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IInanupyemsie pesyabTaTsl 00yuyeHus mo OOII

Kon Pe3yabTart 00yueHust
pe3yJbTaTa

yHueepcaﬂbeze KomnemeHnyuu

CoBepIICHCTBOBATh M Pa3BUBATh CBOM MHTEIUICKTYaJIbHBIH M OOIIEKYIbTYpHBIH yPOBCHbD,
JOOMBaTBhCA HPABCTBEHHOTO M (DU3MUECKOTO COBEPIICHCTBOBAHHS CBOEH JIMYHOCTH,
00y4EeHHIO HOBBIM METOJAM HCCICIOBaHMSA, K M3MEHCHHIO HAyYHOTO W HaydHO-
MPOM3BOJICTBEHHOTO Npoduiis cBoei npodeccnoHaNbHOHN JesITeIbHOCTH.

CBOOOIHO MONB30BATHCS PYCCKMM M HMHOCTPAaHHBIM SI3BIKAMH KaK CPEJCTBOM JIEJIIOBOTO
001IeHNS1, CHOCOOHOCTBIO K aKTHBHOM COLIMAILHON MOOHMIBHOCTH.

P1

P2

Wcmonp30BaTh HAa TPAKTHKE HABHIKK W YMEHHS B  OpPraHM3aldé  HAy4YHO-
HCCIIEIOBATEIECKUX M TPOM3BOJACTBEHHBIX paboT, B YIPABICHAM KOJUICKTHBOM,
HCIIONB30BaTh 3HAHMS TIPABOBBIX M 3THYECKHUX HOPM TPH OIIEHKE IMOCIEACTBHI CBOEH
po¢eCCUOHATBHOM JCSITEIBHOCTH.

Hcnonb30BaTh MPENCTABIEHHE O METOMOJOTMYECKAX OCHOBAX HAYYHOTO TO3HAHUS U
TBOPYECTBA, POJIM HAYYHOH MH(OpMALNK B Pa3BUTUH HAYKH, TOTOBHOCTHIO BECTU paboTy
C TMPHUBJICYCHUEM COBPEMEHHBIX I/IH(bOpMaI_[I/IOHHI)IX TeXHOJ’IOFHﬁ, CUHTC3UPOBATL U
KPUTHUYECKH PE3IOMHUPOBATH HH()OPMAIIHIO.

P3

P4

HqubeCCUOHaﬂbele KomnemeHyuu

IIpumensaTs  yriyOJeHHbIE  €CTECTBEHHOHAyYHBIE, MaTeMaTW4ecKHe, COIMaIbHO-
9KOHOMHYECKHE M Npo(deccCHOHANbHBIE 3HAHMS B MEXKAWUCHUIUIMHAPHOM KOHTEKCTE B
WHHOBAIIMOHHON MHXCHEPHON MEeSATeTbHOCTHM B  OONACTH  AJIEKTPOIHEPTEeTHKH U
DJICKTPOTEXHHUKH.

CraBuTh M pelIaTh HHHOBALIMOHHBIE 3aJaydl MHXXEHEPHOTO aHaiu3a B 00JacTH
3JIEKTPOIHEPTETUKN U 3JICKTPOTEXHHUKU C HCIOJIB30BAaHUEM TIIyOOKHX (DyHIaMEHTaIbHBIX
U CHELHANbHBIX 3HAaHWH, aHAIUTHYECKHX METOAOB U CIIOKHBIX MOJENEH B YCIOBUSIX
HEOMPEECIEHHOCTH.

BbINOAHATE HMHJKEHEpPHBIE TPOEKTHl € MNPUMEHEHHEM OPHUIMHANBHBIX  METOJO0B
MIPOEKTUPOBAHUS JJISl TOCTHKEHUS HOBBIX PE3yJIbTAaTOB, 00ECIIEUNBAIOIINX KOHKYPEHTHbIC
IIPEUMYIIECTBA BJIEKTPOIHEPIETUYECKOT0 U BJIEKTPOTEXHUYECKOIO IPOM3BOIACTBA B
YCJIOBUSIX JKECTKUX 9KOHOMHUUYECKUX U 9KOJOTMYECKUX OrpaHUYEHUM.

[IpoBoANTs MHHOBALMOHHbBIE MHXXCHEPHBIE HCCIIEOBAHHUSA B 00JACTH HIICKTPOIHEPTETUKU
P8 U DJJEKTPOTEXHUKH, BKIIOUYas KPUTHMYECKUN  aHAIU3  JAaHHbIX U3  MHMPOBBIX

P5

Po6

P7

MH(OpPMAMOHHBIX PECYPCOB.

[IpoBOANTE TEXHHKO-KOHOMHUYECKOE OOOCHOBAHME IIPOEKTHBIX pEIICHHH; BBIOIHITH
OPraHU3aLHOHHO-TIIAHOBBIE PACYETHI 10 CO3AHUIO WIIM PEOPTaHM3ALNH TIPOU3BOICTBEHHBIX
P9 Y4YacTKOB, IUIAHMPOBaTh pabOTy mepcoHana M (OHMOB OIUIATHI TPyJa; ONpPENeNsTh M
obecrieunBaTh P PEeKTHBHBIE PEKUMBI TEXHOJIOTHYECKOT0 IpoIiecca.

[IpoBoaMTE MOHTAXKHBIC, PEryJIHPOBOYHBIC, HCIIBITATENIBHBIC, HalaJ04Hble pPaboThI
P10 AJIEKTPOIHEPTETHYECKOTO M ANEKTPOTEXHHUECKOI0 OO0OPYIOBaHMS, OOOPYIOBAaHUS IS
Hay4HO-9KCIIEpPUMEHTAIbHBIX UCCIIEIOBaHMH.

OcBauBaTh HOBOE JJIEKTPOIHEPTETHYECKOE M DIIEKTPOTEXHUYECKOe 000pyJoBaHHUE;
P11 NPOBEPSTh TEXHUYECKOE COCTOSHHE W OCTAaTOYHBIH pecypc o00OpynoBaHMS |
OPTaHU30BBIBATh MPODIIAKTHIECKUH OCMOTP U TEKYIIHUH PEMOHT.

PazpabatbiBaTh pabouyro MPOSKTHYIO W HAYYHO-TEXHUUECKYIO IOKYMEHTAIMIO B COOTBETCTBHHU
CO CTaHJapTaMH, TEXHWYECKMMH YCJIOBUSAMH W JAPYIMMH HOPMATHBHBIMH JIOKYMEHTaMHU;
OpraHU30BbIBATH METPOJIOTHYECKOe obecrieueHre AJEKTPOIHEPIETHIECKOTO u

P12
JMEKTPOTEXHNYECKOTO  OOOpY/OBAaHMS;  COCTAaBIATH  OMNEPaTHBHYIO  JOKYMEHTAIMIO,
MPEYCMOTPEHHYIO TIPABHJIAMH TEXHHYECKOM AKCIUTyaTalii OOOpYHOBAaHMS W OpPTaHM3AIH
paboTsI.
Vkazanel koabl komnereHuui mno PI'OC (manpasnenue 140400 — DnekTposHepreTHKa W DIEKTPOTEXHUKA),

yrBepxkaeHHoMy [Ipukazom MununcrepcrBa oOpazoBanust u Hayku P 08.12.2009 .
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UccnenoBanue 23HEPTeTUUECKUX XaPAKTEPUCTUK CUCTEMbI OECITPOBOHOM 3aps KU
AIEKTPOMOOMIIS

YTBepxkaeHa MPUKA30M JTUPEKTOpa (1aTa, HOMEP)

Cpok criauu CTYJIEHTOM BBIMIOJTHEHHON paOOTHI:

TEXHUYECKOE 3AJIAHUE:

Hcxonnblie 1aHHbIE K padoTe

(Haumenosanue 0Ovekma  UCCICO0BAHUSL  ULU Vccnenosanne GecripoBOAHOM Mepe/jaun SHEPruu JUist
npoexmuposanus;  npoussodumensnocms  wi | 3APSIAKA  dyekTpomoOmist.  IlpomssexmeH  0030p
Hazpyska;  pesicum  pabomwl  (Henpepuignoiil, | CYIICCTBYIOINX MCTOI0B OecripoBOJHON Nepeaadn
nepuoouyecKkull, Yukaiuieckui u m. 0.); 6uo colpvs | SHECPIruu. O0BeKkTOM HcCiIcaoBaHusI SBIISIOTCSA

Unu Mamepuan uzoenus, mpebosanusi K npooyKmy,
usoenuro uau nmpoyeccy, ocodvie mpebo8aHusi K
ocobennocmam PYHKYUOHUPOBAHUSL
(aKcnayamayuu) obvekma unu uzoenus 8 NidaHe
bezonacHocmu  9KCHIyamayuu,
cpedy,
IKOHOMUYECKUL AHATU3 U M. 0.).

GIUSTHUA HA

OKPYACAIOU)IO 9Hep203ampamam;

nepeaame KaTymku. B pabote npousBeaeH pacyer
KaTyllek, coOpaHa OJKCIEpUMEHTaJbHasi YCTaHOBKA,
IIPOBEJEHBI OIBITHI HA YCTAaHOBKE M PAacCMOTPEHBI
pe3yJIbTaThl UCCIIEIOBAHUS.




IlepeyeHnb moaJIeKANUX UCCIETOBAHNIO,

NMPOEKTHPOBAHUIO u pa3padorke
BONPOCOB
(ananumuueckuii  0630p NO  AUMEPAMYPHBIM

UCMOYHUKAM C Yebl0 BbISACHEHUS OOCIMUINCCHU
MUPOBOU HAYKU MEXHUKU 6 pPACCMAMpUeaemot
obracmu; RNOCMAHOBKA 3A0a4u  UCCAEO0B8AHUS,
nPOEeKMupOBaHs., KOHCMPYUPOBAHUSL;

cooepoicanue npoyeoypul UCCcIe008aHus,

NPOEeKMUpPOBAHUs, KOHCMPYUPOBAHUSL,
obcyarcoenue pe3yibmanos blNOIHEHHOU pabombl,;
pazoenos,

3AdKJIl04YeHue

HAaumeHoearue O0ONONHUMENILHBIX

noonexcawux — paspabomke; no

pabome).

TuTynbHbIA TUCT

3ariaHUpOBaHHBIE Pe3yJIbTaThl 00y4YeHHs 0 IporpaMmMe

3amanue

Pedepar

[lepeuens cokpaiieHwii B a1)aBUTHOM TTOPSIKE

BBenenue

O0630p nHuTEpaTypHI

OOBeKT 1 MeToIbI HccnenoBanus. Onucanne pa3iInyHbIX BHIOB
6ecripoBOIHOM Mepeauu YHEPTUU.

AHanuTuKa (@HaJMTHYECKHH 0030p, TEOPETUYECKHH aHalu3,
MPOBEICHUE IKCIIEPUMEHTOB)

@®uHaHCOBBII ~ MEHEDKMEHT,  Pecypcod(d(PEeKTUBHOCTE U
pecypcocOepexeHne

CounanbHasi OTBETCTBEHHOCTh

3aKnoueHue

CHHCOK NCTIONIB30BaHHBIX HCTOYHHUKOB

IIpunoxenust

Ilepeyens rpadguueckoro marepuasa

I'padmueckuii MaTepuan B NPUIOKESHUSIX OTCYTCTBYET, Tak KaK

BCE CXCMbI ITPUBECICHLI B MaFI/ICTepCKOI\/II Auccepraguu

KoHncyabTaHThI 10 pa3ieaM BbIYCKHOM KBATH(PUKALNOHHO PadoThI

Pazgen

KoncyabTant

COL[I/IaJ'IbHaH OTBCTCTBCHHOCTDH

JamkoBckuii A.I'.

DuHaHCOBBIM MEHEIPKMEHT,
pecypcodhHEeKTUBHOCTD U
pecypcocbepexenne

Ky3pmuna H.I'.

Ha3zBanus pa3aeiioB, KOTOPbLIC MOJKHbI ObITHL HANHMCAHBLI HA PYCCKOM W HHOCTPAHHOM

A3bIKAX:

Beenenne, 0030p auTepaTyphl, pacueThl M aHATUTHKA, PE3YyJbTaThl MPOBEIECHHOTO HCCIeN0BaHuUs, (HPMHAHCOBBIN

MCHC/KMECHT, CollalibHass OTBETCTBCHHOCTD, 3aK/IFOUCHUEC HAITMCaHbl HA PYCCKOM SA3bIKE.

B TpHIOKEHHHM MAarucTepcKoil IMCCepTallMM YKa3aHO IPHIOKCHHE Ha HHOCTpaHHOM s3bike: Wireless power

transmission by satellites to Earth, using high
electromagnetic resonance method.

power lasers and a photovoltaic cavity converter and using

Jlara BbIIaYH 3aaHusA Ha

KBATU(PUKAIUOHHOM PadoThI 10 JUHeHHOMY rpauKy

BBINIOJTHCHHC

BBINIYCKHOM

3ananue Bb11aJ1 PYKOBOAUTE/Ib:

JI0/KHOCTD dUO Yuenas crenent, Moanucn Jlata
3BaHHE
A.T.H.
[Tpodeccop kad. III20 3aBbsioB B.M.
3aiaHue NPUHSJ K MCIIOJTHEHUIO CTYAEHT:
I'pynna PUO Moamuce Jara
SITM5A KpsimoB Buktop Hukonaesuu




Pedepar

Brimycknas kBanmudukanroHHas paborta, coctosimas u3 118 crpanum, 37

pucyHkoB, 16 Tabmmir, 40 hopmy, 22 UCTOYHUKOB M OJHOTO TPUIIOKCHHS.

KirodeBble  ciioBa:  OecrpoBOjmHAsi — Iepegada  dHEPIHH,  PE30HAHC,

QJICKTPOMAIrHUTHOC II0JIC, KaTYyIIKa, 3JI€KTpOMO6I/IJ'IB.

[lear pa®OTBl — CO3/1aHWE YCTAHOBKM IJisl WM3y4YeHUs OECIPOBOJHOM 3apsKH
aJeKTpoMOOMIIA.  BpisiBieHne mnpoOjieM JaHHOTO  HCCENOBaHUS U IOJACYET

3 PEKTUBHOCTH.

B npouecce uccneqoBaHusl MPOBOJMICS AHATUTUYECKUN 0030p JIUTEPATYpPHBIX
UCTOYHHUKOB II0 TeMaTHKe HuccienoBanus. Halinensl HanOosee MOAXoAsIIne CIoCOObI
JUTSL U3YYEeHHUs] OECIIPOBOJHOM NEpelayu SHEPTUU B pamkax jgadbopatopuu. OnpeaeseHbl
napameTpbl 1 (opma KaTyliek Haubosee noaxoAsuire s ucciaeaopanus. [IpoBeaeHsl
OMBITHl IO HCCJIENOBaHUIO (DAKTOPOB BIMSIONIMX Ha pabOTy CHUCTEMbl U CHATHI

nokaszarenu 3O PEeKTUBHOCTb.

Crenenp BHeapenus. IIpoBenenue IIPAKTUYECKUX HCCIEAOBAHUM IO
OecrpoBOIHOM TIepeaauy SHEPTUU ATy T MOJI0KUTEIbHBIC PE3YIbTaThl U BO3MOXKHOCTh

YBEIMYHUBATh 3P(HEKTUBHOCTH MEPEIayi SHEPTUU U YBEJIIMUEHUE PACCTOSHUS MepeadH.

OO6nactp TmpuUMEHEHHUs. OHepreTuka. MeaunuHa. DIJEKTpoHUKA. belToBas

TCXHHKA.

3HaunMocTh paboThl. CuctemMa OeCIpoOBOTHON 3apSAKU DJIEKTPOMOOUIIS MOXKET
MPUMEHATHCS HE TOJIBKO JJIsl 3apsja aBTOMOOWIIeH, HO W B Apyrux cdepax. JlanHas
CHUCTEMa TTO3BOJIUT YUTH OT MPUBBIYHBIX IS JIFOJICH OOJIBIIIOTO KOJUYECTBA TIPOBOIOB M
obOneryut ku3Hb dYenoBeka. C DKOHOMHYECKOW TOYKH 3pEHUS, CHUCTEMa, TpHU
COBEpIIICHCTBOBAHWN OCCTIPOBOIHON TMepeaadyd B OyAyleM, IO3BOJUT COKPATHTh

3aTpaThbl Ha TOKOIIPOBOIAIIUX KHUJIAX.
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BBenenue

becnipoBoiHas mepenada SHEPrMM — Iepefavya 3HEpruu 0e3 HMCHOJIb30BAHMS
TOKOIIPOBOJAIIMX KUJ B AnekTpudyeckor nenu. K 2017 roay cymecTByroT ycremHsie
ONBITBI MHOTMX YYe€HbIX MUpa. OQUH M3 yCHEHIHBIX OIBITOB IO IE€peAadyd dHEPrUuu
MOIITHOCTBIO O0Jiee ECATKOB KHUJIOBATT B MUKPOBOJHOBOM nuarazone ¢ KIIJ[ okomo
40 % — B 1975 rony B Goldstone, Kanudopuus u B 1997 B Grand Bassin Ha ocTpoBe
PetonboH (Ha paccrosHue ©Oojee  KWIOMETpa, MCCIeAOBaHUA B  00JacTH
HSHEProCHA0XKEHHSI YIAJICHHOIO HACEJIEHHOrO0 IyHKTa 0€3 MpPOKIAJKH KaOelbHON

AIIEKTPOCETH).

becripoBomHas mnepegaya  JIHEPrUM  MOXKET OCYIIECTBISITECS  PA3JIUYHBIMU

criocooamu:

- UHAYKITUOHHBIA (HEOOJIBIIIME PACCTOSHUS W OTHOCHUTEIBHO Mallble
MOITHOCTH);
- PE30HAHCHBIHN (0ECKOHTAKTHBIE CMAPT-KapPThl U YHUIIBI);

- HarpaBJeHHbIN 37eKTpoMarHuTHbIN (YD nznyyenue no CBY).

becripoBogHas mepemaya  JHEPruM  SABISUIACh  MPEAMETOM  JUIMTENBHBIX
00CYXJIeHHI TIOCIIeITHUE HECKOJbKO necatuieTuil. Ocoboe BHUMaHWE MEePBOHAYAIBHO
yACISUIM  TIepefadye CBEPXMOIIHON PHEPruM Ha OOJIbIINE PACCTOSHUS MPU MTOMOIIN
CBUY uznyyenus (B NepBy0 o4epenb JUisl Mepeiadd KOCMUYECKON COTHEUHOW YHEPTHUH
U IS DJICKTPONUTAHUS TPYAHOMOCTYIHBIX WM 3a0pOIIEHHBIX palOHOB), a TaKXKe
yACJSUIM BHUMaHHUE Tepe/ladyd MaJIOMOIIHOM DHEPruM Ha Majble pacCTOSHUS (IJis
OEeCIpOBOHON CHUCTEMBl TOTPEOJICHHS DJIEKTPOIHEPTUU W JJIS HCIOJIb30BAHUS B

MEJIUIINHE).

HccnenoBanust ¥ pa3pabOTKU CBsI3aHHBbIE ¢ OECIPOBOAHOW Mepenauei dHEpruu

MMpCACTAaBJICHbI HWKC B BHJC CIIHMCK4, II0 KOTOPOMY BHIHO, YTO HCCICAOBAHHA H
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pa3pabOTKu B AAaHHOW 00JIaCTM HAYaJIUCh OYE€Hb JaBHO. [lepBble 3KCIIEPUMEHTHI 10

nepeaade dHeprun ObuTH poseaeHbl Hukomoit Tecno B 1899.

1864 — JIxeitmc MakcBeT CIpOrHO3UPOBAJT CYIIECTBOBAHUE PATHOBOIIH;

1884 — JIxou Iloittuar npuayman Bexktop [loiiTHra (BEeKTOp MOTOKA YHEPTHH)
JUTSL TOTO, YTOOBI OMPEAEIATh KOJTUYECTBO IJIEKTPOMArHUTHON SHEPTUU.

1888 — I'empux I'epTil SKCHEPUMEHTAIBHBIM IyTEM JOKa3al CYIIECTBOBAHUE
PaJNOBOJIH;

1899 — Mapuuc Mapkonu u Permnanpan decoaH uzo0penu OECIPOBOIHYIO
CUCTEMY CBSI3H ITOCPEIACTBOM PaJNOBOIIH;

1856-1943 — Huxona Tecna mpoBen mepBbie IKCIIEPUMEHTHI 10 OECIPOBOIHOMN
nepenavye SHEPTuu;

1889 — mepBas OecmpoBojgHAs TEIEKOMMYHHUKalMOHHas OamHs BopaeHkmud
obLa npencraBinena Hukomnoit Tecna.

