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Po6oTa 4. locaigikeHHsI MATHITHOTO KO0JI1a MOCTiHHUX CTPYMiB
Study of the magnetic circuit of direct currents

4.1. Meta po6oTu

BuBuntH MeToaMm Ta TpWIand BHMIPIOBaHHS MAarHiTHOI IHAYKIII 1
Mar"iTHOTO TIOTOKY Ta JOCHITUTH BeOep-aMIepHi XapaKTepUCTHKH
MarHiTHUX KU MMOCTIHHOTO CTPYMYy.

The purpose of the work

To study the methods and devices for measuring magnetic induction and
magnetic flux and to investigate the weber-ampere characteristics of direct
current magnetic circuits.

4.2. KopoTtki TeopeTuuHi BizomocTi

YacTuHy eNeKTPOTEXHIYHOTO MPHUCTPOIO, IIPH3HAYEHOTO JUIS CTBOPEHHS
B HOro poOo4yoMy 00’€Mi MAarHiTHOTO IOJI 3alaHoi iHTEHCHBHOCTI 1
KOoH(Iryparii, Ha3WBalOTh MarHITHAM KOJIOM. MaraiTHe KoJI0 CKIala€ThCs
3 €JIEMEHTIB, fAKi 30y/KYIOTh MarHiTHe Toje (KOTYIIKH, B SKAX MPOTIKaE
CTpyM, TIOCTiiHI MAarfiTh) i MAarHITONMPOBOMIB, MO SKHM 3aMHKAETHCA
Mar"iTHU#{ NMoTik. EneMenTH, siki 30yKYOTh MarHiTHE TIOJIE 32 aHAJIOTIE0
3 eNEKTPUYHUM KOJIOM, HAa3WBAIOTh MarHiTHO-PYUIIMHUMH CHIIaMHu (M.p.c.)
a00 HaMarHi4y4o10 CHJIOKO.

MarsiTonpoBoy BUKOHYIOTH POJIb “TIPOBIHUKIB” MarHiTHOTO MOTOKY
NOAI0HO MPOBITHMKAM €JIEKTPUYHOTO CTPYMY B €IIEKTPHYHUX KOJIaX.

MarHiTHi BIaCTUBOCTI PEUOBHMH BH3HAYAIOTHCS BEITMYMHOI MArHiTHOI
MPOHUKINBOCTI 4 . BoHa € (pi3uuHOI0 KOHCTaHTOW. B 3amexHOCTI Bix

BEJIMYWHU MArHiTHOI IMPOHWUKIUBOCTI 4 BCI PEUYOBHHH MOMIISIOTH HA
JiaMarHeTUKH (Mifb, CBMHENb, PTYTh, ANIOMiHiM Ta immi; g, = 1o[1-
1-(10°%...10%)]), napamarnetuku (KuceHb, BYTIelb, A€IKi COi KOOOIBTY
Ta iHmi; g = pp[l+1- (10°..107°)]) i ¢epomarneTnky (3amizo 3
JIOMIIIKAMH, HiKeJIb Ta HIIL; 4y = ;10(102...105 ), e po = A47-107 Tu/m -

MarHiTHa IPOHUKJIMBICTh BaKYyMYy.
®depoMarHeTHKH BUKOPUCTOBYIOTD ISl BATOTOBJICHHSI MArHITOIIPOBO/IIB
MarHiTHUX Kijd. UMM BWIla MarHiTHa MNPOHHMKJIMBICTb, THM KpPAILIUM €
3



MarHiTHU{ Martepian, 00 mpH Til ke M.p.c. Oyae OiNBIIUM MarHiTHHMA
MTOTIK.

CuItoBOIO XapaKTePUCTHUKOIO MATHITHOTO IO, SIKE € OXHIEI0 i3 hopM
€JIeKTPOMArHiTHOTO TIOJIA, € MarHiTHa 1HAYKIisA B - cepeqHe 3HaYeHHS
MaKpOCKOITIYHOTO MAarHiTHOTO TIOJS, SKE€ YTBOPIOETHCS B MaHIA TOYII
MPOCTOPY SIK CTPyMaMH TMPOBITHOCTI, TaK 1 HasIBHUMH MiKpOCTpyMaMH B
TiJIl HAMarHi9eHOTO MarHiTOIPOBOY.

MarwuitHe TI0JIE, IKE CTBOPEHE CTpPyMaMH MPOBIAHOCTI (PyXOM BLIBHUX
HOCIIB EJCKTPUYHHMX 3apsadiB) 1 sKe HE 3aJIeKATh Bil MarHiTHHX
BJIACTUBOCTEH CEpEIIOBHIIA, XapaKTEPU3Y€EThCS BEKTOPOM HANPYKEHHOCTI
MarsitHoro mons H . 3aleXHiCTh MiK iHAYKIIEO 1 HampyKeHicTIo
MarHiTHOTO IOJIsl BU3HAYAE MAarHiTHA MPOHUKIUBICTh PEUOBUHHU:

B
==, 14.1/
“TH

Opununero BuMipy MarHiTHOI iHnmykmii € Tecna, a HampykeHOCTi -
Awmriep Ha MeTp.

BenuurHa Hampy>KEHHOCTI MArHiTHOTO TOJIS 3aJIC)KHUTh BiJl BEIMYUHH
CTPYMIB, fIKi 30y/’KYIOTh 1I¢ MarHiTHE 1oJie B MarHiTHoMy koji. Tomy npu
OJIHIW 1 TiH e HaNmpyXCHHOCTI H BeJlMuWHA Mar”iTHOI iHAyKuii B Oyne
pi3HOI0O B MAarHiTHUX Konax 3 pisHuMX MatepiamiB. ll{oOu matm Benwmki
3HAYEHHS 1HAYLil, MarHiTONPOBOJIM BHKOHYIOTH 3 (EPOMArHeTHKiB 3
BEJIMKUMHU 3HAYCHHSMH MAarHiTHOI TNPOHUKIMBOCTI (€IeKTPOTEXHIYHA
CTaJlb, IEPMaJIoH, PEPUTH TOIIIO).

