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IIpennoxeH HOBBIM ammmapaTHO-POTPaMMHBIH KOMIUIEKC JUIL aBTOMAaTHYECKOH perucrpanuu, oOpaboTKH W aHamm3a
CEMMEHTAIOHHBIX KPUBBIX B TEXHUUECKUX MM OMONOTHYECKUX CYCHEH3HUSIX arperupylolnuX MUKPO- WIH HAHOYACTHUIL IS
OLICHKN HHJIEKCA CTAPEHHs TEXHHYECKHX JXHUIKOCTEH, COCTOSHUS MHKPOOHOIOTHYECKUX CYCIIEH3WH WM METUIUHCKON
JuarHocTuky. Komiieke BKIIOYaeT HEHTpUQYry A CO3AaHUs HEOJHOPOIHOTO IO CHII, YCKOPSIOMIUX MPOLECC OCCAaHuUs.
PerucTparnys KpUBBIX OCEIaHHs KaK BBICOTBI CTOJIOMKA arperaToB B HIKHEH YaCTH CeJMMEHTAIMOHHO TPYOKH IIPOBOAUTCS C
HOMOIIBIO ONTHYECKUX JAATYHKOB. PazpaboTanbl TpexdasHas MaTeMaTuuecKas MOJEIb CYCIICH3UH W KOMITBFOTEPHBIH KOJ JUTs
00pabOTKH KPHBBIX U BBIYMCIICHUS MH/ICKCOB, XapaKTEPU3YIOLINX COCTOSHUE CyCIeH3UH. [IpuBeNieH NpuMep HCIOIb30BaHUs
KOMIUICKCA JUISi OLICHKH [0KAa3aTels arperaluy SPUTPOLMTOB KPOBH B LEIAX JMACHOCTUKM HANUYMA ITHMILNEBOW WM
JIEKapCTBEHHOI! anepruu.

Kniouesvie cnosa: annapamHo-npozpaMMHblﬁ KOMHNJIeKC, MuUuKpodacmuysl, HaHovacmuysvl, dacpecayusl, cedwwenmauuﬂ,
mamemamudeckoe Modeﬂuposanue.

3anponoHOBAaHO HOBHH — amapaTHO-TIPOTPaMHUIA  KOMIUIEKC JJIsI aBTOMATH4HOI peecTpanii, oOpoOku Ta aHami3y
CeIUMEHTALlIITHUX KPUBHX B TEXHIYHUX a00 OiOJIOTIYHMX CYCIEH3isX MIKpo- a00 HAHOYACTHHOK, SKi arperyroTh, ISl OLIHKH
IHIEKCY CTapiHHS TEXHIYHHMX DiIWH, CTaHy MIKpOOIOJIOTIYHHMX cycheH3iii abo MenuuHOi miarHocTHKH. KoMIuiekc BKIIodae
HEeHTpUQYTY AL CTBOPEHHST HEOIHOPIAHOTO TIOJISL CHJI, IO NPHUCKOPIOIOTH IPOLieC OCiTaHHs. PeecTpallis KpUBHX OCITaHHS SK
BUCOTH CTOBITYMKA arperariB B HIKHIA YaCTHHI CEIMMEHTAIHHOI TPYOKH MPOBOIAMUTHCS 3a TOTIOMOTOI0 ONTHYHHUX JATYHKIB.
Kpugsi MoxyTb 3HIMaTHCS 6aratopa3oBo 3 JOAABAHHSAM 4H 0e3 JA0JaBaHHS PI3HUX PEUOBHH, 30epiratucs i o0podisTucs B 6a3i
JAaHKX. 3alpONOHOBAaHUK MeTOA OYB MPOTECTOBAHMH, a BINNOBIAHICTH 3HAYCHb MOJMHHOTO MOKa3HUKA IIBUAKOCTI OCiTaHHS
epuTpouuTiB Ta 10-XBHJIMHHOTO TECTy B HEHTPUQY3i MiATBEpIKEHO Ha BEIMKOMY MacuBi ZaHuX. Po3pobieHo TpudasHy
MaTeMaTH4YHy MOJEINb CYCIIeH3ii, sika BpaxoBye 3aXBaT YaCTHHH PIIMHU BCepeiuHi arperaty. [lana Monenb OUIbII TOYHIIIe
OMHUCYE TUHAMIKY MPOIECIB CEIUMEHTAlli y MOPIBHAHHI 3 JBO(GA3HOW MOJACIII. P03po0ieHO KOMITTOTCpHHN KO IS
00pOOKH KPUBHX Ta OOYMCIICHHS IHAEKCIB, IO XapaKTEePU3YIOTh CTaH cycrensii. Ha ocHOBI gaHoi1 Mojemni 3ampoOmoHOBaHO

HOBHIT MOKA3HUK oy UL OLiHKH cTaHy cycnensii. BiH Mae mepeBaru, oCKiIbKd He OTpeGye MPHBENCHHS 10CIIKYBaHUX

3pa3KiB 10 OJHAKOBHX KOHIIEHTPAIiH. 3a JOTIOMOTOI0 MaTeMaTHIHOI MOAENI MOKHA BH3HAUUTH tmax , @ TAaKOX IIBUJKICTh
arperanii () UYacTMHOK cycneHsii. B pesynpTaTi MOXIMBa IIBMJKA OIIHKA arperamiiHoi 37aTHOCTI cycmeHsii, ska

XapaKTepu3ye «BiK» TEXHIYHOI cycmeHsii. HaBemeHO mpHKIIag BHKOPHCTaHHS KOMIUIEKCY Ul OI[IHKHM TIOKa3HMKA arperaii
EPUTPOLHUTIB KPOBi 3 METOIO A1arHOCTUKH HASBHOCTI Xap4yoBOi a00 JIiKapChKOi aneprii.

Knwuoei cnosa: anapamno-npoepamuuti KOMIIEKC, MIKPOYACMUHKU, HAHOYACMUHKY, —daepeeayis, CeoOuMeHmayis,
Mamemamuyne MoOentO8aAHHSL.

A new hardware-software complex for automatic registering, processing and analysing of sedimentation curves in technical or
biological suspensions of aggregating micro- or nanoparticles as well as assessing the aging index of the industrial fluids, and
the state of microbiological suspensions or medical diagnostics is proposed. The complex includes a centrifuge to create an
inhomogeneous field of forces that accelerate the settling process. Registration of the sedimentation curves as the height of the
column of aggregates in the lower part of the sedimentation tube is carried out using optical sensors. The curves can be taken
repeatedly with or without the addition of various substances. The proposed method has been tested, and the correspondence of
the values of the 1-hour index of erythrocyte sedimentation rate and the 10-minutes centrifuge test was confirmed on a large
data set. A three-phase mathematical model of the suspension has been developed which describes the dynamics of
sedimentation processes more accurately than a two-phase model. The computer code for the curves processing and calculating

the indices characterizing the state of the suspension has been developed. Based on this model a new index T3¢ is proposed
to evaluate the state of suspension. Its advantage is that it does not require bringing the test samples to the same concentrations.
Using the mathematical model we can determine 5 and the rate of aggregation of suspension particles. As a result, a rapid

assessment of the aggregation ability of suspension which characterizes the "age" of technical suspension is possible. An
example of the complex usage, namely, assessing the indicator of aggregation of red blood cells in order to diagnose the
presence of food or drug allergies is given.

Key words: hardware-software complex, microparticles, nanoparticles, aggregation, sedimentation, mathematical modeling.
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1. Beegenue

B mocneanee pecstuieTre HaONIOMASTCS PEBOJIONMS B 00JacTH HAaHOHAYK W HAHOTEXHOJIOTHIH,
BKJItOYasi HaHO(H3KMKY, HAHOPEOJOTUIO, HAHOTPUOOJIOTHIO, KOTOPBIC MO3BOJISIFOT MAaHMITYJIMPOBAThH C
OTJIETPHBIMH MOJIEKYJIaMH M KIIETKaMH, CO37aBasl NCKYCCTBEHHBIE MaTepHalbl C JFOOBIMH HY>KHBIMH
CBOICTBaMH, «pacriedaThiBaTh» Ha OMONPHHTEpE KUBBbIE TKAHW M3 KIETOK, HCIIONB3YS TEXHOJIOTHH
nevaty B Ouorese, co3/1aBaTh BHICOKOOTHOPOIHBIC CMECH, IIPOBOJIUTH OYUCTKY U 00€CCOTUBAHUE BOJIBI
C TIOMOMIBI0 HAHO(WIBTPOB W MHOTHE ApPYyTHe Tporiecchl. HoBeie Hayku MHUKpO- ¥ HAHOGIIOMIHKA
TIOCBSIIIEHBI CO3JAHUI0 M W3yYeHUIO (DM3MYECKUX CBOWCTB CYCIIEH3WH MHKPOYACTHUI] C AMAMETPAMH
dp~1—100 MKM (MHUKPOXXHIKOCTH) W CYCIEH3WH HAHOYACTHI] C dp~l—100 HM (HAaHOXXHIKOCTH),

COOTBETCTBEHHO. OKa3aloch, YTO TEYEHHA TaKUX MKUAKOCTEH 10 MMKpOKaHajlaM OIHCHIBAIOTCA
KJIACCHYECKUMH YpaBHEHUSIMU TUApoauHaMUKH [1,2]. Hanpumep, npu TeueHnH o TpyOKaM KPyroBOI'O
CEUeHMsI 3a CUeT IIOCTOSHHOIO Iepenaja AaBleHWH SP Ha KOHIAX TpyOKH (KJIacCCHYECKOEe TedeHHE
[Tyazeiinsg) oObeMHBIH pacxon Q, U3MEPEHHBIM UII MUKPO- M HaHOTPYOOK OKa3bIBAETCS BHIIIE

paccuntanHoro 1o Gopmyne Ilyazeitns [3,4]. BeisicHeHO, YTO TNPHYUHOW DSTOTO SBISETCA
I PYy3MOHHOE paccesHHe YacTHL JKUIKOCTH Ha HIEPOXOBATOCTSX CTCHKH TPYOKH B HaNpaBICHUH
TEYEHHsI, YTO MPHUBOAMT K TaK Ha3biBaAEMOMY J3(PQEKTy «IpOCKaNb3bIBaHHs» Ha cTeHke [1-4]. Drto
IMPOUCXOAMT MTOTOMY, YTO HA MHUKPO- 1 HAHOYPOBHE pa3Mep YacTHILl CyCIIEH3UN CTAHOBUTCSI CPAaBHHUM C
XapaKkTepHbIM pa3MepoM IepoxoBatocTH. Ecmm mnpu pemenun ypaBHeHuidt Hasbe-CTokca
WCIOJIb30BaTh T'PAaHUYHbIE YCIOBHSA MPOCKANb3bIBAHMSA HA CTEHKE MEPBOTO (I MUKPOXHUIKOCTEH) U
BTOpOrO (A7 HAHOXUAKOCTEH) pOAa, TO TIONyYeHHbIE COOTHOIIEHHs Q(SP) B TOYHOCTH

COOTBETCTBYIOT pPe3yibTaTaM U3MepeHuH [5].

Buonoruueckue >KUAKOCTH, CYCHNEH3MH KIETOK MM OaKTEepUid, pacTBOPHI MOJIMMEPOB, OEIKOB M
JHK sBusitorcss MUKpoXXuAKOCTAMU. KoiutommHble B3BeCHM TBEPIbIX HAHOYACTHI[ 30JI0Ta, cepedpa,
Al,O3, CuO, SiO,, ZnO, yrieBoaHbIX, TyOYJIHHOBBIX U 1p. HAHOTPYOOK, a Tak)Ke HAHOAIMa30B Ha
OCHOBE BOJIbl, TJIMIEPUHA, ATWICHTIHUKOJS SBISIIOTCS HauOoiee HCIONb3yeMbIMH B TEXHUKE H
OHMOJIOTMH HAHOKUAKOCTIMU [6]. OHU T03BONSAIOT 3()(HEKTUBHO OTBOAMTH WJIM JOCTABIATH TEIUIO OT
WIH K paboTalomMM  MHKPOIBUrATENsIM, KOMIBIOTEPHBIM dYdMIaM M [Op. paboTarommM
MUKpOYCTpPOMCTBaM, MPOBOJUTH HAIIPABJICHHYIO JIOCTaBKY JIEKapCTB IO KPOBEHOCHOM CHCTEME K
3aJJaHHOMY OpTraHy-MHILIEHH, CHOCOOCTBOBATH TMOENM PaKOBBIX KJIETOK B OIMYXOJH, 00ECledrBaTh
NPOTHBOPAAUALIMOHHYIO 3alUTy OpraHu3Ma [7] 1 MHOTOE Ipyroe.

MHorue MUKpO- 1 HAHOYACTHLIBI CLIOCOOHBI 00OPa30BBIBATE arperarsl, YTO NPUBOAMT K IOSBICHHUIO
0oiee KPYMHBIX YaCTHIl U CHMXKAeT d3PPEKTUBHOCTh TEXHUUECKUX KHUJKOCTEH, 3aTPyAHSAET MPOIECCHI
TEIIOMAacCOOOMEHa B OaKTEPUANIbHBIX CYCIIEH3USX, YBEIUYUBACT BSI3KOCTh KUAKOCTEH, YTO IPUBOIUTD
K HEOOXOOMMOCTH YyBENWYEHHs SP Ui MONydeHHsT TOTO e caMoro o0beMHOro pacxopga. Jns
JUAarHOCTHKH MHJEKCA CTApPEHUs CyCIIEH3UIl MCIOJIb3YeTCsl H3MEPEHHUE CKOPOCTH OCEAaHUs arperaTtos
(COA) B xuaKocTH, IMOMEIICHHOH B BEPTUKAJIbHYIO MM HAKJIOHHYIO (Meton boiikorra) TpyOKy [8].
IIpomiecc ocemaHusg arperupyromux 4YacTHIl SBISETCS HEYCTOWYMBBIM, T.e. Maloe H3MEHEHHE
HAYaJbHOTO PpAcCHpeeNieH!s] YacTUIl B CYCHEH3WHM MOXKET MPUBOJIUTH K YCKOPEHHIO arperamui B
BEepPXHEH YacTH CEAMMEHTAMOHHOM TPYyOKHM C oOpa3oBaHHMEM KpYIHBIX arperatoB. llockonbky
CKOpPOCTh OCE/IaHMsl KPYITHOTO arperara BbIlIe, YeM Yy HEOOJIbIIMX arperatroB, oH OyJeT ocenarb
OnIcTpee, COMMKAACh C PACIONIOKEHHBIMUA HM)KE YaCTHLIAMHU M MPUCOETUHSS MX, TAKUM 00pa3oM elle
Oonee yckopsis ocenanue. bplio mokasaHo, 4To oceJaHue KPOBU Kak ABYX(a3HOW CYCIICH3UHM SBISIETCS
HeycToHuuBEIM [9], B pe3ynbTare yero ceauMeHTanuoHHble Kpusble (CK), 3apernctpupoBaHHble IS
HECKOJIBKHX MPO0 KPOBHU OJHOTO M TOTO JK€ MAIMeHTa B Pa3HBIX TPyOKax, MOTYT oTimvathes [10].
Ocenanue >pUTPOLUTOB KPOBU KaK arperdupyrouIvux YacTHL MOXHO CTaOMJIM3HPOBATh, HAPUMeEp, C
MOMOIIBIO BHEIIHEr0 MarHUTHOTO T0JIsl onpeAesieHHol KoHdurypauu [11].

HccnenoBanne ckopoctu ocemanus 3putporutoB kposu (COD) mmeer monryio ucropuio [12]. B
HacTosIliee BpeMsi B pa3HbIX CTpaHax MPHUHATH pasHble cTaHaapTel (Tecthl Wintrobe, Westergren,
Bernacki, [laHuenkoBa u 1p.), IpH KOTOPBIX HCIOJIB3YIOTCS CEAMMEHTALMOHHBIE TPYOKH C pa3HbIMH
JUIMHAMHU 1 JuaMeTpamu. Bo Bcex ciaydasx MpoBOAWTCS OAHOPA30BOE M3MEpEHHEe BBICOTH h cTosiOuka
YUCTOW TJIa3Mbl B BEPXHEH 4YacTH CEIUMEHTAIMOHHOW TPYOKM depe3 ONpeAesieHHOE BpeMs Iocie
Havanma ocemaHus. Hampumep, B Tecte [laHueHkoBa HCHONB3ylOTCA Kamwuiapsl auHoM 10 cm ¢
BHYTPEHHHUM JHaMeTpoM | MM, a BpeMs oceaHus cocTaBisier 1 4.
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Momundukanus cragmapTHoro Tecra COD Obia cBs3aHa ¢ u3MepenueM h gepes kaxasie 10-15 Mun
MocIie Hadaia ocelaHus B TedeHne AByx 4acoB (ppakuuoraas COD nim ®POD). dnsa CK xapakTepHsI
HavanbHOE OBICTpPOE OCEJaHWe W MOCJIeylollee MEICHHOE, CKOPOCTH KOTOPBIX MOTYT OBITh
BBIUMCIICHBI KaK KacaTeJbHbIE K COOTBETCTBYIOIIMM YyYacTKaM CriaKeHHBIX KpuBbix ®PPOD. Dtor
noaxox A00aBisieT AONOJHUTENbHBIE MHICKCHI, XapaKTepU3yIolle TUHAMUKY OCEJaHMs, TaKhe Kak
ObICTpasl M MeIUIeHHas CKOPOCTH OCElaHWs, MaKCUMalbHas CKOPOCTh OCElaHHWs W BpeMs ec
nocTwkenus u mp. [13].

[Tpubopsr mns aBromarmueckoit peructpammu CK Obutn pa3paboTaHbl Pa3sHBIMH MEAMIIMHCKUMU
Kopropanusamu, Harmpumep, RR Mechatronics Corp. (2005), Clinical Data, Inc (2006), Greiner bio-one
(2007) n mpyrumu. Takue MeTOABI TMO3BOJSIOT MPOBOAWTH ONHOBpeMeHHYyIO perucrpanuio CK Ha
HECKOJIBKMX Mp0o0ax KPOBH OJHOTO TMAlMEHTa C MOCIEAYIOUIMM YCPEOHEHHEM, YCTpaHs, TaKUM
o0pa3omM, sBJICHHUS, CBA3aHHBIE C HEYCTOWYMBOCTBIO OceAaHusi. MOXXHO HpPOBOAWUTH M3MEPEHHUS Ha
npo0ax KpOBU C pa3HBIMU J0O0aBKaMHU JUIS ONpPEeliCHUsS HAIWYUS JICKAPCTBCHHOW, TMHIICBON WM
JpYyroro TWUNa ajulepruy K MOTEHIHMaIbHOMY aiiepreny. lIpencraBnsieT ocoObIil HHTEpEC peryisipHoe
COXpaHEeHHE Pe3yNbTaToB peructpauuu U 00padotkn CK B mepcoHanbHoii 0a3ze JaHHBIX MallMEHTa JUIS
MOCIEYIONIero aHATN3a WHMBHIYATEHOW Peakiny Ha 3a00JIeBaHue, CyTOYHON U CE30HHOUN JTMHAMUKH
COD, TpeHI0B IO COBOKYITHOCTSIM TAIMEHTOB U APYruX Mokas3aTeneil Meromamu Big Data analysis. B
JIAHHOW paboTe MPUBEACHBI Pe3yJbTaThl Pa3pabO0TKH, TECTHPOBAHHMS W HCIIOJIb30BAaHUS allapaTHO-
MPOrPaMMHOTO KOMIUIEKCA JUISl UCCIIEMOBAHUS OCENAHHs YaCTHIl MUKPOKUIKOCTEH M HAHOXKUIKOCTESH
TEXHUYECKUX U OUOJIOTUIECKUX CYCIICH3HH.

2. KoMnoHeHThI allMmapaTHO-NMMPOrpaMMHOI0 KOMILJIEKCa

2.1. lenTpudyra
AnmapatHasi 4yacTh KOMIUIEKCA IPECTaBiIeHa CHEIHAIBHO CKOHCTPYHPOBAHHOW IEHTpU(yrou c

npopessmu st 12 kamusipo [langenkosa (Puc.1), B KoTOpbIe TOMeIaeTcs HCcieyeMast CyCIeH3 s
[10, 14]. duck neHTpudyru pa3MenieH Ha poTOpe dIEKTPOMOTOPa, a BIOIb OJHOW U3 TIpOpe3eil ¢ AByX
CTOPOH pa3MEIlEHbl JIMHEHKAa CBETOJIUOJOB U JIMHEHKa (HDOTONPUEMHUKOB COOTBETCTBEHHO. JlMCK
BpallaeTCs C 3aJaHHOM YIVIOBOM 4acTOTOM @ =CONSt u 1o Mepe BpallleHUs KaKIbli U3 KalWUIIpOB
MPOXOJAUT MEXKAY JBYMs JIMHEHKaMH M HMHTEHCHUBHOCTh CBETa, MPOXOAIIEro 4Yepe3 KaxXIbli Hu3
KallWJUIIPOB H3MepseTcsi POTONPUEMHHUKAMH, a aHAJIOTOBBIA CUTHAJI TpaHC(hopMuUpyeTcsi B 1H(POBOiA ¢
nomotpio ALIIL. Iudposoit curHan QuibTpyeTcs, CriaXuBaeTcs U MO MAKCHMAaJIbHOMY 3HAYEHUIO
rpajiveHTa cBeTomnporyckanus (ukcupyercs nonoxkenue CK B KaxkaoM 3 KanmmwuisipoB. Takum
o0pa3oMm, 3a KaxIbld O0OOPOT JAMCKA PErHCTPUPYETCS TMOJOKEHUE TPaHUIpBl pasjieNia KHUIKOCTh-
arperatel Ha 12 CK. Merox OB MPOTECTUPOBAH W COOTBETCTBHE 3HAYSHHH YaCOBOTO ITOKA3ATEINS
COD B xammmisipe IlanuenkoBa m 10-mMuHYTHOro Tecta B HeHTpU(yre OBUIO MOATBEPKACHO HA
Oonpom MaccuBe nanubix [10, 14].

JiTeaty}
Omeepcte  Kpuiwka ]

Kanwnnap 20

Oraepotve

0 70 200 300 400 s00 BO0 700 t(c)

a 0
Puc.1. Cxema ycmpoticmsa yenmpudghyeu (a) u npumep 3anucu CK (6).

2.2. ba3za naHHBIX

3aperucrpupoBannbie npudoopom CA B OIU(PPOBAHHOM BHJE 3aHOCATCS B 0a3y JMaHHBIX, IIC Ha
KaXIOr0 TMalUeHTa COXpaHEeHAa HCTOpUsl OOJE3HH, PE3yJbTaTbl KIMHUYECKMX M OHOXMMHUYECKUX
aHAIM30B KPOBH, a TakXke 3apeructprupoBanHHbie paHee CK c ykazaHmeMm ycioBHi NPOBEIEHHS TecTa
CO3 (c nobapneHHEM MpenapaToB WM HATWBHAs KPOBb, JIO WJIM TOCNE JIeYeHus U 1p.). B ciyuae
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TEXHUYECKUX MHUKPO/HAHOCYCIICH3UI TaKXKe yKa3blBAeTCS COCTAB CYCIICH3UM W METoJl 00paboTku (c
npucagkaMu wim 6e3 u T.1.). Oundpoanasie CK MoryTt ObITh cOXpaHEeHBI B BUje (haina txt u 3aTeMm
UMIIOPTUPOBAHBl B JIO00H yHOOHBIH CTAaTUCTHMYECKUH TMakeT (eClad OTO HEOOXOAUMO JyIs
COBMECTHMOCTH C JIDYTMMHU JIaHHBIMH, MOCJeqytoned o0paboTke B BHAE KOPPEISIHMOHHOTO,
CIIEKTPaILHOTO0, KJIACTEPHOT0, (PpaKTaIHLHOTO, BEHBICT-aHATIN3a U Ap.).

[lpumep 3ammcu B MEIUIMHCKOW Oa3e JaHHBIX npuBeacH Ha Puc.2a. [IpoBemensr 3 Tecta ¢
HAaTUBHOM KpOBBIO TartueHTa (cTomo1s! 1-3) u mo 3 Tecra ¢ mo0aBiIeHHEM MOTCHIIMATBHBIX aJlIICPTeHOB
(cronbuer 4-12). CootserctByromue CK BeiBemeHsl B rpaduueckoMm Buae Ha Puc.26. Buano, 49To
pasIMJaloTCsl He TOJBKO MOKAa3aTeH OCeNaHus, HO W JUHaMuKa KpuBbix h(t) B BHae yckopeHus-

3aMeJICHHs, YTO XOPOIIO OTPaKAOT MPOM3BOJHBIC MO BPEMEHH h{(t). B cuny HeycTOHYHMBOCTH
nporiecca OCelaHus TPU KOHTPONBHBIX KPUBBIX 1-3 CyIIecTBEHHO OTMYaloTCs u npu t=15wMuHyT
nokazarenb ocenanus cocraBisier h(15)=17.5+24.5. Ilpu strom nuddepeHraibHble KPUBbIE h{(t)
TIOKA3bIBAIOT JJOBOJBHO CTAOWJIBHYIO JMHAMHKY C IIEPBBIM ITHKOM CKOPOCTH OCENAHUS V =V B

JIOBOJIBHO Y3KOM JMana3oHe tp,.,. ~ 2muH (Puc.2B).

Mayuent:  Wesuenko Bacunnil Meanoenu (M) 62 roga
KOHTRONE anMrHanoH HOPMOOWHNH I'l-1HETEp,.’ll1¢EpDH
t (min) 1 2 3 4 5 6 7 8 9 10 11 12
0 0 0 0 0 0 0 0 0 0 0 0 0
1 0.9/ 0.766667 1/ 0568667 05 0.6 0533333 0233333 0533333 0 0| 0166667
2 218 18 2 124 0.92 1.36 11 08 122 0.366667  0.233333 06
3 338 28 3.02 1.88 142 2.26 17 134 178 09 0.84 1
4 458 36 4.04 306 212 3.36 233 204 242 146 134 154
5 5.94 474 508 424 282 47 318 294 346 212 214 2.04
8 73 59 6.12 5.88 39 6.1 39 362 466 3.04 32 264
7 8.9 73 7.32 8.14 514 8 492 454 6.24 41 434 324
8 106 88 B7 109 644 101 612 56 8.08 546 574 384
9 1276 105 1028 13.1 744 11.9 762 708 1028 6.9 744 47
10 1486 1232 1192 153 894 1336 922 884 1268 85 9.04 59
11 171 1445 1388 173 10 1486 1098 107 14.88 102 1084 71
12 1912 1626 1582 18.5 12 1596 1272 1278 172 1176 1244 8.2
13 2122 181 1712 195 122 1686 1412 146 192 132 14 94
14 231 19.96667 18.73333 2066667 13.33333 18| 1536667 16.03333 21 146 1554 1033333
18 25 217 20 22 14 19.5 16 17.1 22 1583333 16.9 11
a

25 ¢ h (Mm) p h* (Mm/mun)

20

15

10

5

0 ~SER n " n n

0 2 4 6 ] 10 12 14 t(MuH) .
] 2 4 L] ] 10 12 14 t (MuH)
0 B
Puc.2. Obpasey 3anucu CK oonoeo nayuenma ¢ b/ (a) u coomeememeyrowue CK (6) u oudpgpepenyuansvroie
Kpusbie (8).

2.3. MaTtemaTnueckasi MOJ€eJIb CyCIIEH3UH

s o6pabotku u ananuza CK Obuta pazpaborana cienuanbHas MaTeMaTHdecKas MoJeslb. MUKpo- 1
HaHOXKUIKOCTH MPEACTaBISIOT co00i AByX(a3HbIe CyCIIEH3UH, COAEPIKallne TBEPAYIO (YacTULBl) H
KUAKYI0 (HecyIas »XuakocTh) (asel. OpHAKO B Cilydae arperupyrollux CyCIIEH3UH 4acTh HECYIICH
JKUJIKOCTH MOXET 3aXBaThIBATbCA YACTHUIIAMU M OCTaBaThCs BHYTPU arperara B BHUIE 3alepTOd MU
a0bcopOMPOBAaHHOM XKHUIKOCTH (HampuMep, TMAPATHBIX 000J04eK). B aToM ciydae oObemM CBOOOAHOM
KHJIKOCTH YMEHBIIIAeTCs, MMO3TOMY Tpex(daszHas MoJIelb, BKItoUaromias yactuiisl (1), ceobomayto (2) u
3areptyo (3) KHUIKOCTh, TOYHEE OMHCHIBACT JUHAMHUKY MPOIECCOB CEAMMEHTAIMH KaK B OJHOPOJHOM
[13], rak u HeogHOpoaHOM [14, 15] mone cui, uyTo ObuTO MOKa3aHo kak At CK COD [15], tak u mis
TEXHMYECKUX MUKPO/HAHOCYCIICH3MiA [16].
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OOmiasi crcteMa ypaBHEHHH, BKITIOYAIONIAs 3aKOHBI COXPAHEHUS! MAacChl, HMITYJIbCOB W SBOJIOIMN
YHCIIOBOW KOHIIGHTpanuu arperatoB N TpexQa3HOoi CYCNEH3UU CBOJUTCS K THICPOOIHUECKOM
cUcTeMe KBa3WJIMHEHBIX ypaBHeHuil mimsi N, maccoBoit C KOHIEHTpalMU 4YacTHIl B arperarax H
cpemHero odbeMa W arperartoB, pemeHue KoTopoi B Buae paccuntanubix CK, pacnpenenenns N, C
U W BIIOJIb CEIUMCHTALMOHHON TPYOKM MOXKHO JIOCTATOYHO OBICTPO HAWTH C TIOMOIIBIO METOJa
xXapakTepucTuk [17].

2.4. IlporpaMMHBI# KO

Braromapsi mpocTOTe MCIOJIB30BAHHOTO METO/A PEIICHHS CHUCTEMbl KBA3MJIMHEHHBIX YpaBHEHHI,
nporpaMMHas peanu3allis 4YMCIeHHOro koja B cpeae C'' Mo3BONSET HMILIEMEHTHPOBATH KOJ B
anmapaTHbId KOMIUIEKC Ja)e ¢ HeOOJBIINM O00ObEMOM OIEPATHBHOW MMaMSATH M MPOBOAUTH PacUeThl
JOCTAaTO4HO ObICTPO. I[IpuMep CKpHHIIOTA ¢ M300paKEHHEM TPEX CEMEHCTB XapaKTEPUCTUK TPHBEICH
Ha Puc.3. 3aece G(X) =a+ b(w)X - HeogHOPOAHOE MMOJE CHII IEHTpU(YTrH, a=CoNnst, ® - YacTtoTa

BpaineHus: neHTpudyru, I — 30Ha YUCTON Hecyled *KUAKOCTH B BEPXHEH YacTH CEAMMEHTAI[MOHHOM
TpyOkn, Il — 30Ha ocemaromux arperatoB, Il — KoMmakTHasi 30HA, 3aHATas HEMOIBMKHBIMHU
arperataMi. XapaKTepHUCTHKa IIEpBOTO ceMmeiicTBa, pasmemsromas 306l | mw II — »10 CK,
peructpupyeMasi ONTUYSCKUMM JIaTYMKaMH TNpUOOpa. XapaKTepUCTHKA TPEThero CEeMEHCTBa,
paznemnsromas 30Hb1 1 u I, nepecekaer CK B Touke, KOTOpasi COOTBETCTBYET MAaKCUMAJIBHOM CKOPOCTH
oCelaHMsl Vay - BpeMs IOCTHXKEHHUs 3TOM CKOpPOCTH 1l — BEIMYMHA, Ccla00 3aBUCAIIAS OT

HAyYaIbHOW KOHIIGHTPAIMH YacTHIl, HO CYIIECTBEHHO 3aBHUCSIIAsl OT CKOPOCTH UX arperamuu, 4To ObLIo
MOKAa3aHO KaK NpU KOHTHHYyaJdbHOM [16], Tak u muckpetHoM [17] monmenupoBanuu. Takum oOpasom,
UCIIOJb30BAaHUE MOKa3zaTensd U, U1 JHArHOCTUYECKOM OLEHKHM COCTOSHHS CYCHEH3MH HMEET
NPEUMYIIECTBA, TIOCKOJIBKY HE HYXHO IPHBOAUTH HCCIEAyeMble O00pa3isl K OJWHAKOBBIM
KOHIICHTPAIUAM YaCTHII.

BBozas 3HaueHus mapaMeTpoB CYCHEH3MM (IJIOTHOCTH YaCTHIL M HECYLIEW >KHAKOCTH, BS3KOCTb
JKUJIKOCTH, HaYaJlbHYIO0 KOHIICHTPAl[MI0 YAaCTHI]) MOXHO C TOMOIIBI0 MaTeMaTHUYECKOW MOAEH
ONPENIENUTh 3HAYEHUS 5y U, UCTIONB3Ys pacdeTHyIo Gopmyiy [15], onpenenuTs 3Ha4YEHHE CKOPOCTH
arperaliMd () 4acTul CycHneH3ud. JlIs SpUTPOLUTOB KpPOBHM IIOBBILICHUS arperanus CBs3aHa C
W3MEHEHHBIM B XO7e 3a0oyieBaHHsA OEJIKOBBIM COCTaBOM KPOBHM M W3MEHEHHEM aJr€3MBHBIX CBOMCTB
MOBEPXHOCTEH ApUTPounTOB. COMOCTABNIAS pPaCCUMTAHHBIC 3HAYCHHUS CO 3HAUECHUSIMUA (P , IMEIOLIUMUCS
B 0ase JaHHBIX y TOTO Xe HauueHTta npu nposeneHnu tecta COD B KOHTPOJIE, MOKHO CIIEJIaTh BBIBOJ
00 yCHEIHOCTH WM HEYCIIEIHOCTH TEPANUH, HATWYUN WM OTCYTCTBHU AJJIEPIUU U IPYTHUX BBIBOJIOB,

BRXHBIX JUII MEIUIIMHCKOW TUArHOCTHKH. J[JS TEXHWYECKMX CYCICH3MM MHUKPO/HAHOYACTHI[ 3TOT
TOJIXOJT M3JIOXKEH B [17].

