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Cmammio npucesaueHo mMemooam MamemMamuiHo20 MOOEI08AHHS HeCMAYIOHAPHO20 PYXY NOMOKY 2a3y y mpy-
60npo6ooL. [l ananizy HasoO0AMbCsL NPUKIAOU PIZHUX MEXHOA0SIYHUX 3A60aAHb 2A3000UHAMIYHO20 MOOCTIOBAHHSL, U0
NOCmMaiome nepeo IHHICeHEPOM NpPuU PO3PAXYHKY pedicumie pyxy. HemanovHo onucani 6uxioni 0aui, HeoOXioHi 0ist npo-
6€0€eHHsL 00UUCTEHb MA NOCMAHOBKA 3a0a4i 0/l HECMAYIOHAPHOZ0 I30MEPMIUH020 PO3paxyHKy. ¥ pobomi npedcma-
6/1eHA OCHOBHA CUCTNEMA PIBHSHb, U0 ONUCYIOMb 3AKOHU 30ePedCeHHs MACU, IMIYTIbCY Ma eHepeli niod yac pyxy 2asy.
Ockinbku yi pieHAHHA € OUGhepeHyIHUMY 3 YACMKOBUMU NOXIOHUMU, MO, 6i0N0GIOHO, 6YI0 PO3pP06IIeHO KOHCepsa-
MUBHY PI3HUYE8Y cXeMy 075l iX YUCENbHO20 PO38 SA3AHHS MdA NOCMABLEHO MAMEeMamuyHy 3a0ayy 0 yiei cucmemu.
Y npayi naseoeno ancopumm pospaxynxy posnooiny mucky 2aszy i 020 umpamu 6 3ajiedCHOCHI 8i0 uacy i Koopou-
Hamu npu 3a0aHUX SPAHUYHUX YMOBAX MUny “muck Ha novyamxy 2a3onposody” i “macosea eumpama 6 Kinyi 2a3o-
npogooy”.

Kitr04oBi ciioBa: ra30TpaHCIIOPTHA CHCTEMa, 3aKOHU 30epEKEHHS MacH, IMITYJIbCY 1 CHEprii, pSKUM pyXy rasy,
MaTeMaTHYHE MOJIETIOBAHHS, YHCEIbHI METOIH.

Cmamus nocesujena Memooam Mamemamuiecko2o MoOeIupo8ans HeCMAYUOHAPHO20 OBUICEHUSL NOMOKA 2d-
3a 6 mpybonpogode. /[na ananusa npueooOsimes npuMepbl PA3IUYHbIX MEeXHOI0SUECKUX 3a0ad 2a300UHAMULECKO20
MOOETUPOBAHUS, CIMOAWUX Neped UHNCEHEePOM Npu pacueme pexcumos ogudicenus. I1o0pobHo onucamsl ucxooHvle
OaHuvle, HeobXo0uMble Olisl NPOBEOCHUs GLIMUCICHULL U NOCMAHOBKA 3a0ayu OJisi HeCIMAYUOHAPHOZ0 U30mepMuYe-
cK020 pacuema. B pabome npedcmaenena ochognas cucmema ypagHeHull, OnUCbl8aiouUx 3aKOHbl COXPAHEHUsL MAC-
Cbl, UMNYIbCA U IHepeuu npu dgudicenuu 2aza. Tax Kak smu ypasHenus A6AI0mMcs OudgepenyuanoHblMu ¢ yacm-
HbLMU HPOU3BOOHBIMU, MO, COOMBEMCMBEHHO, ObLIA PA3PAOOMARA KOHCEPBAMUBHASL PAZHOCHHASL CXeMA OJIsL UX YUC-
NIEHHO20 peuleHusi U NOCAGIEHO MAMeMamuyecKkylo 3a0ady 0si dmou cucmemsl. B pabome npuseden ancopumm
pacuema pacnpeoenerust OA6ieHUs 243d U e20 pacxo0a 8 3a6UCUMOCTNU 0N 6DEMEHU U KOOPOUHAMbL NPU 3AOAHHbIX
SPAHUYHBIX YCII08UAX MUna “‘0aeieHue 6 Hauaie 2a3onposoda’” u “Maccoewlil pacxoo 6 KOHYe 2a3onposooa’.

KiroueBrie ci10Ba: ra3oTpaHCIOPTHAS CHCTEMA, 3aKOHBI COXPAHEHMS MAacChl, HMITYJIbCA W SHEPTHH, PEKUM
JIBIKEHUS ra3a, MaTeMaTHYECKOe MOJETUPOBAHNE, YHCIIEHHBIE METOIBI.

The article is devoted to the methods of mathematical modeling of unsteady gas flow in the pipelines. Various
technological problems of gas-dynamic modeling, which an engineer faces during designing the flow modes, are
presented for analysis. The source data required for calculations and formulation of the problem for unsteady
isothermal calculations are described in detail. The basic system of equations describing the laws of conservation of
mass, momentum and energy in the gas flow is presented in the article. Since these are differential equations with
partial derivatives, a conservative difference scheme for their numerical solution was developed and a mathematical
problem was posed to the system. This paper describes an algorithm for calculating the distribution of gas pressure
and its flow rate based on time and coordinates with the given boundary conditions, such as “pressure at the begin-
ning of the pipeline “ and “mass flow rate at the end of the pipeline”.

Keywords: gas transportation system; laws of conservation of mass, momentum and energy; gas flow mode;
mathematical modeling; numerical methods.
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$iBukOo-TexHiUYHi nNpobjieMy TPaHCHIOPTY

Ta 36epir'aHHsS eHepr'oHociis

OcHoBHa (DYHKI[ISI CHCTEMH Ta30MOCTaYaHHs —
e 3a0e3NedeHHs CIIOKUBA4a MPUPOIHUM Ta30M
3TiIHO 13 3a3/ajerib BU3HAYCHUM IpadikoM 1mo-
crayanb. CKIIaIHICTh JAHOTO 3aBIAHHSI TOJSTAE Y
TOMY, O rpadik MocrayaHb HEPIBHOMIPHUH y Ua-
Ci, TOII SIK cama rasorpancrnopria cucrema (I'TC)
€ JIOCHTh TMPOTSDKHOMO, 1 Yac Ti peakilii Ha 3MiHH,
10 BiAOyBaIOThCS, Maike 3aBXKIM HabaraTo 61J]I)-
IIMH, HDK MTEPIOANYHICTD [IUX 3MiH.

TakuMm YMHOM, MOXHa CTBEp/KYBaTH, IO,
¢aktryno, ['TC HikoJIIM HE NPALIOE y CTalliOHAp-
HOoMy pexumi. Uepe3 HepiBHOMIpHICTH rpadika
MOCTaYaHHS Ta3y, BIAMOBITHO, 3MIHIOKOTHCS YHH-
HUKHY BIUTHBY Ha enementu I TC.

Onnax, vepes BENMKY NPOTSKHICTH Ta iHEp-
uitnicts ['TC Mae Benmuki BHYTpIIIHI pe3epBH, [Ki
MOXHA BMIJIO BHKOPHCTOBYBATH, 3a0INQ/KYIOUYH
npu uboMy pecypcu. OJHHM 3 pe3epBiB € 3amac
razy y Tpy6ax. [Ipm mpoMy BHKOPHCTaHHS BHYT-
pIIIHIX pe3epBiB CHCTEMHU Ma€e OyTH 3a3jalierijib
MPOpaxoBaHo, 100 YHUKHYTH BHHUKHEHHS He-
IITaTHUX CUTYaIlil.

IHre 3aBgaHHs — 3a0e3leUueHHs Ha IHHOCT] —
Oe3rocepeIHbO OB sI3aHE 3 BHHUKHEHHSIM HeIlTa-
THUX cUTyalii. Hanpukian, panToBe NpUIMTUHEHHS
BiIOOpy rasy crokupaueM a0bo aBapisi Ha JHIHHIHA
JUISHITI Ta30IPOBOY.

