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AHHOTaNUS
B craTtwe npeiaraeTcs Meroauka pacuéra MUPHUHBI TPOBOIHUKOB ITEYATHBIX IIJIAT Ha
METAJLTMYECKOM OCHOBAaHWUU [IJI1 OOPTOBBIX MPHUOOPOB KOCMHUUECKHX aIllllapaTtoB B
3aBUCUMOCTH OT IIPOTEKAIOIIEro IMEePEeMEHHOro Toka. ONMChIBaeTCSd MaTeMaThudecKas
MOJIEIb, HWCIIOJb30BaHHAS TPH pPa3padOTKe METOAWKH. [IpoBOAMTCS aHaIWU3 BIMSHUS

CACIIaHHBIX I[OHYI_HCHI/Iﬁ Ha pE3yJibTar.

KiroueBble cjoBa: Meroguka  pacu€ra, KOCMHUYECKMM  ammapaT, OopToBas
PaauOlJICKTPOHHAs amnmnaparypa, IeyaTHas IulaTa, LIMPUHA [E€YaTHOTO MPOBOJHUKA,

MePEMEHHBIN TOK, YaCTOTa, MOBEPXHOCTHBIN 3P dEKT, TeMIepaTypa.

BBenenue
IIpu paspaboTke kocmudeckux amnmaparoB (KA) mnpuxomurcs pemath 3aaady

oOecrieueHus: TEIIOBOTO peXuMa ero (yHKUHOHAIBHBIX Y3JI0B. DTy 3a7ady peniaroT
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cucteMbl obecrieuenus TerioBoro pexkuma (COTP). OHu HECKONBKO paziuyaroTcs IO
CBOEH CTPYKType, B 3aBUCHUMOCTU OT pazmepa KA u ero GpyHKIIMOHATLHOTO HAa3HAYEHUSI.
COTP 1nocCTOSHHO pa3BUBAIOTCS W COBEPIICHCTBYIOTCS. Bompocam ux mnocTpoeHus
POCKTHUPOBAHUS, MOJICIIMPOBAHUS TIOCBAIICHO HEMano MyOnukamuid Takux kak [1-5].
Opnoit w3 3amau, pemaemord COTP daBnsercs oTBeaeHHE Temia OT OOPTOBOM
paauosnexktponHor amnmapatypbl (BPDA). B mnpomecce ¢ynkunonupoBanusi BPOA
BbIAEISIETCS TeIwIo. [IpruuéM OHO BBIAENSETCS HE TOJBKO 3JEKTPOHHONW KOMIIOHEHTHOM
0a30ii, HO U BCEMHU TOKOBEIYIIMMHU YaCTAMHU, B TOM YHCJIE U MEYaTHBIMU IPOBOJIHUKAMHU
(IIT) meuatHbix miar. IleperpeB mMpoBOJHMKA MOXET HNPUBECTU K €r0 Pa3pylICHUIO U
otkazy BbPOA. Tpebyemas temmneparypa IIII oOecneunBaercsi, TriaBHBIM 00pa3oM,
BBIOOPOM €r0 IIHUPHUHBI B IPOLECCE TPOESKTUPOBAHUS IEYATHOM TUIATHI.

B xocmuueckoM npruOOpOCTPOCHUH MOTYUYUIH IIUPOKOE PACPOCTPAHEHUE MT€YaTHBIE
IIaThl Ha METaUINYeCKOM OCHOBaHuU. [IpruéM Takue 1uiatel, yaie Bcero, paboOTaioT B
YCIOBHSX OTCYTCTBUs KoHBekuuu. OrtedectBenHas [6, 7] u 3apyOexnas [8, 9]
HOPMATUBHO-TEXHUYECKAsA JOKYMEHTalMs HA€T ykazaHus 1o pacuéry mupunsl IIII. B
nauteparype, Takoi kak [10-12] Taxke umeroTcs ykaszanusi o pacuéry mupunsl [1I1. Ho
BCE OTU YyKa3aHWS HE KacaloTCsl TMEYaTHBIX IUIAT HAa METAaUIMYECKOM OCHOBaHWU. B
nyonuKausax uMeerca Meroauka pacuéra mmpuubl I gns medaTtHeIX T1IaT Ha
MeTtaummueckoM ocHoBanuu [13-15]. Opnako, oHM pa3pabOTaHbl MCKIIOUUTEIBHO IS
noctosiHHoro Toka. B [14, 15] onuckiBaetcst Metoauku pacu€ta mupunsl [T umenno nis
PDOA paboraromieir Ha 60PTy KOCMUYECKUX armapaToB. Kak M3BeCTHO, IEPEMEHHBIA TOK

