Bbl ucnonb3yete nNpu pacyeétax 3To ypaBHEHUE?
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Ecnu HeT, Bawm MarHMTonpoBOAdbl OKaXYTCA ropsavyee, 4em Bbl OXnaanu

lMomepu e o6Momkax ecnnedcmeue aghghekma 6suzocmu

Aesmop: Dr. Ray Ridley
lMepeesoad: Apmém Tepelikoeckuli

MpoGnema, c KOTOPOW S BCerga cTaskuBarcs, CBoaMach K criefytollemy: ¢ Yero HayaTtb? CyliecTByoT
COTHV METOAMK pacyETOB, ypaBHEHUIA U peKOMEHAALNIA, UCTIONb30BaHME KOTOPbIX MO3BOSISIET KAYECTBEHHbIM
mMarHuTonpoeogam paboTtaTtb Hag/exalimm o6pa3om. Ecnm HaumHaTb ¢ caMbIX OCHOB, MPUAETCS BOCTPOU3BECTU
MHOXXECTBO pasnu4Hbix hopmyr, npexae Yem Mbl 4oGepéMca O0 Tex, KoTopble Gyaem UCMonb3oBaTb Ha NPaKTUKe.

MoaTomy s pelunn aBuraTbes B 06paTHOM HanpaBieHnM — HavaTb ¢ Hanbornee CrnoXHow NpoGnemsl, ¢
KOTOPOW HEM3MEHHO CTaNKMBaeTCA Kaxabl MHXeHep Npu paspaboTke aMeKTPOMarHUTHLIX KOMMNOHEHTOB. Takon
noaxon NMOMOXeT MOHSATb YPOBEHb NPOGNEMbl AaXe B OTHOCUTENbHO HECTOXHBIX paspaboTkax.

Agpgpekm 6nuzocmu. 4mMo amo?

Moa pencTBuemM MarHUTHOrO Nons, CO3AaHHOro B6NM3M NPOBOAHUKA, HA €ro NOBEPXHOCTUN BO3HUKAKOT TOKU,
reHepupytoLLMe MarHuTHoe nore, NPOTMBOMONOXHOE NepBoOHaYarbHOMY, KOTOPOE “BblTECHSAET” TOK U3 BHYTPEHHEN
obnactn npoBoaHuka. CKkUH-a(hbdeKT aBnaeTcs pyHaaMeHTanbHbIM 3dEKTOM Ha BbICOKOW YacToTe,
NPOSIBNAOLLMMCA KaK B OTAENbHOM NPOBOAHMKE, TaK U B 0OMOTKaxX MarHUTHbIX KOMMNOHEHTOB.

BurixpeBble TOKM COCTaBNAT HE3HAYMTESbHYIO YacTb MOMHOTO TOKa, MPOTeKatoLLero B MpOBOAHMKE, HO
BbI3bIBaOT NepepacnpeaeneHme Toka u3 rmybuHbl Ha MOBEPXHOCTb U YBENMYMBAIOT paccenBaemyto MOLLHOCTb.

MHorve nHxeHepbl 3HaKOMbI C MOHATUEM «CKUH-3(PAEKT», OOHAKO UCMOSb3YIT PyAUMMEHTapHbIE METOOUKM
01151 OLIEHKUN CTENeHU BNUSAHUSA CKUH-3bdeKTa Ha nx paspadoTkn. CKMH-3dEKT BbI3bIBAET KOHLIEHTPALNIO
nepemMeHHbIX TOKOB BOMM3N NOBEPXHOCTM NPOBOAHMKA. [NybunHa CKMH-CNost onpegensaeTcs kKak pacCTOAHNE HDKe
NOBEPXHOCTU, rae NNOTHOCTb TOKa nagaeT Ha 1/e ot
3Ha4YeHMs Ha NOBEPXHOCTU (e-0CHOBaHWE HaTyparbHOro
OTHOCUTEnbHas NIOTHOCTL TokKa (A) norapudgma). M3-3a yMeHbLLIEHNS 30HbI MPOHMKHOBEHUS
OT BpEMEHMU, rnyBGuHa CKMH-CMNos U3MeHsaeTcs obpaTHO
NPOMNOpPLMOHanbHO KBagpaTHOMY KOPHIO OT YacToThbl. Ha
0.5 w PucyHke 1 nokasaH paspes ognHOYHOro
i N30NMPOBaHHOrO NPOBOAHMKA B CBOGOOHOM
NPOCTPaHCTBE, Yepe3 KOTOPbI NPOTEKAET NepeEMEHHbIN
TOK.

MyBuHa CKMH-Cos NErko MOXeT ObITb
onpeaeneHa no cgopmyne:
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PucyHok 1.PacnpedeneHue moka e u3onuposaHHOM MPo8odHUKe
8 ce0b0dHOM npocmpaHcmee



roe u0:4Tr'10'7 — MarHuTHas nNpoHMUaemMocTb Bakyyma,
W — Kpyroeas 4acToTa,
0 — NMPOBOAMMOCTb MaTepuana (NpoBOAMMOCTbL Meau COCTaBnseT 5,8*10’ npy KOMHaTHOWM Temneparype)

[laHHOe ypaBHeHMe nokasbiBaeT, 4To npu 60 Iy rmybunHa CKMH-CNos cocTaBnsieT okono 8.5 MM. 370
03HayaeT, YTo ecnu Bbl He OyaeTe Mcnonb3oBaThk NPOBOA AnameTpom 6onee 8.5 MM, BNnsiHNE CKUH-3chdpeKTa Ha
paccenBaemMyto MOLLHOCTb byaeT HesHaunTenbHo. [Npu yactoTte 100 kl'y rmybuHa ckMH-criosi ymeHbluaeTcs Ao 0.2
MM. Ecnu TonumHa ncnons3yemMoro npoBoja He npeBbILllaeT 3TO 3Ha4YeHUe, pacyET NOKaXeT, YTO CUTyauus B
nopsiake.

