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Po3nin 3. Enexkrpomar”iTHi XBWJII B cepeloBHIII i3 YacCTOTHOIO
AUCHEPCI€0: XBUJII y NPOBiAHOMY Ccepel0BHIILi, IVIa3Mi Ta HAANPOBIAHUKY

SIk yKe BKa3yBaJlOCh Y PO3Jii 2, 4acTOTHA TUCTIEPCIS Mae MicIie B THX
BUIIJIKaX, KO (pa3oBa IIBUIKICTh, a B3araji, 1 KOe(IiI€HT 3aTyXxaHHS XBHJI
3alie)KaTh BIJI YacTOTU. Y JAaHOMY pO3AUNL MH PO3IJISTHEMO BaXKJIMB1 ISt
MPaKTHYHOI peaizallii AuChepryodi cepenoBuiia. byae mokazaHo, sSK 4acTOTHA
nucnepcist (a3oBoi MIBUAKOCTI BEAE A0 PALY MIKaBUX (PI3MYHUX €(EeKTIB, fKI
CIIOCTEPIraloTbCs TMPHU  TOMIMPEHHI E€JIEKTPOMArHiTHUX XBHJIb 13 CKIIAJHUM
CHEKTPAJTILHUM CKJIJIOM.

3.1. XBui B 100pe NpoBiIHOMY cepeaoBHILi

Sk Oyn0 BHM3HAuU€HO B MaTepiajl pO3AUTy 2, YacTOTHA MAMCIIEPCis TpU
MOIIMPEHH] €JIEKTPOMArHITHUX XBHJIb CIIOCTEPITra€ThCs BCAKUN pa3, KOJIU Xo4a O
OJIMH 13 €JEKTPOMArHiTHUX MapaMeTpiB &£ , A 3alEKHUTh BiJ yacToTH. [liiicHO, B

[IbOMY BHIAAKy KOEQIIIEHT IOIIMPEHHS XBWI ¥ IIOB’S3aHUM 3 YacTOTOIO
HEJTIHIMHUM YHMHOM, 1 TOMYy (a3oBa IIBHIAKICTh uqb:a)/ [ BXKE € YacTOTHO-

3aNeXHOI0. 3 1€l MPUYMHNA YacTOTHA AMCIiepcis (a30BO1 MIBHIKOCTI XapaKTepHA
OyIIb-SIKOMY IIPOBITHOMY CEPEIOBHIIY, B SKOMY HaBiTh IPH CTaliil aOCOJIOTHIN
MarfiTHiii HPOHMKHOCTI g [ICNEKTPUYHA NPOHHKHICTE & =& —jo/w €
(hYHKITI€10 YaCTOTH.

Y TakoMy BHWNAJAKy TOBOPSATH, IO Ha 3aJaHId YacTOTI @ MaTepiaibHe
CEpeNIoBHUIIE € JIy)Ke J100pe MpoBiaHEe (200 MeTamomnojiOHe), SIKIO0 BUKOHYETHCS
yMOBa:

2n g,

@
@di3uYHO 1€ 03HAYae€, 0 B TAKOMY CEPEJOBHUIIN TYCTHHA CTPYMIB HPOBITHOCTI
3HAYHO MEPEBUIIYE T'YCTUHY CTPYMIB 3MIIIIEHHS Y1 MOJISPU30BAHUX CTPYMIB.

OdeBHUIHO, IO YMM HIDKYA YaCTOTa, TUM OJIMKYE MPOBIJTHE CEPENOBUIIE 3a
CBOIMU E€JIEKTPOJMHAMIYHIUMH BIIACTHBOCTSIMH JIO iJ€aTbHOTO MpoBigHKMKA. Ha
JOCTATHbO HU3BKMX YacTOTaxX OUIBIIICTh HElJACATbHUX MICICKTPUKIB, a TaKOXK
HAITBIPOBITHUKU CTAIOTh METANonoAiOHuMu. Hanpuknan, Ams cyxoro rpyHTy 3
napameTpamu =4, c=2-10"Cm/m Ha 9acTOTI IMI'y
& ,=3,54-10"-;3,18-10"°®/m. TakuMm dYMHOM, B paJiOMOBHOMY Jiana3zoHi
gacToT edip Bexe cebe sik Jo0pe mpoBigHe cepenoBuie. Ll BIacTUBICT H03BOJISIE
B pA/i BUIAJKIB 3HAYHO CIHPOCTUTH PO3PAXYHOK MOJIB €NEKTPOMATrHITHUX XBUIIb,
SIK1 TIONTHPIOOTHCS HAJT TTOBEPXHEIO 3EMITI.

TakuM 4MHOM, KOMIUIEKCHY AI€IEKTPUUYHY MPOHHMKHICTH JOOpE IPOBITHOTO
CepeloBHIla MOXKHA BBAXATH YKCTO YABHOW: £ =— jo/@. 3HalieMo 1JIs bOTro

BUMIAAKY KOE(DIIEHT MOUIMPEHHS OJTHOPIAHOI IUIOCKOT €JIEKTPOMArHITHOT XBHIII:
7/M = aM + jﬂM = j a)\/gu.u Il’la,n = \/‘]a)ll'la/u o . (3'1)
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. 14 i
SIKmo npuiHATH A0 yBaru, 1o \/; :exp(%j:%, To (hopmymna (3.1)

IIPUMMAE BUTIIS
U, o
v, = —“2 (1+ ). (3.2)

ToOto, B MeTanonoaiOHOMy cepefoBulll KoedimieHT (a3u 1 3aTyxaHHsS
YUCETBHO PiBHI:

%

Ou, O
ﬁ/}t = a,’lrt =
2

3aNeXHICTh IUX BEJIWYMH BiJ YaCTOTH TOBOPUTh MpO Te€, M0 B go0pe
MIPOBITHOMY CEpPEIOBHIII YaCTOTHA TUCTIEPCIs CKPaBO BUpakeHa. BuzHaummo asis
TaKOTO CepeAoBHIA (a30By MIBUAKICTH 1 TOBKHUHY XBHJIL:

0] 2w . 2 2
wa:ﬁ—: ﬁ 1 ﬂ,:ﬂ—:27r m
i an p an

Sk 6auuMo, 13 3pOCTaHHSIM YacTOTH (pa30Ba MIBUIKICTH OJHOPIIHUX TUIOCKHUX
€JICKTPOMAarHiTHUX XBHWJIb B JO0Ope MPOBITHOMY cepefoBuilll 3pocrtae. IIpu npomy
XapaKTEPUCTHYHUN OTIp cepeoBHINa Oy ie BU3HAYATHCS SIK:

7 = ﬂjM _ jou,, _ oH,, exp(j45°).

g, o o

KOMIIIEKCHICTh XapaKTEPUCTHYHOI'O OIOPY BKa3dye Ha Te, IO B Jo0pe
IPOBITHOMY CEpPEIOBHII BEKTOP HAMPY>KEHOCTI €IEKTPUIHOTO IOJISI 3CYHYTHN 3a
(a3010 BiTHOCHO BEKTOpa HAINPYKEHOCTI MArHITHOTO IMOJsA Ha KyT /4, a cam
MOJIYJIb IILOTO OIOPY TAKOX 3aJICKUTH BiJl YaCTOTH.

Sx  BiIOMO, B  CepeAOBHINI 13 BTpaTaMH aMIUNTyJa  IUIOCKHX
€JIeKTPOMATHITHUX XBWJIb 3MIHIOETHCS B3JIOBXK KOOPJMHATH TOLIUPEHHS Zz 3a
3aKOHOM exp(—az). Bincranb d, Ha sKif aMmIDNTyda IUIOCKHX —XBHWJIb

3MEHINYEThCS B e=2,718 pa3 y TOpIBHAHHI 3 TOYAaTKOBOIO, HA3UBAETHCS
TIIMOMHOI0 MPOHUKHEHHS 200 TOBIIMHOIO TOBEPXHEBOTO MIapy. Y HAIIOMY BHUIAIY
1151 BeJIMYMHA 3aJI0BOJIbHAE YMOB1 ¢, d =1. 3Biaku d= 1/ a, =, / 2.

Takum ymHOM, MM MOXEMO 3pOOWTHM HACTYITHUW BHCHOBOK: MaTepiajbHe
CepelOBUINE CTAa€ METAIONOMIOHMM, SKIIO TMOJe€ OJHOPIAHOI  ITOCKOI
€JICKTPOMArHITHOI XBWIII 3aTyXa€ B HbOMY Ha BIJICTaHi, MEHIIIIH 3a TOBXKUHY XBHIII.
Toxai popmyna ast 00UKCIECHHS TOBIIUHY IOBEPXHEBOTO IIapy MAaTUME BUTJIS

P

2
d=|——| ,
U,

TOOTO THUOWMHAa TPOHWKHEHHS EJICKTPOMATHITHUX XBHIIb B J00pe MPOBIAHOMY
CEpENIOBHINI 3MEHIIYETHCA 13 POCTOM YAacTOTH 1 MUTOMOI mpoBimHOCcTi. lle
dbopMyItoBaHHS MU 3HAEMO 5K cKiH-edekT. Jns HBU-nianazony d € myke mMaioro
BeMuMHOK. 30Kkpema, miss wmigi (o=5,7-10"Cwm/m) na uwacrori f=107Ty
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(A=3cm) d =0,6 mxm. TyT MU MOKEMO 3pOOUTH AyXke BaXJIMBUN BUCHOBOK, L0
Ha CTPYMOTIPOBIHI TTOBEPXHI JOUITLHO HAHOCUTH TOHKHH mrap (10 mxm ) moOpe

npoBigHoro metany (Au, Ag). Take HOKPUTTA [03BOJSE 3HAYHO 3MEHIIUTU
teruioBi BTpati B HBY enemenTax. Ile cmin BUKOpHUCTOBYBAaTH TpU MPOSKTYBaHHI
iHTerpasibHUX MikpoenekTpoaHrnx HBY npuctpois.

3.2. Il.1a3ma Ta 1i eJIeKTPOAMHAMIYHI MapaMeTpu

Jlo grcna MaTepiadbHUX CEPEJOBHIL, B IKUX IMOMIMPIOIOTHCS €JIEKTPOMArHiTHI
XBWJII 3 YacCTOTHOIO JUCHEPCIEI0, BIAHOCUTHCS IUIa3Ma. Y BY3bKOMY CEHCl Tak
Ha3WBaIOTh 10HI30BAHUN 3@ JOMOMOIOI0 E€JIEKTPUYHOTO YU €JIEKTPOMArHiTHOIO
HOJIs Ta3, KUK CKJIAJA€ThCs 13 OJATHBO Ta BiJA’€MHO 3apsPKEHUX YACTHHOK, a
TaKOX 13 HEUTpalbHUX aroMmiB 1 MoJiekyd. Ilmasma myxe IIHMpoOKo
BUKOPHUCTOBY€ETHCS B HHU3BKOTEMIIEpATYpPHHUX MpoOIecax eMiTakclii MOHOIIApiB
HaIIBIPOBITHMKIB, OCAPKCHHS 1 TPABJICHHS SK J1CJIEKTPUYHMX, TaK 1 METaJeBHUX
mapiB ctpykryp BIC. lle € BaxmuBo ansi pamioi3uwkiB pagioeneKTPOHHOTO
HaTpsAMY.

[Tna3ma gacTo 3ycTpiyaeThesl HE TUIBKM B TEXHIIl, aje i B mpupo/i. 30Kkpema,
Hamia 3eMJId OTOYeHa IJIa3MOBOIO 000JIOHKOI0, SIKY HA3UBaIOTh 10HOCGHEpOIo, sSKa
3HaxonuThcsi Ha BUCOTI 100—-150xm 1 CyTTEBO BIUIMBaE Ha TMOIIWPEHHS

pamioxBuib B 3eMHMX ymoBax. [lma3MoB1 BIAcTMBOCTI XapakTepHl IS
M1IKTJIAHETHOTO 1 MIXK3IPKOBOTO MPOCTOPY. ToMy MU O1IBII I€TaTbHO 3YTUHHUMOCH
Ha BJIACTUBOCTSX TLIA3MH.

OnHa 13 OCHOBHMX BJIACTHBOCTEM IUIa3MHU € il KBa31HEHTPaIbHICTh — SKIIO B
ma3Mi ysABHO BHUIUIATH JESKY 3aMKHEHY 00JacTh, TO CJICKTPHYHHI 3apsija
BCEpEeAMHI Takoi 00JIacTI PIBHMM HYJIIO, HE3BAXKAIOUW Ha Te, IO 13-3a TEIUIOBOI
pIBHOBaru 3apsPKEHUX YACTHHOK  CIOCTEPIraloThesl MBUAKI  IIyKTyarlii
CYMapHOTO0 3apsily HaBKOJIO WOTO CEPEeIHBOT0 3HAYCHHsI. TaKiUM YMHOM, JIOKAJIbHY
o0nacTp TMja3Md MOXKHA OMNHCATA OJHUM MApaMeTpoM — EJIEKTPOHHOIO
KoHueHtpauiero N, (m7), ska piBHA CEPEAHBOMY YHCIY EJIEKTPOHIB B OIMHHLI
06’emy. Tunose 3HaueHHss N, U1 3eMHOI armocdepu cknamae 10” cy™, Toxi sk
KOHIIEHTpAllisl B IUIa3Mi NPOBIIHMX TBEpAMX Tin gocsrae Bemuwuudu 10 u~ B

3aJIeKHOCTI B1J] TOTO, IKUM METO0M 30YyJIKY€EThCS J1aHa Iu1a3Ma.

3apspKeHl YacTUHKU TUTa3MH (€JIEKTPOHH, 10HHW, PaJuKaliv) i €K CHIT
€JIEKTPOMArHiTHOTO TOJS NPUBOAATECS B pyX. Lle mpuBoauTh Takox MO0
noJIApU3amii CepeloBUIa, TaK M0 MieJIEKTpUYHA MPOHHUKHICTH IIJIA3MH BKE
BIJPI3HSAETHCS Bl MPOHUKHOCTI BakyyMmy. Posrisinaiounm enekTpoHHO-10HHY
m1a3My, HeoOXiJHO BpaxOBYBaTH, 1110 Maca i0Ha Ha JCKIJIbKA TIOPSIKIB MTEPEBHUIITYE
Macy eJeKTpoHa. ToMy 10HM HMPaKTHYHO HEPYXOMi 1 B MepuIoMy HaOJIMKEHHI He
BIUIMBAIOTh Ha €JIEKTPOJMHAMIYHI BIACTUBOCTI TAKOTO CEPEOBHUIIIA.

[Tpoctuit cnoci0 aHamizy BIacTHBOCTEH IIa3Mu 0a3yeTbcs Ha TOMY, IO
CKJIaJIafOTh 1 pO3B’s3yI0Th Au(depeHIiiaabHe PIBHAHHS, SIKE€ OMKUCYE PYX B MIPOCTOPI
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OKpeMO B35TOTO elieKTpoHa. Lle piBHSHHS, sSKe 3aMMCylOTh HAa OCHOBI JPYroro
3akoHy HprOTOHA, Ma€ BUATIIAL:
d’r ar -
+mv—=ek, (3.3)
dt dt
Je 7 — pajlyc-BEKTOp BIJXHIIEHHS €JIEKTPOHA BiJI TOTO IMOJIOKEHHS B MPOCTOPI,

sKe BiH 3aliMaB TIpHU BIJICYTHOCTI TIOJIS; e,m — 3apsi i Maca eJeKTpoHa; vV —

m—;

4acToTa CIiBY/apiB.

—

Tenep mnpucmycTuMO, MO 30BHINIHE mTojie FE 3MIHIOEThCS B daci 3a

rapMOHIYHUM 3aKOHOM 3 4acToTor . Toji B piBHsAHHI (3.3) BenuuuHu 7 Ta E
CJIIJT IPEACTABUTH Yepe3 KOMIUIEKCH (TOOTO B CHMBOJIbHIN (hopmi).

P :Re[fexp(ja)t)], E= Re[Eexp(ja)t)].
Ile pae MOXIMBICTH mepeBecTH Hame audepeHiiagbHe pIBHSIHHSI B
anreOpaidHe:
m(—a) + ja)v)i” =cF, (3.4)
eE

— 1 BU3HAYAEThCS SIK IIBUIKICTb.
m(—a) + ]a)v)

3BIJKH 7 =

Toxail MOoXXKHA 3HAUTH KOMILJIEKCHY aMILIITYyAy BEKTOpa MOJISIPU30BAHOCTI:
P=Neir i D=gE+P.

Takum yrHOM,

N, e

mgo(af—ja)v)

D=¢g,|1- E,

3BIIKM 3HAXOAMMO JIETEKTPUYHY MMPOHUKHICTb IJIA3MOBOTO CEPEIOBUIIIA:
N, ¢

me, (@ - jov)

1- (3.5)

Sk GaumMoO 3 JAHOTO BHpa3zy, AICNEKTPUYHA TMPOHHUKHICTH IUIA3MHU [Ty>Ke
CYTTE€BO 3aJIC)KUTh BiJl YaCTOTH MPHUKIAJCHOTO EJICKTPOMArHITHOTO TMOJS, SKE
30y/Kye JaHy TUIa3My B peakTopi. Sk HACHiAOK, MpOIeC MOMUPCHHS
€JIEKTPOMArHITHUX XBWJIb B TUIa3Mi CYMPOBOJKYETHCS YAaCTOTHOIO JHCIIEPCIEIO,
OpUYOMY & Mae€ JicHY 1 ysABHY vacTuHM. Di3uuHa mnpuuvHa aucrepcii —
1HEpUIHHICTh MPOIECY MEPEMIIICHHs EeJEKTPOHIB MiJ Ji€l0 3MIHHOTO nois. Ls
THEPIIHICTh BUPAXKAETHCSI KyTOM (ha30BOTO 3ari3HEHHSI.

Po3paxyHOK 4acToTH CIiByJapiB vV B IUIA3MOBOMY CEPEIOBHUII — II€ BaXKKa
3aj1a4a, Ky po3B’s3aTu qyxe ckiagaHo. [Ipore B peanbHux ymoBax wll 0, Tomy y
dbopmyni (3.5) moxkna npuitasaTH v =0. Toxi Taky Tura3mMy MOXEMO Ha3BaTH
0e3CmiByIapHOIO TJIa3MOI0, B fAKIM AleEeKTPUYHA MMPOHUKHICTD Oy/ie BHUpPAXaTHUCA
JTIACHUM YUCJIOM, MEHIITUM OJIMHUIII 1 PIBHUM:

N &

e=1-——.
me,o

(3.6)

3 i€l piBHOCTI BUJIHO, O & =( Ha MeBHIH MIa3MOBIH 4acTOTI
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me,
AKy ~ Ha3suMBAalOTh  JIEHIMIODIBCHKOW  uactoror. Skmo m=9,1-107" xe,
e=1,6-10"K1, &=884-10"0/n, 10 @ =5441JNc"  abo
£, =898,/N, I'y . Jins 3emuoi ionocdepu N, =10" n~, Tomy f, =9MIy .

BuBuaroun nommpeHHs eIeKTPOMAarHiTHUX XBUJIb B O€3CHiBYJapHIi IJ1a3Mi,
HEOOX1THO PO3TJISHYTH JABa KpalHIi BUMAIKHU:
1) Konuenrtpaniss enekTpoHiB N, € HEBEIMKOI0, TaK IO BHUKOHYETHCS

HEPIBHICTb @ > @, . TOI1 TOBOPATS, 10 MA€ MICLE MOIUPEHHs €JIEKTPOMArHITHUX

XBWJIb B JOKPUTHUYHIH TIJIa3MI.
2) Slxkmo koHueHTpauis N, € JOCHTb BEIMKOIO, KOIM Mac Micue o<a@, . Y

TAaKOMY BHNAJKy HPHUHHATO TOBOPUTH IPO MOMMUPEHHS XBWIb B 3aKPUTHYHIN
Ia3mi.

) . 2
PosrmssHemMo mepmmii BaplaHT, KOJIH gzl—((z)m / a)) , JUISl IKOTO BHU3HAYUMO

KOE(IIIEHT MOMUPEHHS €NEKTPOMArHITHOT XBHJIL

y(@)=ale)+jf(@)=jh

ne [ =w\&, 1, — xoedimieHT (asu 1urockoi xBuial y Bakyymi. KoedimieHT
3aTyXaHHs B IbOMY BUINIAAKY o =0, a Koe}ilieHT (pa3u BU3HAYAETHCS K

KpuBa, mo Xxapaktepuszye 4YacTOTHY JAHCHepcito (a30BOi IMBHIKOCTI B
JOKPUTHUYHIM Ti1a3mi, 300paxkeHa Ha puc. 3.1. Tyt cmig 3a3Hauutu, mo ¢azoBa
MBUAKICTh TUIOCKUX EJICKTPOMATHITHUX XBHWJIb 3aBXKIW OUIbINA BiJ IIBHIKOCTI
XBHIIb Y BAKYyMi, IPUYOMY U, —> 90, AKIIO @ —> @),

XapakTEepUCTUYHUNA OMip MOKPUTUYHOI Oe3CHmiBylapHOi TUTa3MH TaKOX
3aJIeKUTh BiJl YACTOTH:

ne Z,=3770m, 1 BUOHO, IO XapaKTepUCTUUHMK omip Z (Bextopu E 1 H
cuH(Qa3HI, KOJiHeapHi) € JiiiCHOI0 BEIMYMHOIO 1 NEpPEBUILy€e Omip Z, y BaKyyMi.
JliiicHo, (pa3oBa IMIBUIKICTh BIJHOCUTBHCS O XBHJIBOBOTO (POHTY 1 MOXe OyTH
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OUIBIIO0 MIBUJKOCTI CBITJA. A MPUHIIUIT BIIHOCHOCT] HE MOMIMPIOETHCS HA (Pa3oBy
IIBUIKICT.
Tenep noBepHEMOCH 110 JAPYroro BapiaHTy, KodM @<, 1 KoedilieHT

MOLIUPEHHS MJIOCKOI €JIeKTPOMArHiTHOT XBHJI1 B IJIa3Mi CTa€ MIACHOIO BEITMYUHOIO,

Oc(a)):,B’OJ(oom/a))2 ~1,a B(w)=0.

Tonmi amruliTyJa eJeKTPOMArHiTHOro ToJisl B3JOBXK BHUOpaHoi oci  z
3MEHIIYEThCS IO MIpi MOMIMPEHHS 3a 3aKOHOM exp(—az). Tak sk xoedirieHT
¢dazu [ =0, To XBIIIbOBUH MPOLIEC B TAKOMY CEpenoBHINI (aKTUIHO BIACYTHIH, a
(azoBa NIBUIKICTh HEOOMEKEHO BEJHKA.

Lle#t mikaBmii epeKkT MOB’sS3aHUA 3 THUM, IO 3aTyXaHHS aMIUTITYAH TOJIS B
r1a3mMi 00yMOBIIEHO HE MEPEX0J0M YaCTHHH €HEprii B TEIUIOBY, a YMCTO (Ha30BUM
NEePEeX0JI0M, KOJHU KOJUBaJIbHI €JIEKTPOHHU IIIa3MU 30yJKYIOTh BTOPUHHI XBMJIL, SIK1
iHTepdepyloTh 3 NEepIIMMHU 1 HaMararmTbCs I1X KOMMeHcyBaTu. TyT rpadik
3aJIeKHOCTI HOPMOBaHOro KoedilieHTa 3aTyXaHHs /3, BiJ HOPMOBAHOI YaCTOTH

BXK€ Mae€ BUIIISAN, mojaHuit Ha puc. 3.2. lle 0coGnauBO BaXIMBO ISl 3€MHOTO 1
KOCMIYHOTO (CyITyTHHKOBOTIO) 3B’ SI3KY.

i !
v (])/(/A BOA 1
8 I
3 I
) |
6 I
|
2 I
4 I
|
1- - 27 |
| |
| |
! > ! \ \ >
T \ \ >
1 2 3 wlw, 025 0,5 075 ww,
Puc. 3.1. YacroTHa 3alIeXHICTh Puc. 3.2. YacroTHa 3aJIEKHICTD
(a30BO1 MIBUAKOCTI TUIOCKOI XBWJII B HOPMOBAHOTO KOe(illi€eHTa 3aTyXaHHS
JOKPUTHYHIN T1a3Mi1 TJIOCKOT XBUJI B IOKPUTHYHIN TI71a3M1

Tak K AieNeKTpUYHA MPOHMKHICTh 3aKPUTHUYHOI IIJIa3MHU € BiJ €MHOIO, TO
XapaKTePUCTHYHHUI OIip TAKOTO CepeoBHUIla Oy/e YUCTO YIBHUM (PECaKTHBHUM),
TOOTO

€ YUCTO EMHICHUM, IO CJI1JT BpaXOBYBAaTH B PO3PAXYHKY 3B SI3KY.
Temep mMo)kHA 3pOOMTH TI€BHI BUCHOBKH: Iap Oe3CHiByJapHOI IJIa3MU BeJe
cebe AK QUIBTP BEpXHIX YACTOT, NPOMYCKAIOYM HA BHXIiJ €JIEeKTPOMAarHiTHI
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KOJMBAaHHA 3 YacToTaMH @>¢@, 1 €(EeKTHBHO IOCIA0IIOIYH CKIaI0Bl 3
4acToTaMH @ < @, , TOOTO 10HOc(epa Beze cede K QIAbTPYIOYHil €JIEMEHT.

Ha 3akiHueHHs po3rJIsTHEMO BIUIMB CITIBYJIapiB €JIEKTPOHIB B Iu1a3Mi. PeanbHo
Oe3cmiByapHOi I1a3Mu HeMae. Po3paxyeMo 4acToTy CIiByAapiB

v=5.10" -2
VT

ne p — TUCK razy, I — cepemus temmeparypa. SAkmo w=~0, toai miazma
OMUCYETHCA J1EIEKTPUIHOIO MPOHUKHICTD

N, € N, & (o + jov) jo
=&~ ¢, T —

E =& —

a

(3.7)

m(a)z—ja)v) m(a)4+a)2v2) T @

3BIAKM 0a4yMMO, 110 J1HCHA YaCTHHA KOMILIEKCHOI J1€JeKTPUYHOI IPOHUKHOCTI &,
Ta MUTOMOI NPOBITHOCTI IUIA3MH O 3al€XUTh Bl MapaMeTpiB ),  Ta 4acTOTH

CHiBy,Z[apiB VvV, a TaKOX 3B’s13aH1 3 YaCTOTOIO eJ'ICKT].’)OMaFHiTHOI‘O oI .
2
&, =&, 1- > 2 |°
o +Vv

_ 5@,V
0V

Jist aHamizy samexsocreit &, (@) i o(®) 3pydHo BBecTH HOpPMOBaHY
9acToOTy @/, , @ TAKOXK Oe3po3MipHuil mapamerp b=v/®, , KWl XapaKTepusye
TEMII CIIBY/IapiB €EKTPOHIB 3 HEUTPATLHUMH MOJICKYJIaMH.

Ha pwuc. 3.3 mpencrasieni cepii IUCHEPCHUX KPUBHX, AKI po3paxoBaHi 3a
dbopmynamu

g 1 o b
2 > 2
0 (4] @, & w

+b’

nit nu

/
[
05 1.0 L3 20w,

Puc. 3.3. JJucnepciiiai 3anexHOCTI AikcHOT (a) Ta ysaBHOI (0) YacTHMH KOMIUIEKCHOL
HOPMOBAHOI JI€JICKTPUYIHOI MMPOHUKHOCTI BiJl HOPMOBAHOI YaCTOTU ISl Pi3HOTO
TEMITy CITiBy/IapiB €IEKTPOHIB b
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Amnamizyroun 1 rpadiku, HEOOXIAHO 3BEpHYTH yBary Ha Te, mo npu bl 1
AificHa dYacTWHAa KOMIUIEKCHOT TPOHMKHOCTI IUIa3MU MiHS€ 3HaK MOOIU3y
naa3MoBoi 4yacToTh @, . KommaekcHuil Koe(illieHT MNOIIMPEHHA IJOCKHX

€JIEKTPOMArHiTHUX XBHJIb BU3HAYAIOTH 32 (DOPMYJIOHO:
. . jo
y=a+jpf=jo (55,—?)#0- (3.8)

Jlo 1iel popmyu ciif 3ayBaXKUTH, M0 XBWJIS, KA MOIIUPIOETHCS B CTOPOHY
301IbIIEHHS] KOOPJAMHATH B3J0BX BHOpaHOi OCl z, MOBUHHA MaTU MapamMeTp 7 B
I kBasIpaHTI KOMIUIEKCHOT TUTONMHH, TOOTO @ >0, >0.

IToTpiOHO TakoXk 3a3HAUMTH, IO KOMIUIEKCHE YHCIO & =&, — j o/a) npu
OyIb-sIKiil 4acTOTI @ Mae JOJaTHY YW BiJ’€MHY MIMCHY YacTHHY Ta BiJ €MHY
yaBHy uacTuHy. Tomy umcno &, posmimyerscss ado B III um IV kBagpanrax
KOMIUJIEKCHOI TJIONUHU. APTYMEHT IIOTO YKCIIa BUPAKAETHCS SIK:

arge, = 37 + arctg ay (3.9
2 o

BinnoBigHO KBagpaTHUI KOpiHb y BUpasi (3.8) Mae JiBa MOKIMBHX 3HAUECHHS
3 apryMEHTaMH

= 3z 1 we, . .
(arg g U, )] = 7 + Earctg o po3mimtyetbes B I kBanpanTi,

= Tr 1 weE, . :
(arg E U, )2 = 1 + Earctg - posmMilyeTbes B IV kBagpaHTi.

Are pea’dbHHM apryMEHTOM Il KOedillieHTa MOMIMPEHHS XBHWII € APYTUl

x 1 s ) .. .. )
BUpa3, TOMY argy = Z + Earctg < . Toni koedilI€HT MOMMPEHHS TUIOCKOT XBHIIL
lo2

B TUTa3Mi 13 BpaxyBaHHM CIiBYyJapiB Oyie piBHUIA:
2
1
y=o|(s, 1) +| 72| exp| j| 4~ arcig | |. (3.10)
0] 4 2 loj

Skmo B, =w.\e 1, 1 £=¢&,/g,, To KoedilmieHT 3aTyxaHHA 1 KoedimieHT

(da3u 1715 HOTO BUMAJKY OYIyTh PiBHI:

cos| =+ larct
4 2 g

_ &
of(@s) . (3.11)

2 sin| Z + 1 arct id
: 4 28 o/(we,)

Ile nae mocuTh BEIUKI 3HaYEHHS KOe(ilI€HTIB 3aTyXaHHs « 1 pa3u [. Tomy
CHiBylapamM# €JIEKTPOHIB B MJ1a3Mi HEXTYBaTH HE MOJKHA.

Hucnepcis $a30Boi MBUAKOCTI €IEKTPOMArHITHUX XBUJIb CIIOCTEPITaeThCs HE
TUIBKH B IIJIa3Mi, ajie il B XBUJIEBOJIaX, SIK1 MU PO3IJISTHEMO ACIIO HIKYE.
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3.3. EnekTpoMarHiTHi XBWIi B HAANPOBIAHUKAX

SIBUILIE HAAMPOBIIHOCTI MOSICHIOETHCS SIK €JIEKTPOMArHiTHOIO TEOPIEIO, TakK 1
KBaHTOBOW. Po3rissHemMo 1e (izuuyHe sBHINE HAa OCHOBI Teopii MakcBemna i
NOpiBHAEMO 1IIi pe3ynbraTd 3 KBaHTOBOWO Teopiero BKII (bapnina-Kymepa-
[pideppa).

SIBume HanampoBimHOCTI Oyno Biakpure B 1911 p. rommanacekum ¢izukoM
X. Kamepninr-OHHecoM, SKMl BMBYaB BJIACTMBOCTI TE€JIil0 B  HIMPOKOMY
TEMIIEpaTypHOMY 1HTepBaji. Y pe3yJbTaTi MPOBEACHUX HHUM JIOCHIIKEHb
BUSBWJIOCH, IO NPHU TemIepaTtypax Hikue 4,15 K enextpuuHuii onip 3pa3ka pTyTi
CTaB Maike HyJIbOBUM. 100TO, MOCTIHUI CTpyM, 30YDKEHUN B HAAIIPOBIIHOMY
KUTBI, IUPKYJIIOBAB 10 HbOMY 0€3 CTOPOHHIX EJIEKTPOPYLIHHHUX CHUJI MPOTATOM
TPUBAJIOTO dacy. BuMipsTu omip HaANpOBIIHMKA TPATULIMHUMHU METOJAMH 1
METOAMKAMU HaA3BHYAHO Ba)XKKO. BBakaroThb 1 CHOTOMHI, IIIO BIH B 10'® pa3
MEHIIUH Onopy Miji, cpidia, 30J0Ta Ta IHIIUX 3BUYaHUX METaNIB.

SIkmio TemmepaTypa HaJNpOBITHUKA CTa€ BHIOK TaK 3BAaHOI KPUTHYHOI
TemIepaTypu 7., TO sBHIIE HAANPOBIAHOCTI CTPUOKONOAIOHO 3HUKAE, 1 PEYOBUHA
13 HAAMPOBIAHOTO CTaHy NEPEXOUTh B HOPMAJIbLHUH CTaH.

HannpoBigHi BIacTUBOCTI XapakTepHi Mg 0Oaratbox HedepoMarHiTHUX
METaliB, B SKMX 3HaueHHA 7. € pisHUMH. Tak 1 A/ KpuTHYHA TemIiepaTypa

piBHa L2 K, s Pb — 7,2 K, nna Nb — 9,2 K.Y 1986 p. OyB BiAKpUTHIA iU
PSA PIAKICHO3EMENbHUX KEepaMiuHMX MarepialliB 3 J00aBKOIO 10HIB Mifi, B SIKUX
KPUTUYHI TeMIepaTrypu € JocuTh Bucokumu. Hampuknan, y kepamini YBa,Cu,O,
3HaveHHs 7, =92K, mo e Bume TemrnepaTypu piakoro aszory (7. =77K). Ile

SIBUIIIE TAKOK CIIPHUSIIO PO3BUTKY HAIIPOBITHOI €TIEKTPOHIKH.

[lepeiinemo Temep 10 €IEKTPOMArHITHOI TeOpii, Ky po3poOMIM HIMELbKI
¢dizuxku . 1 I'. Jlongonu B 1935 p. 3rigHo ix Teopii BIANOBIIHUN BEKTOP T'YCTUHHU
TIOBHOTO CTPyMy ; B KOHiil TOUIli HAAIPOBiIHMKA NPECTAaBISE COOOI0 CyMy
JIBOX CKJIQJIOBUX:

J=J,*J.
ne j,,j. — TYCTMHHM HOPMAJBHOI Ta HA/IPOBIIHOI KOMIIOHEHT Bi/lTIOBITHO.

3po3ymisto, 1o

j =BG E, (3.12)
ot

J€ O, — HOpMaJlbHa IIMTOMA IPOBIAHICTh pe4oBHHH. ToJl cHMcTeMa JBOX IEPIIMX

piBHsAHb MakcBeia Ui HaAIPOBITHOTO CEPEIOBUINA 3AIHILIEThCS SK:

1. rot H :gaaa—E+0'”E+js,
agt : (3.13)
2.r0t E=—=—.
ot
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Hexali N, — KOHUIEHTpamis, ¢, — 3apaA, O, — BEKTOp IIBHIKOCTI
HAJPOBIIHAX HOCIIB 3apsay. Toi 3a 3araIbHUM MPaBHIIOM:
-]s = Ns qs Us 2
a MBHJIKICTH HOCIIB 3apsily BU3HAYAETHCS 13 3aKoHY HproTOHA:

—
—

do
m =g FE.
N dl’ q.ﬁ‘

O0’egnanHss 1WX JBOX BHUPA3IB  J03BOJISIE CHOPMYIIIOBATH HACTYITHE
PIBHSIHHS:

a.

S

ot m

s

N.g =
=L F, (3.13)

3acTocyBaBIIM ONEpaIi0 7ot 70 000X YaCTHUH JIAHOTO PIBHSIHHS 1
BUKOPHCTABIIU JIPYTe PiBHSIHHAS MakcBela, OTpUMaEMO:
v 2 2 AD
i —NS 9. rot E =——NS 4. 6—B
ot m, m, Ot
@. i I'. JloHmoHN MpUITYCTHIIH, 10 TAaKe PIBHSIHHS MOKHA TPOIHTETPYBaTH 3a
9acoM, MPUPIBHSIBIIN TMOCTIHHY 1HTETPYBAHHA A0 HyJA. TOMy MICIsI IHTETPYBaHHS
OTPUMAEMO:

rot

2

= N q; 3
rot j :—“—q“B, (3.14)
m

s

—

TOOTO r'yCTHHA CTPYMY HAAIPOBIAHOCTI (POPMYETHCS MarHITHOIO 1HAYKIIEO B .

Beenemo mapameTp i3 PpPO3MIPHICTIO JOBXKHHM A, = SIKHA

HA3MBAIOTh JIOHJOHIBCHKOIO JOBKHHOIO, 1 BiANOBiAHO piBHsAHHA (3.14) mpwuiime
BUTJIALL
rotj = ! B 3.15
s G
Lle piBHSHHS Ha3WBAIOTh PIBHAHHAM JIOHIOHIB, 3 SKOrO0 MU 0Oa4ymMMo, MIO
Ha/AMPOBITHUN CTPYM BU3HAYAETHCS HE €IEKTPUYHUM, & MATHITHUM TOJIEM.
[ToBepHeMoch 3HOBY 10 nepumoro piBHsAHHS MakcBeiia 13 BpaxyBaHHSAM

piBHsHHS JIOHJ0HA 1 BI3bMEMO BiJT ITOTO PIBHSHHS 7Ot :

—

B o[ .= "
rotrot| — zgaa—(rotE)JranrotE——B,

2

:u() t ﬂ(} L
a0o0 13 BpaxyBaHHSM JIpyroro piBHSHHS MakcBesia

B B o8B 1 -
rotrot| — |=—¢§,——0,—— -B.
Hy ot o 4,
B B B\ .
[puiimaroun m0 yBaru, mo rotrot| — |=graddiv| — |-V’| — |, i
H, H Hq

BpaxoOBYIO4YH BJIACTHBICTD COJ'ICHO'I.I[aHBHOCTi MarHiTHOI'O I1oJIs1, OTPUMAEMO:
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. - .
AR W R
H, ot ot p,A,

. . OB
Ha HynpoBI 4acToT1, KON o =0, oTpumaemMo
t

V’B=—2B. (3.16)

Cnig 3a3HauMTH, MO B piBHAHHA (3.16) HE BXOAUTH NMUTOMA IMPOBIAHICTH
cepefioBUIia 0,, 00yMOBJI€HA HOPMaJIbLHUMH HOCIAMHU 3apsny. ToMy mocTiiHui

CTPYM CTBOPIOETHCS JIMIIE 32 PAXyHOK PYXy HAIINPOBIIHUX HOCIIB 1 LIEH CTpyM
Te€4e B HAINPOBIAHHKY Oe3 omopy. MarHiTHE II0J€ BUTICHSETHCS 13 TOBIIHMHU
HaIpPOBITHUKA Ha HOr0 MOBEPXHIO Ta ICHYE B IIApi JIOHJOHIBCHKOI JOBKUHU A, .

106 noBectu 11€, 3amumemo piBHAHHSA (3.16) 17151 OAHOMIPHOTO BUITAJIKY:
d’B_ 1
2 _28 :
dx> A,
P03B’s13Kk0M 11bOTO PIBHSAHHS OyJ€ (QYHKIIS

X
B(x)=B(0)exp| —— |,
Z'L
e B(O) — MarHiTHa 1HAYKIS Ha MEXI1 PO3/IUTY MOBITPS-HAIIPOBITHUK.
Otxe, JOHIOHIBCBKA JOBXKMHA A, € MIPOK YM OLIIHKOK IIPOHMKHEHHS

NOCTIHHOTO MAarHITHOTO TOJsi (TMOCTIMHOTO CTpyMy) B HaamnpoBinHuk. Lle wHiOM
SIBUIIE CKIH-(DEKTY HaAIIPOBITHUKA.

VY teopii JIOHOHIB BBAXKAETHCS, 1110 HOCIAMH CTPYMY, K1 BIJAMOBIJIAIOTH 32
SIBUIIE HAAMPOBITHOCTI, € eNeKTPOoHU. [Ipr bOMyY MOBHICTIO iITHOPYETHCS TUTAHHS
npo Te, YOMYy OJWH EJEKTPOH HOPMAaJbHUM, a APYrud — HAaAOpOBITHUH. SKIIO
npuitasate g, =1,6-10" Kz, m =9,1-107"ke i N,=10"m" (KoHUeHTpaist

€JIEKTPOHIB B MeTani), To A, =16mum. Came Ha Takiii TIMOMHI MarHiTHa 1HTYKIIsA
3MCHIIYETBCS B € pa3 y MOPIBHSIHHI 3 TOYATKOBHM 3HAYCHHSIM. TOMYy MOXHAa
BBAXKATH, 1[0 BCEPEIUHI HAAMPOBITHUKA MArHITHE MOJI€ BIJCYTHE.

SBuille BUIITOBXYBAaHHS MAarHiTHOTO IOJIS 13 TOBIIMHK HAJAMNPOBIIHHUKA OYII0O
Briepire Bigkputo B 1933 p. B. Meiiccuepom sik epext MeticcHepa.

SIkmo yactoTta enekTpoMarHiTHoro mois @#(0, TO HeMmae TiJACTaB

B : o
CTBCPIKYyBAaTH, 110 a— =0 , 1 TOMYy HIOYHMHAC€ CYTTEBO BILJIMBATH ITPOB1JHICTD,
t

o0yMOBJIeHa HOpPMAJbHHUMH €JICKTPOHAMHU, IIO BeJe A0 TEIUIOBUX BTPaT B
Ha/IPOBITHUKY.

Po3rissHeMo eneKTpoMarHiTHUM TpoIeC, SKWW 3MIHIOEThCS B dYacl 3a
TFapMOHIYHUM 3aKOHOM 3 4acToTol @. Toal MoXKHa 3amucaTd KOMIUIEKCHI
aMIUTITYJN HaJIPOBIAHOT KOMIIOHEHTH CTPYMYy 1 Hampy>KEHOCTI E€JIEKTPUYHOTO

%E . Tak s#K @I HOPMAJIBHOL

MO, MOB’S3aHI CHIBBIAHOLIGHHSIM j, =—
oy A,
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CKJIaJJOBOI KOMIIOHEHTH CTPyMy aHAJOTI4YHUHN 3B’A30K Ma€ BUIIIAL j =0, FE, a

CTPYMOM 3MIIlIEHHSI B J00pe MPOBITHOMY CEpPEJOBUIIl MOXKHA 3HEXTYBaTH, TO
oTpumaeMo 3akoH Oma JiyIst HaIMpOBITHUKA B 3MIHHOMY €JIEKTPOMarHiTHOMY TOJIi:

J,=(c,~jo,)E, (3.17)

1
ae o, =——— , upuiomy o, o, .

oty 4,
Takum 4MHOM, HAANPOBIIHE CEPEOBUILIE XaPaKTEPU3YEThCS KOMIUIEKCHOIO
IMTOMOIO  IIPOBINHICTIO & =0,—jO,, J€ JlicHa 4YacTMHa 00yMOBJEHA

HOPMAJIbHUMH, a yABHA — HAANPOBIAHMMH HOCiAMHU. TyT MOXHa BU3HAYHTH 1
MPUHIIUIIOBY PI3HUINI0 MK HAAMPOBITHUM Ta 1€alIbHUM MPOBIIHUKAMU: MMUTOMA
MPOBIIHICTh HAMMIPOBITHUKA, HAOIMKAIOUKCH 32 MOJYJIEM J0 HECKIHYEHHOCTI, €
MPaKTHYHO VYSABHOIO BEJIMYMHOIO, TOJI SIK B 1J€aJbHOTO IIPOBIJHHKA BOHA
OMUCYETHCA HECKIHUEHHO BEJIMKUM JIIMCHAM YHCIOM. YSBHHH XapakTep
IPOBITHOCTI MOB’SI3aHUN 3 THUM, 110 MK CTPYMOM 1 €JIEKTPUYHUM IOJIEM 3T1IHO
(3.13") BinOyBaeTncst pazoBuii 3cyB Ha 7/2.

VY po:i BeNWYUHH, KA XapaKTePU3ye I'yCTHUHY MOTOKY MOTYKHOCTI TEIIOBUX
BTpAT, 3pyYHO BUKOPHUCTOBYBATHU JIHCHY YAaCTHHY XapaKTEPUCTUIHOTO OIOPY
HAIPOBIIHOTO CEPEIOBHINA:

ReZ =Re

Sxio BpaxyBaTH, IO HOpMajbHa YacTHMHA MHUTOMOI MPOBIIHOCTI Habarato
MeHIlIa HaanpoBiaHoi (o, [l o), To el BUpa3 CIpOCTUTHCS [0 BUIY

O |
ReZ =Re| j [Z£o]1- j_;n =2V el
(o) (o)

Crtpory KBaHTOBO-MEXaHIYHY TEOPII0 HAIIPOBITHOCTI cTBopwid B 1957 p.
amepukancbki BueHi JI. bapmin, JI. Kynep 1 JI. llpiddep (teopis BKII). 3rigHo
i€l Teopil BUSABHUIOCH, IIO E€JIEKTPOHM B MeETall KpIM CHJ KYJIOHIBCHKOTO
BIJIIITOBXYBAaHHS 3a3HAIOTh OCOOJIMBHX CHJ MPUTAraHHA. SKIio Temmeparypa
PCUOBMHM CTa€ MEHIIOK KPUTHYHOI, TO CHJIM TPUTITAaHHS [TOYMHAIOTH
NepeBaKaTH, 1 YacTHHA EJCKTPOHIB MOMapHO OO’€MHYIOThCS B TaK 3BaHi
KyTEepiBChKi MapH, SIKi 37JaTHI PyXaTUCS MK By3JIaMH TPAaTKH TOMIOHO HAITEKydil
pinuHi (6e3 omopy). Bemukwmii inTepec mnpexactarisie edext [[xozedccona —
MPOTIKaHHSA TYHEJIBHOTO CTpyMy uepe3 myxke ToHkui ([J1xm) map mienekTpuka,

KWW po3auisie Al HaanmpoBimHi obxacti. CaMme mpu TakuX TeMIeparypax MOKHA
dhopMyBaTH €IeMEHTH HAIIPOBIIHOI €JIEKTPOHIKH.

KoHTpoabHi 3antMuTaHHsA

1. JlaitTe BU3HAYEHHS YaCTOTHOI JUCIIEPCIi €IEKTPOMArHiTHUX XBHUIIb.

2. BusnHaure napameTpu eJEKTPOMArHiTHOI XBWJII B J00Ope MPOBIAHOMY
CEPEIOBHIII].
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3. Haiire Bu3HAueHHS Tula3Mu Ta ii mapamerpiB. OxapaxkTepusyiTe
€JICKTPOMArHiTHI XBWII B Oe3CHmiByJapHid IUla3Mi Ta B IJIa3Mi 13 BpaxyBaHHSIM
CHIBYJ1apiB.

4. JlaiiTe BU3HAYCHHS IPYMOBOI MIBHIKOCTI €IEKTPOMATHITHIX XBHITb.

5. 3amumiite piBHAHHA JIOHIOHIB IS €JIEKTPOMATHITHUX XBWIb B
HaANPOBIAHUKAX.
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Po3nin 4. TlagiHHA MJIOCKUX €JeKTPOMATHITHMX XBMJIb HA MEXKY JABOX
cepeoBHUIIL

4.1. HopmanbHe naJiHHA MJIOCKOI eJIEKTPOMATHITHOI XBHJIi Ha igeajbHO
NPOBiIHY IOBEPXHIO

Hexaii Ha HECKIHUCHHY 17Ie€alibHy MPOBIAHY MOBEPXHIO 32 HAIIPSIMOM HOpMAai
najiae TUIOCKA EJIEKTPOMAarHiTHa XBWJIS, SKa TOMIMPIOETHCS B3J0BXK OCI Z
JEKapTOBOI CUCTEMH KoopAauHaT (puc.4.1). I3 paHoro pucyHka BHJIHO, IO
NPUCYTHICTh Ha MMOBEPXHI JIMIIE MOJIS Ma/alouoi XBUIIL 3 BEKTOPOM HAINpPY>KEHOCTI

eNeKTpUUHOTo ToNst £ . He MOKe 3abesre-

YUTH BUKOHAHHS TPaHUYHOI (KpailoBO1)
ymoBn E =0. Jlna BUKOHaHHA Ii€i yMOBH

HeoOXigHO, MO0 B HamiBmpocTopi z<0
icHyBasia BIIOWTa XBWJIS 3 aMILTITY/I0O,
pPIBHOIO aMILTITYIl magarodoi xBwm. I[lpu
z=0 moBUHHA BUKOHYBATHUCS yMOBA:

E +E_=0. (4.1)

610
[Ilo6 BHU3HAYUTH CcyMapHE MarHiTHE
IoJIe Ha MOBEPXHI 1/1€a]bHOrO MPOBIAHUKA,
HeoOX1aHO BpaxyBaTH, 1o BekTop [loiiTiHra

BinOuTOI XBUIl [/, OpIEHTOBAaHUN B3IOBK

BII'EMHOTO HampsiMy z. Tak sK MOZydi

Puc. 4.1. Bexktopu enekrpo-
MarHiTHOro TOJii IIpU  HOp-

BeKTOpiB M , 1 H_, piBHI, TO B IIJIOUIMHI

ManbHOMY Ma[iHHI IUIOCKOI =0~ moayn»  cymapHoro Bngopa
XBAni HA ifeambho mpopimmy ~ AUPYKCHOCTI  MarmiTHoro  moms  Oyme
piBHHUIL:
TIOBEPXHIO L .
HZ = Hnut) + H@it) ° (4'2)

1 Oyne B 1Ba pa3u OUIBIIMA MOAYJS KOXKHOI CKJIagoBOi. TakMM YHUHOM, MH
OTpUMAaNIM CYTTEBUN PE3yabTaT — HA MOBEPXHI 1/1€aIbHOTO MPOBITHUKA HAIPYXKe-
HICTh CYMapHOTO MArHITHOTO TIOJSl B JBa pasu nepeBulye HAIPY>KEHICTh
MarHiTHOTO TOJISI TaJar0voi eJICKTPOMArHiTHOI XBHIIL: H = 2H . Toxi, 3Har04YN

MOJYJb 1 OpIEHTAIIII0 BEKTOpPA CyMapHOI HaIPY»KEHOCTI MarHiTHOTO MOJIsL, MOXKHA
BU3HAYUTH BEKTOP T'YCTHHH IMOBEPXHEBOTO EJIEKTPUIHOTO CTPYMY 3a (POPMYIIOO

Jooe e :[ik xH 2]. I3 puc. 4.1 BunHO, 10 IOBEPXHEBUI CTPYM NPOTIKAE B HANPSIMI
BeKTOpa E mamarodoi XBWJIl, a HOro aMmIUNTyAa piBHA TMOABOEHIA aMILTITY.l
HAIMPYXKEHOCTI MArHITHOTO MOJis 1€l XBWIl. TyT TakoX CTae 3pO3yMUIO, MIO
171eaTbHO TPOBIHA TUTOINITMHA TIOBHICTIO €KpaHy€e OJIMH HAIiBIIPOCTIP BiJI 1HIIOTO.
Tomy npu z >0 Bcl CKIIaA0B1 BEKTOPIB €IEKTPOMATHITHOTO TMOJISI BXXE P1BHI HYJTO.
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4.2. HopmanbHe mNaaiHHA IUIOCKOI e€JeKTPOMArHITHOI XBHJI Ha
AieJIEKTPUYHY IJIOLINHY

[Mpumyctrmo, 1o HamiBOpocTip z<(0 TPAMOKYTHOI JEKapTOBOi CHCTEMHU
koopauHar (puc. 4.2, obnacte 1) mpezacrasusge coboro BakyyM (&, =&,, M = U,
o=0), Tomi sk HamiBOpocTip z>(0 — 1¢ JOBUIBHUA MAarHiTOIICICKTPUK 3
napamerpamu &,, M , o (puc. 4.2, o0nacts 2).

- . L+ X -
E@I’cﬁ Enaa ES
- (o) 5 fo— -
y z
st'a Hmza - 3
llnaa
11 81 l 2

Puc. 4.2. BekTopu eneKTpOMAarHiTHOrO IOJs IPU HOPMAIBHOMY
NaiHHI TI0CKOT XBWJII HA J1€JIEKTPHUHY ITiBILUIOIIUHY

Hexaii B oGmacti 1 B3JOBX MO3UTHBHOTO HAMpsSMYy OCI Z TOLIMPIOETHCS
IUIOCKA TapMOHIYHA XBWJISA, SKa HA3MBA€ThCs mamarouoro. Jms maHoi XBuII

BBa)KAIOTbCS BIIOMMMU KOMIUIEKCHI aMIUNITYAU BekTopiB £, H  , Opi€eHTOBaHI
B IIPOCTOPI TaK, SK MOKa3aHo Ha puc. 4.2:
; _ L -ikz
Enaa - Ex nao € lx ’
4.3
— X nao efjﬂlz 7 ( )
nao v?
0

ae B =w,\/g, 1, — KoediieHT (asu IUIOCKOI XBHJI 13 3aJaHOI0 YacCTOTOIO Y

BakyyMi, Z, =377 =1207(Om) — xapakTepuCTUIHUI O1ip BaKyyMy.

