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METOAUKA PO3PAXYHKY PO3IOALTY I'YCTUHHU CTPYMIB
B JTUCKOBOMY POTOPI EJIEKTPOAUHAMIYHOI'O I'AJIBMA

I'.A. llurankoBa, KaHIUIAT TEXHIYHUX HAYK

HanionansHui yHIBEpCUTET XapIOBHX TEXHOJIOTIH
01033 Byx1. Bomogumupcrka, 68, Kuis

B cmammi posensidaemucs ouckoge enekmpoouHamiune 2anbMo, AKe MOodice BUKOPUCOBYBAMUCS 015 pecyl08aHHs 0bepmie pomopa
8impoeHepeemuyHUX YCMaHO080K MAL0i NOMYHCHOCTI. 3a80AKU NPOCMili KOHCIMPYKYIT i HeGeTUKUM PO3MIPAM, 2a1bMO 3PYUHO [HMe2-
pyemuves 8 poboui opeanu eimpoycmarnogok. Ilpuiinamo, wo cmayionapHe HeOOHOPIOHe MAacHIimHue noje 30Y0dCyEmvcs NOCMIUHUM
CmMpyMoM Kinvlyesoi obmomku iHOykmopa i3 3y0yeo-nazo80io po6ouolo nosepxtero. 3anponoHo8aHo MemoouKy po3paxyHKy 2ycmu-
HU CMPYMY 8 POMOpi eneKmpoOUHAMIYHO20 2aNbMA OUCKONOOIOHOI popmu 3 NOSImMpAHUM poOOUUM 3A30POM NpU 3yOYe80-na3osiil
KOH@ieypayii MacHimonpogooy cmamopa 3 ypaxy8aHHam mosujunu Oucky. /[ po3e a3auua cucmemu pieHsaHb 8 pomopi i nogimp -
HOMY NPOMINCKY RPULIHAMO MOOEb 3aMIHU IHOYKMOPA 3 080CMOPOHHbLOI 3YOUAMICIIO PIGHOMIPHUM NPOMINCKOM, YMEOPEHUM N0 C-
KUMU 2NAOKUMU NOGEPXHAMU [HOYKMOPA, HA SAKUX POIMIWEHT YS6HI NOGEPXHESL CIMPYMU, WO Ul 00YMOBTIOIMb HEOOHOPIOHICMb Mae-
Himuozo noas. Ilogepxuesy wjinbHicmy YAGHUX CIMPYMIE BUOPAHO 8 3ANEHCHOCII 810 2APMOHIYHO20 CKAAOY HANPYHCEHOCTI MAHIm-
HO20 noaisl 8 pobouoMmy 3a30pi npu Hepyxomomy pomopi. Cucmemy pigHAHb e1eKMPOMASHIMHO20 OIS 8 eNeKMPONPOGIOHOMY cepedo-
BUWI NPUBEOEHO 00 PIBHSAHL GIOHOCHO KOMNOHEHM 2APMOHIUHOL CKIAO0BOT 2yCMUHU CMPYMY, 3aNUCAHUX 8 YUNIHOPUYHIL CUCmEM
koopounam. Cucmemy 36e0eH0 00 PIGHSIHHS 6 YACMUHHUX NOXIOHUX OPY2020 NOPAOKY 8iIOHOCHO pPAOIANbHOI KOMNOHEHMU 2YCIMUHU
cmpymy. Ompumano po3s ’a30K Yyb020 PiBHAHHA — OPMYNY Ol PO3PAXYHKY 2YCIMUNHU CIMPYMY 8 OUCKOBOMY POMOPI 8 3aNeAHCHOCI
80 11020 pO3MiIpié NO 3A0AHOMY NOYAMKOBOMY 3HAUEHHIO 2APMOHIYHOI CKIAO080i MacHimHoi iHOYKYii 8 pobouomy 3a30pi npu Hepy-
xomomy pomopi. Ilpusedeni cniegiOHOUIEHHA WOOO POSPAXYHKY 6MPAm No 2YCMUKI CIMpYyMie 003601A10Mb GUSHAYUMU eNeKmpomae-
Himuuil momenm. OCKibKU 4acmoma 00epmants A6HO 6X00UMb y 6Upas Ois eNeKMpPOMASHIMHO20 MOMEHMY, MO MOXUCHA OYiHUMU
N0BEOIHKY 8iMpPOCUNIO80] YCMAHOBKU, OCHAWEHOI MAKUM 2a1bMOM, NPU PAnmositi 3MiHi weuoxocmi eimpy. 3uatideHi aHanimuuni
CNi8BIOHOWEHHS U000 XAPAKINEPUCTNUK eLeKMPOMACHIMHO20 NOIA OAI0Mb MONCIUBICTNG NPOBECU IXHIll aHANI3 | BUPTIUUMU NUMAH-
HSL PO3PAXYHKY PO3MIDI6 ma po3poOKU KOHCMPYKYIT mMakux OUCKOnOOIOGHUX NPUCmpois Osi RPAKMUYHO20 3ACMOCY8AHHSL Y 8IMpPoCU-
J08UX enepeemuyHux ycmanoskax. bion. 10, puc. 3.

Knrouogi cnosa: enexmpomaznimue none, 2yCmuna CmMpymy, eneKmpoOuHamiyne 2anomo.

THE METHODIC OF CALCULATING THE CURRENT DENSITY DISTRIBUTION
IN THE DISK-SHAPED ROTOR OF ELECTRODYNAMIC BRAKE

G.A. Tsygankova, Candidate of Engineering Science

National University of Food Technology
01033, 68 Volodymyrska Street, Kyiv

The article deals with the disk electrodynamic brake, which can be used to control the rotation of the rotor of wind power plants of
low power. Due to its simple construction and small dimensions, the brakes are conveniently integrated into the working bodies of
the wind turbines. It is accepted that a stationary inhomogeneous magnetic field is excited by a direct current of a ring winding of an
inductor with a rack-and-slot working surface. The methodic of calculating the current density in the disk-shaped rotor of electrody-
namics brake with a working air-gap in the rack-and-slot configuration of the magnetic stator, taking into account the thickness of
the disk is worked out. To solve the system of equations in the rotor and the air gap, a model for replacing an inductor with a double-
toothed gap by a uniform interval formed by flat smooth surfaces of the inductor is adopted, on which the imaginary surface currents
are located, that causes the inhomogeneity of the magnetic field. The superficial density of imaginary currents is chosen depending
on the harmonic composition of the magnetic field strength in the working gap at a motionless rotor.The system of equations of the
electromagnetic field in the electroconductive environment reduced to equations for component of harmonic component of current
density, recorded in a cylindrical coordinate system. The system is reduced to the equation in partial derivatives of the second order
relative to the radial component of the current density. The solution of this equation is obtained - the formula for calculating the
current density in a disk rotor, depending on its size, according to a given initial value of the harmonic
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component of the magnetic induction in the working gap at a motionless rotor. The given ratios for calculation of losses on the den-
sity of currents allow determining the electromagnetic moment. Since the frequency of rotation is explicit included in the expression
for the electromagnetic moment, it is possible to estimate the behavior of a wind turbine unit equipped with such a braking device,
with a sudden change in wind speed. The found analytical relations concerning characteristics of an electromagnetic field give an
opportunity to conduct their analysis and solve the problem of calculating the size and design of such disc-shaped devices for practi-
cal application in wind power plants. References 10, figures 3.

