHa cXeMa CUCTEMHU YINPABIIHHS 3 HEYITKOIO JIOT1KOIO 300pakeHa Ha puc. 3.15.
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Riules

l

Fu=zy logic
controller

Xt ———m —» V(1)

Puc. 3.15. CtpykTypa cucTemMu ynpaBiiHHS 3 HEUITKOIO JIOT1KOIO

VYrpaBiiHHS Ha OCHOBI HEUITKOI JIOT1KM MOXHA PO3AUIA TH Ha YOTUPH KIFOUOBUX
etanu: 3BeAcHHS a0 HeuitkocTi (Fuzzification), ominka mpasun (Rule Evaluation),
arperaris (Aggregation) Ta 3seaenns a0 ugitkocti (Defuzzification).

Ha erani 3BefieHHs 10 HEYITKOCTI YiTKI BXIJHI 3HAYEHHSI MEPETBOPIOIOTHCS HA
HEYITKI 3MIHHI 3 BIUIMOBIIHUMH CTYNCHSIMU HAJIEKHOCTI. BXimHI 3MiHHI MICTATH
BIJIXWJICHHS BiJ Oa)kaHOT0 3HaYeHHs (MIOMHJIKY) e Ta 3MiHy MOMIJIKH Ae. ToOTo, Ko e
Ta de MarOTh (GYHKIT HAICKHOCTI fyi(e), Mx2(€) Ta ly3(e) IS 3HAUEHb TeMIlepaTyp
JaCTUHOK, Kpareyib Ta TEIJIOHOCIS BiJIMOBIAHO, TO 3BEICHHS IO HEUITKOCTI MOXe OyTH

BUpakeHe K HaOlp QYyHKIIIH HAJIEKHOCTI JJIsI KOKHOTO BXOY:

/u(e) = {:uxl (e)! /ux2 (e)’ /ux3 (e)} (336)
ﬂ(Ae) = {/uxl (Ae)! /ux2 (Ae)! :ux3 (Ae)}

[TpaBuiia BU3HAYaIOTh B3a€EMO3B’ 30K MK HEUITKUMH BX1THUMHU 3HAYCHHSAMH € Ta

Ae. 1IpaBuiia MOKHA BUPA3UTH MATEMATUYHO SIK:
Axyoee A i Aee B, ,moueC, (3.37)

ne A;, B; Ta C; — HeUITKI MHOXHHKH, 1110 BIJNOBITafOTh PI3HUM YMOBaM Ha TOMHIIKY e,
3MiHY TIOMUWJIKH e 1 BIAMOBIIHY Kepyody Iito U.

HacTtynmHuM KpOKOM € BU3HAYEHHS CTYIICHIO BUKOHAHHS KOXKHOTO TpaBWia
SKUW MOKE BU3HAYATHCS TIO PI3HOMY B 3aJI€)KHOCTI BiJl METOY HEUITKOI JIOTIKH, SKUN
BUKOPUCTOBYEThCS IS yIpaBiiHHSA. Hampukiag Mo)ke BHKOPHUCTOBYBATHUCS METOJ]

MHoxeHHs (3.38) abo metox MiHiMymy (3.39):

a; =y () up (A€) (3.38)
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= min 1, (6), g (A€)) (3.39)
Arperanis 1e erar, KoJu pe3yJbTaTu BCiX MpaBuil 00’ €JHYIOTHCS ISl OTPUMAHHS

OJIHIET HEYITKOT MHOXKMHHU JIJIs1 BUX0ly. HeuiTKy MHOXXHHY BUXOJy MOXHA 3allUCaTHU SIK:

Uy :Uai -G (3.40)

ne a; — Barosi koedimientn npasun, C; — BUXOJAM HPABHI. 1X MHOKEHHsS O3HAYa€
MacmTaOyBaHH QYHKI[IT HanekHOCTI C; 3HAYEHHSM ;.

OcTaHHIM eTalloM € 3BEJEHHS JO YITKOCTI, TOOTO HEYITKMH BHXIT Us
NEPETBOPIOETHCS  HAa  4iTke 3HaueHHs. [logiOHMX  MeTOAIB  ICHYE  KIJIbKa,
HAWMOIIUPEHIIUM 3 HUX € Metona leHTpy Baru (Centroid), sikuii 0OUMCITIOETHCS 32
dbopmyioro:

u_juf -udu

“ora (3.41)

TakuM YMHOM MU OTPUMYEMO YITKY BUXITHY BenuduHy U. JlaHui kepyrouuid
CUTHAJI OOUYUCITIOETHCS SIK KOMOIHAI[IS 3HaY€Hb, OTPUMAHUX 3 PI3HUX MPABUIL

Jns peamizanii anropuTMy YIpaBIiHHSA 3 HEYITKOK JIOTIKOIO BUKOPHUCTAHO
iHctpyment Matlab Fuzzy Logic Designer (puc. 3.16). B pemakTtopi cucremu
BUKOpHCcTaHui Tun cucremu Mamdani Type 1, skoMy Ha BXiJ MOAAIOTHCS MOKA3HUKH
3MIHHM TeMIlepaTypH TEIUIOHOCIS, a Ha BHUXOJ1 — IOKa3HUKHA 3MIiHU TeMIepaTypH
gacTMHOK. OTpuMaHa MepexiJiHa XapaKTEepPHCTHKA IMPOIECYy HAa OCHOBI YNpPaBIiHHA 3

HEYITKOO Jorikoto (puc. 3.17).



4| Create System from Data - O *
Name |1'|s |
Input data [x3[‘|5000m<1 double] w |
Output data [xl [150000x1 double] v |
Clustering method [FCM clustering v |
Clustering Options
System type [ Mamdani Type-1 v|
Number of clusters | auto |
Exponent | 2 |
Maximum iterations | 100 I%]
Minimum improvement |1e-5 |
Distance metric [ Euctidean v |
[ Hep | [ ok ][ cancel |

Puc. 3.16. HanamryBauus inctpymenta Fuzzy Logic Designer

Ipadpik output

E
.

(%]

-]

=]
T
1

3HadeHHA output
Lad
|
oo
T
1

3rv 7

376 7

3rs 7

374 5

1] 2000 4000 6000 BO0O0 10000 12000 14000 16000
Yac

Puc. 3.17. IlepexinHa xapakTeprCTUKa CUCTEMH YIPaBIiHHS MPOIIECOM

TPaHyJIFOBaHHS Y TICEB03P1PKEHOMY IIapi 3 HEUITKOIO JIOT1KOIO

99
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Cucrema ynpasjiHHSA BUPOOHHITBOM MiHEpaJbHUX J00PHB Y IPaHYJIATOPI 3
ncesao3pimxkenum mapom 3 II/I-peryasaTopom.

ITIJT (Proportional-Integral-Derivative) — me KIacHYHHMIA perysiasaTop, SKHAN
BUKOPUCTOBYETHCS JJII YOPABIIHHS CHUCTEMaMH 3BOPOTHOTO 3B'SI3Ky, Ta € OJHHUM 3
HaNMOIIUPEHIIINX METOMIB YIPABIIHHS 3aBASKH CBOil €(pEKTUBHOCTI Ta MPOCTOTI y
BUKOpHUCTaHHI. BiH CKJIaJa€ThCs 3 TPbOX KOMIIOHEHTIB, K1 B3a€EMOAIIOTH MIX COOOIO /1715t
JOCSITHEHHS MOTP10HOT TouHOCTI. [Iponopiiiiina yacTuHa pearye Ha MOTOYHE BIIXUJICHHS
MDK MOTOYHMM CTAaHOM CHUCTEMHM Ta 3a/laHUM 3HAYEHHSIM, MPONOPLIAHO 30UIBIIYIOYH
BEJIMYMHY YIPABIIHHS NP 30UIbIICHH] BIIXWICHHS. [HTerpanbHa 4acTuHa BOPOBAIKYE
KOPEKI[II0 Ha OCHOBI KyMYJATUBHOI MOMMIIKH, 11O JO3BOJISIE KOMIIEHCYBaTH IpiOHI
nocTiiHi BiaxuiaeHHs. [loxinHa yacThHA JOMOMarae peryisaTopy pearyBaTH Ha IIBUIKI
3MIHM BIAXWUJICHHS, 3amo0iraroyd MepeperyiioBaHHI0 Ta 3a0e3leuyrodyd IUIaBHE
ynpasiiHHs. [IponopiiifHa yacThHA peryisiTopa pearye Ha MOTOYHY BIAXWJICHHS Bij
3aJJaHOTO 3HAYEHHS, IHTETpaJIbHAa YACTUHA KOMIIEHCY€E KyMYJISITUBHY IIOMUJIKY, a TIOX1IHA
YacTHUHA pearye Ha IBUIKI 3MIHM BiIXWIEeHHs. CTPYKTypHa cXeMa CUCTEMU YIIPABIIIHHS

3 [ []-perynsaropom 300pakeHa Ha puc. 3.18.

Ki
Kd
A
u(t) : .
(1) PID o Transfer =
controller Sunction :

x(1)

Puc. 3.18. CtpykrypHa cxema cucremu ynpasiiaas 3 [1I/-perynsropom

s IIJI-perynstopa nepenaBanbHa GyHKIIS BU3HAYAE€ThCA B TpocTopi Jlammaca

BHU3HAYAE€CTHCA AK:
Ki 3
G(S) = KP + L4 Kd .S ( 42)

ne Kp — koedilieHT mponopuiiHoi ckiaaaoBoi, K; — koe(ilieHT IHTerpajbHOI CKJIaI0BO],

K¢ — koedinieHT nudepeHmianbHoi CKI1aioBoi, S — oneparop Jlamnaca.
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B wuyacosiii o6macti IIIJ[-perynsitop MoOXHa omucaTH PIBHIHHSAM KEPYHOUOTO

curnaity u(t):

u(t) = Ko -e(t) + K, [ e(z)dz + K, % (3.43)

ne e(t) — mommika, sika BHU3HAYA€ThCS SIK PI3HUISI MK OakaHUM Ta (HaKTUIHHM
3HayeHHsIM, U(t) — BUXiTHUI KEPYIOYHil CUTHAJL.

KoskHa cknanoBa (nponopiriiiHa, iHTerpajibHa Ta JudepeHIiiagbia) BUKOHYE CBOIO
ponb. IlponopimiiiHa ckianoBa K, -e(t) 3a0e3ledye HErailHy pEakililo Ha IMOMMIIKY.

Takox nmpu caMOCTITHOMY BUKOPUCTaHHI BiH JIMIIA€ 3aIUILIKOBY MOMUIKY. YuM Olnibiie
t
3HavyeHHs mommiku e(t), Tum Ounbina Kopekiis. [HTerpanbHa CKiagoBa Kijoe(f)df

3&6631’[6‘1}76 IMOCTYIIOBC 3MCHIICHHA ITIOMHIIKHM HIIAXOM HAKOIINMYCHHA HOHGpGJ]HiX

3HaueHb NoMuIKU. Ilg ckimagoBa pomoMarae YCYHYTHM 3ajMIIKOBY ITOMMIIKY

nponopiiiHoi  ckianoBoi.  JludepeHmianpbHa — CKIagoBa Kd% 3abesreuye

IPOrHO3yBaHHS MaOYTHHOT MOMUJIKH, 110 AOMOMArae 3rjiaJuTH KOJIUBAHHS CUCTEMH.
SIkimo cucTteMa OMHUCYEThCs MepefaBaibHOW (yHKIiero H(S), To 3aranbHa

nepenaBaibHa QyHKIs 3aMkHeHO1 cuctemu 3 [1I/I-perynsitopoM onucyeTbes sK:

T(S) _ G(S) -H (S)
1+G(s)-H(s)

(3.44)
ne T(s) — mepenaBanbHa (QyHKIS 3aMKHEHOT cuctemu, G(S) — mepemaBanbHa (QyHKITIS
[MIJ]-perynstopa, H(S) — mepenaBanbHa (yHKITiS 00’ €KTa KEPYBaHHS.

[TI/I-perynsTop peanizoBaHuii 3a jaornomororo iHcTtpymenta Matlab PID Tuner
(puc. 3.19). YmparimiHHA 3diiCHEHE 3a JIOTIOMOTOIO 3MIiHHM TEMIIEpaTypH TEIIOHOCI,

3aB/ISIKA YOMY MOXKIIMBO KOHTPOJIIOBATH TeMIIEpaTypy 4acTHHOK. OTpuMaHa nepexiiHa

XapaKTEePHCTHKA MPOIIECY Ha OCHOBI YIPAaBIIiHHS 3 HEUITKOO JIoTiKo¥0 (puc. 3.20).
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4| Import Linear System O X
Impart a linear system from the MATLAE workspace
Available Data Type Order
sys_c1 zs 3
5Y555 5% 3
17 idif 3
Specify the number of unstable poles (except integrators) for the selected plant
[ Help ] [Refresh] [ Impaort ] [ Cancel ]

Puc. 3.19. HanamrryBanns inctpymenta PID Tuner

Step Plot: Reference tracking

Tuned response 17

6
Time (seconds)

rwas re-tuned because controller type was changed.

Controller Parameters: Kp = 8895, Ki=1.849 Kd=3.373

Puc. 3.20. IlepexigHa XxapaKTepuCTHKA CUCTEMHU YIIPABIIHHS MPOLIECOM

TpaHyJIOBaHHA y TIceBa03pimkeHomy mapi 3 [1I/I-perynaropom

Cucrema ynpapjiHHSI BUPOOHUIITBOM MiHEePaJbHUX J00PUB Y IPaHYJIATOPI 3

ncesao3pimxkenum mapom 3 MPC-peryasTtopom.

MPC (Model Predictive Control) — perynstop 6a3yeThcsi Ha MAaTeMaTHIHIM MOJIEI

CUCTEMHM 1 mependavae ii MOBEAIHKY B MalOyTHBOMY JJisi MPUUHSTTS ONTHUMaJIbHUX

pilieHb B peasibHOMY uaci. Mloro ocHoBHa iesi mojsirae B TOMY, 1100 3/1HCHIOBATH
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yIpaBJIiHHS Ha OCHOBI Mepen0aueHb, a HE TUIbKU PEakKiliid Ha MOTOYHI BiAXWiIeHHs. BiH
BpaxoOBYy€ pI3HI OOMEXKEHHS CHUCTEMHU, TakKl SK BEJIWYMHHU YNPaBIIHHA, (I3UYHI
OOMEKEHHS CUCTEMHU Ta 1HIIl (akTopu, 1 3AaTHUN ONTUMI3ZYBAaTH O0ararouuIbOBY
GyHKIII0, TaKy SK MIHIMI3allis MOMUJIKUA peryitoBaHHs 1 30epexxeHHs eneprii. MPC
ITUPOKO BUKOPUCTOBYETHCS B CKJIQJIHUX CHUCTEMax YIpPaBIiHHS, TaKUX SK XIMIYHI
MPOLIECH, EJEKTPONPUBOAM 1 aBTOMOOUIbHI cucteMu. CTpyKTypHa cCXema CHUCTEMH

ynpasininHsg 3 MPC-perynstopom 300paxkena Ha puc. 3.21.

> O006’exT »| BuuiproBau
e :
1
I IIpornosyroua (0 :
! _ zft) ,
i MOZIEIB Cnooctepirauy ..,_i_
i 3 |
' . |
i OntaMmizaTop [ rx(t), ru(t) i
i P L JuHAMIYHHT i
ErYIATOP 11O OLIIHII i
I CIYIIATO I
i 3 IIPOTHO30M PeryIAIOP :

Puc. 3.21. CtpykrypHa cxema cucteMu ympasiinas 3 MPC-perynsaropom

OCHOBOIO CyYacHMX MPUHITUIIIB yJIOCKOHAJICHOTO YHPABIIHHSA TEXHOJIOTTUHUMU
mpoliecaMy € MeTOJ MPOrHO3YIUoro yrpasiiHHS Ha ocHOBI Mozeni (Model Predictive
Control, MPC). Leii miaxin BuHuK y 60-X pokax JJjig KepyBaHHS CKJIAIHUMHU MPOIIECAMU
B Ha(pTOXIMIYHIA Ta E€HEPreTUYHId MPOMHCIIOBOCTI, /€ BUKOPUCTAHHS TPATUIIHHUX
METOMIB CHHTE3y Oyno ManoedeKTUBHUM Yepe3 BUCOKUW pIBEHb CKIAIHOCTI
MAaTEMaTHYHUX MOJAEIEH.

CyTp MeTOnay TMoOJsiTa€e y BUKOPUCTAaHHI TPOTHO3YIOUHMX MojeNiell 00'€KTiB
VIPABIIHHS, K1 I03BOJISIOTH MEepe0aYNTH BIUIMB MAaHOYTHIX 3MiH BXIIHHX MapamMeTpiB
Ha BUXIJHI perynboBaHi 3MiHHI (puc. 3.22). Y pamkax MPC 3acToCOBYIOThCS THHAMIYHI
MOJIEITi TPOTIeCy MJIsi MPOTHO3YBAHHS Ta OMTHUMI3AIlii YIpaBIiHHS NUIIXOM MiHIMIi3amii
uiboBoi GyHkIIL. [{g QyHKIIA BpaXxoBye MOBEAIHKY CUCTEMH B MallOyTHbOMY 4aCOBOMY
IHTEpBajl, 1[0 JJ03BOJIsIE BUOpaTH ONTHUMAJIbHE KEpPYBaHHS HAa OCHOBI YHCEJIbHOI

onTuMmizarii.



104

A
MHHYIE MaiiOyTHe (IPOrHO3yBaHH:)

e X
- »~

CHTHAJL, IO 3a7aeThes r(t)

nepeadbadeHa MOBEIiHKA

% = X(T,x(£), §(1))

N

cran  Xx(t)
3aMKHYTOL
CHCTEMH IporpaMHe yIpaBIiHHA u=u(T)

JUIS IPOTHO3YI0YO1 MOAE 1

yrpaBTiHHA u(t)
B 3aMKHYTIiH
cuctemi o~
’

- |

l B >
t+5 it T, T

et

1

T.— ropH30HT ynpapIiHHA

A

T, — rOpH30HT MPOrHO3yBaHH

Puc. 3.22. Tlpunnun poGOTH yHpaBIiHHSA Ha OCHOBI IIPOTHO3YIOU0T MO

['onoBHoto nepeBaroro MPC e criporieHa 6a3oBa CTpyKTypa 3BOPOTHOTO 3B'A3KY,
sgKa 3a0e3rnedye BHCOKY ajanTuBHICTh. Lle#t minxim mo3Bojise €deKTUBHO KepyBaTH
0araTOBUMIPHUMH 1 0araTo3B'I3HUMH CHCTEMaMH 31 CKJIQJHOI CTPYKTYPOIO, 30Kpema
TaKUMH, 10 BKJIIOYAIOTh HeNMiHiiHICT. KpiMm Toro, MPC cripusie ontumizaiiii mporieciB y
PEXHUMI PEaIbHOTO Yacy 3 ypaxyBaHHIM O0OMeEXKeHb Ha KEPYIOUl Ta PEryjab0oBaHl1 3MIHHI,
a TaKoX JO3BOJIIE BPAaXOBYBAaTH HEBU3HAYECHOCTI y XapaKTepUCTHKaX 00'ekTa Ta
30ypeHHSX.

Anroputm pob6otu MPC wmoxHa poO3AIMUTH Ha YOTUPU OCHOBHI €Tamu, fKI
3a0e3mneuyoTh ePeKTUBHY pealTizallito yIpaBIiHHSI Ha OCHOBI ITPOTHO3YIOYO0i MOJIEITI:

1. MopemntoBaHHs 00’ €KTa yIpaBIIiHHS:

B ocHOBi 1aHOTO METOY JEKHUTH MaTEMAaTUIHA MOJICNIb 00'€KTa YIpaBIiHHSA, sKa

OMUCYETHCS JTTHIMHOIO CUCTEMOIO, PIBHSIHHS SIKOi MOXHA 3aIIUCATH Y BUTJISIAL

X, = AX, +BU, (3.45)
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1€ Xk — BEKTOp CTaHiB Ha K-my Kpoli (po3MmipHICTh Nx1), Ux — BEKTOp YIpPaBIiHHS
(po3mipHicTh Mx1), 4 — MaTpuIls CTaHiB (po3MipHICTE NXN), B — MaTpUIls YIPaBIiHHS
(po3mipHicTe NXM).

2. Mera ynpaBiiHHS:

[inpoBa (QyHKIIISI MIHIMI3YETBCS HAa TOPU3OHTI TPOrHO3Y Np:
NP
J = (x1Qx; +u/ Ru;) (3.46)
i=0

ne Q —MaTpulls Bar AJis CTaHIB pO3MIpHICTE NX N, Q — MaTpuLd Bar Jyisi KEPYIOUUX J1i
PO3MIpHICTE MXM.

3. OOMexeHHs:

BpaxoByroTbcst (hi3M4H1 OOMEKEHHSI CUCTEMHU:

Uyy <U, <UL (3.47)

Xoin < X < X
4.  Po3paxyHOK ONTHMAaJbHOTO YIPABIIiHHS:
VY peasibHOMY Yaci BUKOHYEThCSI YUCEIbHA ONMTUMI3AIlIS JUIS MiHIMI3aIil GyHKIIIi

J. PesynbratoM € HabIp ONTHUMAIBHUX KEPYHOUHX JIH Ug,Uy,...,Uy 4, ale JUIsS KepyBaHHs!

BUKOPHUCTOBYETHCA JIMIIC HCpH.II/Iﬁ curHal Up.