VY Hamii eneKTpOJAMHAMIYHIM CHCTeMI KpIM IUTOCKOI XBWJII ICHY€ III€ JBI
XBUWJIL: BIIOMTA XBUJISI, KOMIIEKCHI aMILTITY/TM BEKTOPIB MOJIST IKO1 MatOTh BUTIISIL

e JUIA BIIOUTOL:

’ s : iz
Eﬁi(} - Ex 6i0 lx ’

e

(4.4)

_ “xe0 -jpz7
6i0 e ly °

0
3Hak BekTopa /1, oOymoBieHui TuM, mo BekTop lloirinra Binduroi xBuwm 7,

HaIpaBJICHUI B CTOPOHY 3MEHILEHHs KoopauHat z (z<0).
e 151 3aJIOMJICHOI1 (TIPOXiaHOT):

87



P @)

c2

ne fB=o\e,u,, Z,= /% — BIANOB1AHO Koe(ilieHT (a3u 1 XapaKTepPUCTHYHUI
a

(XBHITLOBHI) OTTIp TUIOCKOT €JIEKTPOMArHITHOI XBHJII B CEPEIOBHIII 2.

[Tpu 3amuci piBHSHHA (4.5) TPUITYCKAETHCS, IO OOJIACTH 2 TMOMIMPIOETHCS
HEOOMEXEeHO B3/10BXK miBoci z >0 . Kpim Toro, BBaKaeThCs, MO €IeKTPOMAarHiTHI
XBHJII, SIK1 TIOIITMPIOIOTHCSA B 001aCTi 2, MatOTh ITOBHE 3aTyXaHHS, 1110 JIa€ IiJCTaBH
BBaYKaTH, 10 B 00JacTi 2 BiAICYTHs BiIOMTA XBUJIS, SIKA TIONIMPIOETHCS B HAMPSAMI
Bix emMHoOT oci z (z<0).

[ToctaBuMo Temep 3amady MPO 3HAXO/DKEHHS CIHIBBIAHOIICHHS MIXK
KOMIUIEKCHUMHM aMIUTITYJaMH BEKTOPIB €JIE€KTPOMArHiTHOIO TMOJs MaJlaioyoi,
BiIOMTOT 1 3aJIOMJICHOT XBHIIb. J[JI1 IIBOTO BUKOPUCTAEMO TOW (haKT, IO HA MEXKI
po3airy, ToOTo B TwiommHi z=(0, MOBUHHI BUKOHYBAaTHUCA KpailOBI yMOBH —
JOTUYHI CKJIQZOBl CyMapHUX BEKTOPIB HAMPY>KEHOCTI €IEKTPUYHOTO 1 MAarHiTHOTO
TI0JIiB IOBUHHI OyTH HEMEPEPBHUMU:

E'Ir:EZr’ H]r:HZT'
Toni, BukopuctoByrouu cmiBBigHOmEeHHS (4.3), (4.4) 1 (4.5), MoxHa
3armcaTy:

E +E . =FE_ — 11 e1eKTPUYHOI CKIIa[0BO],
Ex nao Ev 60 Ev 3 3 . .
———=—— — JUId Mar"iTHOI CKJIaJl0BOI.
Z Z Z

0 0 c2

BBenemo koedirieHT BiIOMBAHHS MO €JIEKTPUYHOMY MO0 R 1 KoedilieHT
NPOXOPKEHHS (3aJIOMJICHHS) 10 €JIEKTPUYHOMY TMONI0 7, BHU3HAYMBIIM JaHi
BEJIMUMHU $IK BIJHOLICHHS KOMIUIEKCHUX AaMILTITYJ BIIMOBIAHHUX EJIEKTPUYHUX
TIOJIIB JI0 KOMITJIEKCHOI aMIUTITy/Id Hampy>KEHOCT1 €JIEKTPUYHOTO TOJIS Maaryoi
XBUJII Ha MEXI1 pO3aLIY:
R:% T = E,,

— .

E E

X nao X nao

SIK10 aHi CHiBBITHOIICHHS MOIUIMTH HA BEIMUNHY F TO MOXKHA MPUUTH

x nao ?

710 CUCTEMH JIHIHHUX alreOpaivHuX piBHSAHb BIAHOCHO HEBimoMHUX R 1 7 :

1+R=T,
1 R_T (4.6)
ZO ZO ZcL )

3BIJIKA MOKHA BU3HAYNTH KoedimienTrn R 1 7T :
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R= Zc2 — Zo ,
Z,+Z,
_ 27,
ZcZ + ZO .
Takum 4ynrHOM, KOe(DIIi€eHTH BIIOMBAaHHS 1 3aJIOMJICHHS EJICKTPOMAarHiTHOI

XBWJIlI MPU HOPMAJbLHOMY TAJiHHI Ha JIeJIEKTPUYHUN HAMIBIOPOCTIP MOBHICTIO
BU3HAYAIOTHCS XBUJILOBUMH OIOPAMU CEPEIOBUII. SIKIIO JiCIEKTPUK HEMarHI THHH

(u=1, 0=0), 10
1-+e 2

=, T=——F.
1++/e 1++Je

4.3. HopmajgbHe mNagiHHA IUIOCKOI €JeKTPOMATHITHOI XBWJI Ha
AieJIEKTPUYHMI AP NEBHOI TOBIIUHHU

(4.7)

R

[likaBo BigmiTUTH, 0 Gopmynu (4.7) 3ycTpiualoThbes B TEOPIi PamloOKiI MpU
pPO3B’s3aHHI 3a/aul Mpo BIJOMBAHHS XBWUJIb BiJI CTUKY JIBOX JIHIH mepemadi 3
XBUJIBOBUMH ONOpaMu Z, 1 Z , B yMOBaxX, KOJHM Jpyra JiHis HaBaHTa)K€Ha Ha CBIH

XBWJIBOBUH OITIP 1 TOMY 3HaXOJIUTHCS B Y3TO/XKEHHI.

SIK HACHIIOK, BHUILTUBAE MOXKIUBICTH PO3PaxyBaTH KOCPIIIEHT BiIOMBAHHS
TUIOCKO1 €JIeKTPOMArHiTHOI XBWJII BiJ AI€EKTPUYHOTO ILIapy TOBIIMHOIO [ TIpH
HOpMaJbHOMY TaJiHHi (puc. 4.3, a).

Mopgenmo  Takoi  eIeKTPOAMHAMIYHOI  CHCTEeMHU € 3’ €JIHaHHA
HAIlIBHECKIHYEHHOI JIiHII nepeaadl 3 XBHIBOBMM OIOpPOM Z, 13 BIAPI3KOM JIiHIL
JOBXUHOK [ 3 XBHIBOBHUM omopoM Z , (puc.4.3,0). Jlanuii BiIpi30K
HAaBaHTa)XEHMH Ha omip Z,, AKHH BpaxoBye€ BIUIMB HAIlIBHECKIHYEHHOIO OIOPY
Mpasiie J1eJeKTPUIHOTO IIapy.

bynemo BBaxaTH, 11O IIap BUKOHAHUH 13 AieNEKTpHKa Oe3 BTpAT i3 3a4aHOI0
TIeJIEKTPUYHOIO NMPOHUKHICTIO & . BukopucTaeMo BHpa3 JUIsl BUBHAYEHHSI BX1IHOTO
OIOpY JTOBTO1 JIiHIT 13 OCHOB PaliOCICKTPOHIKH JJIs TIepepi3y a —a’ JJisi XBHJIL, 10
MOLIUPIOETHCA 3J11Ba HAIIPABO:

1+ .1g0
, _LtiZ0_,

or : > (4.8)
1+j£tg(9 "1+ jetg0
ZC2
2rl . .
ne 0=p,1= — - CJICKTPUYHA TOBIIMHA [IAPy HA YacTOTI B pajiaHax.
L
. Z —Z, :
Toni, BukopucToBytoun ¢opmynry R=—%—=> Tmiciasd HECKIATHUX

L _+Z,
NEPETBOPEHb OTPUMAEMO BUpPa3 IS KoedilieHTa BiIOMBAaHHS BiJ IJIACTUHU:
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R S
. e N Z )
‘“lrma £
1 oZo_..a
‘“_;10 - ZO
o O—lia '
| 2 1
a) 0)

Puc. 4.3. HopmanpHe mnajiHHS TUIOCKOI €JIEKTPOMArHiTHOI XBHJII Ha
JETeKTPUIHIMA 1ap (a) 1 MOJIeb TaKoi eJIeKTPOINHAMIYHOI CUCTeMH (0)

 j(-e)go
2\/2+j(1+g) g0’

e—1)jtgb
IR|= (e-1lrg 2| —.
\/4€+(1+8) g’ 0
[{s 3amexHicTh mojaHa Ha puc. 4.4 qis pi3HUX 3Ha4YeHb & (2,56 1 3,8)
nienekTpudHoro mapy. Came TyT CIlIiJl 3BEpHYTH yBary Ha Te, IO KOEQIIli€HT
BiJTOMBAHHSI IJIOCKUX €JIEKTPOMArHITHUX XBWJIb € YaCTOTHO-3aleKHUM. Lle# dakT

HEOOX1JIHO BpaxOBYBaTH NpPU CTBOPEHHI MPO30PHX MICICKTPUYHUX IIApiB IS
3aXUCTY aHTCHHHUX CHCTEM.

(4.9)

|R|4

0,6+ ————r<—————— — — —

O, pao

-
| | |

|
l 2 3 4

Puc. 4.4. 3amexHictb Moayisi KoedillieHTa BiIOMBaHHS |R| BiJI
CJICKTPUYHOI TOBIIMHM JieJeKTpudaHoro mapy (1 — € =2,56;2 — £=3,8)
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4.4. IlapgiHHA IUIOCKOI €JEeKTPOMATHITHOI XBWJII Ha JieJIeKTPUYHY
NiBIVIOIUMHY Wi AOBUIbHMM KyTOM. 3akonu CHemiiyca Ta dopmyiau
®DpeHeast

PosristHemMo 3aranbHMII BUITQIOK, KOJM IUIOCKA EJIEKTPOMAarHiTHa XBHIIS,
MONUPIOIOYKCHh B CEPEIOBHINI 1, Majae Ha MEXY PO3JAUTY 13 CEpPeIOBHUIIEM 2 i
JESAKUM KyTOM ¢, SKUW JTeXUTh B Mexkax 0< @ <27 . ['eomerpis naHoi 3aaadi Ta
Opi€eHTAIlls Ocel MmojaHi Ha puc. 4.5.

AHani3youu eJIeKTPOMAarHiTHE MoJie
B JIaHId CHCTEMI, BBEJEMO TPH XBHIII:

11 7. najarody, Bigoury i 3anomieny. Bekropu
\i’”o #1 IloiiTiHra BCIX IMX XBWJIb JEXKaTh B
OIHIM  IUIOIIMHI, sSKa HAa3UBAEThCI
R0 IUIOIIAHOK  IaJIHHS. I3 puc.4.5

-

1 - BHUIINIMBA€E, IO BCKTOP 11

nao

2 Y MO3UTUBHUMM HalpsMaMH OCed X Ta y

YTBOpPIOE 3

W - V4 . .
YIS KyT E—go Ta ¢ BIANOBIAHO. Tak sK

cos(90° - ¢) =sin@, TO KOMIUIEKCHA

z aMIUTITyla ~ BEKTOpa  HaIpPYXEHOCTI

Puc. 4.5. Taxi . CJEKTPUYHOTO TOJS IaJlalodoi  XBHII
uc. 4.5. IlafiHHs MWIOCKOI eIeKTPO- | 1. o GyTH MONaHa SK:

MarHiTHOI XBWJI Ha CTUK JBOX Cepe- i (y Z) _E _j B (vsing-+zeosp)
JTOBUIII I11]T TIEBHUM KyTOM oA

e E — KOMIUIGKC aMIUTTYAH

m nao
[a1ar04v0i XBUJIL.
SIKIo 4yepe3 @' 1 y MO3HAYMTH KYTH BiJIOMBAHHS 1 3aJIOMIIEHHS BiIIIOBIIHO

m nao 2

(puc. 4.5), TO KOMITJIEKCH aMILTITYA OyIb-SKHX CKJIAJA0BHUX BeKTOopa E B1AOWTOI 1
3aJIOMJICHOT XBHJIb MOYKHA 3aIIUCaTH

E- (y Zz :E e_jﬂl(ySingﬂ'—zcosqy’)

6i0 m 6i0
- _ T —j B (ysiny+zcosy)
E3(y’Z)_Emae .

Ha mexi poszminy, To6To B mmommHi z=0, SK BIJOMO, MOBUHHI BUKOHYBATHUCS

YMOBHM HENEPEPBHOCTI JOTHYHUX (TaHTCHIIAJbHUX) CKIAIOBUX BEKTOpiB £ 1 H :
Elr = E2r’ le = HZT ‘

B3sBIIM TaHreHIajgbHI CKJIAJ0BI BIJ KOMIUIEKCIB Majaro4oi, BIAOUTOT 1
3aJIOMJICHOI XBUJIb, MATUMEMO:

 griAe Em) g/ Arsing _ E o /B (4.10)
J11s1 BUKOHAHHS 1IHOT'O CITIBB1AHOIICHHS HEOOX1aHO 1100
1) p=9,
2)M:ﬁ (4.11)
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Bupazu (4.11) — me Bigomi Ham 3 ¢i3uku 3akoHu CHemmiyca, sKi
(hOpMYITIOIOTHCS TaK:
1) KyT maniHHA piBHUH KyTy BiA0MBaHHS IJIOCKOI €JIEKTPOMArHITHOI XBUIIL;
2) BiIHOIIEHHSI CHHYCIB KyTa IMaJiHHS 1 3aJJOMJICHHS PiBHE BITHOIIEHHIO X
¢dazoBux KoedimieHTIB.

Tak ax f=w.\/¢, 14, , TO, BPAaXOBYIOYHM, IO KOE(ILIEHT 3aJIOMJICHHS]
CEpENOBUILA 11 = /& i , NpYyTrUil 3aKoH CHeIlIlyca MOKHA 3aIluCaTH:

sing _n,

sing  n,
[ToBepueMocst Temep 10 MOJAPHU3aIli €IEKTPOMArHITHUX XBWIb, 00 BOHU
3MIHIOIOTh 3HAYeHHS KOEQIII€HTIB BIJIOWBAHHS 1 3aJIOMJICHHS MpU TaJiHHI
SJICKTPOMATHITHUX XBWJIb Ha MEXKY JBOX CEPEIOBHII.
Llepnendukynapra (copusonmanvha) noaspusayis. Bona xapakTepHa THM, 10
IUIOIMHA TOJSIPH3aliii, SKa MiCTHTh HAmIpsM BekTopa E, € HepIeHIUKYISPHO
IUIOMIKMHI [A{HHS, 4 BEKTOp [ 3HAXOOUTHCA B Wil miomuHi (puc. 4.6).

. 172 Hexan £ ,, E_,,
() ‘H nao éid aMILTITY/TA BEKTOPIB €JICKTPUYHOTO TOJIS

I E» majary4oi, BIAOMUTOI 1 3aJIOMJICHOI XBUJIb
' “eio BIAMOBIIHO Yy MiommHl z=0 1pH
0|’ JMOBUTbHIM ~ KoopauHati y. Kpaiiosi

E  — xommiekcHi

nao

nao

1 YMOBH BIJIHOCHO EJICKTPUYHUX BEKTOPIB
2 4 3alUIIYTHCS
(p EF +F

nao 6i0

=E . (4.12)
Hg _ IIpu 3armcy KpaloBUX _ YMOB

E BIJIHOCHO BEKTOPIB HAINpPYXEHOCTI Mar-
- ’ HITHOTO T0JIs1 HEOOX1AHO BpaxyBaTH, IO
X TaHTEHIIaJIbHI CKJIaJ0BI OTPUMYIOTh

Puc. 4.6. TlapiHus 1I0CKOT €IEKTPO-  [iIssXOM MHOMKEHHS MOJYJIiB BEKTOpa H
MAarHiTHOI NEPICHIUKYISIPHO MONS- pa — KOCUHYCH — BIANOBIZHHX  KyTiB
pH30BaHOI XBWJII Ha CTHK [BOX (puc. 4.6). KpiM 1poro, 3pyusinre Bupa-

CCpCAOBHIL 3uTH Bektopu H depe3 Bektopu F,
BHKOPHCTOBYIOUH MOHATTSI XBUJILOBOTO OIOPY cepemoBuiia. TakuM YMHOM, YMOBA
HEMePEPBHOCTI JOTHYHUX CKJIAJJOBUX BEKTOPIB HAMPYKEHOCTI MArHiTHOTO HOJIS B
miontuHi z =0 HaOyzae BUA:

cosQ  ; : E
E —FE |=——cosy. 4.13
Zc] ( nao 6i ) Zc2 ( )
Jis  BUManKy TEPHeHIUKYIAPHOI Tojspu3amii BBeAeMO KoedimieHT
B1IOMBaHHA R, 1 Koe(ilieHT 3aJ0MIeHHS 7| MO eIEeKTPUYHOMY TIOJIO:
R ==, T =—-.
E E

nao nao

Topni piBHsAHHS (4.13) MOkHa BUpa3uTu uepes koedinienT R 17 :
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I+R =T,

T
COS(D(I—RL):—icosa//. (4.14)
cl ZcZ
Po3p’s130k  naHOi cucTeMM Jae 3HadeHHs KoediumieHTiB R 1 T, dKi
Ha3uBaloTh popmynamu OpeHens:
_Z,cosp—Z, cosy
L Z cosp+Z cosy
(4.15)

2Z_,cosp

T = :
Z,cosp+Z cosy

Ha npakTtuiii 4acTo JOBOJUTHCS OOYMCIIOBATH KOe(illieHTH BiOMBaHHS i

3aJIOMJICHHS TUIOCKMX €JIEKTPOMAarHiTHUX XBUJIb JUIsI BUTIAAKY, KOJIA cepeaoBuIe 1

€ BakyyM abo noBitps (&£ =1, n=1), a cepenoBuie 2 — HEMarHiTHANA JiCICKTPUK

(#=1) 6e3 BTpaT 3 BIJHOCHOIO JIECJIEKTPUYHOIO MPOHUKHICTIO ¢&. [l Takoro

CepeIoBHINA TP BUKOPHUCTaHHI 3aKoHIB CHeIsTlyca OTpUMAEMO:
_ COsS@p—qJe—sin’ @ 2 cos @
CosQ + \/g —sin’ @
I'padiku 3anexrocreii R (@) i T, (@) M1t KOHKPETHOrO 3HAYCHHS & = 2,56

R

L

, T = .
i cosg0+\/g—sin2(p

noaani Ha puc. 4.7. HeoOXiqHO 3BepHYTH yBary, o npu ¢ — z/2 BenanuuHa T,

MOHOTOHHO HAOJIMKAETHCSA IO HYJISA, TOMI K Koe]iieHT BinOWBaHHS (BiJ €MHHIMA
npu OyIb-sIKOMY 3HaY€HHI KyTa MaAiHHs ) HAOIMKAETHCS IO 3HAYEHHS -1.

R1,TL &
0,84
0.6
.6 T
0,4+
0,24
T T T T T T T T I _
0o 20 40 60 80 @, 2pac
—0,4 RL
—0,6
—0.84

Puc. 4.7. 3anexuicte koediuienTiB R, 1 7T,

BiJl KyTa HagiHHsA 11 & = 2,56
Iapanenvna (sepmuxanvua) noaapusayis. BoHa xapakTepu3yeThCsl TUM, 110

BEKTOpH FE BCiX TPbOX XBWJIb — IaJaroyoi, BIZOWTOI 1 3aJIO0MJIEHOI, MapajenbHi
TUIoIMHI nagiHas (puc. 4.8).
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3a aHAJIOTIEI0 13 BUMAIKOM TEPIICH-
H,, I[I/IKyJISII\)’HO.l: noJsipu3arii MoxHa 3anuca-
TH KpaloBl yYMOBU HENEPEpPBHOCTI J0-
E., TUYHUX CKJIQJIOBUX BEKTOPIB EJIEKTPO-
Mar"iTHoro moss. Jlani yMoBH mpu-

1 MMaroTh BUTJIS:

2 0 )L (Enao T Em’d)cos »= E3 cosy,
(E.-E,) E (4.16)

nao 6i0 3
H Z VA

2 cl c2

E Brenemo koeditieHT BijgOUBaHHS

z R 1 xoediuieHT 3amomiueHHs I, 1o

Puc. 4.6. IlaginHs MIOCKOT €1EKTpO- CHICKTPUIHOMY IOJIO:

MAarHiTHOI NEPNEeHAUKYISPHO MOJs- R = L., T = E,

. . i . s 0 .
pU30BaHOI XBWJII HAa CTHK JBOX E ., E ,
CepeaoBUILL Po3nminmuBmm  piBHsiHHA (4.16) Ha

KOMIUIEKCHY aMILITYay E

nao 2

OTPUMAEMO

HACTYITHY CHUCTEMy pIBHSHB BigHOCHO R 1 T, skl Ha3uBawTbca (popmyramu

| [
Openens il mapaienbHOl (BEPTUKAIBLHOT) MOIspU3arii
R Z ,cosy —Z cose

. 7 ,cosy + 7, cosp
4.17
2Z ,cosp @17)

& Z cosy +Z cosp

Sxmo cepemoBuiie 2 € HEMarHITHAM JTICIGKTPUKOM 3 BiJIHOCHOIO
TIEIEKTPUYHOIO TIPOHUKHICTIO &, TO hopMynn DpeHens npuitMaroTh BUTISLA (MIPH
BpaxyBaHHI 3ak0oHIB CHelyca):

R - Je—sin’ @ —gcosg T

. 0
\/8 —sin’ @ +£cos

B 2\/Ecosg0
\/g—sinzgo +ecosp

KonkpetHi 3HaueHHs 3anexHoctell R (@) i T (@) ams € =2,56 noxaui Ha
puc. 4.9. IlopiBHIOIOUM iX 3 aHAJOTIYHUMHM 3aJEKHOCTAMHU uid R, (qo) 17, ((p),
6a4iMO, LI0 XapaKTepU LHX 3aleXHOCTeH oxHakoBui. IIpore, kpusi R (@) i
R ((p) MPUHIIMIIOBO Pi3HI — MOHOTOHHO 3pocTaroya (yHKIIs RD(go) IPU JACSIKOMY

3HAYCHHI KyTa ¢ TMpUHAMae HYyJbOBE 3HAYEHHs, IO BKAa3y€ Ha BIJICYTHICTh
B1IOUTHX XBUJIb.

4.5. Kyt bpiocrepa. [loBHe BHYTpillIHE BiiOMBaHHS

Tax mpuitHIATO HA3UBATH KYT MAJIHHS, TIPU SIKOMY Iajjar09ya XBHJIS MOBHICTIO,
06e3 BiAOWMBaHHA, TEPEXOJUTh 4YEpPe3 MEXKy pO3AULy [BOX MaTepialbHUX
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7|

.
-

I
2C 10 60 80 ©,2pao

—0,4
—0,6+

Puc. 4.9. 3anexnicte koediuieHTiB R 1 7| BlI KyTa NHafiHHA IUIOCKOI

EJIIEKTPOMArHITHOI XBUJII MapayiebHOI mospu3altii npu € = 2,56

cepenosuill. I3 Bupasis (4.15) 1 (4.17) BunumBae, mo Kyt bprocrepa 3a10BONbHSIE
OJIHOMY 13 ABOX PIBHSHb:

Z ,cos@, —Z cosy, =0 — 1 neprneHuKy/IspHoi MoJispu3anii,

Z,,cosy, —Z, cosp, =0 — 11 mapalesbHoi Nospu3anii. (4.18)

Tyt nix KyToM y, po3yMi€TbCs KyT 3aJIOMJICHHS, IO BIANOBLIAE KyTy IaJiHHA

Py -
PosrinsHemMo THMOBHMI BHUINAAOK, KOJIM OOMABAa TPAaHWYHI CEpPEIOBHINA €
HEMarHiTHAMU AleJdeKTpuKkaMu (4 =, =1), npuuomy ¢, >¢,. Toni Z,,>Z ,,1B

cuiny 3akoHiB CHemiyca ¢ >, ToOTO cos@ <cosy . Topi, MOBEpTarOYUCH /10
piBusinp (4.18), Gaummo, mo mepuie piBHSAHHSI HeMae 3Micty. ToOTo, sBuUIIE
bproctepa mpu mamiHHI IUIOCKOT €JIEKTPOMArHiTHOI XBHJII Ha HEMarHiTHUMN
JETEKTPUK MOXE CIIOCTEPIraTUCs TUIBKY JUIsl TapalieTbHOT MOJIIpU3allii maiar4doi
I0CKOi enlekTpomarniTHoi xBuiii. Toji Kyt Bprocrepa jijisi Takux cepeoBHIN 3
napa’sesbHOI0 ToJsipu3aliero Oyne piBHUIA

£COSQ, =4/ —sin’ @, ,

3BIIKH 3HAXOIAMO

@, =arctg \e,
TOOTO BU3HAYAETHCS M1€TCKTPUIHOIO MPOHUKHICTIO 11€TIEKTPHKA.
. sing n, | .
[ToBepuemocs 1o 3akony CHemniyca | —— =—= |, 1 BUSICHSIEMO, III0O MOXYTh
siny  n,

OyTH 1Ba I[IKaBUX BUIAIKU:

1) OntuyHa rycTHMHA cepefoBHUINa 2 TMepeBaKa€ ONTUYHY TYCTUHY
cepenosuma 1, o610 7, > ;. Ilpu 1boMy 3aBXKIU ¥ < @, @ OCKUIBKH KYT HaJiHHA
@ nexuth B iHTEepBal 0<@<90°, TO 3a7I0MJIeHa XBUJIS ICHY€E MpH OyAb-IKOMY
KYTI MMaJiHHS.
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2) CepenoBuiie 2 ONTHYHO MEHII T'yCT€ y TMOPIBHSIHHI 13 cepepoBUIIEM 1,
TOOTO 1, <m,. Y 1IbOMY BUIIAJIKy 3aBXKIH |/ > ¢ 1 TOMY MOX€E 3HAHTUCh TAKUH KyT
NaiHHS, TPH SIKOMY 3aJIOMJIEHA XBHWJIS Oy/ie TONIMPIOBATHCS TapajellbHO MEXi
po3auty mig kytoM i =90°. Take KpuTHUHE 3HAUYEHHS KyTa MaJ{IHHS HAa3UBaIOTh
KyTOM MOBHOT'O BHYTPIITHBOTO B1IOMBaHHS:

.| n,
®,., = arcsin| —=

n,

IIpu KyTax naaiHHsA @ > @, 3aJOMIJIEHOI XBUJI Y 3BUYAHOMY CEHCI HE 1CHYE,
CHEpTis TaJardoi XBWII TIOBHICTIO BiJIOMBAETHCS BCEPEAWHI CEpEIOBHINA 3
BEJIMKOIO ONTHUYHOIO TYCTHHOIO. Lle siBuIIe mMpOKO BUKOPHUCTOBYIOTH B TEXHIII
HBUY na yactorax, outermux 50/ 7y .

Posrisemo Ttemep kpaiioBi ymoBu JleoHTOBM4YA, SKi BH3HAYAIOTh MaIAiHHS
IJIOCKOI €JIEKTPOMAarHiTHOI XBWJII 3 MOBITps (cepenoBuine 1) mig KyToM ¢ Ha
MEXY pO3Iiay 3 HeMmarHiTHUM (g =1) moOpe NpOBIAHMM CEpPEeNOBHUIIEM, SKE
XapaKTepU3y€eThCs MUTOMOIO MPOBIIHICTIO o . Take marepianbHe cepeloBuUIIe 2
Ma€ KOMITICKCHUH XapakTep MOKa3HUKA 3aJIOMJICHHS:

—J9_ |2 1-j).

n,=
2w&
we, )

k]

. L bl |
TyT BUKOPUCTAHO CHiBBIIHOILEHHS \/—j =€ g TZJ

sing | o

BukopucroByroun 3akon CHemmiyca (1— j) O6aunMo, 1O B

siny 2we,
no0pe TMPOBITHOMY CEPEOOBUIN  3aJIOMJICHA XBWIS  IOMIMPIOETHCS i
KOMIUJIEKCHUM KYTOM 1 TOMY BJK€ € HEOJHOPIAHOIO IUIOCKOI0 XBUJICIO, IS SIKOT
v=90+/c.
VY 11poMy BUTIAJIKY 3alUIIeMo Apyrui 3akoH CHeutiyca siK
80
20

siny = sing (1+ /)

. y 0E,
1 puiiMeMo /10 yBaru, 1o

[] 1. Toxl cuHyc B JiBIM YacCTUHI IILOTO BHpA3y
o

MO>KHA 3aMIHUTHU ApTYMEHTOM 1 BBa)XkaTH npn ObOMYy, MO KYT 3aJJOMJICHHSI
BU3HAYA€THCA K

gO
20

W= sing (1+ /).

VY rpannyHoMy HaOmWKeHHI mpu o — oo,  — 0, a 3HaumTh 1 siny —0,
cosy — 1 BKe He3aleXKHO BIJ] KyTa MaJiHHS.

11 KOMIUIEKCHY aMIUIITYOIy BEKT HAPY>KEHOCTI E€JIEKTPUYHOIO MOJISI B
Tom ko €KCHY a 1 eKTopa Ha €HOCTI eJie oro 110
CEpEeIOBHUII 2 MOYKHA TIOJIATH SIK

T — 7> (vsiny+zcosy)

E =E =F .e ,

np
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A€ ¥, —KOMILIEKCHUH KOe(]ILIE€HT MOIIUPEHHS IIOCKOI €JIEKTPOMArHiTHOI XBUII B
CepeNIOBHIINI 13 BTpaTaMu. BpaxoByroun IrpaHUYHI 3HAYCHHS KyTa 3aJIOMJICHHS ¥/ ,
MO>KEMO 3aHUCATH:
E=E, e
VY BIANOBIAHOCTI 3 €0 GOPMYIIOIO 3aJOMJICHA XBUJIS TIPOHUKAE BCEPETUHY
CepeoBHINa 2 MPAKTHYHO 32 HAMIPSIMOM HOPMaJIi IO MEXI po3AlTy (1o ocl z) mpH
OyIb-IKOMY KyT1 MaiiHAA. B IbOMY 1 € BU3HaUYCHHS TPAaHUYHUX YMOB JIeoHTOBHYA.

4.6. Curnauabni rpagu. Ilepexin Big cucremMHu N0 CHTHAJBLHOTO rpagy.
ExBiBajIeHTHI nepeTBOPeHHsI B CUTHAJIbLHUX rpagax. @opmyaa Me3ona

Hanpasnenum (i1iHIMHEUM a00 CHUTHAIBHMM) Tpad)OM HA3HBAKOTh CYKYITHICTbH
BY3JIB 1 BITOK, IO iX 3B’SI3yIOTh, CTPUIKM HA SKUX BKa3ylOTh HAIPSAM Mepenadl
CUTHAJIy B1Jl OJJHOTO By3Jia JI0 1HILIOTO.

Bysnamu B HampaBieHux rpadax 3a3BUYai € CTpyMH a00 IMOTEHITIATH BY3ITiB
JOCITIKYBaHUX €JICKTPUYHHUX (€JIEKTPOMAarHiTHUX) KUJI, @ HE BY3JI0OBI TOYKH ITUX
k1. Koxkaa BiTKa rpada xapaktepusyeThesl BeIMUnHo0 nepenayi. [1ix nmepexgauero
BITKM PpO3YMIIOTh BIJHOIIEHHS BUXIJHOI BEJIMYMHU A0 BXigHOI. Hampukian,
BUXilHA Benu4yuHa X, BITKM (puc.4.10,a) piBHa n00yTKy BXiZHOI BEIMYHHU
(BX1IHOrO curHamy) X, Ha mepepady a: x, =ax,. llepenada BiTkm Moxke MaTH
PO3MIPHICTh MPOBITHOCTI, ONIOPY a00 HYJIBOBY PO3MIpHICTh. Jlo TOro 4m iHIIOTO
By37a rpada, KpiM BXIJHOTO 1 BUXIHOTO, B 3araJIbHOMY BHUITQJIKy MOXE T1JIXOUTH
a00 BIIXOIUTH JIEK1JIbKA BITOK.

Ha puc. 4.10, 6 sx npukiaa 300pakeHuil curnainbamii rpad 3 Bysmnamu 0, 1, 2,
3,4, 5, 6. llepenaua BiTok nporo rpada noznaueHa oyksamu a, b, c,d, e, q,q’, 1.
Hanpsim nepenaui nokasanuil crpinkamu. Ilig x, OyazemMo po3ymitu BY3JI0BUid
CHUTHAJI NEPILNOro By3/a, MiJ X, — By3JIOBHI CHTHAJI APYroro Bys3na i T.J. By3JIOBUI
CUTHAJI k-TO By3Jla PIBHUU CyMi CUTHAIB, IO MIAXOJSATh A0 k-ro By3na. [lpu
CKJIaJIaHHI BY3JIOBOTO CHTHATy k-TO By3Jia BHXITHI 13 k-TO By3/Ja CHUTHAJ M HE
BPaxOBYIOThCS; BOHM BPAaxXOBYIOThCS TPU CKIAJaHHI BY3JIOBUX CHUTHAJIB THX
BY3JiB, 70 SIKUX Ii CUTHAJIW MiIXOJATh. 30KpeMa, BY3JIOBUW CHUTHAJI IEPIIOTO

6

Puc. 4.10. HanpaBneHi (curnanbHi) rpadu:
a) mepenaya BiTKH; 0) By310Buil rpad.
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By3na rpada na pwuc.4.10,06 Oyme piBEMi x, =1-x,+d-x,, Apyroro -
x,=b-x,+¢ - x,, TpeTOro — x, =¢q - Xx,, 4€TBEPTOr0 — X, =d-X, +C- X, .

By3zon rpada, sikuii Bupaxkae co600 BEIMYUHY, TPUIUHATY B AaHIN cCUCTEMI 3a
BX1/IHY, 300paXXyIOTh 3J1iBa, a By30J1 Tpada, 10 BiANOBIa€ BUXIAHIN BEIHMYUHI —
cnpasa. IlpuiiHaTo Tak 300paxyBatu Tpad, mob BiJ BXITHOTO By3ja BiJIXOIuiIa
TIIbKA OJIHA BiTKA, a BITOK, fKi O migxomwiu, mo0 He Oyno. AHaJIOTi4yHO, IO
BUXIJTHOTO By3Ja MOBUHHA MIAXOJAUTH TUIBKKM OJHA BiTKa (TOOTO BITOK, fKi O
MiIXOMUIA JI0 BHXITHOTO By3Ja Oinbine ojHiei He Oyno). lle 3aBkan MoxxHa
3poOuTH, BBOASUN y Tpad J0IaTKOBI BY3JIH 1 BITKH, ITepeaada KX piBHA OJUHUIL.
Taxk, B rpadi Ha puc. 4.10, 6 gogaTkoBUMH By3JaMu € By3nu 1 1 5. Mixk BXigiHUM
By310M 0 1 1ogaTkoBUM | € BiTKa 3 nepegadeto 1. AHAIOr14yHO JOJaTKOBHUM BY30.
5 3’enHaHuUM 3 BUX1THUM BY3JIOM 6 BITKOIO 3 Iiepeaadero 1.

Jlst Toro, mo0 Bix gaHOI CHCTEMH, HANPHKIAQA SKOi-HEOydb €IEeKTPUIHOL
CXEeMH, TMEepedTH N0 BIAMNOBIAHOrO il CHUTHAJIBHOrO Tpada, 3aCTOCOBYIOTH Pi3HI
METOJIM B 3aJICKHOCTI B1J] TOTO, IKUM YMHOM 3aIUCYIOTh PIBHSIHHS JUISl [IUX KUT: HA
ocHOBI 3akoHiB Kipxroda, BHKOPHUCTOBYIOUM METOJ| BY3JIOBUX TMOTEHI[IANIB YU
KOHTYPHHX CTPYMIiB.

Hanpasnenuit rpad mictuth Ty X 1HQOpMalliio, MO 1 CHCTeMa pIBHSAHb,
TUIbKU AaHa 1H(opMaris nmogaeTses rpadiyno y Burisial rpada. Skimo 3a oCHOBY
B3ATH PIBHSHHS, CKJIaZeHI Ha ocHOBI 3akoHIB Kipxroda, To By3mamu rpada €
CTPYMHU BITOK 1 Hampyru Ha enemMeHTax cxemu. Koiu 3a OCHOBY B35TiI PIBHSHHS
BY3JIOBUX IMOTEHI[IANIB, TO BY3/H Ipada OyayTh BUPAXKATH BY3JIOBI TOUYKH CXEMH 1
IIyKaHi CTPyMHU.

Po3rissHeMo cnoyaTKy YMOPSIKOBAaHWN IEpexiJ BiJl 3a/aHOl EIeKTPUYHOI
CXEMH JI0 CUTHAJIBHOTO Tpada, MUHAIOUM €Tall CKIIAJaHHS PIBHSIHB, MOKJIABIIHA B
OCHOBY METOJ KOHTYpHHUX CTpyMiB (puc. 4.11, a).

HanpsiMm KOHTYpHUX CTpyMiB y BCIX KOHTYpax BHOHMPAEMO OJIHAKOBHUMH,
HAMIPUKJIAJ, 3a TOAMHHUKOBOIO CTpUIKO. Uuciao By3nmiB B Tpadi piBHE 4YHUCITY
KOHTYPIB IUIFOC YKCIIO HEPIBHUX HYJIIO KOHTYPHUX €.p.C., IUTFOC BUX1/IHA BEJIMYMHA.
KoxxHOMY KOHTYpHOMY CTpyMy, KOXKHiii KOHTYpHIM €.p.C. 1 BHUXIIHIM BEJIMYHHI
BiZINOBi/Ia€ CBiM By30i. Tak, B HamoMmy BHUMAnKy Ha puc. 4.11, a € Tpu KOHTypHUX
CTPyMH, OJIHA KOHTYpHa €.p.C. 1 O/Ha BHXIJJHA BequuuHa — cTpyMm [ . Llii cxemi

BinoBiiae rpad Ha puc. 4.11, 6, B sIKOMY € IT’Th BY3JiB.

Puc. 4.11. Enexrpuuna cxema kosza (a) Ta ii rpadu Ha OCHOBI KOHTYPHHUX CTPYMIB
(6) Ta By3710BUX MOTEHIIIATIB (B)
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By3smu /,, po3MillyeMo BCepeluHl BIANOBIIHMX KOHTYpIB, a By3iu E,, 1

BY30JI BUXIJHOI BEJIMYMHU BHHOCUMO Ha mepudepito 37iBa i crpaBa BiAMOBITHO.
3’eqHyeMO JaHI BY31IM BITKAMH, BKa3yEMO HAa HHUX CTPUIKAMHU 1 3aMUCYEMO
3HaueHHA nepenad BiTok. Koxknmii Byson [, 3’€qHaHuil 3 By3loM £, BITKOIO 3

1 .. . NV
nepepavero b, =——, ne Z,, — BIACHUM omip k -ro KoHTypy. CTpinka Ha 1ii BiTLI
kk

HampasjeHa 1o Bysna [, . UucioBe 3HadeHHs E,, Moxe OyTH 1 JOAAaTHHUM, I

Bi’eMHUM. BOHO nojaTHe, SKIIO cyMapHa €.p.C. k-ro KOHTypy HallpaBjieHa 3a
HaIpsIMOM KOHTypHoro ctpyMmy /,, . KpiMm Toro, koxxHuii By3on /,, 3’eIHaHuil 3
AKAM-HEOY b THIIMM BY3JIOM [ (AKIIO MK KOHTYPOM k 1 p Ha CXeMi € 3araibHa
(cymicHa) BiTKa) BoMa BiTkaMu. OjHa BiTKa Ma€ CTPUIKY, HANpaBJeHy /0 By3Ja
. Z, . N : :
I,, 1 nepenauy b, , =—+, ie Z, — Omp CYMDKHOI BITKA MiXK k-1 p -KOHTYpamu.
kk

.o . . . <., . _ kp
Ha npyriii BiTii cTpinka Hanpasnena jo Bysna / . i mepenava pisna b, = ,

pr
ne Z, — BIacHWi omip p-kouTypy. [lpu cunpasnomy (y3roukeHoMy) Hampsimi

BCIX KOHTYPHHUX CTPYMIB Ilepeiaui BCiX BITOK MK By3JIaMH k 1 p JOJaTHI.

3a MeTo/IOM BY3JIOBHX MOTEHITiaNB rpad OyAylOTh Tak camo, K 3a METOJIOM
KOHTYPHUX CTPYMIB, TUIBKH By3jJaMu I'pada BKe € IMOTEHIIaIM BY3JIIB CXEMH,
BY3JIOBI CTPYMH Ta BUXijHa BenuuuHa (puc. 4.11, B).

SIKIIO B €NMEKTPUYHIA cXeMi By3nMH k 1 p 3’€aHaHi BITKOK 3 MPOBIITHICTIO

Y

kp
BIAMOBiAHO sK Y, 1 Y , TO Ha rpadi Mix Bysnamu ¢, 1 ¢, Oyzne nBi Birku. Ha

Y
OJHIN 3 HUX CTPLIKA HAIpaBjI€Ha 10 By3Ja ¢, , a ii nepenava a,, = -2 Ha apyriit

, @ CyMapHa IPOBIJHICTh BITOK, SIKI CXOASTHCS Yy By3jiax k 1 p, NO3HAYEHI

Y
. . s k
CTpUIKa HaITpaBJICHA BXKE 10 BYy3Jia (Dp , a 11 IIepcaada Clpk =—.

rp

Tyt cnig 3BepHYTH yBary Ha Te, IO MEPHIMHA 1HAEKC B @ BKa3zye B30I, 0
SIKOTO HallpaBJIeHa CTPLUIKA, IPYTHi — B/l IKOTO HAlpaBjeHa CTpiika. SIKIo By3nu
k 1 p na cxemi He 3’€/IHaHI BITKOK 3 NPOBiAHICTIO Y, , TO Ha rpadi By3m @, 1 @,

He 3’eqHaHl BiTKamMu. By3on ¢, 3’eqHanmii 3 By3JIOM BY3JIOBOIO CTpymMy I/,

. | . .
BITKOIO 3 Ilepellauero a,, =—, 1 HalpaBieHul 10 Bys3na ¢,. lllykanomy ctpymy
kk

fkp y BITII 3 OpoBiaHicTHO Y, Ha rpadi Oyae BIAMOBIAATH BY30J BHXIJHOL

BEIMYUHA [, )
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VY BiANOBIAHOCTI 13 3akoHOM OMa AJis NIISSHKU Koja 70 By3ia rpada I,

MOBHUHHI MIAXOAWTH ABI BITKH, CTPUIKM Ha SKUX HallpaBlieHI 10 By3jaa [/ o
Ilepenaya Big By3na ¢, piBHa Y, , a nepenava Bif By3na ¢ pisHa Y, . SIKIo oquH

13 IMX BY3JIiB 3a3eMJICHHUH, TO II€¥ B30I 1 TIepeada Bif HbOTo Oy/IyTh BiICYTHI.

Axio rpad cknamaroTh A1 KOJIa TIOCTIMHOTO CTPYMY, TO KOMITJIEKCHI OMOpH
Z HeoOXiJHO 3aMIHATH Ha aKTHUBHI OMOpU R, KOMIUIEKCHY IPOBITHICTH Y — Ha
aKTUBHE TmpoBimHicTh (G, a Toukdn Hany ¢, E, [, Ak XapakTepH3ylOTh
TapMOHIYHICTh 3MIiHU IIUX BEJIMYUH, HE CTABJIATh.

A Temep, SK 1 B EIEKTPUYHUX KOJIAX, MMOBEPHEMOCH 0 CKBIBAJICHTHHX
NEPEeTBOPECHb B CHUTHAIBHMUX Tpadax 3 METOl0 iX crpolieHHs. BoHu mossraroTh B
HACTYITHOMY:

1. [Tepenava mocigoBHO 3’ €qHAHUX BITOK (puc. 4.12, a).

2. Ilepemnada nBox mapajienbHO 3’€IHAHUX BITOK (puc. 4.12, 0).

a b ab
o——a g = o——
;\‘1 ;\‘2’ ;\‘3 ;\‘1 ;\‘ '}
a)

Puc. 4.12. Ilepenaua nocmnigoBHO (a) 1 mapayiesbHO 3’€THaHUX (0) BITOK

3. Po3By3neHHs poCTOi By3J10BOi TOUKH (puc. 4.13).

X, =ax,, x,=bx,, x;=cx,, Xs=ax,+cx,, x,=bx,=abx +bcx,

x,=abx, x;=acx, X;=dx=adx,tdcx,

Puc. 4.13. Po3By3/eHHS BY3JI0BHX TOYOK CHTHAIBHOTO Tpada

4. BritodyeHHs KOHTYpYy Ha uuisixy (puc.4.14,a) Ta BUKIIOUYEHHS METII
(puc. 4.14, 0).

5. 3amiHa ABOX 1 OLTBIIOTO YKCIA MEeTeh OHieo (puc. 4.15).

6. Po3Tsar (momoBxeHHs) By3ia (puc. 4.16).

A Temep MOBEPHEMOCH JIO BH3HA4YEHHS IMeperadi rpada 3a JOMOMOTORO
dbopmynu Me3oHa, sika JT03BOJIIE€ BU3HAYATH HE TUIBKU IMepeiady B €IeKTPOHHUX
cxemMax, aje W Bu3HAYaTH Koe(IIieHTH BiAOMBaHHA 1  3aJOMJICHHS
€JIEKTPOMAarHiTHUX XBWJIb IPH iX TMaJIHHI HA CTUK PI3HUX CEPEAOBHIII.
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"
—_
|
o

.
a_ p : \ : da b
o—p—

3 i 3 3 T
a -
] ? 3 o z 4 z
X,=ax,+ex,, x;=hx,
X,=ax,;+cx,, x;=bx,, ax, ab
. } . an ;\‘)_ y ;\‘3_ ;\‘1
x;=abx +bex; o |—c
a) 0)

Puc. 4.14. BukntoueHHs KOHTYpy (a) Ta et (0)

x,=ax;tbx,tox,=ax,+{b+c)x,

-

-2

Puc. 4.15. CymyBaHHsI ieTeb Ha MUISXY

6 6

,\‘3—6}’,\‘1‘1— Xy

X, '=ax,tex, 1 x,=1-x,’

Puc. 4.16. [logoBkeHHs By3ja CUTHAJIBLHOTO rpada

Y 1956 p. Me3on 3ampomnoHyBaB 3araibHy (opmyiny s BU3HAYCHHS
nepenadi rpada. s dopmyna € 0OCHOBOIO IPU pO3paxyHKY CUTHAIBHHX Tpadis.
Jlamo BU3HAY€HHS IEBHUM T€pPMiHaM CUTHAJILHUX IrpadiB.

[Mpstmuid s P — 1€ MUIsX B3J0BXK CTPUIOK Bil BUTOKY JO CTOKY, TPHU
NPOXOKEHHI SIKOTO Hi OJWH 13 BY3JIB HE 3yCTpPIYA€ThCs OLIbIIE OAHOTO pasy.
[lepenaya mpsiMoro HUIAXy BU3HAYa€Thcs AOOYTKOM Mepenad BITOK LbOTO LUISAXY.
Mix BUTOKOM 1 CTOKOM CHTHAJIBHOTO Tpady MOke OyTH JeKiJIbKa MPSIMHUX BITOK.

[Tetns obepHEHOTO 3B’SI3KY MPEICTABIsAE COOOI 3aMKHEHHUH IUIAX, B3OBXK
AKOTO (TI0O KPYTy) KOKHUU BY30J1 MOXE 3ycTpidatucs no ogHomy pasy. [lepemauay
neTyii 00epHEHOro 3B’SI3Ky 4acTO NO3Ha4daroTh I 3 1HJEKCOM Iepenada et
00EpHEHOTO 3B 3Ky piBHA JTOOYTKY Iepeaad BITOK, sIKi yTBOPIOIOTH ITF0 TIETITIO.

101



Toni 3arampHa ¢dopmyna as BU3HAYECHHS repenayl rpada 3amucyeThesl y
BUTJISII:

G:;B‘Ak:RA1+PZA2+...+R1An (4.19)
A A ’

ac Pk — IIepcaavda k -To IMpsAMOro Xy BiI[ BUTOKY 0 CTOKY, n — YHUCJIO IIPAMUX

IAX1B.
Busnaynuk A, piBHMI OJAMHMII MIHYC CyMa B3STHX IIOOJMHOKO Iepenad

neTeslb 00EpPHEHOTO0 3B’A3KY, IO HE TOPKAIOTHCS k -T'O MPSAMOTO HUBIXY (aje metTii
MO’KYTh TOPKATUCS OJHA OJIHOI), IUTIOC CyMa MOMapHUX J0OYTKIB Nepeaay MneTeb
00EpHEHOTO 3B’SI3KY, IO HE TOPKAIOTHCS OJTHA OJIHY 1 k -TO TIPSIMOTO NUIAXY, MIHYC
CyMa TMOTPIMHUX JOOYTKIB Ilepedad TNeTeldb OOCPHEHOTO 3B’s3KY, SKI HE
TOPKAIOTHCS OAHA OJIHY 1 k -rO MPSAMOro HUISLXY, IUIIOC 1 T.JI.

BusnauHuk A piBHMHA OAMHMII MIHYC CyMa B3SITUX IOOJIMHOKO Tepenay
neresib 00EPHEHOTo 3B’SI3KYy (K1 TOPKAOTHCS 1 SKI HE TOPKAIOTHCS OJHA OJIHY),
IUTFOC CyMa TIOMAapHUX JOOYTKIB Iepefad IeTellb OOCpHEHOTO 3B’SI3Ky, IO HE
TOPKAIOThCSI OJHA OJIHYy, MIHYC CyMma MOTpIMHHUX JOOYTKIB Mepeaad IeTelb
00EpHEHOT0 3B’SI3KY, K1 HE TOPKAKOTHCS OJIHA OJHY, TUIFOC 1 T.1.

JIiis 3aKpiryieHHss MaTepialy Mpy BU3HAYCHHI Nepeaadi rpada BUKOPUCTAEMO
CUTHaJNbHUKA Tpad, momanwii Ha puc.4.17. Jlnsg mepmioro mpsMoro umsxy 3
nepefadero P =ab BuU3HAYHUK A, pIBHUH OJUHULI MIHyC CyMa Iepejau IeTelb

00EpHEHOT0 3B’A3KY , B3ATUX IMOOJUHOKO 1 SIKI HE TOPKAIOTHCS LIOTO MPSIMOTO
musaxy (7, +7,,), miroc nonapHuil JoOyTOK mepenad meTenb 0O0EpHEHOIo 3B’A3KY,
K1 HE TOPKAIOTHCS OJJHA OAHY 1 BUOPAHOTO MPSIMOTO LUISXY.

VY namomy rpadi (puc. 4.17) BiACYTHI MeTi, IKi O HE TOPKAIUCh OJTHA OJHY 1
HE TOPKAJIUCH IEPIIOTO MPSIMOTro NUIAXY. TOMY MOJaHKH 3 MOMApHUM J00yTKaM
nereab OOEPHEHOro 3B’s3Ky, K 1 B3ATI 1mo Tpu (1 Oliblue) y Bupasi mis A,

BIJICYTHI.

Tomy maemo A, =1-(7,+T,),ne ,=h, T,=fg.

Huns npyroro npsmoro musixy P =ceb,a A, =1-T,.

3uamennuk A=1—(T,+T,+T,)+ T T;, ne T,=ed (T, i T, — nerni, sKi He
TOPKAIOTHCS OJTHA OJTHY).

Tonai

_ab(1-T,-T,)+ceb(1-T,) ab(1-h — fg)+ceb(1-h)
1-(T+T,+T)+TT, 1-(h+ fg+ed)+hed

Posrnsinemo tenep Bu3HaueHHs KOEQIII€HTIB BIAOUBAHHS 1 3aJJOMJICHHS MpU
najiHHI TUIOCKOI eJIEKTPOMArHiTHOI XBUJII Ha CTHUK CepeNOoBHIN. Po3ristHeMo came
0c00JIMBOCTI MOOYI0BH Tpada 3 BUKOPUCTAHHAM (PopMyiIr Me3oHa it HACTYIHOI
3aadi.

