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YUYEBHO-TEXHUYECKHWN CTEHJ JJIs1 ONPEJIEJEHUS
MATHUTHBIX XAPAKTEPUCTUK ®EPPOMAI'HETUKA

[IpemnoskeHO TEXHUYECKOE PEIICHHE W CO3IaH JTabopaTOpPHO-M3MEPUTENBHBIN CTeHI MO OMpPEICIICHHI0O OCHOBHBIX
napameTpoB (heppOMArHUTHOrO Marepuana (MHIYKIIUKA HACBIIICHUS B, OCTaTOYHOW MHIYKIHMU B, KOOPIUTUBHOM
cuiiel H,). JlaHHBIN CTEH]] HCIIOJIB3YETCs KaK JIabopaTopHas yueOHasi yCTAaHOBKA JJIsl TIPOBEICHHS Pa0OT CTYACHTaMHU
IpY U3YyYCHHUU Kypca (QU3UKU, MOKET MCIOJIb30BATHCS KaK TEXHOJIOTHYECKUN KOMIUIEKC JJIsi KOHTPOJIs eppomar-
HUTHBIX MaTEPHUAJIOB U U3JCIHIA U3 HUX, a TAK)KE KaK YCTAaHOBKA IS [IPOBEICHUS HAYYHBIX pa0OT 10 CO3JaHHUI0 HO-
BeHIIMX MI(POBBIX H3MEPHUTENCH MarHUTHOTO oM. Vcciemyemsrii oOpa3er] JomKeH IpeacTaBiIsTh coboil Gpeppu-
TOBBIN TOPOHMITANBHBINA (KOJBIIEBOIH) WM MPOCTO CTEPKHEBOU cepiedHHK. CTeHI MOXKET paboTaTh B peKUME yaa-

JICHHOT'O YIIpABJICHUS.

Knioueswvie cnosa: peppoMarHuTHEIC MaTepPHAIbl, yueOHOE TabOpaTOpHOE 000pYI0BAHKE, TUCTAHIIHOHHOE

yIpaBieHue

BBEJEHUE

Pa3zpaboranHbIii cTEHA TpeAHA3HAYEH AJIS CHATHUS
OCHOBHBIX XapaKTEPUCTHK (peppoMarHeTnka, a MMeH-
HO:

B, — ocraroyHas WMHAYKUUSA, B CUCTEME €IUHUIL
CU uzmepsietcs B T

H, — MarauTHas KO3pLUTUBHAS CHUJIa, B CUCTEME
equnaunl CU uamepsietrcs B A/wm;

By — WHIyKIMA HACBILICHHSA, B CUCTEME €IUHMIL
CH uzmepsiercs B T

H; — HanpspKeHHOCTh MarHUTHOTO TTOJISl, COOTBET-
CTBYyIOIIAsl HAacChIleHWI0, B cucreme eauaun CU
u3MepsieTcs B A/M;

Mmax MaKCHUMaJIbHasl MAarHWTHas IIPOHMIA-
€MOCTb.

OU3NYECKN CMBICH 3THX BEJINYMH OAETCSA B IIO-
00M YHHMBEPCHUTETCKOM Kypce (QH3HKH, Harmpumep, [1,
2]. Kak wu3BecTHO, Wit (eppoOMarHETUKOB 3aBHCH-
MocTh Mexny B m H Oyaer HemmueiHOW. Kpome
HEJIMHEMHOW 3aBUCUMOCTH MEXJy BeJMuuHamu [
u B, 111 QeppoMarHeTHKOB XapaKTEpHO TaKxke
HaJIW4Yhe CBOWCTBAa rHcTepe3uca (OT TpPedecKoro
"rucrepesunc” 3ama3iblBaHue), KOTOpPOEe BHIpa-
JKaeTcsl B TOM, YTO MPU U3MEHEHMSIX HaNpsKEeHHOCTH
MAarHuTHOro mojst H 3HaueHWs HHAYKUMH B wmar-
HUTHOTO TIoJs "oTcTator” oT H, B pe3yibrare yero B
ONPEAENSETCS HE TOJBKO BEIWYMHONW H B JaHHBIN
MOMEHT, HO M HPEALECTBYIOIUMH 3HAYECHUSIMH H,
T.€. 3aBUCHT OT MPEABICTOpUH  (eppoMarHeTHKa.
I'mcrepe3uc mpuBOOUT K TOMY, YTO HaMarHWYEHUE
(deppoMarHeTnka He SIBJIsIETCS OJHO3HA4HOW (DyHK-
uueir H. Ilpy UUMKINYECKOM H3MEHEHUM BEIUYHMHBI
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W HanpasJIeHHs HampspkeHHOCTH BHewHero noist H,
JeicTByIonero Ha (eppoMarHeTuk (Hampumep, Io
CUHYCOHMJAIBHOMY 3aKOHY), 3aBHCHUMOCTh B(H) m30-
OpaxxaeTcsi KPUBOU, Ha3bIBAEMOM METIICH THCTEPE3HCa.
OObsacHenue sBIeHUA (eppoMarHeTu3Ma MOKHO Haii-
TH B KJIacCHYeCKUX Tpyaax [3—-5].