U, =argmin J (3.48)

d. OHOBJICHHS CTaHy:
ITicnms 3actocyBaHHS Uy BUMIPIOIOTBCS HOBI1 3HAUCHHs CTaHIB, 1 Ipoleaypa
MOBEPTAETHCA HA MEPIIHI KPOK.
3a ananorieto 3 [IJ]-perynstopom MPC-perynsTop Moke mpaifoBaTu B KOHTYpI
(13 b b1 ) :
onuH Bxij - oauH Buxin~ (SISO). 3riiHO 3 HaBeI€HUM BHILIE aITOPUTMOM, OCHOBHUMU

napamMeTpaMy HaJATYBaHHS PETyIsaTopa OyayTh:

N, — rOpu3oHT HPOTHO3y — BU3HAYAE, HACKIIBKU JAICKO B Mai0yTHE MOJEINb
MIPOTHO3YE MOBE/IIHKY CUCTEMH;

N, — oOpiii ynmpapmiHHS — KiJZbKiCTh KpOKIB, HPOTATOM SKHX OHTHUMI3YIOThCS
Kepyroui Jii;

T, —yac muckperu3awii — iHTepBa MiXk 0OUMCIEHHIMU HOBOTO YIIPABJIiHHS.
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Koxen mapamerp N, N, T, BmnuBae Ha sKiCTH perynOBaHHS, MIBUIKICTH

PO3paxXyHKy ONTHUMAIbHUX YNpPaBIiHb 1 UYTIMBICTh Kepyrouoi cucremu. Kpurepismu
BUOOpPY € MiHIMI3alisl KBaApPaTUYHOI MOMMWJIKM Ta IMIBHJKICTH PO3PAXYHKY IOLIYKY
ONTUMAJIBHOTO BapiaHTa YINpaBiiHHA. 3a IHIIMX PIBHUX YMOB IepeBary HEOOX1JTHO
BiJIJTaBaT KOMOIHAIlIi TapaMeTpiB 3 HAWMEHILUM YacOM MepepaxyHKy alrOpUTMYy.
OcHoBHo1O niepeBaroro MPC-peryssitopa € Te, 110 1eH miaxia J03BoJIs€ YIPaBiIsaT
0araTOMIpHUMHM CHUCTEMaMM 31 CKJIQJHUMHU JUHAMIYHUMHU XapaKTepUCTUKaMHU,
BpaxoByIOUM OOMEKEHHS Ta ONTHUMI3yIOUHM Mpolec y peasibHOMY yaci. Hanpuknan, y
cUCTeMax, Jie¢ MPUCYTHI HENIHIAHOCTI, BUKOPUCTOBYIOTHCS HENIHIAHI MoJeni 00’ €eKTa

yIPaBJIiHHS, SIKi B 3araJlbHOMY BUTJIS/II 3aITUCYOThCS SIK:
X = F (X Uy) (3.49)
ne f(X, Ux) — HemiHiitHa QYHKIIIS, 1[0 OMKMCYE JUHAMIKY CUCTEMH.
Kpim Toro, y meskux 3agadyax MOKe 3aCTOCOBYBATHCS CTOXACTHYHHUH IMIAXIiT IS

BpaxyBaHHS HEBU3HAYCHOCTEH:
X, = AX, +BU, + o, (3.50)
1€ Wk — BUTIAJIKOB1 30 ypeHHH.
MPC-perymnsarop peamizoBanmii 3a gomomororo incrpymenta Matlab MPC

Designer (puc. 3.23). Cuctema yrpaBIIiHHS CTBOPEHA 3a JOIIOMOIOIO PaHIIIe CTBOPEHOT

nepeaaBagbHOi QYHKINT Ta OTpUMaHa TMepexigHa XapaKTEPUCTHKA CUCTEMH YIIPaBIIIHHS

(puc. 3.24).



|4 Define MPC Structure By Importing — O X

MPC Structure

— —
Measured Disturbances | Unmeasured
> >
Setpoints i Variabl Inputs. Qutputs
otpoints |\ o rables  {_ inp Plant utp)

Treference) s »

Unmeasured Disturbances Measured
*

5
¥

Select a plant model or an MPC controller from MATLAB Workspace:

Select Name Type Order Inputs Qutputs
1 1 sys ES 3 1 1
2 O sys_cl S5 3 1 1
3 1 sysss S5 3 1 1
4 7 idif 3 1 1

Inspect Selected System

Controller Sample Time

Specify MPC controller sample time: |1 ‘

Assign plant i/o channels to desired signal types:

Manipulated variable (MV) channel indices:
Measured disturbance (MD) channel indices:
Unmeasured disturbance {UD) channel indices:
Measured output (MO) channel indices:

Unmeasured output (UO) channel indices:

Puc. 3.23. Hanamrysauus inctpymeara MPC Designer

Output Response (against internal plant)

12 T T T T T T T T T

mpci

% 06

0 I I I I I I I I
0 1 2. 3 4 L 6 7 8 g

Time (seconds)

Puc. 3.24. TlepexinHa XxapaKTepUCTHKA CUCTEMHU YIIPABIIHHS MPOIIECOM

TpaHyJIIOBaHHA y TIceBI03pimkeHomy mapi 3 MPC-perymnstopom

107
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CTBOpeHHSI CX€MH, SIKa OJIHOYACHO MOJIETIOE POOOTY YOTHPHOX PETYISATOPIB
J03BOJISIE€ Kpalle OLIIHUTH €(PEKTUBHICTh Ta OOpaTH ONTUMAIbHY CTPATEri0 YIPaBIIHHS.
Mopentoroun BCi OIISIHYTI B JaH1A pOOOTI peryasiTOpy B OAHIN cXeMi, MOXKHA BI3yalbHO
MOPIBHATH iX poOOTYy B peajbHOMY 4Yacl, a CaM€ MOXJIMBO BIJACTEKHUTU, SKUU 3
PEryJsTOpPIB J1a€ MIBUJIIY PEAKIIII0 Ta MEHIIE BIIXUJICHHS.

BinTBopuBLIM BCl HaBeAEHI CHUCTEMM YIpPaBIIHHSA NPOLIECOM TpaHyJIOBaHHS Y
nceBao3pimpkeHomy mapi y makeri Matlab Simulink (puc. 3.25) moxHa nerasibHire
HNOPIBHATH €(PEKTUBHICTh X POOOTH Yy MOPIBHSAHHI 3 pOOOTOI0 CUCTEMU 0€3 CUCTEMH
ynpasiiHHg. s po3yMiHHS €(EeKTUBHOCTI CUCTEMH YIPABIIHHS BHCTAYUTH JIMILE
nepmux 10 cexkyHl MOJEIIOBaHHSA, OCKUIBKH 11€ AaCTh PO3YMIHHS 3arajibHOI IIBUKOCTI
crabinizaiii cucreMu Ta ii piBHS nepeperyioBanus (puc. 3.26).

]

k>
[

LQR

MPC  mv mpe1_G_1

YT

ref

MPC

Fuzzy Legic

0.54225 4+ 1.514
»(:_}—» PID(s) 3 o
s 4+ 16.285"+ 11.995 + 1.563

‘ PID

0.5422s + 1.514
7| ° + 16.285% + 11.995 + 1.563

Original

Puc. 3.25. Cxema niist mOpiBHSIHHS CUCTEM YIIPABIIHHS 3 PI3SHUMH PETYISATOPAMHU
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1
)
3
4
2

Time [

Puc. 3.26. TlopiBHSIHHSA npoliecy IpaHyIIOBaHHS y MCEBA03PIIKEHOMY 1Iapi 6e3
CUCTEMH YTIPABJIiHHS Ta 3 BAKOPUCTAHHSIM CHCTEM YIPaBIiHHS 3 PI3SHUMHU
perymsatopamu (1 — 3 LQR-perymstopoM, 2 — 3 MPC-peryasitopom, 3 — 3 Fuzzy Logic-

perynsatopom, 4 — 3 PID-perymsitopoM, 5 — cuctema 6e3 perynsaropa)

[IpoananizyBaBIu OTpUMaHI MEPEXiHI XapaKTEPUCTUKH CHUCTEM YIPABIIHHS 3
PI3HUMU TUIIAMH PETYJIITOPIB 00paxoBaHO Yac, 3a KUK CUcTeMa CTabUIi3y€eThCs, PIBEHb
MepeperyaoBaHHs Ta TOUYHICTh. Pe3ynbpratu gaHnx oOpaxyHKiB HaBeAeHi y Tadmmi 3.1

Ta 3.2.
TabOnuis 3.1

[TopiBHSHHS CHCTEM YIPABIIHHS JII CUCTEM YIPABIIHHS 3 PETYIATOPAMH IS

JMHIAHUMH CUCTEMAMHA

Yac
Hasma | mepeximgnoro | [lepeperymnroBaHHs 30ir
npoiiecy, [C]
LT 12 13% 99.9%
LQR 7.5 2.5% 99.9%
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Taonuis 3.2

[lopiBHSHHS cHCTEM YNPABIIHHS JJI CUCTEM YNPABIIIHHA 3 PETYJISITOPaAMU IS

HENIHIMHUMHU CUCTEMAMHU

Yac
Hasa | mepexignoro | IlepeperyntoBanHs 30ir
nportiecy, [C]
MPC 10 3% 100%
Fuzzy
_ 12 0.2% 99.8%
Logic

3.4. Cucrema ynpapjiHHSI BHPOOHHITBOM TI'PaHYJbOBAHMUX MiHepaJbHHX

A00pUB y TPaHYJATOPI 3 mceBaAo3piaxeHnM mapom 3 MPC-peryasitopom

AHaNi3yl0uu MOJIENIb KEPYBaHHS BUPOOHUIITBOM JOOPUB, PO3TIISAIAIOTECS MAaCUBU

BXITHUX JIaHUX, SKI XapaKTepU3YIOTh 4Yac TPaHYIIOBaHHSA, 1 BHXIJIHI JaHi, II0

BiI0OpakaroTh 3HaueHHs GyHKIIT posmoxiny. Ilicims 3aBaHTa)X€HHS IUX JaHUX Y

cepenopunie MATLAB neoOxigHo BukiaukaTu maker System ldentification Toolbox

(SIT). IlepenaBanbha GyHKIlIA MOET BU3HAYAETHCS SIK HEIIEPEPBHA 1 IPYroro MopsaKy,

10 € HAUPEATICTUYHIIINM MPUITYIICHHSIM IS OMUCY MPOIIECY.

Ha puc. 3.27 300paxeno rpadik mnepemnaBalibHOI (QYHKINIi, SIKUHA JTEMOHCTPYE

MPOTHO30BAaHY XapaKTEPUCTHKY OJIOKY Ha OCHOBI Mojeni. 3 aHaji3y BHJIHO, IO

nepeaaBaibHa (QYHKIIIS € CTIMKOTO, 110 POOUTS 11 MPUIATHOTO JIJISl PETYTIOBAHHS CUCTEMH

KEepyBaHHSI BUPOOHHUIITBOM MIHEPATbHUX TOOPUB.
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4 System Identification: LTI Viewer - [} b
File Edit Window Help
D& %S|E

Step Response

From: ul To: y1

N
o
/

Amplitude
- ;1‘ N
\

=1
3

o
T

-0.5
0 5 10 15 20 25 30 35 40 45
Time (seconds)

Puc. 3.27. llepenaBanbHa QpyHKIIis 00’ €KTY yIpaBIiHHS

Tak, 3a pesynabraramu pobotu SIT B cuctemi MATLAB cdopmoBaHo Taky
nepeaaBagbHy QYHKIIIFO MOJCITI:

—0.09715s + 0.2277 (3.51)

W(s) =
) s? +0.2636s + 0.1069

Jlns cTBOpeHHs OUIBII CKIAQTHUX MOJEIel y TpocTopi cTaHiB abo s
NEPETBOPEHHSI JWMHAMIYHUX Mojeneid y dopmy mnpocropy craHieB y MATLAB
BUKOPHCTOBYEThCSA KoMaHda SS 3 makeTy Control System Toolbox. Moxens npoctopy
CTaHIB € MATEMAaTUYHUM OMHUCOM (PI3MYHOI CUCTEMH, SIKUH 0a3yeThCs HA B3a€EMO3B’ SI3KY
MDK BXOJIaMH, BUXOJIaMHU Ta 3MIHHUMHU cTaHy. L[i 3MiHHI MOB’si3aH1 MK CO00I0 depe3
nudepeHIiaibHI PIBHSHHS MEPIIOTO MOPSIKY, IO J03BOJISIE TOYHO OMKMCATH MOBEAIHKY
CUCTEMH.

3MiHHI CTaHy B MOJENI NPOCTOPY CTaHIB BHU3HAYAIOTh 3HAYCHHS BHUXITHUX
3MIHHUX, JO3BOJSIFOUM TOOyAyBaTu cucTeMy SK st omHoBuMipHux (SISO), Tak 1
O6araropuMmipaux (MIMO) cuctem. Ilaker miATpUMyE MOJETIOBAaHHS SK Yy
Oe3mepepBHOMY, TaK 1 B IUCKPETHOMY 4aci, 0 POOUTH HOTO YHIBEPCATBHUM JIJISI PI3HUX
THUITIB JUHAMIYHUX CHCTEM.

[Ipoec poGotu 3 mMoxmensmu mpoctopy ctaHiB y MATLAB mnounnaersest 3
iHimamizamnii GyHKIii nepeaadi, Micas 4YOTO BUKIMKAETHCA KOMaHAA JJISI OOYHMCIICHHS

Marpunb A, B, C i D, sxi € 0CHOBHUMH KOMITOHEHTaMH PiBHSHb cucTeMu. L{i maTpuii



112

BUKOPHUCTOBYIOTHCSA JUISl ONTUCY CUCTEM Y BUTJIAIL, IPECTABICHOMY PiBHAHHAMU (3.45) 1

(3.50), 1 103BOJIAOTH MPOBOAUTH MOAANIBIINI aHAI3 Ta ONTUMI3aIil0 MOJEI.

> H = [tf£([-0.0915 0.2277],[1 0.2636 0.1069])]
H =
-0.0915 s + 0.2277
52 + 0.2636 5 + 0.1063
Continuous-time transfer function.

>> sys = ss(H);

Puc. 3.28. Moaenbs npocTopy CTaHiB

B pe3ynbrarti oTprMaHi HaCTYMHI MaTPUIIL:

~ {— 0.2636 - 0.4276} (3.52)

| 0.25 0

8- H (3.53)

0
C =[-0.0915 0.9108] (3.54)
A=[0] (3.55)
Orxe, micas obunciaeHHs MaTpullb A 1 B piBHsHHS (83) MaTrMe Takuii BUTIIS;
- {— 0.2636 4.4276}({1}” (3.56)
0.25 0 0

CTpyKTypHa cXxeMa CUCTEMH YIIpaBJIiHHSA, CTBOpEHOi B makeTi Simulink, HaBeneHa

Ha puc. 3.29.
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g O0’ext »| BrmiproBag
e .i
1
I IIpornosyroua (1) . :
i - Z(t)

i MOJIETE CnocTepirad |
i 3 :'
¥ ) 1

i OnrtuMizatop [+ rxft), ru(t) i
i P . JTuHaMI9HHI i
eryIATop M0 OLIHII .

! ErYILATO I
i 3 MPOTHO30M pery1aTop :

Puc. 3.29. CrpykTypHa cxema cucrteMu ynpasiiHas 3 MPC-perynstopom

Hns mobynoBu rpadika mnepexinHoi xapakrepuctuku 3 MPC-perymstopom
BuKopucTtoByBaBcs iHcTpymeHT MPC Designer y MATLAB. Ilicist ekcriopTy nepexinHol
xapakrepuctuku g0 Simulink Oymno orpumano rpadik podotu rpanysstopa 3 MPC-

perynsaTopoM (CUHS KpuBa) Ta 6€3 HbOTO (’KOBTa KPUBA):

T 'l"'e
Puc. 3.30. ITepexinni xapakrepuctuku 00’ exty (1 — 6e3 cucTemu ynpaBimiHHSA, 2 —

3 cuctemoto ynpaniiaasa 3 MPC-perynstopom)

3 anamizy rpadikiB BumHO, 1m0 cuctema 3 MPC-perynsaropom mpaifroe mBuaIIe Ha
3 ceKyHIu B TIOPIBHSIHHI 3 CUCTeMOr0 Oe3 ympammiHHs. lle miaTBepKye AOUIIBHICTH
Bukopuctanisi MPC-perynstopa B cucTeMi KepyBaHHS BHPOOHHIITBOM MiHEPATBHHX

T0OPUB.
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3.5. BucHOBKH 10 po3ainy 3

1. JloBe1eHO HAasBHICTH JETEPMIHOBAHOI'O XaoCy B IMPOLEC] TpaHyIOBaHHS y
MICEBO3PPKEHOMY IIapi Ta B CHUCTEMI YNPAaBIIHHS XaoCOM MpoLecy BHUPOOHHUIITBA
MIHEpaJIbHUX I0OPUB y TPaHyJIATOP1 3 ICEBAO3PIIKEHUM IapoM. JloCTiI>KeHHS JUBHOTO
aTpakTopa, noka3HukiB JlamyHoBa Ta eHtpomnii KoiMoropoBa miiTBepauin HasgBHICTb
JETEPMIHOBAHOI'O Xaocy.

2. Po3pobnena cuctema ympaBlIiHHS XaoCOM MpOIEeCY BUPOOHMIITBA
MIHEpAJIbHUX JOOPUB Y TPaHysATOP1 3 MCEBAO3PIHKEHUM 1IAPOM. 3aBASKHU MOCTIHHOMY
YIPABIIHHIO TOJAY€I0 TETUIOHOCIS I CHUCTEMa MIJICHIIIOE XaOTHYHICTh MPOIIECY, IO
CTpUsi€e aKTUBHOMY TICPEMIIIyBaHHIO YacCTHHOK Yy TIIceBAo3pimkeHomy tmapi. Lle
3abe3reuye MPUCKOPEHE 3pOCTaHHS IpaHyJl Ta MOKPAIIEHHS 1X SKOCTI MpH 30epekeHH1
KEpOBaHOCTI MPOIIECY.

3. PeanizoBani cucremu ympasiinas 3 Bukopuctanasm MPC, LOR, ITI[ Ta
Fuzzy Logic peryasTopiB Ha OCHOBI TphOX(ha3HOI MATEMATHUYHOT MOJIENI IPaHyTFOBAaHHS
y TICEBIO3PIIHKEHOMY IIapi i TOYHOTO MOPIBHSAHHA iX edekTuBHOCTI. PesymbpTaTn
TOCTIJDKeHHsT mokazanu, mo MPC-perynsatop € HaWOULIbIl €()EKTUBHUM I i€l
CHUCTEMH, OCKUIBKM BiH HaMKpalie MiIXOAUTh JJIs HEIHIHHUX CHCTEeM, 3al0esreuye
MIHIMaJbHE TIEPEepPeryaIOBaHHS Ta IIBUAKO BUBOJIUTH MOKA3HMKU TEMIEPATypu 0
3aJlaHUX 3HAYCHb.

4, Po3zpobnena cuctema ympaBiiHHS BHPOOHHIITBOM T'PaHYJIOBAHUX
MIHEpAIBHUX JOOPHUB y TPAHYIATOPI 3 TICEBIO3piHKkeHNM mapom 3 MPC-perynstopom
HAa OCHOBI MAaTeMAaTHMYHOI MOJENl TPAaHYJIOMETPUYHOTO CKJIaay BUPOOHHUIITBA
MiHEpAIBbHUX JOOpWB, SIKAa JO3BOJISIE IIBHAINIE JOCSITTH 33aHOi KUTHBKOCTI TpaHy

HEOOX1THOTO PO3MIpYy.
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PO3/IL1 4. IHOOPMAIIMHA TEXHOJIOI'ISA YIIPABJIIHHA
BUPOBHULTBOM I'PAHYJIBOBAHUX MIHEPAJIBHUX T1OBPUB

B cyuyacHomMy BHpOOHHIITBI MiHEpaJIbHUX JOOPUB BAXKIMBY pOJIb BIAIIPAOTh
iHpOpMaIiiiHl TEXHOJOT1I, SKI J03BOJSAIOTh €()EKTUBHO KOHTPOJIOBATH NPOLIECH Ha
KO)KHOMY €Taml, OCKUIbKM BOHHU JO3BOJISIIOTH HE JIMIIE MPOBOJUTA MOHITOPUHT
napamMeTpiB BUPOOHMIITBA, ajie ¥ 3a0e3rnedyBaTH aJanTHUBHE YMPABIIHHS HA OCHOBI
Cy4yaCHHUX MaTeMaTUYHUX Mojelield. TeHIeHIii PO3BUTKY XIMIYHOI MPOMHUCIOBOCTI
JEMOHCTPYIOTh TIOCTIHHY HEOOXITHICTh ONTHUMI3allli TEXHOJOTTYHUX TPOIECIB Ta
HiABUIICHHS €(QEeKTUBHOCTI BUPOOHHUIITBA. Y BUMNAAKY BHUPOOHHUIITBA MIHEpPATBHUX
N0OpUB, JOCSITHEHHS BUCOKOI SIKOCTI KIHIIEBOTO MPOJYKTY, 3HUKEHHS COOIBapTOCTI Ta
3a0e3MeyeHHsI CTa0TbHOCTI BUPOOHUYHMX MTPOIIECIB € KITFOYOBUMH 3aBJIaHHSIMHU.

[HpopmariiiHi TEXHOJIOTI] YNpaBIiHHA BUPOOHHUIITBOM MIHEPAIbHUX J0OPUB
SBJISIIOTh COOOI0 KOMIUIEKC TEXHIYHUX, MPOTPAMHHUX Ta OpTaHi3aliifHUX pilieHb, IO
OXOTUTIOIOTh yC1 €Talmu TEXHOJIOT1YHOIO IMpOolleCYy — BiJ MiJATOTOBKHM CHUPOBUHH [0
OTPUMaHHS TOTOBOTO MPOAYKTY. OIHUM 13 KIIOUOBHX 3aBAaHb € 3a0€3MedeHHs
HAJIHHOTO KOHTPOJIIO Ta YIIPABIIHHS MPOIIECAMHU Y PEKHUMI PEaIbHOTO Yacy.

OcHOBOI0O CTBOpeHHs e(eKTHBHOI iH(opMariiiHOT TEeXHOJOoTil € po3podKa
MaTEMaTUYHUX MOJIEINICH, SIK1 I03BOJISIOTH MPOTHO3YBATH MOBEAIHKY CUCTEMH, 3aBISIKU
YoMy MOJKHa CTBOPUTH e(eKTHBHI cuctemMu ympapimiHHA. Ille omHMM BaxIMBUM
acriekToM € (QyHKIIIOHAJIbHA O€3MeKa TEeXHOJOTIYHOro mporecy. BpaxoByrouw, 1o
BUPOOHUIITBO MIHEpAJIbHUX JTOOPUB HAICKHUTH 10 KaTeropii MiABUIIEHOI HEOC3IEKH,
KPUTUYHO BaXKIMBO 3a0€3mednTH CTaOUTbHY pPOOOTY CHCTEM YIPaBIiHHSA B YCIX
nepenbaueHuX yMoBax ekcruryatarii. [udopmariiiHi  TexXHONOTii  TO3BOJSIOTH
IHTETpYyBaTU B CUCTEMY YIPABIIHHSI MEXaHI3MHU 3aXHUCTY, SKi BPaXOBYIOTh MOKJIUBI
BIJIXWJICHHS, aBapiifHi CUTYAIlii Ta 1HII PU3UKH.

[HpopMmariiitHa TEXHOJOTIS YHpPaBIIHHS BUPOOHUIITBOM MiHEpaIbHUX JTOOpPUB
TaKOXX OXOIUTIOE AaCMEeKTU ONTUMI3allli BHUKOPUCTAHHSA pPECypciB. 3acTOCYBaHHS
IHTErPOBAaHUX TEXHOJIOT1 MOX€E J03BOJIMTU 3MEHIIUTH BUTPATU €HEPrii, MIHIMI3yBaTU

BTpPATU CUPOBUHHU YU MIJBUILUTH 3aTaJIbHY €(EKTUBHICTh BUPOOHUIITBA. 3aBISIKA IbOMY
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3HIDKYETBCS COOIBApTICTh MPOAYKTY, IO € BAKIUBAM KOHKYPCHTHHM YMHHUKOM Ha
PUHKY.

CyyacHi MiINPUEMCTBA Ta KOMIIaHIl SIBJSIOTH COOOK0 CKJIaJHI OpraHizaiiiHi
CUCTEMH, OKpEMI CKJIAJIOBl SIKMX MOCTIMHO 3MIHIOIOTHCS Ta MepedyBarOTh y CKIIAIHIN
B3a€MO/IIi OJJHA 3 OJIHOI0. PUHKOBAa €KOHOMIKa MPU3BOJMUTH J0 30UIbLIEHHS 00CATY Ta
YCKJIaJIHEHHSI 3aBJlaHb, SIKI BUPILIYIOTbCS B Tally3l opraHizauii BApOOHUITBA, IPOLIECIB
IJIaHyBaHHA W aHamizy, (piHAHCOBOi MISJIBHOCTI, 3B'SI3KIB 13 TMOCTayajJbHUKAMU Ta
CIIO’KMBaYaMH MPoayKilii. OnepaTUBHE YIPABIIIHHS BCiMa ITUMU MPOIIECaMU HEMOKITHBE
0e3 BUKOpPUCTaHHS 1H(OpMAaIIHHUX TEXHOJIOTIH Yy CUCTEM1 YIIPABIIHHS.

