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PHYSICS

3ayBakeHHs 10 O3HAYEHHS rpaHuui GpyHKIiI MOBOIO OCJIiIOBHOCTEI

0. O. Kypuenko, O. O. CunsiBcbka
https://doi.org/10.31174/SEND-NT2018-158V118-01

Kuiscekuit yriBepcuter imeri Tapaca Illeuenko, IBH3 «Y>kropoachkuii HalioHaJIBHAHA YHIBEPCHUTET
Corresponding author E-mail: olkurchenko@ukr.net, olga.synyavska@uzhnu.edu.ua

Paper received 06.01.18; Accepted for publication 13.01.18.

AHoTanis. Y cTaTTi po3BIIAIOThCS 1BA eKBIBAJICHTHI O3HAYEHHs TpaHuIi QYHKIII [ificHOl 3MiHHOI: ¥ TepMiHax € — ¢ (3a Koi) Ta MoBotO
niociioBHOCTel (3a ['eiine). JloBeneHo, 1o Ha MOCIIOBHOCTI B O3Ha4YeHHI 3a [ effHe MOXKHa HAaKJIaCTH IIEBHI yMOBH, 30KpeMa YMOBY CTpO-

roi MOHOTOHHOCTI, 6€3 BTpaTH eKBIBAJICHTHOCTI O3HaYeHH!O 3a Korri.

Knrouosi cnosa: spanuys ¢pyHxyii, epanuuna mouka MHOMCUHY, O3HAYEHHS SPAHUYI (DYHKYI].

Beryn. MarematnyHuii aHamiz € OJHUM 3 OCHOBHHX Ipe[-
METIiB y (haxoBii MIATOTOBIII MAaTEeMATHKIB Ta (axiBIB iH-
IIMX CHELIAIBHOCTEH, OB’ I3aHUX 13 3aCTOCYBaHHIM Mate-
MaTtH4HUX MeToniB. OCHOBHHUM 3MICTOM MAaTeMaTHYHOTO
aHaiizy € mudepeHiianbHe Ta iHTerpansHe ynucieHHs. [lo-
HSTTS TPAHMII MOCIIIOBHOCTI Ta TpaHUIi (YHKIIIi € HapiK-
HUM [UTS JIOTIYHOTO OOTPYHTYBAaHHS AU(EpeHIaT-HOTO Ta
iHTerpampbHOr0 uMcieHHsA. lle moHATTS y HesBHIN (opmi
3yCTPIYA€ETHC I1Ie y AABHIX TPEKiB, HAPHUKIIAI, METO BUYC-
pIyBaHHS TaBHBOIPEIHBKOTO MaTeMaTHKa i acTpoHoMa EB-
nokca KHifcpkoro, BUKnaneHuid y necstid kauzi «Havam»
EBknina [1]. @ynnaropu mudepeHuianbHOro Ta iHTerpaib-
Horo uucnenHs [otdpin Binbrensm Jleii6nin ta Icaak Heto-
TOH 3aCTOCOBYBAIM TIOHSTTA TPAaHMI[ HAa TEOMETPHYHO-
IHTYITUBHOMY piBHi. [CTOpHYHI acrieKTH BHHHMKHEHHS CY-
YaCHOTO O3HAYCHHSI TPaHUMI (PYHKIIT Y TOUII K y TepMiHaX
& — 4 TaK i MOBOIO TIOCTIOBHOCTEH, BUKJIQ ICHI, HATIPHKIIA],
y crarrsix [2,3]. ¥ kypcax MaTeMaTHYHOrO aHalli3y BCTAHO-
BIIIOETHCA E€KBIBAJEHTHICTh IUX INIXOMIB IO O3HAYECHHS
rpaHuii QYHKIIT. Y OeIKuX MiIpyIHAKax 3 MAaTeMaTHIHOTO
aHaymizy € — 6 O3HAYCHHs TIpaHMIl (YHKIIi Ha3MBAIOTH
o3HavyeHHsM 3a Korir, a 03Ha4eHHsI MOBOIO ITOCIi TOBHOCTEMH
— o3HaueHHsM 3a [eitne [4,5]. Hagauni y wiit po6oti mu Oy-
JIEMO JIOTPUMYBATHCS TAKOT TEPMIHOJIOTII.

Hexait A — miaMHOXKHHa MHOKHHU AificHEX gucen R, x,
— TpaHMYHA Touka TimgMHOXHMHU A. OyHkmia f:A > R. Y
o3HaueHHi 3a ['efiHe rpaHuni GyHKOIl f y TOUII X, PO3III-
JTAFOTHCST BCI MOXKJIMBI YKCIIOBI TIOCIIOBHOCTI (X,,) TaKi, Mo
JUIsL TOBUJIGHOTO HaTypaJbHOTO YKCIIAa I Mae Miclie TpuHa-
nexHicTb X, € A\{x,} Ta

lim x, = x,.

n—oo

Posrman Takoi ciM’i HOCTIIOBHOCTEH MOXE YTPYIHIOBAaTH
3aCTOCYBaHHs O3Ha4eHHs 3a [ eiiHe y MaTeMaTH4HOMY aHaJIi3l.

Kopotkuii ornsig nmy0aikauiii mo Temi. Y Kypcax mare-
MaTUYHOTO aHaNi3y (HANpUKIAN, y miapydaukax [4,5])
BUKIAN TeMH «[paHHIlsl (QYHKIID» IPYHTYETHCS HA JBOX
O3HAUCHHSX TpaHuMi (QYHKII y TOUIi: y TepMiHax &€ — § Ta
MOBOIO TIOCHIJJOBHOCTEH. BCTaHOBITFOETHCSI €KBIBAJICHTHICTh
LUX O3HA4YeHb. Y JASSKUX MiAPYYHUKAX 3 MATEeMaTHYHOTO
aHa;izy (Hanpukiaf, [4,5]) ni 03HaueHHs HA3UBAIOTh BiAIIO-
BimHO o3HaueHHsAM 3a Kol ta o3HauenusMm 3a I[eiine. B
IHIMX Tiapy4YHnKax (Hampukian, [6,7]) mi o3Ha4YeHHS He
OB’ 3y10Th 3 Tpi3Bumamu Komi ta 'eiine. Inest oOmexen-
HS CiM’1 TOCHIIOBHOCTEW B O3HAY€HHI rpaHuii (QyHKIi 3a
leiiHe BUKOpHWCTaHA y CTaTTi [8] U1 JOBENCHHS IPABIII
JlomiTauns i3 3actocyBanHsM Teopemu LLTonb1a.

Meta. YV o03Ha4YeHHI MOBOIO MOCIIJOBHOCTEH TpaHUIIL
(YHKIIT y TOYIN PO3IIISNAETHCS TIEBHA CIM Sl TTOCITIOBHOC-

Tell. MeTa poOoTH monsrae y 3BYKeHHI L€l ciM’i Takum
YMHOM, MO0 O3HAYCHHS TPAHUIN (YHKIII MOBOKO MOCIIIO-
BHOCTEH 3aJIMINAI0YNCh PIBHOCHIBHUM O3HAUEHHIO y TEpMi-
Hax € — § CTaNo OLIbII KOHCTPYKTHBHUM.

Marepianu i meromu. Jloridamii aHaTi3 03HAYCHB Y TEp-
MiHaX & — § Ta MOBOIO TIOCNITOBHOCTEH TpaHUIl (YHKIIi Yy
TOYIIi, METOJ BiJ] CYTIPOTHBHOTO.

I'pannyHa Touka MHOKUHU. O3HAYCHHIO TPaHUI (yH-
KUii y TOYI Mepeaye MOHSTTS TPaHMYHOI TOUKH MHOKUHH.
Hexan A C R, A+ @,x, € R.

O3navennst 1. Touka x, Ha3UBAEThCA I'PAHUYHOIO TOY-
KOI0 MHOXKHHH A, SIKIIO Ul J0oBUTBHOTO € > 0 icHye y €
A, vy # xy, Takuii, O

ly — x| <e.

O3znavennst 2. CumBoJ +00 (—00) Ha3MBAETHCS TPAHUY-
HOIO TOYKOIO MHOXXMHH A sKIO st noBiibHOro E € R
icnyey € Atakui, moy > E (y < E).

3ayBaskennsi 1. CumBoi +00 (—00) € TPaHUYHOIO TOU-
KOO MHOXXHHH A TOml W TUIBKK TOHI, KOJIM MHOXHHa A
HeoOMeXeHa 3BepXy (3HH3Y).

Teopema 1 [5]. Yucno abo cumBoi Xy € R U {—o0, +-00}
€ TPAHNYHOKO TOYKOK MHOKUHH A TOJI ¥ TUTBKH TOJI, KOJIH
ICHY€ YHCIIOBA MOCIIiIOBHICTH (X,,) Taka, 1Io0:

1) x,, € A, x,, # X JUTsl IOBUILHOTO HATYPAJHHOTO 1;

2) X, = Xo Ipun — oo,

J1ns 03HaYeHb IpaHuIli 371iBa 1 TpaHMIN cripaBa (QYHKIII y
TOYII TOTPiOHI MOHATTS TPAHUYHOI TOYKHA MHOXKHHH 371iBa 1
CIipaBa.

O3navennst 3. Touka x; € R Ha3UBAETHCS TPAaHUIHOIO
TOUKOIO 3J1iBa (CIpaBa) MHOKHHH A, SKIIO X, € TPAHUYHOIO
TOYKOIO0 MHOXHHH A N (—0, X)) (A N (xo, +00)).

3ayBa:xkenns: 2. Touka xy € R € rpaHM4HOI0 TOYKOIO
MHOXUHHU A, SIKIIO BUKOHYETHCSI IPUHAWMHI OJJHA 3 TaKuX
YMOB:

1) Touka X, € TPAHUYHOIO TOYKOO 37TiBa MHOXHHH A

2) TOUKa X € FPAHIYHOIO TOYKOIO CIIpaBa MHOXWHH A.

VY TeopeMi Npo XapaKTepH3alif0 TPaHUYHOI TOUKH, Ha
TIOCTIZIOBHICTh, NIPO iCHYBAHHS SIKOI e MOBAa, MOXKHa Ha-
KJIaCTH TIeBHI OOMEXEHHsI i3 30epe)keHHAM XapaKTepH3arlil.
UYepes E(a,) no3HauMMO MHOXHHY 3HA4CHb MOCiIOBHOCTI
(a,). Hapamni 3amuc (a,) € A o3navae, o E(a,) C A.

Teopema 2. Touka x, € R € TpaHUYHOIO TOYKOIO 3JTiBa
MHOXXHUHU A TOJI ¥ TUTBKH TOJI1, KOJIM JIJIsl JOBLJIBHOT MOCITi-
noBHOCTI (@) C (—,x,), Takoi, o a, — X, Opu n —
00 iCHY€ CTPOTO 3pOCTaroya IMOCIIiIOBHICTb (X, ) TaKa, II0:

1) x, € AN (—0, x,) st moBiNBHOTO N > 1;

2) x, > a, s goBimbHOTO N > 1.

Hosedenns. Heobxionicms. Hexalt x, € R — rpanndna

©|O. O. Kurchenko, O. O. Syniavska 2018
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Touka MHOKHHU A N (—0, x,); (a,) € (—o0,x,) — 3anana
HOCTIZOBHICT. B 03HaYeHHI paHUYHOT TOYKH ITOKJIAJEMO
& =X9—a; > 0. [na takoro € >0 icHye x4 EAN
(—00,x,) Taxe, WO Xy — Xy < & = Xy — Ay, 3BiOKK X; >
a,. Ha apyromy kpomi B 0O3Ha4eHHI TPAaHUYHOI TOYKH TIOK-
magemMo &, = min(xy — a,, xo — x;) > 0. s Takoro
&, > 0 icHye x, € AN (—00,X,) Take, WO Xy — X, < &y,
3BIIKH X, > @, 1 X, > X;. Ha TpetboMy Kpolli B 03HaueHHI
IpaHMYHOI TOYKM TOKJIaAeMo &3 = min(xy — az, Xo —
Xz) > 0. Jlns Takoro &, > 0 icHye x5 € AN (—0,x,)
Take, Mo X, — X3 < €3, 3BIOKHA X3 > a3 1 X3 > X,. [Ipomo-
BXXHMO IIed mporiec. B pe3ynprari 0TpuMaeMo CTporo 3poc-
Tal4y MOCIIIOBHICTE X, € A N (—00,X,) TaKy, WO X, >
a,, Uit TOBUTBHOTO N > 1.

Jlocmammuicmy BUIIMBaAE 13 TeopeMu 1 Ta o3Ha4YeHHs 3
rpaHUYHOI TOYKH 371iBa. Teopema noBezeHa.

3ayBaxenHs 3. [3 yMOB TeopeMu BUIUTHBAE, IO X, — X,
pH n — o,

AHAaNOTiYHO MOXKHA XapaKTepPH3YBATH TPAHUIHY TOYKY
crpaBa Ta TPaHUYHI TOYKH —00, +00. Chopmyiroemo TBep-
JOKEHHS JUTsl BUTTAJIKY TPAHUYHOT TOYKH +00.

Teopema 3. CumBoa + OO € rpaHUYHOIO TOYKOK MHO-
JKMHA A TOMl ¥ TIIBKH TOJI, KOJHM JJIS TOBIJIBHOI ITOCIIIOB-
HocTi (a,) Takoi, Mo a,, — +00 mpu n — 00, iCHye CTPOro
3pocTaroya MOCTiIOBHICTE (X, ), Taka, ImIo:

1) x,, € A s noBinbHOTO N = 1;

2) x, > a, s goBineHOTO M = 1.

I3 Takux xapakrepuzamiii TPaHUYHUX TOYOK BHILTHBAE
HACTYIHUH HACIIIOK.

Hacainok 1. Yucno abo cumBon xy € R U {—o0, +00} €
TPaHUYHOIO TOYKOIO 3J1iBa MHOKHHH A TOMi ¥ TUTBKH TOAI,
KON ICHY€ CTPOTO MOHOTOHHA TMOCIINOBHICTh (X,), TaKa,
1IO:

1) x,, € A, x, # x, s goBinpHOTO N > 1;

2) x, = Xy Ipu N — 0o,

O3navennsi rpanuni ¢ynkuii B Touni. Hexait 4
R, Xy — rpannuHa Touka MHOXwWHH A, pyHKIisS f: A — R.
Osnauenns 3a Komni rpannii QyHKI B ToUI xh—>r;rc1 flx) =

0

P (bOPMYIIOETECS TIO-PI3HOMY y 3aJIGKHOCTI Bin TOro, OY-
IYTh Xo, P 9HCIaMH YM CHMBOJIAMH —00, +00. Takum 4u-
HOM, MaeMo 9 BapiaHTiB o3HaueHb. ChopMysr0eMO 1Ba 3
HUX.

O3navenns 4. Hexaif xy, p € R. Uncno p Ha3uBaeThCs
rpanurero ¢yHkuii f: A = R npu x = x, AKIIO JUIs 10Bi-
mpHOTO € > 0 icHye § > 0 Take, 0 U1 JOBUTHHOTO X € A,
X # Xy, |x —x9| < § BHKOHYETBCS HEPIBHICTD

If(x) —pl <e.

O3navenns 5. Hexait x, = +00,p € R. Uncno p Ha3m-
BaeThes rpanunero GyHkuii f: A = R npu x = 400, sKuo
Ut 1oBUIBHOTO € > 0 icHye A € R Take, 1110 151 JOBLTBHO-
rox € A, x > A BUKOHY€EThCS HEPIBHICT

lf(x) —pl <e.

dopmystoBaHHs 03HaueHHs 3a ['eitHe rpanumi QyHKUii B
TOYIIi OXOIUTIOE BCi 9 BapiaHTIB 3HAYEHb [UIA X, .

Osznavennst 6. Hexaii x,,p € RU {—oo, +00}. Yncno
abo cuMBOJI p HaszuBaeThes rpaHuiero Qynkmii f:4 - R
IpU X — X, SAKIIO I JOBUTGHOI MOCHIIOBHOCTI (X,) C
A\{x,} Taxoi, mo x,, = X, Ipu N —> °O BUIUINBAE, LII0

f(xp) = pupun — oo,

Teopema 4 [5]. O3nauennst 3a Ko i 3a I'efine rpanuii

(YHKIIIi B TOYIIi €KBiBAJICHTHI.

v BUIIAAKY, KOJIM T'paHWYHA TOYKa Xy MHOXHWHHU A €

JIHACHUM YHCIIOM, PO3IVISIIAIOTh TPAHULIO 3J1iBa i TPAHHUIIIO
cripasa B Toulli X, ¢yHkuii f: A = R. Copmymoemo o3Ha-
yeHHs 3a Ko rpannui 3miBa. O3nauenns 3a Ko rpanumi
cripaBa (OPMYITIOETHCS aHATIOTIYHO.

Osunayenns: 7. Hexait x, € R — rpaHuyHa TO4YKa MHO-
xuHA A N (—0, %), dyskiis f: A — R. Yucno p HazuBa-
€ThCsl TpaHULCo 37miBa (yHKUIl f y TO4YIl X, SKIIO IS
JoBimbHOTO € > 0 icHye § > 0 Take, IO sl JOBUIBHOTO
X €AN(—0,xy), % — X < § BUKOHYETHCS HEPIBHICTH

If(x) —pl<e.

Coopmymroemo o3HaueHHs 3a [elfHe rpaHWI 3iBa.
OsHaueHHs 3a ['eliHe TpaHuLi cripaBa GOPMYITIOEThCS aHa-
JIOTIYHO.

Osnayenns 8. Hexail x, € R — rpaHuyHa TO4YKa MHO-
xubun A N (—00, %), Qyskuist f: A - R. Yucno abo cum-
Bo1 p € RU{—o0,+00} HasuBaeThcsi TIpaHULEIO 3I1iBa
GyHKIIT f Y TOYI X, SKIIO A JOBUIBHOI MOCHTIIOBHOCTI
(xp) € AN (—0o0,xp) Takoi, WO X, = X, IPH N —> 0O
BUIUTHBAE, 1110

f(xn) = pupun — co.

I3 Teopemu 4, 3acTOCOBAHOI I 3BY)XCHHs (YHKLII Ha
MHOXHHY A N (—00, x) (A N (xo, +oo)) BUILUIMBAE HACTY-
ITHa Teopema.

Teopema 5. O3nauenns 3a Ko i 3a [eitHe rpanwmti 37i-
Ba (crpaBa) ()YHKIIii B TOUIli €KBiBAJICHTHI.

O0Me:keHHs HA ciM’10 MOCJIIOBHOCTEl B 03HAYEHHI 32
Ieiine rpannui ¢pyHKuii.

Teopema 6. Hexait x, € R — rpaHn4Ha TOUKa MHOKUHU
AN (—,x), pyukuis f:A—>R; p € RU{—o0,+0c0},
nocninoBHicTs (a,) € (—00,%,) i a, = x, Opu n — oo,
Hexaii, maii, Ui JOBUIBHOI CTPOTO 3POCTAIOYOi MOCIIIOB-
HOCTI (X,,) TaKoi, mo:

1) x, € AN (—00,x,) W1t KOBiNBHOTO N > 1;

2) x,, > a, i qoBimbHOrO N = 1

BUILTUBAE, 110 f (X,) = p npun — oo. Toxi

lim f(x) =p.

X—-Xg—

3ayBaxennst 4. I3 ymoB 1), 2) Teopemu 6 Ta 301KHOCTI
a, = Xy IpH N — 00 BHUIUIMBAE, 1110 IO X, — Xy PH N =
0,

Josedennss meopemu. Hexait s BusHaueHoOCTI p € R.
[HI11i BUNIAIKK PO3TIISIA0THCS AHATIOTIYHO.

3actocyemo MeTOJ BiJ CympoTuBHOTO. I[lpuiyctumo,
TBep/PKeHHs Teopemu xubHe. Le 03Hauae, 1o icHye €, > 0,
Take, Mo s JoBiIbHOTO § > 0 icHye x € A N (—0, x,)
Take, Mo X, — x < &, ane |f(x) —p| = &,. Ha nepuiomy
Kpoii it 6; = Xo —a; > 0 icaye x; € AN (—,x,)
Take, WO Xo — X < 8; = xg — ay, ane |f(x;) —p| = &,.
I3 mepiBHOCTI X, — X; < Xy — @, BUIUIHBaE HEPIBHICTh
X; > a,. Ha mpyromy xpomi it 8, = min(xy — a,, xo —
X,1) icHye X, € AN (—00,X,) TaKe, M0 Xg — X, < 85, aje
|f (x;) — p| = &.. I3 HepiBHOCTI X§ — X, < §, BUILTHBAIOTH
HEPIBHOCTI X, > d,, X, > X;. Ha TpethoMy Kporti st 63 =
min( x, — as, xq — X,) icHye X3 € A N (—0, x,) TaKe, WO
Xg— X3 <83, ame |f(x3) —p|l=e,. I3 wnepiBHOCTI
Xog — X3 < 03 BHIUIMBAIOTH HEPIBHOCTI X3 > d3,X3 > Xj.
IIponoBkyrouu 1ei MpoLec, OTPUMAEMO CTPOTO 3pOCTAIOUY
MOCITiIOBHICTh (X;,), IO 3aI0BOJIbHSE ymMoOBH 1), 2). Aue
If (x,) — p| = &, nns noBibHOrO M = 1, 10 CynepevuTh
30ixHOCTI f (X,) = p npun — . Teopema goBeseHa.

AHanoriyHi TBEep/DKEHHS MAlOTh MICIIe U1 TPaHHUIN
crpaBa (YHKLIl y TOYHi Ta y BHINAJKax, KOJIM TPAaHUYHA
TOYKa Xy = —00 a00 X, = +00. ChopMyIroeMo Teopemy
U Xg = +00,
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Teopema 7. Hexaii +00 — rpaHnuHa TOYKa MHOXKUHU A,
¢yukuis f:A > R; p € RU {—o0,+00}, mocninoBHICTH
(ap) € Ria, = +o npu n — oo. Hexal, nani, juist 10Bi-
JILHOI CTPOTO 3pOCTA0YOT MOCIIMOBHOCTI (X, ), TAKO, I110:

1) x,, € A s noBineHOTO N = 1;

2) x,, > a, s goBieHOrO N = 1

BUILTHBAE, 1110 f (X,) — p npun — oo, Toxi

lim f(x) =p.
x—+00 )

I3 HaBeJeHMX BHUIIE PE3YJbTATIB BUILIUBAE HACTYITHHUIMA
HACIIJIOK.

Hacainox 2. Hexait x; € R U {—00, 400} — rpannuna
Touka MHOXuHH A, o¢yHkuis f:A->R; peRU
{—00, +00}. Hexaii, nami, f (x,) = p Opu n — oo 114 JOBi-
JILHOI CTPOTO 3pOCTA0YOT MOCIIMOBHOCTI (X, ), TAKO, I110:

Dx, € A x, # X, I JoBUIbHOTO 1 = 1;

2) Xy, = Xo IpU N — 0,

Toni

lim f(x) =p.

X—-Xq

3ayBazkennsi 5. I3 Teopemu 4 BUILUIMBAE, 1110 NPaBHIbLHE
i 0OepHEHEe TBEP/KEHHSI.

V crarri [8] ueit Hacminok GyB 3aCTOCOBaHMIA IS IOBE-
JeHHs npaBuit JIomiTas.

3acTocyBaHHs 1151 I0BeJIeHHSI TeOpeMHM IpPo iCHyBaH-
HSl TPaHULi MOHOTOHHOI (yHKM{l. 3acTocyeMo OTpUMaHi
Ppe3yNIbTaTH IS IOBEACHHS TEOPEMH NPO iCHYBaHHS TpaHH-
Il MOHOTOHHOI (DYHKIIII 3a JOTIOMOTOI0 TEOPEMH TIPO iCHY-
BaHHS TPaHUIl MOHOTOHHOI ITOCITiTOBHOCTI.

Teopema 8. Hexait x, € R — rpanu4Ha TOYKa MHOKUHH
AN (—,xy); dynkiis f:A - R — MOHOTOHHAa Ha MHO-
xuri A N (—o0,xy). Tom icHye (umcno abo CHMBOI

—o00, +oo)

lim f(x).

XX~
Hosedenns. Hexaii (a,) € AN (—o,x,) cTporo 3poc-
Taro4a MOCIiIOBHICTh, A, — X IpH N — oo. Toxi mocimimo-
Baicth f(a,) MoHoronHa i tomy icuye lim f(a,) = p.
n—-oo

PO3JIIHEMO JIOBUIBHY CTPOrO 3pOCTAI0Yy IOCIIiJOBHICTH
(xp) € AN (=, xy), Taky, WO a, < X, WIS JOBUIGHOTO
HaTypaybHOro n > 1. Hexai, mis BusHaueHoCTi, GyHKIis f
necnagna. Toxi f(a,) < f(x,) WIS TOBUIBHOTO HATYpAilb-
Horo n = 1. Ockibku a, — X MpU N — 00, TO IJIs JIOBI-
JIBHOTO N = 1 icHye HaTypaibHe YHCIO M > M, Take, II0
Xp < A < Xg, 3BiKH f(x,) < f(ap) <p. Taxum un-
HoM, f(a,) < f(x,) <p mis Bcix HaTypaJpHHX N. 3a
TeopeMoro Tpo TpH TocmigosHocTi [5], f(x,) — p mpu
n — co. BHacnifok Teopemu 6,
lim f(x) =p.

xX—>Xg—

Teopema noBeneHa.

BucHoBkn. Y MateMaTHYHOMY aHaJIi3i € J[Ba €KBiBaJICH-
THI O3HAYEHHs IpaHuIl QyHKUIT y TOYLi: Y TepMiHaxX € — §
(3a Komi) ta mMoBoto mociigoBHoctel (3a [eiine). Busiis-
€TBCS, 10 Ha MOCIIIIOBHOCTI, sIKi (DIrypyIOTh y O3HAUCHHI 32
lefire, MO)XKHa HaKIaCTH TeBHI oOMexeHHs Oe3 BTpaTu
eKBiBaJIeHTHOCTI 03Ha4YeHHIO 3a Komri. 3okpema, Ha mocti-
JIOBHOCTI B O3Ha4eHHi 3a ['eiiHe MO)XKHa HAKJIaCTH YMOBY
CTpOToi MOHOTOHHOCTI. Taka MoauQikaris o3HAaYeHHS Tpa-
HULI (YHKIIT MOBOIO TTOCITIIOBHOCTEH MOYKE OYTH BHKOPHC-
TaHa y Kypci MaTreMaTH4YHOIO aHami3y i1 BapiaTHBHOCTI
JIOBEJICHB JICIKMX TCOPEM Ta Y HaBUaIbHIN poOOTI 31 CTy/Ie-
HTaMH.
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Remark to the definition of the limit of a function in terms of the sequences

0. O. Kurchenko, O. O. Syniavska

Abstract. In this paper we consider two equivalent definitions of limit of a function of a real variable: in term of ¢ — § (Cauchy’s definition)
and in term of sequences (Heine’s definition). We show that a condition of strictly monotonic we can be used to the sequences in the Heine’s

definition without loss of equivalence Cauchy’s definition.

Keywords: limit of a function,limit point, definition of limit of a function.

3ameuanue K OorpeaeJICHUIO mpeaejaa (l)yHKIlI/II/I Ha sI3bIKe MocjIeIoBaTeIbHOCTEH

0. O. Kypuenko, O. A. Cunsickas

AnHoTanus. B cratbe paccMaTpuBaroTCs 1Ba SKBUBAJICHTHBIX OMpPEIesIeHus npezena (pyHKIUN AeHCTBUTEIbHON EPEeMEHHOM: B TEPMHUHAX

& — 6 (o Konm) u Ha si3bIKe mocinenoBaTenbHocTel (1o [eitne). JJokasaHo, 94To Ha MOCIEI0BAaTEIFHOCTH B ONPEICNICHHH 110 [ eifHe MOKHO

HAaJIOXKUTD OIIPeIeSICHHBIE YCIIOBHS, B YACTHOCTHU YCJIOBHE CTPOTOil MOHOTOHHOCTH, 6€3 IMOTepH SKBUBAIICHTHOCTH OmpesieneHuto no Koy,
Kniouesvie cnosa: npeden pynxyuu, npedenvras mouxa, onpeoeienue npeoeia GyHKyu.
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AnHoTanus. PazpaboraHa 1 mporpaMMHO pean30BaHa CHCTeMa KOMITbIoTepHOro MojemmpoBanust « MHT2Dy mist 9icieHHOTO perieHust
JIByXMEPHBIX HECTAI[MOHAPHBIX 3371au TEILIONPOBOAHOCTH MO OECCETOUHOM CXEME C MCIIONIb30BAHUEM PaUaNbHBIX 0a3UCHBIX QyHKUMA. B
CKM peanu3oBaHsb! ciemyromue 6a3ucHble (PyHKIMH: TayCCHaH, MyJIbTHUKBaApaTHIHAas1, 0OpaTHas KBaJpaTHyHas U oOpaTHas MyJIbTUKBA-
patndHas. B cucreme Bcmonb3yercst KOMOMHAIIS METO/a UCKPETH3AIHH 110 BpEMEHH! ¢ MeToAaMy (hyHIaMEHTAIBHBIX PEICHAH 1 TBOH-
HOTO 3aMEIIeHHs, TO3BOJITIONIAs PeaIM30BaTh MOJTHOCTBIO OECCETOUHBIN MOIXO.

Knrouesvie cnosa: beccemounniii memoo, paduaivivle 6a3ucHbie QYHKYUU, Kpaesble 3a0a4u, HeCmayuOHapHble 3a0a4u Menionpo6oo-

HOCmu.

Beenenue. Ilocnennue roasl 03HaMEHOBAIMCH 3HAYUTEIIb-
HBIMH YCIIEXaMH B HCIIOJB30BAHWM YHCICHHBIX METO/IOB
NPH PELICHUH 33/1a4 MaTeMaTH4ecKol GpU3UKu. DTHM ycrie-
XaM MCCIIEN0OBATeNIM BO MHOTOM OOS3aHBI BO3MOXKHOCTSIM
TaK Ha3bIBAEMBIX OECCETOUHBIX MOIXOIO0B K PEIICHHIO 33124
MaTeMaTHIEeCKOT0 MoenmpoBaHus. OmauM U3 (aKTopoB
NPUCTAILHOTO BHUMaHUs K OECCETOUHBIM METO/IaM SIBIISIET-
Csl IPaKTHYECKOE MPENMYIIIECTBO IT0 CPAaBHEHHIO C PA3HOCT-
HBIMH METOJIaMH TIPY PEIIEHUN KPaeBbIX 33/1ad B CIIOMHBIX
obnacTsx. B oTiimane oT pa3HOCTHBIX METOJIOB, B OecceTod-
HBIX MeToJax oOyiacTb PEIICHUs 33/1auM MPEJICTaBIsIET CO-
601t HabOp PaBHOMEPHO MM MIPOU3BOJIGHO PACTIPEICTICHHBIX
Y3II0B, K KOTOPBIM «IIPUBSI3BIBAIOTCS Oa3UCHBIE (PyHKINH.

Kparkuii 0630p nmy6aumkammii mo teme. O030pbI 1O
0ecceTouHbIM METOJaM C MCHOJIb30BAaHUEM  pajHaibHBIX
6asucHpix Qyakumii (PB®) m aromapHBIX paaMaTbHBIX
6asucHbIX (yHKImi (APB®) mpexcraBieHs B cTaThax [1—
8].

Iens. Pa3paboTka 1 mporpaMMHast peau3anist CHCTEMBI
KoMITbioTepHOTO MomemupoBanus «MHT2Dy» s umcnen-
HOTO pelIeHHs] IBYXMEpPHBIX HECTAllMOHAPHBIX 3a/ia4 Terl-
JIOTIPOBOJHOCTH TIO0 OECCETOYHON CXeME Ha OCHOBE KOMOU-
HallMM METo/ia ABOMHOTO 3aMeleHHs] U MeTosia (hyHIaMeH-
TaJbHBIX PEIICHUH C MCIIOJB30BAHUEM PaHalbHBIX Oa3uc-
HBIX (DYHKITHH.

HrepammonHas cxema. Ympasistomee gupdepeHiy-
IbHOE ypaBHEHNE HECTAIMOHAPHOH TEIJIONPOBOIHOCTH B

3aMKHYTOH o0mactn Q C ERZ
CIEAYIOIUHI BUA:

ol
pcpa—Ltl+g =kvZ €))

orpannyeHHoii I’ mmeer

TIe p — IIOTHOCTB; C, — yenbHas TEIOEMKOCTb MPH
TIOCTOSIHHOM JIaBJieHHH; U — Temreparypa; § — BHYTpEH-

HUit ucTouHuK Tera; K — ko duimenT TerionpoBoHo-
CTH.

Hcxomnoe ypaBHenue (1) MoxeT OBITH CBEJICHO K ITOCITE-
JIOBaTEJIbHOCTH HEOJHOPOAHBIX MOJU(DHUITMPOBAHHBIX YpaB-
HeHUH ['enbMrosbia ¢ IOMOIIBI0 MPOLEAYPHI JUCKPETH3A-
IIMH TI0 BpeMeHH [9]:

_ 1 n-1
02aAt

1-6

n
Vzvn _kzvn — + n—1+ g 2
ok g k @

10

e y" =y" _ﬂu"—l, 0 — Becosoii ko3 uIMEHT;
n_ . _ - 1 k
u" =u(x,nAt); At — Imar mo BpemeHm; 32 __* , ;- <
Oa At pCy
ko3¢ ureHT muddy3un.

Pemenne kpaeBoil 3aa4y TEIIONPOBOAHOCTU pealn3y-
€TCs Ha OCHOBE KOMOMHAIIMH METO/a IBOMHOTO 3aMEICHHS
[9] m Merona pyHOAMEHTANBHBIX PEUICHHUH C HCIIONIH30Ba-
HHUEM paJnaibHBIX 0a3ucHBIX QyHKuwi [10]. dist Toro uro-
OBl M30€XaTh MHTETPUPOBAHMS MO OOJACTH, HCIIONB3YETCS
METOJ YaCTHBIX PEIICHHH, COTNAaCHO KOTOPOMY pEIIeHHE
HEOHOPOHOTO YpPaBHEHUs MPECTABISIETCSA B BUAE CyMMBbI
YaCTHOTO U OJHOPOJHOrO pelieHuid. Metox (yHIaMeH-
TaJIbHBIX PELICHUH UCTIOIb3yeTCs IS TOMy4eHHs OJJHOPOA-
HOT'O peIleHus], a METO]] JBOMHOIO 3aMEIIeHHUsI C UCIOJIB30-
BaHUEM paJHUalIbHBIX 0A3UCHBIX (PYHKIMHA — /IS TOTyYeHUs
YaCTHOTO pelleHus. B pesynbrare Takoro moaxojaa peanu-
3yeTcsl IOJTHOCTHIO OECCETOUHBIN METOI.

Pemenwe (2) npencrapisieTcs B BUAE CyMMBI OJTHOPOTHO-

ro peHICHUS Vrr]] M YaCTHOI'O PEILICHUS VB V" ZVR +VB.
Vnpasisitoniee ypaBHEHUE Ul YACTHOTO PELICHUS MMEET
BHI:
1 g, 1-0 o "

u" 1 + n1,9

—_— +7
0Z0At ok 2 Tk

n
HactHoe pemienue V,, HE JOKHO y/IOBICTBOPSTH HUKA-

2,,Nn 2,0 _
vafXVp—

KOMY HaGOpy TPaHMUHBIX YCIOBHiL. YIIpaBIAIONmAs CHCTEMA
JUTSL OJTHOPOJTHOTO peliieHus V) 3allHIneTcst CiieIyromuM
obpazom:

VAR (X)- 2% (x)=0, xeQ

vh(x)=(x)-vj(x) xeT,

oy (x)=3(x)-ap(x). xeT

(kq,? +hv) Xx) =—kaqp (x)—hvp (x)+ hu,,(x), x €T3

e g - k% — TOTOK Teruta, N — BHENIHMIi BEKTOP HOP-

mamm; N — kodddurment Tennonepenaun; U, — Temmepa-
Typa OKpY’KarolLeii Cpeip.

n

RN I g"t+ 9. Yactroe pe-
0%aAt ok k

IIEHHE KOHCTPYUPYETCS ¢ MOMOLIBIO paMaibHbIX Oasmc-

Iycts En(x)=

HBIX QYHKIWH go(x) . F" (X) arnmpOKCUMHUPYETCS B BUJIE:

©)|p. 0. Protektor, D. A. Lisin
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N

E200= 0 )

i=1

F " (x)

1

©)

re N — KOJIMYeCTBO y3/10B KoJuIoKaum, pyHkumn W (X)

TIPENICTABIIIIOT cO00# pe3ynpTaT Bo3AeHcTBHA middepen-
[UAJIFHOTO oreparopa ['elbMrosblia Ha COOTBETCTBYIOLINE
paauanbHble GasucHble GyHKIMA @ (X).

Takum o6pasom, (3) mpencraBnser coboit cuctemy u3 N

o v n
JIMHEVHBIX YPAaBHCHWH OTHOCHUTEIIBHO HEU3BECTHBIX Ol .

n o o
Torga yactHOE peeHue Vp NpEeACTaBIICT co0oii nmHel-

HYIO0 KOMOMHAIMIO OAa3MUCHBIX (PYHKITHIA:
n

n
(X)=Z‘1j(ﬂj(x)
=1
i monyyeHuss OJHOPOJHOTO PELIEHUs] HUCIOJIB3YETCs
MeTo]; (yHIaMEHTANIFHBIX perreHnii. Ha N-oM BpeMeHHOM

n
Vo

mare OAHOPOIHOE pPEIICHHE Vr? aIIpOKCHMHUPYETCST B
BHJE:!
M
i)=Y pi6kz) @
i=1

rae G(szi)IziKo(M) — (dyHIaMeHTaIbHOE pEIleHHE
T

JUT. MO UIIMPOBAHHOTO oreparopa [ enmbMrosibiia V2 )2
, Ky — momuduruposannas ¢ynxius beccens BToporo

iB‘G(Xi’Z')‘“(Xi)—VB(Xj)- 1<
M | aG(xj,z,):q(xj)_qg

i+h

M
;B{k —

HecMmoTpst Ha mioxyro 0OYCIOBICHHOCTh CHCTEMEI (5),
pEIICHHE YCTOIYNBO O JOCTHXEHHUSI MAIIMHHOW TOYHOCTH
[9]. CumnTaercs, 4TO 3TO SIBICHHUE MOYKHO OOBSICHUTD, UCCITe-
Ilysl CHHTYJIsIpHOE pasnoxenre (SVD) marpuisr ko3huim-
eHTOB cuctemsl (5) [11].

OrnucaHHas BbIllIE UTEPAIIMOHHAS CXEMa JIeIla B OCHOBY
pa3pabOTaHHOM CHUCTEMbI KOMITBIOTEPHOTO MOJIEIMPOBAHUS
«MHT2D».

Onucanne cucTeMbl KOMIBIOTEPHOIO MO/IeJIMPOBA-
Hust «MHT2D». Uuadopmarus o hopme obractu pereHus
KpaeBOH 3aJ1auyl 3a7aeTcs B JII0O0H cucTeMe aBTOMATH3HPO-
BaHHOTO MPOEKTHPOBAHUS JUISl pabOTHI C YepTexaMu (Hamp.
AutoCAD, TurboCAD wu np.). Co3maHHBI YepTex coxpa-
Hsietcs B popmare PLT, mocne gero MoxkeT OBITh 3arpyKeH
B «MHT2D». Ha puc. 1 npencraBneH mpumep oOnactu
petuenust, 3arpyxeHHbiid B CKM «MHT2Dy.

Jist penreHust KpaeBbIX 3a/1ad, OMHUChIBaeMbIX Iudde-
pEHLMANBHBIMA YPABHEHHSIMH B YacCTHBIX POHM3BOJHBIX,
HEOOXOUMO 33/IlaHMe 3HAYCHHH HAYaIbHBIX M TPAHUYHBIX
YCIIOBHIA.

(x;) My+1<j<M,

M,

11

M+

pOZa HyJIEBOTO HOPSIAKA U 1 = Hx -z H — €BKJIMJIOBO PAcCTOsI-

HIe MeXy y3mamMu X u Z;. 3aech {z; )

. HCXOIHBIC Y3JIbI

Ha (UKTUBHON NOBEPXHOCTH r , coziepKaIneit Q.

BakHO ompezneiTh ONTHMaIbHOE pa3MellieHne PUKTHB-
HOIl moBepxHOcTH. OHa MOXET TIPEACTaBIATH COOOM
OKPY’KHOCTb, LICHTP KOTOPOIl COBNaiaeT C TeOMETPHYECKUM
LeHTpoM obmacTu pemeHus. C  yBelIMYeHHEM pajuyca
OKPYXXHOCTH TOBBIIIACTCSI TOYHOCTH IIOJIy4aeMOTrO pellie-
HHS, HO YXYAIIaeTcsi 00YCIOBIEHHOCTh CHCTEMBI IMHEHHBIX
ypaBHeHHH, 1 Ha000poT. Ha mpakTrke, B Ka4ecTBE KOMIIPO-
MHcca, 3HaYeHHe paguyca (PUKTHBHOM MOBEPXHOCTH OOBIU-
HO BBIOMpAETCS PaBHBIM IIITH pa3MepaM OOJIACTH PEIIeHUS
[11].

B y3nax, paBHOMEPHO pacCIOJIOKEHHBIX Ha (DPMKTHBHOW
TIOBEPXHOCTH, PACCTABISIIOTCS OasucHBIe (QYHKIWH, pe.-
CTaBJIsIOIIME COO0H (yHAaMEHTaIbHbIE PEIEeHHs OJHOPOI-
HOTO MOAM(HIIMPOBAHHOTO YpaBHEHH: | enbMronba.

Jluneitnass komOuHaIMs (YHIAMEHTAJIBHBIX PEIICHUH
G(X,z;) TO ONpeNeNeHHIO YIOBNETBOPSET MOAMMHLKPO-
BaHHOMY YPaBHEHHIO [ elbMrosiblia BO BCEX TOUKAX 001acTH
pewmenys. KoapdumenTs! §; BEIOUparoTCs TaKKMM 00pasoM,

YTOOBI Y/IOBJIETBOPUTH IPAHUYHBIM YCJIOBHSIM B BHIOPAHHBIX
y371ax Ha rpaHuLne o0nactu pemenus. [Ipoussens xosuioka-
1o (4) B BBIOpaHHBIX y3J1aX Ha FPaHULE, MOJIY4YUM:

®)

JG(xj,zi)=—kqg(xj)— hv?,(xj)+ huw(xj), M, +1< j<M

rue {X]—}l\ﬂl ely, {XJ—}

M
€12, {XJ}M2+1€F3'

|

o

KoraecTao Touex b pawase: 160

Puc. 1. UnTepdeiic CKM «MHT2D»

HomCTB0 Tovex 1 QoaTHENOR DaALE

Ha puc. 2 npencrasnena yactb pabouel 00s1acTu crucre-
MBI, OTBEUAIOUIas 3a 3aJaHUE€ TPAHUYHBIX YCJIOBUH IS
HECTallMOHApHOH 3agaun TemnonposogHoctd B CKM, a Ha
puc. 3 — gactp paboueil 006JacTH, OTBEUAONIAs 3a 3a7aHIe
HAYaJIbHBIX YCIOBUH.

B CKM «MHT2Dy peannzoBana BO3MOXHOCTh 33JaHHUS
BHYTPEHHETO MCTOYHHKA TeIUIa Kak (DYHKIIMH OT KOOPAWHAT
U BPEMEHH, a TaKkkKe 3HaueHWH Kod(pPHUIMEHTa TEIUIONpo-




Science and Education a New Dimension. Natural and Technical Sciences, VI(18), Issue: 158, 2018 www.seanewdim.com

BoxguocTd K , ruotHOCTH P U yIEJIbHOHN TEIUIOEMKOCTH Cp

(puc. 4).

Bo Bknagke «Ilapamerpsl peleHus» 3aqa€rcs mar pas-
OueHMs1 CeTKU BHYTpHU 0o0JIacTH pelleHus U 3a e€ TpaHuna-
MH, B y3JIax KOTOpOil OyayT paccTaBieHbl Oa3ucHbIe (yHK-

lparununeie ycnosus ‘ DUIHYECKWE NBPAMETPEI | MapameTpel pe... r

g o

|

’ MpumeHuTs ] Chpoc

CTAPT

Puc. 2. 3ananne rpannysbix yenouit B CKM «MHT2D»

TpaHuuHble ycnosua | Dwsudeckue napamepsi | Mapamerpsi pe.. +

BHyTpeHHuit ncTouHuk Tenna fxy,t) :

sin(x*t)+cos(y’t)

KoadhhrumeHT TENNONpOBOAHOCTH 50
[noTHOCTL 7800
YaensHaA TennoemMKocTs Cp 462

Puc. 4. Onpenenenne GU3NUECKUX TIAPAMETPOB KPAacBOi

sagaund B CKM «MHT2D»

Pelenue kpaeBoil 3a1aun BU3yaqU3UpyeTcs B BUJE MO-
BEPXHOCTH, TMPEJICTABIISIONIEH COOOM pacrpesielieHue TeM-
NEpaTypHOIO MOJsI B TEKYIIMH MOMEHT BpeMeHu. s He-
CTallMOHAPHBIX KPaeBbIX 33/1ay peajn3oBaHa (GyHKIMS aHH-
MHPOBAHHOH BHU3yaJIM3allK PACTIPEAEICHUS TeMIIepaTypHO-
IO [0JIS1 HA 33JJaHHOM BPEMEHHOM MHTEpBAJIE.

LMY, IUIOTHOCTh TOYEK Ha IpaHMIe OONacTH, BPEMEHHOW
HHTEpBaJ, HA KOTOPOM OYyJET pelaThcsl HecTalOHapHast
KpaeBas 3ajada, Iar 1o BPEMEHH, a TaKXKe KOJIMYECTBO
TOUYeK Ha (PUKTUBHOM MOBEepXHOCTH (pHC. 5).

| Mapamerp pELuEHmll MNapamerp PEm‘ Hauanbheie yenoena | o

HauvankHsle yenoBua f{xy) -

0

CTAPT

Puc. 3. 3ananue HavanbHbIX yenouii B CKM «MHT2D»y

Puzwueckne napamerpel | Mapamerper pewenna | Mapamerpe P, | 4| ¢

Llar no koopauHaTe 0.04

Llar no BpemeHn 0.01

Theta 1

Brlxog 3a npegentl ofnactu
pelleHUA

2

MAOTHOCTL TOYEK HA rpaHuLe 0.15

PaccroAnne 0o 3KEWOWCTaHTEI, % 28

BpemeHHON MHTepEan 5

KonwyecTeo TOUEK Ha

BHKTMEHOM OKPYKHOCTH 200

OTHOCHTENEHAA NOTPEWHOCTE peweHna CNAY 1810

[puMeHNTb

Puc. 5. Onpenienenye napaMeTpoB pelieHns: KpaeBon
3anaurt CKM «MHT2D»

Pe3yabrarel. B xauecTBe wumocTpamy paboThl CHUCTe-
MBI TIPHUBEICHA TECTOBasl 3a/1a4a B JIByXMEPHOW 00JacTH B
(dopme kBampaTa.

IlocTanoBKa 3aaun: HECTALMOHAPHAS 3aa4a TEILIOIPO-

BogHoctH C k=1, p=1, Cp =1, At=0.01, KoIuuecTBO

HHTEPIIOSIIHOHHBIX y3710B — 400, KONMYECTBO Y3/IOB Ha
¢ukTHBHON OKpYyx)HOCTH — 120. BHYTpeHHHI HCTOYHUK:

g(x,y,t)= —% (4 exp(— 5(cos(nt)—4y +2)* —5(sin (zt)— 4x + 2) sz +25600 X +25600 y — 6400 cos(zt)—

— 6400 sin (2t)+ 12800 y cos(zt )+ 12800 xsin (zt)— 25600 x?— 25600 y* ~14080 )

1

_k
OaAt

PCyp
Kpaesble ycnous: Uy, =0. Tounoe penienue B MOMEHT

TIC )2 =

BpeMeHH t =0.01 nmeer BUA!
u(x, y,t):0.8exp(—80((x —r(t)? +(y- s(t))z))
TIe r(t)= %(2 +sin(a))s s(t)= %(z +cos(at))-
TTpuBeaEHHas IOTPENTHOCTE PENIEHHS TECTOBOMN 3a/1au B

MOMeHT Bpemenn t=0.01 ne npesbimaer 7 *10 - (Puc. 6).

12

Ha puc. 7 npencrasinena BU3yain3alys pelieHUs TECTOBOH
3a/1a4¥ B Pa3JIMYHbIE MOMEHTHI BPEMEHH.

BoiBoabl. becceTouHble METOIBI ¢ MCTIONB30BAHUEM pa-
JVATBHBIX Oa3MCHBIX (DYHKIMI ITOKa3aId CBOIO (P QEKTHB-
HOCTB TIPW PEIIeHUH OOJBIIOTO KIIAcCa MPAKTHYECKH BaXK-
HBIX 3371a4, B KOTOPHIX NPUMEHEHHE CETOYHBIX METO/IOB
oka3pBaeTcs ManodpQekTuBHIM. OHH JIEMOHCTPHPOBAIIH
CBOIO A(PQPEKTUBHOCTh W B 3aja4ax, TJe ObUIM YCIHENTHO
peal30BaHbl CETOUHbBIE METO/IbI, HAIIPUMED B 33/1a4ax Terl-
noriepeHoca, tuddy3un u ap.
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Puc. 6. [IpuBeaeHHas MOrpeIHOCTD PEILICHUS] HECTALU-
OHApHOH KpaeBoil 3a1auu

B xome manHOTO MccnmenmoBaHms Obuma paspaboTaHa H
MPOTPaMMHO PEaTN30BaHA CHCTEMa KOMIIBIOTEPHOTO MOJIE-
mpoBanust « MHT2D» niis 9ucieHHOTO pemieHus TByMep-
HBIX HECTAIlMOHApPHBIX 3a/1a4 TEIUIONPOBOJHOCTH IO Oecce-
TOYHOW CXEME C HCIOIb30BaHHEM paJHalbHBIX Oa3MCHBIX

<@ | @

t=025 =075

@ @

t=20
Puc. 7. Penienue HecTaluoHapHOU KpaeBoi 3a1auu

¢ynkmmii. B cucreme mcmonbiyercs KOMOWHAINS METOIA
JWCKPETH3alliy 0 BPEMEHM € MeTojaMu (yHIaMEHTallb-
HBIX PELICHUH U IBOWHOIO 3aMEIICHUs], IO3BOJISIOIAs pea-
JIM30BaTh MOJIHOCTHIO OECCETOUHBIH MOAXO,
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Computer modeling system for solving two-dimensional boundary value problems using meshless approach

D. O. Protektor, D. A. Lisin

Abstract. The computer simulation system «MHT2D» was developed and implemented for the numerical solution of two-dimensional nonsta-

tionary heat conduction problems by meshless method using radial basis functions. In computer simulation system there are available the follow-

ing basis functions: Gaussian, multiquadric, inverse quadratic and inverse multiquadric. «<MHT2D» uses a combination of method of discretiza-

tion in time with method of fundamental solutions and method of particular solutions, which results with a completely meshless approach.
Keywords: meshless method, radial basis functions, boundary value problems, nonstationary heat conduction problems.
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MATHEMATICS

Mathematical models on the basis of fundamental trigonometric splines
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Abstract. The paper considers some systems of basic functions which are easy to be used in the interpolation problems. The most well-
known today systems of basic functions include Lagrange system of basic functions and the systems of complete, even and odd basic
trigonometric polynomials. However, there are some other systems of basic functions on analytical grid, including the systems of polynomial
basic splines and trigonometric complete, even and odd basic splines. Some of these systems are considered in this paper.

Keywords: basic functions, Lagrange functions, interpolation, simple polynomial splines, trigonometric splines.

Introduction. Modern science is characterized by soaring
amounts of scientific information. In turn, the ability of
computers exceed human capabilities in the field of data
processing. It is the combination of these factors and have
proven their computerization.

Computerization of science allows when building
mathematical models use a more complex mathematical
objects and methods. Earlier problems of approximation of
functions used mainly polinomials approaching; applying the
same powerful means of computing has provided
opportunities for use in such tasks other system functions,
including polynomial and trigonometric splines [2].

In the problems of applied theory of approximation in the
role of close function is convenient to use the generalized
polynomials for some systems functions, coefficients, which
are themselves value close function. System functions allow
you to get this view is called the fundamental.

The importance of this approach is that when using linear
processing methods close features processing subject to only
the most basic functions. This fact in most cases allows to
carry out the necessary calculations processing experimental
data in two stages. The first stage is carried out the
calculations related to the handling of the fundamental
functions (these calculations can be carried out previously),
in the second stage are calculations that take into account the
value of the close function.

Holding the 2-step treatment has a number of advantages,
among which we mention the possibility to calculate the
experimental data in real time scale that often is important in
many of the problems of data processing in real time scale.

To the systems of fundamental functions, the most
prominent at present belong to the system of fundamental
interpolation features Lagrange system full, odd and even
fundamental interpolation trigonometric polynomials. These
system functions to draw attention to the fact that algebraic
and trigonometric polynomials are linearly dense sets in
spaces under continuous and periodic continuous functions.
However, there are other fundamental system functions,
including systems of polynomial and trigonometric
fundamental splines. [2]. Consider the following system of
fundamental functions in more detail.

Main part

Statement of the problem. Let the segment [O,T], set to

some grid Ay, Ay ={ti}i“io,03to <t <..<ty £1.Also

14

along the specified segment [O,T] set the function f (t) , and
it is known values as f(t;)=fj, j=01...,N of this
function in the grid. The generalized polynomial needs to be
build

Dy (1) =Copp(t) + 1 () +... + Cy oy (1)

On function system ¢y (t), ¢, (t)...., @y (t) of the given
class, which depends N +1st options C,,C,,...,C, and
satisfies the conditions

@, (t,) =1, ]=0L..N.

The formulated task called the task of interpolation and
polynomial @  (t) is called the generalized interpolation

polynomial.
It is clear that the definition of functions
@ (1), @, (),..., @y () not be narrower than period

specification interpolation functions. In many cases, the
problems of interpolation system functions
@ (1), @, (t)...., @y (t) ongrind Ay it is advisable to choose
in such way so so that the coefficients ¢, ,k =0,1,..., N,of
generalized interpolation polynomial are the value of the
interpolation polynomial @ (x;) function f(t)in the
nodes of the grid. In this case the fucntion ® (t) takes the
form
Dy (t) = Fto)po () + Ft)e () +... + F(tn)on (V) -
@

The (1) follows that in this case, the function
@0 (), @, (t)...., o\ (1) must be carried out in relation:

11

(t.) =
¢]( |) {0,
Function for those in the grind A take place such rela-

tions (2), are being called fundamentals in the grind [1].
The system of fundamental functions. Lets consider
some of the system'’s fundamental functions in more detail.
1. The system of fundamental functions of Lagrange
The system of functions ¢ (t), @, (t),..., @y (t) consist of

algebraic polynomials I, (t), k =04,...,N, the degree N,
which are of the form

=t

j#I.
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INk (t) =

(t=t)(t—1)(t =t )t b))

oy ()

where, oy (t) = (t —ty)(t —ty)...(t—ty),
referred to as the system of fundamental functions of La-
grange on the grid A .
It is easy to check that,
1 k=i;

'k(t‘)z{o k=i

k,i=041...,N.
Using the basic functions of Lagrange, the interpolation
polynomial of Lagrange that interpolates the function f (t)

in the grid A, can be written as:

LN (t) = i kaNk (t)

The disadvantage of Lagrange fundamental functions is
that they behave quite irregular; in particular, between the
nodes of the grid they take values larger than one unit, i.e.
modules values of these polynomials in points their bends do
not fall monotonically with increasing distance from the site
of interpolation.

2. The system of complete trigonometric polynomial of
the fundamental

When considering trigonometric functions we will
assume that the T = 2. On the [0,27] the uniform grid

Ay

{t }.N=1 { = %(i —1) has been set.

The system of fundamental trigonometric polynomials on
the grid A consists of polynomials t,(t), k=1..N,
N =2n+1,n=12,..), where N - the number of interpola-

tion nodes, and the n — the order of the trigonometric poly-
nomial.

On this grid fundamental trigonometric polynomials
t, (t), k =1,..N, in order n can be written in such way:

t (1) =%{1+ 2zn:cosj(t—tk)}
i1
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Fig. 2. The fundamentals on the grid A, trigonometric polynomials
ti@®)andt3(t) (N =9)-
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(tk _to)(tk _tl)"'(tk _tk—l)(tk _tk+1)"'(tk _tN) (t _tk)('o’(tk) ’

The system of basic trigonometric functions, from some
grid A is the only in the sense that there is something a

single system of trigonometric polynomials of order n that
satisfies this grid conditions

1 k=j;
tk(tj)z{ )

d

(k, j=1..,N).

0, k=j,
Using a system of basic trigonometric polynomials t, (t),

k =1,.N, fundamental trigonometric polynomials can be
written in such way:

TO=3 f40).

3. Systems of fundamental polynomial splines. Among
other classes of polynomial functions attention classes of
simple polynomial splines, which, as is well known, is the
best linear approximation of vehicle classes differentiated
features. In addition, it is worth noting the possibility to
control the differential properties of such spline, which is
very convenient in many tasks.

It is easy to build a system of fundamental polynomial
splines. On the segment [0,T] has been set the grid A\ .

Label through C['E’T] class real continuous functions that

have continuous derivatives up to the M—th order, aand
through P,,,1[0,T] class of algebraic polynomials of
degree 2m-1m=1.2..., specified on the segment [O,T].

Define N +1 the sequence ©, ={ ki }Z o that defined
11

this way:
Ci = {O,

Lets define system of fundamental polynomial splines of
degree  2m-1,m=12.,with defect dl<d<m(if

d =1- polynomial splines is called simple)
Som1q (KA ),k =01, N,
S0, Somo1a (KAL) =S5 14 Ok, A).
Therefore, the fundamental  polynomial  spline
Som-rd (K,A 1),k =01,.., N, takes the value 1 in k-th

i=k;
i =K.

node of the grid A , and a value of 0 in all other nodes of the

grid.
Using a system of the fundamental polynomial splines,
the spline that interpolates the function f (t) inthe grid Ay

can be written in the form

N
Somaa (FAD =D fiSomia(KAL).
k=0

We do not provide graphs of basic simple polynomial
splines based on uniform grid because they coincide with the
fundamental trigonometric splines, graphics which will be
below [3].

The class of polynomial splines have a number of
shortcomings, which greatly hampered their use in many
problems of science and technology. One of those
disadvantages is the substantial growth of the difficulties
their building with the growth of the degree of the spline; as
a result, in practice mainly used only polynomial splines of
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the third order. The other principal drawback of polynomial
splines is their structure; in turn, this leads to the fact that the
operations of integration and differentiation splines need to
carry over the polynomial approximations that make these
splines.

So some interest cause other types of interpolation
features that have certain properties of smoothness. One of
these classes of functions are trigonometric interpolation
splines [2] [3], which have the advantage of polynomial
splines and serves only analytical expression throughout the
interval approximation; In addition, the complexity of their
construction does not increase with increasing orders of
splines.

4. The system of fundamental trigonometric splines.
The system of fundamental trigonometric splines will have

cos(mN + j X . cos(mN — jt

mark  St(r,t). Unlike fundamental trigonometric

polynomials t, (t), that are shown in the [3] depend more

on setting r,r =1,2,...; his option determines the

differential properties of trigonometric splines. So when any
value I St(r,t) e C/;;

[0,27]"

In the paper [4] was investigated the influence of
differential properties of fundamental trigonometric
interpolation splines interpolation accuracy on both ends and
the middle section of the interpolation.

Fundamental trigonometric interpolation splines, which

we will examine on uniform grids A have a look

—1+ ZZa’l(r)[C (r.t)cos jty +S;(r,t)sin jt, ],

N -1
St(r,t) =
j=1
cos jt
Where C; (rt)= Hi

_sin jt

sin(mN + jl  sin(mN — jk

|

(mN + J)r+1 (mN _ j)r+1

r+l

:

1

0
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m=
o0
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Z
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i= l2
The look of some of the fundamental trlgonometrlc
splines with different values of the parameter r are given in
Fig. 3.
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Figure 3. Graphs of basic trigonometric splines with r =1,2

1

It is easy to see that fundamental trigonometric splines
module highs come from the removal from the site of
interpolation. Also for the fundamental trigonometric splines
at any values r of condition

16

{(mN R —11')”1}

=1...N, I' _gspline’s degree

N
ZtS(r,t) =1
k=0

A certain weakness for fundamental trigonometric splines
is their frequency. However, they can be applied to non-
periodic functions, applying this special methods of periodic
continued [3].

Conclusions. The paper considers some of the system's
fundamentals functions, which is convenient for application
in problems of interpolation. The look of interpolation
polynomial in the form of (1) has a significant advantage
over other forms of representation, that is, that there is no
need to calculate the coefficients ¢,,k = 0,1, ..., N, of the
polynomial interpolation. In turn in the role of uncertain
parameters in (2) advocating the value of approximate search
solving in the key points ¢;, (j = 1, ..., N). Itis clear that the
formulation in terms of the key points allows you to
associate settings with limited parts in the General case of
spatial areas that include these nodal points. This fact is very
useful as a study method this equation allows you to discover
the range, where the convergence of decisions is slow (or
live) [1].

A particular disadvantage of such a submission can be
considered that a change in the grid have to transfer
functions ¢ (t), ¢, (t), ..., oy (t) however, this disad-
vantage in many applied problems are inconsequential, since
in the vast majority of these problems are considering only
the uniform grid.

