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NOJTUTEXHHYECKOTO HHCTHTYTA umenn C. M. KHPOBA
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MATEMATHYECKAS MOJLEJlIb
BJAUAHUA 3AILUTHBI U ABAPUHUHbLIX PE)KUMOB
HA HALE)XHOCTb ACHHXPOHHBIX JIBHUTATEJEH

A. C. THTMAH, B. A. HTKHH, 3. K. CTPEJILBHIIKHIT

(PexoMeHJOBaHA HAYYHBIM CEeMHHApOM KadeAp SJEKTPHYECHKHX MALIHH
H O06UIeit BIEeKTPOTEXHUKH)

Honis 0TKa3oB acCHHXPOHHBIX 3JEKTPOJABHrate/efi Mo BUHE 3alLUThI CO-
ctaBasier 15--259% . KoJsiM4ecTBEHHYIO OLEHKY U BJUSIHHE OTHAeNbHBIX Xa-
PAKTEPUCTHK 3AalllUThi aBAPHMHLIX NMOTOKOB Ha SKCMJIYATAUHOHHYIO HAJEXK-
HOCTb 3JIEKTPOJBHrare/sell uenecoo0pa3Ho HCCAEAOBATh C NMOMOULbIO MaTe-
maTtuyeckux monenei {1].

B 3aBHCHMOCTU OT NOCTaBJEHHOH 3aJa4Yd H HMEIOLHXCA HMCXOJHBIX
J2HHBIX BO3MOXKHO NpPHMeHeHHe pa3yiuuHblx Mofened. Ilpenpnaraemast Mo-
J€Jb TMO3BOJISIET OLIEHUBATh BJHSAHHE KODOTKHX 3aMbIKaHHH Ha H3HOC H30-
JSAUMM MAUIHHBL U €e HAAeXKHOCTh.

[Tpu moctpoeHun Monenu NpPUHHMaeTcs AONYILEeHHe, YTO H3HOC H30JIA-
UMH AT; TIpd aBapHiHOM peXHMe | He 3aBHCHT OT BJMAHHUA HpelblAYLIMX
KOPOTKHMX 3aMbikaHuit u mneperpy3ok. Ortkas k-ro aBuratesns HacTymaer
Hoce UCYepMbIBaHUA ero pecypca H3onasmuu Ry

AL >R, (i=1,2.; k=1, 2.). (1)
i

Beegem B paccMoTpeHue NpenenbHyl TeMOepaTypy B OOMOTKE CTaTo-
pa ABUrartens npd aBapuiiHom pexume ¢ (3a Bpems tpp), mocne gocthxe-
HHA KOTOPO#l Mall¥Ha BBIXOJUT H3 CTPOd. ABapUUHOCTb MapKa JgBuUratenel
M0 BHHEe 3aLLHThI, Korga Bpems cpabartbiBaHus He npesbiwiaer tp,, obo3Ha-
tium uyepes A’. ABapuiiHocTh mpu cpabaTblBaHUM 32 BpeMs, NpeBblLIAOLIee
tnp (HecpabaTbiBaHWe 3alIUTHl WJIH OTCYTETBHE €€ COOTBETCTBYeT tpp= o),
obosnaumm A”. OOllas aBapHIHOCTL COTJIACHO TEOPEMbi CAOMEHHS Bepo-
STHOCTEH.

A=A"+A"—A'A". (2)

[Torok aBapuil HEOAMHAKOBO CKasbiBaeTcs Ha ABUraTesfAX C Pas/iHUHBI-
MU pecypcamMd H30/siLid. Ha OCHOBaHHMH HMCOBITAHUE HA CPOK CJYyXKObI
MOXHO CYUHTATh pacnpeaeneHdHe HAyaJbHbIX PECYPCOB llapKa aCHHXPOHHBIX
ABHTaTejieli HOpMaJbHbBIM. B HETerpanbHoii dopme 3aKOH pachapefeNeHus
pecypca MMeeT BMI:
r (t—1)? - ‘
- 1 — el r—r
P(r, r, 5,) =—— | e ¢ dr=F , (3)
V 2x 9 S
0

1ae I (x) — unrerpanvHas ¢yexkuusa Jlannaca.