B.T .
) S
0.8 |
12-10°F 06 |
810" 0,4 i
4-10" -02¢  / | B,’Bo
0= 0 100 200 300 H A/n

Puc.4.1.

OcoOsuBicTIO  ()epOMarHeTUKIiB € HEeJIIHIHHA  3aJeKHICTH MK
MarHiTHOI 1HJYKII€0 1 HaNpYXEHHICTIO MAarHiTHOrO TOJis, TOOTO
MarHiTHa MPOHUKIUBICTh 4 HE € CTaJOI BEIMYMHOIO, a 3aJICKHUTh Bi
HaNpPYXEHHOCTI MarHiTHOro moiisi. [{i0 3aiexHicTh Ha3MBaIOTh KPHBOIO
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HAMATHiYeHHsA. 1i  3HIMAOTh  eKCTEPUMEHTATbHO IS KOKHOTO
(epomaraeTvka i B JOBiIHWKaxX BOHA IPEJICTABICHA Y BUIIIAL Tpadika B
= f(H), abo BiamoBigHKX TaOIUIb.

Ha puc.4.1 maBeneni 3anexxnocti B = f(H) ms enexrporexuiunoi crami
E—42 i Bakyymy, mma sxkoro Bj=p [ . 3 nasenenux rpadikis
3HAXOJINMO, IO MPH HAMpyKeHOCTi MarHiTHOro moinst 200 A/m iHIyKIis B
crami B=1.0T, (Tecna), a y Bakyymi B=2.5-10"7, mo B 400 pasis
MeHmie. OTKe, MAarHiTONPOBIA 13 EINEeKTPOTEXHIYHOI CTali ITOCHITIOE
MarHiTHy iHAyKmio B 400 pasiB y mnopiBHSHHI 3 Bakyymom. Ilpm
PO3paxyHKax MarHiTHy IIPOHUKJIMBICT IOBITPS IIPUAMAIOTH PIBHOIO LI, .

Marwuitae KOJIO OimpmocTi EIeKTPOTEXHIYHUX  MPHUCTPOIB
(emekTpoMamuH, peie, KOHTAKTOPIiB Ta IHINE) CKIANAEThCA 3
Mar"iTONpPOBO/IIB 1 TOBITPSHUX MPOMIXKiB. Hampukira, MarHiTonmpoBoaH i
MOBITPSTHI IPOMDKKH MK CTATOPOM 1 pOTOPOM E€IIEKTPUIHUX MAIITHH.

B,
Vi
_/
AN
://i‘ -
Ll A
zw ! /;
[~} L A
l
1 A
/] L 7
- ’/ }’

Puc.4.2.

Ha pwuc.4.2 300pakeHO MpocTe TMOCHIIJIOBHE MAarHiTHE KOJIO 3
HOBITPSHUM TPOMiKKOM lo. MarHiTHe mosie B cTajieBoMmy ocepii |
30YJKY€ETBCSI KOTYIIKOIO 31 CTPYMOM 2, MarHITOpYIIiifHa cHiia SKOi

F=1w, 14.2/

ne [ - cTpyM B MPOBIHUKAX KOTYMIKH, A; W - KUTbKICTh BUTKIB y KOTYIIII.
Marsitopyuiiina cusia F 30y/pKye B cTajgeBoMy ocep/Ii JOBXKHUHOO | Ta
B HIOBITPSIHOMY MPOMIKKY JOBXUHOIO lo BiIOBIIHO MarHiTHI iHIyKIii B i
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B, . fIkmo MarHiTHy iHIyKIilO B IONEPEYHOMY IEpEpi3i MarHiTONpoBOAA

BBa)KAaTH MOCTIHHOIO BEIWYMHOIO, TO MarHiTHUH MOTIK B Ocepi

e S - IWIoIIA IONEPEYHOr0 MEPEPi3y MarHiTOIPOBOAA, M2,

IIpy HeBEIMKMX 3HAYEHHSIX MOBITpAHHX MpoMiKKiB (lo < 0,001 ™)
MOJKHA HEXTYBATH 3aMHUKAHHSM (“pO3MepTsiM’’) MATHITHOTO TIOTOKY 3 OOKiB
MarHiTonposomaa (puc.4.2, 6) i BBaXkaTH, 110

Sg=$,=S5, 14.4]

ne S - morepeyHuid epepi3 MOBITPSIHOTO MTPOMIXKKY.

D . () . . .
Tak ax B, =3 i Bg = S T0 Bi = Br, TOOTO MarHiTHa iHIYKLisS B
| F

CTaJIeBOMY OCEp/i i B MOBITPSHOMY NMPOMIDKKY lo BBaXKarOThCs piBHHMHU:
Br=Bi=B.

Hamnpy»eHHiCTb Mar"iTHOro moss B MarsitTonpoBoai Hgp =B/ up,ay
HOBITpsIHOMY TIpOMiKKY - H; =B/ . Ockimbkn g >>pu,, TO
HaIpyKeHHICTh HF 3HaYHO MeHIIa HanpykeHHocTi Mt Hy << H,.

PospaxyHkm MarHiTHUX KT 332 aHaJOTIEl® 3  pO3paxyHKaMHu
CJIEKTPUYHMX KT MpoBOAATH Ha mizcrtasi 3akoHiB Oma 1 Kipxroda,
MIPHUPIBHABIIN HaMar"iuywdy cwiy F 1o e.p.c., a MaraiTHuii notik @ - 1o
cuim ctpymy . Tomy 3akoH OMa AJsl HEPO3TalTy>KEHOTO0 MarHiTHOro KoJja
MaTuMe BUIJIS

O=—oy, 14.5/

e @ - MarHiTHUI NOTIK; R, - MarHiTHUIi onip Koua.