Fundamental trigonometric splines have a number of ad-
vantages in comparison with polinomial splines. Such bene-
fits include no algorithms for constructing trigonometric
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splines for different values of the parameter and view their  ber) on the entire range of approximation.
only expression (uniformly convergent trigonomentric num-
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Abstract. We describe an effective numerical method of solving the complete spectral problem with a given linear completely continuous
operator (or with a polynomial pencil of such operators) acting in a functional normed space. We use the modified method of successive
approximations (MMSA) to calculate the eigenvalues (single and multiple), eigenfunctions and associated functions of the operator. We can
make a posteriori estimation of the accuracy of the obtained values. The theorem about MMSA convergence and the technique of the accu-
racy estimation are formulated in this paper. Besides that, some examples of MMSA applications are demonstrated.

Keywords: eigenvalue, eigenfunction, associated function, completely continuous operator, pencil of operators.

Introduction. The eigenvalue problems arise in many ap-
plied fields of mechanics, electrodynamics, structural analy-
sis, mathematics, quantum mechanics and others. There are
many methods, general and special, of solving such prob-
lems, but the interest to the question remains at high level.
The large number of publications, produced every year,
proves this.

We will talk about the modified method of successive ap-
proximations (MMSA) [1, 2] designed to calculate the ei-
genvalues and eigenfunctions of a given linear completely
continuous operator. Similarly to the classic power method,
MMSA calculates the iterations of some initial function but
takes into account not only the two last iterated functions, but
all the obtained ones. MMSA acts especially well while the
operator has several close characteristic numbers. Recall, that
the characteristic number of an operator is reciprocal of the
eigenvalue. The method allow us to calculate single and
multiple characteristic numbers ., with the corresponding

eigenfunctions and the associated functions (in case when the
geometric multiplicity of a number is less than the algebraic
one).

Description of the MMSA. Let A be a linear completely
continuous operator acting in a functional normed space E. It

is known that there exists such entire function F ( u) that its

roots are the characteristic numbers of the operator A. It is
named the characteristic series of the operator and has the
form

F ()=

Let us consider the spectrall problem
u—pAu=0,(2)
where p is a spectral parameter. Its solutions are the char-
acteristic numbers 1, and the eigenfunctions u, (). Let

[u.[=1, n=12,...

We consider also the auxiliary problem
u—pAu =v,F (), (3
where V, is some initial function from E, the coefficients
C; of series (1) are unknown and

Vo (X) = g‘bnun (x) (4)

Problem (3) has solution at every value of the parameter u
and becomes a homogeneous spectral problem (2), when p
becomes equal to a characteristic number p, . Equation (3)

includes p polynomially, therefore its solution has a form

18

u(x)=32, (x)u" . )

0

m
where Z_(x)= Zm:cjvmfj () v, =Av,, =Aly,.
j=0

Theorem 1. Let all the characteristic numbers p, of a
linear completely continuous operator A: E — E be single,

and all the coefficients b, in the decomposition (4) be not
equal to zero. If the condition

lim | = lim 2, /lea| = 0. ©)

m-—o0

is true, then the numbers ¢,,j=0,m in the (5) are the co-

efficients of an entire function (1), the roots of this function
coincide with p ., and the sum of series (5) at p=p,, is

equal to a,u, , where a, # 0. On the contrary, ifall p, are
real positive and growing not slower then Cn®, p >1 starting

from some index n,, and condition i\bﬂ |=K <oo Is true,
n=1
then condition (6) is true.
The proof of the theorem was published in [2]. Theorem 1
gives us the way to construct the computational algorithm.

Firstly, we set an initial function v, . Next we successively

calculate v, = Av m=12,.., minimize the function

m-11

v, to obtain the unknown coefficients ¢; /[c, | and calcu-

late the roots u™  of the  polynomial
_ 1 J~.m, i which are the approximate charac-
Fo ()= i 27w’ pp

teristic numbers. Then we calculate the corresponding ap-
proximate eigenfunctions as segments of the series (5).

Remark 1. If space E is finite-dimensional then we obtain
the exact values of all the characteristic numbers and the
eigenvectors for finite amount steps of the algorithm of the
method.

Remark 2. If some characteristic number p, is |, -

multiple and has the corresponding eigenfunctions u, ; (),

j=1,...,1,, then the function u, () in the decomposition
b

(4) has the form u, (x)= Zaju“ (x) and the theorem
j=1

proof remains true. To make sure that the retrieved character-

istic numbers are simple we have to solve the problem again
with a different initial function. In the new solution the ei-
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genfunction of a multiple characteristic number will differ
from the previous one.

Numeric results. The eigenfunctions and eigenvalues of
the boundary value problem [3]

~y'(x)=ny(x): x€[6:1]5 y(0)=y(2)+y'(1)=0. (7)
are y, (x)=sink,x and p, =k? respectively, where k,
are the roots of the equation tgk =—k . It is easy to construct
an integral equation equivalent to (7):

1 y —t)x/2,x<t 8
y:AyEHJ.G(X,t)y(t)dt G(X,t)={£?2_t)x)?§')(2: ()

The operator A is completely continuous in the spaces
C[0;1] and L,[0;1]. The problem (8) was solved by the
power method and by MMSA with the same initial function
Vo (X) =1. The results are shown in the table 1. It is evident

that MMSA provides higher convergence to the first value
and calculates several next ones.

Table 1. Eigenvalues of the problem (7) — characteristic numbers of the problem (8)

| ) Power method, MMSA

feraton. " " us” u” p”
1 48| 4,166666667
2 4,1667| 4,116062477| 31,43418628
3 412270 4,115858528| 24,37850638| 87,85765293
4 4,116932| 4,115858366| 24,14142238| 65,26022330| 235,4016604
5 4,1160399| 4,115858366| 24,13935078| 63,73463220| 139,3090487
6 4,11588829| 4,115858366| 24,13934205| 63,66050780| 124,5039154

Right values 4,115858366| 4,115858366| 24,13934203| 63,65910653| 122,8891618

Note, that the eigenfunctions Yy, do not establish a basis
of C[0;1] but MMSA works successfully.

Let us consider the spectral problem with the simple-layer
potential

HJ' Inp(s,s’)u(s’)ds’ =u(s)’ ©)
where C is a circle of the given radius R (let R be equal to
1); s,s' — points on the circle; p(s,s’) — distance between
them. In the polar coordinate system (r, ) the equation (9)
becomes

”]z In/2(1—cos(p— ¢))u(e)de =u(e)’ (10)
It is easy to verify that the characteristic numbers of (10)
are u, =-n/m, n=12,.. with the corresponding eigenfunc-

tions u, ,=cosng,u,,=sinne, i.e every p, is two-
multiple. We solved (10) in L,[-x; ] by MMSA with dif-
ferent initial functions v, (even, odd and general) and ob-

tained the p, as simple numbers but with the different cor-
responding eigenfunctions. The results are shown in table 2.

The approximate eigenfunctions u,, U,, Uy, U, have the
accuracies 10°, 107, 10, 10 respectively.
The initial function v, = @sin@ is even, so its decompo-

sition of form (4) contains only u, , eigenfunctions and the

corresponding coefficients have the form
T . —l n+1
b, = I(pSiﬂ(pCOSﬂ(pd(p: -n/2,n=1, 2n( 2) 1 n=2-

-7

It is easy to make sure that theorem 1 restriction on b, is
e > 21
satisfied: bl="427Y—=_=2x. Conversely, the
;‘ ﬂ‘ 2 ; nZ _1

initial - function v, =¢cose is odd, its coefficients
b4 _ . _1 n
b, = I @cos@sinnede = -m/2,n —1'2n%,n > 2, and

-

the series i\b | is divergent. This example demonstrates
n=1

that the restriction on b, is not obligatory in the applications.

Table 2. Characteristic numbers and eigenfunctions of the problem (10)

Approximate Approximate U, obtained with different V, (¢)
n| Exactp, - -
Hq Vo =¢Sing | v, =QCos¢ v, =expoesing
1]-0.3183098862 |-0.3183098862 u, =Cos¢@ u, =sine u, =acose+bsine
2 |-0.6366197724 |-0.63661978 U, =cos2¢ | u,=sin2¢ u, =acos2¢+bsin2¢
3[-0.9549296586 |-0.9550 U, #Ccos3¢ | U, =sin3¢
4 (-2.683239545 |-2.69 a~-0.4479;b ~0.8941

Both operators in the problems above were self-adjoint.
Let us consider another problem with a not self-adjoint oper-
ator:

y'()=uy'(x), xel01, y(©)=y@®=0, (1)

It is known [3] that the eigenvalues of (11) are complex
conjugated numbers u, = 2kni, k = +1,+2,... We transformed
the problem (11) to the integral form using the Green’s func-
tion and solved it by MMSA. The

cxty=4 ©

1= 1—x,
kernel of the integral operator is simple enough so we can
calculate the functions v; and the coefficients C; analytical-

X<t
X=t

19

ly (with the initial function v, (x) = x ) and diminish numer-

ical errors. We performed thirty-seven steps of the method
and obtained twenty-four approximate characteristic num-
bers. The first pair of them have twenty-four right decimal
digits and the last pair — only two digits.

It turned out that the approximate solutions converge to
the exact values as a geometric progression with a small
common ratio g, while the steps of MMSA are executed
analytically. We saw in different problems that the value of q
varies from 0.001 to 0.1.
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Associated function. Sometimes the algebraic multiplici-
ty of a characteristic number is greater than the amount of the
corresponding eigenfunctions. In this case, the associated
functions correspond to the number as well. For instance, let

p, be a two-multiple number with a single eigenfunction
U, . Then the associated function w, corresponds to p, .
This  function is a solution of the equation
AW, — (LW, = U, .

It turns out [2] that MMSA can calculate such numbers
and functions if the initial function has the form
VO(X):blgl)Wk(X)—'—ibnun(X) and the algorithm is com-

n=1

plemented with formulas for the associated function:
m-1 m e -
m m) ; m)j—1, m . We Ver'f'ed |t
W =T ™I T =Y eV,
j=1

i=j+1
by solving several model problems.

Error estimation. It is shown in [4] that at the m-th step
of the algorithm we need to solve the system

AC™ = _g, (12)

where A — (a3 Ay = €=(1..0); c{™ is the m-
th approximation to the unknown coefficients ;. Some
elements A; vanishes during the calculations due to the

finite computer memory. We mark A, remaining in the

memory part of the matrix A. Then the linear part of the
method error has form

e=R(n)=P*(c™ +Aj'e)’ (13)
where P — m x m matrix, i-th column of it consists of the
coefficients of the polynomial = )
polyl J:]:[ i (n—n;)

Whereas the exact numbers ; are unknown, we use the
obtained approximate numbers .5 to estimate the method
error in the way: 1) calculate &; =R(p;); 2) calculate
e =R(1; —£5)r & = R(p, +5,); 3) Write the estima-
tion as intervals 5 e[=] /g 5} g | j=L1...m.

The integral operator ay = Jk/_ZnF cos (kxt)u (t)dt defines

the Fourier cosine transform of finite functions.It is known,
that the absolute values of characteristic numbers of this
operator gather near 1 when the parameter k becomes larger.
The first five characteristic numbers are tabulated for
k=1...,8. We calculated them by MMSA and estimated
its accuracy according to the described technique. All the
obtained number and estimations of them coincided with the
known values.

An interesting
11, =1.0000000,

result was obtained for k=16:
us, =—1.0000000, pg, =1.0000011,
i, =—1.0003014,  p =1.0265150,  p,, =—1.6333306,
w5, =8.0776840, Usg =—79.6164 , Hso =1118.5;
§,=..=58,=0, &, c[0.08%;0.09%], &, <[0.12%; 0.13%],
8, €[6.42%; 6.44%) .
Polynomial pencil of operators. It is possible to solve a
spectral problem with a polynomial pencil of completely
continuous operators by MMSA. According to [5] we can

replace the original problem by the linearized one and solve
it by the method. For instance, let consider a problem

B,u® +B,u® + Bu+1 =0, where the operators B; act in

a normed space E and | is a unite operator. The equivalent
problem has form (2) assuming that the operator A acts in the

space E® E @ E and has form 0 I 01 This
A=| O 0 |
-B, -B, -B,

approach was tested on a wide range of problems with the
pencils of matrices and operators. The highest power of
matrix pencil was eight and the power of operator pencil —
three. We obtained right solutions in all the cases.

Conclusions. The modified method of successive approx-
imations is used to solve spectral problems with matrix or
integral operators and with polynomial pencils of such opera-
tors. The method calculates several eigenvalues and eigen-
functions of the problem. The domain of application of
MMSA is wider in practice then in theory, as described in
the grounding theorem 1. Most effectiveness of the method
is reached when several primary eigenvalues are close. Ac-
curacy of the approximate solution can be estimated after
finishing the calculations. The estimation technique takes
into account the peculiarities of MMSA.

REFERENCES

1. Voitovich M.M., Yaroshko S.M., Yaroshko S.A. Posteriori Esti-
mation of Calculation of Characteristic Numbers in Modified
Successive Approximation Method. Mathematical methods and
physical-mechanical fields, 2000, Vol. 43, No. 1. P. 59-67. (in
Ukrainian)

2. Yaroshko Svitlana About Grounding of The Modified Method of
Successive Approximations for Calculating Completely Contin-
uous Operator Characteristic Numbers. Visnyk Lviv Univ Ser.
Applied Mathematics and Computer Science. 2001. No. 4. P. 71-
79. (in Ukrainian)

3. Collatz, Lothar Eigenwertaufgaben mit technischen Anwen-
dungen - Akadem. Verl.-Ges. Geest & Portig, 1963.

4. Yaroshko Svitlana, Yaroshko Sergiy Methodic of Posteriori
Estimation of Accuracy of the Modified Method of Successive
Approximations Visnyk Lviv Univ Ser. Applied Mathematics
and Computer Science. 2005. No. 10. P. 49-58. (in Ukrainian)

5. Yaroshko Svitlana, Yaroshko Sergiy Expansion of the Modified
Method of Successive Approximations on Spectrum Problems
with Polynomial Operator Pencils. Visnyk Lviv Univ Ser. Ap-
plied Mathematics and Computer Science. 2008. No. 14. P. 170-
176. (in Ukrainian)

Pemenue 3a1a4 Ha coOCTBeHHbIE 3HAYEHUSI MOAH(UIMPOBAHHBIM METO0M NOCIe0BATEIbHBIX MPUOIMKEHUIH

C. M. fApouiko, C. A. SIpouixo

AnHoTtanus. Onucad 3G PEeKTUBHBINA YUCACHHBI METO/I PEIICHHS MMOJHOM CIIEKTPaIbHOM 3a1auu IS 3aaHHOTO JINHEWHOTO BIIOJHE He-
HPEPHIBHOTO oreparopa (MM TOJIMHOMUAIBHOTO ITy4Ka TAKHX OIEpaTopoB), IEHCTBYIONIEr0 B HOPMHPOBAHHOM ()YHKIIMOHAIEHOM IIPO-
crpaHcTBe. MomUUIIMPOBAHHBI METOJ MOCIIEAOBATENHHBIX MPHOIKEHHH HCTIONB3YIOT JUIS BBIYUCIICHUS] COOCTBEHHBIX 3HAYEHHUH (IIpO-
CTBIX W KPAaTHBIX), COOCTBEHHBIX W MPUCOCTMHEHHBIX (DyHKIHMI omeparopa. TOYHOCTh BBMUCIEHHBIX NPUOIMKEHHBIX 3HAYEHHH MOXKHO
OLICHUTH anocTepruopu. B crathe chopMympoBaHa TeopemMa, 00OCHOBBIBAOIIAS CXOMMOCTh METO/IA, OIMMCaHa METOHMKA allOCTEPUOPHOM

OLIEHKH TOYHOCTH. [IpuBeIeHbl MpUMEpBI IPUMEHEHUS METOIA.

Kniouesvie cnosa: cobcmsennoe snauenue, cobcmeennas QyHKyus, nPUCOeOUHEHHAsE QYHKYUsI, 6NOJIHE HENPEPLIBHBILL ONEPamop, one-

PamopHblil NYHOK.
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Abstract. The existence of a strong solution of the linear stochastic partial differential equation (LSPDE) in the corresponding space
with random parameters is proved. The sufficient conditions are obtained for the asymptotic stability and mean square instability of

the strong solution of the LSPDE.
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Introduction. Deterministic partial differential equations
were considered by many authors, see, for example, [1-3]
and bibliography therein.

Since the concepts of stochastic differential and inte-
gral and change of variables for a stochastic differential
have been introduced and a strong solution to a stochastic
differential equation (SDE) has been defined in the well-
known monographs [4-6] and then propagated to classes
of stochastic functional differential equations [7-9] (see
the extensive bibliography in these studies), it became
possible to investigate an asymptotically strong solution
for SPDE (see, for example, [5, 10-12], etc.).

The further analysis of SPDE involves the construction
of mathematical models of complicated real systems,
which need random parameters to be considered in these
equations (see [6, 7, 12, 13], etc.).

In the paper, we will analyze the asymptotic behavior
of strong solution of LSPDE taking into account random
parameters in the left-hand side [10, 12].

Problem statement. Consider a stochastic experiment

with the basic probability space [1, 4, 5, 7] (Q,fj]F,P),
F={ #At=0} is
u(t,x,@)eR" is given, which is measurable with prob-
ability one in t and X with respect to the minimum o -
algebra Z’([O,T],Rl) of Borel sets on the plane [13]

and for which

filtration, where function

T E{|u (t,x, a))|z}dx <o (1)

—0

for all te[0,T], E{} is expectation [14], and
Tc[O,oo). Denote by M, the space of function
{u (txa))} which possesses the integrability property

().

Introduce the norms [6, 15]:

||u(txa))||2L i zﬂu(t,x,a})rdx; ()

||utxa) _I|utXw|dt (3)

E,(1)= {nutxw)u @

where L

e and Ly

are spaces of functions

{u (t,x, a))} which have the corresponding norms (2)

and (3).
Inspace M ; , itis necessary to introduce the norm

Ju(tx.0)f = E, (et :]usmu(t,x,w)r dx} dt. 5)

Denote

Q(A(¢(@)).a.p)= Zn:iaki (§(e

k=1 j=1

))a‘p’ ()

where A= {akj} isareal matrix composed of ele-
ments a,; € RE.

In space M, consider a subspace M, < M, for
whose elements the inclusion

Q[A,g,%ju(t,x,w)e M, (7)

takes place.
On (Q, AF.P) consider the Cauchy problem for the
linear stochastic partial differential equation (LSPDE)

of A(&(w) gaﬁj (txo) =[Qu],.©
defined by (6),
B={t; (& ()}, . B, (& (@) <R

C E{Cij (53(0)))}{]_:1, Cij(§3(a)))eR1,
& (@),i=1,2,3, are random value specified by the den-

where Q s matrices

where

sity p, (x),i=12,3, (or by the distribution function
F. () =P{w:&(0)<xvxe R}, =123 [14]), W(t,@)
is a one-dimensional Wiener process [11], and & (@),
i=1,2,3, does not depend on W(t,a)).
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By a strong solution of the Cauchy problem (8), (9) we
will understand function u(t,X,@) continuous in

te[0,T] with probability one, consistent with filtra-

tion {j‘t',t e[O,T]}, and such that with probability one

for each pair (t, x) it satisfies the integral stochastic equa-
tion [1, 4, 11]

(@w»
“folete

+J:Q[C ))aﬁ%}i(sx w)dw(s,®) , 10

with the non-random initial conditions (9).

Existence of the solution of the Cauchy problem for
LSPDE (8), (9) in space M ;

To establish the existence of a strong solution of the
Cauchy problem for (8), (9), we will first prove an auxil-
iary result.

Lemma 1 [20]. The Fourier transform in x [1] for func-

tion u(t,x, o)

g %ju(t x,@) =[Qul], +
(& (@),

ju(s,x,w)ds+

v(to,0)= j e u(t,x,w)dx (11)

does not bring it out of the space M,

TR

Theorem 1 [20]. Let the following conditions be satis-
fied for the Cauchy problem (8), (9):

i.) the roots of polynomial

P(A(x).ic)=2Q(A(x),4ic)+Q(B(x), 4,ic)
for an arbitrary xe R" and o =0 satisfy the inequali-
ty ReA(x)<y(0)<0, y(0)=0;
i) vte[0,T] i C(x)=0,,,

tion
(A0 5 2 i+

+Q(B(x),§,%)u%t,x):o (12)

has the solution ULtt,X) of the Cauchy problem in

for any finite

the deterministic equa-

0

ot

L2R1 with the initial conditions

Q(A(x) ﬁ,gjum(t,x)z[Qu%o; (13)

iii.) random variable & (@),i=1,2,3, does not de-

pend on W(t,®).
Then the stochastic Cauchy problem (8), (9) for
C(x)#0,,, has a solution inspace M ;.
Asymptotic mean square behavior of the strong solu-
tion of the LSPDE.
Lemma 2. Let conditions of Theorem 1 be satisfied for

the LSPDE (8), (9). Then:

i.) for an arbitrary matrix c(x)=0,, the inclusion

22

holds
E[Q(C(&(0)).dtic) H(to) <L, ., (14)

ii.) for the corresponding norm of this space, the equal-
ity is true

J(0,+90)

EfQ(c(& (@) dtio)H (t.o) ’

‘LZT
Q(C(&(@)).itic) e
222, |P(irio)f )
Proof. Using condition (i) of Theorem 1, we can calcu-
late

l+x>]E

S(o)- (15)

thI[Q( (53( )) dt,iG)H(t]o-)e—im:|=

1 Q(C(&(w)).itio)
"t P(idio)
and multiplying the left- and right-hand sides of previ-
ous formula by JE{|[]2} we obtain statement (14).

To prove (15), let us apply the Plancherel theorem [1]:
2
lo(c(&(@)).dtic)H (t,a)”l_mm) _

R CECI
_Z_jw P(irio)f 1=8(e)

Multiplying the left- and right-hand sides of the result-
ant equality by {H } we get s(o) in formula (15). m

Theorem 2. Let the conditions of Theorem 1 be satis-
fied. Then:
1) if supS (o) <1, then limE, (t) =0, where

;Xju(t, X,0)

U (t,x,w)EQ[D(é(w)),g,—

for an arbitrary real matrix D;
ii.) if 5(o)>1 on the set  of the positive Lebesgue
measure, then limE, (t)=+o

too

Proof. Since the positive kernel tends to zero as
t — oo, it follows [20] that z(t,o) tends to zero for
S(o)<Lo#0.

If the inequality s(o)<1, in (14) holds, then it can be

easily seen that as t—+oo, the absolute value of the
Fourier transform u (t,x,) tends to zero for an arbitrary

real matrix [19], uniformly with respect to o if
sups(g)<1. It remains to pass to the limit under the sign

of the Lebesgue integral to prove the first part of Theorem
2.
To prove the second part of Theorem 2, it will suffice

to prove that IimTZ(t,a)da:oo , since (14) holds.
t—w

Indeed, let s(o)>1 on the set A of the positive
Lebesgue measure, then |im z(t,o) = +w0, SiNCE 2(t,5)>0-
to+oo

Theorem 2 is proved. m
Problem of the loss of stability of a rod. In [3], the
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behavior of a rod subject to “white noise” is analyzed. Let
the mathematical model of this process be the following
stochastic partial differential equation with the derivative
of the Wiener process that does not exist with probability
one and is called “white noise,” namely:

o°u

8 o
-ala(o >)—2’+b(@(w))¥—
ou 6 u dw(t, w)

—C , (16
with the initial conditions
ou (0,
5(0,%) = ,(x), U(at )t (x) @)
and boundary conditions
ou(t,0) au(tl)
t,0)=u(tl)= = =
u(t.0)=u(tl)=—1 ™
o%u(t,0) d%u(tl)
= = =0. 18
ox? ox’ (18)

a(&(w))>0,b(&(@))>0,c(&(w))>0
with probability 1. Similarly to the discrete case [3], the
statistical stability margin Sa2 with respect to the parame-

Here

ter a(x),vxeR", is determined as the most admissible

intensity of processes with mutually independent values
for which the system is stable in L.i.m., i.e., the solution is
stabilized to zero.

As a result, we can calculate the statistical stability

margin [17] S, of system (16)—(18)

m o“u(t,x

k1k2 Z ( ) atkla;(kz) (19)

with respect to parameters a, (él(a))) , k=k +k,.
I we denote

ﬂ,aa)

Zak o (&))" (i0)"

then the statistical stability margin S, (X) of the
system can be calculated by the formula

Al -(20)

Using the above statement (20), the statistical stability
margin  S(X) with respect to the parameters

a(x),b(x),c(x) of system (16)-(18) is found:

S(x)=

-1
17 c’dA
sup— .[ > >
e 27 % (o* +a(x)o” —b(x)A*) +c(x) A°
=2a(x)c(x), vxe R (21)

Thus, system (16)—(18) is stable in Li.m., for which
S(x)>&* vxeR'

Let the right-hand side of Eq. (16) in system (16)—(18)
be subject to external random disturbances &(w). This

becomes possible if we place the system on a platform
whose inching movement can be described by ¢(§(w))

Then (16) becomes
o'u o o _au
e A gt —C—
OX OX ot ot
6 u dw(t, @) a))
= [0) 22
Using the definition of the statistical stability margin
for system (22), (17), (18), we get

S((p)z

17 o’dA
E{|¢( ) }sgpg! (o +ac? —b/lz)2 |

~E{o()[ | 22c. (23)

Applying the sufficient conditions of stability in Li.m.
from Theorem 2, we conclude that system (22), (17), (18)
is stable in Li.m. if E{¢2(§)}230<1, and is unstable in

l.i.m. otherwise.
Let &(@) have the distribution law

P{w:le}:P{w:gz—l}:%

and ¢(&(w))=¢&(w). Then E{&}=0, D{¢}=1 and
condition (23) coincides with condition (21).
If for the distribution law of &(@) we take the Pois-

son law
k

Plow:é=k}="—¢
and go(f):f, toni EE=DE=A. Therefore, the

condition of stability in Li.m. of system (22), (17), (18)
becomes 2acA <1, and that of instability, respectively,
2acA>1.

Conclusions. The stochastic model of complicated sys-
tems proposed in the paper is apparently the first attempt
to take randomness into account to the fullest extent in the
analysis of real processes described by partial differential
equations whose right-hand sides consider not only diffu-
sion disturbances such as Brownian process [5, 10, 18,
19] but random disturbances of other types as well.
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Abstract. In the article it is offered definition characteristics the sufficient of diagnostic information through characteristic numbers of structure
of the wireless sensor network, which is located in a particular area. This technique facilitates the evaluation of the sufficiency of
accumulated diagnostic information structure of the wireless sensor network to further define the technical state of sensor networks. Also, it is
shown, that the proposed feature sufficient of diagnostic information with its subsequent decryption it is allows to limit the accumulation of

audit results in the network.

Keywords: wireless sensor network, characteristic number, decryption, diagnostic information.

Introduction. Wireless sensor networks are increasingly
penetrating every year in all industries and fields of activity.
Currently, they are widely used not only for data collection
and processing and management of industrial sites but also in
normal life as Internet of Things [1]. Wireless sensor network
has ceased to be the only object of research and becomes a
mass product that is produced by many manufacturers.

Existing and projected wireless sensor networks are differ-
ent as areas of application, as technical solutions used to [2].
Nonetheless, it is identify the main characteristics that are
typical of most wireless systems. Typical wireless sensor
network consists of a large number of simple devices or nodes
to gather information, some more complex devices — coordi-
nators for information processing and network control and
data channels. Each node performs periodic measurements,
primary processing of information and transfer these data to
the coordinator. In the coordinate data is processed and stored,
and if necessary, transferred to a higher level or to another
system. Nodes can transmit measured information not only
directly to the coordinator but, if necessary, through other
intermediate nodes. Typical scenarios of using wireless sensor
networks impose certain restrictions on the structure and oper-
ation of the nodes. In particular, the nodes should be small-
sized, cheap enough and have a very long battery life. Conse-
quently, the nodes have energy and computational limitations
that should be considered by the designing networks. Coordi-
nators perform functions other than nodes and, for this reason,
often have more powerful processors, more memory and
better sources of independent power. It should be noted, that
the specific network provides data transmission from the node
to the coordinator through one or more intermediate nodes. At
the same time, there are important technical condition moni-
toring and timely recovery of individual sensor network nodes.
For high reliability of the diagnosis should be used test diag-
nostics nodes and information channels. This diagnosis based
on the following procedure: accumulation of diagnostic infor-
mation; analysis and decrypting; issuance diagnosis to the
operator or the person who makes the decision.

In the article it is proposed determination failure sufficiency
of diagnostic information through characteristic numbers of
structure of the wireless sensor network.

The problem of ensuring the reliability of diagnosing opera-
tion of complex intelligent systems was studied in the works,
V.A. Mashkov [3,4]. The key positions of the theory of test
diagnostics were developed in the works O.V. Barabash [5,6]

25

and others. However, it is obvious dependence of models and
methods of the theory of test diagnosis from the subject area of
application.

Main part. The purpose of the article is the construction
algorithm for determining the number of characteristic num-
bers for a structure of a wireless sensor network. Representa-
tion of a wireless sensor network as a set of interconnected
nodes allows to represent it's diagnostic model as a directed
graph, the set of vertices of this graph corresponds to the nodes
of wireless sensor network, and edges correspond to basic
checks between the nodes of the system.

After the execution of the inspection system set every test-
ing connection (edge) is associated with a checking result

o, if Vi — correct, vj— correct;

I’i = 1,

i if V= correct, vj— correct;

x:{Ovl}, ifvl.— incorrect.

Graph that was represented this way is called diagnostic
graph (DG) and model is called diagnostic model. Mathemati-
cal models based on DGs are the most common in the study of
diagnostic systems and various distributed systems, which are
described indetail in [3,4,7, 8].

Each vertex of diqgnostic graph is characterized by local
output edges level ¢;" and local input edges level ¢ . Di-

agnostic graph is described with adjacency matrix

A:{aij},i, j=1..n, where aij is DG adjacency matrix

elements, equal 1 if an edge eij
equal 0 — in other cases. In review and analysis of DG a math-
ematical apparatus graph theory is used. Graph diagnostic
model is the most descriptive and, in most cases, it allows to
determine the diagnostic parameters of the system. It is easy to
switch to other types of models, and research results can be
transferred to graph model.

Besides, in order to take account of the dynamics of altera-
tion in the structure of diagnostic links, consider the method of
consolidating diagnostic information and investigate the char-
acteristic numbers of the current structure and minimally suffi-
cient structure for diagnosis. Characteristic numbers describe
the structure of diagnostic connections [9]. One of the chal-
lenges to be solved in the process of building diagnostics
systems, is to improve the reliability of the diagnosis obtained

:{vi,vj}e E exists and
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after the decoding of diagnostic information. Regarding the
proposed method of diagnosing a wireless sensor network, the
above problem becomes uncertain sense of revealing accumu-
lated diagnostic information , _ { } . Studies in [10] showed

r..
J]

that increase in the reliability of diagnosis D can be achieved
by definition (or assignment) of correct subset of nodes
Xc eV.

If the current structure of the diagnostic connections can be
identified not one but several subsets, the diagnosis will be
done with greater certainty. Thus, the number of subsets can
be characterized by the diagnostic properties of the structure of
diagnostic connections. For this purpose, characteristic num-
bers of diagnostic connections ¢,k =1,..., N are taken for
consideration.

Characteristic number c, k =1,...,N 0f diagnostic
graph created by the structure of diagnostic relations, is the
ratio of quantity of different subsets of modules X consist-
ing of k nodes, checking the rest of the system

units V' \ X .
Therefore, if there are two subsets
Xe, ={Vi, Vo } 1 X, ={v,,Vv;}
in the structure of the diagnostic connections, checking all
other nodes, the characteristic number of structuresis C, =2.

In the same structure diagnostic connections five subsets of
three modules can be distinguished
xc1 = {V17V2-V3} , Xc2 = {Vl’v2’va} ,

Xe, ={V;,V,,Vs}, X, ={V,V5,V, },

.....

X, = {Vi,V,, Ve }
Thus, the number of characteristic structures is C, = 3. Ob-

viously, the greater characteristic numbers of structure are, the
higher its diagnostic properties are.

Therefore, on the basis of characteristic numbers the sign of
the adequacy for diagnosing wireless sensor network can be
set [11, 12, 13]. One important task is to determine the charac-
teristic numbers on the current structure of the diagnostic

connections. To determine the numbers C, an upgraded
matrix system A is taken for consideration. The upgraded
matrix system derives from the matrix A by replacing all of
non-zero elements by ones:

Amij = {

For the modified matrix A, characteristic numbers C,

mean a number of different options of covering all columns
with nonzero elements selected by k number of rows. Charac-

teristic numbers C, can be easily identified through exhaus-

1,
o,

if a; = 0;
if a; =0,
where a; €A

tive search of all the elements of the matrix A,,.For example:

@

It should be noted that the complexity of the algorithm is
based on (1) is high enough. In general, to determinea C, ina
system with N=5 modules, the algorithm determines ¢, with
knk+2 steps. For large values of k (k = n—3) algorithm
complexity and reach will be higher than o(n")- In this case,

<

an algorithm called exponential and for large n it is not suitable
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for implementation. In this regard, another way to determine
the characteristic numbers ¢, of structure is offered. For

definitions of characteristic numbers minimally sufficient
structures are developed and used.

Let's take into consideration the concept of minimally-
sufficient structure of diagnostic links for g correct nodes and
denote it (MSS)g. Thus, for 5 — 2 (MSS): - is a structure in

which all vertices of DG are reachable directly from two
peaks. It is obvious that (MSS), has a characteristic number
C, =1.Inthiscase ¢, —1 means that the system two nodes

of wireless sensor network are envisaged correct and they
check all remaining system nodes.

Definition. Minimally-sufficient structure (MSS); is a struc-
ture of diagnostic links in which a subset that consists of S
vertices is directly connected to other N — s vertices of
diagnostic graph. Based on the comparison of the number of
edges of the graph with the number of its vertices the signs of
(MSS) are set.

Subgraph is called connected if for any pair of vertices a
andb (a.p < {Nﬁ}) a route with endpoints in a and b can be

created.

Based on the determination of current structure of diagnos-
tic connections belonging to MSS class, and count the number
of minimally-sufficient substructures that are contained in the
diagnostic graph, you can determine the characteristic num-

bers C, of received structure of diagnostic connections.

Defining characteristic numbers C, for the structure of di-

agnostic connections is done by every node of wireless sensor
network immediately after the results of the last inspection in
the network. Let’s suppose that the latest inspection of net-
work was to test the i-th node state by the j-th node. In this
case, the result of verification is r; =0. According to the
method of transferring the results of inspections, i-th node, in
addition to the available information, received from the j-th
node all the diagnostic information it had accumulated during
the inspections. Thus, i-th node of the wireless sensor network
after obtaining diagnostic information about the results of
inspections, determines the characteristic numbers of the struc-

ture. Firstly, the value C, (i, j) that can take the following

values is calculated:
o 1, if v, and v, form (MSS),;
C,(i,j)=

0, if v, and v;dont form (MSS),.
Characteristics of the structure C,, calculated by the i-th
node (assuming its correctness and entering (MSS)k-structure)
denoted by C, . To determine C, the structure of diagnostic

connections represent a tree, ending in the i-th node. Lem. Any
structure of diagnostic connections can be expanded regarding
the i-th vertex and presented in a tree that ends at the vertex i.
For undirected graphs, this lemma proved in [11]. To prove
directed graphs is similar. For each tree is defined chain
C., where the index » number means the number o chain
tree, and the index k corresponds to the index structure charac-

teristics Cx. Summing up the value Cjuk chain in all, finally
determined: C, : c = Zn:cjuk_
w=1

Algorithm for determining characteristic numbers Cy of the
structure of diagnostic connections.

Step 1: Form a modernized adjacency matrix A, .
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Step 2. Label k: =0.
Step 3: Calculate k: = k + 1; assign C: = 0.
Step 4: Label m: =0.
Step 5: Calculate m: = m + 1. Choose the m-th combination of
rows of the matrix
A, {aun i}, {ap i}, ..., {a i}, wherei=12, ..., n.
Step 6. Organize cyclein I: =1 to n: If (a1, | + aj2, | + ... + @, I)
=0, then go to step 5.
End the cycle of I.
Step 7. Calculate C; = C¢ + 1.
Step 8. If m < n!
K1(n—k)!

Then go to step 5.
Step 9. The output value Cy.
Step 10. If k < n, then go to step 3, otherwise — End algo-
rithm.
Conclusion. At any current structure one of the numbers

C;i will have the maximum value, where k=1,2..., N. Also, in

the process performance of audits, wireless sensor network
node, which obtained the diagnostic information about the
current structure syndrome, determines characteristic numbers
of structure Cy, k=1,2,...,N, based on which calculates the
feature sufficient of structures for diagnosis.
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Junarnocruueckasi Moziesib 0eclPOBOIHOI CEHCOPHOM CeTH HA OCHOBE CIy4YalHbIX TECTHPOBBIX POBEPOK
0. B. Bapa6am, H. B. JIykoBa-Uyiiko, A. I1. Mycuenko, U. I1. Cananga

AHHOTanusA: B cTarbe MpeuioxkeHo onpesereHre MPU3HAKOB JOCTATOYHOCTH AMArHOCTHYIECKOH MH(POPMAINK Yepe3 XapaKTepHUCTUIECKHe
YHCla CTPYKTYPBI OECIIPOBOIHON CEHCOPHOW CETH, PacTioNOKSHHON Ha ONpENeNeHHON TeppuTopud. JlaHHas MeToIuKa OOJIerdaeT OLEHKY
JIOCTaTOYHOCTH HAKOIUICHHOW JHArHOCTHYECKOH MH(OPMAIMH CTPYKTYPBI OECIIPOBOJHON CEHCOPHOM CETH VIS JAGHEHIIIETO OTpeeNeHust
TEXHUYECKOTO COCTOSTHHUS CEHCOPOB ceTH. KpoMe Toro rnokasano, 9to mpeyIoxKeHHas! IPU3HAK I0CTaTOYHOCTH AHArHOCTHIECKON MH(OpMarmm
TIpHY ee JanbHEHIIeM Jemm(poBKe MO3BOJSET OTPAHITIUTH HAKOTUIEHHE PE3YIIHTATOB IIPOBEPOK B CETH.

Kniouesvie cnosa: becnposoonas cencopuas cemb, Xapakmepucmueckue 4ucid, oeuughposaniie, OUaSHOCIUYECKAs UHGOPMAYUSL.
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AHHOTAanus1. PaccMOTpeHBI BOIIPOCHI METOMOJIOTHH OOecIiedeHus] (yHKIHMOHAIBHON YCTOHYMBOCTH CIOXKHBIX cHcTeM. IlokasaHo, 4to
BBICOKasI CJIOKHOCTD JISSITENIFHOCTH ONEPAToOpPOB B HEIITATHBIX CUTYALUSX CBS3aHa C AKCIIOHCHIMAIBHBIM BO3PACTaHHEM KOJIMYECTBa 00pa-
GarbiBaeMoii MHpopManu. Ha ocHOBE ananTHBHO-TE3aypyCHOTO NOJX0AA K MOJrOTOBKE OIEPATopa, ONPEAeICHbI METOIMYECKUE TpeOoBa-
HUSL K YTIPABICHHIO Ka4€CTBOM ITOATOTOBICHHOCTH OIEPaTOpa B YCIOBUAX OrpaHUYEHUH HA CPOKH U 0OBEMBI OTOTOBKH.

Kniouesvie cnosa: opeanuzayuonnas coyuomexHu4eckas cucmema, YHKYUOHaNbHASA YCMOUUBOCTb, ME3AYPYC.

BBenenne. IlpoGmema oOecnieueHmss O€30IMAaCHOCTH U
HAJIeKHOCTH TPHMEHEHHs] CIJIOKHBIX COIMOTEXHHMYECKHX
cucreM (Hanpumep, (QYHKIMOHHPOBAHHUS MHIOTHPYEMBIX
KOCMHYECKUX KOMIIJIEKCOB, BHIIIOIHEHHS PETYJISIPHBIX TOJIe-
TOB ABHALIMOHHON TPAHCHOPTHON CHUCTEMOH) MPOAODKAaeT
OCTaBaThCsl OZHOM M3 CaMbIX aKTyaJIbHBIX M, BMECTE C TEM,
TPYAHBIX ISl PEIICHUs! POOJIEM UCIIOJIb30BaHMUSI CJI0KHOM,
YIIPaBsIeMOH YETOBEKOM TEXHHKH M CHIDKEHHS PHCKOB
Ype3BbYAWHBIX COOBITHH. PemeHme 3TOW KOMIUIEKCHOM
NPOOJIEMBI SBIISIETCS OAHUM M3 OCHOBHBIX CTPAaTETMYECKHX
HAaIpaBJICHUH JIEATENFHOCTH OOJNBIIMHCTBA OTpaciel co-
BPEMEHHON MUPOBOI 3KOHOMUKH.

[ rapaHTHPOBAaHHOTO 00ECTICUEHHS 3aJAHHOTO YPOBHS
0€301aCHOCTH W HAJIGKHOCTH (PYHKIIMOHUPOBAHHS COLIUO-
texHndeckux cucreM (CTC), mporueccsl HOATOTOBKU OTepa-
TOPOB O3THX CHCTEM JOJDKHBI OBITh HaONOIaeMbIMH |
yIIpaBJIieMBIMH Ha BCEX dTallax LUKJIA MOJTOTOBKH U IPH-
MeHeHHs. [ CBOEBPEMEHHOTro BBIOOpa M peaau3alyu
YIIPaBJICHYECKUX PEIICHUI JOJDKHBI NCHONIB30BATHCS MaTe-
MaTH4ecKue Mojenu aestenbHocTH omneparopos CTC B
nerrataeix cutyanusx (HIIC) dyHKuHOHUpOBaHHS, OCHO-
BaHHbIC Ha OIEHKE COCTOSHHWH MX MOATrOTOBJIEHHOCTH. Ilo-
JIOOHBIE MOJIENH TO3BOJIMIIM OBl OIIEHWBATH HAJECKHOCTh H
0€301acHOCTh (PYHKIIMOHHPOBAHMUS C YUETOM IPOTHO3HpYe-
Moii nesitensHOCTH omepatopoB CTC wu, Kak cieacTBue,
3a1aBaTh 0OOCHOBAHHBIE TPEOOBAHUS K COCTOSIHUSIM ITOJITO-
TOBJIEHHOCTH OIIEPAaTOPOB U YIPABIATH ITUMH COCTOSHUSAMU
B XO/I€ MOJITOTOBKH K (pyHKIIHOHUPOBaHHIO [1].

OpnHako, B HacTosIIee Bpems MpobiemMa rapaHTHpOBaH-
HOro obecrieueHHs HEOOXOIUMOTO COCTOSIHHSI IOJATOTOB-
JIEHHOCTH ONEPaTopoB K MPUMEHEHHUIO CIIOXKHBIX COLMOTEX-
HUYECKNX CHCTEM, KOTOPBIH Y/IOBJIETBOPSUI OBl NMPOSKTHHIM
TpeOoBaHMAM K O€30MaCHOCTH W HAJECKHOCTH (DYHKIIMOHU-
pOBaHMS HE MMeeT cBoero pemieHus. [loaToMy BcecTOpoH-
Hee KCcieIoBaHue nponecca (QYHKIMOHUPOBAHUS CIIOXKHBIX
COIIMOTEXHUYECKUX CHCTEM, 00ECIIeUeHHE 33JaHHOTO YPOB-
HS 90 QEeKTUBHOCTH M 0E30MacHOCTH WX NPUMEHEHHs, a
TaKKe YCTOWYMBOCTH (DYHKIIMOHUPOBAHMS SIBIISIETCS aKTy-
aJIBHOM 3aJauei.

OcHoBHasl YacTh

1. IIpoGaemaTuKa omnpeaeeHUs] METOAMYECKHX Tpe-
0oBaHMii K KayecTBY MOATOTOBJIEHHOCTH ONepaTopa
COIIMOTEXHUIECKOH CHCTEMBI

CoBpeMeHHasi HayyHO-MeToandeckas 6aza (HMB) mon-
TOTOBKH OIIEpPaTopoB HE 0OECIIEYNBACT BOZMOXKHOCTH TOJTY-
YeHus! B Xoze NpO(MIbHON MOArOTOBKM HA TpPEHaKepax
CTaTUCTMYECKNX OIICHOK BEPOSITHOCTH  0e301IMO04YHOro
napupoBanus oneparopamu CTC MHO)KecTBa BCeX pacyer-
HBIX HEIITaTHBIX cuTyaiui. TpeOoBaHuUs K Ka4ecTBY MOATO-
ToBKK onepatopoB CTC 3amarotcs, ncxoas U3 oOmHUX Tpe-
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00BaHMI K HAJEKHOCTH M 0€30MacHOCTH (PYHKIIMOHUPOBa-
HUsl, Oe3 ydera BOMOXKHOCTH WX JIOCTIDKEHHS B IIpoliecce
noarotoBkd. Kak oOmue mokasarenu (yHKIMOHUPOBAHHS
CTC, nanpumMep, MIIOTUPYEMOT0 KOCMHYECKOI0 KOMILIEK-
Ca, UCIHONB3YIOTCS BEPOATHOCTH BBINOJIHEHUS MPOTPAaMMBI
rosieta 1 obecrieueHunst 6e30MacHOCTH rosera. BepostHocTh
napupoBanus HILC xapakrepusyercs: kadyecTBOM (pyHKIIU-
OHMPOBAHUS aBTOMATHKH OOPTOBBIX CPEICTB YIPABICHUS,
KauecTBOM (pyHKIIMOHMPOBAHUSI HA3eMHOTO KOHTYpa YIIpaB-
JIGHWS W KAa4ecTBOM JEATENbHOCTH ormeparopoB. OmHaxo,
npu cozganuu CTC i moATBEp)KIACHUS MIPOEKTHBIX Tpe-
6oanmii mo (QyHKmoHupoBannio CTC paccuuThIBacTCs
COOTBETCTBYIOIIAsI BEPOSTHOCTh TOJBKO A TEXHHYECKHX
cocraBisifonuX. TpeOoBaHMS K KauecTBY JESTEIBHOCTH
onepatopos (Bkiouas aevicteus B HIIC) 3apatotes B Buze
BEPOSITHOCTH €ro 0e30IMO0YHON AesITEbHOCTH ISl BbI-
TOJTHEHHUS TIPOrPaMMbI (D)YHKIIMOHHUPOBAHKUS U 00CCIICUCHHE
6e3omacuoct [2,3]:

1) omepaTop He NOJDKEH JOMYCKaTh €IMHHYHBIX OIIHOOK,
TIPUBOJAIIMX K HEBBITIOJIHEHUIO IIPOTPaMMBI TI0JI€Ta U / WIIH
KaTacTpO(HIECKUX MOCIIE/ICTBHI;

2) mpu BO3HUKHOBEHHH IIeNH B3amMOCBs3aHHbIX HILIC
(mByx mmm Gomee HIIC, mpuBoasmue K HEBO3MOXKHOCTH
BBITIOJTHEHUSI IPOTPaMMBI T10JIETa), OTIepaTop JOJDKEH YMETh
obecreunTh, Kak MUHUMYM, 0€30TT1aCHOCTb.

Taxkum ob6pazoM, i1 obecredeHHs] TapaHTHPOBAHHBIX
0€30I1aCHOCTH U HAJISKHOCTH (DYHKIIMOHHUPOBAHUS, OIepa-
Topel CTC nomKHBI OBITH CIOCOOHBIMH 06€30IIMO04YHO (C
3aJlaHHON BEPOSTHOCTHIO) JAEHCTBOBATh BO BCEX IPOLETYp-
HBIX OTIEPAIMAX ¥ BCEBO3MOKHBIX KOMOMHAIMAX PACYETHBIX
HEIITATHBIX (M aBAPUIHBIX) CUTYalWH, MPeyCMOTPEHHBIX
TIPOrpamMMOii pyHKIIMOHUPOBAHUSL.

Ha ocHOBaHMM NPOEKTHBIX TPeOOBaHMUI K Ka4ecTBY Jes-
TespHOCTH orepatopoB CTC chopMyspoBaHb! ciemytommme
METOIMYECKHe TPeOOBaHUS K KauecTBY MOATOTOBICHHOCTH
onepartopos CTC:

1) omepatop momKeH ObITh CIOcOOeH (TOArOTOBIICH) Ge3-
OIMOOYHO C BEPOSATHOCTHIO He Hinke 0,95 BBITONHATH BCe
HpPEeTyCMOTPEHHBIE ~ TPOTPaMMON  (DYHKIIMOHHPOBAHUS
IITaTHBIE ¥ PE3EPBHBIC OTEPAIINH;

2) orepatop J0KeH OBITh CrIoco0eH (MOAr0TOBIEH) 6e3-
OITMOOYHO € BEPOSITHOCTHIO He Hivke 0,95 mapupoBaTh BCe
pacuetnsie HIIC;

3) oneparop noymkeH ObITh CrIOCOOCH (IIOArOTOBICH) 6e3-
omOoYHO ¢ BeposiTHOCTHIO He Hinke 0,95 mapupoBath Bce
pacuetHble aBapuiiHble cutyanuu (ABC), ecnm 310 00BEK-
THBHO BO3MOJKHO;

4) omepatop JOKEH ObITh CIIOCOOEH (MOArOTOBIICH) O3~
OmMOOYHO C BEpOATHOCTHIO He HIke 0,995 obecneunTsh
0e30macHOCTh (CIaceHue OMepaTopoB WM CHUCTEMBI B Iie-
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JIOM) B CIy4ae, €ClIi 10 OObEKTUBHBIM NPHYMHAM apHpoO-
Barh HepacueTHy0 ABC (00ycioBiIeHHYIO B3aUMO/ICHCTBH-
em Heckosbkux HITIC) He mpencTaBisieTcsl BO3MOXKHBIM.

Jannble TpeOOBaHMS K Ka4yecTBY IOATOTOBICHHOCTH
oneparopoB CTC comepxat BEICOKYIO HEOTIPEICICHHOCTh, U
MO3TOMY C OOJBIIMMH OCJIO)KHEHHSMHU DPEalM3yIOTCsl Ha
npakTuke. HeompeneneHHocTh TpeOoBaHMiT O0OyCIOBICHA
IIMPOKKM Pa3HOOOPa3HEM M BBICOKOH CIIOKHOCTBIO 3a]a4 1
¢ynkmmi, BemoiHsAeMbIx onepatopamu CTC B ycloBmSX
(YHKIIMOHMPOBAHMSI, MHO)KECTBOM TIOJIETHBIX OIEpALM U
HIIC, xoTopble DOMMKHBI peaTn30BBIBATECS MPH (HYHKIIHO-
nupoBannn CTC. HaumbGonblrylo TSDKECTh TpaJUIIMOHHO
MPE/ICTaBIsAET MOATOTOBKA ONEPaTOpPOB K AEATENHHOCTH B
HEIITATHBIX CUTYyalusax. HecMoTpst Ha OOJbIIOEe KOIMYECTBO
LITaTHBIX U PE3EPBHBIX MPOLEAYPHBIX ONEPaINii, BHITOIHS-
eMbIx onepatopamu coBpeMeHHbIXx CTC, GoiplIyro yacTb
MOATOTOBKM OIIEPaTOpPOB COCTAaBISIET HX MAESTENBHOCTh B
HIIC. 910 00beKTHBHO O0YCIIOBICHO HEOIPEICTICHHOCTHIO
Bo3HuKHOBeHMs u pazputsi HIIC. Takmm oOpa3om, MHO-
KECTBO BO3MOJKHBIX pEalM3alMii Jake PacCMOTPEHHBIX
HIIC, xotopsle MoryT Betpetuthes onepatopam CTC mpu
pabore, mpakTHIECKH He orpaHudeHo. OYeBHIHO, YTO MHO-
TOKpPaTHOE OTPabOTKM B XOZAE NMOATOTOBKH K TIOJNETY BCEX
paccmotperHslx HIIIC B 0JHOPOAHBIX YCIOBUAX HE Mpe-
CTaBIISCTCS] BO3MOXKHBIM. METObI TEOpUH BEPOSTHOCTH U
MaTeMaTH4eCKOl CTATUCTUKHM B 3TOM CIIyd4ae HEBO3MOXKHO
MPUMEHUTh M, COOTBETCTBEHHO, HEBO3MOXKHO MOIY4YHUTh
JIOCTOBEPHBIE OIEHKH BEPOSTHOCTH O€30IIMO0YHON Jiesi-
TenbHOCTH onepatopoB npu napuposanuu HIIIC. ITostomy
copMyIMpOBaHHbIE BBIIIE KOIMYECTBCHHbIE TPEOOBAHUS K
Ka4yecTBY HoAroToBieHHocTy oneparopos CTC no neicTBu-
sm B HIIIC Ha mpakTHKe OKa3bIBAIOTCS HEPEATH3yeMBIMH
BCIICZICTBUE HEBO3MOXKHOCTH  IOJy4EHHSI JIOCTOBEPHBIX
CTAaTUCTHYECKUX IOKa3aTeNled KayecTBa JCSITEIbHOCTH OIle-
PpaTopos.

B Hacrosmiee Bpems moaroroka oneparopoB CTC ocy-
LIECTBISIETCS 110 THUIIOBBIM IIpOrpaMMaM, ONTHMajbHO cOa-
JIAHCUPOBAHHBIM U1l HEKOTOPOT'O YCPETHEHHOTO OIIepaTopa.

ITosToMy cymiecTByromasi cucteMa YMIpaBiI€HHs IHOATO-
TOBKOM SIBJISIETCS TMHAMMYECKOW CHCTEMOM C OrpaHUYeH-
HBIM OOpaTHOW CBS3bIO IO TEKYIIEMY COCTOSIHHIO ITOJTO-
TOBJICHHOCTH OIIEPAaTOPOB M OTHOCHTCSI K KJIACCy MOJENEH
«BXOI-BBIXO/». [10700HBIE MOJIENN TMHAMHYECKUX CHCTEM
XapaKTepH3YIOT TOJIBKO BHEIIHEE MOBE/ICHHE CUCTEMEI [4].

AHa3 CyIIECTBYIOIIEH TEXHOJIOTHH TOJATOTOBKH OITe-
paTopoB TO3BONMJI CHENAaTh BBIBOA O TOM, YTO BBICOKAs
CIIOXHOCTH JiesitenbHocTH oneparopoB CTC B HIIC, cas-
3aHHAasl C AKCIIOHEHIMAILHBIM POCTOM KOJMUYecTBa 0Opaba-
THIBAEMOW MMH MH(OPMALUK, B HACTOsIIIEe BpeMs He obec-
nieynBaercsi A(G(GEeKTUBHBIMU METO/IaMHU YIIPaBJICHHS Kaue-
CTBOM TOJATOTOBKH OIEPAaTOPOB B YCIIOBHUSIX OTPaHUYCHHIT
Ha CPOKU U 0OBEMBI UX MOATOTOBKH.

2. Hcriosib30BaHue aIalITHBHO-TE3ayPYCHOI0 MOAX0a
K YNPABJICHHI0 MOATOTOBKOH ONEPATOPOB CJIO0MKHBIX
COIMOTEXHUYCCKHX CHCTEM

PesynbraThl aHaiM3a MOKA3bIBAIOT, YTO IPOTHBOPEUMS
cymectBytomeili HMb ¢ HEBO3MOXKHO pemmTs B pamKax
CYILECTBYIOIIEH MapaaurMbl (POPMHUPOBAHMS U peai3aiin
IporpaMM TIOATOTOBKM OIEPaTopoB. DTO HE IO3BOJIIET
TapaHTUPOBAHHO OOECHEYNTh ITOCTABICHHYIO Iepen Hei
LIeTb - 00eceYnTh HEOOXOANMOE Ka4eCTBO M HAJISKHOCTh
nestenpHOCTH orepatopoB CTC B HEMITATHBIX CHUTYAITHSX,
KOTOpBIE MOT'YT BO3HHMKHYTBH IIpH IpHMEHCHHH. Bo3HMKaeT
npobniema manpHedmero passutusi HMb ¢yrxumonnposa-
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nust CTC B wacTvt 5 PEeKTUBHOTO yIpaBICHUS COCTOSHUAMH
MOATOTOBJIEHHOCTH ONIEPATOPOB B MPOLIECCE UX TPEHUPOBOK,
TIOCTPOCHHOTO Ha NMPUHLMITHAIBHO MHBIX KOHLENTYAIbHBIX
OCHOBAHMUSX.

PenienneM NaHHOM METOJOJIOTMYECKOH IPOOJIEMBI MO-
KET CTaTh WCIIOJB30BaHWE amanTuBHO-Te3aypycHoro (Th-
adapt) mogxoma K YIpaBICHHIO MTOATOTOBKOHM OIEPaTOPOB.
JlaHHBIH TTOJXO/ U CBS3aHHBIC C HUM TEXHOJIOTHH OCHOBAHBI
Ha MEpexoje OT TPAJULMOHHOM IUHAMUYECKOH CHCTEMBI
“BXOA-BBIXOJ K JHMHAMHYECKOW CHCTEMBI C BHYTPEHHHMH
TIPOCTPAHCTBAMHU COCTOSIHIH ‘BXOJI-COCTOSIHUE-BBIXOX .

OCOOEHHOCTBIO CHCTEM B IIPOCTPAHCTBE COCTOSTHUM, B
OTIMUNe OT Mojenel “BXOA-BBIXOA , SIBJISIETCA NPUHLIUIIHU-
albHas BO3MOXKHOCTb  OTOPBAHHOCTU  (aOCTPaKTHOCTH)
CTPYKTYpPBI U IEPEMEHHBIX MOJIENIM OT HaOII0AaeMBbIX BEJH-
YHH B peaJbHOM MHpE.

AOCTpaKTHOCTh MoOJIeNell “BXO/-COCTOSTHUE-BBIXO[ , UTO
TIO3BOJISIET MaTeEMAaTHIECKN (pOpMaM30BaTh U MHTEPIIPETH-
pOBaTh MOBENEHUE CIIOKHOW TUHAMHUYECKOH CHCTEMBI, SIB-
JSIeTCsl MX HECOMHEHHBIM NPENMYIIECTBOM. B cmaboctpyk-
TYPUPOBAHHBIX NMPEIMETHBIX OOJIACTSAX, OPUEHTUPOBAHHBIX
Ha yIpaBJICHUE B YCIOBHUAX HEONPEICICHHOCTH, I MICH-
THQHUKAIMK W YIpaBiICHUS BHYTPEHHHMH COCTOSHHAMH
cucTeM HamboJee 11e71eco00pa3HO BOCIONB30BaThCs CTpaTe-
THeil aJanTUBHOTO YIpaBieHHs, KOT/la OJJHOBPEMEHHO Ipo-
HCXOAUT ¥ yTOUHEHHUE OIIMCAHUSI CUCTEMBI, U YIIPABJICHHUE C1O.

Ilpu apmantuBHO-Te3aypycHoMmy (Th-adapt) momxome x
YIIPaBICHUIO MOATOTOBKOI OIEpaToOpoB HCIOJB3YIOTCS
CIICYIOIINE METO/IOJIOTHIECKUE PHUHIMIIE [5]:

Bo-miepBbIX, Kak MOZEIH MOATOTOBICHHOCTH OIIEPaToOpOB
HCTIONIB3YIOTCS COCTOSIHHMSL MX Te3aypyca, KOTOpBIE Ipen-
CTaBleHbl (DYHKOMSIMH B3aMMHOH HMH(OPMHUPOBAHHOCTH
OIEPATOPCKUX CTPYKTYpP HEATEIBHOCTH (MHTPO(OpMaMH)
OIIEPaTOPOB, KOTOPBIE AKTYAIM3HPYIOTCS B IpoIiecce es-
TEITBHOCTH.

Bo-BTophIX, comepikaHHe TPEHHPOBOK MPOTpaMMBI MOJI-
TOTOBKHM MMEET WHIMBUAYaTU3UPOBATECS B PEATBHOM Mac-
mrabe BpeMEHM IO pe3yiabTaraM OOydeHHs orepaTopa
(amanTHpoBaTHCS K JOCTHTHYTOTO Te3aypyca oleparopa), To
€CTh BXOJHBIC BO3JCHUCTBUS (33/1aUM) JOJDKHBI IIPUBOAUTE K
IeTIEHAIIPaBJICHHOTO NPeoOpa3oBaHys (PaCIIUPEHUE) COCTO-
SIHUH Te3aypyca OIepaTopoB.

Peanmsamysi  1aHHBIX HAYaJbHBIX METOJOJIOTHYECKHX
TIPUHIIMIIOB B TIPAKTUKE TOJTOTOBKU OIIEPaToOpoB Tpedyer
pa3paboTKM MH(OPMAIMOHHON TEXHOJIOTUH  yIPaBICHUS
COCTOSIHMSIMH Te€3aypyca, OCHOBAaHHOW Ha 3HAHUSIX CTPYKTYP
YIPaBIISIOIINX BXOHBIX JIEWCTBHH, HEMOCPEIICTBEHHO Te3a-
ypyca W BBIXOIHBIX XapaKTepHCTUK nestenbHocTH. [lox
MOJICTTUPOBAHNEM COCTOSIHMH Te3aypyca OIepaTopoB ITOHH-
Maercst (POpMalbHBIN MPOIIECC, BKIFOYAIONIIMK MOCTPOCHHUE
Moyienelt YIpaBJIeH!s COCTOSIHUSIME Te3aypyca OIepaTopoB,
a TaKKe IPAKTHYECKOEe MPHMEHEHHWE 3THX MOJeNed it
yIIpaBJIeHNs MOIrOTOBKOH orepaTtopoB. OCHOBHBIMHU yIIpaB-
JIEHYECKMMH (DYHKIMSIMU MOJICITMPOBAHMS Te3aypyca SIBIIS-
IOTCS: OIIEHKA TEKYIIETO COCTOSIHUS Te3aypyca OIepaTopoB,
TIPOEKTHUPOBAHNE A/IANTHBHBIX YIPABIIONINX BO3ICHCTBUH
Ha (YHKIMOHAIBHYIO IPOEKIMIO Te3aypyca OIepaTopoB B
TIporiecce TPEHUPOBOK, MPOTHO3MPOBAaHME OYAyIIMX COCTO-
SIHUH Te3aypyca OIepaTopoB W KayecTBa MX JEATEILHOCTH
JU1sE BBIOOpa 000CHOBAHHBIX YIPaBICHIECKNX PEIICHHUH.

