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*

The reliability model for system with load-sharing redundancy of component between
uniform modulus is proposed. The model adequately takes into account load-sharing impact of
reserved components on failure cause probability characteristics of such system. For reliability
determination a dynamic fault tree and a Markov model is used.

Keywords - reliability model, failure cause, dynamical fault tree, Markov model, load-
sharing redundancy.

3anponoHoBaHO MoJeJb HaXIHHOCTI CHCTEeMH i3 HABAHTAKYBAJbHHMM pe3epBYBAHHAM
eJIeMEHTIB MK OJHOTHNHUMH MoAyJsaMH. Mojgeiab aJeKBATHO BpPaxXOBY€ BIUIMB 3MiHH
HABAHTAKEHHS1 pPe3epPBOBAHMX eJIEMEHTIB Ha WMOBIPHICHI XapaKTepUMCTHMKM IPUYMH iI
Henpaue3aaTHocTi. /i BU3HAYeHHs] HAAIHOCTI 3acTOCOBaHe JUHAMIiYHe [epeBO BiAMOB Ta
MapKOBCbKAa MO/IeJIb.

Kuio4oBi ciioBa - Mojaenb HaJiiiHOCTI, IpUYMHA HeNpaNe3AaTHOCTI, TMHAMIYHE JIePeBO
BiIMOB, MapKOBCHKA MO/I€JIb, HABAHTAKYBaJIbHE Pe3epBYBAHHS.

Beryn. IlocTanoBka nmpo0iaemu

OpauM i3 croco0iB MiABUIIEHHS HAMIHHOCTI TEXHIYHUX CHCTEM € 3aCTOCYBAHHSA CTPYKTYPHOTO
pesepByBaHHs. [li 4ac Takoro pe3epByBaHHS y CTPYKTYPY CUCTEMH BBOISATH HAIUIMIIKOBI eIeMeHTH. Jlis
0araThOX MEXaHIYHHX, TIPaBIIYHUX Ta EJNEKTPOTEXHIYHHX CHCTEM BBEJCHHS PE3EPBHHUX EIIEMEHTIB
301IBLIYE BApPTICTh CHCTEMH, MOTIpIIye {i Maco-radapuTHI Ta TEXHIUHI MOKa3HUKH. 3 €KOHOMIYHOI TOUYKH
30py 1€ JIOCUTh 4YacTO HiBeNroe e(eKT BiJl MiABUINEHHS IMOKAa3HHUKIB HAJIMHOCTI CHCTEMH, IO 3MYIIYE
MPOEKTaHTIB IIYKATH IHIN NUIAXW 3a0e3nedeHHs HamiiHOCTi. llim dWac mpoekTyBaHHS CHCTEM, SIKi
CKJIaJar0ThCs 13 OHOTUIIHUX MOXYJIB, 3’ SIBIISIETHCSI KOPUCHA BIACTHBICTB, 3MICT SIKOT IOJIATA€ OCh Y YOMY.
SIK110 BMHMKA€ HENpale3laTHICTh OJHOTO i3 €JIEMEHTIB MOIYNsA, TO THMYacoBe (YHKIIOHYBaHHS LIOTO
MOJIYJIsI MOXKHA 320€3IEeUNTH 3a JOIIOMOTOI0 TaKOI'o K €JIEMEHTa, PO3MILIEHOr0 Yy cyciqHboMy Moaydi. Lle
3HIMa€e mpoOIeMy MiABUIIEHHS BAPTOCTI Ta Maco-TadapuUTHUX IMOKA3HUKIB CUCTEMH, ITPOTE BUMarae Oparu
10 yBaru psn obmexeHs. Ilo-mepiue, He [UIg KOXHOTO €JIEMEHTa, PO3MILIEHOr0 y CYCiAHBOMY MOIYII,
TEXHIYHO MOJKJIMBO IEPEAaTH HOro (PYHKINIO O OCHOBHOTO MOIYJIS, B SIKOMY BIJMOBITHHIA €JIEMEHT
Henparne3aaTHuid. [lo-apyre, SKIIO Taka MOXIJIMBICTh ICHY€E, TO HEOOXIJIHO JIOJATH Y CHCTEMY CIIOJYYHHI
eJIEMEHT, KUK JiarHOCTyBaTuMe MOTpedy y Takill mepeaadi, Ta B pasi HEOOXiAHOCTI ii 3milicHIOBaTHME.
[o-TpeTe, AKIIO €NEMEHT y CyCiTHBROMY MOJYJIl HaJgae CBOK (QYHKIIIO OJJHOYACHO B 00M/Ba MOJIYJI, TO
HOro HaBaHTAXCHHsS 3pocTae. Y pe3yibTaTi mocrae mnpobieMa (GopMyBaHHS MaTEeMaTHYHOI MOJENI
HaJIIHHOCTI, SIKa aJIeKBaTHO BPaxXOBYBATUME JUUIsl CHCTEMH, IO CKIIAJIAETHCS 13 OJJHOTHITHUX MOJIYJIB, 3MiHY
HABaHTAXKEHHS JJIsl CIIOJYYHOTO €JIEMEHTA Ta €JIEMEHTa CYCITHBOTO MOJYJISI, SIKHI pe3epBy€e aHaIOT uHIHA
€JIEMEHT B OCHOBHOMY MoOjyJii. CUCTeMH, CKIIAJCHI 13 OJHOTUIIHUX MOYJIB, JJIS SKHX PEali3yloTh TaKHi
croci0 MiJABHMINCHHS HAJIHOCTI 3yCTpIidaloThcs y TPaHCHOPTHIA cdepi, B cucTemMax BiHCHKOBOTO
NpU3HAYEHHS TOMIO.



