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Hcemounux
HANPAXNCEeHUs

JIMHEMHBIA CUMMETPUYHBIU
ITEKTPUUYECKUU BUBPATOP

JIMHEHBIA CHUMMETPUYHBIA AJIEKTPUYECKH  BUOpaTop,
NPEJACTABIACT COOOM TOHKUN HMWJIMHIAPUYECKUN MPOBOJHUK
paauycoM a. JlnMHAa Kaxkaoro ruieda oOo3HavyeHa yepes |,
IIMpPHHA 3a30pa, K KOTOPOMY MOJKII0YaeTcs Qpuiep — dyepes
& . Ilockombky 00bHO & <K [, To 3Hauenue 2| MoxkHO
cuuTaTh o0IIeH IIMHOM BuOparopa. B omimuue ot 99U, rie
pacrpenenceHue TOKa  BIOJb  M3JIy4yareyiss CUYUTAETCS
paBHOMepHbIM, st JICOB 3akoH pacrnpeneneHust TOKa
JOJDKEH OBITh HAMJEH IyTEeM pEIICHUsS BHYTPEHHEW 3a1add
TEOPUU AHTEHH. B HWHXEHEPHOW MNPAKTUKE MIUPOKOE
pacnpoCTpaHEHUE MOIYyYHI NMPUOTMKEHHBIM METOJ] pacuera
TOKa, Oa3upyONIUMKACS Ha  HCHOJIB30BAaHUM  TEOPHUU
paCIpOCTPAHEHUST TOKA IO  JBYXOPOBOJHOW  JIMHUH
KOHEUYHOU JJINHBEI.
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HanpaBneHHe TOKa B JINHUU
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3HaKK TUTIOC ¥ MUHYC YKa3bIBAIOT HA
TIPOTHBOMONIOKHOCTb (ha3 TOKOB Ha OTAEBHBIX
y4acTKax MpoBoja TMHUI
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Hanpasnenus T0KOB B
Teyax BuOpatopa.

3HaKH IUTI0C 1 MHHYC
YKa3bIBAIOT Ha
TIPOTHBOTIONIOKHOCTH (a3
TOKOB Ha OT/ENbHBIX
yyacTkax Iieq

IHNPUBINKEHHOE PACITPEAEJIEHUE

MOIVJisA TOKA 110 JICOB
Ha puc. a, uzoOpakeHa JBYXIIpOBOJHAS JIMHUS 0€3
norepb, AnauHa KoTopourt [ = 0,6251 JInHus

OPUEHTUPOBAaHA BIOJIb OCU Z .
COBIIQJIAET C CEYECHUEM JIMHUM,

Havano xoopaunHar
7€ BKJIIOYAETCS

regeparop Bo30OyxmeHus. KpuBasg pacrpeneincHus
MOIYIS TOKa TpHBENEHA Ha puc. 6. DyHKIMA
pacopeneacHus TOKa pH 3TOM I1(z) =

(I.y/sinkl)sink(l — z), tne k = 2m /A — ko>3dpbuEeHT
da3pl BOJAHBI TOKAa. Eciu mpoBoma TakoW JIMHHH
pa3BepHYTh OTHOCHUTEILHO TOUYEK BO30OYKICHHUS, TO
noayuutcss KoHCTpykuusa JIDCB ¢ pacnpenenenuem
MOy TOKAa IO IIIe4aM BHOpaTopa, OBTOPSIOIIHM
pacopeneacHue TOKa BAOJIb ABYXIPOBOJHON JIMHUH —
puc. 6. BBuAy cHMMETpHMM KapTHUHBI pacCIpeaeIcHuUs
AMIUIUTYAbl TOKA OTHOCHUTEIHHO TOYEK IMTAHMS
(BO30OYKneHHs1) HeoOxomumo BBecTH |z|, Te. [(z) =
(Io/sinkl)sink(l — |z|). TlepBblii MHOXHTEIb UMEET
CMBICII TOKA B Iy9HOCTH I = I, /sinkl. C y4ETOM
storo [(z)=Igsink(l—|z|) . Dra dopmyra He
YUHUTHIBACT BCEra UMEIOIIUECS TOTEPU B JTHHHH.