Maruitauii omip R 4 CKIIala€eThes 13 MarHiTHUX OIOPIB IIJISHOK KOJia.
MarsiTHAN OMip AUISHKH 3aJICKHUTh BiJl MArHITHOT IPOHUKIIMBOCTI JIISTHKA
4, 1 Bij ii reOMETPUYHUX PO3MIpIB:

|
5, 14.6/

HySy

R =



ne |; - moBkvHA MarHiTHHX CHJIOBHX JiHIH B OUISHIT; S; - TOIEpEUHHI
mepepi3 AUISTHKH.
Jns xoma, HaBemeHoro Ha puc.4.2, Mar"iTHi OIOPH IUITHOK

Ie

R = s Ru= to 1 piBHSIHHS /4.5/ MO>KHA TIPEJICTABUTH Y BUTIISAI
HES Ho
p-—W__ 1471
R Yha R F

Bupasy /4.7/ BifnoBigae 3actymnHa cxema, HaBeJieHa Ha puc.4.3.

Ha mifcraBi 3acTymHOT cXxeMr MO>KHA BU3HAYUTH BEIMYMHY MarHiTHOTO
MOTOKY, a 3HAIOYH HOr0, BU3HAYAIOTH MarHiTHY 1HAYKIIif0, a00, 3a/1aBIINCH
BEJIMYMHOIO B, BU3HAYAIOTh HAMArHi9yrouy crry KoTymku /W.

R PospaxyHOK a0o0 eKCHepUMEH-
B . :
TaJlbHE JOCII/DKEHHS MarHiTHOTO
KOJIa JIO3BOJISI€ BU3HAYHUTH TaKUH
yxKe BAKJIUBUU napameTp
] R SNIEKTPOMArHiTHUX TIPHCTPOIB SIK
w G) MO {HIYKTHBHICTH KOTYIIKH
L= T‘/’ [Tu] /48
P a— ne =W ® - moTOKOIIEIIICHHS
2 korymkn; [ i W - BigmoBigHO
Puc.4.3.

CTPYM Ta YHCIIO BUTKIB KOTYIIKH.
JocmimkeHHsT MarHiTHUX Kill 3B’s3aHE 3 BUMIPIOBaHHSIM MAarHiTHOTO

MOTOKY 1 MarHiTHOI iHAYKIii. BuMiproBaHHS MarHiTHOrO TIOTOKY

IPYHTYETHCS HAa BUKOPMCTaHHI SBHILA €JEKTPOMATHITHOT 1HIYKILi.

()] A Ig

Hb

[

/ W. R,
Puc.4.4.

Ha puc.4.4. 300pakeHa eJNEKTpPUYHA CXEMa BHMIPIOBAHHS IIOTOKY
IHAYKIIHHO-IMITYJIbCHUM METOJ0M. BoOHa CKjIamaeThcs 13 KOTYIIKHA 3
yrcnoM BUTKIB W, omopy R i 6anicTHYHOTO raabBaHOMETPA 3 BHYTPIIIHIM
ornopoM Ry. SKIIO KOTYIIKY MOMICTUTH B MarHiTHE KOJIO, a TIOTIM HIBUIKO
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BUJJAJIUTH 3 HHOTO, TO 3MiHA MarHiTHOTO MTOTOKY, KUl MPOHNU3Y€E KOTYIIKY,
CIIPUYMHHUTH BUHUKHEHHS B Hill €JIeKTPOPYIIIHHOT CHITH

e —-w 9% 14.9/
dt

ITin niero e.p.c. €« B KoJi Oy/ie MPOTIKAaTH CTPyM

el(

i, = _—W—"dg, /4.10/
R R dt

e R = R¢ + Ry + Rr - 3aranbpHuii omip Koia KOTYIIKH, SIKWH OyJe MpoTiKaTH

JIOTH, JOKH BiJOYBA€TbCS 3MiHA MArHITHOTO TIOTOKY, SKHH MPOHHU3YE

koTymky. Lleii ctpym Oyae iMOyJbCHHM 1 OIIHMUTH HOrOo MOMKHa 3a

KUTBKICTIO €JIEKTPUYHHX 3apsaaiB (HOCIIB CTpyMy) 3a 4ac 3MiHH MOTOKY BiJ

@ 1o Hyns, TOOTO MOKHA 3aIUCATH, 1110

t' teK — WK'O _WK
q—(j)ldt—b[ﬁdt——?é[dd)_ =@ 14.11/

3apsa (, HpOTiKar4M 4depe3 OaliCTHYHHKA TajdbBaHOMETpP, 3YMOBHTH
BiIXWieHHS Horo cTpinku. OTXe, CTYMmiHb BIIAXHJICHHS CTPUIKK
rajJbBaHOMETpa Oyzie MipOI0 MarHiTHOTO TIOTOKY.

[Mpunanyn, sKki Tpu3HAYEHI Ui BUMIPIOBaHHS MArHITHOTO ITOTOKY
OMMCaHMM BHWIIE METOJOM, Ha3HMBalOThCH MiniBebepMmerpamu. Kpim
CTPUIOYHUX, BUITYCKAIOTh 1 IU(POBI MilliBEOEPMETPH.

CTOCOBHO BHMIPIOBaHHSI MAarHiTHOIO TIOTOKY MiliBeOepMETPOM
bopmyity /4.11/ MOXKHA IPEACTABUTH Y BUJII

O=——, 14.12/

ne Cp - 1iHa TOMIKU MiiBeOepMeTpa, « - KUIBKICTh TMOJIJIOK, Ha SKY
BIIXHJISIETHCS CTPLIKA.

IIpu BHMIipIOBaHHI MarHiTHOTO IOTOKY €JEKTPOMATHITIB MOXKHa HE
BUJAJIATA BHUMIPIOBAJIbHY KOTYIIKY 3 MAarHiTHOIO IIOJs, a BMHKATH
(BUMHKATH) CTPYM KOTYIIKH, sIKa 30yPKy€e MarHiTHE TOJIE.