[HpopmariitHa cuctema ymnpapiiHHA — 1€ CYKYNHICTh 1H(OpMaIlii, eKOHOMIKO-
MaTeMaTHYHUX METOJIIB 1 MOJIEJICH, TEXHIUHHUX, TPOTPAMHMX Ta IHIIUX TEXHOJIOTTYHUX
3aco0iB, a TakoX (axiBiiB, Skl 3a0e3neuyloTb O0OpoOKy iH(oOpMmalii Ta yXBaJleHHS
yIPaBIiHCHKUX pimieHb. [Hhopmarliiiina cucremMa ymnpaBiliHHS [OBMHHA BUPIIIYBATH
MOTOYHI 3aBAaHHS CTPATEr1YHOrO i TAKTUYHOIO TUIAHYBAaHHS, OyXraJTepchKoro o0JiKy
Ta OTIEPATUBHOIO YIIPABIIHHS AISILHICTIO (DipMH.

[adopmariilini  TEXHOJOTiI € HaJ3BUYAMHO TMIEPCIIEKTUBHOK Ta IIBUIAKO
IIPOTPECYIOYO0I0 CKIAI0BOI0, sika (hOPMYy€E OCHOBY Cy4acHO1 TeXHOJIOr13a1lii y BcixX cepax
CYCIILIBHOTO KUTTA. IXHiil MOTeHIian monsrae B MoOili3alii cTpaTeriuHuX pecypcis i
3a0€e3IeueHH] IXHOTO €(PEKTUBHOTO BUKOPHCTAHHS, IO € KJIOYOBUM (PaKkTopoMm mis
PO3BHUTKY €KOHOMIYHHX, COIIAJIbHUX Ta YIPaBIIHCHKUX ITPOIICCIB.

[HdopMmarltiliHa TEXHOJIOT1S BU3HAYAETHCS SIK CHCTEMa METO/IIB, 3ac00iB peari3arii
iHbOpMAIIIITHIX MPOIIECiB Ta CIIOCO01B iX BUKOopucTaHHs. Lle BKiIfoYae iHCTpyMEHTH st
30upanHs, OOpoOKHW, 30epiraHHS Ta Iepenadi JaHWUX, SKI CHPHUSIIOTH ONTHMI3aIlii
VIPABIIHCHKUAX Ta BUPOOHUYHX MTPOIIECIB.

Cepen nepesar iHpoOpMaIliiHUX TEXHOJIOT1H B yIPaBIiHHI MOKHA BUUTUTH KUTbKA
KITFOUOBUX aCTIEKTIB. BOHU 03BOJISIIOTH 3HAYHO CKOPOTUTH Yac JOCTYIy 110 iHpopMaIii,
3MEHIIYIOTh yOJIFOBaHHSI JOKYMEHTIB, CIIPOUIYIOTh JOCTYH A0 JaHUX 1 3a0€3Me4yr0Th
onTUMI3aIil0 iXx 30epiraHHs. [HTerpaiisi TEXHOJOTriM aBTOMAaTU3ye Oi3HEC-MPOLECH,
MIJBUIIYE SKICTh OOCIYroBYBaHHSA KIIIEHTIB 1 CHPHUSAE TOKPAIICHHIO TUCIUIIIIHA

npaniBHuKiB. Kpim Toro, moBropHe BUKOpHUCTaHHS iH(POpMaIlil Ta MiJABUILECHHS 1i IKOCTI
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3a0€3MeuyoTh OUIbII TOYHE MPUUHATTA PIlIEHb 1 30€pEKEHHS KPUTUYHO BaXJIMBUX
JIOKYMEHTIB.

OcoOnuBy poap 1H(pOpMaIiHI TEXHOJOTi BIAITPAIOTh Yy MPUCKOPEHHI
YIPaBIIHCHKUX MPOLECIB, MOB’A3aHUX 13 BUPOOHUYO-TOCHOAAPCHKOIO AISUIBHICTIO, a
TAaKOX Yy BJOCKOHAJIECHHI IHCTPYMEHTIB YIPABIIHHS CYCHUIBHOIO >KUTTENISIIBHICTIO.
3aBAsiKM IXHbOMY BUKOPHUCTAHHIO YIPABIIHCHKI MPOLEAYPH CTAIOTh MPO3OPILIMMH, A
MOHITOPUHT 1 JIIarHOCTHKA BUPOOHUYMX Ta EKOHOMIYHMX CHUCTEM 3JIIHCHIOIOTHCA B
peanbHOMY Yaci.

Po3BHTOK  TEXHOJOTIH  yOpaBIiHHS  BHPOOHMYMMH,  TOCIOJAPCHKUMU,
CKOHOMIYHMMH Ta COIiaJIbHUMHU CUCTEMaMHU ITOBHHEH OPIEHTYBATHCS Ha JIOCIIJDKEHHS
yIpaBIiHHS B HECTAaHAAPTHUX JAUHAMIYHUX yMmoBax. lle morpeOye 3acTocyBaHHS
METOJIONIOTIi YMpaBIIiHHS, IO BpaxoBye crenudiky TpaHchopmallii €KOHOMIYHUX
BITHOCHH, 1 BKJIIOYA€ JIarHOCTUKY Ta MOHITOPHUHT I €(EKTUBHOTO KOHTPOJIIO Ta
pearyBaHHsd Ha 3MIHH B cepeJoBHINl. TakuM dYHHOM, iH(pOpPMAIIHHI TEeXHOJIOTIT
BUCTYIIAIOTh  IHCTPYMEHTOM, IO 3a0e3rnedye aJanTUBHICTP 1 CTaOUIBHICTh
YIPaBIIHCHKUX CUCTEM Y AMHAMIYHUX YMOBaX.

Y mpomeci CcTBOpeHHS Ta (YHKIIOHYBaHHA 1H(QOpPMaALIMHUX TEXHOJIOTIN
yIPaBIiHHSA BUAULIOTh OpraHizaiiiny Ta GyHKI[IOHATBHY CTPYKTYPH.

Opranizamiiiia CTpyKTypa BU3HAYAETHCS HASBHICTIO MIPO3/UIIB PI3HOTO PIBHS —
BIIUIIB, CHYyXO, CEKIii, IeXiB, JAUISHOK TOIMIO, a TaKoXX IXHIM B3aEMHUM
aJAMIHICTPATUBHUM MAMOPSIKYBAHHSM.

OyHKITIOHAJIBHA CTPYKTYpa — 1€ CTPYKTYpa, IEMEHTAMU SIKOT € MiJICUCTEMH, 110
peanizyroTh (QYHKIIT aBTOMaTH30BaHOI 1HQOPMAIIIHHOT TEXHOJOTIi yrpaBiiHHSA abo i
YaCTHHH. 3B’S3KA MK eleMeHTaMU (DYHKI[IOHATbHOI CTPYKTYPH YTBOPIOIOTH IMOTOKHU
iHbOpMaIlii, Tka MUPKYITIOE MK HUMH 11 9ac (GyHKIIIOHYBaHHS.

bynp-ska indopmariiina texromoris ympasiiHHsa (ITY) ckmagaerbest 3 KUTBKOX
KITFOYOBHUX YaCTHH, SIK1 3a0€3MeUyIOTh ii KOMIUIEKCHE (PYHKITIOHYBaHHS.

3aranbHOCHCTEMHA YaCTHHA BIJIMOBINA€ 3a 3arajbHUN OMKUC Ta OOIPYHTYBaHHS
pilieHb, NPUUHATUX y MpoeKTi. BoHa dopmye OCHOBY uisi MOAAibIIOI PO3POOKH Ta

BrpoBakeHHs [TY.
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OyHKI[IOHAJIbHA YacTHHA peani3ye MIJCUCTEMHU, SIKI 3a0€3Meuyl0Th BUKOHAHHS
OCHOBHHX 3aBJaHb yrnpaiiHHs. s yacTuHa Ge3mocepeHbo MOB’sA3aHa 3 TOCSTHEHHSAM
L€ yNnpaBiliHHA, BIPOBAKYIOYH HEOOX1AHI THCTPYMEHTH Ta METOAM JJisl peanizauii
YIPaBIIHCHKUX MPOIIECIB.

3a0e3nedyBajgbHa YaCTHHA OXOIUIIOE BC1 3aCO0M, HEOOXI/IH1 AJIs YCHIIIHOT poOOTH
(GyHKIIOHAIBHUX MiAcUcTEM. BoHa BKIIIOUa€e KiJibKa aCleKTiB:

- AmnapaTHe 3a0e3nedyeHHs] — 1€ KOMIUIEKC TEXHIYHUX 3ac00iB, TaKHX SIK
cepBepH, KOMITIOTEpH, MeEpexeBe OoONagHaHHS TOIIO, SKi  3a0e3MeuyroTh
¢ynkuionyBanus ITY.

- MaremaTnyHe 3a0€3NeUYCHHS] — MICTHTh €KOHOMIKO-MaTeMaTHYHI METO/IH,
MOJIENI Ta AJITOPUTMH, 1[0 BUKOPUCTOBYIOTHCS JUISI BUPIIICHHS YIIPABIIHCHKUX 3a/1a4.

- [IporpamHue 3a0e3MeYeHHs — CKIAIa€ThCS 3 IBOX OCHOBHHUX KaTEropiil.

1. 3araJbHOCUCTEMHE TMpOrpaMHe 3a0€3MEUCHHS BKJIIOYAE OIepalliiiHi
CUCTEMH, TPAHCISITOPH, YTHIITH, 0a3u JaHWUX Ta IHIII IHCTPYMEHTH, SIKIi CTBOPIOIOTH
OCHOBY /111 pOOOTH CUCTEMH.

2. [Ipuknanne mporpaMHe 3a0e3MeUeHHs OXOIUIIOE CIeliali3oBaHi
Iporpamu, o peaizyroTh (DYHKITIOHAIbHI 3alMTH KOPHUCTYBaUiB, a TAKOX IHCTPYKIIii
JUIT KOPUCTYBayiB, OIEpPaTOpPIiB Ta MPOrpamicTiB, SKi 3a0e3medyroTh e(peKTUBHE
BUKOPHUCTAHHS CUCTEMHU.

- [adopmartitine 3a0e3nedeHHS OXOIUIIOE PIlIEHHS MO0 OpraHizarii
iHbopMarllii B cucTeMi, BKIIOYAIOYM HOPMATHBHO-IOBIIKOBI MdaHi, KiacugikaTtopu
ekoHOMI4HO1 iH(opmartii, yHipiKoBaH1 JOKYMEHTH Ta MACHUBU JJAHUX.

OprasnizaniitHo-MeTouYHe 3a0€3MeUeHHs PEerIaMeHTYe JISUTbHICTh TIEPCOHATY B
nporieci PyHKITIOHYBaHHS CUCTEMH YIIpaBiIiHHA. BoHO BKITIOUaE:

- JOKYMEHTH, SIK1 OMUCYIOTh 3MiHH B OPTaHi3aliifHIN CTPYKTYp1 YIIPaBIIHHS y
3B’s13Ky 31 cTBopeHHsM [TV

- THCTPYKIIii 3 eKcIuTyaTarlii Ta MATPUMKH CUCTEMH;

- BCTAHOBJICHHS (DYHKIIIM, TpaB 1 OOOB’SI3KIB MEPCOHALY Yepe3 IO0CaJ0Bi

THCTPYKIIII.
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JlinrBicTuuHe 3a0e3neyeHHs PopMye OCHOBY Uil IHPOPMALIIITHUX MOB, METO/IB
1HJEKCYBaHHs Ta BEJICHHS JIHIBICTUYHOI 0a3u, 110 BUKOPUCTOBY€EThCS B ITY.

[IpaBoBe 3a0e3meueHHs OXOIUIIOE BCl MPaBOBI HOPMH, SKI PETYJIIOKOThH
¢ynkuionyBanHs ITY Ta BU3HaualOTh OpUAUYHUH cTaTycC ii pe3ynbratiB. Lle 3a6e3neuye
MPaBOBY MiITPUMKY BUKOPHUCTAHHSI CUCTEMH Ta 3aXUCT 1i KOMIIOHEHTIB.

Himicna ctpykrypa ITY no3Bosisie e(eKTUBHO peasi3yBaTh YHPABIIHCHKI
3aB/JaHHs, IHTErPYIOYM TEXHIYHI, MaTeMaTW4Hi, I1H(OpMaliliHI Ta OpraHizauiiHi
CKJIa/IOBI.

[HpopMariiiHi TeXHONOri yHpaBIiHHS IMOBMHHI BKJIIOYATH OJIOK YIpaBIiHHS
MOJIMBAMHM pU3UKAMH Ta 3IIHCHCHHS TIPEBEHTHUBHUX 3aXOJiB JUIS 3HWKCHHSA
IMOBIPHOCTI BUHUKHEHHS PHU3MKOBUX TMOJIA y paMKaX KOHKPETHOI TEXHOJOT1i
yIpaBiliHHS a00 IISTIBHOCTI MiANpUEMCTBa B 1uioMy. [lporec ynpaBiiHHS KpU30BUMU
CUTYaIlISIMU PEANI3Y€EThCA CIEHIabHOI 1HPOPMALIIMHOI0 TEXHOJIOTIEI0 aHTUKPU30BOTO
YOpaBIiHHA 3 YpaxyBaHHSM TpPAEKTOpPii PO3BUTKY KEPOBAHOCTI MIANMPUEMCTBA 1
MOHITOPUHTY  BHPOOHMYO-TOCIOJNAPCHKOT  JISIBHOCTI — OpraHizamii B~ yMoOBax
AHTUKPHU30BOTO YIPABIIIHHS.

Bukonyroun cBOIO AisSTIbHICT Y CUCTEMI YIIPABIIHHS OopraHizaii€eto, iHpopmarriiiai
TEXHOJIOT1i yIpaBJiHHS BIJICTEKYIOTh PO3BUTOK TOJIM SK BCEpeAWHI, TaK 1 30BHI
nignpuemcrBa. BogHouac indopMaliiiiHa TeXHOJIOTIA B YIpaBJliHHI HaJa€ MOXKJIUBICTh
IIPOTHO3YBATH PO3BUTOK MOAIN y MekaxX (YHKIIH yNpaBiIiHHSA, a TaKOX BU3HAYATH
VIOPABIIHCHKI J1i PI3HUX MIAPO3NUIIB, CIyKO0 Ta BIIAUTIB IJii KOPUTYBAHHS 1 PO3BUTKY
BUPOOHUYO-TOCTIONIAPCHKOI MISITBHOCTI B JOMYCTUMHUX 3HAUEHHSAX Ha MPOTHO30BAHUI
4acOBHM MPOMDKOK. AHANITUYHUI OJIOK, IO € HEeHTpOM IH(OpMAIiHHOT TeXHOJIOT1l
VIpaBIIiHHS, 3a0€31euye BUPOOJIECHHS ONTUMATBLHUX YIIPABIIHCHKUX BILTUBIB.

[HHOBAIItHUN  PO3BUTOK CyO’€KTIB TOCTOJAPIOBAaHHS  3aBXKIU  BHMAarae
BIIPOBADKCHHS IHHOBAIIMHUX TEXHOJIOTIH. Y CydYacHOMY CBITI HOB1 i1HHOBaIIiiiHI
TEXHOJIOTIi 3'IBIAIOTECS KOXHI 3-5 PpOKIB. [XHilf JKATTEBMHM MK BKJIIOYAE CTAIH
3apOJIKEHHS, CTBOPEHHS Ta BIIPOBAJKEHHS HA PHUHKY: Bin i1ei Ta ii TEOPETUYHOI

nepeBipku (OOTpYyHTYBaHHS) N0 PO3POOKHM TEXHIKO-€KOHOMIYHOIO OOIPYHTYBaHHS,
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CTBOPEHHS MPOEKTY a00 OCIIIHOTO 3pa3Ka, MEePEeBIPKU Ha €KCIUTyaTallliHy HaJ1HHICTb
Ta EKOHOMIYHICTh, pO3p00OKH Oi13HEC-TIaHY Ta BUXOJY HA PUHOK.

OcHOBHUI e(eKT BIJ BOPOBAJKEHHS 1H(OPMALIMHUX TEXHOJOT1M yHpaBIIiHHS
JOCSTA€ThCA 3aBJISAKM POOOTI TAKUX KIIOYOBUX KOMIIOHEHTIB, SK OJOK pO3pOOKH
BaplaHTIB pillleHb, OJOK aHali3y SKOCTI NPUHHATUX pillleHb Ta OJIOK OLIHKHU
e(eKTUBHOCT1 peaiizalii yNpaBIIHCbKUX BIUIMBIB. YHIKQJIbHICTh 1HQOPMALIITHUX
TEXHOJIOT1A YMpaBIiHHSA MOJATAE B iX 34ATHOCTI MPOTHO3YBAaTH TPAEKTOPIIO PO3BUTKY
KEpOBAHOCT1 Opraxizaiii, 3a0e3neuyoun ePeKTUBHUM pyX MO HUISAXY il CTPaTeriyHOro
3poctanHs. [lpu HeoOXigHOCTI 1H(OpMaLIfHI TEXHONOrl MOXYTh ONEPATHUBHO
KOPHUI'YyBaTH Ta KOOPAMHYBATH 1[I0 TPAEKTOPit0. DyHKIIIS AIarHOCTUKHA Ta MOHITOPUHTY,
IHTErpoBaHa B 1H(OPMAIlIHY TEXHOJIOTIIO yNpaBIiHHA, POOUTH YNPABIIHCHKI IPOIECH
oubn npo3opuMu. Lle 103BosIsIE OMEpaTUBHO BHOCUTH KOPEKTUBH B pa3i BUHUKHEHHS
HECIPUSTIMBHUX 3MiH SIK Y BHYTPIIIHBOMY, TaK 1 y 30BHIIIHBOMY CEPEIOBHILI. 3aBASKU
IILOMY JOCSTAETHCS HE JIMIIE MBUIIEHHS CTaOUTRHOCTI OpraHi3allii, ajie 1 onTuMizalis

il TISUTBHOCT1 B yMOBaX MOCTIHHO 3MIHIOBAHUX BUKJIMKIB 1 PU3UKIB.

4.1. Cucrema 3aXMCTy KPUTHYHHMX pecypciB BHPOOHHITBA MiHepPaJbHHUX

noopuB

Cuctema 3axXUCTy KpUTHYHUX PECYpPCIB — 1€ CYKYIHICTh 3aXO/1B, IHCTPYMEHTIB 1
MpOIIECiB, CHPSAMOBAaHMX Ha 3a0e3redeHHs O€3BIIMOBHOCTI, KOH(QIIEHIIMHOCTI,
IITICHOCTI Ta JJOCTYITHOCTI KIIOYOBUX peCypciB opranizaiii. Kputuuni pecypcu MOXYTh
BKJItOUaTH 1HGoOpMaIliiHi cuctemMu, (izuuHi 1HPPACTPYKTypH, (PIHAHCOBI AKTUBH,
JIOJICBKI PEeCypCH Ta IHINI BaXXJIMB1 €JIEMEHTH, 03 SKMX HEMOXKIIMBO 3a0€3IeunTH
HOpMalibHE (DYHKITIOHYBaHHS cucTeMH. CUCTEMY 3aXHCTy KPUTHYHHX PECYpPCIB MOXKHA
PO3AUTATH HA TaKi YaCTUHHU:

- OmiHKa pU3UKIB Ta aHAJI3 BPA3IMBOCTEH

- Po3poOka 1 BOpoBa/KEHHs TMOJITUKM O€3MeKH Ta MpoUeAyp peakiii Ha

THIUACHTH

- TexHIuHI 3aX0U 3aXUCTY
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- AIMIHICTPaTUBHI 3aX0JU 3aXUCTY

OuiHka pHU3UKIB € KIIOYOBUM €TanoM B 3a0€3MEeUYeHHI 3aXHUCTy KPUTHYHUX
pecypciB. AHaii3 Bpa3IMBOCTEH — MPOLEC BUSIBICHHS, aHAI3y Ta YCYHEHHs CIIaOKUX
MICIb CHUCTEMH, SIKI MOXKYTh OyTHM BUKOpHUCTaH1 JJig peamizauii 3arpo3. Ilepm 3a Bce
NOTPIOHO 1MEeHTU(IKYBATH KPUTHUYHI PECYPCH CHUCTEMH, a TAKOXK IX BaXKJIMBICTH IS
¢yHkuioHyBaHHS cucTeMHu. [licas bOro crae MOXKJIMBUM 1IEHTU(IKYBATH 3arpo3u, skl
MOXYTh YMHUTH BIUIMB Ha KPUTHYHI pecypcH. [IpoBiBIIM aHami3 Bpa3IMBOCTEH, STKHUN
BKJIIOUa€e B ce0e iX KaTeropusalliio, aHajl3 BIUIMBY Ta IJIaHYBaHHS 3aXOJ/1B YCYHEHHS
BPA3JIMBOCTEH, TPOBOIUTHCS BIIPOBAKEHHS 3aIJTAHOBAHUX 3aXOJ(iB Ta MOHITOPUHT iX
BIUITMBY Ha cuctemMy. OCTaHHIM €TanoM € OIIHKa IMOBIPHOCTI 1 BIUIUBY PU3HKIB MIiCJIS
BCIX IPOBEJIECHUX MPOLEAYp, a caMe OIIHKa TOro, Ha CKUIbKM IMOBIpPHO, IO 3arposa
YCHIITHO peai3oBaHa Ta aHajli3 HaCIIAKIB iX peanizarii. OmiHKa MOXXe TPOBOJIUTHCS SIK
3a JIOTIOMOT'O10 KaTteropu3aiiii abo 1ikaj, Tak 1 YUCIOBUX MOKa3HUKIB IMOBIPHOCTI.

[loniTuku Ta MpoOIEAYPH € HEBIA'€MHOIO YACTUHOIO CUCTEMHU 3aXUCTY KPUTUUHUX
pecypciB, skl 3a0e3MedyyroTh CTaHAAPTU30BaHI METOIM 1 MpaBuia I 3aXHCTy
iHbopMaliitHuX pecypciB. BoHu cripsMoBaHi Ha MIHIMI3aIlil0 PU3UKIB Ta 3a0e3MeUeHHS
BIJIMOBIIHOCTI BUMOTaM 3aKOHOJABCTBAa 1 craHmaptram Oe3meku. Ertanu po3pobku
BKJIFOYAIOTh B ce0€ OIIHKY IMOTOYHUX IOJITHK Ta MPOIEAyp, BH3HAYEHHS BHUMOT
3aKOHO/IABCTBA 1 CTAHAAPTIB A0 IMOJITUK Oe3IeKku, Oe3rmocepeiHs po3poOKa MOMTHK Ta
nporteayp. Po3po0istoThes sik 3araibHi IPUHITUIIN 1 cTpaTerii 0e3MmeKu /s BCiX acTeKTiB
TISTTBHOCTI, TaK 1 cneru@ivai. SIKIo BeCTH MOBY PO MPOIEIYPH, TO PO3POOISIOTHCS
MPOLIeTypH peatizallii moJiTHK, MPOIEYPH MOHITOPUHTY 1 KOHTPOJIIO 32 IX BUKOHAHHSIM
Ta MpoIeaypa pearyBaHHs Ha iHIHACHTH Oe3mneku. [licas BIpoBamKeHHS MPOBOIUTHCS
MOCTIMHWI MOHITOPHUHT Ta OIiHKA €()EKTUBHOCTI 1 32 TOTPEOH MOTITUKHA Ta MPOIEAYPH
Oe3nekn MOXyTh OyTH BmOcKoHasieHi. Lle mo3Bonse miATpUMyBaTH BHCOKHI PIiBEHb
0e3MeKkn B yMOBax 3MIHIOBAaHUX 3arpo3 1 BUMOT.