B Th-adapt mpouexypax Kaxasiii 13 HHPOPMATHOHHBIX
OOBEKTOB CTPYKTYpHI (PYHKIIMOHAILHOM YIPaBICHYECKOM
JIEATEITLHOCTH CaM M0 ceOe SBIAETCS CIOKHOM CTPYKTYpPOH,
COCTOSIIEH W3 MHOXKECTBA Pa3HOPOAHBIX ieMeHTOB. llo-
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9TOMy K PAacCCMOTPEHUIO IPEIJIaraloTcs TPU KaTerOpHH,
HO/UISKAIINX MaTeMaTH4eckor opmam3anun:

- ““H(OPMALIOHHOTO TPOCTPAHCTBA BXOIHBIX JCH-
CTBHUIT” OIIEpPaTOPOB JUIS ONUCAHUS XapaKTEPUCTHK “‘BXOJIOB”
(KpaTKO- MPOCTPAHCTBA BXO/IOB)

- “HH()OPMAIIMOHHOTO TPOCTPAHCTBA BBIXOAHBIX pPEakK-
IIAiA” OTIePaTOPOB U ONFCAHUS XapaKTePUCTHK “‘BBIXOJIOB”
(KpaTKo - MPOCTPAHCTBA BBIXOJIOB)

- “coCTOSIHUA Te3aypyca” onepaTopoB (4To OTpaXkaeT ad-
CTpaKTHBIC BHYTPEHHHE COCTOSIHHS X Te3aypyca) I OIH-
CaHMs COCTOSTHUSI TIOTOTOBICHHOCTH OTIEPaTOpOB.

Kaxxnast 13 3THX TpeX KaTeropuii Mo>XeT OBbITh PEACTaB-
JeHa cBoed 0co0oi MH(OPMAIMOHHOM MOJEINbI0, MMEET
CBOIO CTPYKTYPY, ONIPEAEICHHYI0 HA MHOXKECTBE TOJIBKO €if
MPUCYIIUX 3JIEMEHTOB. IIpudeMm, mpocTpaHCTBa BXOAOB U
BBIXOJIOB OTHOCSITCS K OOBEKTaM, C KOTOPBIMH B3aUMOJIEH-
CTBYIOT OIIEpaTOpbl, TO €CTh K HUX OKPYKEHMIO, BKIJIIOYAs
IYHKTHI yHpaBICHUS BceX ypoBHeH mepapxuun. CocrosiHue
Te3aypyca SIBIISIETCS BHYTPEHHEW XapaKTEpUCTHKOM onepa-
Topa (wmm onepatopoB CTC B memom). OH, B OTIHYHE OT
NEPBBIX JIBYX KATErOpHi, HE MOXET OBITh HW3MEPCHHBIM
HETIOCPEACTBEHHO, a JIOJDKEH ONPENEIISAThHCS Yepe3 OTHOIIE-
HUSA JBYX ApYruX Kareropwil. [lepemeHHas1, XxapaKkTepu3yo-
asi IPOCTPAHCTBO «BXOJOB», MOXET OBITH IIpE/CTaBJICcHA
PaH)KMPOBAaHHBIM PSIOM JIMHIBUCTUYECKUX MEPEMEHHBIX,
3aJ]aHHBIX Ha HETIPEPHIBHOM MHOKecTBe cioxkHocTer HILIC.
Kak xonuuectBeHHass Mepa MH(OPMAIMOHHON CIIOKHOCTH
JIeSITeNIbHOCTH OTIEPaTOpPOB MOXKET PacCMaTPUBATHCSI MHTEH-
CHBHOCTb NMOTOKa WH(pOpMAIMH, 00padbaThiBaeMoii orepaTo-
POM IIpW IIApUpPOBAHUM HEUITaTHBIX cuTyarmil. KadecTBo
JIEATEIILHOCTH OTIEPAaTOPOB OMNpeneseTcst GyHKIMEH NoTeph
CHCTEMBI “IlyHKT YTIPaBJICHHS — OIepaTop’’, 9To 00yCIoBIe-
HO ommOouHbIMU neiictBusmu orepatopoB B HIIC. Tog
TE3aypycoM ITOHMMACTCSI MHTETPATHHBIA COCTOSIHHE BHYT-
peHHEH TIOHATHIHHOW WH()OPMHUPOBAHHOCTH WHTEIUICKTY-
abHOM c(epbl oreparopa, YNOpsIOYEHHOH B pe3yibTare

00y4eHHs1 M TPEHUPOBOK, U XapaKTepU3YIOLIeH ero crocoo-
HOCTb BBITIOJIHATD ACSTENBHOCTD C TPeOyeMbIM KaueCTBOM B
KOHKPETHBIX YCIIOBHSIX.

B Ttakoit uHTEpnpeTaluy NOHATHE “Te3aypyc’’ CONCPIKUT
OTIPENICNICHHYIO KOPPEIIMI0 ¢ TEPMHUHOM “‘TipodeccHo-
HaJIbHAsi KOMITETEHTHOCTH ’, OKa3bIBASCH CBA3AHHBIM C yCIIO-
BUSIMHU U pe3yNIbTaTaAMH JEATEIBHOCTH, U SBIICTCS OTHOM U3
KIIIOYEBBIX KaTEeropuil B CHUCTEME OTHOLUEHUH “BXOJ-
Te3aypyC-BBIXOT .

O pmesremsroct B HIIC, Te3aypyc omepaTopa COCTOUT
W3 COBOKYITHOCTH €T0 MHOTOBapHaHTHOH HH(pOPMHPOBaH-
HOCTH O BBINOJHSIEMBIX JICHCTBUSIX: BBISBIICHHE HEIITATHBIX
CHUTYyalMi, UX pAaclio3HaBaHWE, IIAHUPOBAHHE W BBIIOJHE-
HHE JISWCTBHH 10 BBIXOAY W3 HEIUTATHOM CHTYalHH, KOTO-
pble XapaKTepH3yloT ero orneparopckue (QyHKIUM Mpu ma-
pupoBanust HILIC.

Takass Jiornka He TNPOTHBOPEYUT oOIEel mMapagurme
obecrieueHrs1 (YHKIMOHAJBHONH YCTOWYMBOCTH CIIOMKHBIX
JMHAMHYECKUX cHCTEM [6].

C mareMaTHdeckod TOYKH 3PEHHS YIIPaBICHHWE Kade-
CTBOM TIOATOTOBKH OIEPATOPOB K (HPYHKIHOHHPOBAHHIO
CTC ¢ ucnoms3oBaaneM Th-adapt moaxonma 3akmodaeTcs B
ONITHMI3AIINN  CTaTHCTUYECKUX OICHOK  OIEPaTOPCKHUX
HaBBIKOB W yMeHuil omepatopa (omeparopoB CTC), kak
OTpa’keHHE COCTOSIHUS Te3aypyca B pe3ysbTaTe ero TpeHHU-
POBOK, KOTOpasi 3aKJIIO4aeTcs B MUHUMHU3ALMU (QYHKIWH
NOTeph OT OUIMOOYHBIX NEHCTBHUI NMPH MaKCUMAJIBHO BO3-
MOYHOH CIIOKHOCTH JiesiTeNibHOCTH onepaTopa B HIIIC.

BeiBoabl. Ha Hamn B3 npyMeHEHHE TaKoTo MOIX0/Aa
TI03BOJIMT TAPAHTUPOBAHHO OOECTICUNTh 3aaHHBIN YPOBEHB
0e30TIaCHOCTH ¥ HANC)KHOCTH KOCMHYECKHX TIONIETOB, H
TIPUBECTH CTATHUCTHYCCKHE OICHKW, IOITydaeMble MO pe-
3yIbTaTaM peau3aiyil MPOTPaMMBI TIOATOTOBKH B COOTBET-
CTBHE C CHCTEMHBIMU TpPeOOBaHUAMHU (DYHKIMOHHPOBAHUS
CTC.
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Using of thesaurus-oriented procedures in quality management of training of socio-technical systems operators

0. V. Barabash, O. M. Gorskiy, V. V. Zuiko

Abstract. Questions of the methodology of ensuring the functional stability of complex systems are considered. It is shown that the high com-
plexity of the activities of operators in abnormal situations is associated with an exponential increase in the amount of information processed.
Based on the adaptive-thesaurus approach to the training of the operator, the methodological requirements for the management of the quality of
the operator's preparedness in the conditions of restrictions on the terms and volumes of training are defined.

Keywords: socio-technical organizational system, functional stability, thesaurus.
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AHHOTAIHSA. PaCCManI/IBaeTCSI 3aa4ya OITHUMH3allUh KadeCTBa HpOMLII.HJ'IeHHOﬁ NpOAYKOUHN IPU OrpaHUYCHHUU HAa CTOUMOCTHL U
OHEpPro3aTpaThl. I[J'IS{ peuIC€HNA 3aa4u UCIOJb3YETCSA CUMIIICKC-METO/] JIMHEWHOTO nporpaMMupoOBaHus, KOTOpBIfI npeaycMaTpuBacT
OIIPEACICHUE HAYAJIBHOTO OIOPHOTO IUIaHa U MNPOBEPKY MNOJIYUYCHHOI'O IJIaHa Ha ONTUMAJIbHOCTD. Hpe,Z[CTaBJ'IeHLI pa3IMYHBIC Bapu-
AHTBI PEIICHU 3aa4Y1 ONITUMU3AINN, KOTOPBIE ONIPEACITIAOTCA COUYETAHUEM UCXOAHBIX JaHHBIX.

Knrouesvle cnosa: onmumusayust kavecmea }’lpOMblLMJZ@HHOﬁ npodym;uu, JIUHelHoe npoepammuposarnue, Cmoumocmaos, Hep2o3a-

mpambi.

Beenenne. Ilouck myrteil moBbimieHHs 3(QGEKTUBHOCTH
JIESITENIbHOCTU — OJlHAa M3 Haubonee BaXKHBIX 3a/1ad, CTOS-
IIAX CETOAHS Tepea YKPaHMHCKHMHU IPOU3BOIAMTEISIMH,
BBIITyCKAIOIIMMK  NPOMBIIUIEHHYIO Tpoaykuuoo. [lpu
YCIOBUM yIyYIICHUs OH3HEC-KIMMaTa MNpPEeANpUATHS
VYKpauHbl MOTYT CTaTh NPHUBJIEKATEIbHBIM 0OBEKTOM JUIs
BHEIIHUX WM BHYTPEHHHUX WHBECTHLHUHA B IPOHM3BOJCTBO
MPOXYKIUKM Ha 3KcropT B cTpanbl EC m apyrue Mexny-
HapOJHbIE PBIHKH. J{JI TOCTIKEHMS STOH LENH MpeAIpu-
ATHAM HEOOXOJMMBI MOJENM ONTHMHU3AIMU 3aTpar, odec-
MIEYNBAIOIINAE TIPUHIATHE 3KOHOMHYECKH OOOCHOBAaHHBIX
pELICHUH, MOBHIIIAIOMNX (HUHAHCOBYIO pE3yJIbTaTHB-
HOCTh U (POPMHUPYIOIINUX OCHOBY 3P HEKTUBHON paOOTHI.

Honst sHeprosarpaT B ce0ECTOMMOCTH TPOAYKIHMN
OTIpEIETISIET €€ KOHKYPEHTOCTIOCOOHOCTE. DHEproTapugs
— OIMH W3 CaMbIX MOIIHBIX ()aKTOPOB, BIMSIOIIMX Ha
IUHAMHUKY pOCTa SKOHOMHYECKHX IIOKazaTeneld Ooib-
muHCTBA npeanpusatuili. 1 To m npyroe yrBepxaeHue —
IIPOTIMCHBIE 3KOHOMHYECKHE HMCTHHBI. VX akTyalbHOCTB
TIOBBIIIAETCSA B CBSI3U C IEPCIIEKTUBOI MMOBBIMICHUS 3HEP-
roTapu(oB 10 €BPONEHCKOTO YPOBHS IO OJHOMY W3 Ba-
PUAHTOB pa3BUTHUS IKOHOMUKH [1].

IMocranoBka 3agauu. OOGecmeueHue 3HEProdpdek-
TUBHOCTH HPOJYKIHUH MPOMBIIUICHHOTO ITPOU3BOJICTBA —
3TO yMEHHE DKOHOMHUTH PECYpChl U MaKCHMH3HPOBATh
oTaady oT HuX. Pa3paborka sHeprocOeperarmmx TeXHO-
JIOTHH Ha NPOMBILIUICHHBIX MPEINPHUATHIX HE MpPEICTaB-
JseTcs BO3MOXHOHN 0e3 pa3paboTku 3(PQPEeKTHBHON CH-
CTEMBl YNpaBJIEHHS KaueCTBOM MPOIYKIHH, Oa3upyro-
IIeHcs, MpeX/ae BCero, Ha HaydHO OOOCHOBAHHBIX METO-
JIax OICHKH W ONTHMH3AIIH Ka4eCcTBa MPOLyKImu [2].

Juisi onTHMHU3alMU KauyecTBa NPOMBIIIICHHBIX H37e-
JIMH, IPY HAJTMYUK PA3JIMYHOTO poJia OrpaHUYCHUH, 1iese-
cOo00pa3HO HCMONBb30BaTh MaTeMaTHYECKHid ammapar
JIMHEHHOTO TporpaMMupoBanus [3].

[Ipn orpaHuyeHMsIX Ha CTOMMOCTb M 3HEpPro3arparsl
3a7ia4a ONTHMU3AINN Ka4eCTBa IPOMBIIIIEHHON MPOIyK-
MM MOET OBITh CHOPMYIHMpOBaHA CIEAYIONMM 00pa-
30M:

MaKCHMHU3MPOBaTh KOMIUIEKCHBIM IOKa3aTelb Kade-
crBa uzznenus [4]

O3 (x,0)= Zoci * Xi 1)

IIpyu OTPpaHUYCHUAX:
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ZSi'XiSSO; ZTi X; STy
i=L i1

>x, . =b =b

X b

n nmin n?
rae So — JAOMyCTHMasi CyMMapHasi CTOUMOCTS (B YCJIOB-
HBIX ©IMHHUIIAX) 3aTPaT HA PEATU3ANMUI0 CAUHHYHBIX I10-
KazaTesnel KauecTBa M3/IeIusl;

Si — 3arpaThl Ha peanu3aluio i-ro 6a30BOro0 MoKasaTe-
JIsl Ka4eCTBA U3/ICIINS;

To — AOMyCTHUMbIE SHEPTO3aTPATHI;

Ximin = bi — MHUHUMAJIBHO OOITYCTUMOE€ 3HAYCHUC i'FO
€IMHUYHOTO [0Ka3aTejsi, MPH KOTOPOM COXPaHSIOTCS
MOTPEOUTENHCKUE CBOMCTBA U3ICTIHS;

o — KO3hQUIUEHT BECOMOCTH i-T0 eIUHUYIHOTO I0-

Xy Z Ximin = B3 X3 2 Xomin 25 ;
X >

n
Kaszarels, Zou =1.
i=L
Orpanndenus (26) obecneuymBarOT HCKIIOYEHHE CITY-
YacB KOMIICHCAMKW HEIAOMYCTUMO HHU3KOI'o0 3HAYCHUA
OJHHX TIOKa3aTeled W30BITOYHONH BEIMYMHON ApPYrux
NIOKa3aTeJIeH.
ITyrem BBeIeHMs HOBBIX IEPEMEHHBIX

Y1 =X1— D1 y2=Xo—ba;...; Yn = Xn— bn;

Yo =S0= 2.SiXii Yoo = To= 2, Ti*Xi,
i=1 i=1

Takux, uto Yi > 0, i =€1,N; Yni1 > 0; Yni2 >0, 3a1ayy
MaKCHUMM3alUU Tokaszatens (1) mpu JIMHEHHBIX OTpaHH-
4yeHHAX (2) MOXKHO CBECTH K KJIACCHYECKOH 3amade JH-
HEWHOTO TPOTpaMMHUpoBanust [5]:

oteickath HaGop P = {yl,yz, oo yn,ym,ymz} , MHHH-

MU3HPYIOLINH HEeIeBYI0 QYHKIMIO
n n
0’ a(X,0)= —Z oi*bi— ZOU Yi
= =)
IIPH OrPaHUYCHHSX:

D Si-Yi+ You=So— D bi-Si =AS; 4)
i=1l i=1l
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(2a)

(26)

©)
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n n
DT Yit+Yo,=To— D bTi=AT.
i-1 i-1

B cucreme ypaBuenwuii (4) AS u AT — 3amacsl COOTBET-
CTBEHHO (PMHAHCOB M 3HEProOpecypcoB, KOTOPHIE MOXKHO
HCTIONH30BATh YIS MOBBIIICHHUS KadyecTBa MPOAYKIUN IIPU
BeImosTHeHNH ycioBuid (2). Ecmm AS u AT paBHBI Hyio,
TO, BIIOJHE €CTECTBEHHO, 00 ONTHMH3ALUHM KadecTBa
U3AETHs pedn OBITh HE MOJXKET.

Meroauka pemenus 3aaauM. s pemeHus 3agadu
JMHEHHOTO MPOTPaMMHPOBAHUS BOCIIOJIB3YEMCS CHM-
IUIEKC-METOAOM [5], mpexycMaTpruBaIOmnM:

OIpeJeJICHuEe HayaJbHOTO OINOPHOTO IUIaHa (YHCIo
9JIEMEHTOB IUIaHa, OTJIMYHBIX OT HYJsl, PaBHO YHCILY
OTrpaHuYeHuil);
MIPOBEPKY ITOJIyYEHHOT'0 IIaHa Ha ONTUMAaIbHOCTD;
nepexo]] K JpyroMmy IulaHy (€civ ONOPHBIN IJIaH He
SIBJISIETCSL ONTUMAJIBHBIM, T.e. HE MHHUMM3HPYET Iie-
neByto GyHKIwio (3)), Ha KOTOPOM 3HAYCHHE OTITUMHU-
3upyeMol JHMHEHHOH ¢opMBl He OonbIIe, YeM Ha
TIPEABIIYIIEM IIJIaHE.
OmnpeneneHue ONTHMAILHOTO IDIaHA, €CJIM TAKOBOH
CYIIECTBYET, NMPOM3BOANUTCS Yepe3 KOHEYHOEe YHCIIO IIa-
roB (0OBIYHO MEXAY M U 2M, Tae M — YHUCIIO OrpaHuye-
HUil).
Pe3yabraTsl pemenust 3agaum. PaccMoTpuM pazinvHbIe
BapUaHThl pEUICHHUs 3aJaudl ONTUMH3ALUH, KOTOpBIE
OTIPENICIISIOTCS UCXOAHBIMU COYCTAHUSIMH JAaHHBIX Sj, AS,
Tiu AT.
Bapwuanrt 1
£ > A—S ci=eln
T, S

VYcnoBue (5) COOTBETCTBYET Ciydaro, KOTJa 3arac
sHepropecypca AT [OOCTaTO4YeH AJsi KOMIIGHCALUH €ro
JIOTIOJTHUTENBHBIX 3aTparT IMpH II0JIHOM HCIIOJIB30BaHUU
3amaca CToMMOCTH AS Ha ynydieHue Jr00ro U3 CBOMCTB
U3JeIHs.

Pesynbrar pemenus 3anauu:

Xi=bi mmaseexi=Kk;

AS
X, =b, +—,
k
IIpu peanuzanuu eIMHUYHBIX IIOKA3aTENIEH KauecTBa B
COOTBETCTBUH C (6), 3HAUCHHE KOMIUIEKCHOTO ITOKa3aTels
KayecTBa M3JeNHs NMPUHUMAET MAKCHMAJBbHOE 3HAY€HHE,
paBHOE

()

(6)

e’KSmaxl(X,a): Za«i -bi + % -AS (7)

i=1 K
Bapuant 2

AT _4S
S

T

i=eln

(8)

VYcnorue (8) COOTBETCTBYET Ciiydaro, Koraa 3amac AS
JOCTATOYCH JIA KOMIICHCAIWU HOIOJHUTECIBHBIX 3aTpar
JICHE)KHBIX CPEJCTB IPU MOJHOM HCIIOJIb30BaHUU 3amaca
sHepropecypca AT Ha ymydiieHue JI000TO W3 CBOHCTB
U3JeIHs.

PesynbTar pemenus:

Xi = bi g Beexi# |;

©)
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X, =b, +—"
Tl

[Tpu BeIMOTHEHNH yCI0BUsA (9) 3HAUEHNE KOMITJICKCHO-

ro MoKa3aTelsl KauecTBa MPOAYKIUU NPUHUMAET MaKCH-

MaJIbHOC 3HAUCHUC, PABHOC

0 mac(%,0) = Y 01+ b + AT,
i=1 T

Bapuanr 3

Ok gy il AS AT

Sk LS S T,

N maxd &l AT AS

T Ti T S

i
[Tpu BemoaHEeHNH ycnoBuit (11) pe3ynbTaTsl pemenus
3aJa4d ONTUMHU3ALUH [IPECTABISIOTCS B BUTIE:
Xi = bj ms Bcex i, kpome i= kK, I;

Xc= byt —— T AS - S AT,
Sk Ti—Tk'Si Sk Ti—=TkSi
e St T g
Sk Ti—=TkSi Sk Ti—=Tk'Si
6’K3max3 (X, (X)
:Zn:ai'bi'Fak.Tl_O“.Tk'AS +(1|'Sk_ak'SI‘ATl
i1 SkTi—=Tk'Si Sk Ti—=Tk*S

B psme ciydaeB m3nuIIHEE yBENTHYEHHE OIHOTO M3
YaCcTHBIX MOKa3aTeleld B XOJE ONTHMH3AIHUN KadecTBa
MPOAYKIIUK HE TMPUBOJUT K IMOBBIIICHUIO MOTPEOUTEIH-
CKHUX CBOMCTB m3nenus. [ToaTomy, eciu mocie ontuMuza-
IIUH OKa3bIBACTCA, UTO

Xk = bk + A b > bimax,

rae Dimax — MakCHMaNbHO Iiefieco00pa3Hoe 3HAYCHHE
MoKazaTelst Xk, TO He0OXOIMMO MOBTOPHUTH IPOLECC OIl-
THUMU3AIMHY, NIPEABAPUTENIFHO 3aMEHHB B CHCTEME Orpa-
HuueHui (26) HEPABEHCTBO Xx > Xkmin = Dk HA PaBEHCTBO
Xk = Xkmax = Dkmax.

BriBoabI

1. EBporiefickuii BEKTOp pa3BUTHS 3KOHOMHUKH YKpau-
HBI TIOCTaBHII TIEPE]l OTEYECTBEHHBIME MTPOMBIILICHHBIMA
MPEeIIPUATHSAMHA 3a/1ady CYIICCTBEHHOTO IIOBBIIICHHUS
KayecTBa BBHITYCKAaeMOH MPOMYKIMHA MPH MUHUMAIHHBIX
KaITUTaJIOBIIOKCHHSAX.

2. Pa3zpaboTka 3sHeprocOeperaroux TEXHOJOIHH Ha
MPOMBIIJICHHBIX MPEANPUATHUAX HE MPEACTABIIACTCA BO3-
MOKHOH 6e3 pa3paboTku 3PEeKTHUBHON CUCTEMBI YIpaB-
JIEHUSI Ka4eCTBOM MPOAYKIINH, Oa3HUPYIOIIEHCs, MPEexe
BCEr0, Ha HAYYHO OOOCHOBAHHBIX METOAAX OLEHKH |
OINITUMHU3AlINN Ka4€CTBA MPOAYKIHH.

3. lns onTHMH3alUH KadyecTBa MPOMBIILICHHON IMpo-
JOYKIUH, TP HAIMYHUU PA3IMYHOTO POJIa OTpaHWYEHHH,
MOJKHO HCIIOJIb30BaTh MAaTeMaTHYECKUH amlmapar JMHEeH-
HOT'O IIPOTrPaMMHPOBAHHSI.

4. B craTbe NpeuIokKEeHBI Pe3yJIbTaThl PEIICHUS 3a/1auu
ONTHMU3AlMN KayecTBa IPOMBIIIIEHHON MpOayKINH,
KOTOPOBIE ONPENENISIOTCS BAPHAHTAMH COYETaHHUS UCXO/I-
HbBIX JAaHHBIX: CTOMMOCTHBIX 3aTpaT W OHEPro3arpar Ha
peanu3anuio i-To 6a30BOT0 MoOKa3aTessl KadecTBa H3Je-
s, a Takke (MHAHCOBBIX 3allacOB M JHEpropecypca,
KOTOPBIC MOKHO HCIOJIB30BAaTh [JIA IIOBBIIICHUA Ka4de-
CTBa IPOAYKIHH.

(10)

(11a)

(116)

(12)
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The Ensuring of the Industrial Production Energy Efficiency Based on the Principles of Optimization
L. Bilotska, N. Bilei-Ruban, S. Lozovenko, Ju. Kharchenko
Abstract. The task of optimization of the industrial products quality with a restriction on the material and energy costs is
considered. The simplex method of linear programming is used to find the solution of this task, provides for the defi- nition of the
initial reference plan and verifying the resulting plan for optimality. Various solutions are presented for solving the optimization
task, which are determined by a combination of input data.
Keywords: Optimization of the industrial products quality, linear programming, cost, energy costs
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AHoTanis. Po3po6ieHa KOMIUIEKCHa METOAMKA TEOPETHMYHOTO NOCITIIKEHHS IPOLECy BUTATYBaHHS 3 IMOTOHLICHHSIM IBOLIAPOBOI
3arOTOBKH 3 PI3HOPITHHX METaNiB 3 BUKOPHCTAHHSAM pelibey IpaHUYHOI MOBEpXHi. 3 BUKOPUCTAHHIM TeOpil IIIACTUYHOI Teuil po3-
pobieHa MaTeMaTHYHA MOJETb Ae(OPMyBaHHS IPOIECY CYMICHOTO BUTSATYBAaHHS 3 HOTOHIIEHHSM ABOX Pi3HOPIJHHUX METANIB 3 Ha-
IpiBOM B YMOBaxX IUIOCKOTO Ne(OpPMOBAaHOTO CTaHy, sKa JO3BOJMJIAa BCTAHOBHUTH B3a€MO3B’SI30K IapaMeTpiB HaIpyXeHo-
nedopMoBaHOTO cTaHy Ha TPaHMYHIN IIOBEPXHI Ta CTYNEHIO AedopManii HOTOHIIEHHS IIapiB 3 BUXiJHUMA IT'€OMETPUIHIMH ITapamMe-
TpaMH 3arOTOBKHY, Ta IIPOaHaJIi3yBaTH HEOOXiHI YMOBH IS 3aIIOBHEHHS pelbedy rpaHUIHOT TOBEPXH.

Knrouosi cnosa: pisnopioni memanu, epanuyna nogepxta, Cmyninb oegpopmayii, perved nogepxmi, 6umsay8ants 3 NOMOHWUEHHAM,
080UAPOBA 3020MOBKA, BUXIOHI 2COMEMPULHI NAPAMEMPU 3A20MOBKU.

B namr wac B MammHOOYAIBHII TPOMUCIIOBOCTI SIK B YK-
paiHi, TaK 1 3aKOPJOHOM XapaKTEPU3YIOTHCS MiJBHUIIECHH-
MH BEUMOTaMH JI0 SKOCTI Ta €KCIUTyaTaliiHUX BIACTUBOC-
Teil BUpPOOIB Ta HM3BKIH cOOIBapTOCTI X BHPOOHHLTBA.
Jns 3abe3neueHAs e()eKTUBHOCTI BHPOOIB MaITHHOOY Y-
BaHHA B 1X KOHCTPYKIISIX HIMPOKO BHKOPHCTOBYIOThH IO-
€IHAHHS Pi3HUX MaTepiamiB Jisd 3a0e3neueHHs HeoOXia-
HUX CIIeU(ivHIX QYHKIIOHATBHUX BIACTHBOCTEH, KOTPI
HE NPHUTaMaHHI KOJAHOMY 3 €IEeMEHTIB okpemo. s mux
IJIeH IMPOKE 3aCTOCYBAHHS 3HAXOMAATH LIAPYyBaTi MeTa-
neBi komno3uuii Tpy6udacroi popmu (GimeraneBi TpyOua-
cti enemenT — BTE), a s X BUKOpHCTaHHS 3anpoIio-
HOBAHO 3aCTOCYBaHHS peNbe(y Ha rPaHUYHIN TTOBEPXHI.

TeopeTnuHi OCHOBM Ta aHalli3 €HEPrOCHUIIOBHX I1apa-
METpIB MpoLeCy Ta 'PaHUYHUX YMOB CTyIeHiB aedopma-
ifi TpW BUTATYBaHHI 3 MOTOHIICHHAM IIIIHAPUIHUX
BHpOOiB mpucestueHi pobotu [1-3]. YV BkazaHuX BHIIE
poboTax TMpencTaBleHI TEOPETHYHI MOCHIIKEHHS, SKi
BHKOHAHI IUIIXOM BHPIIICHHS CYMICHHX PiBHSHB PiBHO-
Baru Ta yMOB IIACTHYHOCTI.

B nomepennix pobotax [4,5] aBTOpiB cTaTTi OyINO po3-
[IITHYTO aHANi3 KiIHEeMaTHYHUX Ta AedopMaIliifHuX oco0-
JMBOCTEH eopMyBaHHS BOIIAPOBOI 3aTrOTOBKH METAIIIB
3 iZleabHO TIACTHYHUMH BIACTHBOCTSIMH JJISI YMOB Ta-
psiuoi nedopmatii 6e3 BpaxyBaHHS CHJI TEPTS Ta 3 Bpaxy-
BaHHSM CHJI TEPTS HAa KOHTAKTHUX MOBEPXHSX 3aBISKU
SIKMUM 3a0e3Me4y€eThCsl TOYHICTh PO3PaxyHKy IMapamerpiB
HampyXeHo-7Ae(OpPMOBAHOTO CTaHy. TOMy TeOpeTHYHUI
aHaJli3 PO3paxyHKy MapaMmeTpiB MPOIECy CYMICHOTO BH-
TATYBaHHS 3 MOTOHIICHHSM, sIKI HEOOXimHI s dopmy-
BaHHSA €JIEMEHTIB pesibedy € aKTyalbHOI0 HAyKOBO-
TEXHIYHOIO 3a]1auero.

B naniii po0OOTi aBTOpaMH PO3TISAAAETHCS TEOPETHU-
HUH pO3paxyHOK Ipouecy nedopMyBaHHS IBOIIAPOBOT
3arOTOBKM BHUTATYBaHHSIM 3 IMOTOHIICHHSM 3 BpaxyBaH-
HSM reoMeTpii ge)opMyrodoro iHCTpyMEHTY, 3MiHH TOB-
IIMH [IapiB METaJliB, HANPYyKeHO-Ae(hopMOBaHMI CTaH HA
TpaHIYHIN TOBEPXHi IBOX MaTepiamiB Ta 3MiHA IIBHIKOC-
Ti B ocepenky aedopmarii, ski HeoOXigHi a1t Gopmy-
BaHHS €JIEMEHTIB penbedy.

Mertoro naHoi poOOTH € TEOPETUIHHI PO3PaXyHOK Ha-
NpYy>KeHO-71e()OPMOBAHOTO0 CTaHy IlapaMeTpiB MpoLecy
CYMICHOTO BHTSTYBaHHS 3 IIOTOHIIEHHSM JBOIIAPOBOT
3arOTOBKH, SIKi HEOOXigHi Uit (OpPMYyBaHHS EJIEMEHTIB
penbedy Ha TpaHUYHI TOBEPXHI.

34

JIyis BU3HAUCHHSI 3aIIOBHEHHS CJICMEHTIB (JOPMH PElib-
€}y rpaHUYHOI MOBEPXHIi MOTPIOHO BU3HAYUTH KOHTAKTHI
CTHCKAIO4i Halpy>KeHHs Ta BUOpAaTH HEOOXiJHY ONnTHMa-
JIpHY (GopMy penbedy, sKa TMOBHICTIO 3allOBHUTHCS i
JI€I0 CTHCKAIOYMX HAMPYXEHb NPU BUTATYBAHHI 3 MMOTO-
HIIIEHHSM J[BOLIAPOBOI 3arOTOBKH.

BBaxkaemo, 10 MPOLEC 3aMOBHEHHS 3IiHCHIOETHCS 32
MPUHIIUIIOBOIO CXEMOIO MPEACTABICHOIO Ha puc. 1.

Puc. 1. [IpuHummnoBa cxema mporecy BUTATYBaHHS 3 IOTOH-
[ICHHSM 3 IEMEHTAMH PeNbe(y TPaHUIHOI HOBEPXHIi

Cxema B3aemoiii mapiB pi3HOPIAHUX METAJIB MPHU BHU-
TATYBaHHI 3 TOTOHIICHHIM Uit AU(Y31HHO-MEXaHIYHOTO
3’€IHAHHS MPEJCTABICHO Ha pHC. 2, PO3paxyHKOBa CXe-
Ma Oponecy 3allOBHCHHA OJWMHUYHOIO KOHCTPYKTUBHOI'O
eNIEMEeHTY penbe(y TPAHWYHOI MOBEPXHI MpPEICTABICHO
Ha puc. 3 [6].

—

Puc. 2. Cxema B3aeMozii mapiB pisHOPIJHUX METaNIB IIPH
BUTSTYBaHHI 3 MOTOHIICHHSIM 1S U (y3iiiHO-MEXaHITHOTO
3’ € THAHHS
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Puc. 3. Po3paxyHkoBa cxema nporecy 3alloBHEHHS OAUHIY-
HOTO KOHCTPYKTHBHOTO €IEMEHTY pesibedy rpaHU4HOI TOBEPXHI

3aja4y BBaXkaeMO IUIacKoro. [ImacTuyny Tedito Metany
posrisimaemo B miomuui XOVY. Micie criosrydeHHs CTi-
HOK Marepiay alpoKCUMYEMO MapabosiyHO0 QyHKIIETO.

3rifiHO MPUUHATOT METOUKH [6], pO3TIISIHEMO TIACTH-
YHY JiISIHKY 3arOTOBKH LIMPUHOIO @ i BucoToro h, ne h —
MTOJIOBHHA Bi/I TOBITMHH 30BHIIIHBOTO MIAPY METAJY MIiCIIs
BUTSTYBaHHS 3 MOTOHIICHHSAM. [Ipy 3amoBHEHHI paniyca
cpspKkeHHS / TIOBMHHA JOTOPKYBATHCS 10 HOBEPXHi c(o-
pMoBaHoi hopMmu penbedy, TOOTO O OCi cuMeTpii 3aikic-
HUTH IUIAX, piBHAN D.

Jisi TEOpeTHYHOro aHaji3y CKOPUCTAEMOCS METOJH-
KOI0, SIKa BUKOPHCTOBYE 3arajbHi 3aKOHOMIpPHOCTI Mexa-
HIKM CYLUTBHUX CEpeloBUI. BepTukaibHy KOMIIOHEHTY
HIBUIKOCTI V, BU3HAYAEMO Y BUIJISII:

Vy =VXI +VXII 1)

e Vx, , VXu — IIBUAKOCTI epeMillleHHs TOYOK Mare-

piany, siKi HanexaTb moBepxXHsM / 1 /I BigmoBimHO (puc.
2). BBaxkxaemo, 110 Ha MOBEpXHi / B 3aJI€KHOCTI BiI KOOP-
quHaTd X UIBHIKICTH 3MIHIOETHCS IO MapaboTiyHOMY
3aKOHY, a Ha MOBEepXHi // MBUIKICTh OCTIHHA 1 TOPIBHIOE
Vip, ne Vip — HBUAKICTH NEPEMIIICHHS 1HCTPYMEHTY,
KOTpa 3aJIeXKUTh BiJl KyTa MaTpPHIIi.

BuxopucraBmy BioMi rpaHHYHI KiHEMATHIHI YMOBHU
JUISL BEPTHKAIBHOT KOMIIOHEHTH LIBUIKOCTI OTPUMAEMO:

Vy —A[4y2 - J [b—x +1]+V2p' (b—x) 2)

a2 h h

Jie A — NIBUAKICTh TIEPEeMillleHHs] TOYKH 3arOTOBKH, sIKa
3HAXOJUTHCS Ha MOBEPXHI /.

3 3

Vi = =V ®)

TopusonTanbHy Vy 3HAXOAMMO 3 PiBHAHHS HEPO3PHB-
HOCTI:

v Dy @

dx dy

BukoHaBImIN esKi IEPETBOPEHHS OTPHMAEMO:
V., 2
V., = 224 i -1
Y7 2n | 52

Takum unHOM ¢ysKHii (3) 1 (4) BH3Ha9aOTH c000IO0
110JIs IIBUJKOCTEHN PyXy YaCTUH METally IIpU HOro BUJaB-
JIFOBAHHI.

()

oo

Pospaxyemo y3aranbHeHy HIBHAKICTH JedopMarii, BU-
KOPHUCTABILY TPUITYLICHHS, 1110 3CyBHA KOMIIOHEHTA IIIBH-
JKOCTI geopMaltil B HANPSIMKY KOOPJIMHATHUX OCEH:

(6)

KoedimieHT >XOpCcTKOCTI PO3paxoByeEMO 3 ypaxyBaH-
HSAM TOTO, IO IJIACTUYHA JeQOopMallis 3IiHCHIOETHCS B
HATpiTOMY CTaHi, TO/i OTPIMAEMO:

= o.h (7)
' 2J§v,,[6y2 ,;J
| a? 2

JIe Os — MeXa TeKy4OCTi MaTepiaixy 3 MEHIINMH MeXa-
HIYHAMH BJIACTHUBOCTSIMH, SKa BIAIMOBiNaE TeMIepaTyp-
HOMY iHTEpBay.

PiBHSIHHS TUIACTHMYHOI Tedii 3 ypaxyBaHHSIM OTpHMa-
HuX QyHKuii (2) i (5) MaroTh BUI:

2
oV oV oV oy oV
570'210 X < X |_ i X _ o 9Hi OVx (8)
OX ot 19,4 8X2 8X2 OX
v v v a2V oV
% _, SV v, Sy, Y L Sy o Ty (9)
oy ot OX oy (3X2 6X2 OX

Je p — TYCTHHA MaTepiany 3 MEHIINMH MeXaHiYHUMH
BJIACTHUBOCTSIMHU.
CepeHe HaTIpyKeHHS B 00’ eMi, 110 Ae(opMyeThCst:

[ a—ady (10)

oy
y
Ha HactynmHOMYy eTarii mpoBeeMO PO3paxyHOK Hampy-
JKEHO 1e(OpPMOBAHOTO CTaHy Ha TpaHUIl penbedy, s
[FOTO BU3HAYMMO IIBH/IKICTh MEPEMIllICHHS (CXeMa HaBe-
JieHa Ha puc.l).
Topi 3anuIIeMo PiBHICTB:
N1 =0V (11)
BpaxoByroun TOBIIMHY MaTepialiB Ta iX BIaCTHBOCTI
po3paxyeMo KoedilieHT nedopmarii KOXKHOTO 3 MaTepia-
TiB:
OSTi STi
TsAIS Al
BpaxyBaBmu xoedinient K mMoxHa cka3aT, 10 3aro-
TOBKa 3 MEHIIMMH MEXaHIYHUMH BJIACTHBOCTSIMH Oyje
nedopmyBarucst B K pasiB Oinble, ToMy po3paxyemMo
HIBUJIKICTh JeopMyBaHHS 30BHIIIHBOTO LIAPY:

azj'a—adXJr
" OX

=K (12)

o 1

Vi =V 22 = (13)
o1 K

Bpaxysasuu Te, mo Vjq =V2p, aje TaKOXK 3aJIeXKUTh
BiJl KyTa HaXIIy O, TOMY OTPUMAEMO:
Vi1
= (14)
P cosa

[Mpumyctumo, mo Vip. moctiiHa (Vip, = const) B3AOBXK
TpaHUIi mapy Ha OOWHWYHIN AingHIi pensedy. Tomi 3po-
OMBIIH JEsKiI EPETBOPEHHS IS MOXIAHUX B CepeHBO-
T'0 HaNPYXEHHS 10 3MIHHUM X 1 y OTPHAMAEMO:

6osy

35

__PV1y 4y? N %K 6y2_
8y 2hcosa| a2 hcosa| g

. (15)
> +

2
6y 1
aﬁ[az - 2]
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2 2
R U R | - Ca]
a @ a
(16)
6oV3Y2 (ay? 6oy (b+h—x) 12?2
55 51 (b+h—x)— 5 1- 5
h“a“cos“a\ a a2ﬁ6y 1 a26y 1
a2 2 a2 2

[Ipo iHTerpyBaBIIM OTpUMaHi BUpa3H, 3alHIIEMO Ha-
OnKeHe PIBHSHHS JUIS 3HAXOJDKEHHS OCHOBOI'O Harpy-
KEHHSI Oxx B Toulll npu X = (. mocTiiiny iHTerpyBanus C,
sIKa BXOJUTH B PIBHSHHS BU3HAUYUMO 3 YMOBH Oxx = 0 mpu

BuznauuBmm noctiiiHy inTerpyBanHs C Mo)kHa 3aru-
caTy HaONW)KeHE PIBHSIHHS IJISl 3HAXOJPKEHHS BEIWYUHH
HaIpYKEHHS Cxx:

x<b.
b
6o:b| —+h
7s [f j 12y
Oxx =~ > > h
a3 GLZ_E 2 GLZ_E
ac 2 ac 2

PiBasHHS (17) M03BOJISIE BU3HAUYNTH HANPYKCHHS CTH-
CKY Ha TIOBEpXHi penbe(pHOT MaTpHIi IpU BUAABIIOBaHHI
IUIOCKOT 3aroTOBKH. BenmuuuHa HEOOXiITHOrO MHUTOMOTO
TUCKY Ul TIOBHOTO 3allOBHEHHS pelibey BU3HAYAETHCS
MaKCUMaJIbHUM 3HAUCHHSIM Oy, 10 BIIMOBIZa€ KOOPIH-
HaTi MAaKCUMaJIbHOI BUCOTH PENIbEPHOTO eIeMEHTA.

PospaxysaBiuu piBHsiHHA (17) oTpumaeMo rpadik mu-
TOMOTO 3yCHJIISI CTUCKY Ha KOHTAaKTHIM IOBEpPXHI y 30HI

OJIMHUYHOTO penbedy.
2

1 O',.,Mﬁﬂ
Puc. 4. I'padik mUTOMOTO 3yCHIIISL CTUCKY Ha KOHTAKTHIN
MOBEPXHI Y 30HI OIMHHYHOTO penbedy

I'pagik Ha puc. 4. Mae aBi KpuBi: 1 — MUTOME 3yCHIUIA
HeoOXiHe JUTs 3aN0BHEHHS peibedy; 2 — mUTOME 3YCHII-

Vb 2
-1 PYepb| 3 i_l (b+hj+2 (17)

2| a2

18, sIKe HeoOXimHe mis Audy3iiHOTO 3’€THAHHS INApiB
METalliB.

TeopeTnuHuil aHaNli3 OIHKK yYMOB 3’€JHAHHS LIapiB
PI3HOPIJHUX METaNliB MPH BUTATYBAHHI 3 MOTOHIICHHIM
MOKa3aB I1[0:

1. Inst MOBHOTO 3aMIOBHEHHS OJJMHUYHOTO penbedy He-
OOXiJTHHI CTHUCK, 1[0 10 BEJIUYHHI JOPIBHIOE Gxxmax B MiC-
i MaKCHUMaJbHOI BHCOTH OJMHHYHOTO peibedy (puc. 4
KpuBa 1).

2. JIna crBopeHHst au¢y3iiiHOTO 3’€IHAHHS HEOOXina-
HUH MiHIMAaJbHHNA CTHCK B KOXHIH TOYI TPAaHUYIHOI IO-
BEpXHi MapiB MOBHHEH nepeBuinyBaT — SOMIIa.

3. Jnsa 3abe3nedeHHs i€l YMOBH HEOOXimHO, 00 B
iff TOYI MIHIMyMY KOHTaKTHHH THCK Oxx = Oo = -50
MIla (puc. 4 xpusa 2).

4. 1ns 3abe3nieueHAs yMOBU TU(Y31HHOTO 3’ €JHAHHS B
JJAHOMY BHIIQJIKy CTHCK, IO JIi€ Ha 30BHIIIHIO OBEPXHIO,
HOBUHEH OYTH Gxxmax + (-50)MIIa, 1m0 10OpiBHIOE 1S Ja-
Horo Bunaaky -350MIla.

BucHoBku.

1. Po3paxoBaHo MiHIMAJIbHUI HEOOX1MHUI THCK HA KO-
HTaKTHHX [MOBEPXHSX VISl IOBHOTO 3alIOBHEHHS €JIEMEHTY
penbedy, sikuit ckinas -300 MIla yis 7aHOTO BUTIAKY.

2. 3pobiieHnii MOPIBHSAJIBHUN aHaIli3 HEOOXITHOTO THC-
KY, 110 TIOTPiOHMH /IS TIOBHOTO 3aIlOBHEHHS OJJUHUYHOTO
eIIeMEHTy penbedy Ta Uil OTpUMaHHSA audy3iitHOTro
3’€IHaHHS MIX IIapaMyd METalliB, II0 BHKOHYIOTH IpHU
peasizanii mporecy BUTATYBaHHS 3 IIOTOHIICHHSIM.
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Theoretical calculation of the conditions for filling the relief when connecting dissimilar metals by pulling with thinning
R. S. Boris, V. A. Titov, O. V. Holiavik
Abstract. A comprehensive methodology of theoretical studies drawing process with a two-layer preform thinning of dissimilar met-
als with the relief of the boundary surface. Using the theory of plastic flow mathematical model of deformation of the joint drawing
process with thinning of two dissimilar metals with heating under plane strain state, which allowed to establish the relationship pa-
rameters of the stress-strain state at the interface and the degree of deformation thinning with initial geometrical parameters of the
workpiece, and analyze the necessary conditions for the boundary surface relief fill.

Keywords: stress-strain state, the components of the stress and strain rate, dissimilar metals, the boundary surface, the degree of
deformation, surface topography, extract with thinning, two-layer preform, the geometric parameters of the original piece.

Teopernyeckuii pacueT ycJI0BHI 3an0JHEeHUs pebed)a MPH COeTMHEHNT PA3HOPOAHBIX MeTAJNIOB BBITSKKOMH ¢ YTOHEHHEM
P. C. bopuc, B. A. Turos, O. B. XoasaBuk
AnHoTtanusi. Pa3zpaboTana KOMIIEKCHasT METOANKA TEOPETHYECKOTO MCCIIEIOBAHMS IIPOIECCa BEITSDKKU C YTOHEHHEM JIBYXCIIOWHOI
3arOTOBKHU M3 Pa3HOPOAHBIX METAIUIOB C HUCIONb30BaHUEM penbeda rpaHnIHON MoBepXHOCTH. C HCIOIB30BaHUEM TEOPHH IITACTHYE-
CKOTO Te4eHHs pazpaboTaHa MaTeMaTHYecKast MOJIeIb e OpMUPOBAHHUS IIPOIECCa COBMECTHOH BBITSKKU C YTOHEHHEM IBYX Pa3HO-
POIHBIX METAJUIOB C HATPEBOM B YCIIOBHAX IIOCKOTO A€(OPMHPOBAHHOTO COCTOSIHUSI, KOTOPAsi TIO3BOJIMIIA YCTAHOBUTDH B3aHMOCBSI3b
MapaMeTpoB HAIPsLKEHHO-1e(GOpMUPOBAHHOTO COCTOSIHUSI HA TPAHMYHON MOBEPXHOCTH M CTETICHH Je(hOpMalny YTOHEHHS C UCXOJI-
HBIMH T€OMETPHUYECKIMHU ITapaMeTpaMy 3arOTOBKH, U IPOaHAIM3UPOBATh HEOOXOMMMBIC YCIOBUS [UIs 3aIIOJHEHHs penbeda rpaHmd-
HOM IIOBEPXHOCTH.

Knrouesnvie cnoea: nanpsicenno-oepopmuposarnnoe cocmosnue, KOMNOHEHMbl HANPsiCeHUll U ckopocmeli depopmayuil, pasHo-
POOHBIEe Memanbl, PAHUYHAS NOBEPXHOCIb, CEneHb 0eopmayull, peibed) NoGepXHOCMU, GbIMANCKA C YMOHEHUEM, 08YXCIOUHAA
3a20MOBKaA, UCXOOHblE 2eoMempuyecKue napamempul 3a20Mo6KuU.
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AJITOPUTM 00YHCJIEHHA TIJIECHUX KYTiB HA 3-BUMipHi
00’ €KTH VISl AHAJII3Yy MiCBKOI0 cepel0BHINA

T. B. bysarakosa
https://doi.org/10.31174/NT2018-158VI18-10

KuiBcpkuil HaioHATbHUH YHIBEPCUTET TEXHOJIOTIH Ta TU3aiiHy
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Anorauis. CTaTTs € IpOJOBKEHHSAM HAayKOBOi poOOTH aBTOpa MO po3podli IHCTPYMEHTY aHaji3y MiCTa Ha OCHOBI MOJETIOBAHHS
BI3yaJIbHOTO CIPUHHATTA OTOYECHHS 0€3 BUKOPHUCTAHHS MEPCHEKTUBHUX MPOEKLiH Ta MPUCBSIUCHA pO3pOOIi arOpUTMy OOUYMCICHHS
TIIECHUX KYTiB Ha 3-BUMIipHI 00’ €KkTu. B maniit po6oTi 3a1poroHOBaHO TPUBUMIPHY MOZENE CIIPOEKTYBAaTH Ha TpaHi Ky0a i3 IIEHTpOM
B TOYII OISy, TAKAM YMHOM PO30HUTH 11 HA MHOXKHHY CYMDKHHX HEOIYKJIMX 00JIacTeH, Ul KOXKHOI 3 HUX NMOOYXyBaTH TpiaHTYIIs-
niro JlenoHe 1 BU3HAUUTH TillecHHH KyT. Bupimryerscs 3aqada 3HaX0DKEHHS TUIECHOTO KyTa, IMiJ] sSKUM i3 3axanoi Touku O (x0, y0,
z(0) BUHO IPOEKIII0 JeIKoi IIOBEpXHi, 3a1aHy PIBHSAHHSIMH I'PAHUIb IPOEKIii, KOOpAWHATAMI KYyTOBUX TOYOK. Po3pobennii anro-
PUTM OOYHCIICHHS TINECHUX KYTiB Ha 3-BUMipHI 00’ €KTH € OCHOBOIO JJIs TIOAAIBIIOT0 MOJAETIOBAHHS Bi3yalbHOTO CIPUHHATTS apXi-
TEKTYPHOT'O CEpelOBHUINA Ta HAJAa€E MOXKIHMBICTE aBTOMATHU3YBATH MIPOIEC BU3HAYECHHS KiTbKICHUX MapaMeTpiB XapaKTEepUCTUK 3a0y-

JIOBH MiCTa.

Knrwowuoei cnosa: minecnuii kym, 3-eumipui 00 ’exmu, anzopumm, mpianzynayisa [enorne, ananiz micbkozo cepedosuuya.

Beryn. Y nmonepeanix poborax [1, 2] aBropom 6yio 06-
I'PYHTOBAHO Ta 3alPOIIOHOBAHO NPHUHIMIIOBO HOBHH IMif-
Xil 10 aHaji3y apXiTEeKTypHOrO CepeloBHIIAa MicTa 3
MO3MMii CHOPUHAHATTA. BiH BUKIIOYaE MOXKIHMBICTH THX
BUKPHUBJICHb Ta OOMEXKEHB, IO MPHUCYTHI IPHU BUKOPHC-
TaHHI ICHYIOUHX METOJIIB aHANi3y Ta JO3BOJISIE CTBOPUTH
00’€KTHBHI  KIUJIBKICHI ~XapaKTEpUCTUKU  Bi3yaJbHOTO
CHPUHHATTS OTOYEHHS, IKi MOJINBO PEAIBHO 3aCTOCOBY-
BaTH B TIIPOIECI TPOEKTYBaHHSA 3 BHKOPHCTaHHAM
KOMIT IOTepa.

Jus aHamizy cropuidHATTS Oynb-sIKUX OO0’€KTIB Ta IX
CHIBBITHOIIIEHb MPOIIOHYEMO BHKOPHCTATH TLIECHI KYTH,
BEpIIMHM SIKMX PO3MIIICHI B TOYIl 30py, a MOBEPXHI €
TaKUMH 10 OTWHAIOTH BUAMMI KOHTYPH TPHBHUMIPHHX
00’exTiB. Lle 103BONNTE: 1O MepIe, OJHOYACHO aHATI3Y-
BaTH 00’€KTH HE 3aJICKHO Bifl iX pO3TalllyBaHHS HABKOJIO
crocrepiraya; o apyre, 00’€KTH, sKi B TIHCHOCTI CTIpHiA-
MAIOThCsI OJTHAKOBO, OYIYTh MAaTH OJHAKOBI FCOMETPUYHI
XapaKTEePUCTUKH TIPH MOJEIIOBAHHI 30pPOBOTO CIIPUHHSIT-
1s1. JIo TOro *, BiAMOBA BiJi BUKOPUCTAHHS ISl aHAJI3y
CepelOBHINA MPOEKIiH Ha IUIOMUHY, BUKIIOYUTH MPUTA-
MaHHI IM BHKpHBIICHHSI 300pakeHb. AHaJIi3 cepeloBHUINa
i3 3ampoIOHOBAaHHMM IMIOXOIOM TIiependadae po3poOKy
BIJIMIOBITHOT KOMIT IOTepHOI TexHosorii. Ile m03BoJHThH
Maibke TIOBHICTIO aBTOMATH3YyBaTH Takuil mporec. s
OO HAM HEOOXITHO PO3POOHTH AJTOPUTM OOUYHCICHHS
TIJIECHUX KYTiB Ha 3-BUMIpHI 00’ €KTH, SKHIA MU 3MOKEMO
BUKOPHCTATH JUIsl 00 €KTIB MICBKOTO CEPEIOBHUIIIA.

B 0oCHOBI Cy4acHUX TEXHOJOTi TPHUBUMIPHOTO MOJIE-
JIIOBAHHS HAJBEJIHKHUX O0'€KTiB, SK MPABWIO, JIEKATh
perymspHi (pacTpoBi, MaTpH4Hi) MOJENi MOBEPXOHB, SIKi
BOJIOZIIOTH PSJIOM HPUHIUIIOBUX HEJOMIKIB. Y JaHUH 4ac
y CBITi HaHOIMBII MEPCIIEKTUBHIM BBAXKAETHCS TEPEXif
Ha BUKOPUCTAHHS HEPEryJSIPHUX TPIaHTyJSLIHHUX MOJe-
Jent.

JI1st IbOTO HA CHOTOHIMIHIN JIEeHh PO3pO0JIeHa BEeTHKa
KIJIBKICTh alTOPUTMIB NMOOYMOBH, 0OpOOKH 1 Bizyamizamii
TPIaHTYIISAMIHHAX MOJIeIel MOBEPXOHb [ 3, 4].

Koporknii orasn my0aikaniii 3a Temoro. OcHOBHi
KJIACH4HI pe3yiapTaTH B 00yacTi moOyaoBH W aHaNi3y
TPIaHTYJSIIHHUX MoJeNel nanux oxepxkanu Jx. benti,
I'.®. Boponoii, b.I1. lenone, /. Kupknatpuk, P. JlintoH,
®. Ilpenapara, JI. Pomxepc, P. Tapesan, M. Illeiimoe.
HaiicydacHimi 1 KOMIUICKCHI JOCHIDKEHHS B 00JacTi
nmoOynoBu W OOpPOOKM TPiaHTYJIAMIHHUX MOJENEH JTaHuX
nposezieHi B poborax A.B. CkBoprosa. Bennkuii BHEcok
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y PO3BsI3aHHS 33/1a4i pO3POOKH BHCOKOE(EKTUBHUX ajro-
pUTMiB 00pOOKH BeNMWKHX MOBepXxoHb BHecnu E. [Tymro,
JI. Jle ®nopiani, I1, Marimno, K. e bepr, I1. Cirnosi, P.
Kuneitn, Jx, Koxen, [1. Xex0ept, M. I'apnann, X. Xomme i
iH.

Meta. Po3poOutn anroput™m OOYHCICHHS TUICCHUX
KYTiB Ha 3-BUMIpHI 00’€KTH Ul aHaNi3y MiCBKOTO cepe-
JIOBUIIIA.

Martepiaan Ta MeToau. Y CTaTTi BUKOPUCTAHO aHAI3
JIOCITI/DKEHB 32 TEMOIO, aJITOPUTMIYHI METOJH MOOYIOBH,
00poOKH 1 Bizyami3arii TpiaHTyIAMIITHAX MOZETeH moBep-
XOHb, 30KpeMa, aJrOpUTMH MoOynoBU Tpianryssimii [le-
J0He, MOBa nporpamyBaHHs Delphi

Pe3yabTaTu Ta ix odroBopenns. /s nodynosu mud-
poBoi Mozeni MOBEpXHi, SIK MPaBWIO, BUKOPHUCTOBYIOTH
Tpianrynsnito JlegoHe, 110 BOJIOJIE BIACTUBOCTAMH, SKi
BUTIJIHO BiJPI3HSIOTH 11 BiJ{ iHIIMX BU/IB TpiaHrysii [5].

[TpakTH4yHO BCi iCHYIOYI aNropuT™MH MOOYIOBH TpiaH-
rynsmii Jlenone MoXHa yMOBHO HOAIIMTH HA TaKi OCHOB-
HI Tpymu: iTepaTHBHI alrOPUTMH, AITOPUTMH 3IUTTS,
AITOPUTMH TPSAMOI TOOYIOBH TPIaHTYIALIT, TBOIPOXiHI
ATOPHUTMH peaisarii Tpianrysii [6].

VYci iTepaTuBHI aTOPUTMHU MAKOTh y CBOTH OCHOBI 1/1€10
HOCITIZIOBHOTO JIOJIaBaHHS TOYOK B YAaCTKOBO MOOYZIOBaHY
TpiaHTyIsmito Jlenone.

CkJIaJHICTh JIaHOTO aJTOPUTMY CKJIAAAETHCS 3 TPYJIO-
MICTKOCTI TOITYKYy TPUKYTHHKA, B SIKMH Ha YEproBOMY
KPOIIi JI0JA€EThCS TOYKA, TPYAOMICTKOCTI MOOYIOBH HOBHX
TPUKYTHHKIB, a TAKOXX TPYJOMICTKOCTI BiIITOBITHUX TIe-
peOyIOB CTPYKTYPH TPIaHTYJISALIi B pe3ysbTaTi HE3aI0Bi-
JMBHUX TIEPEBIPOK Map CYCiMHIX TPUKYTHUKIB OTPHUMAHOL
TpiaHryJIsLii Ha BAKOHaHHS yMOBH JlenoHe.

KoHnenryansHO BCi alTOPUTMH 3IUTTS TIPHUITYCKAIOThH
PO30UTTS MOYATKOBOI MHOXKHHH TOYOK Ha JCKIIbKA ITij-
MHOHH, TOOYJIOBY TPiaHTYJIAII{ HA IIUX MiIMHOXHHAX, a
moTiM 00’€xHAaHHS (3MHUTTA) ACKUIBKOX TpiaHTYJSMmii B
OJIHE IiiJe.

OcCHOBHa ifies anTOpUTMIB MPSIMOI MOOYAOBH IOJISATAE
B TOoMy, mo0 OyIayBaTW TUIBKM Taki TPHUKYTHHKH, SKi
3aJI0BONBHAIOTE YMOBI [letoHe B KiHIIEBiH TpiaHTYJIAIII, a
TOMY HE TIOBHHHI 11epe0y10ByBaTUCS.

ITpu moGynoBi Tpianryssmii [lenone iTepaTHBHUMU ail-
TOPUTMAaMH 1 QJITOPUTMAMH 3IUTTS JJIsl KOXKHOTO TPHUKYT-
HUKa micis nmoOyJoBM NMOBHHHA OYTH TepeBipeHa yMoBa
Henore. Ilpu 1150My HOBOIUTHCS HMPOBOIWTH IIEPEBIPKH
JUISL TPHOX Tap, BiJIMOBIHUX TPHOM CYCIJTHIM TPUKYTHH-
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KaM JI0 1aHoro. SIKIIo nepeBipka He BUTpUMaHa, TIOBHUHHI
NPOBOANTHCH NepeOyJOBHM TPUKYTHHKIB 1 HOBa cepis
nepeBipok. Ha mpakTHIli JOCHTh BEJNHMKY YacTHHY 4Yacy
3aliMalOTh MepeBipku Ha yMoBY Jlenmone i mepeOymoBH.
Jns crpomneHHsT JIOTiKM POOOTH alrOpHTMIB MOXKHA 3a
NepIINil MpoXiJ MoOyIyBaTH AESKY TPiaHTyJISILilo, irHO-
pYyroYH BUKOHAaHHS YMOBH JlenoHe, a miciis bOoro 3a Ipy-
T'Mi TPOXiJ NEPEeBIPUTH Te, IO BUHIIUIO i IPOBECTU IOT-
PpiOHI moinmIyoui nepeOyIoBH A 3BEACHHS TpiaHTyJIs-
it go Tpianrymsauii denone [7].