IHPUBINKEHHOE PACITPEAEJIEHUE MOIAYJIA TOKA
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C YYETOM NOTEPH B SKBUBAJIEHTHOMH JIMHUN

B cnyyasx, korjga Hy>KHO Y4€CTb ITOTE€pHU, CBSI3aHHbIE
C HU3JIy4YEHHUEM, TIOJB3YIOTCS BBIPAKECHUEM IS
pa3OMKHYTOH JmHuMH ¢  motepamu. [(z) =
(se/sinyl))shy(l — |z|) = Iyshy(l— |z]), tze:
Yy=a+jf, a — xodpPuuueHt 3aryxaHusi, [ —
ko3 puimeHT (a3pl, KOTOPBIA B OOIIEM Cllydyae HE
paBeH k. Ha pucyHkax NpuBEICHBI paclpenesicHus
MOJIYJISl TOKa JUIsl pasHbix otHolnenwmi [/A JICOB.
CIUIOIIHOW JIMHUEW MOKA3aHO PACIPEICIIEHUE TOKa
0e3 moTepb, MyHKTUPHOM — C y4eToM moTephb. B
pacuerax MNPUHATO, YTO 3HAYCHUE MOAYJS TOKa B
MyYHOCTH |]n| =1, a Bce 3HAUYCHUS KAXKJIOIO
pacnpeneseHusl TOKa HOPMUPOBAIUCH OTHOCUTEIBHO
CBOETO  MAaKCUMAJIIbHOTO  3HAYCHUSA,  paguyc
npoBongHuka 1eda a = 0,0054, kosdpdummeHt
dazer f=1,075, a =0,292. Ha xoHIIaX TOHKHUX
BUOparopa, TOK BCETJa PaBEH HYNIIO (€CIM MOXHO
IpeHeOpeYb TOPIIEBBIMU TOKAMH ).



AMIUVINTYJIHAA XH OTAEJIBHOI'O JIEMEHTA JICJB
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Beck BHOparop MOXHO paccMarpHiBaTh Kak
COBOKymHOCTh 20U dz, aero 1mone B

A OpPOU3BOJBHOW  TOYKE  HaOmomenuss M

paccMaTpuBaTh KakK  pE3yJbTaT  CIIOXKCHUS
(uaTepdepeHrn) moJiel, co3gaBaeMbix DO,
DnemMeHT dz co3jaeT B TOYKe HaOmwoneHus M
HANPsSKEHHOCTh AIEKTPUYECKOTO OJI4,
XapaKTEPUZYEMYIO KOMIIJICKCHOW aMILJIUTY10M:

dE, = 0o j[Wol(2)dz/2 1, A] sin@ e~ Tk
rne  [(z) = Igsink(l — |z|) —  TOK,
COOTBETCTBYIOIINKA KOOPJIUHATE Z.

Pa3HocTh paccTosiHuM OT 1IIeHTpa BUOpaTopa v 3JieMeHTa dZ J10 TOUYKH HAOJIIO/ICHHS paBHA

Ar =1 — 1, = zcos 8, oTkyna cienyerr, =1 — zcos . Benuunny Ar Ha3bIBaIOT
Pa3HOCTHIO X0/1a Iyuel. Tak Kak Touka HaOIIOIeHHUS HaXOAUTCS B JaJdbHEH 30HE, TO 3HAYCHHE
Ar MaJo 1Mo CpaBHEHHUIO C 7', @ PACCTOSIHUS 1;, U T HE3HAYUTEIBHO OTIWYAKOTCS IPYT OT APYTra.
DTO IaeT OCHOBAHWE 3aMEHUTH B 3HAMEHATEJIE AMIUITUTYTHOTO MHOXKUTEIIS 1;, HA T U
KOMIUIEKCHYIO aMIUIUTY/Ty COCTABJISIONIECH HATPSXKEHHOCTH SJICKTPUYECKOTO OIS U3y YCHUS

— - . .
anieMeHTa dz 3ammcarh B Buge dE,, = 0,yj [WOI (z)dz/2r /1] sin @ ek, [Tpenebperats
Pa3HOCTHIO X074 B ()a30BbIX MHOKHUTEIAX JIEMCHTOB dZ HH B KOEM CITydac HEJb3sl.

B utore ms1 1100010 dz crpaBeiIuBO dEm = 50 j [Woi (2)dz/2r /1] sin @ e ~Jkrgikz cos O



AMIUVINTYJIHASA XH JICOB

JI71s1 onpesienieHusT KOMIIEKCHOM aMILTUTYAbI HAPSI)KEHHOCTH JIEKTPHUYECKOTO IOJIS,
co3/1aBaeMoro B Touke HabmoaeHus BceMm JICOB, HeoOXonuMo MociaeHee BhIpaKCHUE
IIPOMHTEIPUPOBATH 10 BCEH JITTMHE BUOparopa: oT — | (HKHHI KOHEI| BHOpaTopa Ha pHUC. a)

10 +1 (B.erHI/Iﬁ KOHeII): Em = éoj(WO/Z rA)sin@ e /K" f_ll [(2)el*%¢c0s0qz. Dynkuus
[(z) = Igsink(l — |z|), moaTomy

= =g : . —j L. ;

En = 00j(Woly/2 7 ) sin @ e /" f_l sink(l — |z|) e/*#¢cosbqz.