[Tnocka enexTpomarniTHa xBuis (puc. 4.18) magae HOpMAILHO HA TUIACTHHY
17IealIbHOr0  JIIEJIEKTPUKA &£, SAKUH 3 000X CTOpPIH OOMEKEHUH MOBITPSIHUM
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cepenopunieM (&, =¢&,=1). Kopucryrouncs

METOJIOM HampaBlieHUX TpadiB, BU3HAYUTU
koe(imieHT pamaionpo3opocti 7 Ta KoedimieHT
BimOuBanusa R . Ilig koedimieHTOM pamionpo3o-
pocTi T po3yMi€ThCS BIIHOIIEHHS HAMPY>KEHOC-
Ti TIOJISI 3aJIOMJICHOI 4Yepe3 TUIACTHHY XBHIIL JIO

HANpy>KeHOCT1 TOJs Mafarvoi xBum: 1 =——.
nao

[Tin koedirieHTOM BIOMBAHHS MJIACTUHU PO3Y-
MIETBCSL  BIJIHOIIIEHHA  HAMPYXEHOCTI  IOJI
BIIOWTOI XBWJII J0 HAIPYXEHOCTI OIS Taaaro-

-
e

Puc.4.17. Jlo Bu3HA4YeHHA

. 9
nepeaadi CUrHajibHOro rpada :

. ) E,
4ol XBUJIl; R =—%
E

nao

Koedinient panionposopocti 7 =G, = E3 , e G, — mepenaua rpada Bif
nao

By371a 1 10 By3na 7, IKy 3HaX0JJMMO, BUKOPUCTOBYIOUH (hopmyiny Me3ona:

V wamomy Bunaaky n=1, P=T,T,e’*, A =1, A=1-R, R,e™. Toui

nepegava piBHa
—yd
o LT
2yd *
1-R, R e

I | I | Epay ] @ ﬂ_z_l ® e @ |T3% @
. - = > >
- | -
£,=1 £.=0,85 g,.—1 | =
Ry, Rt th |
_ |
h f geid :1 =’jr~.|]-3 e " |
, d___ @ | @ ® |
|
a) 6)

Puc. 4.18. Ctux cepenoBuil (a) 1 HOro CHUTHaJIbHUU Tpad MpU HOPMATHLHOMY
Na/IiHHI JI0CKOI eIeKTpoMarHiTHOI XBuii (0) (By3/H BiIMIYEH] KPY)KKaMH )

Koedinient BinouBanus miactuau R =G, = E.‘*”’ , a¢ G, — nepenada rpada
nao

BIJ By3ia 1 1o By3na 2. BpaxoByrouu, IO B JaHOMY BUMNAIKy n=2, P=R,,
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A =1-R,R,e¥, B=T,T,R, e, A =1, A=1-R R, e, Ha OCHOBI

2

dbopmynu Me3zoHa oTpuMaeMo:
R, (1 -R, R, e’ ) +T, T, R, e
1-R, R, e '

Tak sx ¢,=¢,=1, To =R, =R, =R,, 1 xoedinieHT nposopocti I' Oyne

piBHUIA:
1-R e’
a KoediieHT BiIOMBaHHS
R=R,+TR, e’

OO6uncanMo niepeadi BiTok rpada 4epes XBUIbOBI OTIOPH:

T, :£:1,26; T, =L=O,73; R, =-R, :@=0,268.
JE, +1 JE, +1 \/Zz+l
Toxai koediieHT MOMUPEHHS XBUJI B T1€TICKTPUKY
7=j2ZfJEZ-
Hpu f=251Ty i ¢,=685 y=j1,36-10'm", T=0,92¢7*", R=0,4e""
st d =10mm .

Sk 6aumMo, CUTHaJbHI rpadu € CHIPHUM aHAIITUYHUM IHCTPYMEHTOM MJIs
MOJICIIIOBAHHS IMPOXOPKEHHS E€JIEeKTPOMArHiTHUX XBWJIb Ha CTHKY pI3HUX
CEPEIOBHIIL, 1110 € BYKIIMBHUM JIJIs1 XBUJICBO/IIB Ta IIAPYBATUX CTPYKTYP.

4.7. CTpykrypa enexkrpomardiraoro noas E -, H -, T -i EH -tuniB

BaxnmuBuME KOMIIOHEHTaAMH PAiOTEXHIYHUX 1 TEICKOMYHIKAI[IHHIUX CUCTEM
HBUY e xBuneBoam — mpuCTpOi IJIs Mepenadi eJIeKTPOMAarHiTHUX KOJIMBAaHb Bij
reHepaTopa J0 HaBaHTaKCHHS. By Ib-aKnii XBHJICB1] HE3aJIEKHO B1J] OCOOJIHMBOCTEM
HOro KOHCTPYKINi TIOBMHEH 3a0e3medyBaTH JIOKajisamiro oO0JjacTi, B sKii
MOIIMPIOETHCS €JIEKTPOMAarHiTHa XBUIs. TOMY IPOCTIIIO KOHCTPYKIIIEIO, KA 1€
MO>JIMBICTH OOMEXUTH IMPOCTOPOBY OOJACTh ICHYBaHHS IIOJS € HECKIHYCHHA
MeTaJieBa IJIOUIMHA. 3a TOIOMOTOI0 Hel MOYKHA eKpaHyBaTH (BIIOKPEMHUTH) OJUH
TBIPOCTIP BiJI 1HIIOTO.

Y nma"HoMy po3IiJii MM TaKOX PO3TJISTHEMO SBHUINA, IO BiAOYyBalOTHCS MpHU
najiHHI M1J] KyTOM OJIHOPIJHOI TMJIOCKOI €JIEKTPOMAarHiTHOI XBWJII Ha 1JleajbHO
MPOBI/IHY TUIONIUHY, KOJIU €JIEKTPOMAarHiTHA XBWJIS TTOJISIPU30BaHA.

4.7.1. IMagiHH# IUIOCKOI €JIEKTPOMATHITHOI XBWJi 3 Mapajie/ibHOI0
(BepTHKAJIBLHOK) MOJSIPU3ALIEI0 HA 11€aJIbHO NPOBiIHY MOBEPXHIO.
Hexaii Ha imeanbHO MNPOBIJHY IUIOMIMHY IiJ JCSIKAM KYTOM ¢ T[aJia€e

OJIHOPITHA TUIOCKA €JIeKTpOMarHiTHa XBWis (puc. 4.19), enekTpudHUil BEKTOp SKOT
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JeXUTH B 1omuHl x(Oz (BepTuKaabHa abo mapaneibHa nmojspu3aiis). [Ipu mpomy
BBAXKAETHCS, 10 HAMIBIPOCTIp x>0 Mae eIeKTPOIMHAMIYHI IapaMeTpu &,, K,,

TOOTO € BaKyymMOM, a IaJilafouya XBHJISI TAPMOHIYHO 3MIHIOETHCS 3 YaCTOTOK @ .

Koeopinient ¢asu miei xpum f, =—.
c

krm@

N

Bocoso

—
.
Bosing

EO@;’CJ EmCDS@
-— —

Eonad
|
|77 wine
E sing
|
|

Lay

(=0 HO@.{CJ Honad

Puc. 4.19. TlamiHHS TUJIOCKOi  €NEKTPOMArHITHOT XBWII 3
MapaebHOIO (BEPTUKAIBHOIO) MOJISIPU3ALILEI0

—

BBenemo xBUITLOBUI BEKTOp Tajar0doi XBWI Kk

nao ?

KU Mae Monynb f3 i
crniBnajae 3 BekTopoM [loiiTiHra najgaro4oi XBuii 17 .- Ha puc. 4.19 Bugno, mo
JaHUN XBUJIBOBUI BEKTOp yTBOpIO€ KyT 180" —¢ 3 Bicctio x, 90° —¢ 3 Biccio z i
90° 3 Biccto y (mo3utuBHI Hanpsmku). Tak sK cos(180° —go):—cosga,
cos (90° —go):sin @, TO XBWIbOBUM BEKTOp MaAarouoi XBWJII Ma€ HACTYIIHE
KOOpJIMHATHE IPEACTaBICHH:

k.= B, (—cosp i, +singp 7).

Toxmi KOMIUIEKCHA aMIUTITy/la BEKTOpa HAIPYXKEHOCTI E€JICKTPUYHOIO IO

najar4oi XBuii Oyae
’ _ T — ik T —J By (—x cosg +z singp)
Enad - EOna() e - EOnab € 2 (420)

A€ BEKTODHMH aMIUNTYJHHH KoeQimieHT FE = TOB’sA3aHUi 3  (I3UYHOIO
AMILTITY/IOI0 €JIEKTPMYHOIO BEKTOpa £ HACTYITHMM YMHOM:
EOnad = E;z Sln¢ lx + Em CoS ¢ lz :

[lpy maninHi TMIOCKOI ENEeKTPOMArHITHOI XBWJII Ha 1/1€ajbHO TPOBIAHY
TIOBEPXHIO BUHUKAE OJTHOPIHA MIIOCKA BIIOMTA XBUJIS BXKE 3 XBUIIHOBHM BEKTOPOM

R,=p,(cospi +singi),
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KWW y BIAMOBIAHOCTI 13 3aKOHAMM BIAOMBAaHHS HANPSIMJIICHUM M KyTOM ¢ 0

MO3UTUBHOIO HAampsIMKy oci x. Toal KOMIUIEKCHA aMmIUNTyJa eJIeKTPUYHOTO
BEKTOpa BIIOMTOI XBUJIi Oy/ie piBHA

E E e — kT —E e*]ﬂQ(XCOS(ﬂ‘F 5m(o) (421)

6i0 06i0 06i0
sKa IOBMHHA MAaTH TaKUi BEKTOPHUI aMIUNTYAHUH KoediuieHT E, ., mo00

CyMapHe €JIEKTpOMAarHiTHE Tojie Ha MeXl po3aury mpu x =0 3aJ0BOJBHSIIO
KpailoBiif yMOBI: z-0Ba MHpPOEKLIS BEKTOpa HAIPYKEHOCTI EIEKTPUYHOIO IOJIS
noBuHHa OyTu piBHa HyneBl. ToOTo, BiAOMTa XBUJIS TOBMHHA KOMIIEHCYBAaTH
TaHreHINaIbHY CKJIQJIOBY €JIEKTPUYHOIO BEKTOpa IOJS Majarouoi XBHJIL Ha MEXi
po3ainy. Tomy

E

06i0
Tenep MOXXHa BU3HAYUTH CTPYKTYPHU CICKTPUIHOTIO 1 Mar"iTHOTrO II0JI1B Hanqg
171eaTbHO TIPOBIAHOKO MOBEPXHEIO st X > 0.

E E +E -F Sln¢|: —j Po(—x cosg +z sing) +e—/ﬁ0(xcosq)+"sm¢7):|l +

=F s1ngaz -E cosqol

+E COS¢ |: —j By (—x cosg +z sing) _e—/ﬁo(xcos¢+251n¢)] Z» _
- Em sin % e_jﬁ‘]“i"ﬁ” (ej/i’oxcow + e_-/'ﬂox cos )Zc +

+Em COS¢ e—jﬂnzsin(p (ejﬂoxcosw _e—jﬂnxcosw );’ —

z

(4.22)

=2E, sing cos(f3, x cosg) e /M7 +
+j2E, cosgsin(f,x cosp) e

Ilpu Oyab-1KMX 3HAYEHHAX KyTa MafiHHA B 1HTepBaml 0<@ <90
PE3YNBTYIOUE TOJI€ MPEACTABIsE COOO0 XBHIIIO, SIKA MOIMIMPIOETHCS B JOJATHOMY
HampsAMi z, Ipo 110 TOBOPUTH (Ha30BUN MHOXKHHUK exp(— Jj B,z sin (p) — 11e ObKy4a
xBWiIsg. Ha BiaMiHy BiJ paHilie pO3TISHYTHX OJHOPITHUX IUIOCKHUX XBHJIb, B
JaHOMY BHIAJKY aMIUTITyId CKJIQJ0BUX BEKTOPIB €JIEKTPUYHOTO IOJS BXKE HE

MOCTIlHI, a 3alleXaTh Bil [IONEPEYHOI KOOPIMHATH X 3a 3aKOHOM cos( 3, x cosg)
abo sin(f,x cosp). Taki mpouecH Bke Ha3HBAIOTh HEOJHOPIIHUMH ILIOCKHMU

XBWIIMHA. [3  ¢i3uuHOi TOYKM 30py B TMOMEPEYHIM IUIOMKHI 32 PaxXyHOK
iHTep(depeHIIii maaadoi 1 BIAOMTOT XBUIh BUHUKAE CTOSYA XBHUJIA.

PosrnsiHeMo temep, sk Bezie ce0e BEKTOp HANIPYKEHOCTI MarHiTHOTO TIOJS JIJIst
BEPTUKAJIBHOT TOJsApU3alii. SKI0 BEKTOp HAMPYXEHOCTI EIEKTPUYHOTO IO
najaryoi XBUJI JISKUTh B IUIOMMHI X0z, TO NEPHEHIUKYISPHUN HOMY BEKTOD
HAMPY>KEHOCT1 MarHiTHOTO TOJS Ma€ TiTbKU €IWHY CKJIaJI0BY, SIKa OpI€EHTOBaHA
B3IOBXK oci ) (ue BumgHO i3 puc. 4.19). KommiekcHa amrutityaa y-oi mpoekiil
Mar”iTHOTO BEKTOpa IMajaloyoi XBWJII TOBHMHHA 3aJIeKaTH BiJl MPOCTOPOBUX
KOOPAWHAT X 1 z TAKUM YHHOM, SIK 1 aMIUTITy/1a €JIEKTPUIHOTO BEKTOPa

— m e—jﬂo(—xcos<p+zsin(p) ;’
nao v
0

ne Z,=1207=377Om — XBUIBbOBHI OIpP BaKyyMy.
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Tak ax Bekrop IloiTinra BiIOMTOI XBHIII HANPAaBJIECHUM B3/I0BXK BEKTOpa R,

TO HEOOX1HO, 00 MarHiTHUN BEKTOp BIAOUTOI XBWIl H , Ha MexXl po3auly OyB

HalpaBJIeHUH B Ty K CTOPOHY, mo 1 Bekrop /. Toxi BiANOBIJAHA KOMILJIEKCHA

aMIUTITy/1a MarHITHOTO BEKTOpa BIIOUTOT XBUJI1 piBHA

6i0 !
0

CyMmytoun 11 BUpa3d, OTPUMAEMO TPOCTOPOBY 3aNIEKHICTH KOMIUIEKCHOT
aMIUTITYd MarHiTHOTO BEKTOpa y BUTJISAI1

. . . 2E L
— — m —jByzsing
H,=H,,+H,==—=cos(f,xcosp) e’ i . (4.23)
0
TakuM YMHOM, MAarHITHUH BEKTOP € YHCTO TMOMEPEYHHM, TOMI SIK
CNEKTPUYHUM BEKTOP Ma€ SIK NONepedyHy £ , Tak 1 MO3/0BXKHIO CKIanoBy E .

HeonHopinHi TUTOCKI XBUJII TaKoi CTPYKTYPH MPUKWHATO HA3UBATH £ -XBHIAMU. Y
miTepaTypl iX mojarwTh Takox sk IM -xBum (Transverse Magnetic Waves —
norniepeyHi MarHiTHi XBuii). J{ns rakux xsuns £ E. #0, H #0, H =0.

MosxuBuii  BapianT, komu @=90", TOOTO KOAM mMajaroya XBHIIA
MOIIUPIOETHCS TTapajIeIbHO MEX1 PO3/LIy, TaK IO B1IOUTA XBUJISA BXKE BIJICYTHS.
[Tone B miBmpocTopi mig x>0 € MpU I[bOMY OAHOPITHOIO TJIOCKOIO XBHIICIO, aJie
BEKTOPH €JICeKTPOMArHITHOrO 1ost £ i H He MaloTh CKIAJOBHX B HAMPsIMI OCi z
(E.=0, H_=0). Taxl eJNeKkTpOMarHiTHi XBWJIl Ha3UBaIOTh [ -XBWISAMH

(Transverse Waves — noniepeuni xsuil) abo TEM -XBunsimu.

4.7.2. IlagiHHA NJIOCKOI €JIeKTPOMATHITHOI XBHJIi 3 NEPIEHIUKYJISPHOIO
(rOpU30HTAJIBLHOK) MOJSIPU3ALIEIO.

Cxema TNpPOMEHIB, AKI TOSCHIOIOTH OPIEHTAIIF0 BEKTOPIB MOJISI IS JTaHOL
noyspu3aiii, mpuBeAeHa Ha puc. 4.20. BukopucraBmm mornepeHi BHUKIAIKH,
3aMMIIeMO KOMIUICKCHY aMIUTITYly BEKTOpa HAMPYKCHOCTI CIEKTPHYHOTO TTOJIS
najarvoi XBUJI y BUTIISIL:

L.,

ne E — aMIUlTyZHE 3HaUY€HHs HAIpY>KEHOCTI eIEKTPUYHOrO Mo B Touli x =0.

—j B (—x cosgp +zsing) 77
—FE ¢/h 7,
m y

Jns Toro mo6 BUKOHYBanach kpaiioBa ymoBa E =0 mpu x =0 HeoOXiaHO,

mo6 y miBopoctopi x>0 icHyBasa IUIOCKa BiOWTa XBWIS 3 KOMIUIEKCHOIO

aMHJ'IiTy,I[OIO CIICKTPUYHOI'O BCKTOpPa

E e—jﬂo (x cosg +z sing) Z’
m y

8i0
(mpoekuis E 3 BiI’€MHMM 3HAaKOM Ta IpPOEKLiA il HAa BICh X 13 3HAKOM,
NPOTHIICKHUM ITaJIAI0411 XBHIT1).
Y mpoMy BUNAAKY PE3yJbTYyIOU€ eJIEeKTPOMAarHiTHE TI0JIe Y BEpXHIU
MIBIUIOIIMHI Ma€ KOMIUIEKCHY aMIUTITYJy BEKTOpa HAMpPYKEHOCTI €IEeKTPUYHOTO
TOJIsI
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SR

=m0

-
SINQ

LO‘\Q?

0
Puc. 4.20. [lagiHHSA TUIOCKOI €JIEKTPOMArHiTHOI XBHIII 3
NEPIEHANKYIIAPHOIO (TOPU30HTAIBHOIO) TTOJISIPU3AITIEI0

E _E +E _E (ej/)’oxcow _e—jﬂoxcow) o iesine T _

nao m y

J Py zsing (424)

= j2E, sin(f,x cosp)e” i
[1[06 BUACHUTH MPOCTOPOBY 3aI€KHICTh MATHITHOIO BEKTOPA, 3BEPHEMO

yBary Ha puc.4.20, ne Bexrtopu Iloitrinra /7, i [, HanpaBleHi B3IOBX

— —

XBWJIBOBUX BEKTOpIB £k, 1 k

nao 6i0 >

AKIIO aMHJ'IlTyI[Hi KOeQIIEHTH BEKTOPIB
HAIPY)KEHOCTI MarHiTHOTO TOJIS € TAKUMHU:

—

—_ Em 1 s Em e
Ona()__Z Sln¢ lx_ Z COS(D 127

0 0

Y Em . g Em ird
H, ,=—"sm@i ——"cose i.
ZO ZO

Toai KoMIUIEKCHA aMIUTITyla CyMapHOTO MarHiTHOTO BeKTopa OyJie piBHa:

X

. : ’ ~2E M . . . —
H,=H, ,+H,= —% s @ sm(ﬁox Cosgo) PRl T

0

(4.25)

JByzsing

= cosg cos( S, x cosp) e P

0
[TpoanamizyBaBmm Gopmynu (4.24) i (4.25), MoxHaA 3pOOUTH HACTYITHUI
BUCHOBOK /Ul BUIAAKY NEPNEHIUKYJIAPHOI (TOPU30HTANBHOI) MOJIApU3alli:
PO3TISTHYTUH €JIEKTPOMArHITHAN MPOIIEC MPEICTaBIsE COOOK TAKOK HEOTHOPITHY
TUIOCKY XBHWJIIO, SIKA TIOLIMPIOETHCSA B CTOPOHY 30UIBIIEHHS! KOOPAUHATU z (TOOTO
B3JIOBK MEX1 pO3/ity) 1 sABJsie co0010 O1Kydy XBUIIIO. Y MONEPEYHOMY HaAIpsMi
M0JIe HOCUTh XapakTep CTOAYOT XBUII.
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[TpuHIMIIOBA BIAMIHHICTD NMEPIEHANKYJISPHOI TOSpU3AI] Bl HapajenbHOl
MOJIATa€ B TOMY, IO TYT EJEKTPUYHE II0JIE Ma€ €IUHY BIOAMIHHY BiJl HYJIS
OpoeKUil0o £ 1 € 4YUCTO NONEpeYHHM Yy BHUIVIAAlI CTOS4oi XBWI. BekTop

HAIIPY>KEHOCT1 MAarHiTHOTO I0JIs, HABIAKH, KPIM IONIEPEYHOi CKlIanoBoi H , Mac 1
MO3JI0BXKHIO poeknio /. Taki HanpaBisAroul XBUII BKE Ha3UBAIOTh /1 -XBHIISIMU

a6o TE -xsunsimu (Transverse Electric Waves — moniepedsi eneKTpUIHI XBHUIIL).
Tyr Takoxx caii 3ayBaKMTH HACTYyNHE: NpH MNaJiHHI IJIOCKOT XBWUJI 3
NEPIIEHANKYISPHOIO TOJSPU3AMIECI0 HA MEXY PO3AUTY 3 1I€IbHUM MPOBILIHUKOM
YUCTO TomepedyHuXx 7 -XBWJIb (K MpU TapajeiabHId IMOJApHU3allii) OTpUMaTH He
moxHa. [liiicHo, sakmo A =0 smme npu ¢=90" (cosep=0), To 1 npu cosp =0
sin( 3, x cosp)=0, 10610 E, =0, a eneKTpoMartitHa XBHIs 0e3 eIeKTPUIHOIO

BEKTOpa ICHYBaTH HE MOXKE.

4.7.3. CTpykrypa ejekrpomardituoro nojas E -, H -, T -XBUJIb.

Tak sik aHamiTHyHA QopMa MPEACTABICHHS BEKTOPIB IOJI Yepe3 MPOCTOPOBI
3aJIE)KHOCT1 BIATOBITHUX MPOEKIIA YaCTO HEMAE HA0YHOCTI, TOMY KOPHUCHO TaKOX
noOyAyBaTy KapTHUHY PO3MOAULY B MPOCTOPl CUJIOBUX JHIA €IEKTPUYHOTrO 1
MarHiTHOTO TOJIB JUIsl MapajeIbHOI 1 TePIICHANKYISIPHOT TTOJIIpU3aIliii.

SIk yke BKa3yBaJIOCh Yy BHCHOBKAaxX MOMEPEAHIX MiAPO3ILIIB, XapakTep
3QJIE)KHOCTEH MPOEKIIM BEKTOPIB €IeKTPOMArHITHOTO MOJsA XBWiIb E- 1 H -TuriB
B3/IOBXK T03/I0BXXHHOI KOOPJAMHATH Z 1 MOMEPEYHOI KOOPJAUHATH X € PI3HUM: IO
OCl z BCTAHOBJIIOETHCS ODKyYa XBHJIA, a TIO OC1 X — CTOSYa XBHJIS, TOOTO €HEPTis
NEPEAEThCs MO0 OCl z, a MO OCl X BOHA JIMIIE KOJMWBAETHCS, MEPETBOPIOIOYNCH 3
onHOrO BHUJY B 1HIMMA. [[ns Toro mo0 10 O0COONIUBICTH XBUIILOBOTO MPOIECY
30arHyTH Kpaille, BBEJAEMO JIBa MapaMeTPH:

— IO3JI0BXKHE XBHUJIBOBE YHCII0 /= 3 sing;

— TOIEepeYHEe XBUIBOBE YHUCIIO g = [3, COSQ,

TaKi, mo A’ + g’ = B, npu Oyab-IKOMY KyTi [ liHHSL.

JlaHi BUpa3u J03BOJISIOTH 3HAYHO CIIPOCTUTH BHPA3U ISl MPOEKIiH BEKTOPIB
noJst (IHAEKC 2 OMYyCKAaEeThes), 00 pO3TIIsLIaEMO JIUIIE CyMapHe ToJIe.

Jst E -xBwitb (TM ) 11i BUpa3u 3aluIIyThCS:
jhz T

L,

—jhz

E=2E sinpcosgxe’*i + j2E cosgsingxe

. - 4.26
H= 2E, cosgxe i . (4.26)
0
st H -xsuib (TE) 1l BUpa3u MarOTh BUTIISI:

p

u . . —jhz 7

E=j2F, singxe’'"i,
he _ihe (4.27)

1.
X z

: 2FE . . 2E
H=—j sing singx e”’"*i —— cos@ cosgx e
ZPZO ZZO
XapakTepHuil BUIIA 3alexHOCTel (yHKIiH £ i H, mo BU3HAYCHMIA
dbopmynamu (4.26) 1 (4.27), BiL KOOpAMHATH Zz BKa3y€ Ha Te, L0 IMO3/IOBKHE

XBWJIBOBE YHCIIO /i Bimirpae poib koedimieHTa a3y HampaBISIOUNX XBHJIb HaJ
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MPOBIIHOKO MMOBepxHEr0. Tofl, 3a BU3HA4YEHHSM, (ha30Ba MIBUJKICTH XBUIHOBOTO
nporecy Oyae BU3HAYATHUCSA BUPA30M

0 o :%0: c

D, =—= .
h f,sing sing sing

@

To6to, mpu Oynab-AKoMy KyTl TaaiHHA ¢, BigMiHHOMY Bix 90°, Mae wicie
HEPIBHICTH U, >c. Tomy xBuni E- 1 H -TUNIB 1€ HA3UBAIOTh WBUAKAMH. [lpu

@ =0 ¢a3zoBa MBUAKICT, XBUIHLOBOTO MPOIECY B3TOBXK oci z (sing=0) Oyxae
NpSIMYBaTH 10 HECKIHYEHOCTI.

HesBaxkaroun Ha CyTTEBI BIAMIHHOCTI, CTPYKTYPH €JIEKTPOMArHiTHOT'O ITOJIS
E- 1 H-TumiB MaiTh 3arajJibHy PHUCY: MPOEKINsl BEKTOPIB TOJS OMUCYETHCS
NEePIOANYHUMHU (PYHKIISIMH K TO3JOBXHBOI KOOPAWHATH Zz, TaK 1 MOIMEPEeYHOl

koopauHati x. ToMy mpoctopoBuil mepiog moss /A . B3JOBXK OCl HOUIMPEHHA

ODKy40i XBWI1 z OyIeMO Ha3WBATH MO3I0BXHBOIO JOBKUHOIO XBHIIL:

27
2z 2z _ /B _ A

noz0 - . - . .
h  pBsing sing sing

3rizno BukiIaxeHoro sume A, >4 i v, >c.

AHaJIOTI4YHO, MPOCTOPOBUH MEPIO CTOSTMOI XBUJIl B3JOBXK MOIEPEUYHOI OCI X
Oy/ie Ha3UBATHCA MOMIEPEYHOIO JTOBKHHOIO XBUII:

2
2 2w B A

g pB,cosp cos@p cosQ
1 A, 1OB’43aH1 CIiBBIIHOIIEHHAM

ITapamerpu 4,, 4,
A sin’ g+ A2 cos’p=24,
6o i+g’=p.

Jis Toro mo6 HAOYHO MPEACTaBUTH COOl €EeKTPOMArHITHUMA MPOLEC, SKUN
BUHUKA€E TPHU MAJIHHI TJIOCKOI €JEKTPOMArHiTHOI XBWJII Ha 1€aJIbHO MPOBIIHY
TUTOIIMHY, TOIUIFHO MOOYAYBaTH CHIIOBI JIiHIT €IEKTPUYHOTO 1 MAarHITHOTO TOJIIB.
Bukonaemo Taky moOy0By Ha OcHOBI Bupa3i (4.26) 1 (4.27).

PosrisiHeMo crovatky Taky 3ajady B 3araibHOMY BUTIIsiai. Hexait kpuBa MN
(puc. 4.21) € [ESKOI CHIOBOIO IiHi€R0 mmomst E, sKa CIIOCTEPIraeThes y
(ikcoBaHMII MOMEHT uacy ?,. Bekrop E , skuii BU3HadeHHit B Touli A i SKHif Mae
BIANOBIAHI mpoekuii Ha oci £ 1 E , 300pakeHMii Ha PUCYHKY BIAIIOBIIHO
BiZIpiskoM AB. 3rigHo BU3HAYCHHS, IICH BiJIPI30K HANPABJICHWA O JAOTHYHIN 10
cr10Bo1 JiHIL B TouIil 4.

Sxmo koopauHata z B ToUlll A OTPUMAE MPUPICT dz, TO, PyXarOUHCh
B3JIOBXK CHJIOBOi JIiHII, MH 13 Touku A meperigemo B Touky D . Ilpm mpomy
KOOpJIMHATa X OTpUMae MpupicT dx. I3 piBHOCTI (MOAIOHOCTI) TPUKYTHUKIB ADF
1 ABC MoO>Ha 3arucartu:
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dx dz 260
E (x,z,to) - E. (x,z,to)

dx E, (x,z,l‘o

dz Ez(x,z,to)
Il piBHICT, HpeACTaBIsIE COOOIO
nudepeHIliagbHe PIBHSHHS CHIIOBOL
TiHiT 0TS,

Kpim  piBHSHHS  HEOOXiJTHO
TAKOX 3aJaTH I0YaTKOBI yMOBH,
BKa3aBIlIM JESKY TOYKY IPOCTOPY 3
Puc.4.21. Jlo BuBeneHHs piBHAHHA koopauHaTaMu ( X,,Z,), 4epe3 Ky
CHJIOBHX IiHi{ €IEKTPOMArHITHOIO MOIA  popyppa [POXOAMTH LS  CHIOBA

muig. I3 Teopii mudepeHmianbHAX
PIBHSIHb BIJJOMO, IO SIKIIO B OKOJII BHOpAHOI TOYKM MpaBa YacTHHA PIBHIHHS
CUJIOBO1 JIIHII Ma€ HeMepepBHY MOXIJHY 3a apryMeHTOM X, TO Taka TOYKa €
HEOCOOJIMBOIO 1 uepe3 Hel MPOXOIUTh €IMHA CHIIOBA JIIHIA SK IHTErpajibHa KPUBA.
[IpogemMOHCTpyeEMO Temep ONUCaHy METOAMKY Ha NpUKIaal No0yI0BU
CWJIOBUX JIHIN MOJI €NeKTPUYHOro BekTopa ans E -xBuii (popmyna 4.26). [ns
IIbOTO TIepeiiIeMO BiJ] KOMIUIEKCHUX aMILTITY[] 10 MUTTEBHX 3HAUCHb:
E(x,z,t)=2E, sing cosgx cos(wt—hz)i —2 E, cosgsingx sin(wt—hz)i.
Crnig 3ayBaXuTH, M0 Zz-OBa NpPOEKLis BUIEpeIkae 3a (a3orw Xx-OBY
npoekuiro Ha /2, i Tomy cos(wt—hz+m/2)=—sin(wt—hz). IoGynyemo
CWJIOBI JTiHIT oyt B MOMeHT 4acy ¢ = (0. Toji piBHSHHS CUJIOBOI JIiHIT 3aUIIETHCS:

dx sing cosgx coshz
—= : —— =1g @ cig gx cighz. (4.28)
dz cos@singxsinhz

AHami3yroun JaHe pIBHSHHSA CHIJIOBOI JIiHII, MPUXOAWMO O HACTYMHHX
BHCHOBKIB:
1) Ha wmexi posminy mpu x=0 mnoxigua dx/dz HEOOMEKEHO BelHKa.

3HauuTh CWJIOBI JIHIT Monst £ B MOBHIM BIANOBIAHOCTI 3 KpallOBUMH yMOBamu
HiIXOIATh A0 MMOBEPXHI 1/1€aIbHOTO MPOBIIHUKA 0 HOPMAJI.

2) KapTuHa cu0BHX JIIHIN NOJIS € NEepPIOAUYHONO 3 nepiogamu A 1 A 1o

nozo
ocsM z i x BiamoBimHo. TOMy CHIIOBI JiHIi eleKTPUIHOro BeKTOpa E SBISIOTH
co00r0 3aMKHYTI KpHBI, SIKi Jexarh B IomuHi x(Oz . BUKIIOUEHHS CKIaJaroTh
JIUIIE Ti JIHI, K1 BXOJIATh B 1JIeaJbHUN MPOBIIHUK 200 BUXOJSTH 3 HHOTO.

Ha puc. 4.22 300pakeHa rpymna KpUBHUX, OOYJTOBaHUX IUIIXOM YHCEIHHOTO
IHTErpyBaHHs HAa KOMIT'IOTepl A BUNAAKy ¢ =45", Koy XBUJIbOBl unucia h 1 g
CHIBMAAAIOTh. [3 METOI0 3pYYHOCTI MOOYJOBH JiHIA MO KOOPAMHATHUM OCSM
BIJIKJIa/IeHI Oe3po3MipHi aprymMeHTH hx 1 gz. KpuBi moOymoBaHi B Mexax
KBaJIpaTa, BHYTPILIHI TOYKH SIKOTO 3aI0BOJIBHSIIOTH HEPIBHOCTAM 77/2<hz<rm i

O<gx<r/2.
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Puc. 4.22. Pe3ynbrar 4rciioBOTO 1HTETPYBaHHS JU(PEPECHIIIAIIBHOTO
PIBHSIHHS CUJIOBUX JIHIN €IEKTPUIHOTO BEeKTOpa £

Bumorn mo touHOCTI TpadidHoi moOym0BH KAPTHUHH OIS HE € BHCOKHMHU.
Tomy HaMuM  BUKOPUCTAHMM  TPOCTUH  YHCENbHUH  CHOCIO  PO3B’S3KY
nudepenIiaapHoro piBHAHHA — MeTo Eifyiepa mepiioro mopsaky, 3rigHoO 3 sSIKUM
nudepeHIiagbHe PIBHAHHS 3aMIHSETHCS HAOMMKEHUM PIBHSHHAM B KIHIIEBHX
PI3HHIIIX:

Ax=tgpctggx ctghz Az.
Kpugi Ha puc. 4.22 moGymoBaHi A1 MIECTH TOYOK, B SIKHX KOOpAWHATA hz, = 77/2
OJHa 1 Ta X, a KOOpAMHATa g X, npuiimae 3Hadenna 0,25; 0,5; 0,75; 1,0; 1,25;
L5.

Tenep He nmpeacTaBisie CKIAAHOCTI 300pa3uTH MIOBHY KAPTUHY CHIJIOBUX JIiHIT
eJIEKTpUYHOro BekTopa (puc. 4.23). Jlns 1poro AOCTaTHHO MOBTOPUTH KapTHUHY,
300pakeHy Ha puc. 4.22, IeBHY KUIbKICTh pa3 Y BIATOBIAHOCTI 3 IOBXKUHAMU /A

no30

1 A . Tyr HeoOX1gHO cllAKyBaTH 3a TUM, 100 HampsM CTPLIKM Ha CUIJIOBUX

JHISX YepryBaBcs B CHJIY MPOCTOPOBOI mepioanyHoCTi mons. Ha mpomy ik
pUCYHKY MoOyAOBaHI CHJIOBI JiHII Mar"iTHoro BekTopa E-xBumi. I3 dopmymnu
(4.26) cmigye 3aJeKHICTh HAIMPY)KEHOCTI MAarHITHOTO IIOJS BiJl MPOCTOPOBUX
KoopauHAT nipu ¢ =0:

2F -
H(x,z,0) =" cosgx coshz i,.
Z Y
0
CunoBi JiHIl Takoro mOJs TPEACTABISIFOTH COOOK HUTKH, MapajeibHi OCl ).

—

Hanpsim BexkTopa H mepioAndHO 3MIHIOETHCS B TIPOCTOpi. BekTop, opieHTOBaHMIA
BiJl cTOCTepirada 0 TIUIONMHU PHUCYHKA, IMO3HAYEHWH CYNUTBHUM KpPYKKOM;
BEKTOP MPOTHJICKHOIO HampsiMy (IO crocTepirada) MO3HAYEHUH KPYKKOM 3
TOYKOIO.

SIK IpUITHATO B TEXHIUHIN €JIEKTPOAMHAMIIIl, CUJIOBI JIiHII MPOBEICHI YacTilie
Tam, 7€ HampyXeHicTb noiist Oumbima. TyT cig 3ayBaxuTH, 0 MarHiTHe noje E -
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XBWII, OyIydd TONEPEYHHM, KOHIIEHTPYEThCSI B THUX OO0NACTAX, /€ BEJIMKA
HoIIepeYHa NpoeKLisd E  HalpyKeHOCTI eJeKTPUYHOro Noiisi. I HaBmaku, TaM, ze

NO3J0BKHS NpoeKIis £ pocarae MakCUMyMYy, IpoeKiis /1 , CTa€ HyIbOBOIO.

DO D er
j+@—| p |—1;+|fH p '—|+©—| -
1 L e S I

L !é J (o} ®
pHeHel@E@!T)
CTOSdA T 1 r T | | T 1
|_. @_| )

Oixyua

Puc. 4.23. CtpykTypa cUiIOBHX JiHIM XBUIl E-TUNy HaJ 1€ajJbHOI0 MPOBIIHOIO
TTACTUHOIO

Posrnsnemo Ttemep crpyktypy mods 7 -tumy. IlomepeuHi enekTpoMarHiTHI
xBum (7- abo TEM -xBuii) ICHYIOTh B mHiBHpocTopi x>0 Haa 17ealbHO
MPOBIHOIO IUIOIIMHOK Y BHIAJKYy, KOJIM KyT HaIlHHS IUIOCKOI XBWI 3
napajeibHOK0 (BEPTHKAIBHOK) TMoJsipu3aiicto piBauii @ =/2. Ilpu npomy
NoONIEpeYHe XBHUIbOBE 4Kca0 g =0, a MO3JA0BKHE XBHIBOBE uyuclIO0 h=f3, 060
h=p singp,a g= [ cose. Toai popmynu (4.26) 3anuuryTbcs y BUIIIAAL

E=E e/,
m X
H: Em e*]ﬂozf ’ (4.29)
0
3B1ICHM MUTTEB] 3HAUEHHS BEKTOPIB OyAyTh YKE (PYHKIISIMU:
E(z,t)=E,cos(wt-B,z)i,

v©

H(z,t)= zcos(wt - B, z)i,.
Z, :
Y MoMmeHT vacy ¢ =0 BOHU OyIyTh piBHI

E(z,0)=E,cosf,z i,

H(Z,O):%COS,BOZ ;;,

0
1 MalOTh CTPYKTYPY TOJISI OHOPITHOI IJIOCKOI XBHIIL (puc. 4.24).
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Puc. 4.24. Ctpykrypa cuiioBux JiHii T -XBUIII

[ToBepuemocst Temep 1m0 CTPyKTypu mois anst H -xBumi. [ochimxeHHs
MIPOCTOPOBOI CTPYKTYPH CHIJIOBHX JIIHIM €JIeKTPOMArHiTHOTO IoJisl XBwi H -Tuiy,
sIKa BUHHMKAE HaJ 17I€aJIbHO MPOBIIHOIO MOBEPXHEI0 (O =00), MOXKHA MOOYyayBaTU
3a aHanoriero E-xBuii. Tomy 3anmumiemo Ha OcHOBi (opmyin (4.27) Bupazu s
MUTTEBMX 3HAYCHb BEKTOPIB M0JIs XBWIII H -TUITy B MOMEHT yacy ¢ =0:

E(x,z,0)=2E, singrsinhzi,

- 2E . : . - 2F -
H(x,z,O) =——25sin@ singx sinhz i, ——— coS¢® CcoSgx coshz i_.
ZO 0
Judepenuitoroun  piBHSHHSA CHUJIOBUX JIIHIM MAarHiTHOrO BEKTOpa Yy
BIJIIIOBITHOCTI 3 OTO BUPA30M MPHUITMA€E BUTIISL

%ztgqptggxtghz. (4.30)
z

Kaptuna cwinoBux JiHIM BekTopa H , mMoOyJAOBaHOTO IUISXOM YHCEIBHOIO
IHTErpyBaHHS 1IbOTO PIBHSHHS AJI BUMAJKYy @ =45", npuBeneHa Ha puc. 4.25. Tyt

TaKOXX 300pa)K€HO MPOCTOPOBHUH PO3MOJIIT CHIOBHX JiHIH BekTOopa E mmsa y-oi

ckianoBoi. ToOTO TyT BekTopu nodst E 1 H MIHSIOTHCS MICISIMH Y MOPIBHSIHHI 3
E -xBunero.

4.7.4. XapaKTepUCTHKH eJIeKTPOMATHITHOIO noJys E -1 H -Tumis.

[Toepratouncs A0 Bupasis (4.26) mis xBuiab E -Tumy, 3anuiieMo BUPa3u A
KOMITJIEKCHOTO BekTopa lloiiTiHra, BH3HAYE€HOr0 B KOXKHIM TOYIl IiBIPOCTOPY
x>0.

—

1 SR LoL 1 . 1 :
ﬁ:—[ExH}:—EY 0 EZ:—(EZH)%—(EKH)Z-
2 21, 2 ’ AN

0 H 0

y
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Puc. 4.25. Crpykrypa cunoBux JiHIH XBWii 1 -THIy Haj
171eaTbHOKO MPOBITHOIO TUTONTUHOIO

Ax G6aunmo, MOMAaHKW B MpaBiii YacCTHHI PIBHOCTI € MPHUHITUIIOBO PI3HHUMH.

Jlerko sayBakutH, mo p00yToK E H , KU YTBOPEHUH IONEPEYHHMH

*

NPOEKLISIMH BEKTOPIB IOJISI, € YUCTO AIHCHUM YHCIOM, TOJL SIK 1OOYTOK E. Hy €

BKe uncTo ysaBHUM. Tomy Bektop [loliTiHra, ycepenHeHmii 3a mepioa KOJMBaHb,
OpI€HTOBAHUH B3JIOBXK HAIpsMy z (TOMIMpPEHHS O1Kydoi XBHII1):

= (. 2 Y+ 2E . -
II =—|E H |i="—"sinpcos’gxi.
cep 2 x y z Z z
0
A ysBHY CKIIaJIOBy KOMIUIEKCHOTo BekTopa IloliTiHra, sika opieHTOBaHa B3IOBXK
MOTIEPEYHOT KOOpAMHATH X 1 (i3MYHO TOB’sI3aHA 3 BHHUKHEHHSM B IPOCTOPI
CTOSTYO1 XBWJT1, HA3UBAIOTh PEAKTUBHOIO CKIIaI0BOTO:
. R , .
p— m ;
I = cosg sin(2gx) 7.,
0
sIKa MPEJICTABIISIE KOJMBHY €HEPTII0 CTOSYNX XBUIIb.
3po3ymino, mo B xBwii 7 -tuny, konu ¢ =90", peakTUBHA CKJIaJl0Ba BEKTOPA
[loitrinara BigcyTHs, 60 cos90° =0.
Takox ananoriyHo jjsi BupasiB (4.27) BuszHauumo Bektop [loiitinra s
XBWI H -Tumy:
(. *\+ 2E . ) -
=——|E H |i ="—"singsin’ gx i,
ZO
- 1 . * - E:? . e
Il =—Re| E H, |i =——=cos¢sin(2gx)1,.
V4 2 y z x Z X

0
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Sk 6aunmo, y xBuisix E -1 H -Tumy 0OHIIBI CKIIAJIOBI KOMIVIEKCHOTO BEKTOPA
[ToliTinra pO3MOMiICHI B3AOBXK IOINEPEYHOI KOOPAMHATH X HEPIBHOMIPHO 32
3aKOHAMU TApMOHIYHUX (PYHKIIIH.

Buznauumo Terep po3noauT CTpyMy Ha i7ieanbHO MPOBITHIN TionuHi i E -
XBUJIL:

Juwe =|ExH] = Z—ZE—mef’“ i
0

Ak O6aumMo, T'yCTHHA IIOBEPXHEBOIO CTPYyMY IMPEJCTABISAE TAKOXK OLKYydy
XBWIIO, SIKa TIONIMPIOETHCS B HAmpsiMi z 1 Ma€ JHIIe OJHY CKJIQJ0By —
TOPU30HTANBHY ( Z).

30BCIM 110 IHIIOMY BUTJISIZAE CTPYKTYpa IOBEPXHEBOTO CTPyMy H -XBWIIi:

]:H[;X;]:_H ’jz%coscﬂ e’ i

. 2F T
60 H. =—="""cos@ e”’" i Mac BepTUKaIbHYy CKIaI0BY ( J ).
0
Temep MoXxkHa 300pa3uTH TakKl pO3MOLIN Ha puc. 4.26.

PR
V I )
. - ’ . - Ahii A A ki
—- —— —- -l
0
0 z z
—- - — —- -
Jirmr,-:e i
— e — e “nose YYYY YYYY
a) 0)

Puc. 4.26. Po3mogin BekTopa TyCTHHH IIOBEPXHEBOIO CTPYMY Ha 1J€aJbHO
NPOBIHIN MOBEpXHi 1 XBUWiIb E - (a) Ta H - (0) THmiB

[3 cka3aHOrO BUIIMBA€E BAXKIMBHM JJIsi aHTEHHOI TEXHIKM BHCHOBOK IIPO TE,
10 NpY BU3HAYCHIN Mosisgpu3allii najaiounx eJeKTPOMArHiTHUX XBUJIb CYLIIbHUN
METaJIeBUM BiOMBAY MOKHA 3aMIHUTH CHCTEMOIO TIapajelbHUX MPOBITHUX
CTepXHIB, TUIACTUH. Taki MPOBIIHUKHU TOBHHHI PO3MIIILYBATUCS TOCTATHBO T'YCTO

. A : N
13 KPOKOM < E 1 6YTI/I OP1€EHTOBAHUMU B3JI0BIK JIIHIN ITOBECPXHEBOTO CTPYMY.

I3 Bexropom IloiiTiHra moB’s3aHa 1 MOTYXKHICTh BTPAT, OCKUIBKH pealbHa
IOBEPXHs, HA SKy TIaJa€ XBWJISA, BHUTOTOBJICHA 13 METally 3 BHCOKOIO, ajie
CKIHUCHOIO CJICKTPUYHOIO MPOBIAHICTIO. TOl y BIIMOBIIHICTH 13 TPAHUYHUMHU
(kpaiioBumu) ymoBamu JICOHTOBMYA Ha TMOBEPXHI MeTany Oyje BUHUKATH
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TaHTEHIlIaIbHA CKJIa0Ba BEKTOpa E, KOMIUIEKCHA aMIuniTya sakoi £ =7 H_ .
ITpyyomMy BEKTOp TaHTEHLIANLHOI CKIagoBOi E_ NOBUHEH OyTH OpIEHTOBaHMU

TaK, 1100 Pa3oM 3 BEJIMYMHOIO BeKTOpa / _  1oposKyBaTu BekTop [loiTiHra, akui

HampapiieHU B riuOuHy Mmetainy. Toal cepelHe 3HAUEHHS LIbOIO BEKTOpaA, SKe
XapakTepu3ye NUTOMY (Ha OJIMHUITIO TUIONII ) MTOTYXHICTh BTpAT, Oy/ie piBHE:
. 1 . .
H{) =—R€ E XHIM .
cep 2 TM

Jns xBune E -Tuiry

A =H| =2 omei,

! x=0 Z0 ¥
Toni

- 2ZL M Em —jhz ¥

ET M :— e / ’ lZ *
A Z
3B1OKH
1 . . 2F° . E* |2 -
cep 6m, :_Re|:ET UXHT’”:|: ] ReZC’HI:iZ><iV:|:__m % ix.
) " V4 ' ’ V4 o

0 0
Big’emnuii 3nak B 1ik (opMyni BKasye Ha Te, IO IOTIK eHeprii BTpar
HaMpaBJIeHUH B IITHOWHY METaIeBOI MOBEPXHI.
Jnsa xsune H -tuny

H, ,=H| :—2ZE"’ cosp e’ i .
0
Toni
2Zc M Em —jhz
E_ = cospe’ i

0
3BI1IKHA

2

ﬁm{mmp :—% % cosQ i .

0
[TopiBHIOMOYHM 111 BUpa3u qiid E - 1 H -XBUIb 0a4nMO, 1110 BTPATH B METal JIJIs
E -XBuib HE 3aJIeKaTh BiJ KyTa MaaiHHS ¢, TOHI SK A H -XBWIb Ii BTpaTH

HAOJIIKAIOTHCSI 10 HYJIS, SIKIIO ¢ —> 77/2, TOOTO it H -XBWJIb Taki BTPATH MOXKHA

3BECTH /10 HYJIs IIpu @ =90".

4.7.5. 3B’130K MiK MO30BKHIMH i NONEPeYHMMH CKJIAJJOBUMH BEKTOPiB
HanpaBJieHux xswib EH - abo HE -tumis.

Po3rnsiHyTi B aHOMY po3aim E- 1 H -XBuii, SIKI BAHUKAIOTh B MIBIPOCTOPI
HaJ 17eajJbHO IIPOBITHOIO MOBEPXHEIO, € TPAHMYHO 1J1€ali30BAaHUMH MOJACIISIMU
HaMpaBIAIOYNX €JICKTPOMArHiTHUX XBWJb. [IpoTe, Ha OCHOBI piBHSAHEL MakcBesuia
MO’KHA BHUBECTH PS/I CYTTEBHX BIIACTUBOCTEH XBWJIb, SKi BITHOCATHCS IO Oyab-
AKX HAIPaBIIAIOYAX CHCTEM 1 MAalOTh y CBOEMY CKJaal sIK MO3JOBXKHI, TaK 1
MonepeYH1 XBUIII. [X Ha3MBAIOTH 1IIE riopuaaumu a6o EH - yn HE -XBUISAMU.
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Taka MoxmBICTH OOyMOBIEHa THUM, HI0 OyAb-sIKa HAIpPaBIIAIOYa TUIOCKA
XBWJISL, SIKa MOMIHUPIOETHCS B3JIOBXK OC1 Z, PENICTaBIsiE COO0I0 HEOTHOPITHY XBHITIO
0COOJIMBOTO BHJly: KOMILJIEKCHA aMILIITYJa KOXHOI 13 HIECTH MPOEKIiNd BEKTOpPIB

E(x,y,z) i H(x,y,z) Takoi XBWIi 3alleHTb Bill IPOCTOPOBHX KOODPIMHAT 3a
3aKOHOM:
oV (x, v, Z) .
————==—jh V(x,y,z).
0z
[TouaTkoBy a3y XBujl MOxKHaA MiAIOpaTH Tak, 100 aMILIITyaAHa (QyHKIIsSA
4 (x, y) Oyna miiicHoro. Toai MOXiAHI MO z BIJ NPOEKIH BEKTOPIB MO
00YHCITIOIOTHCS JOCUTH IIPOCTO:
) —jhz
V(x,y,z) = Vo(x,y) e’
Takuii poliec A03BOJISIE BUPA3UTHU TTO3/IOBXKHI CKJIAIOBI TOJISL Yepe3 iX mornepeyHi

CKJIaJIOBI.
Hexaii enekTpomarHiTHU# mporec B A€sKid 001acTi mpoCcTopy, BUIbHIM Bif
mxepen (divD =0, divB =0), onucyeTbes piBHAHHAME MakcBeia
rotH:ja)gaE, rotE:—ja),uaH.
VY po3ropHyTiii KOOpAUHATHIM (OpMi 1i pIBHSIHHSA BHUIVISIIAOTh HACTYIHUM
YHHOM:

7 oH . ; OF
M T jos b, | LT jou i,
oy 0Oz ' oy
<8H"—8HZ: 'a)gaE %—6Ezz—ja),ua[f
0z  Ox ’ 0z Ox ’
OH, ok : O,  oF :
y—@H"“: we, E. —"’—aEx:—ja)uuH,
ox oy ox Oy )

. ) ) ) oV R
Skuro Temep MOXiAHI MO Zz Y BIANOBITHOCTI 3 8_:_ jhV, T0 cucremu
4

PIBHSIHB JIJIST TTO3/IOBXKHIX 1 MONIEPEYHUX CKIAJO0BHX JEIIO CIIPOCTATHCS:

oy

oy

Z

H . . E . )
“+jhH, =jows, E, 0 “+jhE =—jou H,

<_thx_8§z:ngaE}, (%) —jhE'x—%ix=—jwﬂaHy (%)

OH, oF . OE, oF :
~— 6Hx = .a)ga Ez ~— aEX =- a)ya Hz
ox Oy ox 0Oy

TyT IPUHIIMTIOBO BAKJIUBUM € T, IO B ITUX CHCTEMax PIBHSIHBb MOIEPEYHI
ckimamosi E , E i1 H , H , TIPE/ICTAaBIAETHCS Y BUTJISAA1 JIHIMHUX KOMOIHAIIH 13
NOXIAHUX BIJ MO3J0BXKHIX Mpoekuiil £ 1 H 1o nomepeyHUM KOOpAuHATaM X 1

y. JlilicHO, pO3IisAmalodM Iepiie piBHAHHA cucTeMu (*) Ta Apyre piBHSAHHS
cuctemu (**), oTpumyemo cucremMy ABOX JIHIWHUX anreOpaiyHUX pPIBHSHb
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BIIHOCHO HEBIIOMUX E 1 H , npu4oMy B IIpaBiii 9aCTUHI I(€i CHCTEMH BXKE

. . O0E .O0H . . .
6y,Z[YTb MOX1JH1 8_ 1 P Z . AHAJIOTIYHO 6yz:y€Tbc;1 CHUCTEMA BIJTHOCHO HEBIJIOMUX
X Y

E 1 H_(nepue piBHAHHA cucTeMH (**) Ta npyre piBHAHHA cucTeMu (*)).

Po3B’s13y104H 111 /1B1 CHCTEMH PIBHAHD MPUXOJIUMO JIO TAKOi CUCTEMH:

E"V:—L2 h%+a),ua oH, H(:L2 a)ggaEz —h oA,
’ g ox oy g oy ox
Eo=ed | 0%y ) | TS OB O
’ g oy ox Tog Ox oy

AC g — NOICPCHYHEC XBUIILOBC YHUCIIO, SIKC BUPAXKACTHCS SIK

g=NB - =’ s, u-W.

3ajaya noisrae y BUSHa4YCHHI 0310BXKHIX ckuanosux E. (x,y) i H (x,y), a

perTa MomepeyHrX CKJIQJIOBUX BU3HAYAETHCS BXKE MPOCTUM JU(DEPEHITIFOBAaHHSIM.
Ile Bxxe ocobmuBocTi EH -XBHIIb.