VY nmaniii poOOTi 3aIpPOIIOHOBAHO TPUBUMIPHY MOEINH
CIPOEKTYBAaTH Ha IpaHi Ky0a i3 IIEHTPOM B TOYIIi OTJIALY,
TakKUM YHHOM po30uTH ii Ha MHOXHHY CYMIKHHX He-
OITYKJIUX 00JacTei, A1t KOKHOI 3 HUX MoOY/yBaTH TpiaH-
rymsmito JlenoHe i BU3HaunTH TinecHWH KyT. Lle mo3Bo-
JIUTH ONpalbOBYBATH HAJBEJHMKI 00’€MHU NaHWUX YacTHHA-
MH, HEe TIOHW)KYIOYH IPH IIbOMY TOYHOCTI ITOJaHHs IT0Be-
PXHi.

IToctranoBKa 3aayi: 3HAWTH TIIECHUH KYT, M SIKUM 13
3amanoi Touku O (x0, y0, z0) BHIHO MPOCKILIO JESIKOi
MOBEPXHi, 33JaHy PIBHAHHAMH TPAaHUIb MPOEKLii, Koop-
JIMHATaMHU KYyTOBHX TOYOK.

CyTb pO3B’s3aHHS JaHOI 3a1adi 3BOJUTHCSA IO TOTO,
0 00JIaCTh MPOCKINi — OaraTOKyTHHK (OMyKIHH abo
HEOITyKJINH) - pO30MBAETHCS HA Mali TPUKYTHUKH, IO HE
MEPETUHAIOTBCS, 1 CYMYIOThCS TUIECHI KYTH BCIX TPUKYT-
HUKIB.

OCKITbKM MM Ma€eMO CIIPaBy 3 IUIOCKOIO (iryporo, To
eJIEMEHTAapHI TPUKYTHUKH PO3OUTTS HE MOXKYTh LIEPEKPH-
BaTHCSl, IO HE Bili0'eTbcsl Ha 3arajbHiil CyMi TUIECHHX
KYTiB MaJMX TPUKYTHUKIB.

Junst naHoi 3ama4ui Ha OCHOBI ICHYIOYHMX METOJIB TpiaH-
rymsnii OyB moOynOBaHWIl alroOpUTM Ta 3alporpamoBa-
Huii 3a qonomororo Delphi:

1. 3amaeMo MacuB TOYOK 00JacTi oOMexeHHs P, 110
¢dbopmyroTh TeBHUH momiroH, ae Py(X) — xoopaunata i-i
TOYKH 110 X, P;(Y) — KoopanuHaTa i-i TOYKH 110 Y.

2. Bynyemo omopHi By3iu Ha peOpax IOJIrOHY Ta Ha
caMiii obiacti. 11 iporo:

— 3HaX0IMMO MaKCUMaJbHI BiIXWJIEHHS TOYOK 00JacTi
0 OCSIM X Ta y.

MakcumasbHe 110 oci X:

extremePoints[0]:=max(Pi(x))

MiHimanbHe 10 oci X:

extremePoints[1]:=min(Pi(x))

MaxkcumMasbHe o 0Ci y:

extremePoints[2] :=max(Pi(y))

MiHimanbHe 10 oci X:

extremePoints[3]:=min(Pi(y))

— Busnauaemo gomxkuHy croponu triangleSide pisHo-
CTOPOHBOrO TPUKYTHHKA SK KOHCTaHTy. Bing mporo 3Ha-
YEHHsI 3aJIe)KUTh BEIMYMHA KOMIPKH CITKH.

— 3Hax0IUMO BHCOTY TPUKYTHHKA:

triangleHeight = ? triangleSide (1)

— Byayemo Toukm TakuM 4YWHOM, OO BiJICTaHb BiX
HaHOIMXKIOTO pedpa MoJIirony He OyJjia MEHIIOI0, 1O 0Ci X
3a triangleSide/2, mo oci y 3a — triangleHeight/2, a takox
TOYKa HE BUXOJWIA 32 oOMexeHHs. KoxHUH HaCTyImHUH
psin mpu noOynoBi 3cyBaemo Bing extremePoints[0] Ha
triangleSide/2, s Toro mo6 oTpumaTH piBHOCTOPOHHI
TPUKYTHUKH.

— Ha pebpax mosirony By3iu po3CTaBISIEMO Tak, 1100
BiZICTaHb BiJl BEPIIMHK pedpa /10 By3na Oyina HE MEHIIO
3a triangleSide/2.
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3. 3 orpumaHoro HabOpy TOYOK YTBOPIOEMO TPUKYTHI
KiHIIeBi eeMeHTH. st nboro:

— Bubepemo 2 mo4aTtkoBi TOYKH Ha TOJITOHI, 3 SKUX
nmoyHemMo noOy/oBy, Ta Mo3HauuMmo ix P; ta P, BBiamo-
BiJTHO.

— 3HaxonuMo 3-Tio TouKy P; Taky, mo6 P; Ta P, yTBO-
pIOBaJIM 3 HEIO HAWOIIBIINH KYT:

d(Pip) = J (AG) = P() + (BO) - P (2)
) 4(2P1P3P2) =2
arccos((dip,py)” + dpypn)” ~ dpapn )/ CAw,ps) Ap,p:))

— enep posrasaaemo Py ta P;, a P, Ta P; 3anucyeMo y
Oydep. Axmo P; ta P; BXe iCHYIOTh y PO30OHTTI, TOomi P,
npucBoroeMo Pj, sikmo x P, Ta P; TakoX iCHYIOTb, TO
BuOupaemo Touku 3 Oydepa. Ilin yac 3HaxomKeHHS 3-1
BEPIIUHM, TOTPIOHO 11 OpaTH 3 MPOTHIIEKHOTO OOKY, HiXK
3apa3 3HaxomuTbes P;. KoXHE yTBOpPEHHS IepeBipseThes
Ha HaJEXHICTh oOmacTi oOMexkeHHS. SIKmo depes cepe
JWHY CTOPOHM Mail0yTHBOTO TPHUKYTHHKA MPOBECTH MPS
My, TIapaJIelbHy 10 BiCi X i BOHA TIepPEeTHE IIOJIIrOH Hemap
HY KUTBKICTH pa3, TO Taka CTOPOHA HaJISKUTH LIl 00IacTi.

— Anroput™m 3ymuHAIEMO, Konu Oydep Oyne mycTum.

OcHOBHUMH 0a30BUMH KOMIIOHEHTAMU HpPOTpaMH €
CTaHIapTHI MoayJi MoBH mporpamysanHs Delphi [8, 9],
110 3a0€e3MeYyIoTh SIK PO3PaxyHKOBI, Tak i rpadiuHi MOX-
muBocti. Ha ix 6a3i 0yno po3pobieHo Taki OCHOBHI IPoO-
eaypu Ta GyHKIIIT:

- pointinTriangle — Bu3HAYa€e TPHHANEKHICTH TOUYKH
3aJ]aHOMY TPUKYTHHKY;

- SOrtArray — copTye MacuB 3a KOOPAWHATHUMH OCSIMU;

- getTriangleAngle — oTpuMye KyT TPUKYTHHKA;

- getPointsDistance — otpumye BiacTaHb MiX JBOMA
TOYKAaMH Ha IJIOLIMHI;

- checkintersection — mepeBipsie, 4K MEPETHHAIOTHCS
JIBa BiJIPi3KU.

Ha ocHOBI mux 0a30BHX CKJIAZIOBUX Iporpama po3ou-
Bae 00J1aCcTh HA KiHIEB] eJieMeHTH. [1Jis1 [IbOro MOTPiOHO:

- 33T 00JIaCTh TSI TPiaHTYIIALIT;

- MOCTaBUTH BY3JM Ha 00JIACTI, SIKIIO MOTPIOHO, 1HAK-
1I1e IporpaMa aBTOMaTHYHO 3aII0BHIOE 00J1aCTh TOUKaMH;

- 32 33/IaHUM aJITOPUTMOM BHKOHATH PO3OUTTS;

- pe3ynbTaT Oyae mpeacTaBiIeHui Ha ¢opmi rpadidHo.

OCHOBHOIO OCOOJIUBICTIO MMPOTPaMH € Te, 10 AITOPUTM
IIparHe BUKOHATH PO30OMTTS Ha TPUKYTHHKH, SKi TIOBHHHI
OyTu sikoMora OuIbIilie HAOJMKEHI 10 PIBHOCTOPOHHIX.
OTxe, OCHOBHUI KpHUTEPill PO3OUTTS — 16 MaKCHMIi3allis
MIHIMQJIBHUX KYyTiB KO)XHOT'O TPHKYTHHUKA, 1[0 BH3HAYAE
Horo sKiCTb.

Jlai moMicTUMO BEpIIMHY TLIECHOTO KyTa Y MOYaToK
koopauHat (Touky O, BiJIHOCHO SIKOT BU3HAYA€ETHCS Tijlec-
HHUH KyT), TOJI €JIeMEHTapHUH TPUKYTHUK 3 KOOpJIMHATA-
Mu BepumH Ty = OP;, ¥, = OP,, r; = OP; BumHO 3
MOYaTKy KOOPJHMHAT mij TiecHuM KyTom [10]

(ryrars) . (4)
71 72 13+(r1 T2)73+(r2 T3)7T1 +(r3T1)72

ne (rir,r;) — 3mimanuii 100yTOK pajiiyc BEKTODIB,

(ri ' r]-) — CKaJSIpHUH NOOYTOK BiIIIOBIHHUX pajiyc BeK-

Q = 2arctg

TopiB, ri i = (1,3) - noBxkuHa i-ro pasiyc BekTOpA.
[IpocymyBaBImK yci TiECHI KyTH €JI€MEHTapHUX TPH-
KYTHHKIB, OyZI€MO MaTH LIyKaHWH TIIECHUH KYyT.
BucHoBku. Po3pobnernii anroput™ oO0UHCICHHS Tine-
CHHX KYTiB Ha 3-BUMIpHI 00’€KTH € OCHOBOIO JJIsi MOJIC-
JIIOBAHHS Bi3yaJbHOTO CIIPUHHSATTS apXiTEKTYPHOTO cepe-
JIOBHIIIA MICTa Ta HAJa€ MOXJIHBICTh aBTOMATH3YBaTH
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IpoLIeC BU3HAYCHHS KUIbKICHUX MapaMeTpiB XapaKTepHc-

TUK 3a0yI0BU MiCTa i BiJIIOBITHO OI[IHKH 11 SIKOCTI.
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Algorithm for calculation of solid angles on 3-dimensional objects for analysis of urban environment
T. V. Bulgakova
Abstract. The article is a continuation of the author's scientific work on the development of a city analysis tool based on the simula-
tion of the visual perception of the environment without the use of perspective projections and devoted to the development of the
algorithm for calculating solid angles to 3-dimensional objects. In this paper, we propose to design a three-dimensional model on the
face of the cube with the center at the point of view, thus dividing it into a set of adjacent convex domains, for each of them to con-
struct the triangulation of Delone and determine the solid angle. The problem of finding a solid angle is solved, under which a projec-
tion of a certain surface given by the equations of the projection boundaries, coordinates of the angular points can be seen from a
given point O (x0, y0, z0). The developed algorithm for calculating solid angles to 3-dimensional objects is the basis for further
modeling of the visual perception of the architectural environment and enables to automate the process of determining the quantita-
tive parameters of characteristics of city development.

Keywords: solid angle, 3-dimensional objects, algorithm, Delaunay triangulation, urban environment analysis.

AJITOPUTM BbIYMCIEHHS TeJeCHBIX YIJ10B Ha 3X-MepHble 00beKThI AJIsl AaHAJIU3a FOPOACKOIl cpeabl
T. B. Byarakosa
AHHoTanus. CTaThst ABIAETCS MPOJODKEHHEM HAaydHOH pabOoTHI aBTOpa IO pa3paboTKe MHCTPYMEHTA aHalHM3a TOpoja Ha OCHOBE
MOZENNPOBAHUS BU3YaIbHOTO BOCHPHUSTHS OKPYXXEHHsS 0€3 HCIIONb30BAaHMS NMEPCIIEKTUBHBIX MPOEKIMH M IOCBAIMIEHa pa3paboTke
aJTOPUTMa BEIYHCIICHUS TEJIECHBIX YTIIOB Ha 3X-MepHBIe 00BeKTHl. B 1anHOi paboTe mpeuioxKeHO TPEXMEPHYIO MO CIIPOCIHPO-
BaTh Ha TpaHU Ky0a C IICHTPOM B Touke 0030pa, TAKMM 00pa3oM pa3OMTh ee Ha MHOKECTBO CMEXHBIX HEBBITYKIIBbII oOmacTei, I
Ka)XIO0H W3 HAX ITOCTPOUTH TPHAHTYIISANNIO J[elTOHe M ONpeNeNuTh TeNIeCHBIH yroi. Perraercs 3aada HaX0XASHNS TEIECHOTO YIIa,
o1 KOTOpbIM ¢ 3aaaHHo# Toukn O (x 0, y0, Z0) BUIHO MPOEKIHIO HEKOTOPOIl OBEPXHOCTH, 33JaHHYIO YPaBHEHUSIMH TPaHUII IPO-
€KIMH, KOOPANHATAMH YTJIOBBIX TO4YeK. Pa3paOoTaHHBIN alTOPUTM BBIYHCICHHS TEIECHBIX YITOB Ha 3-MEpHBIC OOBEKTHI SIBISIOTCS
OCHOBOH JUI HANbHEHIIET0 MOAEIUPOBAHUS BH3YaTbHOTO BOCIPUSTHS apXHTEKTypHOH Cpebl, W IO3BOJSET aBTOMAaTHU3HPOBATH
MIPOIIECC OTPEETeHHs KOINYECTBEHHBIX TapaMeTPOB XapaKTEPHCTHK 3aCTPOHKHI ropoa.

Knrouesvie cnosa: menecnuiii yeon, 3x-mepHuie 00vekmul, anreopumm, mpuaneyisayus [enone, anaius 20poockoti cpeobi.
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AHHoTanus. [IpuBe/IeHbl aHATUTHYECKNE BBIPAXKEHHS TPAHULl 00JIacTell OMAaCHBIX KypCOB M OMACHBIX CKOPOCTEH, € IIOMOIIBIO KOTO-
PBIX OCyIIecTBIIsIETCS OpMHUPOBAaHHE JAHHBIX OOJIACTEN MPH BHELTHEM YIIPaBIEHUHU MPOIECCOM PACX0XKICHHS CyIoB. PaccMOTpeHsbI
MIPOLIETyPHI OLICHKU OIIACHOCTH COMMKEHHMS CYZIOB M MaHEBpPa MX PACXOXKICHHS C TIOMOIIBIO 00JIACTH OIIACHBIX KYPCOB M 00IACcTH HX
omacHbIX ckopocteil. [lomydens! Gopmyisl TpaHHI] 00JIaCTH HEAOIYCTUMBIX 3HAUSHUH KYPCOB OJHOTO CyJHA U CKOPOCTEil BTOPOTO

CyaHa U NpeaAJIOKEHa mpoueaypa €€ rpaq)nquKoro 0T06pa)KeHI/I${.

Knrwuesvie cnosa: Hezonacnocms cy008024COeHUs, PACXONHCOEHUE CYO08, GHEUHee YNPAGIeHUe NPOYeCcoM PACXodcoerus, oona-

Cmu ONAcHblX napamempoe 08UdICEHUS cyboe.

Beenenue. 3HaunTeNbHAas YAacTh AKCIUTYaTallHOHHOTO
BPEMEHH CYyJIOB NPHUXOIWTCS Ha PaboOTy B CTECHEHHBIX
YCIIOBUSIX, TJI€ ABWKECHHE Cy/[HA OTPAaHWYEHO MHTCHCHB-
HBIM CYHOXOJCTBOM M HaBUTAI[MOHHBIMH OIIACHOCTSIMH.
MaHeBpHupoBaHHUE CyJIHA B TAKUX paliOHAX 3aTPyAHEHO, U
IUIaBaHUE MPOU3BOJUTCS 1O E€JUHCTBEHHO OE30MacHBIM,
HEpPEeJKO BechMa CTECHEHHBIM NyTsM. CTeCHEHHBIE BOJBI
SIBJIIFOTCSL CJIOKHEMIMMU 110 CBOUM YCJIOBUSIM pailoHaMu
IUTaBaHUs, T B HauOOJbIICH CTENeHH MPOsBISAETCS de-
JIOBEUECKHH (haKTOpP, KOTOPBIH XapaKTepU3yeT OOJBIIYI0
3aBUCHMOCTH 0€30I1aCHOCTH IIIABAHMS OT JIMYHBIX U MPO-
(eccHOHANBHBIX KadyecTB CyHOBOAMTENeH. B cBsa3m ¢
9THM CTECHCHHBIC PaifOHbI IUTaBaHMS C OCOOCHHO MHTCH-
CHBHBIM JIBI)KEHHEM 000pYyIYIOTCS CTaHIMAMH yIpaBie-
Hus asmkeHneM cyaoB (CYIC), nmpenHasHaYeHHBIX LIS
KOHTPOJIS Tpoliecca CyJOBOXKJICHHUA U YIpPABICHUS IBH-
KEHHEM OIaCHO COJIMKAIOUTNXCS CYHO0B.

Iis addexruBnoit padotsr CYJC Tpebyercs wux
OCHAIIIEHHE COBPEMEHHBIMH CPEJCTBAMHU IpeRyNpesKie-
HUS CTOJIKHOBEHHSI CYIOB, KOTOPBIE HCIOJIB3YIOT CIOCO-
0561 6e30MMacHOTO PacxXoXKAEHUS IBYX U Oonee cynos. [lo-
3TOMY HCCIIEIOBaHHE BOIIPOCOB YIPABICHUS CYylaMH,
CIIEAYIONIMMHU ONAacHBIMH KypcaMy CONVDKEHHS, B paio-
Hax koHTposisi CY/IC, yeMy mocBsillieHa HACTOsIIIAs CTa-
ThS, SIBJISIETCS] aKTYaJbHBIM W INEPCIIEKTUBHBIM HayYHBIM
HarpaBJIeHHEM, TaK KaK BEJET K MOBBIIICHHIO 0e30MacHo-
CTH MOpEIUIaBaHUS, a 3HAYUT M K YMEHBIIECHUIO BEPOST-
HOCTH 4EJIOBEYECKUX JKEPTB, IKOJOIMYECKUX KaTacTpod
1 3KOHOMUYECKHX MTOTEPh U3-32 BO3MOXKHBIX aBapuil.

Kpartkuii 0030p nmy0auxanuii mo teme. B paborax
[1-4] mpemmoxeHbl pasnudHBIE MOJETH (hopManTU3aUK
B3aMMOJICHICTBHS CYZOB NPU PACXOKICHUU M MPOIETYPHI
pacdera 0e30I1aCHOTO MaHEBPA.

B pabote [1] riryO6oko U pasHOCTOPOHHE HCCIICIOBaHA
npobiieMa TPEAYNPEKACHUsS CTOJKHOBEHWH CYHOB W
TIPEATIOKEH METO/ TMOKHMX CTpaTeruil MX pacXOKACHHS,
MIO3BOJITIOINNK  (DOPMHUPOBATh ONTHMAIBHYIO CTPATErHio
PacX0oXXIEHUsI CyJHA C HECKOJIBKUMH OTTACHBIMH LIETISIMH C
yaeroM TpeboBanuit MIITICC-72, uMeromuMucs HaBHUra-
IIMOHHBIMH OMNACHOCTSIMH M HHEPIHOHHO-TOPMO3HBIMHU
XapaKTepUCTUKAaMH CY/IHa.

OO60OUIeHNIO TIOHATHSA B3aMMOACHUCTBHUS CYIOB IIPH
BO3HHMKHOBEHHUH YIPO3Bl CTOJIKHOBEHUS MOCBAMIEHA pabo-
Ta [2], B koTOpo# mpeanoxeHa dpopmanuzanus MIITICC-
72. ®opmanuzanys B3aUMOJICHCTBHS CY0B IPU PacXoX-
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JICHUH B paMKax Teopuu AndepeHIInaIbHbIX UIP IPOU3-
BoaMTCS B paborax [3,4].

B myGnukanum [5] nmpencraBieHa MOJENIb TOMEHOB Cy-
JIOB AJIS TIPEeIOTBPALCHHsI MHOI'OTOYEUHOI'O CTOJIKHOBE-
Hus ¢ npuHAtHeM pemeHuil ¢ nomoubto COLREG Ha
OCHOBE II0JIs1 ICKYCCTBEHHOT'0 NOTEHIMana. PaccMoTpeHsl
METOJBl NPUHATHA pPELlICHUH MO0 MPeJOTBPALICHUIO
CTOJIKHOBEHHH C HECKOJIBKUMH CYAaMH U COCTaBIICHHE
IUTaHA IUTAHUPOBAHMSA MapuipyTa. B 3Tom mokymeHTe
IpesaraeTcs MOJHbIA HAaOOp pelIeHud Ui IpenoTBpa-
IIEHHSI CTOJIKHOBEHUS MEX/y HECKOIBKUMH KOPaOIsIMU B
HMHTEJUIEKTYyaJIbHON HAaBUTALMH, UCTIONb3Ysl OPTaHU3aIHIO
«CBEpXy BHM3» U CTPYKTYypHpOBaHHMs cucTeMbl. Cucre-
Ma pa3paboTaHa ¢ AByMs YPOBHAMHU: IIPUHITHE PELICHUN
0 TpeNOTBpAlllCHUH CTOJIKHOBEHHMM M IUIaHUPOBaHME
Mapmpyra. B coorBeTcTBHMH ¢ 0OmMMH TpeOOBaHUSAMHU
MeXayHapOIHBIX HPaBWI TNPEIOTBPAIECHHUS CTOJIKHOBE-
nuii Ha cyme (COLREG), ananu3 nmpuHsTHS pelieHuH o
pacIipeseneHNH PacTpeeeHHBIX MapIIpyToB sl O0Opb-
OBl C CTOJIKHOBEHHEM aHAIN3UPYETCS KaK JUIl CUTYalUH,
CBSI3aHHBIX C IBIDKYIIUMH CYAaMH, TaK M AJSI CTOSIIMX
CYZIOB, BKJIIOYasl Ype3BbIYaiHbIC ACHCTBUS B CIydae OTKa-
3a Cy[lHa B YKJIOHEHMM OT IPUHATHS Mep MO NperoTBpa-
IIEHUIO CTOJIKHOBEHHH. MeETOx HMCKYCCTBEHHOTO IOTEH-
nuaneHoro moisist (AIID) wcmomp3yeTcst A IIaHUPOBA-
HUSL IyTH B Aertansx. PaspaGoranneiii meron AII® B co-
YETaHWU C MOJEIBIO CYAOBOH OOJIACTH, YIHTHIBAIOIINX
CKOPOCTh M KYypC LIEJIEBBIX CYAOB, 4TOOBI OH MoOr OoJjee
TOYHO OTPENEISITh JBIXKYLIHECS XapaKTEPUCTUKH IIpe-
IATCTBUHA. Pe3ynbTaTel MOAEIMPOBAHNUS TOKA3bIBAIOT, YTO
npesaraemMast CUcTeMa MOXKeT padoTaTh 3((EKTUBHO.

B monorpaduu [6] ocBerieH psia ocobeHHOCTEH 3aja-
YM pacXOoXKIECHUsI CyZ0B B MOpE M IPHUBEICH METOJ Ipe-
JIYIPEXKACHHUS CTOJIKHOBEHHUS CYJIOB IIyTeM CMEIIEHHUs Ha
MapauleNbHYI0 JIMHUIO MyTH. Pe3ynbTaTsl McciaeqoBaHus
3G PEKTUBHOCTH TAPHBIX MAaHEBPOB PACXOXKICHUS MpHBE-
IIeHbI B pabore [7].

W3-3a HemosHON mnm joMuHHpYIOIEH nHopmannu
npo0sieMa CTOJIKHOBEHHUS! CYZOB WIIM BO3HUKHOBEHHS CH-
TyalMii ONacHOro CONMKEHHs CyJOB Ha MOpE, 4acTO BbI-
3BaHHBIX YEJIOBEUYECKON OMMOKOH, KaK OTMEUaeTCsl B pa-
6ote [8], ¢ pOCTOM MOPCKHX NEPEBO30K CTAHOBUTCS BCE
6omnee u Goinee BakHOW. Ha mpHWHIIMIAxX ITOJHOTO BHEII-
HEro YHpaBJICHHS IPOLECCOM PACXOXKAEHHS CYIOB pac-
CMOTpEHbl OCHOBaHHBIE IOJAXOJbI (OPMHUPOBaHHS C TO-
MOIIBIO IKCIEPTHBIX 3HAHUH O0E30MacHBIX TPaeKTOPHH
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JIBIDKEHUSI CYZOB, KOTOpPbIE IMOCTABISIOTCS CYHAOBOIMTE-
JSIM M ciIy)xO0aM JBIDKEHUs CyloB. B craTtbe, B oTiamnune
OT 3TOro, MpeAJaraercs Npoueaypa IUIAHUPOBaHUS Tpa-
eKTOPHUH ABWKEHHSI CYIOB C MCIOJIB30BAHUEM CIICIHANIHN-
3MPOBAaHHBIX AJIrOPUTMOB. [Ipon3BOIMTCS WX cOrjlacoBa-
HUSI ITyTEM IIPEABAPUTENBHBIX JOTOBOPEHHOCTEH, TOKa HE
OyzmeT HaWeHO pelIeHHe, KOTopoe OyAeT MpHeMIIeMBIM
JUIl BCEX CyZHOB, W OyIeT YHOBICTBOPATH NpaBHIAM
MIPEAOTBPALICHHUS CTOJIKHOBEHHUH, BKIIOUast B ceOsl AnHA-
MHUYECKYI0 MOJIENIb BCEX CYJOB M NPOBEICHUS IEPETOBO-
POB C HENBI0O ONTHMH3ALUHN TPAEKTOPHI 0€3 BHEIIHETo
yIIpaBJeHIa.

B pabote [9] paccMoTpeHO yrnpaBiieHUs TpeMs CylaMu
Juisl Oe3omacHoro pacxoxjaeHus. Kak ykaspiBaercst B my0-
mukarmu [10], CYJIC, kak mpaBuiio, HE UMEET TEXHUYC-
CKMX BO3MOXXHOCTEH KOHTPOJHMPOBATh JIBU)KEHHE CYJIOB
Ha Y4acTKax MX CKOIUICHUS AJsl oOecriedeHust 6e30macHo-
CTH cynoxojcTBa. Kak nomojHeHHe K CpeicTBaM BO3-
MOXXHOCTH YKJIOHEHHSI OT CTOJIKHOBEHHS CHCTEMBI
CYJIC/AUC B craTbe npeaiokeH HOBBIH (y33U-METO.
BBoa panneix CYJIC coBmectHO ¢ manHbiMu AWC B
Mopckyro reorpaduueckyto HHGOPMALNOHHYIO CHCTEMY
MGIS (Marine Geographic Information System) naert
wiaTdopMy IS pacueTa cBefieHHH 00 00JlacTH Haxoxke-
HUSI CyJlHa, MHEPLIMOHHBIX CHJI, ICHCTBYIOMINX HA CYIHO,
a TaKKe HCIIOJIB3YeTCsl JAJsl ONpEAeTeHHs MOJCIU 3a-
LIMTHOTO Kpyra M ONMacHoro MHjaekca. Mcnomnp3ys aHamu-
THUYECKYIO0 MOJIeNIb MOpcKoi cuctembl GIS Moxer ObITh
MOJIYYEHO TOYHOE NMPOTHO3MPOBAHUE BPEMEHH CTOJIKHO-
BeHMs M No3uluu. [IpeioskeHHbI METO/L 1aeT Ooneparo-
py CYZIC BO3MOXHOCTh NMPUHSTHSI PELICHUH 10 Mpeay-
MPEXICHUIO CTOJIKHOBEHHUS CYJIOB.

[Ipn ympaBieHHWH TPOLECCOM PACXOXKICHUS CYIOB C
nomompto CYJIC peanusyercs NpPUHLMII BHELIHETO
yIpaBJICHUsT MPOLIECCOM PACXOXKACHHS, OCOOEHHOCTH
KOTOPOT'0 paCCMOTPEHBI B JAHHOM CTaThe.

Hean. Llenpo HACTOSIIEH CTAThH ABISCTCS (POPMHUPO-
BaHUM TPOLEIYPbl BHIOOpa COBMECTHOH CTpaTeruu pac-
XOXKIEHUSI MI3MEHEHHEM Kypca OJJHOTO M3 CYJIOB U CKOPO-
CTH JIDYTOr0 Cy/IHA ITPU MX BHEIIHEM YIIPaBJICHHU.

Marepuansl u MeToabl. [Ipy BHEIIHEM yHpaBIICHUH
MIPOILIECCOM PACXOXJICHUSI HaOMoIaeTcst CUTyanus cOJu-
KEHUsI TIapbl CYAOB M NP HOSBIEHUH YTPO3bl CTOJIKHO-
BeHMs (POpMUpPYETCsl CTpATErusl pacXoXKACHHsI 00Iast uis
000uX CY/IOB.

B pab6ote [11] npencraBnena mnpoueaypa GopMHUpoBa-
HHA 00JIaCTH ONAcHBIX KypcoB Q, , KoTopas oToOpaxa-

€TCs Ha PACUIMPEHHOM IUIOCKOCTH KyPCOB CYJIOB, YTO
noka3zano Ha puc. 1. COBOKYIHOCTb TOYEK KYPCOB CYJI0B
(K;, K5), KoTOpBIE YIOBIETBOPSIOT YPaBHEHHIO:

sin(K, — ) = %sin( Ky —¢) D)
2

ABJseTcsl TpaHuled obmactu Q. B mpueneHHom

YPaBHEHUH , — o + arcsin d7d, a u D - cooTBeTCTBEHHO
B D

MNEJICHT U JUCTAaHIUA MCEKAY CydaMHu, a dd - IPpEACIIbHO-

JIOITyCTUMAs! TUCTAHIHSI COJIMIKEHUS CY/IOB.
Kak ykasbiBaetcs B pabore [11], ecim touka (K,

K, ) HaxoamTcs BHYTpH 00JIaCTH ONMACHBIX KypcoB Q

TO JIUCTAHIMSI KpaTJYaWIero CONMMKEHUs Dmin MEHBbIIIE
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HpeNeNbHO-I0NYCTUMOM  nuctaniuu Dy,
cOMDKeHNe CyI0B ABISETCA OMACHBIM. B cirydae Haxox-

aenus touku (K;, K,) Ha rpanune wiu BHe oOnactu

TTO3TOMY

Qy yrposa CTONKHOBEHHs OTCYTCTByeT. Ecim Touka c
nporpaMmusivMu Kypcamu (K, , K,,) mapsr commkaro-
IIHXCSl CyJOB HaxoAuTcst B obmactu Q) , To HeoOxoaANMO

M3MCHUTh MX Kypchl Ha 3HadeHns K;y, u Ky, coxpansis
HEM3MEHHBIMH CKOPOCTH, NIPH KOTOpbIX Touka (K,

sz) HaXOJUTCs Ha I'paHUIC 06HaCTI/I OINaCHBIX KYpPCOB
Qy -

180
120

1)

360
3on
240
180
120

1]

300

240

180
180 2400 300 0 B0 1200 180 240 300 360 &0 120 180

Puc.1. O6nacts omacHsIx KypcoB Q) cymoB mpu Vi<V,

B cTecHEeHHBIX BOAAX CYIIECTBYIOT CHTYaIllH, B KOTO-
PBIX CyZJa IpHW ONAcHOM COJNMXEHHHM HE MOTYT M3MEHSTh
CBOM KypcC, MO3TOMY MpPEAYNPEIUTh HX CTOJIKHOBCHHE
MOJKHO TOIIBKO M3MEHEHHEeM ckopocTeil. B pabote [12]
JUISL TaKuX CUTyalli IpeayioKeHa OO0JacThi0 OIACHBIX
ckopocteil Q. , kaxnoil Touke (V;,V,) KOTOpoiH coOT-
BETCTBYET AMCTAHIMS KpaT4aHIIEro CONVDKCHHS MEXIY
cynamu D i . B pabore [12] nokasaHo, 4To rpaHuua

OIMacHOM OO0JIaCTH CKOpOCTEH, Kakaas TOYKa KOTOPOH
COOTBETCTBYET MAMCTAHLIWH KpaT4alIIero COMMKEHUS

paBHOM TpenesbHO-AOMYCTUMON  NHUCTAHLIMH, T. €.
D min =Dy, GOPManusyeTcst BHIpaXXEHUSAMHU:
. sin(K , —y" sin(K , —y.
V1:V2.( 2 'Y*), o = 2.( 2 Y),
sin(K, —v") sin(K ; —v.)

TIC +" = o _arcsin

% .y _aarcsn Js.
p " D

O"IGBI/I,Z[HO, Ipru  MNOCTOAHHBIX 3HAUYCHHAX KYpPCOB

*
K;,K, u mapameTpoB Y ,Yy» IpaHHIBI ONACHOH 00a-

CTH CKOPOCTeHl sIBIISIIOTCS IMHEeHHBbIMU. Ha puc. 2 mokasa-
Ha 00acTb HEAOMYCTUMBIX CKOPOCTEH /ISl aphl OIacHO
COMIKAIOMINXCS CYJIOB, KYPChl KOTOPBIX SIBIISIIOTCSl HEU3-
MEHHBIMH. B KkadecTBe mnpumepa BbIOpaHa CHTyalus
OMacHOTO COMIDKeHHMA CyOOB ¢ mapamerpamu: o =90°,
K,=45°, K,=315°, ¢

HavdaJIbHBIMK cKopocTsiMu V; =15 y3noB n V, =15 y3mnoB.

D=3,0 muwm, dy=1,0 mum,
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B arom ciyuae y* =70,5" n v»=109,5°, a BeIpaxeHus 1151

BepXHEH Gr*(\/l,Vz) u HwkHelt G« (Vy,V,) rpanu
V, =2,007V, 1 V,. =0,477V,.

- G
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Puc. 2. O6macts Q,, HENOIYCTHMBIX CKOPOCTEH

Kak cnemyer u3 NpHBEAEHHOTO pHC. 2, TOUYKa C
HayaJbHBIMU CKOpocTsMH M, NOpuHAMNEXUT o0nacTu

HEJIOMYCTUMBIX CKOPOCTEil U COMMKEHHE CY/IOB OMACHOE.
Ecnu cyaHo, mMeroiiee CKOpocTts V, CIeayeT ¢ Hes-

MCHHBIMH NTapaMeTpaMH, a CyIHO CO CKOpPOCTbi0 V; Oy-

JIET MaHEBPHUPOBATh U3MCHEHHUEM CKOPOCTH, TO Oe3ormac-
HOE pacxoxxaeHue Ha auctaHmuu dy=1,0 MuIH BO3MOX-

HO IIPpH YBCJIIMYCHUHN CKOPOCTHU Vl J10 3HAYCHUA

@ sin(K; —y®)

\2

*
31,5 y3na (touka M ) nim ee yMCHBIICHHU 10 3HAYCHUS
7,2 y3na (touka M. ). Yka3zaHHBIE TOYKM HAaXOAATCS Ha

Bepxueit Gr (M, V,) u mmwxueit Gr.(Vy,V,) rpanmmax

00JTaCTH OTTACHBIX CKOPOCTEH.
Ecnu u3Menenue ckopoctd V; [0 yKa3aHHBIX Ipefe-

JIOB BO3MOXKHO TMPAKTUYECKH MIHOBEHHO, TO 3HAYCHHS
muctanimu D u menenra O He W3MEHSIOTCS M CyIa pac-
XOJSATCS Ha 3aJaHHOW MpEeIeNbHO-AONYCTUMOM TUCTaH-
uuu. OJHaKO, U3-3a MHEPIUOHHOCTH CYIHA JUII W3MCHE-
HUSI CKOPOCTH CyAHa V) 10 HEOOXOAMMBIX 3HAUYCHWH

TpeOyeTcss HEKOTOPBIi HHTEPBaJ BPEMEHH.

PesyabTaThl M ux obcyxaenue. OTMETHM, UTO BO3-
MOXKHOCTH O€30I1aCHOI0 PACXOXKAEHMSA ONACHO CcOIMXKa-
IOIIMXCS CYJIOB BO3PACTAIOT IPH UCIIOJIb30BaHMH MaHEBpa
PacXoXKIEHUs, TIPH KOTOPOM OJHO M3 CYJOB HM3MEHSET
Kypc, COXpaHss HEM3MEHHOH CKOpPOCTb, a BTOPOE CYIHO
Ha TOCTOSIHHOM KYpC€ MOXET CHIDKaTh CBOIO CKOPOCTB.
AHAJIOTHYHO NPEbIIyIIIM CITy4dasM LiesiecooOpasHo pac-
CMOTpeTh 001acTb €y, Ha miockoctu Ky x V, , rpanuiy

KoTOpoil coctaBmsioT Touku (Kq,V,), ynoenersopsio-
K¢ yCJIOBUIO min D(Kl,vz) = dd .
13 D,

v&2) = o F arcsin( di), rpanuia obnactu CQy, aHaIHTU-
D

BBIPKEHUS ¢ ydyeroM 0O0OO3HauCHHs

YECKHU OTHCBIBAETCS C IOMOIIBIO (POPMYJIBI:
@2y _ sin(K, =y*2)
Y= A
Vi
; 12
2 sin(K, —y®?)
Vi
V(l,2) _sin( Kl—v(l’z)) . OTKyJa cienyer, 4yTo CyIIECTBYET
z - %)
0

sin( Ky —

Ob6o3Haqas MOTY9UM

IB€ TpaHuIbl,
min D=dg-

Ha KOTOPBIX JOCTHUIACTCd PABCHCTBO

vV mn @)

@ sin(K,-y?)

\Z

. _d,
sin[ K, — (o —arcsin E)] '

sinf K, — (a.+ arcsin Ed)]

V. n @

IIpy W3MeHEHHH CKOPOCTH TOPMOXXKEHHEM 3HAueHUS

1.2

cKopocTei V,

(1.2)
Vzn > V2 >0, rae V2n

OO6pamaemM BHHUMaHHE, YTO I'PaHUYHBIM 3HadeHusM 0 u
12
\2

Jyromue 3HaueHus kypeca Kj:
)

JOJDKHBL  YIOBJIETBOPATH  YCJIOBHIO

- HavYaIbHAs CKOPOCTH CyIHA.

V,, CKOpOCTH COOTBETCTBYIOT, COmIacHo (2) cie-
1.2
K1(V2

1,2)
Ki(Vs

. d
=0) = a Farcsin Ed =y(2,

= V) =72 +arcsin] hsin( K, —y@2)]-
Vi
PacemoTpum ciyuait, koraa V; >V, ¥ Haiizem rpa-

HUYHBIE 3HAYCHHS Kypca MEepBOTO CYAHA

43

sin[ K, — (o + arcsin dEd)] -(2)

sinf K, — (oo —arcsin Ed)]

()

d
Ky (V, d

=0) = a—arcsin —& =y
) o =7

@
K1 (V2

. d .
=0) = +arcsin -3 =y@;
D
() . . .
Ky(Vo =Vo)=v® +arcsin %sm( K, —y®)]
1
e - Vo,
Ko(Vy = Vyn) =7®@ +arcsin[ —\5" sin( K, —y®@)]-
1
Jlns yno6CeTBa anbHEHIIero U3N0KeHHs BBEIEM Clle-
nyrome 0003HAYCHHUS:

@ 5 @
KO =Ky (V, =0), K& =K (V,” =0),
. @ ) @
Kir%ax =Ky (Vy =Vo) s K& =Ky (V) =Vy).

HOBTOMy C YUYCTOM IMPUHATBIX 0003HaYeHUI oJIy4um
CIEOYIOIIUE BBIPAKCHUS .
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K., = a—arcsin dg _ y®,
D
. d

K& =a+arcsin Ed —y®@,

K%T)]ax = y(1) +arcsin[ %sin( K, _y(l))] ,
1

K@, =@ 1 arcsin| %Sin( K, —7@)]-
1

M3meHeHne CKOpOCTH  BTOPOIO

cynHa V, 1pu

V, €(0,V,,) 114 TepBoi TpaHHIEI HPOMCXOIWT Ha
)

1
yuactie kypcos K, e (K&, K ), 1. e. na nnrepare

1 1 1
AK® =Kk® KD

Irin WM C Y4ETOM MOIy4EHHBIX BEI-

. Vo, .

pakeHui AKP = arCSIn[%SIn(KZ —y(l) )] . Takxe mns
1

K

1mex

BTOpOI TPaHULIBL: K, e (Kﬁ%n , u

A VT
AKJ(_Z) — arcsm[%sm(}(z _,Y(Z) )] . OTMCTI/IM, yTO0 00a
1

MHTEpBaa AKil) " AKf) MEHbIIIE 71/2, ClIeA0BaTEIBHO,
Ha TUX WHTEpBajlax 3HAauYeHHe CKOpocTH V, JuId obenmx
rpaHul] MOHOTOHHO Bo3pacraeT. O6nacTs ), OMacHBIX

MapaMeTpoB Kypca OJHOTO Cy[JHAa M CKOPOCTH BTOPOTO
Cy[IHa, 3aKIIOYCHHAs MEXIy IepBOH TpaHHUIAMH IS
cinydas V) >V,, B o0IieM cilyyae UMEET BUJ, IOKa3aH-

Hbl Ha puc. 3. Eciiu Touka ¢ Ha4aabHBIMH TapaMeTpaMu
nemkeHus cynoB M (K,;,V,,) HaxomumTcs Mexmy mep-

Cnhp m Cr,
(Kn1,Von) €Qyy, 1O cripaBemiuso

minD(K, Vo) <dy, n cOmmkenne cynos sBisercs

BOH BTOpPOI rpasyuamu, T. €.

HEPaBEHCTBO

omacHbIM. B aToM ciryuae He06X01UMO BEIOPATh

napamerpbl ykioHeHus cynos Kp, u Vy, Tak, 4106bI
coorercTBytomas um Touka My (Kyy,V,, ) Haxonunack
Ha Ommkaimei k Touke M, (K, 1, V,,) rparune obiactu
Qy, u paccrosHue Mexay Toukamu M, u M, Obuio
MHMHHMMAaNbHBIM, KaK IT0Ka3aHO Ha puc. 3.

A V2 M
V;

1

0 O . : " » K,
1
0 Kige

Puc. 3. O6nacts ()}, OMacHLIX MapaMeTpoB CyLOB

Kﬁ«?m Kgaax Kln K(E)

Tmax

BoeiBoabl. 1. IlpuBeneHbl aHAIUTUYECKUE BBIPAKEHUS
rpaHul 00NacTedl OMacHBIX KYPCOB U OMACHBIX CKOPO-
CTEH, C MOMOIIBI KOTOPBIX OCYIIECTBISETCS (POPMHUPO-
BaHHE YKa3aHHBIX 00IacTel.

2. PaccMoTpeHBI ciocoOBI OIICHKH OTMIACHOCTH CONMXKCHUS
CYJIOB C MOMOIILIO0 00JaCTH OMACHBIX KYpCOB M 00JacTH
HX OTMACHBIX CKOPOCTEH IMPH BHEIIHEM YIIPABICHUU TPO-
LIECCOM pacxOoxaeHus. [IpuBeneHbI MPOIEayphl BHIOOpA
MaHEBpa MX PACXOKICHUS.

3. Tony4ensl GOpMyIBI TPAHUIL OOIACTH HEIOMYCTUMBIX
3HAYEHUH KYpPCOB OJIHOIO CyJHAa M CKOPOCTEH BTOPOTrO
Cy/IHA U MPeJIoKEHa Mpolieaypa ee rpaduueckoro oroo-
paKeHHsI.
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BbIGOp COBMECTHOIi CTPaTErHH PacXosk/1eHHsl Cy10B H3MEeHEeHHEM NapaMeTPOB ABHKEHHUs IPH UX BHEIHEM YIPABJIeHHH
H. A. Bypmaka, C. C. [Iaceuniok
AnHoTauus. IIpuBeaeHbl aHATUTHYECKUE BBIPAKEHHS TPAHUIL 00JaCTeH ONMACHBIX KYPCOB M OIIACHBIX CKOPOCTEil, C MOMOLIBIO KOTO-
PBIX OCyIIecTBIAeTCs HOPMHUPOBAHUE JAHHBIX 00NacTeil MU BHELIHEM YIIPABICHHUH IIPOLIECCOM PACXOXKACHUS CYA0B. PaccMOTpeHsI
HPOLEAYPHI OLIEHKH OIACHOCTH CONMKEHHS CYJOB U MAaHEBPA X PACXOXKICHHS C IOMOIIBIO 00JIACTH OMACHBIX KYPCOB M 00JIACTH HX
omacHbIX ckopocteil. [TomydeHsl GOpMyI bl TpaHUIL 06JIACTH HEAOMYCTUMBIX 3HAYCHUH KYPCOB OJHOTO CyIHA M CKOPOCTEH BTOPOTO
Cy[Ha U MPeJIOKEeHa PoLenypa ee rpaduuecKoro 0TOOpaKeHusI.

Knruesvie cnosa: 6e3onacHocms cy0080XHCOEHUS, PACXOHCOEHUE CYO08, GHellHee YRPAGIeHUe NPOYECCOM PACXOHCOeHUs, 00a-
CMU ONACHBIX NAPAMEMPOB OBUNCEHUS CYOO8.

Choice of joint strategy of divergence of vessels by the change of parameters of motion at their external management
I. A. Burmaka, S. S. Pasechnyuk
Abstract. Analytical expressions of scopes of regions of dangerous courses and dangerous speeds are resulted, which forming of
these regions at the external process control of divergence of vessels is carried out by. Procedures of estimation of danger of rap-
prochement of vessels and maneuver of their divergence by the region of dangerous courses and region of their dangerous speeds are
considered. The formulas of scopes of region of impermissible values of courses of one ship and speeds of the second ship are got
and procedure of its graphic reflection is offered.

Keywords: safety of navigator, divergence of vessels, external process control of divergence, region of dangerous parameters of
motion of vessels.
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Annotation. The sources of forced oscillations of the electromechanical system of the spiral classifier under the action of the disturbing
moment from the portion of sand between the lugs are considered. Spectral analysis of the power signal consumed by the spiral drive is
performed and the estimation of the possibility of using the amplitude-frequency characteristics of the oscillations for the tasks of automatic

monitoring of technical and technological parameters is given.

Keywords: spiral classifier, electromechanical system, spectral decomposition of the signal, automatic control.

Introduction. Spiral classifiers are one of the most common
aggregates in the technology of iron ore enrichment. They
are usually installed in the first stage of ore preparation of the
ore processing line, operate in a cycle with drum mills [1, 3]
and perform a hydraulic classification of the ore crushed in
the mill with separation into “finished” and ‘“unmilled”
grades. The latter is deposited in the classifier bath and is
released in the form of “sands”, which are returned to the
mill's drum by means of a spiral.

The classifier spiral is a complex aggregate and includes a
large number of elements, whose technical characteristics
determine the operability of the entire electromechanical
system [2] of the classifier.

Status of the question. Automation of control and man-
agement processes determines the search and justification of
control methods, based on the technical and technological
characteristics of the units. In the case of the spiral classifier,
in the known automatic control and regulation systems [1, 3],
grinding and classification processes do not include special
sensors for automatic monitoring of the technical condition
of the spiral and automatic control of productivity over the
sands. Evaluation of the latter by indirect parameters, for
example, according to the average value of the active current
or power [3], consumed by the driving motor of the spirals,
leads to a significant error (30...50)% and drift of the charac-
teristics of control in time.

Aim of the reseach. To evaluate the possibility of auto-
matic control of the technical condition of the spiral and the
technological parameter of productivity in the sands by the
amplitude-frequency characteristics of the power signal of
the driving motor of the spiral under the action of a disturb-
ing moment, during the movement and dropping of a portion
of sands.

The methods of experimental studies, spectral decomposi-
tion, amplitude-frequency analysis of power signals of the
driving motor of the classifier spiral, methods of statistical
analysis have been used in the work.

The results of the research are that oscillations of the ac-
tive drive power signal characterize the oscillations of the
mechanical elements of the spiral, which are caused by the
action of the disturbing moment during the movement and
dropping of portions of sands.

Scientific novelty of the research is that for the first time
the possibility of constructing an automatic performance
control over the sands with the use of the technical character-
istics of the spiral and with the signal of the active drive
power of the electromechanical system is justified.

Practical significance is that the amplitude-frequency
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characteristic of the oscillations can be used to evaluate the
technical characteristics of the spiral state and the technolog-
ical estimation of the mass of sand portions for the construc-
tion of automatic control means.

Main part. A simplified electromechanical system of the
double-spiral classifier is shown in Figure 1. Shafts with
spirals 1, gears of open 2 and closed 4 types, rigid 3 and
elastic 5 couplings of connection of intermediate shafts and a
shaft of the driving electric motor 6 are represented here.

Figure 1. Simplified electromechanical system of the double-
spiral classifier with the electric drive

On the assumption of normal process of classification in
the classifier bath, i.e. under a pulp consistency
(1200...1700) grams per liter, building-up process of sands
is even in classification and the sand batches are afforded of
truncated cone form between the spiral blades. The spiral
blades move the sand batches directly and periodically load
spokes those retain them (a single spiral turn retains 6 spokes
on the shaft). This spokes loading leads to the periodical
loading along the spiral shaft. It happens because of the
spokes fixed on the shaft during the running of the rotary
shaft that moves sand batches.

A motional energy transfer from the rotary shaft of the
driving motor runs further along the chain (Figure 1): the
flexible coupling 5, the close reducing gear 4, the ridig cou-
pling 3, the close gear drive 2, the shafts 1 of the spiral clas-
sifier, the spiral blades, the movable sand batches. This ener-
gy transfer scheme let us to make an assumption of possibil-
ity of the movable sand mass estimation and the evaluation
of sand batches dumped into the sand chute through the
active power consumption with the conducted electric motor
6. Also we need to give an estimate of possibility of the
power signal splitting to be disaggregated into the permanent
and the dynamic power, evaluate their contribution to the
general signal.

A constant component defines the typical expenditures for
sand batches movement, friction between sands, between
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sands and blade, bearing and gear face friction, coupling and
electric motor coil energy loss. The consequence of this is
the change in the average values of power in time with a
change in the energy losses due to friction, losses in clutches
and windings, which depend on the size of the sands, techno-
logical regimes, operating conditions of the equipment, etc.

The dynamic components may contain information on
sands batches mass transported and dumped to the sand
coupling. The example for the electromechanical breaker
systems is provided in [5].

All the main sources of excitation of the oscillations of the
spiral classifier as an electromechanical system, leading to
oscillations in the signal of the driving motor power, have
their characteristic frequency of oscillations and correspond-
ing amplitude, which to some extent depends on the total
load of the transported sands, has different energy intensities
and contribution to the total signal of the active power con-
sumed.

It is natural that a source that is less liable to the impact of
both the frequency and amplitude interferences are of the
strongest interest to the sands load control problems.

We consider the main sources of the mentioned ones and
analyze their frequencies and amplitudes based on the tech-
nical parameters of the classifier 2KI1C-2,4.

1. The oscillations evoked by spiral shafts unbalance and
discrete expansion of some elements significantly depend on
the mechanical engineering assemblies and elements condi-
tion. For example, the blade or fettling breakage and the
spoke rupture result in oscillation amplitude growth with the
same values of the sand load. The frequency of these oscilla-
tions equal to the rotation frequency of the spiral shaft:

n
fl = & HZ, (1)

where n is the rotating velocity of the spiral shaft, rpm, at
n=169rpm, f, =0,033 Hz.

2. A periodical load of spokes those hold the spiral blades
at their successive load into the sands results in the applica-
ble change of the driving torque, i.e. also results in oscilla-
tions with the frequency proportional to the spoke number
for one spiral coil. Classifiers under consideration usually
have 6 spokes each of them is 60° out of spiral coil circle.
The oscillation frequency is determined as:

n
fZ =6- fl 26& HZ,(Z)

andatn=1,96rpm f, =6-1,96/60=0,1956 ~0,2 Hz.
3. Gear drives lead to the oscillations with frequencies:
where Z; —a number of a gearwheel teeth.

These are the so-called “tooth frequencies”. Their ampli-
tude is characterized by the transferred torque moment (by
load) by the teeth wear rate and gaps at the gear drive mount-
ing. For example, teeth frequencies during the contact inter-
action of teeth of the exposed drive 2 conical pair (see Figure
1):

f; =76-1,96/60=2,417~24 Hz.

4. The elastic clutch brings to the nonlinear torque mo-
ment conversion. It causes the torsional vibrations at the
system divided by this clutch into the shaft and reducer on
the one part and rotor of the driving motor.

Imagine electromechanical classifier as bimass system

a7

(Figure 1), where J; — a point moment of spiral classifier
and reducer inertia, J, — a point moment of motor spindle
inertia, g,, — a rigidity of the elastic clutch. A differential
motion equation system of this system may be represented as

[8]:

. . (4)
Jy -9, _Cl,z(% _¢’2)
where ¢, , @, — the instantaneous angles of mass rotation
relative to the certain initial position.
In order to find a partial solution of this system we need to
make such evaluations:

@ =A -sin(w, -t+E) ©)

@, =A, -sin(o, -t+E)’
Let’s substitute values (5) at the system (4). When we
solve it relatively to the natural frequency . of the system

we get [8, 9]:
o = C,Jp+J, ©)
‘ i -J,

From the expression (6) appears that frequency o, is
characterized by the common condition of electromechanical
system and is proportional to the coupling rigidity. The sands
load forms a part of J, as the adjoint inertia moment and
more over has a damping effect on the oscillations ampli-
tude. As it is seen from the above the utilization of the sys-
tem natural frequency for sands load evaluation is difficult
enough. According to the available information e, for the
submerged (KCH) and unsubmerged (KCII) types of classi-
fier is varying from 5 to 10 Hz.

The elastic clutch is located directly in front of the driving
motor and functions as low-pass filter [8], i.e. oscillations
with higher frequencies than cutoff frequencies f of the

{‘]1 P +C1,2(€01 _(02)

clutch do not go through and we do not find them reasonable
to analyze. The analysis shows that for clutches used under
the conditions of enterprises namely for 5 petal clutches and

ones made of transport rubber f >5 Hz.

5. The feature of spiral classifier design has two over-
hangs. It dumps the sand batches into the sand chute in a
single revolution. This results in torque moment oscillation
and power consumption of the electric motor accordingly.
The frequency of these oscillations is determined as:

f,=2-f, Hz, (7)

and at n = 1,96 rpm f4 =2-1,96/60 = 0,06536 =~ 0,065
Hz.

The spiral of classifier and its determined elements are di-
rectly influenced by sands load. That is why the dynamics of
spiral has certain advantages for checking the problem. Be-
sides the frequencies f,, f,, f, the spiral also generates

other frequencies of forced oscillations by the action of the
external load with the variable component. Identification of
the spiral dynamic behaviors [2] occurs by the way of the
dynamic equivalent shaft with the torsional rigidity that
changes periodically with the frequency 6@ (since spiral
has 6 spokes at section which successively take the effect of
the moment from the sands load). The solution of the differ-
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ential equation of this shaft motion [9] has shown a wide
frequency range of the forced oscillations presented in Figure
2. Here is represented: a dashed line corresponds to the main
frequency of the classifier spiral (shaft) rotation; the thick
long lines correspond to the frequencies 2w and 6@ under
relevant oscillations of the external moment and rigidity; the

N

thick short lines characterize shaft oscillation with frequen-
cies 4w and 8w ; the thin short lines correspond to the
frequencies emerged in the forced oscillation of the shaft
subject to the nonsymmetric changes of rigidity and external
moment.

% i

1
|
= :
W 2w 4w HLd 8w 10w 1263 14w

166> (8w 202 266> 2802 30w

Figure 2. Frequency spectrum of the spiral shaft forced oscillation

6. Oscillations caused by the nonsymmetric location of
motor spindle at the stator magnetic field characterize chang-
es of the total load on the driving motor that also turns on the
load on sands. The frequency of these oscillations is:

o
fo=—2
60
where @, —the rotor speed of the driving motor, rpm.

fs =485/60 =8,083 = 8,1 Hz.

The other types of the oscillation sources may in a less
degree characterize the sands load. That is the reason why
we do not consider them.

In some enterprises of the manufacturing environments
such as _Mining and Metallurgical Company of Tyrnyauz,
north ore-dressing and processing enterprise and mining and
smelting complex of Navoiy experimental researches of
power signal of spiral driving motor for different kinds of
classifiers — 2KCII-24, 2KCH-246 1KCII-30 were done. The
goal of researches was an experimental test of the control
method and evaluation of the spectral component of the
power signal under the various sands loads for revealing of
the most informational frequencies (or frequency range).

In process of the researches the oscillography of the pow-
er signals for various load duties of spiral classifier were
carried out. The load duties were determined with an impact
on the feed ore and water consumption at the grinding cir-

Hz, (8)

1 sec

o

a)

cuit. The assessment of the sands load were made by the
average value of the active power consumed by the driving
motor in the form of the ensemble average of the signal
realization recording — M(x) on the oscillograms.

In this paper the information capability of the power spec-
tral components made under the Navoiy mining and smelting
complex conditions was analyzed by the 2KCII-2,4 classifi-
er. The analogous results were made at the others enterprises.

To study the level of the dynamic component at each ana-
lyzed frequency, i.e. estimating the contribution of the power
signal dispersion, a well-known spectral analysis method
using Fourier transforms was used [6]. According to the
practical recommendations given in [6], the normalized
estimate of the spectral density is taken as the initial formula
for calculating the estimate of the spectral density of signals.

Stationarity and ergodicity of the analyzable random pro-
cesses must be provided in accordance with the recommen-
dations made in [6].

In order to reduce errors of spectral density of the correla-
tion function figured out according to the finite member
function [6] a complementary function of the correlation
window “Bartlett window” is introduced.

According to the abovementioned expressions (10-13) a
special program for spectral density calculation “SPEKTR”
for study of the power signal of spiral driving motor is writ-
ten.

power signal

signal at the FB output

b)

power signal

signal at the FB output

Figure 3. Capture sample of the power signal on the oscillogram at the 16 mm/s (a) and 60 mm/s (b) speeds

In order to improve the calculation accuracy and spectral
density analysis the signal recording from the power con-
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verters was carried out at two speeds — 16 mm/s and 60
mm/s.
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Thus, at the 1% speed the analysis in the 0...1 Hz range, at
the 0,005 Hz interval was made, at the 2™ speed in the 0...10
Hz range in the 0,1 Hz interval.

At the same time a signal with a filter cutoff frequency

fgs =10Hzand fy, =10 Hz is separated and recorded

S
=

|

a4 r; v
| ‘IL a
|

gos I ] A A

RN 7 e
1

Q15 F‘L

on the oscillograph by the low-pass filter (FB) to study the
action of the very-low-frequency signals.

The capture sample of the power signal on the oscillo-
gram at the 16 mm/s speed is performed in Figure 3(a), the
sample made at the 60 mm/s speed — in Figure 3. A signal

j g0 ;of 30 40 S0 60 %o §o Qo Lgo @, %
from the active power converter is represented at the top of ’ i Is
the oscillogram, the output signal from the FB filter — at the i
bottom part. Figure 5. Graphic of normalized spectral density of power signal at

the 60 mm/s recording speed

}Sx (w) . .
The examples of the normalized spectral density of the

o2 examined power signals are shown in Figure 4 and Figure 5.

The results of the calculation by the “SPEKTR” program
9| and the analysis are presented in the table 1 — for oscillogram
| recorded at the 60 mm/s speed and in the table 2 — for oscil-
s 1 logram recorded at the 16 mm/s speed for 0-10 Hz and 0-1
: Ii Hz ranges in various technological modes of the classifier.
| W Thus, more than 60 oscillograms were processed for both

g ; recording speeds. The analogous results were obtained.

The analysis of the experimental results confirms the cor-
ollaries about amplitude variation at the all studied frequen-
cies with sands load, i.e. they may work as the required data
source. However, their contribution to the common energy
level of the signal is different. Moreover, each of them de-
pends on the technical conditions of the vibration source.
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Figure 4. Graphic of normalized spectral density of power signal at
the 16 mm/s recording speed

Table 1. The processing results of the oscilograms with 60 mm/s speed, arbitrary unit

Assembly Mean square . ) Value degree S(x) on the frequency, Hz
Name average deviation D'SB?S'O” 0,2 2,4 8,1
M(x) o, f, fs fe
Condition 1 66,26 5,718 32,7 0,885 0,349 0471
Condition 2 61,40 5,211 27,155 0,721 0,264 0,311
Condition 3 50,44 4,301 18,489 0,596 0,167 0,196
Condition 4 43,37 3,607 13,01 0,261 0,111 0,135
Table 2. The processing results of the oscilograms with 16 mm/s speed, arbitrary unit
Assembly Mean square Value degree S(x) on the frequency, Hz
Name average deviation Dispersion 0,035 0,065 02
M(x) D(x)
oy f, f, f,
Condition 1 66,26 5,718 32,7 0,911 0,998 0,395
Condition 2 61,40 5211 27,155 0,811 0,865 0,318
Condition 3 50,44 4,301 18,489 0,595 0,625 0,279
Condition 4 43,37 3,607 13,01 0,248 0,391 0,165

The research of signals and driving motor power at idling
speed of spiral (when the spiral is raised) has not revealed the
dominant frequencies. In this case the spiral spectral density
is almost a flat spectrum with a continuous roll-off higher
then ~ 10 Hz frequency. It also affirms an induce character
of frequencies on a specified frequencies under the sands
load (of the external moment).

The results of the theoretical and experimental researches

The rotational frequency of the shaft rotation f; also has

considerable duty. However, it is less noise-resistant because
its amplitude depends on the shaft rigidity and its residual
deformation, on the journal and thrust bearing condition, etc.