pacnpenenéH Mo MpOBOJHUKY HepaBHOMepHO. HabOmromaercss moBepXHOCTHBIN 3P heKT —
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BBITECHEHUE TOKA M3 BHYTPEHHEH 4YacTH NPOBOJHMKA. M3BECTHO, YTO MpPHU JOCTATOYHO
HU3KUX YacTOTax MOBEPXHOCTHBIN 3(PPEKT MpakTUYECKH HE MPOSBISICTCS, TOTJa Kak Ha
CBEPXBBICOKMX YacTOTaX OH MPOSBIETCA BECbMa CHIIbBHO. AKTHUBHOE 3JIEKTPUYECKOE
COTIPOTUBIICHUE MPOBOJAHMKA HA TAKMX YaCTOTaX MOXKET OBITh CYIIECTBEHHO BbIIIE. A
3HAYAT W MOUIHOCTh paccerBaeMasi MPOBOJHUKOM OyAeT BhIIE. ODTO MNPUBEIET K
YBEJIMYEHHUIO PA3HULIBI TEMIIEPATYP, YTO MOKET MPUBECTU K PA3PYLIEHUIO IPOBOIHHKA.

ABTOpOM ObLIa IpoBeieHa padboTa, LEIbl0 KOTOPOU SBJSIACH YTOUHEHUE METOAUKH
pacu€ra mwmpuHbl IIII, mud meyaTHeIX IIaT HAa METAUIMYECKOM OCHOBaHMM POA,
paboTtatoniei Ha OOpTy KOCMHYECKHMX ammapaToB, B 4YacTU KacaloUleicsl MpOTeKaHus
MEPEMEHHOT0 TOKa.

JUtst TOCTH>KEHUS 1IeJId ObLUTH PELICHBI CIETYIOUIUE 3a/1auu:

e [IpoBenéH aHanu3 3aBUCUMOCTH aKTUBHOIO cornpoTtusiieHus IIII oT gacToTel u
ONpeaeNeHbl TPAaHWYHBIE YAaCTOTHI, 1O KOTOPBIX BO3MOYKHO IIPUMEHEHHE
METOIUKN U3JI0KEeHHOMH B [15];

e Ha Oe3e Meronuku npuBenéHHou B [15] pa3paboTaHo yTOYHEHHE MO3BOJISIONICE
y4ecTb MOBEPXHOCTHBIN A((HEKT Ha YaCTOTaX BbILIE TPAHUYHBIX;

e [IpoBenéH aHamM3 BIMSHUS NPUHATHIX TONYIIEHU HA TOYHOCTh PAaCUETOB.

B mporecce paspabotku meroauku paccmotper ¢parment [1I1 npencraBneHHbiil Ha
puc. 1. TIIl mo ¢opme OAM30K K HIMHE NPSAMOYrojibHOro ceueHus. Kak B sroOoM
MPOBOJIHUKE TaK M 32 €ro IMpejaellaMd CYIIECTBYET JJeKTpOMarHutHoe mnoge. Jlis
MPOBOJIHUKA KPYTJIOTO CEYEHHUs 3ajadya OTHICKAHMS TMOJISI BHYTPHU MPOBOJHUKA PEIIAETCS