KonTpoJbHi 3annuTanHs

1. JlaliTe  BW3HAYCHHS TMPOILECY HOPMAIBHOTO  MATIHHS  TUIOCKOT
€JIEKTPOMArHITHOI XBWJII Ha 1J€aJbHO TPOBIAHY TIOBEPXHIO, JIIEICKTPUK,
JTIeTeKTPUYHUN Iap TIeBHOI TOBIIMHU Ta MJICJICKTPUYHUMA IMBIPOCTIP Mif
JOBUTHHUM KyTOM

2. Hasenitp ¢dopmymun @Ppenens s NEPHNEHAUKYISIPHO 1 MapaneabHo
MOJISIPU30BAHOI €JIEKTPOMArHITHOT XBUJIb.

3. Illo npencraBnge coborwo kyT bprocrepa? [losicHITH sBUILE MOBHOTO
BHYTPIIITHHOTO BiTOMBAHHS.

4. JlaiiTe = BU3HAYCHHS  HEOAHOPIAHMX  IUIOCKMX 1  HAmpaBICHHUX
€JIEKTPOMArHiTHUX XBWJIb.

5. Illo BupaxkaroTh HaOMMKEH] TpaHUYHI yMOBHU JleoHTOBHMYA?

6. TlomaiiTe CTPYKTYypy €JCKTPUYHOTO 1 MarHITHOTO TIOJIB TIpW ITaJIiHHI
IJIOCKOi  eJeKTpoMarHiTHoi XBwm E- 1 H-tumiB 3  mapajensHO0 1
NEPIIEHINKYIISPHOIO MOJIAPU3ALIEI0 HA 1/1€aIbHO MIPOBIIHY TOBEPXHIO.

7. Jlaiite BU3HAa4YEHHS €JEKTPOMATHITHUX XBWIb [ -TUINy 1 mojAaiTe ix

CTPYKTYDY.

PexoMenngoBana Jireparypa

1. Baitamreiin JI.A. DnekTpomarautHbie BoiaHbl. — M.: Paano u cBa3e, 1988.
: 4402.& CuyxuH [1.B. O6muit kypc pusuku. T. 4. Ontuka. — M.: Hayka, 1985. —
2 C?;. Iaysp Ix. Ontuueckue cucrtemsl cBsizu. — M.: Paguo u cBsazp, 1989. —
i CA.L Kannreesckuit H.W. BonHoBas ontuka. — M.: Hayka, 1971. — 384 c.

119



5. Unrerpansnas onrtuka. [lox pen. T. Tamupa. — M.: Mup, 1978. — 344 c.

6. bopp M., Bombd 3. OcnoBer ontuku. Ilep. ¢ anrm. Ilom pen.
I'.Il. MotyneBuu. — M.: Hayka, 1970. — 856 c.

7. Kpasuos KO.JI., Opno B.M. T'eomerpuueckas ONTHKa HEOAHOPOJIHBIX
cpen. — M.: Hayka, 1980. — 304 c.

8. Cmaiinep A. Teopusi onTUYECKUX BOJIHOBOJIOB. — M.: Paauo u cBs3p, 1987.
—386 c.

9. Kauenenenbaym b.3. BreicokouacToTHass d3iekTpoauHamMuka. (OCHOBBI
MaremaTudeckoro anmnapara. — M.: Hayka, 1966. — 240 c.

120



Po3nin 6. KosmmBanbHi cucremun HBY. BiopaTopu
6.1. O0’emHi pe3oHaTopu

VY panioTexHIYHUX MPUCTPOSIX, K1 MPALIOIOTh HA TOMIPHO BUCOKHX YacTOTax
(10 JEeKiTbKOX COTEeHb Merarepil), 3/e0LIbIIOr0 BUKOPUCTOBYIOTH KOJIMBAJIbHI
KOHTYPH, YTBOPEHI  30CEpe/PKCHMMH  KOHJEHCATOpaMH 1  KOTYIIKaMH
THJYKTUBHOCTI. 3arajibHOI0 PHUCOI0 TOJIIOHKUX KOHTYPIB € Te, 10 iX T€OMETpPUYHI
po3MipH € 3HAYHO MEHIIMMHU po0O0dY0i MOBXKMHU XBWii. Enexkrponnnamivni
CUCTEMH, ISl SKUX BUKOHYEThCS IS yMOBa, B pajioQi3ulli HA3UBAIOTh
KBa3iCTaIliOHAPHUMH KOJaMH.

Ha mpaktumi Oyiio momiueHo, mo JOOpPOTHICTh KOJMBAJIBHUX CHCTEM 3
PE30HAHCHUMH YacTOTaMH B COTHI Merarepll CUJIbHO 3MEHIIY€EThCS y TIOPIBHSHHI 3
TOOPOTHICTIO HM3BKOYACTOTHHUX KUl [lpuymHAa 1HOTO SBHINA TIOJSTAE B
HacTynHoOMy. fIK BiZIoMO, IJIsl MIJBUILIEHHS PE30HAHCHOI 4YacTOTH JIOBOAUTHCSA
3MEHIIYBAaTH I1HJIYKTHBHICTh T4 €MHICTh CJIEMEHTIB KOJMBAJHLHOTO KOHTYpY. Y
TpaHuUIll JUIIE /1Bl IUIACTUHU YTBOPIOIOTh KOH/IEHCATOP, a 1HIYKTUBHICTh CTBOPIOE
KOTYLIKA B OJIMH BUTOK, SIKI pa30M YTBOPIOIOTh KOJNHMBaJIbHY cuctemy. [Ipu npomy
CYTTEBO 3MEHILYETHCSA SHEPris, sika Moxke OyTh 3amaceHa B KOHTypi. Kpim mporo,
3pOCTae BIJHOCHA YacTKa aKTUBHUX BTpaT, SIKI IMOB’sI3aHI 13 POCTOM OMIYHOTO
OMopy TMPOBIJIHUKIB Ha BHUCOKMX YacTOTax dyepe3 cKiH-edekT. JlogaTkoBuUM
(hakTOpOM, SIKHMI IMIPUBOJIUTD 10 3MEHILICHHS JOOPOTHOCTI KOJIMBAJILHOI CHCTEMHU, €
TaKO>X BUIPOMIHIOBAHHS €JIEKTPOMArHITHOI €HEeprii BIAKPUTHMHU ITPOBITHUKAMHU.

Mipoto, ska J03BOJIsi€ 3HU3UTH BTpAaTH Ta MIABUIIUTH JTOOPOTHICTH
KOJIUBAJIbHOI CHCTEMHU 1 CMYI'M HPOIYCKAaHHS, MOXe OyTH Te, 110 1HAYKTUBHUU
BUTOK 3aMIHSIOTh CYLUJFHOIO METAJIEBOI0 TMOBEpXHEW. EnexTpomaruitHi
KOJIMBAHHS CHCTEMH, SIK1 TIPEJICTABIIAIOTH COOOK0 TTOBHICTIO 200 YaCTKOBO 3aMKHYT1
00’eMH 13 IPOBITHUMH CTIHKaMH, Ha3MBAIOTh 00’€MHUMH pe3oHaTopamu. Jo HuUX,
HaIpUKIIaJ, HaJSKUTh TOPOINAJbHUM pe30HATOpP, SIKUN BUKOPUCTOBYIOTH B pOJII
KOJIMBAJILHOI CHUCTEMH B €JEKTpOoBakyyMHHMX mpwiagax HBY tumy BinOuBHUX
KJIICTPOHIB.

[IpuHLMIIOBO 1HIINMM, O1IbIT €()EKTUBHUM € CTBOPEHHS KOJIMBAIBHUX CHCTEM
HBUY Ha 6a3i pe30HaHCHHUX BiJPI3KiB PO3MOAUICHUX CHUCTEM Mepeaadi 3 MajJuMH
BTpaTaMHu.

Po3riisiHeMo HamiBHECKIHUEHHY JBOIPOBIIHY JIHIIO Mepenadyi, ika Ha KiHIl €
KOPOTKO 3aMKHYTOIO (puc.6.1), B AKii TUM UM IHIIUM YUHOM 30YyKEHI
TapMOHIYHI KOJIMBAaHHA. SIK HaM BiZIOMO 3 TIONIEPETHBOTO MaTepiay, y Takii JiHil

BCTAHOBJIIOETBCSA CTOsSYa XBWJIS, IO MpeACTaBisie cobol cyMy majarodoi Ta
BiOuTOI XBMIIb. KOMITIIEeKCHA aMIuTiTya cTosigoi XBwini U TTOBUHHA 33/10BOJIBHATH

+U

Sxmo A, — NOBXMHA XBMJ B JIIHII, TO KOMIUIEKCHA aMIUIITY/Ja HAIpyru

KpaloBiii yMOBI y TOYIll KOPOTKOTro 3amMukanus: U =U =0 nopu z=0.

nao 610

3aJIeKUTH BiJl TO3/JOBXKHBOT KOOPAUHATH:
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27wz

Uz =U_ sin

ma

(6.1)

0

3Bijick BUAHO, IO TpaHWYHA (KpalloBa) yMOBa BHUKOHYETHCS B 0OaraThox
TOYKaX OCl z, [K1 3a10BOJILHSIIOTh YMOBI z = p A, / 2,0e p=1,2,3... — mine 9ucio.

TakuM 4YHUHOM, SKIIO B3STH
! ! ! ! ! 3aMKHYTUH 3 000X CTOpIH BIAPI30K
| | | | | niii goBxuHOW [ = p A, /2, TO OTpH-
I I I I I
| | | | |

Ma€EMO EJEKTPOMArHiTHy CHCTEMY,
Y KOJIMBaHHA B SKI TpH BIJCYTHOCTI
BTPaT MOXXYTh iCHYBaTH HEOOMEKECHO
I | I I I JOBro 0e3 SKOro-HeOyab BIUIMBY i3
z I I I I I j ~ CTOPOHH 30BHIlIHIX JpKepen. Y Kypci
I I I I I Teopli KUI TakKoX IIOKa3aHo, IO
« /'W/_\I 94aCTOTHA XapaKTEPUCTUKA TAKOI CHC-
TEMH TOOJIU3y PE30HAHCHOI YacTOTH
Puc. 6.1. Po3nonin Hanpyru 1 CTpyMy B B TOUYHOCTI BIJIIOB1/Ia€ XapaKTEPUCTHU-
KOPOTKO3aMKHEHIHN JiHiI mepeaadi i 3BUYAHOTO KOJIMBAJIHHOTO KOHTY-
py 13 30CEepeKCHUMH IapamMeTpaMu

(puc. 6.2).
I3 Bupazy (6.1) BuruMBae, moO 3aMKHEHHM 3 000X CTOPIH BiAPI3OK JiHIL
nepenadvi, Ha BIAMIHY BiJ 3BHYAHOTO KOJHMBAJIBHOTO KOHTYDPY, MAa€ HECKIHUEHY

MHOXXHHY PE30HAHCHHX JIOBXKHH XBHJIb:

P
p

0 pes

NN M

07
2] o——

1

a) 0
Puc. 6.2. KonuBankHa cucTeMa, 1110 CTBOpPEHA Ha BIAPI3KY JiHIT epenadi (a) Ta ii
eKBIBaJICHTHa cxema (0)

@Di3U4HO 11e 03HAYae, M0 B3JOBXK TAKOTO BiJpi3Ka JIHII MOXYTh BKJIAJaTHCS
ONTHA, JBi, TPU 1 T.J. CTOSYl MIBXBHUJi. TOMY, KOPUCTYIOUHNCh TaKUM TPHHIIAIIOM,
MO’KHA CTBOPIOBAaTH 00 €MHI PE30HATOPH y BUIIIAI BIAPI3KIB MPSIMOKYTHOTO UM
KPYTJIOTO METaJeBOTO XBUJIEBOAY 3 KOPOTKO3aMKHEHHMH CTIHKaMH 3 000X CTOPIH.
SBuIIa B TakuUX PE30HATOpPAX € CKIATHINIMMH, HK B KOPOTKO3aMKHEHIN JIOBTIH
JiHII, OCKUIbKM CTOS4Yl XBHJII MOXYTh BCTAHOBJIIOBATHCS II0 BCIM TPbOM
KOOPAMHATHUM OCSIM.
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6.1.1. IIpsimokyTHHI1 00’€MHUI1 pe3oHaTOP.

VY npomMy miapo3aini Oyae po3risSHYyTHA METO, SIKUH JO3BOJISIE PO3PaxyBaTh
PE30HAHCHY JIOBKUHY XBUJI 1 CTPYKTYpPY €JIEKTPOMArHiTHOTO Mojsi B 00’ €MHOMY
PE30HATOP1 HAa OCHOBI BiJpi3Ka MPSIMOKYTHOTO XBUJICBO/LY.

JIJIs IbOTO PO3TIITHEMO BIPi30K MPSIMOKYTHOTO XBHJIEBOAY II€pepi3oM a X b,
KU 0OMEXEHUN ABOMa METAJCBHUMHU TOPIEBUMH MOBEPXHSIMU, SKI PO3MIIICHI B
nepepizax z=0 1 z=[ (puc.6.3). Taka 3aMKHEHa METaJICBO TOPOKHHUHA 1
NpECTaBIsi€ COO0K0 MPSMOKYTHHUW 00 €MHUIH pPE30HATOp, B SKOMY MPOBEICHO
JOCTIKEHHS! HA BAHUKHEHHS KOJIMBAHb 1 CTPYKTYPH €JIEKTPOMArHiTHOTO ITOJIS.

Hexail mo HEOOMEXEHO MPOTKHOMY
/ OPSAMOKYTHOMY XBHJICBOII IOIIMPIOETHCS
z

OCHOBHA XBuIs TUny H ,, Ky YMOBHO

Ay Ha3BEMO Naaaryoro. g XxBuis pyxaerscs B

CTOpOHY 30OUIBIICHHS KOOPJAWHATH z 1

7 XapaKTePU3yEThCsI €JTMHOIO y -010

b CKJIaJIOBOIO BEKTOpa HAIPYXEHOCTI

< CJIICKTPUYHOTO TIOJS 3  KOMIUICKCHOIO
X

Jjhz

ammitysoro  E =E_ sin 7rx/a e

a

Puc. 6.3. 06’ eMuwuii pe3oHaTop Ha HasBHiCcTh TOpOCBUX INIOINHWH IIPUBOAUTDH

OCHOBi Bimpi3ka mNpPSAMOKyTHOro /O BHHHKHCHHS BiTOMTOI XBHII, JUIA SIKO

—jhz

METaJIEBOr0 XBUJIEBOY E =AE sin rxla e’", ne A=const.

y 6i0

Axio BpaxyBaT, WO MpU Z= OcymapHe elleKTpUYHE MO0JIe 3 MPOEKIIE

E =E +Ey

171ealbHOMY TIPOBIAHUKY, TO A =const =—1. 3BiJICH, BUKOPUCTOBYIOUU (POPMYITY

Eitiepa ayi1 cymMu JBOX €KCIIOHEHIJIbHUX (YHKIIN 3 YSABHUMHU [OKa3HUKaMH,
MaTHUMEMO:

i ., TIOBHHHO IIEPETBOPUTUCA B HyJIb 13-3a KpPalOBUX YMOB Ha

max

: : |27z .
E =-2jE sin| — [sinhz. (6.2)
B
Ay
3rifHO JaHOTO BHUpA3y, EJIEKTPOMArHITHUN Tporiec Oyae NpeAacTaBIsTH
JIBOMIpHY CTOAYY XBMJIIO, fIKa ICHY€ fK IO OCI X, TaKk 1 MO OCl Zz; B3/0BX
KOOPAWHATHA ) HAMPYKEHICTh EJICKTPUYHOTO TOJS € MOCTiiHOW0. I3 KpaiioBoi

YMOBHU Ha TOpLEBIii moBepxHi z =/, kot E =0, orpumaemo hl=prx, ne p —

LJIE TOJATHE YHUCIIO.
3HaYeHHs TO310BKHHBOIO0 XBHUJILOBOI'O YHMCJIA BU3HAYUMO K h,m =pr/l. Bin

HBOTO MOXKHA HEPEUTH 10 PE30HAHCHOrO 3HAYEHHS NOBXUHU XBHJII Yy XBHJIEBOII:
A =27[h, =21/p. BukopucTOBylouM mHCTIEpCiiiHe CIiBBiXHOIIEHHSA JUIA

X pe3

XBWIL TUITY H |, y IPSIMOKYTHOMY XBUJIEBOJ1, OTPUMAEMO:

1 1 1

A 12 4a’

174



3BiJiCH PE30HAHCHE 3HAYCHHS IOBXWHU XBHIII TeHepaTopa Oyzie piBHUM:
2

BEG

Ha ocHOBI1 BUKIIaJICHOTO MOKHA 3pOOMTH HACTYITHI BUCHOBKH:

e Jlns mnpsSAMOKYTHOI TOPOXXKHWUHU 3 I1JCAIBHO TPOBIIHUMH CTIHKaMH
pPO3B’S130K piBHAHHA ['enbmronbia y BULAL (6.2) icHye He mpu OyIb-SIKOMY
3HaY€HH1 JOBXHHHM XBWI 30y/DKYIOWOrO TeHepaTopa, a JHIIe TNpPU TaKuX
TOBKMHAX XBUJIb, SIKi 32/I0BOJIBHSIOTH YMOBI (6.3).

e KoXHOMYy JOMyCTHMOMY 3HA4Y€HHIO IIJIOYHCENBHOTO 1HAEKCY p

Opes

BIJITIOBIJIa€ CBOS PE30HAHCHA JOBXMHA XBWJII 1 CBOS XapakTepHa CTPYKTypa
MPOCTOPOBOTO PO3MOJILUTY BEKTOPIB E€IEKTPOMATHITHOTO TOJIS, IO MPEACTABIISIE
c0o0010 BU3HAYCHUI THUII KOJWBaHb Y MPSIMOKYTHOMY 00’€MHOMY PE30HATOPIB, SKI
HA3MBaIOTh MOJIAMHU.

e Tunm xKonMMBaHL y NPSIMOKYTHOMY 00 €MHOMY pPE30HATOpI MOXHA

knacudikysaru sk, Hanpukian, H,, . Taka cuMBoiika Mokasye, IO I0JE B

00’€MHOMY pe€30HAaTOpl MOPOJKYEThCS XBWIEKH Tuly /H,,, a B3JOBX OCl Z

BKJIAJA€TLCA p CTOAYUX IIBXBHJIb.

3pydHilIe BCHOTO TMPOCIIAKYBATH CTPYKTYpY TIOJNSL Y TPSIMOKYTHOMY
pe3oHaTopl Ha npukiazal npocroi mogu H . Sk 0auuMo, TyT IPOCTOPOBUIA

PO3MOIT HAMTPYKEHOCTI €IEKTPUYHOTO TIOJISt ONUCYETHCS (HOPMYIIOI0

E,-E, sin(ﬂj sin[%], (6.4)

a
ne E, — aMIUITyIHUI MHOXXHUK.

MarHiTHe mToJie B pe30HaTOpi 3HAaXoJIuMO Oe3mocepeHbO Ha OCHOBI 2-0TO

piBHAHHA MakcBemna: rot E=—jop, H , 3 sixoro micis MmiJicTaHOBKU OTPUMYEMO
HACTYIH1 (OopMyJIH JJIsl IpoeKLil BekTopa H :
. JE T . (7rx Tz . . JE, 7 Tx) . 7z
H =-——sin| — |cos| — |, H =0, H =>—— cos| — |sin| — |.
o ! a [ O U, a a

TyT HE0OX1HO 3BEPHYTH YBary Ha HACTYyIHE: KOMIUIEKCHI aMIUTITyAH 000X
MPOEKIid MarHiTHOTO BEKTOpa MICTSATh YSBHI OJWHUIlN, TOAI SK KOMIUIEKCHA
aMIUTITy/Ia BEKTOpa HANpPY>KEHOCTI EJEKTPUYHOTO IMOJIA € YUCTO AilicHo. lle
TOBOPUTH TIPO T€, IO MK MUTTEBUMH 3HAYCHHSIMHU HANPYKEHOCTEH EIEKTPHYHOTO
i MarHiTHOroO mMoONsA B pe30HATOpi icHye 3cyB (a3 3a wacom Ha KyT 7/2. Tomy B

00’eMHOMY pe3oHaTOpl, SK 1 B I1HINIM KOJUBaJbHIA CHCTEMi, HPOXOIUTH
HEeTIepepBHUI OOMIH €HEPTi€0 MK eJICKTPUIHHUM 1 MarHiTHUM mojsmMu. J[Ba pasu
3a MepioJl BIACHUX KOJHMBAHb BCS €HEPrisl EJIEKTPUYHOTO TOJIA TEPEXOAHWTH B
SHEPTiI0 MarHiTHOTO MOJIS 1 HaBMaKU. Y ce e UIIOCTPYETHCS KapTUHAMH PO3ITOALTY
CWJIOBHUX JIIHIA €IEKTPOMArHiTHOTO MoJisg B 00’€MHOMY IPSIMOKYTHOMY PE30HATOPI
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3 TUNIOM KonuBaHb /,,, (puc. 6.4). EHepris, 3amaceHa B TaKOMY pPE€30HATODI, €

PEAKTUBHOIO.
zZ z zZ
O O O reT T T T r””ZZ”ZZ”Z°
 H ® ‘ e =2 =~
. E | | i, ==
© ® © L ® ® ! o H O
o | : HH:::‘JJH
o 0 o 9 )
x t=0 X t=T/8 x t=Tl4
z AZ zZ
H 0 0 o HL
‘ OE ‘ O E ‘ ©E
0 O °© ©® o ® @
\ ; fe) | |
\ O \
C_ ) o O O L,,?,,,J
x t=3T/8 X t=T12 X t=5T/8

Puc. 6.4. CtpykTypa e1eKTpOMardiTHOrO MO JJisg XBWiIl Tuny H .y MOCIiI0BHI

101

MOMCHTH YacCy 4Cpce3 nepio;l KOJINBAaHb

Po3risHeMo BCIO CYKYMHICTh BJIACHMX KOJIMBAaHb PI3HUX THIIIB B 3aMKHCHIH
MOPOKHUHI MPSAMOKYTHOI (hOpMH 3 iJ€aNbHO MPOBIAHUMH CTIHKaMu. {1 1oro
MOBEpPHEMOCS 10 puc. 6.3 1 BBaXXaTUMEMO, IO BICh z € BICCIO CTOSYOI XBUJI, a B
nonepeyHid miomuHi X0y BCTAHOBJIIOETHCS PO3IMOAUT TOJS, SKHH BIJMOBITAE

XBWII TUIy £E = TpAMOKYTHOrO XBWIEBOLy. Sk BxXe TroBOpPWIOCS BHUILE,

PE30HAaHCHC 3HAUCHHA TOBXWHH XBMIT1 y XBI/IJ'IeBOI[i 3AJICKUTD Bi,[[ mapamMeTpa p —

YMCIIa CTOSYMX THBXBHIb B3IOBXK TO3MOBXHBOI oci z: A, =2I/p. 3 inmoi
croponu BemmuuHa A . 1 A, TOB’sA3aHI MDK CO0OK auCHEPCIAHUM
CITIBBIIHOLIEHHIM

11 N 1

2O S

. 2 2
Ockinbku xBuis £, Mae KpUTHYHY JHOBXKHHY A :2/ \/ mja ~+ n/b ", To,

BPaxOBYIOUU II€, OTpUMAEMO (OPMYITY IS PO3PAXYHKY PE30HAHCHOI JIOBXKUHU
XBWII TUNTY E 'y NPSIMOKYTHOMY 00’ €MHOMY PE30HATOPI:

BERED)
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c c 2 2 2
G0
. 2\la) b !

Taxum ynHOM, Kacu(ikallis THIIIB KOJMBAaHb y MPSIMOKYTHOMY pE30HATOPI
BKJIIOYA€E B ceOe Taki eTalu:

— OJHa 13 OcCed TPHUMMAETHCA 3a TMO3JOBXKHIO BICh PETYJSIPHOTO
NPSIMOKYTHOT'O XBHJICBO/IY, SIK IPABHJIO TI€ BICh Z;

— BCTAHOBJIIOETHCS, SKUM TUI KOJMUBaHb XBWI ( H ~4u E ) 301HCHIOETHCS

mn mn

B TAKOMY XBHJICBO/;

— BHU3HAYAETHCA 3HAUEHHS I1HACKCY p — YHUCHA CTOSYMX IMIBXBUJb, SIKI
BKJIQJIAlOTHCS MK TOPIICBUMU CTIHKAMH;

— BHM3HAYA€TbCS MOXIIUBICTH ICHYBaHHS MOJ, Hampukian, £, = Moxe

icHyBatu, a [, , HE ICHye€, OCKILIbKM HEOOXIJHOI YMOBOIO ICHYBaHHs €

BUKOHAHHS KPailOBUX YMOB Ha TOPISAX XBUJIEBOY.

Ha mpaxtuin 3a3Buuaii craparoTbesi, 100 Ha 3aJaHiii pe30HAHCHINW YacTOTI
TEOMETPUYHI PO3MIpU KOJIMBAJIbHOI CHCTEMH Oyiau MiHiMaIbHUMH. I[{poro
BIAETHCS JOCATTH, 30yIMBIIN B PE30HATOPIB KOJWBAHHS OCHOBHOTO THUIY, SIKUU
I HAa3UBAIOTh HWXYUM TUMOM. Tak MpUMHATO HA3WBATH MOAY 3 HaAMOLIBIIONO
JOBXXHWHOIO XBHIII MpH (PIKCOBAHUX PO3MIpax pe30HAHCHOI MOPOKHUHHU.

[anekcu m, n 1 p A OCHOBHOTO THITY KOJIMBaHb MOBHHHI ITIOMPATUCS TaK,
o0 3MEHIIUTH 3HAMEHHUK y ¢opmyii (6.5). 3po3yMisio, MO OAWH 3 1HIEKCIB
NOBHHEH OyTH PIBHUM HYJIIO, a JIBa 1HII — ofuHMI. HynpoBUl 1HIEKC BIAMOBITAE
Til 1eKapTOBIiH OC1, B3JJOBXK SIKOi OPIEHTOBAHO peOpO 3 HAMMEHIIIOI0 TOBXKHHOIO.

TyT Takox ciia MIKPECIUTH, 0 B 00’ €MHUX PE30HATOPAX MOXKYTb ICHYBaTH
BUPO/DKCHI MOJIU, B IKUX PE30HAHCHI TOBKHHH XBHJIb CITIBIA/Ial0Th, HE3BAKAKOUU
Ha Te, 10 CTPYKTYPH TOJIA € pi3HUMHA. [IpuKkiagoM MOXKyTh OyTH KOJTMBAHHS THIIIB
E. 1 H,,, Bpe3oHaTOpl KyOI4HOI popMHU.

Crporuii miaxig 10 mpoOJieMH BIACHUX KOJUBAHb €JIEKTPOMArHiTHOTO TOJIS Y
3aMKHEHIH MOpPOXXKHHHI NPSIMOKYTHOI (OPMHU 3 1[I€aIbHO MPOBIIHUMHU CTIHKaMH

0a3yeThcsl HaA TMOIIYKY KOMIUIGKCHOTO 3HaueHHS OQyHKIii £ x,y,z , gka 0

3aJ0BOJIBHSNIA OIHOPIMHOMY piBHAHHIO IembMmrombia V2E + B E=0 vy Bcix
TOYKaxX pe3oHaropa. Ile BeKTopHE PIBHSHHSA € CKOPOUYEHUM 3alMCOM CKAISPHUX
PIBHSIHB BIJHOCHO JIEKAPTOBUX IIPOCKIIIH Ea (a=x,y,z).
OE, . O’E, . OE, .\
o’ oy oz’
[IpoBeneHi paniie J0CTIIHKEHHS XBUICBOAY MPUBOAATH Ha JYMKY, IO Cepell

BCIX MOJKJIMBHX PO3B’S3KIB pIBHAHB (6.60) MOBHHHI OyTH OCOOJMBO BHUJIUICHI
GyHKIIT BUAY TPHOXMIPHUX CTOSIMUX XBUITh

. sin sin sin
T m_ﬂxj nz yj p_ﬂzj
cos\ «a cos\ b cos\ [

13 BCIMa MOKJIMBUMHU KOMOIHAIISIMU TPhOX TAPMOHIYHUX CIIIBMHO>KHHKIB.

BE =0. (6.6)
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PiBasinas ['enpmrombimia  amsi  pe3oHaTopa Mae€  pPO3B’SI30K  BXKE TMPHU
KOHKPETHOMY 3HaueHHi KoediuienTa hasu [, :
2r 2 mr\ (nzY pr ’
{E-E @
/%pw a b /

Bpaxyemo Temep, 1m0 Ha iAeaqbHO MPOBITHUX CTIHKaX PEe30HATOpa JTOTHYHI
CKJIaJIOB1 €JIEKTPUYHOI0 BEKTOpa MOBHMHHI OyTH piBHMMH Hymo. lle o3Hauae, 1o
KpaiioBi yMOBH OyTyTh TaKi:

E =0 mpu y=0,y=b,z=0,z=[;
EV =0 nopu x=0,x=a,z=0, z=1;

E =0 npu x=0,x=a,y=0,y=>b.
Tomi  ckmazoBi  KOMIIOHEHTIB — HAMPYXXEHOCTI  €IEKTPHYHOTO  TIOJIS
BU3HAYAIOTHCS SK:

E_ = Acos ijsin Myj sin| 22 ; ;
“ a b [

E = Bsin Mxjcos ﬂyjsin £z, ;
’ a b [

E_=Csin Mxjsin ﬂy)cos Pz |,
’ a b [

ne m, n, p — UUI JOJATHI YMCIA, K1 HE HOPIBHIOIOTH HYJIEBl OJIHOYACHO, a 4,
B, C — nocriiiHi.

Janpie ciij BpaxyBaTH, IO MPOEKIli EJICKTPUYHOTO BEKTOpa IMOBUHHI
3aJIOBOJILHATH HE TUIBKHU PIBHSAHHIO [ 'ebMrosbIia, ajie i BIAMOBIZATH BEKTOPHOMY
noJtro 0e3 JKepes, TOOTO BIACTUBOCTI COJIEHOIaabHOCTI, Kol divE =0
oF N OF, N OE.
ox oy Oz

Ile o3nauae, mo Mix koedimieHTamu A, B, C TNOBUHHA ICHYBaTH JIiHIHHA
3aJIe)KHICTD:

divE = 0.

A2+ Brcf 0.
a b [

SKmo po3risagaTd KOJWMBaHHS TUIy E st skoro H_ =0, 10 Yy

mnp?

BIJITOBITHOCTI 13 2-UM piBHSHHSM MakcBeiia MaTUMEMO, 1110

aE% 6Ex — 0
ox Oy e
3B1JICH OTPUMYEMO III€ OJIHE PIBHSHHS 3B’ SI3KY
BZ_4%=o.
a b

Po3B’s3ytoun cucremy anreOpaiyHuX pIBHSAHb BIJTHOCHO HeBigomMux A 1 B,
OTPUMAEMO
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pm _ pn

e TR

To1 KOMIJIEKCHI aMIUTITYIM TPOEKI[IH BEKTOpa HAIIPYKEHOCTI eJIEKTPUYHOTO
MOJIS IS KOJIMBaHb THIY £,y HPIMOKYTHOMY PE30HATOPIB HAOYAYTh BUIIISLY

E =-C pzm . cos[m”xj sin(ﬂ yj sin(ﬁz),
al[ mja ~+ n/b ] a b [
: pn . (mx nmw . (pm
E =-C > sin X |cos| — yj s1n(—zj, 6.8
' bl[m/a +n/b2] [a j (b ! (9

E = Csin(ﬂxj sin(% yj cos(%zj, C =const.
a

KommuiekcHl aMIUTITY i JeKapTOBUX TMPOEKINH MarHiTHOTO BEKTOpa OyIyTh
BiJITTOBITHO PiBHI

. o &
H. S Yoraat b sin(’mrxjcos(ﬂ yjcos(ﬂzj,
b & a b [

. A &
H_ =— ]Cﬂ pes €0 COS(mﬂ- xj Sin(ﬂ yj COS(ﬂZj, (68&)
¥ a7 p 7 l

H =0.

[Ipoekirii BEKTOPIB €IEKTPOMATrHITHOTO MO I PE30HATOPHUX MO THITY
H,,  3HAXOIATH QHAIOTIYHUM YUHOM.

6.1.2. Kpyruuii 00’eMmHuii pe3oHaTOp.

Po3risiHeMo nmimiHApUYHUN 00’ €M, YTBOPEHUN BIAPI3KOM KPYTJIOi METaleBO1
TpyOu pagiycoM a 3 JIOBXKUHOIO [, SIKM OOMEKEHUU MPOBITHUMHU TOPIEBUMU
cTiHkamu 3 000X ctopid. Taka cuctema mpeacTaBisie OO0 KPYriimid 00’ €MHUN
pe3onatop (puc. 6.5). AHaJIOTIYHO, SK 1 JUIsi TPSIMOKYTHOTO PE30HATOpA,
NOCTaBUMO 33j7]ady 3HAWTH TIOBHY CYKYITHICTh PE30HAHCHUX YaCTOT JaHOL
KOJIMBAJIbHOT CUCTEMH.

SIk HaM BiZIOMO, BCEpEOWHI PEryJSIPHOIO KPYIJIOTO XBWJIEBOJY MOXYTb
nomwuproBaTiucs xBwi taunmy E 1 H . JlopxuHa XBWIl y pe3oHaropi A,

2a NOB’s3aHa 13 JIOBKHHOKO XBWII Yy
BUIBHOMY IPOCTOp1 A, 3 JOIOMOTIOKO

|

| / JIUCTIEPCIHHOTO PiBHAHHS:
| / 111
|
|
L

___+_’
Ao AL A,

\ SKE CIPaBEIMBE JIISi XBHJIb OY/ib-
aKoro Tuily. TakoX HaMm BigomMo 3
Puc. 6.5. Kpyrauii 06’eMHuii pe3oHaTop TIOIIEPEIHLOIO Martepiany, 110

Ny
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KPUTHYHI JIOBXMHHM XBWJIb TIOB’SI3aH1 13 PajlyCOM XBHJIEBOJIY Ta 3 KOPECHIMH
piBHsiHHSA beccens abo iX MOXiTHUMU TaKUMH CITiBBITHOIICHHIMHU:

_2rma J) _2rma
®E,, > wH,, :

" VIH}’I " ﬂ}’ﬂ)‘l
Ha xokHi¥ pe30HaHCHIN Y4acTOTI B3JJOBXK OC1 KOJUBAJIBLHOI CHCTEMH TTOBUHHO
BKJIQJIATHCS 111 YMCIIO CTOSYMX IMiBXBHJIb, TOOTO MIOBUHHA BUKOHYBATHUCS YMOBa
A =2l/p, ne p=1273.. — nine nomarwe umcno. Toxmi i3 aucmepciiHOro

PIBHSIHHSL OTPUMY€EMO HACTYMHI POPMYIH JUUIsl pO3paxyHKy PE30HAHCHUX JIOBXKHH B
KPYIJIOMY PE30HATOPI:
— KONMBaHHA £~ TUy

mn p

/10;289 = B ) ;
an + ﬁ (6'9)
2ra 21
— KonuBauHs H,  TUIy
_ 1 B 2
Opes P P - ) 5 :
/’lmn + £ /’lmn _I_(E) (6'9'a)
2ra 21 Ta /

BinmoBias Ha MOKIMBICTH ICHYBaHHS MOJI 3 HYJIbOBUM 3HAYCHHSIM 1HIEKCY p

BUILJIMBAE 3 KPalOBUX YMOB, aHAJOTIYHO, SIK 1 JUIsl MPSIMOKYTHOTO pE30HATOpa:

TUIIU KOJIWBaHb £ =~ MOXnuBl, a H, —HI

0
I3 popmyn (6.9) 1 (6.9.a) BugHO, 1110 pE30HAHCHA JOBXKHMHA XBHJII TUM O1JIbIIIa,

YYM MEHIUUH KOpiHb Vv, uu g, ~Ta iHAEKC p. ToMy OCHOBHUM (HaWHMKYKUM)

THUIIOM KOJIUBaHb 200 MOJIOI0 B KPYIVIOMY 00’€MHOMY pPE30HATOPI MOXYTh OyTH
Takl TMnu konusaub: M, (u,=1844, p=1) abo E , (v, =2,405, p=0).

Pe3onaHcHi JOBXHWHH XBHJIb BKAa3aHHUX THIIIB KOJIMBaHb CTAIOTh OJITHAKOBUMMU IIpH

JOBXKUHI [, IKa € KOPEHEM PiBHIHHS
2 2 2

VOl ll’lll + i
2ra 27a 21

106TO TIpH / = 2,03 . OTXKe, B OLIBIN TOBIrUX PE30HATOPAX OCHOBHOIO MOJIOI0 Oy/1e

9

XBWISL H ,  -Tumy, a A OUIbII KOPOTKUX — E .

Jlnst Toro 1mo0 BU3HAYMTH MPOCTOPOBHM PO3MOJLT BEKTOPIB MOJIA BCEPEAUHI
KPYIJIOTO pe30HAaTOpa, HEOOXITHO po3B’SA3aTH KpaloBy 3amady (pIBHSHHS
[enbMronblia 3 kpaifopumu ymoBamu): V’E+ B E=0, E. =01 divE =0.

Sk 1 y BUNAAKy HOpsIMOKYTHOIO PE30HATOpA, JaHa KpaloBa 3ajada Mae
HEHYJIbOBI PO3B’S3KH TUIBKM TPU TaKUX 3HAUCHHAX [, SKI BUIUIMBAIOTH 13
dbopmyn (6.9)1(6.9.a), a came:

2 2 2
2 Vo p

’ = = + = | —ma E_
A A 271a 21

0 pez
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abo

2 5 s

2 272. Y mn Z)
=l | =5 |t ;| i,
B, [ﬂopw] (27mj (21} i p

OctatouHi ¢GopMynH, 3a SIKAMH PO3PAaXOBYIOTh MPOCTOPOBUH PO3MOALI
KOMIUIEKCHMX aMIUIITY]l IPOEKL1i BEKTOPIB MO, MalOTh HACTYTHUM BUIJISIL:

— KOJINBAHHS THUITY Emn )

E,Z_C mn pﬂ-']'![ mn )COSmwsu,l(pTﬂ.Zj
a

a
E -C = [ = ]smmqpsm —7[2]

pr
j COSM @ COS TZ)
1%

6.10)
. e -
H —mC D, & J [ mn ]slnm¢cos(p_ﬂ-zj
r a l
. vy
H _]a) C(C,‘ Y o J’;[ mn ]COSI’I’[@COS(EZJ’
a a ]
H_ =0.
— KoJMBaHHA Ty H |
. .a) r
£ =mCImt Jm('um" jsinmqo sin(ﬂz],
r a ;
. r
<E(p :ja)peacﬂo ﬂmﬂ J’;[ﬂmn jcosmq) Sln(ﬂ2)9
a a ]
E. =0,
(6.10.a)

a

i —— !PT | A cinmaoos
(4 ]/‘l m p

2
HZZC(/JWU:) Jm(ﬂmnrjcosmwsnf](p_ j
a a

a
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Ha puc. 6.6 300pakeH1 KapTHHU CHJIOBHUX JIIHIA BEKTOpIB Noisd B Moal E,,

sKa Ma€ BUTJIS MTyyKa 3 MAaKCUMyMOM 1HTEHCHBHOCTI Ha OCl z JJisl BeKTopa E, a
CWJIOBI JIiHIT BeKTOpa / MaroTh BUJ KOHIIEHTPUYHUX KLII.

ofe
R
o
Lloo
0o
00
ofe

Y YYY

oJ0,
ofo)
o)o)
®O
®E
T
0}0)

Puc. 6.6. CTpykTypa eneKTpOMarHiTHOTrO MOJIs A XBUIL E,, THILY

6.1.3. Cnnoco0u 30y/12KeHHA i BKJIIOYEHHA 00’ €MHHUX Pe30HATOPIB.

OO6’eMHUI PE30HATOP HA MPAKTHUIN 3aBXKIW MOBUHEH OyTH THUM YW I1HIIUM
criocoboM TIOB’s3aHMI 13 30BHIMHIMU TpucTposiMu. llpm 1mpomy o0cobiuBi
KOHCTPYKTHBHI €JIEMEHTHU 3B’ 3Ky 31HCHIOIOTH 30y/IKEHHS CaMOro pe3oHaTopa.
Cepen HaiOUIBII PO3MOBCIOIKEHUX CITOCO01B 30y IPKEHHS BUILIMMO TPH:

— 3a JIonoMororo mrups (puc. 6.7, a);

— 3a JIONOMOT o0 TeTdi (puc. 6.7, 0);

— 3a JOIMOMOTOI0 MIIIUHY (puc. 6.7, B).

3 /\ T v ¥ 73
> <
2 \_}/ Y9 4« A » w7Y

v

nose

\
I N
1
a) 0) B)

Puc. 6.7. Metonu 30ymkeHHS 00’€MHOTO pe30oHaTopa 3a JOMOMOTOK ITHPA (a),
netii (0) Ta uinman (B): 1 — pezonarop; 2 — mrup (mets); 3 — kadenb.

36y0oicennn 3a donomoeoio wmups. llpu maHoMy crocoOi 30yIKEHHS
BCEpEANHI pE30HATOpa Yepe3 OTBIp Yy CTIHII BBOJATH MIHIIITUPOBY aHTEHY,
JOBKHMHA SKOT CYTTEBO MEHINA pOO0YOT JOBKHHHU XBWIi. Takow aHTCHOI MOXE
OyTH BIIPI30K KOakcianbHOTO Kabenro. [l epekTruBHOTO 30yIKEHHS pe30HaTOpa
HEOOX1JJHO, 3HAIOUM CTPYKTYpPY EJIEKTPOMArHiTHOTO TOJsA 30YKYIOUoi MO,
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PO3MICTHTH IITHP Tak, 1100 BiH OyB mapajelbHUN CHUJIOBHM JIHISIM BEKTOpa
HANPY>KEHOCT1 eleKTpu4Horo mous. [limbuparoun Mmicie po3MiIleHHS MTHPS Ta

iioro opienTanito, Tpeba JOOGHTHCA MAaKCHMYMy CKalspHOTO N0OyTKy ; E, ne

cme

Jo,. — TYCTHHA CTOPOHHBOT'O €JIEKTPHUYHOIO CTPYyMy B IUTUPOBIN aHTeHi. Ilpu

IIbOMY TIOTIK IMOTYXXHOCTI BiJl 30BHIIIHBOTO JpKEpesia Oye MaKCHMaJIbHUM.

36y0orcenns 3a 0onomozoro nemi. AMIUTITY]a KOJIMBaHb, sIK1 30y/1KyIOThCS B
pe3oHaTopi, OyJe MaKCUMaJIbHOK B TOMY BHNAAKy, KOJIM IIOIIMHA TIETIi B
MaKCHMAaJbHIM CTENeHl MPOHHU3YEThCS MArHiTHUM MOTOKOM IIOJsI pEe30HaTopa.
30y/Kyrouy METJII0 HEOOX1IHO pO3MIIlyBaTW TaMm, Ji€é CHJIOB1 JiiHII BeKkTopa
HaMpy>KEHOCT1 MarHiTHOTO IMOJII MalOTh HAaHOUIbIIY T'YCTUHY.

36y0oicennsn 3a 0onomoeoro wyinuxu. SIKIIO B CTIHII pe3oHATOpa Mpopi3aTh
BY3bKY INUJTMHY, SKa Tpopi3ae JiHil MMOBEPXHEBOTO CTPyMy, TO Taka IIIJTMHA
BUIIPOMIHIOE €JIEKTPOMArHiTHe mojie. BoHa MoOXe CIy)KMUTH €JeMEHTOM 3B’SI3KY
MDK OO’€MHHMM PpE30HATOPOM 1 3O0BHINIHIMH MPUCTPOSMH, HaNPHUKIA,
xBujeBogamMu. Ha pwmc. 6.7, B 300pakeHa NIUIMHA, fKa IMpopi3aHa y CTIHIN IS
30yKEHHSA KOJMBaHb THITYy E | .

Kpim cmoco6iB  30ymxeHHS, HEOOXiZHO 1 NPAaBWIBHO BKJIIOYHTH Y
XBHJICBOJHUM TpakT 00’€eMHUI pe3oHarop. Buminumo aBa OCHOBHUX crocoOu
BKIFOUeHHS 13 30BHImHIME HBY-komamm (puc. 6.8). Ilpu mnepmomy, skwid
HA3MBAIOTh a/ICOPOLIIMHUM cr1OcOOOM, B OKOJII PE30HAHCHOI YacTOTH BiJ0YBa€ThCA
IHTEHCUBHHMM BiAOIp MOTYKHOCTI 3 Tiei JiHIi mepemadi, 10 SKOI I AKITFOYCHHMA
PE30HATOp SIK JBOMOJIOCHUK. SIK HACHIJIOK, Ha PE30HAHCHINA YacTOTI KOE(ILIEHT
nepenadi K, =P, /P, Mae Apko BUpaxeHHH MiHiMyM (puc. 6.8, a).

BUX

1 Kp‘

[
\
\
ﬂ ‘
L J \
P_—»
8X \

I \ 1 \ >
2 w pes w

Z 2

—

I pes
0)

Puc. 6.8. CtocoOu BBIMKHEHHSI 00’ €MHOTO PE30HATOPA B XBUJICTIONIOHUH TPAKT:
a) agcopOuiitanii; 6) npoxigauii (1 — pe3oHaTOp; 2 — OTBIp 3B’SI3KY).

P

6x

v
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Hpyruii crnoci® BKIIOYEHHS 00’€MHOTO PE30HATOPa HA3MBAIOTh MPOXIJTHUM
(puc. 6.8, 6). Tyt pe3oHatop Mae ABa €JIEMEHTH 3B’SI3KY 13 30BHIIIHIM KOJIOM 1
BUKOPUCTOBYETHCS BXE SIK UYOTHPUIIOMIOCHUK. Ha pe3oHaHCHIN 4acToTi
BUKOPHCTOBYBAaHOTO THUIYy KOJMBAaHb KOCQIIIEHT Tepenadi  IMOTYXHOCTI
NOPOXiTHOTO pe30HaTopa € MaKCHMaJIbHUM. Y PpagiOTeXHIYHUX MPUCTPOSX
pe30HaTOp, BKIIOYEHUIH 3a MPOXIAHOI CXEMOIO, BHUKOHYE pOJb CMYTOBOTO
9aCTOTHOTO (DiIBbTpAa.

6.1.4. JIo0OpoTHICTH 00’€MHUX Pe30HATOPIB.

YacToTHa ceseKIlisi CUTHAIIB — O/IHA 13 HAMBAXUIMBINIMX TEXHIYHUX (YHKIIIHA
00’eMHOTO pe3oHaTopa. SKiCTh YaCTOTHO-BHOIPKOBUX CHCTEM, SIKI 3 TOUYKH 30pYy
dbopMHu  aMIUTITYTHO-4acTOTHOT XapakTtepucTuku (AYX) B OKoml pe3oHaHCHOT
YaCTOTU € MOJIOHI O MPOCTOr0 KOJUBAJIHLHOTO KOHTYPY, SIKUH, SIK HaM BiJIOMO 3
OCHOB  paJIOCNIEKTPOHIKH, XapaKTePU3YEThCS OCOOJIMBHUM  TMapaMeTpoM —
JTOOPOTHICTIO:

Q: l//pea‘ ,
HO,707
ne 11 ,, — cMyra NpONyCKaHHs Ha PpiBHI O,707=1/ V2 Bix MakcuMmambHOro

sHaueHHs AUX, 1o croctepiraeTbesi Ha pe30HAHCHIN YacTOTI.

Busenemo 3aranbHy ¢opMyny ansi po3paxyHKy A0OpOTHOCTI 00’€MHOTO
pe3oHaTopa, SKHW Tpalioe Ha JeSKOMy 3aJaHOMy THIII KOJuBaHb. bynemo
BUXOJUTH 3 TOTO, IO B MOMEHT 4Yacy ¢ =0 30yKyrode JKepeao BUMUKAETHCS, a
aMIUTITYJla BJIACHUX KOJIMBaHb y pe30oHaTopl Oyae 3MEHIIyBaTHCS Yy dYaci 3a
%

€KCIIOHEHIIaTbHUM 3aKOHOM, Hampuknan, E t =E e’*cosw, t, ne Et -

OyIb-sKa 13 TPHOX JEKApTOBUX IMPOCKIIM BEKTOpa HAIPYKEHOCT1 €ICKTPUUHOTO
nond, E, — amMIlIiTy1a KOJUBaHb B I0YAaTKOBUI MOMEHT Yacy ¢ =0, 7 — nocriiiHa

4acy KOJIMBAJIbHOI CUCTEMHU.
Bukopucraemo criBBinHOmenHs Mk 7 i @, , a came 7=20/w . Hexaii

W  — mouyaTKOBUH 3amac eHeprii y pe3zoHatopi npu ¢=0. Uepe3 oauH mepion

3an

_ 2z oz
Ee ™ =Ee?,

OckiTbKHY 3armacena eHepris mponopiiiHa KBaapary aMILITyl BEKTOPIB MOJIs,
TO BHACIIJIOK BTpaT 3a OJMH TEpioJ BIIACHUX KOJHMBaHb Yy pPeE30HATOpi Oyne
3amaceHa eHepris

BJIACHUX KOJIMBAHb, TO6TO IIpH ¢ =27 /@

pez 2

/4

cnT

=W,,| 1—-exp 2z
Q

Jlany dopmyny MOXKHaA JEHIO0 CHPOCTUTH, OCKUIBKH PE30HATOpH, SIKI

BUKOpHUCTOBYIOTh B HBU-pamiorexHimi, € BucokogoOpoTHumu, mist sikux Q) 1 1
2z

MOXKHA 3aMiHUTH €KCIOHEHTy psaoM, To0to e ¢ =1-27/Q. Toai 3 mocuthb
BEJIMKOIO TOYHICTIO MOKHA BBaYKaTH, 1[0
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2 ﬂ' W3a/1

Vl/cn T = Q
Tenep enepriro BTpaT 3a OJUH MEPioJ] KOJIMBAHb 3pyYHO IOB’S3aTH 13 CEPETHBOIO
MNOTY>KHICTIO BTpaT

2 s PLLp 6m
nom T = TP *
i cep em
a._ .
pes
3BiJICK MO’KHA BU3HAYUTH JIOOPOTHICTH
Q a)pes Wmn

cep em
Eneprito, 3amaceHy B pe30HaATOpi, MOXKHA 3HAWTH, IIPO IHTETPYBABIIH 3a 00’ €MOM
KBaJIpaTH aMILTITYTHUX 3HaYEHb CIEKTPUIHOTO Y MAarHiTHOTO BEKTOPIB:

=Sipray =£o (mray .
14 2V

3an
[Ipore, 3 monepeHLOro po3ALly BiIOMO, IO MUTOMA NOTY>KHICTh BTpAT

_ %ReZm “”‘0 ]H

| cep em

3BIJKH

cep em

a),uo éﬂ

BU3HAYAETHCSI IHTETPYBAHHIM [0 3aMKHEHIN MMOBEpXHI S METaJIeBUX CTIHOK
pe3oHaTopa MUTOMOI MOTYXKHOCTI BTpar. TakuM YHHOM, AOOPOTHICTH 00’ €MHOTO
pe3oHartopa Oyzie BU3HAYaTHCS (OPMYIIOI0

J20,, mo [H*dV
0= —L . (6.11)
i,
N
Tenep BuBenemo Gopmyny asi po3paxyHKy JOOPOTHOCTI KOJWBaHb THITY

E, , B KpyriioMy 00’€MHOMY p€30HATOpI, IKMI Mae pajilyc a Ta OCbOBY JTOBXKUHY

[ . ByneMo BUXOAWTH 3 TOTO, IO B JAHOMY BHUIIQJIKy MATHITHUN BEKTOP Ma€ TiJIbKU
a3UMYTaJIbHY CKJIQJIOBY 13 KOMIUIEKCHOIO aMILIITY 100, 110 BU3HAYAETHCS PIBHICTIO

(6.10) mpu m=0, p=0:
. V, ¥
H, r =H0J1(°—lj,
a

ne H, — [MOCTIMHUI MHOKHHUK.
Tomi

a

jH dV = 27lesz2( jrdr rla®H}J! v,

CJ v, +2ra’HJ! v,

=2ra l+a HJ;

1

i,

[TincraBuBIM 111 3HaYeHHS Y PopMyITy IuIsi T0OpOTHOCTI O , OTPUMAEMO:

185



0 @, o0 la
E,

010: \/El"‘a :

SIkmo npuiHITH, WO 1 Moau E, , Kpyrioro pesonaropa A, =2, 6/a, a

0

P

o, =2xc/i,,, =2,405c/a,Toni O, = 21,3\/;% (Bci po3mipu B [ ]).

be3 BuBenenHs momamo ¢GopMylny Ui BU3HAYEHHS ~JAOOPOTHOCTI
IPSAIMOKYTHOI'O pe3oHaTopa st Mo H,, abo E, :

1)
_+_
o a I

QEIIO =% :
a\b a) I’\b 1

Haiikpame cmiBBiZHOIIEHHST MIX 00’€éMOM 1 TIOBEpXHEIO, a 3HAYUTH 1
HAHOUTBITY JOOPOTHICTh MOYKHA OTPUMATH B CepuIHOMY 00’€MHOMY pE30HATOPI.
Taka koivBampHA cHCTEMa MpeACTaBisie co00I0 MeTalleBy cdepy, paalyc SKOi
OJIM3BKUI 110 PE30HAHCHOI JOBKMHU XBWI. AJle Taki PE30HATOPH BAXKKO
NIepeHaJIaTOBYBATH.