The frequencies 1o and 6@ are located on either side of
frequency f, (see Figure 4). They have considerable duty

and may become the biggest part of the error receiving the

have affirmed the possibility of the informative frequency
choice equal to the double reversible shaft of spiral ( f,).
This frequency is characterized by the sampling period of

sands dumping into the sand chute as the most noise-resistant
frequency with considerable duty.

49

information at the frequency f, .

Asynchronous electric motors are used for the drive spiral
classifier. Their soft mechanical feature results in the rotor
speed and shaft mechanical moment [7] characteristics. This,
in its turn, results in a certain change of shaft speed at the
change of the classifier loading by the circulate sands. It is
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established that speed reduction from the idle speed to the
torque rating is 10% for this electric motor. Therefore a shaft

speed of the spiral classifier such as 2KCII-2,4 with n, =

1,96 rpm may change within the range of + 0,1 rpm from the
rated one and change of the informative frequency may be +

0,005 Hz from the center frequency f, =0,065 Hz.

Conclusions. The results of the theoretical and experi-
mental researches have shown the utilization possibilities of
the amplitude frequency response of the spiral shaft and,
respectively, the driving motor power signal for evaluation
the sands mass as batches, which are transportable along the
classifier bath and dumped into the sands clutch, and evalua-
tions of the technical state of the elements of the electrome-
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chanical system.
The double rotational frequency f, is the most informa-

tive and noise-resistant among the considered frequencies. It
characterizes the frequency of the sands batches dumping
into the clutch. For the classifier 2KCI1-2,4 itis f, = 0,065

Hz.

Consequently, the possibility of development of the
checking facilities of the spiral classifier among sands ac-
cording to the usage of the amplitude frequency response of
the dynamic component of the spiral driving motor power
signal has been confirmed, both as a separate automatic
device and as a special software product.
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I/ICCJIQJIOBZIHHG TEXHUYCCKHUX XaPAKTCPUCTUK 3J1eKrp0MexaanecK017l CHCTEMBbI IPUBOAA CIIHPAIN Kﬂaccnq)nKaTopa

B. U. Imutpues

AHHOTAIAS. PaCCMOTpeHLI HUCTOYHUKU BBIHYXXICHHBIX KoJsieOaHuit 3J'I€KT‘pOMeXaHPI'-IeCKOI>i CHUCTEMBI CITMPATIBHOTO KJ'[aCCI/Id)I/IKaTOpa npu
ﬂeﬁCTBHH BO3MYUIAOLIET0O MOMCHTA OT IMOPLUH IMECKOB MEKIY JIONOCTAMU. Brmosaen Cl'[eKTpa.]'II)HHﬁ aHaJIM3 CUrHajla MOLIHOCTH, I10-
Tpe6n9{eM0ﬁ TNPUBOAOM CHHpalik, U JaHa OLCHKAa BO3MOXHOCTU HUCIOJIb30BAHUA aMIUIATYI0-4aCTOTHBIX XapaKTECPHUCTUK KoJiebaHuit JUBL
3a7a4 aBTOMaTUYCCKOro KOHTPOJIA TCXHUYCCKUX U TEXHOJIOTMICCKUX MMapaMETPOB.

Knrouesvie cnosa: cnupailb Kﬂaccud)ukamopa, INEKMPOMeXanu4decKas cucmema, CneKmpalbHoe paslodiceHue cuchHald, asmomamuve-

CKULL KOHMPOIb.
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Abstract. The article discusses the design of a magnetic damper to fix the problem the occurrence of resonance, leading to vibration of the
shaft at high speeds. When creating engines of large bypass ratio and large rotor speeds are crucial questions speakers. The most effective
means of reducing the level of vibrations and dynamic loads at the nodes of the motors is the use of damper supports. For the final determi-
nation of the effectiveness of the type of damper selected and designed for this engine, it is necessary to perform experimental work. \When
fine-tuning the engine D-436T1 (special examination for the fan wheel) at 5900 rpm fan...6100 rpm had increased engine vibration at fre-
quencies of the rotor due to resonance vibrations of the shaft of the fan. These oscillations were caused by the bending of the shaft of the fan
and tapping it into stator and rotor parts of the compressor low pressure. A change in the design of the fan shaft to eliminate resonance was
impossible. Domain service fan wheel and fan design coil spring / oil damper was not provided to prevent resonance. To solve the problem
of design of a magnetic damper that allows you to change the technology of Assembly of the engine and provide its operation on all modes.
The analysis of magnetic materials that can be used in the damper based on the design features and maximize the stiffness of the damper.
Analyzed three systems: Sm-Co, Fe-Nd-B and Fe-Nd-C, from which we can conclude that magnetic characteristics of the most printlevel
may be the system Fe-Nd-B. At the moment developed the design of the fan shaft with magnetic damper is at the stage of experimental work
to determine the effect of magnetic field on the details that surround the damper in the first place, on the parts of the bearing and the efficien-
cy of the damping
Keywords: magnetic damper, axial force, radial force, the stiffness of the damper, the coercive force, residual induction.

Introduction. In the aircraft industry the main goal of the  balance, i.e., forced oscillations.

developers of turbojet engines is the creation of highly eco- 3. Methods of assessment of residual unbalance in the ro-
nomical and reliable, with low specific gravity propulsion.  tor.
The life and reliability of modern machines with elements 4. Investigation of the stability of the system rotor-bearing

rotating in a large extent depends on the level of vibration,  on the basis of the calculation of the critical speed taking into
durability of bearings, the magnitude of the dynamic loads  account damping or the application of sustainability criteria.
caused by rotor imbalance. One of the reasons that causes 5. Analysis of the transient unsteady processes or reac-
more vibrations in an aircraft engine, is the increased imbal-  tions of the rotor to imbalance and impact exciting force and
ance of the rotor (or rotors), which can lead to the excitation  also the study of transients caused by the phenomenon of
of one or more critical speeds, vibration of the rotor, and  self-excitation.
cause the resonance phenomena in the reference design [1]. Abroad these issues were addressed by many authors in a
When you create engines heavily decontrol with large ro-  different setting. In the CIS such researches were considered
tor speeds are crucial questions speakers. The most effective  in the MAI and CIAM. In Ukraine the company "Ivchenko-
means of reducing the level of vibrations and dynamic loads  Progress” developed a methodology and software package
at the nodes of the motors is the use of dampfern supports.  for the determination of natural frequencies and forms of
Supports of rotor are separate modules, which are included in  oscillations of a system of rotors, and also for definition of
the constructive force of an engine system. Design dampfer — amplitude-frequency characteristics, which are caused by the
supports very diverse, but regardless of this they have the  response of the system is established on imbalances, on
following main functions: structural friction and viscous friction. To determine the
— to reduce the support stiffness of the rotor, which leads  natural frequencies used in the method of initial parameters
to a change of dynamic elastic system of the engine (this  for systems which have many relations [2,3].
reduces the natural frequency of the system, eliminates reso- Design features magnetic mounts engine D-436T1. On
nances in the operating modes); GP "lvchenko-Progress™ in fine-tuning the engine D-436T1
— the absorption of the vibration energy of the engine dy-  (special examination for the fan wheel) at 5900 rpm
namic system, turning it into heat, which does not allow to  fan...6100 rpm had increased engine vibration at frequencies
develop large ampltude vibrations, dynamic loads and stress-  of the rotor due to resonance vibrations of the shaft of the

es in engine parts. fan. These oscillations were caused by the bending of the
Nowadays in aviation engines use three basic types shaft of the fan and tapping it into stator and rotor parts of the
dampfern supports: compressor low pressure. A change in the design of the fan
— hydrodynamic (oil) damper; shaft to eliminate resonance was impossible. Domainservice
— hydrodynamic (oil) damper and elastic element type  fan wheel and are available in fan design elastic oil damper
"squirrel wheel" (elastic oil damper); was not provided to prevent resonance. To solve the above
— with elastic ring. mentioned problems together with the SE "lvchenko-

For the final determination of the effectiveness of the type  Progress" according to the agreement on cooperation was
of damper selected and designed for this engine, it is neces-  tasked to design such a damper that would allow the availa-
sary to perform experimental zavodnye work. But since  ble geometrical dimensions do not change the technology of
experimental evidence is of high value, it is advisable to use  Assembly of the engine and provided the performance of the
numerical simulation to evaluate variants of the system rotor-  engine during all modes of operation. A separate task was to

bearing: ensure maximum rigidity of the damper due to the selection
1. Determination of critical speeds redemptive system. of magnetic material with optimal properties [4-7].
2. The calculation of the system response, steady-on im- On the basis of the foregoing, of the design of the fan
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shaft with a magnetic damper [8-10], which would allow to
eliminate the resonance frequency region of the operating
range of the engine and to prevent the increase of vibration
level. The scheme also had the task of testing the possibility
of applying this type of damper as extra support for long
shaft engines. Developed the design of the support does not
require the traditional oil supply for cooling of the bearing
and is devoid of typical defects mevalonic supports (procon-
sulare, the complexity of the supply and discharge of ail, the
complexity of the collection and ensure that special require-
ments for the bearing).

In Fig. 1 shows the fan shaft of aircraft engine D-436 T1
with magnetic support [5,11].

Fig. 1. The fan shaft of aircraft engine D-436 T1 with magnetic
bearing: 1 — bearing of the fan, 2 — fan shaft, 3 —the oil feed pipe, 4
— magnetic damper, 5 — bearing the low-pressure compressor, 6 —
shaft front compressor low pressure.

In Fig. 2 shows the structure of the rings of the rotor and
the stator.

onfer ring _Inr.‘:i“gal 02.00...0.07

magng!?_j T —
=
:J o

Interval 6,00..0.05 l_—l

Fig. 2. the Design of the rings of rotor and stator: a —the inner ring
with magnets, b — outer ring with magnets.

Developed magnetic damper consists of a portion that ro-
tates the rotary and stationary part (stator). Rotary part of the
magnetic damper consists of a set of radially magnetized
sectors gathered in a ring of non-magnetic steel (EP 33-VD)
and installed in the cage with magnetom eco steel (EP 609-
W) of alternating magnetic poles, each pair of segmented
rings. The fixed part of the damper is assembled from seg-
ments radially magnetized permanent magnets assembled in
a ring of non-magnetic steel (EP 33-VD) and installed in the
cage with magnetom eco steel (EP 609 - W) of alternating
magnetic poles, each pair of segmented rings. Thus, the poles
of the magnets of the rotor and stator create a whole range
repulsive force. In Fig. 3 shows a bushing with magnets.

Design must provide:

1. The mutual displacement in axial direction by the
amount L of the sleeve with the magnets 1 and sleeve with
magnets 2 (Fig. 4).

2. Measurement of axial force Grew and the value of L
when mutual displacement of the sleeve with the magnets 1
and sleeve 2 with magnets (see Fig. 4).

3. The mutual displacement in the radial direction by the
amount d of the sleeve with the magnets 1 and sleeve 2 with
magnets.

4. Measuring radial forces of Rad and the value of d when
mutual displacement of the sleeve with the magnets 1 and
sleeve 2 with magnets (see Fig. 4).

5. Rigid fixation of one of the plugs with magnets in the

measurement of axial and radial ROS Red forces.

6. The step width in the measurement of axial and radial
forces— 0.1 mm.

7. Needs to be secured and the installation of the hub axle
with the magnets 1 and sleeve 2 with magnets in adjacent
axes (see Fig. 4).

8. Weight of the subjects and items of equipment should
not affect the accuracy of measurement of forces.

i | i [ | |Interval o,oaT 0.02
| 1 _j_....:_l —

| | [ 1
Interval 6,000...0,1 01| |Inferval 6,000...0,075
Fig. 3. Bushing with magnets: 1 — sleeve, 2 —ring, 3 — sleeve with
magnets, 4 — adjusting ring.
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Fig. 4. — Scheme of tests of the magnetic damper: a — Magnetic
damper: 1 — inner ring, 2 — ring appearance: b Addiction Poc (L); ¢ —
Addiction Ppay (d);.

According to the scheme of the test magnetic damper (see
Fig. 4), the value razanajato (axial) forcesP,. > 1500 N, the
value of radial force Rad > 500 N.

Features choice of permanent magnet material

The requirements that apply to magnetic materials:

— high coercive force;

— low specific weight;

—low cost;

— stable characteristics over a wide temperature range and
time;

—sufficient physical and chemical properties;

—high electrical resistance.

The use of permanent magnets with a high value of coer-
cive force, which characterizes the resistance Romagnan
arising from the characteristics of the suspension: of the
magnet in the field of another magnet. The required values
razanajato forces can be achieved provided that there is no
significant mutual demagnetization of support elements. This
condition is responsible cobalt alloys and composite materi-
als based on alloy Nd-Fe-(b,C). When looking at the second
type alloys are also the third condition is low cost compared
to cobaltocene alloys. The specific weight of the obtained
sintered magnets — 9375 kg/mé.

High resistance of magnetic materials is necessary to min-
imize losses from eddy currents generated by the rotation of
the shaft.

Also, the design of a magnetic damper was used, known
at that time, magnetic material based on the alloy Sm-Co
with known characteristics. However, the high cost of the
Sm, high energy costs for obtaining cobalt and the need to
preserve the basic characteristics of quite a long time does
not give them sufficient widespread use. To reduce the cost
of such magnets you can use magnets based on alloys of the
system Fe-Nd-B and Fe-Nd-C. Table 1 presents comparative
characteristics of the magnets of the systems Sm-Co, Fe-Nd-
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B and Fe-Nd-C (TC — Curie temperature, 1S the spontaneous
on-magnet, HA — anisotropy field, (BH)max — the maximum
magnetic energy). The working temperature of about 470 K.

Table 1. Comparative characteristics of the magnets of the sys-
tems Sm-Co, Fe-Nd-B and Fe-Nd-C.

Technical characteristics of the magnets:

1. Magnetic induction Br> 0.9 T.

2. The coercive force HC > 600 kA/m.

3. Operating temperature T> 493 K.

The calculation of magnetic forces in the magnetic
damper. Informed by the results of the research supports
damper with a permanent magnet the Bekkers were made the
following conclusions: by increasing the radius of the sup-
port its capacity increases linearly, and the weight of the

shaft increases with the square. That is, under certain condi-
tions, the bearing will compensate only the weight of the
shaft. Therefore, the shaft must be run empty and the inner
ring of the bearing — minimal [12-20].

To calculate the discharge power was used the following
formula:

. Ha, BH)max,
Connection | Tk, K | Is,T | B, T MAA/m (kjla;‘;g* - - 321 (r+x/2) ~ef%x~sin¢; (1)
SmCos 1020 | 114 | 077 13 140 ) _ 2
NdzFeC 535 15 0,8 76 450 Magnetic saturation can be defined as:
NdzFewB 585 1,6 1,2 54 512 =B _H )
Ho

In total, this design uses magnets 390. The size of the
magnets that are used in design, 6x12x16 mm, height 6 mm,
the working part of the magnet 12x16 mm, thus this plane
can be divided into 12 elementary magnets of square section.
Thus, for a single magnet, the value of the discharge power
obtained by the formula 1, should be increased in 12 times.

Table 2. Magnetic properties [21-24].
Magnetic system The coercive force, Hc, KA/m Residual _|I[1duct|on, Br,
Magnetoplasma composition Ndas 2Fe74,99Cu1,57Bs5Co51Ti1,38 1320 0,79
Anisotropic magnet composition Ndis2Fezs5Cu1,57B65C0,17Ti1,38
after TH 1260 1,125
Plate magnets KS-37 1300 0,77
Rosenteich force for the minimum values of Hc and Br 600 0,9

Using the data in table 2, determined by the discharge
power according to the formula (1). To compute the depend-
ence of the force from the magnitude of the gap in the mag-
netic damper, it was believed that the sine of the maximum
angle of rotation [25].

It is known that the smaller the gap in the damper, the
greater razanajato power can be achieved [5,26-32]. Howev-
er, the features of production do not allow to reduce the gap
to a minimum. In the proposed design, the clearance is 1
mm. figure 7 shows the dependence razanajato forces from
the gap in the magnetic damper.

In Fig. 5-7 shows the dependence razanajato power from
step razanajato (axial) forces from the gap and radial forces
from clearance for sintered under the initial pressure of 12
MPa and a temperature of 1023 K magnets of the composi-
tion Nd-Fe-B doped with Cu, C, Ti in the magnetic damper.

Radial support stiffness is calculated according to the fol-
lowing formula:

c-F ®)

The specific lift force per unit surface is calculated by the
following formula:
4)

o 5 10 15 0

5
L, i

Fig. 5. Dependence razanajato (axis) from the force of the step
sintered under the initial pressure of 12MPa and a temperature of
1023 K magnets of the composition Ndis2Fe7290Cu1,57Bs5Cos1Tis,38.
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Fig. 6. Dependence razanajato (axial) forces from the gap in the magnetic damper:
1 — Baked under an initial pressure of 12 MPa and a temperature of 1023 K magnets of the composition Nd1s2Fe74,99Cu157B65Co,51Ti1,38i;
2 — Plate magnets KS-37; 3 — Anisotropic magnets of the composition Ndis2Fe7ssCu157Bs5Co,17Tiz s after HT; 4 — Rosenteich power for the
minimum values of HC and Br.
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Fig. 7. the dependence of the radial forces from the gap in the magnetic damper:
1 — Baked under an initial pressure of 12 MPa and a temperature of 1023 K magnets of the composition Nd1s 2Fe74,99Cu1,57B65Co,51Ti1,381;
2 — Plate magnets KS-37; 3 — Anisotropic magnets of the composition Ndis2Fe7ssCu1,57Be5Co,17Tizss after HT; 4 — Rosenteich power for the
minimum values of HC and Br.

Tab. 3 presents the unit values for the lift force, which is calculated by the formula (4) for different types of magnets.
Table 3. values of specific lift force per unit surface of the magnet.

Magnetic system Specific lifting force, f, KN/mm?
Magnetoplasma composition Ndis 2Fe74,99Cu157Be5Co51Ti138 119,377
Anisotropic magnet composition Ndis2Fe7ssCui,57Bs5Co,17Ti1,38
33,178
after TH
Plate magnets KS-37 117,973
Rosenteich force for the minimum values of Hc and Br 3,396

In Fig. 8 shows the dependence of the radial stiffness of
the support from the gap in the magnetic damper.
e -&"Q
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Fig. 8. Dependence of the radial stiffness of the support from the
gap in the magnetic damper:
C1 - Baked under an initial pressure of 12 MPa and a tempera-
ture of 1023 K magnets of the composition
Ndis 2Fe74,99Cu1,57B65Co51Ti1 381; C2 — Anisotropic magnets of the
composition Ndis2Fe7s5Cu1,57Be5Co17Ti1,3s after HT; C3 — Rosen-
teich power for the minimum values of HC and Br; C4 — Plate
magnets KS-37.

Thus, the proposed design fan shaft with magnetic damp-
er and the analysis of magnetic materials that can be used in
the damper based on structural features. It is shown that the

maximum stiffness of the damper and taking into account the
cost of finished products the most successful are the magnets
made from the alloy Ndis2Fe74,90CuU157B65C051Tis 8. It is also
shown that such a design of the support does not require the
traditional oil supply for cooling of the bearing and is devoid
of typical defects between the bulk of the supports.

Conclusions

1. The proposed design fan shaft with magnetic damper
that had the task of testing the possibility of applying this
type of damper extra support for long shaft engines. Such a
design of the support does not require the traditional oil
supply for cooling of the bearing and is devoid of typical
defects mevalonic supports.

2. The scheme tests the magnetic damper, the calculated
discharge power for different types of magnetic systems.

3. The analysis of magnetic materials that can be used in
the damper based on structural features. Analyzed three
systems: Sm-Co, Fe-Nd-B and Fe-Nd-C, from which we can
conclude that magnetic characteristics of the most printlevel
may be the system Fe-Nd-B.

4. Developed the design of the fan shaft with magnetic
damper is at the stage of experimental work to determine the
effect of magnetic field on the details that surround the
damper in the first place, on the parts of the bearing and the
efficiency of damping.
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AnHoTanms1. B crarbe paccMarpuBaeTcst KOHCTPYKIMSI MarHUTHOTO JieMIidepa, KOTOpbIi NMpeAHa3HaueH Ul YCTPAaHEeHNs POOJIeMbl BO3HHK-
HOBEHMsI pe30HAHCa, TPUBOJISIIETO K BUOpalyy Baa Ha Oonbiunx obopotax. [1py co3nannm npurareneii OOJBIION CTENEHH IBYXKOHTYPHOCTH
C BBICOKUMH YacTOTaMH BpAILIEHHs] POTOPOB YPE3BbIYAHO OOJBIIOE 3HAYEHHE MMEIOT BOIIPOCH! AvHaMUKH. Hanbonee s(¢dekTHBHEIM cpen-
CTBOM CHIDKEHMSI YPOBHSI BUOpALMi M IMHAMUYECKHX HArpy30K B y3JIaxX JIBUTaTesIel sIBISIETCs PUMEHeHue JieMidepHbIX orop. [ okoHua-
TEJBHOTO omperieneHnst A3(GGEeKTHBHOCTH THIa JeMIidepa, KOTOPBIB MOXKET ObITh BHIOPAH M PACCUUTAH TSl TAHHOTO JIBUTATells, HEOOXOIMMO
BBINOJIHUTD HKCIIEPUMEHTATLHO-10BoI0uHbIe paboThl. Ilpu noBonke nurarens [I-436T1 (mpoBeneHue crielalbHOW MPOBEPKU 110 KOJIECY
BEHTHIIITOpA) TpH 0bopoTax BeHTwsiTopa 5900 ... 6100 06/MHH BO3HUKAIIM MTOBBIIIEHUH BUOPAIIK JBUTaTelsl Ha YaCTOTaX POTOpa BCIIEACTBUE
PE30HAHCHBIX KoJleOaHWH Baja BEHTWIITOpA. DTH KOJeOaHHs BHI3BAIM M3THO Bajla BEHTWIATOpA M KAacaHUs ero 00 CTaTOpHBIE U POTOPHBIE
JIeTaM KOMIIPECCOpa HU3KOTO JaBNeHHMs. V3MeHeHne KOHCTPYKIMK Bala BEHTIJIITOpA Ul YCTPaHEHHUs pe30HaHca ObUIO HEBO3MOXKHBIM.
JloGanaHcupoBKa KoJieca BEeHTWIITOpa M MMEIOIIHIICS B KOHCTPYKIIMK BEHTHIIATOpA YIPYTO-MaCcisIHBIA JieMIipep He 00eCTieunBaIM yCTpaHe-
HUsI pe3oHaHca. [l pemeHus mpoOieMsl OblTa pa3paboTaHa KOHCTPYKIMST MArHUTHOTO JieMIi(epa, KOTopasi O3BOJISIET HE MEHATh TEXHOJIO-
TUI0 COOpKY JIBHTaTellst 1 00eCIeurBaeT ero paboTOCIIOCOOHOCTh Ha BCeX pexiMax paboTsl. [IpoBe/ieH aHam3 MarHUTHBIX MaTepHasioB, KOTO-
Ppble MOTyT OBITH UCIIONB30BAHBI B IAHHOM JieMIepe, NCXOJIT U3 KOHCTPYKTHBHBIX OCOOCHHOCTEH 1 00eCTIeYeHHsI MaKCHMAJIBHOH JKECTKOCTH
nemrngepa. [poananusuposans! Tpu cucteMbl: Sm-Co, Fe-Nd-B 1 Fe-Nd-C, u3 KOTOpbIX MOKHO CIENaTh BBIBOI, YTO T10 MATHUTHBIM XapaKTe-
pucTHKaM Haubortee moxozsiel Moxer Obith cucrema Fe-Nd-B. Ha naHHbIT MOMeHT paspaboTaHa KOHCTPYKIIMS Bajla BEHTHIIATOpPA C Mar-
HUTHBIM JieMII(epOM HaXOIWUTCS Ha CTAJIMH SKCTIEPHMEHTAIIBHBIX Pa0OT C IIEIBI0 ONPEIeNeHHs] BIMSHI MArHUTHOTO TOJIs Ha JIeTallH, KOTO-
Ppble OKPY)KaIOT JIAHHBIH feMII(ep, B IEPBYIO OUepeib, Ha JICTATN IIAPHKOIOAIIMITHAKA 1 S(Q(EKTHBHOCTB eMII(pUPOBaHHS.

Knrouesvie cnosa: maznummbwiii demngpep, ocesas cuna, paouanbHas CUid, HCeCmKOCHb 0eMn@epa, KOIPYUMuUSHAst Cuid, OCIAMOYHAsL UH-

OYKYUSL.
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Abstract. This article is dedicated to resolves the problem of reducing time overheads of task mapping process on dynamically reconfigura-
ble computing structure in the reconfigurable computer systems based on FPGA. The proposed mathematical models for the basic stages of
the data processing take into account the influence of the configuration data loading delay on the efficient of the reconfigurable computation.
Based on these models we propose the method of transforming algorithms’ graphs for tasks adaptive mapping in the dynamic reconfigurable
computer systems. Simulation of the proposed means showed that the proposed approach allows reducing time overheads and improving the
efficiency of reconfigurable computing for resolving tasks with frequent repetitions of the same type of functions.

Keywords: Reconfigurable Computer Systems, Reconfiguration overhead, Partial dynamic reconfiguration, FPGA, Field Programmable

Gate Array.

Introduction. The high level of modern progress has led to
the fact that extensive technologies for increasing the
productivity of high-performance computing reach limita-
tions, which is confirmed by violations of Moore's law in
recent years [1]. The desire to further increase performance
to the level of exaflops makes the challenge to find new
intensive solutions. The technology of FPGA dynamic re-
programming is one of the perspective directions in this area.
So the technology is rapidly developing today in the direc-
tion of creating reconfigurable high-performance computer
systems or Reconfigurable Computers (RCs) [2 — 4]. The
most perspective classes of tasks for solved by means of the
dynamically RC are real-time control tasks, in particular
computing in an indefinable basis or fuzzy computing, that
having informational, multidimensional and dynamic nature
[3, 4].

In contrast to the static reconfiguration that is limited to
the implementation of the traditional principle of functional
cores hardware acceleration [5, 6], Partial Dynamic Recon-
figuration (PDR) creates preconditions for creating compu-
ting structures adapted to the requirements of Run Time
mode tasks solving [2, 4]. Firstly, this allows to overcome
the hard architecture limits of traditional high-performance
computing systems of wide use and to bring their actual
productivity to the declared peak in critical classes of tasks.
Secondly, to significantly expand the functional capabilities
of RCs based on FPGA and to implement computing struc-
tures high complexity on a limited space of the chips without
a significant increase in prices. There is also an opportunity
to increase energy saving efficiency based on e use of PDR
technology [4].

Brief overview of related publications. The efficiency
of data processing in RCs is most influenced by the time
overhead in the reconfiguration process of the computing
environment. There are many ways to reduce overhead, such
as reusing reconfigurable computing resources [7], cached of
configuration data [8], preemptive reconfiguration [9, 10].
Most known display mechanisms are realized at software
level of the operating system superstructure, the overcoming
of space restrictions of the FPGA is carried out by standard
means, for example by defragmentation of the computing
space of the FPGA [7, 8], by unloading of non-critical con-
figurations [7, 10], by failure to perform tasks [7, 8, 10].
These methods are mainly aimed at reducing the overhead
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on the physical level of the static RCs functioning and their
use in a dynamically RCs is ineffective.

The purpose of this article is solving the important prob-
lem of the present which impedes the intensive progress of
reconfigurable computing that consists in the development of
new method for adaptive mapping tasks in to change the
computing structure of reconfigurable computing systems,
taking into account their functional and hardware constraints.

Materials and methods. Problems with mixed type of
parallelism are considered as initial problems. This allows
them to transform their graphs of algorithms to configure the
most efficient task-oriented computing structures with a high
processing speed in the reconfigurable environment. Macro
Dataflow Graphs (MDGs) present computational tasks with
a mixed type of parallelism, in the nodes of which macro
tasks (M-tasks) are placed [11].

The computational task is presented by a MDG
Gm ={Ng,Dg}, where Ng - the set of nodes corre-
sponding to the M-tasks; Dg — the set of edges that deter-

mine the relationship between M-tasks,
Nm ={N1,Nz,...,Ni,...,Ng}i=1,g — the set of M-
tasks in the graph nodes; g - the number of graph nodes,
Wi |k =1,w — the identifier of the MDG tier; w — number of
MDG tier. Each M-task is put into hardware task compliance
(HW-task), which is determined by vector [10]
Taskj ={S;,Tsum j|(Tj + Rj),Zj, Ni}, where S; — the
area of rectangle that containing the task Task jon the FPGA
reconfigurable computing space; R; — the time sending the
configuration data and reconfiguration of the computing
structure on the FPGA to perform the HW-task; Tj = Taw
— the HW-task implementation time on the FPGA equip-
ment, taking into account of time for input-output data to
computation; Tsum; — total task Nj execution time,
Ij| j=1,m — the computation function implemented by
HW-task; m — the number of HW-tasks synthesized and
stored in the of Configuration Data Library (CDL).

In order to determine the dynamically RCs performance
criteria, improved acceleration indicator has been proposed,
which, in contrast to the well-known [12], takes into account

the time complexity of parallel control scheduling processes
and allocation of reconfigurable computational resources:
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o= Tsw (D)
[TeontroL + R]+ Thw
where Tsw — is time of M-task computation on the pro-

cessor core; THw — time of HW-task computation on FPGA

equipment; R — computing environment reconfiguration
time for the M-task, TconTroL — process complexity time of
mapping M-task on to reconfigurable computing environ-

ment. The amount of (TcontroL + R) determines the over-

head of mapping process computing M-tasks to reconfigured
computing environment.

Based on modified efficiency criterion (1), the target
function of reducing the overhead of mapping tasks process
to reconfigurable computing environment is obtained, which
depends entirely on the delays that accompany this process:

min( TcontroL + Zj R;j) = min(TcontroL) + Zj min(ZTcomm j) + Zj Tconric j » (2)

where Tcomm — transmission time of configuration data
from external storage in FPGA interfaces; Tconric — the
configuring time of computing environment, while doing so

R =Tcomm + TconFic -

The basic efficiency criteria of realization computing
tasks algorithms in dynamically RC are determined, accord-
ing to which the length of the critical path and width of the
MDG presented tier-parallel algorithm form are estimated by
the following relations:

(R+Thw) <Tsw; max[Hk]|k=Lw<n,(3)
where Hy — the number of nodes in the tier of MDG,;
Wk ; k=1w — tier index; w — number of tier, h=1, H, —
number of node on the tier k; n — the number of HW-tasks
on the FPGA.

The functional features of RCs implementation provide
extensive opportunities for reducing communication delays
during the reconfiguration. The nature of the emergence of
communication delays is influenced by the following factors:
the structure of the computer system; address space organiza-
tion; communication environment structure; configuration
data location; configuration data amount. Communication
delays determine the time that spent on to the process of
transferring configuration data from remote libraries to the
FPGA chip interfaces, which preceding the programming
process of the computing area on the FPGA chip surface.
This time defines an unproductive part of the reconfiguration
time and it is a critical criterion for the effectiveness of dy-
namically reconfigurable computations.

Central Processor

Local Control
Processor
Controller

Reconfiguration

A new approach of transforming the MDG into a dy-
namic RC. For RCs in the article a new approach for modi-
fication of the MDG presented tier-parallel algorithm is
proposed, which is based on criteria (2) and (3). The pro-
posed approach is to transfer the time component of the M-
tasks mapping from the graph critical path to other tiers. To
reduce the critical time, proposed complex integration of
technologies of preemptive computation structure reconfigu-
ration and the reusing of HW-tasks resources, which pre-
vents the reload of the configuration data. This part of the
reconfiguration time component will be removed from the
critical path, and the part is moved to the previous tier of the
MDG graph. As result of such graph modification, the criti-
cal path will only be determined by the sequence M-tasks
computation time.

In order to estimate reconfiguration time, the main map-
ping tasks stages were determined and studied, on which
basis it was determined that, according to the location of
configuration data, there are possible three reconfiguration
sequences. To implement the proposed method, it is suggest-
ed to use multilevel caching of configuration data at different
levels of RC (Fig. 1), that allows realizing three basic loading
sequences of configuration data:

Sequence |. Standard reconfiguration process of the
FPGA computation space. Download hardware data for

configuration task Task j from global CDL.

I I
Tsumj =Rj +Tj = (Tcomm neTj) +Tj, where
Tcomm NeTj — it’s the search time and configuration data

transfer from the global CDL to the level of RCU by net-
work communications and the programming time of FPGA.

Reconfigurable Computer Unit

Reconfigurable
Space

Global
Configuration Data Local Memory of
i configuration date

Library

Communication
Network

Local
Communication

Fig. 2. The basic loading sequence of configuration data

Sequence Il. Caching configuration data in the Local
Memory (LM) of the Reconfigurable Computer Unit (RCU).
Loading hardware configuration data task from LM of the
RCU: Tdbm j = R}' +Tj = Tcomm_reus j + T; Where

Tcomm _LBus j — the search and transfer time of configura-

tion data from the LM and the time programming of FPGA.
Sequence I11. Caching SW-tasks in to the FPGA recon-
figurable computation space. The HW-task in reconfigurable
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area of the FPGA surface
Tsim j =T;,Rj =0,
Mathematical models of data processing, which allow to
estimate reduction of the critical time execution of MDG,
and overhead time amount, are summarized in Table. 1,

where TB is the execution time of sequence of interconnect-
ed tasks 7;| j =1, K from which the critical path of the

MDG is formed.

is already configured:



Science and Education a New Dimension. Natural and Technical Sciences, VI(18), Issue: 158, 2018 www.seanewdim.com

Table 1. Basic stages mathematical models organization of reconfigurable computation

Time to complete tasks on a
critical path, (T °)

Overhead time, ( ARremove )

Standard reconfiguration process (Se-
quence I)

K K
B:ZPjRj+ZPjTj _

Loading from the central library of caching |+
configurations on the FPGA

rapld 1~ Z Ri +Z PiT;

K
ARremove_l = lej(Pj —1)
j=L

Load from the local memory of the cache
module on the FPGA (Sequence I1)

rapld n = ZRJ +Z F)JTJ

K K
ARremove_1i :ZPjRj[ +ZR“J'(PJ -1

j=L j=L

Storage in a cache memory on a FPGA
(Sequence 111)

rapld " - Z F)JTJ

K K
ARremove_ni = Z Pj RjI ""z Pj Rjn
=1

j=1

The following notation is used for the formal time estima-
tion: the execution time of sequence of M-tasks
(Zj | j =1, K) on the critical path B, K — the number of task

types, P; — the number of tasks instances, R;j — the loading

and programming time of each j-th HW-task on the FPGA
space, T; — calculation time for each HW-task. The compo-
nent P;T; corresponds to the total productive execution time
of all instances of the HW-task I; on the reconfigurable area
of the FPGA surface. Based on developed basic stage for-
malization of reconfigurable computing organization, a
mathematical model of process of adaptive tasks mapping,
presented by MDG graphs in to reconfigurable computation

structure is proposed'
Hk+1)

Te DAG—ZTIO J+ZRh+ZmaX(ZRh {Th‘h 1,Hi})

,Rj=0,(4)

Expression components (4) include the reconfiguration
time of the first tier nodes, configuring time of reconfigura-
ble computation structure for each task; critical time of com-
putational algorithm performing, execution time of sequen-
tial processes that can’t be separated in time, for example,

processes synchronization and data exchange through the
common communication environment.

Results and discussion. Based on the formal estimation
of the time presented above, we offer a simulation RC model
that allows allocating reconfigurable resources in a time
approximating to real, which is a convenient tool for model-
ing and studying the time characteristics of functional data
processing process in a dynamic RC.

The research was conducted for a series of algorithms
presented by the MDG graphs. Graphs of algorithms with
different numbers of similar tasks and different power of
connectivity were investigated. The investigated algorithms
are randomly synthesized on the basis of the developed li-
brary of hardware implementations of functional cores that
correspond to certain macro problems. Functional blocks of
hardware tasks are synthesized in Verilog hardware language
and implemented on the Altera Cyclone 1l EP2C35F672C6
FPGA. Altera Development Kit DE2 board is used for veri-
fication and research of functional blocks time characteris-
tics. On the experiments basis, the reconfiguration time
which is depends on the number of performed tasks types
(Fig. 2) were obtained.

Lo Ll

100 50 30 25 20 16 14 12 11 10

The number of similar tasks, %

Fig. 2. The dependence of the critical processing time on
the number of similar tasks: B — reused on the FPGA recon-
figurable space (Sequence I11); CJ — loading from the global

library without reuse (Standard); = — loading from the
global library with reuse (Sequence I); O — loading from
local memory with reuse ( Sequence II).

The efficiency of the reusing resources algorithms de-
pends on the number of similar tasks in the computational
algorithm (Fig. 2). According to the results of experiments, it
can be seen that complex integration of reusing reconfigura-
ble computing resources and preemptive reconfiguration (4)
allows to eliminate practically all unproductive reconfigura-
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Fig. 3. Optimization of data processing: — — adaptive HW
Tasks mapping; -- — adaptive HW Task mapping with
optimization overhead time reconfiguration; — — adaptive
HW Task mapping with optimization ratio of MDG width
to FPGA reconfigurable space.

tion time for any computational algorithms, regardless of
similar tasks amount. During the investigation of accelera-
tion values for reconfigurable computations, it was found
that complex approach reduces the reconfiguration time by a
factor of 2.5 compared to the standard approach. Curves
character in Fig. 3 are determines the dependence tendency
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of the computation time on the ratio of the solvable tasks
parameters and the reconfigurable environment. For the
number of tasks of the same type, more than 50% of increase
in overhead time is due to the introduction of additional
means for active tasks copying. Optimization is done by
using a copy of the configurations of all tasks in the compu-
ting module local memory. However, by the proportional
relationship between the parameters of solvable problems
and the structure of the reconfigurable computing environ-
ment, there is no point in copying HW tasks through the
internal memory of the FPGA chip. It helps to preserve the
internal memory of the FPGA and allows an average of 1.16
times to accelerate the computational process.

Conclusions. Considering the investigation results of the
proposed method of HW-tasks adaptive mapping in to com-
putation structure of RCs, it was found that provides an
intensive acceleration to an average of 63%, provided that
the MDG graph width and the large number of similar tasks
are commensurate with the size of the reconfigurable section
FPGA. In this case, in the process of overcoming the FPGA
space constraints, which corresponds to the critical sections
on the charts dependency, there is a sharp decrease in the
acceleration intensity of reconfiguration by an average of
85%.

It is determined that the ratio of the dimension of the re-
configurable computing environment and the degree of par-
allelization algorithm of the solvable problem, as well as the
frequency of execution of similar functions, is significantly
influenced by the reconfiguration speed. Violation of these
ratios is accompanied by additional unproductive costs in the
process of tasks adaptive mapping in to the reconfigured
computation structure (4), that found the necessity to opti-
mize the data processing in the RCs. Such optimization by
the integral optimization criterion is described in detail in the
previous papers by the authors [10, 13]. According the re-
sults of experiments is determined that the efficiency of the
proposed method of tasks adaptive mapping increases due to
optimization of overhead time considering the restrictions of
the FPGA reconfigurable space. Such an optimization reduc-
es the intensity of the influence the limitations of the FPGA
reconfigurable space on the total computation speed by about
10%. However, this quantity may fluctuate within the region
of optimal reconfiguration parameters [13]. Optimization of
the computation granularity [13] provides computing accel-
eration at the critical parts of the data processing process, on
average up to 12%, depending on the technical parameters of
the FPGA chip, compared with the implementation of large-
grained computation.
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Meton Tpancopmauuu rpagoB aJropuTMoB ISl 0TOOPaKeHHs 33/1a4 B AHHAMHYECKH PeKOH(GUIypUPYeMBIX KOMIbIOTEPHBIX

cHcTeMax
H. A. Knumenko, A. H. Ctopoixkyk, 1O. A. Kyiakos

AnnoTtanusi. CTaTbs HOCBSIICHA PELICHHUIO MPOOJIEMbI COKPAIICHHSI HAKIaHBIX PAacX0J0B BPEMEHH MpOLecca OTOOPaKEHUS 3a1ad Ha
JIMHAMIYECKH PEKOH(QHUTYPHPYEMYIO BBIUMUCIHTENBHYIO CTPYKTYPY B PEKOH(QHIYPHPYEMBIX KOMIIBIOTEPHBIX cucreMax Ha Oase ILJIIC.
IpennaraeMpie MaTEMaTHYECKIE MOJIETH OCHOBHBIX 3TAlloB 0OPaOOTKH JAHHBIX YYUTBHIBAIOT BIMSHHE 33ICpIKEK Mepeadn KOHpUryparm-
OHHBIX JIaHHBIX Ha 3Q()EKTHBHOCTb PEKOH(HUTypHpyeMbIX BEIYHCIeHH. Ha 0CHOBe 3THX Mojeneil Mbl peuiaraeM MeToj TpaHcdopmarmu
rpa)oB aJrOPUTMOB JUIS aANTHBHOTO OTOOPaKEHHS 3a/1ad B TMHAMHYECKUX PEKOH(GHUTYPUPYEMBIX KOMITBIOTEPHBIX cHcTeMax. Mogeipo-
BaHHE pa3pabOTaHHBIX CPEICTB IOKA3aJlo0, YTO MCIOJIB30BAHUE MPEIaraeMoro MoJxXo/a MO3BOJAET COKPATUTh HAKIaIHbIC PacXO/bl Bpe-
MEHH U TOBBICUTH 3()(PEKTUBHOCTh PEKOH(HUTYPUPYEMBIX BBIMUCIICHNH JUIs PELICHHS 33/1a4 C YaCThIMH HOBTOPEHUSIMU OJJHOTO M TOTO JKe
THUMA QYHKIHIA.

Kniouegwie cnosa: Pexonghuzypupyembvie KomnviomepHbvle CUCIEMb, HAKIAOHbIE PACXOObL PEKOHPUYPAYUY, YACTUYHAS OUHAMUYECKAS.
pexonueypayus, IIVIHC, npoepammupyemvie n02uiecKue uHmezpaibHble CXembi.
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AnHoranus. MccnenoBan TeIUIOBOM NEpexoHBII MpoLecc MpH MyCKe aCHHXPOHHBIX JIEKTPOJABUIATENeH, a Takke MPOLECC TEILIOBOIO
M3HOCA M30JBILUHM B TOCIEMyCKOBOH nepuod. Ha ocHOBaHMHM MPOBENEHHBIX UCCIEAOBAHMII MOMydYeHbI BHIPAKEHUS I ONPEAeTIeHuUs J0-
TIOJTHUTENBHOTO TEIJIOBOTO M3HOCA M3OJIIIUN aCHHXPOHHOT'O SJIEKTPOBUTaTeNs B IOC/IEITYCKOBOH IIEPHOJ] 1 0OOCHOBAHA BEJMYMHA JIOITY-
CTHMOTO JIOTMIOHUTENIBHOTO TETIOBOIO W3HOCA HAa OJIUH aBapUitHbIH ITyckoBoil peskuM. [lomydeHHbIe pe3yabTaThl MOTYT OBITH HCHOIb30Ba-
HBI JUISI pa3pabOTKH YCTPOMCTB (yHKIHOHATBHOTO IUAarHOCTUPOBAHUS HJIEKTPOABHUIaTeNeil M 3alIUTHI UX OT aBapHIHBIX ITyCKOBBIX PEXKH-

MOB.

Knrouegwie cnosa: acunxporHbuiil 21eKmpoosueamens, meniosou UsHOC, U30MAYUS, OUASHOCIUPOBAHUE, NOCIENYCKOBOU NepUoo.

Beenenue. IlyckoBble pexMMbl aCHHXPOHHBIX 3JIEKTPOJIBU-
ratejeil ¢ KOPOTKO3aMKHYTBIM POTOPOM COIIPOBOXKAAIOTCS
BBICOKUMH ITyCKOBBIMU TOKAaMH, YTO INPUBOAWT K 3HAYH-
TEIBHOMY HarpeBy OOMOTOK CTaTopa M YCKOPEHHIO TeIlIo-
BOTO W3HOCA WX M30IMH. Ecim Ke 3IIeKTpoJBHraTellb
3aIyCKaeTCsl B yCIIOBUSAX MOHIKEHHOTO HAIPSDKEHHS, TO B
9TOM CIy4ae BpeMs ITyCKa CyIIECTBEHHO YBEIIMYMBACTC, a B
HEKOTOPBIX CITy4asix ABUTATENb MOXKET BOOOIIE HE 3alry-
CTHTBCS, 9TO MPUBEIET K 3HAYUTENBHOMY PAacXomy €ro pe-
Cypca WM BBIXOJY JBHTaTeNs U3 CTPOS.

Hepenku v mycku snekTpoaBurateneil moj Harpy3Koi,
YTO TOXKE HETaTUBHO CKa3bIBACTCS HA COCTOSHUH UX H30JIS-
ud. PacdeT NOMONHUTENIHHOTO TEIUIOBOTO M3HOCA H30JI-
LM B IIOCJIETTyCKOBOW TEPHOA B 3aBUCHMOCTH OT YPOBHS
MUTAIOIIETO HAaNpsDKEHHUS] W 3arpy3Kd pabouell MallvHbI
TI03BOJIIET OIPENICNIUTh JIMIIb €r0 KOJIMYECTBEHHBIN MMOKa3a-
Telb, MO3TOMY aKTyaJlbHOM 3amaueil /i oOecrieueHus pe-
cypcocOepexeHHs TIpH IycKax dJIeKTPOJBHUIaTeNiel sBIIeT-
cs1 000CHOBAaHME BEIUYUHBI JOMYCTUMOIO JOMOJIHUTENHHO-
IO TEIIOBOTO M3HOCA M30JIMU aCUHXPOHHBIX 3JEKTPOBH-
ratesiei B OCJIEyCKOBOM NIEPUO/I.

KpaTtkuii 0630p nyosmmkanmii no Teme. AHanu3 paboT B
9TOM HampaBJIE€HHM IOKa3aJl, YTO BOMPOCY HCCIICIOBaHUS
M3HOCA M30JIAIMU TIOCBAIIEHO HEMAJIO ITyOJIHKAIINH, OTHAKO
IIPY 3TOM COBMECTHO HE YUUTHIBAECTCS YPOBEHb MHUTAOIIETO
HATPSDKEHIS 1 Koo DHIMEHT 3arpy3Ku ek TpoBrraressi[1].

Jlns yMeHbIIeHHsT TEMI0BOrO0 U3HOCA M30JSLUM TpeJIo-
JKEHBl BapHaHThl CHIDKEHHS IOTEPh B JJIEKTPOABUrATENe
IIyTEM MOJIEPHHU3ALIMHU €0 KOHCTPYKLUH [2], a Takke MeToJ
MUHMMU3alMK pacxoaa ero pecypca [3]. Ho mpu stom
OCTAOTCA HE 10 KOHLIA MCCIEIO0BAHHBIMU 3aKOHOMEPHOCTU
TEMI0BOIO U3HOCA W3OJIALMH NP ITyCKE AIEKTPOIBUraTeNeH
C OTKJIOHEHHEM OT HOMHHAJIBHOI'O PEXMMa, B YaCTHOCTH —
IIPH pa3sHOM YpOBHE MHTAIOIIEro HampskeHus. B [4, 5]
MPOBE/ICHBI MCCIIEZOBAHUA PACXOAa pecypca H3OJIALHY,
YUYUTBIBasi KaK yPOBEHb HAIPSDKEHHs, TaK M KOAIQ UIMEHT
3arpy3KH JBUTATels, OJHAKO OTCYTCTBYEeT OOOCHOBaHHE
JIOIYCTUMOW BEJIWYMHBI JIOTIOJHUTEIBFHOTO TEIIOBOTO H3-
HOCa U30JISLIUHI Ha OIUH ITCKOBOH PEXUM.

Hens. ITosToMy 1enblo cTaTbu sBIISIETCSs 0OOCHOBaHHUE
JIOMYCTUMOTO 3HAUECHUs! JONOJHUTENBHOTO TEMJIOBOIO M3-
HOCa U30JIMU aCHHXPOHHOI'O JJIEKTPOJBHUIraTeNsl B MOCIe-
ITyCKOBOM MEPHOL.

Marepuasabl 4 MeToAbI HecaenoBanus. OOBEKTOM HC-
CIIEZIOBAHUS SIBJIIETCS TEIUIOBOM NEPEXOJHBII MPOLECC MPU
IIyCKE ACHHXPOHHOTO 3JICKTPOJBHUTraTelsl, pabOoTaIoImero B
mape ¢ pabodeil MamuHON. Pe3ynbpTaTel, pecTaBIeHHBIE B
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CTaTbe, TOJIy4eHbl Ha OCHOBAHUM aHAIUTUUECKUX HCCIIE0-
BaHUM.

Pe3ysibTaTsl 1 X 00cysKneHne. TeroBoi nepexo Hbli
IpoLEecC MNpPH IMyCKe ACHHXPOHHOTO 3JIEKTPOJIBUTATENS
BECbMa CKOPOTEYEH, MOJTOMY C JOCTATOYHOW CTEHNEHBIO
TOYHOCTH MOXXHO NPHUHSTH, YTO OH IPOTEKACT afnadaTuye-
cku [5].

CocTaBUM ypaBHEHHE TEIUIOBOTO OajlaHca CTaTOPHON
OOMOTKH 3JIEKTPOIBUT ATEIIS:

Cdt = Py(1 + at)dt, (1)

rae C — terutoemMkocts 0oMoTkH Jx/°C; Py — moTepu ak-
THBHOM MOIIHOCTH IPH TeMIIepaType OKpy>Karoliel Cpessl,
Bt; o — TemneparypHblii KO3(QUIMEHT COMPOTHBIICHUS
Marepuaia ooMoTky, 1/°C; T — mpeBbILICHUE TEMIIEPaTyphl
OOMOTKHM HaJ TeMIIepaTypoii okpyxkaromieit cpemsl, °C; t —
TEKyILEe BpeMs, C.

ITpusenem ypasrerue (1) k crenyromeMy BUIY:
1

d
Ty —7--=10,Q)
roe T, =L,(3)

aPy

Pemenne ypaBHeHHs (2) AacT BBIp@XEHHE TEKYILETO
TPEBBIIICHUS] TEMIIEpaTypbl OOMOTKH Haj TeMIlepaTypoin
OKPYXKAIOLLEH CPeNIbL:

t
T= (i + THa,{) eln — i, 4

TJIE Tuay — HAYAIHLHOE TPEBBIIICHNE TEMIIEpaTypbl 0OMOT-
ku, °C.

[NoTepu akTHBHOM MOUIHOCTH B OOMOTKE IPH TEMIIepa-
Type OKpY>KaloIIei cpepl:

Py = 3117, (5)

rIie o — aKTUBHOE COMPOTHBJICHHE OHOU (ha3bl OOMOTKH
TIpU TeMIlepaType oKpyxkaromied cpeabl, OM; |, — nercTBy-
FolIIee 3HAYEHHE IyCKOBOTO AJIEKTPUIECKOTO TOKA, A.

[Moncrasus (5) B (3), MOMYYHUM BBIpAKEHUE TTOCTOSTHHOM
BpPEMEHU HarpeBa 0OMOTKHU CTATOpa MPH ITyCKe AIIEKTPOIBH-
raTess:

c
Ty = 3argl?’ ©)

B [6] ObL1 HCCTEnOBaH AIEKTPOMEXaHUYCCKUH TTEPeXO-
HBIA TPOLIECC NPU IMYCKE ACHHXPOHHOT'O 3JIEKTPOJIBUTATENs
1 TIOJTYYCHBI 3aBUCHMOCTH BPEMEHH €r0 Pa3roHa B (DYHKIIUK
3arpy3KH M YPOBHS IHTAIOIIEr0 HANpsDKEHUs] HA TpeX Oc-
HOBHBIX Y4acTKax: OT HYJISl IO MUHMMAJILHOM YIJIOBOM CKO-
pOCTH, OT MHHHMMAJILHOM YIJIOBOM CKOPOCTH /10 KpUTHYe-
CKOM M OT KPUTUYECKON YTIIOBOM CKOPOCTH IO HOMUHATIBHOM.

TakuM 00pa3oM, 3Hast BpeMsi pa3roHa JJIEKTPOIBUTATEIS
Ha KaXJIOM Yy4acTKe, MOYKHO HAaWTH MaKCHMAaJILHOE TPEBBI-
[IIeHNE TEMITEPATyPhI B KOHIIE KOKIOTO y4acTKa:
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1 3ar01§iti 1
Tmi = (; + THa!{.i) e ¢ 2 (7)

IJIE Tmi — MAKCUMAJILHOE MPEBBIIICHUE TEMIIEpaTyphl 00-
MOTKHM CTaTopa B KOHIIE JIFo0OTo ydacTka pasrosa, °C; t; —
BpeMsI pa3roHa, ¢; i — HoMep y4JacTKa.

B cootsetcTuH ¢ [6] Benmuuuny |2t 0603HAYMM OyKBOI
I1; m 6ymeM cuMTaTh UMITYIIECOM KBaJIpaTa ITyCKOBOTO TOKa
Ha KKIOM YJacTKe pa3roHa:

I = IZt;, (8)

Torna (7) MOXHO Tiepenucarh Tak:

(1 + ) 3arpllj 1 9
Tni = \-TT ije ¢ —-—
mi a Hay.i a' ( )

IIpencTaBuM rpadrdecKi UMITYJIEC KBagpaTa IyCKOBOTO
TOKa Ha TIepBOM y4acTke pasrosa (puc. 1). Beemem 0003Ha-
geHwst: Lo 1 L — geficTByromue 3HaUueHNS ITyCKOBOTO TOKa B
Hayaje ¥ KOHIIE NIEPBOTO yJ4acTKa pasroHa, t; — BpeMs pas-
TOHA JJICKTPOIBUTATEIIsl Ha IIEPBOM YUYACTKE.

Puc. 1. I'paduueckoe n3o0pakeHre UMITYIIbCA KBapaTa IyCKOBO-
'O TOKa Ha IIEPBOM Y4acTKe pa3roHa

Kax BuzHO U3 puc. 1, 3amTprxoBaHHast 001acTh COOTBET-
CTBYeT HMIIyJbCY KBajJpaTa IyCKOBOI'O TOKa Ha IIEPBOM
yuactke. C omnpenereHHOW CTENEeHbIO TOYHOCTH MOXKEM
NPHUHSITB, YTO OHA UMeeT (opMy Tpareuuu. B stom ciyuae
HUMITyJIbC KBajpaTa JCHCTBYIOIIErO 3HAUCHHUs ITyCKOBOTO
3NIEKTPUYECKOro TOKA Ha MIEPBOM yJaCTKe 3aIlHIIeTCs TaK:

M, = [P 12,dt ~ g (10)
1= Jp 'm ~ 2 19
a MaKCHMaJbHOE MPEBBIIICHUE TEMIEpaTypbl OOMOTKA
CTaTopa Ha 3TOM € YJacTKe 3aIUIIeTCs TaK:
1 3arglly 1
T =(—+T )e c —=,(11
ml a 0 a' ( )
AHaJOTHYHO MOYKEM 3aIHCaTh BBIPAKEHUS MaKCHMalb-

HOTI'O TPEBLINICHUSA TEMIICPATYPbI 0OMOTKH craTtopa U HUM-

ITyJibCa KBaJIpaTa ITyYCKOBOI'O TOKA HA KaK/I0M U3 YYACTKOB:
3arglly 1

1
Tmz = (; + Tml) e ¢ - (12)
12+12,
Hz = —2 tz, (13)
1 3arollz 1
Tmz = (; + Tmz) e ¢ - (14)
_ IE+iZs
Il; = - ts;, (15)

YuuThIBas CKOPOTEYHOCTh MpoOIecca HarpeBa OOMOTKH,
MPUHAMAEM, YTO OHA JOCTHIaeT MaKCHMaJIbHOTO MPEBbIIIe-
HUs TeMIieparypbl B MomeHT Bpemenu t=0. B nocnemnycko-
BOW MEpHOJ OXJIAKACHHUS OOMOTKH CKOPOCTh HW3MEHEHUS
TeMIepaTypsl OyJeT HeOOBIION B COOTBETCTBHU C KPHBOM
OXJIQK/ICHUST:

t t
T=TH(1—e T)+Tme 7, (16)
[03TOMY MOKHO CIeNaTh BBIBOI, YTO OCHOBHOMW TEILIO-
BOI M3HOC M30JBILMOHHON KOHCTPYKIMH B PE3yJIbTaTe ITyC-

KOBOI'0 peKuMa MPOUCXOAUT B HOCHGHYCKOBOﬁ nepuona.
CKOpOCTB TCIIJIOBOI'O M3HOCA U30JIAIUH HAXOAWM TaK:
t

1 1
B(g )

H —_
r,.,( >+Tme T+9cp+273

, (17)

_b
1—e T
& = g€
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Iz € — TeKylasg CKOPOCTh TEIUIOBOIO W3HOCA U3OJIALHY,
04/4; € — HOMHHAJIbHAsE CKOPOCTH TEIUIOBOIO M3HOCA H30-
sy, 04/4; B — mapamerp, XxapakTepHu3yIomuid Kilacce U30-
ssimun, K; T — nocrosiHHast BpeMeHu HarpeBa 3JIeKTpOJIBUTa-
TeJs, ¢; 0 — abCOMOTHAs HOMUHAJIBHAS TEMIIEpaTypa H30Jsi-
un, K; 8¢, — Temnepatypa oxpysxaroreii cpensl, °C.

JIOTOTHUTEIBHBIN TEIUIOBOM M3HOC H30JIIIHUH B TIOCTIC-
ITyCKOBOH ITIEPHOJ] NMPOUCXOJUT HA MPOTHKEHUH IIITH MO-
CTOSTHHBIX BPEMEHH HarpeBa M MOXET OBITh HAl/ICH TaK:

Egon = J; £dt — 5T, (18)

Kax BugmM, JOTOJHHUTENIBHBIA TEIUIOBOM HM3HOC H30JII-
IIMM 3aBUCHT OT €ro CKOPOCTH, KOTOpasi, B CBOIO OUYEPEnb,
SIBIISIETCS (PYHKIMEH MPEBBIIICHUS TEMIEPaTyphl OOMOTKH
HaJl TEMIIEpATypON OKPYXKAOLIEW Cpe/bl U 3aBUCUT OT Bpe-
MEHH pa3roHa JIEKTPOABUTaTeNs, Ha KOTOPOE BIIHSIOT ypoO-
BEHb TUTAIOMIETO HANPSHKCHUS W KOI(POHUIMEHT 3arpy3Kd
paboueii MarHEL.

D10 MOXeT OBITh WCIOJB30BAHO TIpU  pa3paboTKe
YCTPOMCTB AMarHOCTHPOBAHUS ITyCKOBBIX PEKHUMOB aCHH-
XPOHHBIX 3JIEKTPOJBUIATENIeH, OJHAKO Il ITOr0 HEOOXO-
JIMMO OOOCHOBAaHHE JOIyCTUMOTO 3HAYEHHMS JIOTIOJIHUTEIb-
HOTO TEIJIOBOTO M3HOCA U30JALHUM B MOCIEIYCKOBOM Iepu-
on. HaiineM ero u3 pacuera Ha OJMH aBapUMHBINA ITyCKOBOU
PEXIM, HCTIONB3Y [ 7].

3amIaHNpOBaHHBIN TETIOBOH M3HOC M3OJIALMY B TCUCHHUE
rozia paboThI AIEKTPOABUTATEIIS OTIPE/ICIIiEM TaK:

Ty
EF.H. - ﬁ’ ) (19)

rae Ty — 6a30BbIi CPOK CITY>KOBI M30JISILIMKA ACHHXPOHHO-
ro anekrpoxasuratensi, 04; T, — pacueTHbId CPOK CITy>KOBI
ANIEKTPOJIBUTATEIIS (paccunTaHHBIH 3aBOJIOM-
HU3TOTOBUTENIEM), JIET.

DaKkTHIECKUH TEIIOBOM M3HOC M30JIAIMH 3a ToJ] paboThI
QNIEKTPOJIBUTATENS] Yallle BCETO MEHBINE IOIyCTUMOIO M
3aBUCHT OT 3arpy3Ku:

Er.cb. =N- Ecp.dr (20)

rae N — koiandecTBO yacoB paboTHI AIEKTPOABUTATENS B
TONy, Y; £ — OKBHBAICHTHAs CPEIHETONOBAs CKOPOCTh
TEIUIOBOTO M3HOCA M3OJISAINH, 09/4.

L e ey
Epp = Eu€ o Vepd » (21)

IIe Ty — SKBUBAICHTHOE CPETHEr0JOBOE IPEBBIILICHUE
TeMIIEPaTypbl OOMOTKH 3JIEKTPOABUTATEIS 32 BpeMs pabo-
I, °C; 9cpp — SKBUBAJIGHTHASI CPEIHET0/I0BAsI TEMIIEpPaTypa
okpyxaroteii cpensl, °C.

B cBoto ouepenp, PKBHBAJICHTHOE CPEIHEr0JI0BOE IIpe-
BBIIICHHUE TEMIIEPATYPHI ONPEAEIACTCS TaK:

a+k?
Ty = Ty ?f’, , (22)

rae a — Ko3(Q(UIHUEHT NOTeph B 3JIEKTPOIBUTATENE; K¢ —
SKBHBAJICHTHBIH CPEIHETOJIOBOH KOI(D(HUIMEHT 3arpy3Ku
SNIEKTPOIBUTATEIIS.