JOBOJIBHO JICTKO, T. K. HMCCTCA 4ETKOE pasrpaHniYCHUC Ha BHYTPCHHHC W BHCIIHHC
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cocTapisiolue nos. g mpoBOHUKA MPSMOYTOJIBHOIO CEYEHUS TAKOW YETKOM IpaHuLle
HeT. Jlis onpeneneHust moJis BHYTPU HEro HEOOXOAMMO 3HATh MOJIE 33 €ro MpejesiaMu.
Takas 3amaya pemaercst KpaiHe CI0KHO. J[JI1 MpOBEIECHNsI HHKEHEPHBIX PACYETOB TAKOU
noaxoxa HenpuemiueM. Ecnu gomyctuts, uro mmpuHa [1I1 t MHOrO Gosiblle €ro TOJIUHEI
h;, To 3amada cymecTBeHHO ympormaercs. Yamie Bcero 3TO YCIOBHE BBIIOIHSACTCH,
OCOOEHHO I NPOBOJHUKOB C JIOCTATOYHO OOJBIIMM TOKOM, y KOTOPBIX M IIMpUHA
Oonbias. JlomynieHre Mmo3BOJIAET MpeHeOpedb 3aBUCUMOCTBIO MOJII OT KOOPAWHATHL Y
(puc. 1). Torma mone OyaeT 3aBHCETh TOJBKO OT KOOPIAMHATHI Z. MaremaTtndeckoe
BBIPDAKEHHUE TIOJIA JUI IIMHBI IPSIMOYIOJBHOIO CEUYEHUs, JUII KOTOPOIO BBIMOJIHAETCS
yKa3aHHOE BBIIE JOMYIIEHHE NpuBeaeHO B [16]. DnekTpuyeckas cOCTaBISIONIAs ITOTO

1oJist OyJ1IeT UMETh BU/T

: lpp-ch(pz) .
Ex (Z)=pp—h’ (1)
2t-sh| p—£
(pzj
rae | — KOMIUIEKCHAs aMIUINTY[a IEPEMEHHOTO TOKa, p — YIAEIBHOE DIEKTPHYECKOE
i . 27[ . f .ﬂ . /10

conpotusicuue I1I1, p= \/ , | — MHuUMas eaunamna, f — gyacrora mepeMeHHOTO

P
TOKa, /{ — MAarHUTHAs TIPOHUIIAEMOCTb, (o — MATHUTHAS TOCTOSHHAS.
KomriekcHoe conpoTHBIIeHUE MIUHBI IIHMHOM | MOskHO HaiiTH o hopmyie [16]

h
lop-cthl p-=
ppc[pzj

2t

Z=

; (2)

rac | - JJIMHA IIPOBOAHHUKA. MOHIHOCTB 6yz[eT pacCcCuBaThCA Ha aKTUBHOM COIIPOTHUBJICHHUHA

HH, KOTOPOE MOKHO HaWTH KaK BCIICCTBCHHAsA 4aCTh OT KOMIIJICKCHOT'O
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2 2
R=Re(z}= 1. |A*E -cos[ARGl—ARGZ+%j;

rac

V2t | A2+ B?

ARG, =1 arctg

arctg(%}wz,A2 <0AB,20

©)

®opmyna (3) BeckMa cnokHas. B ompenen€HHBIX Juana3zoHaX YacTOT MOXKHO

MIPOBECTH PN ymporeHuil. Korma paccmaTpuBaioT mOBEpXHOCTHBIN 3P dEeKT, TO TOBOPST O

TOJIIIMHE TOBEPXHOCTHOTO CJI0S, KOTOPYIO MOXKHO OIPENeNuTh o popMmyiie
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A= /ﬁ (4)

Ecmu  h>>A, 10 moBepxHOCTHBIH d3(deKT cumraeTcss SPKO BHIPAKECHHBIM |

conpotusieHue 111 moxxHo OyneT HailTH MO MPUOMIKEHHON hopMyIIe
I
R=p——. (5)

Ecnmu hp<<A, To moBepXxHOCTHBIM 3(p(PEeKTOM MOXKHO MpeHeOpeUb, TOTa CONPOTHBIICHHE

[1IT MmoxHO OyneT HalTh 1o popMyJie JJIsl TOCTOSIHHOTO TOKa

(6)