Jli1st BUMIpIOBaHHSI MarHiTHOT 1HAYKIIIi BUKOPUCTOBYIOTh epeKkT Xoila,
SKAW TojsArae B TOMy, IO B IUIACTHHII 3 MeTamy abo

8



HaITIBIIPOBITHUKOBOTO MaTepialy, MO sKiii mporikae ctpym [ 1 sKa
3HAXOJUTHCSI B MArHITHOMY IIOJIi, BEKTOP SKOTO TMEPHEHIAMKYISPHHNA 10
BEKTOpa  CTPyMy, BHHHMKAa€  €JICKTPHYHE  TI0JIe,  HalpaBJICHE
TepIeHINKyIApHO 10 BekTopiB B i | . HampysxkeHHicTs 1poro moss (mose
Xomna)

E, :%IB, 1413/

ne d - ToBmmMHA TUIACTHHKM; Ry - crama Xomga, ska 3ajJeXHTh, B
OCHOBHOMY, BiJl KOHIIEHTpaIIil HOCIiB cTpymy (puc.4.5).

Puc.4.5.

I3 piBHsiHHs /4.13/ 3HaX0IMMO, 1110 MarHiTHA THAYKITiSA

X
T00TO B Oyze nponopiiiinum Ey 3a ymoBu I = const.
3a J0NOMOrOI0 BUMIPIOBAIBHUX TIEPETBOPIOBAYiB XoOJUla MOXKHA
BUMIpIOBAaTH MarHiTHy iHaykmiro B mexax 0,001...2 Tecna.

[Mpunan, skuii moOymOBaHWN HAa BUKOpUCTaHHI edekty Xoiuia i skuid
NPU3HAYECHUH JIJIsl BUMIPIOBaHHS MarHiTHOI iHJYKIIii, HA3UBA€ThCS Tecia-
MeTpoM. BiH ckiagaerses 3 CTpiakoBoro adbo mudpooro npuiamy, myna,
B sSIKUI BOY/IOBaHO J1aBa4 XOJUIa, 1 JpKepeia KUBJICHHS IOCTIHHOTO CTPyMy
31 CcTabiIi30BaHO Hampyrow, mobu 3abesmeunutn [ = const mnpu
BUMIpIOBaHHI.

14.14/

Brief theoretical information

A part of an electrical device designed to create a magnetic field of a
given intensity and configuration in its working volume is called a
magnetic circuit. The magnetic circuit consists of elements that excite the
magnetic field (coils in which current flows, permanent magnets) and
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magnetic conductors through which the magnetic flux is closed. Elements
that excite a magnetic field by analogy with an electric circuit are called
magneto-motive forces (MMF) or magnetizing force.

Magnetoconductors perform the role of "conductors" of magnetic flux,
similar to conductors of electric current in electric circuits.

Magnetic properties of substances are determined by the value of
magnetic permeability g . It is a physical constant. Depending on the value

of magnetic permeability u, all substances are divided into diamagnetic
(copper, lead, mercury, aluminum, and others; s, = 1,[1-1(10°...10°)]),
paramagnets (oxygen, carbon, some cobalt salts and others;
1, = 1o[1+1-(107°..10™°)]) and ferromagnets (iron with impurities,

nickel and others; s, = 1,(10°...10° ), where o =47-10""Hn/m is the

magnetic permeability of vacuum.

Ferromagnets are used to manufacture magnetic circuits of magnetic
circuits. The higher the magnetic permeability, the better the magnetic
material, because at the same m.m.f. the magnetic flux will be greater.

The strength characteristic of the magnetic field, which is one of the
forms of the electromagnetic field, is magnetic induction B - the average
value of the macroscopic magnetic field, which is formed at a given point
in space by both conduction currents and microcurrents present in the body
of the magnetized magnetic conductor.

The magnetic field, which is created by conduction currents (the
movement of free carriers of electric charges) and which does not depend
on the magnetic properties of the medium, is characterized by the magnetic
field intensity vector H . The dependence between the induction and the
intensity of the magnetic field is determined by the magnetic permeability
of the substance:

B
=—. /4.1
“TH

The unit of measurement of magnetic induction is Tesla, and the unit of
intensity is Ampere per meter.

The magnitude of the magnetic field intensity depends on the magnitude
of the currents that excite this magnetic field in the magnetic circuit.
Therefore, at the same tension H value of magnetic induction B will be
different in magnetic circles made of different materials. In order to have
large values of induction, magnetic conductors are made of ferromagnets

10



with large values of magnetic permeability (electrical steel, permalloy,
ferrites, etc.).

A feature of ferromagnets is the nonlinear dependence between
magnetic induction and magnetic field strength, that is, magnetic
permeability # is not a constant value, but depends on the strength of the

magnetic field. This dependence is called the magnetization curve. It is
taken experimentally for each ferromagnet and is presented in the form of a
graph in reference books B = f(H), or corresponding tables

Figure 4.1 shows dependencies B = f(H) for electrical steel £ —42 and
vacuum for which B, = n,H . From the above graphs, we find that at a

magnetic field strength of 200 A/m, induction in steel B=1.07", (Tesla),

and in a vacuum B=2.5-10"*T, which is 400 times less. So, a magnet
wire made of electrical steel increases magnetic induction 400 times
compared to a vacuum. In the calculations, the magnetic permeability of air
is assumed to be equal p, .

The magnetic circuit of most electrical devices (electric machines,
relays, contactors, etc.) consists of magnetic conductors and air gaps. For
example, magnetic conductors and air gaps between the stator and rotor of
electric machines.

Figure 4.2 shows a simple series magnetic circuit with an air gap lo. The
magnetic field in the steel core 1 is excited by the current-carrying coil 2,
the magnetomotive force of which

F=1w, 14.2/

as well I - current in coil conductors, A; W - the number of turns in the coil.
Magnetomotive force F excites in a steel core with a length Irand in the
air gap length lo respectively magnetic inductions Br and B;. If the
magnetic induction in the cross-section of the magnetic conductor is

considered a constant value, then the magnetic flux in the core
®=Bg -Sg, 14.3/

as well Sg - cross-sectional area of the magnet wire, m?.