TexHiuHI 3aX0MM 3aXHUCTYy € KPUTHUYHO BAKJIMBUMH [IJIsi 3a0€3MEUCHHS Oe3MeKu
inpopmaniiiaux pecypcis. IX mpaBuibHe BIPOBAJKEHHS Ta IHTErpalis y 3arajibHy
CTpaTerito Oe3MeKH CHUCTEMHU J103BOJisiE €(EeKTUBHO 3aXMINATH JaHl BiJl IIHUPOKOIrO

CIIeKTpa 3arpo3. PeryinsipHuii MOHITOPHUHT, OHOBJIEHHS 1 BJOCKOHAJCHHS TEXHIYHUX
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3axX0/iB 3a0e3MeuyloTh MNIATPUMKY BHCOKOIO pIBHS 3aXHCTy B YMOBax MOCTIHHO
3MIHIOBAHUX 1 TPOTPECYIOUUX 3arpo3. Jlo TEXHIYHUX CUCTEM 3aXHUCTYy BXOJSITh CUCTEMU
KOHTPOJIIO TOCTYITy, MDKMEPEKHI €KpaHH, IIUPPATOPHU TaHUX Ta CUCTEMU MOHITOPUHTY
CHUCTEMH.

AJMIHICTpaTUBHI 3aX0JId 3aXUCTy 1H(OpMalLli B oprasizamii BKIIOYaIOTh HU3KY
MOJIITUK, TpPOUEAyp 1 MPaKTHK, SKI CHOpSIMOBaHI Ha VYHOPABIIHHS pPU3UKAMH Ta
3a0e3neyeHHst Oe3nexu manux. Lli 3axoau JonoMaraioTh MiATPUMYBATH BUCOKHIA PiBEHb
0e3MeKH 1 3aXuIIaTh KpUTUYHI 1H(OpMaIliiiHl pecypcH BiJl HECAHKIIIOHOBAHOT'O JOCTYIY,
BTpaT ab0 MOMIKOKEHb. J[0 HUX BXOAUTH yNMpaBIiHHS JOCTYHOM (PO3MOii, KOHTPOIb
Ta YNPaBIIHHSA POJISIMHU 1 OOOB’S3KaMU TPAIIBHUKIB), MOHITOPUHT 1 ayauT (30ip
MOKAa3HUKIB 3 00JIalHAHHSA, MPOBEICHHS BHYTPIIIHIX 1 30BHINIHIX ayAUTIB Oe3MeKH,
peryJisipHe 3BITYBaHHS NPO CTaH CHCTEMHU Ta JOKYMEHTYBAaHHS BHSBIICHUX IMPOOJIEM),
YIpaBIiHHS IHIMJIECHTaMH (BEIEHHS >KypHaJiB TMOJiM, pO3CIiAyBaHHS 1HIIMJICHTIB,
B)KMBAHHS 3aX0/I1B JIJI1 MIHIMI3aI11i TKOJIA Ta BiTHOBJICHHS pOOOTH CHCTEMHU B IIITATHOMY
pexuMi).

BupoOHu1TBO MiHEpaIbHUX JOOPUB € CKIAJHUM TEXHOJIOTTYHUM IIPOLIECOM, STKUI
noTpeOye He TUIBKM JOTPUMAHHS TEXHOJIOTIYHUX TapaMeTpiB, ajie W 3a0e3leueHHs
BUCOKOTO piBHA Oe3neku. OCKUIbKA BUPOOHHUIITBO MIHEPATBHUX JOOPUB HAJEKHUTH JO
XIMIYHOT TTPOMHCIIOBOCTI, BOHO TMOB'SI3aHE 3 BUKOPUCTAHHSAM IMOTEHIIIHO HeOe3MeuHnx
PEYOBHH 1 CKJIQTHOTO 00JIaTHAHHSA, TOMY 3aXHUCT KPUTHUYHUX PECYPCIB BUPOOHHUIITBA CTAE
MEPIIOYEProBUM 3aBJIaHHAM [JIs 3a0e3nedeHHs CTaOUIRHOCTI MpOIIeCiB, Oe3meKu
NepCoHAly Ta OXOPOHM HABKOJMIIHBOTO cepenoBuiia. B ymoBax 3pocrarouoi
nudpoBizamii Ta 3acTOCyBaHHS IH(POPMAIIMHUX TEXHOJOTIH Yy BUPOOHHUIITBI
MiHEpaJbHUX JOOPUB aKTyaJbHUM CTa€ BIPOBAKEHHS KOMIIJIEKCHOI CUCTEMH 3aXHCTY
KPUTUYIHUX PECYPCIB.

3amporoHOBaHa CHUCTEMa 3aXUCTy KPUTHUYHMX pPECypciB y BUPOOHUIITBI
MiHEpAIBHUX JOOpPUB BKJIIOYAa€ KuUTbKa pIiBHIB Oe€3meku, fKi 3a0e3medyroTh
CerMEHTOBAaHMM JOCTYyN Ta HAAIMHUNA 3aXUCT JUI1 KOXXKHOI JUISHKH BHUPOOHHYOTO
nporecy. Cucrema CKIaJaeTbCsl 3 HACTYNMHUX KOMIIOHEHTIB: BijjilieHa 30Ha (IJ1s

BiJianeHoro nepconainy), DMZ-30Ha 3 BeO-cepBepamMu Ta MIKMEPEKHUMH €KpaHaMH Ha
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BXO/I1 1 BUXO/I1, IEPUMETPOBA 30HA ([IJIs1 3aXUCTY BHYTPIIIHLOT MEPEXK1), BUPOOHHYA 30HA
(obnmamHaHHS Ta cUCTEMH, 5Kl OepyThb O€3MOCepeHI0 ydacTb Yy BHUPOOHHIITBI),
aJAMIHICTpaTUBHA 30Ha (poOoya CTaHLiA AJI YOpaBIIHHSA Ta MIATPUMKHU Omneparii), i
oOMexxeHa 30Ha (KpUTHYHI pecypcu Ta KoHbineHmiiHa iHdopmalis). KoxHa 3 iux 30H
BUKOHY€ NEBHI1 (DYHKIIIT Ta Ma€ Pi3HUN PiIBEHb JOCTYIY i 3aX0A1B O€3IEKH, 110 TI03BOJISIE

3HAYHO 3MCHIIIUTHU PHU3HK HCC&HKI_[iOHOBaHOFO BTpYy4YaHH:.

Binpanena sona Ilepamerposa 30na BupoGanua 3ona
= . = i
~ o . e [
8 : SED ==
SR gl [— ==
&y W ~ obIaTHaHHA i CHCTEMH, AKi GesnocepeTHpo 0epyTh
~> T : ) : " . ot > K10 pern PyT!
Biganennit nepconan CHCTEMA 3AXHCTY BHYTPILIHLOL MEPE3KI y4acTh y BUPOOHHITB] MiHepalbHUX 100pUB
Oomexena 30Ha AnminicTpaTHBHA 30H2
DMZ 30Ha _ {f\@
&
e = >
e e e
KpHTHUHI pecypen Ta poboui crauuii ais ynpasiaiis
v, == A kouggenuiina indopmanis Ta MATPUMKK onepauiii
- -
;ia_: BeO ceppepH 5_—;:53:

Puc. 4.1. Cucrema 3aXucTy KpUTHYHHX PECYPCIB BUPOOHUIITBA MiHEpAIbHUX JOOPUB

[Tpu BUOOP1 KOMITIOHEHTIB CUCTEMH 3aXHUCTY BUKOPUCTAHO MIXKHAPOAHHM CTaHIApT
[EC 61508, sikuii peryntoe BUMOTH 10 (PYHKITIOHABHOT O€3MeKH Ta HAJIHHOCTI CUCTEM
ynpasninag. Cranpapt [EC 61508 oco6nuBy yBary mnpuaiisie NUTAHHSIM OI[IHKH
IMOBIpHOCTEH BIIMOB Ta PH3UKIB, NOB'I3aHUX 13 (YHKI[IOHYBAaHHSIM CHCTEM Y
HEOE3MeYHUX YMOBax. BUKOPUCTOBYIOUM METOAWKUA CTaHIApTy, MOXXHA CTBOPUTHU
MaTeMaTUIHy MOJIEIb 3aXUCTY KPUTUYHUX PECYPCiB, sIKa MOKE BUKOPHUCTOBYBATHUCS IS
OIIIHKY PU3HKIB Ta IMOBIPHOCTEH BUHUKHEHHS 3arpo3 Ta iX YCYHEHHS I KOKHOI 30HU
Ta KOMIIOHEHTY CUCTEMH, 1110 JO3BOJISIE MIHIMI3yBaTH IMOBIPHICTh KPUTUYHUX TIOMUJIOK,
SAKI MOXYTh TPU3BECTH O aBapid 4M HEOE3MEeUYHWX CHUTYyallld TMiJ Yac pPealbHOTO
BHPOOHUYOTO TIPOIIECY.

IMOBIpHICTh BIIMOB KOXHOTO €JE€MEHTa CHCTEMH 3aXHUCTy OIlIHIOEThCS 3a
JIOTIOMOT 010 MEeTpHUK, TakuX sk Safety Integrity Level (SIL), mo € kputepiem HaaIiHOCTI
cucteM Oesmneku 3rigHo 3 [EC 61508. BukopuctanHs mHboro mnigxoay Hd03BOJISIE

po3paxyBaTH HEOOXITHHMM piBEHb O€3MeKu I KOXXHOTO KOMIIOHEHTY CHCTEMHU,
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3a0€3Meuyoud TAKUM YHHOM KOHTPOJIb HaJl IMOBIPHICTIO BIIMOBU B KPUTUYHHUX YMOBaX.
3aBAsIKM LILOMY, CUCTEMA MOY€E BUKOHYBAaTH CBOi ()YHKIUII HABITh Y BUIAJIKy 30BHIIIHIX
BILUTMBIB a00 300iB, 30epiratouu Mmpu IbOMY CTaOUIBHICTh Ta HAJIMHICTh BUPOOHUYUX
napameTpiB, 10 B CBOIO YEPr'y BIUIMBAE HA AKICTh KIHIIEBOI MPOAYKIIII.

Binninena 3oHa 3ab6e3rneuye BiJageHUM JOCTYI JJIsl MIEPCOHATY 3a JOMOMOTOIO
3aXUIIEHOro 3'eAHaHHs, Ta aBTeHTU(]iKauii. DMZ-30Ha cinyrye 6ydepHOI0 30HOI0 Mk
[HTEepHETOM Ta BHYTPIIIHHOIO MEPEXEI0, 3a0e3Meuyloun 3aXUCT BiJ 30BHIIIHIX 3arpo3
yepe3 MDKMEpexkHi ekpand. l[lepumerpoBa 30Ha BKIIIOYAE 3acO0M BHUSBJICHHS Ta
3ano6iranns BroprueHHsM (IDS/IPS), mo 103BoJisi€ 3aXUCTUTH BHYTPIIIHIO MEPEXKY Bij
NOTEeHIIHHUX KiOepaTak. BupoOHHMua 30Ha MICTUTH OOJAJHAHHS Ta CHUCTEMH, IO
0e3rnocepeTHbO0 BUKOPUCTOBYIOTHCS Yy BHUPOOHHUIITBI 1 BHUMaramTh IOCTIHHOTO
MOHITOPHUHTY Ta 3aXHCTy. AJIMIHICTpaTUBHA 30HA 3a0e3reuye yIpaBIiHHS 3aXUCHUMU
MeXaHi3MaMH, a OOMeXeHa 30Ha BHUKOPHUCTOBYETHCS s 30epiraHHs KPUTHIHHX
pecypciB Ta KoH]1AeHITIHHOT 1HpOpMAaITi.

[Ipu BHpPOOHUIITBI MiHEpaJbHUX JOOPUB BAXJIMBO HE JHUINE 3a0€3MEeUYUTH
CTaOUTBHICTD MPOIIECIB Ta TOTPUMAHHS TEXHOJOTTYHUX MTapaMeTpiB, a i mepe0auynuT Ta
HEUTpali3yBaTH MOJKIIHUBI 3arpo3d, SKi MOXYTh CYTTEBO BIUIMHYTH Ha BHPOOHWUYHUUN
nporec. 3arpo3d MOXYTh OyTH SIK 30BHIIIHIMHM (Hampukiajd, kidepataku, (i3uyHi
BTOPTHECHHS UM TEXHOT'C€HHI1 KaTacTpo(u), TaK 1 BHYTPIIIHIMU (BiIMOBHU 00J1aTHaHHS, 3001
B MPOTpaMHOMY 3a0e3MeUeHHI, JIOJAChKUN (GakTop ToImio). [ KOMIUIEKCHOTO aHAII3y
3arpo3 Ta OIIHKM PHU3MKIB JOIUIFHO BHKOPUCTOBYBATH MAaTEeMAaTHYHY MOJEJb, SKa
JI03BOJISIE HE JIMIIIEC BUSBISTH IMOBIPHOCTI BUHMKHEHHS 3arpo3, a il aHami3yBaTH iXHIN
KOMOIHOBaHUH BILJTUB.

3arpo3u po3aUISIOTh Ha JIB1 BEJIMKUX TPYIH — 30BHIIIHI Ta BHYTPINTHI 3arpo3u. J1o
30BHIIITHIX 3aTP03 BITHOCATHCS KiOEpaTaKy, siki MOKYTh OyTH CITpSIMOBaHI HAa OTPUMAHHS
JOCTYyIy 10 KPUTUYHUX PECypciB ab0 3HUINECHHS BAKJIMBHX JAaHUX, Ta TEXHOTCHHI
KaracTpodu, A0 SKAX BITHOCATH TOMIKO/DKEHHS I1HPPACTPYKTYpH Ta TPHUPOIHI
katacTpodu, sKi MOXY BIUIMHYTH Ha CTaOUIBHICTD CHUCTEMU Ta OO0JaJHaHHS.

BuyTpimHiMu 3arpo3amMu BBaXKarOThCS TEXHIYHI 3001 a00 BIAMOBHU OOJaKHAHHA 1
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MOMMJIKU TIepcOHATy abo iX 37OBKHBAHHS JOCTYIIOM, IO MOXE CIIPUUYMHUTH 3YIHUHKY
BUPOOHHUIITBA.

BusHauuBImIM 1IMOBIPHOCTI BUHUKHEHHS PpI3HUX 3arpo3, MOXXHAa pO3pOOUTH
CTpAaTerilo 3axuCTy, SKa BpaxoBye chnenu@iKy KOXXHOTO THUIY 3arpo3u. 3riHO 3
pexkomenaarisiMu [IEC 61508, nis K0XKHOTO €JIeMEHTa CUCTEMHU HEOOX1THO BU3HAYUTH
BIIMOBIAHUHN piBeHb Oe3neku (SIL), axuii oOMexye IMOBIPHICTh BIAMOBHU CHUCTEMHU Ta
3MEHIIYE MOXJIMBICTh BHUHUKHEHHS  KaTacTpodiuyHux  HachiakiB. CTBOpEeHHS
MaTeMaTUYHOI MOJIEJNi 3 BpaxXyBaHHSAM Pi3HUX 3arpo3 JO3BOJUThH BUSBUTH CIA0Ki MICIIs
CHCTEMH Ta ONTUMI3yBaTH 3aX0H OE3IEKH.

J11st 3a0e3neueHHs BUCOKOT0 PiBHS 0€3MeKH Ha BAPOOHUIITBI MiHEPAbHUX JOOPUB
HeoOxiHa OaraTopiBHEBa CHUCTEMa 3aXHUCTy, sKa 3a0€3MeUUTh 130JIALII0 KPUTHUHHUX
pECYpCIB, 3aXUCT BiJl 30BHIMIHIX Ta BHYTPIIIHIX 3arpo3, a TAKOXK KOHTPOJIb JOCTYIY J10
KO’KHO1 30HU. Taka cuctema CKIala€ThCsl 3 KUTBKOX JIOTIYHUX 30H, KOJKHA 3 IKUX BUKOHYE
cBOIO0 (PyHKIIFO Ta 3abe3Ieuye pi3Hi PIBHI 3aXUCTY 3aJIKHO BiJl BAXKJIIMBOCTI PECYypCIiB,
10 3HAXOAAThCS B Hil. [lo/11 HA 30HU 103BOJIE€ 3MEHITUTH PU3UK HECAHKI[IOHOBAHOTO
JOCTYyNy A0 KPUTHUYHHUX KOMIIOHEHTIB Ta MiJBUINYE 3arajibHy CTIHKICTh CHCTEMHU 10
3arpos.

Bigninena 30oHa (Remote Zone) BKiItOYae 30BHINIHIA MEepcoHaAT Ta 00'€KTH, IO
MaloTh BiJJAJICHUI JOCTYII 10 BUPOOHUYOI cuCcTeMU, Hanpukia, uepes [nrepuer. Cronu
MOXXYTh HaJeKaTH TMpaliBHUKKH a00 MapTHEpH, sIKi 3AIHCHIOTh MOHITOPUHT abo
TEXHIYHY MIATPUMKY CUCTEMU Ha BiicTaHi. BijjiieHa 30Ha MiAKIIOYAETHCS O CUCTEMHU
3aXUCTy 4Yepe3 BIANaJCHUN JOCTyN 13 CYBOPHMH 3axoJlaMH aBTEHTH]IKaIii Ta
mudpyBaHHIM JaHUX JUIS 3aXHCTY BiJl HECAHKI[IOHOBAHOTO BTPYYaHHS.

IntepueT-30Ha (Internet Zone) 3abe3neuye noctyn A0 [HTEpHETY Ta € TOUYKOIO
BXOAYy JUISi OyIb-IKWUX 30BHIIIHIX 3B'SA3KIB 3 BHPOOHWYOIO CHCTeMOo. Bci mani, 1o
MepeIarThCcs uepe3 [HTepHeT, MOBUHHI MPOXOIUTH MEPEBIPKY depe3 3aco0M 3aXHUCTY,
Taki SIK MbKMepexHi ekpanu, VPN abo inmii 3acobu MepexkeBoi 0e3neku, mod 3HU3UTH
IMOBIPHICTh TPOHUKHEHHS 3arpo3.

DMZ 30na (Demilitarized Zone) € npoMixkHOIO 30HOIO0 M1k [HTEpHET-30HOIO Ta

BHYTPIIIHBOIO Mepexero. BoHa MicTUTh BeO-cepBepH, €JIEKTPOHHY IMOIITY Ta IHIII
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pecypcH, JOCTYIMHI 330BHI, ajieé 13071b0BaHl B OCHOBHOI Mepexi mianpuemctsa. Lle
MOTPIOHO JJIs1 TOTO, 100 3MEHIIUTH PU3UK HECAHKLIOHOBAHOT'O JOCTYMY J0 BHYTPIIIHIX
pecypciB, SKIIO aTaka Ha 30BHIIIHI CEPBEpPU BCe-Taku BiAThCA. Ha Bxomi Ta BUXO.I 3
DMZ 30HU BCTaHOBJIEHI MDKMEPEXKHI €KpaHH, SKi 3a0e31euyloTh QuibTpaliio Tpadiky
Ta 3aXUILAI0Th BHYTPILIHIO MEPEKY BiJ MPOHUKHEHHS.

[lepumeTpoBa 30Ha (Perimeter Zone) € 3aXMCHUM IIapOM BHYTPIIIHBbOI MEPEXKI,
3a0e3Mneuyloun JOJAaTKOBUM pPIBEHb 3aXUCTy JUIsl BIJJUICHHS BUPOOHHUYOI Ta
aJMiHicTpaTuBHOI 30H. llepuMeTpoBa 30HA BKIIOYAE CUCTEMH 3aXHCTYy BHYTPIIIHBOI
Mepexi, Takl K cucTeMu BUsBIIEHHS BTOprHeHb (IDS/IPS), MOHITOpUHT MepekeBOTo
TpadiKy Ta T10JaTKOBI M XKMEpEKH1 eKpaHu. MeTa 11i€1 30H1 — BUSIBIICHHSI Ta 3a1100IraHHsI
NOTEHILIMHUM 3arpo3am, 10 MOXKYTh MPOOpaTUCS Yepe3 30BHILIHI PIBHI 3aXHUCTY.

Bupo6uuua 30na (Production Zone) — 11e OCHOBHa 30Ha, sIKa BKJIFOYAE 00IaHAHHS
Ta CUCTEMH, 110 Oe3MmocepeIHhO OepyTh Y4acTh Y BUPOOHUYOMY IPOLIeCi MIHEpaTbHUX
no6puB. BupoObHMYa 30Ha € KPUTUYHO BAXKIIMBOIO, OCKUIBKH TYT Bi10YBarOThCSI OCHOBHI
orepallii BUpOOHMIITBA, TaKl AK MOJa4a CUPOBUHU, 3MIIITYBaHHS, TPaHyIIOBaHHS TOIIIO.
JlocTyT 10 11i€1 30HU CYBOPO OOMEKEHHH, 1 KOHTPOJIb 32 HETO 31MCHIOETHCS yepes 3aco0u
aBTOMAaTH3allii, 1o 3a0e3neuyroTh 0e3nepediitHICTh MPOIIECiB Ta 3a1I00ITaHHS MOYKIUBHM
30051M.

AnMinicTpatuBHa 30Ha (Administrative Zone) Bkirouae po0OodYl CTaHINl Ta
CepBepH, MpH3HAYEHI JUIS YNPaBIIHHSA Ta MIATPUMKH OIepalii y BUPOOHHUIN 30HI.
AnmiHicTpaTBHA 30Ha 3abe3nedye iHTEeppeHcH i MOHITOPUHTY TIPOIIECIB,
HaJaIITYyBaHHA Ta yMpaBliHHA oOnmagHaHHSAM. JlocTym 1m0 aaMiHICTpaTUBHOI 30HH
J03BOJISIETHCS JIUILIE ABTOPU30BAaHUM KOpPHUCTYBadaM. TyT TaKOXK 3A1MCHIOETbCS pe3epBHE
KOITIOBAaHHS JIaHWX, apXiByBaHHS >KypHAJIB Ta IHII 3aXOAd, IO MiATPUMYIOTH
CTaOUTBHICTh BUPOOHHYOTO MPOIIECY.

Oo6mexena 30Ha (Restricted Zone) € HaWOUTBIT 3aXUIIEHOO 30HOIO 1 BKIIFOYAE B
cebe KpUTHUYHI pecypcH, Taki sk KoH(imeHmiiHa iHdoOpMallis, CeKpeTHi aaropuTMHu
YIpaBJIiHHS, a TAKOK KOHTPOJIEPH, 110 O€3MocepeHHO BIUIMBAIOTH HA X111 BUPOOHUIITBA.
JocTyn 10 0OMEeXeHOi 30HM OOMEKEHUH JIUIIEe By3bKUM KOJIOM CIiBPOOITHHUKIB, a BCl

3axoAu Oe3mneKd y Wi 30HI MAaKCUMAaJIbHO >KOPCTKi. CroAM BXOJIUTh BUKOPUCTAHHS
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OararoakTopHOi aBTeHTU(1KAL1i, U(PYBaHHS TaHUX, )KOPCTKUNA KOHTPOJIb JOCTYIY Ta
3aCTOCYBaHHS J0JATKOBHUX 3aC001B 3aXUCTY, TAKUX SK anapaTHi MDKMEPEXH1 eKpaHH 1
cnenjamnizoBane [13.