Keywords: electromagnetic field, current density, electrodynamics brake.
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—  pajiyc eJNEKTPONPOBITHOTO JIHCKOBOTO H .
poTopa;

— TOBILMHA TUCKOBOTO POTOPA;

— MeHIIMH i Oinpmmit pagiycu pobo4oi 30HH H Iz 5p )
JIMCKY Bi/IIIOBI/IHO; ;
— BiJiCTaHB Bif JMCKy 10 3y6IiB MarHiTOMpPO- l‘?p &
BOJY iHAYKTOPA; anp

— KyTOBa IIBHJKICTh 00EpTaHHS;

— IHIYKIis CTAI[iOHApPHOTO MAarHiTHOTO TIOJIS B H
TOBITPSIHOMY TIPOMDKKY 1HIYKTOpa MpH He- p
PYXOMOMY JTVICKY; ]

— eKBIBaJICHTHUIT 3a30D; k

— KOMIIOHEHTH BEKTOpa MAarHiTHOI iHIyKmii

o xoopaunatax I, @, 7 ;

— KOMITOHEHTH BEKTOpa HaNpy>KEHOCTI MarHi-
THOTO II0JIS 10 KoopauHatax I, @, Z ;

— KOMIIOHCHTHU BEKTOpa I'yCTUHU CTPpYMY IIO

KkoopauHarax ', @, Z;

— TrapMOHIYHa CKJaJ0Ba BEKTOpa MarHiTHOI
IHAYKIIT CTalliOHAPHOTO MAarHiTHOTO TIOJIS;
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— TapMOHIYHa CKJIQI0Ba BEKTOpA HAINpPYXEHOCTI
MAarHiTHOTO HOJIs, HABEJEHOTO CTPYMaMH B €JIeK-
TPOMPOBITHOMY CEPEIOBHIILI;

— TapMOHIYHI CKJIaJi0Ba BEKTOPIB HAMPYKEHOCTI
Mar”iTHOro MOJIs, TYCTUHHM CTPYMY, MarHiTHOT
IHYKIL{{, HAIPY>KEHOCT] EIEKTPHUIHOTO TTOJIS;

— TapMOHIYHA CKJIa[I0Ba HANPY>KEHOCTI ENeKTPH-
YHOTO TI0JIs1 00epTaHHS;

— MarHiTHa NPOHUKHICTh CEePEIOBHINA;

— YHCIO Tap MOJIOCIB, TOPIIOK podoUoi rapmo-
HIKH;

— KOMIUICKCHHN KOCQII[iEHT, IO XapaKTepH3ye
MOBEPXHEBUI €(PEKT B3aEMOJIIi 3MIHHOTO €JICKT-
POMATHITHOTO TIOJIST 3 €JIEKTPONPOBITHAM Cepe-
JIOBHILIEM;

— MIMOWHA MPOHUKHEHHS 3MiHHOTO MAarHiTHOTO
HOJISL Y MaTepial JUCKY;

— TapMOHIYHAa CKJaJoBa TYCTHHHM CTPYyMy Ha

OOKOBHUX MOBEPXHAX OIUCKY;

— CepelHbE 3HAYEHHS TYCTHHU CTPyMY IO BCiid
TOBLIMHI JIUCKY.


mailto:tsgk.anna@gmail.com
mailto:tsgk.anna@gmail.com

BITPOEHEPT'ETUKA

ISSN 1819-8058

Beryn. Po3BuTOK BiHOBIIIOBaHOI €HEPTETHKH 3
BHKOPHUCTAHHSAM C€HEPTii BITPY AJIA 3aI0BOJICHHS CY-
CHINBHUX TIOTPeO B eNleKTpoeHeprii, moTpedye BIoC-
KOHAJICHHS HASBHHUX EJIEKTPOTEXHIYHUX MPUCTPOIB.
OnHuM i3 TEepCHeKTHBHUX HAMpPAMKIB BIOCKOHA-
JIHHS] Cy4aCHUX BITPOYCTAHOBOK MaJOl MOTYKHOCTI
€ CTBOPEHHSI CHCTEM PEryiioBaHHS 00epTiB poTopa
CHJIOBOT YCTaHOBKH, B TOMY YHCII, 3 BUKOPUCTAHHIM
CJIEKTPOIMHAMIYHOTO TallbMa.

Bimomuii cmoci6 ekcmyarariii BiTpoeHepreTu-
YHUX YCTaHOBOK, 33 JJOOMOTOIO SIKOTO MOYKHA iJI-
BUIIYBAaTH NPOIYKTUBHICTh BITPOCHIOBOT YCTAHOBKH
1 OJIHOYACHO OOMEXYBaTH HABaHTAKEHHS TPU Tij-
BUILCHNX MIBUAKOCTAX BiTpy. s mporo, mounHa-
109U 3 TIOTIEPEeNHBO 3aJaHOi MIBUIKOCTI BITPY, poO-
0oya yacTora oOepTaHHS POTOpa BITPOCHIIOBOI yC-
TaHOBKH OOMEKYEThCS TaJbMyBaHHsM. B gKocTi ra-
JTBEMIBHOTO TPUCTPOID POTOpa BITPOCHIIOBOI ycTa-
HOBKH MOXHAa BUKOPHCTOBYBAaTH TUCKOTIOIIOHE ene-
KTpOJIMHAMIYHE TajibMO, BOyIOBaHE B KOPIIYC YCTa-
HOBKU. KpiMm TOro, /s raciHHsS HaJJTUIIKOBUX MO-
MEHTIB HaBaHTAXXEHHs, SKi BUHUKAIOTh MPH PaNToO-
Biif 3MiHI IIBUAKOCTI BITPY, Iepenaqy 00epTaaIbHOTO
MOMEHTY MO>KHA 3/IifICHIOBAaTH 3a JOITOMOTOI0 ACHH-
XpoHHOI MydpTH. B sikOCTI Takoi MyhTH MOXHA BH-
KOPHCTAaTH JUCKOMOJIOHE eNeKTpoJuHAMIYHE Ta-
JBMO TIPOCTOi KOHCTPYKIIii. EnexTpomexaHiuni npu-
CTpOi AUCKOMOAIOHOT POPMHU 3pYUHO IHTETPYIOTHCS
B po00yYi opranu 0ararboX MalllvH 1 MEXaHi3MiB.