V nux BHIagkax HEOOXIAHO OLIHUTH 3arac
qacy, SIKHH € y orepaTopa Ui NPUHHSITTS pillieH-
Hi. Ilpy 1pOMy pO3B’SA3YIOTBCA 3aBJAHHA, LIO
noB’s13aHi 13 AKyMYJTIOI0HOI0 3MIATHICTIO CHUCTEMH,
Ta 3aBJIAHHSL, [I0B’S3aHi i3 BU3HAYCHHAM TPHBAJIOC-
Ti aBapiiHO-BiAHOBIIOBANBHUX POOIT B CUCTEMI
0e3 3arpo3d Ui PEelITH CIIOKUBAYIB, IO IMiJIKITIO-
yeni 1o panoi I'TC.

Onnax 3a0e3meueHHs HAIIHHOCTI Momsrae He
TUIBKM B TOYHIM BIAMOBIAHOCTI TpadikiB IMmocTa-
yaHHs rasdy. [IOBMHHI NOTPUMYBAaTHCS HE TUIBKH
TeXHIYHI, ane ¥ ekonoriuHi Hopmu. Tak, Hampu-
KJIaJ1, Ui MOPCHKOT'0 Ta30MPOBOLY BaXKIUBO, 00
TeMIlepaTypa ra3y B TpyOl He BHXOJWJIa 3a IEBHI
oOMeKeHHs. TakuM YUHOM, HE BCI MOXKIIUBI pe-
KUMH (QYHKI[IOHYBaHHS JIIHIHOT JUISTHKH OyayTh
Ha/ilHI 3 TOUYKH 30pY BUKOHAHHS I1i€] BUMOTH.

MoentoBaHHSIM Ta30IPOBOIIB 3aiimMaiiocs Oa-
raTo HayKoBIB. [IJig CIpOIICHHS aHali3y BBaXka-
JIOCS, IO PyX razy y TpyOOIIPOBOJI € CTalioHap-
HUM. Xoua, 32 TIEBHUX YMOB PO3TIISI YCTaJICHOTO
PEXUMY Jla€ XOpOIlli pe3yabTaTH, MpoTe € 0arato
CUTYyaIllil, KOJIM 1€ IPU3BOAUTH J0 HEMPUHHATHUX
pesynbraTiB. KonmBaHHs 3Ha4YeHb CIOXHMBaHHS. a
TaKOX HEKODEKTHA YM HECBOE€YacHa noboTa 3amin-
HOI apMaTypH, poOOTH KOMIIPECOPIB Ta PEryssiTo-
PiB THCKY, CIPUYMHIOIOTH MOPYLICHHS PEKUMY Y
TpyOOmpoBoIi.

OueBnHO, aHalli3 HECTAI[IOHAPHUX PEKHUMIB
MOB’SI3aHUM 13 3AJEKHICTIO 3MIHHHX BiJ 4acy i
MPOCTOPY, Ha BIAMIHY BiJ CTalliOHAPHUX, 1€ 3MiH-
HI 3aJeKaTh TUIBKH Big mpoctopy. JocimimKeHHs
0araThoX HECTALIOHAPHUX SBULL [IA€ 3MOTY OIIepa-
TOpaM KOHTPOJIOBATU 3MiHH MapaMerpiB pyxy ra-
3y, TUCKY, TEMIIEPAaTypH 1 BUTPATH.

Jns MomentoBaHHS OZ[HOBI/IMipHOFO HecTalll-
OHAPHOTO TMOTOKY Y ra30MpoBoIi HEOOXiHO OIHO-
YaCHO PO3B’sI3yBaTU PIBHSHHS HEPO3PUBHOCTI, IM-
nyabey Ta eHeprii. Lle cTBoproe cucremy HeniHil-

HUX DIBHAHb 3 YaCTKOBUMH IOXIJHUMH, SKi €
CKJIQIHUMHU i TPOMi3AKuMH. ICHye ummano Tpau-
UiHHMX YMCIOBUX METOMIB ISl CUMYIISAUIl OHO-
BUMIPHOrO HECTAI[iOHAPHOTO TIOTOKY, CEPENl HUX
METOJl XapAaKTEPHUCTHK, sBHI 1 HEIBHI KiHLEBO-
PI3HHUIIEBI CXEMH, METOJ] KiHIIeBUX 00’eMmiB [1].

Meroro poOOTH € OIMUC MOXJIMBHX 3aBJaHb,
IO CTAaBJIATHCS Tepell IHKEHEepaMu MPH MOJICIIO-
BaHHI pyXy TOTOKY Tasy, a TAKOK chopmyBaTH
aNropuTM pO3B’S3KY CUCTEMH au(epeHIiHHnX
PIBHAHb 3 YAaCTKOBMMH IOXIHMMH, WIO OIHUCYE
HecTallioHapHUI pyx ra3y y TpyOompoBoii, dynce-
JBHAM METOIOM 3 JIONIOMOTOI0 HECTallioHapHOI
130TepMIYHOT MOJIEITI.

OCHOBHMMH MapaMeTpaMy, IO BH3HAYAIOThH
Ha)Z[II/IHICTI) q)yHKuloHyBaHH;I I'TC, e: MakcuMaib-
HUHM 1 MIHIMaTbHUHA THCK, MiHIMallbHa Ta MaKCH-
MaJbHa TeMIlepaTypd rasy, 3amac razy y Tpyoo-
MPOBOII.

3abe3neyeHHsT HaMilfHOCTI Ta Oe3reku (QyHK-
IOHYBaHHS Oe3MOoCcepeHbO 3alSKUTh Bijl BHpI-
IICHHS TAKUX 3aBJIAHb:

- BH3HAYCHHS 3amacy rasy y OyAb-sIKUil Mo-
MEHT 4acy i pO3paxyHOK THUCKY, III0 BCTAHOBUBCS Y
TMHIAHIA YacTHHI, SKIIO B IEH MOMEHT 4Yacy IpH-
MMHUTH TT0/IaBaHHs Ta/a00 Big0ip rasy;

- pO3paxyHOK 3amacy rasy y OyAb-sIKHil Mo-
MEHT 4Yacy MpH NPUIUHEHHI BiIOOpY, 3allOBHEHHS
TpyOM, MakcHMalbHE 3HAYEHHS KUIBKOCTI razy y
TpyOONpPOBOIi, YaC 3aIIOBHEHHS;

PO3paxyHOK CIHOPOXXHEHHS TpyOHu, 3011b-
HICHHS BiIOOpY ra3y npH 30epexeHHi nojadi, Ma-
KCUMAJIbHUI Yac CHOPOKHEHHS, MPOTATOM SKOTO
MOKHA He BKMBATH JIiH;

- PO3paxyHOK MOXKJIMBOCTI 3a0e3TeucHHs 3a-
JaHol HEpPIBHOMIPHOCTI TOCTa4aHb NpPU oOMexe-
HUX pecypcax, OYeproBi CIIOpOKHEHHS 1 HaOMBKa
TpyOH;

- PO3paxyHOK IIapaMeTpiB MOTOKY 3a CTallio-
HApHUX 1 HECTAI[IOHAPHUX PEXHUMIB JUIS MEPEBIPKU
BUKOHAHHSI TEXHIYHUX YMOB Oe3reuHoro 1 Hajiii-
HOT'O (PYHKI[IOHYBaHHS Ta30IIPOBOTY.