R= .
Pih,

Qreen

Mzonamop vyepes Komopeil
omeodumca menano

MNewamHeil NposodHUK

Mo

Puc. 1. ®parmenrt I1I1
OnpenenuM uarna3oHbl YaCTOT, B KOTOPBIX NpUMEHUMSBI (5), (6). UTOOBI OAHO YKCIIO

OBLJIO MHOT'O OOJIBIIIE APYroro, Kaxk IIpaBWJIO, OHHU JOJIKHBI OTJIMYAaTbCA XOTA-ObI Ha
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nopsiiok. Pacuér Oymem Bectu nmist meaHoro IIII. Cuurtaem, 4To 3HAUYECHHE YACIHHOTO
AIEKTPUUYECKOTO COMPOTUBIICHUS] METHOU (hOJIBI'M U TAIbBAHUYECKON MEIW OJMHAKOBOE U
posro p=1,72-10® Om'M (3nauenue st meaHoit domnsru [7]). Kax ckasano B [15] Takoe
JOTYIIICHUE HE MPUBOAMWT K CYIIECTBEHHOHN OmmOKe. MarHUTHYIO MPOHUIIAEMOCTh IS
mearoro [IIT npuarMaem paBHo# 1. daktmueckm oHa coctaBisier 0,99999044 [17].

®opmyisl (5) u (6) HEMPUMEHUMBI €CJTH BBITIOJIHIETCS YCIOBUE
ny <A <10h,,. (7)
10

PemnB HepaBeHCTBO (7) OTHOCUTENBHO YaCTOTHI OJIYyYUM

P, 10 (8)
107 - p- pohy, T p- fohy
Takum o0Opa3oM B guarna3oHe 4yacTtoT Huxe f ., S — npuMenuma gopmya (6), a
107 - g1+ pohy,
10p
B JIMAra3oHe 4acToT BbIlIe f =—— - TIPHMEHHMa dbopmyna (5). Takum oOpazom,
7T e HoNy

METOIMKA M3JI0KCHHas B [15] mpuMeHrMa B quama3oHe 4acToT Hibke fyin. B Tabmmme 1
MPEACTABJICHbl 3HAYEHUS ATUX YACTOT MPHU Pa3HbIX 3HAYEHUSIX TOJIIIUHBI TE€YATHOTO
npoBoaHKKa. B muamnazone ot fiin 10 frax. Pacuér HeoOxomaumo BecTu mo dopmyie (3). Kak
BUIHO U3 Gopmyisl (3), R mpsmo nponopimonansHo | 1 0o6paTHO MpornopuuoHaiIbHO .
Torma 1enecooOpa3HO UCIOIB30BaTh NPUBEAEHHOE 3HAYEHUE COMPOTHUBJIEHUSA I,
conporusieHue ogHoro merpa III1 mmpunoit 1 mm. Torma conpoTUBIEHUE MPOBOJHUKA

MOHO OyJieT HalTh 1o Gopmyie
I
R=-r. 9)

A camo npuBeIEHHOE 3HaUYEHUE 110 hopMyIie
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V2 | A2+ B?

2 2
CR_AKIAB o ARG, - ARG, + % |. (10)
I 4

[TocTtpouM rpadmk 3aBUCUMOCTH TPHUBEACHHOTO 3HAYEHUS CONPOTHBIICHHUS OT YaCTOTHI
IpH 3HAYCHHUAX N; mpelcTaBiICHHBIX B Tabmuie 1. PesympTaT mpencraBieH Ha puc. 2.
Jlnana3oH 4acT BEIOpaH TaKUM 00pa3oM, YTOOBI fin U frax 17151 Becex Tommun [I1 nonamganu
B Hero. [Ipu 3ToM quana3zoH He T0KEH ObITh UPE3MEPHO IIUPOKUM.