AHaJII3 0CTaHHIX JOCTiAKEeHb

Jlns moOynoBu Moaenelt HaiiHOCTI CHCTEM, SIKi CKJIa[IeH] 13 OQHOTHUITHUX MOAYJIiB, BUAUISIEMO TakKi
migxomu. Y mpaiix [ 1, 2] 3acTOCOBYIOTH JiepeBa BiIMOB, siKi 0a3yrOThCsI Ha JIOTIKO-HMOBIPHICHOMY METO/Ii.
Henonik Takoro mimxomy momsrae y ToMy, IO BiH He 3abe3medye ajfieKBaTHE BpaxyBaHHS SIBHII,
OB’ SI3aHMUX 31 3MIHOIO0 HABaHTAXXEHHS, a TAKOXK HE Po3pi3Hsie kKaracTpodivni 1 HeKaTacTpodidHi BIIMOBH
enemeHTiB. Y mpaipix [3, 4] BUKOPHCTOBYIOTh MOJEI HAMIMHOCTI, SIKi IPYHTYIOTBCS Ha IMITaIliitHOMY
MozeroBaHHi 3a meromoM MonTe-Kapio. Hegomikom 1poro mimxomy € Te, IO OA€p)KaHi pe3ylbTaTH
CIIOTBOPEHI (UIYKTyallisiM{, aMIUNTyAa SKAX M1 poOodoro [iama3oHy mapaMeTpiB CIiBMipHa i3
3HAUEHHAMH JOCII/DKYBAHUX XapakTepucTHK. Y mpaisix [5, 6] BHKOPHUCTOBYIOTH MapKOBCBHKI MO
HaJIMHOCTI, AKi Oa3zyloThCs Ha aHami3i mpoctopy craHiB. OCHOBHHM HEJONIKOM TaKWX MOJENel €
00MeXeHHS eKCITOHEHIIIaJTbHAM PO3IIOAIIOM, a TAKOXK BHCOKA TPYIOMICTKICTB iX MOOYHOBH.

Jnst po3B’si3aHHs MMOCTABIEHOI MPOOJIEMH BUKOPUCTAHO MiAXif, SKHH IPYHTYETHCS HA MOETHAHHI
IUHAMIYHAX JIepeB BIiIMOB Ta MAapKOBCHKMX Mopened HazmiitHocTi. s mocnabimeHHS 0OMeKeHHS
eKCIIOHEHIIaJJbHAM PO3MO/IiIJIOM 3aCTOCOBAHO PO3IIETUIEHHS MPOCTOPY CTaHIB Ha OCHOBI TEH30PHOTO
aHamizy [7-9], sike 3a0e3meunsio BpaxyBaHHsS JOBUIBHUX PO3MOALTIB i «3amaM’sITOBYBaHHs» TEPEaiCcTOpii
HAIPAIFOBAHHS €JICMEHTIB CHCTEMH 32 HABAaHTAXKCHHSIM.

¥ uiii crarTi po3B’A3aHO TaKi 3aBJaHHA:

® MaTeMaTUYHO OMMCAHO HANiHICTh CHCTEMH Ha OCHOBI AMHAMIYHOTO JepeBa BiAMOB;
® 100y/TOBAaHO MOJIENb CTaHiB Ta MOJIiH 1 pO3IIEIIeHY OJHOPIIHY MapKOBCHKY MOJIEbh CHCTEMH;
® BU3HAYCHO MMOBIPHICHI XapaKTEPUCTHUKHU MMPUYMH HETPaIe3JaTHOCTI CHCTEMHU.