Tak nn 310 Ha camom aene? K coxaneHuio, HeT. Ecnuv Ball aNeKTPOMarHUTHbIA KOMMOHEHT HEe COCTOUT U3
OOMHOYHOrO NPOBOAHMKa B CBOGOAHOM NPOCTPAHCTBE, K KOTOPOMY ypaBHeHue (1) NPUMEHUMO HaNpPAMYLO,
peanbHble NoTepyn B 06MOTKe GyayT 3HAUMTESBHO BhILLE.

Takas cutyaums obycrnosneHa acpdekTom
©rIM30CTK, KOTOPbLIV BbI3bIBAET AOMONTHUTESNbHbIE
noTepu B NPOBOAHMKAX, HAXOOSALLMXCS B .
HenocpeACTBEHHOM BIIN30CTH OT APYruX ] A
NPOBOAHNKOB, MPOBOASLLMX TOK. DTU NOTEPU
ABMNSIIOTCS pe3yrnbTaToM BUXPEBLIX TOKOB,
co3faBaeMblX B NPOBOAHMKE NOA AEACTBUEM TOKOB,
npoTekaLwmx B 6rmanexalumx npoBoAHNKaX.
OdbdekT 6nNM30CTM MMEET TEHOEHUMIO CTAHOBUTLCS
OOMVHUpYHOLLMM B 0Bpas3oBaHumM NoTepb B
NPOBOAHUKAX MarHUTHbIX KOMMOHEHTOB Ha BbICOKUX
yacToTax, 0cobeHHO Korga oOMOTKN MHOFOCMOWHbIE.

MoTepu BcneacTteme achdekta 6rmM3ocTu
BCerga 3HauuMTenbHO MpeBbiwatoT NoTepn ns-3a
BMXPEBbIX TOKOB, MO3TOMY CYLLIECTBEHHO BIUSIIOT Ha
neperpeB 1 METOOUKY MPOEKTMPOBAHMSA BCEX
BbICOKOYaCTOTHbIX 3M1EKTPOMArHUTHbIX
KOMMNOHeHToB. [laxxe ecnu Balla oGMOTKa COCTOUT
BCEro U3 ogHoOro BUTKa, ToT akT, YTo noa o6MOTKON
NPUCYTCTBYET CEPAEYHMK, BNUSIET HA
pacnpeaeneHne Toka B NPOBOAHMKE, KaK Noka3aHo B To<"s sxpan
Ha PucyHke 2.

OTHOCHTENbHAA NNOTHOCTL TOKa (A)

F | Tox"us akpana”

Ha stom PUCYHKE NoKasaH nonepequlﬁ Pucynok 2. Pacnpedenenue moka e odHocnoidHol o6Momke dpoccens
paspes3 UHOYKTUBHOCTW, COCTOSILLIEN U3 cepaeYHuKa
C LleHTpanbHbIM KEPHOM, 1 OLHOCIIOMHON 0OMOTKM.
"ony6biM bOHOM NOKa3saH TOK, BTEKAOLLMIA B MIIOCKOCTb PUCYHKA, @ KpaCHbIM — BbITEKAOLLMIA U3 MII0CKOCTH
puycyHka. IHTEHCMBHOCTb 3aKpacku COOTBETCTBYET NMOTHOCTW TOKA B JaHHOW YacTu NPOBOOHUKA.

O6paTtuTe BHMMaHue, 4To NpoTeKaroLL M TOK CMECTUNCS K BHYTPEHHEN CTOPOHE OOMOTKU. OTO NPOUCXOAMUT
NMOTOMY, YTO TOK BbICOKOW YacTOThl pacnpenensietca B NPOBOAHUKE Taknm ob6pasom, 4Tobbl yMEHbLLNTL
HaBeAEHHYI0O MHAYKTUBHOCTb. YeM MeHbLUe nnoLLafb, OXBayeHHast TOKOM, TeEM MeHbLUE UHOYKTUBHOCTb.

KoHueHTpauus Toka BGNN3KN NOBEPXHOCTU NPOBOAHVKA BbI3bIBAET YBENUYEHNE €0 CONPOTHBIEHUS
nepemMeHHOMY TOKY, HO OMpeAerieHVe 3TOro ConpOTUBIIEHUs! He NoAdaéTCs PacyETy npy NMOMOLLM JLLb OOHOTO
ypaBHeHus. [ns pelieHust npoGnemMbl Npuaércs npmberHyTb k 6onee cnoXHbIM pacyétam.

OnpedeneHue nomepsb, 8bi3bieaeMbix 3¢hghekmom b6s1uzocmu

JTioOol SNeKTPOMarHUTHLIN 3NIEMEHT ABMAETCS CMOXHbIM TPEXMEPHBbIM OO BEKTOM, KOTOPbLIA C TPYAOM
NnoggaéTcs CTPOroMy aHanMTUYeCKOMy MOAENMpoBaHuio. Te 13 Bac, Y KOro MMeeTcs A0CTYN K CynepKoMMbloTepam,
MoryT nonpo6oBaTb NPUMEHUTbL NPOrpaMmbl, peanuayoLiMe MeToa KOHeUYHbIX 3/1IeMeHTOB s MOAEeNMpPOBaHuUs
BCEX TPEXMEPHBIX MOSIEN U TOKOB, OOHAKO TaKOW Noaxon OnucbiBaeT NPOLECChl B 3aKOHYEHHON pa3paboTke 1 He
0aéT npeacTaBneHnst o TOM, Kak 3Ty pa3paboTky cneayeT aenartb.

I'Ipvl NPOEKTUPOBAHUN INEKTPOMArHNTHbIX 3J1IEMEHTOB Mbl AOJTKHbI TpaHC(bOpMI/IpOBaTb CINOXXHYIO
TpéxmepHyro mMmogerb B O4AHOMEPHYIO. Ons nony4yeHna pesynbTaTtoB aHaNMUTU4EeCKNM I'IYTéM cnenyet
paccmaTpumBaTb KaxKabl Cnon oOMOTKM Kak eQuHbIN NPOBOAHUK, pa3Mepbl KOTOPOro He MeHAKTCA B MIIOCKOCTU X-Y.
KoHeuHo, Takon noaxopn sSiBNsieTcst 3Ha4nTeNbHbIM ynpouleHnem, ogHako noriydaemblie ¢ ero NnoMoLLbHo
pe3ynbTaTbl NO3BONAKT CO30aTb METOAUKY, 3HAYUTENbHO yry4yllaloLlyo pa3pa60T|<y Ka4yeCTBEHHbIX
ANEeKTPOMarHUTHbIX y3J10B.