Tabauima 1 — 3HaueHus fin 1 fiax IpH pa3HBIX 3HAYCHUSAX Ny

hy7, MEM
20 35 40 50 55 100 120
L kl'm | 1089,20 | 355,66 272,30 | 174,27 | 144,03 | 43,57 | 30,26

fm> MIm | 108,92 | 35,57 217,23 17,43 14,40 | 4,36 | 3,03

Yacrora

r. Om-MM/M

1x10° 1x10° 1x10° 1x107 1x10° fTu
Puc. 2. 3aBucUMOCTh MPUBEIEHHOTO CONPOTUBIICHUS OT YACTOTHI
Ha puc. 2 npuBenens! rpaduku ais cienyrommx hyz: 20 MM, 35 MM, 40 MM, 50
MKM, 55 MkM, 70 MM 1 100 mxm. [Tpu uém 3nauenus 20 mxm, 35 Mxm, 50 MM u 100 Mxkm
MPUHSATHI 1711 MeTHOM (hosibru 1o aHajoruu ¢ [7]. OctaibHbIe 3HAYCHUS — MPOBOJHUKH U3

TOM-K€ (POJBI'H, HO TIOKPHITHIE CIIOEM TATbBAHMYECKOW MEIN TOMTUHON 20 MKM.
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CornacHo [15], TtemnoBoe CONMPOTHBJICHHE CIIOEB M3OJSAIMOHHOIO MarepHala
OIpENENsCTC KAaK TEeOMETpUEed UX 4acTu, Haxomgmencs nox III, Tak wu
Tero(QU3NUeCKUMHA CBOMCTBaMU camux MarepuanoB. llpm mporekanunm Toka III1
paccemBaeTcs MOIIHOCTb, KOTOpas ONPEAENSeTCs KaK MPOU3BEACHHE KBaJpara TOKAa Ha
aKTUBHOE 3JiekTpudeckoe comportusieHue III1. Ita MouHOCTh OyJeT paBHA TEILIOBOMY
noToky. Torma meperpeB OyJeT paBeH IPOM3BEICHHUIO TEIUIOBOIO IMOTOKAa Ha TEIJIOBOE
COINPOTHUBIICHUE CIIOEB U30JISITUOHHOTO MaTepralia

_ RNy

AT, =R P=-——
a T I't leﬂy”]

; (11)

rae hy; — TonmmuHa M30IALMHMOHHOTO MaTepHana j — Oro Cliosi H30JSALHOHHOIO MaTepHana,
Apj — KO3(DHULIHUEHT TEIIONPOBOJHOCTH | — OTO CIIOS M30JILIMOHHOTO MaTepuana, N —
KOJINYECTBO CJOEB M30MAUMOHHOrO Marepuana wmexnay IIII u  Meraumuyeckum
OCHOBaHHeM, | — nelicTByroIIee 3HaUeHHE cuila ToKa, TeKytero mo I11T.

Bripazus mupuny I1I1 u3 nomydenHoit Gpopmsbl mosydaemM 3aBUCUMOCTD JJI pacuéra
mupusbl [1I1, npu 3amaHHBIX 3HAYEHUAX: neperpeBa, Toka v toimuusl [II1 (Bxoaut B

dbopMyIIbI 1151 pacyéra )

(12)

OueBuaHO, uyTo yeM ganbiiue cioul IIII oT ocHOBaHus, TEM BBIIIE €r0 TEMIIEpPATYpA.
Takum obOpazom, Temmeparypa B o0béme III1 3aBucuT or KoopauHar. beina mpoBeneHa
OLICHKA CIIPAaBEJIMBOCTH MEPBOr0 JOMyLIeHUA. i omnpeneneHus pacupeneicHus
temnepatyp B 00béme I1I1 ObLI0 perieHo ypaBHeHHE TerutonpoBoanocT Pypee [18-20],

KOTOPOE M1 pacCMaTpUBAEMOro citydasi 0y/1eT UMETh BU]T
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d°T,(2)

" 4,2 =0ay(2); (13)

rac

F@.,_E@_rp
2 2p 4t°

p®-ch®(pz)| _ 1°p-k* ch(2kz)+ cos(2kz)

o (2) =

[Tpu z=h;/2 Temneparypa III1 Oymer paBHa cymme meperpesa III1 u Temmeparypsl
ocHoBanus. O003HaUMM 3Ty BeIMUMHY Kak [, MiMeeM nepBoe rpanunyHoe yciosue. [lpu
z=-h/2 TemmepaTypa HEM3BeCTHa, HO H3BECTHO, YTO TCIUIOBOM IOTOK PAaBEH HYIIIO.