[IpuHunu poboTH Ta B3a€MOAIT MK 30HAMHM B CHCTEMI 3aXUCTy KPUTHUHHUX
pecypciB 3a0e3meuyoTh 6araTopiBHEBUM MiaXia 10 O0€3MeKH, 110 J03BOJISIE MIHIMI3yBaTH
PU3HUKHU HECAHKI[IOHOBAHOIO JAOCTYNY Ta 30€pertu cTabulbHICTh BUPOOHUYUX MPOLIECIB.
Koxna 30Ha Mae cBOwO (YHKIIOHAJIBHICTh Ta pIBEHb JOCTYMY, a IX B3aEMOJIA
noOy/10BaHa Ha MPUHIMIAX MOAUTY MPUBLIEIB, CETMEHTALIl MEpexi, 1305111 KPUTUYHUX
pecypciB Ta KOHTPOIIO TOCTYITY.

[3oms11iss Ta cermeHTalis 3a0e3nedye BiJOKPEMJICHHS 30H OJHA BiJ OJHOI,
0COOJIMBO THX, K1 BAMAaraloTh BUCOKOTO PIBHS 3aXHUCTY, IK BAPOOHUYA, aIMIHICTpAaTUBHA
Ta oOMeXeHa 30HH. MK 30HaMU BCTAHOBIIOKOTHCS YiTKi KOPJIOHH, IO KOHTPOIIOIOTHCS
MDKMEPE)KHUMHM €KpaHaMHd Ta IHIOMMU 3aco0amMu  Oe3NeKku, 03BOJISIIOUM  JIUIIE
HeOoOX1THUM TpadiKk MK HUMHU. 30HA BIJAAJICHOTO IOCTYIy Ma€ MiHIMAJIBHUHN 3B'SI30K 3
THIIMMU 30HaMU, TOJ1 SIK JOCTYII O 0OMEXEHO1 30HH CYBOPO KOHTPOJIOETHCS.

Jpyruii TpUHIUT — 3aXUCT NEPUMETPY, SIKUN TOJISATAE Y CTBOPEHHI MEPIIOTo PIBHSA
3aXHCTY, SKHM BIIOKPEMIIIOE BHYTPIIIHI PECypCH BiJ 30BHINIHBOTO CEpPEIOBHUIIA
(Intepuery). DMZ 30Ha QyHKITIOHYE SIK IPOMDKHA 30HA, 11O JO3BOJISE B3AEMOJIIIO MK
30BHIIIHIM 1 BHYTPIITHIM CEPEIOBHIIEM, 30epirarouu MpHu IbOMY 3aXUIIEHICTh CUCTEMH.
Tpadik 3 [aTepHeT-30HN MPoxoauTh yepe3 DMZ, a BXe MOTIM 10 BHYTPIIIHIX 30H, IO
3HAYHO 3HUXKYE PU3UK MPOHUKHEHHS 30BHIIIHIX 3arpo3.

[TpuHIIMTT KOHTPOJIIO TOCTYITY Ta MPUBLIEIB 3a0e3medye, 1Mo JOCTYI 10 pecypciB
KOXXHO1 30HM MAalOTh JIMIIE Ti KOPUCTYBadi, SIKI BOJIOAIIOTH HEOOXITHUMHU TIpaBamHu.
Bzaemonis Mixk 30HamMu MO0y 10BaHa HA IPUHITUII MIHIMaTbHUX MpUBLIEiB. Bimnanenwnit
MepcoHaN Ma€ JOCTYI JUIIe A0 MEBHUX CEPBICIB, a JOCTYI JI0 KPUTHUYHHUX PECYpPCIB
MO>KJIMBHM TUTBKH 3 0OMEKEHOTO YHCJIa pOOOYNX CTaHIlIK B aIMIHICTPATUBHIN 30HI.

3axuCT 1 MOHITOPHHT BHYTPINIHIX 30H 3a0e3leuye 3axXUCT Biff MOTEHIIHHUX
BHYTPIIIHIX 3arpo3, 10 MOXYTh BUHUKHYTH 4Ye€pe3 JIIOJChKI MOMWIKA a00 HIKIIJIUBI
nporpamMu. BupoOHuua 30Ha B3aemojl€e 3 aAMIHICTPATUBHOIO JJIsI MOHITOPUHTY Ta

MIATPUMKH BUPOOHMUUX MpolieciB. [lepumerpoBa 30Ha 3a0e3neuye KOHTPOJIb Tpadiky
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MDK BUPOOHHUYOIO Ta OOMEXKEHOIO 30HAMHM, 3aM00Iralouyu HECAaHKI[IOHOBAHOMY JOCTYITY
70 KpUTHYHUX CHCTEM.

MiniMizalis Tpadiky MDK KPUTHUYHUMHU 30HAMHU CHOPSAMOBAHA HA 3HUKEHHS
ypa3IUBOCTI CUCTEMHU JO BHYTPIMIHIX aTak. JlocTynm 10 0OMEXEHOi 30HH 3 IHIIUX 30H
3BOJUTHCA O MIHIMYMY, a JUIsl MOHITOPUHTY B3a€MO/I1i BUKOPUCTOBYETHCS CIIELialIbHE
oOnagHaHHA AJI1 KOHTPOJIO Tpadiky. AyAUT BUKOHYIOTHCS B KOHIM 30HI, a JaHl
KYpHaJIiB TIEpealoThCS 10 aAMIHICTpPATUBHOI 30HW JUIS TOJANBIIOTO aHAmi3y Ta
30epiraHHs.

MexaHi3MU BITHOBJICHHS MIcCJsl 1HIMJIEHTIB Mepea0avyaroTh IBUAKE MOBEPHEHHS
CHUCTEMH J0 HOPMAJIBHOTO PEXUMY POOOTH TIC/II BHHUKHEHHS 3arpo3u abo aTakw.
BupoOnuua Ta aaMiHICTpaTHBHA 30HU MalOTh 3aCO0M PE3EPBHOTO KOIIIOBAHHS JaHUX,
mo 3abesneuye 30epekeHHS BaxiuBoi i1Hdopmalii 1 J03BOJSE  BIIHOBUTH
mpare31aTHICTh CUCTEMH B pa3i aBapiil.

3axXUCT KPUTUYHUX PECYPCiB, PO3TAIIOBAaHUX B OOMEXKEHI 30H1, 3a0€3MeUy€eThCs
HaWBHINKMM piBHEM Oe3neku. B3zaeMois 3 UMM pecypcamMu 3 IHIIUX 30H 0OMEXYEThCS
0 MIHIMYMY, a JIOCTYN 0 HHMX 3[IACHIOETHCS JIMILIE Yepe3 3axHILIeH1 KaHaH, IIO0
KOHTPOJIOIOTHCS CHUCTEMOIO JIOCTYIY. 3aXMCT BiJ BHYTPIIIHIX 3arpo3 3BOJIUTHCS 10
MiHIMIi3aIlii TOCTyny 10 0OMEXEHOT 30HH JJIS IEPCOHATY Ta PETYISIPHOTO MOHITOPHHTY

aKTUBHOCTI KOPHUCTYBaUiB 3 BUCOKUM PIBHEM IMPHUBLICIB.

4.2. MaremaTH4Ha MoJeJb NPOTHAII 3arpo3amM Yy cuHCTeMi 3axXHCTYy

KPUTHYHHUX pecypciB

Jnst 3a0e3nedeHHsl HaaiiHOTO Ta €(EKTUBHOTO 3aXHCTYy KPUTHYHHUX PECYpPCIB Y
BUPOOHUYMX CHUCTEMaxX, 30KpeMa y BHPOOHUIITBI MiHEPATbHHUX JITOOpUB, HEOOXITHO
CTBOPEHHSI MaTE€MaTUYHOI MOJIEJi, IO JO03BOJISE OI[IHUTH IMOBIPHOCTI BUHUKHCHHS
pizanx 3arpo3. Ctanmapt IEC 61508 pernmamenTye Bumoru o0 piBHiB 0e3nexu SIL nis
cUcCTeM O€3MEeKH, B IKUX BPaXOBYIOThCSI IMOBIPHOCTI BUHUKHEHHS pu3ukKiB. Orinka SIL
PIBHIB J0OIIOMarae€ BU3HAYUTH, HACKUTbKU HAJIMHOIO € chcTeMa O€3MeKH, Ta BCTAHOBUTH

HEOOX1/1H1 3aX0/1M J1Jis1 3a0€3MeUeHHS] MIHIMAJIbHUX PIBHIB PU3UKY.
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MaremMaTuyHa MOJEINb, siIKa 0a3yeTbCcsl Ha IMOBIPHICHUX MIIXO0/aX, TO3BOJISIE HE
TUIBKM OLIIHUTH PU3UK 300iB, aje ¥ ONTUMI3YyBaTH CTpaTerii 3aXMCTy, COpsIMOBaHI Ha
3HM>KEHHS IMOBIPHOCT1 BUHUKHEHHSI HEOe3MeYHUX cUTyalliid. 3o0kpema, po3poOdka Mojieni
3aXUCTy KPUTUYHUX PECYpPCIB 3 ypaxyBaHHSIM IMOBIPHOCTEH JO3BOJISIE TPOAHAII3yBaTH
PI3HI clieHapii BIUIMBY 3arpo3, 1110 MO>XYTh BUHUKHYTH, Ta BU3HAUUTH HAOUTbII Bpa3JiuBl
€JIEMEHTH CUCTeMHU. B Takiil MoJeni MOKyTh BpaXOBYBaTHUCS IMOBIPHICTD SIK 30BHILIHIX,
TaK 1 BHYTPINIHIX 3arpo3, IO BKpail BaXJIUBO [JISI KOMIUIEKCHOTO IIXOJYy [0
3a0e3nedeHHs 0e3neKkd BUpOOHUYUX MPOLECIB.

OcHOoBHa MeTa CTBOPEHHA IMOBIPHICHOI MaTeMaTHM4HOiI MOJENl 3aXUCTy
KPUTUYHHUX PECYPCIB MOJSTAE Y HAJAHHI IHCTPYMEHTApII0 IJisi po3paxyHKy piBHIB SIL
BianoBinHo A0 cranaapty IEC 61508. Lle 1o3Bosie iHxeHEpaM 1 crieriaaictaM 3 Oe3neKu
OOIpYHTOBAaHO BHOMpATH MIAXOAM IO YNPABIIHHS PU3UKAMHU, OLIHIOBATH €()EKTUBHICTD
KOXXHOTO PIBHSI 3aXHCTy Ta BUYAaCHO BXXMBATU 3axOJIB JJIs IMIABUIICHHS HAIINHOCTI
cucrtemu. Kpim Toro, Mozens 3a0e3nedye MOXKIUBICTh 1HTErparlii pi3HUX KOMIIOHCHTIB
0e3neKy, TaKuX sIK TEXHIUH1 3aCO0U Ta MPOLEAYPHU KOHTPOJIIO 10CTYITY, Y €AUHY CUCTEMY,
110 3a0e31nevye BUCOKUN PIBEHb 3aXUCTY.

Ha Bxim Takoi cucteMu MOXYTh IMOCTyHaTH OaraTo pi3HHX 3arpo3. B manomy
BUIIAJIKy PO3TJITHYTHH BapiaHT, KOJIU 10 CUCTEMHU MOKE HAJIXOIUTH J[B1 3arpO3H 3 Pi3HOIO
IMOBIPHICTIO X HAJIXO/DKCHHS Ta BITOUTTS. TakoX MPUITyCKA€ETHCSI, 110 B OJTHY OJIUHUITIO
gacy Moxe OyTH po3MillieHa, peajli3oBaHa 4 BiIOWTA JUIE OJHA 3arpo3a. BiamoBigHo
70 JaHUX NPUITYLIEHb, CUCTEMAa MOKE 3HaXOJUTHCS Y ILIECTH PI3HUX CTaHaX:

1. Cran cnokoro
Hapiiimnia 3arpo3sa 1, ane He pearnizoBaHa
Hapiiinia 3arpo3sa 2, ane He pealizoBaHa
3arposa 1 peanizoBana

3arposa 2 peanizoBaHa

o oA w N

3arpo3a BigouTa
OCKUTBbKH CHCTEMa MOJKE IIOBEPTATHCS y TOYATKOBHM CTaH 1 BOHA HE Mae€

MOTJIMHAKOYOTO (KIHIIEBOT'0) CTaHYy, TO CTA€ MOMJIMBUM PO3TJISIaTH MOBEAIHKY CUCTEMHU
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MPOTATrOM TpHUBajioro nepiony yacy. Ilepexia 3 ogHOro craHy B IHIIMM 3IHCHIOETHCS

BIZIMIOBIZHO JI0 OpieHTOBHOTO rpady (puc. 4.2).

Puc. 4.2. OpienroBanuii rpad nepexo/iiB CTaHiB

Jlesiki cTaHW HE MOXYTh IEPEXOAUTH B IHIIWKW OJApa3y 4YM B3araji, TOMY
IMOBIPHOCTI iX Mepexo/iB OJAMH B APYTHil MOBUHHI OyTH piBHUMHU HyJt0. Hampuknan
CUCTEMa HEe MOXE OJ[pa3y MEepelTH 31 CTaHy CIOKOIO YU BIIOUTTS B CTaH KOJU 3arpo3a
peanizoBaHa, 3arpo3a IIOBMHHA CHOYAaTKy HaaidTH. CucTemMa HE MOXe OJApasy
NEPECKOUYNUTH B CTaH pealli30BaHMX 3arpo3, a CIOYaTKy MOBMHHA MEpeWTH B CTaH
HEpeali30BaHOi 3arpo3 1 Bxe TOAl B peamizoBany. [Ipu mpomy 3arpo3a 1 ta 2 He
OB’ s13aH1 MK CO00I0, a OTXKe 3B’A3KIB MK COOOI0 MaTH HE MOXYTh 1 IMOBIPHICTB
nepexony iX OJIHa B APYTY TAKOXK piBHA HYII0. TakoX, OCKUTFKU 3aPONIOHOBaHA MOJIEIIb
Ma€ CTaH BIIOUTTSA, TO NPHUIIYCKAETHCSA, IO 3arpo3a, sSKa HaailIIIa, MOBUHHA OyTH
CIIOYATKy BigOWTa, CHCTEMa HE MOXKE cama 10 c001 MMOBEPHYTHUCS B CTaH CIIOKOIO ITICIISA
HAJXOKEHHS 10 HET 3arpo3H.

Ha ocHOBi BciX BHIIE3rajaHUX IPHUIYIIEHh MOXXEMO TMOOyAyBaTH MAaTPHUIIIO

IHTEHCHUBHOCTEH TIEpeX01y:
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Enementn 11i€i MaTpuili IHTEHCUBHOCTEW IOBHUHHI BIAMOBIAATH HACTYIHUM

yMOBaM:
Ay =4 — A
Ara = —Aas — A
Agg = —Ags = Agg (4.2)
Ags = —Aap — Ay
Ags = —Asg = Agg

Martpuiist IMOBIPHOCTEH Mepexoay CUCTEMU 31 CTaHy B CTaH 3a MPOMDKOK yacy At

MOJKHA 3allMCaT HACTYIITHUM YUHOM:

p1(t)(1_ (ﬂiz + 113))At pl(t)ﬂuAt pl(t)j'lsAt 0 0 0 (4 . 3)
0 P, (t)(l - (ﬂQA + Aqs )) At 0 P, (t)lzzsAt 0 P, (t)ﬂzaAt
HpH — 0 0 pa(t)(l_ (Ass + ﬂae))At 0 pa(t)%sAt pa(t)ﬂ’seAt
! 0 P4 (t)lazAt 0 P, (t)(l - (142 + }we))At 0 P, (t)AAsAt
0 0 Ps () 2s;At 0 Ps ()L — (A5 + 4s6))At P5 () A55At
Pe (1) A1t Pe (1) 2e;At Pe (1) Ae:At 0 0 Pe(L— (A1 + A6, + A63)) At

Marpuiis IHTEHCUBHOCT1 HaJXOJKEHHS 3aIUTIB 1 IEPEXO/IIB CUCTEMH 31 CTaHy B

CTaH MOKHa MMPCACTABUTU Y BPII“J'ISII[i KOG(i)iHiGZHTiB, MaTpUuLA AKUX BUIIIAAA€ HACTYITHUM

YUHOM:
1= (A, + Au) Az hs 0 0 0 |
0 1= (Zas + Ase) 0 Az 0 Aag
el o 0 1= (Aas + /) 0 A A (4.4)
! 0 142 0 1- (142 + /146) 0 /146
0 0 153 0 1- (253 + lse) /156
L Ae1 As2 Ass 0 0 1- (A + Aoy + Ag3) |

CymMa Bcix iMOBIpHOCTEH HE MTOBHHHA MIEPEBUIIYBATH 1:
P (6) + P, (1) + Ps (1) + P4 (1) + Ps (1) + P (t) =1 (4.5)
3HalTH IMOBIPHOCTI 3HAXOPKCHHS CHCTEMH B KO)KHOMY 31 CTaHIB B OJTHY OJIMHHITIO
gacy MO’KHA 3a JJOTIOMOTOI0 CUCTEMU AU(EPEHITIaIbHUX PIBHSIHB. J[JIs1 I[bOTO CIIOYATKY
PO3TIITHEMO IMOBIPHICTh NepeOyBaHHs CHUCTEMHU B CTaHi 2 (Hamidmuia 3arposa 1, ane He
pearizoBaHa) B MOMEHT 4dacy t+At. B nieit cran cuctema Moke IepeiTH 3 4OTUPHOX CTaHIB
3 ICHYFOUMX IIECTH, @ IMOBIPHICTh IMepeOyBaHHs CUCTEMH B IIbOMY cTaHi piBHA Po(t + At):

1) B momeHT vacy t cucrema nepeOyBana B crani 1 i 3a yac At mepeiiiia B cran 2

(P,
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2) B MoMeHT yacy t cuctema repeOyBaa B cTaHi 2 1 3a 9ac At 3anumuiacs B CTaHi
(B)
2 (B,7).
3) B momenT yacy t cucrema nepeOyBaiia B ctaHi 3 13a yac At He Moruia nmepeiTu
c
B cran 2 (P).
4) B momeHT yacy t cucrtema nepeOyBaia B cTadi 4 i 3a yac At nmepeiinuia B cran 2
(D)
(%™).
5) B MomeHT yacy t cucreMa nepeOyBaiia B ctaHi 5 13a yac At He Moruia nepeiTu
E
B cran 2 (P).
6) B MmomeHT Yacy t cucrema nepeOyBaia B cTaHi 6 1 3a yac At mepeiinia B cran 2
(F)
(%").
BiamoBigHo g0 TeopeMu Jo0/aBaHHS IMOBIPHOCTEH MH MOXEMO 3HAWTH
IMOBIPHICTb 3HaXO/I)KEHHSI CUCTEMHU B CTaH1 2 B MOMEHT 4dacy t + At:

p,(t+At) =P* +P® + PO + P + P 1+ PP (4.6)

IMOBIpHICTH PZ(A) (t+At) Bupaxaercs sk 100yTOK IMOBIpHOCTI mHepeOyBaHHS
CHUCTEMH B CTaH1 | Ha IMOBIPHICTh IEPEXO/Iy CUCTEMHU B CTaH 2 3a yac At:
A
P (t+At) = py (1) At C)
AHAJIOTTYHO IIBOMY IIPUKJIIATy 00paxyeMO PEIITY IMOBIPHOCTEH TOT0, 1110 CHCTEMa
nepeiie y crad 2:

PZ(B) (t + At) =P, (t)(l_ (124 + lze))At
P(t+At)=0
PP (t + At) = p, (1) 4,,At (4.8)
P (t+At)=0
PP (t + At) = pg (£) A, At

Tenep 3acTocyeMo mpaBuia J01aBaHHS IMOBIPHOCTEH, II00 OTpUMATH IMOBIPHICTh

nepeOyBaHHS CHCTEMU B CTaHi 2 B MOMEHT 4acy (t + At):
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P, (t+At) = py (1) A, At + P, (DA — (Ay4 + Ag6)) At + Py (D) A4, AL + g (1) A, Al

=
P (t+ A~ P, ()= Py (O~ P, () + Ao A+ Py (D2,AL+ Py (DA
_ = (4.9)
i PEEI=P) 02, -, 00k + ) + PO + o0
t =
L)~ 021~ 2O + )+ PO/ + PO

AHaANOr1YHO MOBTOPIOEMO MO TAKOMY K MPHUHIMITY OOpPaXyHKH JUIsl PELITH I SATH

CTaHIB 1 OTPUMYEMO CUCTEMY U epeHIIaTbHUX PIBHIHB!

dpollt(t) =P, (O)(A + A3) + Ps (1) Aes

% = P10/ = POy + As) + Pa Va2 + Ps (D2

dp;t(t) = P, ()45 — Ps (1) (Ass + Agg) + Ps (t) sz + Pg () Aes

dp, (t) (4.10)
# = P, (1) A, — P, ()( Ay, + Age)

% = P3(1)Ass = Ps (1)(As3 + As5)

dpét(t) = P2 () a6+ P3 (ag + Py (D s + Ps (55 = P (s + Aoz + s2)

OCKUTPKM MU TPHITYCKAEMO, IO CHUCTEMa MOXE pO3IMOYaTH CBOIO poOOTY
BUKJIFOYHO 31 CTaHY CITOKOIO, TO MOYaTKOB1 YMOBH (IMOBIPHOCTI) OyyTh HACTYITHI JJIs
NePIIOi OJTMHHUIII Yacy:

p0)=1 p,(0=0 p;(0)=0 p,(0=0 ps(0)=0 ps(0)=0 (4.11)

Jliist o0paxyHKy JaHOi MOJeN cKopucTaemocs QyHkiiero 0ded5() mporpamHoro
nakety MATLAB. 3monentoeMo poO0OTy CUCTEMU MPOTITOM 15 CeKyH sl PO3YMiHHS
il mOBemIHKM 3 TIIOCTIMHMMH HAIXO/DKEHHSIMH JBOX THIIIB 3arpo3. B pesyibrari

OTPUMAEMO HACTYITHHUM pE3yibTar:



p1, p2, p3, p4, p5, pb
=] =] (=] =] =] =] =]
[} =% n (=)} | -5} w

=
[

0.1

Puc. 4.3. Pe3ynbpTaTl 06paxyHKy MaTeMaTUYHOI MOJIENI MPOTHIT 3arpo3am y
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CUCTEMI 3aXUCTy KpUTHYHUX pecypciB (1 — cTaH cniokoro, 2 — HaaiiiIa 3arpo3a 1, ane

HE peaii3oBaHa, 3 — HaJINIIIIA 3arpo3a 2, ajie He peallizoBaHa, 4 — 3arpo3a 1

peanizoBaHa, 5 — 3arposa 2 peajizoBaHa, 6 — 3arpo3a BijOuTa)

Cuctema cTaOUTI3yeThCA 3a Tepir 8 CeKyHJ, ICas Yoro BCl IMOBIPHOCTI

3HAXOATHCS HAa OJHOMY PIBHI 3 MEPIOJUYHUMH IpiIOHUMHU KONMBaHHAMU. HaiiBuiny

IMOBIpHICTB 3aiiMa€e CTaH 6 — CTaH BIIOWUTTS 3arpo3H, IO CBIIYUTH PO TE, IO caMi XK

3arpo3u HaJIXOATh JOCUTH IHTEHCUBHO 1 cucTeMa Ha HUX epexkTuBHO pearye. Ctanu 4 Ta

5 MarTh y’)k€ HU3bKY IMOBIPHICTb, IIIO TAKOXK MIATBEPIKYE €(PEKTUBHICTH CUCTEMH Y

BIIOMTTI 3arpo3 1€ J0 TOro, SK BOHH peamizoBaHl. CtaH 1 Takoxx Mae nyxXe BHCOKY

IMOBIPHICTb, IO CBITYUTH MPO TE, 110 CUCTEMA JOCTATHRO CTIMKA J0 3arpo3.
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4.3. IndopmaniiiHa TeXHOJIOrisl yNpaB/JiHHA BUPOOHHUITBOM MiHepaJbHUX

noopuB

[HpopMariiiiHa TEXHOJIOTIA — L€ CYKYNHICTh METOAIB, MPOIIECIB Ta IHCTPYMEHTIB,
10 BUKOPUCTOBYIOThCS JIJ1s 30MpaHHs, 30epiranHs, 00poOKu, nepeaaydi Ta BAKOPUCTAHHS
iHpopMarllii 3 METOI [OCSATHEHHS BHU3HAYEHUX IUIeH. Y KOHTEKCTI BUPOOHULITBA
MIHEpaJIbHUX J0OpUB, 1H(OpMaIiHA TEXHOJOrid BKJIOYAE aBTOMATHU30BaHY CHUCTEMY
yIpaBJliHHS, sgKa 00’€AHye B coO1 MaTeMaTH4yHI MOJEN, alrOpUTMH OOpOOKU JaHUX,
nporpaMHe 3a0e3leueHHss Ta amapaTHl 3aco0u, 1o 3a0e3nedyioTb e(eKTUBHE
yIpaBIliHHS BCIMa acleKTaMHU BUPOOHUYOTO MPOIIECY.