Bropas wmupoBas BoilHa — uU300peTeH MpeoOpa3oBaTelib MHKPOBOJIHOBOM
SHEPTUH;

1964 — Bunbesm bpaitH Hadanm mepBble HAYYHO-HCCIICIOBATEIBCKAE U OIMBITHO-
KOHCTPYKTOpPCKHUE paboThl Haj niepeaadeit snepruu Ha CBY;

1940-50e — Obu1 TOCTpOEH (HOTOINEKTPUUECKUIN TTpeoOpa30BaTEeb;

1958 — ObLT IpenIoKEeH aMePUKAHCKHM CITyTHUK COJTHEYHOM SHEPTHUH;

1968 — ITurtep ['neiizep MpeaIoKII CUCTEMY COTHEYHBIX CITyTHUKOB,;

1978- 1981 — Obuta moATBEpIXKAEHA MpPOTpaMMa MHUHUCTEPCTBA DHEPTETUKHU
CIIA;

1980e — ObLa 3amylieHa cucTeMa SITOHCKUX CITYTHUKOB;

1987 — Hauancs KaHaJCKU TPOEKT;

1995 — HACA noaTBepuiiu HOBBIN MOAXOJ] K COJTHEYHON YHEPTUH;

1999 — mnoaTBepamiics TECTOBBIM 3aMyCK KOCMHUYECKOTO 3JEKTPUUECKOTO

ABUTATCIIA,
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2012 — 3amymeH KdTaWckuid mTpoekT (ObUIO MpoBeAeHO 2  KPYIHBIX
rOCy/IapCTBEHHBIX COOpPaHMS M IO MX pe3yJbTaTaM IOJIUCAHbl IPAaBUTEIbCTBEHHBIE
JOKYMEHTBHI);

2025 — oxxugaeTcs IeMOHCTpAIUs HU3KOOIOIXKETHOTO BapUaHTa.

becripoBogHyto nmepenayy SHEPruM MOXKHO OCYLIECTBIIATH  Pa3IMYHBIMU
crioco0amMu, KOTOpbIE PAcCMOTPEHbI B 0030pe JIMTepaTypbl B JaHHOM JuccepTaluu.
bonee peranmpHOE paccMOTpeHHME M pacueThl NPEACTaBICHbI ISl OECHpPOBOIHOM
nepeJaud SHEpPruM 3JEKTPOMArHUTHBIM CIIOCOOOM Ui 3apsAdKd  3JIEKTPOMOOWIIS.
JanHblil MeTo 0o0Jiee SKOHOMHYEH U OTHOCUTENBHO JIETKO OCYUIECTBUM, B CPABHEHUU
C ApyTMMHU MeToAaMU. Pe30HAHCHBIN METOJ] IO UCCIIEOBAaHUIO OECTIPOBOIHON 3apsiiKU
ANEKTPOMOOMIISI  MOXET  I[IMPOKO  HCIOJIb30BAaTbCS B pa3iM4HBIX  cdepax

IMPOMBIIIJIICHHOCTH, MCAWTTUHEC U T.II.
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1. ECCHPOBOI{HaH nmepeaavda COJIHEYHOM IHEPTUA CMIYTHUKOM Ha 3eMJ'lIO, 3a

cuer CBY n3nyvyenus

Pannue wuccnenoBaHus U pa3pabOTKU CUCTEMbI OECIpOBOJHOM Iepenayu
CBEPXMOILHON SHEpruu Ha OOJbIINE PACCTOSHUS OBUIM MPEJIOKEHBI ISl CUCTEMBI
MOIIIHBIX COJHEYHBIX CIYTHHKOB M MX HCIOJIb30BaHUA sl OECIPOBOJHOM NEpenayu
BBICOKOMOIIIHOM 3HEPTUHU Ha 3€MJII0, KaK I0Ka3aHo Ha pucyHke 1. bblio mpenioxkeHo 2

BHAA IICPpCHAYN:

- [lepenaya 3a cuet pacpocTpaHEHUE CBEPXBBICOKOYACTOTHBIX BOJIH;

- Hepenaqa 3a CUYCT paCIIPpOCTPAHCHUC OIITHUYCCKOT'O UJIN JIA3CPHOI'O U3JIYYCHHA.

N3-3a 60ap1IMX OTEPH NPHU MIEpEAAUE J1a3epOM BO BpeEMsl TYMAHOB WJIU JOK/EH,
OT MEXaHU3Ma PacIpOCTPAHEHUS JIA3€PHOI0 U3ITyYEHUs OTKA3aJIUCh, U paCCMaTPUBAIICS

crroco6 OecrpoBoHOM TIepeaadu dHeprun Ha 3emutio 3a cuer CBY usnydeHusl.

Pucynok 1 — Unmtoctpaiiyisi KOCMHYECKOTO CITyTHUKA AJIEKTPOCTAHIIUU

COJIHEYHOM DHEPTUU

I[JISI CymeCTBOBaHUA I[aHHOﬁ NJICcHu Imnepcaadun COJIHEYHOM OHCPIruu CIIyTHHUKaMH,

HE00X0UMO, YTOOBI CUCTEMa 00J1aana CIeyIOIUMU XapaKTepUCTUKaAMHU:
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- HU3KO€ PACIIOJIO0KEHUE CITyTHUKOB;

- paboTa MpH JIIOOBIX MOTOJIHBIX YCIOBHSIX;
- CKJIaJIHas aHT€HHA Ha CITyTHUKE;

- POU3BOJICTBO BHICOKOW MOIIHOCTH;

- CUCTEMA HyHBCOBOfI BOJIHBI, AJIs UCIIOJIB30BaHHS B BOCHHBIX LICJIAAX U CUCTEMaA
ITOCTOSAHHBIX ITYJIbCOBBIX BOJIH JIIA BI)Ipa6OTKI/I HpHpOHOC6€p€FaIOIH€ﬁ,

BO300HOBJISIEMOM SHEPTHH.

1.1. Buausinue atMocdepbl HIH OKHO TPO3PAYHOCTH HOHOChEPHI

JUist TOro 4to0bl MOCTPOUTH TaKyl CUCTEMY, HEOOXOAMMO ONPENEITUTh
pabouyr0 YacTOTy MHKPOBOJH, KOTOpbIE HPOXOAAT uepe3 armocdepy. B
HKCIIEPUMEHTAX HMCTOJIb30BaNM J1Be 4acToThl — 2.45 [Ty u 5.8 I'Ty. Ognako, Oonee
JEeTaIbHOE HCCIeI0BaHUE HEOOXOAUMO ISl TOrO, YTOObI ONpPENeNUTh CHEKTP 4acTOT
WJIA OKHO MPO3PavyHOCTU HOHOC(hEPHI, 32 CYET KOTOPHIX MUKPOBOJIHBI MOT'YT IIPOXOUTh
yepe3 atMocdepy, | Mpu 3ToM HoHochepa He OyJeT HOHU3UPOBATHCS U (HOPMUPOBATH
3arpakaaronmii cinoit. D heKTsl, u3-3a CI0sI 0CATKOB U TPONocQepsbl, TAK)KE BAXKHBI U
JOJIKHBI OBITH B3SIThl BO BHUMaHHUE MPU pacCMOTpeHun cuctemsl. B 1978 rogy monens
anekTpuueckoro HarpeBa Ilepkunca u PoyOena Bbi3Baia O€CIOKONHCTBA OTHOCUTEIBHO
BO3/CCTBUSI Ha HOHOC(epy. XOoTs HCcleoBaHHE ObUIO MPOBEACHO U IMOIYYEHO
HEMAJIO MOJIE3HBIX PE3YNIbTATOB, BCE K€ TpeOyeTcs 0O0JIbIle UCCIEIOBAHUM HA 3Ty TEMY,

B BUAY NTOCTOAHHOT'O U3MCHCHUA aTMOC(bepr.

1.2. T'eHepupoBaHMe U3Ty4eHHS BbICOKOI MOIIIHOCTH

BripaboTka dSHEprud BBICOKOM MOIIMHOCTH SBISAETCS OJHOM M3 TJIABHBIX
OTHpPABHBIX TOYEK JJIA MCCIAEAOBAaHUS W pa3pabOTKH, KOTOpPHIE JIOHKHBI OBIThH

IMPOBCACHBI. OOBIYHO HCIIOJIB3YIOTCA JBa BHUIAA H3JIy4daTClIA BBICOKOM MOIIIHOCTH,
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nepBblil — 31eKkTpoHHbIH CBY-mipubop, BTOpOl — MOMYNPOBOJHUKOBBIA YCUIIMTEIb.
MHEKpPOBOHOBBI TeHepaTop/yCUIUTENh HMEET Pa3IH4YHbIC DIICKTPUYCCKUE 3apsibl.
OnexktpoHHbld CBY-ipubop MOKET NPOU3BOAUTh U YCHIINBATh MHUKPOBOJHBI BHICOKOM
MOIITHOCTH (CBEpX xBm), TpW 3aJaHHOM BBICOKOM HampsDKeHUW (CBepx kB).
[TonynnpOBOIHUKOBBIM ~ yCHJIMTENb MOXKET OOECHEeUrMBATh MHUKPOBOJHBI  MaJloi
morHocTH (MeHbie 100 Bm) mpu 3aaHHOM HU3KOM HamnpspkeHun (Hmwke /5 B), HO 3To
goporo. XOTs  HWAET HeMajlo  OOCYXJIEHUM  KacaTelbHO  3(P(EKTUBHOCTH
reiepaTopa/ycunutens, B oOuieMm siekTpoHHbli CBY-mpubop wumeer Oo0bLIyIO
s dextuBHOCTh (BBIIE 70%), a MOTYNPOBOJHUKOBBIM YCHIWTENh WMEET MEHBIIYIO

s¢pdextuBHOCTL (MeHee 50%).

1.3. Hepenamume U MPUEMHBIC aHTCHHBbI

[lepenaroiast aHTeHHa U aHTEHHAsl pelleTKa, Tpedyemble NI Nepeadl SHePruu
BBICOKOM MOIITHOCTH Ha OOJIBIIINE PACCTOSTHUS, JODKHBI OBITH C OOJIBIINM YCHUICHHUEM,
BECbMa HHU3KUMU OOKOBBIMH M 33aJHUMH JICIECTKAMHU JAMArpaMMbl HANpPaBICHHOCTH.
Takxke, >kenareabHO, YTOO Ha JIETIECTKAX AHTEHHBI OBLIM CKAaHUPYIOIINE PETUCTPHI.
Heckonbko pa3HBIX aHTEHH MOTYT OBITH YCTaHOBIEHBI ISl CUCTEMBI OECIPOBOIHOM
nepeJadyu SHEPruu, HalpuMep, aHTCHHA TUIAa «BOJHOBOW KaHaj», PyNoOpHas aHTEHHA,
napabosinyeckas 3epKajibHas aHTEHHA, MHKpPO-TIOJIOCKOBas aHTEHHA, (ha3upoBaHHAs
aHTEHHAas PeUIeTKa WM HECKOJIbKO JIPYTHX BUAOB aHTEHH. [ Toro, 4ToObI JenecTku
ObUIM y3KMMH, a caMa aHTeHHa ObUla C BBICOKMM YCWJICHHEM [UIsl CHCTEMBI
OecnpoBOAHOW Mepeayd >HEPruM, OOBIYHO BHIOMPAIOT OOJBIIYI0 MapabOIMYECKyIO
aHTEHHY WJIM OOJBIION psij IIeNeBbIX aHTeHH. JJig TOro 4toObl aHTEHHBIE PEIIETKH
ObUIM JIETKUMH, CKJIQJHBIMH ¥ PAaBHOYTOJBHBIMH, XOPOILIO TMOAXOAST MHKpPO-

ITOJIOCKOBBLIC AaHTCHHBI, XOTs YCHUJICHHUC HE BLICOKOC.

HpI/IeMHaﬂ AHTCHHA-BBIIIPAMUTCIIb OTHOCHUTBCA K AHTCHHaM C

BBIIIPAMIIAIOIMUMUCA 4YaCTsAMM  OJI1  IOJYYCHHUSA W HCIPABJICHHA MHKPOBOJIIH B
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Nepearonieil yacTh BCEMl cucTeMbl OecnpoBOOHON mepeaaun 3Hepruu. [losTomy,
AHTEHHA-BBIIPSAMUTEIb WM AHTEHHAa CO BCTPOCHHBIMH BBIIPSIMUTENSAMHU, SIBISETCS
BA)KHOM YacCThIO CUCTEMBI, U JEHCTBUE aHTCHH-BBIIPAMUTENIEH 3HAUYUTEIBHO BIMSET Ha
KIIJI mpeoOpa3zoBanusi wHBepTopa W Ha obOmmit KIIJ[ cucrembr OecrnpoBomHOMN
nepenaud. IlpeanoyrurenbHa HeNMHENWHAs MpUEMHAs aHTEHHas pelieTka u ee (opma
JOJHKHA OBITH ONTHUMAJIBHOW JI JOCTHMKCHHS HAUIYYIIETO MprHeMa MUKPOBOJIHOBOM

OHCPIrun.

1.4, DaekTpoMarHUTHbIE IOMEXU OTHOCHTEIbHO CYLIECTBYIOIIMX

0eCcnpoOBOAHBIX CUCTEM

Cchutasich Ha JUTEPATYPY, CYIIECTBYIOIIME CHUCTEMBI OCCIIPOBOJHOMN Iepemaadn
SHEPTUU Ha OOJIBIINE PACCTOSIHHS paOOTArOT Ha JABYX CBEPXBBICOKHX YAaCTOTaX, OKOJIO
2,45 I'Ty wm 582 [ITy. Otn nBe paboune YacTOTHl yKe OBbUIM BBIJICICHBI B
perJIaMeHTe PaTuoCBsI3u B MEXIyHAPOTHOM COI03€ PAJAMOCBSI3N JIJIT MHOTHX CITyx0. B
TO >K€ BpEMs, OHM TaK)X€ HA3HAYaIOTCS I MEAUIIMHCKOTO U TPOMBIILIEHHOTO
NPUMEHEHHUs, Hampumep, dactora 2,45 [Ty ucmnonb3yercs IS JOKATbHBIX CETeH U
MHUKPOBOJHOBOK, a 5,8 /7Yy 4YacTo MCHOJB3YeTCS B Pa3IMYHBIX OOJACTAX, TAKMX Kak
pPaaNoNIOKAIIMOHHAs CITY>K0a U KPaTKOCPOYHBIE CIIEIUATBHO BBIJICTICHHBIC JIMHUH CBS3U.
ITo stoii nmpuurHe, 3QPEKT FTEKTPOMArHUTHOM COBMECTUMOCTH U TIOMEX Ha 3TUX JABYX
yacToTax CTaldM aKTyaJlbHOM TeMOW [uisi oO0CyxaeHus, u TpeOyercsa Ooblie
WCCIICOBAHUM [IJIT TOTO, YTOOBI TMONY4YUTh (U3UYECKOE TMOHWMAaHHUE MPoOIeM
ANIEKTPOMArHUTHON COYETAEMOCTH M DJICKTPOMArHUTHBIX MOMEX W MHHHMH3HUPOBATh

OTH ITIOMCXHU.

1.5. DBuojgorndeckoe Bo3AeiCTBHE HA TKAHM YEJI0BEKA U )KMBOTHBIX

OOmuit myOaMYHBIN MHTEpEC K mepeaade MUKPOBOJH BBICOKOW MOIIHOCTH M3

KOCMOca Ha 3eMII0 O6YCJ'IOBJ'ICH OITIaCHOCTBIO, KOTOPYIO OHHU MPCACTABIAIOT JJIA TKaHEH
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yesoBeka U )kUBOTHBIX. C 1950 rona, MHOXKECTBO TOKYMEHTOB ObLIN OMYOJIMKOBAHBI 11O
TeMe OMOJIOTMYECKOT0 BO3ACHCTBUS MUKPOBOJIH Ha Onocdepy. Hayunbie uccnenoBanus
HaIlpaBJEHbl Ha JBA aCIIEKTa, NEPBBbI — HArpeB YeJIOBEYECKOIO TeJa, MOABEPIILIEro
Bo3jeiicTBui0 CBY-uznyueHus, BTOpoi — OMOJIOTUYECKOE BO3/ICUCTBUE HA pa3pyILICHHE
JHK. OrtHocuTenbHBIA mpeaen o0iydeHus, 3aQUKCUpPOBAHHBIA B CTaHJIApTax
HNHCTUTYTa MHXXEHEPOB AJIEKTPOTEXHUKU M AJICKTPOHUKU Mpu vactote 2,45 [Ty wumm
5,82 I'Ty, cocraBnser 81,6 Bm/v® u 100 Bm/m* B cpeadem 3a 6 MuHyT, u 16,3 unu 38,7
Bm\w® B cpemtem 3a 30 MUHYT. DTOT YpOBEHb HAMHOTO HHIKE, €CIIH CPABHUBATH CO
CpEOIHUM YpPOBHEM COJHEYHOM paauaunu B 1000 Bm/m®. Tlo mnoacderaM u
3aKJIFOUEHUSM MOXHO CJIelaTh BBIBOJ, YTO MUKPOBOJHOBOE OOJIy4€HHUE YEIOBEYECKOTO
TeJa U )KUBOTHBIX CXOX 10 CBOEMY BIIMSHUIO Ha JIyHHBIN cBeT. Hewmano 3asBieHuii no
MOBOJIy MAaJOAKTUBHBIX HETEIUIOBBIX BO3JACHCTBHI OHU KaXXyTCsl HU3KOTEMIIEpATyp-
HBIMH U O€30MaCHBIMH B CpaBHEHHU C TIOJYYCHHBIMU M CMOJEIMPOBAHHBIMU
pe3ynbTaTamMu. Tak e CYLECTBYeT MHEHHE, YTO JOJIOCPOYHOE BO3CHCTBUE BOJIH
HU3KOM aKTUBHOCTH MOYET ObITh HEOE30MaCHBIM U MOKET BbI3BaTh OHKO3a00JIEBaHUSI.
OpnHako, 13-3a 00JIBILIOTO KOJIMYECTBA HESICHOCTEH, NCCIEA0BaHMs TAKOIO POJia BCE €Ile
MPOJIOJDKAIOTCS M HYXKJAIOTCSI B KOMIUIEKCHOM AaHAJIM3€ M JKCIEPUMEHTaxX [0

OMOJIOTHYECKUM BOBI[GI;'ICTBI/IHM.

[TpoBOIMINCH AKCTIEPUMEHTABHBIE TECThI, B KOTOPBIX H3Yy4alW BO3CHCTBHE
MUKpPOBOJHOBOW paJyallid Ha TTHI] JUIsI TOTO, YTOOBI MPOBEPUTH TaK Ha3bIBAEMBIi
«ddekr cropesmieit nTuib» Ha yactore 2,45 I Ty. B uccnenoBanusx 3auKCUpOBaHO
ciaboe TerIoBOe BO3JCHCTBHUE, W CIEIAaH BBIBOJ, UYTO TEIJIOBOE BO3JECHCTBUE JOIKHO
n3zberatbcs. KpymHble NTHIBI OOBIYHO WCIBITHIBAIOT OOJIBIIIE TEIIOBOTO CTpecca, YeM
NTHUIEI TOMEHbIe. OOIIMM BBIBOJIOM O OMOJIOTHYECKOM BO3JCHCTBUM SBIISIETCS TO, YTO
MUKPOBOJHOBOE M3JIydeHHE OOBIYHO O€3BpEIHO, 32 MCKIIOYCHHUEM CIy4aeB CHIBHOTO

H3JIYYCHHA, HAMHOTO ITPCBBIMAIOIICTO CYHICCTBYIOIIUC ITPCACII OGJ’IyLICHI/I?I.
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2.  BecnpoBoaHasi mepegaya SHepPruM, NP NOMOIIH Jia3epa U

()0TOdIEKTPUYECKOTO Peodpa3oBaTelisi

PowerSphere (PS) — 5310  BBICOKOA(pdEKTHBHAS  (OTOIICKTpUICCKAS
npeooOpasoBarenbHas kamepa (PVCC), Haxopmsmascs Ha cTaadd pa3pabOTKw,
MpeaHa3HadeHHas 71 OECIPOBOJIHON TEpeladd SHEPTHH WU JIA3€PHOTO M3TydaTess
morHocTH (Laser Power Beaming). lleneBoit jauarma3oH MOIIHOCTH COCTaBJsE€T OT
1 kBm no 100 xBm. B kauecTBe NMpuUEeMHUKA HCHOIB3YETCS MOAUDUIIUPOBAHHBIN

conueunbiii PVCC, ocHaleHHBIH epe1oBEIMI KPEMHUEBBIMU KIETKaMH.