HNMeem BTOpOE rpaHUYHOE yCIIOBUE

dT,(z
qno«.O :_2’17 gz( )

=0 (15)

Z=—

Pewmenue ypaBaenus (13) ¢ yuérom (14) u rpaHuYHBIX YCITOBUM OyJET UMEThH BUJ

2

T,(2)=- RS ( L (ch(2kz)—cos(2kz))+Clz+C2J; (16)

|
2t°4,,(ch(kh, )—cos(kh, )\ 4k?
rac

C, = 2—1k(sin(khn)+sh(khn)),

_ 2t°4,(ch(kh,)—cos(kh,))-T, h, 1

C,= D 2 (sin(khn)+sh(khn))—m(ch(th)—cos(th)).

Camas BbICOKasi Temreparypa Oyzaer npu Z=-h;/2. Dta moBepxHOCTh OyAeT Jaliblie
BCero OT moBepxHocTH Z=Nh;/2, depe3 koropyio oTBomutcs terio ot III1. IToctpoum
rpaduk 3aBucuMoctd oTHomeHus 1(z2) x Ty(-hz/2) ot z npu pa3uHeix yacrorax (puc. 3).
Takue npuBeaEHHBIE TPAPUKU MMO3BOJIAT HATJISIHO CPABHUTH 3aBUCUMOCTH TEMIIEPATypPhl

[IIT oT koopAMHATBHI Z TpH pa3IMYHBIX 4YacToTax. M3 rpaduxoB BUAHO, YTO NpH
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OTHOCUTEJIBHO HM3KHMX YacTOTax paclpeiereHre Ttemmeparyp Oiu3ko mo ¢dopme K
rpaduky, npuBeEHHOMY B [15]. DT0 BHojiHE MOHITHO, BEJb MOBEPXHOCTHBIN 3 (eKT Ha
ATUX YaCTOTaX MPAKTUUYECKHU HE MPOSIBIACTCS U 3aKOH pacrpeeneHus remnepatypsl B 111
OJIM30K 3aKOHY pacMpeeNICHHs NIl TTOCTOSHHOTO TOKa. [Ipw MOBBINIEHNH YacTOTHI TOK
BbITeCHsAECTCA Ha BHemHWe mnoBepxHoctu I[III. Torma IIII mMoxHO paccmarpuBaTh, Kak
00bEM 0€3 BHYTPEHHHX MCTOYHMKOB Teruia. ICTOUHMKHM Temsa, B 3TOM cCllydae, MOXKHO
paccMaTpuBaTh Kak, TpaHUYHbIE YycClIOBUA. Temmeparypa B TakoM 00bEMe OyaeT
pacnpenensaTbes Mo JMHEHHOMY 3aKoHY (TIpeleNbHbIN Cllydai, Korjia 4acToTa CTPEMUTCS
K OeckoHeuHOCTH). U3 puc. 3 BUIHO, YTO C MOBBIIIIECHUEM YaCTOTHI KPUBAs BBIPOXK/IAE€TCA B
npsMyto. Ha 10ocTaToyHO BBICOKMX 4acTOTax (MPU KOTOPBIX MOBEPXHOCTHBIM 3 dexT
BBIPQKEH SIPKO) BOJIM3U MOBepxHOCTeH Z=-h;/2, z=h;/2 mnotHOCTH TOKA OyneT cuilbHEE
BCEr'0 3aBHCETh OT Z M OyaeT camoii Oouibinoi. [Tostomy otHomenue Tp(z) x T(-h;/2)
TOXE CHUJILHO 3aBUCHUT OT Z, YTO BUAHO U3 puc. 3 (kpusbie g 50 Ml u 1 I'T'm).