CtBopeHHs 1HGOPMAIIIHOT TEXHOJOT1I JUIsi BUPOOHUIITBA MIHEPATbHUX JT0OpUB
JI03BOJISIE 3HAYHO MIABUIIUTH €QEKTUBHICTH YIPABIIHHS MPOIIECaMU Ha OCHOBI TOYHHX
MaTeMaTUYHUX MOJIETICH, 10 BPaxOBYIOTh CIieNM(iKy TpaHyIIOBaHHS Ta KOHTPOJIO 32
AKICTIO TponykTy. Bona 3abe3nedye aBTOMATH30BaHE pETYJIIOBAHHS TeMIIEpaTypH,
BOJIOTOCTI, IEPEMIIITYBAHHS YACTUHOK Y TICEBIO3PIIHPKEHOMY IIapi, a TAKOX KOHTPOJIb 3
IPaHyJIOMETPUYHUM CKJIaoM. OCHOBHOIO METOI0 BIPOBAKEHHS Takoi 1H(popMarlliiina
TEXHOJIOT1Sl € ONTUMI3AIlis MPOIECIB IS TOCATHEHHS] MAaKCUMaJIbHOT ITPOIYKTUBHOCTI Ta
SIKOCT1 TIPOJIYKTY 3 MiHIMAJIbHUMHU BUTPAaTaMH PECYpCIB 1 Hacy.

[HdopmartiliHa TeXHOJIOTIs 3a0e31edy€e MOKIIUBICTD 1HTETpaIlil pI3HUX MIJICHCTEM
y €auHy IiatgopMy, sika J03BOJISE KOHTPOJIOBATH IMPOIEC BUPOOHUIITBA B PEKHUMI
peaNbHOTO Yacy, MpUHAMATH pIllIEeHHS Ha OCHOBI aHaNi3y JaHUX Ta 3a0e3reuyBaTH
OTIepaTUBHE YIPABJIIHHS BCiMa e€TaraMd BUPOOHWUYOTrO IUKITY. Ba)JIMBUM acreKToM €
TaKO’K MOXKJIMBICTh IPOrHO3YBAaHHA Ta aJalTUBHOIO YIPABIIHHSA, IO JO3BOJISE CUCTEMI
ABTOMATUYHO Mi/UTAIITOBYBATUCS IMiJl 3MIiHU y BUPOOHWYMX yMOBax 1 3a0e3medyBaTu
cTabuTbHICTh Ta Oe3meky mporeciB. B pesymbrari, iHGOpMariiiHa TEXHOJOTII Yy
BUPOOHHUIITBI MiHEPATBHUX TIOOPUB CTA€ HE MPOCTO IHCTPYMEHTOM JIJIsl MOHITOPUHTY Ta
KOHTPOJIIO, @ KOMILIEKCHOIO CHCTEMOIO, 0 3a0e3neuye e()EeKTHUBHICTh Ta CTIHKICTH
BCHOTO TEXHOJIOTTYHOT'O TTPOIIECY.

VY3aranbHeHa CTpyKTypa 1H(POpPMAIITHOT TEXHOJIOri yNpaBIiHHS BUPOOHUIITBOM

Mminepanbaux 100puB (ITY BM]I) 300paxena Ha puc. 4.4. OcHoBHUMU ckiaagoBumu [TY
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BM/I € TexHiyH1, IporpaMHi Ta OpraHizaliiHO-METOANYHI IHCTPYMEHTH: MaTeMaTU4H1
MOJIeNII IpolLecy BUPOOHULTBA MIHEPATbHUX JIOOpUB, CHUCTEMH  YIPABIIHHS
BUPOOHUYMMHU TPOIIECAMH, CHCTEMa 3aXHCTy KPUTUYHUX PECypCiB Ta MaTeMaTHYHA
MOJIeJIb JIJIsl MPOTU/IT 3arpo3am y cucteMi 3axucty. Bukopucranusa ITY BMJ] no3Bonsie
TOYHO BHMIPIOBAaTH KIIOYOBI MapaMeTpH TEXHOJIOTIYHOIO TMpPOIEeCy, ONEPATHUBHO
YIPaBISITH HUM Ui OTPUMAHHS TPOAYKTY 3aJaHOi SKOCTi, a TaKOoXk 3a0e3nedyBaTu
3aXUCT KPUTUIHHUX PECYPCIB, MEPEAAHNX IO CHCTEMH YIIPABITIHHS.

VY monyni «BBeneHHs 3HaU€Hb BXIAHUX MapaMeTpiBy» 31MCHIOETHCS HIIIaTi3a1lisa
BXIIHMX MapaMeTpiB, Kl HaJanl BUKOPUCTOBYIOThCSA y MOAyJl «MaTemaTH4H1 Mojeni
npoIiecy BUPOOHUIITBA MiHEPATLHUX TOOPUB» Ta KOMIIOHEHTI «MaTeMaTHuHa MOJETh
NpoTHIii 3arpo3aM y CHCTeMi 3aXUCTy KPUTHUHUX pecypciB». s TpboxdaszHoi
MaTEMaTUYHOI MOJIEi TPaHYJIIOBAaHHS B IICEBJO3PIIHDKCHOMY IIapi BBOIATHCS TakKi
MOYATKOBI MapaMeTpH: TEMIIEpaTypa YaCTHHOK, Kpamneib 1 TerioHocist (@u, Ok, Om),
Koe(IlIEHTH TeTUTOBIAAaul YACTUHOK 1 Kpameb (ap, 0d), @ TAKOXK MacOB1 BUTPATH MOBITPS
(Ga). [ns MatemaTudHOT MOJENI TPAaHYJOMETPUYHOTO CKIAaAy BBOJAThCS 00'eMU
peakTopiB A i B (Va,Ve) Ta mBuakicte 00MiHHOTO moToky Mixk Humu (((t)). Kpim toro,
JUIS MaTEMaTUYHOT MOJIEI1 MPOTHU/IIT 3arpo3aM y CUCTEeMI 3aXHUCTY BBOISATHCS MOYATKOBI
snaucHHs imMoBipHOCcTei (Pi(0)).

Y moayni «MateMaTuyHi MOJIeNi MPo1lecy BUPOOHUIITBA MiHEPAIbHUX JOOPUB» B
komnoHeHTI «TppoxdazHa maremMaTHdyHa MOJENb TMPOLIECY TPAHYIIOBAHHS Yy
MICEBIIO3PIPKEHOMY IIapi» OJEPKYEMO 3HAUEHHS TEMIIEpaTyp YaCTUHOK, Kpamelb Ta
TerutoHocis (@, O, ©,), sSKi TOTIM HAAXOIATH JO KOMIOHEHTH «CHCcTEeMa YIpaBITiHHS
Xa0COM MPOIiecy BUPOOHUIITBA MiHEPATBHUX JOOPHUB Y TPAHYIIATOPI 3 TICEBIO3P1IKEHIM
mapom» Moayisi «CUCTEMHU YyNpaBIiHHS BUPOOHHUIITBOM MiHEpanbHUX H00puBy». [lami
TphoxdazHa MaTeMaTUYHa MOJIENb MPOIIECY TPaHYTIOBAHHS Yy MCEBAO3PIIHKEHOMY TIapi
TiHEAPU3YETHCS IS MOAAIBIIOT0 BUKOPUCTAHHS B KOMIOHEHTI «CrcTeMa yrpaBiiHHS
BUPOOHUIITBOM MIHEPAIBHUX IOOPUB y TPAHYISATOPI1 3 TICEBIO3p1KeHNM 11apom 3 MPC-
perstiTopom» Moyt «CucteMa ynpaBiiHHS BUPOOHUIITBOM MiHEpalbHUX J00puBY. B

KOMIIOHEHT1 «MaremaTuyHa MOJeib TPAaHYJIOMETPUUYHOIO CKJIaay MIHEpaJIbHHUX

OOPHBY OJEPIKYEMO 3HAYCHHS (YHKIIIH PO3MOiny rpany: B peaktopi A ta B (@, @
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), SKi TOTIM HaAXOAATh 10 KOMIOHEHTH «CHCTeMa yIpaBIiHHSI BUPOOHHIITBOM
I'PaHyJIbOBAHUX MIHEpPAIbHUX JOOPUB Yy TPAaHYJIATOPl 3 TNCEBIO3PILIHKEHUM IIApOM 3
MPC-perynsaropom» moxynst «CHCTeMHU yHOpaBIiHHSI BUPOOHHUIITBOM MiHEPaTbHUX
T0OpUBY.

VY kommnoHeHTI «MareMaThuyHa MOJENb NPOTUMIIL 3arpo3aM y CUCTEMI 3aXHCTY
KPUTUYHHUX PECYpCiB» OOUYUCIIOIOTBCA 3HA4YeHHs iMoBipHOCTEeW (Pi), iH(pOpMaIris
HAJXOMUTh 10 KOMIOHEHTY «(CuHcTemMa 3axXHCTy KPUTHYHHX PECypCiB BHPOOHHUIITBA
MIHEpAJIbHUX AOOpUBY», /€ micisi 0O0poOKu 1HQOpMalis HAIXOIUTh 1O KOMIIOHEHTY
«Cucrtema ymopaBIiHHS XaocOM MPOIECY BUPOOHUILTBA MIHEPAIbHUX JIOOpUB Yy
TpaHyJsATOpI 3  TICEBAO3PIHKEHMM  mapom» Moayinst «CHUCTeMH  YIpaBIIiHHS
BUPOOHUIITBOM MIHEPAIBHUX IOOPUBY.

Y wmonym «Cucremu ympaBiIiHHS BUPOOHMIITBOM MiHEpaIbHUX JTOOpUB» B
KOMMOHEHTI «CucTemMa yrpaBIiHHS Xa0COM IPOIIeCy BUPOOHUIITBA MiHEpaTbHUX T0OPUB
y TPaHyJaTopl 3 TCEBIO3PILIKEHUM IIapOM» OTPUMYEMO KPHUTEpid SKOCTI CHUCTEMHU
ynpaBiinHs  xaocoM ([), B kommoHeHTi «CucTeMa yhpaBIiHHSA BUPOOHHUIITBOM
MIHEpaAJTIbHUX JOOPUB y TPAHYIATOP1 3 NMCEeBAO3PIIHKEHUM IiapoM 3 MPC-perymnstopom»
OTPUMYEMO KPUTEPIH SIKOCTI CUCTEMH YIIPABIIHHS BUPOOHUIITBOM MiHEPAIbHUX JIOOPUB
(I"), B xomnonenTi «CrcTeMa yrnpasiiHHsS BUPOOHUITBOM IPaHyIbOBAHUX MiHEPAIBLHUX
TO0OpUB y TPaHyJIATOP1 3 MCEBAO3pLIKeHUM I1apoM 3 MPC-perynstopom» OTpUMyeMO
KpUTEPIA SKOCTI CHCTEMH YIPaBIiHHSI BUPOOHHUIITBOM TI'pPaHyJbOBAHUX MIHEPATbHUX
no6puB (lg). Bukopucranus iH(OpMaIiifHOT TEXHOJIOTiT BHPOOHUIITBA MiHEPATBHUX

T00pUB JO3BOJIUIIO 3HU3UIIA €HEeproBUTpaTu Ha 7%.



CrcTeMH YIPABIiHHS BIPOOHHITBOM MiHEpAIbHIX 100pIB MaTemaTH4Hi MO IpoIecy BIPOOHNIITBA MiHEPAIEHIIX 100PHB

CICcTeMa YIIPaBITiHHA BIPOOHIIITROM TPaHYTHOBAHIX MiHEpPATLHIIX T00PHB
V TPaHYIATOP] 3 ICeBUO3PLIKEHIIM MapoM 3 MPC-peryiaropoM

MaTeMaTHIHa MOIeIb TPAHYIOMETPIMHOTO CKIALY
O* @ MiHepaTbHIIX J0OpHB
i i

|
|
|
| . . - :
|| CncTema ynpasmings BHpOGHHIITROM MiHePATEHHX T00PHB Y TPAHYIATOPL
I
|
I
|

- |
- |
! !
| ! JliHeapi30BaHa TPROX(A3HA MATEMATHIHA |
I* 3 ICEBA03PLILKEHNM MapoM 3 MPC-peryiaropoM | T MOIeIs |
I
I |
| | CncTema ynpapTiHHA Xa0coM Mpoliecy BHPOOHNITBA MiHepaTEHIX J00pHB L Tproxda3Ha MATEMATHIHA MOJINh IIPOTIECY |
I Y TPaHyJIATOpI 3 TICEBI03PIIKEHIM IapoM | I 0.0 .0 TPaHYTIOBAHHEA ¥ NCEBIO3PLILKEHOMY Mmapi |
4K n b -
___________ _T______________J . N
CicTema 3aXICTy KPHTHYHHX PecypciB BHPOOHIITBA
MiHepaTbHIIX 106pIB
MaremaTHYHA MOIEh IPOTILIIT 3arpo3aM y CHCTEMi 3aXHCTY
KPHTHYHHX PECYPCIB
p 1
Fr——————— == —————— == e -

S,EE] ©..0,.0,.0..07.1,.L1"p, | : i | ©02.6..6).a,.0,G, | |p1$0) | [vv.qy b—— i
=

| BiBeeHHA 3HATEHb BIXiIHIX IIapaMeTpis L BBeIeHHA 3HATeHb BXUIHIIX IapaMeTpiB |

Puc. 4.4. [ndpopmaiiiiina TeXHOJIOT1sl yIIpaBIiHHSA BUPOOHUIITBOM MiHEPaJbHUX

n00puB

Po3po0neno MeTonuKy BUKOpHUCTAaHHS 1H(OpMAIIHHOT TEXHOJOTIl YyNpaBIiHHSA
BUPOOHHIITBOM MiHEpaIbHUX JOOPHB, 1[0 3aCHOBAHA HA 3alPOIIOHOBAHOMY IOETHAHHI
KOMIUIEKCY 3aXO[IB YIPaBIiHHS BUPOOHUIITBOM, MaTeMaTHUYHUX MOJIETIEH MpOIEeCcy
IPaHyJIIOBaHHA Yy TCEBAO3PIIKEHOMY IIapi Ta CUCTEMH 3aXUCTy KPUTHYHHX PECYpCiB,
110 BPaXxOBY€E OCOOJIMBOCTI 00JIaIHAHHS Ta XIMIYHOT MPOMHUCIOBOCTI.

Meroauka nependaydae Taky MOCIiAOBHICTD JTIH:

1. BusHayeHHs OCHOBHHX MapaMeTPiB TEXHOJIOTTYHOTO MPOIIECY.

2. Po3paxyHOK TEXHOJIOT1YHUX IMapaMeTpiB 3a JOMOMOTOK MaTeMAaTHYHHX

MoOJIesIel TIpollecy BUpOOHUIITBA MiHEpaIbHUX JOOPHUB.

3. Peanizamisi cucremMu ympaBiiHHA TMPOIIECOM BUPOOHHUIITBA MiHEPATBHUX
T00pUB.
4, BusBieHHs MHOXWHH TOTEHIIMHO MOJMJIMBHX CHUTYaIlid, IO MOXYThb

MIPU3BECTH JI0 peaizallii 3arpos.

5. BusHadyeHHs BUMOT 10 CUCTEMU 3aXUCTY KPUTHYHUX PECYPCiB BUPOOHHUIITBA
MIHEpAIBbHUX JOOPHB 3 YypaxyBaHHSIM MAaTeMaTHYHOI MOJENl TPOTHMIIl 3arpo3am y
CUCTEMI 3aXUCTy KPUTHYHUX PECYPCiB.

6. BnopoBamxennss Tta cympoBin 1HGOpPMALIHHOI TEXHOJIOTIi yNpaBiIiHHSA

BUPOOHUIITBOM MiHEpAIbHUX HOOPUB MPOTATOM BChOI'O TEPMIHY €KCILTyaTallii.
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s MeTonuka 3abe3neuye KOMIIEKCHUM MIAX1 10 YIPaBIIHHA T€XHOJOTTYHUMHU
npolecaMy Ta 3a0€3MeUeHHs 3aXMCTy KPUTUYHUX PECYpPCiB, IO J103BOJISE MOKPAIIUTH
AKICTh TOTOBOIO MPOAYKTY Ta 3MEHIIWTH PpU3MKH, TMOB'SI3aHI 3 XIMIYHUMU

BUPOOHHUIITBAMH MIIBUIIECHOT HEOE3MEKH.

4.4, BucHoBkHu 10 4 po3aity

1. CtBOopeHa cHCTeMa 3aXUCTy KPUTHYHHX pECypCiB  BUPOOHHUIITBA
MiHepalbHUX 100puB. Lle 103BOIIsSIE €DEKTUBHO CETMEHTYBATH MEPEKY Ta OOMEKUTH
JOCTYI IO KPUTHUYHO BAKIMBHUX KOMITOHEHTIB. 3aBSKH PO3IUICHHIO BUPOOHHUIITBA Ha
30HH, BiJl BUIIUICHOT 30HU 3 IOCTYTIOM Yepe3 AeMUTITapU30BaHy 30HY 10 00MEXEHO1 30HH
JUIST HAMKPUTHYHIIINX pecypciB, cuctema 3a0e3rnedye KOHTPOJIBOBAHHHM JOCTYN 1
MIHIMI3Y€ MOXJIMBICTH 3arpo3 JJisl KpUTUYHUX PECYPCIB.

2. Po3pobnena MareMaTtnyHa MoOJIe€Nb MPOTUIIT 3arpO3aM Y CHUCTEMI 3aXUCTY
KPUTUYHUX PECYpCiB ISl OIMIHKKA IMOBIPHOCTI IIPOTHUIIT 3arpo3aM JI03BOJISI€E BU3HAYUTHU
piBeHb GyHKIIOHAIBHOT Oe3meku (SIL) mns kputuuHuUX pecypciB BupoOHHIITBA. Ha
OCHOBI IMOBIPHICHMX PO3PaxXyHKIB MOXHa CTBOPUTH €(PEKTUBHY CHCTEMY MPOTHIii
3arposam, 1o 3abe3reuye CBOEUYacCHe BUSBJICHHS Ta YCYHEHHS IMOTCHIIIMHUX HeOe3IeK.
Ile mo3BOJIsIE 3HAYHO 3MEHIIUTH PU3HMK aBapiiHUX CUTYaIlil Ta MIABUIIATA HAIIHHICTh
BUPOOHUYOTO TIPOIIECY.

3. Po3pobneno iHdopmaliiiiHy TEXHOJOTII0 YOPaBIIHHSI BUPOOHUIITBOM
MminepanbauX 106puB (ITY BM/I), ocHOBHUMH KOMITIOHEHTAMH SIKOi € HACTYITHI TEXHIYHI,
MporpaMHi Ta OpraHi3alifHO-METOAWYHI 3aco0M: MaTeMaTH4YHiI MOJedi Mpolecy
BUPOOHHUIITBA MIHEPATBHUX JOOPUB, CUCTEMU YIPABIiHHSI BUPOOHUIITBOM MiHEPATHLHUX
T00pUB, CUCTEMA 3aXUCTY KPUTUIHUX PECYPCIB BUPOOHHIITBA MIHEPAIBHUX JOOPHUB Ta
MaTeMaTUYHa MOJIeTh MPOTH[I 3arpo3aM y CHUCTEMI 3aXHCTy KPUTUYHUX PECypcCiB.
3actrocyBanus [TY BMJI no3Bossie 3miiiCHIOBATH BUMIPIOBAaHHS OCHOBHUX IapaMeTpiB
TEXHOJIOTIYHOTO TpOlieCy, 3AIMCHIOBATH yHOPABIIHHSA MPOIECOM BUPOOHUIITBA
MiHEpaJbHUX JOOPUB, 3a0€3MEUYIOUH OJIepKaHHSI TOTOBOTO MPOJYKTY 33a/1aHO1 SIKOCTI Ta

3aXHUCT KPUTHUYHHUX pecypciB. BukopuctanHs iH(OpMaLiIMHOI TEXHOJIOTII YIpaBIiHHS
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BUPOOHUILITBOM MIHEPAIbHUX JOOPUB JO3BOJIMJIO 3HU3UTU E€HEProBUTpaTH Ha 7% 3a
pPaxyHOK po3pOOKH CUCTEMHU YIPaBIIHHSA Xa0COM, L0 30UIbIINIIA IHTEHCUBHICTh TEILJIO-
Ta MacOOOMIHY Yy MCEBIO3PLIKEHOMY LIapi.

4, Po3po0OneHo  MeToauKy BHUKOPUCTaHHSA 1H(QOpPMALIMHOI  TEXHOJOT1i

yIPaBIIiHHS BUPOOHUIITBOM MIHEPAIbHUX JOOPUB.
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BUCHOBKH

VY nucepraniiiHiii poOOTI BUPIIMIEHO Ba)XXJIMBY HAYKOBO-TIPUKIAJHY 3aJady —
MIABALIEHHS €(QEKTUBHOCTI BUPOOHUUTBA MIHEPAJBHUX JOOpUB 3a PpPaxyHOK
pO3pOOJIEHUX MOJENEH, CHUCTEM YIPAaBIIHHS Ta CTBOPEHHS 1 BUKOPUCTAaHHS HOBOI
1HpOpMAIIITHOT TEXHOJIOT1T YIIpaBIiHHS.