[Tocne BeuMcaeHUs HHTErpaia opMysaa Jjs pacyeTa KOMIIEKCHONM aMILTUTY/IbI
HANPsHKEHHOCTH AyieKTprdeckoro noist JICOB B manbHEN 30HE TPUHUMAET BU;

E, = éo(WoiH/an) X sin @ X [cos(kl cos @) — cos kl]/(sin 8)? x je Ik

ITo aHanoruu ¢ aHaJIM30M HampaBiIEeHHBIX CBONUCTB DOM B hopMysie MOXKHO BBIJICTUTh
TPHU XapaKTEPHBIX MHOKHUTEJIS: HE 3aBUCSILIETO OT HAIIPaBJICHUS Ha TOUKY HAOJIOCHMS,
onpexnensemoro yrnamu 6 u @ (A = Wyly/2m r), 3aBUCAIIEro OT HAIPaBICHHS Ha
Touky Habmonenus sin 8 X [cos(kl cos @) — cos kl]/(sin 8)? u pa3oBoro MHOKHTENS
j e~ jkr .
IIpoussenenue nByx comuoxureneit f(8) = Asin @ X [cos(kl cos 0) — cos kl]/(sin )2

py (PUKCUPOBAHHOM PACCTOSIHUU T OTNIPEIEIIACT 3aBUCUMOCTh 3HAUCHU N
HaIpPSH>KEHHOCTH TOJISI OT YIJIOBOM KOOPJMHATHI 8, T.€. SIBISETCS HEHOPMUPOBAHHOM
aMILUTUTYTHOM XapaKTEPUCTUKOW HampaBieHHOCTH JICOB B MepuanOHAIBHON MIIOCKOCTH.
HopmupoBannas ammutyanas XH JICOB umeer Bu:

F(6) = |[cos(klcos @) — coskl]/(1 — coskl)sinf|



IPUMEPBHI PACIIPEJIEJIEHUM TOKA 110 JICOB
U COOTBETCTBYIOIUX JH

1

1

0.75 0 075
I1(z) 05 1w 05
0.25
0.25
0
0
~0.3-0.25-0.2-0.15-0.1-0.05 0 0.05 0.1 0.15 0.2 0.25 0.3 0

-0.6 0.5-04-03-0.2-0.1 0 0.1 0.2 0.3 0.4 05 0.6
z
‘ N\
| (1) i @,
| .
I‘ Lad
| =0.251 =054
90

240 300
270

Yrona orcunuThiBacTca ot ocu JICOB



MPUMEPBI PACIIPEJIEJIEHUI TOKA IO JICOB
1 COOTBETCTBYIOIUX JH (ITPOJIOKEHUE)
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KOR®PUIIMEHT HATPABJIEHHOI'O JEVCTBUS

A

Z Hns pacuera KHJ[ JICOB MoXHO mpUMEHHUTH 00IIyI0 (opmyiy,

KOTOpas UCHOJIb3YETCSl B TEOPUU AHTEHH JIS1 3TOU LIEJIH:
Dy = Dy = 411/]021T f(;T F%(08,¢)sin8d0dy, tne F(0,p) —
HOpMupoBaHHas amrumTyaHas XH JICOB
F(0) = |[cos(klcosB) — coskl]/(1 — cos kl) sin 6.
Y, Koopnunarel 0, ¥ HampaBleHHs HUX OTCUETA COOTBETCTBYIOT
MIPUBEJICHHBIM Ha PUCYHKE.
z=—| Ha pucynke nokazana 3asucumocte KHJ[ B HampaBieHun
X 4 HOPMaJIM K OCH BUOpAaTopa OT OTHOCUTEIBHOM JJIMHBI MJIeYa.
[Tpu manbix 3HaueHusax [ /A KH]I 0nu3ok k 1,5. D10 0OBSICHICTCSA TEM, YTO IPU MabIX
3HaueHusx [ /A HopmupoBanHas amrumntyaHas JIH o ¢hopme maiio omiimgaercst ot
nuarpamMmbl DOU — nipaBuiIbHOM «BochMepku». Jaxe npu [/A = 0,25 310 oTinyme
He3HauntesnbHo - KH/I paBen 1,64. MakcumansHoe 3HaueHue Dy=3,28 umeeT MecTo npu
[/A = 0,625. [Ipu Oconpmux 3Hadenusx /A snauenrie KHJI mamaet, mockoabKy

YMEHBIIIAETCS MHTEHCUBHOCTD M3Ty4eHHUs B HarnpaBieHun 8 = 90 u Bo3pacTaeT ypoBEHb
OOKOBBIX JICIIECTKOB.

z=|

35

3 ///\\\
D 12.5 —
0 , L \

15

1 I
01 0163 0225 0288 035 0413 0475 0538 0.6 0.663 0.7251



MOHIHOCTDB U COITPOTUBIEHUE U3JIYUYEHUSA

Bcs uznyyaemas BUOpaTOpoM MOIITHOCTb MOXKET OBbITh HaliJieHa 1o (opMmyiie:
Py = 3O|in|2 f;{[cos(kl cos 0) — coskl]?/sin 6} d6.
[To aHamoruu ¢ 0OBIYHBIM BBIPAKEHHUEM JJIs1 MOIITHOCTH, PACXOyEeMOM B CPETHEM 3a MEPUO]] B
SIIEKTPUYCCKOM CXeMe Ha aKTMBHOM conpoTusjicHuu R, Py = 1/2 (|im|2R) — (3akoH J>xoyis-

Jlenna), hbopmyiy AJi1 U3J1y4aeMOM BUOPATOPOM MOILIHOCTU MOKHO NPEJCTAaBUTh B BU/JlE
Py = (1/2) |in|2Rz, rne Ry = 60 f:{[cos(kl cos @) — cos kl]?/sin 6} df.