PowerSphere sBnsieTrcss pa3sHOBUAHOCTBIO  (DOTORJICKTPUUYCCKON TpeoOpaso-
BaTEJIbHON KaMephl Uil COJIHEUHBIX CHUCTEM, KOTOpas Oblia pa3paboTaHa B paMKax
Heckonbkux DOE/NREL cyOkoHTpakToB U rpanToB KanmpopHUitcKol SHEPTeTHIECKOM
komuccreil. COOTBETCTBYIOIIME HCCIENOBAaHUS MOKA3aJId, YTO CUCTEMa M3 YEThIpeX
Pa3IMYHBIX KJIETOYHBIX MaTepUaOB, C COBMAJAIOUIMMH 3alpPEIICHHBIMA 30HAMH U

COTPSDKEHHBIX (DUIBTPOB, MOKHO A00UTHCA 3 dekTuBHOCTH TpeodpazoBanus ~ 50%

@500xAML1.5.

HccnenoBanusi MPOTHO3UPYIOT, YTO cdepa, HACTPOCHHAs Ha OJHY YacTOTy
Nd:YAG nasepa U OCHallIeHHass TOYHO HACTPOCHHBIMH (TOYHOCTH IIMPHUHBI
3anpemienHoil 30ubl) -V dorosnementamu, 6yaer nocrturare KII/J 60 - 65% mpu

2
YpOBHE MMOTOKA CBETA BHYTPH moJiocT S0 Bm/cm”.

PowerSphere ocHhamiena kpeMHHEBBIMH KieTKamMu SUNPOWEr (KOHIICHTPAaTOPHI
HEDA312), kotopble MMEIOT MOBBIIEHHYIO KBAaHTOBYIO 3()PEKTUBHOCTH B OJIMKHEM
HK-ananazone. Kimerku kpemuus 3anumaror 24% miomaay MOJOCTH CTEHBI Chephl.
OcrtanbHas 4YacTh IOKpBIBACTCS MarepuajioM Spectralon, KOTOpeIli WMeeT camblii

BbICOKUH KOd(hpuireHT nudPpy3Horo orpaxeHusi, 1 30JI0ThIM MTOKPHITHEM.
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[IpoekT B 1e7I0OM OPHUEHTHUPOBAH HA PACXOAMMOCTH OJU3KYIO K TU(PPAKITMOHHON
Nd:YAG nazepos, paboratouux Ha 1,064 mxm. PowerSphere ierkas, KOMITaKTHas,
MOOWJIBbHAsIT W HajexHas. Takum oOpa3oM, OHa 0OECTICUMBACT BHICOKHE YACIBHYIO
MOIIHOCTB (>1500 Bm/k2) u ynenbHsiil 06beM (Bm/m°) B KocMoce U B atmocdepe. JTH
nepenoBele  ocodennoct PS u  Nd:YAG cucteMm, OCHOBaHbI Ha IOCJICIHUX
JOCTHKEHUSIX BKJIIOYAs: @) TOYHOCTh '3alnpenieHHOW 30HbI” B OmmxHEM
uH(ppaKpacHOM Auana3zoHe; 0) MOCTOSHHBIN MPOTPEcC B MOBHIIICHUN KaYeCTBa MTydKa U

BeixoaHo# MorHocTH Nd:YAG s1a3epos.

Nd:YAG na3epbl, B COYCTaHHH C aalTHBHOW ONTHKOW M TOYHO HACTPOCHHOM PS,
obecrieyaT BO3MOXXHOCTh NMPUMEHEHHUS B pa3IUYHBIX cepax. HazemHble mpuMeHeHUs
BKJIFOYAIOT JWCTAHIIMOHHOE THTAaHWE pPOOOTU3MPOBAHHBIM  YCTPOWCTBAM  JIJIS
OKCIUTyaTallil B OIACHBIX YCIOBUAX, HAMpuUMep, Tojie 005, OTrOHb, XPaHCHUS
paaMoaKTHBHBIX MarepuajioB W T.A. s ucnonb3oBanus B kocMoce NASA um NGST
M3Yy4YalT JUCTAaHIIMOHHOE nMuTaHue apTomoowmist Mars Rover. ITIpuMenenue B nipeaenax
atMocdepsl 3eMiH, BKIIOYaeT B ceOs oOecrieueHWe MUTaHUA Ha OOJBIIOW BBICOTE

IUpHKa0JIel U HEMPEPBHIBHOTO MOJieTa OECIUIOTHBIX JIETAaTEIbHBIX aNlapaToB.

2.1. DkcnepuMeHT 1o nepenayve yHeprun npu nomouru Nd:YAG nazepa n

PowerSphere

Kakx moka3ano Ha pucynke 2, myd wmomiHocThio 200 Bm NAd:YAG nasepa
HampaBJeH Ha  BXOJHOE OTBEPCTHE  CBETOOTPAXKAIOIIETO  MapaboIM4YeCcKOro
KOHIIEHTpaTopa, 0e3 Kakux-Iu00 OMOJHUTEIHHBIX ONTHYECKHMX KOMIIOHEHTOB JIJIS
TOTO, 4YTOOBI KOHTpOJIMpoBaTh Gopmy Jyda. [lapabonnueckuii KOHIIEHTPATOP BHOCUT
CBET BO BHYTPEHHIOIO 4acTh cephl yepe3 majaeHbkoe oTBepctue (D=1,48cm) B cTeHKe
cdepsl. JlmameTp Jiyda Ha pacCTOSTHUU 3M OT Jiazepa COCTaBisieT nmpumepHo 2.5 cm. Ha
pUCYHKE 3 TOKa3aHO MATHO JIA3€pPHOro Jyya Ha MUIIEHU U3 MOJUOACHA, CICIaHHbIe

uudpooi K-kamepa.
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ITandpoeans HK xamepa
(410651 OOpEmETIHTE
[uaMeTp I THA) POWER
o Iupxyna-
ITHpEy TAIMOHAEI

Y AL SPHERE L ——

0XTATET eI 2 \
e % oxaagHTens 1
Hamepurens

MOLUHOCTH \\ ~ 3omoran/Spectralon

\ . EHYTPeHH#A I0JI0CTh
~
Nd:YAG laser
(200BT)

SunPower
KOHIEHTPaTOPEI

CTepuKeHE
aye-md dyzop

Brxmoyarens

- SPIE Array
LS =1 Tester 5000

Pucynok 2 — Cxema ucnbITaTe)IbHOM ycTaHoBKH Laser Power Beaming

Pucynox 3 — [1aTHO nazepHOro iydya Ha MOJIMOIEHOBON MUIIICHH

[Ipu TakoMm auamerpe, OoOJjbIIas 4YacTh Jyda BXOJUT B MOJOCTh cdepnl 0e3
OTpaXEHUW W TaJaeT Ha CTepkeHb Jyda-nuddy3opa. OTpakeHHBIN CBET OCBEIIACT
nojiocth PowerSphere paBHoMepHO, 0 YeM CBHIETEILCTBYET IUIOCKAsK BEpIIMHA TOKA Ha

pUCYHKE 4.

Wcnonp3yemsbiii B akcrnepumente NA:YAG nasep pabortaer B HENPEphIBHOM
pexXuMe ¢ MpoCThIM pe3oHatopoM. I'eHepaTop mpuobperen y Lee Laser B Opnanno,
®dnopuga, a octampHas 4yacTh Ja3epa coOpaHa Ha MecTe. MakcuMalbHasi BBIXOJHAs

MOIIHOCTH ITOJTy4aemasi Takum Jiazepom 200 Bm.
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BHyTpeHH:s CTEHKa ITOJIOCTHU MOKPBITA 22 MUHHU MOIYJISIMH, KXl U3 KOTOPBIX
coctouT n3 12 HEDA312 xnerok mpousBojcTBa SUNPOWEr. 3T KJIeTKH ¢ OOJIBIION
KOHIIEHTpalMell KpPEeMHHsI TMPUCHOCOONEHBI JUIS CIEKTpa COJHEYHBIX H3IIy4YeHUN
500xAM]1.5. V3-3a oueHb HU3KOM IJIOTHOCTHU MOTOKa BHYTpH mosnocTu chepst (0,075

2 .
Bm/cm” nipu 160 Bm.), oxnaautens 1, moka3aHHBIN Ha pUCYHKE 2, HE UCTIOIb3YETCS.

Okcnepument mnposogwica ¢ SPI-ARRAY TESTER 5000. 3to ycTpoiicTBO
IOpPECTaBIsIeT COOOW TMOPTATUBHYIO CHUCTEMY, CIIOCOOHYIO HU3MEPSTh U COXPaHSTh
[OKa3aTeNd TOKa M HalpspDKeHUs OoJiee KPYMHOM (POTOIIEKTPUUECKOH CHCTEMBI.
N3mepurens mapamMeTpoB UCCHAEAYET MOTYIN WUJIU JIEMEHTHI ITPU BBIXOAHOW MOIIHOCTH
or 10 Bm no 50xkBm. Ha pucynHke 2 moka3aHO KakK MOAKJIIOYEH H3MEpPUTENh C

COIMPOBOAUTCIbHBIM KOMIIBIOTCPOM.

DKcnepuMeHT ObUT MPOBEAEH C ByMsA nonycpepamu (B Kaxaod nmo 11 munm-
MOJIyJI€i), KOTOPBIE TOJICOEANHEHBI MO0 MapaijiesibHO, TUO0 mocieaoBarenbHo. O6e
noJrycqepbl 1aju MOX0XKHUe Pe3yNbTaThl. Temmeparypa padoThl KIETOK, MOITHOCTh JTy4a
Y MHTEHCUBHOCTb CBETAa BHYTPH C(epbl ObLIM BbIUMCIEHBI Pa3felibHO HE3aBHUCUMO OT

HU3MCPUTCIIA.

2.2. Pe3yabTaThl 3KCNIEPUMEHTA 10 nepeaave 3Hepruu npu nomomm Nd:YAG

Jazepa u PowerSphere

C ToukH 3peHus POTOINEKTPHUUECKON IHEPreTHUECKOM ycTtaHoBKH, PowerSphere
NpeNCTaBlsAeT COOOM «aHTEHHY», COCTOSIIYI0 U3 OOJBIIOTO KOJWYECTBA MHUHU-
moxayneit. [loatomy 3¢h(HEKTUBHOCTH, KOTOPYIO U3MEPSUIH, AOHKHA paccMaTpUBATHCS
KaKk 2()(PEeKTUBHOCTh «aHTEHHBI», a HE 3(P(EKTUBHOCTH «Mmoayieh». Ha pucynke 4
NpeACTaBJICHbl  IMapaMeTpbl  HUCHBITAaHUUN PowerSphere,  moayudeHHBIE B

mocyienoBaTeIbHO  KoHpurypanuu. B Tabmmie 1 mnpuBeneHbl Bce KITIOUYEBHIE
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U3MepeHHs, TOJydYeHHBIe B Xojae Tecta it PowerSphere, nHaxomsmmecs

Bo3zciicTBreM ayuya Nd:YAG nasepa.

Tabnuma 1 — CucreMa KITI04eBBIX TapaMeTpoB U 3PPEKTUBHOCT CUCTEMBI

moa

[Tapamerp 3HayeHue
MomHoCTS J1yya 160 Bt
Juametp nyya 2,5 cM
TemnepaTypa KJIETKU 410 °C
Onruyeckue noTepu 10 %
Ve 15,8 B
Isc 15A
P vaxe 18,96 Bt
N3mepenHast 53 HeKTUBHOCTD 11,9 %
O¢ddexr. ¢ monpapkoit Ha OnTUYECKHE
14,2 %
notepu u temmeparypy 250°C
<0 & Tox A

—% =k

Tor, A*10
Momuocts, Bt

m Momuocte, Bt

o G o O

0 10 20

Hampaxenne, B

Pucynox 4 — INokazanust PowerSphere npu nocienoBareabHO# KOHGUTYpaAIUH,

MOJIy4Y€HHBIE C MOIHOCTHIO Jiyua /60 Bm Nd:YAG nazepa
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3. BeCHPOBO)IHaﬂ nepeaavda sHeprum, npu mnomMoim LC KOMIICHCAIlMH

HHTepec kK HMCCIIEIOBAaHUIO TEXHOJOTHH OCCTPOBOAHON Mepenadyu dHEpruu 0e3
WCIIOJIb30BaHUS MPOBOJAA IS 3apsIKM YBEIUYMIICA MOCIE TOro, Kak MaccauyceTckui
TEXHOJIOTUYECKH UHCTUTYT MPEACTaBIII MAarHUTHO-PE30HAHCHYIO TexHojoruio B 2007.
OOBIYHO  INEKTPOMATHUTHBIE  HMHIYKIMOHHBIE  CHUCTEMBI  TPeOYIOT  BBICOKHIA
KO3 DUIIMEHT CBsA3M, YTO MPENSATCTBYET Iepefade dDJEKTPOIHEPruu Ha JajdbHUE
paccrosiHuss. Ho 3toT Meron MokeT ObITh OueHb 3(Q(EKTUBHBIM I IEpenadyu
ANEKTPOdHEpPruH Ha pacctossHue 1-2 merpa.  KoadgduumeHT cBs3u  KaTylIKU
YMEHBUIAETCS C YBEIMYEHUEM PACCTOSHMs IHepenadd. Tem He MeHee, IIpu
WCIIOJIb30BAaHUU  TMOAXOISIIEr0 KOHJEHCATOPa, MOXHO C(HOPMHUPOBATH SIBJICHUE
pe3oHaHca. CocoOHOCTh Mepefayd MOIIHOCTU Oblila YBEIUYEHAa C HCIOJIb30BAaHUEM

ABJICHUS PC30HAHCA, JAXKC CCIIN KOI)(I)(l)I/ILIHGHT CBs3H1 OYCHBb MalJl.

3.1. HegocTraTkm nepeaauu 0e3 pe3oHaHca

PucyHok 5 moOkKa3pIBa€T M3MEHEHWE BBIXOAHOM MOIIHOCTH, W3-3a H3MEHCHUS
Kod(ppuimeHTa CHEIUICHUS W CUJIbl compoTuBieHus. CucTeMa Iepegadd 3a cuer
AJIEKTPOMArHUTHOM MHIYKIMHU HUCTOJIb3YET DJIEKTPOJBIKYIIYIO CUITY, BBIPaOOTaHHYIO
3a CYET U3MEHEHMS MOTOKA MAarHUTHOW MHIYKIIMW, KOTOPBIM MPOXOJIUT YEPE3 APYTYyIO
KaTyliKy. Tak Kak MOTOKOCUEIUICHHE BOJH YCHUJIMBAETCA MPHU YCIOBUU, UYTO KATYIIKH
HAXOJATCA O4YeHb OJM3KO0, KOI(P(UUHUEHT CBA3M TOXKe yBenuuupaeTcs. OJHAKO eclu
MMOTOKOCILEIUICHHE YMEHBIIAETCS NPH YCIOBUU, UYTO PACCTOSIHUE MEXAY KaTyllKa
YBEJIUYUBACTCS, TO MHAYKIUS PACCESTHUSA YBEIUUUBAETCI U KOIDDUIIMEHT CBS3U
yMeHbIIaercs. Kak MMoka3zaHO Ha PHUCYHKE S5, TOJIyYE€HHas JHEPrusi 3HAYWUTEIIBHO
COKparaercs, ecid Kod(pPuImeHT cBsi3u Maja. MeTosl 3JIEKTPOMArHUTHON WHAYKITUU
MOXET Tepe/IaBaTh JOCTATOYHO YHEPTUU TOJIBKO HA MajoM paccTosinnu. Kak mokasaHo

Ha rpaduke ko3P huUIMEHTa CBA3H HA PUCYHKE 5, MAKCUMYM T€HEPUPYEMOU MOIITHOCTH
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COKpaTHTCs, ecid Kod(ppuimeHT cBs3u Mai. Eciu HeoOXoaumo mepeaTh J0CTaTOYHO
SHEPrHU JaKe TPU YCIOBUU MAJICHBKOr0 KO3(G(UIMEHTa CBSA3H, TO HEOOXOIUMO

IMPUMCHUTHb TCXHOJIOI'UIO, YTOOBI KOMIICHCHUPOBATh HCAOCTATOK MHAYKIIUH.

k=1.0 [

k=0.9
k=0.8

Z

BrixogHa MomHOCTE P

Mak¢. BpiXogH. MOMHOCTE

A A 2 A

0 0.2 04 0.6 0.8 1
Kosddpuiment ceazu k

i
¥ Conpor. naryszu R
P R=(1-I%) L

Pucynok 5 — 3aBUCUMOCTh BBIXOJIHOM MOITHOCTH OT KO3 PUIlMeHTa CBA3U

3.2. Ilpunuunsl LC komMneHcanuun

Korma mHAYKTHBHOCTh U €MKOCTh COCAMHEHBI MOCIEA0BATENIHFHO, KaK MOKa3aHo
Ha pUCYHKE 6 (@), MPOUCXOIUT MOCIICIOBATEIbHBIA PE30HAHC, PA3HUIIA HAPSHXKEHUN 110
cxeme LC cunraercs paBHOHM HYIIO, Kak MOKa3aHO Ha pucyHke 6 (0). Tem HEe MmeHee,
BHYTPEHHEE CONMPOTHUBJICHHUE CYIIIECTBYET B KaXkJIOM DJIEMEHTE CXEMBI, UTO MPHUBOJUT K
notepe moiHocTH. ChopmupoBanHble HanpsokeHUss B L u C ajemMeHTax HE JOJKHBI

MMPEBLINIATh UX JOIIYCTHUMOC HAIIPSAKCHUC.

[ C L I __
—> —» 3
O . O
N -~
< < -«
V5= L V,=jwlLl Veth, =0

_ij

Pucynok 6 — IIpunnunsl LC komnencanuu
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3.3. Pe3onancHas 3¢¢ekTUBHOCTH U 0011asi 3PPEeKTUBHOCTD

Ha pucynke 7 moka3aHa cuctema OecrpoOBOJHOM mepenauu 3Hepruu. s Toro
9TOOBl TOBOPUTH 00 3((PEKTHUBHOCTH, CIEAyeT paznudarh OO0Imyr 3(()EKTUBHOCTS,
OTHOCAIIYIOCS KO BCEHl CHCTEeME, M PE30HAHCHYIO J(P(HEKTUBHOCTh, MEXIY
pe3oHaTopamM. B MeTone »3IEKTPOMArHUTHOTO PE30HAHCA, MHOTME TEXHOJOTUU
HaIpaBJIeHbl HA PE30HAHCHYIO 3G(HEKTUBHOCTh MEXAY pe3oHaTopamMu. OJHAaKo, U3-3a
BHYTPEHHETO CONPOTUBIICHUS UCTOYHUKA DHEPTUU, CXEMBI BBIIPSMUTENS U UHBEPTOPA,
MOSIBIISIIOTCS IONOJIHUTENbHBIE MOTEepH 3Heprur. O0mas 3¢(PEeKTUBHOCT CTAHOBUTCS
HIDKE, 4eM pe3oHaHCHas 3¢ dexkTuBHOCTh. bonee Toro, Tak ke HEOOXOAUMO NMOHUMATb,
YTO BBIXOJIHASI MOIIHOCTh Ha Harpy3ke, 3TO M €cTh 00mas 3pPeKTuBHOCTb. s Toro
yTOOBl YBEJIUYUTH OOIIYI0 3(P(HEKTUBHOCTh BCEM CHUCTEMbI, HEOOXOAUMO OOECIICUUTH
BBICOKYIO PE30HAHCHYIO 3(PPEeKTUBHOCTb Mexay pe3oHaTopamu. OJHaKo, eciu
BBIXOJIHAsl 3HEprusi U oo0mas 3p(HEeKTUBHOCTh HU3KU, TO 3TA CXEMa HE MOAXOIMT JJIs

IMPAKTHYCCKOI'O UCITIOJIb30BAHUA].

Pe3zoHaTOp

= r— - - I

£ = | |
] E 2] = E
B & g B I 4
| 2 = ] I -
: @ SN c
ke 5 5 = | =
- g & : I T

A" S o — —

|—

I | Pezomancman ! I

I,< 3¢ PeRTHBHOCTE P‘I

| Obtman 3¢ dexTuRHOCTE |

Pucynox 7 — Cxema 6ecipoBOIHOM Mepeiaun SHEPTUH
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4. BbiBOABI 0030pa TUTEPATYPHI

PaccmoTpensl cmocoObl  mepefayud  IHEPrHH  Pa3lIuYHBIMU  CIOCOOAMH |
CYILLECTBYIOIIME YCTAHOBKU. KpaTKo paccMOTpEHBI KIIFOUEBbIE BOIPOCHI OTHOCUTEIBHO
nepenaynd SHEPru BBICOKOW MOIIHOCTH Ha OOJBIIME PACCTOSHUA M KPAaTKOCPOUHOM

nepcaadu SHCPruun MaJjou MOIIHOCTHU WU UX IIPUMCHCHHC.