Bci Buine nepepaxoBaHi TEXHOJOTIUHI MOCTa-
HOBKH 3aBJIaHb BHPIIIYIOTHCS IILIIXOM MOJICIIO-
BaHHS MapaMeTpiB MOTOKY 1 MOB’si3aHi 3 Marema-
TUYHAMH TIOCTAHOBKAMH 3anad IUIsl CUCTEMH JIU-
(depeHmianbHUX PIBHSHG [2, 3,4, 5, 6]
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3amnac ra3zy y TpyOOIpoBoji B 6yzlb-;[KH171 MO-
MEHT 4acy Moxe OyTH pO3paXOBaHHH 3a JOIOMO-
TOI0 HEI30TePMIYHOT HecTaI[iOHAPHOI CHCTEMH PiB-
HsHb (1) 11 Gyab-SKOro THIy TPaHUYHUX YMOB.
3a HEBIIOMHX IIOYATKOBMX 3HAYCHHSX, SIK 3a3BHU-
Yaii 1 OyBae, He MOXKHA 3aJ[aTH TIOYATKOBI YMOBH 32
JIOTIOMOTOI0 CTallioHapHOoro pimeHHs. HeobximHo
MPOBECTH MOJICIIOBAHHSI HECTAI[IOHAPHOTO PEKUMY
po0OTH JIHIHHOI AUTSHKH, BUKOPHCTOBYIOUW JaHI
PO TIOBEAIHKV I'DaHUYHUX YMOB Ha OCHOBI pealib-
HUX BUMIpiB. [TOMHA Yacy MonenoBaHHS BH3HA-
Ya€eThCsl YaCOM peraKcallii CHcTeMd. Y pe3ynbTaTi
MOJIETTIOBAHHSI HECTAIIOHAPHOTO PEXUMY POOOTH
ra30MpoBOJly BU3HAYAETHCS PO3MOJUT TUCKY 1 TEM-
nepatypu y Oyab-sKMii MOMEHT 4Yacy, sKi OJHO-
3HAYHO IT0B’s3aHi 13 3amacoM rasy y Tpyoi.

Po3paxyHok 3aroBHEHHS TPyOOIIPOBOTY 31iHi-
CHIOETBCSI 32 JOTIOMOTOI0 MOJICTFOBAHHS HECTAIlio-
HapHOI HEI30TEepPMIYHOI MOl 3 TPaHUYHUMHU
yMOBaMH BHJY: THCK 1 TeMIlepaTypa Ha MOYaTKy
)Z[iJISIHKI/I MacoBa BUTpaTa B KiHIli a00 MacoBa BH-
Tpara i TeMIepaTypa Ha IOYaTKy AUIAHKHK, MacoBa
BUTpaTa B KiHui. [list mpoBeieHHs OUIbII IBUAKAX
OL[IHOYHUX PO3PAXYHKIB MOXHA BUKOPHUCTOBYBATH
HecTal[iOHapHY 130TEepPMIiYHY MOCTAHOBKY Marema-
TUYHOI 33/1a41 3 TPAaHUYHAMH YMOBAaMHU THITY: THCK
Ha MOYaTKy IUISHKM, MacoBa BUTpaTa B KiHII, a00
MacoBa BUTpaTa Ha MOYATKy JUISTHKH, MacoBa BHU-
TpaTa B KiHIII JUITHKH.

Po3paxyHOK cropoKHEeHHS TpyOH 3IiHCHIO-
€TBCS 32 JIOTIOMOTOI0 MOJICITIOBAHHS HECTallioHap-
HOI HeI30TepMiYHOI MaTeMaTHYHOI 3aa4i 3 TPaHu-
YHMMH YMOBAaMH BUJly: THCK 1 TeMIIEpaTypa Ha Io-
4aTKy JIISHKK, MacoBa BUTpaTa B KiHIli a00 Maco-
Ba BUTpATa i TeMIIEparypa Ha IOYATKY [UIAHKH,
MacoBa BUTpata B KiHii. st npoBeneHHs Ginbu
WIBH/KUX OL[IHOYHHUX PO3PAXyHKIB MOKHA BUKOPH-
CTOBYBAaTH HECTAlliOHAPHY 130TEpMiuHy MOJIENb
MaTeMaTHYHOI 3aJla4i 3 TPAaHUYHUMH YMOBaMHU TH-
My: TUCK Ha MOYATKy JUITHKH, MacoBa BUTpaTa B
KIHIII 200 MacoBa BUTpaTa IOYATKy AUISHKH, Ma-
COBa BUTpATa B KiHIII.

Po3paxyHOK MOKITMBOCTI 3a0e3MeyeHHs 3a/1a-
HOi HEpIBHOMIPHOCTI TIOCTAaBOK, ITOYEProOBi CIOPO-
KHEHHS 1 HaOMBKa TPYOU 3A1MCHIOIOTHCS 3a JIOIO-
MOT'OI0 DIIlICHHSI HECTAIllOHapHOI Hei30TepMiuHOol
MaTeMaTHYHOI MOJeNli 3 TPaHUYHUMH YMOBaMH
BUJly: MacoBa BUTpATa i TEMIEpaTypa Ha IOYaTKy
JUTAHKH, MacoBa BUTparta B Kinui. st mposenen-
Hsl OUIBLI IIBU/IKUX OUIHOYHUX PO3PAXYHKIB MOXK-
Ha BUKOPHMCTOBYBATH HECTALIOHAPHY i30TEpPMidHY
MOCTAHOBKY 33/1a4i 3 TPAHHYHUMH YMOBaMH THITY:
MacoBa BUTpaTa Ha MOYATKy JUISHKH, MacoBa BU-
TpaTa B KIHIII.

Cucrema piBasiab (1) mae 3Mory po3paxyBaTH
PO3MOALT THCKY, TEMIIEPAaTypH, IyCTHHH, LIBUJIKO-
CTi, MAacOBOI BUTPATH razy y TpyOonpoBoai 'y Oyib-
AKMA MoMeHT yacy. Hesanexno Bix Bumy mocra-
HOBKH 3a/1a4i HEOOXI/IHO 3a/1aTh HACTYIIHI Mapame-
TPH TPYOONPOBOZLY i rasy, IO TPAHCIIOPTYETHCS:

- BHYTpIIIHIA 1 30BHIMHIA JiaMeTp NiHIAHOT
YaCTUHH T'a30IPOBOJLY;

- TOBIIMHA CTIHKK TpPyOH, MaTepial CTIHKH
TpyOH JHIIHOT YaCTHHU Tra30MPOBOAY;

- TOBIIMHA Wapy abo TOBLIMHY IIAPiB i MaTe-
pianu i30s1ii;

- GKBIBaJICHTHA IIOPCTKICTh BHYTPINIHLOI IMO-
BEpXHI TPyOM JiHIHHOI YaCTUHH ra3onpoBoay abo
Koe(ilieHT T1paBIiYHOTO OMOPY;

- mpodink JIHIAHOT YacCTHMHU Ta30MpOBOLY,
BHCOTHI ITO3HAYKH,

- mpodiyib TIIMOWHY 3aJIsITaHHS Ta30MPOBOAY B
IPYHT;

- BIIACTUBOCT] HABKOIUIIIHBOTO IPYHTY;

- TeMIiepaTypa HaBKOIMIIHLOTO CEpPEeIOBUIIA
JIHIHHOT YaCTHHU Ta30IPOBOIY;

- CKJIaJl TPAHCTIOPTOBAHOTO Ta3y.

[Tpu mpoBeneHHI po3paxyHKy HeCTalioHapHO-
T'0 peKUMY POOOTH JIHIHHOT YACTHHHU Ta30MPOBOTY
BUHUKAIOTh HACTYITHI TIOCTAHOBKH 3aBJIaHb:

- 130TepMIYHHI PO3paXyHOK PO3IOJIUTY THCKY
1 MacoBoi BUTpATH;

- HeI30TepMIYHHIT PO3PAXYHOK PO3MOALLY TH-
CKY, TEMIIEPATYPH i MACOBOI BUTPATH.