ConpoTUBICHNE U3TYYEHHS BBIPAKEHO Yepe3 MOJTYJIb TOKA B My4YHOCTHU |in | Yt0o0bI
OTPa3uTh ATOT (haKT B JIEBOM yacTu BMecTO Ry yacTo muiryT Ryp.
CrnemyeT UMETh B BUJTY, UYTO IPYTrOMY 3HAYEHUIO TOKA, HE paBHOMY TOKY B ITyYHOCTH, OyJIeT

COOTBCTCTBOBATH CBOC 3HAYCHNUC COIIPOTHUBICHUA U3JIYUCHHA. OI[HaKO 3HAUYCHUC HSHY‘ICHHOP’I
MOIIMHOCTHU, KOHCYHO, HC 3aBUCUT OT TOI'0, HCPC3 KaKOM TOK OHa BbIPpaAXacTCA.

300

225 /—\\ I'padmK 3aBUCUMOCTH COIPOTHBIICHUS
R ;150 // \ M3JIyYCHHUS, OTHECEHHOTO K TOKY B IIyYHOCTH,
B 3aBUCUMOCTH OT [ /A

75 /

0 0.175 0.35 0.525 0.7
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BXOAHOE COITPOTUBJ/IEHUE

a=0,0125| a=0,025| [Tox BXOAHBIM CONMPOTUBICHUEM AHTEHHBI MOHUMAETCS
1x10 .
- R OoTHOIICHUE HamnpspkeHus: Ugy , TNPUIOKEHHOIO K

R, soo0 //\ , BXOAHBIM TOYKaM BHOpaTropa, K TOKy [,y Ha BXOZE:

250 // \ Zy = U/ Iy B Teopun aHTeHH pa3paboTaHbl Kak
gt CTpOTME, TaK M NPUOIMKEHHBIE METOMbl pacyera
0.1 0.2 0.3 0.4 0.5 0.6 0.7

a) BxogHoro conpotuBieHuss JICOB. Ctporue MeToabl
a—0,01251 a=0,025! 0a3upyrOTCSI  Ha  MCIIOJIB30BAHUM  WHTETPaJIbHBIX
oo / YPaBHEHUM U COOTBETCTBYIOIIMX METOJOB MX PEUICHUS.
150 P BT 1 Opna u3 goctynsbeix nporpamm MMANA.
N/ 0 .

Ko -100 /\_’ [TpuOIMKEHHBIM METOJT OCHOBAaH Ha aHAJOTMU TOHKOTO
~380p Ot JICOB u pa3oMKHYTOM JBYXIIPOBOJHOW JIMHUEH C
%1 02 03 o0& o5 os o7 IOTEPAMU. DBXOHHOE  CONPOTUBIEHHUE  JIMHUU  C

%) MOTEPSIMH, IKBUBAJICHTHOW BUOPATOPY, paBHO:
Zg = Zgcthyl, rje Zg — KOMIUJIEKCHOE BOJHOBOE COMNPOTHUBJICHHUE JIMHUU; ¥ = & + jf —

KOMILJIEKCHAsI MOCTOSIHHAsI paclpoCTpaHeHus, o — KodhPUIUEHT 3aTyxaHus B JIUHUH, [ —
KoacpcpHuHeHT (dazbl; [ — AyIMHA SKBUBAJICHTHOM JIMHUM, paBHAs JJIMHE IJIedya BUOpaTopa.
3HadeHue Zg NpH JUaMETPe NPOBOTHUKOB, PAaBHOM 2a, ompenenserca mo dopmyne Zg =
120[In(l/a) — 1][1 — j a/B]. Kosbduiuent 3aryxaHus « paCcCUMTHIBAETCS W3 YCIOBHS
PaBEHCTBAa MOIIHOCTH TEIUIOBBIX IMOTEPh B AKBUBAJICHTHOM JIMHUU MOIIHOCTH H3ITYyUYCHUS
JICAB: a = Ryp/{1201[In(1/a) — 1][1 — sin 2kl/2KkI|}. B mnepBoM mOpuOIMKEHHH MOKHO
HOPUHATE, uTo B = k = 2m/A.