[TpumeHeHne cucteM OeCpOBOIHON Mepeadl SHEPTUU BBICOKON MOIIHOCTH Ha
0O0JbIlIME PACCTOSIHUSA TJIABHBIM 00pa3oM MOAXOIUT ISl COJIHEYHBIX CIYTHUKOB H
YAQJIEHHBIX UCTOYHUKOB NUTaHus. CucTeMa KpaTKOCpPOYHOW OeCIpOBOIHOM Mepeaadn
DHEPIUU MAJIOM MOIIHOCTU NPUMEHSAETCS B JJIEKTPOIHEPIreTUYECKUX CUCTEMax I
(dopmupoBaHusa O€CHpPOBOJHBIX MCTOYHUKOB MUTaHUS, B OECIHPOBOJIHBIX CHUCTEMAaX
3apANIKM M TaKKe€ B MEIUUMHCKUX (PU3HOJIOTHYECKUX NATUMKAX U JUATHOCTUYECKHX
cuctemax. [IpoOnema 3akirodaercs B MPUMEHEHUHN U OKUAAETCA, YTO OHA BO3PACTET B

OnKaiiee Bpems.

OkcnepuMeHT PS u NA:YAG ynadyHo OeMOHCTpUpPYET Iepeaady SHEPrud B
CBOOOJHOM TpOCTpaHCTBE (OecrpoBogHasi W O€3BOJIOKOHHAs). Jljisi AeMOHCTpanuu
rcnoiibdyercs 200 Bm nazep HENPEPHIBHOTO U3TyUYECHHUs, B KAUECTBE UCTOYHHKA JIy4a, U
PowerSphere, B xauecTBe nmprieMHuka. Ha paccrossHuu 3 mMetpa ot jla3epa 10 pecuBepa
U npu MomrHocTh Jiyda B 160 Bm PowerSPhere renepupyer okonio /9 Bm. Mopens
PowerSphere, ucrosib30BaHHast Ik TAKOTO 3KCIIEPUMEHTa, 000pyI0BaHa HOBEUIIIMMHU,

YCOBEPIIICHCTBOBAHHBIMU KJIETKAMU C OOJBIION KOHIIEHTpAIIUEH KPEMHUS.

3asBneHHass >(Q(PEKTUBHOCTh Ja3epHOM ycTaHOBKM paBHas 14,2% pomkHa

paccMaTpuBaATLCA B YCIIOBUAX:

a) KPEMHUEBBIE KJIETKU HE CJIMIIIKOM TOAXOSAT Ha BOJHBI JUIMHOU [ (064 Hm;
0) mIoTHOCTH, moTtoka BHYTpH cdepbl Ha 30% MeHbIIe, YeM IIJIOTHOCTH

COJIHCYHOTI'O ITIOTOKA, XOTA KJICTKU MMOAXOAAT IJIs1 BOCIIPHUATHA CBCTA 500 COJIHII,
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B) CraHgapTHOE NPOTHUBOOTPAXKATEIBHOE MOKPHITHE MJiI TECTOBBIX KIETOK
BHYTpU POoweSphere nmeeT oTpakaTeIbHYIO ClIOCOOHOCT puMepHO 15% st 1064 1m;
I) KIETOYHas Nomynsauus BHYTpu cdepsl coctaBiser juiib 24%, cuiabHO

cokpariast 3pPeKTUBHOCTh UCIIOIB30BaHUS (DOTOHOB.

VYuuteiBast 3TH  (aKThl, pe3yJbTaThl OJKCIEPUMEHTAa MOXHO  CUUTATh
OonaronpusitHeiMU. Ecnu, ¢ monpaBkoii Ha 3Tu orpaHudeHHbIe (hakTophl, PowerSphere,
0o0Opy/OBaHHAasi  YCOBEPIICHCTBOBAHHBIMM  KJI€TKaMHu, OyAeT mpeoOpa3oBbIBATh

u3nydenue Nd:YAG nazepa B aiekTpudectBo, ¢ 3pdexruBaocThIO 40%.

[Iporpamma o ontumu3zamuu cucreM PoweSphere Bkirtouaet B ce0st pa3paboTKy
U Pa3BUTHE HOBBIX DJHEPreTUYECKUX IIENEH, CO3JAI0IIMX THUI KJIETOK, KOTOpbIE
ONTUMAIILHO COOTBETCTBYIOT yacToTe paboTel NA:YAG mazepa. s mocnemyromumx
pa3paboTok PowerSphere, ocHalIeHHBIX HACTPOCHHBIMH TI0 4YacTOTE KIICTKAMH,
aHanuTHdeckas mojens noapazymenaer KIIJ nmpeobpazoBanus Ha ypoBHe 60%-65%.
Hacrosimmii  nazep wumeer HU3KYHO 3((PEKTUBHOCTh, PABHYIO BCETO HECKOJBKUM
npoueHtaMm. Jlna yBenuueHus oOmied 3¢GHEKTUBHOCTH TaKKe BAXKHO YIYUIIUTh
s¢dexTuBHOCTH Ja3zepa camoro mno cebe. Habmromaercs xopommuid mnporpecc B

nobasjeHun TBepaoTenbHOro auoaa B Nd:YAG nasep.

Camblii MOIXOMSIINK W MEHEe 3aTpaTHBIA CIoco0 Mo OSCIPOBOJHON Iepeaade
SHEPruM JJIsI UCCIIECIOBaHUS OECIPOBOJAHOM 3apsAKU DJIESKTPOMOOWIIS, 3TO CIIOCO0,
OCHOBAHHBI Ha MPUHIIUIIE AJICKTPOMAarHUTHOW WMHAYKIMU. VMMmeronuecs mpubopsl Ha
Kadeape, TO3BOJSIOT COOpaTh JKCIEPUMEHTAIBHYIO YCTAHOBKY, IO CXEMe
IIPEJCTABJICHHOW Ha PUCYHKE 7, W NPOBECTU OIBITHI PacCMaTPUBAEMOU CHUCTEMBI
3apsanku. B gmccepranuonHO  pabote  OyAayT pacCMOTpPEHBI MpPOOJIeMBbl U

MIPEUMYIIECTBA TAHHOTO METO/1a O€CIIPOBOIHOM TIepeIauu SHEPTHUH.
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5. OmnpenesneHne NapaMeTpoOB CBS3AHHBIX KOHTYPOB

J/IBa KOHTypa Ha3bIBAIOTCSA CBS3aHHBIMHU, €CIM DHEPruUs W3 OJHOrO KOHTYypa
IepexoauT B apyrod. KOHTyp, NMTAarOMUNCS HENOCPEACTBEHHO OT TI€Heparopa,
Ha3bIBAIOT NEPBUYHBIM UJIU TIEPEAIONINM, & KOHTYpP, B KOTOPOM KOJIEOAHUS BO3ZHUKAIOT
0o/l JEHUCTBUEM NEPBUYHOIO KOHTYpa, - BTOPUYHBIM WM NpUHHUMarouuM. CBs3b B
HallleM cllydae, OCYILIECTBJISIETCS 4epe3 OOIMM MarHUTHBIM MOTOK, T.e. 3a CYET
B3aMMHOM MHAYKTUBHOCTH. CTENEeHb B3aUMHOTO BO3JECHCTBUS KOHTYPOB 3aBUCUT OT

pPacCCTOAHNA MCKAY KaTYIIKAMHM 1 UX B3aAUMHOI'O PACIIOJIOKCHHA.

B HCCICAOBAHHNHN PACCMOTpCHA CHCTCMAa HHAYKTHBHO CBA3aHHBIX KOHTYPOB,

CoCTOoAMasA U3 IMPAMOYTOJIbHBIX KATYHICK KPYTJIOrO CCUCHUA.

5.1. OmnpenesieHue cOOCTBEHHOWH MHAYKTUBHOCTH KBAIPATHOM KaTyIIKH

fiz

VAN

Pucynok 8 — I'eomeTpuueckas MoAelb OAHOCIONHONM MPSAMOYTOIbHOM KaTYIIKH

Ha pucynke 8 wu3o0pakeHa reoMeTpryecKas MOJIEb MPSIMOYTOJIbHOM KaTyIIKH,
rae h, — mar HaMoTkH, d7 — TuameTp npoBoja, 2b,%20; — CTOpoHBI Kapkaca JTHHHOM

I, @ — YHCJIO BUTKOB KaTYHIKH.
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CO6CTBCHHYIO HHAYKTHUBHOCTb KaTYIIKHW MOKHO HaWTU pas3siInIHbIMHA CHOCO6aMI/I,

pPacCMOTPUM HECKOTOPLIC U3 HHUX.

1) MHIyKTUBHOCTH KaTYIIIKHA MOXKET OBITh HaliJicHa 110 (opMyJie

L=to. » J' J’ p-dx, - dx, N

Toicdniomt| oo gt y(X =% ) +(By— phy+d,/2) +h2 (m—k)’
(1)

b+d;/2 b

p-dy, -dy,
W0 y=-b, \/(yl— Y,)" +(b, - pb, +d,,/2)" +h? (m—k)’

Pacuer HHAYKTHUBHOCTH I10 ATOM q)OpMYJIe CBOIHUTCIA K HAXOXICHHNIO OTHOLLICHUH

bo/ by, hal by, 1/by, dyy/ by wonpenenermm L-h; /(b,1*) o Tabmmue [1, c. 45].

2) Tax ske MHIYKTHBHOCTh MOKET OBITh HalICHA 110 CIIeAyomei hopMyIie

L=20 2. @)
A7

rac, Y, —MarduTHasd MOoCTOAHHAsA,

¢ — CTOpOHA KaTylIKH, M.

Benuuuna @, Bxoasmas B (GopMyIly, HAXOIUTCS MO TaOJIUIE B 3aBUCUMOCTHU OT

otnowenus ¥ =C/l . [2, c. 353].

3) MHIyKTHBHOCTH TaK e MOXKHO OMPEACTUTh MPUOIMKECHHON opMyItoit

1.4142-cN

(N+1)l

rac, N — 91cJI0 BUTKOB KaTyIKU,

0.3333(N +1)|
cN

L~8-10"N°c In( J+O.37942+ 3)
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¢ — CTOpOHA KaTyIlIKH, M,

| — JJIMHA KaTYIIKH, M.

Karymku, wucnons3yeMble B ONBITaX, MPEACTABISAIOT COOOM  HECKOJBKO
oOMoTouHbIX mpoBomoB [I1DTB-2 muamerpom 0,1 wm 0,28 mm HaMOTaHHBIX Ha
JICPEBSHHBIN Kapkac co ctopoHoi 30 cm. Ha kapkace pacnonioskeHo 20 BUTKOB C IIIaroM

HAMOTKH =~ 4 mm.

HpOPI?»BG,IICM PaCUCT KAaTYIICK IO BBIIICIICPCUYNCIICHHBIM (bOpMYJ'IaM N HC TOJIBKO
U CpaBHHUM pC3yjabTaTbl C HU3MCPCHHBIM 3HAYCHHCM HMHIAYKTHBHOCTH KaTYIICK.

BrrauciaenHbie 3HaUCHUS HHAYKTHUBHOCTHU ITPHUBCIACHLI B Ta6J'II/IHe 2.

Ta6Jmua 2 — 3HaueHMs OHpGIIGJIGHHOfI HHAYKTUBHOCTH ABYX KaTYHICK

CnocoOsbI pacueta

N3mepennoe | I3mepeHHoe
1 2 3 4
3HayeHue | | 3HaueHUeE 2
L, mxlH 2592 200,8 299.2 203,5 240 220

NHAYKTUBHOCTH KAaTylleK OBUIM H3MEpPEHbl MpPU TOMOIIM JBYX pa3IUYHbIX
npuoopoB. [lo tabnuue 1 BUIHO, YTO pa3dpoc 3HaUYeHHM OoJbIION, 0K0JIO 23%. DTO
CBSI3aHHO C TE€M, YTO pacyeT 1o Gopmyaam 1 U 3 HOCUT NPUOIU3UTENBHBIN XapakTep U
oTpesiesieHue 3HaYeHUEe MHAYKTUBHOCTH CBOJAMTCA K HAaXOXACHHIO KOA(p(UIMEHTa I0
tabnune. 3HaueHue no ¢opmysie 2 U nojgodHas el popmyna 4, 6osiee TPUOIUKEHO K
peasibHOCTH. M3MepeHHble 3HAUeHHs OTIMYAIOTCA OT pacyeTHbIX Ha 7,5 %, Tak Kak

IMOJIYUYCHHBIC KaTYIIKN UMCIOT HC NACAJIbHYTO (bOpMy H miar HaMOTKH.

Pacuer MHAYKTUBHOCTM KATYLIKH II03BOJISIET OIPENAECIUTH BEIUYMHY E€MKOCTH
PE30HAHCHOTO  KOHJEHCATOpa, HO TMOJOOHBIM pacyeT TMOJe3€H TOJBKO IpH
(UKCUPOBAaHHOM pACCTOSTHUM MEXKIY KaTylIKaMH, TaK Kak BIUSET B3aWMHas
WHAYKTUBHOCTh Ha 3Hau€HUE COOCTBEHHOW MHAYKTUBHOCTH. B cBsi3u ¢ 3TUM pacuet
MHAYKTUBHOCTH B JAaHHOM HCCJIEIOBAaHUU HOCUT INPHUOIM3UTENBbHBIN XapakTep Uis

OIIpCACICHNA IIPOMEKYTKA 3HAUYCHHA CMKOCTH.
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5.2. OmnpenesieHue B3aUMHON HHAYKTHUBHOCTH IBYX KATYIIEK

qz
rqz

PI/ICYHOK 9- FGOMeTpI/ILICCKa}I MOACJIb COOCHBIX U KOAKCHAJIbHBIX ITPAMOYTOJIBHBIX

KOHTYPOB

Ha pucynke 9 wusoOpaxkeHa reoMeTpudecKkass MOJElIb JBYX Pa3IMYHbIX
MPAMOYTOJBHBIX KOHTYPOB PAacCIOJI0KEHHBIX KOAKCUAJIbHO. B3anuMHas MHAYKTUBHOCTH

IIPY KOAKCUAJILHOM PACIIOJIOKEHUN KOHTYPOB MOXET ObITh HalifieHa o hopmyrie

b,
M 2&- pdxldxz +
T p;l xlj;o xz'[bz\/(xl—x2)2+(pbl—b3)2+h2

(4)

. j‘ ]‘ p-dy, -dy,
2 2 2
¥1=0 y,=-Dy \/(yl — y2) +( pb2 _b4) + h
Pacyer B3auMHOW WHAYKTHBHOCTH CBOJHUTCS K HAXOXIACHHIO OTHOIIeHWH b,/D, ,

ba/b, , h/b, u onpenenennro otHOmeHuss M/b, o Tadimre [1, c. 80]
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PaccMmoTpuM emie oauH cnoco0 HAXOXKIEHUS B3aUMHOUW HHIYKTUBHOCTH JIBYX

IPSIMOYTOJIbHBIX KOHTYPOB NpECTaBICHHBIX Ha pucyHke 10.

A

—_————TT—T
\ bf
_.L"

(-
\

Pucynok 10 — 'eomeTpudeckast MOJENIb COOCHBIX M KOAKCHAIBHBIX KOHTYPOB

dopmyna sl ONPEAECICHNUS B3aUMHON MHIYKTUBHOCTHA UMEET BUJL:

M :5—0- (a1+a2)ln(a1+a2+20t—j—
4 a+a,+2mwt

a,-a+20't b +Db,+20" U
—(a.—a)\In| & hl 2 bl
(3-3) n(az—al+20' t]+(bl+b2)ln(bl+b2+2a) uj (5)

e S ]

O6o3HaveHus B JaHHOU (opmyJie SICHBI U3 PUCYHKa 3
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5.3. Co0cTrBeHHasl EMKOCTH H AaKTHBHOE COIIPOTUBJICHUEC KBA/IPATHOI'O

KOHTYypa

B MHOTrOBUTKOBOM KBaJpaTHOM KOHTYpPE MEXJy BUTKAMH ITOMHMO MArHUTHOIO
II0JISI, HPUCYTCTBYET TAKXKE JJIEKTPUYECKOE I10JIe, KOTOPOE€ OKa3bIBAaCT BIIMSIHUE Ha
COOCTBEHHYIO €MKOCTh KATyIIKd. BenwdmHa COOCTBEHHOW EMKOCTH 3aBUCHUT OT
pa3Mepa KaTylmku 1 Turna HaMmoTKi. COOCTBEHHYIO EMKOCTb OJHOCIONHBIX KBAJAPATHBIX

KaTyoICK MOKHO paCCUHUTATh I1I0 Q)OPMYHGI

C,~3.9685-10" (6)

rje, C— CTOpOoHa KBaJpaTHOM KaTYIIKH, M,

| — nmmHAa OOMOTKH, M.

PeanbHast karymika o0nagaeT HE TOJBKO MHIAYKTUBHOCTBIO, HO M HEKOTOPBIM
AKTUBHBIM COIPOTHUBIIEHUEM, 00YCIOBICHHBIM MMOTEPSIMU SHEPTUU B OOMOTKE KATYLIKH.
[IpssMOYTOJIbHBIA KOHTYp KpOME€ HHIYKTMBHOI'O CONPOTUBIIEHUS OO0JaTaeT Tak ke
aKTUBHBIM CONPOTHBIIEHUEM, OOYCJIOBIIEHHBIM MOTEPSMU B MPOBOJHUKE HA HArpesB.
ba3zoBble mOTEpH B NPOBOJHHUKE XAapaKTEPU3YET CONPOTUBICHHE IPOBOJHUKA

IMOCTOSAHHOMY TOKY, pacCHHUTBIBACMOC 110 (I)OpMYJ'IC

Roc =P @)
rze, p — yAeIbHOe CONMPOTHBIICHHE MeTaia, OM M;
| — nuHa poBoa, M;

2
S— NonepeyYHoc CCYCHUEC MMpoBoJa, M .
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Ha Bbicokmx wyactoTax HaOMIOJaeTCsl HEPaBHOMEPHOE  paclpeiesicHUe
AJIEKTPUIECKOTO TOKAa IO CEUYCHHWIO MPOBOJHHUKA, TaK HA3bIBAeMbId CKUH-dP¢eKT. B
pe3ynpTaTe CKUH-d(PeKTa TOK COCPEeAOTOUYEH B TOHKOM TIOBEPXHOCTHOM CIIOE,

TOJIIIIMHA KOTOPOTO OMPEACISETCS Mo Ceayomeit Gpopmyire

S P

= |— (8)
wtu

COHpOTI/IBJIGHI/Ie IMPOBOJHHKA IICPCMCHHOMY TOKY BBICOKOM YaCTOTHI pacTCT IIpH

POCTC YAaCTOThI, TAK KaK FJIY6I/IHa IIPOHUKHOBCHHUA YMCHBIIACTCA. BBOI[I/ITCSI IIOHATHUC

xodddurmenta ckun-3ddexra £, moxaspiBaomee B0 CKOIBKO pa3 CONPOTUBICHUE HA

ONPEIEIICHHOW YaCTOTE BBIIIE CONIPOTUBIIEHUS IOCTOSHHOMY TOKY.

r2

RAC = RDCE = RDC m

9)
r7ae, I — paanyc IpOBOTHUKA, M.
5.4. Ko3pduuueHT CBA3M U J00POTHOCTH KATYIIEK

B3aumopeiicTBue KOHTYpOB olieHHBaeTcs Koddduimentom cBsizu K, B 001mem

cllydae KOTOPBIH ONpeaeseTcss COOTHOLIEHUEM

Xcg M E,

K= = =
\/xlxz \/LlLZ E2Mdi<c

Kosddumment cBs3m mokaspiBaeT, KaKyl 4YacTh OJIEKTPOJABIDKYIIAs CuUIla,

(10)

HaBeJIEHHAss BO BTOPOM KOHType, coctaBisier oT mnpenenbHor I.J1.C., xoTopyro
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crocoOeH HaBecTH TMepBbld KOHTYp. [lpum wuHAaykTHBHOU CBSi3HU, KOddduuumeHt K

ITOKAa3bIBACT, KaKasd 4aCTb IIOTOKaA HepBHqHOﬁ KaTyIIKH L]_ IMPOHU3BIBACT KATYIIKY L2.

MonHocTs, niepegaBaemMasi U3 NEPBUYHOIO KOHTYPAa BO BTOPUYHBIM, 3aBUCHUT HE

TOJIBKO OT KO3 (pHIrieHTa CBsA3H, HO ¥ OT JOOPOTHOCTH KOHTYPOB.

ol

=— 11
Q. n (12)

I[O6p0THOCTB KaTylllKu — 3HA4YCHHC, IIPCACTABJIAIOIICC co00li OTHOIIIEHUE
HHAYKTUBHOI'O COIIPOTHUBJICHHA KAaTYIIKWM K AKTHBHOMY, 4YCM OoJIbIIIe I[O6p0THOCTB

KaTyIIKH, TCM MCHBIIIC IIOTCPU B HEH.