Jlist IpOBE/ICHHST HECTaLliOHAPHOIO 130TepMi-
YHOTO PO3PaxyHKY PO3IMOJLTY THCKY i MacoBOI BU-
TpaTH HEOOXIIHO 3a/aTH CEPEIHIO TEMIIEpaTypy
TPAaHCIIOPTOBAHOIO ra3y i II0YaTKOBI 3HAYCHHS TH-
CKy 1 MacoBOl BUTPATH 10 JAOBXHUHI TUISTHKA Ta30-
MpoBOAY 1 KpaioBi ymoBu. [yt mpoBeneHHsT He-
CTaIliOHAPHOTO 130TEPMIYHOTO PO3PaXyHKY MOXK-
JIUBI TaKi BapiaHTHA KPalilOBUX YMOB:

- 3aJIOKHICTh TUCKY Ha MOYATKy Ta3olnpoBOLY
BiJ] Hacy, 3aJISKHICTh MacOBOI BUTPATH B KiHIII ra-
30MPOBOTY BiJl Yacy;

- 3aJIOKHICTh TUCKY HAMPUKIHI[I Ta30MPOBOY
BiJ] 4acy, 3aJIeKHICTh MacoBOi BUTPATH Ha MIOYATKY
ra3onpoBojly Bill 4acy;

- 3AEKHICTh TUCKY HA MOYATKY Ta30MnpOBOLY
BiJl 4acCy, 3aJEKHICTh THCKY HAIPHKIHII ra30mpo-
BOJLY Bill 4acy;

- 3QJICKHICTb MAacoBOI BUTPAaTH HA I0YATKY
ra3onpoBOAY BiJ Yacy, 3aJeKHICTh MacOBOi BH-
TpaTH B KiHIIi Ta30MIPOBOY BiX 4acy.

Cucrema piBHsiHb (1) € He 1O iHINIE, SIK 3aId-
caHi Ha MOBI JUQEpeHIIaIbHUX PIBHAHb 3aKOHU
30epeKeHHs MacH, IMITYJIbCY Ta eHeprii. Y 3araiib-
HOMY BWIJIAJI BOHA HE Ma€ aHAJITUYHOTO PillleH-
Hs1. ToMy BupimryBaTH 1i HeoOXinHO uncensHo. Js
YHMCENBHOTO PillleHHs1 OyIe€MO BUKOPHCTOBYBAaTH
METOA KiHUEeBHX Pi3HuLb. CyTh METOMY MOJArae B
HacTynHoMmy. Bynyerwes citka i audepenuianbi
OIEPATOPH 3aMIHIOIOTBCS PISHULEBUMH. Y PE3yilb-
TaTl B KOXXHOMY BY3JIi CITKH TU(epeHIiaIbHe piB-
HSIHHS 3aMIHIOETBCS ajreOpaidHuM, 3BUYAMHO, J0-
CHUTb I'POMI3AKHM 1 HENiHIHHUM. ICHye HecKiHueH-
Ha Oe3niu moOyHOBH PIi3HMLEBHMX ONEPaTopiB. Ix
e HA3MBAIOTh DI3HULEBUMU CXeMaMH. ICHYHOTH
SIBHI PI3HHIIEBI CXEMH, MIOBHICTIO HESIBHI Pi3HUIICBI
CXEMH, CXEMH 3 Baramu. ¥ Teopii pi3HUIIEBUX CXEM
€ TOHATTS CTIHKOCTI, 30DKHOCTI Ta 30DKHOCTI 10
PO3B’sI3KY pi3HUIIEBOI cxeMH. SIBHI pi3HHUIIEBI cxe-
MU MaloTh YMOBHY 301KHICTb, ajie MpocTi B peali-
3amii. [Ipore mocBinm CBITYMTH, 110, HE TUBJISYNCH
Ha JIETKICTh peatisallii i HEBENNKY KiIbKICTh ore-
pauiii Ha 4acoBOMy KpOLi, SBHA CXeMa MPALIOE
1HO/I1 Ha KiJTbKa MOPSIIKIB MOBUIBHIIIE, HIXK HESIBHA
cxema abo cxema 3 Baramu [7]. HeszHi pi3HHIIEBI
CXEMHU BOJOMIIOTH KOPUCHOIO BJIACTUBICTIO 301Xk-
Hocti. IIpu Oynp-sKoMy CHIBBiHONIEHH] KPOKY 32
4acoM 1 1O KOOpAMHATI CXeMa Ma€ BIIACTHUBICTb
30ikHOCTI. e mae 3Mory 3Ha4YHO 3MEHIIUTH KiJb-
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KIiCTh 4acoBHMX KPOKIB. | x04a Ha KOXKHOMY KpOIIi
JIOBOJIUTHCS TIPOPOOIIATH iCTOTHO Ginble iTepauii,
WIBH/KICTb OOYMCIICHHS 3POCTA€ HA IMOPSIOK, IMO-
PIBHSHO 3 sSBHUMH cxemamu. He kokHa HesiBHa
cxema Mae 30DKHICTB 10 pesynbraty. [l Toro,
o6 pi3HULEBA AIPOKCHMALlil CUCTEMH DIBHSHbD
(1) cxonunacst no ii BupilleHHS, HEOOXiqHO, MI00
YHCENbHO BUKOHYBasMCs (pi3muHi 3akoHH 30epe-
xeHHs1. Lle mpu3BOAMTE 10 TOTO, 1[0 MATEMATHYHO
TOTOKHI OTeparlii YMCeIbHO BXKE HE € TOTOXKHICTIO.
PizHuIIeB] cXeMH, B SIKUX YHCEIbHO BUKOHYIOTHCS
(i3uvHI 3aKOHH 30epEKEHHS, Ha3UBAIOThCS KOHCE-
pPBAaTHBHUMH pi3HUIICBUMHU cxeMaMu. Cucrema pi-
BHSHB (1) Mae TUBEPTEHTHUN BUIJIA, IO A€ MO-
KIIUBICTh MOOYAYBaTH KOHCEPBATHBHY DPI3HHIICBY
cxemy. Jlist (bOro MOXKHa CKOPUCTAaTUCS IHTETpO-
iHTeproNsUiiHIM MeTonoM abo meTonoMm IonyHo-
Ba, SIKI JIy’Ke MOAI0HI MK COOOI0 1 MPU3BOAATH JI0
OnHaKoBMX pe3ynbTariB. CyTh METOMy TOIATac B
TOMY, 1O Au(epeHLianbHe PIBHAHHA IHTErPYETHCS
o KoMipi citku. [Ipy nboMy dncensHe BUKOHAH-
HSl 3aKOHIB 30epeKeHHsl 3a0e3MeUyeThCsl aBTOMa-
THUYHO.

[ToOynoBa pi3HUIEBOT CXEMU MPOBOAUTHCS
TaKMM YMHOM. BBOAUTBCS JBOBUMIPHA IPSIMOKYT-
Ha CITKa 3 IOCTIHHMM KPOKOM 3a 4acoM Af i KO-
opauHatoro Ax . Bysnm citku OymyTh po3TamioBy-

BaTHCS B TOYKax 3 KoopauHatamu \f,X; ),
L =i-At, x;=j-Ax.

st crucnocTi 3HaueHHs QYHKIIN Yy BY3JIOBUX
= f; . Taxum

YHHOM, [ — 1HJIEKC TUMYaCcOBOTO mapy, j — 1HIeKc
KOOPAMHATHU BY3JI1a CITKH.