1

Puc.3. Pe3ynomam pabomsi pazpabomanno2o Kood ¢ 8b18000M mpex CeMelucms XapaKxmepucmux.
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4. BeiBoabl

[IpencraBneHa CTPYKTypa, HCIONB30BAHHBIE METOJBI W PE3yJIbTaThl PabOTHI  aIMapaTHO-
MPOrPaMMHOIO KOMIUICKCA, TPEIHA3HAYCHHOTO JUISi BCECTOPOHHETO WCCIICOBAHUS COCTOSHHS
TEXHUYECKUX WIIM OMOJOTMYECKUX CYCHECH3HH MHKPO/HAHOYACTHII TyTEM KOJIUYECTBEHHOU OIEHKH WX
arperarMoHHON CIOCOOHOCTH MyTeM aBTOMAaTHYECKOUN perucTpanuu kpuBbix h(t) ocemanus cycrneH3uu

B HEOJHOPOHOM II0JIC CHJI CIIEIUAILHO CKOHCTPYUPOBaHHOM IIEHTPU(YTH. KpuBble MOTYT CHUMAThCS
MHOTOKpPAaTHO C JO0OaBJICHHEM WIH 0Oe3 M00aBIICHHWS pa3HBIX BEIIECTB (MPHCAIOK), XPAHHUTHCS H
obOpabaTsIBaThCs B 0a3e JaHHBIX. B yacTHOCTH, OBIIO MOATBEPKICHO, 9TO AU(depeHITNAIbHBIC KPUBBIE

h{(t) Ooyiee yCTOWYMBHI K HM3MCHCHHSIM HAYalbHOTO OJHOPOTHOTO PpACIPEICICHUS YacTHI[ M
MO3BOJIAIOT BBIYMCIHTH CKOPOCTH arperalyy MO 3HAYEHHSM BPEMEHH JOCTIDKCHHS MaKCHUMalbHOM
CKOPOCTH OcCelaHus Uga . [ pacdeToB paspaborana TpexdasHas MaTeMaTHdyeckas MOJENb
CYCIIEH3HH, pelIeHNe KOTOPOH IOIydeHO YUCICHHO C IIOMOMIBIO JOCTATOYHO OBICTPOTO alropurMma. B
pe3yibTaTe BO3MOXHA ObICTpas OLIEHKA arperalioHHON CHOCOOHOCTH CYCHEH3HH, KOTOpas
XapaKTepU3yeT «BO3PACT» TEXHUUECKUX CYCHEH3UH U HEOOXOAUMOCTh UX CHEIMATbHON 00pabOTKH IS
BOCCTAQHOBJICHHS MX (U3MYECKUX CBOMCTB. J[s OMOJIOTHYECKHX CYCHICH3MH BO3MOXHO JETAIBHOE
UCCIICZIOBAHNE BIMSHHUS pa3HbIX XMMHYECKHX areHTOB B MHKPOOMOJIOTMYECKHX peakTopax,
MEIMIMHCKOW JMarHoCTUKE M Tp. B yacTHOCTH, MOKa3aHa BO3MOXKHOCTh HAJEKHON paHHEH

JUAarHOCTHKH MHIIEBOM M JICKAPCTBEHHOW aJUICPrHU MyTEM CPaBHEHHUS IMOKas3aTenel h{(t) U tyax B

KpoBU C Il06aBJ'I€HI/ICM MOTCHIHAJIIBHOI'0 aJlJIepréHa 1o CpaBHCHUIO C HATHBHBIM o6pa3u0M. B
JaIbHEHUIIIEM IJIaHUPYETCSA HAKOIUICHUE 0a3bl JaHHBIX U MNPOBEACHUC OETAJIBHOTO CTaTUCTHYCCKOI'O
aHaJIu3a.
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The aim of this work is solution of a specific issue — traffic problem in a big city. To solve this problem we examined the city
roads intersection - the main source of the traffic congestion. Intersection is a basic element in the technology of urban traffic
regulation. Therefore, first of all, it is necessary to implement the intellectual regulation of vehicles movement through a
separate intersection. Such regulation is carried out with a help of a computer program that takes into account the vehicle road
situation at the intersection and the corresponding adjustment of the traffic lights signal phases. At a second stage it is
necessary to plan an optimal route for each vehicle using, for example, A*-algorithm and the spectrum of data received from
an infrastructure of the urban network. As a result of an application of these two phases of urban traffic regulation, an optimal
movement regime of all city mobile transport is achieved.

Keywords: intersection, piezoelectric sensor, A*-algorithm; traffic light, Java.

Ilepexpectss y MicTi-Meramoiici € KIIOYOBHM EIEMEHTOM IIPH PETYJIIOBaHHI MOTOKIB TPAaHCIOPTHUX 3aco0iB. B Hamomy
JIOCIIIDKEHHI Mpe/ICTaBlIeHa porpaMa, 1o J03BOJISIE ONTHMI3yBaTH Ipoi3] TpaHcnopTHHX 3acobiB (T3) uepes koxHe okpeme
nepexpects. [Ipote ne nepmmii etan podoru. Ha npyromy, i HaliroJIoBHIIOMY, €Tami po3risIaeThbes MpodiiemMa MPOKIAaHHS
MapumpyTy KokHomy T3 Big HOro mo4aTKoOBOi MO3HMIT M0 KIHIEBOTO IYHKTY. BakimBo Te, IIO IpHBeAeHa INporpama
NPOKJIAae MapuIpyT, ONTHMAIBHUIH 110 Yacy, 10 KOPiHHUM YHMHOM Bifipi3Hse€ 11 Bix cydacHuX TexHousorid GPS-nasiramii, sxi
MPOKJIAAAI0Th TEOMETPUYHO ONTHMAIIBHI MapmIpyTH. TeXHIYHO peai3amis mpouecy NpoKIaJfaHHS MapIIPYTy 3OIHCHIOETHCS 3
JIOTIOMOTOI0 BUKOPHUCTAHHS I’ €30€JICKTPHYHUX [ATYMKIiB, [IO0 MOHTYIOTbCS Ha KOXKHOMY mepexpecti. Lli maTumku
00paxoBYIOTh YHCIIO KOJICHUX aBTOMOOUIBHUX Map, SKi MEpPeTHYIM IMepexpecTs. 3rajaHi MPUCTPOi MOAUIAIOTHCS Ha J1Ba
TUNM — BXigHI Ta BuximHi. [lepmi peectpyrors umcmo T3, mo B’iXamm Ha AOPOTY OIHOTO HAMPAMKY MDK CyCITHIMHU
nepexpectaMu. [Jpyri — uncino T3, mo BHDKIDKAIOTH i3 KOXKHOI OKpeMOl CMyrH pyXy. BiamoBigHO YMCIO TakuMX TaT4MKIiB
MOBUHHO DIBHATUCH YHCIy CMYT JIOPOTH OIHOTO HANpsIMKy  MDK CYCIIHIMH TepexpecTsMH. BigHOIIEHHS MK YHCIIOM
aBTOMOOIIIIB, IO B’TXaJld HA JaHy JUISTHKY JOPOTH, O YHCJIa aBTOMOOILTIB, 10 BHiXaaH 3 HEl 3a yac TOPiHHA 3€JICHOI (a3u
cBiTIO(Opa, € BATOMUM KPUTEPIiEM, SIKHI CBIMYUTH MPO AUHAMIKY pyxy T3. UuM OJIHKYUM € 1ie BiJHOIICHHS O OJUHUIl, THM
JMHaMiKa pyxy Kpama. ToMy BHKOPHCTOBYBAHHH y JOCHI/UKEHHI aTOPUTM MOIIYKY ONTUMAIIBHOTO MapIIpyTy BUOHpaTHME
IUITHKA JIOPOTH, M0 (HOPMYIOTH MapIIpyT, caMe i3 TaKuX KOMIIOHEHTIB. 3ayBa)XMMO, IO TPEICTaBICHUH y Hamliid poOOTi
AITOPUTM MPOKIIAA€ ONTUMAIIBHI 110 Yacy, a He Mo HULIXY, MapiupyTu. Lle gocsraeTbes HUISIXOM BBEACHHS B SIKOCTI Bar pedep
rpadis, o0 IMITYIOTh TPAHCIIOPTHY MEPEXKY MicTa, AMHAMIYHHUX BEIWYHH 3 OCOOIMBIMH XapaKTepUCTUKAMH. BBeIeHHS Takux
Bar J03BOJISIE B PEXKUMI ITOTOYHOTO Yacy BiJCITIKOBYBATH 3MiHH y Tpadiky Ta MUTTEBO NepelaBaTH iX Ha BUKOHAHHS BOJISIM
T3. IIporoHOBaHA TEXHOJOTISI JO3BOJIUTH CHHXPOHI3yBaTH MOTOKK T3, CYyTTEBO 3MEHIINTH Yac MPOI3ay KOKHOTO aBTOMOOLIIS
MO MapIIpyTy, OUIBII e(eKTUBHO BUKOPHUCTOBYBAaTH TPAHCIIOPTHI apTepil — Michbkuii Tpadik mepeiiae Ha sIKiCHO HOBHI PiBEHb.

. . .~ * . o
Knrouosi cnoea: nepexpecms, mezanonic, n’ezoenexmpuynuil cemcop, A -ancopumm, ceimaogop, Java, onmumanvHuil
mapwpym.

[epekpecTok B TOpoOJIe-METaIONNCe SIBISETCSA KIFOUYEBBIM JIEMEHTOM IPHU PETYIUPOBAHUH MOTOKOB TPAHCIIOPTHBIX CPEICTB
(TC). B Hamem wuccnenoBaHHM TpEICTaBICHA MpPOTpamMma, MO3BOJIIONMIAS ONTHUMU3HpoBaTh mpoe3n TC depe3 Kaxablid
OTAeNbHBINA mepekpecTok. OqHako 3TO mepBblid 3Tam paboTel. Ha BTOpOM, M TJIaBHOM, 3Talle paccMaTpUBaeTcsi mpobiema
OpOKIaAKu Mapiipyra Kaxaomy TC OT ero HavanbHOH MO3HIUHK [0 KOHEYHOTO MyHKTAa. BakHO TO, YTO IPHBEACHHAS
nporpaMma MPOKJIAAbIBAET MApPUIPYT, ONTHMAIBHBIA M0 BPEMEHH, YTO KOPEHHBIM OOpa3oM OTIHYAET €€ OT COBPEMEHHBIX
texHonoruii GPS-HaBurarmu, KOTOpbIe MPOKIAABIBAIOT T€OMETPHIECKH ONTHMAIbHBIC MApUIPYThl. TEXHUYECKH peaTu3aliist
mporecca MpoKJIaJKH MapIIpyTa OCYIISCTBISIETCS 3a CUET MCIOJIb30BAHMS MbE30NEKTPHISCKIX JaTYMKOB, MOHTHPYEMBIX Ha
KOKIOM MEpeKpecTke. OTH AaTYMKU IOJACUYUTHIBAIOT YHCIIO KOJECHBIX Iap, MEPEeCeKUIMX INEepeKPecTOK. YOMSHYThHIE
YCTpOMCTBa AEJATCS Ha JIBa THIA - BXOAHBIE U BhIXOAHBIE. [lepBbie peructpupytoT uncio TC, BbeXaBIIUX HA AOPOTY OJHOTO
HampaBJICHUs MEXIY COCCIHHUMHM mepekpecTkamu. Bropeie - umcno TC, BbIe3KAOMMX C KaKIOW OTAENBHOH IMOJOCHI
nBikeHHs1. COOTBETCTBEHHO YHCIIO TaKUX JATYMKOB JOJDKHO PABHATHCS YHCIY IMOJIOC JOPOTH OIHOTO HAIPABICHUS MEXKIY
COCeTHUMH TepekpecTkami. [IpesaraemMas TEXHOIOTHS MO3BOJUT CHHXPOHU3MPOBaTh NOTOKH TC M mepeBeneT ropoickoit
Tpad¥K Ha KAaYECTBEHHO HOBBIH YPOBEHb.

Knrouesvle cnosa: nepexpecmox, mezanoauc, nbe3odnekmpuieckuii cencop, A * -aneopumm, ceemoghop, Java, onmumansHulii
mapupym.

1 Introduction

Traffic problems are extremely common for a modern metropolis but their resolution is to be
achieved yet. First of all, such problems are due to traffic jam at the intersections and, as a consequence,
the complexity of trip by each vehicle along chosen route. In order to prevent such phenomenon, the
authors propose to apply a network of "smart" traffic lights at the first stage. Special sensors mounted at
each intersection can significantly improve each individual crossroad capacity. But this is not enough. It
is necessary to organize the optimal trip of each vehicle using mobile phones with a special applications

© Boguto D.G., Kadomskiy K.K., Nikolyuk P.K., Pidgurska A.l., 2019
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or GPS-navigators coordinating their routes with city traffic management system (CTMS). Thus, it is
possible to control and to make optimal routes for all moving vehicles (drivers of such vehicles will be
called IR-drivers). In detail the situation regarding the route planning for each vehicle is described in [1,
2]. Therefore, the main problem that will be solved in this article consists in the algorithms’
combination for regulating the vehicles movement both through a separate intersection and throughout
whole city. With this approach congestion level in metropolis can be much less than it is nowadays, and
traffic functioning will move about to a qualitatively new level.

The basic problem of traffic regulation in urban network is optimization problem for vehicle traffic
through a separate intersection which is a main source of traffic jams. By organizing effective traffic
through crossroads, we will achieve higher traffic efficiency throughout a city. For organizing traffic,
each vehicle needs to be registered. And there are many methods to register moving objects [1].

The most effective way to solve this problem is a method based on piezoelectric sensors mounted
into a road surface. International Road Dynamics Inc. has developed a very effective design of the
piezoelectric road traffic sensor RoadTrax BL [3]. The device is easily mounted into a roadway and is
quite sensitive. A vehicle wheel pair riding on the sensor zone, 250 mV output signal is created, which
is quite enough for registration. Generally, road sensors are divided into types, shown in Fig. 1.

ROAD SENSORS

mounted into road mounted under road
— electromechanical acoustic —
|| magnetical infrared
|| pneumo-electric radar
— inductive videodetector
(| piezoelectric doppler

Fig.1 Classification of stationary sensors [4].The most suitable for the solution of the posed problem are sensors
mounted into a roadway, namely, piezoelectric and inductive sensors. However, mounting inductive sensors into a
road is more problematic. That is why the authors have chosen simple but very effective piezoelectric sensors. The

study [5] is focused on the investigation of the piezoelectric sensor characteristics 12-DOF type. This is a new
high-sensitivity sensor capable of recording across a wide range of values. The device operates at a frequency of

11 kHz with an error margin no more than 1%. Vehicles registration algorithm which determines their positions

is considered in [6].

Theoretical aspects of traffic optimizing on a separate overloaded crossroad are investigated in [7].
So-called discrete-time model for a cross-shaped intersection was considered and optimized system of
equations had been created. The similar work is presented in the paper [8].

A large-scale study of the combined information methods obtained from a variety of road sensors,
such as detectors, video cameras and radars, is explored in [9]. The technology of connected vehicles is
also being investigated here, which enables to collect and analyze communications such as Vehicle-to-
Infrastructure (V21) and Vehicle-To-Vehicle (V2V) and thus reduces the probability of traffic
congestion, increases traffic safety and reduces fuel consumption.

From the analytical point of view, it is necessary to create an algorithm and a computer program that
will ensure the effective switching of traffic lights in accordance with the traffic load. From the
technical side vehicle registration is carried out using piezoelectric sensors that fix a number of wheel
pairs, proportional to a number of vehicles, which either to drive into part of the road between adjacent
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intersections (so-called input sensors) or leave out this road segment — output sensors. In this case the
input and output sensors at the neighboring intersections work consistently, transmitting data to CTMS.
This allows controlling not only city crossings as autonomous objects, but all city routes as well.

2. Algorithms

The vehicle traffic regulation in a large city can be divided into two phases. The first phase includes
a vehicle registration at separate intersections. The registration is organized as follows (Fig. 2). Here is
shown a separate cross-shaped intersection equipped with piezoelectric sensors of RoadTrax BL mode
[3], mounted into a road. Each sensor is a part of the signaling network connected to CTMS. When a
vehicle wheel pair presses on such sensor, an electrical signal is being generated due to the piezoelectric
effect and registered on CTMS.

The base of traffic regulation technology at the first phase is that an outgoing cell serves a separate
regulated intersection. It is assumed that traffic lights cycle determined by a value that usually consists
of the following components

T=trh+tgh+tyh+tp, 1)
where trh — duration of the red light phase time n the horizontal direction;
tgh — duration of the green light phase in the horizontal direction;
tyh — duration of the yellow light phase in the horizontal direction;
tp — duration of the green light phase for pedestrians.

Signal wire
to MCC

B,

1

Fig.2. Crossroad A, connected with adjacent crossroad B [1]. The black rectangles depict the vehicles which
move in the direction A, — By,. Input sensors (black bars marked with letter Ay, ) and output sensors (three

adjacent strips marked with letter By,) are presented. Each input and output sensor is connected to the CTMS
(only one signal wire is shown).

The corresponding notation is also available for the traffic lights cycle in the vertical direction: trv,

tgv, tyv.
Using given variables, the traffic regulation program can be written as follows:

package IC;
import java.util. Random;
import static java.lang.StrictMath.abs;

interface Lights{
int REDH =0;
int YELLOWH =1,
int GREENH =2;
int REDV =3;
int YELLOWV =4;
int GREENV =5;
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int GREENP = 6;
int ERROR =-1;
}
class T implements Lights {
private int delay;
private static int light = REDH,;

T(int sec) {
delay = 1000 * sec;
}

public int shift() {
int count = (light++) % 7,

try {
switch (count) {

case REDH:
Thread.sleep(delay);
break;

case YELLOWH:
Thread.sleep(delay / 3);
break;

case GREENH:
Thread.sleep(delay / 2);
break;

case REDV:
Thread.sleep(delay);
break;

case YELLOWV:
Thread.sleep(delay / 3);
break;

case GREENV:
Thread.sleep(delay / 2);
break;

case GREENP:
Thread.sleep(delay );
break;

}

} catch (Exception €) {
return ERROR;

}

return count;

¥

class TrafficRegulator {
static int T = 96;
private static IC.T t = new IC.T(1);
static Random gnl = new Random();
static Random gn2 = new Random();
static Random gn3 = new Random();
static Random gn4 = new Random();

public static void main(String[] args) {

double k =abs ((gnl.nextDouble() + gn2.nextDouble() )/
(gn3.nextDouble() + gn4.nextDouble()));

double tg = 35;
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double tp = 23;
double tyh = 2;

double tgh = k * tg;
double trh = (T - tyh - tgh- tp);
double tgv = abs(2*tg -tgh);
double trv = (T - trh);
double tgp = 23;
inttyv = 2;
for (intj=0; ) <7, j++)
switch (t.shift()) {
case Lights.REDH:
System.out.printIn(*'red horizontal!");
System.out.format("%.1f%n" trh );
break;
case Lights.YELLOWH:
System.out.printIn("yellow horizontal!");
System.out.printin(tyh);
break;
case Lights. GREENH:
System.out.printIn("green horizontal!");
System.out.format(*'%.1f%n",tgh);
break;
case Lights.REDV:
System.out.printIn(*red vertical!");
System.out.format(*'%.1f%n" trv);
break;
case Lights. YELLOWV:
System.out.printIn("yellow vertical!");
System.out.printin(tyv);
break;
case Lights. GREENV:
System.out.printIn(*green vertical!");
System.out.format("%.1f%n" tgv);
break;
case Lights. GREENP:
System.out.printIn(“green pedestrian!");
System.out.printIn(tgp);
break;
case Lights.ERROR:
System.out.printIn("Time error!");

break;
default:
System.err.printIn(*Unknown light.");
return;
}
}
}
The program results are following:
red horizontal — 29.6; yellow horizontal! — 2.0; green horizontal! - 41.4; red vertical! — 66.4; yellow

vertical! — 2; green vertical! — 28.6; green pedestrian! — 23.0. Process finished with exit code 0.

Let us analyze briefly this program regulating vehicle journeys through cross-shaped crossroads.
Constant values of a type REDH are chosen — red light in horizontal direction. Basically, the program
analyzes a traffic load of the crossroads: the more direction, horizontal or vertical is loaded the longer is
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the green phase in the corresponding direction, within a traffic cycle, which is equal to 96 seconds in
the chosen case. In order to simulate a real crossroad situation, the four generators of random variables
are included in the program to simulate the loading. Actually, we are interested in ratio of the number of
vehicles on the horizontal and vertical directions. In the program this ratio is denoted by coefficient k.
The variation of this value simulates the traffic load changes at the intersection. Therefore, a range of
numbers at the program output changes randomly each time. In particular, the value that specifies the
green phase time (as well as the red one) in the horizontal and vertical directions changes from one
traffic lights cycle to another.

Consequently, the presented program significantly improves the intersections capacity due to the
"intellectual™ mode of correlating the various traffic lights phases with the traffic loads on different
directions at the crossroads. The program will produce different range of values at each run, but they
will be correlated with the traffic load at the intersection: the more the direction is loaded the longer
green phase in this direction will be and, accordingly, for the less loaded direction green light phase will
be decreased proportionally. Generators of random variables Random gn = new Random () are used as
simulation values determining the loading of each direction. The generators are set randomly, but
within a real number of vehicles that load the intersection in each traffic lights cycle. Thus, the traffic
lights become "intelligent".

We now proceed to the second phase of a traffic regulation. Let us note that "intelligent™ regulation
is carried out not only at a separate intersection, but also between adjacent intersections. Fig. 2
represents the scheme of such a regulation, where the sensors belonging to a separate intersection are
shown, as well as the sensors that regulate traffic on A— B lane, between adjacent intersections. This
section of the road is controlled by the input and output sensors working as a unit for the purpose of a
route planning (see below). In other words, each intersection does not work autonomously, but in close
cooperation with adjacent intersections. The interaction is carried out due to the fact that input and
output sensors (in Fig. 2 sensors A and B) work as a unit. Therefore it is possible to follow up the
vehicle dynamics along the A— B road lane. On qualitative level, the movement dynamics is the ratio
between the vehicles which have arrived to A— B lane during certain time (for example, during the
traffic lights cycle) and vehicles that have left the lane. Technically, the process is organized as follows:
the sensor A (input sensor) registers vehicles that enter the A— B lane from all possible directions of
the intersection A. In turn, the complex of output sensors at the intersection B registers vehicles that
have left the road lane. Thus, the entire transport network of the city is controlled by an intelligent
traffic management system. The most important traffic problem is calculating for each IR-driver the
requested route allowing to minimum possible travel time. For this purpose, it is necessary to calculate
such a route for a given moment of time and for a given travel congestion.

Fig. 3 The optimum route (gray thick line) between two vertices of weighted graph, planning by means of A*-
algorithm.
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The city transport network can be represented as a weighted graph (Fig. 3). This is the first key
message. Using a theory of graphs, it is possible to plan optimal routes by means of appropriate
algorithms, namely, Dijkstra’, Floyd-Warshall’, or A* [10]. For our purposes, the most suitable option
will be the A*-algorithm. This algorithm allows planning optimal route between two given vertices of
the weighted graph (for example, A and V on fig.3).The second message is that weight of the graph
edges rapidly change, so they need to be registered on-line, constantly updating the database where
these values are stored. Input and output sensors, working as a pair, produce a spectrum of quantities
Nag, andnap . The first value is the number of vehicles that drive into the lane between adjacent

intersections (on Fig. 2 it is A— B lane) during traffic light cycle, and the second — the number of
vehicles that left the same road on the neighboring intersection B during the same time. The closer is
the ratio Ny, g, /na, g, t0 One; the better is the movement dynamics for the selected lane. On the
contrary, the ratio less than one indicate either the blocked state of the intersection B (Fig. 2) or a nearly

blocked state. Correspondingly, weight of an edge (in other words, the vehicle impedance of the lane
N
— B ) assumes a bigger value, i.e. % > 1. In this situation the program looking for the optimal route
AnpBp
in the graph dismisses such a weighed lane. Therefore, for optimal route planning on the graph (or in

urban network), it is necessary to minimize the following value:

Zg:l(NAhBh /nAhBh)lAhBh — min. 2)

Here h is an index denoting lane numbers along the route (in other words, the edges of the graph),
which are interconnected and form an inseparable trajectory (a simple chain path in the terms of graph
theory), connecting the origin A and the destination V positions of IR-driver path (Fig. 3).The value
1a, B, represents geometrical distance between adjacent intersections. The symbol findicates a number
of lanes of type A,By,. For each declared pair (A, B;) the program forms an inseparable chain linking
points A and V; from (2). Thus, all city roads are under control of CMTS. The values on the left side of

the expression (2) are weights of the graph edges (Fig. 3). These values should be updated every 10
seconds and, accordingly, the intelligent traffic control system will plan routes for all IR-drivers taking
into account traffic situation for a given time period. In other words, the system works in "on-line"
mode, which radically distinguishes it from the existing similar systems, Google-maps, for example.
Transmission of data received by CMTS from city network sensors to each user (IR-driver) is used.
Urban traffic situation is very dynamic and changeable. That is why CMTS database is updated every
10 seconds, and, accordingly, the data received by IR-drivers have an online mode too.

For planning a route for each IR-driver, A*-algorithm is used. The program [10] corresponding to
the graph in Fig. 3 is following:

package IC-1;

import java.util.PriorityQueue;
import java.util.HashSet;
import java.util.Set;

import java.util.List;

import java.util. Comparator;
import java.util. ArrayL.ist;
import java.util.Collections;

public class AstarSearchAlgo {
/Ih scores is the stright-line distance from A to V
public static void main(String[] args) {

/finitialize the graph map

Node A = new Node("A", 34);

Node B = new Node("B", 31);

Node C = new Node("C", 30);

Node D = new Node("D", 27);

Node E = new Node("E", 29);

Node F = new Node("F", 33);
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Node G = new Node("G", 27);
Node H = new Node("H", 24);
Node | = new Node("I", 23);
Node J = new Node("J", 19);
Node K = new Node("K", 19);
Node L = new Node("L", 19);
Node M = new Node("M", 20);
Node N = new Node("N", 16);
Node O = new Node("0", 13);
Node P = new Node("P", 13);
Node Q = new Node("Q", 9);
Node R = new Node("R", 8);
Node S = new Node("S", 6);
Node T = new Node("T", 3);
Node U = new Node("U", 3);
Node V = new Node("V", 0);
/finitialize the edges
A.adjacencies = new Edge[]{

new Edge(B, 5),

new Edge(C, 5).};
B.adjacencies = new Edge[]{

new Edge(D, 3),

new Edge(C, 4),

new Edge(F, 36)};
C.adjacencies = new Edge[]{

new Edge(B, 4),

new Edge(D, 7),

new Edge(E, 7),

new Edge(H, 8)};
D.adjacencies = new Edge[[{

new Edge(M, 14),

new Edge(L, 13),

new Edge(K, 16),

new Edge(H, 11),

new Edge(C, 7),

new Edge(B, 3).};
E.adjacencies = new Edge[]{

new Edge(C, 7),

new Edge(H, 5),

new Edge(F, 4),

new Edge(G, 21),};
F.adjacencies = new Edge[]{

new Edge(E, 4),

new Edge(G, 9),

new Edge(A, 36),};
G.adjacencies = new Edge[[{

new Edge(F, 9),

new Edge(N, 12),

new Edge(l, 6),

new Edge(E, 21),};
H.adjacencies = new Edge[[{

new Edge(D, 11),

new Edge(E, 5),

new Edge(l, 3),

new Edge(C, 8),

new Edge(K, 18)};
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l.adjacencies = new Edge[]{

new Edge(J, 4),

new Edge(H, 3),

new Edge(l, 6),};
J.adjacencies = new Edge[{

new Edge(P, 8),

new Edge(N, 3),

new Edge(l, 4)};
K.adjacencies = new Edge[]{

new Edge(L, 5),

new Edge(P, 5),

new Edge(N, 7),

new Edge(D, 16),

new Edge(H, 18)};
L.adjacencies = new Edge[]{

new Edge(M, 9),

new Edge(O, 4),

new Edge(K, 5),

new Edge(D, 13),

new Edge(P, 18)};
M.adjacencies = new Edge[]{

new Edge(O, 5),

new Edge(L, 9),

new Edge(D, 14),

new Edge(U, 46),};
N.adjacencies = new Edge[]{

new Edge(K, 7),

new Edge(P, 7),

new Edge(G, 12),

new Edge(J, 3),

new Edge(R, 26)};
O.adjacencies = new Edge[]{

new Edge(M, 5),

new Edge(L, 4),

new Edge(Q, 3),};
P.adjacencies = new Edge[[{

new Edge(K, 5),

new Edge(J, 8),

new Edge(N, 7),

new Edge(Q, 4),

new Edge(R, 7),

new Edge(L, 18),};
Q.adjacencies = new Edge[]{

new Edge(P, 4),

new Edge(O, 3),

new Edge(R, 6),};
R.adjacencies = new Edge[[{

new Edge(P, 7),

new Edge(Q, 6),

new Edge(S, 5),

new Edge(T, 6),

new Edge(N, 26),};
S.adjacencies = new Edge[]{

new Edge(O, 8),

new Edge(R, 5),
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new Edge(U, 4),

new Edge(T, 3),

new Edge(V, 12),};
T.adjacencies = new Edge[]{

new Edge(V, 2),

new Edge(R, 6),

new Edge(S, 3).};
U.adjacencies = new Edge[[{

new Edge(S, 4),

new Edge(V, 1),

new Edge(M, 46),};
V.adjacencies = new Edge[]{

new Edge(U, 1),

new Edge(T, 2),

new Edge(S, 12),};
AstarSearch(A, V);
List<Node> path = printPath(V);

System.out.printIn("Path: " + path);

¥

public static List<Node> printPath(Node target) {
List<Node> path = new ArrayList<Node>();
for (Node node = target; node != null; node = node.parent) {
path.add(node);
}
Collections.reverse(path);
return path;

}

public static void AstarSearch(Node source, Node goal) {
Set<Node> explored = new HashSet<Node>();
PriorityQueue<Node> queue = new PriorityQueue<Node>(30, new Comparator<Node>() {
/loverride compare method
public int compare(Node i, Node j) {
if (i.f_scores > j.f_scores) {
return 1,
} else if (i.f_scores < j.f_scores) {
return -1;
Yelse {
return O;
¥
¥
b

/Icost from start

source.g_scores = 0;

queue.add(source);

boolean found = false;

while ((queue.isEmpty()) && (!found)) {
/lthe node in having the lowest f_score value
Node current = queue.poll();
explored.add(current);
/[goal found
if (current.value.equals(goal.value)) {

found = true;

}
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//check every child of current node
for (Edge e : current.adjacencies) {
Node child = e.target;
double cost = e.cost;
double temp_g_scores = current.g_scores + cost;
double temp_f_scores = temp_g_scores + child.h_scores;
/*if child node has been evaluated and
the newer f_score is higher, skip*/
if ((explored.contains(child)) &&
(temp_f_scores >= child.f_scores)) {
continue;
} else if (('queue.contains(child)) ||
(temp_f_scores < child.f_scores)) {
child.parent = current;
child.g_scores = temp_g_scores;
child.f_scores = temp_f_scores;
if (queue.contains(child)) {
gueue.remove(child);
¥
queue.add(child);
}
}
}
}

class Node {
public final String value;
public double g_scores;
public final double h_scores;
public double f_scores = 0;
public Edge[] adjacencies;
public Node parent;

public Node(String val, double hval) {
value = val;
h_scores = hVal,

}

public String toString() {
return value;
}

}

class Edge {
public final double cost;
public final Node target;

public Edge(Node targetNode, double costVal) {
target = targetNode;
cost = costVal;

}

}
As a result of planning a route A — V the program presents path: [A, B, D, L, O, Q, R, T, V], which

is optimal for a certain time interval (10 s). These data will be transmitted to the IR-driver from CTMS
until situation on the IR-driver's route is irremovable. Otherwise, the program calculates a new route.
The same algorithm works for all vehicles of the city. As a result, complete synchronization of traffic
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flows will occur, which will result in complete disappearance of congestions in a transport network and
will allow each driver to arrive at the destination within a minimal period of time.

The testing of the program has been performed on graph with number of vertices up to 150 and
number of edges 430. The execution time is 4s 580ms. An algorithmic complexity of A*-algorithm is O
(n), (n — input data volume) which makes it quite effective for programs with a large amount of input
data.

It should be noted that information obtained from GPS is an important factor in improving the
reliability of data derived from input and output sensors. The fact is that almost every driver has a GPS
navigator or a smartphone with the Google Maps program. Therefore GPS data can be used as an
additional source of information. The situation is described in details in [11-15]. Taking into account
the specifics of task and statistical nature of received data there is no need to determine precisely a
position of each vehicle: only statistical character of the data is important. Why is it importantly to
combine the data from piezoelectric sensors with GPS data? The data received from the sensors —
incoming and outgoing — located between adjacent intersections play the main role in our program. But
the considered technology involves using GPS-navigators by IR-drivers. It is therefore logical to use the
information synthesized from both GPS and sensors data. An expediency of combining stationary and
mobile data received from GPS-devices or smartphones is indicated in [16], for example. The similar
algorithm of using GPS data for planning optimal routes is discussed in details in [17, 18].

3. Conclusions
The aim of the work is to create solution for the urban traffic problems. It is planned to use this
technology for practical purposes.
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Cucrema po3paxyHKy OKYIMHOCTI BIPOBAJIKEHHS MEPEKEBUX COHSIYHUX
€JIEKTPOCTAaHIII B MPUBATHUX JOMOBOJIOIIHHSIX

I.B. I'apsiueBchka, B.B. IBantomenko, [1.0. [IpoTexktop
Xapxiscokuii HayionaneHuil yHisepcumem imeni B. H. Kapaszina, maiioan Ceoboou 4, m. Xapkis, 61022, Ykpaina
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VY cTaTTi ONMUCYETHCS CHCTEMa PO3paxyHKy OKYITHOCTI BIIPOBAIDKEHHS MEPEKEBHX COHSYHHX €JIEKTPOCTAHIIN B NMPUBATHUX
JOMOBOJIOJIIHHSX, SIKI PO3TAalIOBYIOThCS Ha Tepuropii VYkpaim. I[Ipm po3paxyHKy BHpPOOKH MepeXeBOI COHSYHOI
€JIEKTPOCTaHIii BPaXOBYIOThCS Taki MapaMmeTpu K MpsMe, PO3CisHe Ta BiAOUTE COHSYHE BHIIPOMIHIOBAHHS 3 ypaxXyBaHHIM
aTMOC(epHOro OcIabieHHs, KyT HaXxWmily AaXy Ta HOro opieHTauis, cepeHb0000Ba Temieparypa (oToeneMeHTIB B Pi3Hi
MOPH POKY, TEMIIEpaTYPHUI KOe(IIiEHT MOTYKHOCTI COHSYHHX ITaHeJeH, a TAKoXK Koe]illieHT, 1110 BPaxOBY€e BTPATH COHAYHOT
MaHeNi NpU MEPeTBOPEHHI Ta mepemadi enekTpoeHeprii. IIOTiK COHAYHOrO BUNPOMIHIOBAHHS, KU HaJae Ha MOBEPXHIO
(oToeneMeHTIB, BH3HAUae€Thbcsl B pamMkax Mopenmi Xes-/leBica. IIpm po3paxyHKy €KOHOMIYHOI CKJIaJIOBOi, CHCTEMOIO
BPaXOBY€ETHCS PIUHE CIIOKUBAHHS €JIEKTPOSHEPTii, TOTOYHA ITiHa Ha eIeKTPOSHEeprio, IiHa Mo «3eJICHOMY Tapudy», a TaKoXK
piuHe 3pocTaHHS LiH Ha enekTpoeHeprifo. CepemHs PUHKOBA BapTICTh MEPEKEeBOI COHSYHOI eleKTpocTaHIii OepeThes 3
pospaxyHky 1$ 3a IBT BcraHoBiIeHOI mOTyxkHOCTI. Ha migcTaBi OTpUMaHHMX [OaHHX CHCTEMa OOYHCIIOE MICSAYHY,
CepeHbO000BY Ta piYHY BHPOOKH MEPEXeBOI COHSYHOI €JIEeKTPOCTaHIi, pO3paxoBYe BIJHOCHY BapTiCTh MEpEeXeBOl
COHSTYHOI eJIEKTPOCTaHLil, Oyaye MPOTHO3 BUTPAT CIIOXKHMBAa4ya Ha €JICKTPOCHEPril0 IPOTArOM HACTYIHMX ABAJUATH POKIB, a
TaKOK OOYHCIIOE piYHMI A0Xin mo «3eideHoMy Tapudy». DiHaTPHEM eTamoM poOOTH CHCTEMH, € PO3PaxyHOK Hepiomy
OKYITHOCTI BIIPOBA/KCHHS MEPEKEBOi COHAYHOI €JIEKTPOCTAHIII 3 TOYHICTIO A0 POKy. MicsiuHa i cepeaHp01000Ba BUPOOKH
MEPEKEBOI COHSYHOI eJIEKTPOCTaHIIil, TPOTHO3 BUTPAT CHOKKMBAYa HA €JICKTPOCHEPTiI0 Ha MPOTS3i ABAALSATH POKIB, a TAKOXK
OKYITHICTh MEpEXeBOI COHSIYHOI eNEKTPOCTAHIIIT BiTOOpa’KarOThCS B CHCTEMI Y BUTIIAAI BiNOBITHUX rpadikiB i iarpam.