5.5. Cxema 3aMellleHUsI ABYX CBSI3AHHBIX KOHTYPOB

Uzen /1 /> Rload

o
e e

Pucynoxk 11 — CucreMa HHIYKTUBHO CBS3aHHBIX KOHTYPOB

PaccmoTpum  mpouecchl, NPOUCXONAIIME B  CBSI3aHHBIX KOHTypax IpH
UHAYKTUBHON CBsI3M, pUCYHOK 11. B mnepBUYHBIA KOHTYp BKJIIOYEH TE€HEpaTop
MIEPEMEHHOI0 TOKa, MOoA JAeiicTBueM HampsbkeHus U, B KOHType HpoTekaeT TokK |,
KOTOPBIA IPOXOJs Yepe3 KaTylKy L; co3naer nepeMeHHyo 3.4.C. CaMOMHIYKIUH E|;.
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YacTp MarHuTHOrO MOTOKA, CO3JaBaeMoro TokoMm l; B katymike Lj, mepecekaeT BUTKHU
KaTymku L, BTOpUYHOrO KOHTYypa. 3a cuer 3Toro B Karyuike L, Bo3Oyxkmaercs 3.1.C.
B3auMHOU UHAYKIUU E,. [loa neiicTBueM 3TOM 3.7.C. BO BTOPUYHOM KOHTYpE MPOTEKAET
ToK l,. 3a cuer Toka |, B karymke L, co3maercs 3.1.c. B3aMMHON MHAyKIuu E;’ B

Katymike L;, KoTopasi BIUsieT Ha IEPBUYHBIA KOHTYP.
Cxema 3aMeleHus ABYX CBSI3aHHBIX KOHTYPOB MPECTaBICHA HA pUCyHKe 12,

(1 R l1 [2 2 (2

|| L
g » ||
|
Uzen £r £2 Rload
\_/
M

Pucynox 12 — Cxema 3aMeIieHns CBI3aHHBIX KOHTYPOB

BBeI[eM ITIOHATHUC BHOCHUMOI'O COHpOTI/IBHeHI/Iﬂ, LITO61:»I y‘-IeCTB BOSHCﬁCTBHe
BTOPUYHOTO KOHTYpa Ha IEPBUYHBIN
2 2
AR =M R LR
Rl_ 72 ( 2 T Ioad) (12)

2

BHOcHMOE aKkTHBHOE CONPOTUBIIEHHE ITOKa3bIBAET, YTO BEJIMYMHA 3aBUCUT OT
YacTOThl TMUTAIOIIET0 TeHepaTopa, OT Kodh@uiMeHTa B3aUMHOM WHAYKIUU U

napaMeTpoOB BTOPUYHOTO KOHTYpA.
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C()ZMZ

AX1= Z—22

X, (13)

3HaK MHUHYC T€pel  BBIPpAKEHHEM  YYUTHIBAET XapakTep BHOCHMOIO
conpotuBieHusi. [Ipy MHAYKTUBHOM CONPOTUBIEHUHM BTOPUYHOTO KOHTypa X;
BHOCUMOE CONPOTHUBJICHUE SBISETCSA EMKOCTHBIM, W HAoOOpPOT MpPU EMKOCTHOM
CONPOTHUBJIEHUM BTOPUYHOTO KOHTypa BHOCHMOE  COIPOTUBJICHUE  SIBJISIETCS

HWHAYKTUBHBIM.

R7

X7

Uzer

ART

AXT

Pucynox 13 — DkBuBajeHTHas cXeMa 3aMeIICHUs CBI3aHHBIX KOHTYPOB

B o6mem ciydyae, BHOCMMOE U3 BTOPUYHOIO KOHTypa B MEPBUYHBIN

COIMPOTHUBJICHUC COACPKUT aKTHUBHYIO U PCAKTUBHYIO COCTABJIAIOIIUC

AZ, = (AR +(4X,) (14)

Tox B mepBUYHOM KOHTYpPE B 0OIIEM CiTydae paBeH
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U

CCH —

JR+AR Y +(X, +4X, )

U

2CH

W0*M? 2 W0*M? 2
[Rﬁ 72 (R+Rload)] (Xl—zzxz)

2 2

I, =

(15)

B cnydae ecny nepBUYHBIN U BTOPUYHBIN KOHTYPBI HACTPOEHBI HA OJHY YaCTOTY

reHepaTopa, IPU 3TOM BHOCUMOE COIPOTUBIICHHS HOCHUT YMCTO aKTHMBHBIM XapakTep,

T.K. X01 =X, Xcz = X|,. IIp# 5TOM TOK B [IPBHYHOM KOHTYpPE PaBeH

U, U

CCH

l, =
b R1+AR1 R+ w’M?
R+R

(16)

load
rJ1¢ OTCYTCTBYET pEaKTHUBHAS COCTaBJIAIOMIAas KOHTYPOB.

MOH.IHOCT]'::, oTAaBacMas reHepaToOpoOM CUCTEME HACTPOCHHBIX CBA3aHHBIX

KOHTYPOB, OIPEAECIISIETCS] BBIPAKEHUEM

12(R1+AR1): |12R1+ |12AR1=F’1+P2 (17)

rae P; — MOIIHOCTB, pacxojyemass B aKTHBHOM CONPOTHUBICHHU TIECPBUYHOTO
KOHTYpA;

P, — MomHOCTb, iepeiaBaeMasi BO BTOPUYHbBIA KOHTYP.

Tak kak |10)M = EZ n E,= |2(R2 + R ) TO MOJy4yuM (popmyiy ass

MoIHocTH P)
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2“42 EEZ
P,=124R =122 =——2 = 12(R,+Rypy) (18
2 1 1 F22 n FQ FQZ 4 FQ 2 2 load

load load

Koaddurmuent mone3Horo  JIeWCTBUS  CHCTEMbl  CBA3aHHBIX  KOHTYpOB,
IIOKA3bIBAIOIINM, KaKyl0 IO COCTAaBIsE€T MOIIHOCTb, MEPENaHHas BO BTOPUYHBIN

KOHTYp, OT MOIITHOCTH, OTAAHHOU T€HEPATOPOM

R IR R -
R+P, IFR+I/4AR R +4R,

KoadduimeHnt nosnesHoro AeHCTBUA 3aBUCUT OT KOA(P(OUIIMEHTA CBS3H MEXKIY

n

KOHTYpaMH, T.K. OT KO3(QQUUMEHTa CBA3M 3aBUCUT BEJIMYMHA BHOCHUMOIO

COIIPOTUBJICHUA.

ensto  mroOoi IPUEMHON AHTEHHBl  SIBIISIETCS npeoOpa3zoBaHue
SIIEKTPOMArHUTHONM BOJHBI B HampsbkeHue. PaMka (akTHUECKH YyBCTBHUTENBHA K
MarHUTHOMY TIOJTIO, @ HE K JJICKTPUUECKOMY IMOJII0 (OHA TaK)Ke HA3bIBACTCS MAarHUTHOM
neTiaeii). 3aKoH 9JEKTPOMAarHWTHOM HWHAYKIUMH TJIaCHUT, YTO HHIyLIHPOBaHHAs
aIIeKTpoABIKYIIas cuiaa Ey(t) B meTime mpsamMo mpomnopuroHaibHa BPEMEHH H3MEHCHHMSI
MarHuTHOro nmotoka P(t) uepes MeTio B COOTBETCTBUU C COOTHOIICHUEM:
do(t)

E,(t)=—— @)

MarauTHbeI TOTOK SIBIISIETCA MEPOM KOJIMYECTBA MAarHeThu3Ma 4Yepe3 KOHTYP

MPEICTABJIEHHBIN MArHUTHOM MHAYKIIUEH:

@(t)=B(t)-S (1)
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I[J'I}I CUHYCOMAAJIbHOI'O MAIrHUTHOI'O II0JIs1, OJHOPOJHOIO II0 ITOBCPXHOCTH

KOHTYypa S, ammututyaa B (t), cipoerpoBanHas Ha eJMHUYHBINA BEKTOP N, paBHA:
B(t)-i=B(t)-u-n, (22)
B(t)- =B, cos(e t)cosd (23)
rae, Bp— cuna marautHo#M unaykuuu, Ti;
0 — yron Mexay auausamu nons U U eMHMYHBIM BEKTOpOM 1, Tpa.

HOIICTEIBJ'IHSI 3HAYCHUE MarHUTHOM HHAYKOWH, IIOJYYUM YPABHCHHUC MArHUTHOI'O
IIOTOKa JIsI KOHTypa C N BUTKaMU, Ka)KI[BIf/'I N3 KOTOPBIX HMCCT ILIOIIAAb A , U

CJICOOBATCIbHO 3HAYCHUC HHﬂYHHpOBaHHOﬁ SHC

@(t)zBocos(a) t)-cosQ-N-A, (24)

E,(t)=N 'A'Bo-a)-COS(a)t)-COSH (25)

IMockonbky @=27f, cpenHekBaapaTuuecKoe 3HAYECHHE DIEKTPOABHIKYIIEH

CHJIBI KOHTYpA PaBHO:
E,=27zN-A-f-B-cosé (26)

MarnutHas WMHAYKOUA B CBA3aHAa C HANPSHKEHHOCTBIO MAarHUTHOrO Tonsa

CJIEAYIOLINM BBIPAKECHUEM

B = H 27
YpaBHeHI/Ie I CPCAHCKBAAPATHIYCCKOI'O 3HAYCHUA HAIIPAXKCHHA PABHO

E,=27 puN-A-f-H-cosé (28)
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6. BKCHepI/IMeHTaﬂLHOC HCCJIedJ0BAaHUEC CUCTEMbI 6eCleOBOIlHOﬁ 3apsiaKu

AKKYMYJISITOPA 3JIEKTPOMOOUJISA

6.1. OnucaHue IKCNEPUMEHTATbHOI YCTAHOBKH

Ha pucynke 14 mnpencraBieHa cxema SKCIEPUMEHTAIBHOM YCTAHOBKU TIO

HCCJICAO0OBAHHUIO 6GCHpOBOﬂHOﬁ 3apAadKU 3JI€KTpOMO6I/IJ'I5{.

[lepenaromas [purmaaroman
KATyIEa KaTymEa

JronHeni

MoCT
Wetounms: Tora Tpaucusep

UT3010E TS-2000x

[~
L1

C3 Rload

Pucynok 14 — CxeMa SKCIIepUMEHTAIBHOW YCTAaHOBKHU JIJIs1 UCCIICIOBAHUS

OCCIIPOBOTHOM 3apSAKU SJCKTPOMOOUIISA

Hctounuk Toka UT3010E mpeobpasyer nepemeHHoe HanpsokeHue cetu 220 B B
MOCTOSIHHOE HarnpsbkeHue /3,8 B nns murtanus tpancuBepa [5-2000X. Ha Beixone
TpPaHCHUBEPA, PETYIUPYEMOE BBICOKOYACTOTHOE MEPEMEHHOE HaNpsDKEHUE TOJAeTCs Ha
MOCJIC0OBATEIBHO MOJKIIOUYEHHBIE PE30HAHCHBIM KoHAeHcaTop () M MEpeAarollyro
KaTymky. WHAayuupoBaHHOE HampsbKeHHE B INPUHUMAIOMICH KaTylIKe uepes
pe3oHaHCHBI KoHAeHcaTop (), TMOAAaeTcs Ha BBIIPSIMUTENb CO CIIIAKHWBAIOIIUM

KOHACHCATOPOM C3. ITocTostnHOE HAIPsKCHUC MMOAACTCS Ha COIIPOTHUBIICHHUC HATI'PY3KU

Rload-

B tpancusepe TS-2000X ycTaHOBJIEH BRICOKOCTAOMIBLHBIN KBAPIEBBI IeHEPATOP

9acTOThI, YTO OOECIEeYMBAET OTIMYHYIO CTa0WIBHOCTh HacToThl - + 0.5ppm. B
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TpaHCUBEPE YCTAaHOBJIICH BCTPOCHHBI HM3MEPHUTENh MOIIHOCTH, KOTOPBIA TO3BOJISIET
U3MEPATHh BBIXOJHYIO MOIIHOCTH nepefaun. Tak ke mpucyTcTByeT BcTpoeHHbi KCB
METp, 4YTO IO3BOJISIET OTCIEAMTH YacTOTY, MPU KOTOPOH HACTyMmaeT pPE30HAaHC B
cucteMe. TpaHcuBep O0O0OpYyIOBaH 3alUTOM OT TEPETPYy3KH ¢  IJIABKUMH
NPEIOXPAHUTEIISAMH, UTO 3aIIMIACT TPAHCUBEP OT BhIXojAa W3 cTpos. Ha pucynke 15
MpeACTaBICH BHEMHWN Buj TpadncuBepa 15-2000X w mmTaronmmii €ro HWCTOYHUK

noctossaaoro toka UT3010E.

Pucynoxk 15 — Uctounuk nocrosiuaoro Toka UT3010E u tpancusep TS-2000x

[lepenarorass W mpuUeMHAs KATYIIKWA, BBIMOJTHEHBI W3 HECKOJBKUX KU
sManenpoBoga [I9TB-2 nuamerpom 0,1 m 0,28 mm. HaMOTaHHBIX Ha JEPEBIHHOM
kapkace. Karymku pacmosararoTcs Ha Kapkacax, HaXOIMIIMXCS Ha PAacCTOSHUU OT

3E€MJIM ¥ BBIITOJTHEHHBIX 0€3 MCIIOIL30BaHUS KEJIE3HBIX CoeHHHHTeJIeﬁ.

Pe3onancueie konaeHcatoppl C; u  (C, TpeACTaBISAIOT coOod  Habop
MOCJIEIOBATEILHO-TTIAPAUICILHO  COCIMHCHHBIX  KOHACHCATOPOB  OINPEICICHHOU
€MKOCTU. B MEepBMYHOM KOHTYpE YCTaHOBJIEHBI BHICOKOBOJBTHBIC KOHIEHCATOPHI IS

npenoTBpamieHuss npobos. Bo BTOpUYHOM KOHTYpe KOHAEHCATOPHI IEPEMEHHON
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€MKOCTH JJIsi TpOBEACHUs wucciaeaoBaHui. JIMOAHBIH MOCT coOpaH U3 UeThIpex
MOIIHBIX, OBICTPBIX AMONOB SF56 54/150A, ciocOOHBIX MPOIYCKAaTh HCCIETYyEeMbIN
muanazoH vactor 1,8 — 2 MIy. Koumencatop C; eMKOCTBIO [mk@® CIyXUT HIJs
CTIIQ)KMBAHMs TIOCTOSTHHOTO HampspkeHus. CompoTuBieHue Rip,q IpeacTaBisieT coboit

paszMYHbIe Bapyalliy HArpy30K.

ANNRRRNRRN
ANNNANNRNRNY
A

Pucynok 16 — Buenraumii Bug uzmepurens noiast NARDA NBM-550

Jl71st m3MepeHrs HanpsHKeHHOCTH ucmosib3yercst u3mepurens mosist NARDA NBM-
550, mpexncraBiaeHHBIE Ha  pucyHke 16. [IIMpOKOTOJSOCHBIA  W3MEpPUTETH
HANPSDKEHHOCTH 3JIEKTPOMArHUTHOTO TOJISI C MCIOJb30BAaHUEM H30TPOMHBIX 30HJOB
MOJXOTUT JJIST U3MEPECHHSI DJICKTPUUECKUX W MarHUTHBIX MOJIEH B JHMAama3oHe 4acTOT
or 100 xI'm mo 60 ITu. NBM-550 npumensiercss ansi HpPOBEPKH COOTBETCTBHS
TpeOOBaHUSM CTaHAAPTOB OE30MaCHOCTH YeNOBEKa, B MecTaxX, IJe HalOJoalTcs

QJICKTPUIYCCKHUEC U MAaIrHUTHBIC I1OJIA C BBICOKOM HaIps’KCHHOCTBIO.

I[aHHaH 9KCIICPUMCHTAJIbHAA YCTAHOBKA HC HMMCCT CJIOKHBIX JJIA MOHTAXXa U

HU3Yy4YCHHUS OJIEMCHTOB M II03BOJIACT IIPOBCCTH MCCICAOBAHUA [OJId OIPEACIICHUA
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3 (PEKTUBHOCTH ¥ OMNpENeNeHUs TPEUMYIIECTB W HEJAOCTATKOB JIAHHOW CHCTEMBI

OecrpOBOAHOM 3apsIIKU SIIEKTPOMOOUIIS.

6.2. OmnpenejieHue pe30HAHCHOI YACTOTHI NEPBUYHOTO KOHTYpPa

OnpenenuM pe30HAHCHYIO YacTOTy IEPBUYHOTIO KOHTypa. TpaHcuBep HMeeT
COOCTBEHHYI0 MHAYKTHBHOCTb U €MKOCTb, YTO OCJIOKHSAET OIPEIEICHHsI 3HAYCHMUS
4acTOThl PE30HAHCA, T.K. 3HAYEHUS EMKOCTH W HHAYKTHBHOCTH TpAaHCHBEpA HE

HU3BCCTHBI.

Jis  ompeneneHuss YacTOThl  PE30HAHCA  BOCHOJB3YyeMCS — M3MEpUTENIEM
HanpsbkeHHOCTH sMekTpudeckoro moiast NBM-550, pacmonoxennoro Ha paccrostanu 60

cM OT KaTyILIKH, KaK MTOKa3aHo Ha pucyHke 17.

Pucynok 17 — PacrionoxxeHue KaTylkyu 1 U3MEPUTEIIS [IJIsl ONIpeeICHUsI PpE30HaHCHOM

4acTOThI IEPBOTO KOHTYpa

EMxocTh KOHACHCATOPOB Cl, MNOAKIIIOYCHHLIX ITOCJICAOBATCIbHO K KaTYHIKE

WHIYKTUBHOCTH, paBHa 22n®. V3MepUTENbHBIN 30H] PACHOJ0XKEH COOCHO C LEHTPOM
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karymku. PaccrosHue 60 cm BBIOPaHO C LENBIO MPEAOTBPALICHUS NPEBBILICHUS

MaKCHUMYyMa HBMepHCMOﬁ HaIIPAKCHHOCTHU

QJICKTPUICCKOT'O

N3mepsieTcst pakTudeckoe 3HaUCHUE HAMPSHKEHHOCTH.

I10JIA

544,71 B/m.

[Tomyuennbsie pe3ynbTaThl UIsl JIBYX KaTyIIeK NpuUBEIEHb B Tabmuie 3.

TpancuBep TS-2000X He uMeeT BO3MOKHOCTH H3MEHEHMS 4YacTOThl B IHPOKOM

JIMAIla30He, M3-32 BHYTPEHHUX HACTPOEK Pa3pElICHHOW 4YacTOThl Ha Tteppuropuu PD

JUIS paarocTadiui 3-i kareropuu. Paspemennsiii nuama3on 1,81-1,99 MTy.

Ta6Jmua 3- PGBYJ'II)TEITBI OIIbITa OIIPCACIICHUA pGBOHaHCHOﬁ HaCTOThbI

E, MIy E, B/m E My E, B/m

| katymka | 2 KaTymika | karymka | 2 Karymka
1,81 20,64 17,54 1,91 142,2 174,3
1,82 25,16 21,15 1,92 96,5 1119
1,83 31,53 26,01 1,93 74,9 83,4
1,84 41,07 33,56 1,94 62,2 68,1
1,85 56,76 44,26 1,95 54,5 58,7
1,86 86,03 62,58 1,96 49,2 52,4
1,87 158,2 99,23 1,97 45,53 48,21
1,88 256,1 206,1 1,98 42,9 45,17
1,89 321,6 319,2 1,99 41,03 42,99
1,90 267,3 289,9

[lo pmaHHBIM  TAOIHIBI

3 TOCTPOMM 3aBHCHUMOCTb,

IIPEJCTABICHHYKO Ha

pucynke 18. [lo 3aBUCMMOCTH BHJHO, YTO PE30HAHCHAs YacTOTa JBYX KaTyIIeK
MPAKTUUYECKH OJMHAKOBA, YTO TOBOPUT 00 MPAKTUYECKH OJWHAKOBOM 3HAYCHUH
WHIYKTUBHOCTH JABYX KaTyIlIeK. Tak ke ONnpeaesaeHne pe30HaHCHON YacTOThl BO3MOKHO
npu nomou BcTpoeHHoro KCB Merpa B TpaHCHBEPE, MHUHHMMAJIbHOE 3HAYCHHE
KOTOPOTO COBIIQJA€T C NUKOM HANPSKEHHOCTH DJIEKTPUYECKOIO ITOJIST U3MEPUTEIIS

NBM-550. 3naueHue pe30HaHCHOM YacTOThl MPUOIU3UTENbHO paBHsieTcs 1,89 M1 y.
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PI/ICYHOK 18 — 3aBucuMocTh HAIIPSKCHHOCTH 3JICKTPUYCCKOI'O ITOJIAA OT YaCTOThI

Ha pucynke 19 mpencraBieHa 3aBHCHMOCTh HAIPSHKEHHOCTH AJIEKTPUYECKOTO
ITOJIS1 OT YaCTOThI Ha Pa3HOM PACCTOSHUM OT Karymku. [lo 3aBucumocTy BHAHO, YTO
Ipenen  MU3MEpsAEMOW  HANPsDKEHHOCTH  DJIEKTPUYECKOrO  IOJIsA  JOCTUraercs Ha

paccrossHuM 20 cm OT KaTyLIKH.
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Pucynok 19 — 3aBucuMOCTb HalpsHKEHHOCTH OT YaCTOThI MPHU Pa3HbIX

PACCTOSTHUSX MEX]y KaTyIIKON 1 U3MEpUTesieM
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6.3. OmnpenejieHue pe30HAHCHOI YaCTOTHI BTOPUYHOI0 KOHTYpa

YT1o0mI OIIpCACIINTD 3HAa4YCHUC CMKOCTH, 1110)51 KOTOpOM JOCTHUIacTCA

MAaKCUMAJIbHOC 3HAYCHUC IIapaMCTPOB BO BTOpOﬁ KaTylKe, IMOCTCIICHHO IIOBBIIIACM
3Ha4YCHHUC CMKOCTH, HOIIKJ'IIOLIGHHOIZ IIoCJICA0OBATCIIBLHO C KaTYMKOﬁ. I[JUI HN3MCPCHUA
3HAUYCHUA TOKA W HAIIPSKCHUS BO BTOPUIHOM KOHTYPC HCIIOJIB3YCTCA I[HOI[HBIfI MOCT,
BBIIIOJTHCHHBIM Ha BBICOKOYACTOTHBIX AuoJax. Ilocne AUOJHOI'0 MOCTa ITOAKJIIFOUYCHO

COnPOTHUBICHUE Rigaq =1500 Om, Tpu IOMOIIM KOTOPOTO U3MEpsieM 3HaUeHUe Toka |, u
U,.