PosrisiHeMo piBHSHHS HEMepepBHOCTI 13 cuc-
Temiu (1):

Toukax Oynemo nosHawatu: flf,,x

6—p+%(pu)=0. )

CkopucraBIch Teopemoro I pina:
”[G—Q—a—i xdy =§de —ody . (3)
Q

Tyt dQ — 3aMKHYyTa KpuBa, sika oOMexye 00-
nacte €)), MOXXKHA TEpEenucaTH PiBHSHHS Herepe-
PBHOCTI y BUTJISII:

ff(pudt + pdx) =0. 4)
Q
Posrisinemo komipky citku. Kpuponiniiinuii
inTerpan (4) B30BK TPaHHLI KOMIPKM MOXHA 3a-
MUCATH Y BUIJISII CyMH 1HTErpalliB 10 CTOPOHAX

[ (pud + pex) + [ (pudt + pdx)+
(6.7}, +1) (6,411, +1) 5)
+ J(pudt + pdx)+ J(pudt + pdx)=

(i+1, j+1)>(i+1,7) (i+1,/)-(i. /)

[Ipu iHTErpyBaHHI Y310BXK JIBOX CTOPiH KOMi-
pku citku dx =0, a Opu IHTErpyBaHHI Y3I0BXK
nBox iHmmx cropid dy =0. Kpim Toro, nmorpibxo
BpaxoBYBaTH HaNpsMOK pyxy. Toxai MO)KHa 3aru-
cartu:

[pdc = [pax +
(A(041) () (4,) ©)
+ JPUdf - J pud =0

(6, /1) (i+1,5+1)  (i+1,5)>(0/)

®opmyna (6) Oyne BipHa i OyAb-AKOro
NPSAMOKYTHHKA Ha IulouwHi (4, x), 0e3 sKux-
HeOyb HAOMMWKEHb 1 NMPUIYLIEeHb. [HTerpamm mo
CTOpOHAaX MPSIMOKYTHUKA 3aMiHIOIOTBCS HaOJMKe-
HUMH BHpa3aMH, PO3pPaxOBaHUMH 32 (HOPMYIIO0
Tpanenii. [y HaOMMKEHUX 3HAYCHb IHTErPaIiB 110
dx OTpUMAaEMO:

[l 50, =03(0) 441
(i,)-(i.j+1) %)
[ petx =Py Py =050+ i)

(i+],j+]) (1+],])
Jnst HaOMMKeHWX 3HAYeHb

qacom:
e

(PU)j+1

iHTErpasiB  3a

J.pl)dt 1+/ B
(i, j+1)>(i+1,/+1)

—05{(pv)',, + (p0)ih ).

U);* Y

At, pu

(®)

qudt ~ (pu)l;% At
(i+1,/)-(i./)

=03{(pv); + (ou)?!).

Toni pisHUIEBHA aHANOr pIBHIHHA (2) 3amu-
IIEThCS Y BUTJISIIL

o1 1
i+~ i+

(pv) ;3 ~(pv); 2 jar+| p™ —p" | Ar=0.(9)
J+* Jt
2 2
Piznuniee piBHsHHS (9), K 1 piBHSHHSA (2),
Ma€ TUBEpPreHTHy (hopmy, TOOTO 3aKOH 30epeKeH-
HSl pCUOBHHHU BHKOHYETHCS 1 B PI3HUIICBOMY BHIIA-
nKy. PisHHIIeBa cxeMa Ma€ HEesIBHUHN BUTJISI.
PosrisiHeMo piBHSHHS 30epeXKeHHS IMITYJIbCY
B cuctemi (1):

0 0 . 1
5(pu)+a(pu2 +P)+@s1na +g/1pu|u| =0.(10)

[IpoiaTerpyBaBmm 1e pIiBHAHHSA MO JEsIKii
obmacti Q 1, 3actocyBaBum ¢opmyny ['pina, pis-
HSIHHSI MOYKHA 3aITMCATH Y BUTIISIIL:

if(puz + P}Jt + (pu)dx =

dQ

| (an
= ﬂ pgsin o + —lpu|u| dxdt

0 2d
B skocti 2 BHOepemo komipky ciTku. Tomi
pizHuneBuit aHanor piBHsHHAS (11) HaOyne BHUIIIA-

ay:

32 )
38 )
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l+1
PU ; / PU ]+y
i1
+ (pu +P)']/ (pUZ+P)‘j+A At+ (12)

+1

i+
. 1 2
+| pgsina + —ﬂ,pu|u| AxAt=0.
2d i1
JT /5
Tyr, K i y nonepeaHboMy BUNAIKY, IS Ha-
OJIMIKCHOrO iHTErPYBaHHs 3@ YacoM i 1O KOOpAH-
HaTi BUKOpUCTOBYBaiacs ¢opmyina tparerii. J[Bo-
BUMIpHHUI iHTerpan OyB 3aMiHEHHH HaOJIMKEHUM
3HAYCHHSIM:

g(pg sin o + é /1pu|u|}dxdt r

i+%
AxAt .
9
Posrisinemo piBHsSHHS 30epeKeHHS eHeprii
cucremu (1):

(13)
~| pgsina + 1 /1p1)|u|
2d

2
Ll pe) 4 pZ s peH |+ (14)

ot

+—1| pv

2
) 0 1
— — +199) 4ol +ZKCP(T—TO):0.

Hicns inTerpyBanus plBHsIHH;I (14) mo xomip-
1i CITKH 1 3aMiHHM IHTErpailiB Ha iX HaGIMKeH] 3Ha-
YeHHSI, PI3HUIICBUN aHAlOT PIBHSHHS €Heprii Ha-
Oyzie BUTIISIIY:
i+l

+ pgH Ax —

A

2
e 4 'DUT

2
— +h09 o (15)

j+l

i+%

2
—| pv U—+h(y‘))+gH At +

i+

1 2

+| =K, (T-Tp) AtAx =0,

d ¢ ]
+Y

s HaOMMYKEHOTro OOYHMCIICHHS IHTErpaliB 3a

KOOPJMHATOO 1 yacoM Oyla BUKopHcTaHa (hopmy-

Ja Tpanenii. /[BOBUMIpHUH 1HTErpai BiJ HEIUBEP-

TCHTHOI YaCTHHHU piBHsSHHS OyB 3aMiHEHWH Ha-

ONKEHUM 3HAYCHHSIM:

Il G K., (T-T, )dxdt] ~

Q
09
AtAx .
9
VY BCIX pi3HUIICBUX PIBHSIHHSAX MOJOBWUHHI iH-

JICKCH O03HAYarTh, K 1 y dopmyni (7), cepenHe
3HA4YEHHS CITKOBOI q)yHKm'i. Tak, Hanpuknan,

l+ .
?_025(1‘ + T ;:]‘)

Bci orpumani pi3HUIIEBI piBHSHHS MaroOTh JIU-
BEPreHTHUH BHIJIAJ, OTKE, B HHUX aBTOMATHYHO
BHUKOHYIOTBCSl PI3HHUIIEB]I aHAJOrd (i3MYHUX 3aKO-
HiB 30epexeHHs. TakuM YMHOM, pi3HHIIEBA CXeMa,
3anana piBHsHHIMH (9), (12) i (15) € kKoHCEpBaTH-
BHOIO PI3HHLIEBOIO CXEMOIO.

Cucrema pisanuesux piBusnb (9), (12) i (15)
alPOKCUMY€ BUXIAHY CHCTeMY Au(epeHuialbHUX
piBasab (1). TlocraHoBKa MmOYaTKOBOI KpaiHoBOl
3ajadi noysrae B HacTynHoMy. HeoOxinHo 3amaTu
PO3IOIUT HEBiIOMUX (PYHKIIIH, 110 BXOASATH B PiB-
HSHHS HA MOMEHT ITT0YaTKy MOJETIOBaHHS. Y ja-
HOMY BHUIAJKy HEBIJOMUMH (YHKISIMH € THUCK,
MIBHJIKICTB 1 TeMIepaTypa rasy, SKi 3aJIe)KaTh Bif
qacy i KoopauHatu. TemrepaTypa BXOAUTh B CHC-
temy (1) HesBHO, yepe3 PIBHSIHHS CTaHy 1 TEPMO-
JUHAMIYHI MOTEHIIaIM ra3y. 3aMiCTh IIBUIAKOCTI
razy 4acro 3pydHilllé KOPUCTYBaTHCS MaCOBOIO

BHUTPATOIO:
G = puF' . (17)