[IpeanosoxuM, yTo MMEETCsi OLEHKA CPEJHEero W3Hoca NpH JAHHHX INa-
paMerpax 3amUTHL. TOraa MCXKHO HCUMC/ISATH PECYPC H3OMSILHH JIBHraTeseH
4HCJIOM aBapuil, KOTOpPblE OHK MOTYT BHIIEPKHBATD:

Ti
nj = '-K"Ij . (4)
Boipaxenue (3) apu 3TOM NPHHHMAET BHJ
. (n—n)? —
0
e me= T o=
N R Vi

1 BeposiITHOCTBL TOrO, YTO JABHraTeJb PACCMAaTPHUBaeMOro napka Bbiiep-
Kaj He MeHee nN— 1, Ho He 6oJiee N aBapUHHBIX PEXKUMOB OyIeT

n o / 0
n—n n—1—n
:F( )—F(——-—); (n=12..). (6)
n—I on on

MoXHO CunTaTh, 4TO BeinduHa F|I_, ompefenseT ROMO mapka JBUraTte-

Jel, NJs KOTOPBIX 1 aBAPHHHBIX pPEXHMOB IpHBeAeT K BHIXOLY H3 CTPO.
Yc0BHSE BEPOATHOCTH TOTO, 4TO MPHXOJ POBHO N aBaAPHHHBIX PEeKHUMOB IIPH-
ReJeT K apapuM JBHTaTelell Ha yuacTke SS;_j, n onpenenserca Gpopmynon.

F

e—Apn an
n! n!
Pinmen = 4——— = —— . (7)
\ AMe—h Am
dm M
m=0 m=90

Jlons OTKa3aBUIMXCS OBUraTeslel Mo BHHE 3aIMTBHI HA yU4acTKe Sn—in,
Oyner paBHa
/ )\I’l

n!
P(A)=———F
PR
m!
m=0

n

n—1 (9)

rae A — napaMerp NYacCOHOBCKOTO INOTOKA aBapPHAHBIX PEXRHMOB.
CyMMupysi Bce yYacTKd, MOJAYydUM OOILYI0 aBapuiiHOCTb MpH cpabGaThiBaHHK
3allUTHl 3a BpeMs, MeHbllee tpp

A':p(x):E—_ N (10)

Hamu paccuutannl 3Hauenuss QyHxuuu (10) ans pasianuHbIX 3HAUEHHN
A, 1 U Op. :

Onpegenum aBapuiHOCTL [BUTATEJEH [0 BHHE 3alMThl MPH cpabaThbl-
BaHUM 34 BpeMs, npesbllawilee tpp. JlONYCTUM, UTO M3BECTHA BEPOSITHOCTH
COOBITHS

p (t>tnp) =p”. (1)
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ANg naHHoro tvna 3amuthl. Toraa aBapuiinocTb A” Tpu cpefHeM 3HAYEHHH
NIOTOKa aBapuit A omnpejensercs no (opmyae [2]
A

A"=1—(1—p"). (12)

s oneHKH H3HOCA H3C/ASUMH NPH aBAPDHAHOM peKHME HeOOXOMHMO

3HaTb IIOTHOCTb PacnpejiesieHHsi BpeMeHH cpalaTbiBaHHS 3alUTHL. 3allly-

Ty Hajo NMOHMMATH B IIHPOKOM CMBICJE CJOBa, T. €. YUHTHIBATHL HE TOJBKO

XaPaKTEePHCTHKH 3allUTHOR annapaTtypel, HO M JeHCTBHA omepatopa. Ha

ocHoBaHuH pa6or [3, 4] pacnmpenesieHue BpeMEeHH OTKJIOUEHHS [BUTATeJs
OllepaTopoM IIPH aBapUHHOM peXxHMe NOAYHHSETCS 3aKoHy Peies

x2

F(t)=1—e 2 . - 19

PacnpeneseHue BpeMeHu OTKJIOUEHHs! ABHraTessi 3alUTHOA amnmapa-
TYPOi TNpH ONpEJeJEeHHOM BHIe KOPOTKOTO 3aMbIKaHHs TOMUHHAETCA yce-
YEHHOMY HODMAaJbHOMY 32KOHY ¢ napamerpamu t u oy [4). Hopmupyouum
MHOXKHTesdeM B OOJNBIIHHCTBE cJyyaeB MOXKHO IpeHeGpeub

t (t—1)