[Ipu BHecenmn QeppomMarHeTuka B craboe mepe-
MEHHOE MarHuTHOE I0Jie, He COCOOHOE BHI3BATh Ha-
CBIIIEHUE €r0 HAMarHW4YE€HHOCTH, IIOJy4aeTcsl MeTJIs,
Ha3bIBa€MasAd 4YaCTHBIM ITHUKJIOM. YacTHBIX TIETEb
CyIIECTBYeT OECKOHEYHOE MHOXKECTBO, BCE OHHM JIeXkKaT
BHYTPH MNpEICIbHOW METIM rucrepesuca. Bepiinsbl
YaCTHBIX I€TeIb TIHCTepe3nuca 0Opa3yroT OCHOBHYIO
KpPHUBYIO HAMarHMYMBaHUs, OHa OJIM3Ka K KPUBOH Hep-
BOHa4YaJIbHOI'O HAMarHu4muBaHUA.

OTMeTHM, YTO B CBS3M C HEOAHO3HAYHOCTHIO
3aBUCUMOCTH B(H) TOHSATHE MarHUTHOW TNPOHU-
LAeMOCTH NPUMEHSAETCS, KaKk NpaBWIO, K KPHUBOI
NEpBOHAYAJIILHOI'O HaMarHn4uvBaHUA. 3aBHCUMOCTH
MarHMTHOW MPOHHUIIAEMOCTH i OT H MOXeT OBITh T0-
CTPOEHA IO ATOW KPUBOM, MOCKOJIBKY, KaK CJIEAyeT
n3 hopmybl, cBs3bIBatoNeil B u H [6]

B
U= , (1)
HoH
BEMYMHA M OPONOPIMOHATbHA TAHIE€HCY yriia

HaKJIOHa KPUBOW MEPBOHAYAILHOI'O HaMarHUYMBaHU.
[Ipu pocte H MarHWTHas NPOHULAEMOCTH JTOCTUIAET
MaKCUMYMa Upax, @ 3aTEM IIPHU HACBHILICHUH HAMAarHu-
YEeHHOCTH  OBICTPO  cHajaeT, aCHMIITOTHYECKH
puOIrKascek K enuaune u ~ dB /dH.
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Ha nanHoM cTeHze peainzyeTcss aBTOMAaTHYECKOe
MOJIy4eHue neTiu rucrepesuca. [IpoBogurcs ananus
9KCHEPUMEHTAIbHO HAO00aeMON MeTIH W omperne-
JISIIOTCSL OCHOBHBIE XapaKTEPUCTHKH (peppoMarHeTuka.

OIIMCAHME KOHCTPYKLIMU

Cxema yCTaHOBKM TIpe/CTaBlieHa Ha puc. 1, a Ha
puc. 2 nana ee ¢ororpadus. Ha nepeudnyro 0OMOTKY
monaroT curHan U, OT reHepaTropa CHHYCOMAaIbHOTO
HaIpsDKEHUS, 4aCTOTY U aMIUIUTYAy KOTOPOTO pery-
JUPYIOT C TOMOMIBIO (PYHKIIMOHAJIHHBIX  KIIABHUII
Ha maHenu reHeparopa. Hampsokenue U, ¢ conpoTus-
neHus R, moxaercs Ha Bxox X, a HaupsbkeHne U, KOH-
nencaropa C — Ha BxoJl Y ocumiuiorpada.