Kniouosi cnoea: mepesicesa consuna enexmpocmanyis, «3enenuii mapug», upodka, ekoHomiuna epexmugHicmy, mepmin
OKYNHOCMI, KOMR 10mepHa npozpama.

B craree ommceiBaeTcs cucreMa pacdyéra OKYNaeMOCTU BHEIPEHHS CETEBBIX COJHEYHBIX 3JICKTPOCTAHLUM B YaCTHBIX
JIOMOBJIQJICHUSIX, KOTOPBIE pacIoJIaraloTcss Ha TeppUTOpHH YKpawHbl. Ilpu pacuére BBIPAOOTKH CETEBOH COJHEYHOM
3JIEKTPOCTAHIIUU YUYUTHIBAIOTCA TakKUe IapaMeTphl KaK MPsMOE, PaCCEIHHOE U OTPAXKEHHOE COJIHEUHOE U3JIyYCHUE C y4ETOM
aTMOC(EepHOro OCNabJeHNs, Yrojl HakJIIOHa KPOBIM M e OpHEHTalWs, CpeAHECyTOYHas Temieparypa (OTO3IEMEHTOB B
pa3nmu4HOE BpeMs TOJa, TEMIEPaTypHbIH KO3()(UIMEHT MOLIHOCTH COJHEYHBIX IIaHeNle, a Takke KOd(pPHUIUEHT,
YUYHTBHIBAIOIIMH MOTEPH COJIHEYHOH MaHEeIH INpH INpeoOpa3oBaHMM M TEpefaddl »IeKTpodHepruu. IIoTok comHedHOTro
W3JTy4eHHs, KOTOPHIH MagaeT Ha MOBEPXHOCTH (POTORIIEMEHTOB, OmpenesieTcs B paMkax Monenu Xos-Jlssuca. [Ipu pacuére
SKOHOMHYECKOH COCTABIISIOIIEH, CHUCTEMOH YYHTBIBAeTCSl TOAOBOE MOTPEONCHHE OSIEKTPOIHEPrHH, TeKyllas I[eHa Ha
JJIEKTPOHEPTHIO, IleHa 1o «3enéHomy Tapudy», a Takke TOJO0BOM POCT LEH Ha 3JIeKTpodHepruio. CpeaHsisi phIHOYHAS
CTOMMOCTb CETEBOM COJHEYHOM JIeKTpocTaHmu Oepércs u3 pacyéra 1 $ 3a 1 Bt ycranosienHoi momHoctd. Ha ocHoBaHun
MONYyYSHHBIX JAHHBIX CHCTEMa BBIYHMCISET MECSYHYIO, CPEJIHECYTOYHOI0O W TOJOBYIO BBIPAOOTKH CETEBOM COJHEYHOM
3JIEKTPOCTAHIIUHU, PACCUMTHIBAET OTHOCUTEIBHYIO CTOMMOCTh CETEBON COJMHEYHOM 3JIEKTPOCTAHIMM, CTPOUT IIPOTHO3 3aTpar
MOTPEOHUTENS Ha HIIEKTPOIHEPTHIO B TEUCHNE MOCIIETYIOIINX BA/IIATH JIET, a TAKXKE BBIUHCIIAET TOJ0BOH TOXOJ 110 «3eTEHOMY
Tapudy». 3aBepHIaronM 3TaroM paboThl CHCTEMBI, SIBISIETCS pacdéT MepHoa OKYIMaeMOCTH BHEAPEHHUS CETEBON CONHEUHOH
JNIEKTPOCTAHIMH C TOYHOCTBIO N0 Tofa. MecsdHas M CPeAHECYTOYHasl BBHIPAOOTKH CETEBOI COJNHEYHOH >JIEKTPOCTAHIINH,
MPOTHO3 3aTpaT MOTPeOUTeNs Ha SNEKTPO’HEPTHIO B TEUEHWE ABAAIATH JIET, a TAakKe OKYIaeMOCTh CETEeBOW COITHEUHOM
JNIEKTPOCTAHIMH OTOOPAXKAIOTCS B CHCTEME B BHAE COOTBETCTBYIOIMX TIpadukoB M jaumarpamMMm. B ciyuae ecim
KaIMTaJOBIOKEHHS, HEOOXOIMMbIE Ha TOCTPOHKY M BBEJCHHE B DKCIUTyaTallMI0 CETEBOM COJIHEYHOH JJIEKTPOCTAHIMU HE
OKYIISATCS B TEUCHHUE JABAIIATH JIET, CHCTEMa OTOOPA3UT JaHHYI0 HH(POPMAILIUIO B COOTBETCTBYIOLIEM OKHE IIPOTPAMMBIL.

Knrouesvle cnosa: cemesas conneynas aneKmpocmanyusi, « 3enénvitl mapugy, ebipabomxa, SKOHOMU1ecKkas spghexmusnocns,
CPOK OKYNaemocmu, KOMNbIOMepHAas NPoSpamMMma.

The article presents the payback calculation system of introducing networked solar power plants for private Ukrainian
households. The system takes into account such parameters as beam, ground-reflected and diffuse solar radiation accounting
for atmospheric attenuation, the angle and the orientation of roofs, the daily average temperature of photovoltaic cells and the
temperature coefficient of solar panels, when calculating the output of a networked solar power plant. The flux of solar
radiation that falls on the surface of photovoltaic cells is determined using the Hay-Davis model. Calculating payback, the
system takes into account such parameters as annual electricity consumption, current price of electricity, feed-in tariff and
annual electricity price increase. The average market price of a networked solar power plant is taken at the rate of 1 dollar per
1 watt of installed capacity. Based on these parameters, the system calculates monthly, daily average and annual output of a
networked solar power plant, calculates the relative cost of a networked solar power plant, calculates the electricity cost
forecast over twenty years, and calculates a payback period of a networked solar power plant. Monthly and daily average
output of a networked solar power plant, electricity cost forecast over twenty years and a payback period for a network solar
power plant are displayed in the system as corresponding graphs and diagrams. In case if investments necessary for the
construction and commissioning of a networked solar power plant do not pay off within twenty years, the system will display
this information in the corresponding field.

Keywords: network solar power plant, feed-in tariff, generation, economic efficiency, payback period, computer program.
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1 Beryn

CoHIle — €quHa 3ipKa, pO3TAlIOBaHA B IICHTPI HAIOI COHSYHOI CUCTEMHU. 3eMiid U 1HIINI IUIaHETH
obepraroTbess HaBkono CoHisl. CoHsuHA eHepris B GOpMi COHSAYHOTO BUIPOMIHIOBAHHSA MiATPHUMYE
MPAKTHYHO BCE )KUTTS Ha 3eMIli 3a JOMOMOT0I0 (POTOCHHTE3Y Ta Kepy€e KIIMaTOM 1 MOToA0r0 3eMiTi.

HaiibinpImor0 iepeBaroro COHSYHOI eHeprii B MMOPIBHAHHI 3 IHITUMHU BUIAMH €HEpPTii € ii ekoyoriaaa
YHUCTOTA i MOXJIMBICTh ii BUKOPUCTaHHSI 0e3 3a0pyJHEHHS HaBKOJHUIIHBOTO CEpelOBHILNA. 32 MUHYIE
CTOJITTSI TOPIOYi KOPUCHI KOMAJIMHYU TIOKPIIIH O1ITBITY YaCTHHY HAIIUX €HEPreTHYHUX MOTPeO, OCKUTEKH
ix BapTicTh Oyia HabaraTo JemeBIIOI B MOPIBHIHHI 3 €HEPTI€I0, SIKA OTPUMYETHCS 3 aIbTePHATHBHAX
JOKeped.

3a miATBep/UKCHUMHU JaHMMHU CBiTOBI 3amacu Hadrtu ckinamarote 1341 mupn. Gapenis (2009 p.),
CBIiTOBI 3amacu Byriur ckinagaots 948 000 muH. TorH (2008 p.), a CBITOBI 3amacu MPUPOAHOTO ra3zy —
178.3 tpiu. m® (2009 p.) [oTounmii Bu106yTOK HaTH K0piBHIOE 87.4 MIH. Gapenis Ha 100y, Byrims —
21.9 MuH. TOHH Ha 100y, IPUPOAHOTo ra3y — 9.05 Mupa. M° Ha 100y. TaKKUM YHMHOM, OCHOBHA MPOGIEMa
MoJIsira€ B TOMY, IO MIATBEPIPKEHUX 3amaciB HaQTH Ta ra3y MPH HUHIMIHIX TEMIaX CHOXHBAHHS
BHCTA4UTh JUIsI 33OBOJICHHSA MOMUTY me Ha 37 1 49 pokiB BIAMOBITHO, a CBITOBI 3amacu BYT1JUIA
3HUKHYTB MPOTATOM HacTymHux 115 pokis.

Sxmio cripoOyBaTH MOTIISIHYTH HA HACTIAKH, SKi BUHUKHYTH Yepe3 OOMEXEHICTh 3amaciB TOPIOYAX
KOPUCHMX KOTAJIMH, TO ONIMHUMOCH B CUTYallii, KOJIX 3pOCTaHHS LiH Ha MaJiBO OyAe MPUCKOPIOBATHCS
o Mipi 3MEHIICHHS 1X 3amaciB. BpaxoByroouu, 1o 1iHa Ha HapTy yTBEpAUIacs B SKOCTI Jiijiepa ILiH Ha
BCl BUJM MajlBa, MOXXKHA 3pOOMTH BHUCHOBOK, IO I[IHM HA CHEProHOCIi OYJyTh HEBIHHHO 3POCTAaTH
MPOTSATOM HACTYIHUX HAecATHIiTE. KpiM Toro, Oyme HapocTaTH Bce OiNbIe 3aHENMOKOEHHS dYepes
3a0pyJHCHHS HaBKOJHIIHBOTO CEPEJOBUINA, CIPHYMHEHOTO CHAJIOBAHHAM TOPIOYMX KOPUCHUX
KOTIaJIMH.

2 CtyniHb po3po0.1eHOCTi TeMH Ta MOCTAHOBKA NMPOd.JIeMHU

CIOKOHBIKY JIFOJICTBO YCBIIOMIJIO, IO PO3yMHE BUKOPHCTAHHS COHSIYHOI €HEeprii MOKe MPUHOCUTH
KOPHCTh CYCHiIbCcTBY. He3Baxkarouu Ha 1ie, TUIbKM HEIABHO, NMPOTAroM ocTaHHIX 40 pOKiB, COHsSYHA
€Hepris movaja BUKOPUCTOBYBATHCS B SIKOCTI aJbTEPHATHUBHOTO JDKEPETa €HEprii, TOJJOBHUM YHMHOM
TOMY, III0 BOHA € HEOOMEKEHOIO 1 HE 3aB/a€ MIKOJM HAaBKOJHUIIHLOMY cepenoBuily. CoHsiYHA €Hepris
BUKOPHUCTOBYETHCS JJIsl ONAJICHHS Ta OXOJOJPKEHHsI OyAMHKIB, TIPU HarpiBaHHI BOJIHU LIS MOOYTOBUX i
MIPOMUCIIOBUX TOTPeO, /Uit 00irpiBy OaceliHiB, B CHJIIOBUX XOJOIWIBHHUKAX, IJISI pOOOTH MBUTYHIB i
HACOCIB, IPH OTIPICHEHHI BOAM, AJII BUPOOKH €NEKTPOSHEPTii Ta iHIIe.

Sxuio cBiToBa iH(QpacTpykTypa Oyde 1 Jani poO3BHBaTHCA, TO TONHT Ha EIEKTPOCHEPTiko
30UTBIIATECS, HABITh SKIIO OyA€ BXKUTO BCIX 3yCHIIb JJIS IMiJBUIIECHHS €(PEKTUBHOCTI BUKOPHUCTAHHS
enekTpoeHeprii. B maHuil uyac NpUIHATO BBaXKaTW, LIO0 TEXHOJOIil 3aCHOBaHI Ha BUKOPHCTAHHI
TIOHOBITIOBAHUX JPKEPENT EHEprii, MOXKYTh 3a/I0BOJBHUTH OiJbIly YaCTUHY 3pOCTAIOYOro TOMHUTY Ha
€JIEKTPOCHEPTiI0 32 I[IHaAMU PiBHUM, a00 HaBiTh MEHIIMMH, HXK Ti, sIKi 3a3BHYail MPOTHO3YIOTHCS TIPH
BUKOPHUCTaHHI TpaguLiiHOI eHEPTreTHKH.

Jo cepenran XXI CTONITTS eleKTPOSHEPTis, Sika BUPOOISETHCS NEKTPOCTAHIISIMH, IO MPAIIOIOTh
BiJl alIbTEPHATUBHUX JIKEPEIl EHEepTii, MOXKe CTAHOBUTH TPH I SITHX CBITOBOTO PUHKY €JIEKTpOeHeprii. 3
KOXXHHM JHEM Bce Oibllla KibKICTh IIFOJEH BiIMOBISETHCS BiJ BUKOPHCTaHHS TPaaUIlidiHOI
€HEepPreTUKN Ha KOPHUCTh albTEpHATHBHUX jkepen eHeprii. binbm Hixk B 50 kpaiHax po3poOsieHO Ta
BIIPOBA/KCHO MEXaHi3M «3eJIeHOro Tapudy» Ui 3alydeHHS! iHBECTHUIIIH B TEXHOJIOTiT BUKOPUCTAHHS
MOHOBJTIIOBAHUX JUKepen eHeprii. B ocHOBI «3eseHoro Tapudy» nexarb TpU OCHOBHI YNHHUKU: TapaHTIs
HiAKITIOYEHHS 10 MEPEXi, TOBrOCTPOKOBUH KOHTPAKT HA TOKYIKY BCi€i BUPOOJICHOI BiAHOBIIIOBAHOI
eJIEKTPOCHEPrii, a TaKoK Hajg0aBKa 1O BapTOCTi BUpOOKM enekTpoeHeprii. B Ykpaini HalOinmbury
CTaBKy «3eJIeHOro Tapudy» Ma€ eJICKTPOSHEPris, sIKa HAJAXOAUTh 3 COHIYHOTO BUIPOMIHIOBaHHS [1],
TOOTO BUPOOISIETHCS COHAYHUMHU E€JIEKTPOCTAHLISIMUA. Y 3B’A3KYy 3 UMM, Cepej HacelleHHs Bce Oijblie
3pocTa€e MOMUT Ha Oy IIBHHUIITBO IPUBATHUX MEPEKEBUX COHSYHUX EIEKTPOCTAHIIIH.

HesBakaroum Ha BCi IepeBarn albTEPHATUBHUX EHEPrOTEXHOJIOTIH, TOJIOBHUM CTPHMYIOUUM
(axTOpOM IpH MEPexo/1i Ha COHAYHI eNeKTpocTaHuii € ix niHa. CepenHss pUHKOBa BapTiCTh MEPEKEBOT
COHSYHOT eNeKTPOCTaHIii cTaHOBUTH 1$ 3a 1BT BcTaHOBICHOT MOTYXHOCTI [2]. CrierianbHO A OI[iHKH
OKYITHOCT] COHS'YHUX €JIEKTPOCTaHIii OaratbmMa GipMamMu po3poOIsIFOTECS Pi3HI IPOrpaMHi MPOJIYKTH,
SK1 JIO3BOJISIFOTH PO3paxyBaTH TEPMiH IOBEPHEHHS 1HBECTHIII, BUTpaueHHX Ha OYMIBHUITBO Ta
BBEJICHHS B EKCIUIyaTalil0 MEPEeXeBOI COHSYHOI eJeKTPOCTaHLii, BiZl MOMEHTY ii ycTaHoBKH. OJHaK,
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pe3yabTaTH X O0YMCIICHb, HOCATH NMPHOJIM3HUM XapakTep, 1 B KpallloMy BUIAAKY BiAPI3HSIOTHCS Bij
peanbHUX MoKa3HUKIB Ha 15-20% [3-6].

[MuTanHs po3paxyHKy OKYITHOCTI BIPOBAKCHHS MPUBATHUX MEPEKEBUX COHIUHUX CICKTPOCTAHIIIN
PO3MIIANAOTLECA B podoTax [7-9].

3 MeTa Ta IOCTAHOBKA 3aBJAaHHS

MeTtoro pobOoTH € po3poOKa CHCTEMH PO3PaXyHKY OKYITHOCTI BIIPOBAKEHHSI MEPEKEBUX COHSIIHUX
eJIeKTPOCTaHIlIM, s5Ka TMpHU3HAYeHa s PO3PaxyHKYy BHPOOKH COHSYHOI eNeKTPOCTaHIii, Mo
BCTaHOBIIIOETHCS B MPUBATHUX JOMOBOJIOJIHHSIX Ha TepUTOpPil YKpaiHH, a TAKOXK TEPMiHIB OBEPHEHHS
IHBECTHIII} BUTpauCHUX Ha i1 BIPOBAKCHHSIL.

st mocATHEHHS TTOCTAaBIeHOT METH OYJIM BHUPIIICHI HACTYITHI 3aBAaHHA:
JOCHIDKEHO MPUHIMIT pOOOTH MEPEKEBUX COHSIUYHHMX €TIEeKTPOCTAaHIIIH];
NpoaHaii30BaHa HOPMATUBHA 1 3aKOHOJaBua 0a3a, 0 CTOCYETHCS (PYHKIIOHYBaHHS MEPEKEBHX
COHSYHMX €JICKTPOCTaHIIIA Ha TEpUTOPil YKpaiHH;
PO3TISHYTI THIOBI DIMIEHHS MO BIPOBA/DKEHHIO MEPEKEBUX COHSYHHX EJIEKTPOCTAHIN B
MPUBATHUX JOMOBOJOAIHHSIX;
MpOaHaNIi30BaHa BAPTICTh ENIEKTPOSHEPTii ISl HACEeNICHHs], SIKe MMPOYKUBAE B KUTIOBUX OyIMHKAX
Ha TepuTopii YKpainuy,
JOCHIDKEHO MeXaHi3M po0oTH «3eseHoro Tapudy»;
PO3MIISIHYTI ajdrOPUTMU POOOTH TOTOBHX MPOTPAMHUX MPOAYKTIB Ui PO3PaxyHKY OKYITHOCTI
MEPEKEBUX COHSUHUX EIEKTPOCTAHI[I! Ta BUSBJICHO X CYTTEBI HEIOIIKH;
PO3pO0IIEHO apXiTEKTypy CUCTEMH PO3PaXyHKY OKYITHOCTI BIPOBAIKEHHS MEPEKEBUX COHTUHHUX
€JICKTPOCTAHIIIH;
po3pobneHo iHTepdeiic MPOrpaMHOTO MPOIYKTY;
MIPOBEEHO TECTYBAaHHS PO3POOJICHOI CUCTEMHU.

VV VYV VV VY VYV VYV

4 Po3paxyHOK BHPOOKM Mepe:KeBOI COHTYHOI eJIeKTPOCTAHIIL

OcHOBHUM (PaKTOpPOM, IO BILTUBAE Ha BUPOOKY COHSYHOI ENEKTPOCTAHINi, € 3arajabHE COHSYHE
BUTIPOMIHIOBaHHS S, SIKE MOTJIMHAETHCS COHSYHUMH MAHENSMH. 3arajibHe COHSYHE BUIPOMIHIOBAHHS
3aJIKUTh BiJl 3HAYEHB Ia1al090T0 BUNpOoMiHIOBaHHA G, aTMOC(hepHOi Macu M, KyTa HAXUITy COHSIYHOI
MaHeNli BiJ TOPH3OHTAILHOTO HAmNpsAMKY f Ta ii opieHramii. J{ng 3HaXOMKEHHS COHSYHOTO
BUIIPOMIHIOBAaHHSI, SIK€ MOTJIMHAETHCS COHSAYHUMH MaHESIMHM, HEOOXiTHO BHKOPHUCTOBYBATH JaHi IpO
COHSTYHE BHUIIPOMIHIOBaHHS, 1110 TIaJ]a€ Ha TOPH30HTAIBHY MOBEPXHIO Ta 1H(OPMAIIiFO PO KYT MaiHHS.
IlornuHeHe COHSYHE BHUIIPOMIHIOBAHHS CKIIAQAAETHCSA 3 MPSMOIO, PO3CISIHOrO 1 BiIOMTOTO COHSYHOTO
BUIPOMiHIOBaHHS. s pO3paxyHKYy 3arajbHOTO IOTJIMHEHOTO COHSYHOIO BHIIPOMIHIOBaHHSA S
BUKOPHUCTOBYETHCSI MOZIeTh Xesi-/leBica:

s =m{(Gg (ra)g +Gp (rer) A)Rg +
1—cos( ) (4.1)

+Gp (Ta)D(l—A >

) “L;(ﬁ) +p(Gg +Gp ) (7@

ne Gp — mpsMe BUIPOMIHIOBAHHS, SIK€ MaJa€ HA FOPU30HTAIIbHY IIOBEPXHIO, (ra)B — KoedilieHT
HPOITyCKAaHHA-NOTIMHAHHA ISl TIPSIMOTO BHUIPOMiHIOBaHHSA, Gp — pO3CisHE BUIPOMIHIOBAHHS, SIKE
najgae Ha TOPU3OHTAIbHY MOBEPXHIO, (ra)D — Koe(ilieHT MpOITyCKaHHSA-TTOTJIMHAHHS JIIsI PO3CISTHOTO

BUIIPOMiHIOBaHHSA, A — KoedillieHT aHi3oTpomii, Rg — KoedillieHT HaXxmily BUIIPOMIHIOBaHHS, p —

BiIOWBHA 3ATHICTH, (ra)G — Kkoe(ilieHT NPONMYCKAaHHS-TIOTJIMHAHHS JUIA BiIOMTOrO Bia 3emuni
BUIIPOMIHIOBAHHS.
CyMmapHa HOMiHa/IbHa MOTYKHICTb COHAYHO] entekTpocTaHuii WyoTal -
WrotaL = LWegLL (4.2)

ne L — 3aranbHa KinbKicTh COHAYHMX maHened, Wgg| | — HOMiHaNbHa MOTYXKHICTh OZIHI€l COHAYHOI
HaHeJi.
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Jlo6oBa BUpOOKa COHAYHOI eNeKTpocTaHlii Phay po3paxoByeThes 3a (POpMyYIIOLO:
SKioss | Kp
Poay =—, 100 VTOTAL (Tc —25) +WroraL (4.3)
ne K pss — KoedilieHT, 0 BpaxoBye BTpaTU COHAYHOI NaHENi NPU HEPETBOPEHHI Ta Iepenadi
enexTpoeneprii, | — IHTEHCHBHICTH COHAYHOTO BHIIPOMIHIOBAHHSA, MPH SIKOMY TECTYIOTHCS COHSUHI
naneni (ymoBu STC) 1000Bt/ M2, Kp — TemneparypHuil KoedilieHT MOTYKHOCTI COHSAYHOI MaHell,

Tc — Temneparypa (hOTOENEMEHTIB.

[IpoayKTUBHICT, COHSYHOI EJICKTPOCTAHIIT 3aJIGKUTh BiJ TemmnepaTypu (oToeneMeHTiB. Sk
MPaBWJIO, TPU MiABUINEHHI TemmepaTypu (OTOENEeMEHTIB, e(EeKTUBHICTh COHSYHOI €JIeKTPOCTAHIIIi
3HIKyeThes. Jlacape Ta Edr B 1990 pori otpumanu emmipudny Gopmyiry, sika Moxe OyTH BUKOpPHCTaHa
JUIL  PO3paxyHKy TemIlepaTypu (OTOETEeMEHTIB COHAYHOI €JEeKTPOCTaHLii, [0 CKIagaloThCs 3
HOJTIKpHCTaTiyHOTO KpeMHito [10]:

Tc =30+0-0175(Gt —300)+1.14(TA—25) (4.9)
ne Tp — TeMnepaTypa HaBKOJIHMIIHBOIO CEPEIOBHIIA.

MicsiuHa BUpoOKa COHAYHOI eneKTpocTanlii PyonTH -
M i
PvonTH = 2. Pbay (4.5)
i=1
Jie M — KiIbKICTh THIB y MiCSII, PEI)AY — BHPOOKA COHSIYHOI €IEKTPOCTAHIIT B i-Uil IEHb MICSIIS.

Cepeib0/1060Ba BUpOOKa consunoi enekTpocTanitii Ppay

Poay = Fuontht (4.6)
M
ne M — KiTbKICTh THIB y MiCSAII.
Piuna BupoOKa COHAYHOI enekTpocTaHiii RpaR :
12 .
REAR = 21 PVONTH (4.7)
i=

e PYioNTH — BUPOOKA COHSMHOT ENEKTPOCTAHILT B i-My MicSIIi.

5 Po3paxyHOK OKYNMHOCTI Mepe:KeBOi COHSIYHOI eJIEKTPOCTAHIILIT
CepenHsi pUHKOBa BapTICTh MepekeBoi COHAYHOI enekTpocTaHiii Cgo pgr cTaHOBHTH 1§ 3a 1BT
BCTaHOBJICHOT MOTY>KHOCTI.
PiuHi BUTpaTH CIIO’KMBaYa Ha OILIATY €JIEKTPOEHEPril C\r(]EAR PO3PaxoOBYIOThCS 3a (POPMYJIOHO:
Kin

-1 1
CYEAR = RUSER (C\?EAR +EC\?EARJ’ n=12,..,20 (5.1)

ne Rjser — 3aranpHMil 00CAT eleKTpoeHeprii, sSKuil croxuBaeThes 3a pik (kBr*rox.), C\(/)EAR -

noroyHa miHa 3a 1 kBr*ron. enextpoeneprii, C\PEAR — mina 3a 1 kBr*roa. enekrpoeneprii Ha N-My
poui, K,y — piuHe 3pocTaHHS LiiH Ha €JIEKTPOCHEPTII0 Y BIICOTKAX, N — HOMEP POKY.
Pignmii npubyrok no 3enenomy tapudy Cypr HOpIBHIOE!
Corn — (Riear —Ruser )Crr .+ axmo Rear > Riser 5.2
YET =94 (5.2)
0, inakmre
ne Cgr — craska no 3eneHoMy Tapudy 3a 1 kBr*roz.
OkynHicTh BHTpaT Ha N-My poui micins OyniBHHUITBA MEPEXKEBOI COHSIYHOI EJEeKTPOCTaHLI1

PB" cknanae:

n
—CsoLar +Cyear +Cyer, skuo n=1

PB" = n=1,2,..,20 (5.3)

PBn_l + CQEAR + CYFT , 1HAKIIIE
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Homep poky, Ha sIKOMy MepeKeBa COHSIYHA EJICKTPOCTAHIlSA ITOBHICTIO OKYIHUTH 1HBECTHIIIL
BUTpaueHi Ha i OyaiBHULTBO PY, po3paxoByeThCs 3a (OpMyIolo:

min{ne N |PB" >0}, smo 3PB" >0
PY =< n

0, 1Hakmme

, n=1,2,..,20 (5.4)
3aranpHAN JOXIA BiJ COHSYHOI €IeKTPOCTAHII] MPOTITOM IBAIMTH POKIB 3 YpaxyBaHHIM €KOHOMIT
Ha oruiaTi enextpoeHeprii PBrgray :

PBZ  sxmo 1< PY <20

0, iHakme

PBroTaL = (5.5)

6 Onmc cucreMn PpoO3pPaxyHKyY OKYINHOCTI BIPOBAKEHHSI MepeKeBHX COHSYHHUX
€JIEKTPOCTaHIiil B IPUMBATHUX JOMOBOJIOAiHHAX

6.1. ®ynkuioHaabHe NPU3HAYEHHS Ta AJITOPUTM POOOTH

CucremMa poO3paxyHKY OKYIIHOCTI BIPOBADKEHHS MEpPEKEBHX COHSYHHUX EJIEKTPOCTaHIIIH
NpU3HAYeHa IJIsl PO3PaxyHKy BUPOOKH COHSIYHOI €JIeKTPOCTAHIIil, sSIka BCTAHOBIIOETHCS B NMPUBATHUX
JTOMOBOJIO/IIHHSAX Ha TepuTOopii YKpaiHu, a TaKoXK TepMiHIB IOBEpHEHHS 1HBECTHIIiIl BUTpadYeHUX Ha Il
BIIPOBA/KCHHSL.

[Tpu po3paxyHKy BHUPOOKH COHSYHOI EJEKTPOCTaHIlii BPaxOBYIOThCS TaKi MapaMeTpu sK TpsMe,
po3cisiHe Ta BiOWTE COHSYHE BUIPOMIHIOBAHHS 3 ypaxyBaHHSAM aTMOc(epHOro ociiaOlieHHS, KyT
HAaXWIy Jaxy Ta HOro OpieHTamis, Temmeparypa (OTOEJIeMEHTIB, TeMIepaTypHuid KoedilieHT
MOTYXXHOCTI COHSIYHUX MaHeJNel, a TakoK KOeQillieHT, M0 BPaXxOBYE BTPATH COHSIYHOI MaHENi MpH
MEPETBOPEHHI Ta Mepeiayi eIeKTPOCHEePrii.

[Ipn po3paxyHKy €KOHOMIYHOi CKJIQJIOBOI, CHCTEMOIO BpPAaXOBYETbCS pIYHE CHOKHBAHHS
€JIeKTPOCHEPTii, TOTOYHA IliHA Ha EJEeKTPOSHEpriro, IfiHa Mo «3eleHOMY Tapudy», a TaKOX pidHe
3pOCTaHHS I[iH Ha eJIEKTPOCHEPTIIO.

Ha mincraBi oTpuMaHUX JaHUX CHUCTEMa OOYHCIIOE MICSYHY, CEPETHBOJOOOBY Ta PidHY BHPOOKH
MEpPEKEBOI COHSYHOI eNeKTPOCTaHIi, pO3paXxOByE BIiTHOCHY BapTICTh MEPEXKEBOi COHSIIHOL
eJIEKTPOCTaHIii, OyJy€e TNPOrHO3 BUTpPAT CIOKUBaya Ha EJIEKTPOSHEPTiI0 MPOTATOM HACTYITHUX
JBAJISATH POKIB, a TAKOX OOYHUCIIIOE piyHHMN IOXin 1o «3ejneHoMy Tapudy». 3aBepliaIbHUM €TaroM
poOOTH CHUCTEMH, € pO3pPAaXyHOK TIepioJy OKYITHOCTI BIPOBA/UKEHHS MEpeXeBOi COHSIYHOI
€JICKTPOCTAHIIIT 3 TOYHICTIO JIO POKY.

3arampHa OJIOK-CXEMa QITOPUTMY pPOOOTH CHUCTEMH PpO3PaxyHKY OKYITHOCTI BIPOBaKEHHSI
MEpEKEBHUX COHSIYHHX EJIEKTPOCTAHIIN IpecTaBieHa Ha puc. 1.

( [louaTok )

¥

Bubip micue3naxomreHHs

¥

BuGip nmapaMerpiB gaxy

¥

Bubip norys;kHocti
COHAYHOI €JICKTpOCTaHLii

Pozpaxynok
CHEProCroKHBaHHSA

¥

PospaxyHok BUpoOKH
COHAYHOI €JICKTPOCTaHLIT

Po3paxyHOK OKyMHOCTI
COHAYHOI €JICKTPOCTaHLIT

( Kineus )
Puc. 1 3acanvua 6aox-cxema aneopummy pobomu
cucmemu po3paxyHKy OKYNHOCHI 8NPOBAONCEHHS MEPENHCE8UX COHAUHUX eNeKMPOCMAHYill
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6.2. Onuc inTepdeiicy cucreMu

Y MOMEHT 3amlyCKy CHCTEMH pO3pPaxyHKY OKYITHOCTI BIPOBADKCHHS MEPEKEBUX COHSUHUX
EJICKTPOCTAaHIIIH, Mepe]] KOPUCTyBa4eM 3’ SBISIETHCSA CTapTOBa 3acTaBKa, 300pakeHa Ha pucC. 2, sKa
CBIJIYUTH TIPO 3aITyCK CUCTEMH.

Puc. 2 Cmapmosa 3acmasexa

Cucrema CKJIQJaeThCs 3 6 PI3HUX BKIIAJOK, PO3TAIIOBAHMUX MOCIiAOBHO. [lepexim Mixk BKIagkamu
3MIACHIOETHCS 32 JIOTIOMOTOI0 HAaTHCKaHHS KHOMOK «/lamee» i «Hazamy, po3ramoBaHuX B HWKHIH
YacTHHI po00Y0i 00IaCTi IpOrpamu.

Ha puc. 3 mnpexacraBieHo iHTepdeiic Brmaaku «BpiOop MectoHaxoxneHus». JlaHa BKiIagka
BiZmoBigae 3a BUOIp obmnacti, B sKiii Oyae po3millyBaTHCS COHSYHA eleKTpocTaHis. s oOpaHHS
obmacti Ha Marti YKpaiHd, cIif] MIBECTH Kypcop MUI Ha OakaHy 00JacTh i HATHCHYTH JIiBY KHOIIKY
MMIII1.

4 K P TV i 37EKTPOCTaHUMA =1 ﬁ

BbiGop MecTOHaXOK ACHUA

06nacTb: XapbKoBCKas

Puc. 3 Bxaaoxka «Bvibop mecmonaxooicoenusiy

[Micns HartuckaHHs KHONKM «Jlanee» mepen KopucTyBaueM 3 ’sBUThcs Bkianka «[lapamerpbl
KPOBJIN», sIKa MPU3HAYCHA Il OOpaHHSA PO3MIpIB JlaXy, HOro Haxuiay Ta opieHTamii (puc. 4). Po6oua
o0nacTh aHOi BKJIAJKKW YMOBHO IOJiJIEHA HA JBI YacTWHHU. Y JiBid 4YacTuHi poOovoi oOiacti
pO3TalIOBaHi eEMEHTH YIPaBJIiHHS, [0 BiJIOBIAal0Th 32 BHOIp MapaMeTpiB J1axy, a B paBiii yacTUHI
3HAXOAMUThCH TpadiuHa oONacTh, sKa BiJOOpakac KOPUCTyBady IMOTOYHHMHA KyT Haxuiy aaxy. [lpu
MIEPEeMIIIEHH] TMOB3YHKa «YKJIOH KpOBIW», BiIOYBAa€ThCs aBTOMATH4YHA 3MiHA KyTa HaXWIy Jaxy
OyauHKy B rpadiuniii ob6macTi mporpamu.
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T Kanamyrrop oRypaemoee EOANEmOR SR (E=REST ™)
MapameTpbl KPOBNK
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I |
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Al |

0 10 20 30 40 50 60 70 80

VKIIOH KNOBNH 10 maa.