Pe3ynbTarsl pacuera BXOAHOTO conpoTtuBieHus AByx JICOB npuBeneHsl Ha rpadukax.



JUHEHUHBbI CUMMETPUYHBIU LIEJIEBOU BUBPATOP

1z
e
|3\‘
2a B
P F(0) = cos(klcos @) -COSkl
Ya Ay (1—coskl)sing

JICOB o
Ly~ ebluuciuaemcs O Hanpagnennsie cBoiicTsa

t (nuarpamma HarpasieHHocTd 1 KHJI)
JICORB npu 20 = — JICIIIB u JICDB oauHaKOBBI
2



N3JIYUYEHUE CUCTEMBbI U3 /IBYX
CBA3AHHDBIX BUBPATOPOB (E-miockocTtb)

7 A 7 A
o M
~ Hag /5/,//7) . . .
i 7 A - O603Ha4uM I, » /1. 1 = qe’?¥, rue
% 1 e
1, q — OTHOIIICHUE MOJTyJIeH TOKOB;
- Y r .
% v | A s . 1) — caBur ¢asbl ToKa I,y 5 IO OTHOIIEHUIO
Y .
> 0 > Y K TOKY Iy 1.
4 ! Mozysb HanpsKEHHOCTU CYMMAapHOM
HAIPSHKCHHOCTH TIOJISL OTIPEICIIACTCS
5 bopmyoii:
: [cos(klsin®) — cos kl]
|Em = X /1 + q2 + 2q cos(y — kd cos9)
71 cosv

Muoxutens A = 60Ig,/r; He 3aBHCHUT OT HaIlpaBiCHUS HA TOYKY HAOIIOIECHHUS.
Muoxurens  f;(9) = |[cos(klsin9) — coskl]/cos¥| - o5r0 HeHOPMHpPOBAaHHAs
ammuntyaHas XH opunounoro JICOB, Haxomsiierocss B CBOOOJHOM MHPOCTPAHCTBE.

Muoxurens f.(9) =41+ q% + 2q cos(y) — kd cos¥)) yuuTHIBAET HATHYHE BTOPOTO
BUOparopa - OH 3aBHCUT HE TOJBKO OT yma ¥, HO WM OT PacCTOSHUSA d MexXmy
BUOpaTopamMu, OT OTHOIIEHUSI aMILUIUTY/l TOKOB B BUOparopax ¢, OT cABura (pa3 TOKOB B
BUOparopax 1. DTOT MHOXHTENIb HAa3bIBAIOT MHOXHUTEIIEM CHUCTEMbl (B JIUTEpaType
BCTpEYAIOTCSA TaKKe HAaWMEHOBAHMSI «MHOXHUTEIh KOMOWHHUPOBAHUS,
«UHTEP(PEPEHIIMOHHBI MHOKHUTENDY, «MHOKUTEIb PEIIECTKI).



HATIPABJEHHBIE CBOMCTBA CUCTEMBI U3 JIBYX
CBA3AHHDBIX BUBPATOPOB (E-1mi10CK0CTB)

J:%A

1 =0.254

1=0.254, d=0.254
g=1 w=90°

d

I=0.254, d=051
a=1 y =90

[Tpoussenenne muokurenei f(9) = Af;(9) f.(9)

npu (PUKCUPOBAHHOM PACCTOSHUU T ONPEACNSET
3aBUCUMOCTh 3HAQUEHUN HAIPSKEHHOCTU IIOJISI OT
yIJIOBOM  KooOpawHATel ¥ ,  T.€.  SBIAETCA
HEHOPMUPOBAHHON aMIUIUTyaqHOM XH cucrembl IByX
CBSI3aHHBIX JIMHEMHBIX CUMMETPUYHBIX JIEKTPUUECKUX
BUOpPaTopoB B MEpUAMOHANBHOW muIocKocTH (E —

TUTIOCKOCTH).

I'paduk QyHKIIMU HA pUC. @ — 3TO HOPMHUPOBAHHAS
aMILTUTYAHAs auarpaMmma HaIPaBJICHHOCTHU
onuHoyHoro JICOB, wHaxomsmerocs B CBOOOJHOM
IPOCTPAHCTBE.

I'padviku GpyHKIMN HA pUC. 6 U PUC. 8 COOTBETCTBYIOT
HOPMHUPOBAHHBIM  aMIuIuTyaHbiM JIH  cBsi3aHHBIX
JICOB B E — III0CKOCTH.

Tpancdopmarius aAMIUTUTYIHOU TuarpaMMbl
ONpEACNsICTCI B OCHOBHOM MHOXHUTEJIEM CHCTEMBI
f(9), KOTOpBIH CyIIECTBEHHBIM O0Pa30M 3aBHCHT OT
paccTossHusA d MeXJy BUOpaTropamu, OT OTHOIICHUS
aMIUTUTY/] TOKOB B BUOpaTtopax ¢, OT c/iBura (a3 TOKOB
B BUOpaTopax .