Hccnemyemblii oOpazen, UCMONB3yeMblid B ycTa-
HOBKax Ui OOydYeHHS CTYJEHTOB, NMPEACTABISIET CO-
00l QeppuTOBBI TOPOUTAIBHBINA (KOJNBLEBOW) cep-
nmeyank T TpaHcdopmaropa MpSMOYTOJIHHOTO TOTIe-

PEYHOrO ceueHHs MIOMAAbIo S, Ha KOTOPOM MMEIOTCS
JIBe OOMOTKH: ITEpBUYHAS HAMarHUYMBaroIas oOMoT-
Ka C YUCIIOM BUTKOB /| H BTOpUYHAsI M3MEpPUTEIbHAS
00MOTKA C YUCJIOM BUTKOB 71, JIJI1 KOHTPOJIS ChEM-
HBIX 00pa3IOB | [T HCCIeIOBAaHHUH 110 TO00py dep-
POMArH€TUKOB I MAarHuTOMCTPOB BO3MOXHO HC-
TTOJIE30BaHUE CIIEUANBHBIX Pa3PhIBHBIX KATYIIIEK.

Ecnu oTkioHeHue jyda Ha KpaHe ocumiuiorpada
M0 TOPU30HTAIIN COCTAaBJISET X JIECHUH, a TI0 BEPTH-
Kany — y JeneHui, To Hanpsxenus U,, U, mocry-
Maromnre Ha BXobl X, Y ociwniorpada:

U=ax, U=ay, 2)
e oy ¥ o, — KO3(PQHUIMEHTHI TOPU3OHTAIILHOTO U BEP-

THKAJIBHOI'O OTKJIOHCHUA JIydya COOTBETCTBEHHO, T.€.
OCHBI I[CJIGHI/Iﬁ IIKAJIBI 9KpaHa Mo roOpu30HTaliu U BEP-

THKaJIN.

Puc. 2. dororpadus ycTaHOBKH IS TTOTydeHUS JHHAMUYECKOH METIIN THCTEepE3NCa.

1 — mmdpoBoii renepaTop; 2 — MOAYIs 00pa3na ¢ HHTETPUPYIOLICH EMOYKOH; 3 —
mudpoBoit ocumwmiorpad; 4 — pe3nucTop B NN NEPBUIHON 00MOTKH; 5 — depputo-
BBIM TOPOMIAIbHBIA CEPACUHUK; 6 — PE3UCTOP UHTErPUPYIOLIEH LIENOYKH; 7 — KOH-

JIEHCATOP UHTETPUPYIOIIEH ENOYKU

HAVYYHOE ITPUBOPOCTPOEHUE, 2026, Tom 36, Ne 3
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ITokaxxem, 4To B AaHHOW cxeMe HamnpsbkeHue U,
MPOMOPIIMOHANTBHO HAIPSDKEHHOCTH H MarHuTHOTO
o7, a HarpsbkeHue U, MPonopUuOHanbHO HHAYKIMH
B marnuTtHOro nosst B cepaeuHuke. Tok /; B nepBuY-
HOIl OOMOTKEe BO30YKIaeT B TOPOUAAIBLHOM Cepley-
HUKE MarHWTHOE TI0JIe HATIPSKEHHOCTHIO

H=" 3)
/
®opmyna (3) cnpaBeasuBa B TOM cllydae, Korja
COTIPOTHBIIEHHE R, BBIOPAHO AOCTATOYHO OOIBIIUM
M0 CpaBHEHUIO C R| W BIUSHUEM TOKa BTOPUYHON 00-
MOTKHM Ha MarHUTHBIM IIOTOK B CCPACUYHUKE MOKHO
npenedpeub. 3nech [ =277 — JUIMHA OKPYKHOCTHU
CepAeYHMKa 0 CpeJHEeH JUHWUU (CPEAHsAd UIMHA CH-
JIOBOW JIMHWW MarHUTHOTO IOJISl B CEPACYHHKE), 7' —
CpEeIHMI paauyc TOpOUAA.
[TocnienoBatenbHO € TMEPBUYHOW OOMOTKOM TOJ-
KJIIOUEH pe3ucTop R;, MajieHue HanpsDKEHUs Ha KOTO-
pom paBHO U, =\ R,, nnu ¢ ydetom (3)

Rl
Uy=—H, “4)
n,

T.€. MPONOPLUOHAIBHO HANPSHKEHHOCTH MAarHUTHOTO
nosist H. OTo HampshkeHHe IMMojaeTcss Ha BXoJ X ycu-
JUTENS TOPU3OHTAILHOW pa3BepTKU ocuuiuiorpada
Ux = Ul-

[lo ropu3oHTaILHOMY OTKJIOHEHMIO X JIyda JIETKO
BBIYMCIIATh HANPSHKEHHOCTh, YUHUTHIBast (2) u mpeo0-
pasys (4) k cneayromeMy BUILY

H=mx, ®)]
e
na
m, =——" 6
TR (6)

eCTh Macitad ocu X, KOTOPBIM TMO3BOJISET OINpee-
JUTh HAMPSHIKEHHOCTh MArHUTHOro moist H mo wu3o-
OpaxeHHIO Ha 3KpaHe ocuuuiorpada.