With small values of air gaps (lo < 0.001 m) it is possible to neglect the
closing (“opening”) of the magnetic flux from the sides of the magnetic
conductor (Fig. 4.2, b) and assume that

11



Sp =S, =S, 14.4]

as well S; - cross section of the air gap.

) . .. ..

As B, =é£ and Bg = 5 then By = B, that is, magnetic induction in
| F

the steel core and in the air gap lo are considered equal:  Br = Bi = B.

The magnetic field strength in the magnetic field Hz =B/ ¢, and in
the air gap -H, =B/ 1. Since g >> ), then tension He significantly
less tension Hi: H << H;.

Calculations of magnetic circuits by analogy with calculations of
electric circuits are carried out on the basis of Ohm's and Kirchhoff's laws,
equating the magnetizing force F to the emf, and the magnetic flux @ to

the current strength 1. Therefore, Ohm's law for an unbranched magnetic
circuit will have the form

O=—oy, 14.5/

Ru

where @ is the magnetic flux; R, - magnetic resistance of the circuit.

The magnetic resistance R, consists of the magnetic resistances of the
sections of the circle. The magnetic resistance of the site depends on the
magnetic permeability 4 of the site and on its geometric dimensions:

I
s, 14.6/

HxSy

=

as well lq - length of magnetic power lines in the area; Sq - cross section of
the site.
For the circle shown in Fig. 4.2, the magnetic resistances of the sections

I . .
R = —£; Ru= to_ and equation /4.5/ can be represented in the form
HES HoS
oW 14.71
RM + RﬂF

The expression /4.7/ corresponds to the replacement scheme shown in
12



Fig. 4.3.

On the basis of the substitute scheme, it is possible to determine the
magnitude of the magnetic flux, and knowing it, determine the magnetic
induction, or, given the magnitude B, determine the magnetizing force of
the coil IW.

Calculation or experimental study of the magnetic circuit allows you to
determine such a very important parameter of electromagnetic devices as
the inductance of the coil

L :T‘/’, [HN] /4.8

Where w =W - ® - flux grafting of the coil; I and W - current and number

of turns of the coil, respectively.

The study of magnetic circles is connected with the measurement of
magnetic flux and magnetic induction. The measurement of the magnetic
flux is based on the use of the phenomenon of electromagnetic induction.

In Fig. 4.4. the electrical scheme of the flow measurement by the
induction-pulse method is shown. It consists of a coil with a number of
turns W resistance Rq and ballistic galvanometer with internal resistance
Re. If a coil is placed in a magnetic circle and then quickly removed from
it, the change in the magnetic flux that permeates the coil will cause an
electromotive force to appear in it

e, —-w_ 92 4.9/
dt

Under the influence of electromotive force current will flow in the circuit

I =e—"=—%d£, 14.10/
R R dt

as well R = Rt + Ry + Rg - the total resistance of the coil circuit, which will
flow as long as there is a change in the magnetic flux that permeates the
coil. This current will be pulsed and it can be estimated by the number of
electric charges (current carriers) during the time the flow changes from @
to zero, that is, it can be written that

footee . W R W,
ngldtzgﬁdt——?é[dcb—ﬁ@. /4.11/
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Charge g, flowing through the ballistic galvanometer, will cause its
arrow to deviate. Therefore, the degree of deflection of the galvanometer
needle will be a measure of the magnetic flux.

Devices designed to measure magnetic flux using the method described
above are called milliwebermeters. In addition to arrow meters, they also
produce digital milliwebermeters.

Regarding the measurement of the magnetic flux with a
milliwebermeter, the formula /4.11/ can be presented in the form

O=——, 14.12/

as well Cy - the price of a milliwebermeter division, «- the number of
divisions by which the needle deviates.

When measuring the magnetic flux of electromagnets, it is possible not
to remove the measuring coil from the magnetic field, but to turn on (off)
the current of the coil that excites the magnetic field.

To measure magnetic induction, the Hall effect is used, which consists
in the fact that in a plate made of metal or semiconductor material, through
which a current flows | and which is in a magnetic field, the vector of
which is perpendicular to the current vector, an electric field directed
perpendicular to the vectors B and 1. The intensity of this field (Hall
field)

E, :%ua, 14.13/

as well d - plate thickness; Ry - the Hall constant, which depends mainly on
the concentration of current carriers (Fig. 4.5).
From equation /4.13/ we find that magnetic induction

B=—E

Rd “Ex, 14.14]
X

i.e B will be proportional Ex provided I = const.
With the help of measuring Hall transducers, it is possible to measure
magnetic induction in the range of 0.001...2 Tesla.
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The device, which is built on the use of the Hall effect and which is
designed to measure magnetic induction, is called a Tesla meter. It consists
of a pointer or digital instrument, a probe into which a Hall sensor is built,
and a DC power supply with a stabilized voltage to ensure | = const when
measuring.

4.3. Ilporpama po6oTu

1. BuBumtm OymoBy Ta mpHHOMON [1ii  MimiBebepmerpa i
MiJTiTecaamMeTpa.

2. BuBuuTn nabopatopHy yCTaHOBKY MOCIIIKEHHS XapakTepucTuk -
MOIiIOHOTO EIeKTPOMarHira.

3. ExcriepumeHTaIbHIM HITSIXOM 3HATH BeOep-aMIIepHy
XapaKTePUCTUKY  CJIEKTPOMArHira &=1(l,-W,). Ha migcrasi
eKCIepUMECHTAIFHUX  JIaHUX TPOBECTH HEOOXiJHI  pO3paxyHKH i
noGynysatu kpuBy Hamarnidysanus B = f(H) i sanexnocri R, = f (@) i L«
=f(l,).