TeopeTnyeckne BbIYUCIEHUSI NOTEPb AN CKUH-
CepaeyHuk ahdekTa u apcekTa 6NM30CTH GasnpyoTCs Ha
YCNOBUW, YTO MarHMTHOE Nore napannenbHO ocx
obmoTkM no Bcen gnvHe. MNMpaktnyecku, BONmM3m
KOHLIOB OOMOTKM BO3HUKAET OUBEPreHUMs Nons,
BMUSIHNE KOTOPOW TPYOHO OLLEHUTL U eLle
TpyaHee BbluMcnnMTb. MarHuTHoe none BoobLue
MeHee MHTEHCUBHO Ha Kpasix, 4TO MOrno Obl
NPUBOAMTL K HEOOMBLLIOMY CHUXEHMIO MOTEPb B
NpoBOAHUKaxX BbIBOAOB. Ecnu B kavecTBe
cepAeyvHUKa Ucnonb3yeTcs MarHMTONpoBos
3aKPbITOro TUMA, KOTOPbLIN 3aKpbIBAET Kpast
0obmMoTOK (TMnNa BPOHEBOro cepaeYHuKa), To
OVBEPreHUMs Mossi CBEPTLIBAETCS U
COOTBETCTBYIOLLMNE NOTEPU TOXKE.
CepaoeyHuk

Ha PucyHke 3 nokasaH paspe3s
PucyHok 3. CeueHue dpoccens ¢ namucnolnold o6momxoil apoccens 06paSOBaHHOr0 N9TblO CHOSIMU
HaMOTKN BOKPYI LEeHTParibHOro kepHa E-
o6pa3Horo cepaeyvHuka. aﬂeKTpOMaFHMTHoe none 6y,u,eM CHUTATb NPaKTN4ECKN HEN3MEHHbIM BO BCEX yHaCTKax
npoBOAHUKA.

Ha PucyHke 4 nokasaH pa3spes ogHou
CTOPOHbI KaTyLLKW, cogepXaLlen 0bMOTKy N3 NsTu
cnoés. OBMOTKM ype3aHbl B FOPU3OHTaNbHOM
MAOCKOCTW, OQHAKO MOAPasyMeBaeTCs, YTO OHU He
NUMEIT KpaeBoro agdekta. ATO NO3BONSET CUMUTATb
nonst Hy...Hg mexay cnosiMm oGMOTOK Kak
OAHOPOAHbIE HA BCEM MPOTSPKEHUN BAOMb CIOEB.
Cnov o6MOTOK paccMaTpuBarTCA Kak OQHOPOAHbIE
Me[Hble MPOBOAHMKN NPSIMOYrOSIbHOro CeYeHUs
(cbonbra). Crnor MoxeT 6bITb 0Opa3oBaH
OTAEeNbHbIMY NPOBOAHMKAMMU, KOTOPbIE AOMXKHbI
ObITb aNNPOKCUMNPOBAHbLI B 3KBUBATEHTHYHO
onbry. PaccmMoTpeHme aToro Bonpoca HaxoguTcs
3a paMKamu JaHHOW cTaTbM.

YpaeHeHue [oyanna ~ BHyTpeHHuii crion 5

[axe Takas npocTas cutyauus
obopaunBaeTcs TpyaHopaspeLunmor npobnemon. K
CYacTblO AN COBPEMEHHbBIX MHXEHEPOB, OHa
peLLeHa, Mo3TOMy BCE, YTO OT Hac noTpedyeTcs —
MOHATb Y NPAaBUINBbHO NPUMEHUTb pe3ynbTarT.

PucyHok 4. Cmpykmypa MHoz20c10liHoll o6MomKu
C u3MeHeHUeM 110 ocu z

B 3aronoBke cTtaTby NpuBeaeHo ypaBHeHve [loyanna. B HEm obLias paccenBaemasi MOLHOCTb OOMOTKM
Bblpa)keHa Kak CyMma MnoTepb B KaXOoM U3 CoéB OT 1 Ao n. DTOT peLualoLmili MOMEHT aHamMTUYECKOro noaxoda
No3BONseT HaM onpeaensTb NOTepu B 0GMOTKE Ha HEHyNeBbIX YacToTax. [MpuBeaeHHOe ypaBHEHWE CTaHOBUTCSA
ellé Gonee ycTpallaloLwMm rnocre paclungpoBKX CreayroLmxX YreHoB:

GI(A):A sinh 2A +sin 2A
cosh2A —cos2A
_AsinhAcosA+coshAsinA
cosh2A —cos2A

)

G,(4)
3T hopmMyrnbl ABMSATCS KOMBUHALMENR 0BbIYHBIX TPUFOHOMETPUYECKUX (PYHKLMIA U TMNepBOoNMYecknX, O KOTOPbIX
GOMbLUMHCTBO M3 HAC HAaBepHsIKa He BCMIOMUHANM MOCTe OKOHYaHWs! BbICLUEN LIKOSbI.

AprymeHT A aBNaeTcs oTHOWEeHneM TONWMWMHBbI CNnog K rny6v|He CKUH-CI104 Ha 3ap,aHHOIZ 4yacToTe.
|
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roe h; sBnsieTcsa ToNWmMHOM i-ro cnosi, © — rnybrHa CKMH-Cros, M. ypaBHeHue (1)



Ha aTom aTane Bbl MOXeTe NOYyBCTBOBaTb Ce05 04apOBaHHBIMMW 3NEraHTHOCTLIO 3TUX MaTemMaTuYeCcKux
Bblpa)keHun. Tem Gornee, 4YTo 3Ta Tema - He U3 caMbiX NETKNX AN BocnpuaTus. Kak MHorve gpyrue nHxeHepsbl,
NpakTuKyoLwme B 06r1acTn CO34aHNst UMMNYNbCHBIX MICTOYHUKOB NUTaHUS, s Bbii HEe B COCTOSIHUM 3acTaBuTb cebs
NoTPaTUTb Kydy BPEMEHUN Ha OCMbICIIEHME U MPAKTUYECKOe NPpMMEHeHne pe3ynbTaToB aHanuns3a, npuBeAeHHbIX B
NCTOYHMKAX OYeHb MPOABUHYTLIX aBTOPOB.