F(t):——l_w—fe 2oy dt:F(t_F). ‘ (14)

2nag, x

Tak Kak OTKJIOYeHHe ABHTraTe/isi ONEPATOPOM MWJIM 3alllUTHOH anmapa-
TypOH SBJAETCA HE3ABHCHMBIMM COOBITHSIMH, TO BEPOSITHOCTH OTKJIOUEHHs
ABHraTtesiss 3a BpeMsi -t ompenenuM H3 BbIpaXKeHHA

t2 t2

- = (o= ) -

(15)

M3 (15) ompenennm BeposTHOCTb cOObITHS P(t > thp)
- t2
o t—tnp ‘-25 2
H

bepsi npouzsoanyio or bysrmuu (15) mo t, HaliieM NJIOTHOCTH paclpeje-
JIeHHsT BPEMEHH OTKJ/IIOUEHHWs IBHTATeNs] 3allUTON TIPH aBapHHHOM pPeXKHUME

= (t—t)2

T 25y 1 Ty t t——t)
f(H=."(t) = Pl——— e P4+ —F- . 17
(Hy=y(t)=e VQ’TGH op° ( Sn (17)

g KosMuecTBEHHOH OIleHKH adBapHHHOCTH IO BHHE 3alIUTH HeoOXo-
AHMO SHAaThb TJIOTHOCTHL pacnpefienenuss usHoca u3oasanuu ¢ (V). Onpene-
JgeHue ¢ (V) aHaJdHTHYeCKH TNpeACTaB/SACT 3HAUMTeNbHble TpyaHOCTH. Me-
iiee TOYHBIH, HO OoJiee TIPOCTOH MYyTh 3aK/II0UAETCs B HAXOMKACHUH Hayalb-
HBIX MOMEHTOB vk H YCTAHOBJEHHH C HX IIOMOLIbIO NOAXOAAILEro 3aKOoHa
pacnpeneaenus: Hanoca. IlpeaBapuresbHo BbiBeleM (QYHKLHIO H3HOCA H30-
Asuua npu HarpeBanuu. CorsmacHo [7] W3HOC HM3OJMALHE 3a NMePHOA BpeMe-
nn t ompenensercs mo (opmyae : ‘

t - .
V() = [ exp[b(h — yon)] dt, (18)

0

rae b — kosddunuent, 3aBUCAMUN oT KJacca H30AILHH;
 — Temneparypa H3OJSINH;
a0, — JONyCTUMAas TeMIepaTypa H3OJUKEH AMd AAaHHOTO Kjacca H30-
JIALMH. ‘ ‘
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3uaveHne O AJ7 PaCCMaTPHBAEMOro C/aydas KOPOTKOTO 3aMBbIKaHHs
uaxogurcsi no dopmyne {6]

1(}K:’. = (Tv— at)t + ‘(}Haqs (19)‘

rae Ty — HaualbHAss CKOpocTh HApacTaHus TeMmeparypsl B oOMOTKe cTa-
TOpa IpH KOPOTKOM 3aMBIKAHMH;
a — TMOCTOsIHHAsi, 3aBHCAINasi OT THNA JIBHraTesns,
Oy — HAYaJbHAsT TeMIepaTypa MallHHBL.
IMoacrasasia (19) B (18), mocie psga mpeofpasoBaHUH MoJyYaeM

Vi) = e~B (BHa'q %“°"+z;)‘/5%[ F(ot —a) — F(—:x)], (20}

VbTy
V %a
OyHKIMA H3HOCA H3OJSAUMH TPH OCTblBaHUH Vg () B COOTBETCTBHM

rie B = VQ_a-_b;a——

c [8]