4. 3HATH eKCIepUMEHTaJIbHO 1 MOOYAYBaTH XapaKTEPUCTHKH, SIKi
BKa3aHi B 1.3, SKIIO MOBITPSHMN NPOMIXKOK MiX SPMOM 1 SKOpeM
eleKTpoMartita 6 = 1 mm.

5. 3HATH 3aJIeXKHICTh MAarHITHOI IHAYKII1 B IOBITPSHOMY MTPOMIXKY Bif
iioro Benmmuman  B=f(5)i mobymysatm sanexmocti R, =f(0)i
L. =f(0).

6. 3poOWTH BHUCHOBKM IIIOJI0 KpPWUBOi HAMarHi4yBaHHsS 1 BHWIUBY

BEJIMYMHU TIOBITPSIHOTO TIPOMIXKKY Ha XapaKTEepUCTHKH 1 TapaMmerpu
MarHiTHOTO KoJia.

Work program

1. To study the structure and principles of operation of the milliwebermeter
and milliteslameter.

2. To study the laboratory setup for studying the characteristics of a W-
shaped electromagnet.

3. Experimentally measure the weber-ampere characteristic of the
electromagnet @ = f(l,.-W, ). Based on the experimental data, make the
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necessary calculations and construct the magnetization curve B = f(H) and
the dependence R, = f (®) and Lk =f(Ix).

4. Experimentally measure and construct the characteristics specified in
p.3, if the air gap between the yoke and the armature of the electromagnet
o=1mm.

5. To get the dependence of the magnetic induction in the air gap on its
magnitude B=f(5) and to construct the dependences R, = f(J) and

L. =f(5).
6. To draw conclusions regarding the magnetization curve and the

influence of the air gap magnitude on the characteristics and parameters of
the magnetic circuit.

4.4. Onuc 1a00paTopHOi YCTAHOBKH

JlaboparopHa ycraHOBKa ckiagaetbes 3 L-moaioHOTO enexTpomarsira,
MIEPEHOCHUX MiniBebepMeTpa i MimiTecaamerpa Ta JpKepena >KUBJICHHS 3
PEryJIbOBaHOIO HAIIPYTOIO.

MarwitHe KoJI0 enekTpoMarHita (puc.4.6) ckiaanaeTses 3 spma 1, skopst
2 i xaniOpoBaHoi MPOKIAJIKU 3 i3 HEMAarHiTHOTO MaTepiady TOBIIUHOIO O .
MarsuitHe nose 30yIKY€eThCS KOTYIIKOIO 31 CTpyMOM 4 3 YHCIIOM BUTKIB
W,. Ha OoxoBOMY cTep>kHI MarHiTONPOBOIY pPO3MillleHa BUMipIOBabHA
KOTyIIKa 5 3 yrciioM BUTKiB W.

N 3
Y %

— = 4

. 1 5

A\

Puc.4.6.
Yucna BUTKIB KOTYHIOK 1 JAOBXKHMHA CEpeAHBOI JIiHIi MarHiTONPOBOILY
(6e3 MOBITPSHMX MPOMIXKKIB) HaBeAEHI Ha IMaHENi YCTaHOBKH. TaM ke
BKa3aHa 1 MAaKCHMAJIBHO JOIYCTHMa CHJIA CTPyMY KOTYIIKH 30YyIKEHHS

I Kmax-
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Ha pwuc.4.7. HaBemeHa eJEKTpUYHA CXeMa YCTaHOBKH. BoHa
CKJIaJIa€ThCs 13 JpKepesa JKHMBICHHS MOcTiHOro ctpyMy G, perynstopa
Hanpyru PH, xorymkm 30ymkenHs enekrpomarHita K3, Bummkada SA,
ammepmerpa PA 1 BomsTMeTpa PV. BuMiproBana xorymka KB min’ennana
o MimiBeOepmeTpa mB.

+
PH

Puc.4.7.

Hanpyry Ha xorymmi 30yIKeHHS perymorTh peryistopom PH B
Mmexax 0...50B i BumiproroTh BosibT™MeTpoM PV. Lle mo3Boiisie perynoBatu
CHJIy CTpyMy B KOTYIHILi 30y/DKeHHs, ToOTO HamarHiuyrody cury (1, W, ),
BiJl HyJIsI O HACHYEHHS MarHiTOMPOBOIA.

MaruiTHHH TOTIK, 3MEINIEHWH 3 BHUMIPIOBAIFHOK  KOTYIIKOIO,
BHUMIPIOIOTh MiJIiBeOEpMETPOM TpM BMHKAHHI 1 BUMHKaHHI CTpyMy I
BuMukadeM SA. IIpu 11bOMy BUMIpPIOETHCS TIOJOBUHA MarHiTHOTO TOTOKY,
CTBOPEHOTO KOTYILKOIO 30yIKEHHSI.

Description of the laboratory setup

The laboratory setup consists of a W-shaped electromagnet, a portable
milliwebermeter and a milliteslameter, and a power supply with adjustable
voltage.

The magnetic circle of the electromagnet (Fig. 4.b) consists of a yoke 1,
an anchor 2 and a calibrated gasket 3 made of non-magnetic material with a
thickness of . The magnetic field is excited by a coil with a current of 4
with the number of turns W,. A measuring coil 5 with the number of turns
is placed on the side rod of the magnetic circuit W,.

The number of turns of the coils and the length of the middle line of the
magnet wire (without air gaps) are given on the installation panel. The
maximum permissible current of the excitation coil is also indicated there

I Kmax:
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In Fig. 4.7. the electrical diagram of the installation is given. It consists
of a DC power supply G, voltage regulator PH, excitation coil of
electromagnet K3, switch SA, ammeter PA and voltmeter PV. The KB coil
to be measured is connected to the milliweber meter mB.

The voltage on the excitation coil is regulated by the PH regulator
within 0..50V and measured with a voltmeter PV. This allows you to
adjust the current in the excitation coil, that is, the magnetizing force
(1 W,), from zero to saturation of the magnet wire.