Taxkum 00pa3oM, JOMYCTHMBIN JOTOTHUTENBHBIA H3HOC
M30JALMA OOMOTKH 3JIEKTPOABUTATENII B TEUYEHHWE Toja
OyneT paBeH:

AEF = Er.H - Er.(})l (23)

B tedenue roma paboThl SJEKTPOABUTATENS TIPOUCXOIUT
N aBapMIHBIX ITyCKOBBIX PEXHUMOB, C YIE€TOM HYETO MOJXKET
OBITb ONpeAeTeH IOIMYyCTHMBIN OTOMHHUTEIBbHBIN H3HOC
M30JIALUH HA OJIHY TEIUIOBYIO IIEPETrPy3KY:

Eyon = %, (24)

r7e N — BEpOATHOE KOJIMYECTBO aBAPUIHBIX ITyCKOB B Te-

YeHHe rojia.
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Tak Kak 3JIEKTPOABHUIaTENh MOXKET paboTaTh B Pasivy-
HBIX HOMHHAJIBHBIX PEXMMAaX, TO BbIpaxkeHHe (24) mpumer
BUJ

_AE
pon = L h

E

(25)

rae Kp — KOO UIMEHT, YYUTHIBAIOIMI HOMHHAJIBHBII
PEXUM pabOThI AIIEKTPOABUTATEIIS.
Tocne moacranoBku (19) — (23) B (25) monyuaem:

1 1
BH a+K2

1 Tf)+ﬂcl’-¢+273 ), (26)

T
_(_H —N- £qe
kp'n Ty

pifo)ud

3aBHCHMOCTH JIOIyCTUMOTO JIOTIOJTHUTEIBHOTO TEILIOBO-
ro m3HOca m3oymn sekrpoasuratenss AVP100S2Y3 na
OZIMH aBapUIHBIM MYCKOBOM PEXUM B TEUEHHE roJa, pac-
CUUTaHHAS 10 yKa3aHHBIM BBIPAXCHUSM, TPEICTaBICHA Ha
puc.2.

CormacHO CTaTUCTHYECKUM JTAHHBIM, BEPOSITHOE KOJIMYE-
CTBO aBapUMHBIX ITyCKOB 3JIEKTPOJBUTaTENs B TEUEHHUE rojla
cocrasisier ot 50 1o 100. Takum oOpa3oM, 3HaYEHHE JOITY-
CTUMOTO JIOMOJIHUTENIFHOTO TEIUIOBOTO H3HOCA H3OJIIUU
UIEKTPOJBUraTeNl Ha OAMH aBAPUMHBIA ITyCKOBOM PEXHUM
COCTAaBJISICT:

Eo(m = 2. . .4 6‘1.

[Nomy4enHoe 3HaYeHHE AOIYCTHUMOIO JIOTIOJHUTEIHHOTO
TEIUIOBOTO HM3HOCA M3OJSIIHHA MOXKET OBITh HCIOJBb30BaHO
IIpH BBIOOPE YCTAaBKH IIPEIIOIAaraeéMoro yCTpoicTBa 3aIliu-

Thbl OT aBapHﬁHOF 0 ITYCKOBOTI'O pE€KNMa aCUHXPOHHOI'O 3JICK-
TpOABUT'ATECIIA.
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Puc. 2. 3aBuCHMOCTb IOIyCTUMOTO JOMOJIHUTEIEHOTO TEIIOBOTO
H3HOCA M30ISIHH Aektpoasuraternss AUP100S2Y3 Ha omuH aBa-
PpUIHBI TyCKOBOU PEXKUM B TEUCHHUE rojia

BeiBoabl. B pe3ynbpTare NpOBENEHHBIX HCCIENOBAHUM
OBIIM TIOTyYEHBI BBIPQKCHUS U ONpPENCICHUS JIOTOIHU-
TEIBHOTO TEMJIOBOTO U3HOCA M30JISIUK ACHHXPOHHOTO JJIEK-
TpOJBUIaTeNs B MOCIECIYCKOBOH IEPHOJ, a TakXkKe 00O0CHO-
BaHO €ro JIOMyCTHMMOE 3Hau€HUE Ha OAWH aBapUMHBIM Mmyc-
KOBOM PeXHM, 4TO MOXKET OBbITh HCIOJIB30BaHO NP pa3pa-
OOTKE YCTPOWCTB (PyHKIMOHAIBHOTO JUArHOCTUPOBAHHS
IEKTPOJBUraTeNIe! U UX 3aIUThI OT ABAPUNHBIX ITyCKOBBIX
PEKIMOB.
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Method of determining heat additional wear of isolation of three-phase induction motor in the post launch period

S. Kvitka, A. Vovk, D. Nesterchuk, A. Strebkov

Abstract. The thermal transition process at the start-up of asynchronous electric motors, and process heat insulation degradation in post
launch period. On the basis of the conducted research, the obtained expressions to define additional thermal insulation degradation induction
motor in the post launch period is justified and allowable additional thermal wear for one emergency start-up mode. The obtained results can
be used for development of devices for functional diagnostics of electric motors and protect them from emergency starting mode.

Keywords: induction motor, thermal wear, insulation, diagnostics, afterstarting period.

62



Science and Education a New Dimension. Natural and Technical Sciences, VI(18), Issue: 158, 2018 www.seanewdim.com

YcoBepieHCTBOBAHNE TEXHOJIOTMH CTPOUTEIHLCTBA KOMIIO3UTHBIX
IUIABYYHX I0KOB 00JIbIIOH MOAHEMHON CHIIbI

K. B. Kupuuenko, A. B. Illenposioces
https://doi.org/10.31174/NT2018-158VI18-17

HarmonansHeIi yHEBEpcHTeT KOpabiecTpoeH:s IMEHH aqMupaia Makaposa
Corresponding author. E-mail: aleksandr.schedrolosev@nuos.edu.ua

Paper received 26.01.18; Accepted for publication 30.01.18.

AnHotanus. Pa3paboraHa TEXHOJIOTHSI W3TOTOBJIEHMS] TOHKOCTEHHBIX KOHCTPYKIWH JUIS TTOHTOHOB KOMITO3WTHBIX IUIaBYYHX IOKOB Ha
ocHOBe MoauduIpoBaHHOro 6eToHa. IIpescTaBieHa TEXHOMOTHS CTPOUTENBCTBA KOMIO3UTHBIX IUIABYUIHX JOKOB, TO3BOJIMBIIAS TEpEHE-
CTH 3HAYHUTENBHYIO YacTh paboT B (JOPMOBOYHEIN M KOPITYCO-COOPOUHBIA YJaCTKH KOPITyCHOTO IieXa ¥ co cTarreneii B mexu Bepdu. [Ipuse-
JIeHa TEXHOJIOTHsI M3TOTOBJIEHHUS CBAPHBIX apMaTypHBIX KapKacoB XKele300€TOHHBIX CeKLHi MOHTOHA JoKa. [IpuBeeHa cxeMa IOHTOHA s

HOCTpOﬁKI/I JIOKOB C YMCHBIICHHBIM KOJIMYECTBOM Ha6opa.

Knroueewie cnosa: niasyuuii KOMno3umublil 00K, sicene3o00emoHnHble CeKyuil, NOHMOH, OemoH.

Bgenenue. IloctosiHHBIE TOTPEOHOCTH MUPOBOTO CYI0XO/I-
CTBa B CY/IOPEMOHTE, 00CIIEIOBAHNN M KOHTPOJIE COCTOSIHUS
CyZ10B, TEXHUYCCKOM 06Cﬂy)KI/IBaHI/ll/I Hnux HOHBOHHOﬁ JacTu
00yCIIOBIMBAIOT TOBBIIIEHHBIA W HE YMEHBIIAIOIIUACS
CIpOC Ha IUIaBy4YHe JOKH, MPOU3BOACTBO KOTOPBHIX CTaHO-
BUTCS IPEIMETOM BBITOJTHOTO OM3HECA W OHUM M3 BaXKHBIX
HaIpaBJICHUH BBIXO/1Aa OTEUECTBEHHOM MPOIYKIIMU Ha MUPO-
BOW PBIHOK CyJOCTpOEHHA. [y 3TOr0 HE0OXOMMO CO3IaTh
peHTabeIbHYI0 1 KOHKYPEHTOCIIOCOOHYIO IPOIYKIHIO, OT-
BEYAIOILYI0 MHPOBBIM TPEOOBAHMAM KadeCTBA B YCIIOBHSIX
WHHOBAIIMOHHOTO PA3BHUTHS CYHOCTPOCHHUS, HEOTHEMJIEMbI-
MH COCTaBJIIIOIIMMH KOTOPOTO SIBIIETCSl CO3ZIaHHUE W BBI-
IYCK MPOAYKIMH TIPY TOCTOSIHHOM IIOMCKE HOBBIX IIPOTpec-
CHBHBIX TEXHMYECKUX PEILCHHUI U TEXHOJIOTHH €€ IIPOU3BOI-
crea[l].

Kparknii 0030p nmy0auxauuii mo teme. IIpoBeneHHbII
AHAJIN3 KCIUTYaTallIOHHBIX YCIOBUH pabOThI KOMITO3UTHBIX
IUIABYYMX JJOKOB OKa3aJl, YTO OHHU SIBIISIIOTCS B 3HAYMTENb-
HOIT Mepe sKcTpeManbHbIMH. Kpome 3T0r0, crienmduka tex-
HOJIOTUM M OpraHW3allik CTPOMTEJIHCTBA JIOKOB OOJBLION
MO/IbEMHOI CHJIBI TOTPEeOOBalIa PEIeHHs Psiia TEXHMYECKHX
3a/1a4, He MMEIOIMX aHAJIOTOB B MUPOBOI MPAKTHKE IOKO-
cTpoeHus. B maByumii oK, Kak ¥ Ha Cy[IHO, pacIpocTpa-
HSFOTCSI BCE TPEOOBaHMS KIACCU(HKAIIMOHHBIX M CTPAXOBBIX
00IIECTB MO KOHTPOJIIO 33 €r0 COCTOSIHMEM M BOCCTAHOBIIE-
HHeM pabortocriocobHocTH. [loaToMy IUIaBy4ne JOKH TOM-
JIeXKaT OCMOTPY, PEMOHTY, BOCCTAHOBJIEHHIO, & TAKXKE JIOKO-
BaHmio. [lo TpeOoBaHMAM KIIaCCH(HUKAIMOHHBIX OOIIECTB
METAUIMYECKUHA JTOK OJWH Pa3 B TPU Tojd JOJDKEH BBIBO-
JUTBCA W3 OKCIUTyaTalluu Jjis1 €ro OCMOTpa U MPOBCIACHUA
PEMOHTHBIX PabOT MOJBOIHOM YacTH KopIryca, a mocie 12
JIET OCMOTp JIOJDKEH MPOBOJUTHCA eXeromHo. IIpu Bemo-
HCHHUHN DTHUX onepaunﬁ JOK BBIBOJHUTCS M3 ITUKJIA pa60T 110
€ro MpsIMOMY Ha3HA4YEHHIO - cylopeMoHTa. Tepsercst pabo-
4yee BPeMsi, CHIDKAETCS KOJMYECTBO OTPEMOHTHUPOBAHHBIX B
JIOKE CY/IOB, YBEIIMUMBAIOTCS PACXO/Ib, CEOECTOMMOCTh 3KC-
IUTyaTaly JI0Ka, IaaeT NpHObLIb BIajieNblia I0Ka.

Hens. Llensio craThy SBISETCS yCOBEPIIECTBEHCTBOBA-
HHME TEXHOJIOTHH (OPMHUPOBAHHS KOPITYCOB >KEJIe300eTOH-
HBIX MTOHTOHOB IIJIABYYHX JIOKOB OOJIBIIOHN MOBEMHOM CHIIBI
JUISL YBEJTMUEHUSI CPOKa HKCILTyaTallly JOKOB.

Marepuayibl 1 MetToabl. OCHOBHBIM MAaTepUaIOM JIsi
KOpITyca MOHTOHA MPUHUMAIOT Kelie300eTOH, Kak Hamnbosee
YIIOBJIETBOPSIONINK TpeOOBaHMAM JOIATOBEYHOCTH. JKemneso-
OETOHHBIE TTOHTOHBI JIOKOB OOJIBIIION HO}I’beMHOﬁ CHJIbI U3-
TOTaBJIMBAKOT IIOJTHOCTBIO C60pHBIM METOIOM M3 JIBYX 4Ya-
cTel (MOMYKOPIYCOB) B OOJIBIION M MaJIOW JOK-KaMepax
XI'3 «llanmaga» ¢ mociexyIomKM NpOJOIbHEIM CpaIlivBa-
HHMEM HX Ha IUIaBy. TeXHOJOTHS CTPOUTENILCTBA KOMIIO3HT-

HBIX IUIABYYMX JOKOB OPHEHTHPOBaHA Ha NMPHMECHEHHE Me-
XaHM3UPOBAHHBIX W aBTOMATH3UPOBAHHBIX MPOLECCOB IPH
BBITIOJTHEHNH OonpmmuHCTBAa pabdor. Ha XI'3 «llammamay
HCTIONB3YIOT COOCTBEHHBIH aBTOMAaTH3WPOBAaHHBINA OETOH-
HBIH 3aBOJ IO TPOM3BOJICTBY MOTU(DHUIMPOBAHHOTO OETOHA
kiacca B 50 Ha cxxatne mapku F 300 mo Mopo30cTOHKOCTH
Ha OCHOBE CyJb()aTOCTOHKOrO MOPTIAHILEMEHTA C OTede-
CTBEHHBIMH J00aBkamu. Kopryc mimaBydero Joka MOXKHO
YCIIOBHO pa30uTh Ha 12 paliloHOB B 3aBUCHMOCTH OT YCIIOBHIA
paboThI M BIUSHUS OKpYyXatomieit cpensl [2]. Ha pucynke 1
NIPUBENICHO MIEJICHHE KOpITyca KOMIIO3UTHOTO IUIABYYEro
JIOKa Ha 3TU paiioHbI IO BHEIIHEW W BHYTPEHHEN MOBEPXHO-
CTH KOpITyca B pabodeM COCTOSIHIH U MPH TTOTPY>KEHHUN:

1 — paiioH moBOJHOTO OETOHA, MOCTOSHHO OMBIBAEMBIi
MOpCKOH BOJIOH (HMIIIE, OOpPTa MOHTOHA);

2 — pailioH BaTepIMHUM, TAe OCTOH MOANACTCS YacTOMY
M3MEHEHMIO TIpOLiecca 3aMOPaKMBaHUS W OTTAWBAHMA,
YBIQXKHEHHS U BBICHIXaHHS;

3 — paiioH mepeMeHHOTr0 YPOBHs BOBI (0OpTa J0Ka OT
YPOBHS BaTepJIMHUU JI0 NaTyObl 6€30MacHOCTH), I7ie OeTOH
MOAJACTCS YBIAKHEHUIO IIPU IOTPY’KEHUU JOKA U BBICYIIIH-
BaHWUIO WX 3aMOPAXKUBAHUIO ITPH BCIUIBITUN JOKA,

4 — paifoH HamBOJHOTO OeToHa (OopTa OaiieH J0Ka OT
naxyOsl O€30IacCHOCTH 0 TOMN-TANyObI), I7ie OETOH HCIIBI-
TBIBAET JEHCTBHE TOJIBKO AaTMOC(EPHBIX BIMSHHI;

5 — paifoH Ton-mayOkI, TIIe OETOH TMOIIACTCS aTMOChep-
HBIM BJIMSTHUSIM U MEXaHUYECKUM BO3JCHCTBHUSIM;

6 — palioH cramenb-axyOsl, TJe OSTOH MOATAeTCS BO3-
JIEHCTBUIO BCEX aTMOC(EPHBIX BIMSHUM, YaCTOMY M3MEHE-
HHUIO YBJIQXKHCHUS, BBICYHIMBAHUA WA 3aMOpaXHUBaHUsA, a
TAaKXXE MCXaHNYCCKUM BOSﬂeﬁCTBHHM;

7 — paliOH CyXHX OTCEKOB, Iie OETOH MoAaeTCs BO3ACH-
CTBHIO BO3/1yXa BHYTPCHHUX HOMeH.[eHHﬁ;

8 — paifoH OasIaCTHBIX OTCEKOB OT BATEPJIMHMH JI0 Majy-
Ob1 Oe3z0macHOCTH, TJie OETOH MOATACTCS YBIAKHEHHIO TIPH
TIOTPY’KEHNH JIOKa U BBICYIIMBAHHIO IIPH BCIUIBITHH;

9 — paifoH OGayacTHBIX OTCEKOB B paiOHE MOHTOHA, T7e
OETOH Mo/IAETCs TOCTOSTHHOMY BIIMSTHHIO MOPCKOM BOJIBI;

10 — paiioH HIKHEH IIIOCKOCTH CTaleNb-naixyObl B Oai-
JIACTHBIX OTCEKaX, I7ie OETOH MOANACTCS YBIAKHEHHUIO IPH
TIOTPY’KEHUH Y BBICYIIIMBAHHIO MPH BCIUIBITHH, & TAKKE Me-
XaHUYECKUM BO3JICMCTBUSAM OT JIOKYEMOI'O CY/IHA;

11 — paiioH TaHKOB, Te OETOH MOJIAETCS TIOCTOSTHHOMY
BIMSTHUIO HE(PTETIPOLYKTOB (IU3TOIUINBO, Ma3yT);

12 — paiioH BHYTPEHHHX KeJIe300€TOHHBIX KOHCTPYKIHI
KWJIBIX U CITy)KEOHBIX TIOMEIIICHHH JI0Ka.
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Pucynok 1 - JleneHne kopiryca KOMIIO3UTHOT'O TJTaBY4YeTro JOKa Ha
PpaifoHBI BIMSHIS PA3IMIHbIX MEXAaHUIECKUX U KIIMMATHIECKUX
(hakTopoB
a — T0JIOKEHHUE JI0Ka B paboueM COCTOSIHUY; O — IOJIOXKEHHE I0Ka
TpH TorpysxeHnd [2]

B cBs31 ¢ TakMMU MHOTO(AKTOPHBIMH YCJIOBHSMH SKC-
IUTyaTal[id KOMITO3UTHBIX IUIABYYHX JOKOB HEOOXOJUMO
OBLIO pa3paboTaTh TEXHOJOTHIO MPOU3BOICTBA HOBOTO BHIA
BBICOKOIIPOYHOTO CYAOCTPOUTEIILHOTO OETOHA C TMOBBIIICH-
HBIMH TPOYHOCTHBIMU XapaKTEPUCTUKAMH, BBICOKOH BOJIO-
HEMPOHHU I[AEMOCThIO M MOPO30CTOUKOCTHI0. MHOrOJICTHHE
HCCJICIOBAaHMS ¥ OIIBITHBIC PaOOTHI, IPOBEIICHHBIC aBTOPOM
coBMecTHO co crenuaiuctamu X[ 3 «[lamtamay u YrpHU-
UTC mnozeommmm pa3paboTaTh TEXHOJIOTHIO HOBOTO BHIA
BBICOKOIIPOYHOTO CYIOCTPOHUTEIBHOTO OETOHA C MOpPO30-
croiikocTbio 300...600 IUKIOB, HAXOISAIIETrocs B MOPCKOM
Boge [3-5]. CynoctpouTenbHble OCTOHBI 3HAYUTENBHO OT-
JIMYAIOTCS OT OCTOHOB, MPUMEHSIEMBIX B JAPYTHX OTPACIIIX
MPOMBIIIJICHHOCTH ¥ UMEIOT CBOM CIICIIU(HICCKIE 0COOCH-
HOCTH. DTO CBS3aHO C MAJBIMHU TOJIIIMHAME KOPITyCa JKeJie-
300eTonHoro nourtoHa (100...140 M), GONBIIMM TPOLIEH-
TOM HACBIIEHHs! CTabHOH apMarypoii (250...600 kr/m%) s
obecrnieyeHust OOIEH U MECTHOW MPOYHOCTU KOPITyca TOH-
TOHA, WCIIOJBb30BaHIEM JOCTATOYHO JKHPHBIX COCTaBOB Oe-
TOHOB (C 3atpatoii nementa 450...800 kr/m%) ¢ MenkuM 3a-
TMIOJIHUTEJIEM, TTOJIBUKHOCTHIO 2...18 M 1 MaJbIMU 3HAYEHU-
siMU BogrorieMeHTHoro otHomennn 0,32...0,45.

B mpomiecce nccemoBanus ObUIO YCTAHOBIECHO, YTO IS
CTPOUTENHCTBA KEIE300CTOHHBIX MOHTOHOB IUIABYYHX JIO-
KOB JOJDKHBI HCITIOJIB30BAaTHCs TAKHUC BU/JIbI 6CTOHOB: TSXKE-
Jble cynocTpouTesbHble OeToHbl Kiacca B30..B60 u Gero-
Hel Kiacca B30..B50; menko3epHUCThIE OETOHBI Kilacca
B30...B40; cynoctpoutenbHble Jierkue OETOHBL, HedTe-
HETPOHUIIAEMBIi OETOH.

IIpaBKy, OUMCTKY, PE3KYy apMaTypHOH CTalli IPOU3BOJST
Ha aBTOMATHYECKOH JINHUM 0e30TX0HOTO packpost. COopKy
apMaTypHBIX CETOK M KapKaCOB MPOU3BOAAT HA CIICIUAIb-
HBIX CTeHaX (pHc. 2).

CBapKy apMaTypHBIX CETOK M KapKacoOB MPOU3BOMIAT Ha
MHOTOKOHTAKTHBIX CBAPOYHBIX MAIIFHAX, & CBApKy CETOK —
Ha CHelHajJbHON KOHTAKTHO-CBapO4HOM MaiuHe. Dopmu-
POBaHME IUIOCKUX JKEJIe300ETOHHBIX CEKIMH MPOU3BOIAT B
YVHUBEPCAIBHBIX METALTMYECKHX (popMax-mMaTpuiiax (puc.3).
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Pucynok 2 - CTeH[ 1711 H3rOTOBIICHUS CBAPHBIX apMATYPHBIX Kap-
KacoB )KeJIe300€TOHHBIX CEKII MOHTOHA I0Ka
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Pucynok 3 - ®opma-MaTpHI[a Ik M3rOTOBICHHS IUIOCKHX XKENe30-
GETOHHBIX CeKIUH

B npouecce HM3roToBNEHHs IMJIOCKUX CEKIUHA ITOHTOHA
apMaTypHYIO CTajb 3AIWIIAIOT OT arpeCCHBHOTO BIMSTHUS
MOpPCKOW Cpeflbl 3alllUTHBIME CIIOSMH: B MECTaX KOHTaKTa
KOHCTPYKIMH € BOAOM TOMIIMHOW 15 MM, ¢ BO3OyXOM —
tonmuuHOM 10 MMm. IlpoBeneHHBIE UCCIENOBAHUS U PACUEThI
TIO3BOJIIJIA  pa3padoTaTh IS HKEIe300CTOHHOTO IOHTOHA
KOMITO3UTHOTO JIOKa TOHKOCTEHHbIE KOHCTPYKIMH TOJIIH-
Ho 120...140 MM Ui 3JIEMEHTOB, MOJBEPIKCHHBIX OOJIb-
IIUM THAPOCTAaTUUECKUM Harpyskam, u tomuamHoi 70...80
MM JUT BOJOHETIPOHUIIAEMBIX 371eMEHTOB. C IIETIbI0 CHIDKE-
HUSI CTOUMOCTH KOHTYPHOH OIaTyOKH KOHCTPYKIIMH B BUJIE
IUTUT apMUPYIOT CTEPXKHSIMHU CETOK, MEIOIHX YHU(DULIUPO-
BanHbId mar 100 mm. IIpn dopmupoBaHny MOHTOHA OCY-
IIECTBILIIOT TPHBS3KY CTEP)KHEH CETOK K IIIAHroyTaM H
TEOPETHIECKNUM JIMHHSIM JIOKa.

[paBKy, OYMCTKY ¥ TIOpPE3KYy apMaTypHOM CTajli Kpyrio-
TO U neproaudeckoro npoduist quamerpom 10...36 MM po-
W3BOJLAIT HA aBTOMATHYECKOM JINHMU OE30TXOHOTO PacKposl.
IIpaBKy, OYMCTKY M Pe3Ky IJIQJIKOM apMarypbl IUaMETPOM
10 10 MM, TiocTaBisieMoii B OyxTax, POU3BOIAT HAa CTAHKAX.
IoaroToBneHHbIE CTEP>KHU KOMIUIEKTYIOT TI0 CETKaM, Kap-
KacaM, CEeKIUsAM (B KOHTEiHepax WM makerax). [ MOKy xo-
MYTOB [UJId KapKaCOB BBIINIOJHAKOT Ha YHUBEPCAJIbHBIX
rHOOYHBIX CTAHKAX MO MIA0J0HAM WM B CHEHAJIbHBIX TIPH-
CTIOCOOJICHUSIX — KOH/TyKTOpaXx.

[penBapurensHyto cOOPKY CETOK M apMaTypHBIX KapKa-
COB C YCTaHOBKOM 3aKJIaJHBIX A€Talel U PhIMOB IPOU3BOASAT
Ha cOOpOYHBIX CTEHJAX, a CBApKy — Ha CIEHHaIbHOW MHO-
TOKOHTAKTHOHM CBapO4YHOM MaminHe. J{J1 M3roToBIeHUs Kap-
KacoB NPUMEHEeHa 0e30TX0/1HAsI TEXHOIOTHS MCIIOIB30BaHUS
Marepuaia. OKOHYATENbHYIO COOPKY M CBapKy apMaTypHBIX
KapKacoB CEeKIMH TPOM3BOIAT B (opMax-MaTpUIaxX U3
TIpeIBapUTENIHHO COOPAaHHBIX KapKacOB C BBIITYCKaMH CBa-
PEHHBIX CETOK.

JKene300eTOHHBIE CEKIMM TOHTOHA CIPOEKTHPOBAHBI C
y4eTOM HX H3rOTOBJIEHHS B (opmax-Marpuuax. [Ipu sTom
TIPETyCMOTPEHBbl CTHIKM OMOHOJIMYMBAHUS BEPTHKAIBHBIX
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9JIEMEHTOB MMPUHOH 10 0,5 M B CTOpOHY cTaresb-raayObl.
®DopMupoBaHHE JKeNe300€TOHHBIX CEKIMH MPOU3BOAT peo-
paMM BHM3 B YHHMBEPCAJIbHBIX METAJUIMYECKHX (opmax-
MaTpHL@ax C BBIIBIKHOI pa300pHOW onaiyOKoil C BBITyC-
KaMu. MaTpHibl-CTeHAbBl MMEIOT pa3pabOTaHHYIO OpHIH-
HAJIBHYIO0 KOHCTPYKIHIO, YTO MO3BOJISIET BEIHUMATh TOTOBBIC
u3enuil U3 onanxyOku MexaHudeckuM myteM [6]. Cekuun
Maccoil 0 24 T W3TOTaBIHMBAIOT Ha OETOHO(POPMOBOYHOM
ydJacTKe KOPITyCHOTO Iexa (puc.4), CeKIM| Maccoi OoJbIe
24 T — Ha cTamnesne B OOJBIION JOK-KaMmepe.

Pucynok 4 - [Tnockast sxene300eTOHHAS CEKIHS € 3aK/IaJHBIMH
JICTaSIMH 1 BBIITYCKaMH, H3TOTOBJICHHAS B LIEXe [T IOHTOHA JJOKa

JKeme300eToHHBIE OJIOKH MIOHTOHA (DOPMHPYIOT Ha TpeIi-
cranenbHOM TUIomanKe. GopMuUpoBaHUE MOHTOHA BBHITION-
HSIOT Ha CTaIessIX OOJBIION U MaIOH OK-Kamep OT MUACIS
B HOC ¥ B KOPMY M OT HapyxHoro 6opta k JII1 (qauIIEeBBIC
CEKIMHU — OT 30HbI pa3beMa K Hapy»KHBIM 6opTaM (pHc. 5).

Ilepen 3aknankoil MOHTOHAa OCHOBAaHUE CTaressl BbIpaB-
HHUBAIOT J0 TOPH30HTAJIBHOIO MONOKeHHe. KOHCTpyKIust
CTamnesbHBIX OIOp TMO3BOJISICT MPOU3BOJWTH MOAKIMHKY B
mporecce MOHTaxa cekiuu. [locie ykiaaku JHHIIEBbIC
CEKIMH MIOCTOSHHO TOJIKJIMHMBAIOT Ha Bcex onopax. OTKIIo-
HCHHE OIMOPHBIX MOBEPXHOCTEH OT OCHOBHOM IUIOCKOCTH
(OIl) moHTOHA HE JODKHO MPEBBIIATh 5 MM. MOHTaX Bep-
TUKAJBHBIX AJIEMEHTOB HA IHUIICBYIO ITUIHTY POWU3BOISAT
TIocJie Co3peBaHus OETOHa B CThIKaX JHHIIA (He MeHee 75%
MapoOYHOH TPOYHOCTH). JlomycKaeTcsi MOHTaX BEpTHUKAIb-
HBIX 3JIEMEHTOB JI0 OSTOHUPOBAHUS CTHIKOB JHHIICBOH TIIH-
TeI. B 9TOM ciydae OSTOHHMpPOBaHWE CTHIKOB JHHIIA HAYH-
HAIOT TOJBKO IOCJIC OKOHYAHHS MOHTaKa BEPTHKAIBHBIX
9JIEMEHTOB Ha 9 m B HOC U B KOPMY OT MecTa OEeTOHHpOBa-
HU.

MoHTaX CEKIMi CTameb-MaTyObl POBOIAT MOCIE OMO-
HOJIMYNBAHUA BEPTUKAJIbHBIX CTHIKOB U TOCTUKCHUA 66TOHa
9THUX CTBHIKOB MPOYHOCTU He MeHee 75 % MapOovHON MPOYHO-
ctr. Bo BpeMst OMOHOJIMYMBAHUS CTHIKOB B palioHe OETOHH-
poBanus (He MeHee 9 . B HOC M B KOPMY OT MecTa OeTOHH-
POBaHUS) HENB3s MPOBOAUTH HUKAKUX PadOT, KOTOPBIE MO-
T'YT HAPYIIUTH KOHTAKT apMaTyphl ¢ OCTOHOM KT TIPHBECTH
K TPEIMHOOOPA30BaHHIO B CBEXKEYIIOKEHHOM OETOHE.

C LeNbI0 COKpAIICHUSI CTAIleNIbHOTO MEPHOJa M CHIDKE-
HUE TPYIOEMKOCTH paboT Ha TMOHTOHE B pailoHe OaieH
YCTaHOBJIMBAIOT METAJUIMIECKHE OMMCHI, a y3eJ COeTMHEHHS
MIOHTOHA C OalTHeH OMOHOJIMYMBAIOT B TIEPUO M3TOTOBIE-
HUS CEKIIUI BHYTPEHHETO U HAPY)KHOTO OOPTOB. Y CTAaHOBKY
1 TPUBAPKy METAJUTMYECKNX OMMCOB IPOM3BOIAT IO Mepe
MOHT2)kKa CEKIMH BHYTPCHHETO M HApPYXXHOTO OOPTOB (110
OMOHOJIMYMBAHUS CTHIKOB). DTO TO3BOJICT UCKIFOUYHTH OT-
pHLIATEIIFHOE BIMSHUC CBAPOYHBIX JehopMaInii OT puBap-
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KH OMMCOB H COKpPAaTUTh CTaleIbHbIN nepuoa CTpoOUuTECIib-
CTBa O0Ka.

Pucynok 5 - ®opmripoBaHue THAIIA XKeJIe300eTOHHOTO TOHTOHA
Ha crariese OOJBIION JOK-KaMephl

IIpr MoOHTaXke NHUILEBOM IUIMTHI HA CTalele B pailloHe
CpallMBaHUs TIOJYKOPITYCOB TIOHTOHA C IIEJIbI0 00CCIICUCHHUS
TOYHOCTH YCTAHABIHMBAIOT M apMHUPYIOT IIBEJUIEPHI y37a
CpalMBaHus. DTy TEXHOJIOTHYECKYIO OIEpaIrio MPOU3BO-
JIIT TIOCJIE YCTAHOBKM M apMHUPOBAHUS CTHIKOB JHHIIEBOU
TUTATHL

TTomady >kene300€TOHHBIX CEKIMH Ha cTameilb OCy-
IIECTBIISIIOT KpaHaMH TIPH TOMOIIM TPaBepC, KaHTOBKY —
KaHTOBATEJIEeM WM CO CIEeUUabHONW 3cTakajipl. KoHCTpyK-
1M TPAaBEPC U KAHTYIOIIUX YCTPOHCTB MCKITFOYAET TTOJIOMKY
CEKIIUM.

HOCTPO¥iKa KOMIIO3UTHOTO aBTOHOMHOTO TIIABYYEro
JTOKa rpy301oabeMHOCTIO 7100 T B XepCOHCKOM rocyiapcTBeH-
HoM 3aBoje «Ilamianay [7]

Pucynox 6 -

TexHOJIOTHYECKUE OMepalyy M0 (OPMHUPOBAHUIO HKEIIe-
300€TOHHOTO TIOHTOHA BBIIOJNHSIOT B TAaKOW TOCIEIOBa-
TENILHOCTH (OJJTHAKOBO B OOJBIION M MaJOH JTOK-KaMepax):
MOATOTOBKA CTallellsl K 3aKJagKe ITOHTOHA; Y CTaHOBKA
OIOPHBIX TOAYIIEK B TOPU30HTAIBHOE TIOJIOXKEHHUE W OIa-
MyOKHA IS CTHIKOB [THWINA; YCTAaHOBKA CEKIWH IHUIIA,
OKOHYATEJIbHAsI TIOJITOHKA OMATYOKH Ha CTBIKAX; apMHPOBA-
HHE, OYMCTKA apMaTypbl K KPOMOK OETOHA B CThIKAX, CBapKa
apMartypbl B CTBIKax, MPOJyBKa, IIPOMBIBKA U OETOHHPOBa-
HHE CTBIKOB C TOCNEIYIOIIMM YIJIOTHEHHEM OETOHA; YXOJI
3a OETOHOM, BKIIIOYasi TEPMOBJIAXKHOCTHYIO OOpabOTKy B
XOJIOTHOE BpeMsl T0/la; YCTaHOBKA M PACKPEIUICHHE CeKIIUi
BEPTUKAIBHBIX 3JIeMEHTOB (mepebopku Oopra — puc. 6);
3a4MCTKA U YCTpaHEHHE AC(EKTOB B CTHIKAX; HAHECCHHE HA
MOHTOHE KOHTPOJIBHBIX JIMHWI; TTOJIOTOBKA IIOHTOHA K UC-
MIBITAHUIO HA BOJOHEIPOHHUIIAEMOCTh; UCITBITAHNE MMOHTOHA
Ha BOJIOHCTIPOHUIIAEMOCTh B COOTBETCTBHUHM C TPOCKTHOMN
JOKyMEHTAITHEH U CXEeMOW HEMPOHHIAEMBIX OTCEKOB.
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[Ipn moctpoiike TOKOB ¢ yMEHBLICHHBIM KOJMYECTBOM
Habopa - apMmatypa, padoTaromiasi Ha MECTHYIO IPOYHOCTb,
YCTaHABIMBACTCSI CHAPYKM B HAMPABICHHU HAWMECHBIICTO
nporieTa, a apMarypa, padoTaroas Ha OOIIyI0 MPOYHOCTH,
YCTaHaBJIMBACTCSl BHYTPH DJIEMEHTA.

B pesynprare mornepednbie epeOOPKH MEKITy BHYTPEH-

HMMH OOPTAMH YCTAHABJIMBAKOTCA Yepes 4 MImalyu, T0 eCTh
yepe3 3 merpa. KoHcTpykiwist OCTOHHO# YacTy OalieH oka
BBITIOJIHSAETCS 0€3 HCTIOIB30BaHMS ILIAHTOYTOB, (JIOPOB U
OumcoB. KOHCTPYKIIMST KOMIIO3UTHOTO Oe3HaGOPHOTO ITOH-
TOHA JIOKa ToKa3aHa Ha puc. 7 [8].
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Pucynok 7 — KOHCTpyKIUst KOMIIO3UTHOTO Ge3HaO00OPHOT0 MOHTOHA I0Ka,
rre 1 - TOHHEN®, 2 - CyXHe OTCEKH, 3 - 0aTacTHBIC OTCEKH.

W3roToBneHne METaJUIMYECKUX IUIOCKOCTHBIX CEKIIUH
0OpTOB, MaTy0 W BHITOPOJOK M OOBEMHBIX CEKIHI OarreH
TIPOM3BOJIAT B IIEX€ METAJUIOKOHCTPYKIHH, COOPKY M CBapKy
OJIOKOB-CEKIMI OallleH W3 IUIOCKOCTHBIX CEKI[MH — Ha OT-
KPBITBIX COOPOYHBIX IUIOMIAKAX 3-i JOCTpOeYHOH Hale-
pexsoi. [Ipn N3roTOBICHUN METAINTMIECKHUX CEKIHH OareH
JIOKa OYHCTKY M TPYHTOBKY METaJlla BBITIOJIHAIOT HA aBTO-
MaTH4YECKOW JIMHUK COOPKH IIOCKOCTHBIX CEKLHH C MpUMe-
HEHHEM DPa3JIeJIbHOTO METO/Ia YCTAHOBKH U aBTOMATHYECKOU
cBapku Habopa. Mertaymyeckue OalllH{ JI0Ka M3rOTaBIIH-
BalOT OJIOYHBIM METOJIOM U3 3apaHee M3rOTOBJICHHBIX CEK-
ui (puc. 8) ¢ MpUMEHEeHNEeM aBTOMATUYECKOH U TIOyaBTO-
MaTH4YECKOH CBApKHU MOJ (UIIOCOM U B CpeJe 3aIIUTHBIX Ta-
30B.

=

PucyHok 8 - briok-cexims MeTayumnuecKkoid OamHu, U3roToOBJICHHAS
Ha CTEHJIE B IIEXE

Bbrnoxu I n 11 sipycoB cobuparoT Ha MOJCEKINH BHYTPEH-
HEro WM HapyXHoro Oopra. B Gosbioil nok-kamepe Ha
MOJITOTOBJICHHBIA TMOHTOH YCTAHABJIUBAIOT OJIOKH-CEKIMI
oJHOM 13 OameH noka (puc. 9). [Ipu ycraHoBKe MeTasnye-
CKHX OJIOKOB OalleH [OKa Ha IOHTOH M COEOWHEHHS HX
MEXIy cO00M MPUMEHSIOT MMOJyaBTOMATHYECKYIO CBAPKY B
cpele 3alllUTHBIX I'a30B MOHT@KHBIX CTHIKOB. YCTaHOBKY
OaleH J10Ka MPOM3BOJIAT OOJIBIIMMH HACBHIICHHBIMHU OJI0-
KaMH C TIPUMCHEHHEM arperaTHoro METoJia MOHTaXKa Mexa-
HHU3MOB.

['opr3oHTaNBHBIE TIOJIOCH! KPECTOBUTHOW JIETalld COE/IH-
HEHBI CBAPHBIM IIIBOM: BHEIIHSSA — C QpMATYPHBIM KapKacoM
CTaneNb-naxyobl, BHYTPEHHSSA — ¢ OMMCOM M TIOTIEPEYHBIM
Ha0OPOM MPOOIILHOH MepeOOPKU MMOHTOHA.

Pucynok 9 - YcraHoBka B G0JIBIION T0K-KaMepe OIOKOB OalliHu Ha
JKeJ1e300€ TOHHBIH TIOHTOH KOMITO3UTHOIO JIOKA MOABEMHOMN CHIIOM
8500 T

Inanroyr 6opta, OMMC M 3aKiIaHbIC JETaI 00bEANHE-
HBI B BEPTUKAIBHON TIOCKOCTH B OOIIMI paMHBIN KOHTYD ¢
nonepedHsM Habopom Garrau (puc. 10).
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Pucynok 10 - KoHCTpYKTHBHBII y3€I COSANHEHHS METAJUTHIECKOM
OalIHK ¢ KeNe300€TOHHBIM TOHTOHOM
1 — >Kkene300eTOHHBII [TOHTOH; 2 — METaJUIMYecKas Oamsst; 3, 4 —
KPECTOBH/IHAS 3aKJIa/IHasl ACTaNlb JUI KPETUICHHS Hapy»KHOTO U
BHYTPEHHET0 O0opTa OAllTHU COOTBETCTBEHHO; 5 — Hapy KHBIH U
BHYTpPEHHHH OOpT OarHu; 6 — Hapy KHbIH GOPT MOHTOHA; 7 — BHYT-
PEHHsI POJIoJIbHAs NepebopKa; 8 — MpUBaIbHBINA Opyc; 9 — cra-
nienb-niaty0a; 10 — mmanroyt; 11 — cranpHo# OrMc;
12, 13, 14 — meTayutmeckue pebpa, yCTaHOBJICHHBIE JUTS YBEIe-
HUS CLICTUICHHS OETOHA C KPECTOBHAHBIMH 3aKJIa{HBIMH JETAIIMH

HJ'ISI YBEIIMIECHUA MECTHOTO CLCTUICHUSA OcToHa ¢ KpeCTO-
BUJIHBIMHA JCTAJIAMU U MPEAOTBPALLICHUSA €TI0 OTCIIaUBaHUA
OT HUMX B PE3YyJIbTATC 3HAKONEPEMEHHOI'O n3ruda KopIryca
JI0Ka Ha TII0JIOCaX KPECTOBUAHBIX z[eraneﬁ YCTAaHOBJICHBI
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pebpa (MeTayUTMYECKUE MOJIOChI) BPOBCHH C OCTOHHOM MO-
BEPXHOCTBIO 0OpTa, MPOJNOJIBHOW IEepedOpKH M CTarlesb-
naTyObl TIOHTOHA. YCTAHOBKY M IPHUBAPKY METAJUTMYECKHX
OMMCOB TNIPOBOASAT IO MEpe MOHTa)ka OJOKOB-CeKLMi Oa-
LICH, YTO II03BOJISET HCKIIOYUTH NOSBICHUE CBAPOYHBIX
nedopmarmii ot npuBapku 6umcoB. TakuMm 00pazoM, KOH-
CTPYKLIMSI COSAMHEHUSI METAININYECKOI OallHu ¢ skene3o0e-
TOHHBIM TTOHTOHOM KOMITO3UTHOTO JI0Ka [9] Mo3BOJIsiET BbI-
HOJIHATH 3TOT Y3€]1 B COCTaBE JKEJIE300E€TOHHBIX CEKLIMH
MOHTOHA Ha CTEH/aX, MPOBOANUTH OCTOHMPOBAHHE CEKLMH B
yIO0OHOM IIOJIOKEHMH C WCIIOJIb30BaHUEM OTpabOTaHHOW
TEXHOJIOTMH YKJIAJIKK OETOHa, TIpU TOM CHWKas TPYHOEM-
KOCTb M YIIPOLIasi TEXHOJIOTUIO PabOT B CTANENIbHBIN EPHO.
CTPOUTEIIBCTBA JIOKA.

Jlo ycTaHOBKM Ha NMOHTOH OJIOKOB-CEKLMUI B HUX yCTa-
HaBJIMBAIOT OCHOBHOE KOPITyCHOE HACBILIEHWE M MPOHM3BO-
JSIT WCIIBITAaHWE BHYTPUCEKLIIMOHHBIX COCIMHEHHH Ha
HETIPOHMIIAEMOCThb. Bce ONOKU-CEeKIMil yCTaHABIMBAIOT OT
MU B HOC U KopMy. Ilocie mpoBeieHUs UCTIBITaHUH B
HHUX YCTaHaBJIMBAIOT MEXaHW3MBI, TPYOOIPOBOIBI U 00OpY-
JoBaHue. OCHOBHOM MPHHIINII, 3aJI0)KEHHBIN B TEXHOJIOTHIO
MEXaHOMOHTa)KHBIX M TPYOOMOHT&)KHBIX PabOT, — MaKCH-
MaJIbHBIN IEPEHOC MOATOTOBUTENBHBIX 00BEMOB ITHX PadoT
C JIOKa B LIEXM M HA JIOCTPOCUYHYIO HabepexHyto. bompimii
00BeM paboT B OAIIHAX HOKa BBIIOIHSIOT KPYITHOOJIOYHBIM
METO/IOM Ha 0a3e MakeTHpOBaHMs HauOoJiee HACHIIIEHHBIX
MoMelIeHNH. OTO  OCYIIECTBIAIOT IyTeM  MOJIYJIBHO-
arperaTHOro MeToja IPOEKTUPOBAHMS M MOHTa)Ka JHEpre-
TUYECKHX KOMIUIEKCOB J0Ka. IIpy co31aHMM MOHTa)KHBIX
OJI0KOB (arperaToB) MpUHATA (GyHKIMOHAIBHAS IPYIIHPOB-
Ka MEXaHM3MOB, apMaTypbl, TPYOOIPOBOJIOB M IPHOOPOB.
Yucno MOHTaXHBIX OJIOKOB, MX B3aUMHOE PACIIOJIOKECHHE B
MOMEILECHHUSAX DHEPIreTHYECKOr0 KOMIUIEKCAa JI0Ka, Palo-
HAJBHOE PACIIONIOKEHNE KOMMYHHUKAIMH MEXIy OJIOKaMH U
arperatamH OIPEJEISIIOT MyTeM pa3pabOTKu M HM3rOTOBIIE-
HHMS MakeTa. B paifoHax MalMHHOTO W KOMIIPECCOPHOTO
OTIEeNIeHHH, TOMEIICHUsI NpeoOpa3oBartesyiell NpeaycMaTph-
BaIOT YKPYNHEHHbIE OJIOKH Maccoid 10 50 T B crielMalIbHBIX
kapkacax. ®opMupoBaHue OOJBIIMX OJOKOB M arperaros
OCYILECTBIISIIOT HA y4acTKe arperarupoBaHusi. bioku u ar-
perathl 3arpy’KaroT B OJOKH-CEKIMH OaIllHU JO UX HaKPHI-
TUSI OOBEMHBIMHU CEKLIMSMH, PACTIOJIOKECHHBIMH BBIILIE TTAITY0
wm watdopm. [locne 3aBepIeHus CTPOUTENBCTBA YacTeH
JIOKa WX BBIBOJST M3 JIOK-Kamep Ha aKBATOPHIO 3aBOAA UL
CpalyBaHusl IOHTOHA U 3aBEPLICHHUS IOCTPOCYHBIX paboT.

[Nocne 3aBepiieHus cpalUBaHKs >KEI€300€TOHHOTO MOH-
TOHa MPOJIOJDKAIOT YCTAHOBKY CEKIMH M OJIOKOB OariieH
(puc. 11). MoHTax OalieH Ha IUIABY MPOBOMAT SIPYCaMH C
LEJIBIO TTOYYEeHHs] MUHUMANIBHBIX Jie(hopMalnii pU cBapKe
0allleH OCYIIECTBIIOT OaJUTaCTHPOBKY TOHTOHA. [Ipm dop-
MHPOBaHUHM M CBapKe MOHTAXHBIX CTHIKOB OallleH ocoboe
BHMMaHME OOpaIaioT Ha oOecriedeHne CBOOOHON yCalKu
CBApHBIX IIBOB, ISl YEro Ma3bl OOMIMBKU OamieH (MeXTy
sIpycamMu) 3aKpeIunTioT rpedeHkaMu. B mpomecce dpopmupo-
BaHUs OallleH Ha IUIaBy PEryJSIPHO MPOBOAST HM3MEPEHHUE
YIpyroi JMHWM JI0Ka ¢ (DUKcalueil pe3ysibTaToB M COIO-
CTaBJICHHEM HX C PETJIAMEHTHPYEMbIMHU BeJIMYMHAMHU.

Bech 00beM MOHTaXHO-JJOCTPOEYHBIX PabOT Ha JOKe
BBITIOJTHSIOT HA IJIaBY B paioHe TOCTPOSYHON HaOEpeKHOH.
B GaiHsx JjoKa MpOBOAST KOPITyCOAOCTPOEUHbIe PabOThI, K
KOTOPBIM OTHOCAT: (hOPMHUpOBaHHME, 3alIMBKY U 000py/I0Ba-
HHE TIOMEIICHHI; M30JIIMOHHBIE M OKPAacouHble PabOThI;
HaHECeHHE MNAITyOHBIX TOKPBITHIl; MOHTaX CYIOBBIX
YCTPOUCTB U aenbHbIX Bemied [10-12]. MoHTax H30IsImn
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BBITIOJIHSIOT TOCIIC 3aBEPILICHUS BceX paboT 0 YCTaHOBKE U
MPUBApKE HACHIILIEHHS, UCTIBITAHUSI MTOMEILEHUH Ha HeTpo-
HUI[AEMOCTb U T€PMETUYHOCTb, OUUCTKH M TPYHTOBKU IO-
BEpXHOCTEH, MOJUIeKaMX HaHeceHuro m3omsuuu. [lepex
OKpacKoil MpOM3BOMAT TILATEIbHYIO MOATOTOBKY METaJLTH-
YEeCKHMX MOBEPXHOCTEH ITO]] TPYHTOBKY.
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Pucynok 11 - MonTax GaleH 10Ka Ha IUIaBY

HcnpiTanne noka MPOBOAAT HA TEPPUTOPHU 3aBOJA C
TIOJTHOW JIeMOHCTparueii 3aka3unKy BCEX ero Crerupuka-
LIMOHHBIX XapaKTePUCTHK. B crienuaibHOM KOTIOBaHE MPo-
BOJISIT UCTIBITAHHE JIOKA TP MOTPYKEHUH Ha TPEASIbHYIO
ocazky (puc. 12).

Pucynoxk 12 — IIpoBe/ieHre UCTIBITAHNI UCIIBITAHUS KOMIIO3UTHOTO
aBTOHOMHOTO 11aBydero goka "ERENEOS" rpy3ono1seMHOCTbIO
7100 ToHH [7]

Pucynok 13 — TpaHCIIOPTUPOBAHHE KOMIIO3UTHOTO aBTOHOMHOT'O
maBydero goka "ERENEOS" rpysonoxbemuoctsio 7100 TouH [7]

Jnst noctaBky 10Ka K MecTy JKciutyarauuu (puc.13) ero
Ha 3aBOZIC MOATOTABIMBAIOT K MOPCKOMY IIEPETOHY: 000py-
IYIOT HEOOXOAMMBIMU YycTpoHcTBaMHU (OYKCHPHBIM, SIKOp-
HBIM, CIIacaTebHbIM, CHTHAJIIBHBIM U JIp.), YCTAHABIMBAIOT
KWIBOJIOKH, CHUMAIOT ¢ OallleH KPaHbl M 3aKPEIUISIOT UX Ha
CTarnelnb-ranyoe.

PesyabTarsl U ux odcyxaenue. MoanuIMpoOBaHHbINA
0ETOH Ha OCHOBE CYJb(HAaTOCTOHKOrO IIEMEHTa C JI00aBKaMu
3alllUIAeT CTAJbHYI0 apMaTypy OT KOHTAakTa C MOPCKOH
BOJIOM M yBEIMYUBAET NPOAOLKUTENBHOCTD AKCILTyaTalluu
Joka B 1,5 pa3sa ApmaTypHas CTayb, HaXOJSILIAACS B KOH-
CTPYKLUSX TOHTOHA, 3aIlUILEHA OT arpeCCUBHOIO BIIMSIHUS
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MOPCKOM Cpefibl 3alUTHBIM CIOEM B MECTaX CONPHUKOCHO-
BEHHUS C BOAOM TONMMLMHOH 15 MM, a B MeCTaX CONPUKOCHO-
BeHUsI ¢ BO3ayxoM — tonmHol 10 mM. B pesynbrare storo
KOMITIO3UTHBIE IUIaBY4UE AOKH MOTYT JKCILTyaTHPOBAThCS B
teyenue 70-80 ser Oe3 ux BbIBoAA M3 dKcIuTyarauuu. [Ipu
9TOM pacxoibl Ha PEMOHT U COJEpIKaHUE KOpIlyca JOoKa
yMmeHbIatorest B 6-10 pas. IIpencraBieHa TeXHONOTUS CTPO-
UTENbCTBA KOMIMO3UTHBIX IUIABYYMX JOKOB, KOTOpasi TMO3BO-
JSIET TIEPeHECTH 3HAYMTENBHYIO YacTh paboT B (POPMOBOY-
HBIH ¥ KOPITyCO-COOPOYHBIH Y4acTKH KOPITyCHOTO IieXa U CO
craresnield B eXu Bep(dH, 4TO Jano BO3MOXKHOCTH ITOBBICHTB
MPOLIEHT TEXHUYECKOH TOTOBHOCTH (10 96%) KOHCTpYKLIMIA

KopIryCca JKEJI€300€TOHHOr0 IIOHTOHA U METAJUIMYECKHX Oa-
IICH, a TaKiKEe CYIICCTBCHHO COKPATHUTh 06HIyIO Ipoa0KHU-
TCJIbHOCTb CTPOUTCIILCTBA JOKOB U TPYJAOE€MKOCTb pa60T.
BoiBOoabI. P a3pa60TaHa TCXHOJIOI'UA HU3rOTOBJICHUA TOH-
KOCTCHHBIX KOHCprKIlI/Iﬁ JJI1I TIOHTOHOB KOMIIO3UTHBIX
IIaBy4YuX AJOKOB Ha OCHOBC MOI[I/I(l)I/IIlI/II)OBaHHOFO 6eTOHa,
oGecnqu/IBa}omero HX JOJITOBEYHOCTH U 3HAYUTECIIBHOC YBEC-
JIMYCHHUC TMPOJAOJDKUTECIIBHOCTH JKCILTyaTalliid JTIOKOB B MOD-
CKOM BOJIE. HpeJJCTaBJ'IeHa TEXHOJIOT'Us CTPOUTCIILCTBA KOM-
TIO3UTHBIX IJIaBY4YUX NOKOB. HpI/IBeL[eHa CXEMa IIOHTOHA JJIs1
HOCT‘pOI7IKI/I JIOKOB ¢ YMCHBIICHHBIM KOJINYECTBOM Ha6opa.

JIMTEPATYPA

1. PamukoBcbkmii, O.C. [IpoexTyBaHHs, TEXHOJIOTIA 1 OpraHizamisl
noOyIOBH KOMIIO3UTHHX IUIaBydnx JokiB [Tekcr] / O.C. Pamr-
koBebkuii, O.B. Illeaponoces, I.B. €pmakos, O.M. VY3noB.:
Hapuanenuit nocionuk. — Mukonais: HYK: PAJI Tomirpadis,
2015-254c.

2. Mumytnn A.B. JKemne3o0eToHHBIE IUIaBydHe COOPYKCHHS H
HepCIeKTHBbl UX Hcrnoib3oBanus [Teker] / A.B. MunyTuH.:
Bicuuk OJIABA. — Onecca — 2002, - Beim. 6, — ¢. 181-187.

3. Cayukmii H.I'. Pa3paGoTka TEXHOJIOIHH IOJTOBEYHOTO MO/IH-
(umrpoBaHHOTO OETOHA VTSI KOMITO3UTHBIX IUIABYYHX NOKOB /
Crnynxnii H.I'. // Bectauk CeB['TY «MexaHnka, SHEpreTHKa,
skostorusty. — Cesacromnoiis: CeB['TY, 2009.—Ne 97 —C. 133-136.

4. Mumytun A.B. TloBblieHHEe HAIEKHOCTH M JIOJTOBCYHOCTH
0eToHa TOHKOCTEHHBIX JKeJIe300€TOHHBIX KOHCTPYKIHH, 3KCILTY-
aTHpyeMBIX B MOpckoii cpeze / Mumytun A.B. // C6. MexnyHa-
ponHOi MHKeHepHOM akajgemuu. — Opecca: «ACTpONPUHTY,
2003. - C. 76-79.

5. PamkoBekuii A.C. Onrummsaimst coctaBa OeToHa I MOHTO-
HOB KOMITO3UTHBIX IUIaBy4ux A0koB / A.C. Pamkosckuii, H.I'.
Coynkuid // 36. Hayk. npane HYK. — Mukomnais: HVK, 2008. —
Ne 5 (422). - C. 17-24.

6. Mexnapauiiinuii mareHt 13425 Ykpaina, MIIK B 63 B 5/00.
Cnoci® BUTOTOBJIEHHSI CEKIIii KOPITYCY 3aJ1i300€TOHHOI IUIaBy4Ol

criopyau / Cayupkuii M.I'., €snomyk JI.B., Tomoparuko I'.T.
(Yxpaina). 3assi. 30.01.06; Omy6i. 15.03.06. — K.: TIpomuciioa
BJIaCHICTb, 2006. — Ne 3, k.. 1 — C. 5.73.

7. http://www.pallada-doc.com/

8. 3asiBka Ha BuHaxig a201709715 Bix 05.10.2017 p. «Kommo3ut-
HUH Ge3HabipHMIT TOHTOH OKY», aBTopr: Manoman B.®., Kon-
HoB B.M., lllenponoces O.B., Y3108 O.M., Kupnuenko K.B.

9.IMarent ma Bumaxix 77619 VYxpaina, MIIK B 63 B 35/34.
3’emHaHHA MeETalneBoi OamTH i3 3ali300€TOHHHM TIOHTOHOM
KOMITO3UTHOTO TuiaBydoro noky / Cuyupkuit M.I., KonHoB
B.M., Tokap O.I". (Ykpaina). 3asein. 15.12.06; Omy6u. 15.02.05.
— K.: TIpomuciioBa BnacHicthb, 2005 . — Ne 2, k. 1 — C. 5.74.

10. Ileapoaoces O.B. CyuacHuii cTaH MOIYJIBHOTO (hOPMYBaHHS
NpUMILIEHb 11 MOpChKuX TwiaByuux cropyn / O.B. Ilempoo-
ceB, C.B. Tepmuu // 36ipauk Hayk. npaus HYK. — Mukomnais:
HVK. —2008. — Ne 2 (419). — C. 28-35.

11. Marine Interior Systems / Norac Product Manual. Norway,
Edition 2, 2004. — 124 p.

12. Cayubkuii ML.I'. BukopuctanHs MOZy/IbHOI 000YI0BU [IPHMi-
IIeHb Ha KOMIIO3UTHHUX IIaByunx nokax / M.I'. Ciynpkuid, C.B.
Tepmu // 36. Hayk. nparps HYK. — Mukomnais: HYK, 2008. — Ne
2(419). - C.45-48.

REFERENCES.

1. Rashkovskyi O.S., Shchedrolosiev O.V., Yermakov D.V., Uzlov
O.M.. Design, technology and organization of building compo-
site floating docks. 2015, Nikolayev, NUOS-RAL Polygraphy,
P.254.

2. Mishutin A.V. Ferro-concrete floating structures and prospects of
their use. Odessa, Bulletin of the OSACA, 2002, Issue 6, P. 181-
187.

3. Slutsky N.G. Development of the technology of durable modified
concrete for composite floating docks. Sevastopol, 2009, Bulletin
of the SevSTU, Issue 97, P. 133-136.

4. Mishutin A.V. Increase of reliability and durability of concrete
thin-walled reinforced concrete structures exploited in the marine
environment. Odessa, Astroprint, 2003, P. 76-79.

5. Rashkovskyi O.S., Slutsky N.G. Optimization of the composition
of concrete for pontoons of composite floating docks. Nikolayev,
Proceedings of NUOS, 2008, Issue 5 (422), P. 17-24.

6. Slutskyi M.H., Yevdoshchuk D.V., Todorashko H.T. Declaration
patent. 13425 Ukraine, MPK 63 B 5/00. Method of manufactur-
ing section of the body of a reinforced concrete floating structure.

Declared 30.01.06; Pubwished 15.03.06. - K .: Industrial Proper-
ty, 2006. - No. 3, book 1 - P. 5.73.

7. http://www.pallada-doc.com/

8. Maloman V.F., Konnov V.M., Shchedrolosiev O.V., Uzlov O.M.,
Kyrychenko K.V. Composite Pontoon Dock without framing.
Application for invention a201709715 dated 05.10.2017.

9. Slutskyi M.H., Konnov V.M., Tokar O.H. Connection of metal
tower with reinforced concrete pontoon composite floating dock.
Patent for invention. 77619 Ukraine, MITK 63 B 35/34. Declared
15.12.06; Pubwished 15.02.05. - K .: Industrial Property, 2005. -
No. 2, book. 1 - S. 5.74.

10. Shchedrolosiev O.V., Terlych S.V. Modern state of modular
formation of premises for marine floating structures. Nikolayev,
Proceedings of NUOS, 2008, Issue 2 (419), P. 28-35.

11. Marine Interior Systems / Norac Product Manual. Norway, Edi-
tion 2, 2004. — 124 p.

12. Slutskyi M.H., Terlych S.VV. Use of modular buildings on
composite floating docks. Proceedings of NUOS, 2008, Issue 2
(419), P. 45-48.

Improvement of technology construction of composite floating docks of great lift

K. Kyrychenko, O. Shchedrolosiev

Abstract. the paper presents the technology of manufacturing thin-walled structures for pontoons of composite floating docks based on mod-
ified concrete. The technology of construction of composite floating docks is presented, which made it possible to transfer a significant part
of the works to the molding and hull-assembly sections of the hull workshop and from the slipways to the shipyard workshops. The technol-
ogy of manufacturing welded reinforcing cages of reinforced concrete pontoon dock sections is also presented in this paper. The pontoon
scheme for the construction of docks with a reduced number of sets is given.

Keywords: floating composite dock, reinforced concrete sections, pontoon, concrete.
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AHoTanisl. Y cTaTTi Ha OCHOBI aHAJI3y ICHYIOUMX METO/IB THITI3allil TEPUTOPIi i MelTiopaTuBHe OYIIBHAIITBO Ta HA OCHOBI OaraTtopiqHuX
BJIACHHX JIOCII/KEHb 3alIPONIOHOBAHMI METO/ TUMI3aLii, SIKUil po3riisinae JaHmmadT, sIK CHCTEMY B3a€EMOIIOB'SI3aHUX CKJIAJI0BUX, SIKi OTHO-
YaCHO MOXXYTb OYTH TLIBKH 1HAUKATOPHUMU a00 (haKTOPHIMH TTOKa3HUKaMH.