OneITHI IMIPOBCACHLI IIPH PA3JIMYHBLIX PACCTOAHHAX MCKIY KaTyHIKaMH, YTOOBI
OLCHUTH BIIMAHHC KATYIICK APYT HA Apyra. Ha ocHOBe onbITOB IMOCTPOCHBI TPCXMCPHBIC

IMOBCPXHOCTH, II0 KOTOPBIM BHAHO, IIPHU KAKOM 3HAYCHHUHU CMKOCTH Cg " IIpH KaKoM

yacrore f , JOCTUTaCTCA MAKCUMYM HaAIIPAKCHUA U2.

W 210-230
190-210
m 170-190
150-170
130-150
110-130
90-110
70-90
50-70

\.S\l-‘
b ! L
Be T~
cmd © g
N “~ STy
QQ e - 73
\ N L85
W® Ly

PI/ICYHOK 20 — 3aBUCUMOCTH HAIMps>KCHUA OT 4aCTOTEI U €MKOCTH IIPpHU

PACCTOSIHMM MEX]ly KaTylIKaMu 6 cm
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PI/ICYHOK 21 — 3aBHCUMOCTH HaIIPSKCHUA OT 4aCTOTBI U CMKOCTH IIPpHU

PacCTOSHUM MEXAY KaTylKaMu /2 cm

170
150 - = 150-170
‘ 130-150
130 7 110-130
10 1 90-110
‘ 70-90

50-70

LT
S ]//1’4/'; {'?J‘
36’3

{d’]

Pucynox 22 — 3aBucumocTs HanpspkeHust U, OT 4aCTOTBI M @MKOCTH TIPU
pacCTOSTHUU MEXAy Katymkamu 20 cu

47



150 -

140 1 m 140-150
130 - 130-140
i N 120-130
120 - H110-120
| 100-110
10 1 90-100
. 80-90
100 -
UZ, B [ 70-80
90 - 60-70
; 50-60
80 1
70 -
[
60 -
50 4
(Y
\L
A
C, n® 0 e

h
N
> L,

Pucynok 23 — 3aBucumMocTb HamnpsbkeHnus U, OT 9acTOTH M eMKOCTH TPU

PAcCCTOSTHUM MEXY KaTylIKaMu 25 cm

120 +

110 - B 110-120
‘i 100-110
100 1 90-100
%0 1 80-90
U2, B 70-80
80 - 60-70
o 50-60
60
/,93
50

Pucynok 24 — 3aBucumMocTtsb HampsibkeHus U, OT 4acTOThI M eMKOCTH TIpU

PaCCTOSTHUM MEXy KaTymkamu 30 cm
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W3 mpoBeAEHHBIX ONBITOB BHUIHO, YTO MHPHU PA3IUYHOM PACCTOSHUU MEHSETCS
3HAYEHUE €MKOCTH, IPU KOTOPOM IMPOUCXOJUT PE3OHAHC, U U3MEHSIETCS 4acToTa, MpH
KOTOpPOM HACTyNaeT MaKCUMyM BBIXOJHBIX NapameTpoB. EMKOCTb, IpH pPa3IU4YHOM
PACCTOSIHUM MEXJy KaTyIIKaMH MEHSETCSl BCJIEICTBHE W3MEHEHUs BIUSHUSA KAaTyLIEK
npyr Ha apyra. Ilpu paccrossHuum GosbiieM /6 cv BUIHO, UTO PE3OHAHC MPOUCXOIUT
IpU OJIMHAKOBOM 3HAUYEHUU €MKOCTHM M Ha OJMHAKOBOM 4YacTOTE, BCIEACTBHE ClalOif
CBSI3W MEXIy KarylukamMu. MakcumMyMm [apaMeTpoB CABUTAETCS IO 4YacToTe C
yBeJIMYeHUEM K03(pPUIIMEeHTa CBA3H MEKIY KOHTypaMu. 3HaUeHHE EMKOCTH U YaCTOTHI,
IpyU KOTOPOM HAOJIOJAeTCsd MaKCUMYM HAaNpsyKEHHS BO BTOPHUYHOM KOHTYpE,

IpUBEJICHBI B TabmuIie 4.

Tabnuua 4 — 3HaueHUs eMKOCTEW M YaCTOThI TP Pa3INYHOM PaCCTOSHUU

S, cm C,ud f, MI'u
6 40 1,97
12 29 1,9
15 25 1,9
18 22 1,9
20 20 1,9
25 20 1,9
30 19 1,89
50 19 1,89

3HaueHUs] €MKOCTH M 4YacTOThl PE30HAHCA MPU PACCTOSHUU MEHbUIE 6 cm
U3MEPUTH HE yaJOCh, T.K. PE30HAHC CABUTAETCS 3a MPENEIbl JOIYCTUMOrO U3MEHEHUS
JMana3oHa 4acToT. YToObl HACTPOUTH CUCTEMY Ha PE30HAHC MPHU PACCTOSIHUHM MEHbIIE 6
cm, TpeOyeTcsi I3BMEHUTh €MKOCTh MEPBHUYHOIO KOHTypa. B cucreme OecrnpoBomHOM
3apSAAKU DIEKTPOMOOUIIST OJM3KHE PacCTOSHUS MCKIIIOUEHBI, T.K. MEPBUYHAS KaTyIlKa
HaXOJUTCS BHYTPH JOPOKHOTO IOJIOTHA, a BTOPUYHAS HAXOAUTCSI HA HEKOTOPOM
paccTossHUM OT 3eMiM  Ha aBToMoOuie. IlosTomy Onm3kue paccTosHUS He

pacCMaTpuBarOTCA.
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Jlyst TOro 94TOOBI YOEIUTHCA, YTO B CUCTEME JICUCTBUTEIIBHO HACTYIIAET PE30HAHC,
MIOCTPOUM 3aBUCHMOCTh HampspkeHuss U, oT wactotel f mpu Hanmmumm emMkocTH U e
OTCYTCTBHHM BO BTOPHMYHOM KOHTYpe. 3aBUCHMOCTH Mpu paccTtosHuM 6 u 30 cm

Mpe/ICTaBJICHbI Ha pUCYHKE 25.
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f MI'n £, MI'nx

150

Pucynok 25 — 3aBucumoctp Hanpspkenus U, ot yactotel f npu Haamuuu

CMKOCTH U OTCYTCTBHUUA

W3 pucynka 25 BUAHO, 4TO 0€3 €MKOCTH BO BTOPHUYHBIA KOHTYp TMepenaercs
SHEPTUM MEHbIIE 4YeM TMpu e Hamuuuu. [Ipu yMEHBIICHUH PACCTOSHUS MEXKIY
KaTyIIKaMH, pa3Indue, MEXIy TMepeaaBacMoOil dHEPTrUU ¢ HaJMYMEeM EMKOCTH U 0e3,

CHHMIKACTCA.

6.4. Pe3oHaHCHBbIEe KPUBbIE IBYX CBSA3AHHBIX KATYIIEK

CucremMa KOHTYpOB IpU HW3MEHEHUM 4YacTOTHl TPAaHCUBEpPA H3MEHSET CBOU
cBoicTBa. YTOOBI OLIEHUTH CBOMCTBA KOHTYPOB CIIY>KaT PE30HAHCHBIE KPUBbBIE, KOTOPbIE
ABJISIOTCS 3aBUCUMOCTAMM TOKA WJIM HAIPSDKEHHsT OT 4acToThl. dDopMa pe30oHaHCHBIX

KPUBBIX 3aBUCUT OT CTCIICHU CBA3H MCIKAY KaTyIIKaMMU.

[Ipu cnaboil CBs3M, MEHBIIIE KPUTHUYECKON, BO BTOPUYHBIM KOHTYp IepeaaeTcs

MEHBIIE MOIIHOCTH OTAAHHOM TPaHCUBEPOM. BTOpHYHBIM KOHTYp MajO BIMAET Ha
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MIEPBUYHBIN, BCIEJCTBUE BHOCHMOE CONpPOTUBIEHHUE Majno. Tok |; ymeHblnaercs npu

YBCIMYCHUU CBA3H.

[Ipu cunbHOU CBS3H, OOJBIIE KPUTHYECKOW, BO BTOPUYHBIA KOHTYpP MEpeaaeTcs
00JIbIlIe MOIHOCTH, B OTJIMYME OT ciIabo0il CBsI3M, MPH STOM PEaKIUs HAa MEPBUYHBIN
KOHTYp Benuka. [Ipu cuiabHON CBSA3M pe30HAHCHAs KpUBas MPUHUMAET BUJ JBYropOoi
3aBUCUMOCTH. JTO CBSI3aHHO C TE€M, YTO BHOCHUMOE COIPOTHBIICHHE HOCHUT pa3HbIE
XapakTepbl U DJKBHUBAJICHTHOE COIPOTHUBIICHUE KOHTYpa IMPHU YBEIMYEHUU YaCTOTHI

MCHACTCA C aKTHBHOI'O HAa MHAYKTUBHOC U C AKTUBHOT'O Ha CMKOCTHOC.

Tok |, BTOpUYHOrO KOHTypa M3MEHSETCS HE TOJBKO U3-3a COINPOTUBIICHUS
BTOPUYHOTO KOHTYpa Z,, HO U OJjarojapsi ”3MEHEHHIO TOKa B MEPBUYHOM KOHTYpE ;.
BcenenctBue yero npu M3MEHEHUU CBSI3M MEXAY KOHTYpaMH, U3MEHSIETCS HE TOJBKO

pe30HaHCHas KpuBas ToKa |;, HO U TOKa BTOPUYHOM KaTymiku ls.

Pucynox 26 — 3aBucumocTb POpMbI pe30HaHCHOM KpuBOM ToKa |, OT

ko3 umeHTa cB3u
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[Tpu cnaboii cBsi3u pe30HAHCHAs KpUBas TOKa BTOPHUYHOTO KOHTYpa lp, mogobHa
Toka |;, HO MpU yBETMYEHUH CBSI3U, TOK |, yBennuuBaeTcs, Tak kak HaBoaumas J/IC E,
Bo3pactaeT. [Ipu cuibHOM CBsI3U pe30HAHCHAs KpuBasi TOKa |, BemeT ceOst MACHTHYHO ¢
NepBUYHBIM KOHTypoM. Ha pucynke 26 mnpeactaBieHa 3aBUCUMOCTh (HOPMBI

PE30HAHCHON KPUBOM TOKAa BTOPUYHOM KATyIIKH OT KOA((UIMEHTa CBSI3U MEXKIY

KaTylIKaMH.

Tak kak HpO6H€MaTPI‘1HO IMOCTPOUTL PC30HAHCHBIC KPHUBBIC I IICPBHYHOIO
KOHTYpa H3-3a CJIOXHOCTH H3MCPCHHA BBICOKOYACTOTHOI'O TOKAa M HAIIPAKCHHAA,

ITIOCTPOUM PE30HAHCHBIE KPUBBIE I TOKA IPUEMHOM KATYIIKH.

Jns  1OCTPOEHMS PE30HAHCHBIX KPUBBIX BBICTABUM 3HAUEHUE EMKOCTU
KOHJIEHCATOPOB I paccToAHUs 30 cM. W NOCTENIEHHBIM YMEHBIICHUEM PACCTOSHUS
MEXy KaTylKaMy 3a(UKCUPYEeM 3HAUYEHHs TOKA B IOCTYITHOM YaCTOTHOM JMaIa3oHE.

[Tomy4yeHHbIE pE30HAHCHBIE KPUBBIE MPECTABICHBI HA PUCYHKE 27.

m30
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Pucynok 27 — DkciepuMEeHTAIBHO TIOJTy9YeHHAsS 3aBUCUMOCTD (DOPMBI
PE30HAHCHOM KpUBOM ToKa |, 0T ko3 duimenTa csizu
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[To 3aBuUCHMMOCTH, TPEJCTABICHHON HAa PUCYHKE 27 BHIHO, YTO C YMEHBIICHHUEM
paccTosiHUSL M, CJEJ0BaTENbHO, YBEIMYEHHEM KOA(Q(UIUEHTa CBSI3M, MOCTEHECHHO
yBennuuBaeTcs Tok. [Ipu paccrosHun 16 cym. NPOUCXOOUT 3HAYMTEIBHOE OTKIOHEHUE
OT YaCTOTHI PE30HAHCA, CBA3AHHO 3TO C YBEJIIMYECHHUEM BIIUSHUS KaTylIEK IPyT HA IpyTa.
OOpa3oBanue ByropOoOro pe3oHaHca HE MPOUCXOJUT, CBSI3aHO ATO C HEUACAIBbHBIMU
dopMaMu KaTymiek, BCIEACTBHE YEro pa3Has dYacToTa pPE30HaHCa KaTylleK u
ucTouyHrka. OIHAKO C YBEPEHHOCTBIO MOYKHO CKa3aTh, YTO PACCTOSHUE, IPU KOTOPOM

KOB(l)(l)HI_II/IeHT CBA3U ABJIACTCA KPUTUYCCKUM, HpI/I6JII/13HTCJIBHO PaBHO 16 CAHTUMCTpPaM.

6.5. I¢P¢eKTUBHOCTH CHCTEMBbI MPHU CMeNIeHUH KATYyIIeK

BaxxubiM QaktopoM, omnpenenstonum 3(pPEeKTUBHOCTh CUCTEMBI OECIIPOBOJIHOTO
3apsAna 3JIEKTPOMOOWIISA, SIBISETCS CMEIIEHWE KaTyIIEeK OTHOCHTENIbHO Jpyr Apyra.
CBs13aHO 3TO C TPYIHOCTBIO MAPKOBKHU AJIEKTPOMOOWIIS HA MOA3APSJIKY aKKyMyJsiTopa

TaK, YTOOBI KaTYIIKH Paclojarajuch COOCHO.

Pucynok 28 — CxemMa 3KCIepUMEHTa MO CMEIIEHUIO KaTyIIIeK
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Ha pucynke 28 mpencraBieHa cxema SKCIIEPUMEHTA, Ha paccTossHun X=1I18 cm
MEXIy KaTylIKamMu IpU cOnpoTuBieHUM Harpy3ku /500 Om. BeicraBuB emkocth C
Tak, 4TOoObl BeIWMYMHA TOKa |, ObBUTa MaKCHMaJbHOW, CMECTHUM KaTyIIKH JApYyT
OTHOCUTEJBHO JIpyra BIOpPaBO M BieBO Ha paccrosHue 1=30 cwm.. llomyueHHble

pe3yNbTaThl MPEACTABICHBI HA PUCYHKE 29.
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Pucynox 29 — 3aBucumocts ToKa |, OT cMeleHus: OTHOCUTETIBLHO IIEHTPOB

KaTyIIeK

[To 3aBUCMMOCTH MOXXHO CHENaTh BBIBOJ, YTO CMEIICHHWE, OKOJIO 5 CM OT
COOCHOTO pAacCHoOJIOKCHHs, HE BIUsSET Ha A(G()EKTUBHOCTH CHUCTEMBI, HalibHEUIee
YBEJIMYCHUE CMEIICHHUS CHUXKACT BhIXOAHBIC mapamerphl. [Ipum cmemenun 30 cm.,
KOrJla KaTyIIKW BBIXOMAT 3a PaMKH CBOMX pPa3MepoB, 3()PEeKTHBHOCTH CBOIUTCS

MPAKTUYECKU K HYIIIO.

Ha I‘pa(l)I/IKC MNpEACTAaBJICHbI 3HAYCHHUA MAKCHUMAJIbHOI'O TOKa |2 IIpu pa3INIHbIX

4acToTax, pazopoc yacTot npubnusuteasHo 0,2 M1y ot yacTtoTsl pe3onanca 1,89 MIy.
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B xone ombiTa, 3amMe4YeHa 3aKOHOMEPHOCTh: IMPU CMEIIEHUH NPHUEMHOW KaTyIIKU
BIIPaBO OT INE€pENAIOLIEH, PE30HAHCHAs YacTOTa, IPU KOTOPOW HAOII0AAETCS MAKCUMYM
BBIXOJIHBIX MapaMeTpoB, CMelaeTcs B OodpuIyr0 cropony > [,89 Mly, a npu

CMELIEHUH BJIEBO, B MEHBIIIYIO CTOpOHY < /,89 MTy.

Ha ocHOBe MpoBeIeHHOTO OIBITa MOXHO CJIENaTh BBIBO, 4TO cMemleHue Ha 16%
OT COOCHOTO PACHOJOXKCHHUS KAaTyIIeK C pa3Mmepamu Kapkaca 30 cm., HE OKa3bIBaeT
BIMSIHHEC Ha TIepeJaBaeMyl0 MOIIHOCTh B JAHHOW CHCTEME. YUYHTHIBas, 4TO IPHU
peasibHO paboTaroIIeM YCTPOWCTBE, KATYIIKH OyayT MMETh OOJBIIHE pa3MEphl, 4eM
UcHbITyeMble, 3()(GEKTUBHOCTh CHCTEMBI ¢ HEOOJBIIUM OTKJIOHCHHEM KaTyIIeK, MPHU

ITOCTAaHOBKC 3JIGKTpOMO6I/IJIH Ha 3apsa1 aKKYMYJIATOPOB, CHHKATLCA HC 6y,[[€T.

6.6. DddexkTUBHOCTH CHCTEMBbI MPU PACHOJI0KEHUH NMPErpaabl MeKIAy

KaTyllkaMiu

Tak e, HeMaJIOBaKHBIM (PAKTOPOM, ONpeaeistomuM 3P(HEKTUBHOCTh CUCTEMBI
OecrpoBOHOTO 3apsijia IIEKTPOMOOWIIS, SBJISAETCS PACIOJIOKEHUE KaTylleK BHYTPH
JOPO’KHOTO TOJIOTHA. DTO HEoOXOoIuMMas Mepa Uil MPeJOTBPAILIECHUS MOBPEXKICHUS,
3arpsi3HEHMs, Mepearoel KaTyllKy, a TaK )K€ 3alliuTa OT BO3MOXHOTO MOBPEKICHUS
KOJIECOM 3JIeKTpoMOOMIIA KaTymku. [IpeanonoxurensHo, nepeaaromas KaTyuka oyaer
pacrnoJiaraTbCsi HA MUHUMAJIbHO BO3MOKHOM PACCTOSIHUU OT MOBEPXHOCTU JIOPOTH, TIO]T

OCTOHHOM CTSHKKOM WJIM TPOTYapHOU TITUTKOM.

B omwite, my1s uiccnenoBanus 3h(PEKTUBHOCTH TIEpeiauu IHEPTUU UCTIOJIb3YETCS
nperpajza B BUJe KepaMHieckou minThl. [Ipu paccrosHum Mexay karymkamu 18 cm
pacnoJiaraeTcs nperpaja ¢ pasHor TOJMHON. Pe3ynbTarel onbiTa IpeACTaBIeHbI HA

pucynke 30.
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Pucynox 30 — 3aBUCMMOCTh TOKa Harpy3ku |, oT yacToThl f mpu pacmosioxeHuu

KEpAMUYECKOW Mperpaabl MEK1y KaTylIKaMu

[lo 3aBMCHMOCTH BHUJHO, YTO MPU HAIMYUU TPETPaabl B BHUAEC KEpaMUUECKOU
TIUTHL, 3(PQGEKTHBHOCTh CHWKASTCS HE3HAYUTENBbHO. [lpm TommuHe MmiuTel 8 M.,
s dexTuBHOCTH cHIXKaeTcs Ha 1,8%, a mpu Tommuue 24 mm. Ha 5,8%. JlaHHBIC IOTEpH
— 3TO HEOO0XouMas Mepa JyIsl IPEIOTBPAICHHSI TTOBPEKICHUS CUCTEMbI OECTIPOBOAHON

3apsIAKA JIEKTPOMOOMIIS.