[ 1|
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Al | 1|

Puc. 4 Bxnaoka «Ilapamempul kpoenu»

Bxmanka «ConHeyHas SJeKTPOCTaHIWS» TMpH3HaueHa 1 BHOOpY HEoOXimHOT HOMiIHAIBHOL
MOTY>KHOCT1 COHSYHOI eJeKTpocTaHiii (puc. 5). Y BepxHii yacTHHI poOodoi 00xacTi 1aHOi BKIAIKH,
pO3TaIllOBY€EThCS 1H(GOpPMAIlT TPO MOTOYHY KIIBKICTh COHSYHHMX IIaHENIeH, a TaKOX BHUBOJUTHCS
iH(popMallisi PO 3arajbHy HOMIHAJIBHY MOTYKHICTh COHSYHOT €JIeKTPOCTaHIii. MakCMMaIbHO MOXKIIHBA
KUTBKICTh COHAYHUX TIaHETIeH pO3paxoBYEThCS BUXOISMIN 3 TapaMEeTPiB axy.

'IV — - = ﬁ‘

ConHeyHan aNeKTPOCTaHLUMA
HonuuecTeo naxenel: 71uT. 0611aA HOMHHANbHAA MOLIHOCTD: 2.1 KBT.

Hasap

Puc. 5 Bxnaoka « Conneunas snekmpocmanyusiy

OcHOBHY 4YacTUHY poOodoi obsacti BKiajku «CoJIHEYHas DIIEKTPOCTAHIMS» 3aiiMae TpadiuHa
oOmacth, B sIKid BigoOpaxkaroTbcs coHsuHI manenmi. [Ipu HaBemeHHI Kypcopy Ha COHSYHY MaHelNb i
MOIaJIBIIOT0 HATUCKAHHS JIIBOT KHOTIKM MHUIII, BiI0OYBa€ThCs J€aKTHBALlisS COHAYHOT naHesi. HeakTuBHi
COHSIYHI TaHEeJi aBTOMATHYHO BUIYYAarOThCS 13 3arajbHOi KIJIbKOCTI MaHeNIeH, 10 CKIAIal0Th COHIUHY
€JIEKTPOCTAHILI0, Ta HE BPaxOBYIOTbCA MpPHU MiAPaxyHKY 3arajJibHOi HOMIHAJIBHOI IOTY>KHOCTI
€JIeKTPOCTaHII1.
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Bknanka «9HepronorpebiieHne» NMpHU3HAUCHA U 3aBAAHHSA PIYHOTO CIIOKHMBAHHSA KOPHUCTYyBAadeM
€JIEKTPOCHEPrii, MOTOYHOI LiHM Ha EJEKTPOCHEPrilo, PIYHOTO 3pOCTaHHS I[iH Ha EJIEKTPOCHEPrilo, a
TakoX WLiHM 3a «3eneHuM Tapudom» (puc. 6). Y mpapiii yacTuHi pobodoi 0ONACTi 3HAXOAUTHCS
rpadigHa obmacTh, fAKa BimoOpaskae MPOTHO3 PIYHMX BUTpPAT HA OIUIATY E€JEKTPOCHEPTIii Ta 3arajibHi
BUTPATH Ha OILIATY €JIEKTPOCHEPTii0 MPOTATrOM HACTYITHHUX JBA/IISTH POKIB.

= KanbkyATOp OKyNaeMocTy ConHeuHoli 21exTpocTarL = e
JHepronoTpebnexHue

fonogoe notpeGnenve .- . Mporxo3 3aTpar Ha ANBKTNOIHEDINI
3NEKTNO3HEeNIHH 200000

ToA0BbI IThi Ha ane o
RN o i
0 10 20 30 40 50 60 70 80 ®
TeKyIad LeHa Ha _ 150000
aneKTno3Heprio, 1kBTy 100 KON g
‘I J LI £ Fon: 15
012345617 889T10 £ 100000 CromvocT: 90693.32 rpH 'ﬁ
ToZ10BO NOCT LEH Ha g o
3MNEKTNOIHENTHIO 10 % g ﬁﬁ/@
I | 50000 ¥
0123456178910 “
Liena no 3enéxomy 550 Kon
Taputhy, 1KBTY = 0
o | v 0 5 1 15 20
0123456188910 fon

Puc. 6 Bxnaoka «duepeonompebneruey

[lpu HaBemeHHI Kypcopy Ha Mapkep rpadika Ta MOAAIBIIOrO HATHCKAHHS JIIBOI KHONKH MHIII,
3’SBJISIETHCS CIUIMBAIOYE BIKHO, sIKE BioOpakae iH(pOpMaIliio PO BapTICTh SIEKTPOSHEPrii B 00paHOMYy
pori. [Ipu o1HOYACHOMY HATHCKaHHI JIiBOI KHOMKKA MUII Ta kiasimi «Shifty BinOyBaeTbes momaBaHHs
HOBOT'O CIUTHBal04oro BikHa. [Ipu HaTuckanHi Kiasimi «Delete» BinOyBaeThcs BHIAICHHS MOTOYHOTO
CIUTMBAIOYOTO BiKHA.

Bxknanka «BplpaOoTka 3J1€KTpPOCTAaHIMM» NpPU3HAYCHA JUIS BiOOpakKeHHS CepeaHBOI000BOI,
MICSTYHOI Ta PIYHOT BUPOOKH COHSIYHOI €JIeKTPOCTaHIIii (puc. 7).

4 K « colele [
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400 T -
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= = =10
5 s
= 300 = s
& [l &
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= 200 =
g i
(=] S
= =y
100
H ] :
‘Sisiiitiddd; I I
EESE=gsE885¢ SESE=g3ESE5S
a3 S =sESE a8 2 2cEDE
e S = 8 88T g
Mecau Mecau
Hasap TopoBad Bbina6oTKa: 2635.64 KBT'Y Janee

Puc. 7 Bxnaoka «Beipabomka snexmpocmanyuuy
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Bxnagka «OKyImmaeMOCTh DJEKTPOCTAHIMKY € OCTAaHHBOIO 3 6 BKIQJAOK 1 TpH3HAYCHA I
BifoOpakeHHs iHQoOpMaIii Mpo OKYMHICTh COHSYHOI enekTpoctaHmii (puc. 8). Ha maniii Brmamui
BiJOOpaKa€TbCsl BapTICTh COHSYHOI ENEKTPOCTaHLii, pPIYHMKA JOXil 1Mo «3eJIeHOMY Tapudy»,
BHUBOJAWTHCS 1H(OpPMAIIS PO CyMapHHUH JOXiA 3a ABAALATH POKIB 3 ypaXyBaHHIM €KOHOMII Ha OIIaTi
eJIeKTPOCHEPTii, a TAaKOXK MepioJ OKYITHOCTI COHAYHOI E€NEeKTPOCTaHIll. Y mpaBiii dacTwHI poOOUOi
obnacti mporpaMu po3TalloBaHa JiarpaMa OKYIHOCTI COHSYHOI eJNEeKTPOCTaHIli, Ha SKii
BiTOOpaXkaeThcs 3MiHA OIOKETy KOPHUCTyBada 3 MOMEHTY YCTAaHOBKH COHSYHOI €JeKTPOCTaHIIi Ha
MPOTS31 HACTYITHUX JABAILSATH POKIiB.

4 K =) e
OKynaemocTh INeKTROCTaHUUN
CTOMMOCTD 3NEKTHOCTAHLWK: 250005[!8![1““ OKYNaeMoCTH MEKTNOCTAHUUN
53571 K. -
200000 ."
ToA0Boit A0K0A N0 3eNEHOMY TapHhy: 150000
6246.03 K. g
" 100000
s
[loxoA 3a 20 neT ¢ YU&TOM IKOHOMHH E 50000
Ha onnare INeKTNOIHEePIUM: g ,T T T
0 *®
230115.87 rH. ulgb
-50000
OKYNaeMocTb 3NEKTPOCTaHLUM:
-100000
6 ner 0 5 10 15 20
fon

Puc. 8 Bxnaoka « Oxynaemocmuv 91eKmMpoCmaHyuu»

Slkio iHBecTHIIl, HEOOXIAHI HAa OYIBHHUIITBO COHSYHOI €JICKTPOCTAHIIIi, HE OKYIUIATHCS MPOTATOM
JBAJIIISITH POKiB, JaHa iH(opMallis BioOpa3uThCs y BiJIMOBITHOMY TIOJIi cucTeMu (puc. 9).

7K , s ereE (E=SEE
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Puc. 9 Ingpopmayis wo0o oxynnocmi 6npo8aoddceHHsi COHAUHOL eleKmpoOCmanyii
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Ilpu HaBeneHHI Kypcopy Ha MapKep miarpamMH i IMOJAJBIIIOr0 HATHCKAHHS JIiBOI KHOIKHA MUIII,
3’SIBIAETbCA CIUIMBAalOYe BiKHO, siKe BimoOpaxae iHdopmaliro mpo OMKET KOpUCTyBauya IIicis
YCTaHOBKH COHSIYHOI €JIeKTPOCTaHILil Ha oOpaHoMy poui. [Ipu ogHOUYaCHOMY HATHCKaHHI JiBOi KHOTIKH
mumn Ta kiasimi «Shifty BinOyBaeThCsi m0maBaHHS HOBOTO CIUIMBAKOYOrO BikHA. IIpM HAaTHCKaHHI
kiasimr «Delete» BinOyBaeTbcst BUAAICHHS MOTOYHOTO CIUTMBAIOYOr0 BiKHA.

7 BUCHOBKH

Po3pobneno  cucteMy  po3paxyHKy — OKYIIHOCTI  BIPOBaIPKEHHS  MEPEXKEBHUX  COHAYHHX
CNIEKTPOCTAHI, fKa TpU3HAUCHAa Uil PO3PaXyHKYy BHPOOKH COHAYHOI €JEeKTPOCTaHMii, IIo
BCTaHOBIIIOETHCS B MPUBATHUX JOMOBOJIONIHHIX Ha TePUTOPil YKpaiHU, a TAKOK TEPMiHIB TOBEPHEHHS
IHBECTHIIIM BUTpaueHUX Ha ii BIPOBaHKCHHS.

CuctemMa poO3paxyHKY OKYIIHOCTI BIPOBADKCHHS MEpPEKEBHX COHSYHHUX EJNEKTPOCTAaHIIH Mae
HIUPOKUM CIIEKTP MOXJIMBOCTEH, IKUH JO3BOJISIE:

» oOpatu obnacte Ha Mami YKpaiHH, B Mekax sKoi Oyle pO3MIlllyBaTHCS MepeKeBa COHSIHA
€JICKTPOCTAHIIIS;

» 3aJaTy napaMeTpy Jaxy, Ha SKOMY IJIaHYEThCS PO3MIIEHHS (POTOCIIEMEHTIB;
» 3aJlaTH HOMIHAJBHY MOTY)KHICTh MEPEKEBOT COHSYHOT SIICKTPOCTAHIIIT;
» 3aJlaTH napaMeTpH SHEProCIOKUBAHHS JKUTIOBOTO OYIMHKY 32 JIUHITEHUKOM.

[Tpu po3paxyHKy BHUPOOKH COHSYHOI EJEKTPOCTaHIli BPaxOBYIOThCS TaKi MapaMeTpu K TpsMe,
po3cisiHE Ta BIIOMTE COHSIYHE BHUIPOMIHIOBAaHHS 3 YpaxyBaHHSM aTMOC(EPHOTO OCIaOJICHHS, KYyT
HAaXWIy Jaxy Ta HOro OpieHTamis, TemmepaTypa (OTOEJIeMEHTIB, TeMIepaTypHuidi KoedilieHT
MOTYXHOCTI COHSYHUX MaHeJNel, a TakoK KOoeQillieHT, M0 BPaxOBYe BTPAaTH COHSYHOI MaHENi NpH
MEPETBOPEHHI Ta Mepeiayi eIeKTPOCHEePrii.

IloTiKk COHSYHOTO BUIIPOMIHIOBAaHHS, KU Tana€ Ha MOBEPXHIO (DOTOEIEMEHTIB, BU3HAYAETHCS B
pamkax mMoneni Xes-Jlesica.

[lpy po3paxyHKy €KOHOMIUHOi CKJIaJOBOi, CHCTEMOIO BPaxOBYEThCS piuHE CIIOKUBaHHS
eJIEKTPOCHEPrii, MOTOYHA I[iHA Ha EeNEeKTPOCHEPrilo, LiHa Mo «3eleHoMYy Tapudy», a TaKoX piuHe
3pOCTaHHS I[iH Ha eJIEKTPOCHEPTII0.

Ha miacraBi oTpuMaHNX JaHUX CHCTEMa OOYHMCIIIOE MICSYHY, CEpEeAHBbONO000BY Ta PiuHY BHPOOKHU
MEpeKeBOI COHAYHOI eJEKTPOCTaHIlil, PO3paxOBYyE BIJHOCHY BAapTICTh MEPEKEBOi COHSYHOL
eJIEKTPOCTaHIIii, Oyay€e IpPOTHO3 BUTPAT CIIOKMBaya Ha EJIEKTPOSHEPTiI0 IMPOTATOM HACTYITHHX
JBAJLSTH POKIB, a TAKOX OOUYMCIIOE PIYHUN 10XiA 10 «3eIeHOMY Tapudy».

3aBeplIaIbHUM €TaroM pPOOOTH CHCTEMH, € PO3PaXyHOK Iepiogy OKYIMHOCTI BIPOBAKEHHS
MEpEKEeBOT COHSYHOI €JIEKTPOCTAHIIIT 3 TOYHICTIO J0 POKY.

MicsyHa Ta cepeqHbO000Ba BUPOOKH MEpeXeBOi COHSYHOI ENIeKTPOCTaHIlii, MPOTHO3 BHUTpAT
CIOKHMBaya Ha EIEKTPOSHEPTII0 MPOTITroM JIBAISTH POKIB, a TAKOXK OKYIHICTH MEpPEXKEBOI COHSIHOL
€JIEKTPOCTAHII1 BiJ0OPaXKaIOTHCS B CUCTEMI Y BUIIIS BiIMOBITHUX IpadikiB i Tiarpam.

Pesynpratn oOumcieHp BUPOOKM Ta NEpPiogy OKYNHOCTI MEPEKEBHX COHSYHUX EJIEKTPOCTaHLIH,
OTpHMaHi 3a JOMOMOTOI0 PO3POOJIEHOI CHUCTEMH, Y3TO/DKYIOTBCS 3 PO3PAaXyHKOBUMH JaHUMH, SIKi
HA/IAIOThCS. MPOBIIHUMH KOMIIAHISIMUA TI0 BIIPOBA/KEHHIO MEPEKEBUX COHSIYHHMX EJIEKTPOCTAHIIH B
NPUBAaTHUX JJOMOBOJIOJIIHHSIX.

Bapro Bifm3HaUNTH, M0 MEPEKEBI COHSIUHI €IEKTPOCTAHIIil TPUHOCATH MPUOYTOK TIIBKH MPU JTOCUTH
BEJMKIA HOMIHAJIBHIA TMOTY)KHOCTI Ta 3a YyMOBH MIJIKIIOYCHHS I1X J0 «3€JICHOr0 Tapudy».
MaxkcumanbHuii TpUOYTOK TNPH  MiHIMAJIBHOMY TEpMiHI OKYNHOCTI HaJalOTh EJIEKTPOCTAaHLIl,
MOTYXHICTB SIKUX OJIM3bKa O MAaKCUMAJIBHO JOMYCTHMO] I MEPEKEBUX €JIEKTPOCTAHIIIH B IPUBATHUX
JIOMOBOJIO/IIHHSX.
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CpaBHCHHe MCTOOOB KOHCYHBIX U I'PAaHUYHBIX 3JICMCHTOB B 3a/1la4aX O
KOJICOAHMSAX COCTAaBHOM 000J0YKH BpalllCHUA C JKUAKOCTBIO

B.U. 'nutbko 1, K.I'. Hertsipen 1, E.C. Kononenko 1, A .M. TOHKOHOKEHKO >
1PI}Ltcmumym npobaem mawunocmpoenus um. A. H. Iloocopnoeo HAH Ykpaunuwl,
ya. Ioowcapcroeo, 2/10, 2. Xapvkos, 61046, Yrpaina
Koucmpykmopckoe 6ropo «FOoxcnoey» um. M K. Huneens
yehorkononenko@gmail.com

[Tneckanust — 3T0 (eHOMEH, KOTOPBIH MpeacTaBiIseT cO00H MHTEHCHBHOE JBIDKCHHE CBOOOIHOW MOBEPXHOCTH XKHIKOCTH,
cozepxaleiicss B pesepByape, IoJ| JeHCTBHEM BHE3aITHO IPHIOKCHHBIX BHEIIHUX Bo3/eicTBHil. OOImenpuHsTa ciemyomas
KIaccuukanms KoieOaHnii CBOOOMHOI MOBEpXHOCTH: a) TOPH3OHTAJBHBIC IUICCKAaHWS, 0) BEpPTUKAJIbHBIC IUIECKAHUS, B)
IUIECKaHMs BpalleHns. Bubpamun B peanbHBIX pe3epByapax OOBIYHO BBI3BIBAIOTCS OJHOBPEMEHHBIM JIEHCTBHEM IIECKaHUH
JKHUAKOCTH M OCLJUTALMAMHU YIPYIHX CTCHOK. B IOJHOCTBIO MIIM MOYTH NOJHOCTBIO 3alOJHEHHBIX pe3epByapax cBOOOAHAs
HOBEPXHOCTh HE UMEET AOCTATOYHOTrO 00beMa Ul IUIeCKaHUH. Takoe cOCTOsIHME OOBIYHO OTBEYACT CTAPTY PAaKETOHOCHTEIS.
OpnHaxo, Ha JaJbHENIIMX 3Talax MoJieTa, KOrAa ypPOBeHb TOIUINBA CYIIECTBEHHO CHIDKACTCS, 3G (EKTHI IIeCKaHNH CTaHOBSTCS
JOMUHUpYIOIMMHU. HeoaHOKpaTHO 3aMedanock, YTO MHTCHCHBHbIC IUICCKAHUs ObUIM NMPUYHHOI NOTEpH YCTOHYMBOCTHU psija
pakeToHOCHTeNel, Hampumep, npu 3amyckax @amskon 1 B 2006, 2007 u 2008 ronmax. Eme omHON BakHOH mpoOiemoii
SIBJIICTCSl y4eT BIMSHMS YINPYTOCTH CTEHOK pe3epByapa Ha 4acTOTHI CBOOOAHBIX KoyieGaHWi. B nmaHHO# pabore Ha OCHOBe
3¢ (QEKTHUBHBIX BBIYUCIHTEIBHBIX CXEM METOJOB KOHEYHBIX W TPAaHMYHBIX JJIEMEHTOB U HX TEOPETHYECKOr0 OOOCHOBAHUS
pa3paboTaHBl HOBBIA aHAJUTHYCCKHH METOJ M KOMIIBIOTEpHAas TEXHOJIOTHsS ISl aHalu3a CBOOOMHBIX M BBIHYXKICHHBIX
KOJIeOaHUH COCTaBHBIX TOIIMBHBIX 0AKOB PAaKET HOCHUTENEH Ha PasiMYHBIX CTaJHsAX IOJIETa: TIPU MEePerpy3kax U B YCIOBHAX
MHKpPOTpAaBUTALlMM, B TOM YHCIIE, C Y4ETOM IUIeCKaHMil TorumBa. IIpeanaraeMslii METOJ MO3BOJISIET OCYIIECTBIATH Ooiee
TOYHBII aHaNMM3 KoJeOaHWH TOIUIMBHBIX OakoB, y4YecTh B3aMMHOE BIHMSHHE YNPYTUX AedopManuii CTeHOK OakoB U
U3MCHSIOIINXCS BO BpeMs II0JI€Ta YPOBHS 3allOJIHEHHS 0akoB M (OPMBI CBOOOTHOW NOBEPXHOCTH KHIKOCTH, HaJIUYHE
YIOPYTUX W JKECTKUX JeMI(UPYIOMNX BHYTPEHHUX HEPEropojoK, M3MEHEHHE YCKOPEHHs CHIIBI TsDkecTH. PaszpaboranHa
MaTeMaTH4ecKasi MOJeNb JUIsl aHaJIM3a IUIECKaHUH TOIUTMBA NP OOJBIIMX aMIUIMTYAaX. PaccMOTpeHsl cBOOOHEIE KOJIEOaHHs
0aKoB pakeT-HOCUTeNeH

Knioueevle cnosa: monnuenvie 6aKu, 6u6pauuu, MemoObl KOHEUHbIX U CPAHUYHBIX D1€MEHM OB, NJIECKAHUAL, uoeanvbHast
HecoHcuMaemas HeuoKoCma.

The phenomenon of sloshing can be described as the movement of the free surface of a liquid contained in a reservoir under
the action of a suddenly applied load. Some classifications of free-surface fluctuations in liquids identify three main forms of
sloshing: a) longitudinal sloshing, b) vertical sloshing c) rotating sloshing. Sloshing is a phenomenon that is found in a wide
range of industrial applications: in containers for storing liquefied gas, fuel tanks of missiles and airplanes, in tanks of cargo
tankers. The vibrations of the real tanks are caused by sloshing of the fluid and vibration of the elastic walls. In completely (or
almost completely) filled tanks, the free surface cannot experience strong oscillations. This corresponds to launching the
launch vehicle. However, in further stages of flight, when the level of liquid aggregate falls, the sloshing effect becomes
dominant. It was repeatedly noted that powerful sloshing can lead to a violation of the flight trajectory, as happened, for
example, during the launch of the Falcon 1 launch vehicle in 2006, 2007 and 2008. The next important problem in the study of
the oscillations of the fuel tanks is the study of the associated hydro-elastic oscillations of the fluid interacting with the elastic
walls of the tank. New analytical method and computer technology have been developed for analyzing free and forced
vibrations of composite fuel tanks of missiles at different stages of flight: during overloads and in microgravity conditions,
including sloshing fuel. The proposed method allows for more accurate analysis of fuel tank oscillations; takes into account the
mutual influence of elastic deformations of tank walls and changes in the tank filling levels during missions as well as the
shape of the free surface of the liquid, the presence of elastic and rigid damping internal partitions, and the gravity acceleration
changes. A mathematical model has been developed for the analysis of fuel sloshing at large amplitudes. The free oscillations
of the launch vehicle tanks have been considered.

Keywords: fuel tanks, vibrations, finite and boundary element methods, sloshing, ideal incompressible fluid.

ITneckaHHs - 116 ()EHOMEH, IO € HACTIJKOM IHTEHCHBHOTO PyXy BIJIBHOI TIOBEPXHI PIAMHM, L0 MICTUTHCS B pe3epByapi, mix
J€I0 PanTOBO NPHKJIAJCHNX 30BHIIIHIX BIUIMBIB. 3araJbHONPUITHATA HACTYIHA Kiacu(ikallis KOJHBaHb BIJIBHOI MMOBEPXHI: a)
rOPH30HTAJIbHI TIJIECKaHHsI, 0) BEPTUKAJIbHI MJIECKaHHs, B) IUIeCKaHHs oOepTaHHs. Bibparii B peanbHUX pe3epByapax 3a3BUuaii
BUKJIMKAIOTHCS OJHOYACHOIO JI€I0 IUIECKaHb PIIMHU 1 OCHWIALISMH MPYKHUX CTIHOK. Y IOBHICTIO a00 Maiike MOBHICTIO
3allOBHEHHX pe3epByapax BiJbHA MMOBEPXHs HE MAae JOCTATHHOrO 00’eMy IJIs IuleckaHb. Takuil cTaH 3a3BHYail Bigmosinae
CTapTy pakeTH-Hocis. OIHaK, Ha MOJANBIINX CTaIisAX MicCil, KOJM PiB€Hb MaJHMBa ICTOTHO 3HIDKYEThCS, e(EKTH IUIECKaHb
CTalOTh ToMiHytoUHMHU. He pa3 3a3Havanocs, o iHTeHCUBHI TUIECKAaHHS OYIIN MPHYMHOIO BTPATH CTIHKOCTI psAy PaKeTOHOCIIB,
Hanpuknazn, npu 3amyckax @amskon 1 B 2006, 2007 i 2008 pokax. Il{e onHOIO BasKJIMBOIO MPOOJIEMOIO € BIUIMB BpaxyBaHHS
IPY)KHOCTI CTiHOK MAaJMBHOrO 0aKy Ha 4acTOTH Ta (opMM BIacHMX KOJIHMBaHb. B naHiii poOOTI Ha OCHOBI e(pEeKTUBHHX
O0YHUCITIOBAIHAX CXEM METOIB CKiHYEHHX 1 TPaHMYHUX EJIEMEHTIB i 1X TEOPETUYHOTo OOIPYHTYBaHHS PO3pOOJIeHI HOBHI
QHAIITUYHUHA METOZ i KOMIT'IOTEpHA TEXHOJIOTis JJI aHalli3y BUIBHMX 1 BUMYLICHMX KOJMBAHb CKJIAJCHUX NMaJMBHUX OakiB
pakeT HOCI{B Ha PI3HHUX CTAJisIX MOJBOTY: IPH IMEPEBAaHTAKCHHAX 1 B YMOBaX MIKpOTpaBiTallii, B TOMY YHCII, 3 YpaXyBaHHSIM
IUIECKaHb 3allOBHIOBAYA. 3aMpOIIOHOBAHMI METO]| O3BOJISIE€ 3IMCHIOBATH OLTBII TOYHMI aHali3 KOJIMBaHb IMATHBHHUX OaKiB,
BpaxyBaTH B3a€MHHI BIUIUB NPY>KHHX JedopMariii CTiHOK 0akiB, 3MIHHHX ITiJ] 9ac TOJILOTY PiBHS 3alIOBHEHHS 0akiB i popMu

© lMuutbko B.W., Oertsapes K.I'., KononeHko E.C., ToHkoHoxeHko A.M., 2019
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BUIBHOT ITOBEPXHI PiIMHY, HASIBHICT NPYXKHUX 1 )KOPCTKUX JIEMI(YIOUNX BHYTPIIIHIX HEPErOopOI0K, 3MIHI MPUCKOPEHHSI CHIIH
TSDKIHHA. P03po0iieHO MaTeMaTH4Hy MOJIeNb IS aHali3y IJIeCKaHb IaMBa IPU BENMKHX aMILTTYAaX. Po3risHyTo BimbHI
KOJIMBaHHS 0aKiB pakeT-HOCIIB.

Knrwwuosi cnosa: nanueni baku, gibpayii, memoou CKIHUeHUX | 2DAHUYHUX eleMeHmi6, NIeCKAHHS, 0edabHa HeCIMUCIUBA PIOUHA

1 Beenenue

[IpoGiieMa koneOaHUi KOHCTPYKIMI ¢ OTCEKaMH, COIEPIKAIIMMU JKUAKOCTh, HAXOAUTCS B IIEHTPE
BHUMAaHUS HCCIICJOBATENCH B TEUCHUE HECKOIBKUX TIOCICAHUX AecaTrieTHd. [lepBbie paboThl B 3TOM
HaIpaBJIEHUH MOSBIINCH B Hadaie 60-x TofoB mponutoro Beka. OmHa U3 HUX ObLIa OIMyOJIMKOBaHA B
1963 romy [1]. B Heli mpoBeicH aHaNM3 IUIECKAHWW JKUAKOCTH B HWIMHAPHYECKUX Oakax MpU
Pa3INYHBIX YPOBHSX IPAaBUTAIUM HA OCHOBE aHATUTHYCCKHX METOJI0B. YacTOTHI KojeOaHHH N3ydaliuch
B 3aBUCUMOCTH OT uucyia boHma. OOCTOSATENBbHBIN aHAU3 MCCICAOBAHUIN MO JUHAMUKE XHIKOCTH B
cocynax u pesepByapax Owbut gaH P. UOparumom B monorpaduu [2]. B [3] s BeIYHCIEHUS CHI
JIABJICHUS JKUJKOCTH B NMPU3MATHUYSCKUX U LWIMHIPUYCCKUX pe3epByapax NPUMEHEHA HEIMHEHHAs
Teopus. 3/1eCh M3ydarioch W3MeHeHHe (OpMBI CBOOOIHON MOBEpXHOCTH. OTMETHM, YTO UYWCICHHBIC
METOJIbI M3YUCHHUS IBUKCHHS JKUJKOCTUA CO CBOOOTHOM MOBEPXHOCTHIO HAXOAT IIMPOKOE IPUMEHEHHUE
BO MHOTHX WHXEHEPHBIX MpHIOKeHUsIX [4-6]. B momHOCTRIO (MM TPaKTUYECKH TIOJTHOCTHIO)
3aIIOJIHECHHBIX 63K3X CBOGOI[HaSI MMOBCPXHOCThL HC MOXCET HCIBITHIBATH CHJIBHBIX OCHHHJ’IHL[Hﬁ. 9t0
COOTBETCTBYET Haually mojera pakeToHocutens. OQHAaKo, HA JATBHEWINMX CTaausX TojeTra, Koraa
YPOBEHb KHUJKOTO 3alOJHUTENs majaeT, dS(PQGeKT IUIeCKaHUS CTAHOBUTCSA JOMHHHUPYIOIIUM.
HCOZ[HOKpaTHO OTME€YAJIOCh, YTO MOLIHBIC IIJICCKAaHUA MOIYT IPUBECTU K HAPYUICHHUIO MOJETHOM
TPACKTOPHH, KaK 3TO MPOU30IILI0, HAIPUMEP, MPH 3ammyckax pakeTsl-HocuTens Danpkon 1 (Falcon 1) B
2006, 2007 u 2008 roxax [7]. Cienyroiei BayKHOW MPOOJIEMO NPU U3YYSHUH KOJIeOaHUM TOTUIMBHBIX
0aKoB SIBIISICTCS M3YYEHHE CBSI3aHHBIX T'HIIPOYNPYTUX KOJeOaHHWH JKUIKOCTH, B3aUMOJICHCTBYIOUICH C
YIOPYTUMHU CTEHKaMHu Oakxa.

HecmoTpss Ha WuMEIOIIMECS TEOPETUYECKHE JOCTIDKCHUS, Ipo0yieMa KoJeOaHul YIpyrux
KOHTCﬁHCpOB u 6aKOB C JXUAKOCTBIO OCTACTCA B HCHTPEC BHUMAHUA MHOT'MX HAYYHBIX IIKOJI. denomen
TUTECKAHUH MOXET OBITh OMHCAH KaK JIBH)KECHHE CBOOOIHOW MOBEPXHOCTH JKUIAKOCTH, COJEpKAIICHCS B
pesepByape, TOJA JeHCTBMEM BHE3alHO mpWiIokeHHOH Harpy3ku. H. Olsen mpusen B [8]
knaccupukalmo KoineOaHUN CBOOOMHOW TMOBEPXHOCTH KHIKOCTH B pe3epByapax, BBIICIUB TPU
OCHOBHBIC (DOpMBI TUIECKaHHMW: a) MPOAOJIbHBIE TIUIECKaHus, O0) BEpPTHKAJbHBIC IUJIGCKAHUS B)
BpallaTeNbHble Iieckanus. [lieckanue — 3TO ()EHOMEH, KOTOPBI OOHApPYKHBACTCS B ILIHPOKOM
JMana3oHe MPOMBINUICHHBIX MPUIOKEHHI: B KOHTEHHepax JuUis XpaHEHHS CKWKECHHOTO rasa,
TOIJIMBHBIX 0akax pakeT W CaMOJIETOB, B pe3epByapax rpy3oBbIX TaHKepoB. KosebaHus peanbHBIX
0aKOB BBI3BIBAIOTCS OJJHOBPEMEHHBIMH IIECKAHUSAMH JKUIKOCTH U BUOPAIUSAMH YIPYTHX CTEHOK [9].

2 IocTanoBKa 3a1a4u ONTHMHU3ANUH
Paccmotpum 3amauy o KoneOaHMSIX OOOJOYEYHOH KOHCTPYKLIMH C OTCEKaMH, YacTUYHO
3aIl0JIHEHHBIMH JKUIKOCTHIO (pHc.1).

P

R,

Puc.1.1 Cxema 06010ueunoll KOHCMPYKYUSL C OMCEKAMU, YACTNIUYHO 3ANOJTHEHHIMU HCUOKOCIBIO
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[Ipennonaraercs, 4ro CBOMCTBA JKUAKOCTH (IUIOTHOCTh, YIOJI CMauUBaHUS, IIOBEPXHOCTHOE
HATSHKEHHE) MOTYT OBITh PAa3HBIMHU B K&XKJIOM U3 OTCEKOB. Y POBEHb 3alOIHEHHUS KHUIKOCTHIO B KaXKIOM
OTCeKe MeHsieTCsl BO BpeMs moiera. TpelyeTca ONpeAenuTh YacToThl ¥ (OpPMBI CBOOOJHBIX
THAPOYNPYTUX KoJeOaHWH 000J0YedHOW KOHCTPYKIMH, C YYETOM IUIECKaHW, pPa3HOTO YPOBHA
3ar0JHEeHNs1 0aKOB, PA3JIMYHOIO YPOBHS IPABUTALINH, HAINYKS BHYTPEHHUX [IEPErOPOIOK.

B o0mmem cnyyae ypaBHeHUE JBIKEHHS 3TOH KOHCTPYKIMH B ONIEPAaTOPHON (hopMe UMeET B

L(U)+M(U)=P, (1.1)
rae L, M — omepaTopbl ympyrux M MacCOBBIX cui; P — naBneHue XHMIKOCTH Ha CMOYEHHBIE
HOBEPXHOCTH KOHCTPYKIHHU; U=(Uy, Uy, U3) — BEKTOP - QDYHKIHS TIEPEMEILICHUI.

[pencrasum Bektop U B dopme U=ue'™ rme Q — wacrora, a U — coGcreennas dopma
THIPOYNpYyrux Kosiebanuil. Bynmem wnckath coOcTBeHHBIE (GOPMBI 000JIOUEHYHONW KOHCTPYKIHMU C
OTCEKaMH, YaCTHYHO 3aIIOJIHEHHBIMHU JKUAKOCTBIO, B BHJIE

N
u=>cu,
k=1

rae Uy — coocTBeHHBIC (hOPMBI KOJIeOaHUI 000I04eYHON KOHCTPYKIIMH, HE3aTIOJHEHHOM KUIAKOCTHIO;
Cx — HEeM3BeCTHBIE KO3()PHUIMEHTHI,

2
L(u)=M(uy),  (M(u),uj) =3, .
Takum 06pazom,
2
(L(u),uj) =5
rae Q, — k-as gactora cOOCTBEHHBIX KOJIeOaHHIl HE3AMONHEHHONW KOHCTPYKIMH. JTH COOTHOIICHHUS

MOKAa3bIBAIOT, YTO COOCTBEHHBIE (POPMBI KOJIeOaHUH HE3aIOJHEHHOW KOHCTPYKIIMH OPTOHOPMHUPOBAHBI
10 MaTpHIIe Macc.