[{ikaBUM TakoX BHUIVIIIA€ KOAKCIAIbHUA OO0 ’€MHUH pe30HATop, 0
OPEACTaBIsI€E COOOK0 3aKOpOYEeHHMH 3 000X KIHIIB BIAPI30K KOAKCIaJIbHOTO
XBWJICBOZY. Takuii pe30oHATOp, K MPABHWIO, MPAIIO€ HA XBWIAX TUIY I, i TOMYy
fioro mormepedHi po3MipH MOXYTh OyTH OyIlb-SKHMH, HE3AJICKHO BiJ 3HAYCHHS
pe3oHaHcHOT dYacToTh. lle epeKTMBHO BHUKOPHCTOBYETHCA MPH BUKOPHUCTAHHI
KOaKCiaJIbHHX 00’€MHHMX PE30HATOPIB HAa XBWJIAX JCIIUMETPOBOIO Jliala3oHy, AC
aHAJOTIYHI MPAMOKYTHI YM KpPYIJIi PE30HATOPU Maju O HEAOMYyCTHUMO BEJIHKI
pO3MipH.

6.2. Heonqnopiani piBusinast MakcBesuia. EjlemMeHTapHi BUnIpoMiHIOBavi

Jlo cux mip MM poO3rJIsaiy TakK 3BaHi OJHOPIAHI 3a7a4l SJIEKTPOJUHAMIKY, B
pamMKax SIKHX JpKepena €IeKTPOMAarHiTHOTO IOl PO3MILIYBAIUCS TOCHTH JAJIEKO
BI Tiel MpPOCTOpoBOi 00nacTi, B sKIH HEOOXITHO 3HAWTH BEKTOPH
eJIeKTpoMarHiTHoro mois. [IpoTe Ha mNpakTULi, HANPHUKIAL, MPU PO3PAXyHKY
aHTeH, MOTPIOHO 3HANWTH Oe3mocepeiHii 3B’ A30K CTOPOHHIX €JIEKTPHYHUX CTPYMIB,
SIKi € DKepelaMy eleKTPOMATHITHOTO Mous, 3 BekTopaMu £ i H y Beix Toukax
npoctopy. Taki X 3amadi JOBOJUTHCS TAKOXK PO3B’SI3yBaTH, BUKOPHCTOBYIOUU
30yIKEHHSI XBUJIEBO/IIB a00 00’ €MHHMX PE30HATOPIB 32 JONOMOTO0 MITHUPS, METIi,
IIIJTMHA, MOAYJIOBAHOTO 32 YaCOM €JIEKTPOHHOTO TIOTOKY.

6.2.1. IlocranoBka KkpaiioBoi 3amauvi. BekrTopHuii 1 ckaasipHuit
NMOTEeHUIAJIH eJIeKTPOMATrHiTHOTro moJisi. Pynkuisi ['pina.

[3 mareMaTW4yHOi TOYKM 30py pPO3B’SI3aHHS BCIX BHUIIE 3raJlaHUX 3a7aa4y
NIOB’S13aHO 3 HEOJHOPIJHOI0 CHUCTEMOK) PIBHSIHb MakcBeiia, SKi 3alMHCYIOThCS
HACTYITHUM YUHOM:
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1. rotH- jo& E=j

2. rotE—jou H=0,
3. divB=0,
4. divD = p.
Jlnst cnporieHHst 3amad OyJeMO BBaKaTH, M0 Y BCIX TOYKax MPOCTOPY
00’eMHa I'yCTHHA eJIeKTPUYHUX 3aps/iB piBHA HYIO (0 =0).

VY mpaBiii YacTWHI TEPIIOTO piBH;IHH;I MakcBemia ¢irypye rycruHa
CTOPOHHKOTO €JEeKTPUYHOTO CTPYMY /. , fiKa € 3aJaHOl0 (YHKI€0 IPOCTOPOBUX

(6.12)

cm?

KOOpAMHAT. Y ILOMY CEHCl ICHY€ NpsMa aHAJIOTisl MK HEOJHOPIIHOKO 337auero
€JIEKTPOMArHIiTHOTO IOJISA 1 OUIBII IPOCTOIO 3aJayeio IMPO CTPYMH 1 HANpYyrd B
EIEKTPUYHOMY TION, SIKI 30yKYIOThCSI BXKE BIIOMUMH CTOPOHHIMH JDKEpETIaMH
e.p.c. Ilpu 3ammci cucremu (6.12) mnependavanoch, MO MUTTEBI 3HAYCHHS
(13UYHUX BEJIIMYMH 3MIHIOIOTHCA B Yaci 3a TapMOHIYHHMM 3aKOHOM 3 IMOCTIMHOIO
KyTOBOIO IIBUAKICTIO.

besnocepenHbo po3B’sI3aTH CHCTEMY HEOMHOPITHUX PIBHIHBR MakcBemia
(6.12), six mpaBUIIO, JOCHUTH BAXXKO X04a O TOMY, 1110 NOTPIOHO BU3HAYHUTHU OJPa3y
BCI IIICTh HE3aJICHKHUX HpOCK].IlI/I BEKTOPIB EiH. Tomy HEeoOXiaHO 3HAWTH JEsKi
JOMOMDKHI (PYHKIIIT, fK1 MOB’s3aH1 3 BEKTOPaMU Hampy>KEHOCTEH eJIEKTPUYHOrO 1
MarHiTHOTO TIOJIIB 1 SIKI MaOTh TaKy BJIACTHUBICTb, IO TIEPEXiJ] JJO HUX JO3BOJIHMB OU
CIIPOCTUTH TIPOILIEAYPY PO3B’SI3aHHS CaM€ HEOIHOPIAHUX pPIBHSAHb MakcBea.
Taxki qormomixHI GYHKINT y TEXHIYHIN €JIEKTPOIMHAMIII HA3UBAIOTh MOTEHIIATaMU
€JIEKTPOMArHiTHOTO TOJISL.

BiactuBicTe costeHOImAIBHOCTI Mar”HiTHOro mnoust divB =0 aBTOMaTHYHO
3a710BOJIbHMIIA BEKTOPHE I10JIe B, sike BU3HAuaeThes 3a popmynoro B =rot A, (13
po3ainy 1), ne A, — neska BekTOpHa (YHKIIS MPOCTOPOBUX KOOPAMHAT, SIKY

HAa3UBalOTh EJIEKTPUYHUM BEKTOPHMM moTeHuianoMm. Tak sixk B=u H, TO

-1 5 1 - . 7
H=—B=—rotA,. €1uHOI0 yMOBOIO A0 BEKTOpHOi QyHKHiI A4 € ii

ﬂa ﬂa
T EepeHIIHOBaHICTh, IO 3a0e31euye iICHyBaHHS POTOPa I[OTO BEKTOPHOTO TIOJIS.

—

binpme Toro, mpuBeieH1 pIBHOCTI 30€piraloTh CUILY, AKIIO 40 Noas A, JOAATH ILE
onHe BekTopHe mosie F =gradU r , ne U r — noBinbHA Thagka (QyHKIisS
pagiyc-Bekropa, 00 rotgradU r =0. Toui mnepme piBHIHHA Makcseiia
3aIUIICTHCS

rotE+ jorotA, =0 a6o rot E+jod, =0. (6.13)
Toni

E+ja)24€ =—grad ¢,,

e ¢, — neska QyHKUIS KOOPIAMHAT, KA Ha3UBAETHCA CKALIPHUM EJIEKTPUYHUM

MOTeHIIia oM. 3 ocTaHHbOTo BUpasy K =—grad ¢, — jo A, .
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Takum YMHOM, MU 3HAUIIITN CHOCIO BUPA3UTH HAMIPYKEHOCTI €IEKTPHUIHOTO 1
MarHiTHOTO TIOJIB Yepe3 BEKTOPHUH 1 CKAISPHUI MOTEHITIAIN:
E=—gradp, — jo A,
Hzlrot/'le. ©.19)
M,
3amava A€o Cpouy€eTbes, 60 3aMICTh ABOX BEKTOPHUX (PYHKIIIA JOCTATHBO
MaTH OAHY BEKTOPHY 1 OHY CKaJISIPHY.
[TincTaBumo criBBinHOIIEHHS (6.14) y mepmie piBHAHHS MakcBenia CUCTEMU
(6.13):

1 : . _ . L
—rotrotA,+ joe, gradp,+ jos, joAd, =], .
H,
Po3kpuBaoun BEKTOpHY ONEPaLiio »ot - 7ot , OTPUMAEMO:
grad divA + jo& u ¢, —V'A +7*4 =y j (6.15)

om?
ne y=j®\/&, [, — KOMIUICKCHUH KOe(iLli€HT MOIIMPEHHS OJHOPIXHOI IIIOCKOT

€JIEKTPOMArHITHOT XBHJII.
Tenep HakmagaemMo yMOBY Ha  oOMJIBA  TOTCHINANIA  TOJMA — —

divAe+ Jo& u, ¢, =0, AKy Ha3MBaIOTh YMOBOK KaliOpyBaHHs a00 yMOBOIO
Jlopentua. Toxi piBHSAHHS (6.15) CyTTEBO CIIPOCTUTHCS 1 HAOY 1€ BUTIISALY

VA -y A =-uj,. (6.16)

OTtpumaHe pIBHSHHS  MPEACTaBIsSe€ COOOI  HEOJHOPIAHE  PIBHSIHHS

I'enbMronbpiia BiTHOCHO BEKTOPHOTO EJICKTPHUYHOTO TIOTCHINATY Ae. Skmo 13

yMOBH JIopeHTIIa BUSHAYNUTHU

b, =———div .,

ja) gﬂ ﬂa
TO HAIMPYKEHICTh EICKTPUYHOTO 1 MarHITHOTO TIOJIiB Oy/1e piBHA

E=-gradp,—jo A, = % graddivA -y’ A,
JOE,H,
| :
H=—rotA4,.
M,

TakuM YHWHOM, SIKIO PO3B’SI30K HEOJHOPITHOTO pPIiBHSAHHS [ enbMrosbia
oTpuMaHoO y BUIIsal (6.17), To 3HaXOMKEHHSI BEKTOPIB €JIEKTPOMArHiTHOTO I10JIA,
30yPKEHOTO  CHUCTEMOIO  CTOPOHHIX  JDKEpeN, 3BOAMTHCS O  MPOCTUX
nudepeHIiaTbHuX onepauii grad div Tta rot BiJi BEKTOPHOTO EJIEKTPUUYHOTO

(6.17)

norenmiany. SIkmo dyskmis A, He € TApMOHIYHOK0 (YHKIE0, TO HEOTHOPILHE

piBHsIHHS ['ebMrobIa mepeTBOPIOETHCS B HEOAHOP1IHE piBHAHHS J|”AnmamOGepa.
[lpuctynatoun [0 MOLIYKY CTPOTOrO pPO3B’s3KYy 3adadi mpo 30yIKeHHS

HEOOMEKEHOTO  OJHOPITHOTO MPOCTOPY CHCTEMOIO  CTOPOHHIX  JDKeped,

OOMEXMUMOCS BXKJIIMBUM YACTUHHHM BHWITQJIKOM, KOJH BTPATH y CEPEIOBUIII
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BiACYTHI. Toai KoeQilleHT MOMMpPEeHHS Y =jf 1 HEOAHOPIAHE PIBHIHHSI
['enpMromnbeia npuliMae BUTIISA
VA+BA =], (6.18)
Take HeogHOpiAHE BEKTOpHE AU(epeHIialbHE PIBHSAHHS PO3MAJA€ThCs Ha
TPH HE3aJICKHUX PIBHSHHS BIIHOCHO MPOEKIN NIyKaHO! (QyHKIIIT A X,y,Z Ha
0Cl1 IEKapTOBO1 CHCTEMHU KOOPAMHAT:
VA, B A=, o
VA, + A, =-u,],, (6.18.2)
VA, + A =, ],
Vei Tpu piBHAHHA 13 cuctemu (6.18.a) i1geHTHYHI, TOMY 3aJady Mpo
30y/KEHHSI €JIEKTPOMATHITHUX XBWJIb Y BUIBHOMY IMPOCTOpi O€3 BTpaT MOXKHA

3BECTH JI0 PpO3B’S3aHHS HEOMHOPIHOTO, aje BXKE CKAJISIPHOTO PIBHIHHS
I'enpmrosbia Buay

VU+FU=F,
ne U r — Heinoma byHKIis npy 3anaHii ¢pyukii £ r . Crnoci6 po3s’si3aHHs

IbOTO PIBHSIHHS CYTTEBUM YHHOM OIMPAETHCS HA T€, IO 1€ PIBHSIHHS € JIHINHIM,
a 3HAYUTD MIAMOPIIKOBYETHCS IPUHLUIY CYNEPIIO3UIIII.
Posrnsnemo nesiky Touky mpocropy (0, mo Mae paniyc-BekTop 7,. Hexait

F 7, — 3HaueHHs IpaBOl YACTUHM IIbOTO PIBHSHHS B LiH ToUlll. OTOYMMO TOUKY

QO ¢isuuHO MamuM OKoIoM 3 06’eMoM AV i HasBemo Bemmumny F 7 AV
IHTEHCHBHICTIO JDKEpeIia B TaHIH TOYIII.

Sxmo ¢ynkuis F 7, Bcloou npuiiMae JMINE KiHIEBE 3HAYCHHSA, TO I
IHTEHCUBHICTh HaOMKaeTbes 10 HyJs npu AV — 0. Toai roBopsTh, 110 HKepena
PO3MOIlNIeH] y TTpocTopi HenepepBHO. [Ipore, Moxke OyTH ¥ 1HIITNI BapiaHT, KOJAU B
Toulli () pO3MillIEHE JKEepeao CKIHYEHO! IHTEHCUBHOCTI, SKa 3aJIMIIAETHCS
HE3MIHHOK TIpU Ayke Manux 3HaueHHsx AV . Toal roBopsaTh, MmO B TOYIN
IpPOCTOPY 13 pajiyc-BEKTOPOM 7, PO3MIIIEHE BiK€ NUCKpPETHE JuKepeno. SIKio

IHTEeHCHBHICTh JDKepella piBHa OJMHMII, TO IpaBy YacTUHY pPIBHSAHHA MO’KHA
3aMucaTh y BUTIISII

F 7 =67F-F,
ne O ¥—r, — TpPbOXMIpHa JenbTa-QyHKIIsA, SIKy MOKHA MOAATH Yy BUIVIAAIL
T00YTKY TPbOX OJHOPITHUX JMeNbTa-QyHKITIHA:

O r—r, =0 x—x, 0 y—-y, 0 z—z,
[Ipore Ham BiIOMO 3 KypCy paiOCIIEKTPOHIKM BIIACTHBOCTI JeibTa-QyHKITIHN.
30Kpema, 3HAEMO YMOBY i1 HOPMYBaHHS, SIKa 3alACYEThCS HACTYIIHUM UYHWHOM:

KO 7 #7,,T0 0 r—r, =01
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[6 F=F dV=|[[6 x-x, § y-y, & z—z, dxdydz=

=[[[6 x-x, 6 y—y, 6 z—z, dx,dy,dz, =1

IpU IHTETPYBaHHI 1O OyAb-sIKOMY 00’€My, IO MICTUTh TOUKy O, A€ X, y, z —
KOOPJIMHATH TOYKH CIIOCTEPEKEHHS, & X,, V,, Z, — KOODJMHATH TOYKH JKEpena.

3a Bu3HaueHHsM, OQyHKuieo Ipima G 7 7, piBHAHHA [‘enbMrosbia
Ha3MBAIOTh PO3B’SI30K HEOJHOP1HOTO piBHHHHH

VG?F + G F,i =6 F-F, , (6.19)

SIK€ OMUCY€E TapMOHIYHUI XBUJIBOBHI ITPOLIEC, 110 MOMIUPIOETHCA Y BC1 HAIIPSAMU 13
TOUYKH 3HAXOJDKCHHS JKepea.

[Tokaxxemo, 110 3Hatoun PyHKIit0 ['piHa, MOKHA A0 KIHIIA PO3B’S3aTH 3a0aqy
npo 30y/KEHHS BUILHOTO MPOCTOPY AOBUIBHOIO CYKYIHICTIO CTOPOHHIX JKeped,
SIK HETIEPEPBHUX, TaK 1 TUCKPETHUX, TPHUUOMY HA OCHOBI MPUHITUITY CYTIEPIO3HIIi]
IpoIeAypa PO3B’sI3aHHS 3BOJAUTHCS 10 OOUMCIICHHS IESKOTo iHTerpaty. [[ist mporo
CMOYATKY MOMHOXKHMO o0u/BI YaCTUHU plBHHHHH (6. 19) Ha HEBIIOMY (I)yHKLu}o

U, a moriMm obumei wactwum pisHocti VU + LU=F na ¢yHkuio G.
BignimMaroun oTprmaHi piBHSIHHS TOYWIEHHO, OTPUMAEMO:
UVG-GVU=Us F-7, —GF.

BizbMeMo Temnep Aesikuidi JOCTaTHbO BEJMKHI 00°eM V' 3 moBepxHerw S, 10
MICTUTh TOYKY (), 1 TPO IHTErPYEMO MO HHOMY OOWIBI YaCTHMHH OTPHMAHOTO
piBHsHHA. Ilpu npoMmy 00’€MHMI 1HTErpaa BiJ JIIBOI YaCTMHM MOXHA 3aMIHUTH
MOBEPXHEBHUM I1HTETPAJIOM, SKIIO BHKOPUCTATH 13 BEKTOPHOTO aHAJi3y (hopmyiy
I'pina:

j UVG-GVU dV:[j U grad G -G gradU dS = j[Ua FoF —GF]dV.
CDI3I/I‘IHO 3pO3yMLJIO, IO IS TOCTaTHBO BiJJAJICHUX TOYOK MOBEPXHI S BiJ TOYKH
posmimennst wrepena O 3Hadenns ¢pynxuiii U i G Ha moBepxHi S MOXyTb OyTH

Iy’)K€ MaJIMMH, TaK IO MOBEPXHEBUW 1HTETpal MOKe OyTH PIBHUH HYIO. 3BiACH
NPUXOJUMO JIO I[IKAaBOTO CITIBBIIHOIICHHS, SKOMY IIOBHHEH 3aJI0BOJILHATH

myKaHuit poss’s3ok U 7
[US F=F dv=[GFdV.
4 4

Tyt 0obunsi gynkuii 6 7—7, 1 G 7,7, CUMETPUUHI BITHOCHO CBOIX apryMEHTIB,
TOOTO
o r—r, =0 r,—r, GFF =GF,r
Buxonsun 3 1pOr0O, iHTETPYBaHHA MO 00’€My MOXHa TMPOBOJUTH SK 3a

KOOPJIMHATHUMU TOYKAMH CITOCTEPEKEHHS, TaK 1 3a KOOPAWHATAMH TOYOK
mkepena. IHrerpyrounm 3a KOOpIMHAaTaMHM TOYOK JUKEpena  X,,),,Z, |1

BUKOPHCTOBYIOUM  (DUIBTpYIOUy  BIIACTUBICTH  AENbTa-QYHKII, OTPHUMAEMO
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3arajlbHUH  PO3B’S30K HEOJHOPIAHOTO CKAISAPHOTO piBHAHHA [ enbMronbia
V°U + U = F 3 10BLIBHOIO IPABOIO YACTUHOIO:

UF =[GF7 FTdxdy,dz,. (6.20)
Vv

®13UYHUN 3MICT LBOTO PO3B’A3KY € IMPOCTUM 1 HAOYHHM — PE3YJIbTyIOue
30yKEHHS, K€ CIOCTEPIraeThCsl y TOUIl 13 PajlilyC-BEKTOPOM 7, € 3Ba)KEHOIO
CYMOIO €JIEMEHTapHHX 30Y/DKCHb BiJl BCIX JDKEpEN; pojb BaroBoi (QyHKIii TyT
Bigirpae gyukuis ['pina.

Temnep moguBUMOCH, K Oyae BUTIAAaTH (PyHKIS ['piHa 11T HEOHOPITHOTO
piBHsHHS ['enpmronbna. OMHOPITHUN TPHOXMIPHHNA TPOCTIP € 130TPOITHUM,
OCKUTBKM XapaKTEPUCTUKHM XBUJIb HISIK HE TOB’S3aHI 3 HANPSIMOM iX MOIIUPEHHS.

ToMy MOXHa CTBEpIXyBartd, 1o (yHkuis ['pina G 7,7, (aKTUYHO 3aJIEKUTh
TUTBKH Bl OJHOTO apryMCHTa R=|77 —170| — JIOBXHHHU PajliyC-BEKTOpa,
IPOBEICHOIO 3 TOYKU PO3MIIIEHHS JHKepena B TOUKY criocTepekeHHs. O4eBUIHO,
mo mia Bcix R#0 ¢ynkmis I'pina G R € po3B’SI3KOM OAHOPITHOTO PIBHSAHHS
I'ensmMronbna
VG R +BGR =0

a6o, poskpuBaioun onepatop Ha6ma (um Jlammaca, 60 V’=A) y cdepuano
CUMETPUYHOMY BHIIANIKY (0/06 =0/0¢p =0), oTpumMaemo

d’G 2dG :

—+——+ °G=0. (6.21)

dR® R dR

[3 maHOro piBHSAHHS MOXHA BHKJIIOYHUTH JIOJAHOK 3 TIEPIIOI IMOXITHOK, SKIIO

BUKopuctatu 3aminy ¥ =RG. Toul, sSIK MM TEpEeKOHANUCS, BIJHOCHO HOBOI
3MIHHOI QYHKIIT ¥ OTPUMY€EMO PIBHSIHHS
d’¥
dR’
AKE Mae, IK HaM B1JJOMO, /1B PO3B’A3KU:
¥, R =exp +jBR .
Koxnuit Takuii po3B’sI30K ONUCY€ KOMITICKCHY aMILTITyay O1Ky4oi rapMOHIYHOL
XBUJII, SIKa TMOUIMPIOETHCS B3JIOBXK pajiaibHOI KoopAuHAaTH. OAHA 13 IIUX XBUIb
pyXa€eThCcsl y HampsiMi 13 HECKIHYEHOCTI 10 JKepela, a Jpyra — Bif JuKepeina B
HECKIHYEHICTh. Tak K (pI3MYHUN 3MICT MOXKE€ MaTH TUIBKM OCTaHHS 13 3raJlaHuX
XBUJIb, TO PO3B’SI3KOM piBHSHHSA (6.21) Oyae QyHKItis
¥ R =exp —j PR,
sIKa J1a€ HACTYIMHUM Bupa3 11 GyHkiii ['pina:

. -iBR
Gr=A¢"
R

+ P =0,

ne A=const.

VY wmareMatuuHii (i3ull TPUHAHATO TOBOPHUTH, IO AaHa ¢yHKIA ['piHa
OMHCYE OAHOPIMHY CHEepUYHYy XBHIIO. AMIUTITYZA Ii€i XBHJII 3MEHIITYEThCS
00epHEHO NPONOPIINHHO TMeplIid creneHi panaiyc-Bekropa R. Jlng Toro miob
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3HAWTHU YHMCENbHE 3HAYCHHS TOCTIMHOI A, JOUUIBHO 3BEPHYTHCS /10 PIBHIHHS
(6.19), 3anmcaBmn HOro y BUTIISAL

VG R +B°G R =6 R . (6.22)
OnumreMo HaBKOJIO TOYKH PO3MIIICHHS JDKepena Kymo /[ 3 paaiycom ¢&.

Hexait " — moBepxHs miei kyni. [Ipo iHTerpyBaBmu oOWUJBI YACTUHU PIBHSIHHS
(6.22) 3a 06’emoM /[ , OTpUMAEMO:

[V’G R AI+p [GRAI=(5 R dI=1.
A A A

OCKUIBKM JIpYTUM JOJAaHOK HabaraTo MEHIIHMM IIEepIIOro, TOMY PIBHSHHS JICIIO
CIIPOIIYETHCS:

_[VZG R dJ] = _fdivgrade,ZZ = J'gradG dl’ =1
a a r

(sixkmo 8 R =divgrad G i gradG:;{—;;fr). Toai octaHHE HOpPMYIOYE PIBHSHHS

MOKEMO 3amnucaTtu

) ) .
d_G . 47[52 =1 abo dG = -
dr|, dr| . 4r¢
- -
3Biacu G R =— 1 3HaYuTh A= —L. Tomy KiHIIEBUM BHIJsAA (QyHKIIT
47 R 47
I'pina Gyne
, ~ipR _ Bl
G R =- © abo G 7_’:,7_{} = —Lf .
47 R 4rr|r - rO[

Bupa3, orpumanoi Takum uuHOM (QyHKIII ['piHa, A03BOJISE 3amucaTH
PO3B’S30K HEOJHOPIAHOTO PIBHAHHA [ eIbMIONblla Yy BHIJSAAI  CKAIIPHOTO
MOTEHITI ATy

. 1 . —J BIF 7|
ur =——jF B —
4y lr—rol

dx,dy,dz, . (6.23)

Abo, amsa BekTopHOTO piBHSHHS (6.18) OTprMaeMo 3Ha4YeHHS BEKTOPHOTO

MOTEHITIATY -
_ _ - i B
A7 =ffi B v dy,dz,, (6.23.2)

Y S TR

KU MM 3raJyBajy y IepuIoMy pO3Iii.

6.2.2. EnemeHTapHMii eJIeKTPUYHMI BHUIIPOMiHIOBa4 — aunouab [epua.
CrpykTypa iHoro nmoJs.

EneMeHTapHUM eNEKTPpUYHUM BHUIPOMiHIOBadeM (BiOpaTopoM) Ha3WBAIOTh
i7eanizoBany BHUIPOMIHIOIOUY CHCTEMY, B SIKi 3MIHHHMHA €JIEKTPUYHUN CTpyM
MpOTIKae B3IOBXK BiApi3ka MpsSMoOl JIiHII NpH HAA3BUYAHHO Maliil IUIONTI
nornepevHoro nepepisy. IIpu 1boMy BBaKaeTbes, IO JAOBXKUHA BUIPOMIHIOIOYOL
obnacti / € 3HAYHO MEHILOK JIOBXXKUHU €JIEKTPOMArHiTHOI XBWIl A B
HABKOJIUIITHLOMY CEPEIOBHIIII.
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@di3nyHa KapTWHA TPOTIKAHHS CTPyMy IO €JIEMEHTAapPHOMY EICKTPUUYHOMY
BUIIPOMIHIOBAdy IIOJIATa€ B HAcTynmHoMmy. Hexail, Hampukiang, y po3puB
BUIIPOMIHIOIOUOTO BIJpi3Ka MPOBIIHUKA YBIMKHEHE JKEpEelIO T'apMOHIYHOI €.p.C.
Toxmi cTpyM TpOBIAHOCTI MPOXOAWUTH IO OJHOMY IIJIedy BHIIPOMIHIOBAYa,
CTBOPIOIOYH y MPOCTOPI CTPYM 3MIIICHHS 1 4epe3 Apyre Iuiede IOBEPTAETHCS B
mKepeno (puc. 6.9).

::\\\ \ / |
« = N - ]‘ {
B \\ " N
< = N\ \ I—
Llepen \ Yy b
l NS \) | ‘, ] A
Ny
/ /
»«// % A @
> e T
e e.p.c.
a) 0) B)

Puc. 6.9. Enementapamii e1eKTpUYHUN BUIPOMIHIOBAY (), PI3HULS X0y XBHWJIb
B1J1 IBOX KpaiHIX TOYOK BHIpOMiHIOBaYa (0) Ta qumosns 'epua (B)

Masa f0oBXXMHA BUNPOMIHIOBaYa Yy TMOPIBHSHHI 3 JOBXHHOIO XBHIL (/L] A)
J03BOJISIE PO3TIISIATH MOr0 SK TOYKOBUIM BUIPOMIHIOBAY EJIEKTPOMArHITHUX
xBwiIb. CaMe eneMeHTapHUuN eNeKTPUYHUIN BIOpaTOp € MaTeMaTUYHOIO MOJEIUIIO
munoisa ['epria, skl sBisie cOOOKO JIBI METalieBl KyJii JlaMeTpoM d , 3’€THaHHX
TOHKUM TIPOBIAHMKOM, a JI0 Mepepi3y MPOBIIHUKA 33 JOIIOMOTOIO IBOMPOBITHOL
JIHIT TIKITI0YEHE JHKEPEeIIo €.p.C.

JlificHO, y JOBUIBHUM YHHOM pO3MIIIEHY TOYKY CIHOCTEpEeKEHHS P
IpUXOAATh CHEPUUHI XBUJIL, SIKI 30Y/KYIOTHCSl BCIEIO O0JIACTIO BUIIPOMIHIOKOUOTO
npoBigarka. HaliGiabp1ma reoMeTpudHa pi3HuLs Xoay (puc. 6.9, B) 11t ABOX XBHIIb

13 paiyc-BeKTopamu 7 1 #, ckiagae A=/sin¢, 3BLAKH pi3HALA (a3 30yIKEHUX

: : 27, . :
KOJIMBaHb, BHUpPa)XXEHA Yy pajiaHax piBHA 5¢:ﬂA:71 singo. 3rigHO 1i€d

Gopmymu mpu /Al 1 cucremMa BHIPOMIHIOE HIOM OIHY CepuUYHY XBHIIO i B

[IbOMY CEHC1 MO>K€ BBa)KaTUCSI TOUKOBUM JIKEPEJIOM €JIEKTPOMArHiTHUX XBUJIb.
Bbynemo BBakaTh, IO €IEMEHTApHUN BHUIPOMIHIOBAY PO3TAIIOBAHUNA Y
NOYaTKOBIM Toumi cdepuuHoi cucreMu KoopawHat (7,6,¢), mpudoMy IS

BHU3HAYEHOCTI BHIIPOMIHIOBAY OPIEHTOBAaHWM TMapanelbHO TMOJSIpHIA oci  z
(puc. 6.10). 3aBasku MajgoCTi TEOMETPUYHUX pPO3MIPIB BUIPOMIHIOBaYA Yy
MOPIBHSHHI 3 JOBXHUHOIO XBWIl ¢opmyny (6.23.a) MOXXHa J€UI0 CHPOCTUTH,
BUHOCSYM 3a 3HAK IHTETpajdy Ti CHIBMHOXHUKHA, BHJ SKAX BH3HAYAETHCS
xapaktepoM OyHKuii I'piHa; mpm npomy BBaxkaemo, mo 7, =0 1 u =4
(cepemoBuIIe — BaKyyM abo MOBITPS):
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Puc. 6.10. Buznauenss cepnyHIX MOBEPXOHb BEKTOPHOTO MOTEHIIATY

-Jp7
I_; _&e J.jcmdx()dy()dz()'

47 =
dr r 7

KommiekcHa aMInIiTy/la BEKTOpa T'YCTHMHH CTOPOHHBOTO EJIEKTPHYHOTO
CTPYMY BHPaKAETHCS 5K
Jo,=10 x, 6 y, i.

BukopucToByoun QuibTpyrouy Jito aenbTa-QyHKIT, 3HaX0IUMO
. . _}l o0 . .
[ dx,dy,dzy=j, =i |dz [ [I6 x, & v, dx,dy,=11i..
14 0 -0

Tonai BekTopHU# NoTeHIIan Oy1e piBHUMA

: I1e77 .
A F =ttty (6.24)
e 4” }/‘ z

[3 nmanoro Bupa3zy BHIUIMBAE, MIO0 BEKTOPHUN EIEKTPUYHUIN TOTCHIIIAI
€JeKTPOMArHITHOTO TOJsI, sIKe 30Y/DKYEThCA €lEeMEHTapHUM  BiOpaTopowm,
OMHCYEThCA QYHKINIEI OJTHOPIAHOI CEepUIHOI XBHII, KA TOIMIHUPIOETHCS B3JIOBXK
pagianbHOI KOOPAMHATH 7 13 MIBUAKICTIO CBITJIA.

SKI110 pO3KJIACTH BEKTOPHUM IMOTEHIIIAT Ae Ha MOro CKJIaI0B1 /'1” , /'16 9 Aw ,

TO OTPHUMAEMO!

. . 1 o757

Aerercosé’:'uO € cosd,
dr r

. . 1 o 0P

Ae@:—Aesiné’z—'u0 °  sing,
4z r
A4 =0.
eq

AsumyTanbHa ckianosa 4, , =0 TOMy, [0 B KOXKHIH TOYLI IPOCTOPY BEKTOp A,

OpIEHTOBAHWH B3JIOBX IMOJIAPHOI OCi 7 Cc(HEepUIHOT CHCTEMH KOOPAMHAT.

194



Takum 4YMHOM, €JIEMEHTApHMI EJIEKTPUYHHI BUIIPOMIHIOBAY TPECTABIISE
co000 TPOCTYy aHTeHy, o0 30y[IKye B  HABKOJHUIIHbOMY IPOCTOPI
€JIEKTPOMAarHiTH1 KOJIMBAHHS.

BuBunMo Temep 3aKOHM 3MiHU TPOCTOPOBOTO PO3MOMALTY HANMPyKEHOCTEH
€JIEKTPUYHOTO 1 MArHiTHOTO IOJMIB, SIKi 30Y/DKYIOTBCS TaKMM BHUIIPOMIHIOBAYEM.

1 i .

Bukopucraemo ¢opmyny H =—rot A,, ska NOB’sI13y€ MarHiTHUN BEKTOp MOJA 3
Hy

CJIEKTPUYHUM MOTeHIiaToM. ToMy AOUUIBHO OOYUCIHUTH potop y C(bequHu/I

o> Ae Tak six A ,=0,

10 0/0¢ =0. Toxai npoeKLii /s HAMPY)KEHOCTI MATHITHOTO OJIst OyayTh PiBHI

CUCTEMi KOOPAWHAT, BUKOPUCTOBYIOUH IPOCKIT A , A

: oA
H,Zi —1 9 stA < 11=0,
U, | rsin@| 06 op
. 0A
Hg:L _1 = —l(g rA, j =0,
U, |sn@ Op r\or
. . oA . ' |
Y2 i, L I g
U, or r oQ U, ¥ Or 4rr

SIk TmpaBWSIO, Ha TMPAKTHUI IIKaBIATHCS TOJSMU Ha BIACTaHI 7 BIA
BUITPOMIHIOIOUOTO JDKepena, 3Ha4HO Ourpmioi jnosxkuuu xBuwial A (rl A). [pu
1boMy Oe3po3MipHmil mapametp Sr[] 1 1 Touka CIIOCTEpEKEHHs 3HAXOIUTHCS y

TaK 3BaHIA JaleKid 30HI BUNpPOMiHIOBaya. TOMy asuMyTalbHy CKIanoBy H,
MO’KHa HaOJIM>KEHO 3alucaTu

. -JjBr
H, = J1 ﬁsm@ ) (6.25)

47 r

Enexktpuunuii BEeKTOp mMOJIs, fAKEe 30yIKYe€TbCS BUIIPOMIHIOBAYEM, MOJKHA

3HANTH, BUKOPUCTOBYIOYHM TMepile piBHSHHS Makcemna — E = rotH,y

Joe,
npaBy YaCTUHY SKOTO MOTPIOHO MiJACTAaBUTH BKE 3HANJCHY MPOEKIIII0 MAarHiTHOTO
nonsa H ,- Tosi TpoeKITii eNeKTPUIHOTO BEKTOpA y JIaJCKii 30H1 OyIyTh PiBHI:

: 1 1 I
E =- LA sindH, |= 1P cos@ e’
jog,| rsin@ 06 2rows,r
. 1 . 1 /ﬂr
Egz—%g rH, = I sing =—,
jog,ror droe, r
E, =0.

Tak sk MOAYJIb IIPOCKIII1 Er SMCHIIYETHCA 13 301IBIICHHIM paatycy

ponopuiiiHo MHOXHKKY 1/7°, a B ToH e yac mpoekuis E, cnaac 3a 3aKOHOM
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1/r, TOOTO TOBiNBHIlIIE, TOMY B JaleKiil 30HI IPOCKIIE0 E_ MOXHa 3HEXTYBaTH i
€IMHOIO BIMIHHOIO BiJl HYJIs Oy/1€ JUIIIE MPOESKIIis
- g e’ il . e
E :i sind —:MZ0 sind , (6.25.a)
droe, r 4 r

ae Z, =120 =377 0Om — XapakTepuCTHYHUI (XBUILOBUIA) OMIP BaKyyMy.

Posrnsanaroun gopmynu (6.25) 1 (6.25.a) 11l BUSHAYCHHS TIPOCKITIH BEKTOPIB
MoJISt IS €JIEMEHTAapHOTO EJEKTPUYHOTO BHUIIPOMIHIOBAYa, MOYKHA 3POOUTH
HACTYITHI BUCHOBKHU:

— EJICKTPOMAarHiTHe Iojie, sKe 30yKYETbCS Yy IIPOCTOPl €IeMEHTapHUM
€JICKTPUYHUM BUIIPOMIHIOBAYEeM, IMpelncTaBiIse co00r0 chepuuHy XBWIIO, SKa
BUpaxaeThcs GyHKuUiero ['piHa;

— Y KOXHIA TOYIl TPOCTOPY BIAHOIICHHS KOMIUIEKCHUX AaMIUTITY[
Eg / HW =Z,, 110 € XapaKTEepHUM Ul OJHOPIAHOI IJIOCKOI XBUJIl Y HEOOMEKEHOMY
BIJTLHOMY TPOCTODI;

— cepryuHa XBWIA, KA MPU IOMY 30y/IKY€ThCS, € HEOTHOPITHOO, OCKIITBKA
aMILTITYIM TIOJTIB 3aJIeKaTh Bijl MOJSPHOTO KyTa &

— BekTtop lloiiTiHra y najexiii 30HI HalpaBJIEHUN B3J0BXK OJWHUYHOIO
BEKTOPA [ , TOOTO XBUIIS TIEPEHOCHTD MOTYKHICTh JIUIIE B PATiaTbHOMY HATIPSIMI.

Ha pwuc. 6.11 momana cTpyKTypa MHTTEBOTO PO3IMOIIY CHIOBUX JIHIN
€JIEKTPUYHOTO BEKTOpa €JIEMEHTApHOr0 BUIPOMIHIOBaYa, sika Oyja BKazaHa IIIe
I'epuom.

A Z

Puc. 6.11. CtpykTypa CHJIOBUX JIiHIH BEKTOpa HaNpPyKEHOCTI
CIICKTPUYHOTO TOJISI TOOJIH3Y €JIEMEHTAPHOTO BUITPOMIHIOBaUa

6.2.3. [liarpama HanpaBJ/ICHOCTI, ONlip BUIIPOMiHIOBAHHS €JIEMECHTAPHOIO
BUIIPOMiHIOBa4a.

VY Teopii aHTeH AyXX€ BaXIMBY pOJIb Biairpae (GyHKIsA, SKa OIHUCYE
3QJIKHICTh KOMIUIEKCHUX aMILTITY]] TIOJIB, sIKI 30yIKYIOTBCSL y MPOCTOP1 AEAKOIO
BUTIPOMIHIOIOYOI0 CHUCTEMOIO, BiJl KyTiB criocTepekeHHs 6 Ta ¢. Taky dyHKIi0
HA3WBAIOTh J[IarpaMO0 HAMPABJICHOCTI AaHTCHH.
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VY BuUManKy HAIIOrO eJeKTPUYHOTO BHUIIPOMIHIOBaua (BiOpaTopa) KyToBa
3aJIeKHICTh aMILTITYAN BUIIPOMIHIOIOYOTO TTOJIA Ma€e BUA siné (Bil a3UMyTaJIbHOTO
KyTa ¢ aMIUTITy/1a ToJis He 3alexuTh). [louatkoBi (a3u npoexiiiii BEKTOPIB MO,
K 11€ BUJTHO 13 GOpMYJT MPOEKIii, B3araji He MOB’sA3aHi 3 KyTOBUM KOOPAUHATaAMHU,
ToOTO XBWIBOBI (poHTHM (TOBEpXHI piBHUX (a3) YTBOPIOIOTH CIMEHCTBO
KOHIICHTPOBAHUX cep. MakCUMyM BUIIPOMIHIOBAHHS CITOCTEPITa€ThCsA NMPU KYTi
O=r/2 (sinz/2=1), TO6TO B ekBaTopianbHiii MIOMMUHI CHEPUYHOI CHCTEMH
KOOpAMHAT; B3JOBX oci BiOparopa npu H=0 abo & =7 BUIPOMIHIOBAHHS
BIJICYTHE.

Ha nmnpaktumi, 3a3Buuail, BHKOPUCTOBYIOTH  HOPMOBaHI  JliarpaMu
HarpaBiieHoCTi. [Ipu mbomMy Mo oci OpAMHAT BiAKIAAA0Th MOAYJIb HAIPYKEHOCTI
MoJIsi TPU 3aJ]aHOMYy KYTi CIIOCTEPEXKCHHs, BIIHECEHHH 10 MaKCHMaJbHOTO
3HaUeHHS  HampyXeHocTi mois. HopmoBana  miarpama  HampaBJICHOCTI
€JIEMEHTAPHOTO SJICKTPUYHOTO BUIpPOMiHIOBava (puc. 6.12, a) mpencrapise co0or0
CUHYCOianbHy (PYHKIIII0, TOOYTI0BaHY Ha BiJPI3Ky 3Ha4UeHb aprymeHTa & Bin 0 10
.

JUIs HAOYHOCTI HOPMOBaHYy Jiarpamy HampaBlICHOCTI YacTO MOMAIOTh Y
NOJIApHINA cucteMi koopauHat (puc. 6.12, 6). [Ipuniun noOyaoBu Takoi aiarpamu
NOJISITA€ B TOMY, 110 Ha KO)KHOMY TPOMEHI, MPOBEJACHOMY 3 MOYATKy KOOPIMHAT
Bill. KyTOM CIIOCTEPEKCHHS (), BIIKIAJAal0Th HOPMOBAHE 3HAYCHHS MOIYIIS
HaNpPY>KEHOCT1 TMOJIL; MacmTad pUCYHKY Moxke Oytu Oynp-skuMm. HeBaxko
NEPEKOHATUCs, 10 TIEOMETPUYHUM MICHEM TOYOK JllarpaMy HampaBl€HOCTI
CJIEMCHTAPHOTO  CJICKTPUYHOTO  BHIPOMiHIOBa4a  OyJie  KOJIO,  OCKUIBKH
OA=OBsng.

a) 0)

Puc. 6.12. HopmoBana (a) Ta momsapra (0) jgiarpamMu  HampaBJICHOCTI
€JIEMEHTAPHOTO SJICKTPUIHOTO BUTIPOMiHIOBaYa

HesBaxkatoun Ha Te, mo0 (HaKTUIHOIO 00JACTIO 3MIHU KyTa CIIOCTEPEKECHHS €
BiApi3ok 0,7 , Jlarpamy HalpaBJ€HOCTI 4YacTo 300pakaroTb B 000X

MIBIUIOIIMHAX, MIAKPECIIOYM [HMM, IO BiOpatop piBHOMIPHO (130TPOITHO)
BUITPOMIHIOE 32 BCIMa KyTamu & .
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O6uncanMo Temep TOTYXKHICTh, $Ka BUIPOMIHIOETBCS €IEMEHTAPHUM
BIOpPAaTOpOM B CepeHbOMY 3a OJIMH TEPioJl KOJMBaHb. J[JIs1 IHOTO YABHO OTOYHUMO
BUIIPOMIHIOBaY 3aMKHEHOIO TMOBEpXHE S J0BUIbHOI (GopMu. 3HaYCHHS
BHITPOMIHIOBaHOI IIOTYKHOCTI P, 3HalJ1eMO, TPOIHTErPyBaBILIHU CEPE/IHE 3HAYCHHS
BekTopa [loliTiHra ﬁp no moBepxHi S: P, = j'ﬁwp dS. SIkmo moBepxHIO S

N

BuOpat y Buriaai cepu pamgiycom r Tak, mo Frll 1 1 Touku cdepu
pO3MINIyBaiMCs Yy JaleKii 30HI BUNPOMIHIOBAHHA, 3HAXOJIWMO paialibHy
MPOEKIII0 cepeaHboro BekTopa I[loiTiHra y manekiil 30Hi, sSika Mpu CHH(a3HOCTI
pemmann £, i H , € YMCTO IIACHOIO BEINYUHOIO:

1. LIrpZ

cepr _EH Hcﬂ :Mizzo

2 R2xr
[Ipu iHTErpyBaHHI MO MOBEPXHI cPepu paalycoM 7 Bpaxyemo, IO AUQepeHLial
mwiowi dS =r’sin@dOdg. Tomy orpumaemo:

r2 12 o2 o .
P, =MZ—° [do [sin’ 0dO .
0 0

sin’ 4.

Y 327x
7 4 I'z 2 ZZ
BanOByIO‘H/I T€, 110 ISIHSBdBZ—,TO Pz — ,\11 ﬂﬁ 0
0 3 1277

3rigHo  faHoi  (popMynH, MOTYXHICTh BHUIPOMIHIOBAHHS IMPOIOpILIAHA
KBaJpaTy aMIUIITYIud CTPyMY, SKUM IpOTiKae 1o BiOpaTopy. Y IbOMYy € TE€BHA
aHaJoris M BUpa3oM s P, 1 popMyIIoro i3 Teopii Kijl, IKa BUPaKac IOTYKHICTh

3MIHHOTO CTPYMY B [IESIKOMY PE3UCTUBHOMY ABONOMIOCHUKY: P. =1’ R, / 2.
OTtxe,

R—l

i
-~ 7 IB°=2018"=80x" —] Om ,
2= % B B 7 o (6.26)

60 Z,=120 7.

Mu orpumanu Bupa3z s ONOPY BHUIPOMIHIOBAHHS €JIEMEHTAPHOTO
CICKTPUYHOTO BHIpPOMiHIOBaYa. [laHa BeqwdMHA XapaKTEepU3yE BUIIPOMIHIOIOUY
3ATHICTHh AHTEHH.

MakcumManbHe 3Ha4eHHsI MOLyJIsl BekTopa [loiiTiHra Mae micre nipu 6= 7/2 i
CKJIa/1a€

rm 3yt

SKIIO TOTYXHICTh BHIIPOMIHIOETBCS 3a BCiMa HaIpsAMaMH 130TPOITHO, TO

T'YCTHHA MMOTOKY IMOTY>KHOCTI Ha BIJICTaHl 7 B1JT JKepena Oyje piBHA
P _LIBZ
Az’ 487

cep pien
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cep max

JIist XapakTepUCTUKY aHTEH BBOASTH YMCIIOBY XapaKTEPUCTUKY J{ = —2——

cep pien

Ky Ha3uBaroTh KoedimienTom HampapieHoi aii (KHJI). Y Hamomy Bumaaky

J[=1,5, mo BKa3ye Ha Te, LIO €JIEMEHTapHUIl BiOpaTOp MOraHO KOHLEHTPYE
BUIIPOMIHIOBAHHS Y MPOCTOPI.

6.2.4. EjemeHTapHuUii BHMIPOMIHIOBAY B  pPeXMMi NPUHIIMAHHSA.
EneMenTapHuii ijiMHHMI | paMKOBHII BUIIPOMiHIOBaYi.

Bbynp-ska aHTeHa MOXXe 3 OJHAKOBHUM YCIIXOM TMpalfoBaTH f[K Ha
nepeaBaHds, TaKk 1 Ha NMPUHMMaHHS KOJMBaHb (CHUTHAIB). BUBYMMO IJIs IIbOTO
3aKOHOMIPHOCTI IPUUMAaJIbHIX aHTEH Ha MPHUKIA/ll €JIEKTPUYHOTO BUIIPOMIHIOBaYa
(BiOpaTopa) MOBXKHHOIO [, SIKM OIMPOMIHIOETHCS IIOCKOIO EJIEKTPOMATHITHOIO
XBHIICIO, B 5Kl BeKTOp E TapaiebHUi OCi BHIPOMiHIOBaA.

SIKmo 3aTHCKayi aHTEHW PO3IMKHEHI, TO IiJ JII€I0 IO Ha HUX BUHUKAE

3MiHHA KoMIUlekcHa Hampyra U = E/ abo HaBeaena e.p.c. Jlyis Toro mo6 B3sATH

NEBHY NOTYXHICTh 3 BIOparopa, MOro HEOOXiIHO HABAHTAXKUTU Ha JCSKUM
KOMIUIEKCHUM omip Z,. 3a3BU4yaii TaKkUM JBONOJIOCHHKOM HAaBaHTaKEHHS €

BXIIHUM omip mpuiiMada. [Ipy 1npoMy B 3aMKHEHOMY KoJii Oyae BUHHUKATH
HaBEJCHUN CTPyM 1 aHTeHa Oyne MepeBUNPOMIHIOBATH (PO3CiIOBATH) Maaaroye
nose. Ll oOcTtaBHMHAa € TPUHUIUIIOBOIO — OYJb-sIKA AHTEHA PO3CIIOE YACTUHY
MOTY>KHOCT1 Y HaBKOJUIIIHE cepenoBuine. Ha puc. 6.13 300pakeHa ekBiBaJICHTHA
CXeMa eJIEMEHTApHOTO BHUIIPOMIHIOBAYA, SIKUW TPAIIOE B PEKUMI MPUHMaHHS.
Yepes HasgBHICTh €EeKTy MEPEBUIIPOMIHIOBAHHS BHYTPIUIHIHN OMip €KBIBAJIEHTHOTO
reHepaTopa MICTHTh JiHCHY (aKTMBHY) YacTHHY, YHWCEIbHO pIBHY OIOPY
BUIIPOMiHIOBaHHA R, . KpiM Toro, njaHa aHTeHa noJiOHO 10 KOHIEHCATOpa, AKUH

Jla€ PEaKTUBHHMM OMmip, BpaxyBaHHS SKOIO Ha EKBIBAJEHTHIM CXeMl IIOJaHe
enemenToMm C .
[ToTy>HICTh, sIKa TIEPEJIAETHCS 3 AHTCHU

_|:|_||:|_ y HaBaHTaXECHHA, OyJle MaKCUMaJIbHOI B
: PEXHUMI Y3TOJDKEHHS, IPU IKOMY aOCOIOTHE
3HAYEHHs PEAKTUBHUX ONOpIB eneMeHTiB C,

O3HAYa€, SK HaM BIIOMO 3 OCHOB pafio-
YYYL CJIEKTPOHIKH, 110 KOJO AaHTEHM IOBHHHO
OyTH HaJjallTOBaHE B PE30HAHC, 1[0 O3HAYAE
R, =R,. Ilpu upomy cTpyM B aHTEHI Oyze

|
I
I ) . )
- CD | i L, Ha poGouiil yactoti € ogHakoBumH. Lle
/ I
I
I
1

Puc. 6.13. ExBiBajiecHTHa cxema ) ..
CIIEMCHTAPHOTO BUIPOMiHIOBaya MATH KOMILICKCHY aMImTyy [ :U/ 2R,

B PEXXUMI IPUAMaHHS a TOTYXXHICTh, BUJIJICHA B HaBaHTaKCHHI,
Ha0y/1e MAKCUMaIbHOTO 3HAYCHHS:

2
_llzR — U/n

P =
H max 2 m z 8R

z
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Sximo npuitasty, wo U =E1, a R, =20 pI ’ , TO
E’ Q7
640 77
1 HE 3aJICKUTH BiJ JOBXUHU AHTEHU [ .

SIkmio Temep BpaxyBaTH, IO cepeaHe 3HadeHHs BekTopa [loiTiHra magarodoi
XBWI B TOUL{ posmiutenns antenu [1, =E./ 2407 , TO MaKCHMAlbHE 3HAYCHHS

H max

2
MOTYXKHOCTI B HaBaHTaxewni P, =1II_ A, , n§e Aed)=3/147[=0,119;t2 1

NpEJICTaBlIsAse CcO0OK0 TaKk 3BaHy ©(EKTUBHY IUIONMIY  €JIEMEHTapHOTO
BUIIPOMIHIOBAaYA B PEXKUMI TIPUHMaHHS.

TakuM dYWMHOM, €JIeMEHTApHUM eJICKTPUYHUI BUIPOMIHIOBAY 3AaTHUM
BUJIIJTUTH 3 MA/IaF0Y0i IUIOCKOI €JIEKTPOMArHIiTHOI XBUJII 1 MEpEaTH B Y3TOIKCHE
HABAHTAKEHHS BCIO TIOTYXHICTD, sIKa TIEPEHOCUTHCS B MEXaX XBHIIBOBOTO ()POHTY
wiomero 0,1194°.

JIist HaiiHOTO 1 BUCOKOSIKICHOTO MpHUMMaHHS HEOOX1IHO, 100 MOTYXHICTh
CUT'HaJly B HaBaHTaXeHHI aHTeHH P, y 5-10 pasiB mepeBulyBajla IOTYKHICTb

BJIACHMX LIyMiB IpuiiMaua P, sKka BU3HadaeTbes 3a popmynoro P, =RT Af .

PosrisiHemo Terep iHIII BUTPOMIHIOBAY1: IIUIMHHUHN 1 PAMKOBUH.