BusnaueHHs1 XapaKkTepUCTHK HAAIIHOCTI cucTeMu

Onuc cuctemu Ta ii JUHAMIYHE IepeBO BiIMOB
B ocHoBHOMY Moayii 1 po3mimieno reHeparop Gl, mo sikoro minkiroueHo croxusada M1 (puc. 1).
[Mopyu i3 Moxynem | BCTaHOBIIEHO aHAJOTIYHUI MOAYIb 2, B SIKOMY po3MmileHo renepatop G2, 1o sSKoro
HiAKITI0YeHO crokuBada M2. Mix CHIIOBHMU JIiHISIMH, $SIKi CITOJTy4Yar0Th TeHEPATOPH 13 CIIOKUBAYaMHU
BBIMKHEHO cronyuHuii enemeHT SW. Cucrtema (QyHKIIOHYE TakuM UYHHOM.

" |
I'eneparop G1 xuButh croxkuBaua M1, a renepatop G2 — cnoxxuaya M2, npu i G1 i i G2 i
npoMy eemMeHT SW nepeOyBae y HeHaBaHTaXKEHOMY pesxkumi. ITicis BiamMoBu | sw | !
renepatopa Gl enement SW JiarHocTye #Oro HempanesJaTHiCTh Ta MOJAE JO | ! : !
crniokuBaya M1 xkuBieHHs Bif renepatopa G2 i3 CyciiHbOro MOIyis. Y pe3yiib- i M1 il i M2 i2

TaTl TaKOrO MEPEeMUKAHHS HAaBaHTAXKEHHs eleMeHTa SW crae HOMIHAJIBHUM, a “————- b=

HaBaHTaXeHHs reHepaTopa G2 3pocrae BABiYi. 3 METOI CHPOIIEHHS MOECII Puc. 1. @ynxyionansha

HaAIHHOCTI Yy poOOTI mpuifHATO Taki mnpunymieHHs. OCHOBHUE MOAyNb He cvema cucment
BUKOPHCTOBYEThCS JUIS 3a0€3IICUCHHs Mpale31aTHOCTI CYCiAHbOro Moayis. lle o3Hauae, 1110 y BHIAIKy
BimMoBH TeHepaTopa G2 ememeHT SW He mojmae KMBIEHHsS 10 crokuBadya M2 Bim renepatopa Gl.
Cycigniii Moaynp QyHKLiOHYe y HalOUIbII HaBaHTaXXeHOMY pexumi. Lle o3Hauae, mo renepartop G2
nepe0yBae BECh Yac i/l HaBAaHTAKEHHSIM, HE 3aJIe)KHO BiJl CTaHY CIIOKHBaya M2.

®dopmanizyeMO HaIiHHICTh CHCTEMH IWHAMIYHUM JIEPEBOM BiMOB, SKe€ TOJAaHO Ha pHC. 2a, a
BiJINIOBi/THA HOMY CTPYKTYpHA cXeMa HaJiiiHOCTI — Ha puc. 20. /luHamiuHe nepeBo BiIMOB € MaTeMaTH4-
HOIO MOJICIUTIO, SIKa OIMUCYE YMOBY HENpale3JaTHOCTI CHCTEMH Ta YMOBH 3MiHHM HaBaHTa)XKEHHS MiXK il
eJIeMEeHTaMH Ha OCHOBI OJIOKIB, SIKi ITO3HAYAIOTH JIOTIYHI omeparllii Ta omeparii BigHOmeHHs. Hempare-
3/IaTHICTh CUCTEMU IT03HaUeHa O0yiokoM «BepimHa monii». BaxkaeMo, 1o Taka moJist € KaracTpoQivyHoIo,
TOOTO TMOKU BOHA HE Bif0yJIach, PeMOHTYBaHHS OyIlb-SKOTO €JIEMEHTa MOXXHA BUKOHATH CTUIBKH Pa3iB,
CKUTBKHA y I[bOMY BUHHUKae morpeba. BimHOBIEHUI eleMeHT 3a eKCIUTyaTalliiHUMH XapaKTePUCTHKAMHU
BB2)KAEMO aHAJIOTIYHUM HOBOMY, a 1HIII €JIEMEHTU CUCTEMH TaKUMH, 1[0 MAIOTh MOMIEPEIHE HATIPAIFOBaH-
Hi. SIKIO HacTymmia BiIMOBa CHCTEMH, TO MOJANBIIE PEMOHTYBAaHHS 1i €IEMEHTIB HE PO3TIIAIAEMO.
HenpanesnaTHicTs cucTeMu CIpUYMHSE HACTAHHS OJHI€ET 13 1BOX Mofil, mo omucye 6iok «Omeparop 1»,
THUI SKOTO 33/1aHO JoriuHOo0 omnepamnieo ABO.