Bupimennas nutadb po3poOKU KOHCTPYKIIii, po-
3paxyHKy pO3MipiB, XapaKTepUCTHK Ta iarma3oHy
MOTY>KHOCTI JIUCKOINOIOHOTO EJIEKTPOIUHAMIYHOTO
rajgbMa Jijisl IPaKTHYHOTO 3aCTOCYBaHHS y BITPOCH-
JIOBUX EHEPreTHYHUX YCTAaHOBKAaX BUMAarae BIOCKO-
HaJICHHS HayKOBHX 3aC00iB MOJIEITIOBAHHS MPOIIECiB
y TIPOBITHOMY CEpPEIOBHUII — POTOPI IPU HOro 0bep-
TaHHI B CTalllOHAPHOMY HEOJTHOPITHOMY MarHiTHOMY
nomni. CranioHapHe HEOJHOpIJHE MAarHiTHE IoJie
30yIKY€ThCS TTOCTIHHUM CTPYMOM KiJbIIEBOi 0OMO-
TKH 1HAYKTOpA i3 3y0IeBO-11a30BOI0 POOOYOIO MOBE-
PXHEIO.

EnextpomaruitHi mporecu B CKJIIHUX oOnac-
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TSAX €IEKTPOAMHAMIUYHUX AWCKOMOAIOHUX MPHUCTPOIB
HE BHWBYCHI TOBHOIO Miporo. P03BHTOK cyJacHHUX
KOMIT FOTEpHUX TEXHOJIOTIH 1 IPOrpaMHUX 3aco0iB, a
TaKOX 3POCTaHHS OOYMCIIOBAIBbHOI IMOTYKHOCTI
KOMIT'IOTEpHOI TEXHIKH, CHOPHUSE YUCETFHOMY MOJe-
JTIOBAHHIO €JIEKTPOMArHiTHUX IIPOIIECIB MPH BiIOMHUX
po3Mipax ckmamaux oomacreit [1, 10]. Pazom 3 mum,
AHAIITUYHE MOJICITIOBAHHS [6], 3HAXOJKCHHSI aHai-
TUYHOTO PIlIEHHS PO3MOILTY MarHiTHOI iHAYKHii Ta
TYCTUHH CTPYMIiB, IO3BOJIAE€ aHATI3yBaTH Ta OIliHIO-
BatH e(eKTUBHICTE Medopmariii cTamioHapHOTO Mar-
HITHOTO TOJI, CTBOPEHOI KOHCTPYKTUBHHMH OCOO0-
JUBOCTSIMH MAarHiTHOI CHCTEMH, Ta PO3PaxOBYBaTH
po3MipH ii enemMeHTiB. Lle cripusie cTBOPEHHIO HOBUX,
Oimpmn eexTHBHUX MPUCTPOIB. OCKUTBKH PO3MOILNT
Mar”iTHOTO TOJs Y poOOYOMY TPOMIKKY €JIEKTPO-
JUHAMIYHOTO TajlbMa CYTTEBO BIUIMBAE HAa HOTO PO-
004l mapaMeTpH 1 XapaKTepPUCTHUKH, aKTYaIbHUM €
MIPOBEJICHHS IOCITI/HPKEHb €JIeKTPOMArHiTHOTO TIOJIS B
MOBITPSIHOMY MPOMIDXKKY 1 pOTOpi, PO3MOALTY BUXPO-
BUX CTPYMIB B POTOpi Ta YMOB Ul CTBOPEHHS Tallb-
MIBHOTO MOMEHTy. MoOJKHa BIiAMITHTH HasBHICTbH
HE3HAa4YHOI KiTBbKOCTI MyOIiKaIiii, MprCBsYEHUX 0-
CIII/DKEHHIO EJIEKTPOMATHITHOTO TOJISI B JUCKOBHX
CJICKTPOIIPOBIIHUX CEPEAOBHUINAX. Y BIJOMHX JOCIIi-
JOKCHHSAX 1 IMyOJiKamisx OCHOBHA yBara IMpHAiUIeHA
JOCTDKEHHIO €JIEKTPOMArHiTHUX TPOIECIB Y JTUC-
KOBOMY pOTOpi i3 )epOMarHiTHOro Marepiaiy 3 meB-
HUMH TIPUNYyIIEHHSIMH [4], JUCKOBOTO €JIEKTpoMar-
HITHOTO TaJIbMa 3 pajiialbHIMHU PO3pizaMu B poOOUiii
30H1 AuCcKy [3], mycrorinoro poropy [2].

MerToto 11i€l poOOTH € 3HAXOKEHHS aHATITHY-
HOTO pillIeHHS PO3MOJLTY TYCTUHH CTPYMIB B €JIEKT-
POTIPOBITHOMY TUCKOBOMY CYIIJILHOMY POTOpIi eIe-
KTPOAMHAMIYHOIO TajbMa Uil MOJAIBLIOTO HOro
BUKOPHUCTaHHSI ITPU POEKTYBaHHi.

IocranoBka 3aBaanHsi. B crarti posrisia-
€TBCSl €TICKTPOJMHAMIYHE TallbMO 3 €JIEKTPOIPOBiI-
HUM POTOPOM-IHCKOM paiycy I' i TOBIIMHOIO g, 110
00epTaeThCS B MOBITPSIHOMY MPOMIXKKY HaBKOJIO OCI
Z 3 KyTOBOIO INBUAKICTIO » Ha Bigcrtaui 0.2 Bix
3yOI[iB MarHiTOnpoBoy inaykropa (puc. 1).
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Puc. 1. Cxema po3TalmiyBaHHs eJIEMEHTIB eJ1eKTPOAMHAMIYHOI0 rajibmMa.

Fig. 1. The plan of the elements of the electrodynamic brake.