PaccmoTpum mpaByto yacte ypaBHeHus (1.1). Otmerum, uTo BekTop P HampaBieH 10 HOpMalH K
CMOYCHHBIM IOBEPXHOCTSIM paccMaTpUBacMOi 0000YeYHOH KOHCTPYKLHHM, BCIEIACTBHUE TOrO, YTO
ujeanbHasl SKUJIKOCTh CO3Ja€T TOJIBKO HOPMAJIbHYIO COCTABILIIOLIYIO JaBJICHHUS Ha CMOYCHHBIC
nosepxHoctr. Cunraem, ato | P | = p.

[Mpeamonaraercs, 4To >KUAKOCTh HIcallbHas, HEC)KUMaeMas, a e¢ IBIKEHHE, WHIYLUPOBAHHOE
KoJIeOaHUSIMH OOOJIOUKM W HayaBIleecss M3 COCTOSIHHSI TIOKOS, SIBIsieTCS O€3BUXPEBBIM. B 3THX
YCIIOBHUSIX CYLIECTBYET MOTEHIMA cKopocTel d

oD o0 o
Vie—V=— V=",
OX oy 0z
KOTOPBIN yIOBJIETBOPSAET ypaBHeHuto Jlamiaca.

CobcTBeHHbIe (POPMBI HE3aMOTHEHHONW KOHCTPYKIIUH OMpeseNieHbl Ha OOKOBBIX MOBEPXHOCTSX, Ha
Heperopojkax 1 Ha JHUIAX. [IoBepXHOCTh HE3alOIHEHHOH KOHCTpyKIuK Oynem o0o3Hauats S, .Jlns
OIpeJiesIeHNs] HECTALMOHApHOIO MaBJICHWS Ha CTEHKH M MEeperopoiku Oaka B oOmieM ciyyae
HEOOXOIUMO 3a/IaHNe CKOPOCTH U3MEHEHUS YPOBHSI KHJIKOCTH B KaXK/IOM OTCEKE.

IlycTh B IEPBOM OTCEKE CKOPOCTh U3MEHEHUS YPOBHS KUJKOCTH paBHaVl(t), BO BTOPOM IIPUHUMAET
3HaueHue V, (t) Obnactu, 3aHATHIE JKUAKOCTHIO, IJIs1 IIEPBOI'O ¥ BTOPOT'O OTCEKOB 0003HauaeM Q; u .

[1n10THOCTH XUAKOCTH B OTCEKaX 0003HAYAEM COOTBETCTBEHHO, P1 U Po.

JluHaMuYecKrue COCTABIIONINE JABJICHUS JKHIKOCTH Ha CTEHKH pe3epByapa B OTCEKax
ompeAeNsoTcss 1o (opMyliaM, TPEACTABISIONIMM cO00H JIMHeapu3upoBaHHbIE HWHTerpanbl Komu-
Jlarpanxa

oD oD _
p=-p Gy + 00+ 052 vl

0D

(1.2)
P =po| S+ W)+ 9-n,) 28, 0x

31ech § — ycKOpeHHe CBOOOJHOrO majeHus, N, - mapamMerp HeperpyskH, ax(t) - YCKOpEHHue
BBIHY>KJAIOIIEH CUJIBI B TOPU30HTAIBHOM HAIIPaBJICHUH.

CootHomenus (2.4) MO3BOJISIOT pacCMaTPUBATh BRIHYKICHHBIC KOJICOAHMSI TMHAMUYIECKON CUCTEMBI
«o0oyroueuHass KOHCTPYKIMS - JKHIKOCTR» TIPH BO3JEHCTBUM BO3MYIICHUN, ICHCTBYIOIIUX B
MIPOJIOJIBHOM U MOTIEPEYHOM HAIpPaBICHUSIX.
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st onpeseneHus MOTeHIMANA CKOpocTer @ MMeeM CMEIIaHHYI0 KPaeBYIO 3a/ady Uil ypaBHCHHS
Jlanmaca B aBycBsi3HOHM obOmactu € U ;. O003HAYMM HOPMAJIbHYIO COCTABJISIFOIIYIO MEPEMEIICHHUS
000JI04€YHON KOHCTPYKIIMU Yepe3 W .

ITo 3amanHO cobcTBeHHON (hopMe Uy KojeOaHUil HEe3aImoTHEHHOW 000I09eYHON KOHCTPYKIIMHA MBI
oIpezenseM KOMIIOHEHTY Wy Ha BCel HOBEPXHOCTU 000JI0YEYHOM KOHCTPYKIMU S, .

Ha IMOBECPXHOCTHU Sl Tpe6yeM BBITIOJTHCHUA YCJIIOBUA HEMIPOTCKAHHNA, KOTOPOC NUMECT BHU/L

%‘: =(U,n) (2.5)

31eck N - eAMHUYHAs HOPMajdb K HOBEPXHOCTH S;. OTMETHM, YTO IOBEPXHOCTh S; COCTOMUT H3

MOBEPXHOCTEH, OTPAHUYMBAIOIIUX OTCEKH.

Amnamornuno [10] paccmarpuBaemasi 3amada pemraeTcs B 3 drama. Ha IEpBOM ONPEXENAIOTCS
YacTOTHl KoJieOaHWH CyXoW OOOJIOYKH, Ha BTOPOM - YAaCTOTHI IIECKAHWH, a Ha TPEThEM pelaeTcs
CBsI3aHHAs THUAPOIMHAMUYCCKAS 3a/1a4a.

3 AHa/IN3 TOYHOCTH M A0CTOBEPHOCTH NpPelJI0KeHHBIX AJITOPUTMOB

Jns aHanu3a JTOCTOBEPHOCTH PAcCMOTPEHbI KosebaHMs yIpyroi oOosiouku Oe3 ydera JIeHcTBUs
CHJIBI TAXKECTH M 3aJayda MJIeCKaHUH. HepBa;I 3aaavda pceuicHa METOJAOM KOHCYHBLIX 3JICMCHTOB C
MTOMOIIIBIO OJJHOMEPHOTO MeTOAa KOHEYHBIX deMeHToB [11]. Bropas 3amada cBeneHa K OJHOMEPHBIM
CHHTYJISIPHBIM ypaBHEHHM [6].

OnpeneseHsl 4acTOTH U (OpMBI CBOOOIHBIX KoJieOaHM ynpyrod monychepruyeckoil 000I0uKH ¢
KHUIKOCTBIO. JKUAKOCTh CUMTAETCS HICAIbHON HEC)KMMAEMOi, a ee IBIKEHUE — TOTEHIHAIbHbIM.

PaccmarpuBaercs momycdepuueckass 0007I0YKa, 3alOJHEHHAs MXHIKOCTBIO, CO CIEAYIOIINMHU
napameTpamu: paaumyc R = 5.08 M, tommumaa h = 0.0254m, momyne ympyroctu E=70 TTla,
koo dumment ITyaccona v=0.3, miorHocTs MaTepmana p = 2770 ke / »°. Xumkocts cumraercs
HEC)KMAEeMOl, ee IUIOTHOCTh HpuHUMaetcs paBHoit 1000 ke / m°. ycnoBus 3akperieHus - MapHUPHOE
OIMpPaHUE 10 KOHTYPY OOOTIOUKH.

B rtabmume 3.1 mpuBeneHB! COOCTBEHHBIE YacCTOTHI THAPOYHPYTUX KojeOaHWil 00ONOYKH IS
pasnugHOro umcia o. llomydeHHBIE pe3ynbTaThl CpaBHUBAIOTCS ¢ AaHHBIME B.B.MokeeBa (s
CKIMaeMOM JKHIKOCTH) U C pe3yibTaTaMu ero pacueToB mo komruiekcy ANSYS (mns Heckumaemoit
KHUIKOCTH), [12].

Tabnuya 3.1. Cobcmeennvle uacmomosl 2UOPOYRPY2UX Koebanuil 060104KU

o n Yactoter (I'm)
[MpeanoxeHHbIN [12] ANSYS [12]
mero (MKD-MI'D) (Shell63)
1 23.59 22.00 22.07
0 2 35.70 33.38 33.41
3 43.92 42.02 41.30
1 21.96 22.44 22.18
1 2 33.40 36.88 34.68
3 41.52 48.92 42.98
31.57 31.57 31.50
2 40.44 41.55 40.50
46.97 50.29
37.30 36.98 36.65
3 45.62 46.27
52.11 54.86

[IpuBeneHHbIE pPE3yNbTAaThl IOKA3BIBAIOT XOPOIIEE COIJIAaCOBAHHE, YTO CBHJCTEILCTBYET 00 HX
JIOCTOBEPHOCTH.

W3ydeHbl Tak ke KojeOaHUs JKUAKOCTH B JKECTKOW cdepuyeckoir o0onouke. Paccmorpum
chepuyeckyro 00070uKy pammyca R=IM, dYacTHIHO 3alOJHEHHYI0 WICATHPHOW HECKUMAESMOM
KMIKOCTBIO, ypOBeHb 3amonHeHns h. UucieHHBIH aHaaW3 MPOBOIUIICS JUIS (0.2<h/R<1.99) "
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Pa3IMYHBIX (X(OLZO,3). Brin ucnons3oBan MCTOJ T'PaHUYHBIX 3JICMCHTOB. MCpI/II[I/IaH CMOYCHHOH

MMOBEPXHOCTH 000J104KH pazouBaics Ha 200 smeMeHToB, a paguyc cBOOOAHOM moBepxHOCTH — Ha 150
anemenToB [13]. B Tabmume 3.2 mpuBeaeHsl pe3yabTaThl pacyera 4yactoT B Hz ¢ momoripio MID, u

JIaHO CpaBHEHHME ¢ pesynbratamu padotsl [14], hy =h/R, a=0.

Tabnuya 3.2. Yacmomul ocecummempuinplx KOAeOAHU HCUOKOCmU 8 cihepuyeckoll 00010uKe

m MeTox Yposenb 3anoaHenus h, M
h1:0.2 h1:0.6 h1:1.0 h1=1.8 h]_:lgg
1 [14] 3.8261 3.6501 3.7451 6.7641 29.0500
MI'D 3.8314 3.6510 3.7456 6.7665 29.1811
2 [14] 9.2561 7.2659 6.9763 12.1139 51.8122
MID 9.2686 7.2684 6.9780 12.1205 52.0255

3amaga o KONEOAHHUAX JKUAKOCTH B IMIMHAPWYECKOH OOOJOYKH W3y4eHAa METOAOM TPAaHWUYHBIX
3JIEMEHTOB M METOJIOM KOHEUHBIX 3JIEMEHTOB. Pe3ynbTaThl CpaBHEHUS MPUBEACHEI B TA0IUIE 3.

Tabauya 3.3
a METOL YacToThl Koeoanuii
n=1 n=2 n=3 n=4 n=5

0 MKD 3.8285 7.0159 10.1735 13.3243 6.47066
MI'D 3.8281 7.0156 10.1732 13.3233 6.47060
[7] 3.8281 7.0156 10.1734 13.3236 6.47063
1 MKD 1.6579 5.3297 8.5372 11.7182 14.8925
MI'D 1.6573 5.3293 8.5366 11.7066 14.8665
[7] 1.6573 5.3293 8.5363 11.7060 14.8635

4 Moaeanb 000JJ04KH JJI MOJAJLHOI0 aHAIN3A

ITocTpoena KOHEUHO-3JIEMEHTHAsI MOZEIH /ISl TIPOBEACHUSI MOJAIIBHOTO aHaIN3a KOHCTPYKIHUHU, HE
COJICPIKaIIIeH KHUIKOCTh, MIOCTPOCHA W3 FeKCAarOHAJIBHBIX 3JIEMEHTOB. JlaHHAs MOJENb MpHBEICHA Ha
puc. 4.

OO0111e€ KOJIMYECTBO KOHEYHBIX 2JIEMEHTOB: 6684.

O011ee KOTMYECTBO Y3J10B: 36645.

KonmdecTBo 21€MEeHTOB 110 MIUPUHE CEKTOpa: 7.

a

=2
22 SSK
%‘-‘l‘h“
FaumEAne
-llll"‘
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Puc. 4. a,6. Koneuno snemenmmuvie Mooenu KOHCMpPYKYuu.
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Crnemyer 3aMeTHTh, 4YTO CEpHS TECTOBBIX pPAcuyeTOB, HE MPHUBOJUMBIX B  OTYETE,
MPOIEMOHCTPUPOBAJa TOCTATOYHOCTh 5 KOHEYHBIX 3JIEMEHTOB MO IIUPUHE CEKTOpa 00O0IOUKH, TaK KaK
pe3yabTaThl PacyeToB C TMSTHIO W CEMBIO KOHEYHBIMH JJIEMEHTaMH OKa3aluCh HPaKTHUYECKH
UeHTHYHBIMH. [locTpoeHa Takke KOHEYHO 3JI€MEHTHAsh MOJENb, Ul TPOBEICHHS aKyCTHYECKOTO
MOJAJIBHOTO aHaIW3a KOHCTPYKIMH, COAEpKamield >KHUAKOCTh, IOCTPOCHA OHA W3 KayeCTBEHHBIX
reKCaroHaJILHBIX 3JIeMEHTOB. JlaHHas Monenb npuBeacHa Ha puc. 4.4.6. O01ee KOJIMYecTBO KOHEUHBIX
anemeHToB: 9146. O6mee Komu4aecTBo y3710B: 38908.

5. AHAJIN3 YHCIEHHBIX Pe3yJIbTaTOB
Pacuer wactor nposenen mist 0, 1, u 10 rapmonuk. @opmbl KoneOaHU MOBEPXHOCTH KHUIKOCTH
MpuBeIeHHI Ha puc. 5.1-5.4.

B: Copy of full sloshing B: Copy of full sloshing
Total Deformation Total Defarmation 2
Type: Total Deformation Type: Total Defarmation
Frequency: 1,1656 Hz Frequency: 056334 Hz
Harmonic Index: 0, Harmonic Index: 1,
Cyelic Phase: 0,

Unit: m
22.01.2019 23:00 Unit; i
220120192303
0,00042389 Max
0,00037679
0,00032969
0,00028259
0,00023549
0,0001884
0,0001413
94198e-5
4,7099e-5
0Min

0.00026719 Max
0,0002375
0,00020781
000017812
0,00014344
0,0001875
6,30622-5
5,0375e-5
2,9687-5
0 Min

Puc. 5.1. Dopma naeckanuii 01 Puc. 5.2. @opma naeckanuii ons
yacmomut 1,1656 'y ona nynesoii yacmomut 0,56328 'y ona nepsoii
eapmonuku, N=1. eapmonuku, N=1

B: Copy of ful sloshing B: Copy of full sloshing
Total Deformation 3 Total Deformation
Type: Total Defarmation Type: Total Deformation
Frequency: 0,7869 Hz y Frequency: 1,5481 Hz
Harmonic Indes 2, Harmonic Index: 10,
Cyclic Phase: 0, Cyclic Phase: 0, *
Unit: m Unit: m

22012019 23:04 22.01.2019 23:05

0.0002662 Max
0,00023682
0,00020705
0,00017747

0,00030281 Max
0,00026816
0,00023552
0,00020187
0,00016823
0,00013458
0,00010094
6,720e-5
3,3645¢-5
0Min

0,00014789
0,00011831
8,873e-5
5,9156¢-5
2,9578¢-5
0 Min

Puc. 5.3. @opma naeckanuii ons Puc. 5. 4. ®opma nneckanuii ons yvacmomoi
yacmomut 0,78685 'y ons emopoti 1,5483 I'y ons smopoii eapmonuku, N=1.
eapmonuxu, N=1,

CrnenyeT OTMETHTb, YTO JaHHBIC (POPMBI IIECKAHUNA CBOOOJHOHN MOBEPXHOCTH COOTBETCTBYIOT HE
TOJIBKO ISl TOJIYY€HHBIM YaCTOTaM, HO U B LIEJIOM MPAKTUYECKU HEM3MEHHBI JUIsl BEIUUCIISIEMBIX Jaliee
Y4acToT.

C y4eroM THAPOYIPYTroro B3aMMOJIEHCTBUS COOCTBEHHbIE (DOPMBI KOHCTPYKIIMH TOJTHOCTBIO
COBMAJAIOT C (hopMaMu «CyX0il» 000JI0UKH, OJTHAKO YAaCTOThI 3HAYUTEIHHO CHH3MIUCH.

5 BbIBOABI U NEPCHEKTUBBI JAJIbHEHIIUX HUCCIeJ0BAHU I

B pesynbTare mpoBeneHHOro aHamu3a ObLTO YCTAHOBJIECHO, YTO HAMMEHBIIME YacTOThI KOJICOaHHIA
JMUHAMHYECKON CUCTEMBI «000JOYKa-)KUKOCTh» OTBEYAIOT IUIECKAHUSM CBOOOJHOW ITOBEPXHOCTH,
y4eT YMNPYrocTd CTCHOK OaKOB NPUBOAUT K CYIIECTBEHHOMY CHH)KCHHMIO YacTOT KOJIeOaHWU 110
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CpaBHCHUIO C YaCTOTaMU HE3aIoJIHCHHOU 06OJIO‘IKI/I, IIpyU 3TOM HAWMCHBIINE YaCTOThI 3aMOJIHEHHON U
HE3aIOJIHEHHOM 000I0Y€UHBIX KOHCTp}/KHI/Iﬁ MOT'YT OTBCYATh pa3HbIM BOJIHOBBIM UM CJIaM.
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Application of Agile methodologies for software development
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In this work evolution of software lifecycle models is explored. Firstly to lightweight and then to agile software development
methodologies, and factors that have led to a search for ways to improve approaches to software development. Also "outdated"
development designing approaches are compared with modern flexible and conclusions made whether the advantage of the
latter over the firsts is absolute and whether or not the modern and only the modern should be used or maybe older approaches
still have their advantages and it is too early to exclude them.
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B aT0i1 paboTe uccienoBaHa BOJIOLHS MOJIENICH KU3HEHHOTO LIHKJIA IIPOrPaMMHOT0 00eCTIeYeHH s 10 CHavyasa 00JIerYeHHbIX,
a 3aTeM U TMOKUX METOIOJIOTHH pa3pabOTKH MPOTrpaMMHOTO OOECHeUeHHs, a Takke (PakTOpbl, KOTOPBIC MPUBEIH K MOUCKY
HyTeH yJIydLIeHHs MMOJXOJO0B K pa3paboTKe MmporpaMMHOro obecredeHus. Tarke CpaBHHBAIMCH «yCTapeBLIME» MOAXOJIbI K
OpraHM3aluK pa3pabOTKU ¢ COBPEMEHHBIMHM TMOKMMHM, M CHENAaHBI BBIBOJBI O TOM, SIBISETCS JIM MPEUMYIIECTBO IIOCICIHUX
nepes MepBHIMH aOCONIIOTHBIM, W JIGWCTBUTENBHO JIM OHM M TOJBKO OHHM JIOJDKHBI WCIOJB30BaThCSl HA IIPAKTHKE, WIIH,
BO3MOJKHO, GoJIee cTapble MOIXOABI BCE ellle UMEIOT CBOU PEUMYIIECTBA, U €Ie CIMIIKOM PaHO X HCKIIIOYATh.

Knroueswie cnosa: Agile, Scrum, Kanban, memodonozus, paspabomra, npoexkmuposanue, 2ubkue Memoodoio2uu, cemeticmeo
MemoOono2uil.

B nawiif po6OTi TOCTIHKEHO MOJIETI KUTTEBOTO IMKIY Ta CiMeicTBO Agile MeTomomoriii, HaBeNEeHO I[IHHOCTI Ta MPHHIIUITH
MaHipecTy Agile Ta MOSCHEHO 3HA4YEHHs IEPIINX, HABEJCHO 3aKOHOMIPHOCTI, 3arallbHi JUISl BCIX HABEICHUX MOJeNeH
JKUTTEBOTO IMKITY, HABEJCHO BIACHE MOJICI KUTTEBOTO IIUKJY Ta MOSICHEHO CYTHICTh KOXHOT MOJIENI, JOCIIIKCHO €BOIIOIIIO
MoJeNield JKUTTEBOTO LUKIY MPOTPaMHOrO 3a0e3Me4YeHHS OO0 CHOYATKy JIETKHX 1 MOTIM THYYKHX METOIIB PO3POOKH
MPOTPaMHUX IPOAYKTIB, HABEACHO L THYYKI METOAM PO3POOKH i JaHO KOPOTKY XapaKTEPUCTHUKY KOXKHOI, Ta IOCIiIKEHO
YUHHUKY, 010 NPU3BENN 0 MOIIYKY IUIAXIB BIOCKOHAJCHHS MIIXOMAIB 0 po3poOku mporpamHoro 3abesmedeHHs. ToOTo,
OCBITJTIOIOTECS Ti IPOOJIEMH, SIKi HaMaraJlich BHPIIINTH JTOCBIUEHI CIIEIialicTH, 3 KO METOI BOHH CTBOPIOBAIN MaHidecT
Agile, 1 Hamaranucy BUHaTH croci6 po3poOKH, 10 Mae HA yBa3i MOCTIHHO MIHJIMBI PUHOK, BUMOTH 3aMOBHHKA Ta Oa)KaHHS
KOpHCTYyBa4iB 0e3 BTpar eeKTMBHOCTI, 4acy, Ta ¢iHaHciB. {1 Tema € myxe akryaibHOIO, ToMy, sik Agile-meTononorii €
JIOBOJII HOBHMM MiJIXOJOM 10 PO3POOKHM NPOTrpaMHUX HPOJYKTIiB, HaBiTh B Takiil 3arajoM HOBiil Hayll, sSIK KOMI IOTEpHI
TEXHOJIOT1i, 0cOOMMBO B YKpaiHi, e 3 SBISIOTECS OCTAHHI 5-7 POKIB, i 10Ci BiIOyBa€eThCs MpoLeC 1X BIPOBAKEHHS, TOMY 5K
9acTo IX BUKOPUCTOBYIOTH JIMIIIE «HOMIHAIBbHO», TOOTO i3 MOPYIIEHHAMH BCiX MpaBmi MeTonoiorii Ta Agile 3aramom, abo
HaBITaKd 0E3IOTAHHO BUKOHYIOTH BCi IpaBHJIa Ta PUTYAIH, IO MPU3BOIUTH O 3MEHIIECHHS €)EKTUBHOCTI pOOOTH KOMaHIN Ta
CTBOPIOE 3alBUil CTpeC, a 3aXifHi MiINPHEMCTBA BUKOPUCTOBYIOTH iX NEIIO OiLNbIIe ASCATHIITTS, X04a inei A aeskux OyIo
3HaHIEHO y MiXoJax A0 opraHizamii BupoOHunTBa me 60-x pokiB 20-ro cropiuys. Takoxk MOPIBHEHO «3aCTapiyiy MiAXOAH 10
opranizarii po3poOKH i3 HOBUMH THYYKHMH, IOSICHEHO B 4YOMY MOJSITae iXHs IepeBara Ta HaBEJEHO BHCHOBOK YU € IIf
nepeBara OCTaHHIX HaJI MePIIUMH a0COFOTHORO 1 U Jiniie Agile MeTomoIoriT MarTh OYTH BUKOPHUCTOBYBAHI Ha MPAKTHII, 200
X 1 CTapilIi miaXo i BCe e MAarOTh CBOT MEPEBart i ix Ie 3apaHo BUKIIIOYATH.

Knwwuoei cnosa: Agile, Scrum, Kanban, memoodonocis, po3pobka, npoeKmy@anus, eHYYKi Memooono2ii, cimeucmeo
Memooonoziil.

Waterfall

The waterfall lifecycle model is probably the first to be met by a person who starts to study the
development methodology. The essence of the model is that the work on the project consists of a rigid
sequence of stages: definition of functional and non-functional requirements, analysis, design,
implementation, testing, integration and support (Figure 1.1), and the next stage cannot begin, until the
previous one is completed [1]. This is precisely a problem with the waterfall model: if, for example,
significant errors are detected during the testing, the project redesign will be needed and the whole
project will go back through design, implementation and testing phases [1]. Therefore, the main
drawbacks of the waterfall model are discrepancy with the real software creation conditions, lack of the
possibility to return to the previous stages of development, error correction performed only during the
testing phase and the project result could be obtained only at the end of the development process. There
are also the advantages, however: the waterfall model is understandable, therefore it makes it easy to
manage a project and allows you to determine in advance the cost and time estimations of development,
it has a certain sequence of stages and allows you to evaluate the quality of the product on each of them,
and with a clear definition of requirements and means of their implementation let you get excellent
result quite quickly [2].

© Holovko Dmytro, Vasylieva Larysa, 2019
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Waterfall model with intermediate monitoring

In order to eliminate the main disadvantage of the waterfall model, it has been improved by adding
backward links between stages. That is, an opportunity to go back to the previous stage (Figure 1.2) has
been added, which allows solving problems at each stage immediately after the problem is detected, and
to return to the previous steps where an error has been made. However, such a model has showed a 10-
fold increase in development costs [2]. It is caused by the fact that because of returning to previous
stages the cost proved to be stretched over time [3].

Figure 1.1. Waterfall lifecycle model
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Figure 1.2. Waterfall lifecycle model with intermediate monitoring
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V-model of software lifecycle

Development through testing (V-model) - a model created in attempt to find a program product
development algorithm that is close to real-life conditions [2]. It has a phased structure, as well as a
waterfall model, but pays a lot of attention to verification and testing of the product being done at the
same time as the development phase (Fig. 1.3), therefore this model is optimal for systems where a
smooth operation is particularly important [4]. The V-model had some disadvantages however; the
main one is late testing, which makes it impossible to make changes without changing the schedule of
the project.

Definition of
concept and
requirements

Commissioning
and support

Analysis and System
architecture |[€----=---c--ccccmcconona- verification and
design validation

Project
Definition

Project

Test and
Detailed system Integration
design

Modular testing
and integration

‘ Implementation

Time
Figure 1.3. V-model of the software lifecycle

General features of lifecycle models

Lifecycle models similar to any described above reflect the same states, from the moment the need
in this software product arises and to the moment of its complete decommissioning. The indicated
models differ in the interrelation of the lifecycle stages, but each of these stages is present in each
model in one form or another [3].

Strategy definition — the name of this stage in different models usually contains such keywords as:
definition, concept, requirements, project planning. That is, this stage, which can be presented in a
particular model as several stages, usually a business survey and an assessment of the scope of the
project, the goals and objectives, aims to do. At this stage, the entities and functions are determined at a
high level [3].

This is done usually by a team of highly skilled business analysts having access to a leading staff of
the customer company; main users of the future system usually participate in this phase, as well as
domain experts [3].

The purpose of this phase, as noted above, is to obtain as much information as possible about the
system, customer requirements and to transfer all this information in a formalized form to system
analysts, and this is usually done through discussions with the customer, experts and users [3].

The result of this stage (strategy determining) is the documentation, where it is clearly stated what
the customer will get if they agree to finance the project, time and costs estimations for the finished
product [3]. The document should contain not only the costs but also the possible profit for the
customer; for example the payback time of the project, the expected economic effect in cases where it
can be estimated [3].

The analysis phase involves a detailed study of the business processes and the information needed
for their implementation [3]. All information about the system, collected at the strategy definition stage
is being formalized and specified at the stage of analysis [3]. Particular attention is paid to the
completeness of transferred information, information analysis for non-contradictoriness, as well as the
search for unused or duplicated information, because as a rule, the customer initially forms
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requirements not for system as a whole, but for separate components [3]. At this stage, the necessary
components of the testing plan can also be determined [3].

Analysts collect and fix information in two related forms: functions and entities [3]. That is why
results of the analysis stage traditionally a hierarchy of functions that divides the process of processing
into components (what is done and what is it composed of), and the entity relationship model, which
describes the entities, their attributes, and the relationships between them [3].

The design stage in its original historical form has been designed to create schematics of databases
or data repositories, if any present in the project, and a set of specifications of future system modules,
based on the data obtained from analysis phase. Also historically, a testing plan is finalized at the design
stage, and a final document, a technical specification, according to which software will be developed, is
created. As general, in mentioned above software lifecycle models, the design phase performs the
following tasks:
complete verification of analysis stage's results;
determination of system constraints;
determination of the system's architecture;
determination of development tools to be used;
repository or database designing;
designing the interaction interfaces;
determination of specifications for system modules;
determination of testing requirements;
determination of system security requirements [3].

An |mportant moment - all specifications should be as accurate as possible: those obtained after the
stage of analysis as well as developed at this stage [3]. Quality of the design defines quality of the
future product.

During the project implementation developers receive a specification and begin to write a code of
the modules, strictly adhering to the designers' documentation [3]. The result of this stage is a program
that is passed to the testing stage, which, in general, determines and evaluates quality of the system and
its readiness for commissioning. That is why these two stages are not combined or parallel only in the
waterfall model - as already mentioned, from the testing stage, it should return to the stage of
implementation at least. In other models, this disadvantage has been eliminated in one way or another;
actually attempts to eliminate the need to go back to the previous stages of testing have led to the
emergence of such a number of software lifecycle models. In practice, the development and testing
processes are running simultaneously, and developers are constantly cooperating with testers in order to
eliminate most of the errors efficiently and in time. Sometimes these collaborations involve software
designers who act as experts responding to developer requests for technical specifications.

The result of the testing phase is the system resistant to failures, malfunctions and capable to restore
itself correctly [3].

The stage of implementation or integration involves the process of transition to a phase of
operation. The system can be deployed completely, or gradually, depending on the model used, but in
any case at this stage the system passes the so-called "user acceptance test" - the system begins to work
"for real"” [3].

The stage of operation and technical support (if present) is the last stage of the software lifecycle.
It can be noted that if technical support is available, the terms of support, the necessary staff and
equipment are discussed with the customer and fixed in a separate document [3].

O N AWM

Incremental lifecycle model

A significant step towards Agile methodologies was made by separating the entire product
development process into several development cycles, each cycle passing through the same phases
(Figure 1.4). Such decomposition instead of a large inert project, which then needs to be tested as a
whole, presents some small easy-to-create modules that are much easier to test and fix. Complete
system requirements are also divided according to modules that will be developed per cycle.

According to the incremental model, in the first large loop the product is released with the basic
functionality, and then new functions are gradually added, that means, that at each new so-called
"increment” a new extended and improved version of product is being developed, and this process
continues until a complete system is created [4].
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The main advantage of this model is the swift response to changes in customer requirements: if the
customer wants to introduce an additional functionality - it will be designed, implemented and tested in
the next cycle; and shortly after release of first version of the product the reaction of audience,
expediency and development risks could be assessed.

Design and
implementation

Definition of
requirements and
initial planning

Planning and
requirements

Testing \

Deployment

Integration

Figure 1.4. Incremental software development model

Nevertheless, requirements for the whole system still must be defined before the implementation of
the first version of the product, which imposes limitations. Moreover, the customer's requests needs to
be periodically processed, formalized and adjusted to users' feedback and changes in the market.

Iterative lifecycle model

The main difference between the iterative model and the incremental one is that the start of the
project doesn't require a complete specification of project requirements; the first cycle develops a part
of functionality, which becomes the basis for the further development and specification of the
requirements [4]. The first version may not be ideal - it just has to work, but each subsequent version
brings the project closer to the desired result, and the result of each cycle is the working version of the
product [4].

Rapid application development

Attention should be paid to the rapid application development model, or just "rapid application
development”, hereinafter referred to as RAD. This is the incremental model and the main peculiarity of
RAD is that modules, components, or functions are developed by several groups simultaneously (Figure
1.5).

Data
modeling

Process
modeling modeling

. Project

Figure 1.5. Rapid application development (RAD)

Logic

|:> Integration

Analysis and quick
design ':>

The time of one cycle is strictly limited, and upon completion, all created modules are combined into
one working product [4]. The model cycle includes phases of "logic modelling”, "data modelling",

"process modelling”, "project assembly"” and "testing”. In the first three phases the list of information
flows, objects and entities, and relating objects is determined. RAD primarily uses automated
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assembling tools, which transform the generated models into a code at the fourth stage, the "project
assembly”. That is why the main limitation of the model is the high personnel requirements, highly
skilled and specialized developers are required. In addition, the budget of such a project is usually
rather high due to the need to pay for specialists' services and automatic assembling tools [4]. Therefore
this model is used for "fast development” - it is effective when the project must be finished in a short
time [4].

Spiral model
The spiral model that combines design and staged prototyping should also be mentioned [2].

Total cost?

Analysis of risks Definition of
and requirements requirements

1 version

2 version

}

3 version

Decision-making

T

Customer assessment
Development and implementation

Figure 1.6. Spiral software lifecycle model

Each "turn™ of spiral consists of sequentially placed stages that have no backlinks and result of each
"turn” is analyzed at the end of this "turn™, the results of analysis affects the next "turn" (Figure 1.6).
The "development” in the spiral model combines traditional stages of design, implementation and
testing, that is, at this stage detection and correction of part of errors are performed. The errors which
cannot be fixed and require more profound structural changes can be corrected on the next "turn” [4].
The spiral model, therefore, is very similar to the incremental one, but there is risk analysis present in
each cycle. Therefore this model is suitable for the projects where each solution is critical and a failure
is unacceptable [4]. That is why the efficiency of this model increases along with the size and the
complexity of the project [3].

Historical factors of the Agile manifesto emergence, its values and principles

Now let us consider the methodology, because Agile is a methodology, not a model. The
methodology is a system of principles, ideas, means, methods, and tools for software development,
while the model is a description of software product lifecycle in stages with detailed explanation of
each stage within the system [5]. In other words the methodology is a set of strategies for managing a
product development process.
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Agile is also called the "Agile methodologies family" which means that Agile is not a particular
methodology, a clear manual or algorithm, and therefore allows for freedom of choice and adaptation,
which is why a large number of methodologies exists under the common name of "Agile methodologies
family", all of which are based on Agile principles, but have specific methods, practices and project
management strategies [1].

Agile is a very young family of methodologies, its principles were formed in February 2001 by
seventeen IT professionals gathered at a ski resort. The official website highlights this event as follows:
"On February 11-13, 2001, at The Lodge at Snowbird ski resort in the Wasatch mountains of Utah,
seventeen people met to talk, ski, relax, and try to find common ground—and of course, to eat" [6].

Shortly before this event, in the 1990s, a number of “light” software development methods were
developed in response to the prevailing “heavy” methods that critics described as "overly regulated,
planned, and micromanaged” [7]:

Rapid application development (rapid application development, RAD) — 1991;
Unified process (unified process, UP) — 1994;

Dynamic systems development method (DSDM) — 1994;

Scrum — 1995;

Crystal Clear — 1996;

Extreme Programming (XP) — 1996;

Feature-driven development — 1997.

It is no surprise that the leading experts in the lightweight development methods were among the
authors of the Agile Manifesto, which, in turn, gave impetus to the development of flexible
methodologies and laid the foundations for a flexible approach to software development in general [7].

The Manifesto consists of four values and 12 principles and it contains no specific instructions.