Tomi, HanpUKIaA, Y CTAlliOHAPHOMY BHIIAJIKy
PIBHSIHHS HETIEPEPBHOCTI BUPOUKYETHCS Y PIBHSIH-

Hs areOpu:
G = const . (18)

Jlo Toro *, Ha KOMIPECOPHUX CTaHIIIAX MPO-
BOIISIThCS. BUMIPIOBAHHS TEMIIEPATypPH, THUCKY 1,
MOJEKY/IM, BUTPATH razy. ToMy Ha KOpJIOHAX Ta3o0-
MPOBOAY ISl TOOYIOBH PO3B’ 3Ky OyaeMo 3a/1aBa-
TH THCK, TeMIIepaTypy i macoBy Butpary. He Bci
MOJKJIMBI TIOCTAHOBKH KParoBOi 3aa4i OyAyTh KO-
PEKTHUMU. 3pO3yMiJIo, 10 30ypEeHHS MOIIHPIOETh-
Csl TI0 Ta30MPOBOY 3 KiHIIEBOIO IIBUAKICTIO. SKIIO
3aJaTH CyNEepewInBi bOMY TPaHUYHI YMOBH, TO
MOCTaHOBKa 3aja4i OyJe HEKOpPEKTHOI. Martema-
TUYHO 1€ TIPU3BE/E A0 TOro, WO anrebpaiyna cuc-
Tema piBHSAHB (9), (12), (15) Oylne MaTH HECKiH-
ueHHy 0e31iv a00 KOAHOTO PILICHHS.

PosrisiHemMo nekinbka BapiaHTIB MPOCTUX 3a-
nad, siKi BUHUKAIOTh ITi]1 9ac MPOBEICHHS TEXHOJIO-
TYHUX PO3paxyHKIB CKIQJHUX Ta3ompoBoliB. B
MepHIoMy BUMAJIKy THCK 1 MacoBa BUTpaTa 3aJlaHi
Ha [OYaTKy I'a30MpoBoay. Y Iill CUTYyallii € TIIbKU
OJIHE KOPEKTHE PIlICHHA - € CTAlliOHAPHE PillleH-
Hs. SIK Tinbku moyatu OyayBaTH 3 UMMM TPAHMY-
HUMHU yMOBaMHU HECTAalliOHAPHE PIlICHHS, BAHUKHE
Taka cuTyallis. HarmpukiHii ra3onpoBoay BUHUKHE
HEBEITMKUI CTPUOOK THUCKY, ayie 30ypeHHs Ilie He
Aifine 10 movaTky razonposony. OueBnaHO, WO HE
iCHY€ MOXIMBOCTI MOOY1yBaTH Take PillleHH, 3a-
Jlal0uM BCi TPAHNUYHI YMOBH Ha II0YAaTKy rasorpo-
Boxy. OCKUTBKHM 3 TOYKH 30pY IMOCTAHOBKH 3ajaui,
BOHA HIYUM HE BIJPI3HSETHCSA BiJ CTAI[IOHAPHOI.

2

~ (l K., (T -T, )dxdt]
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MaremMaTH4HO IIe 0O3HaYaTUMe, 10 PI3HUIIEBA CHC-
tema piBHaAHb (9), (12), (15) Gyme maTh HeCKiH-
uenHy Oesniu pimens. JiicHO, iCHye, TpUHANMHI,
JiBa PILLICHHS, 1O 33/{0BOJIbHAIOTH LIUM IPAaHHYHAM
1 TOYaTKOBUM yMOBaM, a 3HAYMTh, iX HECKIHYCHHO
Oarato. HeoOximHa yMOBa KOPEKTHOCTI IMTOCTaHOB-
KA TPaHUYHUX YMOB — 1100 BHTpaTa i TUCK OynH
3aJaHi Ha Pi3HUX KiHISIX ra30mpoBoay. Takum 4uu-
HOM, BHXOJIUTH BCHOI'0 YOTUPU MOXKJIMBHX BHIH
MOCTaHOBKY 3aBJaHHs. THUCK Ha IMOYaTKy i BUTpaTa
B KiHI[i, THCK HANIPHKIHIII i BATPaTa HA MMOYATKY, Ta
THUCK ab0 BUTpaTa Ha MOYATKY 1 B KiHIII. 3a3HAYH-
MO, LIO IPaHAYHA yMOBA BHTPATA HA MOYATKY i B
KiHI[i Ma€ CEHC TIIbKU B HECTALlIOHAPHOMY BHIIa]I-
Ky. SIkmo cnpoOysatn noOynyBaTd CTamioHapHe
pIICHHS OO0 IIMX TPAaHAYHHM YMOB, TO B CHIIY
(18) 1Bi TpaHWYHI YMOBH BHUPOIUKYIOTBCS B OJIHY.
Jlo 1IMX YOTHPHOX CUTYaIlild JOAACThCS TpaHUYHA
yMOBa TO TeMrepaTypi. Y KOKHOMY 3 YOTHPHOX
BHUIIQ/IKIB MOKITUBA KOPEKTHA IMOCTAaHOBKA 3aBJIaH-
HSl JUISL TeMIIEpaTypy 1 3 TPaHUYHOIO YMOBOIO Ha
MOYaTKy ra3omnpoBONy 1 3 TPaHUYHOIO YMOBOIO B
KiHII. 3aBXaW 3aBIaHHSA Oyae KOPEKTHHM, SIKIIO
TeMIlepaTypa 3ajgaHa B Till TO4Il, ¢ ra3 HaIXo-
JIMThH B Ta30MPOBiJ. Y IIbOMY BHITaJIKy BHPIIIY€ETh-
cs mpsiMa (i3udHa 3a1a4a. A caMe, pO3IJIAa€eThC,
sIK Oy/ie 0XOJIOKYBAaTHCS a00 HArpiBATUCS JCIKUN
BHJIJICHUH 00CAT rasy mij 4ac pyxXy IO Ia3oIpo-
Bony. HeszanexxHo BiJ OBKMHH ra30IpOBOAY 3a-
BIIaHHs1 Oy/1e KOPEKTHUM.

Ha npomy mpukiani MOKHa NMPOLUTIOCTPYBATH
HEKOPEKTHICTh IIOCTAHOBKH 3ajadi JUIsl TeMIiepa-
Typu. Hexail ra3onpoBig HACTUIBKH JTOBTH, IO B
HOro KiHIII TeMIlepaTypa BHIIIEHOTO 00’ €My ra3y
Oy/le OJHAKOBOIO HE3aJSKHO BiJ TeMIepaTypu
razy Ha Moyatky. Take MOXIJIHBO TNPH IMEBHOMY
MOEHAHHI JOBKWHU Ta30MPOBOAY Ta BIUIMBY Ha-
BKOJIMIIHBOT'O ~ CEpeloBUINA. MaremMaTuyHo 1ie
03HAYA€ TAKy X HEKOPEKTHY CHTYAL[I0 ICHYBaHHS
JIBOX pIllCHb, sKI BIAIOBINAIOTH OJHIA yMOBI Ha
rpanuii. SIKmo pimeHHs xoda O J1Ba, TO iX HECKiH-
4eHHO Oararo.

MogenroBaHHS HECTAIIOHAPHOTO PEXUMY PO-
00TH Ta30MPOBOY 3BOIUTHCS IO PO3B’SI3aHHSI CHC-
TeMH audepeHIialbHUX PIBHAHD 3 YaCTKOBUMH
noximaumu niepioro nopsiaky (1). Audepenuiiina
3amaqa (1) 3BOJMTBHCS /IO CHCTEMH piSHHHeBI/IX al-
rebpaiunux pisusHb (9), (12), (15). Y paniit pobo-
Ti PO3TJISHEMO TPAHUYHI YMOBHU THITy THCK Ha I10-
YaTKy Ta30MpoBOAY 1 MacoBa BUTpaTa B KiHII Ta-
sonposony. [Ipu Bupimenni 6ynemo BBaxaTH, WO
MOYaTKOBl YMOBH BijjoMi abo 3a3manerigs pospa-
XOBaHi.