151 OCSTHEHHS MOCTABIEHOT METH IIPUIMaeMO

TaKi OOMEXEeHHSI:

—  eJeKTPOTPOBIAHUNA NUCK TOILIIEMO HA TPH 30-
HH: TIpH I <1 1 I, <r <R, (R — paxiyc aucky),
JIe BIJICYTHsI HEOJHOPIIHICTh MarHiTHOTO IIOJI,
Ta pobouy 30HY mpu I <r<r,, Ie MardiTHe
ToJIe HEOHOPIAHE; I 1 2 — MEHIIHH 1 OlmbmIuit
paaiycu pobodoi 30HH AUCKY BiAOBITHO;

— TapaMeTpH eIeKTPOIPOBIAHOTO CEepeloBHIIA JTi-
HilHI, KOPUCTYEMOCS IPHHIMIIOM HAKJIa/IaHHS,

— IHAYKIIIO CTalliOHApHOIO Mar”iTHoro noist B, B
MOBITPSIHOMY TIPOMIXKY IHAYKTOpa IPH HEpy-
XOMOMY JIHCKY BBRKAEMO 33/1aHOIO;

— exBiBaieHTHHI 3a30p d,,
d

HICTb 1 1HIII MTapaMeTpu JTUCKY [2];

¢ BBAXAEMO BiZ[OMI/IM;

exe BU3HAYAETBCA Yepe3 MarHiTHy IPOHUK-

— MarHiTHe TI0JIe HEOJHOPIJIHE, MEPiOAMYHE II0
KYTOBIi# KOOpIMHATI;

— KOMIIOHEHTHU BEKTOpPiB MarHiTHOI iHaykuii B, Ta
HAIpy>KE€HOCTI Mar”iTHOro nonus H, no xoopau-
HaTi ' BIICYTHi;

— KOMITOHEHTH BEKTOPIB HAIIPYXKEHOCTI €IEKTPHY-
Horo nong E, Ta ryctunu ctpymy 6, mo xoop-
JTUHATI Z BIJICYTHI.

Bukiaa ocHOBHOT0 MaTtepiaJry.
EnexkTpomartiTHi mmpouecu B 00epTOBOMY €JeK-
TPONPOBITHOMY CEPENOBHUIII OMHUCYIOTHCSI CHCTEMOIO
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piBHAHP MakcBemna. CKOPHUCTAEMOCST CHMBOJIIYHOIO
(dopMoro 3amucy IIi€l CHUCTeMHU IS TapMOHIYHHX
CKJIaJIOBUX €JICKTPOMArHIiTHOTO MOJIS 3 YUCIIOM Tap
moitociB p. [Ipu mpoMy 3aleXHICTh Biff KYTOBOI KO-
OpIMHATH BPAaXOBYETHCS IMEPEXOJOM 10 KOMIUIEKC-

HUX aMILTITY/.

rotH 5, =3, )
rotE , =— jpeB,, (2
divB, =0 3)
divs, =0 4

By =H, ®)

Bp = Bcp +yHap (6)
S5, =0k, )

V =&xTF (10)

s po3B’si3aHHA CHUCTEMH PiBHSHBb B POTOPI 1
MOBITPSIHOMY TIPOMIXKKY MPUHMEMO MOJIEINb, TPOTO-
THUI SKOi BUKJIaJieHUH y [5]: 3aMiHUMO HEpiBHOMIp-
HUH TIPOMIXKOK (3yOIleBO-11a30By MOBEPXHIO) PiBHO-
MipHUM (TIJIOCKOIO TOBEPXHEI0) 3 YSIBHUMH IMTOBEPX-
HEBUMH CTPYMaMH, SIKi 1 00yMOBIIIOIOTH HEOHOPIJI-

HICTh MarHiTHOIO moJjist (puc.2).
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Puc. 2. EnekTpoMartiTHa Mojie/ib eJIeKTPOAUHAMIYHOIO rajIbMa.

Fig. 2. Electromagnetic model of electrodynamic brake.

3aKOH PO3MOJTY IUX TMOBEPXHEBUX CTPYMIB,
SIKi CTBOPIOIOTh HEOJHOPINHE MAarHiTHE TOJje, IIO0
aJIeKBaTHO BimoOpakae peayibHE, JUIS 3pYYHOCTI 3a-
naemo ¢yukiisimu beccenst [7].

3BeIGMO CHUCTEMY PIiBHSHb €JIEKTPOMArHiTHOTO
moJst B enekTpornposigaomy cepemosuii (1)—(10) mo
PIBHSHHS BiTHOCHO TYCTHHH CTPYMY B IIMITIHAPUYHII
cHCTeMi KoopAuHaT I, @, Z. CTpyMH B JUCKY BUHHKA-

I0Th MiJ €10 HAMPYKEHOCTI eJIeKTPUIHOTO OIS, SKE
HaBOJUTLCS 3MIHHUM MarHiTHEM TojieM (2), (6):

rotE, =—jpw(B,, + uH,, ). (11)

HanpyskeHicTh €JIeKTPUYHOTO IOJIS O0epTaHHS
MOYKHA BHPA3UTH 3T1HO 3 (9):

Eoép = (Eaﬁpr 0, Eoﬁpz ) = (12)

=w-1(By, +uH,, Jer —o-TuH e,

ae Bgp, — rapmMoHivHa CKJIajoBa BEKTOPA MarHiTHOI

IHAYKIIi CTaliOHAPHOTO MArHITHOTO TOJIS; Hap -

rapMOHIYHA CKJIaZ0Ba BEKTOpa HANPYKEHOCTI Mar-
HITHOTO MOJs, HABEACHOTO CTPYMaMH B EJIEKTPO-
MIPOBITHOMY CEpENOBUII;, 4 — MarHiTHa MPOHUK-
HICTh CEPENOBMINA; @ — KyTOBa IIBHIKICTH 00€p-
TaHHS, p — YHCJO Tap TONIOCIB, TOPSAOK poOod0oi
TapMOHIKH.

IMomuoxkumo (11) Ha o 1 BpaxysaBmu (7),
OTPUMAEMO

rot5p =—jpa)0'(l?'>sz +/4H3p). (13)

3naiinemo portop Bin (13) ta BpaxyBaBmm (1)
oTpuMaeMo nudepeHIiagbHe PiBHAHHSA BiAHOCHO
TYCTUHHU CTPYyMY:

rotrotd, =— jpworotB,, — jpoocurotH , = 1)

=— jpwctotB,, — jpacud,

BupazuBmm By yactuHy piBHsSHHA (14) depes
KOMITOHEHTH BEKTOpa T'YCTHHH CTpyMy [2] Ta mpupiB-
HSBIIM BiJIOBITHI KOMIIOHEHTH B JIiBid 1 TipaBiii yac-
THUHAX PIBHOCTI, OTPUMAEMO TaKy CHCTEMY PiBHSHb:

2 . . in 06,, 0235, 0% . 200
p P JP “Cpy pr Pz s _p oo
r—25pr +r—25p(p +T or — 622 orez + Jpa)o;u5pr = T BCpZ ) (15)
1. . 1( 88 85, . 06 0%5,, 0% _ . OB
r—2(§p¢, - Jpé‘pr)_F a:(p —Jp a:r —Jp azpz - ar;(p - ézzpw + jpocus,, = jpoc 2 (16)
108, 108, 0°6, 0°8, p? ip 3, .
T v T a T Aomtr g oo =0 (17)
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TakuM YHMHOM, OTPHUMYEMO CHUCTEMY TPHOX PiB-