Knrouosi cnosa: munosicmv, anmponozeHHo 3MIHeHULL IAHOWADM, METIOPAMUSHULL PEXCUM, IHOUKAMOPHI NOKA3HUKU, (PAKMOPHI NOKa-

3HUKU, THMEZPOBAHT NOKAZHUKU.

Beryn. Croromi B YkpaiHi BUCHI-TiqpOMeTiopaTopy HAro-
JIOIIYIOTh HAa HEOOXIiTHOCTI BiAHOBIEHHS 3POIICHHS 10
IUIOI TIPOEKTHUX PO3PaxyHKIB, 3 HOCTYIIOBUM iX 30LIbIIEH-
HsM 710 2,2 MutH ra. Lle motpeOye po3poOKK HOBUX MPOEKTIB
MEJTIOpaTUBHOTO OY/iBHUIITBA i3 3aCTOCYBaHHSM CydacHHX
Croco0iB 3pOIIEHHSI Ta 3eMJICKOPHCTYBaHHs. [Ipu 1pomy
Tpeba BpaxoBYBAaTH, M0 JAHAIIAGTHA HA SKUX OyIe BiTHOB-
JIFOBATHCh 3POIICHHS € CYTTEBO QHTPOIIOICHHO 3MIHCHUMU 1
BXE ICHYIOUI IMPOEKTH MEJTiOpaTHBHOTO OYHiBHHIITBA HE
MOXYTh OYTH BHKOPHCTaHI I IUX Teputopiid. Taki ymMoBH
MOTPeOYIOTh PO3POOKH HOBUX IMPOEKTIB MENTiOPaTHBHOTO
OyZHiBHUITBA 3 OOOB’SI3KOBHM BHKOHAHHSM IIEPEANPOCKT-
HUX BHITYKYBaHb TSI BCTAHOBIICHHS 3MiH, IO BinOy/IHCs Ha
TepUTOPIi TOCIIPKYBaHHUX JaHadTiB, 0COOJIMBO B CTEIO-
Biif 30HI YKpaiHH, sika IHTEHCUBHO BUKOPHCTOBYETBCS IS
NoTped MeiopaTHBHOTO OY/IBHUIITBA.

Orasan nmyOaikaniii mo temi. Pe3ynpTatn umcenbHUX
MOJIOBUX Ta BHUPOOHMYMX JOCTIAIB Ta MEPEINPOSKTHUX
BUIIYKYBaHb 4acTO PEKOMEHYIOTHCS JI0 3aCTOCYBaHHS Ha
MPaKTULl 0e3 HaJe)KHOro OOIPYHTYBAaHHS «MOJICITBHOCTI»
Jocniny. [Hakie Kaxydd, MOLIMPEHHs Pe3yJbTaTiB MpOBe-
JICHUX JIOCTIIiB BUKOHYIOTHCSI TUIBKH B OITMCOBOMY CEHCI
(TocMIaHHA HA MOYKIIMBY TOTOKHICTH IPYHTOBHUX, TipOTeo-
JIOTTYHHX, KIIMATHYHUX XapaKTEPHCTHK, 110 HEMHHYYE BH-
Marae IHPOKOTo 3aCTOCYBAaHHS CTOXaCTUYHHX MPHHOMIB Ta
IMOBIPHICHHX OI[IHOK), aji¢ HE B KUTbKICHO JIOBSJICHOMY BH-
rsagi. e He 1ae MOXIIMBOCTI IIMPOKOTO 3aCTOCYBAaHHS
OTPUMAaHHX HayKOBHUX PEe3yJIbTAaTIB Ha MPAKTHIIL.

Ilin TUMOBICTIO AHTPOIIOICHHO 3MIHCHUX JAHAIIAQTIB
PO3YMIETBCS BIIIOBIIHICT X MPHPOJHO-KIIMATHYHUX, ar-
POTEXHIYHHX 1 BOJOTOCIOIAPCHKUX YMOB Mix coboro. Toi
JIOCITiTHO-BUPOOHNYA NIUITHKA TIOBHHHA OYTH MOJEIDTIO Te-
puTOpii, Ha SIKY Oy Th IOMIMPEH] pe3yIbTaTH AOCiKeHb [ 1].

AHaJi3 Cy9acHUX JOCIIHKEHb B 00JIaCTi MEIIOPATHBHOTO
OyIIBHHUIITBA, 3POIIYBAHOTO 3eMIIEPOOCTBA Ta CLIHCHKOTOC-
HOJAPCHKUX MeJliopawii MoKa3as, 0 B JAHUH Yac NPH BU-
3HAYEeHHI THIIOBOCTI, B OCHOBHOMY, 3aCTOCOBYIOTBCSI METO/IH
OIIHKK THUIOBOCTI MOCIIIHUX JISHOK, SIKi HABEJCHI B Hay-
KOBHX poboTax [2,3,4].

He3Bakaroun Ha BUKOPUCTAHHS IMX METOIB B HAYKOBUX
po0OTax i TEXHIYHUX PO3POOKAX, KOKEH 3 HABEICHUX METO-
JIiB Mae XapaKTepHi HEMOJIKH, SKi HE JTO3BOJIIOTH iX IIHAPO-
KO BIIPOBa/DKYBATH B HAYKOBUX IOCIIDKeHHSX. Hemomiku
HEpIIOro MeToxy [2]: cTOXaCTHYHICTh O3HAK, L0 BUBYAKOTh-
Csl Ha JPYroMy eTarli MEeTo/y JIy>Ke CKJIaaHO BHOpaT — siKi
O3HaKH MEePIIOPsIIHI, a AKi JPYTOpsi/iHi, TOMY Li€ BUKOHYIOTb
BUXOJISIYM 3 IHTYITHBHHUX YSIBJICHD, 1 Ha 1€ iijie 6araTo yacy.
Hemomniku apyroro meromy [3] — me Benwka KilbKicTh 3pa3-
KiB IPYHTY; BOJHO-COJIOBHX MOKAa3HHUKIB, TAKUX SIK MiHEpa-
J3aIist TPYHTOBHX BOJ 1 BOJOMPOBIIHICTG, SKi HEOOXiTHO
BpaxoBYBaTH TpH 00poOIi maHwx. Hemomiku TpeThoro me-
toxy [4] ue: mupoki noBipui iHTEpBaH, SIKi MOKA3yIOTh Mi-
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HIIMBICTH COJIBOBOTO CKJIAIy IPYHTY 1 TIOBWHHI OyTH OLIBII
KOHKPETHHMH 32 PaXyHOK 30UIBIIEHHS KUTBKOCTI 3pasKiB
JIOCIIKYBAaHUX TPYHTIB 1 Te, 1110 TIOPIBHIOBAaTH MO>KHA TiJIb-
KU IPYHTH O/THOTO THITY Ta IPaHyJIOMETPHYHOTO CKIIaJy.

[TepenymoBamMu po3poOKH 3aIPOIIOHOBAHOTO METOJY TH-
Ti3arii aHTPOIIOreHHO 3MIHEHUX JaHIIA(TIB CTAIN HAYKOBI
Ppe3yJIbTaTH, 10 Mpe/CTaBNieHi y poborax [5,6].

Mera. Po3poOka MeToly BU3HAUECHHSI TUIIOBOCTI aHTPO-
TIOT€HHO 3MiHEHHX JaHMMA(TIB, KU JO3BONUTH, 3 BIfIO-
BITHOIO TOYHICTIO, TTOMINPIOBATH PE3YNIBTATH MEPEAIPOCKT-
HUX BUINYKYBaHb U TEPUTOPill MEIIOpaTUBHOTO OYHiBHU-
ITBA i JO3BOJIUTH 3MEHIIIUTH KUTBKICTh BiIOOPY 3pa3KiB, sKi
XapaKTepU3yIOTh CTaH JOCTIKYBAaHUX JaHAMA(TIB.

Marepiaa Ta meroau. Cporoani c)opMoBaHi CKiaHi
MIPUPOTHO-TEXHIUHI (JTaHIadTHO-MENIOPATHBHI) CHCTEMH,
0 (QyHKIIOHYIOTh Ha BIZIMIHY BiJl IPUPOJHUX JlaHadTiB
32 HOBUMH 3aKOHAMH 1 MaloTh CBOi perioHaybHi 4acoBi Ta
MPOCTOPOBI OCOOJIMBOCTI, IO JIO3BOJISIE X XapaKTepU3yBaTH
SIK aHTPOTIOTeHHO 3MiHEHI.

AHTpONIOTEHHO 3MiHEHMH JaHmmadT Mae MEBHY CTPYK-
Typy i OyIoBy, THHAMIKy BIACTHBOCTEH 1 CTaHiB, 00yMOB-
JICHUX HOTO CTIHKICTIO 1 cTOCOO0M PO3BHUTKY, TOOTO €BOIIFO-
LIIfHO HE3BOPOTHO 3MIHIOETHCS 1 HOr0 HEOOXITHO PO3TIIAa-
TH TUTBKU K JUHAMIYHY CHCTEMY. AJle TOCITIIKSHHS TTOKa-
3yI0Tb, III0 KOXKEH OKPEMHH MOKa3HUK CTAHy TAKOTO JIaH[-
madTy MOXKHa BITHOBUTH B THX MEXax, sIKi BIH MaB y OJI-
HOMY 3 MOIIEpPE/HIX eTaIliB PO3BUTKY, ajie BIJHOBUTH CTPYK-
TYpy iX CHCTEMHOI B3a€MOZIi NPAKTHYHO HEMOMKIIMBO (Me-
tamop(ism eBororii tanmmadTy) [5].

Buxostun 3 11500, MOJKHA BIZIMITUTH, 110 BTPaTa €KOJIO-
TYHOT CTIMKOCTI aHTPOMOT€HHO 3MIHEHOTO JaHImadTy Ha
OJIHOMY 3 €TaIliB HOro pO3BUTKY BUKJIMKA€E MeEpexia 3 omHiel
(hopMH eKOIIOTIYHOI PIBHOBAru B IHIITY, SIKa BIACTHBA JIAHII-
madTy Ha HACTYIIHOMY eTarli pO3BUTKY. TakuM 4rHOM, SIK-
o0 JaHAMA(T BUAIIOB 3 YMOB SKOJIOTIYHOI CTIHKOCTI TIPH
JIaHUX CBOIX MOKa3HHMKaX, TO BiH 3a3HaB 3MiH (a1anTyBaBcs
JI0 HOBUX YMOB CBOTO PO3BHTKY) i P HUX JIaHMIA(T 3Ha-
XOIIUTHCS B 1HILIH (OpMI €KOJIOTYHOI piBHOBArk i Mae Ha
JIAHOMY €TaIli PO3BUTKY HOBY (BIIIOBIHY 3Ha4YEHHSIM HOTO
NOKA3HHKIB) €KOJIOTTYHY CTIHKICTh.

OCHOBHUMH KPUTEPISIMH OIIHKH 3MiH CTaHy aHTPOIIO-
TeHHO 3MiHEeHMX JIaHAmAa(TIB COTOAHI €: CTaH IPYHTY i pi-
BEHb OIOPI3HOMAHITTS. Y TaKOMY BUMAJKY I1i BaXKJIMBI CKIIa-
JIOBi BUCTYMAOTh SIK 1HIMKATOPH 3MIHH JIaHadTIiB B IPO-
cTopi i yaci.

[PYHT € OIHUM i3 BKJIMBUX OO €KTIB, KMl BIUIMBAE HA
OTPUMaHHS KIHIIEBOTO MPOIYKTY — POCIMHHHUIIBKOI CUIbCh-
KOTOCIIO/IapChKOT MPOIYKIii. AJle Ha IPYHT 3HAYHHUI BIUIMB
3/IHCHIOIOTh 3pOIIyBaJIbHI Ta IPYHTOBI BOAM, SIKI MOXYTb
MPUBECTH CTaH IPYHTY /IO 3HWIKSHHSI HOTO POJIOYOCTI, PO3-
BUTKY TAKUX HETaTUBHHX IPOLECIB SIK BTOPUHHE 3aCOJICHHS
Ta OCOJIOHITFOBAHHS, IiTy)KCHHS TOIIO, IO B KiHIIEBOMY
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PE3yIIbTATI Bele 10 HEZOOTPUMAHHS CilIbChKOTOCTIONapChKOL
npoaykiii. [Ipy 1poMy 3porryBaibHa BOJA TIOYHMHAE 3IIiHC-
HIOBaTH BIUTMB Ha CTaH IPYHTY Bifjpa3y, a IPYHTOBI BOIH,
KOJIX iX piBHI TIEPEeBHIYIOTh KPUTHYHWIA piBeHb. TOMy He-
00XiJTHO BUKOHYBATH Bi0ip 3pa3skiB IUX (haKTOPIB BIUTUBY
(3pouryBaJIbHI Ta TPYHTOBI BOJM), HA OCHOBI SIKMX BH3HAua-
€TbCs X (Qi3UKO-XiMIYHMK cKiaz. JIJii BU3HAYCHHS CTaHY
IPYHTY 1 (pakTOpPiB BILIMBY (3pONTYBaJIbHI Ta IPYHTOBI BOJIN)
PO3pOOIECHNIT KOMITIEKC IMOKA3HUKIB, KU OTPHMaB Ha3BY
MEJTIOPAaTUBHUIM pexuM [7].

OcTaHHA TacnopTH3allis IPyHTIB Oylla BHKOHaHa IIe B
1957-1962 pokax i ChOrOmHI NMHUTAaHHSI THIIOBOCTI aHTPOIO-
TeHHO 3MiHEeHHX JIaHMIa(TiB, TOJTOBHUM iHIKATOPOM SIKUX €
IPYHTH, € BEJIbMH aKTyaJIbHAM. TOMY BHHHKA€ HCOOXiTHICTh
HE TUIBKU Y BU3HAYCHHI THIIOBOCTI Oe3MOCepeHbo IPYHTIB, a
1t pakTOpiB, IO BIUIMBAIOTH HA HUX (3 YpaxXyBaHHSIM JHHAMI-
KM 1X 3MiH y mpocTopi Ta 4aci). Tozi BaKITMBO BCTaHOBJICHHS
THIIOBOCTI TSl IHJMKATOPHHUX Ta (paKTOPHUX MOKA3HUKIB OK-
pemo, 3 MoAAJIBIINM BU3HAYEHHSM IHTEIPOBAHOTO ITOKa3HHUKA
THIIOBOCTI JUI1 KOYKHOTO 3 TOpiBHIOBaHWX JaHmmadris. Lle
BUMarae CTBOPEHHsI OCOOJIMBOI IPEIMETHOI 00JIACTi CHCTEM,
sIKa BpaxoBY€ TEPUTOPIIO 3 YCI€I0 MPUTAMAHHOIO 11 crierudi-

KOIO TPUPOJHMX YMOB, PECYPCHHM HOTEHIIAJIOM, IOLINpe-
HUMH B 1i Me&XaX BHIaMH TOCTIOIAPCHKOT TiSUTHHOCTI.

PesysnbTaTn Ta odroBopenHs. [okasHukM MeiopaTHB-
HOTO PEXHMY XapakTepH3yIOTh KOXHY i3 HaBeICHHX BHILE
CKJIAJIOBUX JIAHAMIA(TY Ta B3a€MO3B’SI30K MiXK HUMH 1 CKOM-
TIOHOBaHi B Tabuui 1.

I[Tpu TprBanoOMy BIUIMBI IPYHT 3 4aCOM MOJKE 3MIHIOBATH
CBOIT BJIACTHBOCTI, 1 TUIbKY B HCTAaTUBHOMY BiIHOIICHHI. J[71s
TOro, 00 HeraTMBHA 3MiHA BIACTHBOCTEW IPYHTIB HE BiJ-
OyBaJiacsl, Il KOJKHOTO 3 IOKa3HHUKIB MEJIIOPaTHBHOTO pe-
UMY PO3pOOJICHI ONTUMI3AIliHI 3HAYEHHSI, SIKI HE BEIyTh
JI0 Nerpajarii IpyHTiB. BoHn MaroTe Ha3By IpaHHIHO — JI0-
mycTMi 3HadeHHS (muB. Tabn. 1). [panmano — momyctimi
3HAYCHHS U1 KOJKHOTO 3 TTOKA3HHKIB MENIOpPAaTHBHOTO pe-
)KUMY BCTAQHOBIIFOIOTBCS TOCHIJHUM IIUIIXOM, Ha TEPUTOpI-
SIX, M0 HE MAaIOTh AaHTPOIOTEHHOTO BIUMBY (YHIKaJbHI
TmaHAmadTH), H AKi MAIOTh 3HAYHY CTiMKICTH JO 30BHIIIHIX
(hakTopiB BIUIUBY.

B Takomy pasi IpyHTH BHCTYNAlOTb SIK iHIMKAaTOp 3MiHU
AHTPOIIOT€HHO 3MIHEHUX JaHJATIB y MPOCTOpi Ta Yaci.
Tomy BHHHKa€e HEOOXIIHICTh MOJIICHHS IOKAa3HUKIB MeITio-
paTHBHOTO PEXUMY Ha IHAMKATOPHI Ta (haKTOPHI TOKa3HHUKH.

Tadauns 1. [lpuHIMIOBE NOMIICHHS MOKA3HUKIB MEJTIOPATHBHOTO PEXKUMY

Hazpa

‘YMOBHI MO3HAYCHHS,
OJIMHHMITS BUMIPIOBaHHSI

I'pannyHO — MoMycTHMI 3HA-
YeHHSI

IHMKATOPHI NOKA3HUKH MeJIiOPATHBHOIO PeKUMY (Ha siKi BILIMBaKOTh), Ty°

Bonso — (hi3udHI HOKa3HUKH IPYHTY:

(0,75-0,85) HaiimMeHIIIOl BOJIO-

- IOIYCTHMIi MEXi PEryII0BaHHS BOJIOTOCTi KOPEHEB- TOEMHOCTI

MIiCHOTO IIapy W, % Big M.c.T.

®i3nKo — XIMIYHI TOKA3HUKH IPYHTY:

- 3araJibHa Ta TOKCMYHA 3aCOJICHICTh S, S, % na 100 r rpyHTY 0,2;0,1

- CIIiBBIJHOIICHHSI KATiOHIB y BOJIHIM BUTSDKII Na/NCa, Na/ANMg <0,6

- pH 1pyHTOBOrO po3YHHYy pHrp HE HOPMYEThCS
ATpOXiMIYHI IOKa3HUKH IPYHTY: JULSL KO)KHOTO THITY IPYHTY
- BMIiCT TyMycCy I, % CBO€E 3HAYCHHS

- CKJIaJI TYMyCy Cr/Cod

DAKTOPHI NOKAZHUKH MeJIIOPATHBHOI0 peskumy (L0 BILIMBAIOTH), Ty?

JlorycTrMi MexXi peryJIroBaHHs PiBHIB IPYHTOBHX BOJL

H, M HKp
SIKicTB 3pomnTyBaibHOT BOIH:
- MiHepaTi3aIlis r/nme <08
- CHIBBIJHOIIEHHSI KATIOHIB y 3pOLITyBaIbHIN BOI (Na 100)/(Ca+Mg) <25
- pH 3porryBasibHOI BOAM - <75
[HTEHCHBHICTB Ta CTIPSIMOBAHICTB BOJIOTO — Ta BOZIOO-
OMiHy Bi/IOBITHO:
- MK 30HOIO aeparlii i 30HOK0 HaCHUEHHS IPyHTOBUMHU
BOZaMU +Q, MM HE HOPMYETBCS
- 30HOI0 HACHYCHHS IPYHTOBHMH BOJaMH 1 HIDKYE3a-
JIATAKOYUMH ITi/I36MHHMH BOJIaMH +q, MM HE HOPMYETBCSI

Jlo iHIMKAaTOPHUX BITHOCATHCS: BOIHO-(i3nuHI, (Hi3HKO —
XiMIYHI Ta arpoXiMivHi ITOKa3HUKH IPYHTY (IOIyCTAMI MeXi
PETyIIIOBaHHS BOJIOTOCTI KopeHeBMicHoro mapy (W), 3ara-
JIbHa Ta TOKCHUYHA 3acolieHicTh (S, S;), CITIBBIJIHOIICHHS
KaTioHiB y Boamiit Butsvkii (Na/NCa, Na/YMg), BMicT rymy-
cy (I') Ta #oro ckian).

Jo dakTopHHX MOKA3HUKIB BiHOCSTBHCS: TOMYCTUMI Me-
I PEryJIIOBaHHS PiBHIB IPYHTOBHX BOJ, SIKICTh 3POITYBaIb-
HOi Bojy (MiHEpami3alisi, XiMIYHUIA CKJIaM), IHTEHCHBHICTb
Ta HanmpsaMoK Bousioro — (Q) Ta BogooOMiHY (q) BiATOBIIHO:
MDK 30HOIO aeparlii i 30HOI0 HaCHYESHHS I[PYHTOBUMH BOJIAMH
Ta 30HOK0 HACHYEHHs IPYHTOBHMHM BOJAMH 1 HIDKUE3asIsra-
FOYMMH MiJI3EMHUMH BOJIaMH.

[loka3HMKM MaroTh CBOi YMOBHI ITIO3HAa4€HHS, PO3MIp-
HicTb. ToMmy 00'eqHATH iX Y €AMHMI OKa3HUK HEMOXKIIMBO
6e3 BiMOBITHOT 0OPOOKH.

3a TakuX yMOB IX HEOOXIZHO MPHBECTH 0 0E3pO3MipHOT
BEJIMYMHY 32 JOTIOMOTOI0 CTATUCTHYHUX iHIEKCIB. [t 1bo-

'O 3aCTOCOBYETHCS TIepepodiicHa hopMyia iHICKCY:

17, 1
m, =" W

ne I1,; - xoe(ilieHTH BH3HAYEHUX 3HAYEHb ITOKA3HUKIB
MEJTIOpaTHBHOTO PEKHIMY;

I1; - icHyrOoUi 3HaYCHHS MOKA3HHKIB METIOPATHBHOTO pe-
KHMY;

I1yon - TPAHMYHO — JOITYCTHMI 3HAYEHHSI TIOKAa3HUKIB Me-
JIIOPATHBHOTO PEXUMY.

ITo kOXHIH TPYTi IMOKA3HUKIB MEJIIOPATHBHOTO PEXHUMY
KOXKHOTO 13 JIOCTI/DKYBaHUX JIAHMIA(PTIB BU3HAYAIOTHCS
IHTeTPOBAaHNH IHIUKATOPHUHA Ta IHTETPOBAHMH (HaKTOPHMUIA
MOKA3HUKN B 3AJISKHOCT] BiJ MEPEMHOKEHHS Koe(illieHTiB
BU3HAYCHHX 3HAYCHb IS 1HAUKATOPHUX Ta (AKTOPHHUX MO-
Ka3HUKIB MEIIIOPaTHBHOTO pexuMy. JlJIs 1IbOro BUKOPUCTO-
BYETBCS BIIACTUBICTD CUCTEMH SIK MUTBTHUILTIKATUBHICTB:

T = 115, < 112, ... < 1T, (2)

yn?
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T = 11l 11t % 172, (3)

ne T,°, T, — simmoBinHo: inTErpoBanuii iHIMKaTOPHUI Ta
iHTerpoBaHMi (PaKTOPHUI MMOKA3HUKHA METiOPATUBHOTO pe-
KUMY;

I1,/°, I1,,°, ... , I1,° - koe(illieHTH BU3HAYCHUX 3HAYCHB
IHIMKAaTOPHUX TOKA3HHUKIB MENIOPaTHBHOTO PEXUMY (BH-
3HAYAIOThCA 32 GOPMYIIOr0 1 I KOKHOTO OIIHOYHOTO II0-
Ka3HUKA MEIIIOPAaTUBHOTO PEXKIMY  OKPEMO);

I, 11,52, ..., I1,,® - xoedillieHTH BU3HAYCHNX 3HAYCHD
(haKTOpHNX MOKAa3HHUKIB MEJTIOPATUBHOTO PEeXHMY (BU3HA-
YaroThes 32 (OpMYII0r0 1 s KOXKHOTO (paKTOPHOTO MOKa3-
HHUKA MEJTIOPaTHBHOTO PEXXUMY OKPEMO).

TumnoBicTh JOCTIDKYBaHUX JIaHMIA(TIE BU3HAYAETHCS
OKpEeMHM TOpIBHAHHAM IHTETPOBAHUX IHAMKATOPHUX Ta
iHTerpoBaHNX (PAKTOPHIX MOKA3HUKIB MK COO0TO:

T,/ (4 re /(5
Ty’ ST

ne 7,,°, T,,° — BiANIOBIHO: IHTErpOBaHI IHAMKATOPHI HO-
Ka3HUKH MEJTIOPAaTUBHOTO PEXUMY MOPIBHIOBAaHHUX arpo-
TMaHAIAQTIB;

T,%, T,2? — BinmoBiaHO: iHTErpoBaHi GpaKTOPHI MOKA3HUKH
MEITOpaTHBHOTO PEKUMY IOPiBHIOBAHUX aT pOJIAHATIA(TiIB.

BuHCHOBKH, NepCNeKTHBH MNOJAJIBIIUX JOCTiIKEHb.
AHTPOTIOTeHHO 3MiHEeHi JIaHIITadhTH TPEICTABISIOTH ChOTO-
JTtHi CKJIaJTHI MIPUPOTHO-TEXHITHI (manamragTHO-
MEJTIOPAaTHUBHI) CUCTeMH. [HAMKATOpaMHU OIIHKA CYYacHOTO
CTaHy TaKWX JIAHAMIA(TIB BICTYIAIOTH IPYHT i piBeHb Oiopi-
3HOMAaHITT$, 1110 BPaxOBaHO IPY BU3HAYEHHI IHTETPOBAHOTO
MOKA3HHUKA THIIOBOCTI OCHIPKYBaHUX JaHIIA]TIB.

BuxopucTanHs 3arpoNOHOBAaHOTO METOJYy BH3HAUCHHS
THUIOBOCTI aHTPOTIOTCHHO 3MIHEHUX JaHIIIA(TIB JTO3BOJIUTH
CTBOPUTH 0a3M JOCTOBIPHOI KapTorpadiqHoi i aTpUOyTUBHOT
JaHad THO-eKoNIoriYHO1 iH(popMarii, HeoOXiqHOT s Te-
PEOPOCKTHHUX POOIT 1 IPUHHATTS MEPEANPOSKTHHX PIIlICHb.
BukonaHHsS THMI3AIi MOAECTFHIX AULTHOK BiIOYBa€eThCS 31
3MEHIIEHHSAM KUIBKOCTI BiOOpY IOCIIDKYBAaHHX 3pa3KiB,
SIKi XapaKTepH3yIOTh CTaH MOCHIDKYyBaHUX JAHIMIA(TIB y
TIOPiBHSHHI 3 IHIINMH iCHYFOUHMH METOIaMH.

MorkHa KOHCTAaTyBaTH, 1[0 BU3HAYCHHS THIIOBOCTI aH-
TPOIOTeHHO 3MiHEHNX JIAHAMIA(TIB € TyKe BXKIMBUM Hay-
KOBUM THWTaHHsM. [IpoaHanizyBaBIM HasBHI B JaHWH 4ac
METOJTM TUIOBOCTI, HEOOXITHO MPOBOIUTH TOAAIIBIIY POOO-
Ty 3 YJAOCKOHAJICHHS ICHYFOUHX 1 PO3POOKH HOBHX METOIIIB
BU3HAYCHHS TUIOBOCTI aHTPOIIOTEHHO 3MIHEHHX JaHuad-
TiB, 0COOJIMBO B YMOBAX III00ABHOT 3MiHHU KITiMATYy.
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Method of determination of antropogenic changed landscapes for the projects for reclamative building in the steppe zone of Ukraine

D. O. Ladychuk, N. M. Shaporynska, M. M. Voloshyn, V. D. Ladychuk

Abstract. The paper represents the method of typiration considering a landscape as the system of interconnected components which can be only
indicator or factor indexes. It is possible on the basis of the existing methods of typiration of territories for reclamation construction and on the

basis of many years of our own research.

Keywords: munosicms, anmponozento 3minenuii Aanouiapm, MeniopamueHull Pejcum,iHOUKAmopHi NOKA3HUKU, (PaKmopHi NOKA3HUKU, iH-

meepoeam' NOKA3HUKU.

Meton orpeaeJICHUsd THMNYHOCTH AaHTPONMOI€HHO U3MEHCHHBIX .]'IaHlI]]Ja(I)TOB IJIA TIPOCKTOB MEJTMOPATUBHOI'O CTPOUTE/ILCTBA B CTEII-

HO¥i 30H¢ YKPaHHBbI

. A. Jlanerayk, H. M. lllanopunckas, H. H. Boiiommn, B. [, Jlaabrayk

AHHOTanus. B crarhbe Ha OCHOBE aHAIM3a CYIIECCTBYIOIIMX METOJOB THIA3AIMH TEPPUTOPHN TIOJ] MEMOPATHBHOE CTPOUTEILCTBO M Ha

OCHOBE MHOTOJICTHHX COOCTBEHHBIX HCCIENOBAaHHI TNPEMIOKESH METO[ TUMHM3ALMM, PAacCMaTPUBAIOIIMI JIaHAADT, KaKk CUCTEMY

B3aMMOCBSI3aHHBIX COCTABISIONINX, KOTOPBIE OJHOBPEMEHHO MOTYT OBITh TOJIBKO HHANKATOPHBIME HITH (DAKTOPHBIMU TIOKA3aTEISIMH.
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Annoranus. [{s cuTyauun cOMMKEHHs CyAHa € IBYMsI LESIMH TPEeUIOKeH crmocobd GpopMHUpoBaHKs 00acTell HeMOMyCTUMbIX 3HAYCHHI
IIapaMeTPOB JBIDKEHI Cy/IHA OTHOCHTENBFHO Kaxkoi n3 HuX. [TomydeHa mpore/typa OeHKH OITacHOCTH BO3HUKIIICH CUTYaIMH COMMKEHHS
TI0 KK/I0H Liem IprMeHeHNeM chopMHUpOBaHHBIX obacTell. [Toka3ana BO3MOXHOCTH BEIOOpA MaHEBpa PACXOXKICHUS OOIINM YKJIOHEHH-
€M OT JIBYX LieJIeH ¢ MOMOIIBI0 00JacTel HeOIMyCTUMBIX 3HaYECHHI TapaMeTpoB JIBIKEHH CyHA. B kadecTBe mpumepa paccMOTPEHbI TPH

CHTYalll1 COMMKEHHS CyIHA C ABYMS LICJISIMH.

Knrouesvie cnosa: 6ezonacrocms cyoo80i#cOeHUs, NPOYECC PacXoricOeHUss cyoos, 00acmu HeOONyCMUMbIX napamempos, MaHesp 00-

wum yKiIOHeHuem.

Benenne. IIpobnema obecnedeHmss 0e30MacHOCTH CYIO-
BOXKICHUS SIBJISIETCS OJHOM U3 BaXKHEHILUX, - OT €€ yCHell-
HOT'O PCIICHUS 3aBHCHUT YMCHBIICHHE KOJIMYCCTBA aBapHii-
HBIX CIIy9acB ¥, KaK CJICACTBHC, CHIKCHHE Bpe/ia YeIoBeUe-
CKOH 7KM3HH, OKpPY’KaroLIei cpesie, UMYIIECTBY U MPOU3BO/I-
CTBEHHBIM IIPOIIECCaM.

HapurarmoHHbIe TPETSITCTBUS. 1 MHTCHCUBHOE CYJI0XO/I-
CTBO 3HAYMUTENFHO OCIIOXHAIOT IJIaBaHHUE MOPCKUX CY/IOB B
CTECHEHHBIX paiiOHaX W CO3MAOT TPEINOCHUIKA IUIS BO3-
HUKHOBEHHS aBapUiHBIX cUTyarmil. CTeCHEHHBIC BOJBI SIB-
JISFOTCSI CTIOKHBIMH paliOHAMH TUIABAHHS, B KOTOPBIX IIPO-
ucxomut cebie 80 % Bcex HAaBUTALMOHHBIX aBapuil, 4TO
CBHUICTEIHCTBYET O OOJBIION CIIOHOCTH YCIIOBHH ILTABa-
HUSI 1 HECOBEPILICHCTBE METO/IOB CYAOBOXKICHIS B CTECHCH-
HBIX BOJIAX.

Oco0OeHHOCTSAMH IIJIaBaHUs B CTECHEHHBIX paifoHax sSBIIA-
ercsi ObICTpOTEKyIllee M3MEHEHHE HABUTAIIMOHHOW CHTYya-
IIUH, YTO TPeOyeT pa3pabOTKU OMEPATUBHBIX M MPOCTBHIX B
WCTIOJIb30BaHUM METOJIOB OIIEHKHU OMACHOCTH CONMYKEHUS U,
B Cilyyae HEOoOXOIMMOCTH, BhIOOpa 0E30MacHOr0 MaHEBpa
pacxoxaenus. HpiHenHee KOMIBIOTEPHOE OCHAIIEHUE TPO-
M3BOJICTBEHHBIX TPOIIECCOB M BHICOKUI YPOBEHB HCIIOJIB30-
BaHMA Ha CyIHE MHGOPMAIMOHHBIX TEXHOJOTHU OIpeIess-
FOT HEOOXOMMOCTh KOMIIBIOTCPHOM peasTU3alliy Ipe/iara-
€MBbIX MECTOJIOB TPEJOTBPAIICHUS CTOJKHOBCHHUS CYIOB.
CrnenoBatenbHO, pa3paboTKa CIIOCOOOB YIIpaBJICHHS Cyna-
MH, KOTOpBIE OTMACHO CONIKAIOTCS, MOYeMY IOCBAIICHHAS
JaHHask paboTa, SABISICTCS AKTYaJIbHBIM M MEPCICKTHBHBIM
HAyYHBIM HaIPaBJICHHUEM.

Kpatkuii 0630p nyoaukanmii no teme. B padore [1]
JUTS OMTUCAHMSI TPOLIECCa PACXOXKIICHUST MCTIONB3YIOTCS Me-
TOJIBI TEOPUH ONTHUMABHBIX JAUCKPETHBIX IPOIECCOB, a B
pabore [2] npemiaraercs GopMaIM30BaTh MPOLECC PACXONK-
JICHUSI METOJIOM HEITMHEHHON MHTErpalbHON WHBapUaHTHO-
CTH.

[IpUHOUIET  JTOKATPHO-HE3aBICUMOTO W BHEIITHETO
VIIpaBJICHUS TIPOIIECCOM PACXOXKICHUS OIACHO CONMKaro-
IIMXCS CYI0B PACCMOTPEHBI B pabote [3], a Takxke npUBeicH
aHaJIM3 METOJIOB UX peajn3allid, pudeM B padoTte [4] npu-
BE/ICHO TIOJPOOHOE WCCIENOBAHNE METOHOB JIOKAJIBHO-
HE3aBHCHUMOTO YIIPABIICHUS U TPEIIOKEH METON (GOPMHUPO-
BaHUsI THOKUX CTpaTeruii pacxoxiaenus. B pabore [5] pac-
CMOTPEHBI B3aMMOJICHCTBHE CYIIOB B CHTYaIlMH OIIACHOTO
COJMMKEHHST U BBIOOP CTPATETHH PACXOXKICHUS UL MPEIy-
MPEXACHHUS X CTOJIKHOBCHUS, a MPOLeIypa BHIOOpa OITH-
MaJIbHOTO CTAHIAPTHOTO MaHEBpa PACXOXKICHUS Maphl Cy-
JIOB paccMoTpeHa B pabote [6]. DxcTpeHHas crparerus pac-
XOXKICHHUS B CHUTYallMd YPE3MEPHOTO CONMKCHHH CYIOB
npe;yIokeHa B padore [7].

72

B pabote [8] m3maraercsi TeopeTHdecKkoe 0OOCHOBaHHE
ABTOHOMHOI CYZOBOM CHUCTEMBI YKIOHEHHsI OT CTOJKHOBE-
Husi CA. COBMECTHO C aITOPUTMOM MO YKJIOHEHHIO OT
CTOJIKHOBEHHSI PAacCMOTPEHBI JIONOJIHUTENBHO —[IpaBmiia
ykionenuss ot cronkHoBenus COLREG. Taxke paccma-
TPHUBAIOTCSI TPeOOBaHKsI K aBTOHOMHOIl HaBHUIalUH, YUHThI-
Barouye (akTopbl, KOTOPBIE BIUAIOT HA MPOLECC YKJIOHE-
HUSI OT CTOJIKHOBeHMsA. OTMeJaeTcsl, 4To MCCIIeIOBaHUS T10
ABTOMATH3ALUH YTPABICHUA CyJHOM MOTYT OBITH Tpen-
CTaBIICHBI KJIACCHIECKIM TIOAXO/I0M, OCHOBAaHHBIM Ha Mare-
MaTHYECKAX MOJENSAX M alTOPUTMAaX, WA KOMITBIOTEPHOMH
TEXHOJIOTHCH, UCTIONB3YIONIYI0 HCKYCCTBCHHBI MHTEIUICKT.
[Ipuuem 00MacTPIO MCKYCCTBEHHOTO HHTEIUICKTA M CH-
CTEeM aBTOHOMHOTO YKJIIOHEHHS OT CTOJIKHOBEHHS, paccMar-
PHBAaEMBIX B CTaThe, SBIISIIOTCS SBOJIOLMOHHBIE alITOPUTMBI,
norvka (y33H, SKCIEPTHBIE METOJIbI, HEHPOCEeTh U KOMOH-
HalMsl STUX METOJIOB — I'MOPUJIHBIC CHCTEMBI.

Bornpocs!l yuera HaBUTallMOHHBIX ONACHOCTEN U MHEPIIH-
OHHOCTH Cy/IHa IIPU BBIOOPE CTpaTeruy PacX0oXKICHHUS CyHA
ocBelneHsl B paborax [9, 10].

MerToq OLICHKH PHICKa CTOIKHOBEHUS C MCIIONH30BAHUEM
peXFMa MCTUHHOTO JIBIDKCHHUS PacCMATPHBACTCS U 00CYXK-
naetcs B pabote [11]. OtmeuaeTcs, 4To HEOOXOIUMO paspa-
00TaTh TOJIC3HOE TPUIIOKEHHUE TS ICIIOJIF30BaHUS TAHHBIX,
takux kak AVIC mnsg obecrieueHns 6e30macHOCTH U d(dek-
THUBHOCTHU paboThI cyaHa. AWC siBsieTcst CHCTEMOM IPUToI-
HOH 711 cOopa UH(OPMAIIMH O IIEJX, HO 3Ta HHPOPMAITHS
HoKa ucrosb3yercs: HeaddekTrHo. OHON U3 MPUYMH BO3-
MO)KHOTO CTOJIKHOBEHMSI CYZOB SIBIISIETCSI METOJ OIICHKH
pucka cToNKHOBeHHH. OOBIYHO PHUCK CTOJKHOBEHMS CyIHA
OLICHMBAETCS IO 3HAUCHUIO ITapaMeTpOB TOUKU KpaTdaiIire-
ro commkenus: (CPA), xoTtopast cBsizaHa ¢ OTHOCHUTEIBHBIM
JBIDKEHHEM. B 3TOM cirydae TpyAaHO OOHapYXUTH TPOITYCK
OIIACHOH IIeTH TIpH TUIaBaHWW B CTECHEHHBIX BOjaX. B cra-
ThE BBOJTCS JIMHHUS IPOTHO3HPYEMOTO CTOJKHOBCHHUS
(LOPC) u 30Ha mpensiteteuid 1o nenw (OZT) ans orneHkw
pHICKa CTOJIKHOBEHHWSI, STH 3HAYCHUS CBS3aHBI C MCTUHHBIM
JIBWOKEHHEM, W 3TO J[aeT BO3MOXKHOCTH BBISIBUTH CHUTYallUH
OIIACHOTO COMIKEHMS M 00eCTIEYNTh 0e30MacHoe IIaBaHUEe
MPOXOJ B CTECHEHHBIX BoAax. B pabore [12] mpemioxeHo
OITIICAaHNE TPOIIECCa PACXOXKACHNS CYA0B B TEpMHUHAX IH(-
(epeHIMaIbHOW AHTarOHHCTHYECKON WIPHl. AHAIM3HpYe-
MBbIe pabOTHI BHOCAT 3HAYUTEIBHBIN BKJIAJI B TEOPHIO pere-
HUS TPOOJEMBl TPEIYNPEKACHUS CTOJIKHOBEHHH CYJIOB,
OJIHaKO TIpH (HPOPMHUPOBAHMH CTPATETUH PACXOXKACHUSI OHU
HE TpeycMaTpHBalOT BO3HUKHOBEHHE CHUTYAIIMH OIACHOTO
COJIMDKEHHS CyTHA C HECKOJIBKUMH LIETISIMH.

Heanb. Lenpio HacTosILEH CTaTbU SIBISIETCS U3JIOKEHUE
TIpOIIeyphl BHIOOpA MaHEBpa PACXOXKICHHUS CyJHA W3MEHE-
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HHEM Kypca MpH CONKCHUH C ABYMS IEJISIMH C TIOMOIIBIO
obacTeli HEOMYCTUMBIX 3HAYCHHH TMapaMeTpoB €ro JIBU-
KEHISL

Marepuansl u Metoabl. [Ipu J0OKabHO-HE3aBUCUMOM
VIIpaBJICHHH, KaK yKa3biBaeTcs B pabote [13], omenka omac-
HOCTH CUTYallMM CONVKEHHS CyJIHA C IIEJIBI0 MOXKET IpOu3-
BOJAUTCS C MOMOIIBIO 00aCTH HEAOMYCTUMBIX IapaMeTPOB
IBIKeHus cyaHa 2y, TPaHHUIBI KOTOPOW OIpPEACIIOTCS

JUISL COMKEHMSI CyJHA C LIENbI0 Ha BCTPEYHBIX Kypcax cle-
JIYFOILIMMH aHATUTHIECKIMH 3aBHCHMOCTSIMH:

Vosin(K, —v®) ()
1

K® =y® 4 arcsin TpuHeM

V, > V,sin(K , —y®);

Vysin(K, @) | 2
1

Kiz) =@ tarcsin

seck V, > Vssin(K , —y®@).
B npuBeneHHBIX BBIpRXKEHUAX Ky 1V, - napamerpsl

nBrkeHnst cynHa, Ko 1V, - mapaMerps! IBIKSHHS eNH,

y(1,2) - aiarcsind—da npudeM O ¥ D - meneHr Ha uenb U
D

JUCTAHIOWA OO0 HEC, dd - OpeaciibHass AUCTAHIUS commke-

HU.
IMomuMo mpuBEICHHBIX BhIpaXkeHUit B padote [13] mpea-
CTaBJIeHO rpaduueckoe u300paxkeHne obnactu Q , aHajo-

TUYHOE M300paXkeHHe U1 IapaMeTpoB JABIKEHHs CyaHA
K, =135° ¥ V; =18 y3I10B noKasaHo Ha puc. 1.

OO0nacTe HEAOMYCTUMBIX IapaMETPOB ABIDKEHUS CyTHA
Q4 TO3BOJIAET OLEHUTh HATUYHE ONACHOCTH NPH COMIKe-

HUU CyJHa C 1ebto. Ecnu Touka ¢ mapameTpamu IBUKEHUS
cynHa (K, , V,) IpuHauIekuT odnactu Q 4 » TO COMMKEHHE

SIBJIAICTCA OITACHBIM, €CJIM K€ HCT - Cy/THO U LICJIb CONMMKAOT-
cs 6e30MacHo. HpI/I OIACHOM COJIMIKCHUH CyAHa € LCJIbIO
00acTb Qd IIO3BOJIACT BBI6paTB MAaHEBp PaACXOXKIACHUA

HM3MEHEHHEM Kypca Cy[JHa IMPH HEM3MEHHOH €ro CKOPOCTH.
TakoMy MaHEBpY COOTBETCTBYET TOUKa ( Ky V;) ¢ Kypcom

YKIIOHCHUS Kly , HaXoJsiIasicsl Ha rpaHune oomactu € 4.

Jlnsa Hamero mpuMmepa, Kak cleayeT u3 puc. 1, 6e30macHbIi
KypC yKIIOHEHHS K, JOCTHIAeTCs YBEMICHHEM 10 195°.

OueBHUAHO, MPUHIMI OLEHKU CUTYallMH CONMIDKEHUS U
BbIOOpa OE30IaCHOr0 Kypca YKJIOHCHHUS C MOMOIIBI0 00J1a-
CTH HEJIONYCTUMBIX 3HAUCHHH MTapaMeTPOB JIBIKEHHUS Cy/THa

)y MOXHO pacIpOCTPaHHTb HA CHTYALHIO COMNIKCHUS
CyZIHa C HECKOJIbKUMH LiesisiMu, hopmupyst obmactu €2 4 st

Ka)JIO¥ U3 BCTPEUHBIX LIETICH.

Pe3yabTarsl 1 X 00cykIeHHe. PaccMOTpUM CUTYaIuio
cOMmKeHHs CyJHa ¢ ABYMSI LIETSIMHU, KOTOpasi XapakTepu3y-
€TCsl IapamMeTpaMu JIBIKeHus CyiHa K, u 'V, , mapamerpa-

MM JBUKEHHUS nepBoi nemu K, u V, , napamMeTpamu JBHU-
KEHHUsl BTOPOH Lem K, U V;, ENEHraMu Ha el oo |

013, @ TAKKE TUCTAHIUAME 10 HUX D1y m Dq3. COmmie-

HHUE Cy/lHA C TIEPBOM IIENBIO XapaKTepu3yeTcs OONacThio
HEJIOMYCTUMBIX 3HAUCHWI TMapaMeTpoB [BIDKCHUS CyIHA
le'z), TPaHUIIBI KOTOPOM PACCUUTBHIBAKOTCS C IMOMOIIBIO
¢dopmyn (1) u (2), mpudem 1y pacdeTa NPHHAMAIOTCS T1a-
pamerpst Ky, V5, agp 1 Dyp-

73

185
165
135
105
75
45

345
315
288
285

228
0

W1

2 4 & & 10 12 14 16 16 20 22 24 26 28 30 3 34 3%

Puc. 1. O6macts (2 d TIpU COMMKEHMH Cy/IHA C LENbIO Ha BCTped-

HBIX Kypcax

Amnanorudso (popMupyercs o61acTb le'?’) JUIs cOmmKe-

HUS CyJIHA CO BTOPOI IIEJIBIO, B 5TOM CJTydae TPaHHIIbI 00J1a-
13
ctu Qg ) PACCUMTHIBAIOTCA 10 MapaMeTpaM Ky, Vi, 013

u Dq3. 3aTeM MPOM3BOMMTCS MPOBEPKA IPUHAJICHKHOCTH
TOYKH MapameTpoB aBwxerns cymHa (K,V;) Kaxmoil us
obmacTei Qél'z) u le"") , B PE3yJIbTaTE KOTOPOH JemaeTcs

3aKJIIOYCHHE 00 OIACHOCTH COMIDKEHUS Cy[HA C KKAOU U3
neneid. B cimydae HEOOXOAMMOCTH MaHEBP paCXOXKACHUS
CyAHa H3MEHEHHEM Kypca BBIOMpAeTCsl TakuM o00pazoMm,
YTOOBI TOYKA (K1y ,V}) € KypcoM YyKJIOHEHHUS Ky, HE Mpu-

HaJUIeKaa 00JIacTsIM Q((jl,z) u le':”), T. €. OBUIO CIIpaBesl-
THBO YCIOBHE (K, V)) & le,z) UQSL:;). ITpu 3ToM TouKa
(Kly , V| ) JOIDKHA HAXOMTCS HA TPAHMIIE OIHOW M3 00a-

CTeH.

B nanpHeiimem B KadecTBe NpUMepa paccMOTPUM He-
CKOJIBKO CUTYaLMii COMKEHUS CY/IHA, CIIEAYIOIIEro KypcoM
K; =80° 1 CKOpOCTbIO V; =23 y37a C JBYMs LENSIMU U
NPOM3BEJIEM 13 aHaJIM3 Ha He0OXOJMMOCTh BEIOOpa MaHeBpa
pacxo’kieHnsl U3MEHeHHeM Kypca cyaHa. Ilepsas curyarms
cOJIDKEHHNS Cy/IHA ¢ [esIMHU TI0Ka3aHa Ha pHC. 2, a 00JIacTn
HEJIONYCTUMBIX 3HAUCHUH IapaMeTpOB JIBIDKEHMS Cy/IHA
le,z) u leﬁ) , IOCTPOEHHBIE NIl NPEJIENILHOM IUCTAHIUN

commxerns dq =1,0 mum, npusezenst va puc. 3. Touka ¢

HapamMeTpaMHy JBIKEHHS CyAHA TPHHAUISKUT 000MM 00a-
CTSIM , IO3TOMY CY/IHO OIIaCHO COJIIDKAETCs! C IePBOMH LIeTIBI0
Ha JMCTAHIMIO KpaTJaifimero cOmbKeHns Dpin1 = 0,14 Mmu-

JIK ¥ CO BTOPOM 1IEJIBIO HA D o =0,70 MunH. [Toatomy mist

min
0€30I1aCHOTO PACXOXKICHUS ¢ 0OOUMH LEITSIMU CYITHO JTOTDK-
HO OTBEPHYTH OO BIPABO Ha KypC Ky, =118 °, 1100 BIIEBO

Ha KYPC K, =58 ° (puc. 3).

Bropas cuTyanys cONMKEHHs CyIHA ¢ LeIIMH TI0Ka3aHa
Ha puc. 4, IPHYEM CYJHO CIEIyeT C TEMH e IapaMeTpaMu
IBIKCHMS. AHAmM3 obiacTeit Q&l'z) " 951'3), HpesCcTaB-

JICHHBIX Ha pHUC. 5, MOKa3bIBA€T, 4TO (Kly!vl) 6931'2) Hu
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CyaHO O€30TacHO PacXoauTCs € TMepBoi menbio. Jist oba-
cru le@ CONMKEHHST CO BTOPOM LENBIO XapaKTEPHO

(Kyy. Vy) e Q{9 1 CYIHO OmacHo cOnumskaercst ¢ Hell Ha Ju-

CTaHIIMIO KpaTJarIIero COMMmKEHIS Dpyinz = 0,09 ML Jost

0e3011aCHOr0  PACXOXKICHHS CYJHY LENeco00pasHo yKIIO-
HHUTCS BIPABO HA KYPC i 104 > KAK TIOKA3aHO HA PUC. 5.
y

Puc. 2. ITepBas cutyanust cOMKEHNS CYI0B

3a0
az0
z40
260
230
200
170

140

e T
110

q—__‘—__‘k——;
a0

50 T T T T

20

350

320

290

260

230 | CENMKEHME CLUEMND 1 OMNACHOE Cimin=0,14
200| CEAVEKEHME CLUEMD 2 ONACHOE Dimin2= 0.70

170
o 2z 4 B 8 10 12 14 16 18 20 22 24 26 268 30 32 34 36

Puc. 3. O6nactu le,Z) " 981,3) TIpHU IIepBOit CUTYAITHH COTHKe-

HUH

Puc. 4. Bropas cutyarms cOMDKEHHs Cy/I0B

Ha puc. 6 otobpakeHa TpeTbs CHTyarus COMDKEHNS Cy-
JoB. O6mactu Q((jll) U (L9 MOKa3aHb! Ha PHC. 7, 13 KOTOPO-

TO CJIEYET, 9TO CYJHO YHCTO PACXOIUTCS C 00CHMH HETIMHU
Ha JUCTAHIMSIX MPEBOCXOIIINX MPENEbHYIO IUCTAHIINIO
commkenns d . [TooToMy BBIOOp MaHEBpa pacXOXIEHHS B

9TOM cuTyauun He Tpedyercs. [loMMMO paccMOTpEeHHOro
croco0a PacxoKAeHUsT CyJHa C OOOMMH IIEIAMHU OOITHM
MaHEBPOM YKIIOHEHHMSI MOXKET OKa3aThCs I1IeNeco00pa3HbIM
MPUMEHEHHE JBYX ITOCIICIOBATEIBHBIX YKIOHCHHH OT KaX-

74

JIOW U3 TIeTIel ¢ UCTIONhb30BaHUEM 00JIacTell HeAOMYCTUMBIX
3HAYCHHI TTApaMETPOB JBMKCHHS Cy/THA.
350
320
290
260
230
200
170
140
110
80
&0
20
350
320
2490
260
230 CIATHALA OMNACHOM D CENVIEAR EHIA OTCYTCTBYET  Ominl=1.65
200 CEMFAHEHKE CUERW 2 OMNACHOE Dming=0.09
170
o

2 4 B g8 10 12 14 16 18 20 22 24 26 28 30 32 34 36
Puc. 5. O6nactu Qél'z) u le,s) B CITy4ae BTOPOH CUTyaIuu

COMDKEHMS

Puc. 6. Tperbs cutyarmst CONMMKEHUS CyIOB

350
320
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230
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170
140
110 T
80
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290
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230

CHTHALMA OOACHOMO CENVEAKEHMA OTCYTCTENET  Drmind =184
200 | CHTYHALA ONACHOTO CEMNFEKEHMA OTCYTCTBYHET  Dmin2=1.96

170
o 2z 4 6 &8 10 12 14 16 18 20 22 24 26 28 30 32 34 36

Puc. 7. O6nactn le,z) u 951'3) B CJTy4ae TpeTbel cuTyanuu

COMDKEHAS

JlaHHBIIA BOIIPOC HAXOJWTCS B IPOIIECCE MCCIICIOBAHUS,
Pe3yIIbTaThl KOTOPOTO ILIAHUPYETCS OMYOJIMKOBATh B OYay-
em.

BoiBoabI

1. Tpennoxken croco0 GopmupoBanusi obacTeli Heo-
MMyCTAMBIX 3HAYCHUI MMAPaMETPOB JABWKCHUS CyIHA JUIS
CHTYAIIUH eT0 COMMKCHHS C IBYMS HISIISIMH.

2. Tomydena mporiemaypa OINEHKH OMAaCHOCTH CHUTYalluH
CONM)KEHUST OTHOCHTENBHO KaXKIOW W3 IeJiel ¢ TOMOIIBIO
copMHPOBAHHBIX 00JIACTEH.
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3. Tloka3aHo, 4TO C MOMOIIBIO 00IacTel HEAOMYCTUMBIX
3HAYCHUI MapaMeTPOB IBKKCHMS CyAHA BO3MOXKEH BBIOOD

MaHeBpa PacXOKACHUS OOIINM YKJIOHEHHEM OT ABYX Iieieit
1 TIPUBECHBI MPUMEPBI TPEX CUTYaINi COMKEHHS CYIOB.
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Cniocod onperesieHusi 6€30MACHOT0 MAHEBPA PACXO/KIEHHS Cy/IHA H3MEHEHHEM Kypca B CHTYallM OMACHOI0 COIMIKEHHsI ¢ IBYMsI 11e-

JISIMH
9. H. IIstakos, B. J. IIaTtakos, T. F0. OmebueHko

Annorammst. /U1 cuTyaimy COMVDKEHHs Cy/lHA C BYMS LEISIMU TIPEUIOKEH Crocod ¢opMupoBaHns obnacteil HeloMmyCTUMBIX 3HaueHUH
IapaMeTpOB JIBIXKEHUS CY/JHA OTHOCUTENBHO KaXI0H 13 HuX. [lomydeHa npore/ypa OleHKH OMacHOCTH BOSHUKILEH CUTYaln COMMKEHMS 10
KaKIIOH [IeTIM IPHMEHEHHeM c(OpMUPOBaHHBIX obnactei. [TokazaHa BO3MOXKHOCTB BBIOOpPa MaHEBpa PACXOXICHUS OOIIMM YKIOHEHHEM OT
JIBYX IIeJiei C IIOMOIIBIO 00IacTel HeIOIyCTUMBIX 3HAYCHHH MTapaMeTPOB IBIKEHHS Cy/IHA. B kauecTBe mprMepa paccMOTPEHBI TPH CUTYaIlHH
COJIDKEHS CYTHA C IBYMSI LIETISIMU.

Krouesvie cnosa: 6ezonachocms cyo080X4COeHUs, NPOYECC PACXOHCOEHUSE CYO08, 00NIAcmu HeOONYCIMUMbIX NAPAMEMPO8, MAHESDP 0OWUM
VKIOHEHUeM.

Method of determination of safe maneuver of divergence of ship by the change of course in the situation of dangerous rapprochement
with two targets
E. N. Pyatakov, V. E. Pyatakov, T. Yu. Omelchenko
Abstract. For the situation of rapprochement of ship with two targets the method of forming of regions of impermissible values of parameters of
motion of ship in relation to each of them is offered. Procedure of estimation of danger of arising up situation of rapprochement on every purpose
is got by application of the formed regions. Possibility of choice of maneuver of divergence by common deviation from two targets by the re-
gions of impermissible values of parameters of motion of ship is shown. As an example three situations of rapprochement of ship with two tar-
gets are considered.

Keywords: safety of navigations, process of divergence of vessels, region of impermissible parameters, maneuver by common deviation.
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Abstract. The article describes the concept of a smart city creating with the help of modern devices and solutions in the field of
automation. It is based on a research project «Smart-city garbage and logistic systemsy, created on the basis of the university. It is
described the implementation of a dispatch control system by municipal services of the city. The authors also showed how, by means
of integrating the management systems of the individual city services, to increase the safety and comfort of residents, improve the
management of the lighting system, prevent accidents and provide timely service of the city.

Keywords: Smart city, dispatching, control system, logistic, municipal services automation.

Modern cities have accumulated a lot of social, techno-
genic and ecological problems. That is a reason why cities
have become an experimental field for nowadays-digital
era. The combination of newest information technologies
with urban infrastructure and human services allows us
not only to improve life but also to save money [1]. As a
fact, Big Data Analysis approaches in monitoring sphere
and directly in civil municipal services have become more
and more actual.

Moreover, «Smart City» projects have a series of prob-
lems that are still unsearched absolutely or they have still
on the development stage for solving. These are problems
of standardizing protocols, collection and transformation
of logged information, ensuring understanding between
various departments of infrastructure, creating a single
global standard and universal data transformation method.
Besides these, the issue of investment is still one of the
most important. Especially in small cities, there are typi-
cal problems related to the infrastructure readiness to
adopt entirely new business models.

It was interesting how to improve life conditions in cit-
ies with a help of program technologies solutions, data
acquisition and analyzing. It was realized consider some
control management systems in smart city. They are street
lighting, environmental control system, garbage control
system and its logistic collection and intellectual parking.

These solutions enable to reduce a consumption of nat-
ural resources, performing the city control system more
efficiency. Centralized dispatching help to improve eco-
nomic performance, by the time systems of smart city also
enhance control and security for citizens. There are some
solutions presented in the article. They are like program
technology examples that demonstrate how a smart city
concept could be implemented by separate modules. After
that, modules have been integrated into central control
system.

Smart cities is a modern trend in cities development [2,
3]. Achievements of progress make it possible to form
cyber-physical systems [4] and consider cities as control
objects. These can be both individual elements and the
integration of a large number of engineering systems.

The components of the smart city is a separate smart
decision [5] and complex integration concept [4, 6]. The
MK: Smart [6] project uses energy and water consump-
tion information, the urban transport situation, satellite
data and social information sources for improving living
standards in the city of Milton Keynes, England. Univer-
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sities, business structures and the municipality interact in
this valuable project.

Intelligent parking in the city of Colin, the Czech Re-
public [5] with the possibility of remote indication of free
parking space. Billing can predict city traffic and in-
creased city revenue from parking services up to 120%.
Intelligent cars presence sensors in parking spaces, the
database of the sensors and the duration of paid parking,
visualization system as information boards located next to
the parking were used. Everyone is provided with up-to-
date parking information through a web browser, and the
police have a mobile application that informs about viola-
tors of parking rules

The analyzed data can be used for urban transfor-
mation [6], developing their strengths after analyzing and
factors classifying, qualitative and quantitative assess-
ments of the technological solution implementation on
energy efficiency and environmental friendliness [8].
Besides these, the development of the intellectual urban
infrastructure concept generates the need for new tech-
nical and software solutions [9, 10] and leads to increas-
ing an attention to security and cyber defense issues [11,
12].

The goal is certainly to create a realistic innovation city
model based on using the application of new technologies
solutions in automation and networks. Our main idea was
to demonstrate modern technologies implementation for
city control optimizing and its particular systems. Light
control system, environment control system, garbage
pollution and logistic control system combined into one
management control system. With a help of what it is a
great possibility to regulate all existing control systems
from a dispatching point and determine alarm mode of a
particularly location point in a proper time.

In addition, it is interesting to research how to combine
a common electronic sensors and units with enterprise
automation and networks. Because of its cooperation, a
modern urban infrastructure control system could be im-
plemented and modernized.

The concept of «Smart City» [12] considers the city
like the human body. For example, video surveillance
system — is like «eyesy, sensor network — receptors, exec-
utive departments and city services — «the limbs and fin-
gers», transport system — «the blood vessels and arteries».
The brain, as an organ of thought — the bodies of munici-
pal management and situational centers, brain and
memory — data processing centers (DPC). It is about cre-
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ating more intelligent, busy lifestyles both in urban and in
rural areas. Connecting the unconnected, expanding Inter-
net of Everything (IoE) connections and improves the
standard of citizens life, quality of education and health
care. Human body structure have become so-called proto-
type for city control systems.

The crucial elements of model is all municipal service
trucks. Especially police and garbage collection cars.
Because, they have the most frequently truck movement
around the city. It is a grate possibility to collect all the

Light level Noise level
LM393

Air Quality Temperature
and Humidity
DHT11

VMA309

MQ 135

information from sensors with a defined period. Then
information could be sent to the dispatching center. In our
project, we chosen a garbage truck with built in sensors of
environment temperature, humidity, noise level, radiation
and lighting level. Special checkpoints on the road give a
command to the built-in microcontroller to send the
measured values to a datacenter (Fig. 1). With a help of
GPS navigator operator can define an appropriate check-
points and perform a program comparison with a current
truck location point.