Ile i3oTepmiuHa MOCTaHOBKA 3amgadi. T00TO
TeMIlepaTypa rasy He 3MIHIOETbCsS B Yaci. Takum
YHHOM, MOTPIOHO 3HAWTH PO3MOJT TUCKY 1 BUTpa-
TH B HACTYITHI MOMEHTH 4acy. Po3momin Temrmepa-
TypH B yCi HACTYIHI MOMEHTH 4acy 30iraerbcs 3
MMOYaTKOBUMM yMoBaMH. Hexal /i BU3HAYEHOCTI
KUIBKICTh BY3JIB CITKH IO KOODIHMHATI TOPIBHIOE
N+1, By3nmu matoth HomepH 0, 1, ..., N. Hexaii ta-
KOX JUIsSi BU3HAYEHOCTI TTOYaTKOBHI MOMEHT Yacy
JopiBHIOE Hym0. Tozi, BUKOPHCTOBYIOUH TPaHUYHI
YMOBH, MOXKHa 3aIlUCaTH TUCK B HYJHOBOMY BY3Ii
citku 1 Butpary B N+1 By3li ciTkd B OyIb-sKHid
MOMEHT Yacy:

0: u( dl)
Flpv)y =G, (i-dr).

Cucrema pi3HHIEBUX pIiBHSIHb, I 3HAXO-
JDKEHHS 3HaYeHb THUCKY Ta BUTPATH Y BY3JaX CITKH
MAa€ BHTJISIL:

l+// l+ 5

(19)

j+1 pu At +
1+1 i .
Ax=0, j=0+N-1
Piels P !
l+1

PUJ / PU /+V
+ (pu +P)‘+/ (pu +P)‘+A At +

j+l
i+

2

AxAt =0,
+Y

j=0+N-1.

Cucrema (20) mictuth 2N piBHSHB 1 2N+2
HeBinomux, e N+1 3HadeHp Butpat i N+1 3Ha-
YeHb THCKY y By3Jax CiTKu. Perura nBa piBHSHHS
3a1at0ThCsl rpaHnyHuME ymoBamu (19). Le cucre-
Ma HENMiHIMHUX 1, B3araji KakKydd, HESIBHUX PiB-
HJHb IIOJ0 CITKOBMX 3HAYEHb THUCKY i BUTDATH.
Jlnst BUpIMIEHHST HENMHIHUX CHCTEM alreOpaidHuX
PIBHSIHB 3aCTOCOBYIOThCS iTepaliiiHi Meroau. Yac-
TO BJIAETBCS ONTHUMI3yBaTH AITOPHTM MOOYIOBH
iTepamiiHoOi MOCIIIOBHOCTI, SIKIIO BHKOPUCTOBY-
BaTU CTPYKTYPY KOHKPETHOrO 3aBiaHHs. OfHUM 3
HAMOLIBII MOMMPEHNX METOJIB PIlICHHS HeNiHik-
HUX cHcteM € Mero] HpioToHa. Anroput™m moOy-
JIOBU iTepalliiiHoi mociimoBHocTi HacTynmHui. Ko-
JKHE HACTYIHE HAONMKEHHS € PIIlICeHHSIM CHCTEMH
JMHIMHUX PIBHSAHB, OTPUMAHOI NIISXOM JIiHeapu3a-
il iCHYIO4Oi CHCTEMH HENiHIMHUX piBHsHB. J{is
CKOPOYEHHS 3aMKCiB He Oy/1eMO MHCATH TUMYACOBI
iHAEKCH, 00 3p03yMLJIO, 1110 HA MONEPEAHBOMY I-MYy
4acoBOMY IIapi 3HAYEHHS BUTPATH 1 THCKY BIJIOMI,
a Ha MoTo4YHOMY i+1-My HeBigomi. [lepenumiemo
cucremy (20), nomoBHeny (19), y Burmsii:

Py =P,((i+1)-dt)
ﬁ(G P G]+]’ =0,j=0+N—1
f2(G P G]+]9 ]+])=09j=0+N_1
Gy =G, ((z +1)-dt)

Jie BBEIEHI [IO3HAUECHHS:

fl(G PG, P /+1) l/++1/

(20)

. 1
+ (pg sina + gﬂ,pu|u|)

21

.AAt+

l+1 l A_x , (22)

J+/ j+%

—
40 )
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i+1 i
106, PGP )= (G Gy e+

G i+% G i+%
+ [G—+FPJ —[G—+FPJ At+ (23)
pF pF

J+l J

i+%
fi} Axdt.

F
P. In %

[TouaTkOBI YMOBM 3a/1al0Th BY3JIOBI 3HAUCHHS
BUTpPAaTH 1 THUCKY B H;UH;OBHI?I MOMEHT d4acy. lle

1
+ [ngsina + giG

i jo
(21), AKIIO MPUHHATH IHAEKC TUMYACOBOTO IIAPY
piBHEM Hy’r0 I = 0, 7a€ 3MOr'y 3HAWTH THCK i BU-
TpaTy Ha HACTYITHOMY YaCOBOMY HIapi {GJI} i {PJI }
3HarouM pillleHHs Ha 4acoBOMY Iiapi i = 1, MoxHa
3a JIOTIOMOT'0I0 Ti€l K CUCTEMH, alie BiKE 3aIicaHoi
JUISl THMYAcOBOTO 1apy i = 1, OTpUMATH pillleHHS
B HACTYNHMH MOMEHT uacy. | Tak mami. 3aBmaHHs
3BOJMTHCS A0 TOOYIOBH PillIEHHS Ha OJMH Yaco-
BUH KpoK Briepen. [1oTiM BUKOHYEThCS HEOOXiqHA
KUTBKICTh KPOKIB 32 4acoM.

Posrnsnemo cucremy (21). Hexait qns BuzHa-
gyeHocti i = 0. Hexaif BimoMo moyatkoBe HaOJIHU-

MAacHBU 3HAYEHb G;’ . Cucrema piBHSHB

, 1 10) . 1 (0) o
JKEGHHS JUIs po3B™si3Ky (G, f 1P, . 3a3Buyail, B

SKOCTi TIOYaTKOBOTO HAONMKEHHS BUOHMPAIOTHCS
3HA4YCHHS Ha IIONEPEHHOMY YacOBOMY IIapi, B
JAHOMY BHUMAJKYy Ha HVIBOBOMY. Po3kmagemo Bci
PIBHSHHS B PsIJl y MeXaX IMOYaTKOBOTO HAOIMKEH-
Hs 3 TOYHICTIO JI0 MepIIoro wieHa. Toi 3 HelmiHiki-
HOi cuctemu (21) oTpuMaeMo cucTeMy JiHIHHUX
PIBHSHB TAKOT'O BUTJISALY:

P :PH(dt)
J J J J _rJ
a1Gj +aj)G iy +bi1 P + b5 Py = fY
=0+ N -1
. . - (4
azllG/ +a£2Gj+1 +b'/ P; +b'2/2])j+1 :fz'/’

217
j=0+N-1

Gy =Gy (dt)

ne xoediumientu aj, b i f; obumcmorOTHCH 3a
dhopmynamu:

;0
afy =2 (a0, P06 D).

an JH1o 8 j+1
o
==L (G, 0.6, PL),
o J+l (25)
O 0) p0) ~(0) p(0)
bj\ _@_PJ(GJ b ’GJ”’PJ”)’
4 0
b, =2 (G0 p® G P).
61)j+]

9 () p0) A0 plO)
aglz (G] :1)]‘ :G P; ):