5 5

wsiab (15)—(17) BiTHOCHO KOMITOHEHT & Do

pr?
TapMOHIYHOI CKJIaJOBOi TyCTHHH CTyMy. P03B’s30K

uiei cucremu & p Oyzemo mrykaT y BUIISAL 100y-
TKy ABOX (YHKIiH, ofHa 3 sKkuX F = F'l(e'{Z +e"kz)

0e3po3MipHa 1 3aJICKHUTH JIUIIE BiJl OCBOBOI KOOPIH-

5}’106]? (5‘}’108[)1” , Snoep(p ) ) Mae

HaTH Z, a JIpyra nogpz

PO3MIPHICTh TYCTHHU CTPYMY 1 3aJI€KHUTh BiA pami-
JIbHOI KOOPJUHATH:
5 5rmep

P

=5 -F (ek'Z +e ) . (18)

Tyr k — xoMruiekcHUI KOeQIIiEHT 3 PO3MIPHICTIO,

3BOPOTHOIO JIOBXKHUHI, 0TXke KZ € 6e3p0o3MipHOI0 Be-
JUYUHOIO — XapaKTepu3ye TMOBEPXHEBUH €PeKT B3a-
€MOJIil 3MIHHOTO €JEeKTPOMArHITHOTO IO 3 eJjle-

) 14
KTPOIIPOBIIHUM  CEPENOBUILIEM; k=—J, e
u
2 )
Uu= |[—— — FJ'II/I6I/IH3. HpOHI/IKHCHHSI 3MIHHOT'O
pwou

— KOM-

MArHiTHOrO MOJISL y MATepial JUCKY; 0,4,

IJIEKCHA aMIDTITy[a TapMOHIYHOI CKJIaIOBOi 3 YHC-

JIOM Tap TOIOCIB p TYCTHHH CTPyMy Ha OOKOBii
MOBEPXHI JTUCKY.

)

noepz =0. Ile BumuBae

MoskHa BBaXxaTu, 110

13 piBHsHHS (17) micns IesKuX MaTeMaTHYHHUX Tepe-
TBOpeHb 1 BpaxyBanHs (18). Toal Buxons4n 3 yMOBH
HETIEPepBHOCTI CTPyMy, KyTOBa KOMIIOHEHTa TycC-
THUHU CTPYMY BUPA3UTHCS TaK:

65}’[06}7}“

or

5n()3ppqo = 5n0@pr

p

+r

3a mux ymoB, piBHAHHS (15) mpuBOIUTBCS 10

PIBHSIHHS BUKIIIOYHO BITHOCHO O, |

) .
P 5 1 aé‘noepr
r_z nospr r_z nospr or
1 85 r nospr 2
-—| 2 am}sp +r P (;p - kzé‘no(fpr +
r r r
p’wo -
+ Jpa)alugnospr - B
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abo
8 S

noepr

or

385

nospr

or

r

nospr

—k? + jpwou |8 (19)

_ p’woB,,
—Y
Bpaxyemo, mo k2= jpwou, Tonmi piBHSHHA

(19) nabyne BurISAAY:

a 5nospr _ 3 a5naepr
2
2 alr r 26r : (20)
-1 . wo
+ p 5 _ p cpz

2 noepr

r r
PiBusinus (20) € piBHSHHAM B YaCTHHHHUX TOXi-
JHUX JPyroro TOPSOKY 3 MPaBOI YacTUHOIO,

PO3B’SI3KOM SIKOTO Oyzie CyMa 3arallbHOTO PO3B’SI3KY

0

nogpr BIATIOBIIHOIO  OZIHOPIZHOTO Ta YaCTUHHOTO

PO3B’I3KY O nogyr HEOAHOPIAHOTO piBHSAHHS. Po3r-

JISHEMO CIIOYATKY OJHOPITHE PIBHIHHS, IO BIAMOBI-
nae (20):

025 oS
noepr § nogpr_ 1- p é‘noepr ~0.
or? r or r?

Bowo onmcye nonte npu B, =0, To6T0 B 061ac-

max <l i I'>T, 3a Mexamu pobo4oi 30HM Ta

00yMOBJIEHE JIMIIIE CTPyMaMHu poTopa B poOodiit 30-
Hi. KopeHssMH XapaKTepUCTHYHOTO piBHSHHS, Bif-
MOBIHOT'O 1[LOMY OJHOPITHOMY, OynyTh A =-1+p.

A 3arajJbHUN PO3B’SI30K OJHOPIAHOTO PIBHAHHS Mae

6 _Clr_l+p +C2I’_l_p .

BUTTIL O,y

YacTuHHUI pO3B’ 30K 5*,,0317, HEOJTHOPIAHOTO

piBHsHHS (20) 3HalieMo Ha OCHOBI aHaizy (i3uu-
HUX TIPOIIECIB B EIIEKTPOIPOBITHOMY CEpEIOBHIII.
Burisin gacTMHHOTO pO3B’SI3KYy HE 3aJISKUTH Bij
3Ha4eHb pajiycy r1i Iz . Ilpu foro 3HaxomkeHHi 0y-
nemo BBaxkary, mo I — 0;r, — oo, 3Halinemo cro-

YaTKy 3aKOH PO3MOJiIy TYCTMHH CTPyMy MO BCiH
TOBIIMHI JUCKY, CEPEIHE 3HAYECHHS TYCTHHU CTPyMY
M0 TOBIIMHI JUCKY. [10TIM, KOPUCTYIOUUCH 3aKOHOM
[MOBHOI'O CTPYMY, 3HalIeMO HaIpy>KEHICTh MarHiT-
HOTO MOJIsl Ha TOBEPXHI IMCKY B MOBITPSIHOMY 3a30pi
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Ta JUCKY, 1 TYCTHHY CTpPyMy Ha OOKOBHX MOBEPXHSIX

HaTi mpuiimae 3HaueHHs F =1.