JlaHa BUIIPOMiIHIOIOYA CHCTEMa MPEJCTABISIE COOOK HECKIHUEHY 1/1eaIbHO
NPOBIJIHY MOBEPXHIO (IJIOIIMHY), B fAKIA Mpopi3aHa IIIJIMHA JOBXHUHOWO [ 1
mupuHo A (puc. 6.14). SIkuio Bronepek MIUIMHA CTBOPUTH 3MIHHE €JIEKTPUYHE
moJie, TO, K BIJOMO, Taka IIUIMHA CTA€ €JIEMEHTOM, IO SIKOMY MpOoOIrae ysBHHMA
MarHiTHUN CTPyM y HampsiMi, HapajeJbHOMY KPOMKaM LIIJIMHU. Y BIAMOBIAHOCTI 3
MPUHIIAIIOM JyaTbHOCTI MIUTHHHANA BUIPOMIHIOBAY € JAYaJThbHHUM TIO BiJHOIICHHIO
710 PO3TIIAHYTOTO paHille €JIEMEHTApPHOTO €JIEKTPUYHOTO BHUIIPOMIHIOBAYa 1 TOMY
MO>K€ Ha3UBaTUCA TAaKOXK MarHITHUM BUIIPOMIHIOBAUEM.

30yKeHHsI IIUTHMHA 3A1HCHIOEThCS PI3HUME crioco0aMu. MokHa, HAIPUKIIA/,
0 JOBTMX KPOMOK IIUIMHH  O€3MOCEepeNHbO  MIAKIOYHATH  JKEPEso
€JIEKTPOMArHiTHOI BUCOKOYAcTOTHOI Harpyru (puc. 6.14, a). [Ipu upomy BuHHKAE
JIBOCTOPOHHE 30Yy/DKEHHS LIUIMHU, TaK SK EHEPris eJeKTPOMArHiTHOrO MOJs
BUIPOMIHIOETHCS B 00MBA IIBOPOCTOPH. AJIe YaCTIIIE BChOI'O BUKOPUCTOBYHOTh
OJTHOCTOPOHHE  30Y/)KeHHsI NIUIMHHOTO  BUIIPOMIHIOBAadYa, HANpUKIAL, 3a
J0IOMOIOI0 MPSIMOKYTHOTO XBMJIEBOAY 3 XBuieto tumy /1, (puc. 6.14,6). Tyt

3MiHHI B 4Yacl €JIEKTPUYHI 3apsAay Ha KPOMKAX IIUTMHU HABOISATHCS 33 PAXyHOK
NPOTIKaHHS TOBEPXHEBUX CTPYMIB MO Tid 00JacTi MeETaneBoi MOBEpPXHI, sKa
3aKOpOYY€E XBUIICBI.

JUis  toro 1mo0 [JaHa INUIMHA MOIVIA BBAXKATUCS  €JIEMEHTapHUM
BUITPOMIHIOBau€EM, HEOOX1IHO BUMAaratu BUKOHAHHS HepiBHOCTI /] A; mpu mpomy
HIiJIMHA € JyXe BY3bKow, To0TO All /. Tyr po3risHeMo JBOCTOPOHHIM
BunpoMiHtoBad. [Ipu 1bOoMy Hemae HEOOXITHOCTI PO3B’SI3yBaTH  HOBY
CJICKTPOAMHAMIYHY 3a7ady, TaK SIK JOCTaTHbO 3aCTOCYBATH PO3TJISHYTHH HaMu
OPUHLMII TEePecTaHOBOYHOI JyaJdbHOCTI JO paHillle BU3HAYEHUX MPOEKIIN
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BEKTOPIB TOJS E€JIEMEHTApPHOTO EJIIGKTPUYHOTO BHIIPOMIHIOBAYA. 3aIUIIEMO
dbopmynn, siki Oy IyTh OMKCYBATH MOJIs 000X BHIPOMIHIOBAYIB y JTadbHiN 30Hi:
— EJIEKTPUYHUI BI/IHpOMiH}OBaq (BiOparop):
: i1 e rr . Il . e
H = LIS sing £ , E, :MZ sin@
7 0
4 r 4 r

-JjBr

— MUTHHHUA BUTIPOMIHIOBAY:

-jBr

sind , )= siné

4 r drZ, r
_ A T T
! et

e
A
]
a) 6)

Puc. 6.14. EnemeHntapHuii IIITMHHUA BUIPOMIHIOBaY 3 JBOCTOPOHHIM (a) Ta
OJTHOCTOPOHHIM (0) BUIPOMIHIOBaHHSIM

[Ipu mepexomi Bix Bl6paT0pa 70 IIIJTMHHOTO BHUIIPOMIHIOBaYa BHKOHAHA
samina Z, <> 1/Z,, H e E E (—)E 3aMiCTh CTOPOHHBOTO MAarHITHOTO
ctpymy [ Gimbln 3pyuHille BUKOPHCTOBYBATH KOMILIEKCHY aMILTITYIy HATPYTH
U, y minHi, sika BU3HAYA€ThCS SIK

Hr:[e/ 2A 3 Er:Uw/A'
3acToCyBaBIY B CUITY il IPUHLUITY TIEPECTAHOBYOL TyalbHOCTI, IO EIEKTPHIHUI
1 MarHiTHUM BEKTOPU B3a€MO3aMiHHI, OCTaHHIO GOpMyIy U1 £ MOXKHA 3aIMCaTH
E. =I_w/ 24 ,3Bigku I =2U .

TakuM YMHOM, KOMIUIEKCHA aMIUTITy/la CTOPOHHBOTO MAarHiTHOTO CTPyMY,
SKHUI MPOTIKA€ MO UIUIMHHOMY BUIIPOMIHIOBauy, Oy/Jie YMCENbHO PIBHA MOJIBOEHIH
KOMIUIEKCHIM aMIUITyAl Hampyrd y miauHl. Toxal octartouHi (GopMynd Aiis

pPO3paxyHKy MPOEKIi BEKTOPIB €JEeKTPOMArHiTHOTO TOJISI y Jajekii 30Hi
IIUTMHHOTO BUIPOMIHIOBAYa 3aITUIITYThCS:

) 8 ~iBr
E(/) :_]U\zlﬂ : €

sin@ ,
2 r 627)
T ~iBr :
o = ]U'”lﬂsiné’ c .
2nZ r

0
BuznaunMo Temep omip I[IIMHHOTO BHWIpoOMiHIOBada. /Jlms  1mporo,
BUKOPHUCTOBYIOUM Gopmynu (6.27), BH3HAUMMO CEpelHINA 3a Tepioj KOJIUBAHb
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Bektop [loWiTiHra, sIKMiI Mae€ €AWHY CKJIaJ0BY, HaIpPaBJICHY B3JIOBX OpTa
paaiagbHOTO HAIPSMY:

N O ¥ U, ip;
I, . :—lE H =—"—— p [do [sin*0do=———— p :
’ 27 87" Z, & 3nZ,

OCKUIbKY TMOTYKHICTh BUIPOMIHIOBAHHS MPOMOPIIIHA KBaApaTy HAMpyru y
I{IJIMHI, MO>KHA 3aIIUCcaTh

Uz
pP=—"".
° 2R,
[TopiBHIOIOYH 111 JIBa BUPA3H, BUSHAUYMMO OITip HIIIMHHOTO BiOpaTopa:
37, zI
=———=5 =45 —|. 6.28
o2’ ! (6.28)

To6T0, ynM MeHIIa TOBXKHHA XBHJII Yy MOPIBHSAHHI 3 POOOUYOIO JOBKHUHOIO XBUII,
TUM OUIBIIHNA OMip BUIPOMIHIOBAHHS 1 TUM MEHIIIA BUTIPOMIHIOBaHA MOTY)KHICTb.

PosrasitHemo Tenep 0coOIMBOCTI paMKOBOTO BUIIPOMiHIOBaYa. Tak MPUMHSITO
Ha3UMBaTH KPYrOBUM BUTOK 13 MPOBITHUKA pamiycoM all A, mo sikoMmy IpoOTiKae
3MiHHUIT eNeKTPHYHHHA CTPYM 3 KOMIUIEKCHOIO aMIUTITYIOK0 / , OJHAKOBOIO Y BCiX
TOYKaX MPOBIAHOI PAMKH.

3adikcyemo, 0 paMKa PO3MIIIY€EThCS B €KBaTOPiaJIbHIM IJIOMMHI cHepUIHOi
CUCTEMH KOOPAWHAT, MOYATOK BIJUTIKY CIIIBIAJA€ 3 IIEHTPOM BHIIPOMIHIOIOYOTO
enemenTa (puc. 6.15). PosrisHeMo /iBa eleMeHTa CTpyMy BEeTHUHHOK 1. a dg,, sKi
PO3MIIIIEH] CHMETPUYHO T10 BIJHOIIEHHIO A0 OCl X Y TOYKaxX 3 KOOpIAUHATAMU T ¢, .

Koxnuii Takuii enemeHT Bene cebe MOAIOHO eJIEeMEHTApHOMY EJICKTPUIHOMY
BUIIPOMIHIOBAaUY, 1 Ha OCHOBI MPUHIUITY CYNEPHO3UIT MOXke OyTH NOJaHUN Yy
BUTJISA/I IBOX CKJIAJOBHUX MO ocsiM X 1 . [Ipu npomy, ik MOXKHA 3ayBaXUTH, X -
OB1 CKJIaZIOBI B3a€EMHO KOMIICHCYIOTBCSI, @ ) -OBI CKJIa/I0B1 IIOJIBOIOIOTHCA. 3HAYUTD
KO’KHA TIapa TaKWX EJEMEHTIB CTPyMy CTBOPIOE B IMPOCTOpI EIEKTPUYHUN BEK-

TOPHUY TOTEHLIAT 3 €IWHOIO MPOEKIIEI0
v B3JI0OBXK a3UMYTalbHOI KOOPAUHATU ¢ .

T bynemo  BBaxkatm, MmO  TOYKa
CIIOCTEPEe)KEHHST P JEeXWUTh Yy TUIOIINHI
a xOy 1 mae monsipHy KoopAuHaty € Ta

po3MilmieHa B JaidbHIA 30HI, TOOTO Ha
> BIICTaHI HE IJIMIIE JEKIIbKOX JIOBXKHH
-Py ’ XBWJIb BIJ BUIIPOMIHIOIOUOI paMKu. Sk
6auumo 3  pwuc. 6.15, reomerpuuHa
PI3HUIIS XOAY 0 TOYKH CIIOCTEPEKEHHS
Bl ICHTpA paMKH Ta 3 BiIJAJICHUX
eleMeHTIB  piBHA  asinfcosg,. Lo

B A
=

BEJIMYMHY HEOOXITHO BpaxyBaTH B
Puc. 6.15. EnementapHuii paMKOBUM  IIBUIKOOCHUJIIOIOUOMY  ©KCIIOHEHIIalb-
BUIIPOMIHIOBAY HOMY MHOXHUKY, SIKUWA BXOOUTH y
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. y ILlO IZ e_jﬂr - o
(bOpMy.Hy BeKTOpHOFO HOTeHHlaHy Ae r = 4— lz. y TOH K€ YaC OOBXHWHaA
T r

pajaiyc-BekTopa, mo Qirypye B 1ii ¢popMylll € OJHAKOBOIO 1 PIBHOIO 7 JJIsl BCIX
TOYOK BUIPOMIiHIOIOUOi paMKu. TOMy MOHA 3alMCaTH, [0 BEKTOPHUN MMOTEHIiall

B JJaHOMY BHUITQJIKy BU3SHAYAETHCSA SIK
-
a] e ’ " i Basi
» — lLlO e ICOS goo e]ﬁ sindcos ¢ dwo .
2 r oo

Tak sx po3mip pamMKu € Habarato MEHIIMM JOBXHHU XBHJI, TOOTO Sall 1, To
eKCIIOHEHIIIaJIbHY (PYHKIIIFO pO3KiIaiaeMo B psia Tewopa:
ePenteen =14 j Basin@cos g, .
Toni
—-jiBr
]/’lO I Sp : e !

» j 1+ jBasinfcosp, cosp,dp, = sind ,
2 r % r

[ BTz
_Mal e

ne S, =7za’ —mioma paMKu. I3 0cTaHHBOI PIBHOCTI Y BiANOBIIHOCTI 3 (hopMyIIOkO

H =—rot A, 3HaX0AMMO MIPOEKLi BEKTOPa HAIPY>KEHOCTI MarHiTHOTO IOJIA, SIKE

H,
30yIKYETBCS B IPOCTOP1 €IIEMEHTAPHUM BHIIPOMIHIOBAYEM:
_ il S -iBr
H’:;H% sn&A =];L—pcosﬁe ,
rsin ) r 6.29)
1 o . LS, B . e
g=——— 14, =- sin@ .
Uy OF 24 r

Cain 3BepHYTH yBary Ha Te, 11O aMIUITyAa Hpoekuii /. 3MeHIyeThes 13
301IblICHHAM pajiyca paMKHd 3a 3aKOHOM 1/7°, ToOTO WiBMjMIE, Hi aMILTiTyaa
npoekuii /,. ToMmy MoxkHa 00IpyHTOBAaHO BBa)KaTH, 1110 B JaJIeKill 30H1 MarHITHUH
BEKTOP Mae€ JIUIIE OAHY NPOEKLIo /1.

EnextpomarHiTHe moJie, IO CTBOPIOETHCS PaMKOBUM BHUIIPOMIHIOBAYEM,
NpeCTaBIsie COOOK B JalieKid 30HI ChEepUUHy XBWIIO, SKa TICPEHOCHTH
NOTY)XKHICTh B pafiajibHOMY HampsiMi 1 Ha ocHOBI (Qopmynu (6.29) mae enuny,
BIJIMIHHY BiJl HYJIS, TPOEKI[iI0 €IEKTPUIHOTO BEKTOPA:

-ipr
Z1.S, B . e

sind pat (6.29.a)

H,=-Z,H,=

[TopiBHIOFOUM 11 dopmyau 13 dopMynamMy Ui IIUIMHHOTO BHIIPOMIHIOBAYa,
MO>KEMO CKa3aTH, 1[0 paMKa, siKa € MaJIOI0 y MOPIBHIHHI 3 TOBKHUHOIO XBHUII1, MOXKE
po3rasaaTucsa K €JIeMEHTApHUM MarHiTHUM BUIIPOMIHIOBAad, B SIKOTO MAarHiTHHUM
NOTIK TPOTIKAE MEPICHIUKYISAPHO IUIONIMHI pamku. Jliarpama HampaBlIeHOCTI
PaMKOBOTO BUITPOMIHIOBaYa OIMHUCYETHCA (YHKIIEIO Sin@ 1 TOMY TaKHil €JIeMEHT
HE BUIPOMIHIOE 1 HE TMpuUiiMae XBWIb B OCbOBOMY HampsMi, a OMHip
BUITPOMIHIOBaHHS BU3HAYA€ETHCS (OPMYIIOI0
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Y YA

PaMKOBiI aHTEHHM YacTO BHKOPHUCTOBYIOTHCS B PaliONMPUHAMANBHIA TEXHII,
HalpuKJIaa, B paJloKoMIIacax s TejleHramii KyTra Ipoxoay XBwil. Y
NOPTAaTUBHHUX MpHUIIMadax MOBCIOAHO BHKOPUCTOBYIOTH 0araTOBUTKOBI pPaMKOBI

aHTEHH, SIKI HAMOTaH1 Ha ()epPUTOBI CTEPXKHI1 1 MAIOTh JIy’Ke MaJli rabapuTH.

(6.30)

KonTpoabHi 3anMTanHs

1. JlaifTe xapakTEepUCTHKYy MPSIMOKYTHOTO  00’€MHOrO  PE30HATOpA.
[IpuBeniTh CTPYKTYpY €JEKTPOMArHiTHOIO MOJI B MPSMOKYTHOMY PpE30HATOPI.
Hapenite dopmyny auMcnepciiHOrO  CHIBBIZHOIICHHS B  MPSIMOKYTHOMY
pe30HaTOPI.

2. JlaliTe XapakTepUCTUKy Kpyrjoro o0’eMHOro pesoHaropa. llpuBeniTh
CTPYKTYPY €JIEKTPOMArHiTHOIO MOJIsl B KPYTJIOMY PE30HATOPI.

3. Bxkaxith ciocobu 30yKeHHS 1 BKIIFOUCHHS 00’ EMHHMX PE30HATOPIB.

4. JlaiiTe XapakTepUCTUKY TOPOiJaJIbHOTO 00’ €MHOTO pe30HaTopa.

5. 3anmmite HeOAHOPiAHI piBHSAHHA MaxkcBemia. J[laiite BHU3HAYEHHS
BEKTOPHOTO 1 CKAJIIPHOTO MOTEHITIaTy €JICKTPOMArHiTHOTO IT0JIS.

6. BuBenmitb 3 mepmioro piBHAHHA MakcBella HEOTHOPIAHE PIBHSIHHS
['enpMrosbia 3 BAKOPUCTAaHHSIM YMOBH KaniOpyBanHs JlopeHTa.

7. Busnaure ¢yHkmito ['piHa sSK po3B’S30K HEOJHOPIAHOTO PIBHIHHS
I'ensmrosbua.

8. 3anmmiTe BHUpa3W I CKAIAPHOTO 1 BEKTOPHOTO TMOTEHINATIB dYepes3
¢dynkuiro ['pina.

9. Illo mpexacraBisge coOO eIeMEHTaApHUN EJICKTPUYHUN BHUIIPOMIHIOBAY
(BiOparop)?

PexomengoBaHa jireparypa

1. TI'puropneB A.Jl., SukeBuu B.b.  Pe3onatopsl u  pe30oHATOpPHbIE
samemstroniae cuctembl CBY. — M.: Pagno u cBs3b, 1984. — 248 c.

2. Jwdnextpuueckue pesonaropsl / [lox pen. M.E. Unpuerko. — M.: Paano
U cB3b, 1989. — 328 c.

3. Baitnmreitn JI.A. OTKpbIThIE pe30HATOPBI U OTKPBITHIE BOJHOBOBL. — M.:
Coserckoe paguo, 1966. — 476 c.

4. Pammorexumueckue cuctembl / Ilom pen. KO.M. KazapunoBa. — M.:
Bricmas mxkona, 1990. — 496 c.

5. Topenuk I'.C. Konebanus o Bonnsl. — M.: ['octexuzaar, 1950. — 551 c.

6. Becenos I'"I. Mukpoanekrponnslie ycrpoiictBa CBY. — M.: Beicmias
mkosa, 1988. — 280 c.

7. Tomant M.b., Maknakos A.A., lllyp M.b. U3rotoBnenne pe3oHaTOpOB U
3aMeUIIONINX CUCTeM dJeKTpoHHBIX mTpubopos / [Tox pen. H.JI. JleBsitkoBa. — M.
Cogerckoe paauo, 1969. — 408 c.

8. Jlebener U.B. Texnuka u npubopst CBY. — M.: Beiciias mkona, 1972, —
T.1.-389¢c.; T.2.-375c.
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Po3nin 7. IlacuBHi mikpoenekTponHi npuctpoi HBY. baratonoocHuku
Ta iX mapamMerTpu

Jlo macuBHuX enemeHTiB mpuctpoiB HBY BigHOCATH: miHIT Tepemnadi,
IHIYKTUBHI, €MHICHI, PE3WCTUBHI HEOTHOPITHOCTI, pe3oHaTOpu 1 (QUIBTPH.
PosrasineMo ¢i13uK0-TeXHOJIOT14HI 0COOIMBOCTI iX (POpMYBaHHS Ta PO3PAXYHKY.

7.1. Jlinii nepenaui interpaisHux cxem HBY. InaykruBHi exementn 1C
HBY

Yacrime Bchoro B IC HBY BukopuctoByroTs Mikpocmyrosi (MCJI), niinuHHI
(IIUT) 1 kommutanapi (KJI) ninii mepemadi (puc. 7.1).

j

S

7

& I ) & M
7

a) 0)
[ S S 4

7 | > =5 >

& M W
B)

Puc. 7.1. Jlinii nepenayi interpansaux cxem HBU: MCJI (a), ILIJI (6) 1 KJI (B).

Sk mpaBuno, mpu anamizi MCJI BHKOPHUCTOBYIOTh HaOMMKEeHHS 1 -XBWI
(TEM), a npu anamizi IJI 1 KJI — H -xBwii, po3risiHyTI HaMH B TONEPEIHIX
po3ainax. Kpim Toro, mist niHii nepeaadi BUKOPUCTOBYETHCS MOHATTS e(PeKTUBHOI
JUETEKTPUYHOI MPOHUKHOCTI &€, , 00 MIETEKTPHUK 3aTI0BHIOE JIHIKO HE TOBHICTIO.

IIpu 1bOMy XBWIBOBUM OImip, (a3oBy MIBHAKICTH 1 (Pa3oBy NOCTIHHY
BHU3HAYAIOTH 32 (DOPMYJIaMU:
o /€, ’

L __S.. p-=
Z, :Ea U(;;_\/aa p= P (7.1)

Kpim Toro, B MeTanmi 1 JielIeKTpUKY HEOOXiJHO BpaxOBYBaTH BTpaTH Ha
BUITPOMIHIOBAHHS, TaK SIK PO3TJITHYTI HAMU JIiHIT MPEACTABIAIOTh COO0I0 BIAKPUTI
XBHJIEBOIU: o =, +, +c,. Ha npaktuni, axkmo ¢ =10, a, MoXHaA 3HEXTyBaTu.
Axio miaKiIaaKa HamiBIPOBITHUKOBA, 1110 Ma€ MICIIE B MOHOJIITHUX 1HTETPAIBHUX
cxemax (MIC), To BTpaTu y mMAKIAIAIl CTalOTh 3HAYHUMHU.

[TpoBosissuM TOPIBHSUIPHUM aHAIII3 JIHIM, HE0OXiMHO Bin3HauuTH, 1o HIJT 1
KJI 3pyuHi i TiIKITIOUCHHS AaKTHBHUX EJICMEHTIB 1 YTBOPCHHS HEB3a€EMHHX
IPUCTPOIB, 1, Ha BiaMiHy Big MCJI, MatoTs Benukuil xBunbosuii onip Z . Y HIJI 1
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KJI nucriepciiini BIIacTUBOCTI BUPAXKEHI CHIIBHIIIE, YUM OLbIIa £ TIAKIAAKA. Y
MCJI 3emnsiHa mMHA 3HAXOAWTHCS Ha TWIbHIN cropoHi IC, mo yTpyaHioe
(TEeXHOJIOTIYHO) 3a3€MJICHHS €JIEMEHTIB 1 aKTUBHUX MPUCTPOiB. [IpoTe BiCyTHICTD
y LIIJT 1 KJI Ha TuapHIN cTOpOHI MeTami3allii 3HA4HO TMOTIpIIy€e BiABiA Teria (B
notyxaux IC mepeBaxarounm € Bukopuctanas MCJI). ¥V HJI i KJI mnactuna
3a3eMJIEHHSI 3HAaXOAUThcsl Ha BepxHid moepxHi IC (puc. 7.1, 0, B), 110 3HAYHO
301UITBIITYE TIJIONTY 1 MOTIPIITY€E TEIUIONEpe1ady Ha KOPITyC.

Jlo mepeBar cMyroBux JiHIA HEOOXIJTHO BIJJHECTH HIMPOKY CMYTY, SIKa MOXeE
3aiiMatu iHTEepBan 4yacToT O<@<oo mpu Mamid maci 1 rabapurax, a TaKOX
MOJKJIMBICTh 3aCTOCYBAaHHS IPYKOBAHOI'O MOHTAXY, 1110 JJO3BOJISIE aBTOMAaTH3yBaTU
TEXHOJIOT1YHUHN MPOIIEC iX BUTOTOBIICHHSI.

Jlinii mepemaui Ha HamBOPOBIMHUKOBUX migkimagkax (Si, GaAs)
TEXHOJIOT1YHO BUT1HI 1J1s1 BurotosieHHs MIC. He3pakaroun Ha Te, 1110 3aTyXaHHS
1 pgumcmepcist B TaKMX JIHISAX OUTbIN, ajge BOHM MAalOTh OUIBIN IIUPOKI
(GYHKIIOHANBHI MOKJIMBOCTI, HANpUKIaA, Takl K TpaHc(opmalis XBHIBOBOTO
onopy abo BUKOPUCTAaHHS B POJIi aTEHI0ATOPa 3 €JIEKTPOHHUM PETYJIFOBAHHSIM.

MCIJI nmepenadi Ha HaMIBIPOBIAHUKOBIM MIAKIAANI 1 CUTHAJIbHA MeETajeBa
IJIACTHMHA YTBOPIOIOTH 3 miAkiaakor Oap’ep IIoTTKi, 10 NOPUBOIUTH 0
BUHUKHEHHSI 00yacTi 301THEHHS, 110 MOoKa3aHo Ha puc. 7.1, B. Ilpu momaui Ha
CUTHAJbHY IIMHY BIJI’€MHOrO TOTEHINATy MOKHA 3MIHIOBATH PO3MIpH 00JacTi
npocTopoBoro 3apsiay. lle 3BHYailHO m03BOJISIE peai3oByBaTH €JIEMEHTH 3
€JIEKTPOHHUM PETYIIIOBAHHSIM.

Cxemotexniunmii anami3 niHIA nepegadi [C HBY momsirae B omiHIll
KoeQillieHTiB «,, ,, ¢, 3a napamerpamu &, O, M, (g0, B Ta po3paxyHKy
MOTOHHUX TIApaMeTpiB 1 MOCTIMHOI MomupeHHsT XBuii y . [1oTiM po3paxoByeThCs
XBWJIBOBUH OITip 1 [A] -MaTpuI JiHII nepeaadi:

—chyl Z_ shyl
[4] shyl|Z.— chyl |
Sxo migKIaaKa JieTeKTPUYHA 1 MOYKHA TIPUHHITH HAONFMKEHHS 710 “HYJITHOBOI
TOBIIMHU MeTalleBOi cMy»KKkH, To napamerpu MCJI MoxyTh OyTH po3paxoBaHi 3a
bopmynamu

(7.2)

— s wih<1
8h w
_+_ ,
4h
e g@:gf”ﬁf_l( 12k 004(1_Zj ; (7.3)
— st wh>1
1207 1

Z

T Jey WhTLA+0.TIn(w/h+14)’
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Posrnsuemo Temep inayktuBHI enementd [C  HBY. Haitnpocrimmit
IHIYKTUBHUM €JIEMEHT MOXKe€ OyTH TIPEACTaBICHUM SK KOPOTKO3aMKHEHUM
BIAPI30K JiHII mepemadi. BxigHuwii omip Takoro BiJpi3ka BHU3HAYAETHCI YKe
B1IOMHUM HaM CITiBBIJHOIIICHHIM

Z,=Zyl=(R+joL)l (7.4)

1 Mae ab0o pe3UCTUBHUM, ab0 IHJAYKTHBHUM XapakTep B 3aJIEKHOCTI BIJ
CHIBBIJHOIIIEHHS HOTO CKJIIQJ0BHX, TPUUOMY JIpyTra CKJajgoBa nepeBakae Ha HBY.

Ha Bigminy Bix BiApi3KiB JiHINA mepenadi posib MAKIAAKA IS 30CePEIKEHIX
eJeMeHTIB noJjsrae y (pizuuHiid peanizamii Ta 13071l 1HAYKTUBHOTO €JEMEHTA.
HaiiGinbm TUIIOBI MOCIIIOBHI 1HAYKTHUBHI €IEMEHTH MOXYTh OYTH MpeJCTaBJIECHI
HACTYIMTHUMU KOHCTPYKIIISIMU.

1. Banounuti (nocaioosnuii) inoykmuenui enemenm (puc. 7.2), komm Z,[1 Z ,

[<A./8, Tomi LEZIZ\/g/C, Z,=(1+j)\J7 f pt/o. 3ByKeHHS CHIHANBHOI

cmyxkku MCJI  nepenmadi  mpoOBOAMTH JO POCTY 1HAYKTHBHOI — CKJIQJIOBOT
KOMIUIEKCHOTO OmMopy. Takuil eJIeMEeHT JIETKO pealli3yeThCsl METOAOM JiTorpadii.
Enexrpodiznuni mapamerpu MeTaneBoi CMY)XKH BH3HAYAIOTHCS THUIIOM ILTIBKH Ta
TexHoJorieto ii popmyBanHa. [l 3MiHM €,,, 4, O TaKl IUIIBKM MOXHA JIETyBaTH

ne &,, =

0araro3apsIHOI0 IMITIAHTAITIETO.

e
(2o 2

Puc. 7.2. banoynuii iHAyKTUBHUN €JIEMEHT

2. Kinvyesuti inoykmusHutl enemenm (puc. 7.3). 3HadeHHS 1HAYKTHBHOCTI Y
NpPUBEJICHUX HMKYE KOHCTPYKIISIX BU3HAYAETHCS T€OMETPUYHUMH pPO3MIpamu, a
TAaKOXX MapaMeTpaMH MeTamizamii Ta migkinaaku. [Ipu 3MeHIeHHl JOBXHUHU KoJia
IHAYKTUBHICTD 30UIBIIYETHCS, @ 13 30UTBIICHHSAM IIMPUHU KUIBLS 1 TOBIIUHY APy
MeTani3allii — 3SMEHIIYEThCS.

3. Meanoposuii ma cniparvHuti  iHOykmueHi  enemenmu  (puc. 7.4).
361IbIIeHHS pO3MIpiB @ 1 b, a TaKOXK KUIBKOCT1 CEKIIIi MPUBOAUTH 0 30UTBIICHHS
IHAYKTUBHOCTI. YuM mmpma cMyxka MeTamizaiii MeaHapy, THM MEHIIa
1HAYKTHUBHICTb.

Puc. 7.3. KinpLieBuii IHIyKTUBHUM €IEMEHT
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VY cmipanbHOMY KpYyTrioMy IHAYKTUBHOMY €JIE€MEHTI 3HaYEHHS 1HTyKTUBHOCTI
BU3HAYAETHCS PajilycaMy BHYTPIIIHBOI 1 30BHIIIHBOI CITipalli, a TAKOX KIJIBKICTIO
BUTKIB.

a)

Puc.7.4. MeanapoBuii (a) Ta criipanbHuii (0) 1HIYKTUBHI €JIEMEHTH

4. Cnipanvuuu keadpamuui iHOykmusHuti enemenm (puc. 7.5). 3MeHIIEHHS
3a30py MK BUTKaMU CHIpajil J03BOJSIE CTBOPUTU OUIBII KOMITAKTHY CTPYKTYpY B
ckianal 1C 1 30UIbIIKUTHA KIJTBKICTh BUTKIB Ha TiH e IUIOIl, MPOTE 11€ MPU3BOAUTH
JI0 TTapa3UuTHOI MI>KBUTKOBO1 EMHOCTI.

Puc. 7.5. Cnipanbauil KBaApaTHUI 1HAYKTUBHUN €JIEMEHT

Crig 3ayBaKUTH, IO BCl TEOMETPUYHI PO3MIPH 30CEPEKEHUX 1HIYKTHBHHUX
€JIEMEHTIB NOBUHHI OyTH HabaraTo MEHIINMHU 3a A _.

Po3rnsHyTi HaMHu KOHCTPYKIIii 1HTYKTUBHUX €JIEMEHTIB JIJISI CXEMOTEXHIYHOTO
ananizy IC MoxyTh OyTH NIpeCTaBIeHI HACTYTHUMH CXEMHUMH MOJICIISIMH:

a) OanmouyHl, KUIBIIEBI MEaHAPOBI €JIEMEHTM — CXEMHOK MOJICIIIIO,
300pakeHor0 Ha puc. 7.6, a.

0) cripaJbHUMN €1eMEHT — CXEMHOK0 MOJIEIUTIO, 300pakeHOt0 Ha puc. 7.6, 0.

R L |
'_’_E AA0R . R L
— C 1 i .__|: YN .

g

a) 0)

Puc.7.6. CxemHi Mojieni iIHAYKTUBHOCTEH /I 0aJ09YHMX, KIJTBLIEBUX 1 MEAaHIPOBUX
(a) Ta cmipanpHEX (0) IHIYKTUBHUX €IIEMEHTIB
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Tyr mapanensni emuocti C, 1 C, NOB’s3aHl 13 KOHTAaKTaMHU EJIEMEHTIB 3

JIHIAMM TIepejadyl Ha BXOJl 1 Ha Buxodi; R — 3 omopom Mertamsauii; C, —
CYyMapHOIO MIKBUTKOBOI €MHICTIO. Benuki 3Ha4eHHs iHIYKTUBHOCTEH J103BOJIAIOTH
OTPUMYBATH CIIpalbHI €IEMEHTH, NMPOTE BOHM MAlOTh CYTTEBHH TEXHOJOTIYHHMA
HEJIOMIK, TIOB’SI3aHHM 3 TIKIIOYCHHSM JI0 JIiHIT BHYTPIIIHBOTO KOHTAKTY CITipaii —
TpeOa BUKOHYBATH TaK 3BaHi MIHUPU a00 HAIMIIATH JOJATKOBHI MIap 130J5TOpa.
[TapanenbHUl 1HAYKTUBHUN €EMEHT MOXKE€ OYyTH peani30BaHUN Yy BUITISAMIL

KOPOTKO3aMKHEHOTO Tteida (puc. 7.7), mpu bOMY HOTO JOBXKMHA HE TMOBHHHA

NEPEBUILYBATH A / 4. Tomi  mMarpumsd  TPOBITHOCTI  IMMApalEeITHHOTO
KOPOTKO3aMKHEHOTO nuieida (0e3 BTpaT) 3amuireTbes:
1 0
[4]=]jept |
2
Z)C Zx
. . i i
Z L Z > >
X X Z y l

7

Puc.7.7. TlapanenvHuii 1HAYKTUBHUW €JIeMEHT Ha 0a31 KOPOTKO3aMKHEHOTO
nurerida

HemnepeBepiieHUM iHAYKTUBHUM €JIEMEHTOM JUIS 1HTETpaibHOI €IeKTPOHIKH
HBU € ripatop, sikuii BUKOHY€ETHCS HA OCHOB1 AKTHBHHX €JIEMEHTIB.

7.2. €EmHicHi Ta pesuctusHi esementn IC HBY

[TapanenpHUll €MHICHHA €JIEMEHT MOXKe OYTH peai3oBaHUi y BUTIISII
Biapi3ka jdinii. OCKUIbKH BXIJHUI Omip po3IMKHEHO] JIiHiT nepeaadi

68X = ZXCh}/l :ZXCthj/l,
shyl

a JUIs KOPOTKOi pO3IMKHEHOI JHiI mepemadi, komu yI[[] 1, To cmpaBeminBa
dbopmyna

*— —8

V4 1 1G,—jwC,

X —

/ = =- ) —
“ oyl (G +jwC) G +a'C; ¢ (7.3)

Ha HBY npyrwuii 101aHOK CYTTEBO TIEPEBUIILYE€ OMIYHHK OMip 1 BXIAHUN OIIp
IPEICTaBIISIE COOOI0 YUCTO EMHICHUH OIIp
Y o C,
C :
(G +&' C;)
[locniioBHI €MHICHI €JIEMEHTH MOXYTh OyTH NpeJCTaBlICeHI HACTyITHUMU
KOHCTPYKITiSIMH.
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1. Po3zpus MCJI nepenaui 1 oro cxemHa Mozeinb (apa3uTHUN PEe3UCTUBHUN
€JIEMEHT TOB’SI3aHUN 3 HElJCANbHICTIO JAieNeKTpuKa migkiaanku) (puc. 7.8). Tyt

emHocti C, 1 C, moB’A3aHl 3 KOHTAaKTHHMHM CXEMHUMH €JIEMEHTAMHU 3 JIHIEIO

nepenadvi, a IHAYKTHBHICTH L pe3ucTopa ONUCYIOTh BIIANOBIIHO pPEAKTUBHI Ta
OMIYHI1 BJIACTUBOCTI IIAPIB.

R,
a)

Puc. 7.8. TlocnigoBHUN €MHICHUI E€JIEMEHT: a) y BHIJISII PO3PUBY JiHII Ta HOro
CXEMHa MO/JIeNb; 0) Ha 3yCTPIUHUX IITHPSAX Ta HOTO CXEMHA MOJIEIIb.

2. IMapanenpHU €MHICHHHA €JIEMEHT TaKOXX MoOke OyTH copmoBaHMil Ha
3YCTPIYHUX IITHPSX, K MOKa3aHO Ha puc. 7.9.

L 1 LZ
- YN o
[ L
1 C = R —C 5
C
. 1 .

Puc. 7.9. [lapanensHuii KOHAEHCATOpP HA 3YCTPIYHMX IITUPSX Ta HOro CXeMHa
MO/IeJTb

ITapa3uTHi IHAYKTUBHOCTI L, 1 L, NOB’A3aHi 3 KOHTAKTaMH Ha BXO/1 1 BUXO/1
JiHii, a L 1 R BIANOBIHO BU3HAYAIOThH IHAYKTUBHICTH Ta OIIP 3yCTPIYHUX IITUPIB.

3. Ilnockuit (TaHapHHK) TOCHIIOBHUNA €MHICHUN CIEMEHT MOXE OyTH
MOJTaHWKA KOHCTPYKIIiEl0 Ha TOHKuX Imapax (puc. 7.10). Moro cxemna mouenb
BIJINIOB1/Ia€ MOC1IOBHOMY €EMHICHOMY €JIEMEHTY Ha 3yCTPIYHUX IITUPSIX.

Yy,
e Ly
‘ Y

SXSKRESH

Puc.7.10. Ilnockuif mimaHapHUM KoOHJEHcAaTop, C(HOPMOBAHUN TOHKOIUIIBKOBOIO
TEXHOJIOT1€10
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4. Benuky mepcneKkTuBy Juis eMHICHHX eneMmeHTiB [C MaroTh Bapukamnu, siki
MOXYTh OyTH peanizoBaHi Ha oOepHeHO 3MmimeHux miogax LoTTki, cTpykTypa
SKUX TaKOK MOXKe OyTH 3yCTpIYHO-IITUPOBA.

Jlo OCHOBHUX TapaMeTpiB €MHICHUX E€JIEMEHTIB BiIHOCITH: TEMIIEPATypHUN
koedimienT emuocti (TKE) Ta Tounicts ix popmyBanHs.

[111BKOB1 pe3UCTOPU BUKOPUCTOBYIOTH B POJII HaBAaHTAXEHHS, MOJIIBLHUKIB,
KUJT KepyBaHHs Ta XUBJICHHS. Jl0 OCHOBHHX MapameTpiB PE3NCTUBHUX E€JICMEHTIB
BIJIHOCSITh: TIOBEpXHEBUI ormip, TemnepatrypHuil koediumient omnopy (TKO),
TEIJIOBUI OIp, MaKCHMaJIbHO JOIYCTHMa pO3CilOBaHA MOTYXHICTh. Y poii
MatepiamiB s iX (OpMyBaHHS BUKOPHUCTOBYIOTH MeETajH, HaMiBIPOBIIHUKU 1
KepMmeTH. {711 BUTOTOBIIEHHS! HAIMIBIPOBITHUKOBUX PE3UCTOPIB BUKOPHUCTOBYIOTH
Toi ke map, mo 1 i kanaiiB [ITIHI (tak 3Bani miau-pesuctopu). IlpoTte Taki
PE3UCTOPU MaKOTh 1 CyTTeBl Henomiku: HemiHiitHI BAX, nogatauit TKO, Benuky
TEPMOMOJILOBY HECTaOUTBHICTb.

Omip TIUNBKOBUX PE3WCTUBHUX  €JEMEHTIB, KpIM  eJIeKTpOo(dI3UUHUX
mapameTpiB, 3aJeKHUTh Bix Koedimienta GopMu n=I/w, K BiIHOMIECHHS #HOTO
JOBXWHM 0 IMUPUHHM. Y PO IUIIBKOBUX PE3UCTOPIB MOXE OyTH BHUKOpPHCTAaHA
HACTyITHA KOHCTPYKis (puc. 7.11).

a)
Puc. 7.11. Pe3uctopu 3 KOpOTKO3aMKHEHUM (@) 1 po3iMKHEHUM (0) tteiidhamu Ta
CXEMHa MO/JIeJ b PE3UCTOpa 13 PO3IMKHEHUM LLIeH(oM (B)

Taki cTpyKTypH BHKOPHCTOBYIOTHCS B POJIi Y3TO/KEHHX HaBaHTa)KEHb Ha
onHii (puc. 7.11, a) abo nexinpkox (puc. 7.11, 6) gactorax. [Ipu 11boMy JTOBXKUHA
uuteidy, skuit moxanuii Ha puc. 7.11, cknamae [, =4 /4.

[Tpu BenMUKUX PiBHIX TMOTYKHOCTI BAKOPHUCTOBYIOTh PO3TOIICHI PE3UCTOPH Y
BUTIIAAI MEAHAPOBUX YW CHIpAJbHUX CTPYKTYpP, MOAIOHMX A0 1HIYKTHBHHUX
€JIeMEHTIB, MpOTE, 3aMiCTh Iapy MeTaji3aiii BUKOPHCTOBYIOTh Marepiain
TUTIBKOBUX pe3ucTopiB. Ciip 3BepHYTH yBary Ha Te, IO IUTIBKOBI PE3UCTOPH 1
PE3UCTOPH Y PO3MOJUICHUX CTPYKTypax (OPMYIOTh 3 BHCOKOI TOYHICTIO Ta
3aganuM  3HadeHHAM TKO 13 BHKOPHUCTaHHAM TEXHOJIOT1i IMATOHKH  iX
OaraTo3apsaHOI0 IMILUIAHTAIIELO.

Y HBU TexHiri HEOOXiTHO BpaxoByBaTH HeogHOPIHOCTI B IC, 10 HANO1IBII
TUIIOBUX 13 SIKKX MOXXHA BIJHECTH 3TMHU JIHINA Iepenadi, CTPUOKA XBHUILOBOTO
Omopy, pO3IMKHEH1 JiH1i, 3aMKHEH1 JiHii, T -moi0H1 3’€JHAHHS, IEPETUHU JiHIH,
3a30pH B JIiHIi.
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[TpsitmokyTHUI 3rMH JiHIT MOXe OyT TOJaHWK Yy BIANOBIIHUX Mepepizax
CXEeMHOI0 MOJIeJUTI0, TojaHo0 Ha pwuc. 7.12. Tyr mapanenpHa emHicTh C
3YMOBJICHa HAKOMUYEHHSM EJEKTPUYHOrOo 3apsAay, a IHAYKTHBHICTb L —
CTIOTBOPEHHSIM MArHITHOTO TOJISE Yy 3TUHI. 3MEHIIWTH BIUIMB HEOIHOPITHOCTI
MO>KHA, 3a0KPYTJIFOIOYH 3THH JIiHii.

6)

Puc. 7.12. 3run niHii (a) Ta Horo cxeMHa MoJienb (0)

CtpuboK XBHIBOBOTO OIOPY, HAPUKJIIAA, MPH 3’ €IHAHHI ABOX JIIHIN 3 PI3HOIO
HIMPUHOI0 CUTHAJIBHOI CMYKKH 1 MOrOo CXeMHa MOJielb mojaHi Ha puc. 7.13, sxi
MPEJICTABIAIOTE c000r0 T-momiOHMK (GinbTp HIKHIX YacTOT. BiAmoBiHO Takwii
CTpUOOK HEeraTMBHO BIUTMBaTUME Ha niepeaauy HBUY-curnanis.

7

7)) b A E
éf//, T _?WW\—-T
T
a) 0)

Puc. 7.13. Ctpubok XBUIHLOBOTO OMOPY (@) Ta HOro cxemHa mMojieib (0)

PoziMkaeni MCJI 1 LIJI moxyTs OyTH mpeacTaBlieHI pa3oM 13 CXEMHOIO
MOJIEIUIIO, SIK TTIOKa3aHo Ha puc. 7.14. TyT pe3sucTuBHUHN €IeMEHT R TIOB’sS3aHM 3
HECANBHICTIO JieNeKTpUKa MIAKIAaAKd, a eMHicHui C — 3 mapajeiabHOIo
€MHICTIO, yTBOPEHOIO CUTHAJIBHUM MPOBITHUKOM 1 323€MJIEHOIO UTMHOIO.

Kopotkozamkaeni MCIJI 1 IIIJI pa3oM i3 CBOEIO CXEMHOIO MOJICILTIO TTOKa3aHi
Ha puc. 7.15. Taki HEOJHOPITHOCTI MPUBOIATH 10 CIOTBOPEHHS CHUTHALY MPH HOTO
nepenaui B IC 1 iX BIAHOCATH [0 Mapa3UTHUX €(EKTIB TOMOJOTIYHOIO
dbopMyBaHHS.

) R
) 6) B)

a) 0) B) a
Puc. 7.14. Po3imxueni MCJI (a) 1 IIJT (6)  Puc. 7.15. Kopotkozamkueni MCJI
JiHil Ta X cXxeMHa MoJIelb (B) (a) 1 IJI (6) miuii Ta ix cxemHa
MO/1eJIb (B)
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Jyxe WIKaBUM € TPHUKIATd BHUKOPUCTAHHA €MHICHHX Ta IHIYKTHBHHUX
eleMeHTIB Uit (OopMyBaHHS MapajebHOIO YW ITOCHIIOBHOTO KOJMBAJILHOTO
KOHTYpIB (puc. 7.16). [Ins ix ¢popMyBaHHS BUKOPUCTOBYIOTH TaK 3BaH1 rpeOIHKOBI
€MHICHI CTPYKTYPH 3 KUTBIIEBUMH 1HTYKTHBHIUMH €JIEMEHTAMH.

’ oL

7 7 %Z Lj—TC \gy/ﬁ/%ﬂ

a) 0)
Puc. 7.16. Ilapanensamii (a) 1 mocnigoBHuid (0) KOJIMBAJIBHUNW KOHTYpU Ta ix
CXE€MHI1 MOJIEN

7.3. Pesonaropu i ¢pinbrposi cxemn HBY

B IC HBY BukopucToBYIOThH IHTErpaJibHI Ta 00’ eMH1 pe3oHaTopu. Haitbibi
LIMPOKO PE30HATOPH BHKOHYIOTh y BHIIsim Bimpiskis MCJI nosxuHoo A /4,

A )2, A (puc.7.17).

L
[=1./4 [=1,/4 cC L
— ru ﬂ . B
C

a) 6)

Puc. 7.17. Pe3oHarop y BUITISAI YBEPTbXBUJIBOBOIO KOPOTKO3aMKHYTOro (a) 1
posimkHyTOTrO (0) BiZpi3KiB JiHIT Ta X cXeMHI Mol

Pe3onaTop 3 KOpoTKO3aMKHEHUM IuieiihoM Mae OLIbIT BUCOKY JOOPOTHICTH 1
MEHIIE BUIPOMIHIOBAHHS Yy TIOPIBHSAHHI 13 PO3IMKHEHMM. TeXHOJIOTTYHUM
HEJOTIKOM KOPOTKO3aMKHEHHUX pE30HATOpIB € HEOOXITHICTh 3aCTOCYBaHHS
CrieriaJbHUX KOPOTKO3aMHUKAYiB.

Y poai pe3oHaropa MoOxe OyTH BHUKOPUCTAaHO IIIJIKIIOYCHHS 10 JIiHIT
nociiioBHOi abo mapanenbHoi RC-7TaHKM Ha  30CEPE/DKCHUX — €JIEMEHTaxX
(puc. 7.18).

Puc. 7.18. Pe3onaropu y BUIIISIAI TOCHIIOBHOTO 1 IapaJieIbHOTO KOJUBAJIBLHOTO
KOHTYpiB
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B sikocTi iHTErpambHUX pe30HATOPIB BUKOPHUCTOBYIOTHCS TaK 3BaHI KIJIbIIEBI
pe3onaropu (puc. 7.19) 3 eMHicHUM 3B’SI3KOM (pO3pHB JiHI1) 3 JiHI€IO epenayi Ha
BXO/I1 1 BUXO/I1 p€30HATOpA.

AR
SRRRRRKRKL
RERIRIRRKS
[T

AR ARARARAAA
a) 6)

Puc. 7.19. Pezonaropu y BUIIIsLA1 KiIbLis (@) 1 KBajgpaTa (IpAMOKYTHHKA) (0)

VY Takux pe3oHaTOpax y BHUIJISAI KUIBLSL YW KBajpaTa NMPaKTUYHO BIJICYTHI
KpaioBi edpektu. PezoHaHCHA yacToTa MOB’si3aHAa 3 T'€OMETPUYHUMHU PO3MIpAMHU
CTPYKTYp HACTYITHUMH CITIBBITHOIICHHSIMU:

[ =nd, 1 =2(a+b)=ni,

M

ne ﬂmzizdwp\/a/vmn; ﬂpﬁ:l\/g/n npu all w, bl w, v, — KopiHb

noxigHoi ¢ynkiii becces.

UM mmpiie Kible, TAM OUTBII BHUCOKI THUIHM KOJHBaHb MOXKYTh BHHHUKATH
npu pesoHanci. Ilpu mmpuui xineus, Oineuwiii A /2, y pe3oHaTopi BHHHKAIOTb
TUNU KoiuBaHb £~ (n>1).

VY iHIIO Pe30HaTOpU MOXKYTh BKJIIOYAaTHCS Mo-pizHOMY. HaiiOiunbiie
NOLIUPEHHS OTPUMAald  CIIOCOOM  BKJIIOUEHHS  PE30HATOpIB 32  CXEMOIO

nBornoaocHuka (puc. 7.20). Po3Mmip 3a30py BUOHMpaeThCs 13 3a7aHOTO KoedilieHTa
3B’SI3KY.

a) 6)

Puc. 7.20. BapianTu BKIIIOUEHHS pe30HATOPA B JIIHIIO 32 CXEMOIO JIBOMIOJIOCHUKA:
a) TOPU3OHTAIBHOI CTPYKTYpH; 0) BEpTUKAIBHOI CTPYKTYpH.

MokMBI  HACTYMHI  CIOCOOM  BKJIFOUEHHS pPE30HATOPIB 32  CXEMOIO
4OoTUpUIOJIIOCHUKA (puc. 7.21).

214



A

) 5

a) 0)
Puc. 7.21. Bapiantu BKJIIOYEHHS pe30oHATOpa B JIHIIO 32 CXEMOIO
YOTUPHIIOJIIOCHUKA: a) TOPU3OHTAJIbHA TOIOJIOT1s; 0) BEpTUKAJIbHA TOIOJIOT1S.

VY cyudacHuxX MiKpoeneKkTpoHHUX mnpuctposix HBY mumpoko 3Haxonsartsh
3aCTOCYBaHHS TaKl TUIIM PE30HATOPIB, TOMOJIOTIS SKUX MMOJaHa Ha puc. 7.22.

a) 6)

Puc. 7.22. BapianTtu TOmoJsorii iHTerpaJbHUX PE30HATOPIB:
a) Kpyrauii; 0) eNiNTUYHNN; B) KITTBIIEBUH; T) MPSIMOKYTHHIA (KBaIpaTHUN).

Ha minmaHIM JTiHIT nepegadi MOXKIIUBI CBOi BapiaHTH pe3oHaTopiB (puc. 7.23).

2| © (=)

Puc. 7.23. BapianTu TOnosorii pe3oHaTopiB Ha IIIIMHHIN JiHIT nepeaayl

[lepenava curnamie HBY He moxe oOiiiTHCS 6e3 QUIBTPOBHX CXEM, 5K TEXK
BUKOHYIOTbCSI B IHTErpaJIbHOMY BHKOHAaHHI. TOMY B poJii 0a30BUX €JIEMEHTIB Y
GITBTPOBUX cXeMaX BHKOPUCTOBYIOTh Binmpisku MCIJI, ski, Ha BiIMIHY BiJ
NPSIMOKYTHOTO XBHJIEBOAY, HE MAlOTh HIDKHBOI YacCTOTH BiACIUKH. Po3risHemo
OCHOBHI 3 HUX.

OunbTpu HUXHIX yacToT (PHY) BHUKOPHUCTOBYIOTH y CXE€Max JETEKTOpIB,
3MiIIyBayiB, a TAKOXK B KoJiaX >kuBJieHHS. HanBucokowactorni ®HY mMoxyTh OyTH
peari3oBaHi Ha PO3MOJIJICHHX KOMIIOHEHTax — BiApi3kax JniHid (puc. 7.24). Tyt
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BIIPI3KM JiHIA 3 BEIUKUM XBUJIBOBUM OMNOPOM Z , €KBIBAJEHTHI HOCHIJOBHUM
IHIYKTUBHOCTSM L, a PpO3IMKHEHI BIAPI3KM 3 HU3BKMM OHOpOM Z

MPEACTaBIIAIOTh COOO00 TTapajeabHl EMHOCTI.

Co Co

ZX() le x1 )
ZxZ ZxZ

a) 0)

Puc. 7.24. ®inpTp HIKHIX YacToT (a) 1 HOoro enekTpuyHa Mojielsb (0)

N

®HY Ha 30Cepe/KCHUX KOMIIOHEHTaX MOke Oytu chopMoBaHuii 3
BUKOPHCTAHHSAM MITUPOBOI 1 KIJIBIIEBOT TOMOJOTIH (puc. 7.25).

”
.

L
e

//

///

7
%

a) 0)

Puc. 7.25. ®inbTp HIWKHIX 4YacTOT Ha 30CEPEIKEHUX KOMIIOHEHTaxX JIiHii
(K171b1IEBO-IITUPOBIH TOMoJorii) (a) 1 Horo enekTpuyHa Mojensb (0)

Amnanoriuno MoxyTth Oytu chopmoBani HBU ¢ineTpu BepxHix yacToT Ha
1HYKTUBHUX €J€MEHTaX Yy BUTJISAl KOPOTKO3aMKHEHHUX BIAPI3KIB JIIHIN 1 EMHICHUX
€JIEMEHTIB SIK pO3PUBIB JiHII (pucC. 7.26).