8G J+E j+1
J
O (~0) p(0) ~(0) pl0)
6152:#(6'] :1)]‘ an+]71)j+])a
af Jj+l1 (26)
i _ 0) p0) ~(0) p(0)
bZJ] _an(G] 71)j 3Gj+]3])j+]):
J
P _ 9 () p0) ~0) p0)
bZJZZaP_,Zl(Gj P ’Gj+1’Pj+1)‘
]+
Jj_ _J~(0) J ~(0) J p(0)
f1 —a”Gj +a12Gj+1+b11Pj +
Jj ~0) 0) 5(0) ~(0) (0))
+b12Gj+l_f1(Gj PGP ) @7

J_ J ~0) J ~0) J p(0)
f2 _aZIGj +a22Gj+1+b21Pj +

i 0 0 0 0 0
oG - nla?.r0.6 0. P0)

3aBiaHHs BHPIMICHHS! CHCTEMH JiHIHHUX piB-
HSIHB JTI0Ope BHBUeHE. IcHye Ge3miy crocobiB BU-
pillieHHS JIIHITHUX CHUCTEM SIK IPSIMHUMH, TaK i iTe-
pauiiiauMu Meronamu. Cucrema piBHsHB (24) Mae
CTPIUKOBY  CTpYKTypy. Po3pobmeno meromn
PO3B’sI3aHHS CUCTEM PIBHSIHD 3 BUPAXKEHOIO CTPiU-
KOBOI CTPYKTYPOIO, SIKI JO3BOJISIOTH iICTOTHO 3HH-

3UTH KUIBKICTh OOYHMCITIOBAJILHUX OIEpalriil.
[lepeTBopuMoO cHcTeMy JHIHHUX pPIBHSHb.
Bunumiemo piBHSHHS IUIS BCIX CYCiJIHIX BY3IIB,
j—11 j, mounnaroum 3 mepuioro, i MOCIiTOBHO

BUKJIIOUMMO HeBinomi P, ,,P;, P, ;. Otpumaemo

-
PIBHSHHS BUTJISIY:
4,6, +B,G;+C;G =Dy,

[azjl_] _ a]j]_] J

bt bt

R ML (A 29)
bi,' b’
bt b

J-1 J-1 J J
[azz _ap J (aZI _anJ
Jj-1 J-1 J J
bs; by, by, b,

(28)
ac

B, =2 L/ 2 B/Z 0 (30)
b by bj, b,
[aiz_al"zJ
b b/
= oD
by, b,
VY L
D- — b2]]_] b]]]_] _ b2]2 b]]2 (32)

(ot e e
b7 b by, b
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$iBukOo-TexHiUYHi nNpobjieMy TPaHCHIOPTY

Ta 36epir'aHHsS eHepr'oHociis

JUI HyIIbOBOrO Ta IEPIIOrO BY3Ja, BPaXOBY-
10YH TPAaHUYHY YMOBY TIO THCKY, 1 JJIs OCTAHHBOTO
BYy3Jla, BPaXOBYIOUH TPaHHYHY YMOBY IO BUTpATI,
MO>KHA 3aIIUCaTH:

B,G,+C,G,=D,, (33)
AyGy  +ByGy =Dy,
ae
5 - a_f’l_a_%J
0 0 0 2
b]2 b22
ao ao
c, =|%2_% | 34
R G4
0
D, = b —b P, (dt)+ L ff)
5, B, B, B,
N =0,
By =1, (35)
D, =G (dt).

Cucrema piBHsiHb (28), (33) — me kinacuyna
TpPhOXJiaroHaNbHa  CHCTEMa  pPIBHSIHb, IO
PO3B’SI3yETHCSI METOJIOM IPOTrOHKHU. PilieHHs cuc-
TeM Takoro Buay omucano B [7,8]. Ilicns Toro, sk
BCi 3HAUCHHS BUTPATH Gi 3HaiIeHi, HEBIOMI 3Ha-
YEeHHS TUCKY PO3PaxOBYIOTHCS 32 (POPMYIaMH:

Py=P (dt)

f1 11 aljz bljl
Pj+1_bj bj Gj bj Gj+1_TPja (36)
12 Pi2 12 12
j=0+N-1.

ANTopuTM TIOOYZIOBH PO3B’SI3KY HeECTalliOHa-
pHOI cHCTEeMH pIBHSIHb 3 TPaHUYHUMH YMOBaMH
THUCK Ha MOYATKy ra3olpoBOy, MacoBa BUTpaTa B
KiHI[i Ta30MpoBOLY (pPOPMYITIOETHCS TAKMM YAHOM:

- 00yayBaTH CIiTKYy MO KOOpIMHATI i 32 Ya-
COM, 3aJIaTH PO3IMOJLT BUTPATH i THCKY B MOMEHT
qacy HyJb;

- cpopmyBaTH MOYATKOBE HAGIMKEHHS IS
TUCKY 1 BATPaTH B MOMEHT 4acy df ;

- TIEpEeBIpUTH, YN BUOpaHE MOYATKOBE HAOIH-
KEHHS € PIICHHSIM CUCTEMH PIBHSIHB (21);

- SIKIIO TOYATKOBE HAOJIMIKCHHS HE € PillleH-
HsM cuctemu (21), To 3a Gopmynamu (25), (26),
(27) nobGynyBaTtu koeditieHTu ay;, by, 1 f/;

- chopMyBaTH CUCTEMY JIIHIHHUX PIBHSHD JJIS
BuTpaTH 3a dopmynamu (28), (33) i BupimmTH ii
METOJ/IOM IIPOTOHKH;

- 3a (opmysorw (36) 3HalTH iTepaliliHi 3Ha-
YEeHHS TUCKY;

- SIKIO OTPMMAHE PIllICHHS 33/IOBOJIbHSAE CHC-
TeMy piBHsHb (21), TO iTepauii NPUNUHSAIOTHCS, B
IHIIOMY BHIIA/IKy IPOBOJMTBCS HACTYIHE HAOIH-
KEHHS JI0 TUX Tip, MOKH iTepaliiiHuid mporec He
3iiaeTnes;

- (hopMy€eThCst pO3B’ 30K ISl HACTYITHOTO Ya-
coBoro 1mapy. Ilporenypa moOymoBu pO3B’s3KYy
JUISL IPyroro, TPEThOro i HACTYMHUX THUMYACOBUX
IIapiB HIYUM HE BIAPI3HIETHCS BiI MPOLICIYyPH Ha-
BE/ICHOT'0 BUIIIE PIllIEHHS ISl TIEPILIOTO IIapy.

OanaHa KOHCEPBATHBHA DI3HHUIEBA CXeMa
JUIs PO3B’s13aHHs M(BEPEHLIAHNX PIBHSAHB 3 4acT-
KOBHMH TOXIIHUMH, SIKI XapaKTEepU3ylOTh PyX Tra-
3y, [1a€ 3MOT'y YUCENBHO OTPMMATH PO3MOJLIT THCKY
1 BUTpaTH Ta3y B3JI0BX TPYOOIPOBOAY, a TaKOXK
IMIUIEMEHTYBAaTH i y HpOrpaMHOMyY 3a0e3MeueHH1
JUIs IBHUAKAX OMepaliiHnx pospaxyHkis. Bracwe,
i30TepMivHa TIOCTAHOBKA 3a/1a4i Ja€ 3MOry POBO-
JIATH PO3PaxyHKH i3 NOCTaTHBOI TOYHICTIO. On-
HUM 13 BKIMBUX HUIAXIB 34CTOCYBAHHS JIAHOTO
aJTOPUTMY € PO3B’sI3aHHS 3aBlIaHb, OB SI3aHUX 13
HECTaIlllOHAPHUMHU TPOIIECaMH, III0 MaroTh MicCle
MPH PANTOBHX 3YIMHKAX OKPEMHX KOMIIPECOPHHMX
CTaHIISAX Ta iX BKIFOYEHHSX, a TAKOXX BH3HAUCHHS
3amacy ra3y y cknagaux ['TC 3 ypaxyBaHHSM Tij-
KadyBaHb Ta BiIOOPIB MPH I[LOMY.
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