TTUCKY 5,1067, Yyepe3 3Hai/IeH1 BEJTMYNHH HAIPYKEHO- d ) dy _ydo
. , F(—aszl-e 2 4e 2 |=1=
CTi 1 CEPE/IHBOTO 3HAYCHHS [YCTHHH CTPYMY Oy, -
BpaxoBytoun (18), cepemHe 3Hau€HHS TYCTUHH §
: . . k%
CTPYMY O, 11O BClil TOBIUMHI JUCKY 3HAXO/UMO! ) 1 e 2
A= Ta T g 22)
. k= k=% 14e 79
. 5* dy/2 . o o e 2 +e 2
noep _
O epp q I Fl(e +e )az_ (21)
0 —d,/2 5 2 (1_ oK )
Toxi 4, =— (23)

Koeoginienr F; 3Haxoaumo 3 yMOBU pPIBHOCTI

5 D =5n03p TYCTUHU CTpyMy Ha 000X OOKOBHX IO-

BEPXHSX JHCKa, To0TO mpu z==d,/2. Toxi ¢pyHK-

d, k -(1+ e ) '

IMincraBuBmiu 3HaueHHs K B (23), oTpumaemo
CepeaHE 3HAYCHHS T'YCTHHH CTPYMY IO BCii TOB-

1Lis PO3MOAIITY TYCTHHH CTPYMy IO OChOBill KoOpaH- IMHI THCKY:
_dia d —Zd—‘) _dl d _ dl
1+2e Usin| -2 |-e U |—jl1-2e U sin| -2 |-e U
8" nogpUl u u
& noep
Ocepp = (24)
d, dy dy
Tu 0 2 an2 o
l+e Y cos—=| +e Y sin®—=
u u

3HalaEMO Tenep TYCTHHY CTPyMY ) " pogp HA 60~

KOBUX IOBEPXHIX ANCKY, BUKOPHUCTOBYIOUHM 3aKOH

5ceppr ’ d& ’ ra(p = deke (H opz3 ((P + 8(0)— H opz3 ((,0)) (25)

A OCKINbKHA (H A (¢ + (3(0)— H opzz ((0)) =0oH dpz3

opz3
MOBHOTO CTPYMY Ta HEXTYIOYHM PO3CIIOBAaHHSM Mar- oH
. . . 0 L
HITHOT'O II0JISI B TIOBITPSIHOMY 3a30p1. TO 5061,,,, -d, = mezg , abo B CHMBOJIYHIA
B Touni 3 koopauHaTolO ¢ (puc. 3) HampyKe- .
. . _ : bopmi
HICTP MarHiTHOTO TOJII B IOBITPSHOMY 3a30pi Ha ind
NOBEPXHi JMCKy cTaHoBUTh Hppyo (@), a B TOULI OepprUo :%Hﬁpm : (26)
p+0¢ — Hpy, (@ +0¢). Ha pinsuui rop nosnuit 3Bingcu
CTpyM B  paialbHOMY  HampsMKy  CKJaJae : L dyr
.. H0p23 - Jd _5ceppr' (27)
Oeppr~do - TO@. Topi, i3 3aKOHY OBHOTO CTPYMY exe
d [+
Tg da Tg A
§i
& C
z o _
8 ) g
= é‘ el
AR AR,
Pospis -
ABCD |

Puc. 3. MoaeJb 1Jisi po3paxyHKy I'YCTUHH CTPYMY Ha OOKOBHMX NOBEPXHAX JMCKOBOI0 poTopa.
Fig. 3. Model for calculating the current density at the lateral surfaces of the disk rotor.
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ds

BpaxysaBuiu, mo npu z = J_r7 Ha MEXI1 pO3NOALTy

CEepPelNOBUI 3 PI3HOI0 MAarHiTHOI IPOHHUKHICTIO
,LonapZ3 = uH opz» Ta (7) 1 (12) oTpumaemo 3B's30K

MDK KOMIUIEKCHOIO aMILTITYIO0 PaaialbHOT KOMIIO-
HEHTU TYCTHHHU CTPYMY Ha OOKOBHX MOBEPXHSX JHC-
Ky 1 KOMIUIEKCHOIO aMILTITyJJOI0 CEpeAHbOI TYCTHHHU
CTpyMY TIO BCiii TOBIIMHI TUCKY:

5= O'(!)F(BCPZ +,u0HPB) =

nospr

. d, r.
= worB,, - joour —-—0,,,,. (28)

[lincrasupmm (24) B (28), oTpuMaemo:

. . d r 5'* u
_ - 0 noepr
5,105“ = oersz - Juo0r —d Bid X

exe 9

4 2% by 2%
{l+2e'”sin(d”)-e2“ J j[l-Ze v sin[ﬂj-eZu ] (29)
u u
X .

4 2 4

1+2e U cos—2 +g U
u

I3 (29), 3poOuBIIM TO3HAYECHHS:

Hoow U 2419

p dffK@ B pzluUdekg

N
1-2e Usin("j—e u

Q=

u
S= [}
9y Ly
1+2e Y cos—2+e U
u
N
1+2e Y sin| 2 |-g u
u
m= KN PO
1+2e Y cos— 2 +e U

u

OCTaTOYHO 3HAXOJMMO pPajiajibHy KOMIIOHEHTY Tyc-
TUHHU CTPyMY Ha OOKOBHMX IHOBEPXHSX AMCKY — 4ac-
TUHHHHN pO3B’ 30K piBHAHHS (20):

Sk
noepr =

owB, 1

1+Q(s+ jm)r? (30)

TakyM YHHOM, 3arajbHUI PO3B’SI30K HEOIHOPI/I-
HOTO udepeHIiaTbHOro piBHIHHS (20) Mae BUTIIS:
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. “
é‘noepr = nospr + 5noepr =

ocwB,,r

(31)
1+Q(s+ jm)r®

=CrP+Cr*r+

Po3B’s130k (31) cipaBeayiuBuUi AJIs BCiX 3HAYCHD

paxiycy I, ane mpu r < Bgp, =0 i, ockiibkH HpH

r >0 Supqr — 0, TO B Ll 30HI J,,,.. = Car P
L. B j o[ . _aopa
Toni 5n0677(p _Sa(rénoopr )_ JC3r .

IIpu r>r, Bcpz =0, TOoMy TIYyCTHHa CTpyMy

5}’106}7}”- = C4r7(p+l) + C5r p-1 y
. j o - (. .
8 S :Ba(mmpr):ﬂ(cllr (p2) _ ¢ rP 1).

B po0ouiit 30Hi mpu I <r <Tr, pajiaabHa KOM-

[IOHEeHTa T'YyCTHHU cTpyMy Mae Buf (31), a kyToBa

) io, .
Bons = 5 (1) =

_ 200B,r G C e, (32)

P(1+Q(s+ jm)r?)

Hesinowmi ctani C;—Cg 3HaX0AThCS, BUXOAAYH

i3 TpPaHUYHUX YMOB Ha MeXax poOouoi 30HU:

5r‘r—>r1—0:5r‘r—>r1+0 ' 5r‘ r—rp-0 :5r‘ r—r+0 1

5r|r=R:0’

E,

r—n-0= E(p‘ r—n+0 s E(p r—rn-0~— E(p‘ r—n+0 -

C=(A-B) R
(A =B R (A B ),
¢ =5 (A-8)r,
C3=C+Con 2P + A P*2,
C, =C2+%(A2—Bz)r2p+2, G = C4R2P,

opz . O'a)BCpZ

1+Q(s+ jm)rf) A :1+Q(S+ jm)r’

ne A=(

1 2008, 2 A

P(1+Q(s+ jm)rf)2 - P(L+Q(s+ jm)rf) ,
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.1 2008, 2 A
B, =— _<

p (1+Q(s+ jm)rzz)2 P (1+Q(S+ jm)rzz) .