Puc. 7.26. ®inbTp BEpXHIX 9acTOT (@) 1 HOTO EICKTPUIHA MOICIH (0)

be3 TpyanomiiB MmoxkHa copmyBatu 1 cmyrosuid ¢piaisTp (CD) HBY, B ocHOBI
SKOTO € TIBXBWJIbOBI PO3IMKHEHI BiApi3ku (puc.7.27). [laHa KOHCTPYKIis
HajBUcOoKodYacTOTHUX C@ mnpencraBisie co00 MIKPOCMYTOBI PE30HATOPU 3
€MHICHUM 3B’53KOM. Bincrane Mix mentpamu 3a3opie ckiamae A /2, a BenumdnHa
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3a30py BH3HAYA€ CMYTy TMPOIyCKaHHS (uibTpa (UMM MEHIIMKA 3a30p, THM
CWJIBHIIIIE PE30HATOPH 3B’s3aHI MK COOOI0 1 TUM IIHpPIIA CMyTra MPOITyCKaHHS).
Came TyT MarOTh MICIle BHCOKI BHUMOTH IIOJAO PO3JAUIBHOI  3/JaTHOCTI
aitorpadiunoro mporecy GopmyBaHHs Tomoiorii. KokKHHI 3 TakuX pe30HATOpiB
Ma€ CBOIO PE30HAHCHY YacTOTy, a pe3yibTyoua AUX dopmyeTsest y pe3yibTari
nepekpuTTss AUX okpemux pe3oHaTopiB. Pe3oHaHCHI 4YacTOTH 3B’SI3aHUX
pE30HATOpPIB BUOUPAIOTH Tak, MO0 3a0e3MeYUTH 3aJlaHi 3HAYCHHS CMYTH
nponyckanHst C® HBY 1 HepiBHOMIpHicTE AYX. 30UIblIEHHS KUIBKOCTI
PE30HATOPIB po3mIUproe cMyry. Taki mpeuwnsiiiai 3a30pu MOBUHHI (HOpMyBaTHCS
JUIIE MJIa3MOXIMIYHUM aH130TPOTTHUM TPABJIEHHSIM.

C_.anr C a2 C ,_’C}_,_ﬁ_‘ _ﬁ_.
Y 3 Y 3 I3

0.

a) 0)

Puc. 7.27. CmyroBuit ¢pinstp HBY Ha miBXBUIBOBUX BiApI3KaxX PO3IMKHYTOI JIiHIL
(a) 1 Horo eneKTpudHa MOICIH (0)

binpm komnakTHa KOHCTpyKuig 1 Tonosorigs C® 13 3B’S3KOM MIBXBUIbOBUX
pPEe30HATOPIB Uepe3 OOKOBI TOBEPXHI ITOKa3aHa Ha puc. 7.28.

a
a
a

////////

//

a) 0)
Puc. 7.28. CmyroBuii ¢inbTp Ha MIBXBHJIBOBUX BiApi3Kax (a) 1 HOro eleKTpudIHa
Moenb (0)

3aranpanM HenmosikoM C@® Ha TiBXBWIBOBUX BIJPi3Kax € YYTIUBICTH JO
JIOITYCKIB Ha TeOMeTpuyHi po3mipu (A, s, W) 1, IK HACTIAOK, BIAXiJl HEHTPAIBHOT
YacTOTH 1 cMyTH IpornyckanHs. CbOroJiHiI JaHa IpobsieMa e)eKTUBHO BUPIIITY€EThCS
CyOMIKpDOHHOIO TEXHOJIOTI€EI0 3 BHUKOPUCTAHHSIM TIPOCKITiHHOI miTorpadii Ta
aHI30TPOMHOTO TUIA3MOXIMIYHOTO TPaBJICHHS.
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3aryxaHHs (inbTpa y CcMy3l NpOMyCKaHHA Oyne THM MEHIIE, YUM BHINA
BJIaCHA JOOPOTHICTH PE30HATOPA 1 YMM MEHIIE YKCIIO JIAHOK (TOOTO pe30HaTOPiB).

e Oinpir xommakTHa Tomosioris CO HBY moxe OyTtu peanizoBaHa Ha
3YCTPIYHUX KOPOTKO3aMKHEHMX muiel(dax (YBEPTHXBHIBOBUX PE30HATOPAX),
TOTIOJIOT1sI SIKMX TIOKa3aHa Ha puc. 7.29.

W s W c ¢ ¢ ¢

A /4 ’C CUCAC ' '_’EHE_{E’_H_'
) . .

a) 0)
Puc. 7.29. Cmyrosuii pinetp HBY Ha kopoTko3aMkHyTHX Hueiidax (A, / 4) (a) 1

foro enekTpuuHa Mojienb (0)

Taki CTpyKTYpH XapaKTepU3YIOTHCS TOMOJOTIEI0 3 MiHIMAJIBHOIO ILIOLIEIO,
JOCUTHh HIMPOKOI0 CMYroio mpomyckaHHs (10 60 %) i mMaimuMu BTpatamMu Ha
BUITPOMIHIOBAHHS.

7.4. lia¢pparmu, pe3oHaHCHI BikHa i TpaHcopMaTOpu NOBHUX ONOPiB

[ToBepHEMOCS 10 HEOJHOPIAHOCTEN y MPSAMOKYTHOMY XBHJIEBO/II, SIKI MAatOTh
BUTJIST 1/IeaTbHO TIPOBITHOI IEPErOpOJIKH, IO YAaCTKOBO TIEPEKPHBAE Tiepepis
XBWJIEBOY 1 pO3MIIlI€HA MEPICHINKYISIPHO 10 Horo oci. Po3risHeMo 1Ba mpocTux
TUIIA TaKUX MEepPeropojiok — aiadparm, ski mokasani Ha puc. 7.30. Beenemo nesHe
JOMYIIICHHS, IO TOBIMMHA miapparM d € Habarato MCHIIOI JOBXHHH XBHWII Y
XBUJIEBO/I1, ajie HabaraTo OUIBIIO TNIMOWHY MPOHUKHEHHS T0JIs B MeTai. Tofi 1mo
XBMJIEBOJI1 MOKE IIOIINPIOBATUCS TUIBKU XBUJIS HUXKUOIO TUIY /1|

mema
g d
a’ b
_ " y
a
= ‘ d
S !
S b'l |b
§ A\

T a []

Puc. 7.30. IIpocTi cumeTpuuHi giadparMu y npsiMOKyTHOMY XBUJIEBO/I1
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OueBunHO, 1m0 B Ge3mocepeaniin 6Iu3bKOCTI 0 niadparMu MOXKYTh ICHYBaTH
0JISI BUIIIMX THUIIIB XBHJIb, K1 3aTyXarOTh IO Mipi BiIIAJICHHS BiJl HEOIHOPIAHOCTI,
TakK SIK PO3MIPH Mepepizy XBUIECBOY 3aJ0BOJBHSIIOTH YMOBAM

A>a>A2, A/2>b>0.

Po3rnsiHeMo cnodatky aiagparMu 3 sIKICHOT TOYKH 30pYy, BUKOPHUCTOBYIOUH
KOHIICTIIIIF0 EKBiBaJCHTHOTO omopy. TyT miapparmy OyaemMo poO3IISIaTH, SK
KOPOTKHH BIAPI30K XBWIJIEBOIY, PO3MIPH TMEpepi3y SKOTO BiAPIZHIIOTHCS Bij
PO3MIpIB OCHOBHOTO XBHJIEBOAY. Tofl XBUjeBia 3 JladparMor0 MOXxHa MOAATH Y
BUTJISAZII €KBIBAJIEHTHOI CXeMH, MOKa3aHoi Ha puc. 7.31. L1 cxema ckiagaerbes 13
TPHOX IIISIHOK AOBroi miHii (puc. 7.31, a) 3 exBiBaneHTHUMU omopamu Z, 1 Z'. Y

JaHOMY BUIAAKy TOJs JiadpparM He MOXYTh OyTH TIOBHICTIO BpaxoBaHi
eKBIBaJICHTHUMH OIOpPaMH, OCKUIbKH 1€ TOHSTTS MOKHA 3aCTOCYBaTU [0
OJHOPIIHUX XBHJIEBOAIB Npu xBwii Tuiy H,,. ToMy TyT He MOXHa OTpUMAaTH

TOYHOI POPMYIH ISl pO3PAXYHKY Alapparmu.

' N a
a2y, -
Z  jB c=1/z, 7 ‘B Z,
Ze (Z(fx)aﬁ Ze l) ‘ / ‘
0, 6 I
a) 0) B)

Puc. 7.31. IlepeTBopeHHS €KBIBAJICHTHOI CXeMH TOHKOI AladparMu y XBUJIEBO/I1

ExBiBaJIeHTHUII OITip AJI1 OCHOBHOTO XBMJICBOJY 3 TOBITPSHUM 3aIlIOBHEHHSIM,
SIK BIJTOMO, BU3HAYAETHCA (hOPMYIIOIO

7=t VH /&
a\/l—/12/(4a2)

[Ipu 3By’KEHHI HIMPOKOTO PO3MIpY mepepidy xBuieBoay (puc. 7.30) MaeMo Taki
CIIIBBIIHOIIEHHA po3MipiB: a'<a, Z >Z (;nms mepmioro Bapianty) i b'<b,

Z! <Z (nnsa ipyroro BapiaHTy).

[Toctapaemocst 3BecTH OTpUMaHy €KBIBAJICHTHY cxXeMy JiadparmMu 10 CXeMHU
13 30CepelKeHMMHU mapamerpamu. Jlas 1bOro mMpoBeneMo  MOCHiAOBHI
NIEPETBOPCHHS, KOPUCTYIOUNCh METOJaMH, SIKI PO3TISAAIUCS B TEOpii JOBTUX
XBWIb. Bximuuit omip y Toukax a6 (puc.7.31,0) 3a piBHAHHSAM BXIiJHOTO OTIOPY

BU3HAYAETHCS PIBHICTIO

Z +jZ'tgf'd
(Zﬁx )a6 = Ze.: j . - ] * (7.6)

Z,+jL1gpd
ne yepe3 [’ mosHadena (azoBa IOCTiHA B IiHii, o0 Biamosimzae miagparmi. I[Ipu
Majii ToBHMHI miadpparmMu MoxkHa 3anmcaru: f'd ) 1, tgf'd = f'd . Toni BxinHa

NPOBITHICTh Y TOUKaX a6 Oy/e BU3HAYATHCS HACTYITHUM CITiBBITHOIICHHSIM:
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(v.), - 1 :LZeze'—j(Z;)zﬂ’d+Z€Z'(ﬂ’d)2
6X ) a6 (Z )a6 Z! Zez+(Z€,ﬂ,d)2 .

6X e

. . 2 .
UneHamu, sIK1 MICTSATh ( pd ) MO’KHa 3HEXTyBaTH B cwity aii ymoBu f'd Ll 1. Toni

OTPUMAEMO
2
1 .pd Z' ,
Y) =—+ I-|=| |[=G+JB, 7.6.
( GX)aﬁ Ze '] Z: Z(_, ] ( a)
e G:L,B:ﬂd 1- Z
Z, Z Z,

TakuM 9WHOM, OTpUMaHy paHIIe EKBIBAJICHTHY CXEMY MOJYKHA IEPEBOJUTH
0 BHUAY, SK IOKazaHo Ha pwuc.7.31,06. Tyt 3amicTh JBOX BIJIPI3KIB JIiHIN
GbirypyroTh 30cepeKeHl mapaliebHO YBIMKHEHI akTMBHa (G 1 peakTuBHa B

npoigHocti. Ilpore akTUBHYy mpoBigHicTE G=1/Z ~ MOXHa 3aMiHHUTH
HECKIHYEHOIO JIOBIOIO JIIHIEI 3 €KBIBAJCHTHUM OINOPOM Z , K II0Ka3aHO Ha
puc. 7.31, B. OTxe, B TOUKaX ab 3AIHIIAETHCA PEAKTUBHA MPOBIAHICTH j B, sika
MiK/II0YEHa B OJHOPIIHY JOBIY JIHIIO 3 MOCTIHHUM OOPOM Z, .

[ToBepHemocs no Bupasy (7.6.a). Y Bumajky niagparmMu mepiioro BapiaHTy
MaeMo Z' >Z .Y pe3ynbTaTi peakTHBHA MPOBIAHICTH AiadparMu Mae Bil €eMHMIA

3HaK, 10 BKa3ye Ha IHAYKTUBHUU Xapaktep mnpoBigHocTi. [liadpparma apyroro
BapiaHTy Ma€ B)K€ MO3WTHUBHY, TOOTO €MHICHY PEAaKTUBHY MPOBIAHICTH, 00 TyT
Z'<Z.

Taki giadparMu Ha3MBAIOTH BIJIMOBITHO 1HIYKTUBHOK a00 €MHICHOI, KOJHU
BIONOBINHO BHKOHYIOTbCS yMOBU Z >Z 1 Z'<Z . Bupaxartu peakTHBHY
NPOBIHICTE B B a0OCONIOTHUX OJMHHIIAX (I/OM) HEIOILIbHO. 3a3Bhyai il
BKa3yIOTh Y BIIHOCHUX OJIMHUIISIX Y BUTJISII BIIHONICHHS PEAKTUBHOI MPOBITHOCTI
110 XapaKTEepUCTHUYHOI IPOBITHOCTI CAMOI0 XBUIIEBOAY Y.

Teopist, sika BpaxoBY€ BUIIl TUMU XBUJb, MPUBOJUTH /10 OLIBII TOYHOTO
BU3HAYCHHS PEAaKTHBHOI TPOBIJHOCTI TOHKOi CHUMETPUYHOI  IHIYKTHBHOI
niadparmu:

A wa
B=-"2ctg’| =— | (6i0n.00.). — L,
a & (2 aj( )

VY BUMAJKy TOHKOI CHMETPUYHOI €MHICHOT Jiad)parMu MOKHAa KOPUCTYBATUCS
dhopmymnoro

4 ’
B :Tbln csc(%%) (6ion.00.). — ICe
OpHe 13 TOJIOBHUX MPU3HAYEHb AiadparM — TpaHcPopMaTOpu MOBHUX OMOPIB

y xBuneBonHuX JiHigXx HBY. Take 3actocyBaHHS IHIyKTHBHUX Ta €MHICHHUX
niagparmM B MOTOKEHHI XBHJILOBHX OIOPIB € BAKIWBUM €JIEMEHTOM HE TUIbKH
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PajiOTEXHIYHUX TPUCTPOIB, alle B PAAl THUIIB EIEKTPOHHHUX 1 Ta30pO3PSIHUX
npunazais HBY.

Y XBWJIEBOJAHHUX HPUCTPOSX, TOJOBHHUM UHWHOM B €JIEKTPOBAKYYMHHX
npwiagax HBY, yacto HeoOXiHAa TOHKA MEPErOpoJIKa Y XBHIICBO/II, SIKa JIO3BOJISE
PO3AUTUTH HOr0 Ha [IBI YaCTUHU — BAaKyyMHY 1 HeBakyyMHY. TyT meperopoika
3a3BUYail BUKOHYETHCS y BUIJISAI TOHKOI JII€NEKTPUYHOI IMJIACTMHU — BIKHA,
BIIASHOTO y METAJIeBy PAMKY, SIKa, B CBOK HYepry, CHAIOETHCA 3 KOPILyCOM
xBuieBoay. dopma BikHA Moke OyTu pi3HOWO (puc. 7.32) 1 BH3HAYaeThCs iX
pU3HAYCHHSIM.

Olenexmpux
> O
>
T O || = C—0
a) 6) B) r) 1)

Puc. 7.32. Pe3oHaHcHI BikHa B IPSIMOKYTHOMY XBHJIEBO/I1

PO3IJITHEMO BIKHO, SIKE PO3MIIEHE y TPSIMOKYTHOMY XBHIEBOII, pO3MipH
SIKOTO MAlOTh MEBHE OoOMexeHHs: A>a>A/2, A/2>b>0. s copomeHHs

PO3paxyHKIB PO3TJSHEMO CIIOYATKYy OTBIP MPSIMOKYTHOI (pOopmu, 1110 HE MICTUTH
nienekrpuka (puc. 7.32, a). Po3paxyHOK Takoro BiKHa MOKHA BECTH 3a JJOTIOMOTOFO
MOHATTS C€KBIBAJCHTHOTO omopy xBwieBony (puc. 7.33). IlpencraBumo BiKHO Yy
BUTJISIII  KOPOTKOTO BIJIpi3Ka XBUJIEBOJY, SIKHMII BMOHTOBAaHUW B OCHOBHHIA
XBWJICBIJI, K MOKa3aHO Ha puc. 7.33,06. YMOBOW BIJICYTHOCTI BiJIOMBaHHS BiJl
BIKHA TpU 33JaHid JAOBXHHI XBWJI A 3TiIHO €KBIBAJICHTHOI CXEMH € PiBHICThH
CKBIBAJICHTHUX OIIOPIiB XBWJICBOXY 1 BikHa, T0OTO Z' =Z . Ll10 piBHiCTH MOXHA

3alMCaTH Yepe3 reOMeTPUYHI PO3MIpH:

b 1 b 1
a«/1—,12/(4a2) _a'ﬂh—ﬂf (4a’2)' (7.7)
R
! __::.__ . .
b b - ___._.__ Ze Z 'e Ze
a d d . .
a 7“0 by

Puc. 7.33. IIpsmokyTHE BikHO 03 JlieJIEKTpHKa Ta HOTO €KBIBAJICHTHA CXeMa

Benuunna A,, sdxa 3a0e3nedye NPOXOKEHHS XBMJI 4epe3 BIKHO 0e3

BiIOMBaHHS, Oy/1e BU3HAYATHCS SIK
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(7.8)

3aexxHICTh KoedillieHTa BIJOMBAHHS XBUJII B 3JIEKHOCTI BiJ JOBXWHU XBUWJI1
nojaHo Ha puc. 7.33, B. Came 110 XBWIIO A, IPH SKiH ICHY€e MIHIMyM Koe(lLi€HTa

BiIOMBaHHS, HA3WBAIOTh PE30HAHCHOIO XBWJICIO BiKHA. A BIATOBIJAHE BIKHO, IO
3abe3nedye R, HA3UBAIOTh PE30HAHCHUM BIKHOM.

Taka 3anmexHicTs (puc. 7.33, B) cmiBIaaae i3 3MiHOIO KoedilieHTa Bi1ONBaHHS
y ABOIIPOBIIHIMN JIiHI{, sIKA MICTUTH MapaJieIbHO BBIMKHEHUN PE30HAHCHUN KOHTYP
(puc. 7.33,1). IIpu A>A, 1 A</, mnapanenpHUil KOJUBAIBHUH KOHTYp

XapaKTePU3y€EThCS BIAMOBITHO 1HAYKTUBHOIO Ta €MHICHOIO NPOBITHICTIO, a
BIIOMBaHHs 3pocTae Mo oOuABI cTOpoHU BiI A,. JlOoCBiA MOKa3ye, 11O PE30HAHC

3a0e3neyye He TUIBKM BIKHO MPSMOKYTHOI (opmm, ane il BikHa OUTBII CKJIAaIHOI
dbopmu.

Axio Temep BIKHO 3alOBHIOETHCS JICJICKTPUKOM, TO KapTHHA PE30HAHCY
JENO0 YCKIAAHIOEThCA. HasBHICTD JieNIeKTpUKa y MepIioMy HaOJIMKEHHI MOXHA
BpaxyBaTH Yy BUpPa3i €KBIBAJICHTHOTO OMOPY XBWJICBOAY, IIIO BIJMOBI/A€ JTaHOMY
BIKHY. JIJI1 HAmOro BHIAJKy JaHEe MOTOJKEHHS EKBIBAJICHTHUX OIOPIB Ja€
HACTYITHE CITiBBIAHOIIICHHS:

b1 v @il
a 1-2)(aa*) @ \1-2/(4a”ep)

ne & 1 g — BIJHOCHI Ji€JEKTpUYHA 1 MarHiTHa MPOHUKHOCTI J1€EKTPHUYHOTO

(7.9)

BIKHA.
Ha ocHOBI 11b0T0 BHpa3y MOKHA 3pOOUTH BUCHOBOK, IIIO MIHIMQJIBHUN PO3MIp
BIKHA ¢, SIKHI 3a/I0BOJIbHSE y3TO/KCHHIO Ha 3rajiaHiil JTOBKUHI XBHII A, piBHHMA

a. = l/ (2 g ,u). Mpu u=1 da = /1/ (2\/2 ), a IpU IOBITPSHOMY 3allOBHEHHI
(¢=1) @’ =1/2 i ToBumHa BikHa HEe BIUIMBAE HA HOTO MAPAMETPH.

JIist mpakTHYHMIA 1iyiel (3a/1a4) pe30HaHCHOMY BIKHY HAJIA€ThCS CIIEIliaabHa
¢dbopMa, 3pyyHa 3 TOUKH 30py OTPUMaHHS BaKyyMHO-IIUIbHUX cmaiB. CKJo, siKe
BUKOPHCTOBYIOTH JJIS 3aMaiiky BIKOH, TTOBHHHO MaTH MiHIMaibHI BTpaT Ha HBY.
VY Hamiii mpoOMHUCIIOBOCTI 7Sl IOTO BUKOpHUCTOBYBaU ckiio 3C-9, a B poii paMKu
— koBap H29 K18. 3amicTb CKJla BUKOPHCTOBYIOTh TaKOX CIIOAY a00 KepaMiKy
(mosikop).

A Temep TmOBEpHEMOCS O TpaHC(HOPMATOPIB TOBHHUX OIOPIB, SKi
BUKOPHCTOBYIOTh ISl Y3TOJKEHHS XBUJILOBHX OIOPIB y XBUjeBoaax. [Ipu nupomy
PO3TAsTHEMO HaMOUIBIII MMONTUPEH] TUITH TPpaHC(HOPMATOPIB TOBHUX OTOPIB.

A. Yeepmobxsunvosuit mpancghopmamop.

BnactuBocTi Biagpi3Ka JiHIT TOBXXMHOKO B YBEPTh XBUJIl PO3TJIAIAINC HAMU B
pPO3AUI HampaBIsAoYuX cucteM. Tam Oyno cka3aHO, MO BXIAHUW oOmip JiHIT
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TTIOBKHUHOO /4 piBHUiA
Z cl A Z 'c b Z c2 A

G h . a b 7z =7/Z . Sxwmo omip

(Z.).: R m HABAaHTAXKEHHSA Z Mae€ YHUCTO
6 B 6 " aKTUBHHUM XapakTep, TO MpH

/4 1/4 € nificHoMy 3HAaYeHHI Z_, T00TO

) ) g npu BIJICYTHOCTI BTpaT,

a) 0) BXIZIHUH omip Z_ TaKoXK CTae

Puc. 7.34. UBepTbXBWIbOBHI TpaHCHOPMATOP  ypcTO AKTHUBHHUM. I
JUI Y3TO/KEHHS XBUJIBOBUX OMOPIB JiHIH BJIACTHBICTh YBEPTHXBUILOBOIO
BiJpi3Ka MOXKeE OyTu

BUKOPDHCTAaHA JJsl  Y3TOUKCHHS JBOX JIHIA 3 PI3SHUMH  XBHWJIHOBUMU
(xapakTepucTUUHMMHU) omopamu Z, 1 Z , (puc.7.34). BiamoBigHO yMOBOIO

Y3TO/KEHHS € Bigoma piBHicTs (Z,) =Z . 3rifHO PIBHSIHHS YBEPTHXBUIHOBOTO

TpaHchopmaropa (puc. 7.34, a) maemo:

(z.), - %L

ne 7' — XBUIBOBHI OMip YBEPTHXBHJIBOBOTO Bijpi3ka JiHii. Toxi Ha OCHOBI HUX
CHIBBiIHOLICHb OTpuUMaeMo: Z' =./Z Z,. A nius cxemu Ha puc. 7.34,6 ymoBa

Y3roJKeHHs npuiimae Burnsn Z' = R Z. .

[Mpuximagu YBEpTHXBUIILOBOTO TpaHcPopMaTopa B KOPCTKIM KOAKCiaTbHIN
miHli 0e3 JIeNeKTPUYHOTO HAMOBHEHHS 1 Y XBWJIEBOJI TMPSMOKYTHOTO Mepepiszy
nokasani Ha puc. 7.35. Tpanchopmyroda cexilisi B KOakClaabHIN JiHIT MOXe MaTH
HE3MIHHUH JllaMeTp 30BHINIHBOIO NpOBiAHMKA, piBHUH D . Tomi niamerp
BHYTPIIIHBOTO MPOBIAHUKA ¢’ BU3HAYUTHCS 13 3AJICIKHOCTI

D
lo = =
gd,
_ A4
Zc] 4
1 HKZ—L\_\ ZCZ
dlv . b ___________ .b! ...... —e=——-
d_r 1 Y [
= —— 3¢ T T T 'd'j___ T 4 b2
—— _ A4
a) 0)

Puc. 7.35. 3actocyBaHHsS YBEpTHXBWJIBOBUX TpPaHC(HOPMATOPIB Y KOAKCIAIBHOMY
(a) 1 npssMokyTHOMY (0) XBUJIEBOAAX ISl Y3TOIKEHHS XBUIILOBUX OIOPIB
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Jns TpaHchopMaTopa y NpPSMOKYTHOMY XBHJIEBOAI 3 XBHIEH /,, Opu

HE3MIHHOMY IIHPOKOMY po3Mipi a po3mip b' (puc.7.35,0) moxe OyTH
BU3HAYCHHM 3 HACTYITHUX CITIBBIJIHOIICHB!

Z'=Jz,Z,, b=\bb,.

UBepThXBWIBOBHM TpaHchopMaTop

zZ. 7', Z.
MOKHA  TaKOX  BHUKOPUCTATH IS
i/4 Z, Y3TO/KEHHS HE TIJIBKH YHUCTO aKTUBHUX,
< ajie ¥ KOMIUIEKCHUX omopiB. s mporo
\ [ HEOOXITHO BKJIIOYATH TpaHchopMaTop
’\ \ Ha Takid B1JCTaH1 B1J HaBaHTa)KCHHS, JI€
1 BXIJIHMM OIMp € YUCTO aKTHMBHUM. Take
k \ 7 /l Y3TOJKEHHS  KOMILIEKCHOTO  HABaHTa-
RN T KEHHA  PO3IIIHEMO  HA  KPYTOBiii
=/ < o Jiarpami CMITTa' (puc. 7.36), ne
KOMIUIGKCHUM ~ OIip  HaBaHTAKEHHS
(1/2), 300pakeH0 TOukor Z . Pyx B3moBk

JIHIT 10 TeHepaTopa BIAMOBIAAE PyXy IO
Puc. 7.36. iarpama CwMitra mIs8 KOIy p©=const 3a TOIMHHUKOBOIO
BU3HAYCHHS Y3rO/DKCHOTO KOMIUIEKC-  cTpiikor. Toukn 4 i 5 BiamoBimarTh
HOI'O HABAHTAXKEHHA 7 MakCHUMyMy 1 MIHIMyMY, a BXIAHUH OIIp
B IMX TOYKAaX € YHCTO AaKTUBHUM 1
BHU3HAYAETHCS K (Z.),=Z.p.,

(Z,),=Z./p . BimnosigHo B Touni A uu b MOXHA MIiIKIIOYATH 1O JIiHiI
YBEPTHXBMWIBOBAN TpaHCHOPMATOp 3 XBHIBOBUM OIOPOM (Zc',)4 =Z \p 1

(), =2, / Jp . TakuM 4YHMHOM, MOXIMBI JBa BapiaHTH YBEPTHXBUIHOBOIO

TpaHnchopmaropa, AKi  BiIPI3HSAIOTBCS  BEIMYMHOIO  XBHJIBOBOTO  OMOPY
y3TOKyI040i TpanchopMaTopHOi cekiii 1 BiacTanHiO [ Bif TpaHcdopmaropa 1o
HaBaHTaXeHHA. g KoakcianbHOi JiHII 3py4YHIlIe BUKOPUCTOBYBATHU JPYTUil
BapiaHT, OCKUIBKHM Y3roJKyloda TpaHChOpMATOpHA CEKIIisl JIETKO BUKOHYETHCS Y
BHTJISLII PyXOMOI MeTaieBOl U JieJIeKTPHIHOI BTYJIKH, siKa 3ade3nedye Z' < Z .

b. Tpanucghopmamop muny oournokoi pyxomoi peakmuenoi npoioHocmi.

SIKo y3rojpKeHe HaBAaHTAXKEHHS 3MIHIOETHCS B IIMPOKHUX MEXKaxX, TO MOXKE
TaKoX OyTH BUKOPUCTAHUN TpaHcopMaTop crerianbHoi KOHCTPYKIIii (puc. 3.37).
VY 11poMy BUMNAJKY MO JIiHIT Mepeaadl NepeMilly€eThCss YUCTO PEaKTUBHHUM €IEMEHT
13 3MIHHOIO TIPOBITHICTIO j B, sKa IIYHTY€E JIaHy JIHIIO. Y POJIi TAKOTO €JIEMEHTY

MOXe OyTH BHKOPUCTAaHMM KOPOTKO3aMKHEHUH 1uied(, JOBXKHMHA KOO
3MIHIOETHCS 3a JJOMTOMOTOI PYXOMOTO MOCTA UM MOPITHA. Y XBUJICBOAHUX JIHIAX 3
II€I0 METOI0 3aCTOCOBYIOTH PYXOMHIl PEAKTUBHHUU IITHP, B SKOTO PETYIIOETHCS
rIIMOMHA 3aHYPEHHS.

Taki TpanchopmaTopu 3 OJAMHOKOI PYXOMOK PEAKTUBHOIO IPOBIIHICTIO
oTpuMaiii Ha3By opHouuiedoBux TpanchopmartopiB. [losicHenHs aii omHO-
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nuieiioBoro TpanchopmMaTopa MOKHA JIaTH 33 JIOTIOMOTOI0 KPYroBOi MOJISIPHOI
miarpamu Cmitta. Y 3B’S3KYy 3 THM, IO Y3TOJKYIOUM €IEMEHT YBIMKHCHHH B
OCHOBHY JIIHIIO MapajieibHO, TO 3pYYHO KOpHUCTyBaTtucs aiarpamoro CMiTra B
TepMiHaxX IPOBIAHOCTEH, IO AeMOHCTpye puc. 3.37. Toukorwo Y Ha npiarpami

no3HayeHa MPOBIAHICTh HABAHTAKEHHSI Y BITHOCHUX OJMHUIIAX. 3MiHA BificTaHi L
BiJl HABAaHTAXXEHHS JI0 TOYOK MIIKITIOYCHHS miiekida BiamoBigae MepeMilieHHIO 10
Koy p=const (p — KCX). Y nanoMy BUIIaJKy pPOJIb Y3rOJKYIOUOTO €JIEMEHTA
3BOAUTHLCSA JI0 3MIHHM PEaKTHBHOI IIPOBITHOCTI. AKTUBHA IIPOBIAHICTH JiHIT muterida
He MOke OyTH 3MiHHA. Tak sK I y3rO/DKCHHS BUMAra€ThCsl OJIMHUYHA aKTHBHA
BXiJIHA TIPOBIJIHICTh, TO OYEBHIHO, IO Y3TOJDKYIOUMH PEaKTUBHUN e€JIEeMEHT
MOBUHEH OyTH YBIMKHEHUW B JIHIIO y TMepepi3l, /1€ aKTUBHA CKJIaJoBa BXIJIHOL
NpOBiTHOCTI piBHA onuHUI. Ha kpyrosiit giarpami (puc. 7.37, B) € nBi Touku A4 i
b, sxkuM BIANOBiZa€ TepeTHMH Koina p=const 3 konmom G=1. 3Biaru
BM3HAYA€THCS BIICTaHb BiJ HaBaHTa)XEHHs 10 Iuieiida abo mTups, 0 BiAMNOBIIa€E
dasosum kytam (I/4,), i (I/A,),. Iicas Toro, sik muteiid) (IUTHP) BCTAaHOBICHNUIT B

OJTHOMY 13 BKa3aHUX IOJOXKEHb, HEOOXiTHO 3MIHUTH BEITUYHHY HOTO PEaKTHBHOI
NPOBIJTHOCTI TAKMM YMHOM, 100 CyMapHa peakTHMBHA IMPOBIJHICTh CTaja PiBHOIO
Hymo. [{pomy Biamosinae pyx mo koiny G =1 y Hampsmi 10 LIEHTpa KPYyroBoi
miarpamu. I3 maHOrO PHUCYHKY BHIHO, IO Y3TO/KEHHS 3a JOMOMOTOI0 OJIHO-
nuterigoBoro Tpanchopmaropa MOKIUBE NpH Oyab-skux 3HaueHHIX KCX (p).

a
=1 ]B ZH
P /%; |j a)

:;;
a =
-
le
4] 6)
}

Puc. 7.37. OnnonuneiioBmii Tpanchopmarop (a, 6) Ta HOTO NMOSICHEHHST HA
KpyroBiit miarpami CmiTTa

BenuunHa peakTWBHOI TpOBIAHOCTI miadparmMu jB, HeoOXigHa s
Y3TO/DKCHHS, TaK0X BH3HAYA€TbCA 3a TOYKOI NEPEeTUHy Kl p=const 1
G =const =1. Sk BunHo 3 giarpamu CMmitTa, niadparma, sika BiAmoBijiae Touri A4,
NOBMHHA MaTH 1HAYKTHBHHMM XapakTep, TaK SIK BXIJHA PEaKTWBHA MPOBIAHICTH Y

Toulll A € €MHICHOIO (MMOBUHHA OyTH KoMIieHcailis). HaBnaku, y pexumi, SKoMmy
BIJIMTOBIJIa€ Touka b, Tpeba B)Ke BUKOPUCTOBYBATH €EMHICHY Jiadparmy, 00 BXigHa
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peaKTUBHA MPOBIAHICTE y Toulll b € BXe 1HAYKTHBHOIO. Po3mipu miapparm
BH3HAYAIOTHCS 32 BEJIMUMHOIO j B 1 BIAMOBIIHUX rpadikiBs.

B. lsowwnetighosuti i mpwvoxuinetighosuti mpancgopmamopu.

PosriistHeMo ternep y3roKeHHs 3a TOTIOMOTOI0 IBOX HEPYXOMUX HIYHTYIOUHUX
pPEaKTUBHUX TMPOBIIHOCTEN, HANpUKIAJ, UUIeH(IB, YBIMKHEHHX B JIHIIO Ha
Binctani L #A/2. PeakTBHa NPOBIAHICT HUICH(IB 3MIHIOETBCS MUIIXOM
nepeMIlIEHHS] KOPOTKO3aMKHEHUX MOPIIHIB.

AmHani3 aii TpancopmaTopiB TOYHEMO 13 TOYOK a6 Ha puc. 7.38,a. Y mux
TOYKaX TPU HASIBHOCTI Y3TO/DKCHHS IIOBHA BXiJIHA IPOBIAHICTH y BIAHOCHHUX
omuunisix (Y, ) mosunHa GyTn pissoro (Y ) =1+ 0.

6X Ja ab

a#ﬂ@
(Yax)aﬁ\ '\ Y
4 2
4 A
v v
a)
L
ap———1s6
(Y(fx)aﬁ \ YH
0, 2
A
Y
6)
% 6
( 6)6)6’ YH
I 2
B)
6
Y.).
( &’()6(, YH
It
r)

Puc. 7.38. JIBonutetioBuii TpanchopmMaTop MOBHUX OMOPIB Ta HOTO
Kpyrosa giarpama Cmitta

VY mporeci y3rojKeHHs IUied HEe MOXe 3MIHIOBATH aKTHUBHOI CKJIAJIOBOL
NPOBITHOCTI y BKa3aHMX TOYKax. TOMy IMOBHA BXiJHA MPOBIAHICTH JiHII 0€3
meiiga Y mpasime Touku a6 (puc. 7.38,0) noBuHHa nexartu Ha kom G =1

niarpamu Cwmitta (puc. 7.38, B).
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[ToBHa BXifHA MPOBIAHICTH JiHIT pa3oM 3 APYrUM HUIeHPoM y TOUKax 62
(Y, ) BIIPI3HAETHCS B1J] MPOBIHOCTI Y MOBOPOTOM Ha jAlarpami Ha ()a3soBUH KyT

6X

L/Z . ToMy reoMeTpuYHUM MiCLEM TOYOK, Ha SKOMY IHOBHHHA 3HAXOMUTHCS
MPOBITHICTh (Y . )W, € koo (G =1, noBepHyTe NMPOTU TOJAUHHHUKOBOI CTPLIKHU Ha

BKasaHuii kyt. Ha puc. 7.38, 1 nosxuna L BuOpaHna pisHoto A /8.
[neid, BKIOUEHUN y TOUKaxX 62, TAKOK HE MOXKE 3MIHIOBATH AKTHUBHOI
nposigHocti. Jlns Toro mo6 momactu Ha komo (Y,) i morim 3aGesnmeuntn

y3roJDKEHHSI 3a JIONIOMOIOr JABOX MuiekdiB, HeoOXimHO, 100 MPOBIAHICTH Y
IpaBillle TOYOK 62 JIeKajga 3a MEKaMH 3alllTPUXOBAHOTO Kpyra Ha puc. 7.38, 1.

Lleit kpyr obMexenuii konom G =const € notmannm 10 koma (Y, ) .

or

[IpoBeneHi mOCHITKEHHS MOKa3ylOTh, IO ABONLICH(OBUN TpaHChopMaTop
Ma€ JIeAKy HEAOCSIKHY 30HY MPOBIAHOCTEH HaBaHTA)KEHHS HA KPYTOBiH miarpami.
Yum Ommkde Binctanb L mo A /4, TuM 1 30oHa € Ginbmioro. Jis KOXHOTO
(dikcoBaHoro 3HaueHHs L icHye rpanmdyHa BennunHa KCX p HaBaHTaXeHHS,
KOJM Y3TOJKEHHS MOXUIMBE TMpU Oyab-sikiil ¢asi crosuoi xBumi. [Ipu Oumbin
Bucoknx 3HadeHHsAX KCX naBommeiidoBuii  TpaHchopmaTop  3abesmneuye
y3TOJKEHHS JIUIIIE TPY TIEBHUX 3HaYEHHAX a3y, KOJW MPOBIIHICTh HABAHTAXKCHHS
B IIepepi3i HaHOIMKIOTO 10 HHOTO IUIeH(a He Monajae y 3alTPUXOBAHUHI KPYT.

YV Bumaaky A /8, mo aemonctpye puc. 7.38, e, rpannyna BemmunHa KCX

piBHa 1BOM. Ha 11b0My X pUCYHKY ISl HAOYHOCTI MOKa3aHUU MPOIIEC y3TOKECHHS
HABAaHTAXKEHHS 3 MPOBIHICTIO, KA O3HAYEHA Ha Jllarpami TOYKOIo Y .

Jist  y3rojpKeHHsT HAaBaHTAXKCHHS, K€ XapaKTCPU3YEThCS OyIb-SIKUMH
snaueHHsIME  KCX, 3acTocOBYIOTH TphOXuUIeihoBuil TpanchopMarop, SKHii
nokazaHuit Ha puc. 7.39. Bin npeactaBiase co000 KOMOIHAIKO — JIBOX
nBomeiihoBux TpaHchopmaropis. Bincrans mixk nuteiidamu Bubupawots A4 /4. Y

BUMNAJKY, KOJH MPOBLIHICTh Y TOUKAX Oe CTa€ MEHUIOK OJAMHHUII, I Y3IOJKEHHS
J0CTaTHRO BUKOPHUCTATH JIMIIIE Tapy uter}iB, sKi HAMOIMKY1 10 HABAaHTAXKEHHS.

Al4 A4

a 2 e

! 1 1

Puc. 7.39. Tpumnneiidgouii TpanchopmaTop

7.5. bararonosocuuku Ha HBY Ta ix napamerpu

[Tpu anHanizi poO3MOAUIEHUX KUI 3PY4YHO BHUKOPUCTOBYBATH JIEKOMITO3HUIIIIO
Kojia Ha mijgcxeMu. [Ipu mbomMy okpemMi eJIeMEHTH KoJjia, 110 3’€JIHaHl JOBLIFHUM
YUHOM, MOYTh IIPEACTABIATH COOOI0 0araTOIOIIOCHUKH, SKI OMUCaHI B PI3HUX
CUCTEMax MapaMeTpiB.
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VY 3aexxHOCTI BiJi OCOOMMBOCTEH KOJa 1 YaCTOTHOTO [I1ala30Hy, IIHPOKO
BUKOPHCTOBYIOTHCSI CUCTEMH TTapaMeTpPiB KJIACUYHO1 Teopii, B SKIM MiJ CUTHATIAMU
PO3YMIIOTh CTPYMH 1 Hampyrd, Ta XBUJIbOBOI TEOpii, A€ MiJ CHUTHAIaMU BXKe
PO3YMIOTh XBHJII CTpyMiB 1 Hampyr. Mk mapaMmeTrpamu IHMX TEOpid ICHYIOTH
OJTHO3HAYHI 3B’ S3KU.

Y 3araJbHOMY BHUIIAQJKy pO3MOJLIEHI KOJa ONUCYIOTh PIBHAHHAMU
Maxcgemna. [IpoTe, Ha mpakTHIl, Taki 3a7a4i PO3B’A3yBaTH JTOCTATHHO CKJIATHO —
1Ie MM MEPEKOHANUCS Ha MPUKIIAJl XBUIEBO/IIB, PE30HATOPIB 1 BUIIPOMIHIOBAUIB.
ToMy BHKOPHCTOBYIOTH Taki JOMYIIEHHS, SKI JO3BOJIAIOTh BUKOPHCTATH METOIU
TeOpii  ENEeKTPUYHUX KUI — TMPEACTaBICHHS  €JIEMEHTIB Yy  BUIJIAJI
0araTonoMrOCHUKIB. TakuM YUHOM, PO3MOALIEHI KOJIa B IbOMY BHIAIKy MOKHA
pO3paxyBaTd 3a JOMOMOIOI0 MATPUYHOTO amapary Teopil KiJl B MPUIYIICHHI, 10
MaTpulll, Kl OMUCYIOTh €JIEMEHTH KiJ, 3aJIMIIAIOTHCS HE3MIHHUMH NpU Oy/b-
SAKOMY CKJaJHOMY 3’€IHAaHHI ejeMeHTiB. [Ipu mpoMy nepenbadaeTbes, MO 30HA
30y/KEHOTI'0 MOJIA MOOJU3Y HEOTHOPIAHOCTEH JIOKaji3oBaHAa y Oe3mocepeHii
OJIM3BKOCTI BiJ elleMeHTa (JTiHiiiHe HaOmmkeHHs). KpiM Toro, BU3HAYaeThCs, IO
B32€EMO/IIS €JIEMEHTIB Mi3K COOOK0 3/IHCHIOETHCS HA OCHOBHOMY THIIl XBHJII.

Po3ryissHeMo HaiOUIbLI TUHOBI 3’€AHAHHS 4-TIOJIOCHHUKIB 1 BIANOBIAHI iM
napaMmeTpu KiacudHoi teopii kin. [lapanenbne 3’emHaHHs 4-TIOTIOCHUKIB 3PYyYHO
ONMUCYBaTH MaTPULECIO MPOBIIHOCTI; MPU LBOMY pPE3YJbTYIOUY MAaTpPHUIIO
3HAaXOJIATh SIK CyMY MaTpuUllb k 3’€JHAaHUX MapajeabHO 4-MOMOCHUKIB (pHc. 7.40).

[¥]=3[x].

i=1

l'ex = }/ll Uﬁx + YIZ U

sux >

iux :}IZIUGX+YZ2U(€MX.

6

L ]
~
D
=
~.
Vg
=
L ]

<_
Sk A

[Y,] VU,

[Y,]

Puc. 7.40. TTapanenbHe 3’€/IHaHHS 4-TIOJIFOCHUKIB

[TocnigoBHe 3’€mHAHHS 4-TIOTIOCHUKIB 3pDYYHO OIMCYBATH MAaTPHUIIEIO OIIOPIB,
Py SIKOMY PE3yJbTYIOUy MAaTPULII0 3HAXOASTHh SIK CyMy MaTpHib Kk 3’ €IHAHUX
MOCIJOBHO 4-TTOTIOCHUKIB (puc. 7.41).
k
[z]=21[2],
i=1
Uex = le is,\' + ZIZ l.tmx s

U =Z,i +Z,i

21 “ex 22 “aux *
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iex lgux

[Z,]

68X B8UX

[Z,]

Puc. 7.41. llocnigoBHe 3’e€qHanHHA 4-TIOJIOCHUKIB

[Ipu kackagHOMy 3’€HAHHI 4-TIOJIOCHUKIB PE3YyJbTYIOUYy MAaTPHILO
3HaXOASATh UUIIXOM TMEPEMHOXKEHHS Kk 3’€AHaHUX KacKaJHO 4-TOJIOCHUKIB
(puc. 7.42).

[a]=T1[a]

U = all U@ux + aIZ l

6x 6ux 2

lﬁx = a2l Uﬁux + a22 lewc °

Lex Lgux

U6x¢ [al] [aZ] ¢[J

Puc. 7.42. Kackanue 3’eqHanas 4-110JIFOCHUKIB

BusHaunMo Temep XBHJIBOBI MapaMeTpu 4-1moiitocHUKIB. BOHU BU3HAYarOTHCA
XBWJIBOBOIO MaTpuleio poscitoBaHHs. [lepeBara omucy O0araTOMONIOCHUKIB Y
BUTJISJII XBHJIBOBOT MaTPHIli pO3cifoBaHHS (S -apaMeTpr) MOXKyTh OyTH TIOB’s13aHi
13 HACTYIMHUMU (PAKTOPaAMHU.

[To-mepiie, 13 MOXJIMBICTIO O€3MOCEPETHHOTO BUMIPIOBAHHSA, IO HE €
3MIACHEHUM I TapaMeTpiB KJIAaCHMYHOI Teopil, TaK SK, HaNpUKIaN, MpH
BUMIPIOBaHH1 Y -mapameTpiB HEOOX1THO 31MCHIOBATH PEXUMH XOJIOCTOTO X0y Ta
KOPOTKOTO 3aMHUKaHHS, 1110 B MPAKTUYHII poOOTI peanizyBaTu JOCUTH CKIAIHO.

[To-npyre, mapameTpu pO3CIIOBAHHS BHUMIPIOIOTh Ha OCHOBI XBWJIb, SIKi
MOIIMPIOIOTHCSA, IO J03BOJISE MPOBOAUTH BUMIPIOBAaHHS Ha JESIKIM BiJICTaH1 BiJ
¢i3uuHo po3MmimieHoro 06’ekta. OcTaHHS OOCTaBHMHA € aKTyaJIbHOIO 1 Ha
MIKpOOO’€KTax 4 eJeMeHTax 1HTerpaibHux cxem HBY.

OOMEXMBIIUCh PO3TISAA0M 4-TOJTIOCHHUKIB, BUOEPEMO B POJII 3alIeKHUX
3MIHHHMX XBHJII, SIK1 BIAXOJATH B1J 4-TI0JIFOCHUKA, TOOTO po3cisiHi XBuJi (puc. 7.43).
Toni cuctema piBHSHB IS XBUJIb, SIKI CXOASATHCS 1 PO3XOIATHCS BiJl 4-TIOJIFOCHUKA,
3 Koe(illieHTaMu Y BUTJISA/II TapaMeTpiB pO3CIIOBAHHA MOXKe OYTH MOJIaHa SK:

U =8,U'+8,U;,
U =8,U +S,U;.

e S. — koeQilieHTH BIAOMBAHHS Bl BXOAYy Ta BUXOLy 4-NONIOCHUKA, S, —

(7.10)

Koe(ilieHTH mepenadyl 3 rieda k B Iieue i .
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a 2

U1+ U+

LY, [S] Yy

L
Y U,
Puc. 7.43. 4-nomOCHUK 1 TapaMeTpH PO3CiFOBaHHS

VY naHoMy BHMAJKY IMaJar04i 1 BIZOUTI XBHJII HOPMYIOTBCS TaKMM YHHOM, 1100
iX KBaJapaT JaBaB BIANOBIIHY MOTYXHICTb. ¥ MaTpuuHii ¢opmi piBHsHHS (7.10)
MOXYTh OYTH 3aIlMCaH] y BUTJISII
Ul_ Sll S]Z U1+
c | T E (7.10.a)
U2 SZI S22 U2
3HaKuM MapaMeTpu MaTpPHIll PO3CIIOBAHHS, MOYKHA 3 YCIIIXOM pO3paxyBaTh
cxemHl (ynkuii 4-momocHuka. Hampuknan, omHOHampaBieHUN KOEQIIeHT
2
[
[lapamerpu MaTpuil pO3CIIOBaHHS MOXYTh OyTH po3paxoBaHi 3a BiJIOMOIO
MAaTPHIICIO TPOBITHOCTI 4-TIOTIOCHUKA!

[s1=(-[¥])-(+[v])".

e [1] — OJMHUYHA MATPULA.

nepefavi  MOTY)KHOCTI Moke OyTu pospaxoBanuii 3a (opmynoro K, :|S2

TyT HeoOXiIHO BIAMITUTH BaXXJIHBY OCOOJIUBICTh MapaMeTpiB MaTpUIIl
PO3CIIOBaHHS, TIOB’S3aHYy 3 HANpPSIMOM TNPOXOPKCHHS curHamiB. llpu 3MmiHi
HanpsIMy Mepeadl 3MIHIOKThCS JIMIIE 1HIEKCH B IapaMeTpax po3citoBaHHs (S, Ha
S,,» S, Ha S,,), 3HAaKHU ) BEJIMYMH, sIKi BXOJIATh y piBHAHHA (7.10), 3anumarorbes
HE3MIHHUMHU.

BcranoBuMO 3B’S30K MK MapaMeTpaMu XBUJILOBOiI Teopii (S -marpuid) i
napamMeTpamu kimacudHoi Teopii (Y -marpurg). s 1soTO  pO3TIITHEMO  4-
MOJIFOCHUKH 3 HaIlpsIMaMy MaJalounXx 1 BITOUTUX XBUIIb, @ TAKOXK CTPYMIB 1 HAIIPyT,
K TMOKa3aHo Ha puc. 7.44, 1 BIAMOBIAHI TaHUM CUCTEMaM MapaMeTpiB PIBHSIHHSL.

Ul_:S||U1++S|2U2_’ . j|:Y1|U|+K2U2>
1

U;:SZIU1++522U2_, 12:Y21U1+Y22U2'
U, U, j1 jz I, I,
— > > o n >
. . AU, _’qz .
S I B S [/ O 6 I A DA o B v T = (7

Puc. 7.44. 4-10NFOCHUKY B CHCTEMI XBHJIBOBOI Ta KJIACHYHOI TEOPiit
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BpaxoByroun BBe/IeHI HAMU TTO3HAYCHHSI JIJIs1 TTAar0401 1 BiIOUTOT XBIIIb

S (R S [
U, :§(U1+IIZX), U: :5(U2+122x),
S I S D
U; :E(UI—IIZX), U; ZE(UZ—Jsz),
a TaKOX B3SIBIIIM 13 WX PIBHSHB BUPA3H /ISl CTPYMIB 1 HAmpyr
U =U +U,, U,=U, +U,,
A R .1 o
=) (-]
e “—”y cTpyMi I, BKasye, 110 BiH HaTIpaBJeHHH Bijl 4-TOMOCHHKA.

Tonai, migcTaBnsoun 11 BUPA3W IS PIBHSIHBb 4-TOJIFOCHUKA B [Y ]-(I)OpMi,

OTPUMAEMO:
L(Ur _UI_)ZYII(UI+ +U'_)+Y'2 (U2+ +U2_)’
L0 40s) =, (00 v 07 om0 401),
abo

U -U =ZYU +ZYU +ZYU; +ZY,U;,
U'+U, =2ZYU' +ZY,U +ZY U +ZY,U;.