1. Individuals and interactions over processes and tools;

2. Working software over comprehensive documentation;

3. Customer collaboration over contract negotiation;

4. Responding to change over following a plan [6].

Those definitions raise many questions due to their abstractness; therefore Scott Ambler's
explanation can be useful:

1. Tools and processes are important, but more important that competent people work together
effectively;

2. Good documentation is useful because it helps people understand how software is created
and how to use it, but the main purpose of the development is to create software, not
documentation;

3. The contract is important, but it is not a substitute for close cooperation with customers,
which is needed to understand what they need,;

4. The project plan is important, but it should not be too rigid; it should take into account
changes in technology or the environment, stakeholder priorities, and people's understanding
of the problem and its solution.

The twelve principles of Agile as follow:

1. Our highest priority is to satisfy the customer through early and continuous delivery of
valuable software;

2. Welcome changing requirements, even late in development. Agile processes harness change
for the customer's competitive advantage;

3. Deliver working software frequently, from a couple of weeks to a couple of months, with a

preference to the shorter timescale;

Business people and developers must work together daily throughout the project;

Build projects around motivated individuals. Give them the environment and support they

need, and trust them to get the job done;

6. The most efficient and effective method of conveying information to and within a

development team is face-to-face conversation;

Working software is the primary measure of progress;

8. Agile processes promote sustainable development. The sponsors, developers, and users
should be able to maintain a constant pace indefinitely;

9. Continuous attention to technical excellence and good design enhances agility;

o>

~
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10. Simplicity - the art of maximizing the amount of work not done - is essential;
11. The best architectures, requirements, and designs emerge from self-organizing teams;
12. At regular intervals, the team reflects on how to become more effective, then tunes and

adjusts its behavior accordingly [6].

Nowadays there are a number of methodologies constituting Agile family and some of them have
been mentioned before:

Agile Modelling (AM) - this approach basically defines modelling procedures (including
model code verification) and documentation within software development. The procedures
for designing and constructing UML diagrams are described in a lesser extent and stages of
development, testing, project management, deployment and maintenance are not affected.
The Agile Unified Process (AUP) is a unified version of the RUP (IBM Rational Unified
Process) methodology formulated by Scott Ambler. AUP defines a software development
model for business applications.

Agile Data Method (ADM) is a set of iterative tools of flexible software development with
an emphasis on the formation of requirements and solutions through the cooperation of
various cross-functional teams.

Dynamic Systems Development Method (DSDM) is an iterative and incremental approach
based on the Rapid Application Development (RAD) concept, which focuses on maximizing
the end-user involvement in developing a software product and "Concentration on the useful
80% of the system, which can be implemented in 20% of the time".

Essential Unified Process (EssUP) - an approach developed by Ivar Jacobson that contains
methods of iterative software development with an emphasis on the product architecture and
optimal team practices (essentially borrowed from RUP, CMMI and Agile Development).
The idea is that only applicable in a particular situation practices and methods should be
used. Based on the chosen methods and practices, the target process is determined. In
contrast to RUP, where all practices and methods are interconnected, in this approach, there
is flexibility and the ability to isolate exactly the necessary elements (methods and practices)
from the available ones.

Extreme programming (XP) - the idea of extreme programming is to use the best existing
practices in the area of software development, raising them to a new (extreme) level. For
example, in contrast to the usual practice, when one programmer consistently checks the
written code after his colleague, in extreme programming, this check is performed in
parallel. That increases the speed of product release, but also the risks too.

Feature driven development (FDD) - the main idea of this approach is that “each function
should be implemented in no more than two weeks”. Therefore, if it is unrealistic to develop
a function as a whole, this function should be deconstructed into several functions and
implemented gradually.

Getting Real (GR) - this approach eliminates the functional specification procedures used
for web applications. Development begins from the reverse, an interface and design are
developed initially, and then the functionality itself.

OpenUP (OUP) - this approach defines an iterative-incremental method of software
development based on RUP. Within this method, the development lifecycle is defined (start-
up phase, refinement phase, development and transfer phase to the customer). Due to certain
stages and control points, the effectiveness of controlling and monitoring of the project's
progress increases, which leads to the timely decision-making on the project.

Lean software development - this approach is based on the concept of lean management of a
manufacturing enterprise (lean production, lean manufacturing), the interaction of
developers with customers and super-fast implementation of customer-critical functions.
"Crystal" methodologies (Crystal Clear, Crystal Yellow and Crystal Orange, for example),
the main points of which are choosing the policy, practical approaches and processes that
will be valid for the entire project, and interacting with end-users.

And, of course, Scrum and Kanban, that are very common both in literature and real projects
because for small projects and inexperienced teams they are quite optimal. Both methodologies are
based on Agile principles and are designed for a small independent team of 5-9 people [8]. The team
does not have an official head and decisions on the organization of the project are made without
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external intervention [8]. This results in collective responsibility - any error is a mistake of the entire
team, not a specific member [8]. It is also highly recommended to place the team in one room,
preferably without partitions. Contacts and communication are of most importance here and nothing
should interfere.

Kanban
This method of the workflow organization comes from the automotive industry; the name itself is a
Japanese term for the conveyor production method of Toyota in the '60s of the 20th century [9]. Its
essence is to use so-called "main conveyor” or "main production” and "additional conveyors" or
"additional productions", the main conveyor puts the pace of production, and additional cannot exceed
this pace, but they can slow it down [9].
Kanban is based on three basic principles:
1. visualization of what is done today (the process of work) - the vision of all elements in the
context of each other is the most informative;
2. limited work volume - this helps to balance the workflow as a flow of elements in
development, and does not allow the team to start or run too much work at the same time;
3. rate support - when one job is completed, a new one, with the highest priority, is taken from
the list for processing [10].
Therefore, Kanban is based on a prioritized list of tasks and progress stages of a specific task
capacity, for example: "to processing”, "in development”, "in testing” and "implementation™ (Figure
2.1).

Development _ _ _
To Do 3/3 In testing In implementing Done
In progress |Ready for QA 2/2 373

v (s M [F] | [D
S (N te ] [e

Figure 2.1. Example of workflow organisation with Kanban

This methodology is based on the priorities and developers' capabilities in terms of parallel work,
rather than on time. When the developer is ready to take a new task, he takes it out of the list. When a
new feature is enough to release a new version of the product — it is implemented on demand, and if
there is an urgent important task — it is immediately taken to work. The capacity of each stage is limited
by the total weight of tasks performed, and if a certain stage is divided into several, the capacity has a
parental stage [8]. In the ideal case, all stages are filled to the maximum capacity, and in case of delays
in one of stages, the developers from the least loaded stage can join temporarily (or permanently, if the
delays at one and the same stage occur constantly) to eliminate delays throughout the product
development process [9]. This liquidity is possible because teams in Agile are universal, and roles
inside a team do not exist in Kanban [8].

The main purpose of Kanban - maximum speed of the passage of the task through all stages, which
means the maximum development speed of new features of the product for the whole project, and this
speed is more important than the number of simultaneously developed features, and Kanban itself is
better suited for projects that have quickly and frequently changing priorities and requirements [10].
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Scrum

Scrum has influenced the creation of the Agile Manifesto, but before it was the structure of projects,
for which it was important to supply the new system features within more or less same time intervals,
every two or four weeks, for example [10]. Therefore the first feature of Scrum is an iterative approach:
all project work is divided into cycles of specific fixed duration, the so-called sprints (Figure 2.2).

The next feature is the two additional roles besides developers: a scrum-master and a product owner
(PO) [8]. A scrum-master is a person whose duties are to organise the work, he is not a manager, does
not hold a managerial position and does not gives instructions [8]. His direct duties are:

1. tohold a meetings;

2. to remove obstacles for teamwork;

3. to find and identify problems and to bring this information to the team;
4. to ensure that the team follows the methodology;

5. to monitor the progress of tasks [8].

In addition, the scrum-master is a member of the team and when not executing the duties above he
works on the project as well [8].

The product owner defines the direction of the project development. It may be an external or internal
client or a customer representative, but in any case, it is a person who has perfect knowledge of the
market, the target audience and approves the results of the team's work [8].

End-user or

customer data

Requirements
| —
—_— Sprint
Product 1-4 weeks
Owner
Sprint ) Demo Potentially
Backlog lanni Tasks »  version downloadable
planning J | review version of product

Fig. 2.2. Workflow scheme for scrum methodology.

Scrum sprint

Another Scrum's difference from Kanban is that the task priorities are defined not by the team but by
the product owner, and all subsequent priority reviews during the project are performed by the product
owner, not by the team. It's also worth paying attention to the sprint's composition - unlike the Kanban
workflow, where all developers start from the beginning to work out the task and at completion take a
new one, in Scrum each sprint begins with the planning, which conditionally could be named "sprint
planning” stage. This stage usually takes the first few hours of sprint and team checks the list of
development tasks because both the list and the priorities of tasks can be changed in time. Then the
developers choose as many tasks with highest priority as the team could complete during sprint and
start working. The bulk of the sprint can be named "realization", at this time the developers complete
the tasks chosen at the planning stage. At last performed work is demonstrated to the product owner and
integrated into the product — this stage can be named "release version" or simply "release™. The sprint
ends with a so-called "retrospective™ - the team discusses the sprint, identifies which problems it has
faced, whether they have been solved, how to improve the team's performance for the next sprint and
how to improve the quality of the product. It is impossible to add tasks to the sprint even urgent and
very important, therefore all unfulfilled tasks are returned to the task list for consideration at the next
sprint planning stage.
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Conclusions

The dependencies and general features of life cycle models have been determined and outlined
above in "General particular features of lifecycle models”. Advantages and disadvantages of software
lifecycle models have been studied and analyzed, as well as the factors that have driven further searches
and improvements of project management approaches and consequentially have led to the transition
from life cycle models to "looped™ approaches (iterative, incremental and spiral models).

Thus, this article emphasizes not only the need to introduce the latest developments in the field of
work process organization to the Ukrainian IT sector but also points out, perhaps more importantly, the
needless rejection of past achievements. Nowadays the problem of project management usually lies in
the choice between Scrum and Kanban, not considering even other methodologies of Agile family,
needless to say, the life cycle models. Those models, albeit outdated, still have their advantages in
particular cases and moreover can sometimes surpass benefits of Agile methodologies.
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MaremaTuyHa MOJENb TEIUIOOOMIHY y BaJIKOBOMY Kamiopi
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IloOynoBana ¢isuuHa MOAENb TEIUIOBOTO HPOLECY Yy BAJIKOBOMY KaimiOpi Il yac MPOKATKH CTPIYKM HA IBOXBAIKOBOMY
NPOKaTHOMY CTaHi. 3alpoINOHOBaHA MaTeMaTWdHa MOJENb TEMIEepPaTypHOTO HOJII PYXOMOTO MOPOYKHHCTOIO —Bayka
NPOKAaTHOTO CTaHy NMIIHAPUYHOI (OpPMH, IO OOEpTaeThCS HABKOJO CBOET OCI 31 CTalOI KYTOBOIO IIBHIAKICTIO. Y
MaTeMaTH4HI Mojeli BpaxoBaHI pi3HI yMOBH TeIUIOOOMIHY BHYTPINIHBOI Ta 30BHIIIHBOI ITOBEPXHI Bayika 31 CTPIUKOIO Ta
OTOYYIOUMM HOro cepemoBHIeM. TemiepaTypHe Ioje HOPOXKHUCTOTO Bajka IPOKATHOTO CTaHy PO3IIBIAAETHCS y BHUIIIAAL
MOYaTKOBO KpaioBOiI 3a7adi Mg OAHOPIAHOTO PIBHSHHS TEIUIONPOBIAHOCTI 3 HEOJHOPIAHUMH, HENIHIMHUMH TpaHUYHUMHU
YMOBaMH, IO 3aJleXaTh BiJ KyTa oOepTaHHs Bajka HaBKOJO CBO€I oci. PO3IIHYTO TakoX CHpOLIEHy 3a[ady BH3HAUCHHS
KBa3iCTAallIOHAPHOTO TEMIIEPATYpPHOTO IOJA, PO3B’S30K SKOI 3BEAICHO A0 PO3B’A3KY EKBIBAICHTHOTO ili iHTErpaJbHOTO
piBHsHHA THITy ['ammepureitHa 3 sapom y Buriai GyHkmii ['piHa. 3a JOmMOMOTror0 cHCTEMH KOMII'FOTEPHOI MaTeMaTHKU
Mathcad noGymoBaHo TemIiepaTypHUN PO3MO/LT MOBEPXHI Bajka. Po3po0iieHO anropuT™ po3B’si3Ky HEOJHOPIAHOT 3a1adi Ta
no0yJOBaHO TEMIIEPaTYpHHI PO3IOALT BaJKa.

Kniouosi cnoea: mamemamuuna mooens, memnepamyphe noie, 6aiKosuil Kaniop, kpaiioga 3a0aya, inmezpansbhe piGHAHHA.

TlocTpoena ¢usmyeckast MOZENb TEIUIOBOTO IIPOIECCa B BaJKOBOM KalHuOpe BO BpeMs IPOKATKH JIEHTHI Ha JIBYXBAJIKOBOM
npokaTHOM craHe. [IpemnoskeHa mMaTeMaTHyecKas MOJETb TEMIIEPAaTYpHOTO IOJS MOABMXKHOTO MOJIOTO BajKa MPOKAaTHOTO
CTaHa LWJIMHAPUYECKOH (OPMBI, KOTOPHI BpamiaeTcsi BOKPYT CBOEH OCH C IIOCTOSHHOH YIJIOBOW CKOpocThio. B
MaTeMaTHYeCKOIl MOJIeNN YUTeHBI Pa3INYHbIe YCIOBHS TeIuI000MeHa BHYTPEHHEH M BHEIIHEH MOBEPXHOCTH BaJKa C JEHTOH U
oKpyxatomieit ero cpenoit. TemmepaTypHoe IMoje IMOJOrO BajKa IPOKATHOTO CTaHa pPacCMaTpUBACTCS B BHIC Ha4yajbHO
KpaeBOM 3aJa4yd JJis OJHOPOAHOTO HECTAIIMOHAPHOTO YPABHEHHUS TEIUIONPOBOIHOCTH C HEOIHOPOAHBIMH, HEIUHCHHBIMHU
TPaHUYHBIMH YCIOBHSAMH, KOTOPBIC 3aBUCAT B TOM HHCIIC M OT YIJIa IIOBOPOTa BaJika BOKPYT CBOEi ocH. PaccMOTpeHa Takke
YIPOIICHHAs 3aJaqy ONpEeNeeHHs KBAa3HUCTALMOHAPHOTO TEMIIEPAaTYpHOTO IIOJs, PELICHHE KOTOPOW CBEIECHO K PELICHHI0
SKBHBAJIEHTHOT'O €ff HHTETrpaJbHOTO ypaBHEeHUs THIa ['ammepiureiina ¢ siipom B Buje GyHKunu ['prHa. C MOMOIIBIO CHCTEMEI
KOMIIBIOTepHO MaTtemaTnku Mathcad moctpoeHo TemmepaTypHoe pacipeaeieHue IIOBEPXHOCTH Basika. Pa3paboTan anroputm
pCIICHNS HEOHOPOAHOM 3a1a4i U OCTPOCHO TEMIEPaTypHOE paclpeeeHUe BajKa.

Knrouesvie cnosa: mamemamuyeckas mooenb, memnepamyphoe noie, 8aiKo8blil Kaiubp, Kpaeedas 3a0aud, UHMezpaibHoe
ypasHeHue.

A physical model of the thermal process in the roll caliber during the rolling of the tape on a two-roll rolling mill has been
constructed. A mathematical model of the temperature field of a movable cylindrical hollow roll of a rolling mill rotating about
its axis with constant angular velocity is proposed. The mathematical model takes into account different conditions of heat
exchange of the inner and outer surfaces of the roll with the belt as well as surrounding environment. The temperature field of
a hollow roll of a rolling mill is considered as an initial boundary-value problem for a homogeneous non-stationary heat
equation with inhomogeneous, nonlinear boundary conditions, which also depend on the angle of rotation of the roll around its
axis. The equation describes the temperature field of the rolls during uncontrolled heat transfer during rolling. It significantly
depends on the time and number of revolutions around its axis. With a large number of revolutions of the roll around its axis, a
quasi-stationary temperature distribution occurs. Therefore, the simplified problem of determining a quasistationary
temperature field, which is associated with a thermal process that is time-independent, is considered. In this case, the
temperature field is described using the boundary value problem in a ring for a homogeneous stationary heat equation with
inhomogeneous boundary conditions and heat transfer conditions outside the ring, which lie from the angular coordinate. After
the averaging operation, the solution of this problem is reduced to solving the equivalent integral equation of Hammerstein
type with a kernel in the form of the Green's function. The temperature distribution of the roll surface has been built by the
Mathcad computer mathematical system. An algorithm for solving an inhomogeneous problem has been developed and the
temperature distribution of the roll has been constructed.

Keywords: mathematical model, temperature field, roll caliber, boundary value problem, integral equation.

1 IlocTaHOBKA MpodIEMH

CyuacHi BUMOTH LIOAO SIKOCTI MPOAYKLIi y MPOKaTHOMY BUPOOHHUITBI BHUMAararoTh ITiJBHILECHHS
TOYHOCTI KOHTPOJIFO TEMIIEpaTypHu BaJKiB Y 30HI npokaTku [1-3]. Lle MOKIMBO 32 paXyHOK KepyBaHHS
TEMIIEpaTypHIUM PEXHMOM POOOTH 3a JIOIIOMOTOI0 MAaTeMaTH4YHOI MOJIeNi TEIIOBOrO MPOIEeCy Y
BaIKOBOMY KamiOpi. OnHi€0 13 BaXIMBUX YMOB ONTHMI3allii TEMIIEPATYPHOTO PEKHUMY € YiTKHN
KOHTPOJIb YMOB TEIUIOOOMiHY BaJIKiB 3 OTOUYIOUHMM iX cepemoBueM. st JOCTiIKEeHHsI MaTeMaTHYHUX
MOJZIeIeH Ta PO3B’SI3KY 3ajay, 110 OIMUCYIOTh MOJIENI TEIUIOOOMIHY, HEOOXIIHO MaTh JOCTOBIpHI
eKCIIepUMEHTANIbHI JIaHI TPO TEIJIOBE TMOJe MeTally, IO KOHTAaKTye 3 BallkaMd Ta NP0 TEIUIo
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nmedopmartii mig gac mpokatku [4-6]. ¥V po6ori [4] posrisHyTa MaTeMaTHYHA MOJAEIh TEMIIEPATYPHOTO
moJisi cisi0y, IO € 3aroTOBKOIO IS TapsA4oi NMPOKATKH JIMCTa, y BUTJSAAL JABOMIPHOI 3amaui Jyist
HECTAIlIOHAPHOTO PIBHSAHHS TEIUIONPOBIHOCTI 3 MMOAAJBIIAM PO3B’SI3KOM ii SBHUM KiHIIEBO-

PI3HULIEBUM METOJIOM i3 3aJTy4eHHSIM PiBHSIHb OaaHCcy eHeprii.

2 Mera po6oTu

Mertor poboT € moOymoBa MaTEeMAaTUYHOI MOJIENI TEMIIEPATypHOTO IOJISI MOPOKHUCTOTO BallKa
MPOKATHOTO CTaHy, KU 00EPTAETHCS HABKOJO CBOEI OCI 31 CTaJOK KYTOBOIO MIBUIKICTIO, ITiJ| Yac
MIPOKATKH CTPIUKH ab0 mpodiIro.

3 Marepiayu i pe3yJibTaTH A0CTiIZKEHHS
Posrnsaemo ¢iznuHy Momeih. 30BHIIIHS MOBEPXHs, Y 3aJE€KHOCTI Bi KyTa ¢ IMOBOPOTY BaslKa

MPOKAaTHOTO CTaHy HABKOJO CBO€i OCi, CIpHIMae TeIyo BiJl CTPIUKH, MO AchopMyeTbcs, a MOTIM
BTpayae ioro 3a Mexamu 30HH aedopmanii 3a 3akoHamMu Helorona Ta Credana-bonsimana.
BayTpinmHs #oro moBepXHs BTpayae TEIUIO KOHBEKTHBHUM a00 KOHIYKTHBHHM CIIOCOOOM, Yy OKPEMHUX
BUTIAJKAX M€ 1 BUMPOMIHIOBAaHHSAM. Y 30HI KOHTAaKTy Bajka 31 CTPIYKOI0 TEIUIO BiJ MOBEPXHI
MEPEIAETbCs IO HOro OCi TEIUIONPOBIAHICTIO. Y IHINKM YacTHHI BajJKa TEIUIO BTPAYaEThCS
BUIIPOMIHIOBaHHSM, KOHBEKTHBHAM a00 KOHAYKTUBHUM CIIOCOOOM. TeruioBy B3aeMOJif0 Baika 3i
CTPIYKOIO, IO 00pOOISAETHCS, JO3BOJISIE BPAXOBYBATH YMOBA CIPSOKEHHS (TPaHMYHA YMOBA YETBEPTOTO
pony), abo MOYKHa BBa)KaTH, 1[0 TEMITEpaTypa MOBEPXHi Bajika i CTPiUKH y 30Hi Aedopmariii ogHaKoBi
[7-9].

Taka TerutodizndHa MOIENh MPOIECy TEII000MIHY ITiJT Yac MPOKATKU MPUBOIUTH 0 MaTeMAaTHUIHOI
MOJIe/Ii, B OCHOBY SKOI TOKJIQJCHO OJHOPITHE PIBHSHHS TEIUIONPOBITHOCTI, K€ B IWJIIHAPUYHIN
cucTeMi KoopauHaT Mae BUIIIs [10]
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Y BUNAIKy, KOJIU Y =0, piBasgHHA (1) ommcye KBa3icTallioOHApHE TEMIEpaTypHE IMOJIe BAIKOBOTO

KajgiOpy, KOJM Michsi KOKHOro o0epTy Bajika TemIlepaTypa HOro HMOBEpXHI HE 3aJIe)KHTh BiA dacy i
3aJMIIaEThCs He3MiHHOW. Lle ineanbHuil BapiaHT, SIKMH MOXIMBHI HPU >KOPCTKOMY KOHTPOJII YMOB
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TEIUIOOOMIHY ITiJT Yac TpokaTkd. Taka 3ajada TpUTaMaHHA Uil MPOIECY OTPUMAHHS CTPIUYKH Y
BAJIKOBOMY KpHcTaiizaropi [11].

Hecrauionapue piBHsHHS (1) ommcye TemIiepaTypHe IIOJi€ BalKiB MPH HEKOHTPOJIHLOBAHOMY
TeTI000MiHI TIiJ] 9ac IPOKaTKH. BOHO CYTTEBO 3alIeXKHUTh BiJ 4acy, Ta KUTBKOCTI 00€pTiB HABKOJIO CBOET
oci.

SKxmio BBakaTH, LIO0 OCHOBU IMJIIHAPUYHOTO BaJIKa TEIUIOI30JIbOBaHi, a HOro teMmepaTrypa He

. " oT
CYTTEBO 3aJIC)KUTH Bl OCHOBO1 KOOpAWHATHU, TO MOXXHA ITOKJIACTHU 8—20, a 3aJady BU3HAUCHHIA
z

TEMIIEPaTypHOTO PO3MOJLTY Ha TIOBEPXHI 1 y TLJII BaJlka 3BECTH 10 33/1a4i BU3HAYCHHS TEMIIEPAaTypHOTO
PO3IMOIiTy OCHOBOTO MEepepi3y MOPOKHUCTOrO mutiHapa T =T (r,go,t) , 0 00epTAETHCSI HABKOJIO CBOET

oci 3 KyTOBOIO IIBHAKICTIO @. Komm TeruioBuii MOTIK  OpPTOTOHANBHHWIA OCi OOepTaHHS MaeMO
MIOYaTKOBO-KpaiioBy 3ajaqy JUTSE PIBHSHHS (D B obmacTi (Puc.2)

Qxt={(r,p)| R <r <R, 0<p<2z,t>0}[10-13].

A=t —cp=— =0,
ror or r? 9¢? P o

T(r.,0)=Tg, T(r,p+27,t)=T(r,pt)

15( GTJ 1 8%T ar
A=—I|Tr1 +

oT or =

= =ty (T, ~T), 0<p<2z, -~ R:F((p,t,T), @)
r=rq r=

B hyTw ot <p<gy+ot

F(¢,t,T)=

hl(Tc —T)+K(TC4 —T4), ot + ¢ <(p<cot+27r’

2 A aj .. . . . .
e a® =—;h; =7', A — Koe(illieHT TEMIONPOBIIHOCTI; C — TEIUIOEMHICTB;, 0 — I'YCTHHA Marepiaiy;

o — xoedinient TeroodbMminy, Tyy =T, +Tq, Ty — TemnepaTypa MeTaly, IO HOTpAIUIs€ y 30HY
nedopmanii, Ty — cepenHe 30iNbIICHHS 3HAUCHHS TEMIeEpaTypH y 30HI Jedopmanii (BUKINKaHE
nedopmaliiero Metaiy), T, — TemrepaTypa cepe/loBHIINA 30BHI KiIbLis, TC2 — TeMIiepatrypa BCepeIuHi
KUTBIIA.

[Ipu BenmukoMy uwmcii 00epTiB BajKiB HABKOJO CBOE€i OCi BCTAHOBIIOETHCS KBa3iCTaIlilOHAPHHIMA
PO3IONILNT TEMITEpaTypH SIKUHA HE 3aJIe)KHTh BiJl yacy. 3anaya (2) COpoIyeTbes 1 MU MaEMO 3aady Juis

PIBHSIHHS TEIUIONPOBIHOCTI y Kbl 2= {(I’,qo)|, Ri<r<R,0<p< 272'} [11] 3 HeomHOpigHUME

rpaHUYHUMH yYMOBaMHM Ta YMOBaMH TEIJIOOOMIHY 3a MeXaMH KUIbLS, L0 3ajieKaTh Bl KyTOBOi
KOOpPJIMHATU @ .

Puc.2. Padianenuii nepepiz yuninOpuuHoeo 6aixa
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2
Pl )0 ®
T R, a(m)={ " o @
or l,_r hy (T, —T)+K(TC4 —T4), @ <@ <2,
%rle =ty (T, -T), 0<p<2r, (5)
T(r,g0+27z):T(r,g0). (6)

&o . . .
Tyt =7, & — CTyNiHb YOpHOTH; o — mocTiiiHa Ctedana-bonpumana. Skmo TemmnepaTypHuit

PO3MOILT KiNbIA HE 3aJIeKUTH BijJ pajiyca, KiIblle TEPMIYHO TOHKE, TO MOXKHA MEPEUTH IO PO3TIIILY
ycepeaHeHoi 3a pagiycom temmepatypu [9]. Po3B 530k Takoi CIIpoIeHoi 3a1aqi 38e71eMO 10 PO3B’I3KY
IHTerpajbHOro piBHSHHS TUMy ['ammepmireiina 3 simpom y Bursiai ¢yskuii I'pina [13]. dns usoro
OMHOXHUMO piBHsHHs (3) 3amaui (3)-(6) Ha rdr Ta sinterpyemo iforo B Mexxax Ry <r<R, me I, —

Cepe/IHe 3HaYCHHS pajiyca Kijbls, S = 72'( R? - R12) — MJIOIA KiJbIIS.

[Ticns omeparnii ycepemHeHHsT OTPUMAEMO KpaioBy 3ajady AJsi 3BHYAHHOTO TU(EpEHIIaTbHOTO

PIBHSHHS JIPYTOro MOPSIIKY, SiKa PO3MaNaeThCs Ha JIBI KpaioBi 3a1a4i B 0bmacTi Q, = {qul + ngz}

2 2 2 2
d L21_2ch hquFZRrC If(¢,u)+2RrChlu:0. %
d S S S
Tepima 3ayaua B obmacti Q ={0<@<¢p} Mae BursA
2 2 2
ﬂ—zi(ha —thl)u1+ Zch h2TM =0,

dgo2 S (8)

Ul(O)ZTm, Ul((po)ZTM.

. o 22 2R1Zh, Ty , .
VBIBIIM MMO3HAYEHHS ( =?(Rh2 -Rihy), o ==—"g . OTPHMAEMO posr’saoK sanati 8y
BUTIIAIL
2Rh,T,
— go —9¢ 2'M
u =Ce” +Coe + . 9
1(9)=Cy 2 Rh, — Ry 9)
Apyra 3ana4a B obnacti Q, = {pg <@ <27} mae Burmsn
2
G 20—ty o(1 ),
49 (10)

_dup ()

d¢) =(h2—hl)U2 +th0+K‘(TC4—U§); U2(27Z')=Tm,
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2Rr?
Ie T=axk, a= s
s mobynosu ¢yukuii ['pina mis 3anauyi (10) 3anumemo piBasHus (10) B onepaTropHOMY BUTIISII
4 -4 d?
Lu=zu,” —7T., L=—2+g (11)
de

Jlns 3HaxokenHst GyHkuii U, Oymyemo dymkuito I'pina mnst cnpsskennoro omepatopa L* o

omepatopa L y KoxHiif 3 migoOmacTteit o6macTi Q,= {Q(Pl + anz}

{'—* Gi(¢;¢) =—6(p—2), 12)
G1(0) = 0,Gy (¢1) = 0,G5 () =0,Gp(27) =0’
i « d?
ne o(¢p—<&) — nenbra-¢ynkuis dipaka, L =d—2— g°.
4

B o6macri Q‘/’z = {goo <p<éE<p< 272'} dyukuis Gy (@;&) moBUHHA 3aI0BOJBHSITH OJXHOPITHUM

yMOBaM
L*Ga(p:6) =0, ¢<g, 9> (13)

VY koxHil 13 migobnacreit Qy ., Q) p<&, @>¢& mpencraBUMO @ SK 3aralibHUA PO3B’ 30K
oJHOpiaHOTO piBHAHHS (13) 3 OMHOPIAHUMH KPaHOBUMH YMOBaMHU
d°G;

177970 G0 =0 Gi() =0, Gyln)=0, Go(27) =0 (14)
@

ne X p=%g - KOPEHI XapaKTepuCTHYHOro piBHAHHA. Tomi ¢yHkiis ['piHa, 1110 3aI0BOJILHSE 3a1a4l

(14), mae Burman

. X9 . Xo@
G, () = Cll(*’:)e +C|2(Sg)e 7, p<¢ 0<p < pp<27. (15)
Cig(£)e™” +Cig(5)e*”, 9>¢&

CKOpHCTaBIIMCH BIACTUBOCTAMU (QyHKUiI [piHa Ta OFHOPIAHMMH T'pPaHUYHMMHU YMOBaMH,

Bm3HaunMo koedimientn Cj; +Cjy y KoxHid 13 migoOmacreil ob6macTi Q¢:{Q%+Q¢2},

={0<p<¢, E<p<p}, Q,, z{(oo <p<é, §<¢J<27r} [14].

C1(8)+Cip(&)=0

Cls(§)e¢°1+01 (¢ )e%xz =0, (16)
C11(£)€" +Cpp ()€™ =Cyy(£)€" +Cyq (£)™%

—Cn(é)xle M~ Cia()%8® + Cra(@)xie +Cq (£, = -1

Beeagemo no3naueHHs
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Al — Zg (exl% _ eXZ(pO )’ gll(g) — eX2¢’O+X1‘§ + eX1¢)0+X2§,
012 (g) _gXePotXxs exl(/’0+x2§1 013 (g) - (ex2§ _ exlf),
A, = Xl(exz(po+27rx1 _ X0 +27% ) Xy (exl(/’o+2”X2 _ ex2¢)0+27rx1) , (17)
921(5) _ eX2§+27zXl _eX1§+27rX2 , U0 (é:) _ exl(po+X2§ _exz(po+xl§.
BpaxyBaBmig, mo X +X, =0, a X —X,=2Qg Ta MmiJCTaBUBIIN 3HAYCHHS KOE(II[iEHTIB
paxy 1 X2 )
Ci1(§)+Ci4(§) B (15), Oynemo wmaru Qynkuito Ipina B obmacti, Q ={Q(/,l +Q¢,2},)le
Q, ={O<go<§, §<gp<(po}, Q(pz z{(oo <p<{, §<¢J<27r}

~011 (&) + 915 (&)™, p<&

1
Gi(pr8) =— O<p <y
Al eXZ%eXlw_exl%eXZ(o L 0>
013 () Joo>¢ )
P _ %@
1 921(5)(6 —-€ )!¢<§
ol &)= o P <p<27 (19)
2|z (¢)(€% —e*27 ) > £
PiBusiHHs ["aMMepinTeiiHa y KOXHiH mio0macTi Mae BUTIIS
Up1 () =U21(0)G1, (0.£) ~U 1 (#0)Gip (90:8) +
P ) 4 (20)
+y [ Gy (p,E)do—7 | Gy (0.EN31dp, Q@ ={0<p<&, E<p<pp]
0 0
u22(§)=u 22((/)0)Gé¢ (¢0,§)—u 22(27;)Gé(p(27z,§)+
2z 27 4
+y | Gy (9ENp—7 [ Go(p.E1godp, Qo = {g <0 <&, E<p<2n
2 %0
Po 2
Ilicns mepeTBOpeHb Ta OOYMCIIEHHS iHTErpasiB _[Gl((o,é)d(p Ta _[ G, (¢,§)d¢ 3aMHUIIEMO
0 0
piBHsHHS ["amMmepmiTeiiHa y BUTTISIL
2z 4
u(&)=uL (&)~ [ Gi(g:&u"dg,
0
2]
U (£)=u1(0)G;, (0.8) U 5 (20)Gy (90.5) + @1 | Gi(e.& )Mo+
0 (21)

+Uo- ((po)Gg'/, (0,6)-u 22(27[)G('/,(27r,§)+a)2¢£OG2 (p.&)Mo.

Po3B’s130k iHTerpanbHOro piBHsAHHS (21) 3HaiineHO i3 3acTOcyBaHHSAM MOAM(IKOBAHOTO METOLY
Herorona y Burmsai[15]
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Po 27
u(&)=ug -7a*| [ G(p.&)do+ [ Gy(p.€)de |, (22)
0 %

ne U — cepenHe 3HAYCHHSI TEMIIEpaTypH BaJIka Ta KOPiHb piBHAHHA U = A— BLT4,

A L7 d B= ‘ dé |G d +2ﬁd 2ﬂG d
= u , B= @;&)de p;¢)de |.
277—(00£ L(?) ¢ > ! (I) fi ( ) f s“f ( (f)

3a po3B’si3KaMH 3a7a4 MMPOBEIEH] YKcenbHi ekcriepuMeHTH. Ha puc.3 300pakeHuid TeMnepaTypHUit
PO3MOIT paaiaibHOTO Mepepi3y CTaIeBOro HUIIHAPUYHOTO BaJKa, IO CIPUIMAE TEIUIO B 3aJICKHOCTI
BiJ 3MiHM KyTa OBOpOTY B iHTepBani 0< ¢ < ¢y, Ta BTpauae iHoro 3a 3akoHamu HetoToHa Ta Credana-
bonbimana B iHTepBanmi ¢p <@ <27 . Jlnd YUCENBHOTO eKCHEpUMEHTY Oynu B3ATi Ternogi3suuHi
xapaktepuctuky 3amiza [16] A=60B1/(m-K) — xoedimient TeronposimHocti, pq =7780Kkr/mM® —
rycruHa 3aiisa, ¢ =460 x/K — rermoemuicTs 3aiisa, Ty =300 K — mouarkosa temneparypa, T, =300 K

— TeMmImepaTypa cepenoBuma, T,,q =900K, T =615K, — temnepatypa Mertamy, mo oOpoOseTses, Ta

o =100 Bt/M*K, @, =150 BT/M* K |

. a;
TeMIepaTypa MeTaly Ha BHXOZI i3 30HM Jaedopmauii, h; :7'

=07, 0=6.67 %107 — mocriiina Credana-bonbumana, R=02m i R =0.1M — 30BHIlHINA Ta
BHYTPIIIHIA paAiyc KinmbIld. ['padikn TemmepaTypHHX pPO3IOAUIIB TOBEPXHI Ta Tepepizy
MOPOXXHUCTOTO IMIiHApa mobOyoBaHo 3a po3s’s3kamu 3amau (8),(9),(22) B cepemosumi Matcad Ta
Matlab 3 mromomororo GUI-momarka PDEToolbox.