Hanbonee ogepXxumble cpeaun ynTaTenemn NonbITalTCA HEMEOSIEHHO UCMNONb30BaTb 3TO YpaBHEHME Ha
NnpakTuke. [ns aToro Bam r|0Tpe6yeTC$| cnenywuias I/IHd)OpMaLI,I/IH.

HanpsKEHHOCTb NOMs Ha rpaHuLe i-ro Criosi ONUCkIBAEeTCs Kak:

N. 1.
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w
roe N — Yucno BUTKOB B J@HHOM Crloe, | — TOK, MpoTeKaloLmii B KaxkaoM BuTke. LLnpuHa HamoTkn o6o3HavaeTcs

Kak b,, a AnvHa BUTKa B crnoe i — Kak |; .

(4)

Ham noHagobuTtca ewwé oanH anemeHT a;, 0603HavatoLLMin OTHOLLIEHME MOMEN Ha rpaHuLe i-ro cnos.
CornacHo NpuHATOMY MOPSIAKY pacyéTa, MeHbLUee 3HaYeHe HanpsXXEHHOCTM NOMs BCerga noACTaBnseTcs B
yncnuTens. [nsa paccmaTpMBaeMoro npMMepa ¢ NATUCIIONHOM 0OMOTKON, 3Ha4YeHMs KoadhduumeHToB OyayT
crnepgywouime:

a,=—=0 aZ:—:% oy =—>= a,=075 «,=0.8

(MpumeyvaHme: 3Ha4YeHNs1 3TUX KOIPMDPULMEHTOB ABMAKOTCA OOQHUM U3 NokasaTenen «addekTMBHOCTU» 0OMOTKM.
MpubnumxeHne 3HaYeHWs K eguHULE O3HAYaeT, YTO TOK, MPOTEKALNIA B AaHHOM Cl0€, OKa3biBaET MUHMMAIbHOE
BMMSIHME Ha nons no o6enm ctopoHam cnosi. Camble 3pdeKTUBHbIE OOMOTKM MMEIOT COOTBETCTBYHOLLME UM
3Ha4yeHus Q;, paBHble —1, KOTOpPbIE MOryT ObITb JOCTUIHYTHI TONLKO B OBMOTKax TpaHcdopmaTopos. [ns aToro
cnovt 0BMOTOK JOMKHbI BbITb PacnoONOXeHbl TakuM 06pa3oMm, UTOBLI TOK B KaXKA0M CINOe U3MEHSN HanpaBreHne
nons Ha NPOTMBOMOMOXHOE).

[ns BbINONHEHMS BbIYUCIIEHUI MO AaHHBLIM YpaBHEHUsM bopMynbl MOryT 6bITb BBeAeHbl B MathCad nnm
Excel. CnoxHble koacpduumneHTol G; n G, ABNSATCS KOHCTaHTaMU Ans 3a4aHHOW TOMNLWMUHBI CNOst U rNYBUHbI CKUH-
cnosi. PacuyéTtbl MOryT ObIThb YNPOLLEHbI, €CNN Pe3yrnbTaTbl HOPMAM3yTCS MO CONPOTUBIIEHNIO CITOS OOMOTKM
NMOCTOSTHHOMY TOKY, paBHOMY 1 A.

lMomepu ecnedcmeue aghghekma 6s1uzocmu 0Ossi 5-cs1oliHOU o6Momku dpoccerns

Mocne BBOOA ypaBHeHMI7I B BbI6paHHyIO nporpamMmmy HawmMMm NCXoOgHbIMU AAaHHbIMU CTaHOBATCA pa6oqa$|
4YyacToTa, TornwmnHa CINoéB 0OMOTOK 1 KONMMYECTBO CINOEB. |_|OJ'Iy‘-IeHHbIe pe3ynbTaTbl BblpaXakTCA B OTHOLLEHUN
COMPOTUBIIEHUS CITOSt OOMOTKM NEPEMEHHOMY TOKY K COMPOTUBIEHUIO MOCTOSTHHOMY TOKY Rae/Ry¢, Kak MOKasaHo B

Tabnuue 1.

Ta6bnuya 1. OmHoweHus1 Rac/Rpc Ha yacmome 100 kl'y Ans1 pa3Hol mosiwuHbl c/10ée 5-csoliHoli o6Momku dpoccersi

Homep cnos (1 = HapyXHbliA) Ecnu paree Bbl He
TonwmHa cnos cTankmBanuch ¢
1 2 3 4 5 CpeaHee Rac/Rpc acbdekTom
0,3mMm A=1,46 1,35 3,91 9,04 16,74 27,01 11,6 6rmsocTy,
pesynbTaThl Bac
0,6 MM A = 2,80 2,81 14,87 39 75,19 123,45 51,1 HEMPUSTHO YAOMBAT. B
09vm A =433 4,33 22,25 58,1 111,86 183,55 76,0 nepBoi CTpoke
[JaHHble 4na crnos u3
1,1mm A=538 538 2695 70,09 1348 221,08 91,7 oMb TOMLLMHOI
0,3Mm 2 criost 1,35 3,91 - - - 2,6 0.3 Mm, 4TO
cooTBeTCTBYEeT

HaMOTKe cnos
npoBogomM gmuamMmeTpom okono 0.254 mm, npu yacTtote 100 kM. OTHOLWEHME TONWMHBI CrOst K IyOnHE CKUH-CIos
coctaBnseT 1.46 - BNoNHe AONYCTUMOE 3Ha4YeHMe COrfacHoO npaBuiam onpeaeneHnst ckuH-acpdekra.