[lepma noxis Hactae y pasi BiAMOBH cnoxuBada M1,
mo onucye 650k «bazosa noxis 4». BBaxkaemo, 1o Hanpaiio-
A Omneparop 1 BaHH IIbOTO €JIEMEHTa PO3MOALICHO 3a 3aKOHOM BeiiOyma i3
napamerpamu o4 i PBs. Jpyra moais BimOyBaeTbcsi BHACHTIZOK
BiziMOBH reHeparopa G1 Ta HEMOXIIMBOCTI MOJATH JKUBIICHHS
Big reneparopa (G2, mo omucye 010k «OnepaTtop 2», THII
SIKOTO 3afaHo JoriuHoro onepanieto [. HempauesmatHicTb
redepatopa G1l, SKui pO3MINIEHO B OCHOBHOMY MO,
no3HaueHo Onokom «ba3oBa momis 1», a HampalroBaHHS 10
BiJIMOBHM TaKOTO €JIEMEHTa PO3IOJIIJICHO 3a 3aKOHOM BeliOyin-
Ja i3 mapaMeTpamu o4 i ;. HeMOoITUBICTh MOIATH KUBICHHS
basosa bazosa basosa basosa Bz reneparopa G2 nactae y pasi Binmosu enementa SW a6o
mopial mopia2 nogis3 mogisd4 BigMoBu reneparopa G2, mo omucye 610k «Oneparop 3»,

| | Bepmmna mogpiit

THII SKOTo 3amaHo Joriunoro omepariero ABO. Hemparre-
3ATHICTh CIIONYYHOTO eneMeHTa SW Ta renepatopa G2, siKuid
PO3MIIIEHO Yy CYCITHBOMY MOJYJi, I[TO3HAYAIOTh OJIOKU
«ba3zoBa nogist 2» 1 «ba3zoBa moxis 3», a HaNpalOBaHHS J0
BiIMOBH IIMX E€JIEMEHTIB PO3MOJIICHO 332 3aKOHOM BeliOyina
i3 mapametpamu oy 1 , Ta o3 i 3. TpuBamicTh pEMOHTYBaHHS €JIEMEHTIB CHCTEMU BBAXKAEMO PO3MOiJIe-

Puc. 2. Jlunamiune oepeso 6iomos (a) ma
cmpykmypha cxema naditinocmi (6) cucmemu

HOIO CKCIIOHCHIIAJIbHO 13 MapaMeTpoM M. Y CHUCTeMi BiJIOyBa€eThCsA JBa JUHAMIUHUX IPOLECH, SIKi
MOJIATAIOTh Y 3MiHI HaBaHTaKeHHS eneMeHTa SW Ta reHeparopa G2 3anexHo Bij crany rereparopa Gl.
Jns omucy 1MX MPOLECiB BBEAEMO Y CTPYKTYpY OHUHAMIYHOTO JepeBa BinmMoOB Osoku «Omeparop 4» i
«Omnepatop 5», sKi € TOBTOpIOBaYaMH JIOT1YHOTO CHTHANY, 1 33J]aMO Y HHX YMOBHU 3MiHM HaBaHTa)KECHHSI.
3okpema, K110 Ha BXif 610Ky «Omeparop 4» nonaerses sorivyanii curnan XMBHO, Tobto reneparop Gl
Mpaie3laTHUM, TO IHTEHCHBHICTh NpOICCY HampalfoBaHHS einemeHTa SW, 3amaHoro Osokom «ba3oBa
nofist 3», piBHa HyJ0. 3 iHIIOT CTOPOHH, SIKIIO Ha BXija 00Ky «Omepatop 5» mogaeTbes JOTTYHUNA CUTHAI
ICTUHHO, To0To rerepatop G1 Henpare3gaTHUl, TO IHTCHCUBHICTh MPOIIECY HAITPAIFOBaHHsI reHepaTopa
G2, 3ananoro 6iokom «ba3zoBa mozist 2», 30ibIIyemMo B K, pasis.