Paccmotpum  ciiywair  momamaHus  MeTaUla MEXAY — Iepelamled U
IIPUHUMAIOLIEH KaTylkamMy. Takou cilydyald BO3MOXEH, T.K. Ha TOPOJCKUX YJIHMIaX
BCErja MPUCYTCTBYET MYCOp B BHJAE MeTaluiMueckux wuzaenuid. Ha pucynke 31
MPEACTaBICHA 3aBUCUMOCTh Tpu vacTudHOM 50% wu mpaktudecku noaHoM 80%

MEPEKPHITUH KaTYIIEK JIUCTOM KeJle3a.
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Pucynox 31 — 3aBUcCHMMOCTh TOKa Harpy3ku |, ot wactotsl f mpu pacmonoxeHum

YKEJIE3HOM Mperpaabl MEXI1y KaTylIKaMu

M3 momydyeHHOW 3aBUCUMOCTH CIENYET, YTO IPU YACTUYHOM IE€PEKPBITUN
3 PEKTUBHOCTh CHIIKAETCS He3HauuTelbHO Ha 2,1%, HO wu3MeHseTcs dYacToTa
pe30HaHca, BO3MOXKHO, 3TO CBsA3aHO C d(PpdekToM, HAOII0JaeMbIM paHee TIPH CMEILICHUH
karymek. [Ipu TpakTHYECKH TMOJTHOM TEPEKPBITUH, IP(HEKTUBHOCTh CHUKASTCS

3HaYnTENLHO Ha 73,3%.

Tak ke HEeMaJOBaXHBIM (PAKTOPOM, BIMSIONIUM Ha 3(PGEKTUBHOCTH CHUCTEMBI,
SBJISIETCS HAJIMUME METAJUIA 3a MEePeAarolle KaTymKkoi. Takon ciaydai BO3MOXKEH, IPH
MpOJIETaHUU B MECTE 3aJ0XKEHHS KaTyIIKH, METALTUYECKHX TPYyO, METAIMYECKOIro
Mycopa U T.I. 3aBUCUMOCTb TOKA Harpy3ku |, OT 4acTOThI pU pacnoyioKEHUH MeTaia

3a Mepearole KaTyIKoi mpeacTaBieHa Ha pUCYHKe 32.
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Pucynox 32 — 3aBucMMOCTh TOKa Harpy3ku |, ot wactotsl f mpu pacmonoxeHun

YKEJIE3HOM Mperpajibl epel Mepeaaroe KaTyIKon

[To 3aBUCHMOCTH BHJHO, YTO BIHMSHHE Ha 3(P(HEKTUBHOCTh CHCTEMBbI OKa3bIBAaCT
HaJU4YWe MeTallla HE TOJBKO MEXIy KaTylikaMd, HO U 3a Iepeaaromie.
D¢ hHeKTUBHOCTh B JTaHHOM oOmbITe cHU3WIAch Ha 14,1%, 4ro 3HAYMTEIHLHO CHMIKACT

00111y10 3 HEeKTUBHOCTD.

[To mnpoaemaHHBIM OMBITAaM MOXKHO CJejaTh BBIBOJA, YTO BIMSHHEC Ha
3 (PEKTUBHOCTH CHUCTEMBI, OKA3bIBAET MHOXECTBO (DPAKTOPOB, KOTOpPHIE HEOOXOIUMO
VYHTHIBATh TIPU TPOCKTUPOBAHUM M YCTAHOBKE CHCTEMBI OCCIIPOBOJHOW 3apsiaKu
anekTpoMoOmts. borbiee BausHUE HA 3((HEKTUBHOCTH CUCTEMBI, OKa3bIBaCT HATNINE
MeTajula MEXIy KaTylmikamMd. B mpojenaHHOM UCCIENOBAHWHM HCIOIb30BAUCH
CIUIONTHBIC JIUCTHI JKeJie3a, COM3MEPHUMBIC C pa3MepaMH KaTyIIeK, BEPOSTHOCTH
MOTAIaHMs TAKOTO JINCTA B MPAKTUYECKOM HCITOJIb30BAaHUU CUCTEMBI 04eHb Mana. Kak

IMOKa3ajl OIIBIT C 4YaCTHYHBIM HCIIOJIB30BAHHCM MCTANIMYCCKOIO JIMCTAa, BIJIMAHHC
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MPUCYTCTBYET, HO He3HauutelbHOE. [lomamaHue Mexay Karylmikamu, K IpUMEPY,

JKCJIC3HOTO IIPYTA U T.II., OKAXKXCT MUHHUMAJIbHOC CHUIKCHUC B(i)(beKTI/IBHOCTI/I CHCTCMBEI.

B

6.7. Bapuanum HArpy3ok B cucTeMe 0eCrpoOBOJIHOM 3apsAIKU

3JIEKTPOMOOUJISE

paHec MPOJACIHAHHBLIX  OIbITaX  HCIOJIb30BAJIACh  HAIpy3Kka B  BHIAC

conpotuneHust 19 —15— 1500 Om. Ilpu paccrossHun Mexay Karymkamua 18 cwm,

pPacCMOTPpUM PpPaA3JIMYHBIC BapHalliMd HArpy3oK: CBCTOAHMOILBI, JIaMIld HAKaJIWMBAHHA,

COIIPOTUBJICHUA 115 pa3INdYHbBIX HOMMHHAJIOB. OHGHI/IM BJIMSIHUC Pa3JIMYHBIX BHIOB

Harpy3ku Ha paOOTy CUCTEMbI O€CTIPOBOIHOMN 3apPSIKH SJIEKTPOMOOHIIS.

Ha pucynke 33 — 34 mpencTaBiaeHbI 3aBUCHMOCTh TOKa MTPUEMHOM KaTyImiku |, oT

94acTOTHI TpaHcuBepa f, ¢ pasHbIME HOMHHAIAMU COTIPOTHBIICHUH [10.
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Pucynok 33— 3aBucumocTh Toka Harpy3ku |, ot yactotel f, npu pasnmuanom

CONPOTHUBIIEHUH HArpy3KH
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Pucynox 34 — O0beMHast 3aBUCUMOCTh TOKa Harpy3ku |, ot yactoter f, mpu

pa3iIndHOM COIIPOTHUBJIICHHUH HAI'PY3KHU

[Io 3aBHCMMOCTSIM BHJIHO, YTO Pa3JIM4YHOE COMNPOTHUBIICHUE HArPy3KH MEHSET
xapakTtep paboThl cucTeMbl. [Ipu yBeIMYEHUU CONMPOTHUBIICHUS, YMEHBIIACTCS TOK
Harpy3ku l,, 49TO OOBSACHSETCS 3aKOHOM OMa, HO TIPH YBEIWYEHUW Harpy3Ku
M3MEHSETCS M 3HAYEHHUE YacTOThl pe3oHaHca. OO0beMHas 3aBUCHUMOCTh CXOXa C
PE30HAHCHBIMU KPUBBIMH, PACCMOTPEHHBIMM pAHEE, YTO CBSI3aHO C BIUSIHUEM
COTIPOTUBJICHUS HArpy3Kd Ha pPE30HAHCHYI dactoTy. OOpasoBaHue ABYropooro
pe3oHaHca mpu comnpotuBieHun R > 3000 Om CBUACTEIBCTBYET O TOM, YTO
CONPOTHUBJIEHUE B3aUMO/JICUCTBYET C PE30HAHCHON €MKOCTBHIO M U3MEHSIET HACTPOCHHYIO
Ha OJIHY PE30HAHCHYIO 4YacToTy cucteMy. B Tabmuie 5 mnpuBeaeHbl 3HAYCHUS

nepeaaBaeMoil P; M monydyeHHOM Ha Harpy3ke P, MomHocTH, mnpu pazHOM

CONIPOTHUBIICHUYU HArPy3KH.
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Tabnuua 5 — K1I/] cuctemsbl Py pa3HOM CONPOTHBIIEHUH HATPY3KU

R, Om P,, Bm P,, Bm K11, %
147 30 3,64 12,12
570 30 9,77 32,56
750 30 11,81 39,38
1500 30 17,53 58,43
2340 30 10,82 36,07
3000 30 11,91 39,69
4830 30 16,19 53,97
8240 30 10,74 35,79

HauGonbmuii nomydyennsit K71/] npu conpoTUBIEHUU HArpy3ku Rigaq=1500 Owm,
T.K. HacTpoWKa ¥ TMOJOOp PE30HAHCHOTO KOHJIEHCATOpa MPOBOJUIIACH TPH STOM

3HAUYCHHHU COITPOTUBJICHMUA.

Harpy3ka B Buae naMnbl HakaJIMBaHUS U CBETOJHUOJOB, IPEACTABISACT
HU3KOOMHYIO Harpy3ky. Hcnonb3yercss namMmna HaKaJIMBaHUSI C HOMHUHAJIbHBIMU
napamerpamu 230 B u 40 Bm, naMnbl MEHBLIETO HOMHUHAJIBHOIO HAMPSKCHUS HE
ropsT, T.K. yBEJIMYMBACTCS BHYTpPEHHEE CONpoTHBiIeHHE nammbl. Ha pucynke 35
MPUBEICHO H300paXeHHe pabOThl CHUCTEMBI MPU HArpy3ke B BHUJIE JaMIbl U

3aBHCHUMOCTh TOKa Harpy3ku |, ot gacrotsr f.

1,9 1,95 2

Pucynoxk 35 — 3aBucuMocTh Toka Harpy3ku |, oT yactoTsl f, pu Harpy3ke B BUje
JIaMITbI
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Ha pucynke 36 npuseneno nzo0paxeHnre paboThl CUCTEMBI PU HATPy3Ke B BUJIC
MOCJIEIOBATEIbHO COEJMHEHHBIX CBETOJIMOJOB M 3aBUCUMOCTh TOKa Harpy3ku l, or
gactoTel f. CBETOAMOIBI HMCIONB30BAIMCH ¢ mapameTpamMu 33 B u 10 Bm, deTrwipe

MOCIIEZI0BATEILHO COOPAHHBIX.
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Pucynox 36 — 3aBucuMocTh Toka Harpy3ku |, ot wactoTsl f, mpu Harpy3ke B BUje

CBETOHMOJIOB

HOJ’Iy‘ICHHBIG 3aBUCUMOCTH, IIPpH HArpy3kSc B BHIAC JIaMIIbI M CBCTOAMOOOB,
HUACHTUYHBI, OTIIMYHUEC COCTOUT B TOM, UYUTO IPOHUCXOAUT PC3KOC YBCIHMYCHHC TOKaA Y
CBCTOAMOA0OB, B OTIMYHMC OT JIaMIIbI. HpH Harpy3k€¢ B BHJAC JIaMIIbl, CBCUCHHUC
IIPpOUCXOOUT TOJIBKO OKOJIO pCBOHaHCHOI;'I YaCTOTbI, a4 IIpH CBCTOAMOAAX, CBCUCHHC
IMPOUCXOJUT Ha BCCM IMPOMCIKYTKE 4aCTOTEI fu YBCIIMYCHUC APKOCTHU NPOUCXOOUT ITPH

MPUOJIMKEHNN K PE30HAHCHOM YacTOTe.

N3 mpoBEeAECHHBIX OMNBITOB C PA3JUYHBIMH BHUJIAMU COINPOTUBJIEHUN MOMXKHO
CIeNaTh BBIBOJ, YTO TPH pa3pabOTKe MAHHOM CHUCTEMbl OCCHpPOBOIHOW 3apsiIKU
AIEKTPOMOOWIISI, HY’)KHO YUUTHIBATh XapaKTep Harpy3Ku, 4TOObI MPAaBUJILHO HACTPOUTH

CUCTCMY Ha PE30HAHCHYIO 4aCTOTY.
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6.8. O6mas 3¢pPpekTUBHOCTH CCTEeMBbI 0eCIIPOBOAHOM 3apsiAKH

3JIEKTPOMOOMJISA

B tpancuBepe TS-2000X BcTpoeH HW3MEpPHUTENb MOIIHOCTH, MPU MOMOIIH
KOTOPOTO MOKHO OILIEHMBaTh MOIIHOCTh, Ha BBIXOAE TpaHcuBepa. [IpoGiema
3aKJII0YaeTcss B TOM, 4YTO [0 JAHHOMY H3MEPUTENIO CIO0XKHO OLEHHUTh peaslbHYIO
BBIXOJHYIO MOIIHOCTb W IIOKa3aHUs IOJIy4alOTCS C TOTpeIHocTbio 2-3 Bm. Jlanee
NOKa3aTeNM BBIXOJHOM MOIIHOCTU TpaHCUBepa P; OyayT 3aBbILLEHBI, pEalbHbIE

IIOKa3aHus MCHBIIIC.

Pe3onaHCHYI0 3((EKTUBHOCTh JAHHOW CHCTEMbI MOJCYUTATH MPOOJIEMATHUHO,
T.K. HE U3BECTHBI MOTEPU MOIIHOCTU B MpUOOpax, MOITOMY Jiajiee TOBOPUTCS 00 001Ieit
3((PEKTUBHOCTU CHUCTEMBI OECHPOBOJHON 3apAnku. DPQPEKTHBHOCTb OLIEHUBAETCS
OT/IaBAEMOW MOIIIHOCTBIO TPAHCUBEPOM M MOIIHOCTBIO Ha Harpy3ku. CoryiacHo
dopmyne 19, moxno omnpeaenutb KII/[ CUCTEMBI, YYUTBIBas, YTO ITOKa3aHUS
U3MEpUTENsl MOIHOCTU TpaHCHBEpa, ecTb cyMMa P; u P,. Bo BpeMs mpoBeaeHHBIX
AKCIIEPUMEHTOB, MPEJCTABICHHBIX BBIIIE, TAK K€ CHUMAJIMCh MMOKAa3aHUs MOIIHOCTH P
u P,. JlaHHbIE MO TIOKa3aHUSM MOIIHOCTU TPH PA3TUYHBIX PACCTOSHUSAX S MEXIy

KaTyIIKaMu, TPUBEEHBI B TA0IHIIE 6.

Tabnuna 6 — Pe3ynbTaThl s3kcriepuMeHTOB 1o onpeaeneHuto KITJ[ cuctemsr

S, cm C,., n® U B I, mA P, Bm P,, Bm KIlJ], %
6 40 225 150 37 33,75 91,22
12 29 223,5 149 37 32,04 86,58
15 25 174,75 116,5 37 20,39 55,10
18 22 166,2 110,8 37 18,41 49,77
20 20 160,1 106,7 37 17,09 46,18
25 20 143,9 95,9 37 13,80 37,31
30 19 118,8 79,2 37 9,41 25,43
40 19 70,5 47 37 3,31 8,96
50 19 46,8 31,2 37 1,46 3,95
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Ha ocHoBanuu Tabmuibl 6 CTPOUTCS 3aBUCUMOCTH K11/] CUCTEMBI OT PacCTOSTHUS

MEXAy KaTylIKaMH, PEACTaBICHHON Ha pUCYHKe 37.
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Pucynok 37 — 3aBucumocts K/I/[ cUCTEMBI OT pacCTOSHUS MEXKIY KaTyIlIKaMHu

ITo nmosryyeHHBIM pe3yJibTaTaM BUAHO Kak 3aBUCHUT K/[/[ CUCTEMBI OT paCCTOSTHUS
Mex Ay karymkamu. [Ipu Manom paccrosiunu cHukenue K11/ He 3HaUnTeNbHOE, HO MPU
JTOCTI)KEHUH PACCTOSIHUS, TTPU KOTOPOM KOA(D(GUIIMEHT CBSA3M KaTYIIEK KPUTUUYECKUM,
MPOUCXOJUT pe3koe yMmeHblieHue dddextuBHOocTH. PaHee oTmedanoch, 4TO
MIPEANOIaraéMoe paccTOSHUE MEXIY KaTylUIKaMmH, y paboueil cucTteMbl, OyleT OKOJIO
12 - 18 cm. u 1O 3aBUCUMOCTH BHUJHO Kak CWIbHO pasnuvatorcs KIIJ] B sTom
npoMexxyTke. Y pabodeil cucrtembl, TpeOyeTcs MaKCUMallbHO MHHUMHU3UPOBAThH
pacCTOsTHUE MEXY KaTyIIKaMu JUIsl oJdydeHus Oosbiied d¢dextuBHOCTH. B maHHBIX
OMBITaX HCIOJb30BaNach Harpys3ka Rigag =1500 Om, MakcUMallbHOE PacCTOSHUE, MPU

KOTOPOM IIPOUCXOUIIO CBEUEHUE JUO0Aa, MPUOIU3UTEIBLHO COCTaBUIIO 60 cum.
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3akJIr0YeHue

B pamMkax JaHHOW MarucTepCKOW IMCCEPTALMU, PACCMOTPEHBI CYIIECTBYIOIINE
crocoObI 0eCcIpOBOIHON Tepenay SHepruu. BoiOpan npuemieMblii BApUaHT Nepeadn
DHEPrUM TMPH TIOMOIIM CIoco0a dSJIEKTPOMAarHUTHONM WHIYKIUH, JISI CHCTEMEI
OecTIpOBOIHON 3apSAIKH AIEKTPOMOOMIs. JlaHHBIN cmocod Oojiee IKOHOMHUYCH B TIJIaHE
UCCIICJIOBAaHUSI W TPOSKTUPOBAHMS, a TaK jke Oojee THUOOK JUIsi NMPUMEHCHHS B

HOBCGIIHGBHOI;'I KHU3HHU.

Jlyis cucteMbl GECTIPOBOIHOM 3apsiIKH SIIEKTPOMOOHIIS pacCUMTaHBI MepeIatonas
U TPUHUMAIONIAS KATYIIKU, OINPECTICHbl €MKOCTH KOHJIEHCATOPOB I CO3JaHUs
pEe30HaHCa B CUCTEME Iepe/lauu, a TaK ke OmNpeiesieHbl oka3aTean 3PHEKTUBHOCTH U
Brustomue  (paktopel. OMmBITBI, € paccMOTpeHHEM (AKTOPOB  BIMSIONIMX —Ha
3¢ (PEeKTUBHOCTh CHUCTEMBI, MOKa3alu, 4TO cucrteMa Oyner He dddexTuBHa O€3 yueTa

cieayrnux GakTopoB:

- PaCIOJOXKCHHA KAaTYIICK OJINU3KOro K COOCHOMY,

- OTCYTCTBHE€ JKEJIE3HOW Nperpajabl MEXAy KaTyllKamMH, a Tak XKe Mepel

MEepENAIOIIECH;

- OIpENEIICHUE PEATbHON HArPYy3KH.

[IpoBeneHHBIC OMIBITHI TTOKA3BIBAIOT, UTO JaHHAS CUCTEMa nepenayu, ¢ HeKTuBHa

C y4eToM (paKTOPOB M MOXKET MPUMEHSTHCS AJI MOA3aAPAIKA FIEKTPOMOOHIIS.

B  pasgene  (GWHAHCOBBII ~ MEHEKMEHT,  pecypcodddEKTUBHOCTh U
pecypcocOepexxenre paspaboTtaH TpaduK MPOBEACHHS HAYYHOTO HCCIICIOBAHUS, H
paccuMTaHbl 3aTpaThl Ha wuccienoBaHue. OmnpeneneHa >PQPEKTUBHOCTb HAYYHOTO
WCCIICIOBAHMS MyTeM aHallM3a M OLCHKH HAyYHO-TEXHHYECKOTO YpPOBHS IMpOeKTa. B
pe3ynbTaTe MOCYUTAHBI CPAaBHUTENBbHBIE MHTETPATbHBIC MOKa3zaTenn 3()(eKTHBHOCTH

I TIPOBEIEHHOTO UCCIIEIOBAHUS M UCCIEAOBAHUS C IPYTUMU (POPMaMU KATYIIKH .
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B pa3nene coumanbHOM OTBETCTBEHHOCTH OBUIM BBISIBJIEHBI BPEIHBIE TPOSBICHHUS
(akTOpoB  MpPOW3BOJCTBEHHOW  Cpebl,  OMNAacHbIE  MpPOSBICHUA  (PAKTOPOB
MIPOU3BOJCTBEHHON Cpe/bl, HEraTUBHOE BO3JECUCTBHE HA OKPY’KAIOIIYIO MPUPOIHYIO
cpeny. PaccMoTpensl nomycTUMBble 3HAYCHHUS JAEWCTBUA BpEAHBIX (PAKTOPOB HA
OpraHM3M 4ejoBeKa. PaccMOTpeHbl MpaBOBblE M OPraHU3ALMOHHBIE BOIPOCHI
oOecnieueHrs O€30MacHOCTM W 3allldTa B YpPE3BbIUAWHBIX CUTyauusax. PaccMoTpen
BpPEIHBI MPOM3BOACTBEHHBI (AaKTOp 1O JOMYCTUMOMY 3JIEKTPOMArHUTHOMY
U3IYYCHUIO, KOTOPBIM BaxeH M pabouell YCTaHOBKU OECHpPOBOJHOM 3apsiiKu

AIEKTPOMOOMIIS
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IIpuioxkenue A

Wireless power transmission by satellites to Earth, using high power lasers and a

photovoltaic cavity converter and using electromagnetic resonance method.
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Introduction

Wireless power transmission is the transfer of energy without the use of
conductors in the electrical circuit. There are successful experiments of many scientists
of the world by 2017. Two of them are successful experiments on the energy
transmission of more than tens of kilowatts in the microwave range with an efficiency
of about 40% - in 1975 in Goldstone, California and in 1997 at Grand Bassin on the
island of Reunion (for a distance of more than a kilometer, studies in the field of power
supply of a remote settlement without cabling).