O6paTtuTe BHMMaHue, Kak 6bICTPO Bo3pacTaeT 3HavyeHue R,y kaxxgoro nocnenytoilero cnosi. Cambli
BHYTPEHHUI CNon nmeeT oTHolleHue R,/Rqy., paBHoe 27, a cpeaHee 3HadeHue Ansa 5 cnoés coctasnseT 11.6!



O6bI4YHO, ecnun NOTepU B NPOBOAHMUKE CIIULLIKOM BEMNWKKM, NS UX YMEHbLUEHUS NPOCTO YBENUYMBAOT
anameTp npoBoda. B gaHHOM cryyae npu yaBoeHumM TonwmHbl cnos (npoeog 0,511 MM) cpefHUi poCT OTHOLLUEHMS
Rac/R4c cocTaBuT 51, a ero 3Ha4yeHue ans BHYTPEHHEro Crosi, OTBOZ, Tensa OT KOTOPOro NpeAcTaBnsieTcs
Hanbonee npobrnemaTuyHbIM, gocturaet 123! [lanbHenwee yBenmyeHme TonNWwmHbl cnos Ao 1.1 mm npuBoguT K
MoYTU yOBOEHUIO 3HAYEHNsT Rao/Ryc.

OTHOCHTENLHAA NNOTHOCTE TOKa (A)

lMepepacnpeneneHne TOKOB B CMOSIX B AaHHOM

cnyyae umeet 6onee CnoXHbI BUA, Yem npum
ogHocnorHon obmoTke. Ha PucyHke 5 nokasaHo
pacnpeaeneHne NNOTHOCTEN M HanpaBeHWI TOKOB B
paccmaTtpusaemMom npumepe. MNonHeIN TOK B HAPYXKHOM |

cnoe pacnpefensieTcs no BHyTPEHHeN NOBEPXHOCTH ,11 J _ Z & k
NPOBOAHMKA, MPU 3TOM €ro 3HadeHne coctaBngaeT 1A. e

- N W &

Bo BTOpOM croe NpucyTCTBYIOT yXe OBe B
COCTaBMAIOLLME: HA HAPY>KHOW NOBEPXHOCTM Cros
NPUCYTCTBYET BUXPEBOW TOK, CO3J4aBaeMbli TOKOM, 1%
npoTeKkalLwum B NEPBOM croe. HanpasrneHne BUXpeBOro
TOKa NPOTUBOMNOSIOXHO HanpaBneHWo OCHOBHOIO TOKa.

Cnon 1
.Cnoii 2

BTopas coctasnstoLLas NnpoTekaeT No BHYTPEHHEN K3 | H1E8I| 6 B '§
CTOPOHE Criosi U BABOE NPeBbILLAET 3Ha4YeHNe Toka Ha 151G SHGIRG LS | &

BHELLHEN CTOPOHE. MOoNHbIN TOK BO BTOPOM CIlOE paBeH
NMOMHOMY TOKY B NepPBOM CIl0e, MOCKOSIbKY 1
paccMmaTpuBaeMble Crou BXOAAT B OAHY U Ty e 06MOTKY.

CepaeyHUuK

Tok B TpeTbeM Crioe Takke CKnaablBaeTcs U3 OBYX
COCTaBISAIOLLMX: HA BHELLHEN CTOPOHE CINosi MPUCYTCTBYET PucyHok 5. Pacripedesierue mokoe @ mAmucaolHou
o obmomue dpoccens
BUXPEBOW TOK CO 3Ha4YeHneM 2A C HanpaBreHneM,
NPOTUBOMOJSIOXKHOM MOSTHOMY TOKY, @ MO BHYTPEHHEN
CTOpOHe npoTekaeT cocTasnsowasa 3A. AHanornyHelM 0bpa3om onpeaenstoTcsa 3HaYeHMs Ons Bcex
nocnenyroLmnx crnoés.

Hanbonee pagnkanbHbIM CNOCOBOM CHUXEHUSI MOTEPL BCrieacTane addekrta 6rmM3octn aenseTca
yMeHbLUeHWe Yncna cnoée. B nocnegHen ctpoke Tabnuyb! 1 npuBefeHbl 3HaYeHUS Ryo/Ryc ANst ABYXCINOWHON
obmoTku. CpegHee 3HayeHne R, /Ry ANa OBYX CNOEB COCTaBNAeT Bcero 2.6 pa3a NpoTuB 27 pas Ans NATU CroéB.
B naHHOM criyyae npegnoyTutesnibHee NCnosnb3oBaTb 6onee TOHKMIA NPOBOA, KOTOPLIN YMECTUTCSA B ABaA CrOsi, YEM
TONCThIN NPOBOS, KOTOPbLIV NOTPebyeT Ans CBOEro pasMeLleHns naTu Croés.