50515253 R1—“Stop” a signal for stop the garbage truck

Analog
Multiplexer

33V

and start connection via Modbus/TCP

Wemos D1
(ESP 8266)

GND

Fig. 1. Garbage truck sensors module

Another control system is lighting. It is not necessary
to light on street lamps when the sun light is enough. One
more issue is a light intensity. To solve both of these
problems the control system of lighting is needed. For its
implementation, built-in presence detectors should be
used. When somebody or something is standing on the
road, an appropriate street lamp is going to increase its
light intensity. In this way, government can control the
electricity and reduce its consumption. Previously, there
was a light level sensor described. It helps to measure a
light intensity. When it is not enough, a system help to
identify the lamp with an impairment and sent a message
to a service center.

One else very important part for residents is a garbage
control system (Fig. 2). The most valuable data for this
system is the level of the city garbage bins. The meas-
urement of garbage is performed with a help of mounted
sensors under the bin covers. They send data to the pro-
gram controller continuously. That is why dispatcher
could know information about city pollution condition.
Moreover system could select the an optimize route by
the program application. This solution give a possibility
to control a traffic and its loading, pollution and to define
an element’s breakages.

It is always problematic to park your car especially in
big cities. That is a reason to mount an intelligent parking
control city. Such system is an essential part for integrated
city control system. The parking management system has
two levels of a logical structure. The lowest is cameras
mounted around a parking area. Cameras detect cars and
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its numbers, and then send data to the server. It is the high
structure level. There is a possibility to process received
information in a way of web application, then everybody
who want to park its car could open an application and
define a free places. It can be also a charge parking creat-
ed with a help of car number recognition. This approach
allows combining all the information about parking in one
network and enabling drivers to plan their routes, recog-
nizing misdemeanors and damages.

There are often situations with a traffic loading. Some-
times it is happen because of large-tonnage truck. That is
why traffic control system with special roadside columns
with mounted cameras are needed.

This approach allows you to combine three important
aspects:

* optimal moving around the city streets;

« surveillance over the road situation. It increases safe-
ty of citizens and speed up the efficiency work of the
police in emergencies;

* possibility of more accurate and fair assessment of
the road accident situations;

All of the city control systems united into Metropolitan
area network (MAN). The main processes are performed
in a program controller or Industrial Personal Computer
(IPC) installed in the data center.

To visualize all the control systems, conditions of its
elements and important values Human Machine Interface
system should be implemented. It helps to manage and
control remotely all of the city municipals. Dispatcher
could know where the municipal cars are and in what
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direction they are moving. The information about the
garbage level could be displayed onto the operator screen.
With a help of HMI system there is a possibility to check
all the control parameters of the city, some statistic data, a

l- Sensitive Hall-effect switches,
for tracking garbage truck movement

City map

A3144
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truck movement and emergency condition of lights. You
can also select working modes (automatic/hand) and
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Fig. 2. Smart city integrated system (component structure)

To realize all of these ideas our university ream re-
ceived an investment from international company Phoenix
Contact. The amount was 3000€. They supplied us with
all necessary automation devices and technical support.
Despite of this, near 200€ from own department budget
have been spent to buy all necessary materials to create a
Smart City model. Of course, in real life a total value will
be much bigger.

Smart City model described in article is just an exam-
ple and it could be modernized or integrate into itself
some other out-of-article control systems. We have im-
plemented just some control systems in a university mod-
el. Intellectual control systems of a smart city are real
future. It is important they possess a flexible features to
be easy integrated.

It was complicated to implement such a test smart city
model. First, it is hard to define an ideal way for data
transforming and its protocol. In addition, dispatching
center architecture has a significant researching field as a
set of technologies. Presented conception is perspective
considering of large number different infrastructure ele-
ments that have still none automated and connected yet.

Intellectual infrastructure model showed a viability an
implementation idea of a widespread industry solutions

and new automation approaches interaction. Industries
data transformation methods and primary data processing
with modern analytical possibilities will credibly reduce
an urban infrastructure exploitation value at one time and
simultaneously raise a comfort of resident’s lives.

In general, it is the completed idea of smart city and it
could be customized in a real urban infrastructure with all
customer changes and addition control systems.

There are some technologies solutions presented in the
article, that promote a centralized control the main city
parameters and improve its ecological condition. Such
dispatching city control city is very important for a well-
being of residents. The "Smart City" paradigm is im-
portant for modern development cities. In order to opti-
mize significant financial costs during implementation, it
is necessary to develop a clear strategy, guided by the
priority. However, the implementation of «Smarty tech-
nology at the level of municipal-technological unions, in
the end, will contribute to the development of the coun-
try's economy as a whole, the restoration of outdated
enterprises, and the improvement of the conditions for the
management of public institutions. This is a real prospect
in building a new, intellectual and industrial country.
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Dispatching and digital solutions as a concept of urban infrastructure in a smart city
0. V. Stepanets, K. N. Nikolaieva, S. V. Lubitskyi, D. A. Kondratenko, D. A. Poputnikov
Abstract. The article describes the concept of a smart city creating with the help of modern devices and solutions in the field of
automation. It is based on a research project «Smart-city garbage and logistic systems», created on the basis of the university. It is
described the implementation of a dispatch control system by municipal services of the city. The authors also showed how, by means
of integrating the management systems of the individual city services, to increase the safety and comfort of residents, improve the
management of the lighting system, prevent accidents and provide timely service of the city.

Keywords: Smart city, dispatching, control system, logistic, municipal services automation.

Jdurutanuzanms M uudpoBbie pelieHHs KaK KOHUeNUMHU YJIHYHONH HHPPACTPYKTYpPbl YMHOI0 ropojia

A. B. Crenanen, E. A. Huxosaesa, C. B. JIioouukui, /I. A. Kouaparenko, /. A. IlonyTHUKOB

AHHOTanus. B cratee paccMOTpeHa KOHIEIIHS CO3JaHUs YMHOTO TOPOZa ¢ TIOMOIIBI0 COBPEMEHHBIX CPEICTB M PELIeHHH B cdepe
aBTOMATH3AIlMK. 32 OCHOBY B3sT Hay4YHO-HCCIIEOBATEIbCKII MpoeKT «Smart-city garbage and logistic systemsy, co3aanHblii Ha Gase
yHuBepcutera. OnmcaHa pearn3anis CUCTeMbl AUCTIETIEPCKOr0 KOHTPOISI MyHUIMIIAIBHBIME CIIy’k0aMu ropoaa. Takxke aBTopamu
OBUIO MOKAa3aHO, KaK C IOMOIIBI0 MHTETPAllUH CHCTEM YIIPABJICHUS OTACIBHBIX CIIyXO KH3HENEATeIbHOCTH TOpOJa MOXKHO MOBBI-
CHUTH 6€30MacHOCTh U KOM(OPT JKHUTENeH, MOBBICUTH 3((GEKTHBHOCTD YIPABICHHS CHCTEMON OCBEICHUS, MPEAOTBPAIATh aBAPHU U
OKa3bIBaTh CBOEBPEMEHHOE CEPBUCHOE 00CITyKHBAaHHE TOPOIA.

Knrouesvie cnosa: Ymmuulii 20pod, oucnemuepusayus, cucmemd YNpAasieHus, JOSUCMUKA, AGMOMAMU3AYUS MYHUYUNATbHBIX
cynco.
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AnHoTauus. [Ipeanoxens! popMyIbl pacueTa TeKyIIHX 3HAUCHHI YIJI0B KpeHa U AuddepenTa, BOSHUKAIONMIMX MPH Kaduke cynHa. [Ipuse-
JICHBI aHAJIMTHYECKUE BBIPAKEHNUS UL OLICHKH 3HAYESHNH MPOJIOJIBHOM M MONEPEYHOI COCTABIIONIMX CHII HHEPLIMH, TIOPOXKIaeMble 60pTo-

BOM, KWJIEBOM U BEPTUKAILHOM KauKOM Cy/Ha.

Paspaborana nporenypa pacueTa MaKCUMAIBHOTO 3HAYEHHS! TOPH30HTAIIBHON COCTAaBJIIOIIECH CHII MHEpLMH, JeHCTBYIOIIEH Ha Ipy3 mpu
KayKe CyJHa, IPUYEM IOIyueHO BBIPaKEHHUE pacyeTa MOMEHTa BPEMEHH JOCTIKEHHS MaKCHMyMa TOPH30HTAIBHOM COCTABIIONIEH MeTO-
JIOM MPOCTBIX UTEPALMH U ee BeTNUHHbL [IpuBeeH YNCIeHHBIH MPUMep pacueTa COCTABILIOIINX CHJI MHEPLHUHU C TIOMOIIBI0 KOMITBIOTEp-

HOM MPOrpaMMBl.

Knroueswie cnosa: MOpeXO()Hdﬂ 6e30nacnocmb, Kauka cy()Ha, CUJIbl UHepyUuu U Ux cocmasArouue.

Bgenenne. B HacTosee BpeMs MEPOBOE COOOIIECTBO yIe-
JsleT Bce Oouibliiee BHUMaHHE 00ECTICYEHHIO 0e30MacHOCTH
CyAOXOJACTBAa MYTEM IIOBBIICHUA €r0 HAACKHOCTH U
YMEHBILIECHHSI BEPOSITHOCTH aBAPUMHBIX CIIy4acB, IPUMEHS
CUCTEMBI MEXIyHapOJHBIX U HAIlMOHAJIBHBIX MEPOIIPUATHH
TEXHUYECKOTO, TEXHOJOTHYECKOTO, OpPraHU3alMOHHOTO |
IIPaBOBOTO XapaKTEPOB.

Psin BompocoB Ge3omacHOCTH MOpeIUIaBaHus TpeOyeT Mo-
CTOSIHHOT'O MCCIIEZIOBAHMS B COOTBETCTBHE C COBPEMEHHBIMHU
3ampocaMu ToproBoro ¢mota. K TakuM Bormpocam OTHOCHT-
cs1 o0ecTeueHre MOPEXOJHOTO COCTOSTHHUS CyIHa, KOTOpPOE B
OIIpEIEIAIONIEH Mepe 3aBUCUT OT KOPPEKTHOCTH €r0 3arpys-
KH.

OCoOCHHOCTAMM 3arpy3KH KOHTCHHEpPOBO30B, KOTOpBIE
YCIIOXKHSIIOT pacyeT NpeABapHUTEILHOTO TIPY30BOTO IUIAHA,
SIBJISICTCS. HEOOXOJMMOCTh y4eTa POTAaIlMd TIOPTOB IIpH 3a-
IPy3Ke WIHM pasrpy3ke B HECKOJBKUX IOPTax WU Y4YeT CHII
WHEPIIMH, BO3ACHCTBYIONIMX Ha Ipy3 npH Kauke. Ecim cyaHo
MPUHAMAET TPY3, KOTOPBII OyAeT BBITPYKaThCs YacTSIMHU B
HECKOJIBKUX TIMOCJICAOBATCIIbHBIX IOpTaxX, TO Ha KaXIOM
Nepexo/ie MEX/Ay NOpTaMU €r0 MOPEXOJHOE COCTOsIHUE Oy-
JCT pa3HbIM, YTO IOBCACT K U3MCHCHUIO CUJI MHEPILUU, KO-
TOpeIM OyJeT TOABEPraThCsl TPy3 BO BpeMs mepexonaa. Bo
BpeMsi KaK/IOTrO IIepexojia MapaMeTpbl OCTOWYMBOCTH, IIO-
CaK W TPOYHOCTH CYAHO OOJDKHBI HaXOOUTLCA B OITY-
CTUMBIX TIpE€ACIIax, a BOSHUKAIOIIUC CUJIBI MHCPIIUU OT €ro
Ka4uKy, HEC HOJDKHBI MPEBOCXOAUTH AOIMYCTHMBIX IPECIIOB.
Ilostomy mpu 3arpy3ke KOHTEHHEPOBO3a C IIOCIENYIOLIECH
pasrpy3koil B HECKOJNIBKMX IOpTaX pa3MelIeHHue TIpys3a
JIOJDKHO TIPOM3BOJUTBHCS C YYETOM IOCJIEA0BATEIBHOCTH
TIOPTOB BBITPY3KHU, YTOOBI TOCTYM K HEOOXOTUMBIM MapTHSIM
rpy3a ObUT CBOOOJIEH, a TAK)XKE C Y4EeTOM TOrO, 4TO BCE IpO-
MEXYTOUHBIE COCTOSHMS 3arpy3KH OTBEYaTIH TpeOOBaHUAM
MOPEXOIHOCTHA CyIHa, a BO3HHUKAIOLIME CHJIBI HHEPLUH
HaxOJWJIMCh B JOITYCTUMBIX MIPCACIax.

Kpatkuii 0030p mnyoaukanuii mo Tteme. IIpoGreme
obecrieueHnsT HaJJIeKAIEer0 YPOBHS MOPEXOTHON Oe3omac-
HOCTH CYJIOB TIOCBSIIIIeH psif pabot. B pabote [1] paccmoT-
PEHBI OCHOBHBIE MIPUHIHITEI 00ECTICYEHISI MOPEXOTHOH Oe3-
OIIAaCHOCTH CyNOB. VccienoBaHue KOPPENSIMOHHON 3aBH-
CHMOCTH MEXAy (OpMOil KOpITyca Cy[JHa U €ro JrarpamMMbl
CTaTHYECKOil OCTOMYMBOCTH BBINOJIHEHO B pabdote [2]. ITo-
JIydeHa annpoKCMMHUpOBaHHasi (opMyiia pacyeTa MeTaleH-
TPUYECKOH BBICOTHI M TIPOBEICHO HCCIIENOBAHHE 33/1auM
cuHTe3a (POpPMBI KOpITyca C 3aJaHHON BEJIMYMHON METalleH-
TPUYECKOH BICOTHI. B pabore [3] npuBoautcst Mozaens Gop-
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TOBOH Ka4yKW HAKaTHBIX CY/IOB C YPABHOBEIIHMBAIOIINM pac-
TI0JIOYKEHNEM TTOMEICHUH TPU 3aTOIUICHUH MX YacTH U IPO-
BEJICHO €€ HCCIIeJOBaHHE.

B martente [4] paccMOTpeH croco0 oOecreueHus! TIaBy-
yect aBapuitHoro cynHa tuna RO-RO u mapomoB, npexmy-
CMaTpPUBAIOIMH 3aKpBIThIE €MKOCTH, YCTaHOBJICHHBIE IO
0opTam U 1o Masyooi BIOJL U monepek cyana. OHu odec-
revyaT IUIaBy4ecTh aBapPUIHOIO CyJHA INPH MOSBJICHUH He-
JommyctuMoro kpeHa. Kak ykasbiBaercs B cTaTbe [5], Ha 6aze
MHOTOJIETHETO ONbITa JKCIUTYaTalluy CYJ0B B apKTHYECKHX
paiioHax coOpaH CTaTHCTUUECKHI MaTepHall ¥ pa3paboTaHbl
METO/Ibl PAaCcYETOB 3araca HaJeKHOCTH CYJOBBIX KOHCTPYK-
1IUMN.

OmnbiT npuMeHeHus ['epmanckum JInoinoM pa3nuUHBIX
YHCIIEHHBIX METOJIOB OLICHKH MPOYHOCTH M BUOPAIMH Cy/IHA
OIUChIBacTCS B padore [6] U mokaszaHo, yTo Hambojee -
(DEKTHBHBIM SIBIISIETCSI METOJ] KOHEYHBIX JJIEMEHTOB. B pa-
Gore [7] omuChIBAIOTCS METOJ| MOAKPEIUICHHOM IMaHeH,
METO/1 pacyeTa NpeAeIbHON IIPOYHOCTH TIPOJOJIbHBIX OaoK
KOpIIyca CyJHa M METOJ pacuera JuarpaMMbl Harpy3ok U
aHanM3a IOCJIEeIOBATEIbHOTO Pa3pyLIeHUs IpH 3aaHHBIX
HaYaJIbHBIX JIeOpPMALMSIX U OCTATOYHBIX HAIPSHKEHUSIX.

OOmye NPUHIMIE ONTUMHU3ALMHN TPY30BBIX OIeparii
HaBaJIOYHBIX CYJIOB PacCMOTpPEHBI B padote [8], a pabora [9]
TIOCBAIIEHA Y4YeTy OCOOEHHOCTEH 3arpy3KH TeHepallbHBIX
IPY30B U BHIOOpY €€ ONTUMAIIbHOTO BaApHUaHTA.

Hens. Lenpro HacToAIIEH CTAaThH SABISETCS pa3paboTKa
HPOIEYpsl pacueTa MaKCHMAJIBHOTO 3HAYeHHs] TOPU30H-
TaJbHOM COCTaBIIAIOIIEH CUJ WHEpUUH, AeUCTBYIOLIEH Ha
IPYy3, B YaCTHOCTH KOHTEWHEP, IPH KauKe Cy/HA.

MarepuaJbl 1 MeToabl. VI3BeCTHO, UTO /IS pacyeTa cui
MHEpPIMN HEeoOXOIMMO 3HaTh JIMHEHHBIE YCKOPEHHMS, BO3-
JIeHCTBYIOIINE Ha TPY3, KOTOPBIE 3aBUCAT OT 3aKOHOMEPHO-
CTeH M3MEHEHUs JIMHEHHBIX TepeMEIIEeHNI Ipy3a BMecTe ¢
nay0oil CyZHa OTHOCHTEIEHO OTMOPHOM CHCTEMBI KOOPAH-
HaT.

B o0mem cirygae ABIKEHHE CyIHA XapaKTepH3yeTcs Ire-
CTBIO CTETICHSIMH CBOOOJIbI M OITHCHIBAETCSI LIIECTHIO CBSI3aH-
HbIME T PepeHIHaATbHBIMEI YpaBHeHHssMU. B pabote [10]
NIOKA3aHO, YTO JJIsSl pacyeTa JMHEHHbIX YCKOPEHUH B IEPBOM
MPUOIIKEHNH MOXKHO NPHMEHHTD JIMHEWHbIE MOJIEeNU Oop-
TOBOM, KWJIEBOH M BEPTHKAILHON Ka4yKH, HCIOJB3Ys COOT-
BETCTBYIOIIME M30JIMPOBaHHbIE ypaBHeHMs. Kak yka3biBaet-
csi B pabote [1], ypaBHeHHs MONEPEYHOMH, MPOJOJIBHON M
BEPTUKAIGHOW KAa4KH B CHUTYallMd TOWMCKAa CHJI MHEPLHH,
BO3/ICHCTBYIOIINX Ha IPy3, MOXKHO paccMaTpUBaTh HE3aBH-

©|Ye. A. Vlasenko, I. A. Burmaka 2018


mailto:burmaka-mob@ukr.net
holis.diana@gmail.com
Typewritten text
Ye. A. Vlasenko, I. A. Burmaka 2018


Science and Education a New Dimension. Natural and Technical Sciences, VI(18), Issue: 158, 2018 www.seanewdim.com

cumo. [pudem ompenensiromieii sBiseTcss OOPTOBask Kavka,
MOPOKAAIONIAs TOMUHUPYIOIIUE CHJIbI MHEpIMU. [lo3Tomy
BHaYaje MPUBEICM YpaBHCHHE OOPTOBOIM KAuKH, BOCIIOJb-
30BaBIIKCH JTU(dEpeHINATEHBIM YPaBHEHHEM, OIUCHIBAO-
1iee yroi kpena 0 cysHa, kotopoe npuseieHo B padore [10]:
(I +My )8+, 0 +Dh6 =34Dh, sinwyt (1)

rie J, - MOMEHT MHEPILMH CyJHA OTHOCHTEILHO IMPO-
IoJBHOM ocH X-X;

m, - 0000IIeHHBIC TPHCOCTUHEHHBIC MACCHI BOJIBI OT-

HOCHTEJBHO TOH ke

ocu X-X;

By - KodpduimeHt nemMnpupoBaHUs OTHOCUTENHLHO
ocu X-X;

D - Bomousmemienue cynHa (CHIIa TSKECTH);

h, - monepeunas HayanbHas MeTaleHTPUYECKas BbI-

cora;

Yo - PEOYKIMOHHBIH KO3(Q(HUMEHT Ipu OGOPTOBOM
KadyKe;

M - KOKYIIascs 4acToTa BOJHEHHS.

YpasHenue (1) 3anuceiBaeTcs B BUJE:

.. . 20 2 . 2
0+ 2h9+c006 =Yxo®, Sino, t: (2)
e b Hy — K03 (HUIMEHT 3aTyXaHu;
2(JX +m )
Dh,  — coOCTBeHHas 4acToTa CyjHa npu 6op-
0=
o
O, +m.)
TOBOI KauKe.

VYpaBuenue (2) sBisieTcs JUHEHHBIM HEOJHOPOTHBIM
b depeHIaIbHBIM YPaBHEHHEM C TMOCTOSHHBIMU KO3(-
(buIMEeHTaMH, ¥ €r0 pelleHHe SBISETCS CyMMOW 4acTHOTO
perieHus er U PEeIICHNS COOTBETCTBYIOIIETO OJHOPOIHOTO
ypaBHeHHUs. Tak Kak aMIUTUTyJa COOCTBEHHBIX 3aTYXAIOIINX
KOJIeOaHMIA CyIHA JOCTATOYHO OBICTPO 0OpaIiaeTcsi B HOJb,
TO ypaBHEHHE OOpTOBOW KAuKH, KaK CTAIlIOHAPHBIA IIPO-
1ecc, coraacao padote [10], MOXKHO XapaKTepH30BaTh TOMb-
KO BBIHYXJICHHBIMH KOJIEOAHHUSIMHU CY/IHA OTHOCHTENBHO OCH
X-X 1o/ BO3AEUCTBUEM PETYIISIPHOTO BOJIHEHMUSL:

0 =0, sin(oyt-y), 3)

2
Xewo

[(03 - 0f)® +4h%el]?

rae 0 - aMIUIUTYJHOC 3Ha-

(0]

YCHUC yTIJIa KPCHA;

2hoy - mavaneuas dasa.
v =arctg(—5 ) ¢
g — Ok

B pabotax [1, 10] moka3aHo, 9T0O B CIly4ae MPOIONBHOM
KauKH{ CyJIHO COBEpIIAET BBIHY)K/ICHHbIE KOJIeOaHWs C da-
CTOTO# Ka4ku (M} , TaK XK€ KaK U pH TorepeuHoi. Mzonu-
POBaHHOE YpaBHEHHE MPOJIOJIFHON KaUKH U €r0 perIeHue 1o
CBOCH CTPYKType AaHAJIOTWYHBIE MONEPEYHON Kadke, T.e.
COZICP)KUT COOCTBEHHBIE 3aTyXarolue KojieOaHWus CyaHa H
BBIHYKJICHHBIE TAPMOHMYECKHE KOJIeOaHMsI C YaCTOTOW Kad-
ku. [loaToMy BbIpaxkeHHe OIS TEKYILEro 3HA4YeHHUs yriia
mddeperTa B Takxke ONUCHIBACTCS BBIHY)K/ICHHBIMHU Tap-

MOHHYECKUMH KOJIEOaHUSIMU C YaCTOTOM KauKu (0 k :

B =PBmsin( oy t-yg)» (4)
e B, - aMIUIMTYHOE 3HaueHue yria nudpdepenta f3;
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\VJ 6 HavaJibHas a3a IpOJONIBHBIX KoJIeOaHui.

AHaTUTHYECKHUE BBIPAKEHUS IS Bm u g HMCIOT
CJHEeAYIOIINNA BUA:
Xngs )
(wdp —f)? +ahfwi]?

Bm =

2h|30‘)k .
vp =arctg(———)
Wop — Wk
e yg - PEeIYKIIMOHHBIN KOA(GHUIMEHT IPH KUIIEBOH
KauKe;

Wop - COOCTBEHHAs 4aCTOTA Cy/HA NPH KUJIEBOH Kad-

Ke;
h, - koaddunmeHT 3aryxanus Npu KWIEBOH KaykKe.

p

B pabote [1] ykasbIBaeTcs, YTO BepTUKAJIbHAs MOCTY-
maTenbHass Kadka BbI3BaHA OPOHTAIBHBIM IBIKCHHEM
CyZAHA, KOTOPOE CYNUTAETCS KPYTOBBIM C PajlycoM, paB-
HBIM TIOJIOBMHE BBICOTHI BOJIHBI. BepTukanbHOE mocTyma-

TCJIBbHOC JBHXXCHHUC C HOCHUT FapMOHI/I‘IeCKI/Iﬁ XapakTep €

lIaCTOTOI‘/‘I KAauKu OJk 1 OIIUCBIBACTCA Bblpa)KeHI/IeMI

¢ =, sin(ogt) (5)

rac CO = O'Shw - aMHJ'II/ITy)IHOC 3HAUYCHHUC BepTI/IKaJ'II)-
HOT'O nepeMeLueHI/m, an/Iqu hW - BBICOTA BOJIHEI.

[onmygyennsie BoipaxkeHus (3), (4) u (5) mosBomsOT
paccuuTaTh YIIOBBIE YCKOPEHHS OT KauKH CY/HA, a TAKXKE
JIMHEIHbIE YCKOPEHHS W CHIIbI MHEPIMH, BO3JCHCTBYIO-
LIKE HA TPY3.

Pe3yabTaThl M NX 06cy:KaeHne. B pe3ynsTate nmpose-
JICHHBIX AHATUTHYECKUX HCCIIECAOBAHUM TOMYYEHBI BbI-
paxenns s npononbHoii Fyq 1 momepeunoit Ry co-
CTaBJISIOIINX CHJI HHEPIIHH:

Fx1 = mcmkz[AZBo sin(oyt-yg) - (% +0,5h,, sinwt)cosOsinf]
Wk

Fyp = Mooy [AZ0, sin(wy t-v) + (—2 +0,5h,, sinwy t)sin]

Wk
, (6)
rie B =Bpsinwit-vy): 8=0mSin(oyt-y). B Koto-
PBIX MIPUBE/ICHHAS aMIUIMTY/a U HadajbHas (a3a omnpeje-
JSIFOTCS TOJTYYCHHBIMU paHee BBIPAKCHHUSAMHU, m, - Macca

rpy3a, AZ - paccTosHHE MEXIy IIEHTpaMu Macc Ipys3a u
Cy/IHa TI0 BBICOTE.

Haiinem MakcuManbHOE 3HAa4Y€HHE CYMMBI T'OPH30H-
TAIbHBIX MPOEKUMH Fy; U Fyy, KOTOpYH 00603HAYNM

Fra :m' @)

Jlyist TIONCKa MaKCHMMallbHOTO 3HA4eHus Fyy; HEobxo-

Fi - OueBHAHO:

JUMO HaWTH NEpPBYI0 NMPOU3BOJHYI IO BPEMEHHU BBIpa-
KeHus (7), U3 KOTOPOH OMpENENseTcs BpeMs t,, JOCTH-

KEHUA MaKCHUMyMa FHl’ a 3aTéM — M caM MaKCUMyM

CYMMAapHOM TOpU30HTAJILHON COCTABJIAIOLIEN CUJI MHEp-
K maxF,, JEACTBYIOmEN Ha rpy3 B mporecce 6opro-

BOM M KWJIEBOM KaUKH CyJHA.
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OueBHIHO, aHAINTHYECKOE BBIPAKEHUE IEPBOH MPO-
uZ[ s . p M p p FX]. aFX]L + FYl 78FY1 = 0 3
N3BOJHOM TOPU3OHTAJIBHONW COCTABJISIOIICH CHII MHEPLIMU ot ot
Ha KauKe F ) MMEECT CIIeYIOINI BUJL: WM C yYETOM IO/CTAHOBOK BBIPAKEHUH MIst CHIT Fyq
0 -1 Fxq Fyy M UX IPOU3BOIHBIX:
EFleFHl (Fxa P +Fy p ) i P

C y4eToM nosiydeHHbIX BbIpakeHus 11 Ry, 1 Ry (6)

HaxXoJuM HUX IMMPOU3BOJHBIC @ u aﬁ , IOOTOMY ypaB-
ot

HEHHME U TMOMCKA MOMEHTa BpeMeHu [y mnpunnMmaer
CIeIYIOUINI BT

gg Sin(oyty -wg) —(q4 +0,5h,, sinwyt) cosdsinB]x {qs cos(@yty - wg) —0,5h,, cosw, ty cosdsinp -
B klH - Wp g w ktH B ktH - Wp w ktH
—(dg +0,5hy, sinoyty)[B, cosdcosPeos(exty - wg) =0y, sinBsinbeos(axty - )1} +
+[gg sin(wkty - w)+ (g +0,5h, sinamy ty)sind]x
[ae cos(wyty -w)+0,5h,, cosm,tysind +
+(dg +0,5hy, sinwyt)0,c0s(@yty - y)cos6]=0
9 .
2
Wk

rae qﬁ =AZBm| qe =A29m. qg =

ITocne HEeCI0KHBIX MPEe0OPa30BaHUM U3 TOCICAHErO BRIPAKCHUS TIOJIYYMM ypaBHEHHUE JJIs pacyeTa MOMEH-
Ta BPECMCHH tH METOJIOM MPOCTBIX UTEPALIMIA:
—{AZB,, cos(@ity - yp) —0,5h,, cosmyt cosOsinp -

th = —{wp + arcsinf——{(- % +0,5h,, sinwy t,;) cosOsinp -

— (8

O

> +0,5hy, sin®ty )[Bm cosbcosBeos(oyty - yp) — 0y, sinBsinOcos(oyty —w)]}'l

< [AZO  sin(@ycty - w) + (—25 +0,5h,, sinwyty,)sino] <
'3
[AZO, cos(@yty -yw)+0,5h,, cosw,t,sSIind +
[¢]
2
@

CJICZ[OBaTeJ'II)HO, MaKCHMAJIbHOC 3HAYCHHC I‘OpH3OHTaJ'H:HOﬁ COCTAaBJISIIOIICH maxF; OIMpEACEICTCA CICAYIOIINM BBIPAXKCHUEM !

+( +0,5h,, sinwity )0 ,cos(@ty -y)cosO]} } }

maxFy; =\/FXl(tH)2 + Fyq (t)2 R

maxFy = Moo, {[AZB m sin(oyt-yg) — (LZ+ 0,5h,, sinw,t)cosBsinp]? +
Oy

+[AZ0 1 sin(wt - ) + (25 +0,5h,, sinw, )sin012F/2’
w

[Carga (1]

Laghing (0]

Timer [On)

Puc. 1. OueHka 3Ha4EHNH COCTABIIAIOINX CHJI MHEPLIMH, ACHCTBYIOIIUX HA IPY3 MPH KauKe CyJHa

Jlis pacuera MaKCMMAaJIbHOTO 3HAYEHUS TOPU30HTANb-  JICIHPYET NPOLECC KauyKHW CyAHA M NMPOU3BOAWUT OIEHKY
HOHM cocTaBsomed maxF,; CHI MHepIMu ObUTla paspa- — TEKYIIMX 3HAYEHWH MPOIOJLHOH, TONEPEYHOH U BEPTH-

GOTaHa KOMIBIOTEPHas POrpaMMa, KOTopasi Takke Mo-  KallbHOH COCTaBisiomux cuit unepimy. Ha puc.1 npuse-
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JIeH MHTep(EeHc MporpaMmbl, U3 KOTOPOrO CIEIyeT, Y4TO
pu 3a1aHHBIX UCXOJAHBIX JAHHBIX IMOJYUCHBI CJICAYIOINC
3HAYCHUA MOPU3OHTAJIbHBIX COCTABIAONIUX CUJI UHECPLUU
maxFy, =34KH, maxFy; =286 kH 1 maxFy; =200kH, a
TaK)X€ pacCUHUTaHbl TEKYIIWE 3HAYCHUS COCTABIIAIOIINX
Fx1 =20kH, r,, — —106kH¥u £, —106KH.

BriBoabI

1. HpI/IBeIleHLI AHAJIUTUYICCKUC BBIPAKCHUA I TCKY-
J110%D.Q 3HaYEeHUH napaMeTpoB KadkKH, CYIIECTBCHHO BJIMA-
IO X Ha BOBHUKHOBCHHC CUJT MHEPIIUU.

2. IMpennoxxeHs! GOPMYIIBI IS OLIEHKH 3HAYESHUH 1po-
)IOHLHOﬁ u nonepel{Hoﬁ COCTaBJIAIOMIUX CUJI WMHEPLUHU,

BO3HMKAIOIINX OT OOPTOBOM, KMJIEBOH M BEpTHKAJIbHOU
Ka4yKy Cy[Ha.

3. Pazpaborana mponenypa pacyera MakCHMaJIbHOTO
3HA4YEeHUS TOPU30HTAIBHON COCTaBIISIONIEH CUIT HHEPIHIA,
JeHcTByromell Ha Tpy3 NMpH Kauke cyAHa. [lomydeHo BbI-
pakeHHE pacyeTa MOMEHTa BPEMEHH JOCTIDKCHHS Mak-
CUMYyMa YIOMSIHYTOM COCTABJISIIOILEN C MOMOLIBIO METOIA
MIPOCTBIX UTEPALNH, a TAKKE €€ BEJTUINHBI.

4. Tloxa3aH YHCIEHHBIH TPUMEP pacdeTa COCTABIIIO-
IUX CHJ WHEPIHMU C TIOMOINBI0 KOMIIBIOTEPHOH mpo-
IPaMMBIL.
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OnpenesieHue MAaKCUMAJIbHOT0 3HAYeHUS] TOPU30HTAJIBLHON COCTABJAIOLIEH CHJI MHEPLMIl, 1eiicTBYIOLel HA IPy3 NPH KayKe
cyAHa
E. A. Baacenko, . A. Bypmaka
AnHoTanus. IIpenmoxeHs! GopMyisl pacdeTa TEKyIIMX 3HAYCHHH YIIOB KpeHa W AndQepeHTa, BO3HUKAIONIUX NPH KadKe CyAHa.
[MpuBeneHs! aHATUTHIECKHE BBIPKEHUS [UIS OIEHKH 3HAYEHHH NPOJOIBHON M IIONEPeIHOH COCTAaBISIONINX CHI MHEPIHH, TOPOXK-
naeMble OOPTOBOM, KIJIEBOI W BEepTHKAIBHOU Kaukoil cymaHa. Paspaborana mpouemypa pacdeTa MaKCHMAIFHOTO 3HAYCHUS! TOPH30H-
TaJbHON COCTABIAIOUIEH CHIJI MHEpLUH, NeHCcTBYIOMEN HAa TPy3 MpU Kauke CyJlHa, IPUUYEM TOJIyY€HO BBIpaKEHHE pacueTa MOMEHTa
BPEMEHH IOCTIDKEHUSI MAaKCUMyMa TOPH30HTAIBHON COCTABISIONICH METOZOM HPOCTHIX WTEpalyii, Kak U ee BeanduHbL. [IpuBeneH
YHUCIICHHBIH IPIMEp pacieTa COCTaBISIONINX CHJI HHEPIMH ¢ ITIOMOMIBI0 KOMITBIOTEPHOI POrpaMMEL.

Kniouesnle cnosa: mopexoonasn 6e30nacHocme, Kauka CyoHd, CUIbl UHEPYUU U UX COCMABIAIOUUe.

Determination of maximal value of horizontal constituent of forces of inertias, operating on a cargo at rolling of ship
Ye. A. Vlasenko, I. A. Burmaka
Abstract. The formulas of calculation of current values of angles of roll and pitch arising up at rolling of ship are offered. Analytical
expressions for estimation of values of longitudinal and transversal making forces of inertia are resulted, generated by the side, ca-
reening and vertical tossing of ship. Procedure of calculation of maximal value of horizontal constituent of forces of inertias is devel-
oped, operating on a cargo at rolling of ship, expression of calculation of moment of time of achievement of maximum of horizontal
constituent is thus got the method of simple iterations, as well as its sizes. The numeral example of calculation of making forces of
inertia by the computer program is resulted.

Keywords: nautical safety, rolling of ship, forces of inertia and their constituents.
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AHHoOTanusl. [yl cMEUTaHHBIX 3aKOHOB PACTpe/eleHHs BEPOSTHOCTEH MOTPEeNIHOCTeN MepBOro M BTOPOrO TUIIOB NPUBEICHBI aHa-
JUTHYECKUE BBIPAKCHUS CTAaHIAPTHOW M HOPMUPOBAHHBIX IIOTHOCTEH. PaccuntaHbl 4ncieHHbIe 3HAYEHHS HOPMUPYIOIIUX MHOXH-
TeJled ¥ 4eTBEPTHIX LEHTPATbHBIX MOMEHTOB A HOPMHUPOBAHHBIX IUNIOTHOCTEH CO 3HAYEHHEM CYILECTBEHHOTO IapameTpa, He Ipe-
Bocxo M 10. IpennosxkeHo BeIpakeHHE ONTUMANIBFHOTO OPTOTOHAIBHOTO PA3JIOKEHHUsI C OJHUM WICHOM, JUI KOTOPOTO XapakKTep-

Ha MaKCuMaJjibHasg CXOAHUMOCTH C HOpMHpOBaHHOI;lI IIJIOTHOCTBIO.

IIponsBeneH pacueT KPUBBIX HOPMHPOBAHHBIX IUNIOTHOCTEH CMEMIAHHBIX 3aKOHOB MEPBOTO M BTOPOTO THUIA U UX COOTBETCTBYIOMINX
OpPTOTOHAJIBHBIX paziokeHuid B psa ['pama-Ilapnse Tuna A, aHanu3 rpaduKkoB KOTOPHIX MOKa3al XOPOIIee COBIAJCHUE MIIOTHOCTEH

C UX PA3JI0KEHUEM.

Knrouessle cnosa: cmewiantvle 3aKoHbl pacnpedeﬂeﬂuﬂ, HOPpMUPOBAHHbLE NIIOMHKHOCMU, OPMO2OHANIbHOE PA3JI0diCeHUe NI1OMHOCMU,

pao I'pama-Lllapnve muna A, nonunomer Spmuma.

Beenenne. OmHUM U3 CyIIECTBEHHBIX aCHEKTOB IMpoobIe-
MBI OOeclieyeHHs HaAJIeXKallero ypoBHS 0€301acHOCTH
CYIOBOXJICHHS SIBISICTCS IIOBBIIIEHHE TOYHOCTH KOH-
TPOJISL MECTa CyJHa NpU IUIAaBAaHUHU B CTECHEHHBIX BOJAX.
ITpn Hanwuum W3OBITOYHBIX JIMHWH ITOJIOXKEHUS BHIOOP
00CEepBOBaHHBIX KOOPJIMHAT MPOM3BOAUTCS TaKUM 00pa-
30M, YTOOBI MX TOYHOCTH ObIJIa MAKCMMAJIBHOH. DTO J10-
CTHTAeTCs PacyeTOM KOOPAWHAT METOJOM MaKCHMAlbHO-
IO TpaBIONOJO0Ns, aJIrOPUTM pacyeTra KOTOPOro OIHO-
3HAYHO OIPEACISIETCSI 3aKOHOM PacIpefeiIeHHs BEPOsIT-
HOCTEH MOrpelIHOCTEN JIMHUAK NoJ10keHus. [loaToMy s
obecrieueHns: MaKCUMalbHONH TOYHOCTH oOcepBanuii me-
CTa Cy/Ha HEOOXOIMMO 3HATh 3aKOH PaCHpelesieHUs I0-
IpEeIIHOCTEll HABUTALMOHHBIX M3MepeHui. OnHako mpu
JneuITe CTaTHCTHYECKHX MAaTEPHAIOB IIOTPEIIHOCTEN
HE yJaeTcs ¢ MOMOILBI0 CTaHJApTHOM IpOoLEaypsl OIpe-
JIETUTh 3aKOH MX PaclpeleNieHus, XOTs MOXKHO OIICHUTH
LEHTPaAJIbHBIE MOMEHTBI PACIPECNICHHs] U €CIH THCTO-
rpaMMa BBIOOPKH HMEET «YTSDKEJICHHBIE XBOCTBD», TO
MOXKHO HCIIOJIb30BaTh Pa3JI0KEHNUE IUNIOTHOCTH pacIpese-
neHus norpemHocteil B psan I'pama-Illapnse Tuma A ¢
TIOMOIIBI0 OPTOTOHANBHBIX MOJIMHOMOB JpPMHTA, HE pac-
mojlarasi €e aHaJUTU4eCKUM BhIpakeHHeM. CylecTBeH-
HBIM SIBIISIETCS TOYHOCTH COOTBETCTBUSI IJIOTHOCTH pac-
MpeJeNicHUsT €€ OPTOTOHATBHOMY PAa3JIOKEHHIO, YeMy
MOCBAIIEHA JaHHAsl CTaThs.

Kparkuii 0630p nmyOaukaumii nmo teme. AnbTrepHa-
TUBHO HOPMaJIbHOMY 3aKOHY pacIpeAeieHus Al Omuca-
HUSI CIIy4aiHbIX MOTPENTHOCTE HABUTAIIOHHBIX U3Mepe-
HUH B paboTte [1] mpeasyioxeHsl cMeIIaHHbIe 3aKOHBI TIep-
BOTO ¥ BTOPOT'O THIIOB, a B paboTe [2] npezcraBiieHbI cTa-
TUCTHYECKHE MaTepHalIbl 110 TOYHOCTH ONpeeNeHUs Me-
CcTa CyJHa C IOMOLIbI0 IPUEMHUKA CIYTHUKOBOM pa-
JTUOHABUTAIIMOHHON CHCTEMBI, KOTOpPBbIE MOKAa3alH, YTO
MIPEIIIONI0KEHHE O paclpeleeHuH CIy9aiHBIX IOTPel-
HOCTEH OmpeAeNeHHs INUPOTHI M JOJTOTHI IO 3aKOHY
I'aycca He siBnsieTCS KOPPEKTHBIM.

AHanu3 CTaTUCTHYECKHX JaHHBIX MHOTPEIIHOCTEN
HaBUTAI[MOHHBIX H3MEPEHUH, MOIYYEHHBIX B HATYPHBIX
HaOJIOICHUSIX, TPEACTaBIeH B pabotax [3, 4], koTopsiid
MOKa3aJl HECOCTOSITENbHOCTb TUIIOTE3bl O PACIpeaeICHUH
MIOTPENIHOCTEl 10 HOpMaJbHOMY 3aKOHy. B pabore [5]
NI ONKCAaHMs CIy4YalHbIX MOTPELIHOCTEN MpeasIoKEH
0000menHbIii 3akoH Ilyaccona, mpuuemM B pabote [6]
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MIPUBEJICHbI PE3yNbTaThl HCCICJOBAHUSA BO3MOXHOCTH
OIUCaHMs CUCTEM 3aBUCHMBIX CIIyYaiHBIX BEJIMYHH C
roMomipo  06obmeHHoro pacnpenenenus Ilyaccona c
0a30BBIM HOPMAJIGHBIM PacIpe/ICICHIEM.

B pabore [7] npuBeneHb! pe3yabTaThl HACHTH(GUKAINN
3aKOHOB PacHpeieIeHNs NOTPENIHOCTEH HaBUTAIIMOHHBIX
N3MEpPEHNH, KOTOpBhIE MOKAa3bIBAIOT, YTO IOTPEIIHOCTH
N3MEPEHNH PaJHoJIOKAMOHHBIX TEJIEHIOB U PacCTOSTHUN
B OCHOBHOM IIOJTYMHSIOTCSI CMEIIAHHBIM 3aKOHAM IEpPBO-
r'0 M BTOPOTO THIIA.

Ecnu norpemHocTH HaBUTAaLMOHHBIX W3MEPEHUH He
MTOTYUHAIOTCS. HOPMAJIBHOMY 3aKOHY, TO, KaK MOKa3aHo B
pab6ore [8], nprMeHeHHe METOIa HANMEHBIIUX KBAJAPATOB
JUIsl pacdyera 0OCEpBOBAaHHBIX KOOPAWHAT CylHa He obec-
MICYNBAET BO3MOXHOCTH TONYYEeHUS HX 3PPEKTUBHBIX
omeHok. Tak B pabore [9], mOKa3aHO, YTO MPH CMEUIaH-
HBIX 3aKOHaX pacnpeneneHusx 3pQekTHBHOCTL 00cepBo-
BaHHBIX KOOPJAMHAT CyJHA NPU M30BITOUHBIX JIMHHUAX I10-
JIO)KEHHS MEHBIIIE €AMHUIBI, U C POCTOM CYIIECTBEHHOTO
napameTpa oOHa CTPEMHUTCS 10 BEIMYHMHE K eTUHHIIE.

Awnanuz pabotsr [10] mokaseiBaer, uTo pasHoOGpasme
3aKOHOB DACIIPEEIECHUS] BEPOSTHOCTEN CllydalHBIX IIO-
IpelrHocTeil, 0COOEHHOCTHIO KOTOPBIX SIBJISETCS HAaJIHIHE
YTSOKEJIEHHBIX XBOCTOB, MOXET OBbITh YHU(PHUIMPOBAHO
UCTIOJIB30BAaHHEM OPTOTOHAIBHOTO PA3JIOKEHUS C MOIy-
YEHHBIMH 3HAYCHUSIMH [EHTPAIBHBIX MOMEHTOB BBICIIHX
TIOPSIIKOB.

Hean. Llenpio craTbu sSBISETCS aHAIU3 CTEICHH COB-
MaJICHNs] TIIOTHOCTH PACIPENENICHHs] BEPOSTHOCTEH CITy-
YalHBIX MOTPEIIHOCTE ¢ €e OPTOTOHAIBHBIM pasiloxke-
HHEM U BO3MOXKHOCTEH €ro HMCIIOJIb30BaHMS Ha IpHMeEpe
CMEIIaHHBIX 3aKOHOB IIEPBOr0 ¥ BTOPOT'O THIIOB.

Matepuansl u Meroanl. B pabore [10] mpuBeneHs!
pe3yibTaThl CPaBHEHUS HOPMHPOBAHHBIX IUIOTHOCTEH
f(X) u ux oproronamsHOro pasnoxenus f (X) momwm-

HOMaMHM DpMUTA JUIl CMEMIAHHBIX 3aKOHOB 00OMX THIIOB
n 06o0meHHoro 3akoHa [lyaccoHa, KOTOpbIE IOKa3bIBa-
10T, 4TO OPTOTOHAIBHOE pAa3l0XKEHUE IUIOTHOCTU IS
TpeX YHOMSHYTHIX 3aKOHOB paclpejeNeHus obiagaer
HaWIy4llel CXOAMMOCTBIO C CaMOM IUIOTHOCTBIO MpH
HCTIONIb30BaHUM TOJBKO IMIEPBOTO WIEHa OPTOTOHAIBHOTO
PAa3JIOKEHUs], T. €. ONTUMAJIbHOE OPTOrOHAIBHOE Pa3iIo-
JKEHHUE BBIPAXKAETCS CJIEAYIOLINM 00pa3oM:

©|l. 1. Vorokhobin, I.'Y. Fusar, B. M. Alekseychuk 2018
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f(y) =(2m) P exp(-y 2 12)[1+ (u,—3) (y* -6y 2 +3)/24], (1)
rie y=X/c.

PaccMOTpUM HOPMHPOBAHHbBIC IIIOTHOCTH CMEIIAHHBIX
3aKOHOB IIEPBOT0 ¥ BTOPOTO THIIA M UX PA3JIOKEHHS C
MIOMOIIBI0 OPTOTOHANBHOTO pazioxkeHus (1). B pabote
[7], aHanmM3 CTaTUCTHYECKUX MaTEpHAIOB, OJTYYCHHBIX B
HATYPHBIX HAOJIONCHUAX B PEAIBHBIX YCIOBHAX IKCILTya-
TaluH, ITOKa3aJ, YTO IMOTPEIIHOCTH H3MEpPEeHHH HaBHIa-
[IUOHHBIX MAapaMeTPOB IOMYUHSAIOTCS CMEIIAaHHBIM 3aKO-
HaM PACMpPE/CNICHUs ABYX THIIOB, CTaHAAPTHBIC IUIOTHO-
CTH KOTOPBIX COOTBETCTBEHHO MMEIOT BHA [1]:

1
n+=

.00 = 2"a 2n! 1 ,
V2m 1:3-2n-1) (x2/2+ )"
fz(x)zl-a-s-(znu)a”“ 1 , (2)
\/§2n+1n! (X2/2+(x)n+3/2

rae O - MacmTaOHbBIN apamerTp;

N — CyIICCTBEHHBIH apaMeTp.

Juis mpeoOpazoBaHus IUIOTHOCTEH (2) K HOpPMHUPOBAH-
HOMY BHJy Hcmosib30Bana Gopmymna [11]:

Y2¢ o 12
gm=nz “f (u2m),

TJ€ = &/p 2 - HOPMHPOBAHHAS MOTPEIIHOCTD C €1~
HUYHOU AHcrepcHel;

L, - TUCTIEPCHUSL CITYYaHHON BENMIUHEI &;

g (n) - HOpMHpOBaHHAS MIIOTHOCTH PACHpEIENICHUS.

JIJ1s TIOTHOCTH CMEIIAHHOTO 3aKOHA PacHpeIeIeH s
__2a_ ycootser-
2n-1

CTBYHIOIIIAsl HOPMHUPOBAHHAA IJIOTHOCTH g 1 (]’]) HUMECT

TICPBOT'O THUIIA JUCTIEPCHUA paBHA T

CIEeYIOLINMI BUIL:

_ B, 3)
901 m2(@2n-1)+1)"
3mech g _ 2 [(MW!* - HopMupyIOIHii MHOKH-
@n-1)Y2z (2n)!
Telb.

HEHTpaHI)HI)Ie YCTHBIC MOMCHTBI l,lzm HOpMHPOBAaH-

HOM clIy4yallHOW BEJIMYUHBI 1] OIPEIEIISIOTCS BBIPDAKEHU-
em:

(M _(2n-1) ™ni2(n-—m)]!(2m)!
2n)!(n—m)Im!

AHAQJIOTUYHO TPOU3BOIMUTCS MPEOOPA3OBAHUE ILIOTHO-
CTH CMCIIAHHOI'O 3daKOHA pacupeAcJCHUA BTOPOIO TUIIA K
HOPMHPOBAHHOMY BH[Y, YYUTHIBAasi YTO AHUCIEPCHUS pac-
pejiesieHnst paBHa 1, = o/n. COOTBETCTBYIOMIAs HOPMHU-

POBaHHAs IIOTHOCTh (1) UMEET CIEIYIOLIHi BUL:
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B,
(n2/2n+1)" 792
_ (2n+1)! - HOPMHPYIOUINHA MHO-
2 (Zn)1/222n+1(n |) 2

KHUTCIIb. HeHTpaHbHLIe YETHBIC MOMCHTBI },lzm HOpMU-

9, () = )

[Tpruem

pOBaHHOH CIIy4ailHON BEJIMYMHBI 1| ONPEIEISIOTCS BbIpa-
KEHHUEM!
@ _ n™2m)!(n-m)!
SIS
Pesyabrarsl n ux odcyxnenue. s peanusanuu mno-
CTaBJICHHOH B CTaTbe LEJIM BHAYAIE PACCUNTAEM 3HAUE-
HUSI HOPMHUPOBAHHBIX IIOTHOCTEH CMEIIAHHOTO 3aKOHA
pacupenenenus nepBoro tuma (3) ¥ COOTBETCTBYIOIIUM
UM OPTOTOHAIBHOTO PAa3lOXKEHHUsS AT 3HAUCHHH Cylie-
CTBeHHOTO Tapamerpa n = 4, 6, 8, 10. g paccmarpusa-
€MOil IIIOTHOCTH B Tabi. 1 NmpuBelIeHbl 3HAYSHUST HOPMHU-

PYIOIIETO MHOXKHUTES Bl, a B Tabn. 2 - 3HAYCHUS ICH-

TpaJIbHOI'O MOMCHTA },L4 .

Ta6uuua 1. 3Ha4eHUs HOPMUPYIOIETO MHOXKHTENS By

n 4 6 8 10

B, 0,440213  |0,4256591 |0,4187223 |0,4146626
Tabuunua 2. 3Ha4eHHs LEHTPAIBHOTO MOMEHTA |14

n 2 4 6 8 10

ng |9 4.2 3.667 3.462 3.353

Ha puc. 1 moxasaHbsl KpuBble HOPMUPOBAHHOM MJIOTHO-
CTU @4 (n) A1 N =4, 6, OKPALICHHbIC KPACHBIM LIBETOM.

Tak kak KpuBBI€ INIOTHOCTEN CUMMETPUYHBL, TO MOKa3aHa
TOJILKO MOJIOBHHA KPHUBOH [UI MOJIOXKHUTENBHBIX 3HAYEHUI
NOTPEIIHOCTY, NPUHUMAKOUIMX 3HAYEHUS B [MAINla30HE
IIECTH CPEIHE KBAIpaTUUECKUX OTKJIOHeHUH. Ha aTOoM xe
PUCYHKE CHUHUM LBETOM II0Ka3aHbl COOTBETCTBYIOLLUE
KpPUBBIE OPTOrOHAJIBHOTO PA3JIOKECHHUS.

KpuBble HOPMUPOBAHHOH IIIOTHOCTH @4 (1) A N = 8,

10 1 KpUBBIE OPTOTOHATIBHOTO PA3JIOKEHUS IIPECTaBIIe-
HBI Ha puc. 2. AHanmu3 puc. 1 u puc. 2 moxaspIBaeT, 4To
HOPMHPOBAHHAas IUIOTHOCTh @, ()M €€ OPTOTOHAIIBHOE

pasioxkeHue pu CYIIIECTBEHHOM napamerpe
N > 4 npakTuyecky cOBNaaOT.
AHaJIOrMYHO NPOM3BOIMICS PacyeT KPUBOH HOPMHPO-

BaHHOM IIOTHOCTH (, (1)) CMEIIAHHOTO 3aKOHa pacripe-

JACJICHUA BTOPOro TuIla U KpHBOﬁ COOTBETCTBYIOLICTO
OpPTOTOHAJIBFHOTO PA3JIOKEHHs, MpuueM B Tabia. 3 mpuse-
JACHBI 3HAYCHUA HOPMUPYIOIIETO MHOXUTEIA BZ JJIA TEX

JKe 3HaYCHUH mapaMeTpa N, a B Tabl. 4 —
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Puc. 2. Hopmuposannsie miuotHoctd (J q (T]) 1 MX Pa3JIOKEHHs f (n) npu n =8, 10

3HA4YCHUSA LHCHTPAJIBHOI'O MOMCHTA l,l4, H€O6XOHI/IMOFO

IIpH pacyeTe KpPIBOfI OpPTOTOHAJIBHOT'O PAa3JIOKCHUS.

Ta6auna 3. 3Ha4eHUS] HOPMHUPYIOIIETO MHOMXKHTEIIS B 2

n 2 4 6 8 10

B, 046875 ]0,435036 |0,423290 (0,417309 |0,413690
Ta6auua 4. 3Ha4eHNs IEHTPATBHOTO MOMEHTA |l g

n 2 4 6 8 10

Uy 4 3,6 3,429 3,333

KpuBble HOpMUPOBaHHOH mioTHOCTH § 5 (M) 1 N =

4, 6 moka3aHBl Ha pHUC. 3, HA ITOM ke PUCYHKE MOKa3aHBI
CHHUM IIBETOM COOTBETCTBYIOIIME KPHBBIE OPTOTOHAIb-
Horo pasyoxkeHus. Ha puc. 4 mpencrtaBieHsl KpUBBIE

HOPMHPOBAHHOM ILIOTHOCTH {J (M) ans n =28, 10 u
KpHBBbIE OPTOTOHAJIBLHOTO pas3noxeHus. Kak u B mpensi-
JyIIeM Ciiydae, u3 puc. 3 u puc. 4 cieayer, 4To0 HOPMHU-
posanHast mwiotHocts J o (M) M ee oproroHansHOe pas-

JIOKeHHe TIpM CymiecTBeHHoM napamerpe N > 4 mpakrtu-
YECKU COBMAAIOT.
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BriBoabI

1. TIpuBeneHB! aHATUTHYECKHE BBIPAXKEHUS CTaHIAPT-
HOW M HOPMHUPOBAHHBIX IJIOTHOCTEH CMEIIaHHBIX 3aKO-
HOB DPACHpEeJeNeHNs BEPOSTHOCTEH MOTPEHIHOCTEN Iep-
BOTO U BTOPOro TUMOB. [IJIi HOPMHPOBAaHHBIX ILIOTHO-
CTel, 3Ha4EeHHUsl CYIECTBEHHOIO MapameTpa KOTOPBIX HE
mpeBocXoauT 10, BBIUUCIEHBI HOPMHUPYIOIIME MHOKHUTE-
JIX ¥ YETBEPTHIE LICHTPAJIEHBIE MOMEHTBL.

2. IlpencraBneHo BBIpaKE€HHE ONTHMAJIBHOTO OPTOTO-
HAJIBHOTO Pa3JI0KEHUs, COAEPIKAIIErO TOJIbKO OJIMH YJIEH,
KOTOpOe 00€ecHeunBaeT MaKCHMAJIbHYI0 CXOAMMOCTH C
HOPMUPOBAHHOM IJIOTHOCTBIO.

3. PaccunrtaHbl KpHBble HOPMHPOBAHHBIX IIIOTHOCTEH
CMEIIaHHBIX 3aKOHOB IEPBOrO U BTOPOTO TUMA M HX CO-
OTBETCTBYIOIIMX OPTOTOHANBHBIX pa3l0XKEHUH B PsX
I'pama-Illapnabe Tuma A, aHanu3 KOTOPBIX MOKa3all XOpo-
1iee COBIMAJACHUE MIOTHOCTEN C Pa3I0KEHUEM.

4. PaccMOTpeHHBIE CMEIIAHHBIE 3aKOHBI paclpenene-
HUS JBYX THIOB C "YTSDKEJICHHBIMH XBOCTaMH' MOXKHO
NIPEACTaBUTh OPTOTOHAJIBHBIM Pa3JI0XKEHUEM, COIEpKa-
IUM IEPBBIA YJIEH Pa3l0XKEHMs, YTO MO3BOJISIET IIPUMeE-
HATb OPTOrOHAJIBHOE PA3JI0XKEHHUE MJI1 ONUCAHUS IO-
IPELIHOCTEN HaBUTALIMOHHBIX U3MEPEHUH.
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AHaIU3 BO3MOKHOCTH NPHMEHEHHsI OPTOrOHAJIBLHOIO PAa3JIOiKeHMsl IUIOTHOCTH CMENIAHHBIX 3aKOHOB pacrpelesieHHs I10-
rPEIHOCTe MOJIMHOMAaMU JPMHUTA
H. U. Bopoxooun, U. 10. dycap, b. M. Ajekceiiuyk
AuHoTanmsi. J[7s1 cMeUIaHHBIX 3aKOHOB paclpe/esieHus BEPOSATHOCTE! MOTPEIIHOCTeH HepBOro M BTOPOTO THIIOB IMPHBEICHBI aHa-
JUTHYECKUE BBIPAKCHUS CTAHIAPTHOW M HOPMHUPOBAHHBIX IUIOTHOCTEH. PaccunTaHbl YKMCICHHBIE 3HAUYCHUS] HOPMHUPYIOIIMX MHOMKH-
TeNiel ¥ YeTBEPThIX LEHTPAIbHBIX MOMEHTOB JJISi HOPMHUPOBAHHBIX [UIOTHOCTEH CO 3HAYCHHEM CYIIECTBEHHOTO MapaMerpa, He mpe-
BocxomuuM 10. TIpeanokeHo BIpaKeHHe ONTUMAIFHOTO OPTOrOHAIBHOTO PA3JIOKEHUs C OMHUM WICHOM, AJIs KOTOPOTO XapakTep-
Ha MaKCHUMallbHasi CXOJUMOCTh C HOPMHPOBAHHOHM IUIOTHOCTHIO. [Ipom3BeneH pacueT KPUBBIX HOPMHPOBAHHBIX IUIOTHOCTEH cMe-
LIaHHBIX 3aKOHOB MEPBOTO W BTOPOTO THUIA M MX COOTBETCTBYIOIIMX OPTOTOHANBHBIX pasnoxeHuid B psax ['pama-Ilapiabe Tuma A,
aHann3 rpaMKOB KOTOPHIX MMOKa3all XOpolee COBIMaAeHIE MIIOTHOCTEH C X Pa3jioKeHHEM.

Knrouesvie cnosa: cmewiannvie 3aKoHbl pacnpedenenus, HOpMUpo8aHHvle NIOMHOCMU, OPMOSOHANLHOE PA3N0ACEHUE NIOMHOCIU,
pa0 Ipama-1llapnve muna A, nonunomsr Spmuma.

Analysis of possibility of application of orthogonal decomposition of closeness of the mixed laws of distributing of errors by
the Ermyt's polynomials
1. 1. Vorokhobin, 1. Y. Fusar, B. M. Alekseychuk
Abstract. For the mixed laws of probability distribution of errors of the first and second types analytical expressions of standard are
resulted and the rationed closenesses. The numeral values of rationing multipliers and fourth central moments for the rationed close-
nesses with the value of substantial parameter are expected , not excelling 10. Expression of optimum orthogonal decomposition with
one member is offered, which maximal coincidence with the rationed closeness is characteristic for. The calculation of the crooked
rationed closenesses of the mixed laws of the first and second type and their proper orthogonal decompositions is produced in the
row of the Grama-Sharle type A, the analysis of the graphs of which showed the good coincidence of closenesses with decomposi-
tion.

Keywords: mixed laws of distributing, rationed closenesses, orthogonal decomposition of closeness, row of the Grama-Sharle
type A, the Ermyt’s polynomials.
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