2171 2171 2272 x72272

HeperpyHyBaBmH JOOdaHKH
{—(U+Z,YU )=U(ZY, - 1)+U;ZY, +U;ZY,

122

U; +Z YU =U;ZY, +U ZY, +U; (ZY, +1),

x72272

OTPUMAEMO BUPA3M IS TAAI04O01 1 BIIOMTOT XBHJIb:

o U (2zY,-1)+U;Z2Y,+U,ZY,
! 1+2Y, ’
<U+ U'ZY,+UZY, +U;(ZY,+1)
’ 1-27, '

BpaxoByrooun HOpMyBaHHs 4€pe3 3HAYEHHs XBUJIBOBOI'O OIOPY 4epe3 [Y ]-

napaMeTpu, MaTUMEMO:

U_:U1+|:(Y11_1)(Y22 1 12 21]+U 2Y]
‘ (Y, +1)(Y, -1)-Y,7, ’
U+:—[Uf2Y +U; [(1+7,)(1+7, +Y12Y21]]
2 (=2, +1)(Y, +1)+ 1, Y,

Toni Mmatpuiis koedilieHTiB [S ] -CUCTEMH Uepe3 [Y ]-HapaMeTpI/I Ma€ BUJI:
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S (Yll_l)(Y22_1)_YIZY21 _2Y12
= X
[5] -2Y, (1+Y,)(1+Y,)+Y,Y,

1
)=,

(7.11)

12 721

[ToBepremMocst 10 XBUIBOBOI MaTpuill nepenadi. Bona ¢gopmyerscs, sKmo B
pOJIi 3aJIEKHUX 3MIHHUX BHUOpAaTH XBWJII HA BHXOHI 4-TOJIIOCHHKA (XBHIIIO, SIKa
najae Ha BXiJ, 1 XBHJIIO, sSIKa BIIOUBAETHCS BiJ BXOMAY), a B POJI HE3aJICKHHUX
3MIHHUX — XBWJII Ha BHUXOJl 4-TIOJIFOCHWKA (XBWJI, SIKi TONIMPIOIOTHECS JI0
HaBAaHTAXXEHHsA, 1 BiAOMTI Bix HbOro xBuwii) (puc. 7.45). Toal cuctema piBHSHB,
KoedirieHTaMu B AKiM OyayTh IapaMeTpu XBUJIBbOBOI MaTpHIll Iepeaadi, MOxKe
OyTH 3amucaHa y BUTIISII

w=WR+@n,[ﬂ:F]n]

U =U'T, +U.T,, T, T,
U2
—~3»
-
(7] z,
U;
-

Puc. 7.45. Onuc 4-nontocHuKa yepe3 XBUJIbOBY MaTPHIIIO Mepeayl

Onuc 4-noNFOCHUKIB Y BUTIISIII XBUJIBOBOT MAaTPHII TIEpeadi € 3pyYHUM MPU

iX KackagHOMY BKJIIOYCHHi. Pe3yibTyrouy MaTpuIio nepenadi B bOMY BHITAIKY
k

Bu3HauaeMo 3a cmisBigHowenusam [T]|=[][[T ]i , me k — 4YHCIO KACKaIHO

i
3’€JHAaHUX 4-TIOJIOCHUKIB. SIK 1 B TTONEPEIHHOMY BHITaJIKy MOKHA TTOKAa3aTH, IO

Al B3a€EMHHUX 4-TIONIOCHUKIB cripaBeanuBe coiBBimHomerHs 1,7, -7, T, =1, a

ans cumerpuuHux 7, =—7,. Toxml MK XBUJIBOBOIO MAaTpPHUIECI0 1 MAaTPULEIO

12°

KJIACUYHOT Teopii KiJ [Y ] CIIpaBe/IMBI CITIBBIIHOIIEHHS
qu_L{O+KJU—KJ+KJ; —0+KJO+KJ+KJ;]
2Yz1 (l_Yu)(l_Yzz)_leYzl _(I_Yll)(1+Y22)_Y Y,
A Temep MpoBeAEMO PO3PAXyHOK CXeMHHMX (YHKIIINA 3a MaTpHUIEIO Mepeaadi
[T ], MaTpHUIICI0 PO3CIFOBaHHS [S ] Ta KJIACHYHOI MAaTPHUIICIO [A] Cnouatky

(7.12)

12 721

pO3paxyeMO BXITHUN 1 BUXIJIHUN IMITEJITAHCH 4-TIOJTFOCHUKA, a TaKOXK KOS(IIEHT
nepeaadl Harpyry Mpu JOBUIPHUX HAaBaHTAKCHHSAX HA BXOJi 1 Ha BHXOI 3a [A] -

maTpuruetro (abo [ABCD] -MaTpUIIEI0) Y BIAMOBIAHOCTI 3 MPUHHATUMU HA puc. 7.46

U, _[A B} U,| U=4U0,+BI,,
1| |C D||I,|] I=cU+DI,.

IMO3HAYCHHIMM.
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[ABCD]

Puc. 7.46 Onuc 4-norocHUKA Yepe3 [A] -MaTpHUIIIO

Busnaunmo ormip HaBaHTaXEHHS 1 reHepaTopa:
z =Y, 7 -£0U
S AR
Toni BXimHUH omip BU3HAYMMO Yepe3 PIBHSIHHS 4-TTOJIFOCHUKA B [A] -popmi:
. :ﬂ: Al:]2+B]:2 _AZ,+B
“ I CU~+DI, CZ.+D

Busnaunmo tenep disuuruii 3mict napamerpis [ A]|-marpuui nepezadi.

U, y . :
=—1 =— — oOepHeHwmii Koe(ilieHT nepeaadi HapyTu;
U2 KU
U 1 : .
B=—t=—=2" —ouip nepenaui;
II Ktep
C=—=-=Y — NpOBIIHICTb Iepenaui;
U2
I 1 . . :
A oOepHeHH KOe]ILieHT nepenadi CTpymy.
2 i

KoedimienT mepemadi 3a Hampyrowo Bia JDKepela 10 HaBaHTAXKCHHS
3HAKWJEMO, MiACTABIAIOYY BUPasu 1 Z, 1 Z,.:

_ UZ _ Zu
“ E AZ B+CZ.Z +DZ,
Jlns BUBEJEHHS BUpa3y A cXeMHOi QyHKuli Z  po3risiHEMO 4-IOJIFOCHUK

13 HE3aJIC)KHHM JDKEPEIIOM HAMpyrd Ha BUXOJI, AK OOCpPHCHE BKIIOUCHHS 4-
rosrrocHuka. Tozl

ﬂ:—AZW +B, L:—CZQX +D.
IZ IZ
. - U, . .
I3 nepworo piBHAHHA [, =—————. IlixcraBisdAroun B Jpyre piBHSAHHS,
-AZ _+B
OTPUMAEMO:
. I(-AZ, +B
L 1 o ):—i(—AZWJrB):—CZWJrD
[2 Ul ZF

233



abo
—AZW +B= CZWZF -DZ,

_DZ +B
“ o CZ L+ A
Koedimientn BimOMBaHHS Ha BXOJ1 1 BUXOA1 4-TIOJIFOCHUKA IPEACTABUMO Y
BUTJIST

“zZ +zZ "™ Z +7Z
A Temep, SK BHCHOBOK, BCTAHOBHUMO 3B’SI30K MIK CHCTEMaMH XBHJIbOBHX
napamMeTpiB [T ] i [S ]—ManI/II_[B.
=g el sl )
SZ] Sll _|S| ]-;21 1 7‘1’2
S T
|T|:TuTzz_TuTzl:S_u:|a9 |S|:S11S22_S12S21:_%'
21 11

L1i maTpuni icHyt0Tb, kKOs S, #0 1 7, #0.

_st_ZF ]" _Z _ZH

BiamoBiHO 3B’SI3KM MK MAaTPULISIMHM XBHJIbOBO1 Ta KJIIACUYHOI TEOPiii MaTUMeE
HACTYyIIHUW BUTJIA:

[ ] 1 (1+Y)(1 )+Y12 21 _(1+Yll)(1+Y22)+leYﬂ
2Y (1_ )(I_Y) le 21 _(1_}/1])(1+Y22 _Y12Y21 ’

1| A, +A4,, +A,+A4, A, +A4,—4,—-4
VL (7.13)

[T]:— 11 21 12
2014, -4, +A4,-A4, A,—4,—A4,+
[A]:l r.+71,+7,+T, T, ,+7T,-1T,-T,
2|1, -1, +T1,-T,, T,-T,+T,+T.

Jlis po3paxyHkiB y cxemMax HBY 3py4yHO BUKOpPHCTOBYBAaTH BK€ HOPMOBaHI
XBWIBOBI Matpuili. HopmyBaHHS piBHSHB 4-TIOJIOCHUKA, HABaHTAXEHOTO 3a
BXOJIOM 1 BHUXOJIOM Ha BIiApI3KH JIHIM 13 3aJJaHUMU XBHJIbOBUMH OIIOpPaMH, SIKE
MOB’s13aHE 13 OTPUMAHHSM IMPU OMUCI PO3MOJIICHUX KIJ OJHO3HAYHMX BEJIMYMH,
TYT OTPeOy€ YTOUHEHHS TIOHATh CTPYMY 1 HaNpPyTH.

BenmnunHoO, sIKa 0THO3HAYHO BU3HAYCHA B Oy/ab-AKUX KOJIaX 1 Ha OyAb-AKHX
4acTOTax, € MOTYXHICTh HAa CTOPOHAX BiJipi3Ka JiHii abo 4-monrocHuKa (puc. 7.47).
Hexail xBunboBuii omip JiHii Ha BXoal Oyxe R, a Ha Buxoal — R_,, 1 € 4UCTO

aKTUBHUMHU. TOA1 MOTY)XHICTP MOXKHA BU3HAUUTH Kk U 2/ R_a6o I’R_. lnsa Toro

mo0 BpaxyBaTH (a30BI BIACTUBOCTI CHUCTEMH, HEOOXIZHO BiJ MOTYXKHICTIO
PO3yMITH TOOYTOK KOMITJIEKCHOTO CTPYMY Ha KOMIUIEKC Hampyru. Toji HopMoBaHi
XBWJI1 HA BXO1 1 BUXO/1i 4-TIOJFOCHUKA MOKHA 3aIIUCaTH 5K

o U gVl gl U gl U
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— —
| | | |
: Ry, : [T] : Ry, :

U v

1 2

Puc. 7.47. IlonanHs 4-noaocHAKa IS [A] -napaMeTpiB

Toxai HOpMOBaHi PIBHSHHS JJIs XBIJIBOBUX MTapaMeTpiB nepeaadi Oy yTh BU3HAUCHI
HACTYITHUM YUHOM:

+ R T+ R -
N o K S
Rxl RXl RX2 RXI Rx2 (7 14)
< .
Ul_ — T RXZ U; + T Rx2 Uz_
21 22
Rxl RV] Rv2 RX] RxZ

HopmoBani TakumM 4YMHOM XBWJI MPEJICTABIAIOTH COOOK KOpeHi 13
MOTYXKHOCTI, 5IKa TIEPEHOCUTHLCS MAIA0Y0I0 1 BIIOUTOI0 XBUJISIMU, TOOTO, 1€ BXKE
HE XBWJII CTPyMY YU HAlpyTH, a JAesKl HOBI 3MiHHI, SIKI MalOTh PO3MIPHICTh KOPEHs
13 TOTYXXHOCTI, fKa TE€PEHOCUTHCS JaHUMHU XBUJISAMH Y BIANOBIIHUX JIHIAX
nepeaadi, mij’eTHaHUX 10 BXOAY 1 BUX0y 4-TIOJIFOCHHUKA.

- [R.[1, T,
7= {T T}

x1

AHaJIOT1YH1 YMOBHU HOPMYBAHHS s [S ] -MaTpUIll MOYKHA TaKOXX 3alucaTH

v U U . £
V Rxl \' Rxl ! \‘ Rx2 ’ RX] ) ’ Rxl
/ / R, | U;

U U
R R R R

HopMyBaHHS KJIaCMYHOT MaTpHili Tepeaadi [A] MOB’s13aHE 13 HACTYMHUMHU
HOPMOBAHUMH 3MIHHUMH:

UIZL UZZL I=iJr,, I-=IR
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Toxail HopMOBaHa MaTpulIs Mepeaayi [;1] npuiiMae BUJ

Rx2 A]Z
All R \/R R
~ x1 x1 x2
[4)- ‘
A21 Rxl RxZ A22 RXI
x2

XBUJIbOBI HOPMOBaHI MaTpUIli JJIi TUIOBUX MACUBHUX €JIEMEHTIB MOXYTb
OyTH MpeCTaBIICH] y BUTJISA/I HACTYITHUX A -TIOMOCHUKIB (Tabdi. 7.1).

Tabmums 7.1
XBUJIbOBI HOPMOBaH1 MaTpuill macuBHUX enemenTiB HBY-kin
rJ[\/fi Tun n-nomaocHUKA Cxema ®opmyia
5 o _—1 - O_ 1 Z
| ﬂBOI'IOJHOCHI/IK 111 Zzlx E:I 7 [ S] —|1_y Y=——%u
JIBOIO ILjIeYa o Z Z
. o 1 0 | R
) JIBOTIOIFOCHUK O1J1s le Z;x [ S] _ -y Y=o _%o
IIPaBoro IljIeya o 0o —— Z 7
L 1-Y.
— 5
oo 247 242 Z
3 [TocnimoBHMIA omip Z, Z, [S ] = Z=—
1 2+7Z 2+7.
— .
. 2+Y 247 1 Z
4| m i z, [Jzz | [S]= Y=—=2
apajesbHui OIip [ ] ) _y 77
[2+Y 2+7 ]
| 1-N° +2N
s IneanbHuit ¥ [5]= 1+N* 1+ N’ N=
TpaHcopMaTop 3 é +2N 1-N° W,
1+N° 1+N°
Binpizok ogHopigHOT
i i 6 o—{_}—o 0 e 2
6 B?Hn nep;ﬂaql elz |z B [S] _ [ 7}9 } 0 7l
par JTOBKUHOIO [0 e 0 A
XBUJIbOBHM OIIOPOM Z_
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7.6. Ilpuctpoi HBY: HanpaBJieHi BigBoaAM i MOCTH, NOALIbHUKH,
cymaropu, ¢pa3zoodepraui

7.6.1. OcHOBHI MapamMeTpy HAaNpPaBJeHUX BiABOAIB i MOCTIB Ta iX 3B 30K
i3 MaTpuLero po3CciloBaHHS.

Hanpapnenwuit BiaBia (HB) € BOCBMUIIOIIOCHUM MPUCTPOEM, KUK 3/1HCHIOE
HampaBJicHE BIJBEJCHHS €Heprii. Y TaKux MPHUCTPOSX PO3PI3HSIIOTH MEPBUHHY
(ocHOBHY) 1 BTOpUHHY (nonomixny) uiHii. Ilpu 30ymKeHHI OAHOro 13 IUIeY
NEPBUHHOI JIiHII YacTHHA TOTY>KHOCTI TMEpeHaeTbes y Apyre Iuiede i€l JHii, a
YacTUHA — B OJIHE 13 MIeY BTOPUHHOI JiHii. [Ipy nboMy B apyre miiedye BTOPUHHOT
JiHIT MOTYXHICTh HE TEPEIAEThCA 1 BOHO € PO3B’SI3aHUM BIJTHOCHO 30Yy/PKEHOTO
Tieya IepBUHHO] JIiHii.

PisnoBuanicTio HB € ribpumni 3’eqHaHHs, sSKi NpeAcTaBissioTh coboro HB,
0 3/IMCHIOIOTH PIBHUM TOMIIT TMOTYKHOCTI MK 3B’SI3aHUMHU TIIe4aMH. Take
riopuaHe 3’€IHaAHHA, HANPyTra y BUXITHUX IUIEYaX SKOTO Ma€ MOCTIMHUN (a30BUiA
3CYB Y 3aJlaHiii CMy31 4acTOT, Ha3UBarOTh MOCTOM. PizHOBHHOCTI HB MOoKa3ani Ha
puc. 7.48. B ineanbHoMy Bunaaky HB mpencraBmisie co6or 4UCTO peakTUBHUN
(6e3 BTpaT) B3a€MHHUN BOCBMHIIOJIOCHUK, SIKMH MOXKe OyTH OINHMCAHUN MATpPUIICIO
pO3CitOBaHHS

S, S, S, S,
31 32 33 34
S, S, S, S,

N_
i
~
qp
1]
L
i
v
T
N =
[
>
EKU
TT]
AW

a) 0) B)

Puc. 7.48. Pi3HOBHIHOCTI HalpaBJICHUX BiJBOIiB

Xapakrepuctuku HB MoyTh OyTH BH3HAU€HI 4Uepe3 €JIEMEHTH MaTpHIll
po3scitoBanHs. OCHOBHUMH XapakTepuctukamu HB e:

— poboue 3atyxaHHs (00 ), iKe BU3HAYAETHCS SIK BIJHOIICHHS MOTYXKHOCTEM
Ha BXO/II 1 BUXO/I1 IEPBUHHOI JIHii:

P 1
C,=10lg Fl =101g

3 | 13
— TepexiJHe 3aTyXaHHs, sIKe BU3HAYAECTHCS SIK BIIHOIICHHS TOTY)KHOCTEH Ha
BXO/I1 MEPBUHHOI JIIHI1 1 Ha 3B’A3aHOMY 3 HUM BUXOJ[I BTOPUHHOI JIiHI:

P 1
C,=10lg FI =10lg| —

3
z S,
— PpO3B’s3Ka, SIKA BHU3HAYAETHCS SIK BIJAHOIIECHHS MOTY)KHOCTEH Ha BXOi
TIEPBUHHOI JIiHI{ 1 HA PO3B’3aHOMY BHXO/]1l BTOPUHHOT JIiHIi:

)
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A
C,= lOlg(F) =10l1g

2 |»
4 |

|Sl4
— HampasieHicTh HB:
2
P S
C,4=101g(—2 =10lg % ;
2 P S
: 1S,
— HEpIBHOMIPHICTh AUICHHS, SIKE SIBJISIE COOOI0 PIZHHIIO MK HEepeXiTHUM
3aTyXaHHSIM 1 3aTyXaHHSM Y IEpBUHHIN JHII:

AC= Clz - C13;
— KCX B i -omy meui:
1+ |Sl.,.|
Kch» = ;
1 1_|Sii

— koe(inieHT AineHHs 3a Hampyrowo M =S./S, Ta koediuieHT AiNeHHS 3a
2

b

HOTYKHICTIO M =|M|2 =|S13|2/|S12

— ¢azoni cmiBBigHomeHHs HB, ski xapakTepu3yioTh aOCOJIOTHI 3HAYEHHS
¢da3 HanpyT y mIedax abo BITHOCHY pi3HHUIIO (a3 HAPYT BUXITHUX TIJIC.

3a TuUmoMm 3B 3Ky pO3pI3HAIOTH KimbleBi 1 nwuieripori HB. Tomomoris
kinbiieBoro HB na MCJI noka3ana Ha puc. 7.49. [1pu 30ymkeHHi miedya 1 BXiIHMMA
: CUTHAJI JUIMTHCSA HaA Bl YaCTUHU 1
MIONIUPIOETECS IO JIBOM KaHAJIaM.
CurHanu CKJIaaloThCsi CHH(]A3HO
(my4HiCTh Hampyr) y Toukax b i1 I’
KUTbIlL 1 mpoTtudazHo B Touli B
(By3on wmampyr). Ilpm piBHOCTI
aMIUTITYl UUX CUTHAJIB HANpyra B
TOUlll B piBHA HYNIO 1 MOTYXXHICTh
y ieue 4 He mepenaerhcs. Takum
YHHOM, CHTHAJ, SKHA IOCTYIIA€ B
mwiede 1, MauThesd MK maedamu 2 1
3, sKi € CYMDKHUMH  TIO
BiTHOIIIEHHIO 10 Tuieya 1.

Puc. 7.49. KinbrieBuii HarpaBiaeHUH BiBiJT

VYMOBa 1[€albHOrO Y3rOJKEHHS B TEpPMiHAaX, HOPMOBAaHHMX BIIHOCHO Y,

XBUIBbOBHX TpoBinHocreit (y, =Y /Y, , y, =Y, /Y,), npuiimae Burmsix: y; +y; =1.

Martpuis poscitoBanHd KiiblieBoro HB Ha cepeaniii yactoTi po6o4oro Jiamna3ony
BHU3HAYAETHCS SIK

0y oy 0]

» 00

y, 00 -y

0 Y, N 0
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Ouepnnro, wo arg(s, /S, )=0, arg(S,, /S, )=7, 10610 Kinbuesuii HB €
CUH(pa3HO-TIPOTU(DAZHUM. Koedoiuient HOJILITY HOTY>KHOCTI

m:|531|2/|521|2 =y;/y’, a BinHOCHI XBUIBOBI IpoBigHOCTI piBHI y, =,/1/(1+m),

¥, =+/m/(1+m). Jlnst riGpunsoro kineis (mocra) m=1, ¥, =Y, = Y,/\2.
[netibosuit HB sBnsie coO0¥0 BA BiApi3Ka JIiHIT MTepeaadi, sKi 3’ €THaHI MiX

cobor0 aBomMa abo OimplkM YHCIOM wHUICH(iB, NOBXKHHA SKUX piBHa A/4

(puc. 7.50). Llneiidu BrmrOYaroThCs B JiHiFO Ha Biacrani A/4. Tyt ymoBa

. 2 2

ieaqbHOr0 IOTO/UKEHHS BXKE BH3HAayaeTbes Ky =y, —1, ne y =Y/Y,

v, =Y, /Y, — HOpMOBaHI XBUIbOBI IPOBIIHOCTI BiAPI3KiB JIiHII IIepenadi.

2 v, ,-/7‘ /?’- Y,
\ 7,
vy G v A i}z 7 LS
Y, 214Dy,
26 .4 NN, e
wzz 7727777 A
Y, A4 Y.
a) 0)

Puc. 7.50. Enextpuuna cxema ta TomnoJoris aeonuieiigororo HB

[lpu imeanmpHOMY MOTOKEHHI MATpHISl PO3CifoBaHHS ABonuieigooro HB
Ma€ BUTJISI

[0 0 j ]
0 0 '
»lJ y» 0 0
'y J 0 0]

[ . eee 2
PoGoye 3aryxaHHs B nNepBUHHINM JHIT BU3Ha4daeThca sk C,=10lgy;, a

nepexigue 3aryxauHi C, = IOIg( v:/ yf) Koedinienr moximy HOTY:KHOCTI
m:|S31|2/|S41|2 =1/y’ :1/()/22 —1)360 y=ym, y,=\(m+1)/m.

7.6.2. llogiibHuKH i cymaTtopu noty:kHocti HBU. ®da3oo06epraui.

[Tpu po3podiui npuctpois HBY pizHOTrOo nmpusHadeHHs MIMPOKE 3aCTOCYBAHHS
3HaXOIATh MMOJIIBHUKKA 1 CcyMaTopu MOTYXHOCTI. [IOAUTBHMKHA IOTY>KHOCTI
NOISIFOTh TIOTYXKHICTh, SIKA TIOCTYNMa€ Ha BXiJl, MDK BHUXIIHUMH KaHaJaMH
(aHaNmOTIYHO SIK PE3UCTUBHI TOJUIBHUKM B eNeKTpUUHUX Kojax). Cymaropu
3a0€31euyoTh JIOJaBaHHS TOTY)KHOCTEH, SKi IMOCTYMAaOTh 110 BXITHUM KaHajaM,
0 3arajJlbHOr0 HaBaHTaXeHHA. [IOAUIBHUKM 1 CyMaTOpd € B3aEMHHUMHU
NPUCTPOSMU, TOOTO MOXKYTh BHKOHYBaTH SK [IJICHHS, TaK 1 CyYMYyBaHHS
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HNOTY)KHOCTeH. VY 3aJeKHOCTI BIJl TPU3HAYEHHS TOJUIBHUKH TOTYXHOCTI
3MIMCHIOIOTH PIBHHI a00 HEPIBHUI IO HA JIBA 1 OLIBIIE YHCIIO KaHAIB.
[ToninbHUKKM MOXYThb OyTHM BHKOHAaHI Ha OCHOBI TMOCIIJOBHHUX a0o
napajelbHAX cXeM. BuOip TOro 49M IHINOTO CXEMHOTO PIIIEHHS MPOBOIUTHCS,
BUXOJISUY 13 TEXHIYHUX BUMOT J0 MPUCTPOIO 1 TEXHOJIOT] Horo popMyBaHHS.
[lomiIbHUK TMOTYKHOCTI TOCHIJOBHOTO THUIY € OJHUM 13 HaWOUIbII
MOIIUPEHUX 1 MPOCTHX MOIIIBHUKIB Ha TIaJKUX mepexonax (puc. 7.51). YMoBHO
MMOTOJ/UKEHHSI TAKOTO TIOAUIBHUKA Ma€ BUTIIAI Y=Y +Y.,, 1e Y, — XBUIbOBUMH

Omip BIJIMOBIHUX JIiHIA. PO3MOIN MOTYKHOCTI 3aJeKHUTh B CITIBBITHOIICHHS
XBWJIBOBUX TMPOBIIHOCTEW BUXINHUX JiHIN mepenayi. [Ipu piBHOMiIpHOMY
posnoaun noryxkuocti ¥, =Y, =Y =Y, =Y (¥ =Y)).

Y, Y, Y, Y, Y,
— | 6xi0 ﬁ
mn Yio
B8UX00U

Puc. 7.51. Tonosnorist moiIbHUKA TIOTY>KHOCTI IMOCITIIOBHOTO TUITY

[TpocToro cxemow0 mNapajieiabHOro THIY € CyMaTrop MOTYXHOCTI, SKUN
BUKOHAHUM y BUIJIAAL OaratompomeneBoi 3ipku. Ha puc. 7.52 momana cxema
cymMaTopa MOTYXHOCTI, BXiHI 1 BUXIJHI IIJIeYl SKOTrO MalOTh OJHAKOBI XBHJIbOBI
onopu Z,. IX y3rojuKeHHs 3IifiCHIOETBCS 3a JONOMOTOK YBEPTHXBHILOBOIO

BiApi3Ka JIiHIT eperadi, XBWIbOBHUM omip sikoi piBHUN Z =Z NN , ne N — 4ucio
BXIIHUX TUiedei. Po3B’si3ka reHepaTopiB B 0O BU3HAYAETHCS YUCIOM BXiJTHUX
TIeY:

2
2N -1
2, A l4 ,
V At V At .81/!)(10

Puc. 7.52. EnexktpuuHa cxeMa cymaropa TMOTYXHOCTI Yy
BUTJIAI 6araTormpoMeHeBO1 31pKu
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OcoOnmBy yBary 3aciyroBYIOTh KIJbIEBI MOJMIIBHUKK  TMOTYXHOCTI
(puc. 7.53). VY3romkeHHS BXOMy 1 BHUXOAIB y HHX JOCATAETHCA MMiIOOPOM
XBWJIBOBUX OIOPIB YBEPTHhXBUILOBUX Bijipi3kiB MCJI, B sikux npu piBHOMY MO
HOTYXHOCTI Z, =Z, J2. [Ipu 30ymkeHHI MOAUTPHUKA 13 BXOAY 3 BHACIIAOK MOTO
eNeKTpuIHOi cuMmeTpii Toukn B 1 C € eKkBINOTeHIiaIbHUMH. ToMy cTpyMm depe3
pesucrop R, He MPOTIKAE€ 1 MOTY)KHICTb Ha HBOMY HE BHTPAyaeTbCs. YcCs
MOTYXHICTh JUTUTHCS TMOPIBHY 1 MEPEAAEThCS Y HABAHTAXEHHS J0 BUXITHUX IJIEY
1 1 2. Ilpu 30ymkeHH] MOAIIBHUKA 13 CTOPOHM OJIHOTO 13 BUXIAHUX Tuied (Hexai 1),
curHai y Touky C NpUXOJUTh IBOMA IUIAXaMH: Yepe3 YBEPThXBUIHOBHIM B1IPI30K
max B—A—C 1 uepe3 pesucrop R, msix B—C. PisHuns ¢a3 curnaiis, sKi

NpOHIIIM Ll LUIAXU cKiajgae . banactauit onip R, =27 3a0e3neuye piBHICTb

amruniTyn npotudaznux curHani. Toai Hampyra B Touui C piBHA HyJIO, a
HOTYKHICTb CUTHAy, IKMI [IOCTYIIA€ HA BUX1J 1, 4aCTKOBO racuThCs Ha onopi R,

1 9acTKOBO mocTymae B muede 3. Lle Hiou GpuibTp mpoTrdazHUX CUTHATIB.

B Z,

gux 1

Z.,r4 C
a) 0)

Puc. 7.53. Enexktpuuna cxema (a) i1 tomojoris (0) 0OJHOCTYIEHEBOIO KiJIbIEBOTO
MOAUIBHUAKA TIOTY>KHOCTI

KinplieBi MOMUTBHUKA MOXYTh 31ACHIOBATH TaKOX 1 HEPIBHUU TMOJLIT
MOTY>XHOCTi. To/a1 YBEpTHXBHIIBOBI BIJIPI3KM MarOTh Pi3HI XBUJIHOBI OTIOPU 5K Ha
BXO/Ii, TAK i Ha BUXOJaX MOJIBHUKA MOTYKHOCTI. ko n° = P,/P, To onopu Ha

Bxogi Z,=Z,yn(1+n), Z, :ZO:‘/n3(1+n2) , Z,=Z,4(1+n*)/n*, a onopu na
Buxoni Z, =Z,\In, Z,=7,/\In ,i R, :Zo(l+n2)/n. Came Taki cymMaTopu JIerKo

(bOpMyIOThCS 33 paxXyHOK IHTETPAIBHOT TEXHOJIOTI].

3acrocyBanHa HB Ta MocCTiB y cxemax cymaropiB MOTY)KHOCTI Ma€ CBOi
0COOJIMBOCTI, SIKI BHU3HAYAIOTHCA HEOOXITHICTIO CHHXpPOHI3Amil 30Yy/DKYIHOUNX
reHepaTopiB.

KepyBanns ¢azoro curnany B Tpakti HBY npoBoguThecs 3a 1011OMOTo0 JIBO-
a00 YOTHPHITONIOCHHUX MIPUCTPOIB 13 3SMIHHUMH MapaMEeTPaMU, K1 3MIHIOIOTHCSI 1T
JI€I0  €NEeKTPUYHOTO YW MAarHiTHOTO mois. Taki TpHUCTpPOi  HA3UBAIOTHCS
¢dazoobeprauamu 1 MIMPOKO BUKOPHUCTOBYIOTHCS y (pa30BaHMX aHTEHHUX IPATKaX,
panionepenaBaibHuX i pagionpuiiManbHuX mpuctposix HBY.
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CporogHi  MMPOKE  PO3MOBCIOUKEHHS  OTpuManu  (azoobepraui  Ha
HaMIBIPOBITHUKOBUX [IOJAHUX CTPyKTypax (p—n, p—i—n, n—i—p—i—n).
Po6ota p—i—n-mioga 6a3yeThCsl Ha 3MiHI aKTUBHOI CKJIAJIOBOI OTMOpPY i -00JacTi
NpU MO3UTUBHOMY 3MIIICHHI, KOJH Yepe3 M0/ MpoTikae cTpyM. [Ipu BiacyTHOCTI
MO3UTUBHOTO 3MIIIICHHS OITp Ji0/1a CKJIaJla€ OJHMHHMIN KijooM. [Ipu mo3uTuBHOMY
smimienHi ([J 18) onip mamae o oguaUb OM 1 3a7I€KHUTH Bl BEIUYHHHA CTPYMY.

da3o000epTadi HA HAMIBIPOBITHUKOBUX J10J1aX MOXKYTb OYTH SIK TIPOXiTHUMHU
(Toi iX pPO3TIANAIOTh SK 4-TIOJMIOCHUKH), TaK 1 BIMOMBHUMH (SIK JTBOTIOJIFOCHHUKH).
Ha puc. 7.54 moka3zaHa MpHUHIUIIOBA €NEKTPUYHA CXEMa JUCKPETHOTO MPOXiTHOTO
dazoobepraua HA p —i — 1 -710/1aX 3 BAKOPUCTAHHAM 300 -HAINPaBJICHOTO BiJBOJY.
Cama cxema mpeacTaBise co00O0 BOCHMHUIONIOCHHUK, [IBa IUIeYa SIKOTO
BUKOPHCTOBYIOThCS sIK BXij (tuieue 1) 1 Buxiz (tuteue 2), Ta aBa tuieya (3 1 4), ski
HABaHTAXXEHI 1IEHTUYHNUMH BIJOMBHUMHU KOMIPKaMH.

A/4
VA YA
l—z2z l vz 720 .2
8xio Z, 8UXIO
72 7
ZO/\/fé 2 /4 ézo/x/f
ZO
3s Vrzzzz o4
Zl Zl
VD, \|/ N VD,

Puc. 7.54. Tlpoxinuuii pazoobeprau

3Mm

BXimHuii curHan mojaeTbes B Iuiede | 1 OUTMTBCS Ha JBa CUTHAJIM PIBHOI
aMIUTITY/IM, SIKI IOCTYNatoTh B miedl 3 1 4. da3u nUX CUTHAJIB BIAPIZHIIOTHCS HA
90°. Curnamm, sKi mocTynmuiav B tuiedi 3 1 4, BiAOMBaKWOTHCSA, mpuuomy, ¢asu
BIIONTUX CHUTHAJIIB BU3HAYAIOTHCS BXIJTHUM OIIOPOM BijOMBaya, a BIATMOBIIHO,
HAsIBHICTIO a00 BIACYTHICTIO MO3UTHUBHOIO 3MIIIEHHS Ha p—i—n-[aloaax, 1

BIJOWTI CHTHAIM CKJIANalOTbcs CHH(A3HO B Ilede 2 1 TMOCTYMalTh Y
HaBaHTAKCHHS.

7.7. ABTOMaTH30BaHe NPOeKTYBaHHA nacuBHUX npucrpois HBY. Meroxn
AEKOMITO3H LT

Opnniero 13 TeHaeHIIN y po3BuTKy TexHikn HBY Ha cydacHomy erari € Bce
OlnpIna i MiHIaTIOpU3allisd Ta IHTErpalis, TOOTO CTBOPEHHS TaKHMX KOHCTPYKIIIH,
Kl 00’€IHYIOTh JECATKH €JIEMEHTIB Ta MPUCTPOIB 0€3 MPOMIXHUX PO3MHUKAYIB.

242



I[Ipu pozpobmi IC HBY Haiibinel TOBHO PO3KPUBAIOTHCS — MEpPEBArd
aBTOMAaTU30BaHOIO npoektyBaHHA. Haitmmpie 3actocyBanss B IC 3naiinum MCJI
Ta €JIEMEHTH Ha iX OCHOBI, SIKI (POPMYIOTHCSI TEXHOJIOTIEI0 MIKPOEIEKTPOHIKH.
[Topsix 3 UM TOCTIKYETHCS MOXKJIUBICTh BUKOpUcTaHHs 11 ctBoperas [C HBY
JiHIN Tiepeaadi Ha OCHOBI J1€JIEeKTPUIHUX XBUICBOIIB.

HeoOxinnicte aBromaTu3zaiii npoektyBanHa [C HBY oOGymoBnena tum, 1o
NPAaKTHYHO  HEMOXKJIMBE  HANAIMNTYBaHHA 1  PEryJIOBaHHS  IapamMeTpiB
MIKPOCMYTOBUX 1 AIEJEKTPUUYHUX CTPYKTYp, SKI CKIIaJal0oThb OCHOBY cxeM. Kpim
IbOTO, BEJHMKE 4ncio eneMeHTiB IC yTpyaHIoe MOXKIIMBICTD €KCIIEPUMEHTAIBLHOTO
nig0opy HEOOX1IHUX NapaMeTpiB 1 peXUMIB poboTH cxemu. Bce 1e Bumarae
CTPOTOTO  €JEKTPOJAMHAMIYHOTO TIAXOAYy TPHU PO3poOIi  MaTeMaTHIHOTO
3a0e3neyeHHs cucteM aBTomaruzoBanoro npoekryBanus (CAIIP) npuctpois HBY.
TyT Takox mOTpiOHUN OCOOIMBHM MIX1/A 10 CTBOPEHHS 033U JJaHUX €JIEMEHTIB Ta
iX TEeCTOBOTO KOHTPOJIO B MpoIieci iX opMyBaHHS.

J1o po3poOKu Oyab-SKUX aIrOpUTMIB 3aBXKIU CIIAY€E TaK 3BaHa (hopMmajizaris
3amaui. lle muranas B CAIIPi HaswBaeThcs NOCTAaHOBKOIO 3amadi. Y HIiH
BUJIISIETHCS AY’KE BXKIIMBUX JIBA €TAIIH:

1) mepexina Big peanbHOro 00’ €kTa A0 (Pi3MUHOT MO,

2) maremarnyHa (Qopmaiizamisi TPUHHATOI ¢izmyHOi Moneni abo, HIMMU
CIIOBaMH, MAaTEMaTUYHE MO/ICIIOBAHHSI.

Ili nBa eramu NOBHHHI 3aKIHUyBaTHCS BepUikali€r, TOOTO MepeBIPKOIO
MPaBUWJIBHOCTI NPUMHATUX (PI3UYHUX 1 MATEMATUIHUX MOJICITICH.

MartemaTtnyHa MOJCIb — II¢ 3BHYAlHA CHCTEMa JHIHHUX anreOpaidyHux
PIBHSIHB, JIO PO3B’S3aHHS KO 3BOAMTHCA 3ajjauya aHal3y eJIEKTPOAMHAMIUHOT
CTPYKTypH. Pe3ynbTraToM po3B’si3aHHS TaKO1 CUCTEMH € CIIEKTP BJIaCHUX (YHKIIH 1
BJACHMX 3HAYEHb (SIKIIO MOBa HJEe MPO PETYISPHHUMA BIAPi30K HAMPABISIIOYOi
cuctemn) ab0 MaTpuis po3CifoBaHHS (y BUNAAKY aHali3y HEOTHOPIIHOCTEH
noniB). O4eBuaHo, mo Oynb-akuil macuBHuil npuctpii HBY moxna nomatu y
BUTJISAII HAOOPY BIAPI3KIB PEryIIpHUX JIHIN mepeaadi 1 pi3HUX HEOJHOPITHOCTEH,
Ha SKI MOXYTh OYTH CHPOEKTOBaHI CBOI TECTOBI €IEMEHTH 1 CTPYKTYpH.
Pe3ynbratu ix aHamizy 103BOJISIIOTH OTPUMATH MATPUILIIO PO3CIIOBAHHS MPHUCTPOIO B
IJIOMy 1 3a IpaBUJaMH O0’€IHAHHSA MaTPUIlb OKPEMHUX eleMeHTIB. Tojl 3amada
apaMeTPUIHOTO CHHTE3Yy 3BOJIUTHCS, B CBOIO YEPry, JIO ONTHUMI3AIlli BiITOBITHUX
€JIIEMEHTIB MaTPHIll PO3CIIOBAHHS TUIIXOM TMiA00pPY €JICKTPUYHUX TMapameTpiB i
TreOMETPUYHUX PO3MIPIB CTPYKTYpH, IO CHHTE3yeThes. Lle Byke Tak 3BaHUU eTam
TECTOBOTO aHai3y eNeKTPOdI3NUHUX TapaMETPIB €IEMEHTIB.

Pozrasituemo BJIACTUBOCTI MaTpHII PO3CitOBaHHS MAaCUBHOTO
OararonosocHuka. IloBepHemocss 10 1Oro BH3HAYeHHs. bararomnonrocHuM
3’€JHAHHSAM 4M 0araTonoJIFOCHUKOM HA3WBAETHCS €JIEKTPUYHE KOJO, IO MaE 27

3aTHUCKAYiB, SIKI MMOMAPHO YTBOPIOIOTH # BXOMIB. Y 3arajJbHOMY BHUIAJAKY YHCIIO
BXOJiB BU3HAYAETHCA HE TUTBKU YHCIIOM PO3Tally’KeHb, aje i YUCIOM TUIIIB XBUJIb,
AKl 1ICHYIOTh B JAHOMY HPHUCTPOi y NEBHOMY YacTOTHOMY Jliana3oHl. Y IbOMY
BUIMAJIKY YMCIIO BXO/IiB OaraTONoJIOCHUKA BU3HAYAETHCS PEATbHUM YHCIIOM BXO/IIB
JAHOTO MPHUCTPOIO.
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Martpurst po3ciroBaHHs 0araTomoyilOCHUKa OYIyeThCS 32 THM JKE€ CaMUM
OPUHIIMIIOM, IO 1 MaTpums 4-TIOJIOCHHWKA. 3aIluIieMo JUIsl  [TaCHBHOTO
0araTomnoJIIOCHUKA, 3o6pa>1<eH0ro Ha  pHC. 7.55, BUpaszu, SKI MOB’SI3yIOTh
aMILTITY/IM HATIPYTH MAJar0unX 1 BIAOUTHX BiJl 6aFaTOHOJ'IIOCHI/IKa XBUJIb:

Ul 6i0 = S Ul nao + S U2 nao t..F S Un nao
U2 6i0 S Ul nao + S22 U2 nao t..+ S2n Un nao 2
Un 6i0 = S UI nao + SnZ UZ nao +...t Snn Un nao °

L1i criBBiTHOIIICHHSI MOXKYTh OYyTH TI0/IaHI B MAaTpUYHIN Ghopmi:

Ul 810 i Sl 1 SlZ """ Sl n Ul nao

U S, Sy.....S,, || U
26i0 | _| P21 P22 2n 2 naod 260 Um] _ [ S] Ummi|
neio _| _Snl SnZ """ Srm A7 nnao |

ne [S] — marpuus posciroBanns, U,, i U, — BEKTOpP-CTOBICLH NAfAIOUMX i

6i0

. . . . U
BiIOMTUX XBUJIb HANpPYT BIANOBITHO, a €IEMEHTH MaTpull S =— MaroTh

1% U . =0

nao i

3MICT Koedili€HTa Nepeaayl 3a HapyTolo 13 Iieya v B IUIeUe O .

\03 nao
U3 eid\ 3

Puc. 7.55. IlacuBHuii 6araTonoaOCHUK, KU OMUCYE PO3ralyKeHHS
(HEOMHOPIMHICTE) 1 TiHIN nepenadl

Skuo BTpaTM B 0araTOMOJIIOCHUKY BIJICYTHI, TO CyMapHa IOTYXHICTh
BIIOWTHUX XBHWJIb PiBHA CyMapHIi MOTYKHOCTI Magal04YMX XBWJIb, IO BIIMOBIAA€
VHITApPHOCTI MaTPHII PO3CIFOBAHHS:

25,
k=1

EneMeHTH Matpuil po3citoBaHHS S, BU3HAYAIOTh KOEQILI€HTH BiIOMBaHHA HpH

I, o=v

0, c#v

1oJIayl CUTHAJy B V -IjIeYe, SIKIIO JIO PElTH BXOIB TMiAKIIOYEHI Y3TOJKEHI
HABAHTAKEHHS.
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VY 3aranpHOMY BHMAJKy, SK OyJl0 BH3HAYEHO paHIIIE, YMCIO BXOJIB, a
BIJIMTOBITHO, 1 YUCIIO PAIKIB 1 CTOBIIIB Y MaTPHIl PO3CIFOBAaHHS BU3HAYAIOTHCS HE
TUIBKY YHCJIOM PO3Taly’Ke€Hb y 0araTOIMOJIIOCHUKY, ajle W YUCIOM THUIIB XBHJIb, 5K
€ B MPUCTPOi Ha pobouiit yacToTi. Toai MaTpuIl, sika ONMUCY€E ICKTPOMArHITHUN
MPOLIEC Y JOCIIPKYBAHOMY 0araTOMONIOCHUKY, CKIaIaeThes i3 n° OIOKiB, e n —
YUCIIO JIIHIM nepeaayl (XBUJIbOBUX KaHAMIB), K1 MIIXOAATh 10 0araronoyitoCHUKA.
Ywuciio psAaKiB i CTOBMINB Y KOKHOMY OJIOII BU3HAYAETHCS YHCIIOM THUIIIB XBWIIb,
SK1 ICHYIOTh B KaHaJax, 1110 BIIMOBIJAIOTH JaHOMY OJIOKY.

Hexait 10 BU3HaYeHOT0 YMclia BXOMIB (KaHAJIB) JOCIIHKYBAHOTO MPUCTPOIO
OPUXOJUTh CHUTHAI Yy BUIUIAAI HAOOpy BJIACHUX XBWJIb. Y LbOMY BHUIAAKY B
KO>KHOMY KaHaJjil MOIMIMPIOIOTHCS 1 BIAOWUTI XBUII, K1 € BIAKIMKAMH MPUCTPOIO HA
najaoul npsmi xBuwil. [lone B KOXKHOMY KaHall MOXHA MOJATH Yy BUIJISAL
CyNEPIHO3HlIil MagarounX 1 BIIOUTHX 0OEPHEHUX XBUJIb:

— — —

E E E )
~ | =] 2 +| , i=1l..n.
H| |H

i i nao i 610
Bin0OuTi XBuil B KOKHOMY KaHajl MPEJCTaBISIOTh pe3yjbTaT Jii Ha JaHUM
NPUCTPI TaAar0uMX XBWIb Yy BCIX KaHajax. BBemeMo BEKTOpUM KOMILJIEKCHUX

aMIUTITY B [ -OMy KaHani XBHIb U, 1 BEKTOPH KOMIUICKCHHX aMIUTITYI B TOMY

]
k kaHam U, . Tyt k — HOMep XBHJII B JaHOMY KaHasi. Y 3aralbHOMY BUIQJKy
OyAyTh HECKIHUEHHO MipHUMH, OCKUITBKHA YMCIIO TUIIIB XBHJIb Y KOKHOMY KaHAJI €

HECKIHYEeHHMM. TOAl 3alNeXHICTh MK IMMH BEKTOPaMH MOKHA 3alUCaTH Y
BUTJISAIl MATPUYHOTO PIBHSHHS:

1 M o1l gl oll 12 @2 Ql2 In Qln Qln A
Uleid S11 Slz S13""S11 S12 S13""S11 SIZ S13"" Ulnaa
1 11 oll @ll 12 Q2 Ql2 In Qln Qln 1
UZei() Szl Szz S23""S21 Szz S23""S21 Szz Sz3"" U2nao
2 21 @21 Q21 2 022 o2 2n Q2n Q2n 2
Um'a Su SIZ S13""S11 S12 SIS""SII Sl2 S13 U]na()

r2 _ 21 21 21 22 22 22 2n 2n 2n 72
U2 |=| 82 82 8282 82 828 s sy ||U

nl nl nl n2 n2 n2 nn nn nn rn
ST ST ST LSS s S S S| U
rn nl nl nl n2 n2 n2 nn nn nn rn
U | Ss s S s s s se S| U

1€ 1 — YKCJIO KaHaJB.

Ha mpakTtuiii B KO)KHOMY KaHaJli BPaXOBYETHCS JIUIIE KIHIIEBE YHCIIO THITIB
xBuib. Toxi 0610k S Marpuii po3CirOBaHHs, AKAN XapakTepU3ye Nepenady 3 J -
Oro KaHaiy B i -UH, CKIIQa€ThCs 3 k, PAAKIB Ta l_,. CTOBIILIB, € k., — YMCJIO THUIIIB
XBHIIb, SIKi BpaXOBaHI B i -OMY KaHali, [, — 4MCIIO TUIIB XBUIIb, SIKi BpAXOBaHi B j -
OMY KaHaJl.

Came Matpuisg pO3CiIOBaHHS [S ] omucye Oyab-sKi MOXIJIHMBI PEXHMH B
KOHKPETHOMY 0araTororocHUKY. BianoBiqHoO, SKIIO BioMi BCl il KOMIIOHEHTH, TO
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MO>XHA TIOBHICTIO JOCITIIUTH EJICKTPOMATHITHUN TPOIEC, SKUH BiIOyBaEThCS B
6araTonoIOCHUKY, 6€3 BpaxyBaHHs MOTO BHYTPIIIHBOI CTPYKTYPH.
XBUJIOBI MaTpPHIll PO3CIIOBaHHS [S] Ty’Ke MIHUPOKO BUKOPUCTOBYIOTH TPHU

ananizi kin HBU. OcHoBHUM 3ac000M 1X OOUYHCIICHHS € SJICKTPOANHAMIYHA TEOPis.
Jlnst mocmipkeHHsT 0y Ib-IKOT0 CKiIajHoro npuctporo HBY HeoOXimHO po3B’s3aTu
PN Tak 3BaHUX KIOYOBUX 3anad. [lin KIFOYOBOKO 3a/ladero TYT PO3YyMIEThCS
KpaiioBa 3agada eIICKTPOJMHAMIKHM, pO3B’S3aBIIM SIKy MOXXHAa OTPHUMATU
1H(pOPMAIIIIO TPO MATPHULIIO PO3CIIOBAHHS MIPUCTPOIO.

JImst BH3HAYCHHS €JIGMCHTIB MATPHIll PO3CIFOBAHHS [S] KJIFOYOBY 3ajady

BUPIMIYIOTh y peKuMi Tudpakiii XBWIb BCIX BpaXxOBaHUX THUITIB Y BCIX KaHaJax.
[Ipu 1poMy poO3B’SA3YIOTHCS OJHOPIAHI PIBHSAHHA MakcBenjga Mpyd yMOBi, 11O B
OJIHOMY 13 KaHajiB 0araTOMOJIFOCHHKA, IO BIAIMOBIIA€ JAaHOMY IPHUCTPOIO, ICHYE
npsiMa XBUJISL 33/IaHOTO THITY, @ y BCIX 1HIIMX KaHAIaX MpAMi XBHJII BIICYTHI.

[Ipu BU3Ha4YEeHHI €JIEMEHTIB MaTpHIll TMOBHUX OMOPIB [Z] KITIOYOB1 3aj1adi

pPO3B’S3YIOTh B PEXUMI XOJOCTOTO Xxoay. Enementu wmatpuii [Y ] MOBHUX

MIPOBITHOCTEH BU3HAYAIOTH B PEKUMi KOPOTKOTO 3aMUKaHHS. Y TIEPIIOMY BUIIAAKY
Ha oAMH 13 BXoAiB nopaerscsi H_#0, a Ha pemry Bxoais H_ =0, ne H -
JOTHYHA JI0 TUIOIIMHHM BXOJY CKJIQJIOBa HAMPYXKEHOCTI MAarHiTHOTO MOjst. Y
ApYroMy BHUIIQ[Ky Ha OJMH 13 BXOIIB mojaerbcsi £ #0, a Ha pemry BXO.IIB
E =0, ne E — aHajoriyHa JOTUYHA CKJIQJ0Ba HANPYKEHOCTI €IEKTPHYHOIO

TOJISL.

3acrocoByBaHi Ha mpakrtuili mpuctpoi HBY € nocuTh ckiraqHuMu 1 MOXKYTh
MaTH PO3MIPH, SIKI 3HAYHO IEPEBMINYIOTh JOBXKUHY XBWJl. Ile mpuBomuth, sK
NPaBUJIO, A0 BEJIMKUX 1 YacTO HE3J0JIAHHUX TPYAHOINIB MPU PO3B’sA3aHHI 3ajad
JUTSI IPUCTPOIO B IioMy. ToJii TOIIIBHO OyAb-sSKUM TMPUCTPIN MOAATH y BUTIISII
CYKYITHOCTI €JIEMEHTIB, Il KOXXHOTO 13 SIKMX HE3aJie’)KHO BIJl IHIIUX MOXHA
pO3B’s3aTH TPOCTY EIEKTPOJAMHAMIUHY 3aj1ady. Takwid MeTOH JIOCHIKEHHS
npuctpoiB HBY HazuBaioTh METOJIOM JEKOMITO3UIIIT, a OKpEMi €JIEMEHTH, Ha SIKi
pO30MBaETHCA MPUCTPI — aBTOHOMHMMH Osiokamu. Toxl 3arainbHa MaTpHILA [S ]

Oyze BU3HAYATUCS 13 OJIOYHUX MAaTPUIb [Sl,] .

KoHTpoJibHi 3anuTanHs

1. SIki cTpyKTypH BITHOCATHCS IO MACUBHUX €JeMEHTIB npucTtpois HBY?

2. SIxi BuaM JIiHIA TIepejad yacTiime BChoro BUKopuctoByeThes B IC HBY?
Sxi HaOMMKeHHSI BAKOPUCTOBYIOTHCS TIPH iX aHamizi?

3. SIKuMU KOHCTPYKLISIMH MOXYTh OyTH NpEJACTaBJIC€HI HAWOUIbII THUIOBI
nociigoBHl 1HAyKTUBHI eneMeHTH 1C HBY? Slkumu cxemMHUMH MOJEIsSAMH st
cxeMoTexHiyHoro aHajizy IC MoXyTh OyTH MpecTaBiIeH] JaH1 KOHCTPYKITi?

4. SIKi KOHCTPYKIIi BUKOPHUCTOBYIOTHCS JUJISI TIPEJICTABIICHHS €MHICHHX
enementis [C HBY? Illo BiAHOCUTBCS O OCHOBHUX TIapaMeTpiB €MHICHUX
€JIEMEHTIB?
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5. Sx1 Qynkmii BUKOHYIOTH TUTIBKOBI pesucrtopu B IC HBY? Hasiths ix
OCHOBHI TapaMeTpH.

6. Slke mnpuszHaueHHs pe3oHATOpiB 1 GuUIbTPIB y cxemax HBY? ki
0COOJIMBOCTI 1X TOTOJIOTIT 1 CXeMHHX MOJIeNIe?

7. Sxi QyHKUI] BUKOHYIOTH AladparMu, pe30HAHCHI BiKHA 1 TpaHC(HOPMATOPH
noBHUX omnopiB y cxemax HBY? Ha3Bite Hal0inbIll MOMIMPEHI TUIHU
TpaHcpopMaTopiB TOBHUX OIOPIB, $KI BUKOPUCTOBYIOTH JUISI Y3TOJDKEHHS
XBWJIBOBUX OTOPIB y XBUJICBOJIAX.

8. Ha3BiTe OCHOBHI criocoOu 3’ e€qHaHHsa 4-IMOIOCHUKIB. SIKUI MaTeMaTHUIHUI
anapaTr BUKOPUCTOBYETHCS JJIsl ONHUCY XBUJILOBUX NapaMeTpiB 4-MOJIOCHUKIB?

9. Ha3BiTh OCHOBHI TTapaMeTpH HAMPABJICHUX BIJBOIB 1 MOCTIB Ta iX 3B’S30K
13 MaTpUIICIO PO3CIFOBAHHS.

10.51ke npu3HayeHHs NOAUIBHUKIB 1 cymMaTopiB noryxHocti HBU? fki cxemu
1 TOMOJIOTHi BHUKOPUCTOBYIOThCA JUIsl ix peamizamii. s d9oro mpu3HaveH1
(dhazoobepraui B cxemax HBY, siki cTpykTypH jexaTh B iX OCHOB1?
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