Bbi6op npasunbHO20 duamempa nposooda

OnTumanbHas TomnwmHa crosi — KoMnpomuce, 6anaHcupyowmini Mexxay noTepsiMu OT CKUH-3ddpekTa BO
BHELLHUX CIOSIX U NOTEPb OT BUXPEBbLIX TOKOB BO BHYTPEHHUX CIIOSIX.
Mpexage yem paccmoTpeTb BbIGOP ONTUMAanNbHOro guameTpa nposoaa Ans 3a4aHHOro NpUMEHeEHUS,
npoaHanuanpyem cpopmMy Toka B o6MoTKe. Yepesd obmoTKy apoccens DC-DC npeobpasoBatens 6ygeT npoTekatb
3HauUTErNbHas MOCTOSIHHAsH COCTaBMALLASA, KaK Noka3aHo Ha
PucyHke 6. HecMoTpa Ha 3HaYMTENbHbIN pa3mMax nynbcaLumim,
6.26 A 3Ha4YeHne NOCTOSIHHOW COCTaBIsALEN Toka paBHO 6.26A, npu
3TOM JEeNCTByoLLEee 3Ha4YEeHNE NepeMeHHOro Toka COCTaBuUT
Bcero 0.81 A. B 6onbLunHCTBE Cnyvaes npu aHanmse notepb
oT adppekTa 6rM30CTU JOCTATOHHO paccMaTpuBaTh TOK B
0.81A 0BMOTKE Kak CyMMY MOCTOSHHOW M NepeMeHHON
e cocTaBnawLwmx. NepemeHHas cocTaBnstowlasn onpenensercs
—_—— Kak Cymma BCeX rapMOHUK TOKa C HEHYINEBOW YacTOTOMN.
dh I, = \/1; o o Lo Y G SN MoTepu No NOCTOSSHHOMY TOKY ONpeaensoTcs Kak
- pes3ncTuBHbIE NoTepK B mean. Ans
onpegeneHus noTepb Mo
ol — = I nepemMeHHOMYy TOKy B JAHHOM
6-/\/\/\/\/\/\/\/\ criyyae B pacuyéT npuHuMaeTcs
TONbKO YacTOTa NEPEKITHOYEHNUS.
Mpu npoekTpoBaHUN apoccenen
2 : ‘ noTepu No NepeMeHHOMY TOKY
] MOTYT GbITb 4OCTAaTOYHO BbICOKUMMU,
O[HaKO WX YacTb B COBOKYMHbIX
noTepsix oKaxeTcs
PucyHok 6. ®opma u KOMImoHeHmbI Moka 8 obMomke dpoccens HE3Ha4YUTENbHOM N3-3a BbICOKUX
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noTepb N0 NOCTOAHHOMY TOKY. OTO NO3BONSET
achdekTMBHO paspabaTbiBaTh 4POCCENU C
MHOrOCHONHBIMU OOMOTKaMu, HECMOTPS Ha

N B OO @

3HauMTErNbHLIE NOTEPU OT adhdekTa GnmnsocTu. 2 1A 312 A

B obuwem cniyyae, npouenypa onpegenennst - -
notepb B 06MOTKax Npu HECMHYCOMAAaNbHOM TOKE
COCTOMUT U3 onpeaeneHnsa rapMOHUYECKoro coctasa Toka \/[ 4 ] & [ n f B e
N CONMpOTUBIEHMS OOMOTKM Ha NEPEMEHHOM TOKE Ha '
Kaxkaom rapMOHI/IKe MonHble noTepu ecTb cymma
npounsBeaeHnin I’R Ha Kaxkgow yacTtoTe (BkMoyas Tok B nepBuquﬁ oBMOTKe TpaHccopmaTopa
HYNeBYIO YacToTy).
Torga adpdpekTnBHOE 817/ 4 7 1 7 7 7
COMPOTUBEHUS &l // », / . /./ 7 .;_/ / / /,
HaxoauTCA Kak 1 / / £ ! : /
OTHOLLIEHME 41 i ] |
MOLLHOCTH MOJSIHbIX 91
noTepb K KBagpaty 1 ‘
AENCTBYIOLLErO 10 20 30 40 50 60 70
3HaA4YEeHUNA TOKa. Bpemﬂ (MKCEK)

Ecnun
npeobpasoBaTenb Pucynok 7. ®opma u KOMIIOHeHMkI MoKa 8 o06Momke mpaHcghopmamopa

paboTaeT npwu

CKBaXXHOCTW UMnynbca, 6rmM3kon K ABYM, JOCTAaTOYHO paCCMOTPETb TONBKO OCHOBHYIO YaCTOTY NepeKoYeHus.

WHasa dopma curHana notpedyet npoBefeHus 6onee TwatenbHbIX pacdéToB. [Ina obecneyeHnst LOCTaTOYHON

TOYHOCTW crneayeT y4nTbiBaTb COBOKYMHOCTb NMOTEPb, BHOCUMbIX BCEMW FAPMOHUYECKMMMN COCTaBISIOLLUMMN.
Ha BbICOKMX YacToTax u (Unn) ypoBHSX MOLLHOCTU NMOTEPM B OOGMOTKE ONTUMarnbHOW TOMNWWHBI MOTYT

OCTaBaTbCs eLle OYeHb BbiCOkMMU. CylecTByeT psa METOAO0B NPOEKTUPOBAHUSA pa3nnyHon 3hPEKTUBHOCTH,

MO3BOMNSIOLLNX JOMNONHUTENBHO CHU3WUTb BbICOKOYACTOTHBIE NOTEPU B MPOBOLHMKAX.

lMomepu e o6Momkax mpaHcghopmamopa ecriedcmeue aghghekma 6nuzocmu

Kak npaBuno, nepemeHHas coctaBnstollas B obmMoTkax

OTHOCHTENLHAS NIOTHOCTE TOKa (A) TpaHcopmMaTopoB COU3MepUMa UM 3HAYNTENBHO NpEeBbILAET
NMOCTOSAHHYIO COCTaBIAOLLYO Toka (PucyHoOkK 7). o 3TO NnpuynHe
cnegyet n3beratb MCMNOMNb30BaHWUS MHOTOCITONHbBIX 0OMOTOK B
TpaHcdopmaTtopax.
\ K cuyacTblo, Npy NpoeKTMpoBaHMM TpaHcopMaTopoB
I \ BO3MOXeH Oornee rubkvin Nogxo4, YeM Npu NPOEKTUPOBaHMM
it / j & apoccenen. B obmoTke gpoccensi BeCb TOK TEYET B O4HOM

: HanpaeneHnn, NO3TOMY Mbl MOXXEM BapbMpOBaTb TOMLKO YMCHO
CNOEB M TOMLWUHY NpoBoaa.