N3JIYYEHUE CUCTEMBbI U3 /IBYX
CBA3AHHDBIX BUBPATOPOB (H-mi1ockocTs)

A

Y Onunounsiit JICOB, HaxoasuMiicss B CBOOOTHOM MPOCTpaHCTBE, B H —
IJIOCKOCTH He o0nagaeT HanpaBieHHOCThi0. Hanuuue BToporo
BHOpaTopa B KOpHE MeHseT cutyaiuto. Ha pucyHke nzo0pakeHa
m10ckocTh XO0Y 1 moka3aHo MOJIOKEHUE BUOPATOPOB, KOTOPHIE
OPHEHTHUPOBAHBI TOpaLIENbHO Ocu Z. CunutaeM, 4To

__1@ Iy2/I1 =qe’¥, rae q — oTHOLIEHUE MOYIICH TOKOB;
d > A x Y — cnBur ¢asbl TOKa [gy ; 0 OTHOLICHHUIO K TOKY Igy 1.
OCJ L > Monynb  HampsKEHHOCTM ~ CyMMapHOM  HaNpsDKEHHOCTH — MOJIA

[ Ar=dsin g 3  ompenensercs dopmyoit:
|Em(<p)| = A(1 —coskl)\/1 + q2 + 2q cos(yp — kd sin @)

[lo anamoruu ¢ aHaJqIM30M HaPaBIECHHBIX CBOMCTB CUCTEMbI CBSI3AHHBIX BUOPATOPOB B E —
TUIOCKOCTH MOYKHO BBIJICIIUTH TPH XapaKTePHBIX MHOXKUTEIS. MHoxuTenmu A = 601,/ n
(1 — cos kl), He 3aBuCSAITUE OT HANIPABIICHUS HA TOYKY HAONIOIECHUS, @ TAK)KE MHOXKHUTEITD

fi(@)=yJ1+ q? + 2q cos(yp — kd sin @). Dyrxims f.(¢) SBATETCA MHOKHUTETEM CHCTEMBL.
OH y4yuThIBaE€T HAJUYKME BTOPOI0 BUOPATOpA U 3aBHCHUT HE TOJIBKO OT YIJIa (P, HO U OT
paccTosiHus d MEKIy BUOpaTopaMi, OTHOIIIEHHS aMILIATY/] TOKOB B BUOpaTopax ¢, CIBHUra
(a3 TokoB 1.




HATMIPABJEHHBIE CBOMCTBA CUCTEMBI U3 JIBYX
CBSI3AHHBIX BUBPATOPOB (H-nJjiockocTb)

[Mpoussenenne f (@) = A(1 — cos k) f.(p) pH

(DMKCUPOBAaHHOM  pPACCTOSHUM T ONPENETACT
) 3aBUCHMOCTh 3HAQUEHUW HANPSHKEHHOCTH TIONSA  OT
YIJIOBOM ~ KOOpPAMHATBL ¢ ,  T.€.  SBISIETCSA

HEHOPMUPOBAHHOW aMIUIUTyIHOM XH cuctemsl ABYyX
cesa3anHbix  JICOB B o0meid  3KBaTOpHaIbHOU
miockoctH (H — miockocTn).

Takum o00pa3om, HampaBICHHBIE CBOMCTBAa CHCTEMBbI
CBSI3aHHBIX BHOPaTOpoB B H — IJIOCKOCTH MOITHOCTHIO
ONPEAEIAIOTCS MHOXKHUTEIEM cucteMbl f.(9), uro

02025, qo1y —o0- IBIISICTCS IPSIMBIM CJIE€ACTBUEM OTCYTCTBHUS
HaIlpaBJICHHOCTH B O3TOW IUIOCKOCTH KaXKJIOrO0 W3

0 BUOpPATOPOB B OTJICJIBHOCTH.
I'paduk PyHKUMM HA pUC. @ — 3TO HOPMHUPOBAHHAS
0 ammummtyaHas JIH B H — mmockoctd oamHOYHOIO
60 JICOB, Haxoasmierocss B CBOOOJHOM IMPOCTPAHCTBE.

150 'iﬂ“"rf'$ 30 I o 6

9 (555820 paduku QyHKIMI HA PUC. O U PUC. 8 COOTBETCTBYIOT
Flp) 180 ' ° HOPMHUPOBAHHBIM  aMIUIMTYAHBIM J[H  CcBA3aHHBIX

BesH-n KOCTH.
d=054,q=1, =90 JICS JJOCKOC




INPUMEPDI IH CUCTEMBbI U3 JIBYX CBA3AHHDBIX
BUBPATOPOB (H - miiockocts). PEOJIEKTOP U IUPEKTOP

150

180

210

240 300
270

240 300
270 9

O
1 - IUPEKTOP 1 - PE®JIEKTOP

2 - PEDQJIEKTOP 2 - IUPEKTOP

Cawmapa, [II'VTU, 2015



IHPUMEPDBI 1H CUCTEMBbI U3 JIBYX CBA3AHHBIX
BUBPATOPOB (H - mi1ockocTh)