Mopeasb cTaHiB Ta NOAil
Ha ocHOBI mojmaHOro BHIIE JMHAMIYHOIO JE€pPeBa BiIMOB CUCTEMH 3TiHO i3 (hopMaTi30BaHHUMHU
npasuiamu [10] ckinageHo mozens craHiB Ta noaiil. Taka MOfieNib € MATEMATHYHHM OIUCOM CTaHiB, B SIKHX
MOXe Tepe0yBaTh CHUCTeMa, Ta TMOJid, SKi y Hili MOXYThb BiIOYBarOThCS, Y MPOEKIHHOMY 3B’SI3KY 0
MIPOIIECiB, IO y Hil poTikaoTk. ['pad Takoi Mozaeni nogano Ha puc. 3, a i mapameTpu y TaOIHIIi.
Y Mopzeni craHiB Ta MOJiN MpOIeC HAIMPAIIOBAHHS IS

rereparopa G1 no3naveno sk Py, mis reneparopa G2 — Py, \ 7
st enementa SW — P3 ta s cioskuBaua M1 — Py. [porec C,
peMmonTyBaHHs U1 reneparopiB G1 ta G2 nmo3HaueHo sk Ps Ta i Cs

Ps BimmoBa crokuBaya M1 Tta emementa SW mpu3BOAHTH
0JIpa3y 10 KatacTpo(idHOI BiIMOBH, TOMY PEMOHTYBaHHS LIUX
eJIeMEHTIB He 3agaeMo. Ha puc. 3 npanesnaTHi cTaHU cHUCTEMHU - ;] .
Mo3HaueHi KoyoM, ske 3adapOoBaHe OinvM, a Hempare3JaTHi -1;; ,,‘
CTaHH — KOJIOM, sike 3adapOoBaHe cipum. Cucrema nepedy-
Ba€ y BOCBMH CTaHaX, 13 SKUX TPW BIANOBIJAIOTH Mpare-

Puc. 3. I'pagh cmanie ma nepexodis cucmemu
3matHoCTi — Sg—Sg. HempanesmaTHi ctaHu 3rpyrnoBaHO y TPY MHOXKHHHU BIJIIOBIJTHO JIO NMPUYWH BiAMOBHU
cuctemu. [lepma mHOxkuHa C; BIANIOBiZa€ HEMPaNe3JaTHOCTI CUCTEMU BHACTIJIOK BiIMOBH CIIO)KHBada
M1. B mro MHOXHMHY BXOJATh CTaHH S1—S3. [Ipyra mHoxkrHa C, BiJOBiae HEMpare3JaTHOCTI CUCTEMHU
BHACIIJIOK BiMOBH TeHeparopa Gl ta enementa SW i MICTUTP JIMIe OJUH CTaH S, a TPETS MHOXKWHA

C; — BHachinok BimMoBu reHepatopiB G1 ta G2 i Bkitouae oauH cTaH Ss. Y cucTeMi BiIOyBa€eThCS AECATh
NOJiH, i3 IKMX MIICTh CIPUYMHSIOTH KaTacTpodidHy BitMOBY — T3—Tg, Tg 1 T.



Tabumust 1 — IapameTpn MoaeJi cTaHIB Ta MOAINH cUCTeMH

Omnuc craHiB Omnuc noxii

Ne | Tlou. | I'padiunuit | Koedinientn macmrabyBaHHs Hassa | 3aBepur. | Kinm.

ctad | omuccrany | Py | P, | Ps | P4 | Ps | Ps y monii | mporec | craH
1 S | T=— | 1|1|0|1]0|0]1 T, P1 S
2 T, P, Se
3 T3 Py S;
4 S; T;;’E" 0O |k |1|]1]|1]|0]1 T, P, Ss
5 Ts Ps S,
6 Ts Py S;
7 T, Ps Sg
8 Se _[?EE’_ 100|121 |0]|1]1 Ts Py Ss
9 To Py S
10 T Ps Sg
111 S5 | T i QE o|jo0o|0|j0|O0O]O0O]O — — —
12| S, Téﬁg 0ojo0|0|j0jO0O]|O0O]|O — — —
13| S | T=T *1o|o|jo|O0O|O0O]O]|oO — — —
14| S, Té)g *lTojoflo|lo0o|O0O]O]oO — — —
15| S I‘f’g X 0ojo0|0|0|O0O]|O0O]O — — —

[MapameTrpamu cTaHiB € 3HA4YeHHs KoedillieHTIB MaciiTaOyBaHHs Ui mporeciB P;—Pg Ta joriuna
¢byHKLis y, sika HaOyBae 3HauUeHHA «1», SKIIO cucTeMa mpane3aatHa, Ta «0» — sakmo Hi. [lapameTpamu
MO/l € Ha3Ba MOYATKOBOTO CTaHy, HAa3Ba MPOLIECY, SIKHi 3aBEPLIMBCS, Ta Ha3Ba KiHIEBOT'O CTaHYy.