T bA.
V(%) = b—A@—;eXpb(BHa“ Ilon)[ex pbAB, +4exp——-2

—5], (21)

rae T — nocrosiHHAs BpeMeHU OOMOTKM NPH OXJaXKJIEHHH,
A®y, — npeBbllilcHHe TeMIlepaTypbl KOPOTKOroO 3aMblKaHKS HAX Hayalb-
HOI TeMIlepaTypoH.
[foncrasasis (19) B (21), moayduM OKOHYATENRLHO

T
Vo(B) = me){pb(&“a“ — Ypom) [expb(Tyt — at?) +
+ 4epr'(Lvt2'i“)~—5]. (22)

Hauanbuble MOMeHTH (DYHKUHHA M3HOCA DPH HATPEBAHHH H OCTHIBAHHH
MOZKHO BbIMHCIHTL TO dopmynaM

o[V (H)] = 5 Vi@t dt (23)
tnp
oc[va ()] = [Tva(8:)]H(t)dt, (24)
0

rae ¢yuxuus f (1) ompemensercs nmo (17).

[Tpu BBIYUHCHEHHM CYMMZDHOTO H3HOCA HEOOXOAHMO YMATHIBATE HAMH-
4He KOPPeJsHOHHOH CBA3H MEXAY HW3HOCaMu TPH ¥arpeBaHHH H OCTHBA-
And. OOo3Hauus yepes V (¥) cyMMapHbii H3HOC, LA NMEPBOTO HARANBHO-
ro MOMEHTa TIORYYHM

v [V(0)=v1{Vi(8)]+v2[V2(9)], (25)

KaK MaTeMaTHYeCKoe OXHAaHHe CYMMBI C/YYaHHBIX BEJHITHH. Bropoit na-
YaJbHBIl MOMeHT s Oyuknuu V (0) Halilem u3 BhIpaxenus vp [V (¥)]=
=M[V (0)?] 1 okoHuaTebHO

Vo [V (0)]=v2 IV (8) ]+ 2v12 [V (8) ] +v2[ V2 (D) ], (26)
rle vig — CMELIAHHBHE HaYyadbHblH MOMEHT

tup

vi2 [V (8)]= M V1 (8) Vo (8)]= jvl Vo (8) (t)et. (27)

o8



[TpoBencHHble HaMu BBIYUCJACHHMS NEPBLIX UeTbIpeX HauaJ bHBIX H cMe-
HIaHHBIX MOMEHTOB (PYHKUHH H3HOCA TIPH HATPeBaHM¥ H OCThIBAHHK JUIA
Haubosiee pacnpoCTpaHEHHOTo METBIPEXNOJIOCHOrO [ABHTaTeNs MpPH pasuu-
HBIX mapaMeTpax 3alUMThl NCKA3aJH, YTO M3HOC H3OJsLUHM KaK NpH Harpe-
BAHMM, TaK M NPU OCTHIBAHWH MOJYHMHAIOTCA 3aKOHY Beiibynaa.

xm

F(x) =1—e ™. (28)

B NpHIOKEHHH JaeTcs MpHMep pacuera.

[Tpu Mcmonb30BaHMM MATEMATHUECKOW MOJENH BJWSAHHA 3allMTHI Ha
IKCIVIYATAUHMOHHYIO HALEXKHOCTh ACUHXPOHHBIX ABUraTtesded /s IpaKTHye-
CKHX PacyeToB MOXKHO CHeaaTtb HEKOTOpble YIPOILEHHS:

1. OrpanuuaTbhes y4ETOM W3HOCA H3OJSIIMH TOJBKO IDH OCTHIBAHHH.

2. TIpoM3BOAUTL BbIYHCJIEHHE TOJNbKO IMEpPBbIX JBYX Haua/JbHBIX MO-
MEHTOB.

[TonyuenHas MartemaTHueckas MOJenb MO3BOJSET IPOaHAaMU3HPOBATE
BJAHSHHE CHCTEeMb! 3alMTHI ABHTATENS Ha ero 3KCIJyaTalHOHHYI HaleX-
HOCTh AJIf PA3JIHUHBIX XapAKTePUCTHK 3ALUHTHI H ABAPUHHBIX DEXHUMOB,

Ipraoxenune

Hpnmep pacuera BJIMsiHUS 3arpyGJeHHON 3alUUTbl ACHHXPOHHBIX JBH-
raTeJeil Ha HMX HAJIEXXHOCTh NP CAELYIOUHX napaMerpax: op=16 cek,;

tu="50 cek.; ou=25 cek.; A=4; Onau=40°C; typ=359 cex.