Bo Bropuunoit oOmoTke wuHaynupyercs IJC
(B COOTBETCTBUHM C 3aKOHOM 3JICKTPOMArHUTHOW WH-
nykiu dapajnes), TpONOpHUOHATIEHAS CKOPOCTH H3-
MEHEHUS MHYKIIMH MarHUTHOTO TOJISl B 00pasIie, Mo-
JlyJIb KOTOPOU paBeH:

E=n——=m d_Ba (7)
dt dt
rae S — mIouaas NONePedyHOro CeYEeHUs! CepAedHuU-
ka, @ = BS — MarHuTHBIN MOTOK 4Yepe3 Kax bl BU-
Tok. U3 (7) cnenyer, 4To U1 HAXOXKIAECHUS MHIYKLUU
B wnyxHo npounterpupoBaTth 1no Bpemenu OJC Bo
BTOPUYHON 0OMOTKE HUCTIBITYEMOTO 00pasiia:
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1
B=——|egds. 8
mj (8)

s oCylecTBIEHUS! TaKOW Ollepaliy B CXEME yC-
TaHOBKHU NPHUMEHSIETCS MpOCTeias UHTErpupyromas
RC-tierre. OHa COCTOWT M3 MOCIEAOBATENEHO BKITIO-
YEHHBIX PE3UCTOpa COMPOTHUBIEHUEM R, M KOHJEHCa-
TOopa eMKOCThI0 C.

Hamnpsixenue Ha Bcelt RC-1ieniouke — &; BBIXO/I-
HBIM CHUTHAJIOM CIIY>KMT HalpsiKeHHe Ha KOHJEHCaTo-
pe U, = U.. OTOT curHai ¢ KOHAEHCAaTOpa MOJAeTCs
Ha BXOJ YCUJIUTENs BEPTUKAJIHHON pa3BepTKU OCLMII-
morpada (cMm. puc. 1). UaTerpupoBanmne Oymer moc-
TUTHYTO HpH ycaoBuH, 4to U, K Uy, (T.€. U, K €),
KOTOPOE BBIIIONHAETCS B TOM CIIy4yae, €CJIi aKTUBHOE
COMpPOTHBJICHHE R, MHOTO O0OJbIlIEe COMPOTHBICHUS
koHzeHcaropa C  I€peMEHHOMY  TOKY, T.€.
Ry > 1/(wC) (B nanHo# pabote TpeOyeMoe HEepaBeH-
CTBO BBINOJNHSIETCSA). B 3TOM cilydae TOK BTOPUYHOMN
OOMOTKH OTIpenesnsieTcs b BEJINYUHONW CONPOTHB-
JIeHUS Ry:

I, ~—. 9)

HanpsokeHue Ha KOHZAEHCATOpE ONPEAEISIETCS €ro
sapsinom U, = g / C, a 3apa] ¢ MOKHO BBIYUCIUTH WH-
TETPUPOBAHUEM IO BPEMEHU CHJIbI TOKa [,. Takum
oOpaszom, ¢ yuetoMm (7):

U =U, =éj12dt= 3 j%dz:ﬁB, (10)

¥ CR, CR,

YTO ¥ TpeOOBAIOCH I0KA3aTh.
VY4uThIBas, YTO BEPTUKAIBHOE OTKIOHEHUE Jy4a )
HpONOpLIMOHANBHO HampsbkeHuto U, (popmyna (2)),

mpeobOpasyem (10) k Buay:
B=m,y, (11)
rre
R2Cay
m,=——-= 12
= on (12)

2

MacmTad ocu Y, KOTOPBI MO3BOJSIET IO N3MEPEHHO-
My BEPTHUKAJIBHOMY OTKJIOHEHHIO JIy4a ) BBIYUCIIUTH
COOTBETCTBYIOIIEE 3HAYEHHE HMHIYKLUUM MarHUTHOTO
nosist B.