Wireless transmission of energy can be carried out in various ways:

- Induction (small distances and small power);

- resonant (contactless smart cards and chips);

- directed electromagnetic (ultraviolet radiation to microwave).

Historically, research and development associated with wireless power
transmission are listed below. It shows that the research and development started long
time ago. However, the first wireless power transmission experiment was carried out by
Nikola Tesla in 1899.

Historically : 1864: James C. Maxwell predicted the existence of radio waves;
1884: John H. Poynting realized the Poynting Vector to quantify electromagnetic
energy; 1888: Heinrich Hertz showed experimental evidence of radio waves; 1899:
Marchese G. Marconi and Reginald Fessenden invented wireless communications via
radio waves; 1856-1943: Nikola Tesla conducted the 1st wireless power transmission
experiment; 1889: Wardenclyfee Tower was proposed by Tesla; World War II:
Microwave Energy Converter was invented; 1964: Willian C. Brown started the 1st
MPT R& D in 1960s; 1940-50s: Photovoltaic Cell was built; 1958: US Solar Power
Satellite (SPS) was proposed; 1968: Peter Glaser Proposed SPS System; 1978-1981: US
Dept. of Energy Program was supported; 1980°s: Japanese SPS System started; 1987:
Canadian Project started; 1995: NASA’s Fresh Look was conducted; 1999: NASA’s
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SERT was supported; 2012: Chinese Project to be launched (2 national wide meetings
were held and white papers were submitted); 2025: Low cost model demonstration will
be expected.

Wireless transmission of energy can be carried out in various ways, these
methods are considered in the literature review in this dissertation.

More detailed consideration and calculations are presented for wireless power
transmission by electromagnetic method for charging an electric vehicle. This method is
more economical and relatively easy to implement, in comparison with other methods.
The resonance method for studying the wireless charging of an electric vehicle can be

widely used in various industries, medicine, etc.

1. Wireless solar power transmission by satellites to Earth

Wireless power transmission has been a topic of continued interests since the last
several decades, with an emphasis made initially on long-distance high-power
microwave transmission (primarily for the applications of space solar energy
transmission and remote or desert area power supply), and the other emphasis made on
the short-range low-power transmission (for wireless power charging systems and
medical applications). For the long-distance high power transmission with potential
applications to the space solar power transmission, discussions include atmospheric
effects or ionospheric windows, high-power microwave generation, transmitting
antennas, rectified antennas (rectennas), electromagnetic interference with existing
wireless systems, and biological tissue effects on human being and animals. For the
short-range low-power wireless transmission, discussion will be focused on inductive
coupling effects, power grids, wireless power transmission, and medical applications.

Apparently, earlier research and development of the high-power long-distance
wireless transmission system were proposed for the space solar power satellite system

and its application to wireless transmission of the high power energy to the ground, as
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shown in figure A.1l. There were two kinds of transmissions proposed, one by
microwave propagation and the other by optical or laser propagation. The laser
propagation mechanism was given up and the microwave wireless power transmission
was adopted since then, due to the high transmission loss of the laser waves in the foggy
and also rainy seasons.

For realizing the space solar power satellite system, we expect the satellite to
have the following special features:

- low attitude location;

- all weather operation;

- foldable rectenna on satellites;

- high power generation and transmission;

- pulsed wave system for military use and continued wave system for green

energy power generation and controllable narrow beam width and extremely

low side and back lobes for high efficiency.

Figure A.1 — lllustration of the space solar power satellite
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1.1.  Atmospheric effects or ionospheric windows

To build up the system, we need to determine the operating frequencies of the
microwaves that propagate through atmosphere. In the existing research, two
frequencies were used, that is, 2.45 GHz and 5.8 GHz. However, more detailed research
Is indeed needed to find out the frequency spectrum or ionospheric window by which
the microwave can propagate through the atmosphere and the ionosphere is not ionized
to form the blocking layer. In addition, effects due to the rainfall layer and troposphere
are also important and should be taken into the system consideration. In 1978, the
Perkins and Roble model of Ohmic heating concerned the effect on the ionosphere.
Although research was conducted and some useful results were collected, more research

on this aspect is still necessary as the atmosphere varies with the time.

1.2. High-power microwave generation

High-power generation is one of the first important starting points for the
research and development to be conducted. Two types of high power microwave
generators/amplifiers are usually utilized, one is a microwave tube and the other is a
semiconductor amplifier. The microwave generators/amplifiers have electric
characteristics in contrary to each other. The microwave tube, for instance, a cooker
type magnetron (which is very economical), can generate and amplify high power
microwave (over kW) with a high voltage (over kV) imposed. The semiconductor
amplifier can provide low power microwave (below 100W) with a low voltage (below
fifteen volt) imposed, but is expensive. Although there are some discussions concerning
generation/amplifier efficiency, in general the microwave tube has higher efficiency
(over 70%) and the semiconductor has lower efficiency (below 50%). We have to
choose tube/semiconductor in accordance with the requirement and budgets for the

wireless power transmission system.
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1.3. Transmitting and rectifying antennas

Transmitting antenna and arrays required for the long-distance high-power
transmission must be of high gain, narrow beam width, and extremely low side and
back lobes. Also, it is desirable to have scan registers on the beams. Many different
antennas can be applied for both the wireless power transmission system, for example,
horn antenna, parabolic antenna, microstrip antenna, phased array antenna or several
other types of antennas. To have narrow beam and high gain for the wireless power
transmission system, we usually select a large parabolic antenna, or a big array of slot
antennas. For light-weight, foldable and conformal antenna arrays, the micrstrip antenna
arrays can be a good option as well although its gain is not so high.

Rectennas are referred to as antennas with rectifying components for receiving
and rectifying microwaves in the receiving part of the entire wireless power
transmission system. So, the rectenna or the rectifying antenna is an important
component of the system, and the performance of the rectennas affects significantly RF-
DC conversion efficiency and thus the overall efficiency of the wireless transmission
system. Nonlinear receiving antenna arrays are preferable and the design must be

optimized to achieve the optimum reception of the microwave energy.

1.4.  Electromagnetic interference with existing wireless systems

According to literature, the existing long-distance wireless power transmission
systems are operating at two microwave frequencies, at around 2.45 GHz or 5.82 GHz.
These two operating frequencies have been already allocated in the international
telecommunications union radio regulation to a number of radio services. At the same
time, they are also designated for industrial and medical applications, for instance, the
2.45 GHz is used for radio LAN and microwave ovens while the 5.8 GHz is often used

in various applications such as Radiolocation service and dedicated short-range
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communications. Therefore, effects of electromagnetic compatibility and interference at
these two frequencies turn to be a topic of common concerns, and more investigation is
thus required to gain more physical insight of the electromagnetic compatibility and

electromagnetic interference and to minimize the coupling and interference.

1.5. Biological tissue effects on human being and animals

A general public concern on high-power microwaves propagating from space
onto ground is its hazard on human being and animal tissues. Since 1950, thousands of
papers have been published on microwave biological effects. The scientific research
focused on two aspects, one on the heating of human bodies exposed to the microwave
radiation, while the other is on the biological effects on the damage of DNAs. The
related exposure limits listed in IEEE standards at 2.45 or 5.82 GHz are 81.6 W/m’ and
100 W/m? averaged over 6 minutes, and 16.3 or 38.7 W/m? averaged over 30 minutes.
This level is very much lower, as compared to average solar radiation of 2000 W/m?. It
was calculated and thus concluded that the microwave illumination to human being and
animals seems to be the moon light exposed in the evening. There were many claims of
low-level non-thermal effects. It seems to be cool and safe, in accordance with the
calculated results and simulation data. There still exists some concern that the long-term
exposure to low levels of microwaves might be unsafe and even could cause problems
such as cancers. However, due to a number of uncertainties, research of this kind is still
on going and it lacks of comprehensive investigations and experiments on biological
effects.

Experimental tests were carried out where effects of microwave radiation on
birds were explored to check the so-called “fried bird effect” at a frequency of 2.45
GHz. The slight thermal effects were observed and recorded, and it is concluded that
the heating effects are probably useful for birds in winters and should be avoided in

summers. Larger birds usually experience more thermal stress than smaller birds , as
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expected. The overall conclusion of bioeffects is that microwave exposures are
generally harmless except for the case of penetrating exposure to intense fields far

above existing exposure limits.

2. Wireless power transmission using high power lasers and a photovoltaic

cavity converter

PowerSphere (PS) is a high efficiency Photovoltaic Cavity Converter (PVCC)
that is under development for Wireless Power Transmission (WPT) or Laser Power
Beaming (LPB). The targeted power range is from 1kW to 100kW.

PowerSphere is a variation of the Photovoltaic Cavity Converter for solar
applications that was developed under several DOE/NREL subcontracts and California
Energy Commission grants. Respective studies have shown that a system of four
different cell materials with congruent bandgaps and conjugate Rugate filters can
achieve conversion efficiencies ~50% @ 500xAML1.5.

Our studies predict that a PS optimized for the single frequency of the Nd:YAG
laser and equipped with fine-tuned (bandgap engineered) I11-V PV cells will achieve an
efficiency of 60 - 65% at 50W/cm? flux levels inside the cavity.

The PowerSphere is equipped with SunPower Si concentrator cells (HEDA312)
which have enhanced Quantum Efficiency in the near IR. The cells occupy 24% of the
cavity wall area. The rest is covered with high reflectance Spectralon and gold coating.

The overall project is focused on near-diffraction-limited Nd:YAG lasers
operating at 1.064um. PS is lightweight, compact and robust. Thus it provides high
specific power (>1500 W/kg) and specific volume (WI/ft3) in space and within the
atmosphere. These advanced features of the PS and Nd:YAG systems are based on
recent breakthroughs including: a) precision “Bandgap Engineering” in the near-IR, b)

steady progress in increasing in the beam quality and power output of the Nd:YAG
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lasers and c) significant increase in Photon Utilization Efficiency within the cavity
converters.

The applications within LPB for electric conversion are diverse. Terrestrial
applications include remote powering of robotic devices for hazardous duty, e.g. battle
field, fire, radioactive material storage, etc. For space use NASA and NGST are
studying remote powering of a Mars Rover vehicle. Within the atmosphere the
applications include providing power to High Altitude Airships and continuous flight

Unmanned Air Vehicles for station-keeping.

2.1. Experiment of power transmission by means Nd:YAG laser and

PowerSphere

Figure A.2 shows the beam of a 200W Nd:YAG laser, it is directed at the
entrance aperture of a reflective CPC concentrator without any additional optical
components to control the beam shape or the flux profile. The CPC couples the light
into the interior of the PowerSphere cavity through a small aperture (D =1.48cm) on the
cavity wall. The natural beam diameter at a distance of 3 m from the laser is
approximately 2.5 cm. Figure A.3 shows the spot image of the laser beam on a

molybdenum target taken with a digital IR camera.
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Figure A.2 — Schematic of the Laser Power Beaming test
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Figure A.3 — The spot image of the laser beam on a molybdenum target

At that diameter, a large portion of the beam enters the cavity without reflection

and impinges directly on a beam-diffuser rod. The back-scattered light illuminates the

cavity uniformly as evidenced by the flat top of the I'VV-characteristics.
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The specific laser used in this test was a lamp pumped Nd:YAG laser operated in
the CW mode with a simple flat-flat cavity resonator. The gain generator was purchased
from Lee Laser in Orlando FL and the remainder of the laser assembled in-house. The
maximum output power obtainable with this laser is 200W.

The interior wall of the cavity is occupied by 22 mini modules each one
consisting of 12 HEDA312 cells by Sun Power. These Si concentrator cells are
optimized for 500XAML.5 solar spectrum. Because of the very low flux density inside
the cavity (.075W/cm? at 160W) the Chiller (1) shown in figure A.2 has not been used.

The experiments were conducted with a SPI-ARRAY TESTER 5000. This unit is
a portable system capable of measuring and recording the current and voltage
characteristics of larger photovoltaic systems. The tester measures modules or arrays
with output powers from 10W to 50kW. Figure A.2 shows the tester with the
accompanying computer that provides the software required for operation in Microsoft
Windows.

The experiments were carried out with two hemispheres (11 mini-modules each)
either connected in parallel and or in series, both yielding the same results within the
accuracy of the data. The cell operational temperature, the beam power and the light

intensity inside the cavity were determined separately independent of the tester.

2.2. Experiment results of power transmission by means Nd:YAG laser

and PowerSphere

From a PV system point of view the PowerSphere is essentially an “array”
consisting of a multitude of mini modules. Therefore the efficiency we measured should
be considered as an “array” efficiency and not a “module” efficiency. Figure A.4 shows
the performance characteristics of the PowerSphere obtained in series configuration.
Table A.1 summarizes the measured key parameters during the testing for PowerSphere

exposed to the Nd:YAG laser beam.
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Table A.1 — Measured key system parameters and array efficiency

Parameter Value
Beam Power 160W
Beam Diameter 2.5cm
Cell Temperature 410C
Optical losses in CPC 10%
Voe 15.8V
ls 1.5A
FF 80%
Prnax 18.96W
Directly measured eff. 11.9%
Eff. corrected for opt. 14.2%

losses and temp.(250C)

Laser: Nd:YAG
Wavelength: 1,064pum
Beam power: 160W
Beam dia. : 25mm

PV cell: Si conc. cell
Laser-target dist.: 3m

< Current (A)
‘ m Power (W)

10
Voltage (V)

Figure A.4 — Characteristics of the PowerSphere in series configuration obtained
with a 160 W Nd:YAG laser beam
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3. Wireless power transmission using LC cancellation

Research on wireless power transmission technology without using a cord during
charging has been attracting more attention after MIT introduced the magnetic
resonance technology in 2007. Conventionally, the electromagnetic induction system
requires high coupling coefficient that is difficult with long distance power
transmission. But this method can be highly efficient for power transmission between 1-
2m distance. Coupling coefficient of the coil becomes smaller with longer transmission
distance. However, the use of the suitable capacitor generates a resonance phenomenon.
The transmission power capability has been increased using the LC cancellation

principle with the resonance phenomenon even if the coupling coefficient is small.

3.1. Drawbacks of electromagnetic induction without resonance

Figure A.5 shows the change in power due to change in the coupling coefficient
and the load resistance. The electromagnetic induction system uses the electromotive
force generated by the change in the magnetic flux that passes through the other coil. As
interlinkage flux increases if the two coils are very close, coupling coefficient increases.
However, the interlinkage flux decreases when the distance between the coils increases,
hence the leakage inductance increases and coupling coefficient decreases. As shown in
figure A.5, extractable power is significantly reduced if coupling coefficient is small.
Therefore, the electromagnetic induction method can transmit enough power only at
small distance range. As it is presented in graph of the coupling coefficient of figure
A.5, maximum output power is apparently reduced if coupling coefficient is small. Thus
if we need to transmit enough power even if coupling coefficient is small, it is

necessary to apply a technique to compensate the leakage inductance.
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Figure A.5 — Output power characteristic

3.2.  Principle of LC cancellation

When the inductance and capacitance are connected in series as shown in figure
A.6 on the left, at series resonance, the voltage difference across the LC series circuit is
considered zero as shown in figure A.6 on the right. However, an internal resistance
exists in each component; which causes power loss. The generated voltages in both of

Land C should not increase higher than their break down voltages.
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Figure A.6 — Principle of LC cancellation
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3.3. Resonator efficiency and total efficiency

Figure A.7 shows an example of a wireless power transmission system. There is a
need to distinguish between the overall efficiency considered of entire system and the
resonator efficiency between the resonators in order to discuss the efficiency. Many
technologies only focus on the resonator efficiency between the resonators in the
electromagnetic resonance method. However, due to the internal resistance of the power
supply circuit (the rectifier, and the inverter circuits) will result in power losses.
Therefore, the overall efficiency becomes lower than the resonator efficiency.
Furthermore, it is also necessary to comprehend the output power at the load as well as
the overall efficiency. It is necessary to ensure high resonator efficiency between the
resonators in order to increase the overall efficiency of the entire system. However, if
the output power is low and overall efficiency is low, this circuit is not suitable for

practical use.

Resonator

= — ——

(=

Rectifving and
smoothing circuit

|.oad

-
I
I
|

Invertor circuit

Input power

o

' I
Efficiency of resonator pJ
|

Total efficiency

Figure A.7 — Circuit example of the overall system

81



4. Conclusion of literature review

Wireless solar power transmissions, some critical issues in the long-distance
high-power wireless transmissions and also the short-range low-power wireless
transmissions are briefly reviewed and their applications are addressed. While the
applications of the long-distance high-power wireless transmissions are primarily
applied to the space solar power satellites and the far-distance remote site power
supplies, the short-range low-power wireless transmissions are applied to the power
grid system to form a wireless power supply, the wireless charging system and also the
medical sensor network and imaging systems. The topic, although classic in contents, is

of many practical applications and expected to grow fast in the recent years.

The experiment results of power transmission by means Nd:YAG laser and
PowerSphere successfully demonstrated free space (wireless and fiberless) power
transmission in the subkilowatt range. For the demonstration we used a 200W CW
Nd:YAG laser as the beam source and a Photovoltaic Cavity Converter (PowerSphere)
as the receiver. At a laser-to-receiver distance of 3 meters and 160W beam strength the
PowerSphere generated about 19W of DC power. The PowerSphere prototype used for
this experiment was equipped with the state-of-the-art, advanced Si concentrator cells.
The generation and conversion stages of the transmission processes were both stable
and repeatable over long periods of time (several times 30 minutes or longer).

The reported array efficiency of 14.2% must be viewed with the understanding
that: a) Si cells are not a good match for the 1064nm wavelength;

b) the flux density inside the sphere is 30% less than one sun, though the cells are
optimized for 500 suns;

c) the standard AR coating for the test cells inside the PowerSphere have a
reflectance of ~ 15% at 1064nm and;

d) the cell population inside the cavity is only 24% reducing the Photon

Utilization Efficiency dramatically.
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Taking into account these facts, the results of the experiment can be considered as
satisfactory ones. The PowerSphere equipped with the advanced Si concentrator cells
would convert Nd:YAG radiation into electricity at 40% efficiency.

Present PowerSphere prototype can be used up to beam power levels of 100kW
with some modifications in the heat removal system. The interior cavity diameter of the
present PowerSphere is 25.4cm providing a cavity area of about 2000cm2. At 100kW
radiant input power the flux density inside the PowerSphere reaches 50 W/cm? or 500
suns in terms of AM1.5. Assuming a conversion efficiency of 60% the respective waste
heat load becomes 20W/cm® Advanced heat removal methods like micro-channel,
forced liquid cooling or heat pipes have been shown to be adequate for this type of heat
loads in the dense power electronics industry.

For the next near term experiments (1kW to 2kW range) we propose to use the
same type of Si cells in conjunction with the next generation PowerSphere design that
will increase the cell population to ~ 80%. Our program plan to optimize the
PowerSphere/Nd:YAG systems include the design and development of a new, bandgap
engineered cell type that matches the Nd:YAG laser frequency optimally. For the next
generation PowerSphere design, equipped with frequency matched cells, our analytical
model predicts an array conversion efficiency of 60% - 65%. The present laser has a
low wall-plug efficiency of a few percent. For increased overall efficiency it is also
important to improve the laser efficiency itself. Good progress is being made with solid
state diode pumped Nd:YAG lasers.

Wireless power transmission technology using electromagnetic resonance
method, considering circuit losses, is discussed in terms of efficiency and output power.
The equivalent circuit of the electromagnetic is analyzed. Input power, output power,
and efficiency characteristics are analyzed in terms of coupling coefficient and
characteristic impedance. The input power, output power and efficiency are constant in
range of large characteristic impedance. As a result, the trends of the measured and

theoretical results are in good agreement with each other. Moreover, the presence of
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internal and conductor resistances affects the overall efficiency. Currently, the achieved
relation in this paper is used to develop a design strategy for electromagnetic resonance

based on wireless power transmission systems.
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