B nemom, kak u 1ist ciiydasi ¢ moCTOSSHHBIM TokoM [15], pacuérer Temmneparyp I1IT ¢

MEPEMEHHBIM TOKOM ITOKa3aJld, YTO OTHOCHTENbHAs pasHulla (OTHOWmIeHUEe AT, . /AT,),

CBsI3aHHAs C HEPAaBHOMEPHOCTBIO pacmpencneHus temmeparyp B IIII, He Oymer
npesbimath 0,01 %. ATgmax — passocts Mexay T(-h/2) u Tp(hy/2). Takas HuYTOXKHAS
pasHHIla OKa3aTh CYIIECTBEHHOI'O BJIMSHHUS HA PE3yJabTaT HE MOXET W NMpH pacuyérax e

MOJXHO HC YUHUTbIBATh.
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Tiz)
T(-hpf2)

0.3

0.6

0.4

Z MEM
Puc. 3. I'paduku 3aBucumocTr otHommeHus T4(2) k Ty(-hy/2) oT Z ipu pa3HbIX YacToTax
W3n0xkeHHOe BhINIE, KaK OTMEYAJIOCh B CaMOM Hawalie, CIpaBe/UIuBO mpu t>>hg.
OnHako t sABAsETCS MCKOMOM BEJIMYMHOM M O TPOBEACHUA pacu€ra BBIITOJIHCHHUE,
MPHUBEIEHHOTO BBIIIC OTPAHWYCHUS, MPOBEPHUTH Helb3sA. Eciu orpanmuenue t>>h; He
BBITIOJTHSIETCS, TO TOKaMU B0JIb 00kOBBIX cTeHOK III1 mpeneOperats Hemb3s. [lpu aTom
aKTUBHOE 3JIeKTprudeckoe conpoTtunicHue 11 Oymer MeHbIIe 3HAYCHUS TTOCYUTAHHOTO 10
dopmymam (9, 10). Kak caemcrtBue OymeT MeHbIIE MOIIHOCTh, paccenmBaemas III1.
YMeHbllIeHHe MOITHOCTH TMPHUBENET K YMEHBIICHHIO TeMIepaTypbl. Takum o0pazom,
11eJIECO00pa3HO MPOBOAUTH pacuéT He B3upas Ha orpanmueHue. Eciam mocne pacuéra
BBISICHUTCS, YTO OrpaHrueHue t>>N;; He BBIMOIHACTCS, HUYEro MEHATh B KOHCTpyKIuu TTI1
He TpeOyerca. HeoOxoammo TOMbKO MMETh BBeIy, UTO peanbHbli neperpes 111 Oyner
Hwke pacuétHoro. C Touku 3peHust Hanaé&xuoctu 111 Takoi BapuanT OyaeT naxke Jaydiie
PacCMOTPEHHOTO.
Takom oOpa3zom, pa3paboTaHHas METOAWKA MPUMEHHMMA JIaXe €CIH OTPAHWYCHUE

t>>h; we BemonHsgeTcs. [lOCKOJNIBKY METOIWKAa IIOCTpOCHA Ha 0a3e JIaHHBIX
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npeAcTaBiaeHHbIX B [15], To pe3ynbTaThl aHAIM3a BIUSHHS BCEX OCTAJbHBIX JOMYIICHHIMA
(BmustHUE  KpaeBbIX A(G(EKTOB W pazHHIA MEXAY OICKTPOPUZMUECKHUMH U
TETIOPU3NIESCKIMHU CBONCTBAMH METHOU (POJIBIU W TaIbBAaHWYECKONW MEIN) MOTYT OBITh
pacnpoCTpaHEeHbl HA HEE.
3akioueHue