[Ipu opHOBpeMeHHON momadye Ha BXoAbl X
u Y ocimsutorpada nepeMeHHBIX HANpsHKEHUH OfMHA-
KOBOW 4acTOTbI, OAHO U3 KOTOPBIX MPONOPLHOHATIBHO
HaNpsHKEHHOCTH IMOJISl B cepeUHUKe TpaHchopmaTopa
(Uy~ H), a npyroe — marauTHoi unaykuuu (U, ~ B),
Ha 3KpaHe ocmuiorpada OyIeT BOCIPOU3BOAMTHCS
JTUHAMHYECKasi 3aBUCUMOCTh B(H), T.e. NETIs TUCTE-
pesuca.
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Xapakmepucmuku cmeHnod, UCHOIb3YEMO20 KAK
yuedHasa ycmanogKa.

o HI/IaHa?:OH BXOAHOI'O0 HAIPs>)KCHHUA HaMarHnu4iu-
Batomeit oomotku AC: 0-20 B.

e UYacrora BXOIHOIO HalpsDKEHMS Ul HaOJone-
Husd ructepesuca: 3.7 xI'n.

e [abaputHble pasmepsl (o X m X B): 414 X
X 189 X 156 mm.

e Macca: 3.5 k.

e ®@eppurosslil cepaeunuk 1: B64290-L638-X35
(marepuan T35 Mn-Zn, pazmepst d22 X d13 X 6 Mmm).

o OeppuroBsnii cepaednuk 2: M6000HM (mare-
puan Ni-Zn, pazmepbl d45 X d28 X 4 mm).

PE3VJIbTATBI UCIIBITAHUM

Jlis mipoBenieHHsI MCIIBITaHUM CcTeHOa ¢ (epputo-
BBIM CEPIICYHUKOM 2 B KayeCTBE H3MEPUTEIBHBIX
puOOPOB OBLIM UCTIONIB30BAHKI ITU(POBOI TEHEPATOP
UNIT UTGI1005A wu  ocmmmiorpadp  UNIT
UTD2025CL.

[lomydueHsl creayronIfe XapakTEPUCTHKH (eppo-
MarHuTHOro marepuana: H, = 3.6 A/m; B, = 48 mTu;
B, =200 MTa; gmax = 10000. DxciepumeHTaTBHBIN
rpa@uK 3aBHCHMOCTH MAarHUTHOW TPOHHIIAEMOCTH
OT HANPSHKEHHOCTH MAarHUTHOTO TIOJNS TpHBENCH
Ha puc. 3.

BBIIIOJIHEHUE PABOTHI B IUCTAHIIMOHHOM
PEXUME

J1s BO3MOKHOCTH PpadOTHl JAMCTAHIIMOHHO OBLIO
HAlMCAaHO COOTBETCTBYIOLIEE MPOrpaMMHOE obecre-
YeHHeE.

—s—u(H)
10000 + N ]

9000 -
sooo{ |
/
1
7000 | .
6000 ]

5000 ]

0 1 2 3 4 5 6
H (A/m)

Puc. 3. 3aBucMMOCTP MarHUTHOM NPOHHMLIAEMOCTH
OT HaNpPSHKEHHOCTH MarHUTHOTO TIOJIS.

JIyis BBITIOJIHEHUST J1TAOOPATOPHOW PAaOOTHI B JMC-
TAQHIIMOHHOM PEXHME HY>KHBI NPHUJIOKECHUE IJIS1 BHU-
NEOKOH(EepPEeHIMH M TNPUIOKEHUE A yOaJeHHOTO
JIOCTYTIa U YHpaBJeHUs KOMIbIOTepaMu (WX MPUIIO-
JKEHHE, B KOTOPOM pealln30BaHbl 00€ 3T (PyHKIINH).
B nanHOM ommcaHMH MBI pacCMOTPUM paboTy ¢ Mi-
crosoft Teams.

[epen nHayamoMm paboThl mpemnoaaBaTens (WU Ja-
0OpaHT) BKIIOYAaeT BCE MPUOOPHI JTa0OpaTOPHOH yc-
TAHOBKH, BUJIEOKAMEPY M KOMIBIOTEP, MOJCOEeTUHEH-
HBIM K ycTaHoBKe. Ha 3ToM KoMIIblOTEpE 3aIlyCKaroT-
cst MSTeams 1 mporpamMma yJaJleHHOTO YITPaBIIEHUS
nabopatopHoii pabotsl "I'ucrepesuc deppomarneTu-
ka" (B AampHEHIIEM 3Ty MpOTrpamMMmy Ui KPaTKOCTH
Oynem HaspiBaTh "Hysteresis". MnTepdeiic nporpam-
MBI BO MHOTOM ITOBTOpPSIET HHTEpdeiic mpudopos ma-
0OpaTOpPHON YCTAaHOBKM M TIO3BOJISIET TOJHOCTHIO
YIPAaBIATH UMU C KOMIIBIOTEpA. B BepxHel JieBoi
4acTH OKHAa IPOrpaMMbl pacIlojioXeH HHTepdeiic
YIPABJICHHUs [€HEPATOPOM, B IIPABOM BEPXHEH 4YacTU
HaXOIUTCS OKHO M300pakeHHUs ¢ BUAECOKaMEpHhl, CHU-
Marolel 1adopaTopHyI0 YCTAaHOBKY B PEKUME peallb-
HOT'O BPEMEHH, B HIDKHEHM 4acTH PacIlONIOKEH WHTEp-
deiic ynpapieHus: ocuuiorpagom.