MapkoBcbKa MOe/Ib

[pyHTYIOYHCH HAa MOJEJ CTaHiB Ta MOJil CHCTEMH, 3riHO i3 (opManizoBaHuMH mpaBuwiaMu [9],
c(OpMOBaHO PO3IICIUICHY OJHOPIAHY MapKOBCBKY MOJENb. Taka Mojaenb € MHOXKMHOIO MAaTpHIb, SKi
3aJ1al0Th IHTEHCUBHOCTI NIEpeX0iB MK (azamu A, moyaTkoi iiMoBipHOcTi (a3 P(0), a Takox 38’5130k C
¢byukuii imoBipHocTi ¢a3 p(t) i3 xapakrepuctukamu HamidHoOcTi Y(f) cucremun. MapKOBCbKY MOENb
MOJA0Th CHCTEMOIO AudepeHIianbHuX piBHsIHb KommoropoBa — Yenmena:

d
ap(t) =Ap(t),
y(t) =Cp(t).

s mocnimKyBaHOI CHCTEMH MapKOBChbKa MOJIEJIb TI0/1aHa Y BUpasi:

i DAL :
N S L. B
B - i ’
i : As i Ag
i 5 PA, AL A | Ps, (0)_

KoMmoHeHTH MapKOBCbKOiI MOjedi cUCTeMH (OPMYEMO Ha OCHOBI JIOTIOMDKHHX MapKOBCHKHX
Mojesei mporeciB i enemeHtiB. IlapaMeTpu MapKOBCHKHMX MOJEJCH MPOLECIB BU3HAYAEMO 3TITHO 13
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KPHUTEPi€M PiBHOCTI MEPIIOTO i HEHTPOBAHOTO APYIOr0 MOMEHTIB (PaKTHYHOTO PO3IOALTY HpoLecy Ta Horo
JOMOMIXXHOT MapKOBChKO1 Mozeni. BBaxkaemo, mo ans npouecy Pi{oy, B1} mapamerpu foro monomixuHoi
MapKOBCBHKOi Moieni cTaHoBIATh {Ag, P1(0), Ci}, mms Py{ay, B2} — {Az, p2(0), C,}, st Ps{as, s} — {As,
P3(0), Cs}, must Pafow, Ba} — {As, Pa(0), Ca}, st Pe{p} — {As, ps(0), Cs} ta st Pe{u} — {As, Pe(0),

Cs}. BiamosimHO 10 BKa3aHHMX MapaMeTpiB KOMIOHEHTH MapKOBCHKOI MOJENI yCi€i cucTeMu O0YHCIICHO
3TiHO 13 MOJAaHUMU HIDKYE PopMyTamMu, 30KpeMa AJIsl PaLe3JaTHOTo CTaHy Sg!

As, =A, ®E,®E; ®F, ®E; ®E; +E, ®A, ®E; ®E, QE; ®E, +
+E ®E,QE;®A, ®E; ®F;,
Ps, (0) = p.(0) ®p,(0) ®p;(0) ®p,(0) ®ps(0) @ps(0),
ne ® — omepatop TEH30pHOTO MHOKEHHsI; E;—Eg — ommHWuHI MaTpuii, po3MipHICTh SIKMX JOPIBHIOE

po3MipHOCTI MaTpuilb A;—As.
Mns npane3gatHoro crany S

As =k E,®A, ®E; ®E, ®E; ®E; +E, ®E, ®A; ®E, ®E; ®E; +
+E, Q®E,QE; ®A,RE. ®E;+E, ®E,®RE;®E, ®A; QE;,.
[ns mpauesnatHoro cTany Sg.
As, =A,®E,®E; ®F, ®E; ®E, +E, ®E, QE; ® A, ®E; ®E +
+E, ®Q®E,®E;,®E, ®E; ®A,.
Jns nopiii Ty ta Tg, cipuurHEHNUX 3aBepIICHHSM Tporecy Py:
A =A;, =pC, ®E, ®E, ®E, ®E; ®E;.
Hns moniti T, Ta T4, cipuurHEHNX 3aBEePIICHHASIM TpoIiecy P!
A, =E ®p,C, ®E; ®E, ®E; ®E;, Aq, =k, Ag.
Hnst monii Ts, cnpuarHEHOT 3aBEpIISHHASIM ITpotiecy Ps:
A, =E ®F, ®p,C; ®E, O F; ® K.
Hns nomiii T, Tg Ta Ty cIpUUMHEHNX 3aBEpIICHHSM mponecy Py:
A =Ar =A; =E ®E,®E, ®p,C, ®E; ®E,.
st monii T, cripuurHEHOT 3aBEPIICHHSIM ITpoliecy Ps:
Ar =E ®E, ®E; ®E, ®p;Cs O .
Jnst monii Tyg, ciprumHEHOT 3aBepIIeHHM Tporiecy Pg:
Ar =E ®F,®E; ®E, ®E; ®p,Cs.