1. M3 npexBaputenbHo PaccyMTaHblXx TabJUI] HAXOZHM HAYaJbHblE H
CMelUIaHHble MOMEHTBl H3HOCAa U3OJSLHU:

vi [V (#)]=15,58 uac. vi{Vs (9)]=56,93 uac.

va[V1 (9)]=0,8136-10° uac.? vo{V2 (9)]=0,8786-10¢ uac.?
v3[Vy (9)]=0,8334 - 10° yac3 v3[V2(9)]=0,2785- 10" yac?
ve{V] (8)]=0,10441 - 10'* yac.* ve{Vs (8)]=0,1088 - 10! gac.*

V12 [V] (ﬂ") V2 (ﬁ)]=0,2671 . 106 yac.2
2. Hafinem napamerpsl m u Xo 3akoHa Be#ibynna nns v3Hoca npu Ha-

TPEBAHHH H OCTBIBAHHMH:
a. [Tpu HarpeBaHuu v, :v,2=0,8136-105:15,58=336.

m=0,1975
Onpenenum mapamerp Xo
xo = | 2" = 222" s
F(Tn_+l) F(owz“)
3-if u 4-#i HauaJbHble MOMEKTbI
3 3

_.m (3 0197 : 0
v = %, I‘(F—i—l) 0.63 r(0192+1) 0,589 109,

4
. m i . (Tle‘ . 1114
vy = X, F(m—i—l)—o.,GB F(G 192-1—1)——1,83-10 .

CoBnajgeHue 3-ro # 4-r0 MOMEHTOB AOCTAaTOYHO XOPOIMIEE.
‘ v, 0,8786 - 10°
6. Mpu ocTeIBaHUH L= 81 —— 0 = 274.
% 00,55

m=0,1975
A 99




56.53 0,1675 3
Xg = - ! — .y 0,1975
0 1 O,.845, vy =0,845 r (O 1975 + 1)

" (o7 +1)

=0,164 - 101,

_4 4
v, = 0,8450197 . T (O 1975 —H) = 0,159 - 10,

CoBnagenne 3-ro u 4-ro MOMEHTOB TakKikKe Xoponee. Halinem Bepxuue
Jl0BepHTe/IbHBle IPaHHMLbl H3HOCa ¢ JOBEPUTEJIbHON BeposiTHOCTbIO (,995.
B cnydae usHOca TONBKOG NPH OCTBIBAHHH

1 1
‘m 01975

x=(5,3-%,) " = (5,3-0,845)" = 2130 uac.
ITpu yuere coBmectHoro usscca mo (25) u (26)
vi{V (9)]=56,53+15,58=72,11 uac.
vo{V (9)]=0,8786.106+0,8136 - 105+20,2671 - 106 =1,4991 - 106
vy v =287, m=0,196
72 11 o9

+1

1 1
Ar=x=(5,3-%) ™ =(5,3-0873) *1% 9190,

B jnanHoM cnyyae monpaBKa Ha M3HOC NPU HArPEBaHMM HeCYLleCTBEH-
Ha. Ilepecuutaem mapameTpel pecypca

= 0,873;

0, 196

~ ;13000 s 9500
=5 o0 oY W= A T gig0 b

Jlas OKpyraeHHBIX 3HaueHHy N=6 u o,=1. A’=0,1001. Onpenenum Be-
pOSATHOCTb cpabaTblBaHUs 3aLUHTH 32 BpeMs
- — 59

| v o (90— 589 216 y
t >ty 1o (16) p" =F (T) e = 0,402-10-

u aBapuinocts A” mo (12)
A”=1—(1—0,402 - 10—°%)*~0,161 - 10—2
Obuian asapuilHocTb mo (2)
A=0,1001+0,00161—0,1001 - 0,00161 =10,169.
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