240 300



JICOB BBEJIN3U IIJIOCKOU BE3I'PAHUYHOU
MNPOBOJSAILIEN MOBEPXHOCTH

A

V4 X

JICOB B cB0OOIHOM
IIPOCTPAHCTBE

JICOB Haj miockoit JICOB Haj miockoi
IPOBOIALIEH IIOBEPXHOCTBIO MPOBOSIIEH TOBEPXHOCTEIO

(ZOY - E-mockocts) (XOY- H-mrockocTh)



METO/ 3EPKAJIbHBIX U30BPAKEHUN

JICOB napautenbHbId
MIPOBOIALIEN TNIOCKOCTH

-
_-
-

-
-
-
-
-
-

Cucrema cBsa3aunbix JICOB

/

PeanbHbIit
3epKajibHOE

n3ydaresb
n300pakeHne
u3aydaress

g=lLLy=nx



HAIPABJIEHHBIE CBOMCTBA TOPU30HTAJILHOIO
JICOB HAJI MTPOBOJSIENA HOBEPXHOCTBIO (E-miockocTn)

Z
£ (0) = cos(klco_s ¢) —coskl <sin(khsin @
siné
| =0,251
h=0,54
. v\e
JICOB B cBOOOAHOM JICOB Hajx npoBoasIiei

IIPOCTPAHCTBC [IOBEPXHOCTHIO



HAIPABJIEHHBIE CBOMCTBA TOPU30OHTAJILHOTO
JICOB HAJI MTPOBOJSIIENA MOBEPXHOCTBIO (H-miiockocTn)

f (8) = |sin(khsin 6|

90
120 60

30

90
120 60
150
150 30 ‘
F S
Fi 0 ' 180 0 0O
180 0
210 330
210 330

240 300
240 300 270

h=0254 . .«  h=051 <o

JICOB B cB0OOIHOM T'opuzontanbueiii JICOB Han
IIPOCTPAHCTBE IPOBOASAIIEH MMOBEPXHOCTHIO



HATIPABJIEHHBIE CBOMCTBA HECUMMETPUYHOTI'O
3JABEMJIEHHOI'O BEPTUKAJIBHOI'O BUBPATOPA

f(A) =

cos(klsin A) —cos kl‘
CoS A

HecumMmeTpuyHbIi 3a3¢MICHHBII JICOB 3KkBHBaJICHTHBIA HECUMMETPUIHOMY
BEpPTUKAJIbHBINA BHOPATOP 3a3eMJICHHOMY BHOpaTopy



HAMNPABJIEHHBIE CBOMCTBA BEPTUKAJIBHOI'O
JICAB HAJI MPOBOJAIIEN NOBEPXHOCTBIO (E-miiockocTs)

f(A) =

cos(klsin A) —cosKkl

x cos(khsin A

COS A

f(A) = cos(klsin A) —cosKkl|

COS A

HarnpagiieHHbIE CBOKCTBA
B CBOOOJTHOM MPOCTPAHCTBE

240 300

| =0,254
4] h=104

|1|'

-V

"""\A

HarnpaBiieHHbIE CBOKCTBA
C YYETOM MOBEPXHOCTH



IHOJIHBIE, COBCTBEHHbBIE U HABEJIEHHDBIE
COITPOTUBJIEHUSA U3JTYUEHNUS, BBAUMHDBIE
COITPOTUBJIEHUSA CBA3AHHBIX BUBPATOPOB

S i1
I, =1,

jo . : |
|1e ! I'_zzqejl// q:—2
I, l

V=0, =@

cOCmMBeHHoe 2—20

Lsyy =Repy+ szﬂ

[ noanoe 2—_20 ]

4

%’e 1-eo ] Zzz — Zzzz + ZZHA521

VA

s1

[

Z211 — R211 + jX $11

cobcmeenoe 1—2o0

Zzll + ZzHABlz /_/\ N

1 . )
ZEHA521 — ae W(Rzl"' JX21)

e HaBeoeHHoe 60 2 — oM

ZzHABlz — qejW(Rlz + jxlz)}

CO CMOpoOHbL 2 —20

\CO CMOpOHbI 1-20 Y,

R,=R,; X, =X, —63aumnvie conpomuenerus




COBCTBEHHBIE COITPOTUBJIEHUSA U3JTYUYEHUSA

CBSI3AHHBIX BUBPATOPOB
% |cos(kl cos @) — cos kI
Ry =Ry = 60'[[ ( sin?9 ] dé
0 _ _
2S12K1 +
r+Inkl+