BucnoBku. BUKOpUCTaHHS aHATITHIHHX CIIiB-
BiJHOIICHb Ul XapaKTEPUCTUK EIEKTPOMATrHITHOTO
TOJISL J1a€ MOXKJIMBICTh MPOBECTH IXHIil aHAJi3 y 3a-
JIEXKHOCTI BiJl pO3MIpIiB Ta iHIIMX MapaMeTpiB MarHi-
THOI CHCTEMH €IIEKTPOAMHAMIYHOTO IHCKOMOMIIO-
Horo npuctporo. Otpumani popmynu (31), (32) pos-
pPaxyHKy KOMIIOHEHT I'YCTHHHU CTPYMiB B TUCKOBOMY
pOTOpPi TO3BOJISIIOTHE BH3HAYUTH TaJbMIBHHM EJIEKT-
POMAarHiTHHM MOMEHT eJIEKTPOIWHAMIYHOTO IHCKO-
MOAIOHOTO TanbMa, BUXOAAYH 13 TOTYXXHOCTI BTpAT,
IO CIIPOINIY€E po3paxyHKH. OTpUMaHH aHATITHYHHUHI
BHpa3 OIMOCEPENIKOBAHO MiATBEPKYETHCA CITIBCTaB-
JIEHHSIM PO3PaxXyHKy eJIEKTPOMAarHiTHOTO MOMEHTY
Ta MOro eKCrepuMeHTaJbHUM Bu3Ha4YeHHsM [8,9] i
PEKOMEHIY€EThCS ISl BUKOPUCTAHHS TPH POCKTY-
BaHHI MOAIOHWX ENEKTPOTEXHIYHUX IPUCTPOIB, SKi
MOXXYTh 3HAaWTH 3aCTOCYBaHHA Yy BITPOCHIIOBUX
yCTAaHOBKAaXx JUIsl TabMyBaHHS UM TaCiHHS KOJIHMBaHb
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METOAUKA PACYETA PACIIPEJIEJIEHUS
INIOTHOCTHU TOKA B JUCKOBOM POTOPE
SJEKTPOAMHAMMUYECKOI'O TOPMO3A

A.A. IlpIrankoBa, KaHU1aT TEXHUUECKUX HAyK

HarroHanbHbIH YHHBEPCUTET MUILIECBBIX TEXHOJIOTHI
01033 yi1. Bnamumupckasi, 68, Kues

Paspabomana memoouka pacuema nIOMHOCMU MOKA 6 POMOPE
INEKMPOOUHAMUYECKO20 MOPMO3Ad OUCKONOOOOHOU (hopmbl ¢
6030YWHBIM PAOOUUM 3A30POM NPU 3YOUAMO-NA3060U KOHPU2Y-
Payuu MAZHUMONPO8OOd CMAmopa ¢ y4emom MmonuuHsl OUCKA.
Cucmema ypasHenuti 21eKMpOMASHUMHO20 NOJISL 8 INEKMPOnpo-
600suyell cpede npugedeHa K VPABHEHUI0 6MOp020 NOPAOKA 6
YACMHBIX NPOU3BOOHBIX OMHOCUMENbHO PAOUANLHOU  KOMNO-
Henmbl niomuocmu moka. Ilonyueno pewenue smozo ypagnenus,
— hopmyny Ons pacuema nAOMHOCMU MOKA 8 OUCKOBOM POMOPE
6 3asucumocmu om e2o pasmepos. bubn. 10, puc. 3.

Knroueswie cnosa: snexmpomaznummnoe noie, niomHocms moxa,
INEKMPOOUHAMUYECKULL MOPMO3.
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SYNOPSES

Disk-shaped electromechanical devices, that easily inte-
grate into the working parts of many machines and mechanisms,
spread more and more in current conditions. Electrodynamic
brake situated in a body of the plant can be used as a braking
device of the rotor of the wind power plant. A creation of the
electrodynamic braking devices demands the development of
scientific means of modelling the processes in the conductive
environment, which is the rotor rotating in a heterogeneous
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magnetic field. The aim of this work is finding the analytic solu-
tion for a distribution of current density in the conductive solid
disk rotor of the electrodynamic brake. The article deals with the
electrodynamic brake with a conductive disk rotor of radius r
and of thickness d, rotating around the axis z in the air gap

with an angular velocity @ at the distance d./2 from the cogs of
the magnetic inductor. The electrically conductive disk is condi-
tionally divided into three zones to reach the set aim: r <r, and

r,<r<R, (R — radius of the disk), where the magnetic field
inhomogeneity is absent, and the working zone r <r<r,,

where the magnetic field is heterogeneous (r: and r2 — the small-
er and the bigger radius of the disk’s working zone in ac-
cordance); the induction of a stationary magnetic field B, in the

air gap of the inductor with the fixed disk is considered to be
given, and the equivalent gap d,, is considered to be known;

the magnetic field is considered to be heterogeneous and peri-
odic in the angular coordinate; the components of magnetic in-
duction vectors B, and the magnetic field voltage H, in the

coordinate r, and the components of the electric field voltage
vectors E,and the current density &, in the coordinate z are

considered to be absent. There is a renowned model accepted for
solving the Maxwell equations in the rotor and in the air gap.
The core of this model is the replacement of an uneven air gap
(with a cog-groovy surface) by the even one (with a flat surface)
with equivalent surface currents, which cause the homogeneity
of the magnetic field. The law of the distribution of the surface
currents creating the homogeneous magnetic field, which ade-
quately reflects the reality, is given by the functions of Bessel for
a convenience. The system of equations in the symbolic form of
the electromagnetic field in an electrically conductive environ-
ment is reduced to equation in relation to the current density in a
cylindrical coordinate systemr, ¢,z , and then it is reduced to the
system of three equations in relation to the components