The magnetic flux connected to the measuring coil is measured by a
milliwebermeter when the current is switched on and off I switch SA. At
the same time, half of the magnetic flux created by the excitation coil is
measured.

4.5. Ilopsiiok BUKOHAHHA po0oTH

1. OsznalioMuBIIHMCh 3 OYZOBOIO MimiBeOepMeTpa 1 MiliTeciamerpa,
MPOBEIITH IX BUNPOOYBaHHS, BUMIPIOIOYH JCKIIbKa pa3iB MarHiTHUHN MOTIK
1 Mar”iTHy iHAYKUiIO TOCTIMHOTO MarHITY, KW 3aKPIIUICHUH Ha CTEHTI].

2. BuByaroun OynoBy J1a0OpaTOpPHOi yCTAaHOBKHM, 3BEPHITH YBary Ha
crocid 3MIHM TOBITPSIHOTO TMPOMDKKY MDK ApMOM 1  sSKOpeM
MarHiTOMpPOBOY.

3. Bebep-amnepHy XxapakTepUCTHKY 3HIMAIOTh Y TaKii MOCIiIOBHOCTI:

- PO3MUKAIOTh BUMUKAT SA;

- pyuky peryistopa Hanpyrd PH BcraHoBmOOTE B HyJIbOBE
IIOJIOXKEHHS, 1110 KOHTPOJIIOTh BOJBTMETPOM PV;

- OiA’€IHYIOTH MilTiBeOepMeTp 10 BHUMIPIOBAaJbHOI KOTYIIKH 1
KOPEKTOPOM TEPEBOSTh HOTO CTPIUIIKY Ha MOYATOK NIKAIIH;

- perymisitopom Hanpyru PH BuctasnsroTs Hanpyry Up , BeauduHy K01
3ajla€ BUKJIAJay;

- 3aMHKalOTh BHMHKad SA 1 BH3HAYAIOTh BIAXWICHHS CTPUIKH
MimiBeOepMeTpa B MOMEHT BMHKAaHHs, a TaKOX (IKCYyIOTh BEITHYUHY
CTpYMY B KOTYIIIIi 30y KCHHS;

- BUMHKAIOTh BUMHKad SA i 3HOBY BU3HAYAIOTh BIIIXHJICHHS CTPIIKU B
MOMEHT BUMHKAHHS;

- IaH1 BUMIPIOBaHb 3aHOCSTH B Ta0JI. 1.

IloTiM mOCHI MOBTOPIOIOTH IlI€ YOTHPH Pa3d 3 KPOKOM HaIpPyrd Ha

K max

KoTymi 30ymkenns AU, = , 1€ U max - MAKCUMaJIbHO JIOITyCTHMA
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Harpyra, sSIKa BiAOBI A€ CTPYMY I« max, BKA3aHOMY Ha TTaHEJi JJabopaTopHOi
YCTaHOBKH.

Ha mimcraBi eKCneprMEHTAIbHUX JaHWX 1 MapaMeTpiB, BKa3aHWX Ha
TIaHelll YCTAaHOBKY, 32 BiJIMOBITHUMHU (HOpMyTaMH BHPAXOBYIOTh MAarHi THHHA
notik @, ingykuito B, HanpykeHicTb [, HamarHigyrouy cuay | W,,
MAarHiTHy [NPOHUKIMBICTh (4, MAarHiTHHi omp R, 1 IHIyKTHBHICTb

KOTYIIKHU 30yIKeHHS L.
3a gmaHMMH po3paxyHKiB moOynayBatu 3aiexHocti B = f(H),

R, = f(®) i Lc =f(L).

Tabmums 1

Bumipstu Bupaxysatu

S}fnu L | v | ® | B | H |[LW| # | R, | L
B A Bc | Be | Bo6 | A/m A |Ta/m| IT6 | I'm

1

2

3

4

S | Ukmax | limax

4. BCTaHOBUTH MIX SIKOpEM 1 KpalHIMH CTEpKHSIMHU MarHiTOIIPOBOIY
HEMAarHiTHI MPOKJIaaKy TOBIIMHOK O =1mM. L{inbHO NPUTHCHYTH SIKIp 1O
apma. BcraButi miyn 3 nmaBadeM Xoila B TOBITPSHUE MPOMDKOK MiK
CepeHiM cTepxHeM 1 sikopeM. [1oTiM mpoBecTH I°sITh BUMiPIOBaHb 3TiJTHO
METOJMKH, OMHCAaHOi B 1.4, JIONMOBHIOKOYW JOCHIIM BHUMIipIOBAaHHIM
MarHiTHOT IHIYKIii MiniTeciameTpoM. JaHi BUMiproBaHb 3aHeCTH B Ta0M.2.

Tabnu 2
Bumipsatu Bupaxysatu

jfn U | L | v B | ® | H |LW | Rg | L

B A B.c Tn B.c AmMm A I'6 I'u
1
2
3
4
5

Maruithuii onip R, BupaxoByrots 3a popmysoro /4.7/.
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3a eKCIeprMEHTAILHUMH 1 PO3pPaXyHKOBHMH JaHUMH IT00YTyBaTH
sanexnocti B =f(H), R, = f(®)i L« =f(Ly).

5. BcTaHoBHTH Ha KOTYIII 30yJDKCHHS 3a/laHy BUKJIAJaueM HaIpyry
Ua 1 crmigkyBaty, o6 BoHa MPHU €KCIEpUMEHTI He 3MiHIoBasack. [loTtim
MIPOBECTH BHUMIpIOBaHHS, OMHCaHI B M.4., I KaTiOpOBaHUX HEMarHiTHUX
mpoxiIamok ToBmuHOWO 1; 2; 3; 4; 1 5 MmM. Jlani BUMipIoBaHb 3aHECTH B
Tab. 3.

Ta0mmsa 3

Ne Bumipstu Bupaxysatu
Im | B I, v ® | LW, | R, | L
MM Tn A B.c B.c A o I'a

AW N|F-
OB WIN|F-

3a EKCIEPUMEHTAIBHUMH 1 PO3PAXYHKOBHMHU JAHUMH I00YIyBaTH
rpadikn B=f(5); R, =f(d)i L, =f(9).