Takum oOpazoMm, Obuta pa3paboTaHa WHXXEHEpHas METOAMKA, IO3BOJISIONIAS
paccuutbiBath mMpuHy [III POA kocMHuueckux amnmapatoB HpU NPOTEKAHHH O HUM
nepeMeHHoro Toka. PazpaboTaHHas MeTOAMKA MO3BOJISIET CHU3UTH KOJIMYECTBO OIIUOOK
Py MPOEKTUPOBAHUU TEYATHBIX TUIAT, HEOOXOJAUMOCTh JAOpPaObOTOK U peMoHTa POA Ha
CTQJMM HA3EMHBIX HCIBITAHHWM, MOBBIIICHUE HAJIEKHOCTH KOCMHUYECKHX anmnaparoB B

uenoM. Bee 3aaum ObLTN pENIeHbl, a 11eJ1b TOCTUTHYTA.
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Abstract

The article suggests the technique for the design procedure of printed conductor (PC)
width of the printed circuit board, being installed of the metal base, for the onboard
spacecraft devices, depending on the flowing sinusoidal current of various frequency. The
technique accounts for non-uniform current distribution in the PC volume due to the skin
effect. The following problems were solved while this technique developing:

« Analysis of the PC active resistance dependence on frequency was performed;

« A refinement, allowing accounting for the skin effect, was developed base on the
existing techniques;

» The analysis of the accepted assumptions impact on the calculations accuracy was
performed.

The article presents the dependence of the PC active electrical resistance on
frequency. This dependence was obtained under the condition that the PC width is much
greater than its thickness. This condition is most often being fulfilled in practice. Such
assumption was made with the purpose of simplifying the search for the dependence. As
long as active resistance equation turned out to be rather complex even with account for

the assumption, the article presents the graph of the reduced active resistance dependence.


mailto:Kostin.AV@samspace.ru

To obtain the active resistance value, the value of the reduced active resistance should be
multiplied by the PC length value and divided by the value of its width. The active
resistance value is being determined graphically for the specified AC frequency. It
simplifies the PC width calculation while printed circuit boards design.

Analysis of active electrical resistance dependence on the frequency was performed.
It was established in the course of the analysis that at the frequencies up to 100 kHz active
electrical resistance weakly depended on the frequency. The skin effect can be ignored at
these frequencies. At the frequencies above 1 GHz, the active electrical resistance does not
depend on the PCB thickness. This allows making a number of simplifications, and
calculate the active resistance by the thickness of the skin layer.

The previously developed technique assumes the presence of heat removal only
through the printed circuit board on the metal base. The article references the publications
recounting its gist.

According to this technique, the thermal resistance of insulation material layers is
determined by both the geometry of their part, located under the PC, and thermo-physical
properties of the materials themselves. When the current flows through the PC, the
dissipated power is determined as the product of the square of current and the PC active
resistance. This power will be equal to the thermal flow. Then the overheating will be
equal to the product of the thermal flow and the thermal resistance of the insulation
material layers. Refinement for the AC consists in the electric resistance dependence on
the frequency.

Analysis of temperature distribution in the PCB volume due to the current

distribution non-uniformity and heat dissipation from the one side only, was performed



analytically by solving thermal conductivity equation. Calculations revealed that the skin
effect would not be affecting the temperature distribution in the PCB volume significantly.
Analysis of the frequency impact on the temperatures distribution was performed.

It was noted that the temperature distribution law became close to the linear with
frequency increasing. This is associated with the fact that the AC is being pushed out to
the PC surface, and heat sources inside PCB disappear.

It was noted that other assumptions made while developing the technique for the DC
affect the calculation result for the AC as well. It is associated with the fact that the
proposed technique is based on the previously developed one. First of all, this concerns the
edge thermal fluxes effect to the PC temperature. The article stipulates that the method can
be applied even if the PC width is not much great than its thickness. If the condition is
met, the current flows along the lateral surfaces can be ignored. Non-fulfillment of this
condition will lead to the situation when these currents will significantly affect the result.
However, the presence of additional currents means that the larger PCB section will be
employed while the current flowing. This will lead to the situation when actual active
resistance will be less that the calculated one. Consequently, actual PCB temperature will
be less than the calculated one. This will no degrade the PCB reliability, but even increase
it.

The actual PC power will be less than the calculated one. And as a result the actual
PC temperature will be less than the calculated one. This will not decrease the reliability of

the PC and increase it instead.
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