5,.9,, 0, of the harmonic component of current density. The

system is reduced to the equation in relation to one element of

the harmonic component of current density §__ =0 with an

noepz

assumption &

o+ PaItial and general solutions of this equation
for all values of the radius r are found. Derived formulas for
calculating the current density component in the disk rotor of an
electrodynamic brake permit to determine the braking electro-
magnetic torque of the electrodynamic disk brake on the as-
sumption of expenditure power, and are indirectly confirmed by
a comparison of the electromagnetic torque’s calculation and its

value obtained experimentally.
PE®EPAT

VY cy4acHHX yMOBax Bce OLBIIOro MOMIMPEHHS Ha0yBalOTh
eNIeKTPOMEXaHiYHI MPUCTPOT AUCKOMONIOHOT hopmH, sIKi 3pydHO
IHTETPYIOThCSL B pO0OYi OpraHu OaraTbOX MAIlWH i MEXaHi3MiB.
B sIKOCTi TaIbMiBHOTO TIPUCTPOIO POTOpPA BITPOCHIIOBOI yCTaHO-
BKM MOJXHA BHKOPHCTOBYBAaTH €JEKTPOJMHAMIYHE rajbMo, BOY-
JIOBaHEe B Kopmyc ycTaHOBKH. CTBOPEHHS €JIeKTPOJMHAMIYHHX
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rajJbMiBHUX HPHCTPOIiB BHUMarae po3poOKH HayKOBHX 3aco0iB
MOJICTIOBaHHSI MPOLECIB y MPOBIJHOMY CEpPEeJOBHIII — POTOPI,
o 00epTAETHCSI Y HEOAHOPIJHOMY MarHiTHOMy moii. Metoio
1iei poOOTH € 3HaXO/KEHHS aHAIITHIHOTO DIIIEHHS PO3IOIIIY
TYCTHHH CTPYMIB B €JIEKTPOIIPOBIAHOMY JHCKOBOMY CYLIIEHOMY
pOTOpi eNEKTPOIUHAMIYHOTO TrajbMa. B cTaTTi po3risimaeTscs
CNICKTPOANHAMIYHE TaIbMO 3 EJICKTPONPOBITHUM POTOPOM-/IHC-

KOM pajiiycy I i ToBIMHOIO d, , IO 00ePTAETECA B MOBITPTHOMY
MIPOMDKKY HaBKOJIO OCi Z 3 KYTOBOIO IIBHIKICTIO @ Ha Bif-
crani d, /2 Big 3yOuiB Mar”iTonpoBoxy iHxykropa. Jns nocsr-
HEHHS TIOCTABJICHOT METH €JIEKTPONPOBIIHHI JUCK YMOBHO II0-
JiNeHO Ha TP 30HK: I <, i I, <r <R, (R — paziyc aucky), ne
BIJICYTHS HEOJHOPIJHICTH MarHiTHOTO MOJsI, Ta POOOYy 30HY
npu I <r <r,, Ae MarHiTHe 1oje HeoxHopinHe ( I i 2 — MeH-
i 1 Ompmuit pagiycu po06o4oi 30HH OUCKY BiINOBIIHO); iH-
JYKLIIO CTalliOHAPHOTO Mar”iTHOro mnoiasd B, B mositpsHOMY
IIPOMDKKY iHIYKTOpa IIPU HEPYXOMOMY IMCKY BBa)KA€EMO 3aja-

HOK, CKBIBAJICHTHHWI 3a30p d, _ — BiIOMHM; MarHiTHe TOJE

exs
HEOJHOPITHNM, NEPIOJUYHUM IO KYTOBifi KOOpIMHATI; KOMIIO-
HEHTH BEKTOPiB MarHiTHOI iHAYKMii Br Ta HANpPY>KEHOCTI MarHi-
THOTO T0JIs1 Hr 1T0 KOOPAMHATI I BiACYTHI i KOMIIOHCHTH BEKTO-
PiB HaNpy>XEHOCTi €NEeKTPUYHOro nois E; Ta TYCTHHU CTpyMY

0, TO KoopAuHATi Z BiacyTHi. Jjis po3B’A3aHHsA CHCTEMH piB-
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HSIHb MakcBeiia B pOTOPI 1 MOBITPSHOMY MPOMDKKY MPUIHATO
BIZIOMY MOJIeJib, SIKa IOJIATa€ B 3aMiHi HEPiBHOMIPHOIO IPOMi-
KKy (3yOI1eBO-T1a30BO1 IIOBEPXHI) PIBHOMIPHUM (IIOCKOIO TIOBE-
PXHEI0) 3 YSIBHUMH ITOBEPXHEBHMH CTPYMaMH, SIKi i 00yMOBIIIO-
IOTh HEOJHOPIAHICTh MArHiTHOTO IMOJIA. 3aKOH PO3IMOJIUTYy LHUX
MOBEPXHEBUX CTPYMIB, SIKI CTBOPIOIOTH HEOJHOpPiAHE MarHiTHE
ToJjie, o aJeKBaTHO BiloOpakae peasibHe, 3aa€Thes IS 3pyd-
HocTi ¢yHKuisiMu Beccems. CucteMy piBHSHb B CHMBOJIYHIN
(hopMi eNeKTPOMAarHiTHOTO MOJIsl B €JIEKTPOIIPOBIIHOMY cepeno-
BHUIIII 3BEACHO 0 PIBHAHHS BIIHOCHO T'YCTHHH CTPYMY B LIMJIiH-
IPUYHIN cHCTeMi KOOpAWHAT I',¢,Z, a Jaji A0 CHCTEMH TPHOX
51)7" 51’117’

PIBHSHD BiTHOCHO KOMIIOHEHT 0,. TapMOHIYHOI CKIa-

d:r}y/)z

JIOBOi T'YCTHHU CTYMY. 3 IPUIYIIECHHIM =0, cucremy 3Be-

JICHO JI0 PIBHSIHHS BIJHOCHO OJIHi€] KOMITOHGHTH TapMOHIYHOL

5;1031»-

CKJIaJJ0BOi T'YCTUHY CTPyMY . 3HaliieHO YaCTMHHUH 1 3ara-

JIBHUN PO3B’SI3KU IIOTO PIBHSHHS JJIs BCiX 3HAYCHb pajaiycy I.
OtpumaHi (HOpMyITH pO3paxyHKY KOMIIOHEHT I'YCTUHH CTPYMIB B
JIMCKOBOMY POTOpi €JIEeKTPOJMHAMIYHOIO rajbMa [03BOJISIIOTH
BU3HAYUTH TaJbMIBHHH EIEKTPOMATHITHHI MOMEHT eJje-
KTPOJAMHAMIYHOTO JUCKOIMOIOHOTO rajbMa, BUXOJSIYH i3 MOTY-
JKHOCTI BTpPAT, 1 OMOCEPEIKOBAHO MiATBEPKYIOTHCS CITiIBCTaB-
JICHHSIM PO3PaXyHKY €JIeKTPOMAarHiTHOr0O MOMEHTY Ta HOro 3Ha-

YEHHAMHA, OTPUMAaHUMU CKCIEPUMEHTAJIBHO.
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