VY npoueci JoCHiHPKEHHS! OTPUMAHO HACTYIIHI PE3YIbTaTH:

1. [IpoBeneHo aHammi3 OCHOBHHMX MiAXOJIB 10 MaTEMaTHYHOTO MOJICITIOBAaHHS
NpOLECY BHUIOTOBJIEHHI MIHEpPAJIbHUX JOOPUB Yy TpaHyJssTOpl 3 TCEBAO3PIIKEHUM
mapoM. BcTaHOBIEHO OCHOBHI TapaMeTpH, CKIIaJ amapary, peKMMH poOOTH Ta
TEXHOJIOT1YHI OCOOJIMBOCTI TIPOIIECY TPaHYJIOBaHHS Yy TICEBIO3PIIKCHOMY IIapi.
Bcranosiiena HeoOXimHICTh 3a0e3MeUeHHs] MAaTEMaTHYHOTO MEXaHi3My MPOTHO3YBaHHS
IpaHyJIOMETPUYHOTO CKJIaJy — OCHOBHOTO IOKa3HUKA SIKOCTI BHUXIJHOTO TPOIYKTY.
Po3rnssHyTO OCHOBHI MigXoAW JO TMOOYJOBY CHCTEM YIPABIIHHSA TPOIECOM
IpaHyIIOBaHHS Yy IICEBIO3PIIKEHOMY CTaHi. BUsBIEHO HEOOXIAHICTH BpaxyBaHHS
Xa0TUYHOTO XapaKTepy pyXy UYACTHHOK Yy TCEBIO3PILIHKEHOMY Iapi uisi MoOya0BU
CHUCTEMH YIPaBJIIHHS IPOIECOM BUPOOHHUIITBA MIHEPAIbHUX JTOOPHUB Ta IMiJIBUIICHHS
€(hEeKTUBHOCTI TEXHOJIOTTYHOT'O MPOIIECY.

JIns MiABWINEHHS CTaHy 3aXUIIEHOCTI MPOIeCY BUPOOHMIITBA TPaHYIHOBAHUX
MiHEpaJIbHUX JOOPHUB BiJ 3arpo3 MOpyIIeHb (DYHKI[IOHAJTBbHOI Oe3neKkH, SKi MOXYTh
BIDIMHYTH Ha 3MIHY KPUTHYHUX PECYpCIB, BHUSBIICHAa HEOOXITHICTh 3a0e3TMeUCHHS
MaTeMaTUYHOTO0 MEXaHi3My MPOTHIl KUIbKOM 3arpo3am. lIpoanamizoBaHa HOpMaTUBHA
6a3a BUMOT (pyHKITIOHAIBHOT O€3MEeKH IJIs1 XIMIYHOT TPOMUCIOBOCTI.

CdopmynboBaHi 3aBHaHHS IS JOCATHEHHS TEOPETUYHUX Ta MPHUKIAJTHUX
pe3ynbTaTtiB B po3poOill  iHGoOpMaIiiftHOT TEXHOJOTii ympaBliHHA BHUPOOHUIITBA
MiHEpaJbHUX TOOpUB, IO JO3BOJMTH 3a0€3MEYUTH OTPUMAHHS KIHIEBOTO MPOIYKTY
3aJ1aHO1 AKOCTI Ta MiJIBUIITUTH PiBEHb €()EKTUBHOCTI POIECY BUPOOHUIITBA MIHEPATbHUX
TO0OpHB.

2. Po3pobnena tproxdazHa MaTeMaTH9YHA MOJICTh TIPOIIECY TPAHYJIIOBAHHS Y
MICEeBAO3PIIKEHOMY 1Iapi, SIKa BPaxXxOBYE TIAPOJUHAMIKY TCEBIO3PIIKEHOIO IIapy,

nepeavyy KIHeTUYHOI €Heprii, po3CitOBaHHS €HEprii, CTHCHEHHSI KpaIlielb 3 YaCTUHKAMU,
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iX ajaresiro 10 MOBEPXHI, KIHETUKY BUCHUXAHHS PO3UYMHY HA MOBEPXHI YACTUHOK. Takox
BpPaxOBaH1 PO3CIIOBaHHS €HEprii MpH 3ITKHEHHI Ta Nepeaada KIHeTUYHOI eHeprii Bif
TBepAOi (pa3u A0 piaAKoi.

B pesynbpTaTi AOCHIIKEHHS MAaTEeMaTUYHOI MOJENI MPOLECY TPaHyIIOBAHHS Y
MICEBO3PLXKEHOMY Iapl OTPUMaH1 MEepeXiJHl XapaTepUCTUKH 3MIHUM TPhOX OCHOBHHUX
napameTpiB MpOLECYy TpaHyJIIOBaHHSA Yy TMCEBAO3PIIKEHOMY IHapi — TeMIeparyp
YaCTUHOK, Kpamenb Ta TeIUIoHOCisS. BusBieHo, 1m0 TemmepaTypd OCTaTOYHO
cTabuTi3ytoThesl 3a 40 CEKyH]ZI Ta CIIOCTEPIraloThCs MOCTIMHI HENiH1MHI KOJMBAHHS B
CUCTEMI.

3. Po3pobiiena MaTtemaTHuHa MOJETh TPAHYJIOMETPHYHOTO CKIAMy TPOIECY
BUPOOHUIITBA MIHEpAJIbHUX JOOPUB, sika 0a3ye€ThCs HA MOIUT MCEBAO3PIIHKEHOTO MIapy
Ha TPY 30HU — 30Ha 3MOYYBaHHS, 130T€pPMIUHa 30HA Ta 30HA TETUIOOOMIHY.

MatemaTnyHa MOJIENIb BPAaXOBY€E, IO YMOBH JJII POCTY YACTHHOK BHKOHYIOTHCS
JUIIEe B 30HI XOJOJHOTO 3MOYYBaHHS IiJi COIUIOM, B 30HI 3MOYYBaHHs TeMmIeparypa
MiABUIYETHCA BIJ IEHTPY JO CTOPIH, B 130TEpMIYHIA 30HI1 TemIepaTypa MOBITPS
pPIBHOMIpHA, B 30H1 TEIUIO00OMiHY TEMIIepaTypa rapsiaoro moBiTps pi3Ko NMajaae, 3pOCTaHHS
YAaCTMHOK BU3HAYaTUMETHCS PO3MIPOM 3MOYYBAIBHOI aKTHBHOI 30HM Ta MIBUAKICTIO
NEPEHECEHHs] YaCTHHOK JIO Ii€1 YaCTUHH TCEBI03PIIKEHOTO Iapy, B 30HI 3MOYyBaHHSI
Bi/I0YBa€THCS arjioMepartis.

B mnpormeci mocnmimpkeHHS MaTEMaTHYHOI MOJIEN TPaHyJOMETPHYHOTO CKIIaTy
BUPOOHHUIITBA MIHEPAIBHUX TOOPWUB OTPUMAHO MOKA3HUKK PO3MOJAUTY TpaHynd 3a ix
pPO3MIPOM TIPOTATOM BCHOTO TPOLIECY TPaHYJIIOBAaHHS Yy TICEBIAO3PLIKEHOMY IIapi.
BceranoBneHo, 1110 HalOLIBIIE TPaHyJl YTBOPIOETHCS B Mekax 3ajaHoro posmipy — 1.55
MM B KUTBKOCTI 25 %.

4. JloBeIeHO HAsSBHICTH JETEPMIHOBAHOTO Xa0Cy B IPOIIECi TPaHYTIOBAHHS y
MICEBIO3PIPKEHOMY TIapi Ta B CHUCTEMI YMPABIIHHSI XaoCOM TMPOIeCYy BUPOOHHUIITBA
MiHEpAIBHUX TIOOPUB y TPAHYJIATOPI1 3 TICEBAO3PIHKEHNUM 11apoM. J{OCTiIKEeHHS TUBHOTO
aTpakTopa, nmokaszHukiB JlsmyHoBa Ta enTpormii KoimoropoBa miATBEpAUIN HAsIBHICTb
JNETEPMIHOBAHOTO Xaocy. BusHauwim yac mnepegOadyeHHs AJisI CHUCTEMHU YIPaBIIHHS

XaocoM, 110 ckiagae 1.72 c.
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Po3poOnena cuctema ynpapiiHHS XaoCOM Ipoliecy BUPOOHHUIITBA MIHEPAIbHUX
NOOpUB y TpaHyJISITOpi 3 TICEBAO3PLIKEHUM IMapoM. 3aBISKA MO3ULIHHOMY
PEryJIIOBaHHIO TMOJA4Y€l0 TEIUIOHOCIS CHCTeMa YHPABIIHHSI XaoCOM  MIJCUIIIOE
XaO0TUYHICTh TpPOLECY, M0 CHpUSE€ AKTUBHOMY IMEPEMINIYBAaHHIO YAaCTUHOK Yy
ncesao3pikeHoMy mapi. [lo3uiiitHe peryatoBaHHs 3MIHIOE IEPEXITHY XapaKTEPUCTUKY
00’exta B Mexax 10%. TakuM KepyBaJIbHUM BIUIMBOM MU «pPO3TOMIYEMOY CUCTEMY IS
OTPUMAaHHS MyJIbCalliil, aje Mpu [bOMY 00OMEXYEMO aMILTITYAy KOJIHBAHb 3a JOIMOMOT OO
napamerpa y = 0...1, mo6 cuctema He BTpayaja CTIHKOCTI.

5. PeanizoBaHi cucteMu ymnpaBiiHHS BUPOOHHUIITBOM MIHEpAIbHUX JI0OpUB Y
IPaHyJIATOPl 3 TCEBIO3PILIHKEHUM IIapOM 3 BUKOPUCTAaHHSM YOTHUPHOX PETYISITOPIB:
MPC, LQR, ITIJ] Ta Fuzzy Logic-peryssitopis. JlocmimpkeHHsS MPOBEACHI 3 TPhOX(Pa3HO0
MaTEMaTUYHOIO MOJICIUIIO TMPOIECYy TPaHYJIIOBAaHHS y TCEBIO3PILIKEHOMY IIapl JUis

MOPIBHSAHHS 1X €(EeKTUBHOCTI.

PesynpTaT nociimkeHHs mokasanu, mo MPC-perymsitop € HalOLIbIT ePeKTUBHIM
JUIST BUKOPUCTAHHS B CHCTEMI YNPABIiHHA BHPOOHUIITBOM MiHEPAIBHUX JTOOPHUB Y
IPaHYJSATOP1 3 MICEBAO3PIIKEHUM IIaPOM, OCKIJIBKH BIH 3aCTOCOBYETHCS JIJIsl HEJTHIMHIX
CUCTeM, 3a0e3reuye He3HAUHe TiepeperyaoBanHs, o piBHe 3%, sKe MIBUAKO BUXOIUTH
Ha CTalui piBeHb MO HEOOXITHOTO MOKa3HMKa Temmeparypu 3 TouHicTio 100% 3a 10

cexkyHa. ToOTO yac BUXO/y Ha BCTAHOBJIICHUI piBEHb CKOopoueHo Ha 75%.

6. Po3pobnena cuctema ympaBiiHHS BHPOOHHIITBOM T'PaHYJIHOBAHUX
MIHEpaIBHUX JOOPHUB y TPAHYISITOPI 3 TICEBIO3piKkeHNM mapom 3 MPC-perynsitopom
HAa OCHOBI MAaTeMAaTHMYHOI MOJENl TPAaHYJIOMETPUYHOTO CKJIaay BUPOOHHUIITBA
MIHEpAIBbHUX JOOPHB, sIKAa JO3BOJISAE JOCATTH 3aJaHOT KUIBKOCTI TpaHyl HEOOXiTHOTO
po3Mipy 3a 5 cekyHI, 1o € Ha 28% mBuIIE.

1. CtBopeHa cucCTeMa 3aXUCTy KPUTHYHUX pECypciB  BUPOOHHUIITBA
MiHEpAIBbHUX JOOpPHB, KA CKIAJAETHCS 3 BIAUICHOT 30HU, MEMLUTITAPU30BAHOT 30HH 3
BeO-cepBepaMH Ta MIKMEPEXKEBUMH €KpaHaMM Ha BXOJ1 1 BUXO/ll, IEPUMETPOBOI 30HH,

BUPOOHUYOT 30HHU, AJMIHICTPAaTUBHOI 30HM Ta OOMexeHoi 30HM. KokHa 3 1mmMx 30H
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BUKOHY€ NIEBHI (DYHKIIIT Ta Ma€ Pi3HUN PIBEHb JOCTYIY i 3aX0/1B O€3MEKH, 1110 103BOJISE
3HaYHO 3MEHIIUTH PU3UK HECAHKIIIOHOBAHOT'O BTPyUYaHHS.

Ile nmo3Boyisie €(PEKTUBHO CEIrMEHTYBAaTH MEpEeXKYy Ta OOMEXHTH JOCTYN 0
KPUTUYHO BXKJIMBUX KOMIIOHEHTIB. 3aBASKHU PO3JIJICHHIO BUPOOHUIITBA HA 30HU, BiJl
BIIJIVICHOT 30HU 3 JIOCTYIIOM 4epe3 AEMUIITaApU30BaHy 30HY 10 OOMEXKEHOI 30HM Jis
KPUTUYHUX pecypciB, cuUcTeMa 3abe3nedye KOHTPOJIbOBAHUN JOCTYI 1 MIHIMIZYE
MOJKJIMBICTH 3arpo3 JIJIsl KpUTUYHUX PECYPCiB.

8. Po3pobiiena mareMaTu4Ha MOJENb MPOTHII 3arpo3aM y CHUCTEMi 3aXUCTY
KPUTHUYHUX PECYPCiB AJIs OLIHKK iIMOBIPHOCTEH ABOX PI3HUX 3arp03 1I03BOJISIE BUBHAYUTH
piBeHb (PYHKITIOHANbHOT O€3MEeKH JIsi KPUTUYHUX PECYpPCiB BUPOOHUIITBA.

Jlana Mozielb OnuMcye Nporec BUPOOHUIITBA MIHEPAIBLHUX 100PUB, SIK CUCTEMY, sIKa
Moke repeOyBaTH B 6 CTaHaX: CTaH CIIOKOIO; HAJlilIIIIA 3arpo3a 1, ane He peanizoBaHa;
HaliIIa 3arpo3a 2, aje He peanizoBaHa; 3arpo3a 1 peanizoBaHa; 3arpo3a 2 peaii3oBaHa;
3arpo3a BigOuta. JlJis Oomucy mepexoiy CHCTeMH 31 CTaHy Yy CTaH, BHUKOPUCTOBYE
noOy/I0BaHy MaTPHITIO IHTEHCUBHOCTEN MEPEXOYy.

3anponoHOBaHa MaTeMaTH4Ha MOJEeidb JO3BOJIIE OOYHCIUTH  3HAYCHHS
IMOBIpHOCTEH TTepeOyBaHHs CUCTEMHU Y KO)KHOMY 3 IIIECTH CTaHIB MPOTATOM BChOT'O YaCy
OJTHOTO 1Ky BUPOOHMIITBA. 1i BUKOPMCTAHHS IOMOMArae 3 BU3HAYEHHAM 3arpo3 s
KPUTUYHUX PECYpPCiB, AKI € aKTyaJbHUMH IS JOCIHIKYBAHOI CHCTEMH Ta MOXYTh
BUKOPUCTOBYBATHCH HA MPAKTHIII.

Q. Po3pobneno iHdopmalliiiHy TEXHOJIOTII0 YHOpPaBIiHHSI BUPOOHUIITBOM
MiHEpaIbHUX JOOPUB, OCHOBHUMH KOMIIOHEHTAMH SIKOT € HACTYITH1 TEXHIYH1, IPOrpaMHi
Ta OpraHi3amiifHO-METOAMYHI 3aco0M: MaTEeMaTHYHI MOJIeNl Mpolecy BUPOOHMIITBA
MIHEpAIBHUX JOOpWB, CHUCTEMH YIPABIIHHA BUPOOHUIITBOM MiHEpPATBHUX JTO0OpPUB,
CHUCTEMa 3axXHCTy KPUTHYHHX PECypciB BHUPOOHHIITBA MiHEpATBHUX JOOpPUB Ta
MaTeMaTUIHa MOJIeTh MPOTHU/IT 3arpO3aM Y CUCTEMI 3aXUCTy KPUTHIHUX PECYPCiB.

3actocyBaHHs 1H(POPMAIIMHOI TEXHOJIOTil BHUPOOHHIITBA MiHEpaIbHUX JOOPHUB
JI03BOJIsIE€ 3IMCHIOBATH BUMIPIOBAaHHS OCHOBHUX MapaMeTPiB TEXHOJOTTUHOTrO MPOIIECY,
OTEpPaTUBHO KEPyBaTH TPOIECOM, 3a0e3Meuyrodyn OJEp)KaHHS TOTOBOTO MPOAYKTY

3a/1aHO1 SIKOCTI Ta 3aXUCT KPUTUYHUX PECYPCIB, 110 NEPEAAIOTHCS CUCTEMI YIIPABIIHHS.
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BukopucranHsa iH(opManiiHOi TEXHOJIOTi yHpaBiiHHS BUPOOHHUIITBOM MIHEPATbHHUX
IOOpHUB JO3BOJWIO 3HU3UTH E€HEPrOBUTpAaTH Ha 7% 3a paXyHOK PO3pOOKH CHUCTEMU
VOPABIIHHS XaoCcOM, W0 30UIbIIMIA IHTEHCHUBHICTh TEIUIO- Ta MAacOOOMIHY Y
NCEBIO3PLKEHOMY mmapi. Po3po0ieHo MeToAMKy BUKOPUCTaHHS 1H(pOpMaIiiiHo1

TEXHOJIOT1i BUPOOHUIITBA MIHEPAIBHUX JOOPUB.
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JOJATOK 1. IIporpamua peaJizanis TpbOX(pa3HOi MATEMATHYHOI MOJeJTi
rPAHYJIIOBAHHSA Y NICEBAO3PiAKEHOMY LIAPi, MPOrpaMHa peaJiizauis CUCTEeMH
YIPABJIIHHA Xa0COM NMPOLECY TPAHYJIIOBAHHS Y IICEBI03PiIKeHOMY 1IAPI,
NporpamMHa peaJjizanis MaTeMaTHYHOI MOJEJIi 3AXHUCTY KPUTHYHHUX pecypciB

BHPOOHUITBA MiHEPAJIbHHUX 100pHUB

[TPOI'PAMHA PEAJIIBALIISL TPBOX®A3HOI MATEMATUYHOI MOJIEJII
I'PAHYJIIOBAHHA V IICEBJO3PIJIUKEHOMY HIAPI

Matlab-ckpunm

Opo = 300;

0de = 293;

0a@ = 393;

global Ga;

Ga = L;

L(545, 7)

global i;

i=0;

initial conditions = [Op@; 0dO; 0a0];

tspan = [0, 150];

[t1, y] = oded45(@myODEs_handle, tspan, initial conditions);
[t11, y1] = oded45(@myODEs_static, tspan, initial conditions);
figure;

plot(t1, y(:, 1), 'r', t1, y(:, 2), 'b", t1, y(:, 3), 'g"');
xlabel('Yac, c');

ylabel('Temnepatypa, K');

legend('1', '2', '3');

figure;

plot(t11, yi(:, 1), 'r', t11, yi(:, 2), 'b", t11, yi(:, 3), 'g');
xlabel('Yac, c');

ylabel('Temnepatypa, K');

legend('1', '2', '3');
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function

dydt = myODEs_handle(t, y)
ap = 5.535;
Sp = 7.07*10"-7;
Opo = 300;
br = 1*1077;
b = 0.0542;

Mh2o = 0.131;
Qevap = 82300;

R = 8.314;
Opg = 383;
Gd = 0.7;

xd = 0.37;

Qcryst = 82300;

Mp = 1.5;

Cp = 1420;

rp = 1*10”-5;
0do = 293;

bR = 1*10"7;
Md = 2;

Cd = 1590;
global Ga
global i

Ca = 1011;
0a@ = 393;

ad = 5.535;
Sd = 6.07*10"-6;
Ma = 3.5;

Kps = 0.001;
es = 0.1;

go = 0.1;

Ros = 1230;
a_s =5.5;

ds = 0.002;
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Vdry = 0.47;
bd = (b*Mh20o*Sp*Qevap)/R;
Radg = (Gd/Mp)*((br/y(2))/((br/y(2))+0.35))"2;

aaa = ((-Radg*Cd)/Cp)-((ap*Sp)/(Mp*Cp))-((3*Kps)/(Sp*Mp*Cp));
bbb = (12*(1-es”2)*g@*Ros*a_s”2)/(ds*Sp*sqrt(pi));
ccc = ((Radg*Cd*y(2))/Cp)+((Gd*xd*Qcryst)/(Mp*Cp)) -

((Mp*Vdry*Qevap)/(Mp*Cp))+((ap*Sp*y(3))/(Mp*Cp));

Opb = (1*(aaa*y(2)+ccc))/(exp(1)~((-(aaa*t)/2)-
(cce*t)/(2*y(1)))+(bbb*y(1)));

Yos = (12*(1-es”2)*g@*Ros*a_s”2*y(1)*0pb)/(ds*Sp*sqrt(pi));
Phips = (6*Kps*y(1))/Sp;
i=i+115;

dydtl = (ap*Sp*(10000000*y(3)-y(1))-((bd*(1*y(2)-
1*0pg))/y(2))+Gd*xd*Qcryst+Mp*Cp*rp*79000*0pe+((Gd/Mp)*((bR/y(2))/((bR/y(2)
)+0.35) )" 2*Mp*Cd*(y(2)-y(1)))-Yos-0.171*Phips)/(Mp*Cp);

dydt2 = (Gd*Cd*0de-
((Gd/Mp)*((bR/y(2))/((bR/y(2))+0.35))"2*Mp*Cd* (10*y(2) -
9.25%y(1)))+((bd*(1*y(2)-1*0pg))/y(1))+ad*Sd*(10000000*y(3)-y(2)))/(Md*Cd);

dydt3 = (Ga(i, 7)*(Ca*0a@-1.55*Ca*y(3))-ap*Sp*(y(3)-10000000*y(1))-
ad*Sd*(y(3)-10000000*y(2)))/(Ma*Ca);

dydt = [dydtl; dydt2; dydt3];
end

function dydt = myODEs_static(t, y)

ap = 5.535;

Sp = 7.07*%10"-7;
Opo = 300;

br = 1*1077;

b = 0.0542;

Mh2o = 0.131;
Qevap = 82300;

R = 8.314;
Opg = 383;
Gd = 0.7;

xd = 0.37;

Qcryst = 82300;



Mp = 1.5;

Cp = 1420;
rp = 1*10"-5
0de = 293;
bR = 1*1077;
Md = 2;

Cd = 1590;
global Ga

Gab = Ga(1, 7);
Gab

Ca = 1011;

0a@ = 393;

ad = 5.535;

Sd = 6.07*10"-6;
Ma = 3.5;

Kps = 0.001;

es = 0.1;

go = 0.1;

Ros 1230;

a_s = 5.5;

ds = 0.002;

Vdry = 0.47;

bd = (b*Mh20o*Sp*Qevap)/R;

Radg = (Gd/Mp)*((br/y(2))/((br/y(2))+0.35))"2;

aaa = ((-Radg*Cd)/Cp)-((ap*sSp)/(Mp*Cp))-((3*Kps)/(Sp*Mp*Cp));
bbb = (12*(1-es”2)*g@*Ros*a_s”"2)/(ds*Sp*sqrt(pi));
ccc = ((Radg*Cd*y(2))/Cp)+((Gd*xd*Qcryst)/(Mp*Cp)) -

((Mp*Vdry*Qevap)/(Mp*Cp))+((ap*Sp*y(3))/(Mp*Cp));