VY marpuui C onuHUYHMN BEKTOP-psAAoK | Mae po3mipHICTh, sika JOPiBHIOE 10OYTKY pO3MipHOCTEH
yCiX MaTpuib iHTEHCHUBHOCTI mepexoniB A;—As. Lo Marpuiro ckiiajieHo Tak, MO0 Tpu ii pAAKU
BIJNOBiAadX HMOBIPHICHUM XapaKTepUCTHKaM NpUYMH HenpanesaaTHocTi cucremu Ci—Cj. Opepikana
MOJIeh MiCTUTh 128 piBHSHB.

HMmoBipHicHi XapaKTepHCTHKH cHCTeMH

3HaueHHS TapaMeTpiB IS €IEMEHTIB CHCTEMU B3STO TakuMu: oy = o = 3 000 rox., B =P, = 1.2;
oz = 1000 rogx., Bs = 1.3; ay = 50 000 rox., B4 = 1.1, inTencusBHicTh BiqHoBIeHHS | = 0.02 1/rox. Ha ocHoBi
poO3LIEeTIeHOT OAHOPiAHOI MapKOBCHKOI MoJeni o04YHMcIeHO WMOBIPHICHI XapaKTEpPUCTHKH HPUYHUH
Hempane3IaTHOcTi cucteMd. Ha puc. 4 mogaHo CiMEHCTBO KpUBHX HWMOBIPHICHMX XapaKTEPUCTUK JUIS
pi3HHX 3HaueHb KoedimieHTa K. Lleit koedimieHT BKazye, HACKUIBKH 3pOCTAE IHTEHCUBHICTh 3HOLTYBaHHS
redeparopa G2 y nepeBaHTaXEHOMY DPEXHMi IOPIBHSHO i3 HOMiHAIBHUM pexuMoM. Llel koedimieHT
MoyKe HaOyBaTH 3Ha4eHb y MeKax BiJ 1 7o co. 3HaueHHs | o03Havae, 1110 HABaHTAXXKEHHs reHepatopa G2 He
3poCTae, a 00 — 3pOCTAE HACTUILKH, IO 11 BUKIIMKAE MUTTEBY BiJIMOBY.
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Puc. 4. Kpusi timogipuicnux xapaxmepucmux nputiuH Henpaye30ammocmi cucmemu

3 iHmKEHEPHOI MPaKTHKH BiOMO, IO Iei koedimieHT HaOyBae 3HaYeHb i3 Aiamazony Big 1 mo 10,
JIOCITIDKEHHS SIKOT0 OyJIM BUKOHAHI B pOo0OTI. 3ayBakuMO, IO JaHa MOJIC/b 3aJIUIIIATUMETHCS aJICKBaTHOO
i st 3HaueHb K, > 10. [tpuxosi kpuBi 1 1 2 BiANOBIAaIOTh WMOBIPHOCTSIM HEIPAIC3MaTHOCTI CUCTEMHU
BHachigok mpuuuHu C;, 3a sikoi cnoxuBad M1 nHenpanesmarHuid. LTpux-nmyHkTupHi KpuBi 3 i 4 —
HMOBIPHOCTSIM HEIpaIe31aTHOCTI CUCTeMH BHACTIOK mpuauHu C,, 3a sikoi reHepaTop G1 ta enement SW
HeTpare3/1aTHi, a cyniiapHi KpuBi 5—10 — BrHachimok nmpuunau Cs, 3a sikoi Hemparne3aatHi reHepatopu G1
ta G2. Kpusi 1, 3 ta 5 BignosigaroTs 3nauentio Kk, = 1; kpusi 2, 4 ta 10 — Kk, = 10; kpuBa 6 — k, = 2,
kpuBa 7 — K, = 3, kpuBa 8 — K, = 4, a kpuBa 9 — Kk, = 5.

SIk BUAHO 13 puc. 4, 31 30UIbIIeHHSIM KoedimienTa K, y 1ocimipKyBaHiX Mekax HMOBIpHICHI XapakTe-
PUCTHKH HETpaIe3JaTHOCTI cucteMu BHacHigok npuunH C; Ta C, cmamaroTh y nmiama3oHaX, OOMEXeHHX
kpuBuMH | 1 2 Ta kpuBumHE 3 i 4. 3 iHIIOr0 00Ky, IMOBIPHICHI XapaKTEPUCTHKH HETpaIe3qaTHOCTi CHCTe-
MU BHacIHiok npuunHu Cz iHTEHCHBHO 3pOCTa€ y fiama3oHi, oomexxeHomy kpuBumMu 5 i 10. Ile o3Hauae,
[0 3QJICKHO BiJ 3HaueHHs KoedirienTa Ky Ta JDOCITIHKYBaHOTO 4aCOBOTO IHTEPBATY BiJHOCHHH BHECOK
NPUYUH HENpaIe3JaTHOCTI 3MIHIOEThCS. 30KpeMa, Juts HanpamtoBanus 2000 rox ta misa k, = {1, 2, 3}
JOMiHYIOUYOI0 IPHUYHHOO Herpane3aaTHocTi € Cq, st K, = {4, 5, 10} Ha nepiie Miciie BUXOUTh PHYHHA
HenpanesgatHocTi Cz. [ns nampamroBaras 1000 ron ommcaHa BUIE TEHACHINS 30€pira€Tbes, OKpPIM
3HaueHHs Ky = 4, 3a sikoro npuyrHa HenparesaaTaocti C; nominye Hazg Ca.