240 I | I | I I I 1 I I I
2000 .
1600

40

ud($)

L
—
e
—
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[ ]
»
_
[
=
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=
e
L
—r
L]
L=

0, ' 376,

Puc.3. Keazicmayionaphuii memnepamypHuil po3nooii 8aiKa RPOKAMHO20 CIAKY RPU YMOBAX

Ty =1100K, T, » =995K .

Ha puc. 4 300paxenuii TeMrepaTypHUi pO3MOILNT Mepepi3y CTaleBOro HIWIIHAPUIHOTO BaJKa, SIKUI
crpuiiMae Temo B Mexkax 3MiHu Kyta noBopory 0< @< ¢y, ay Mexax ¢ <@ <27 BTpayae TEIio 3a
3akoHamu Herotona ta Credana-bonbsimana yepes3 10c miciis mo4yaTKy npouecy NpoKaTKH
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Time=10 Color: T
0.3 T T T T T

Temperature K

1
m
-
=]

-0.4 -0.3 -0.2 -0.1 o 01 02 0.3 0.4

Puc.4. Temnepamypruii poznoodin 3a poss ’szxom 3adaui (22) npu t=10 ¢

4 BHCHOBKM

[ToOynoBaHO (i3ndHY MOJIENH TETLIOBOTO MPOIECY Y BaIKOBOMY KaJiOpi ITij 9ac MPOKATKU CTPIUKH
Ha JBOXBaJKOBOMY MPOKAaTHOMY CTaHi. PO3risiHyTO MaremMaTHYHy MOJeNb TEeMIIEPaTypHOTO OIS
PYXOMOTO MOPOKHHUCTOTO BaJIKAa MPOKATHOTO CTaHy HWTIHAPUYHOI OpPMH, IO 00EpPTAETHCS HABKOJIO
CBOEl OcCi 31 CTamol KyTOBOKO INBUAKICTIO. Y MaTeMaTW4Hii MOJeNi BpPaxOBaHO pi3HI YMOBH
TEmI000MiHy BHYTPIIIHBOT Ta 30BHINIHBOI IOBEPXHI BajKa 31 CTPIYKOK Ta OTOYYIOUHUM HOTO
cepenoBuIeM. TemrepaTypHe Mojie MOPOKHUCTOTO BajKa MPOKATHOT'O CTaHy PO3IJISIHYTO Y BUTJIAL
MOYATKOBO KpaloBOi 3ajadi NI OMHOPIMHOTO PIBHAHHS TEIUIONPOBIAHOCTI 3 HEOMHOPITHUMH,
HENHIMHAMH TPaHWYHAMH YMOBaMH, IO 3alieXaTh BiJ KyTa oOepTaHHS Bajka HaBKOJO CBOEI OCi.
PosrasiHyTO CcrhpoleHy MaTreMaTW4Hy MOJeNb Yy BHIUIAAI 3a7adi BU3HAYCHHS KBa3iCTalllOHAPHOTO
TEeMIIEpaTypHOTO TIOJIS, PO3B’SI30K SIKOi 3BEICHO JIO0 PO3B’SI3KY EKBIBAJIEHTHOTO Iil iHTErpajbHOTO
piBHsHHSA Ty [ammepinreiiHa 3 sapoMm y Burismi ¢yskmii ['piHa. 3a gomomorow cuctemu
KOMIT'FOTepHOi MaremaTuku Mathcad mnoOymoBaHO TeMIEpaTypHHU PO3MOJLT IOBEPXHI BaJiKa.
Po3pobiieHo anroput™ po3B’s3Ky HEOAHOPiaHOT 3amadi Ta 3a gonomoror GUI-momatka PDEToolbox
Matlab moOymoBaHO TeMIepaTypHHIA PO3IIOALT BaJKa.
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Forced liquid vibrations in prismatic tanks under vertical and horizontal loads
D.V. Kriutchenko

Hucmumym npobaem mawunocmpoenus um. A.H.Ilooeopnoeo HAHY, Yrkpauna
wollydenis@gmail.com

The method of studying forced vibrations of a liquid in rigid prismatic tanks partially filled with a liquid is offered. It is
supposed that the liquid is an ideal and incompressible one, and its motion, caused by the action of external influences, is
irrotational. For those assumptions there is velocity potential that satisfies the Laplace equation. The boundary value problem
for this potential is formulated. On the wetted surfaces of the tank the non-penetration conditions have been chosen. On the
free surface of the liquid, the kinematic and static conditions have been specified. The static condition is the equality of
pressure on the free surface to atmospheric one. The liquid pressure is determined from the Cauchy-Lagrange integral. To
formulate the kinematic condition an additional unspecified function describing the motion of the free surface is introduced.
The kinematic condition is the equality of the velocity of the liquid described by the velocity potential, and the velocity of the
free surface itself. The modes of free vibrations are used as a system of basic functions to solve the problems of forced fluid
vibrations in reservoirs. Unspecified functions are presented as series of the basic functions. The coefficients of these series are
generalized coordinates. Periodic excitation forces acting in the vertical and horizontal directions have been considered. The
vertical excitation examination leads to appearance of additional acceleration. Therefore we obtain a system of unbounded
differential equations of the Mathieu type. This allows us to investigate the phenomena of parametric resonance. The effect of
parametrical resonance is considered when the vertical excitation frequency is equal to double own frequency of liquid
vibrations. Dependences of change in the level of free surface via time under both separate and mutual action of horizontal and
vertical forces have been obtained. The phase portraits of a dynamic system with indication of resonances are presented. The
method allows us to carry out the adjustment of undesired excitation frequencies at the reservoir design stage in order to
prevent the loss of stability.

Key words: prismatic reservoirs, ideal incompressible fluid, vertical and horizontal excitations, Mathieu's equation, phase
portraits

3anponoHOBaHO METOJ JOCII/DKEHHS BHMYIICHHX KOJIMBAaHb DPIAWHM B JKOPCTKHX IPH3MATHYHHX pe3epByapax, 4acTKOBO
3aII0BHEHHX PiANHOI0. BBaXkaeThCs, 0 piinHA € ineanbHO0 1 HECTUCIHBOIO, a 11 pyX, BUKJIIMKAHUHN /Ii€10 30BHIIIHIX BIUTUBIB, €
0e3BUXpOBHM. Y NHUX MPHITyHICHHSAX iCHYE MOTEHIall MIBUAKOCTI, AKUU 3a10BoJbHsAE piBHAHHIO Jlammaca. CdopmymnpoBana
KpaiioBa 3amaya Iy IbOTO MOTeHIiany. Ha 3MOYCHUX MOBEPXHIX pe3epByapa MalOTh BUKOHYBATHCh YMOBU HEMPOTIKAHHSL..
Ha BinbHIlf moOBepXHI piIMHM 3aJaI0ThCA KIHEMATWYHI Ta cTaTW4HiI yMOBH. CTaTM4Ha yMOBa MOJATAE€ B PIBHOCTI THUCKY Ha
BUTBHIH TOBepxHi 10 arMocgepHoro. Tuck piguHM BH3Ha4aeTbest  iHTerpaom Komi-Jlarpamka. (s ¢opmysroBaHHs
KiHEMaTHYHOI yMOBHU BBOJMTHCS JOAATKOBA HEBioMa (YHKILIs, sIKa OIMCYE pyX BUIbHOI moBepxHi. KiHemMaTnuHa ymoBa - 11e
PIBHICTh IIBHAKOCTI PiIMHM, SKa ONMUCYETHCS MOTEHIIAJOM IIBHJIKOCTI, 1 MIBUAKICTIO caMoi BiIbHOI moBepxHi. L{i popmu
BIIBHHUX KOJIMBAaHb BUKOPHCTOBYIOTHCS SIK CHCTEMa HUX (QYHKIIH NpU BHpIIIEHHI NPOOIeM BUMYIICHUX KOJMBAaHb PiIVUHHU Y
BonoiiMax. Hesimomi ¢yHKmii mpencrasieHi y BUMIAAL psAaxy ocHOBHHX QyHKmid. KoedimieHTH mux psmiB € y3araibHEHIMH
KOOpJMHATaMH. PO3IISTHYTO MepiofuyHi cHin 30yPKeHHS, IO JiIOTh Y BEPTHKAIBHOMY Ta TOPU30HTAJbHOMY HAINpPSMKaX.
SIKIIO BHMBYAETBCS BEPTUKAJIbHE 30YIDKEHHs, 1I¢ HPHU3BOAUTH A0 IMOSBH JOATKOBOTO NPUCKOPEHHS. TYT MH OTPUMYEMO
cucreMy audepeHuianbHUX piBHAHBb TNy Martbe. Lle 103BONSE NOCTHIOUTH SIBUINA MapaMEeTPHYHOTO pPEe30HaHCYy. Brms
MapaMeTPUYHOTO PE30HAHCY BBAXKAETHCS TOMI, KOJM YACTOTA BEPTHKAIBHOTO 30YIKCHHsS JOPIBHIOE MOJBIifHINA BIacHIii
4acToTi KoJMBaHb piavHH. OTpuUMaHi 3aJeXKHOCTI 3MiHM pIiBHS BIIbHOI TMOBEpXHI Bil 4Yacy BHACIIIOK B3a€MHOI Aii
TOPU30HTAIBHUX Ta BepTUKAIbHUX cwil. [lonmaHi (a3oBi MOpTpeTH AWHAMIYHOI CUCTEMH i3 3a3HaueHHSIM pe30HaHCIiB. MeTox
JI03BOJISIE€ 3IIHCHUTH PEry/IIOBaHHS HeOakaHMX 4acTOT 30y/KEHHs Ha eTari NPOEKTYBAaHHS IIPU BHPOOHHITBI pe3epByapa 3
METOIO 3aro0iraHHs BTPATH CTIHKOCTI.

Knrouogi cnosa: npusmamuuni pezepgyapu, ioeanbHa HeCMuciuga piouHd, 6EPMUKAIbHI MA 20PU3OHMANLHI 30Y0ICEHHS,
pisusanna Mamoe, gazoei nopmpemu

IIpennosxen MeTos MCCIENOBAHNS BEIHYX/ICHHBIX KOJIeOaHHH )KUAKOCTH B XKECTKHUX MPU3MATHUECKUX Pe3epByapax, YaCTHIHO
3aMOHEHHBIX JKUAKOCTBIO. [Ipedmormaraercs, 9YTO JKHAKOCTH SBISIETCS WACATBHOH M HECKHMAaeMoOH, a ee MABIDKSHHE,
BBI3BAHHOE JICHCTBHEM BHEIIHUX BO3JCHCTBUI, SBIAETCS OE3BUXPEBBIM. B 3THX NMPEAIONOKeHHAX CYIIECTBYeT MOTEHIHAI
CKOPOCTH, KOTOPBIH ynoBieTBopsieT ypaBHeHmIo Jlammaca. ChopMynupoBaHHas KpaeBas 3aj1ada Juisl 3TOro nmoteHnuana. Ha
CMOYEHHBIX IOBEPXHOCTAX pe3epByapa CYLIECTBYIOT YCJIOBHA HempoTekaHus. Ha cBOOOIHOM MOBEPXHOCTH KHUIKOCTH
3aJal0TCsl KWHEMaTHYeCKUe M CTaTHYeckue ycioBHs. CTaTHYECKHE YCIOBHS COCTOST B PaBEHCTBE JABJICHUsSI Ha CBOOOIHOI
MOBEPXHOCTH K aTMochepHOoMy. [laBieHue »XHMAKOCTH ompenensercss uaterpanoM Komm-Jlarpamxa. s dpopmynupoBku
KHHEMaTHYEeCKOT0 YCJIOBHSI BBOJUTCS JIOTIOJHUTEIbHAs HEU3BECTHas (QYHKIMS, KOTOpas OMHCHIBACT ABM)KEHHE CBOOOIHOIL
MoBepXHOCTH. KuHeMaTHdeckoe yCIOBHE - 3TO PaBEHCTBO CKOPOCTH XXHMAKOCTH, KOTOpas ONMCHIBACTCS IMTOTCHIHATIOM
CKOPOCTH, M CKOPOCTH caMoi cBOOGOIHON moBepXxHOCTH. DOpMBI CBOOOTHBIX KOJNEOAHWH HCIONB3YIOTCS KaK CHCTEMa
0a3uCHBIX (QYyHKIMI TpH pemIeHnH MpoOJieM BBIHYKIEHHBIX KoJe0aHWi KUAKOCTH B pe3epByapax. HemsBecTHble (QyHKIUH
MPEICTABICHBI B BUAE PSIOB 1O 0a3uCHBIX (yHKIuH. Kod(hdHUIHeHT 3THX pANOB SBISIOTCS 0000MEHHEIMI KOOPIHHATAMH.
PaccMoTpeHB! nepuoauueckue cuiibl BO30YXKICHUS, JEUCTBYIOIIUE B BEPTUKATBHOM U TOPU30HTAIBHOM HampaBieHusx. Eciu
U3y4aeTcs BEPTUKAIbHOE BO30YXICHHE, 3TO NPUBOJAUT K IOSBICHHIO JOMOJIHUTEIBHOTO YCKOPEHHs. 371eCh Mbl IOJIy4yaeM
cucteMy b QepeHIMalbHbIX YpaBHEHHH THIIa MaTbe. DTO MO3BOJISIET UCCIIEIOBATh SBJICHHS TAPaMETPUIECKOr0 pPEe30HaHCa.
BrusiHue mapaMeTpHuecKoro pe3oHaHca BO3HMKAET TOTA, KOTAa 4acTOTa BEPTHKAJIbHOTO BO3OYKACHHS paBHA JBOWHOM

© Kriutchenko D.V., 2019



BicHuk XapkiBcbKoro HawioHanbHoro yHisepcuteTy imeHi B. H. Kapasita, 2019 69

cOOCTBEHHOW dacToTe KoJeOaHWH >KUAKOCTH. [lomydeHHBIE 3aBHCHMOCTH M3MEHEHHS yPOBHS CBOOOJHOW IOBEPXHOCTH OT
BpPEMEHH NP B3aMHOM JeHCTBUH TOPU30HTAIBHEIX U BEPTHKAIBHBIX CHIL [IpencTaBieHs! Ga3oBbie MOPTPETH JUHAMUYECKOH
CHCTEMBI C yKa3aHHEM PE30HAHCOB. MeToJ MO3BOJISIET OCYIIECTBUTE OTCTPOHKY OT HEXENIaTeJIbHBIX YacTOT BO30YKICHUS Ha
3Tamne NPOeKTUPOBAHMS NIPU U3TOTOBICHUH PE3EPBYapPOB C IIENbI0 MPEAOTBPAILEHHUS TOTEPH YCTOHUUBOCTH.

Knroueswie cnosa: npusmamuyeckue pe3epgyapbl, UOCANbHAS HECHCUMAEMAS HCUOKOCMb, BEPMUKATbHbIE U 2OPUSOHMATbHbIE
Hazpysku, ypasnenus Mamve, pazosvie nopmpenot

1. Formulation of the problem and its relevance

Containers and reservoirs for the storage and transportation of different liquids are widely used in
aerospace, chemical, oil and gas industry, power engineering, sea transport. These reservoirs and fuel
tanks are usually filled with oil or other dangerously explosive, flammable or toxic substances. Fluid
motion in liquid storage tanks due to intensive external loadings can be very complicated and violent.
Therefore, studying the dynamic behavior of fluid in tanks is an urgent task. During past decades the
significant progress in experimental technique and numerical methods based on using the computational
fluid dynamics approach has been achieved. But these techniques are very expensive and time-
consuming. Therefore the linear wave models based on the potential flow assumptions are suitable as
the first approximation at designing the liquid storage reservoirs. The most important problems are
associated with fluid motion in reservoirs caused by external loadings, especially applied suddenly.

The methods for solving fluid oscillation problems in rigid prismatic tanks under simultaneous
action of horizontal and vertical excitations are proposed in this paper.

2. Analysis of recent research and publications

Sloshing is a phenomenon associated with the intense movement of fluid in partially filled tanks [1].
This phenomenon can lead to negative effects caused by suddenly applied loads (earthquakes, aircraft
crashes, etc.). Most studies are devoted to the analysis of free liquid vibrations [2-4] or excitation forces
acting only in the horizontal direction [5-7]. Liquid vibrations in fluid-filled prismatic tanks under
action of horizontal loading have been studied in [8]. The liquid motion under action of harmonic force
has been considered. Kim has carried out the numerical simulation of sloshing to predict impact loads
and provided comparison of various numerical techniques in [9]. The effects of sloshing have been
considered for viscid liquids in [10]. The authors of [11] have used the coupled finite and boundary
elements method for sloshing in 3D tanks of different configurations. Parametric instability of liquid
free surface in different fluid-filled reservoirs caused by vertical excitations has been the subject of
extensive research in many scientific areas since Faraday’s first works [12].

3. The aim of the study

The aim of the study is to create the methodology for estimating the amplitude of the liquid free
surface vibrations in prismatic tanks under action of various external influences.

4. Outline of the main research material

This paper deals with the problems of free and forced oscillations of liquids in rigid prismatic tanks.
It is assumed that the external load can act either horizontally or vertically. The scheme of the tank is
shown in Fig. 1.

Figure 1. Sketch of fluid-filled prismatic tank
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We suppose that the fluid is inviscid, incompressible, and its motion is irrotational. Under these
conditions, there exists a potential of velocities @(x,y,z,t), such that
VX:a_(P;Vy:a_(p;VZ:a_(P
OX oy 0z
This potential satisfies the Laplace equation. The mixed boundary value problem for this equation is
formulated. At the same time, non-penetration conditions are set on the lateral surfaces and the bottoms
of the reservoir, and kinematic and dynamic conditions are set on the free surface. The kinematic
condition is that the point on the free surface of the fluid in the reservoir at the initial time of motion
remains on that surface throughout the whole movement. The dynamic condition characterizes the
equilibrium of the atmospheric pressure and the fluid pressure on the free surface. The unknowns are
the velocity potential ¢ and function { that describes the level the free surface elevation. The
relationship between these two functions is given by the dynamic boundary condition

op
—~ 4+9c=0.
ot 9

where g is the gravity acceleration. Let the equation of the free surface at the initial instant of time have
the form £ = 0. Designate a moistened shell surface by S;, and a free surface by S.
The boundary wall and bottom conditions are

¢
onls,

Supposing that the Cartesian coordinate system 0xyz is connected with reservoirs under consideration,
the liquid free surface S, coincides with the plane z = 0 at the state of rest. Let us assume that the liquid-
filled shell is under vertical and horisontal driven forces with accelerations a, and a,
a, = a,(t) i, a, = a,(t) Kk, (4.1)
where factors a,(t), a,(t) depend on time t only. i and k are the unit vectors along Ox and Oz.
Firstly we obtain a relation between the velocity potential, the liquid pressure, and accelerations due
to driving forces and gravity. We have

a,=V[x-a,(t)], a,=V[z-a,(t)], 9=-V(pgz), (4.2)
where X, z are coordinates of a point in the liquid.
Motion equations for the ideal incompressible liquid can be presented in the vector form as follows
[18]:

w+ V(xa, (t))+ V(za, (t)+ V(gz) = _% , (4.3)

where w is the acceleration of the fluid flow, p is the liquid density, and p is the fluid pressure.
Therefore the acceleration of liquid particles under gravitational forces, horizontal, and vertical

excitations always has the potential (an analog of the Prandtl’s potential). Using equation (4.3) and

assuming that the flow is irrotational, Bernoulli equation can be derived in the following form:

P—Po= —p{% +a, (tx+(g+a,(t))z+ %W(Dﬂ , (4.4)

where py is the atmospheric pressure. If small oscillations of the liquid are considered then |Vq>|2<<1,
and we have the next expression:

oo
=0 =) S +au(thr(a a0 . @5
Thus, for the velocity potential, we have the following boundary value problem:

oo
S, on

aq
=% pople =0, 4.6
5, ot p p0|SO ( )

vip=0. 0P

on

where p— p, is defined by formula (4.5), where z =C(X, y,t).

To satisfy the solvability conditions for the boundary value problem (4.6), it is also necessary to add the
Neumann condition



BicHuk XapkiBcbKoro HawioHanbHoro yHisepcuteTy imeHi B. H. Kapasita, 2019 71

4.7
n (4.7)
To solve the problem of forced oscillations we construct a system of basis functions, which are the
solutions of the spectral boundary value problem

2q 0. 0D ool ac oD
Vb =0. | _5 P _6G. B -0
"onls, én P Polg, =0, ot gf;so

s, Ot
under additional condition (4.7).
We present the expressions for the first 8 eigenmodes of fluid oscillations obtained in [13]. This is a
system of basis functions obtained as a solution to problem (4.6) - (4.7) for studying forced oscillations.

jaipd3=o.
So

(4.8)

. T . T . T . T
¥,,(x)=C, cos(0- x)sin o) ¥, (x)=C,sin g XC0s(0-Y) ¥, (x)=C,sin g XSin oY

¥, (x)=C,scos— xcos(0y)
a

T T R T
¥ ,(Xx)=C.scos0xcos(— Y. (x)=C,.cos—xsin—
02( ) 5 (b y) 21( ) 6 a b y 4.9)
R T T TT T
¥, (x)=C,sin 25 XCOSTY W (x)=C, COS_-XCOSy

In the Tab. 1 the natural frequencies of fluid oscillations in a prismatic reservoir are shown.
Fig. 1 shows the numerical values of the frequencies wij and the frequency parameter A for a cube-
shaped prismatic reservoir with geometric characteristics a=b=H=1m

Table 1. Natural frequencies of fluid oscillations in a prismatic reservoir

n i j Aij jj

1 0 1 1.772453851 4.051164194
2 1 0 1.772453851 4.051164194
3 1 1 2.506628275 5.710012556
4 0 2 3.544907703 5.892165855
5 2 0 3.544907703 5.892165855
6 2 1 3.963327298 6.233151691
7 1 2 3.963327298 6.233151691
8 2 2 5.013256550 7.012538645

To find the function ¢ we use the following expression for the velocity potential

®= icn(t)@n ,

where the addiction n= n(i, j) is shown in Tab. 1, function @, is determined by [13]

w6 y) n=n,j) =

1 cosh(kijz)
" abcosh(:,H)

where W;; are found using relation (4.9).
Then, provided that z=H , we obtain

£=3a0)

Orthogonality check gives the following relation:

od
on

(Tti jz (ch
JRN— + —_—
2a 2b
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ab

”(Dk(x, yﬁ)l (X, y)dXdy: abSkI'

-a-b

5. Forced fluid oscillations in a rigid tank

Let us suppose that at the initial time, the liquid in the tank is at the state of rest. A combined
periodic load is applied to the tank in horizontal and vertical directions.

We compose a system of differential equations of fluid motion based on the boundary condition on
the free surface

% +a, (t)x+(g+a,(t)) =0.

where

= (5.1)

Let us consider equation

%)Jrax(t)wr(g +a,[t)k(x,y,t)=0 (5.2)
Substituting equations (5.1) to equation (5.2) we obtain

>0, (v H)+a,0x 0+ a0 2 (ko H)=0 63

where
0@, sinh(4;2)4;

= (X, Y).
oz cosh(4;H) Vi(xy)

It should be noted that for z=H
1 oo, 1
q)n(xvva)=_‘//ij(X1y)’ =—a)§CDn,
ab oz g
After a dot product of equation (5.3) by ®,(x, Yy, H) we obtain the following system of differential
equations of the second order:

abé, (t) +a, (t)(x,®,) + o (g +a,(t)abe (1) =0, 1=12,...,N (5.4)

It should be noted that (x,®,) =0, for every modes except i=2. Therefore considering the following
initial data:
c,(0)=0; ¢(0)=0; i=13.. c,(0)=0; ¢,(0)=0.05. (5.5)
we obtain:

abé, (t) +a, cosQt(x, D, ) + w5 (g +a, cos Q,t)c, (t) = 0. (5.6)

6. Numerical results
Let us consider liquid vibration in prismatic tank with following parameters: a=b=1m.

o, =4.05Hz at different a,,a,,€,,€2, . The results are shown in Fig. 2-6. In Fig. 2 the phase portraits
for separate and mutual actions of horizontal and vertical excitations are demonstrated:
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Figure 2. Phase portraits for ), =4.05Hz, a, =1.81during 60 sec.

Fig. 2(a) corresponds to a, =0, a, =1.81 for vertical excitation only. Fig. 2(b) corresponds to

8, =01 a,=0, €Q =0.01Hz for horizontal excitation only. Fig. 2(c) corresponds to mutual

action of horizontal and vertical excitations with abovementioned parameters. The processes of
vibrations shown in Fig. 2(a) and 2(b) are unstable, but the loosing of stability due mutual action of

horizontal and vertical loads begins earlier.

a b c
Figure 3. Phase portraits for Q, =4.05Hz, a, =0.1 during 60 sec.

Fig. 3(a) corresponds to a, =0, a,=0.1 for vertical excitation only. Fig. 3(b) corresponds to
a,=01 a,=0, Q =0.01Hz for horizontal excitation only. Fig. 3(c) corresponds to mutual
action of horizontal and vertical excitations with abovementioned parameters. In this case the stability

of vibration process can be observed.

Figure 4. Phase portraits for QQ, =4.05, Q, =4.05Hz, a, =0.1 during 60 sec.
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Fig. 4(a) corresponds to a =0, a,=0.1 for vertical excitation only. Fig. 4(b) corresponds to

a, =01 a,=0, Q =4.05Hz for horizontal excitation only. Fig. 4(c) corresponds to mutual

action of horizontal and vertical excitations with abovementioned parameters. In this case the vibration
process is unstable, and vertical excitation is not essential.

T T T T
001 002 003 004
X

a b c
Figure 5. Phase portraits for €, =0.012, Q, =8.1Hz, a, =0.1 during 60 sec.

Fig. 5(a) corresponds to a =0, a,=0.1 for vertical excitation only. Fig. 5(b) corresponds to

a,=01 a,=0, €Q =0.012Hz for horizontal excitation only. Fig. 5(c) corresponds to mutual

action of horizontal and vertical excitations with abovementioned parameters. In this case the vibration
process is unstable, but horizontal excitation is not essential.

a b c
Figure 6. Phase portraits for €, =4.05, Q, =8.1Hz, a, =0.1 during 60 sec.

Fig. 6(a) corresponds to a, =0, a,=0.4 for vertical excitation only. Fig. 6(b) corresponds to

a,=01 a,=0, € =4.05Hz for horizontal excitation only. Fig. 6(c) corresponds to mutual
action of horizontal and vertical excitations with abovementioned parameters. In this case the vibration
process is unstable, both vertical and horizontal excitations are essential. The phenomenon of
parametrical resonance can be observed.
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7. Conclusion
The method for estimation of liquid vibration in prismatic reservoir under action of periodic

horizontal and vertical loads is developed. The nature of the behavior of the liquid in the reservoir is
established depending on the frequency of the driving forces. The effects of instability are investigated.
The effect of parametrical resonance at vertical excitation frequency equals to double own frequency of
liquid vibrations is considered. The most dangerous liquid vibrations occur when the frequency of
horizontal excitation coincides to own frequency of liquid vibrations, and the vertical excitation
frequency equals to double value of own frequency.
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The structure of a new system for monitoring the state of the human cardiovascular system based on geometric and
biomechanical models of the vascular bed as a branching tree of arteries is presented. The tree geometry has been obtained by
averaging the data of postmortem measurements from five bodies, a statistical analysis of the patterns of the structure of
vascular trees, and a new technique for generating an individual tree for a particular patient by performing several in vivo
measurements. The developed biomechanical model allows for numerical calculations of pressures and blood flow velocities in
each artery, storing information in a database, analyzing the distribution of blood volumes, calculating important diagnostic
indices, identifying pathologies and planning surgical operations in silico.

Kniouosi crosa: monitoring system, cardiovascular system, mathematical modeling, database, medical diagnostics.

VYV crarri HaBeIeHa CTPYKTypa HOBOi CHCTEMH MOHITOPDHHTY CTaHy CEpLEBO-CYAMHHOI CHCTEMH JIIOJMHH Ha OCHOBI
TEOMETPHYHOI 1 GloMeXaHIYHOT MOJIeNiel CyIMHHOTO pycia SK pO3TalIyKeHOTO AepeBa apTepiid. B poOoTi BukmaaeHi miaxonm,
MOJeNi 1 MEeTOAH, SIKi € KOMIIOHEHTaMH HOBOi CHCTEMH MOHITOPUHTY CTaHy 30pOB's JoAuHU. ['eomeTpis mepeBa oTpuMaHa
NUISIXOM yCepeAHEHHS TaHUX BUMIPIOBaHb POStMOrtem Ha m'sTH TiNax, CTaTHCTUYHOMY aHaji31 3aKOHOMIpHOCTEl OymOBH
CyAMHHUX JiepeB. [IpencTaBineHa HOBa METOJIVKA IeHepalii iHIUBITyaJbHOTO JepeBa KOHKPETHOTO MallicHTa Ta IPaHUYHHX
YMOB JUIsl HBOTO (TepMiHAIbHI MIKPOLMPKYJISATOPHI pycia) MUIAXOM BHKOHAHHS JCKIJIBKOX BHMIpIOBaHb N ViVO, 3
ypaxyBaHHSIM BIiKy, a TaKOXX pe3yJlbTaTiB OiOXIMIYHOrO Ta KIIHIYHOTO aHamizy KpoBi. [ TPOBEICHHS YHCEIBHHX
pO3paxyHKIB BUKOPHUCTOBYBanacs MOJENb, ska 0a3yeTbesl Ha piBHAHHAX Hav'e-CTokca 11l BiCeCHMETPUYHHX TEUiH B'S3KOL
HECTUCIIMBOI PIAWHM 1 CHCTEMHU PIiBHSIHb KIACHYHOI Teopii B'I3KONPYXKHBHOI TOBCTOCTIHHOI TPYOKH Ui PEONIOTIYHOI MOZemi
Kenppina-®oiixta 11 MaTepialy CTIHKH CYAWH, 3 YpaxyBaHHSM yMOBH O€3MEPEpBHOCTI THUCKY 1 BUTpaTh pPiIMHH Ha
Oipypkamisix TpyOOK, NpPH UYOMYy Ha BIJKPUTHX KIHIIX TpyOOK MOZET 3aJaBaIUCS TEPMiHANIBHI MHPOBITHOCTI
MIKpOLUPKYJIATOPHUX pycenl opraHiB. byma mpoBemeHa Bamimamis MaTeMaTHYHOI MOJENi Ha OCHOBI E€KCIEPHUMEHTAIBHHX
JAaHUX 1 KOPEKI[isl 3HaUeHb PEOJIOTIYHMX MapaMeTpiB MOJeJed METOIOM HalMeHIIMX KBaapariB. Po3pobieHa OiomexaHiduHa
MOZENb  JO03BOJISIE NIPOBOJUTU YHCENBHI PO3PAaXyHKH THUCKIB 1 IIBHAKOCTEH KPOBOTOKY B KOXKHOI aprepii, 30epiratn
iHpopmanito B 0a3i JaHMX, aHAII3yBaTH PO3MOIUI 00’€MIiB KpOBI Ta IIBUJIKOCTEHl KPOBOTOKY, PO3paxOBYBAaTH BaKJIMBi
IIarHOCTHYHI 1HAEKCH, IUIAaHYBAaTH TEpaleBTHYHE a0o0 XipypriuHe JIiKyBaHHS HEJIOCTATHOCTI KPOBOOOIry 3 KUIBKICHOIO
OLIIHKOIO pe3yJIbTariB JikyBanus in silico.

Knrouesvle cnosa: cucmema MOHIMOPUH2Y, cepyeso-CyOunHd CUCMeMd, MAmeMamuine MoOeo8anHs, 6asa 0anux, MeoudHa
oiaznocmuxa.

B craTtpe mpezcTaBieHa CTpyKTypa HOBOH CHCTEMBI MOHHTOPUHIA COCTOSIHHS CEPJEYHO-COCYAUCTON CHCTEMBI UelloBeKa Ha
OCHOBE T€OMETPHYECKON M OMOMEXaHWYeCKOW MOJeNIeil COCYANCTOrO pyciia Kak BETBSIIErocs JaepeBa apTepuid. ['eomeTpus
JepeBa TIOMydeHa Ha OCHOBAHWM YCPEJHEHWs MAaHHBIX M3MEpPEeHUH POStMOrtem Ha mATH Tenmax, CTaTHCTHIECKOM aHali3e
3aKOHOMEPHOCTEH CTPOCHUSI COCYIMCTHIX JIEPEBBEB, HOBOH METOIWKE TeHEPAlld WHIUBHIYaIbHOTO AEpPeBa KOHKPETHOTO
HAlMeHTa IyTEM BBINOJHEHHS HECKOJBKHX H3MepeHHil in Vivo. PaspaboraHHas OHMOMeXaHHMYECKas MOJENb IO3BOJISET
MPOBOJUTH YHCICHHBIE pacyeThl JaBJIEHHH W CKOPOCTEl KPOBOTOKA B KaKIOW apTepuH, XpaHUTh HMH(opmanmio B 0ase
JIAaHHBIX, aHAIN3UPOBATh paclpesielieHne 00bEeMOB KPOBH, CKOPOCTH KPOBOTOKA, PacCUUTHIBATH Ba)KHBIE JTHATHOCTHYECKHE
WHJICKCBI, BBISIBIIATH HAPYIICHHUS U IJTAHUPOBATh XUpYpruueckue oneparmu in silico.

Keywords: cucmema monumopunea, cepdeuno-cocyoucmas cucmemd, MaAmeMamuyeckoe MoOeiuposanue, 6a3a OaHHbIX,
MeOUYUHCKASL OUACHOCIMUKA.