Opb = (1*(aaa*y(2)+ccc))/(exp(1)~((-(aaa*t)/2)-
(cce*t)/(2*y(1)))+(bbb*y(1)));

Yos = (12*(1l-es”2)*g@*Ros*a_s”2*y(1)*0pb)/(ds*Sp*sqrt(pi));
Phips = (6*Kps*y(1))/Sp;
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dydtl = (ap*Sp*(10000000*y(3)-y(1))-((bd*(1*y(2)-
1*0pg))/y(2))+Gd*xd*Qcryst+Mp*Cp*rp*79000*0p0+( (Gd/Mp)*((bR/y(2))/((bR/y(2)
)+0.35))"2*Mp*Cd*(y(2)-y(1)))-Yos-0.171*Phips)/(Mp*Cp);

dydt2 = (Gd*Cd*0de-
((Gd/Mp)*((bR/y(2))/((bR/y(2))+0.35))"2*Mp*Cd* (10*y(2) -
9.25%y(1)))+((bd*(1*y(2)-1*0pg))/y(1))+ad*Sd*(10000000*y (3)-y(2)))/(Md*Cd);

dydt3 = (Gab*(Ca*0a@-1.55*Ca*y(3))-ap*Sp*(y(3)-10000000*y(1))-
ad*Sd*(y(3)-10000000*y(2)))/(Ma*Ca);

dydt = [dydtl; dydt2; dydt3];

end

[MPOI'PAMHA PEAJIIBALIIAA CUCTEMU YIIPABJIIHHA XAOCOM ITPOLECY 'PAHYJIFOBAHHSA ¥V
INCEBJO3PIDKEHOMY HIAPI

Matlab-ckpunm

Opo = 300;
0de = 293;
0a@ = 393;
uul = 1;

initial_conditionsl = [0.1; ©.1; ©.1; -1; -1; -1; uul; Op@; 0dO; 0a0];
tspan = [0, 150];

[t2, L] = oded45(@lambda, tspan, initial_conditionsl);
figure;

plot(t2, L(:,7));

xlabel('t, [s]');

ylabel('Aul, [kg/s]');

figure;

plot(t2, L(:, 4), 'r', t2, L(:, 5), 'b"', t2, L(:, 6), '8"');
xlabel('t, [s]');

ylabel('6x1, 6x2, 6x3, [K]');

figure;

I=1L(:,4);

plot(t2, I);

xlabel('t, [s]');

ylabel('I");

function f=lambda(t,L)
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ap = 5.535;

Sp = 7.07*10"-7;
Opo = 300;

br = 1*1077;

b = 0.0542;

Mh2o = 0.131;
Qevap = 82300;

R = 8.314;
Opg = 383;

Gd = 0.7;

xd = 0.37;
Qcryst = 82300;
Mp = 1.5;

Cp = 1420;

rp = 1*10"-5;
0do = 293;

bR = 1*10"7;
Md = 2;

Cd = 1590;

Ga = L(7);

Ca = 1011;
0a@ = 393;

ad = 5.535;

Sd = 6.97*10"-6;

Ma = 3.5;
Kps = 0.001;
es = 0.1;

go = 0.1;
Ros = 1230;
a_s = 5.5;
ds = 0.002;
Vdry = 0.47;
MpO = 1.53;
Cad = 1015;
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bd = (b*Mh20o*Sp*Qevap)/R;
Radg = (Gd/Mp)*((br/L(9))/((br/L(9))+0.35))"2;
aaa = ((-Radg*Cd)/Cp)-((ap*Sp)/(Mp*Cp))-((3*Kps)/(Sp*Mp*Cp));
bbb = (12*(1-es”2)*g@*Ros*a_s”2)/(ds*Sp*sqrt(pi));
((Radg*Cd*L(9))/Cp)+((Gd*xd*Qcryst)/(Mp*Cp)) -
((Mp*vdry*Qevap)/(Mp*Cp))+((ap*Sp*L(10))/(Mp*Cp));

Opb = (1*(aaa*L(9)+ccc))/(exp(1)~((-(aaa*t)/2)-
(ccc*t)/(2*L(8)))+(bbb*L(8)));

Yos = (12*(1-es”2)*g@*Ros*a_s"2*L(8)*0pb)/(ds*Sp*sqrt(pi));

Phips = (6*Kps*L(8))/Sp;

al = (ap*Sp)/(Mp*Cp);

a2 = (bd)/(Mp*Cp);

a3 = (xd*Qcryst)/(Mp*Cp);

a4 = Cd/(Mpo*Cp);

a5 = Yos/(Mp*Cp);

a6 = Phips/(Mp*Cp);

bl = 0do/Md;

b2 = Mp/(Mpo*Md);

b3 = (bd)/(Md*Cd);

b4 = (ad*Sd)/(Md*Cd);

cl = (Cae*0av)/(Ma*Ca);

c2 = 1/Ma;

c3 = (ap*Sp)/(Ma*Ca);

c4 = (ad*Sd)/(Ma*Ca);

ul = Ga;

u2 = Gd;

dydtl = (ap*Sp*(10000000*L(10)-L(8))-((bd*(1*L(9)-
1*0pg))/L(9))+Gd*xd*Qcryst+Mp*Cp*rp*79000*0p0+( (Gd/Mp)*((bR/L(9))/((bR/L(9)
)+0.35))"2*Mp*Cd*(L(9)-L(8)))-Yos-0.171*Phips)/(Mp*Cp);

dydt2 = (Gd*Cd*0de-
((Gd/Mp)*((bR/L(9))/((bR/L(9))+0.35) ) 2*Mp*Cd*(10*L(9)-
9.25%L(8)))+((bd*(1*L(9)-1*0pg))/L(8))+ad*Sd*(10000000*L (10) -
L(9)))/(Md*Cd);

CCc
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dydt3 = (L(7)*(Ca*0a®-1.55*Ca*L(10))-ap*Sp*(L(10)-10000000*L(8))-
ad*Sd*(L(10)-10000000*L(9)))/(Ma*Ca);

f=[L(1)*(-al-ad*u2-a6)-L(2)*(b2*u2)+L(3)*(c3);
L(1)*(ad*u2)-L(2)*(-b2*u2-b4)+L(3)*(c4);
L(1)*(al)-L(2)*(b4)+L(3)*(-c2*ul-c3-c4);
L(4)*(-al-a4*u2-0.001%a6)+L(5)*(ad*u2)-L(6)*(al)*100000000;
L(4)*(b2*u2)+L(5)*(-b2*u2-b4)-L(6)*(b4)*1000000000;
L(4)*(c3)*100000000+L (5)*(c4)+L(6)*(-c2*ul-c3-c4);
0.01*sign(-L(3)*c2*L(6));
dydtl; dydt2; dydt3;];

end

[TPOI'PAMHA PEAJIIBALIISI MATEMATUYHOI MOJIEJII BAXUCTY KPUTUYHMX PECYPCIB
BUPOBHUILITBA MIHEPAJIbBHUX 1OBPUB

Matlab-ckpunm

tspan = [0, 15];

initial _conditions = [1; ©; ©; ©; 0; 0];

[t, L] = ode45(@lambda, tspan, initial conditions);

figure;

plot(t, L(:, 1), 'r', t, L(:, 2), 'D"', t, L(:, 3), 'g"', t, L(:, 4),
'black', t, L(:, 5), 'm"', t, L(:, 6), 'Cc");

legend('cTan 1', 'cTaH 2', 'cTaH 3', 'cTaH 4', 'cTaH 5', 'cTaH 6');
xlabel('t, [s]');

ylabel('pl, p2, p3, p4, p5, p6');

b = L(73, 1)+L(73, 2)+L(73, 3)+L(73, 4)+L(73, 5)+L(73, 6);

b

function f=lambda(t,L)

laml2 = 0.3;
laml3 = 0.1;
lam24 = 0.1;
lam26 = 0.5;
lam35 = 0.15;
lam36 = 0.45;
lam42 = 0.1;
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lam46 = 0.8;
lam53 = 0.15;
lam56 = 0.7;
lam6l = 0.2;
lam62 = 0.05;
lam63 = 0.05;

dydtl = -L(1)*(laml2+1aml3)+L(6)*1am6l;

dydt2 = L(1)*1laml2-L(2)*(lam24+1am26)+L(4)*1am42+L(6)*1am62;

dydt3 = L(1)*1laml3-L(3)*(lam35+1am36)+L(5)*1am53+L(6)*1am63;

dydt4 = L(2)*1lam24-L(4)*(lam42+1lam46);

dydt5 = L(3)*1am35-L(5)*(lam53+1am56);

dydt6 = L(2)*1lam26+L(3)*1lam36+L(4)*1lam46+L(5)*1am56-
L(6)*(lam6l+lam62+1am63);

f=[dydtl; dydt2; dydt3; dydt4; dydt5; dydt6;];

end
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JOJATOK 2. Cnincok my0.aikaniii 3100yBaya, BizomocTi npo anpodauiro ta

BIIPOBA/’KEHHS Pe3yJIbTaTiB AucepTanil

CITMCOK TTYBJIIKALIIM 3A TEMOIO JIMCEPTALUT

Iy6aikanii y BUIaHHAX, 10 BXOAATH 10 MIXKHAPO/IHOI HAYKOMETPU4YHOI 0a3u
paHux (Scopus)

1. B.Y. Korniyenko, L.R. Ladieva, V.G. Pisarenko, J.V. Pisarenko, A.O.
Nesteruk. Control systems for the granulation of mineral fertilizers in a fluidized bed.
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IMy6aikanii y HaykoBuX (paxoBHX BUAAHHSIX Y KPaiHU

3. Kopnuienko b.f., Hectepyk A.O. Cucrema ymnpaiiHHS BHPOOHHUIITBOM
MIHEpaJIbHUX JTOOPHUB y TPAHYJATOPI 13 TICEBIO3PIIHKEHUM 1mapoM. HOBITHI TEXHOJIOT1i.
2022. Nel(13). C. 47-65.
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d. Hectepyk A.O., Kopaieako b.fl. Cuctemu ynpaBmiHHS mporiecaMmu
3HEBOJIHEHHS Ta TPaHYJIIOBAaHHA Y TICEBAO3pimKeHOMY 1mapi. [Hpopmarltiitai TexHOoIoT 11
Ta cycninbeTBO. 2023. Nel(7). C. 50-58.

6. Hecrepyk A.O., Kopuieuko b.fI. Marematuuna Mopenb mpolecy
BUPOOHUIITBA MIHEPATbHUX JOOPUB Yy TPAHYISATOPl 3 TMCEBAO3PIIKEHUM IIAPOM.

[adopmariitai TexHOIOTI Ta cycniabcTBO. 2023. Ne2(8). C. 51-61.
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7. Kopnienko b.f., Hecrepyk A.O. Cucrema ynpaBiiHHS BHUPOOHUIITOM
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imen1 B.1. Bepnaacekoro. Cepis: Texniuni Hayku. 2023. Tom 34(73), Ne5. C. 133-1309.

Ily0aikanii y 30ipaukax martepiaJiB KoHpepeHuin

8. B. Korniyenko, L. Ladieva, L. Galata, O. Yakovenko, A. Nesteruk and V.
Ivannikova. Web Application Critical Resources Protection. 2021 IEEE 3rd International
Conference on Advanced Trends in Information Theory (ATIT). 2021. pp. 256-261. DOI:
10.1109/ATIT54053.2021.9678541.
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Yudina. Information Control System for the Production of Mineral Fertilizers in the
Granulator with a Fluidized Bed. 2021 IEEE 3rd International Conference on Advanced
Trends in  Information Theory (ATIT). 2021. pp. 250-255. DOI:
10.1109/ATIT54053.2021.9678801.

10.  A. Zhuchenko, L. Yaroshchuk, L. Ladieva, B. Korniyenko, A. Istomin and
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Distillation Process. 2022 IEEE 4th International Conference on Advanced Trends in
Information Theory (ATIT). 2022. pp. 225-229. DOl:
10.1109/ATIT58178.2022.10024175.

11. Korniyenko B., Ladieva L., Nesteruk A., Berezianko K. Control System for
the Production of Granular Mineral Fertilizers in a Fluidized Bed. The 12th IEEE
International Conference on Intelligent Data Acquisition and Advanced Computing
Systems: Technology and Applications (IDAACS). 2023. pp. 38-41. ISSN: 2770-4254.
ISBN: 979-8-3503-5804-9.

12.  Korniyenko B., Nesteruk A. Systems of information security in web
applications. 10th International Scientific and Practical Conference “International Forum:
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13.  Korniyenko B., Nesteruk A. Functional safety standards for chemical

production. 10th International Scientific and Practical Conference “Global and Regional
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ART

1pO BIIPOBADKCHHS B HaBYalIbHHH Tiponec kadeapu indopMauiiiHuX cucTem Ta
TEXHOOTH (akynsTery iHGOPMATHKH Ta 06YMCTIOBATLHO] TeXHiKY Hartionansuoro
TEXHIYHOrO yHiBepeuTery Ykpainn « KniBeskuii momitexuiunmii iHeTHTYT iMeHI Irops
CikopebKkoro»  pesynnraris auceprauifinoi  poborn  Hecrepyka AHJpis
Oznexcanapoenua  «ludopmaniiina  Texsonoris YOPaBaiHHA  BHPOOHHLTBOM
MIHEPaTBbHIX Z0OPHBY, TOAAHOT Ha 3100y TTS HAYKOBOTO CTYIEHS J0KTOpa tinocodii.

Mu, wo nruxye mianucanues: 3arizysad kateapu iHGOpPMALIHHIX cHCTEM Ta TexHOMOTi,
AT.H. npod. Ponik O.I, npodecop kadenpn IRQOPMAITIHHIX CHCTEM Ta TEXHOOTH, 1.T.H., fpod.
Kopuicuko b.A., Bueunii cexperap kaeapu, K.d.-M.H., aou. Iappurenxo O.B. PO3CASAHY BLLIK
MaTepiaT HABYAILHO-METOMYHOTO 3a0e3Me e HH s Kkypeis: «[lporpamysanns. Yactuna 2. Ctpykrypa
AGHHUX TA alTOPUTMID), « AJITOPHTMH TA MaTEMAaTHYHI METO/LH 3aXHUCTY iHopmaitiiy Ski niAroTosNeHi
Ta BHKIanaTeed acHerentom Hecrepykom A.O., petaHoBHAW, 10 B HABYANBHOMY TpoLeci Ha
nabOPAaTOPHHUX 3aHATTAX, & TAKOXK B MPOLECE MiAroTOBKH DakanmaBpchbkux aTectauiiinux pobit
BHKOPHCTOBYOThCS TaKi Hay KOBi PE3Y/IbTATH, OTPUMAHT THCEPTAHTOM OCOBHCTO:

* TppOX(asHa MaTeMaTHYHA MOJENb MpoLecy TPaHYIFOBAHHS Y IICEB/I03PLLKCHOMY [mapi 3
YPaxyBaHHAM TiAPOJMHAMIKH [ICEB03PIIKEHOrO wapy, nepeiadi KiHeTHYHOI emeprii,
PO3CIFOBAHHS eHeprii, cTHCKAHHS Kparelns 3 yacTUHKaMH, 1X afresil 10 nosepxHi, KiHeTHKH
CYWIHHS PO3YHHY Ha [TOBEPXHI YACTHHOK;

® MAaTeMaTH4Ha MOAE/h NPOTHAIT 3arpo3am y CHCTEM 3aXHMCTY KPHTHUHHX pecypcis.

Bnposamienns pesynsraris anceprauiiinoi po6orn Heetepyka A.O. B HaBuaibHMI npouec
AO3BOJTMIO  MABMINHTH AKiCTE MiATOTOBKH CTYZAEHTIBE OCBITHBHOIO pisna  «bakanaspy 126
«Indopmauiini cuctemmn Ta Texmonoriy Ha kadenpi iHpopmaniiinux cucteM Ta Texsomorii
Hanionanenoro Texaiunoro yHiBepeuTeTy Ykpainm «KuiBChKHH 1107 TeXHiuHHi IHCTHTYT iMcHi
[rops Cikoperxoron,

3aBigyBau kadeapu 2

. n . >
iH(opmanifuux cucTeM Ta TeXHOMOTIH, %

ILT.H., 1pod. i Onexcangp POJITK
Buennii cexperap kadeapu

iH(popManiinux cucrem Ta TEXHOJIOTIH,

K.(b.-M.H,, 101 Onena TABPUJIEHKO

Ipodrecop katdenpu
iHhOpMaNiiiH1X chcTeM Ta TexHOOT i,

i
JLT.H., TPOd. g B bornas KOPHICHKO
N
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3ATBEPIXYIO

Hexan daxynbrery inpopmaruku Ta
OﬁHHCH@B%&l TEeXHIKU Ham?Haanoro
TeXHIMHOro yHIBepcUuTeTy Y KpaiHm

«KniBebguii l'ibif‘?.—i'ﬂel‘in'-{HHfi IHCTHTYT
L RR ARV \=o

ime i{;[;ff@g_ﬁﬁ;iﬁé?@éﬂl(()?O»

i0lf o @ |

. 5/ Spocnas KOPHATA

AKT

BIPOBA/DKCHHS Pe3yTbTaTiB BUKOHAHHS iHiliaTHBHOT Temu «IndopmaLiiina
TEXHOJIOTisl 3aXMCTY KPUTHUYHEX pecypciny, a/p Ne 0121U110809

Hanny akToM niATBEPIKY €ThCS, 10 Pe3yTbTaTH BUKOHAHHS IHILIATHBHOT TeMu
«Indopmauniiina Texnonoris 3aXUCTYy KPUTHYHHX pecypciB» acmipanta kadeapw
iHpOpMALIHHIX CHCTEM Ta TEXHONONH Hecrepyka A.O. BripoBamkyethes B yubosmii
npouec Ha kadeapi iHpopmaniHHNX CHCTEM Ta TeXHOJIOTii [IPH BUBYUSHHI JUCIHIIIHH
«IIpoexkTyBaHHs iH(GOPMAIHHUX CcHCTeM» (mexuii); «YmpaBiuiHHS MpoeKkTaMM»
(Jexuir).

Po3pobiiena tphoxgasia matematuuna monens nponecy rpaHyJlOBaHH Y
MCeBAO3PILKEHOMY 1Iapi 3 ypaxyBaHHSIM TLAPOAMHAMIKH TICEBIO3PIIKEHOTO wapy,
nepeiavi KiHeTMYHOI eHeprii, po3ciloBaHHS €HEepril, CTUCKaHHS Kpareib 3
HaCTHHKAMM, X airesii 10 NOBEPXHi, KIHETMKH CyLuiHHS PO3YHHY Ha IOBEpPXHi
YaCTHHOK,

Pospobnena cucrema ynpasminas  xaocom IPOLECY  IPaHy/IIOBAHHS
NCCBAO3PIIKEHOMY LIapi /15 3a6e3nedenus e(peKTHBHOTO TeIIo- Ta MacoobMiHy.

Pospobnena indopmauiiiny texmonorito BHpoGHUIITEA MiHEpambHUX J00pPUB,
OCHOBHUMH KOMMOHCHTAMM SKOI € HACTYMHI 3aco0M: MaTeMaTHYHa MOJENb IpoLecy
BUPOOHHUTBA  MiHepaibHUX  J00pUB, CHCTEMH YNpaBIiHHS  BUPOOHUIITBOM
MiHEepalbHHX 100pHB, cucTeMa 3aXMCTY KPHTHYHHX PpecypciB BHPOOHHLITBA
MiHepaIbHUX J0OpPHB, MaTeMaTHYHA MOJIENb NPOTHAIT 3arpo3aM y CHCTEMi 3aXHCTy
KPUTHYHHUX PecypciB.

3asinyBau kadeapu

iHbopmarifiHux cucTeM Ta TeXHOMOr, e

JLT.H., 1po. ~_— Ounexcanap POJIIK
Buenwii cexperap kadeapu

IHpOPMALIHHNX CHCTEM Ta TeXHOMOTIH,

K.¢.-M.H., nou. é)@«,d Onena FABPHUJIEHKO

)
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3ATBEPKYIO 3ATBEPIDKYIO
IpopekTop 3 HayKOBOI poboTH 3acTynHUK AMpeKTOpa

Hauionam,noro TEXHIYHOTO IHcmTyTy KiGepHEeTHKH
S imeHni B. M l"nynn(ona HAH Vxkpainu *

N
80 e mw\\‘“
‘99'»4,( et

AKT BIIPOBA/I’KEHHS
pesynbraris auceprauiitnoi pobotn Hecrepyka A.O. «IHdopmaniiina TexHONOTisA
yIpaBlliHHSI BAPOOHUIITBOM MiHEPaIbHUX N0OPUB»

Mu, mo nignucanucs Hik4de, Bix IHcTuTyTy KiGepHeTnku imeni B.M.
Imymxosa HAH Vkpainu cTapumii HaykoBHi CHiBpOOITHHK, KaHAMNAT TEXHIYHHX
Hayk Jaboparopii cucTeM BipTyaJIBHOI‘O OTOYEHHS MJis opraniaaui'i HayKOBHUX
mocmimkens ITucaperko FO.B. Tta Bin HaumioHanbHOro TEXHIYHOTO YHIBEPCHTETY
Vkpainu «KuiBCbKHii momiTeXHIYHMH iHCTHTYT iMeHi Irops ClKOpCBKOl"O» ACHUCTEHT
xadenpu inpopmauiiiHix cucreM Ta TexHoioriid Hecrepyk A.O. miaTBepmKxyemo, o
HayKoBi pesyiasratd orpuMani Hectrepykom Amzpiem OnexcaHapoBHYeM B HOro
nuceprauiiiniit po6oti «IHpopMaliliHa TEXHOJIOTis YNpPaBIiHHA BHPOOHHITBOM
MiHepalbHHX JOOpUB», a caMme: Tphbox(ha3Ha MaTeMaTHYHA MOJENb TpPOLECY
TPaHyJIOBaHHA Y ICEBJO3DiIKEHOMY IIapi Ta CUCTeMa yIPAaBIiHHA Xa0COM IIPOLECY
rpaHy/II0BaHHS y TICEBJO3PIKEHOMY IIapi: . ;

- nepemaHo y BHKOpHCTaHHS IHCTUTyTy KibepHetuku imeHi B.M. I'mymixosa
HAH VYkpainu [jsi BIPOBa/DKEHHSI CHCTEMH YIPABJiHHS IPOLIECOM IPaHyJIIOBaHHS
MiHEepanbHUX [OOpMB y IICeBAO3piMKeHOMy Inapi B iHbopmaniiiHO-aHATITHIHY
cucremy «AI'POTEIT»;

- MiCTATh IPaKTHYHY LiHHICTh Ta HAYKOBY HOBH3HY.

3actocyBaHHs iHQOpMAL[ifHOT TeXHOJOrii yNpaBliHHA BHPOGHHLITBOM
MiHepaﬂLan' NOOpHMB TMiABUIIMTH IWIBHIKICTH Ta e(EeKTHBHICT BHIOTOBJIEHHA
MiHepalbHUX JOOPUB Ta J[O3BONATH JIOCATTH IIOTPiIOHOro piBHA SKOCTI IIpH
0OMeXEHHSIX BapTOCTI BUTOTOBJICHHS. "

HamioHanbpHu# TeXHIYHUHA [HCTUTYT KiOEpHETHKH

yHiBepcuter YKpainu imeni B.M. I'mymxosa HAH Vxkpainu
«KHuIBCHKUi O TEXHIYHUH IHCTUTYT

imeni Iropst Cikopcpkoro»

v )
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