204.24

X,,, = X, =30 sin 2KI| Ci4kl—2Ci2kl— |+
RE(A,L)137.12
— |

" 2ln—
a

2801 0.24 039 0.53 0.L67 0.82 0.96 1.11 1.25 _COS 2k|(—S|4k| + 2Si2kl
=1
A

Honyeonnoswtit ICIB umeem coocmeennoe conpomueieHue uiy4eHus:

Lo, =Ry + X5, =731+ j42,5 Om




IT'PAOUYECKWI METOJ ONPEJAEJEHUS
B3AMMHBIX COMTPOTUBJIEHU

. 1. d h
‘llzlleml R12:R21:f(i,;v’/1,ﬂ/)
| h . I d h
_ _ 1 2
Xlz_xﬂ_g(ﬂ,’/l’/l’/l)
BSaI/IMHBIG COHpOTI/IBJ'ICHI/IH CBA3dAHHBIX
NIOJTyBOJIHOBBIX BUOPAaTopoB NpH h=
Riz + X
731 - 4251 *° ]
d -
0 N\ ~ A 0 /\ N A
o VA




AHAJIMTUYECKHUA METO/l OTPEJEJIEHUS
B3AMMHBIX COITPOTUBJIEHUN

COBpPEMEHHBIE BEIYHMCIIUTENLHBIE CPEACTBA MO3BOJISIOT MOTYYUTh Z;, IYTEM YHUCIEHHOTO
MHTETPUPOBAHUS:
Zi3 = Ry +jX1, = 30j X

[f:_ll(e‘jk’”l/rl — 2cos kl, e Tk [y, + e‘jer/rZ)] sin[k(l; + h+ &]d & +
lf:”l(e‘jk’"l/rl — 2 coskl, e Tk 1y + e‘jer/rz)] sin[k(ly + h—&)]d ¢

e, r; = \/(lz —&)?2+d? 1= m r, = \/(lz + &)?2 + d=.

[Ipu 3Hauenusix d = 0 u h = 0 3HaUeHUs Z4, nepexonir B Z;4. Cienyer oOpaTuTh BHUMaHUE
Ha TO, YTO PE3YyJIBTAThl BBIUUCICHUS Z1, U Z11 110 3TON (POPMYJIE COOTBETCTBYIOT MPEACIHLHOMY
CIy4aro, Korja paauyc nposoja mievya a — 0

CrnenyeT UMETh B BULY, YTO B3aUMHBIE CONTPOTUBIICHUSI, TTOJTyYEHHbIE

o 3Toi (opmyse, OTHECEHbl K MyYHOCTHU TOKA; B MPEANOJIOKCHUN
2 CUHYCOUJAIBLHOTO  paclpesielieHus TOoKa TepecyeT B3auMHBIX
COMPOTUBIICHUN KO BXOJHBIM TOYKAM OCYIIECTBIISIETCA IyTEM
l, h nenenus Ha (sinkl)? . Dro 3aMeuaHue CIOpaBEeIJIMBO  JUIs
OONBIIMHCTBA TAaOMWI] W TpaUKOB B3aUMHBIX COINPOTUBJICHUN,
1 MPUBEACHHBIX B PA3JIMYHBIX YUYCOHMKAX U Y4YEOHBIX MOCOOUSIX MO
aHTEHHaM

O

o
]

OO0




NPUBJUKEHHBIA PACUET BXOJHOI'O COITPOTUBJIEHUS
CBA3AHHBIX BUBPATOPOB

7o =2 cthyl

e [I* 7,21

2X

7B -7 N+
s [y sin2k
2 1 5 2K
Z, =120{In(l—j—l}
a
. = Rust R
s IZCB(1 sin2k|j
.

2kl

. 27
=a+ |k: k=——
y=a+] )



IIPUMEP PE3YJ/IBTATA PACYETA BXOAHOI'O
COINIPOTUBJIEHUA CBA3AHHDBIX BUBPATOPOB

' |.2 ‘I.l
It [ -
2a|| | 24
y) 1

. 1=054 1 =0,54
: a=0,01251 a=0,01254
R, =587,7 Ou R =1016 Om

Xy =-115,4 Om X =-127,5 Om




PACYET TOKA B ITIACCUBHOM BUBPATOPE

2 2
I I q — x/R12 + X12
1 2 2 2
T | | T \/RZ22+(X222+XH)
U, Xive -+ X X, + X
1 e w = +arctg —2 —arctg —=2%2—1"
12 x22
/ Jst «pmuaHbIX» JICOB
Jr— Haccupriii (0,6 ...0,65) < 1/A < (0,85 ...0,9)
2
\ le /222 XH = XHBXSh 7'
s «kopotkux» JICOB = a+ jk
l[/1<0,35..0,4 or
U@  Z8 ||| 2 X X, =X, usin?kl ¥=5
R
27 - 511
| | k=" “ sin 2kl
m 12 A 125 1=

DKBHUBAJICHTHAA CXEMa I |
Z, =120/ In| — |-1

a