1 Introduction

New technologies developed in physics, chemistry, material and computer sciences have
considerably changed our everyday life. During the last decades revolutionary in silico methods of
medical diagnostics, quantitative planning of surgery, treatment and rehabilitation based on computer-
assisted systems, medical data analysis, mathematical models, artificial intelligence (Al) and decision
support systems have changed the quality of healthcare [1-3]. The newest medical apparatus and
systems makes it possible to obtain detailed 3d images of blood vessels and inner organs (CT, MRI),
to measure pressure P(t) and blood flow velocity V(t) in the vessels, and other information on
physical and biochemical processes in the organism. Thus, the method of photoplethysmography with
finger sensors allows registration of arterial pressure continuously with receiving big datasets. The
most popular system Finapres (FINger Arterial PRESsure) (Fig.1a) was developed in 1980 [4]. Later,

© Solovyova E.N., Kizilova N.N., 2019
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Finometer, Portapres (FMS) and Nexfin appeared at the market. More complicated systems such as
collection of monitors presented by two finger sensors, one wrist pressure sensor and cuff manometer
for brachial artery have been recently introduced [5]. The long-term measurements makes it possible
to define the heart rate, heart rate variability (HRV), short respiratory and long circadian waves, the
pulse shape and many other parameters. HRV gives important information on the heart health. The
corresponding spectral, fractal, wavelet analyses, Lyapunov exponent, entropy and other important
diagnostic indices could be calculated based on the registered curves [5, 6].

In recent years portable sensors (Fig. 1b) and mobile applications (mobile apps), based on sensor
panels of mobile phones and pads (Fig. 1c) or interacting with it through infrared port are getting
popular. The measurements of optical transmission oscillations through finger tips with the help of a
smartphone sensor panel allow us to register pressure and temperature curves, store and analyze them
with corresponding software, and send to a doctor for monitoring the current state of the patient.
Thus, the opportunity of continuous registration as time series of many human cardiovascular system
parameters is essential for detailed and timely medical diagnostic. It requires the development of new
approaches for the formats, the methods of encryption, the storage, the extraction, the statistical analysis
and the biomechanical interpretation of the data measured as well as the elaboration of corresponding
mathematical models, big data analysis, Al, and other mathematical approaches [7]. Thus medicine is
becoming multidisciplinary science, which requires the participation of mathematicians, mechanics, and
physicians for elaborating new methods for data processing and analysis of mathematical models of
physical processes of a human organism.

In this work a new system for monitoring the state of human cardiovascular system based on the
medical data analyses and mathematical modeling of the blood flow and pulse wave propagation along
the vasculature system of particular patient is proposed. Similar modeling of systemic arteries as a
binary tree composed by 55 elastic tubes (aorta and its branching, carotid arteries, high and low
extremities) was proposed in [8]. The models of upper limbs vessels [9], a brain [10], coronary arteries
[11] and an aorta [12] have also been developed and used for numerical computations of blood flow
distributions and wave travel along the system. The vascular model presented in the proposed
monitoring system is the most complete and allows obtaining valuable diagnostic information via real
time numerical calculations (10-20 min).

Fig. 1. The finger sensors of pressure Checker Prank (Superior Technologies, Inc.) (a), Finger BP (SmartApps
Ltd.) (b), and Blood Pressure Finger Prank (Google Play) (c).

2 2. Components of the monitoring system
2.1. Geometry model of human circulatory system and database.
The results of detailed postmortem opening measurements on 5 bodies (with age ranging from 38 to

62 (52%9), height 155-177 cm (169*7) [13] are used for the geometry model. The lengths L) and

diameters dJ of systemic (intraorgan) arteries have been measured on visible arteries of the body and
on plastic casts of inner organs and muscles. The results have been stored in the database DB1. In the 5
datasets different numbers (from 870 to 1027) of the extraorgan arteries have been measured, since the
structure of systemic vasculatures has considerable individual features [14]. The measured data for the
aorta and its branches (93 segments) are given as a table in [12]. For the vasculatures of inner organs
the lengths and diameters of >10* arteries till to the segments with d*=0.1 mm have been measured
[13].
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The statistical analysis of the measured diameters and lengths has revealed statistically significant
dependences (R*>0.87) between the diameters in both bifurcations and trifurcations (Murray’s law) in
the systemic arteries [12] and in the inner organs [11]. The artery lengths have been normalized by the
individual’s height, and the inner diameters have been recomputed to have the tubes of circular cross
sections with the same hydraulic conductivities as in the raw data geometry. Less significant
correlations (R*>0.64) have been found between L j and d j [13]. The obtained statistical dependences
allow restoration of any individual arterial vasculature up to the vessels of diameter d* [11, 16, 17] from

the measured diameters of the aortic segments and feeding arteries of inner organs. The restored models
of some of the inner organs are presented in Fig.2.

\ e %
7
0% S

Fig.2. The scheme of systemic arterial tree, arteries of inner organs and muscles, and their restored models.

on O

The systemic trees of five individuals with normalized lengths and diameters after comparison have
been averaged, and the averaged geometric model of human systemic tree composed by 970 tubes has
been built and stored in DB1. This model makes it possible to recalculate parameters of all tubes for an
individual patient.

Similar ultrasound measurements (USG) have been done on five health volunteers (with age ranging
from 31 to 10, height 155-177 cm (168+5)) [15]. The measurements of L; and d; values and the

Doppler blood flow curves have been done in 67 segments of the systemic arteries (Fig.1). The
measured values have been recorded in database DB2 and used for validation of the restored models of
arterial beds of volunteers based on the averaged model from DB1. The statistical analysis of DB2 has
found the dependences between the values of L; and dj in the arterial bifurcations similar to the

corresponding statistical dependencies computed on DB1 [15].

2.2. Mathematical model of human vascular bed

For numerical calculations of the P(t) and V(t) curves on the geometry models of systemic bed (55-
tube), coronary, brain arteries and some other beds [8-10], 1D models of linear theory of plane waves
in arteries developed by Sir J. Lighthill, 2D model of axisymmetric flow (cylindrical waves) based on
the linearized Navier-Stokes equations, numerical solutions of 3D turbulent flow equations in tubes
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with arbitrary geometry and rigid or compliant walls by finite element method can be used. The latter
approach requires several months of calculations on big cluster even for 55 tubes and gives the results
of comparable accuracy with simpler and faster 1D and 2D models [18]. In this monitoring system the
mathematical model based on Navier-Stokes equations for axisymmetric flows of viscous
incompressible fluid for blood, and the system of equations of classical theory of viscoelastic wall with
Kelvin-Voight rheology for the vessel wall material have been used [7,11,12,15-17]. At the
bifurcations the pressure and blood flow continuity condition have been applied. At the entrance to the
system (aortic root) the pressure curve P(t) generated by the heart contraction can be taken either in the
standard averaged shape [15-18] or from the measurement data of the particular patient. At the open
ends of the tubes (Fig.2) the terminal conductivities of the microcirculatory beds of the inner organs and
muscles could be assigned (see the table of typical values in [18]). The terminal wave reflection

coefficients G J—:G§+iG” where real G/ and imaginary G parts correspond to the resistive and
capacity properties of the microcirculatory bed could also be used [12,15-17]. The values of Gj have

been calculated for each terminal tube as for in vitro 1000-tube model as in vivo 67-tube model based
on the averaged datasets and statistical dependences from DB1 [13].

The values of density, Young’s modulus and viscosity of the vessel walls have been obtained from
statistical approximations of big datasets measured on arterial segments in available literature. The data
can be presented in the form of statistical dependences of the material parameters on the vessel
diameter, the age of person and type of a cardiovascular disease (hypertension, atherosclerosis, etc.).
The density and viscosity of blood can be measured on a patient’s blood sample.

The solution of the Navier-Stokes and viscoelastic wall equations in each tube of the model has been
found as a composition of the forward and reflected waves. The linearized 2D model allows fast
numerical computations on the ~1000-tree model in the form Fourier expansion (the calculation time
<10 min). Validation of the proposed mathematical model has been done using Doppler ultrasound
curves V(t) from DB2. The correction of the values of rheological parameters of the individual models
has been carried out by the least square method.

3 The results of work of the monitoring system
The methods and approaches developed in the proposed monitoring system are presented graphically
in Fig.3.

7
Averaged 1000-tube tree Restoration of patient-specific

del Base measurements on 67
Base meas_urcments in vitro: i A000-tubie tree modes L DB2 arteries in vivo: lengths,
lengths, diameters Tt mat ‘ < diameters, pressures, blood

= fi g_ = Restoration of individual boundary flow velocities

Ol MmEr.OrgARS conditions for patient-specific model

| Numerical calculations =<
F alse
Campu ison with measurements in vivo (.mn ation of model parameters I

l True
Patient-specific measurements v « o
on 67 arteries in vivo: lengths, Validated patient-specific 1000-tube model
diameters, pressure, blou:ﬂo\\ with indidvidual boundary conditions
velocities
| Numerical calculations :‘
Fllse

Comparison with measurements in vivo C:hbratlon of model parameters I
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| Saving calculations in patient DB
Modelling of operation,
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Fig. 3. The structure and principles of work of the monitoring system.
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The developed monitoring system has been used for the modeling of pulse wave propagation and
reflection, blood pressure wave evolution along the aorta, and blood flow distribution between inner
organs [12,15] on the most complete model of aorta composed by 93 tubes, obtained in the
correspondence to the presented algorithms (Fig.3) based on the data from DB1.

Conclusion

The approaches, models and methods that are components of the novel monitoring system of the
state of human health, in silico planning of therapeutic and surgical treatment of circulatory diseases via
quantitative evaluation of the treatment outcomes based on geometric and biomechanical models of
human circulatory system as a complex branching arterial tree are presented. The algorithm of
restoration of the individual 1000-tube model of systemic arterial bed and the boundary conditions
(terminal microcirculatory bed) for numerical calculations, corrections of the individual model
parameters using the personal data available (biochemical and clinical blood examination, CT, MRI,
USG, et. al.) has been elaborated.

The presented monitoring system allows numerical calculations of the blood pressure and blood
flow velocity in each artery; storing information as measurement and calculated datasets; calculations
and analyses of the important diagnostic indices; decision support for diagnostics of local and global
vascular impairments. The developed monitoring system can accumulate valuable information either for
one patient in the course of long repeated monitoring or for a certain group of diseases that could be
analyzed later by the methods of Big Data analysis and Al for independent expert assessment of the
health state and decision making to pinpoint the most appropriate individual therapy or surgery.
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The statement of the task of optimal control of the production line using the
additional time of equipment operation
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The production line of an enterprise with a line method of organizing production is considered as a dynamic distributed
system. The technological route for manufacturing products in many modern enterprises contains several hundreds of
technological operations and in the inter-operating reserve of each there are thousands of products awaiting processing.
Technological routes of different parts for the products of the same type intersect. Therefore the distribution of objects of labor
along the technological route has a significant impact on the throughput capacity of the production line. To describe such
systems, a new class of production line models (PDE-model) has been introduced. Models of this class use partial differential
equations to describe the behavior of production line flow parameters. In this article, a PDE-model of the production line is
built, the flow parameters of which depend on the load factor of the process equipment for each operation. For the description
of a distributed dynamic system, the PDE model of the production line was used. The single-shift mode of operation of a
production enterprise is considered as a basic mode of operation.

Keywords: production line, PDE-model of production, balance equations, work in progress.

BupoOunya miHisA miInpueMCTBa 3 MOTOKOBUM METOJOM Oprasi3alii BAPOOHHULTBA € CKJIAQJHOK TUHAMIYHOIO PO3IOIIICHOIO
cucrtemMoro. Po3monin 3arotoBok i HamiB(paOpUKaTIB y3IOBXK TEXHOJOTIYHOTO MapUIPyTy iCTOTHO BIUIMBAa€ HAa MPOITYCKHY
3/aTHICTh BHPOOHHWYOI JiHI{, MOk BHKIMKAaTH 3YIHUHKY TEXHOJOTIYHOTO OOJamHAHHS dYepe3 BiJCYTHICTIO 3aroTOBOK B
HaKONU4YyBaJIbHOMY OYHKepi a0o B pe3yJbTaTi HOro mepernoBHeHHs. [JIs oucy po3NoAiIeHHX BUPOOHUYNX CHCTEM BBEACHHI
HoBUH Kkiac Mmopeneil (PDE-monens). Mogeni mporo kiacy BHKOPHCTOBYIOTH IH(EpEHIiadbHI PIBHAHHA B IPUBATHHUX
MOXIZTHUX, JJO3BOJIAIOTh BU3HAYUTH HOBEIIHKN IIOTOKOBHX ITapaMeTpiB y3JOBX BHPOOHUUOI JIiHIT B JOBIIBHHH MOMEHT 4acy
TS 3aJaHO1 TEXHOJOTIUHOI mo3umii 00poOku aeram. Y maHiil poOoTi JOCHIIKYEThCS MOJETh NOTOKOBOI JIiHIi, CHHXPOHI3aIlisl
TEXHOJIOTIYHHX OIepaliii Ha SKifi HOCATaeThCS 3a JOMOMOTOI0 3MIHM KOeQillieHTa 3aBaHTaKEHHS TEXHOJOTIYHOTO
obOmagHanHa. [lepenbayaerses, MO OJHO3MIHHUI PEXHUM POOOTH BHPOOHHYOTO MiANPUEMCTBA € OCHOBHHUM PEXHMOM HOTO
¢yakuionyBanHs. [ligBumieHHs Koedilmi€HTa 3aBaHTaXEHHS TEXHOJIOTIYHOTO OOJagHAaHHS JOCATA€ThCA 32 PaxyHOK
301LIBpIICHHS POOOTH yCTaTKYBaHHS [UI OIepamniil 3 MiHIMAJIBHOIO MPOAYKTUBHICTIO. [y 3a0e3medeHHs Oe3mepepBHOTO OIHE
3MIHHOTO PEXHMY pOOOTH BHPOOHMYOI JIiHIT TEXHOJOTIYHI Omepamii CHHXPOHI3YIOThCS MPOTATOM KaJeHIapHOro IHs. [l
NoOyJOBH ONTHUMAJIBHOI INpOTpaMy YIPaBIiHHS BBEACHHH KpHUTEpill SKOCTi, SKUIl BpaxoBye BUTPATH BUPOOHUYOTO
HiIIpUEMCTBA, SKi TMOTPiOHI A CHHXPOHI3alii TeXHONOTIYHUX omepauiil. [Ipy nmbOMy BpaxoBYETHCs, IO BAapTICTh OAHIET
roAWHU (YHKI[IOHYBaHHS TEXHOJIOTIYHOTO OOJaTHAHHS 3aJCKHTh Bil BHUAY TEXHOJOTiYHOI omeparii. Jns moOymoBu
IuQepeHIiaTbHUX 3B'SI3KiB TIPU TTOCTAHOBII 3aBIAHHS YIPABIiHHS BHKOPHCTAHO OJHO MOMEHTHE PIBHSHHS, SKe BH3HA4Yae
B3a€MO3B'I30K JIHIMHOI HIITFPHOCTI 3arOTOBOK B3JOBXK TEXHOJOTIYHOTO MAapHIpyTy 1 Temiry oOpOOKH 3aroTOBOK Ha
TEXHOJIOT1YHO1 oneparii B TOBUTbHAN MOMEHT 4acy.

Knrwwuoei cnosa: supobnuya ninis, PDE-mo0ens 6upobruymea, 6anancosi pieHanHs, He3aeepuleHe UupoOHUYMEO.

IIpowsBojacTBeHHAs IHHUS TPENNPHUATHA C ITIOTOYHBIM  METOAOM OpTaHU3allMH IIPOM3BOJICTBA SABIACTCS CIOXKHOM
TUHAMHYECKOH pacIpelelIeHHOH cucTeMoi. PacmpeneneHne 3aroToBok W mony(aOpHKAaTOB BIOJNb TEXHOJIOTHYECKOTO
MapuIpyTa OKa3bIBa€T CYIIECTBEHHOE BIHSHHE HA MPOITYCKHYIO CIIOCOOHOCTH NMPOM3BOJICTBEHHON NWHWHU. [l ommcaHus
pacrpee/ICHHBIX TPOU3BOJACTBCHHBIX CHCTEM BBeACH HOBBIM kimacc moxeneil (PDE-mozmens). Mojenu storo Kimacca
UCTIONB3YIOT MU (depeHIanbHble YpaBHEHHsT B YaCTHBIX NPOM3BOJHBIX, MO3BOJAIOT ONPEAENUTH IOBEACHHS MOTOKOBBIX
HapaMeTpoB BOJb MPOU3BOJICTBEHHOI JINHUH B IIPOM3BOJIGHBIM MOMEHT BpeMeHH. B HacTosimeli paboTe uccnenyercss Mozenb
MOTOYHON JIMHMM, CHHXPOHH3AIMS TEXHOJOTHUECKUX OINepalnii Ha KOTOPOW JOCTHIaeTcsi IOCPEICTBOM H3MEHEHHUS
KO3 duIeHTa 3arpy3Kd TEXHOJIOTHYECKOTO 000pyHoBaHUA. [l OMMCAaHHWS pacIpeAeNIeHHON THHAMHYECKOH CHCTEMBI
UCIIONB30BaHA MOJENb, COAepXKaIlasl ypaBHEHMS B YAacTHBIX IPOM3BOAHBIX. [Iperdmornaraercsi, 4To0 OAHOCMEHHBIH PEXHM
paboTBl  TPOM3BOACTBEHHOTO MPEANPHUATHS SBISIETCS OCHOBHBIM PEXHMOM ero (yHkiuonupoBanus. s obecmedeHus
HETIPEePBIBHOTO OJHOCMEHHOTO PEXHUMa PabOTHI MPON3BOJCTBEHHOH JIMHUN TEXHOJIOTHYECKHE ONEPAMN CHHXPOHH3HUPYIOTCS
B T€UEHHE KaJICHAApHOTOo JIHs. [/ MOCTpOEHHs ONITUMAIBHOM MPOrpaMMBbl YIPaBICHUs BBE/ICH KPUTEPHH KadyecTBa, KOTOPBIN
YYUTBHIBACT 3aTpaTbl IPOU3BOACTBEHHOI'O MPEANPUATHSA, KOTOPBIC TpeGy}OTCS{ JJI1  CUHXPOHHU3ALHUU TEXHOJOTMYCCKHUX
onepauuii. [Ipy 3TOM YYUTBHIBAaeTCs,, YTO CTOMMOCTH OJHOTO 4aca (YHKIMOHMPOBAHHS TEXHOJOTMYECKOTO 00OpYIOBaHMS
3aBUCUT OT BHJA TEXHOJIOTMYECKOil onepanuu. B kauectBe quddepeHIManbHbIX CBs3eil IPH MOCTaHOBKE 3aJa4M YIIPABICHHs
UCIIONB30BaHO OJHOMOMEHTHOE YpaBHEHHE, KOTOPOE OINpEeAeNsieT B3aUMOCBS3b JHMHEHHOH IIOTHOCTH 3aroTOBOK BJOJb
TEXHOJIOTHIECKOTO MapIIpyTa M TeMmma oOpabOTKH 3arOTOBOK Ha TEXHOJIOTHYECKOH OMepalii B IMPOM3BOJBHBI MOMEHT
BPEMEHH.

Knrouesvie cnosa: nomounas nunus, PDE-ymooens npouszsoocmaa, ypasuenus bananca, HezagepuieHHoe npou3eo0cmeo.

1 Introduction
The production line is required to process a batch of products on the enterprise [1]. For the process
following factors are identified:

© Khodusov V.D., Pihnastyi O.M., 2019
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a) the sequence of operations and their technological parameters;

b) the equipment necessary to perform the operation, its working parameters and the layout scheme;

c) the properties of the object of labor and the laws of the transfer of resources to objects of labor as
a result of the impact of equipment.

It is assumed that the production technology during the production cycle does not change or the
parameters which characterize the operation remain unchanged. The duration of the shift is fixed at
eight hours. Reducing the duration of the production cycle is possible by changing the mode of
equipment utilization. The amount of equipment load in the processing of a batch of products will be
characterized by the shift factor of the equipment during the day Kg,,. We assume that the cost of one
hour of equipment operation is different for each operation and depends on the time of day. The flow
parameters of the model of the controlled production process in the two-step description are inter-
operating reserve characterized by density[y],(t,S), and by the flow of objects of labor [y],(t,S) on

the technological route [2-5]. To describe the behavior of flow parameters in space and time, we use the
one-dimensional coordinate space (t,S) [6, 7]. The coordinate S determines the place of the object of

labor in the technological route. The introduced one-dimensional coordinate space (t,S) allows us to

construct compact models for controlling the parameters of a production line. We divide the coordinate
axis 0S into segments AS;, €[Sm_1.Sm[. Coordinates S,,_; and S, characterize the beginning and

end of the m -th operation, m=1..M . At the same time, we assume that, Sy =0, Sy =Sy, Where Sy

is the cost of production.
Let the function z.(t,S,,) determine the value of the excess costs of the resources required for the

use of additional equipment within one hour of the m -th operation. The dependence of the function
z.(t,Sy) on time implies that during the production cycle, the value of the excess costs of resources

required to perform the operation on additional equipment may vary over time. By the use of additional
equipment we mean the usage of backup equipment in the required time or the main equipment in
additional time (shift factor Kg,, <3) [8].

One of the approaches to synchronizing the processing performance of objects of labor in different
operations of the production line is to use the main equipment in additional time between the main
technological shifts (control of the shift of technological equipment for a given technological
operation). If the time used by the equipment during single-shift operation is selected as the time axis of
the state space, then the state of the backlog during the period between the end of the shift and the
beginning of another shift in the case of using the main equipment during the second and the third shift
will change abruptly by the number of processed products during the second and the third shift.

Let us introduce the distribution density of the value of the excess costs of technological resources
required to use additional equipment within an hour for a technological route in the interval [0;Sg |:

Sm Sy M Sp M
[o,(t,S)dS = z.(t,Spm). [o,t,S)dS =Y [, S)dS= Y z.(tSy).
Sm—l 0 r.n::l‘sm—l m=1

We introduce a function Wjs(t,S) that characterizes the work of additional equipment (main
equipment in the second or third shift, shift factor Kg, >1).
t
Define [Ws(t,S)dt as the number of additional equipment (located in the vicinity S of the
4
technological route coordinates) hours for a period of time At =(t, —t;). As a result of the inclusion of

additional equipment that ensures the processing of objects of labor in the second and the third shift at a
rate equal to the rate of operation of the main equipment [Z]lw(t,s), the overall rate of movement of

objects of labor at the point of the technological route with the coordinate S increases by
(2], (t.S)-Ws(t.S). During At =(t, —t;) the work of the additional equipment, an additional flow of

objects of labor with the total number of units
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t
JLzh, (€.5) Wit s)t
U]
will pass through the point of the technological route with the coordinate S.
The excess costs Cg, (Ty) required to ensure the operation of additional equipment located on the

segment AS,, [Sm_1.Sm[ and used to perform the m -th operation for the duration of the production
cycle T4, and the integral is defined:
Ty Sq

Con(Ta) = | JW5s(t,S)- @, (t, S)dsdt
00

Relevance and practical significance

The scientific novelty consists in the development of a method for designing control systems for the
parameters of the production line in enterprises with a continuous method of organizing production
based on the PDE model of the object control.

In this case, the object control, the production line is represented by a dynamic system with
distributed parameters along the technological route. The optimal control of the parameters of the
production line is sought in the form of superpositions of delta functions.

The proposed method of designing a system for controlling the flow parameters of a production line
can be used as the basis for designing highly efficient production flow control systems for enterprises
manufacturing semiconductor products for the automotive industry.

Production Line Model
Line parameters for continuous production flow with a sufficiently large number of operations
satisfy the balance equation system:

a[Z]O(tvS)Jra[Z}l(tis):O’ [;(L(t,S):[ZLy/(t’S)- 1)

ot oS
The normative tempo [;g]ly,(t,s) of processing objects of labor for a production line is set at each

point of the technological route and for each point in time. The parameters of the model of the
controlled production process in the two-step description are the inter-operational reserves, which
characterize [¢],(t,S) the density of distribution of objects of labor along the technological route and
their rate of movement [y} (t,S) [1].

We can control the value of the flow parameters[¢],(t,S), [x](t,S) by regulating the place of

activation of additional equipment in the technological route and the duration of activation (change in
the coefficient of the loading of the process equipment Kg, >1).

Control function U 4(t,S)=W;s(t,S) determines the duration of additional equipment activation in
the specified place of the technological route with the coordinate S at the time t=1g, where ty is the

end time of the q-th shift (q=21,2,3...).The planning interval for the line in question is equal to the

interval of three shifts (daily planning interval) with one-shift operation of the main equipment. As an
additional, the main equipment is used, which processes Kg,, >1 the objects of labor in the second and

the third shift with the pace [],,, (t.S).

The behavior of the parameters [¢],(t,S), [x](t,S) of the production line is limited by the initial
conditions of the distribution of objects of labor along the technological route and the purpose of

management:
[xb(0.5) =[xko(s),  [xb(Ta.8)=Lxkr, (5).

as well as the boundary conditions determining the receiving of raw materials from the warehouse,
materials for the first operation and the output of finished products from the last operation:

Ll (t.0)=[ros (1), rh(t0)=[rhs ©).
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In the absence of the activation of additional equipment parameters [y} (t,S), [¢}(t.S), [xh, (. S)

in the moment ty the end of the -th shift and the start of the (q-+1)-th shift are continuous functions of
time t with the continuous derivatives of the n-th order:

bl S)=[rbltg.S), an[Z]O(Q— ) 0 [Z]o(q+, )

[thlte-.5)=[rhtq..s). e 5)_o Dl )

Lles) Db
an [Z]l(// tq—’ a [Z]l q+1
b )~ b ). v wlys)

The notation t;_ and ty,, means that the functions [¢]y(t,S), [¥h(t.S), [x}y, (t.S) are considered

in the infinitely small neighborhood to the left and to the right of t;. We assume that the regulatory
parameters characterizing the operation during the production cycle T4 remain unchanged in time:

b s)=lb0s) - S )= [eh 05)-[2he(S). @

0S

Condition

a[7(]1q (S)

5 g

corresponds to the increase in the density of inter-operating reserve for a technological m -th operation
during the cycle time Ty for the case when there is no activation of additional equipment in the second

and third shifts. In this case, the rate of processing of parts at the technological operation will be
considered as a constant over time. The average daily rate can be changed depending on the shift value

of the process equipment. The time value corresponds to the time t; of completion of works in the ¢ -th

shift under the single-mode operation mode of the main equipment (duration of the work shift, hours):
Atg = (tq ~tq-1)=8.
The number of inter-operating reserve at the moment of time corresponding to the completion of
work in the q-th shift is equal to their number at the beginning of the work of the (q+1)-th shift (2). The

increase in the density of inter-operating reserves with time will lead to overflow of the capacity of the
inter-operating bunker located in the point of the technological route defined by the coordinate S, and

ultimately, to the overflow of bunkers on the section [0,S,,] of the technological route with the

subsequent stopping of the production line.
The conditions for the occurrence of the drive overflow process and the study of the evolution of

its development for the technological route section [O,Sm] are described in detail in [4, 6, 9-12].

To ensure the smooth operation of the production line, it is necessary to synchronize the rate of
processing of objects of labor in individual operations within the time interval between the beginning of

the 1y -th and the beginning of the t 1 -th work shift.
We supplement equations (1) with the control function U 4(t,S):
oLrblt.s) , Aekg(s)_ allxhg(s)Us(15) o
ot S oS ’
Us(t,S)=W;(t,5)=W(t,S)-8lt-ty), tq=8-9  W(t;,5)<8,

determining the duration of the activation of equipment in the position S at the time between the end of
the ¢ -th and the beginning of (q+1)-the th shift (q=1,2,3...). The control of the flow parameters carried
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out as a result of the use of additional equipment at the moment of time ty between the end of the ¢-th

shift and the beginning of the (q+1)-th shift is determined through the Dirac delta function 5(t —tq) [13,
14]. The equation for changing the density of inter-operating reserve (3) can be integrated over time:

[rble:s)=leb(0:s)- RaCL (g%mq@w(tq,s», @

0S
where the replenishment time points of the production line are 0<t) <t <......<tg <tgy <....<t <z (hour)
with the duration of the work the additional equipment W(t;,S), W (t5,S),...,W(t,S) (hour).
Replenishment time moments t; and the duration of additional equipment operation W(tq,S)SS

(h) depend on the choice of control. The total number of objects of labor in the inter-operational reserve
of the technological operation bounded by the coordinates of the technological route S,,_; and S, is

the quantity:
:f”<[x]o(r,s>—mo(o,s>ws kg (Sn)-LrkSm 2~ 3 7k (S} Wey S - g (S 1) Wit S o)
m-1 =1
where
Sm
J([l]o (z,S)~[x],(0,5))dS - changing backlog m -th operation for time ¢ ;
Sma

[th (Sp_1 ) - the number of objects of labor, which arrived at the m-th operation with (m—1)-th

during the time ¢z (h);
[;g]lq (Sm )z - the number of objects of labor, which took from m -th operation to (m+1)-th in time 7

(h); [;(Lq (Sm_l)-W(tq , Sm—l)' the number of objects of labor, which arrived at the m -th operation with
the (m—1)-th as a result of the work of additional equipment during the time W(tq,Sm_l) between the

beginning of the g -th and the beginning of the (q+1)-th shift;
[;(}lq(sm)/v(tq,sm)- the number of objects of labor, which went with the m—th operation on the

(m—1)-th as a result of the work of additional equipment during the time W(tq,Sm) between the
beginning of the q-th and the beginning of the (q+1)-th shift.
The discontinuity of the function [x],(t,S) corresponding to the value [Z]lq(Sm)N(tq,Sm), is

determined by the work of the additional equipment with the capacity [Z]1q (Sm) included between tg
and tg,q the shift for processing the subject of labor for a time W(tq , Sm).

Statement of the task of optimal control of the production line
In a general form, the task of building an optimal program for controlling flow parameters [y ],(t, S),

[Z]l(t,s), when additional equipment is used, can be formulated as follows: determine the state of
parameters [],(t,S)e G, [¢](t.S)e G, for each route point Se[0,Syq] during the period of time
t €[0,T4 ] while managing U(t,S)e G the additional equipment operation time

Us(t,S)=Ws(t,S)=W(t,S)slt-t), tg=8-q,

delivering a minimum of functionality
Ty Sq
Cep= | [Us(t.S) o, (t, S)dSdt — min, (5)
00
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with differential connections

oLhle.s) , lekg(s) _ allxhg(s)Us(t5)

ot oS oS ’

with restrictions along the trajectory on the phase variables [Z]O(t,s) determined by the storage
capacity

0<[r)(t.5), [rh(t.5)<[rke(S)

with constraints along the trajectory on the control [7]
tq+0.5At,

0<U,(t,S), 0<  [Us(t,S)t<Ug(S)=8, Aty —0, (6)
t;~0.5At,

[x)(0.5)=[xko(S).
(g 8)=xlor, ()

[Z]l(tio):[l]lq 0), [2h(tSq) [Z]lq Sq)s

where tg=8q is the end time of the g -th shift; 5(t— q)— delta function. Control is carried out in the
time interval between shifts

initial conditions

final state (control goal)

and boundary conditions

Atq Aty
te|ty - > t+T ,0<ty <tp <..<1g..<Ty

Control U4(t,S) should be understood as a certain impulse, which is an idealization of ordinary
control, during a shift concentrated in a neighborhood of a point ty [13]. The value of the function

U(t,S) at the time point t specifies the number of hours of operation of the additional equipment at
the location of the technological route with a coordinate S .
Condition (6) for different parts of the route is recorded under the assumption that the duration of the
work of additional equipment cannot exceed the duration of the technological shift equal to eight hours.
The tempo of processing of objects of labor along the technological route is a given function
[xhg =[xkq(S) from the coordinateS. The tempo of movement of objects of labor

[rh(t0)=[r]4(0)

coming in the form of raw materials and materials to the production line, and the tempo
[xL(t,Sq)=[x}q(Sq) final parts leaving the last operation, do not depend on time, consistent with the

plan of supplying the production with raw materials and the plan of shipments of final products.
Functional (5) defines the criterion for the quality of control of flow parameters during the production
cycle Ty, reflects the excess costs for all technological operations associated with the use of additional
equipment. It is assumed that the cost of an hour of operation of additional equipment is set different for
each operation and depends on the time, determined by the function. In determining the optimal control
program, we assume that the intervals between shifts are adjacent to each other «,(t,S). We assume
that the main equipment works continuously during the work shift. To ensure the continuity of the flow
of items of labor on the technological route

Lrbe(8)=[rk(t.8)=0,

the operation of the additional equipment must be controlled in such a way that during the shift in the

interval t e] tq,tq+1[ the main equipment functions continuously. Strict equality
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[rhe(8)=Lrk(t.5), [rb(t.s)=0,

which corresponds to filling the bunker with objects of labor and emptying it, is allowed only in the
time interval
At At
q q
‘{tq _T’tq”_7}

Integrating the balance equations in the specified time interval, we get:

Mg
At olrkas) . o
tgi ——2,S | =[xl tg - —2,S |- = )dt,
h{ta - 525 - Lrb{ta - |- H20 - 2 JA[tqu
L
that allows us to write the condition of inadmissibility of overflow of the inter-operational bunker
At
ty+—r
At rkg(S) o .2
o) [kt s [ o Z 0 2 1 LS usteshanzo
At
tq_Tq
and the condition of inadmissibility of the emptiness of the inter-operational bunker
At
tg+—r q
At olrhgs) . o °
tg ——+,S |[-———.8-— t,S)dt>0.
I - S U ANCRIND
Q_T

The function [;(]o(tq,S) determines the distribution of objects of labor according to the

technological route at the moment of time t =t , corresponding to the beginning of the q -th shift.

Control U(t,S) with restrictions on both phase variables and control, ensures the achievement of
the control target with the minimum value of the integral (5) and with given differential constraints, is
the optimal program for the flow parameters of the production line. In the absence of control, the
equation of relations is (1). Changing the number of objects of labor in the area of the production line
during the operation is only possible due to the receiving of objects of labor from the previous operation

ollhq(5) Ustt.5)
oS
containing control U4(t,S), plays the role of a source or destination [1] of objects of labor in the

considered element of the volume of phase space. The initial conditions and the management goals
determine the distribution of objects of labor along the route at the initial and the final point in time.

and their leaving for the next as a result of technological processing. Term

Conclusion
Achievement of the production system with the initial distribution of objects of labor [],,(S) along

the technological route in a precise line over the duration of the production cycle T4 of the final state
[Z]OTd (S) can be implemented in a variety of ways, each of which is called a control program. Among

the technical problems of managing the state of the production line, finding the most optimal program
for the use of resources (optimal control) is crucial. The mathematical reflection of this fact is that the
control of the parameters of the production line should be chosen from the condition of minimum
integral (5).

This paper shows that along with traditional models for controlling the parameters of production
flow lines, control models associated with the use of partial differential equations (PDE models) play an
important role. A PDE-model for controlling the parameters of a production line has been considered,
taking into account the restrictions on the volume of inter-operating bunkers along the technological
route.
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The developed model allows us to determine the schedule of activating and deactivating the process

equipment. A method for controlling the synchronization of technological operations of an industrial
production line is considered. The quality criterion of the production system has been set, which allows
building optimal control over the parameters of a production line operating in multi-shift mode. It is
shown that partial differential equations that act as differential constraints for phase variables are
replaced by a system of equations for the coefficients of decomposition of production line parameters,
which allowed us to obtain the control function in the form of time dependence and position
(coordinates) in the technological route.
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