B TpaHcdopmaTopax TOKU B NEPBUYHON U BTOPUYHOMN
0oB6MOTKax TeKyT B pa3HOM HanpasneHun. Ecnvn pacnonoxute
OLMHOYHbIN CITON NEPBUYHON OOMOTKM NOBEPX OAMHOYHOIO CrOos
BTOPWYHOM, TOKM B HUX ByayT Teub Tak, Kak nokas3aHo Ha PucyHke 8.
TOKM BbICOKOW 4aCcTOTbl pacnpenenstoTca No NOBEPXHOCTU
NPOBOAHUKA, CTPEMSICb KOMMEHCMPOBaTb MarHUTHOE Mnorne,
HaBegéHHoe cocenHen odbmoTkon. OnpeneneHue nNoTepb
BcreacTeue adpdpekta 6GNn3ocTu Npu 0OAHOCNONHOW NEPBUYHON U
BTOPWYHOM 0OMOTKE COBMNaAaloT C aHaNoOrMyYHbIM pac4éToM Ans
apoccensi.
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Ecnun yncno cnoés gormkHo 6bITh Bomnblle ogHoro, Bceraa
cnenyeTt CTPEMUTBLCS K €ro YMEHbLUEHNO ANns U3bexaHus
m Tok "B akpaH” noBbILLEHHbLIX NOTepb. Ha PucyHke 9 nokasaHo pacnpegeneHue
TOKOB B MSAITUCIIOAHON NepBUYHON 06MoTKe. OHO NOSTHOCTBIO
‘] Tok "u3 akpaHa™ coBnagaeT ¢ pacnpeaeneHmemM TOKOB B MATUCITONHOM 0OMOTKe
[poccens, 3a UCKIMIOYEHNEM TOr0, YTO B MPUCYTCTBYHOLLEN
Pucywox 8. PacnipedeneHue moKo8 8 0GHOCTIOUHEIX BTOPMYHOM OOMOTKE TOK TEYET B NPOTUBOMONOXKHOM HanpaBneHuu.
MIEPEUNHOL U GMOPU'HOU 0OMOMIGAX MPAHCHOPMAMOPO T4y yay BTOPUYHAS OBMOTKA PACTIONOKEHA B OLHOM Crioe, Ans HEE
He MMeeT 3Ha4YeHus, Kak BbINOSIHEHA NepBMYHasA 06MOTKa (O4WH MK
NSATb CrOEB).




W3 aToro 4acTtHOro cnyyas pacnonoxeHus obMoTok crefyeT MHTepecHoe HabnoaeHue. MNMpu HU3KMX
YyacToTax TOKU B CIOSAX pacnpeaensioTcs paBHOMepPHO. N3amepeHHas npu 3TOM MHAYKTUBHOCTb paccesiHus Mexay
NepPBUYHON N BTOPUYHON OBMOTKOIM [OCTAaTOYHO BESMKA.

Ha BbICOKMX YacTOTax Mot BCeX CroEB NepBUYHOM OOMOTKN KOMMNEHCUPYIOTCS HaBeOEHHBIMU BUXPEBBIMU
TOKaMu, JOCTUraloWUMN 3HavyeHns S5A Ha BHYTPEHHEM Croe, HEMOCPEACTBEHHO MpuUIieratLemM Ko BTOPUYHON

obmoTke. PazgeneHne nepBMYHON U BTOPUYHOM
0OMOTOK Tenepb HEBENUKO, U3MEPEHHAS
WHOYKTUBHOCTb pacCesiHUsl OKaKeTCs
CpaBHUTENbHO HebonbLwon. 3aBUCUMOCTb
WHOYKTMBHOCTU pacCcesHus OT YacTOTbl SIBNSieTCH
O4YEeHb BaXXHOW XapaKTepUCTUKON npwu
NPOEKTUPOBAHUMN BbICOKOYACTOTHBIX MarHUTHbIX
KOMMOHEHTOB.

Ecnu Bbl HabnogaeTe 3ameTHoe
N3MEHEHME BENNYUHBI MHOYKTUBHOCTU pacCcesiHuUs
Nno Mepe YBENMMYEHUS YacToTbl USMEPEHUS A0
3Ha4eHus paboyen YacToTbl NpeobpasoBaTens,
3TO rOBOPUT O TOM, YTO Bbl MONy4MTE
3Ha4YUTENbHLIE MOTEPU B TPaHcopmaTope
BcrneacTteue addekta 6nm3ocTu.

YepedoeaHue csioée 06MOMoOK
mpaHcgopmamopa

B Hegopormx n3genusax Mol BbIHYKAEHbI
BbIMOMHATE HAMOTKY NEPBUYHOM 1 BTOPUYHOW
0OMOTKM OTAENBHO U3-3a TpeboBaHU K 30NALNN
N HEXBATKN MeCTa AN U30NSLMUN KaXKOoro Cros.
OpHako, B ugeanbHOM TpaHcdopmaTope crou
NepPBUYHON N BTOPUYHON OOMOTKM AOMKHbI
YyepenoBaTbCs AN YMEHbLUEHUS HANPSKEHHOCTU
nonen N MUHUMM3auunM NOTEPb BCreacTBUE
adbdpekta 6nunsocTu.

OTHOCHUTENbHAs NNOTHOCTL ToKa (A)
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m Tok "B 3kpan"
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PucyHok 10. Pacnped Ie MOKO08 8 ¢ghopmamope
¢ odHocnoliHol emopuyHol u pazdenénHol nepeuyHol obMomioll

OTHOCHTENbHasA NNOTHOCTL TOKa (A)
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Croil 22N
TOPUYHa
CeppoeyHuk
BTropu4Has

‘:[ Tok "B aKkpaH"
Tok "u3 akpaHa"

PucyHok 9. PacnpedeneHue mokoe e nsamucnolHol nepeuyHol
u o0HocnolHol emopu4YHoll o6MomkKax mpaHcgphopmamopa

Ha PucyHke 10 noka3aHo kak pasgeneHue nepsuyHom
0BMOTKM Ha [iBE YacTW, HAaMaTbIBaeMbIX 40 W NOcne crost
BTOPUYHOM OOMOTKM, CNOCOBCTBYET YMEHbLUEHUIO MOTEPD B
TpaHchopmaTope.

Yepes kaxabl U3 Croés NepBUYHO 0OMOTKM Tenepb
npoTekaeT TOMNbKO NOSIOBMHA MOMHOTO TOKa, a NoTepu
Bcnencteune adpdbekta 6nm3ocTy Takme xe, Kak y
oaHocnorHon obmMoTkM. Takoe pelleHne No3BONSeT B
HECKOMbKO pa3 YMEHbLUUTb NOTEPU NO CPABHEHUIO C
BapMaHTOM CMEXHOro pacrnonoXeHusi Croés nepBUYHON
obMOTKM.