OnepxaHa MapKOBChbKa MOJIENb JIOCTIIKYBAHOI CHCTEMH € XOPCTKOW. Taka BIacTHBICTH MOAENi
3yMOBJICHA PO3KHIOM TapaMeTpiB MPOIECIB HAMPAIFOBAHHS Ta PEMOHTYBAHHS, OCOOJIMBICTIO METOIY
PO3IIEIUICHHS TPOCTOPY CTaHIB Ta BILTMBOM Koedirienra K.

BucHoBku

Po3pobneno matemMaTHuHy MOJENb HAJIHHOCTI CHCTEMH 13 HABaHTKYBAJIBHUM pe3epBYBaHHIM
€JIEMEHTIB JUIsi OJHOTUITHUX MOayJiiB. OJiep:kaHa MOJIENb MPU3HAYCHA ISl KIJIBKICHOIO aHai3y MPUYHH
HeTpare31aTHOCTI Takoi cucreMu. HaaiiiHICTh CHCTEMH MaTeMaTW4HO OIMCAHO TUHAMIYHHM JEPEBOM
BiTMOB, B SIKOMY 3aJIaHO JIOTi9HiI yMOBHU 3MiHM HaBaHTaXEHHsI TeHepaTopa y CYCiIHhOMY MOJYIIi Ta CIIO-
JIy4HOTO €IEMEHTA 3alleXKHO BiJ CTAHY FEHepaTopa y OCHOBHOMY MOJYIi. MIMOBipHICHI XapaKTepHCTHKM
CHCTEMH BH3HAUYEHO 32 MapKOBCHKOIO MOJEJUIIO, B SIKii Ha OCHOBI TEH30PHUX BHpa3iB PO3LICTUICHHS
NPOCTOPY CTaHiB, BpPaXOBAaHO BILIUB MEPEPO3NOAiTY HABAHTAKEHHS MK €lIEMEHTaMH CUCTEMH, TPUBAJIICTD
HalpamioBaHHS 10 BiIMOBH SIKMX PO3MOAiJeHa 3a 3akoHOM BeiiOymma. 3a momomororo Takoi Moneni
NPOaHali30BaHO, SK BIUIMBAE 3MiHA HABaHTAXEHHS I'eHepaTropa y CYCIZHbOMY MOJIYJi Micis BiAMOBH
reHeparopa y OCHOBHOMY Ha TPHYMHHM HeNpale3laTHOCTI cucteMu. KimbKicHO TOKazaHo, IO 3i
301IBLICHHSAM HAaBAaHTAXXCHHS HENpale3AaTHICTh CHCTEMU Y HACHIiJOK BiAMOBM 000X TeHeparopiB i3



JpyropsiAiHoi NPUYMHHM CTa€ NOMiHYyIo4or0. KimbKicHMH aHai3 Takoi BIACTUBOCTI CHCTEMH HE MOKHA
aJIeKBaTHO BHMKOHATH, HI Ha OCHOBI 3aCTOCYBaHHS JIOTIKO-HMOBIpPHICHOIO aHalli3y, Hi IUISIXOM
BUKOPUCTaHH 3BHYAHHOT OHOPiIHOT MapKOBCHKOI MO HaAiHHOCTI.

[Mopganemni AOCHiAKEHHS CKEpOBaHI Ha PO3pOOJCHHA MOJENi HaIiifHOCTI CHUCTeMH, B sIKill Bpa-
XOBaHO, IIO 10 MOMEHTY HAacTaHHSA BiIMOBU T'€HEpaTOpa y OCHOBHOMY MOJIYJI €JE€MEHT, SIKHH CHOIydae
OCHOBHHUH Ta CyCifiHil MOy, mepe0yBae HE Y XOJIOAHOMY, a Y TIOJIETLEHOMY PeXUMi (PYHKIIOHYBaHHSI.
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