[lopiBHrOrOUM  BiAmoBimHI  rpadiku, 3poOUTH  aHANI3  BILUIUBY
HAMarHIYyrUY0i CHUJIH 1 MOBITPSHOTO MPOMDKKY HA TTapaMeTPH MarHiTHOTO
KOJIa.

The order of work

1. Having familiarized vyourself with the structure of the
milliwebermeter and milliteslameter, test them by measuring the magnetic
flux and magnetic induction of a permanent magnet fixed on the stand
several times.

2. When studying the structure of the laboratory installation, pay
attention to the method of changing the air gap between the yoke and the
anchor of the magnet wire.

3. The Weber-ampere characteristic is removed in the following
sequence:

- open the SA switch;
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- the handle of the PH voltage regulator is set to the zero position,
which is controlled by the PV voltmeter;

- connect the milliweber meter to the measuring coil and move its arrow
to the beginning of the scale with a corrector;

- the voltage is set with the PH voltage regulator U; , the value of which
is set by the teacher;

- close the SA switch and determine the deflection of the milliweber
meter needle at the moment of switching on, as well as record the value of
the current in the excitation coil;

- turn off the SA switch and again determine the deviation of the arrow
at the moment of turning off;

- the measurement data are entered in Table 1.

Then the experiment is repeated four more times with a voltage step on

o ) U .
the excitation coil AU, :%‘, where Uk max - the maximum allowable

voltage that corresponds to the current I max indicated on the panel of the
laboratory installation.

On the basis of experimental data and parameters specified on the
installation panel, the magnetic flux @, induction B is calculated using the
appropriate formulas, tension H, magnetizing forcel W _, magnetic

K 'K
permeability ., magnetic resistance R, and inductance of the excitation
coil Ls.

Based on the calculations, build dependencies B = f(H), R, = f (®) i
L« =f(1%).
Table 1

to measure Calculate

I
Ne | U, k | ¥V | ® | B | H |wz | # | R, | L«

\V A Vs Vs Vb A Hn/ | Oh | Hn

S

gl wN|F-

U Kmax I Kmax
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4. Install 1 mm-thick non-magnetic spacers between the armature and
the extreme rods of the magnetic conductor. Firmly press the anchor to the
yoke. Insert the probe with the Hall sensor into the air gap between the
middle rod and the anchor. Then carry out five measurements according to
the method described in point 4, supplementing the experiments with the
measurement of magnetic induction with a milliteslameter. The
measurement data are listed in Table 2.

Table 2

to measure Calculate

Mul w v B o H [1w.]Ra | L

\V A Vs TI Vs Am A GB Hn

B [WIN|F-

The magnetic resistance R, is calculated according to the formula

14.71.
Build dependencies based on experimental and calculated data B =
f(H), R, =f(®) and Lk = f(ly).

5. Set the voltage specified by the teacher on the excitation coil U and
to ensure that it does not change during the experiment. Then carry out the
measurements described in point 4. for calibrated non-magnetic gaskets
with a thickness of 1; 2; 3; 4; and 5 mm. Enter the measurement data in the
table. 3.

Table 3
No to measure Calculate
o B Ik 14 () Ik U, R‘,K L«
mm TI A Vs Vs A GB Hn

QB[N
agIf[wIN|F-
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Draw graphs based on experimental and calculated data B=f (J);
R, =T1(6) and L, =f(0)

Comparing the corresponding graphs, analyze the influence of the
magnetizing force and the air gap on the parameters of the magnetic
circuit.

4.6. KOHTPOJIbHI 3aIMTAHHA

1. SIky poib BUKOHYIOTh MAarHiTOIPOBOIY B MATHITHUX KOJax?

2. Sk TOAUIAIOTBECS PEYOBMHUM B  3aJISKHOCTI Bl MarHiTHOL
MPOHHUKIUBOCTI?

3. JSxi  wmarepianm  BUKOPHCTOBYIOTH  JUIS ~ BHTOTOBJIICHHS
MAarHiTOMPOBO/IiB MarHITHUX Kin?

4. Sxuii BUA Ma€ 3aJIe)KHICTh MArHITHOT IHAYKIIIT BiJl HAMAarHi4eHHs?

5. 3 SKuUX AUISHOK CKJIAJAIOThCS MArHITHI KOJIA €JICKTPOTEXHIYHHUX
MIPUCTPOIB (pesie, KOHTAaKTOPH TOII0)?

6. Sk 3aeXHUTh MarHiTHUH OMIp Bi/l BEJIMYMHU MOBITPSHOTO MPOMiKKY?

7. SIk 3aneXdTh 1HIYKTUBHICTh KOTYIIKH BiJl BEJIMYUHHU TMOBITPSHOTO

MPOMIXKKY?
8. Sk 3anexurh BeIMYMHA  IHAYKTUBHOCTI  Bii HAaCHUYCHHS
MarHiTonposoja’?

9. Slk BU3HAYAETHCS 1HAYKTHBHICTH KOTYIIKH 33 €KCIIEPUMEHTATbHUMHU
JTaHuMu?
10. Sxwuii Tpadix Mae KprBa HAMArHIYeHHS CTaNi?

Control questions

1. What role do magnetic cores play in magnetic circuits?
2. How are substances divided depending on magnetic permeability?
3. What materials are used to manufacture magnetic cores of magnetic
circuits?
4. What is the dependence of magnetic induction on magnetization?
5. What sections do magnetic circuits of electrical devices (relays,
contactors, etc.) consist of?
6. How does magnetic resistance depend on the size of the air gap?
7. How does the inductance of a coil depend on the size of the air gap?
8. How does the inductance depend on the saturation of the magnetic core?
9. How is the inductance of a coil determined from experimental data?
10. What is the graph of the magnetization curve of steel?
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