XOTs KOHCTPYKLMSA BTOPUYHON OBMOTKM OCTaéTcs
HEeM3MeHHON B paMKax paccMaTprMBaeMbIX MPMMEPOB, Npu
pasgeneHvun NnepBrMYHON 0OMOTKM MOTEPU BO BTOPUYHOM
Takke yMeHbLLaTCs, TaK Kak Tok byaeT pacnpenensitbcsi
paBHOMEPHO NO BHYTPEHHEWN N HAPY>KHOW NOBEPXHOCTU, YEM
OOCTUraeTcs 3HauMTeNbHO fydllee UCnonb3oBaHne obbEmMa
NpoBOOHUKA.

3aknrovyeHue
Mpwn aHanu3e nobbix pabdoT, NOCBALWEHHBIX OnpeaerieHnto

notepb BcneacTeme acdekrta 6rm3ocTu, HEM3MEHHO
0O4YeBNOHbLIM CTAHOBUTCS OAHO NMPOCTOE NPaBUno:

pacnonaranTe NPOBOAHWKM Ha yaaneHnn OT CUMbHbIX BbICOKOYACTOTHBIX MarHUTHbIX Nonen. [1ocTnyb 3TOro MOXHO
Heckonbknmmn cnocobamn. Hambonee npocTon U3 HAX — MUHMMN3NPOBATL KONMUYECTBO CMOEB. OTO Ype3BbIHaNHO
BaXXHO ANsi ApOCCENeN Co 3HaYNTENbHOW NepeMeHHON CoCcTaBnsoLLen Toka B 06MoTke. Ecnn KoHCTpyKuus
Jpoccens He NO3BONAET OrpaHUYNTLCS OOHUM CMOEM K3-3a TpebyeMoro Ymcna BUTKOB, criefyeT onTMMU3MPOoBaTh



TOMLWUHY NpoBoAa AN AOCTUXEHUS ONTUMAarbHOrO COOTHOLLEHWSI CONPOTUBIIEHUSA MO NEPEMEHHOMY TOKY K
aKTMBHOMY COMPOTUBIEHNIO OOMOTKM Npu 3agaHHoN hopme curHana. TouHbIX hopMyn ansa pacyéta
COMPOTUBIIEHNSI MO NEPEMEHHOMY TOKY He CyLlecTByeT BBMAY 60onbLoro pasHoobpasmnsa ¢opm curHana. Mol
peKkoMeHAyeM UCMONb30BaTb OCHOBHOE ypaBHEHWE onpeaeneHus notepb BeneacTeme adpdekta 6nmsoctn ans
HaxoXaeHus1 onTumManbsHoro 6anaHca Ans Ballen KOHCTPYKLUUN.

[nsa TpaHcopMaToOpOB peKOMEHAYETCS aHaNOrMYHbIA NOAX0A: CTapaTbCs OrPaHNYNBATLCS
OOHOCTONHBIMY 06MOTKaMK, a NPy HEBO3MOXXHOCTU 3TOrO CriealyeT nepemexaTb Cron NepBUYHON 0BMOTKM CrosAMM
BTOPWYHbIX 0BMOTOK. Ha npakTuke aTo He Bceraa AOCTMXKMMO NPU UCMONb30BaHUM TPaaMLMOHHbBIX METOA0B
MEXCIONHOM N30NALMKN 1M3-3a HEXBATKM 0GbEMa UMW [OPOroBU3HbI U3OMSALMOHHOMO MaTepuana.

lMnaHapHble TpaHchopMaTopbl HA OCHOBE cepaeydHukoB Tuna ELP Havunyywmm obpasom npucnocobneHsbl
ONsi opraHn3auum YepegoBaHnsi CNoEB 0OMOTOK. B kaxgom cnoe neyatHow nnatbl MOXeT ObITb PacnofioXXeHo
OrpaHN4YeHHOEe KONMYEeCTBO BUTKOB, MO3TOMY CurnoBble 06MOTKM TpaHcopmaTopoB npeobpasoBaTenen
HanpsHXeHUs1 pacrnornararoT, Kak NPaBuIo, B HECKOMbKMX COSX NeYaTHon nnaTel. 3To No3BonseT 3 eKTMBHO
YepegoBaTb CrOU OOMOTOK, pacnonarasi Ux B COCEAHUX CIosX nevyaTHomn nnatel. bygyun Hambonee
apheKTNBHBIMM, MaHapHbIe TPaHCHOPMATOPbl OCTATCA AOCTAaTOYHO AOPOrMMM U3-3a HeoBX0aMMOCTH
NCMONb30BaHUSA MHOMOCIIOMHbBIX MeYaTHbIX nnaTt. XoTs LeHbl Ha NiiaHapHble MarHMTONPOBOAbl 3HAYNTENBHO
CHU3UNUCb, 6ONBLLUMHCTBO NPOU3BOAUTENEN MMMYTMBbCHBLIX MCTOYHUKOB MUTAHUS HE MOTYT UCMOMb30BaTh NeYaTHble
nnatbl C YNCIIOM CNOéB Bornee AByX, NO3TOMY TPaAULMOHHbIE MAarHUTOMNPOBOAbI NO-NPEXHEMY OCTaKOTCS
3KOHOMMYeCKM Haubonee ahPeKTUBHLIMU.

CyLecTByeT MHOXECTBO ApPYrMX acrnekToB, CBA3aHHbIX C 3heKkToM 6Nn3ocTn, Takne Kak KpaeBou
ahdekT, MCKPUBNEHME NONA B 3a30pe MarHUTonpoBoaa, pasnuyHble hOpMbl CeYEHNsI NPOBOLAHUKOB, KOTOPbIE eLLé
bonee ycnoxHAT pa3paboTky. B nocneayowmx ctatbsax Mbl 3aTPOHEM HEKOTOPbLIE U3 3TUX TEM.