VYnpasnenue ocuwiorpaoM M TeHEpaTOpPOM
OCYILIECTBIISIETCS. B OKHE IPOrpaMMbl C IIOMOILBIO
KOMIIBIOTEPHOM MbIM. Haxkathe 1eBoil KHONKU MbI-
mm (JIKM) mo xHOTIKe BHUPTyalbHOTO OcImmiorpada
WM TeHepaTopa B OKHE MPOrpaMMbl IOBTOPSIET (U3H-
YeCKOe Ha)kKaThe Ha KHOIKY peajbHOTo ocuuiuiorpada
ni reseparopa. CTOUT OTMETUTh, YTO TMOCJE HaXa-
tusg JIKM 1o mo00i# 13 KHOTIOK YITPaBIIEHUS OCIIHJI-
morpadom, ¢GuzndecKoe YIpaBIeHHE PEATbHBIM OC-
nuiorpadom OokupyeTcs (T.e. pealbHbIH OCHUILIO-
rpad mepecTaeT pearnpoBaTh Ha Ha)kaTHe J000H u3
KHOIIOK Ha TIaHEJH yrpaBiieHus). UToObI pa30aokupo-
BaTh (PU3NYECKOE YIpaBlieHHE OocImuiorpadom, He-
ooxonumo HaxaTh JIKM Ha 3HauoK pa30iOKMPOBKH
(3amoueKk) Ha BHPTyaJdbHOM ocIuIiorpade B OKHE
nporpaMMmel. OTiau4Me TaHENW YIpPaBIEHUS BHUPTY-
IBHOTO TeHepaTopa OT MaHeIH YIpaBJieHus puznude-
CKOT'0 TeHepaTropa 3akKJ4aeTcs B TOM, YTO MHOIO-
(yHKIMOHANBHAS pPYy4YKa-TIEPEeKIIoYaTellb U KHOIKH
HaIpaBIeHU CO CTpPEeNKaMH HaxOJATCS B OAHOH 00-
JacTH BUPTYaJbHOW MaHeNW YHpaBieHUs (B MpaBoM
BEpXHEM yIuly naHeinu). TeMHbIil 5KpaH BUPTYaIbHOTO
ylpaBlieHHs ocuuwuiorpada Wi reHepaTopa B OKHE
MporpaMMsbl U nepeuepkHyThii cumBoa USB (y rene-
patopa stoT cumBon USB HaxoauTcs B JI€BOM HHXK-
HEM YTy ero maHend, y ocnuuiorpaga — B caMOM
HU3Yy (IPUMEPHO TTOCEepEeANHE) €ro MaHe ) O3HavYaeT,
4YTO COEAMHEHHe ocuuwuiorpaga wWwin TreHepaTopa
C KOMITBIOTEPOM HE YCTaHOBJIEHO (MO0 COOTBETCT-
BYIOIIUI MTPUOOP BBIKITIOYEH, MO0 oTcyTcTBYyeT USB-
MOIKITIOYEHHE MEXTy PHOOPOM H KOMITHIOTEPOM).

HAYYHOE [NPUBOPOCTPOEHMUE, 2026, Tom 36, Ne 3
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IMPAKTHUYECKHUE ITPUJIOXEHUW A

Kak usBectHo, deppomarHeTuku (a (GeppUTBI HX
MOJKJIaCC) MHOI'O TI€ MCIOJb3YIOTCSI B COBPEMEHHOM
TexHuke. llepeuucnum 31ech psAll TPUIOKEHUN s
theppura T35.

1. MarHuTHbIE TOJIOBKH sl aHAJIOTOBOM 3BYKO-
3anucu (ycrapeBllee, HO MCTOPUYECKH Ba)KHOE IpH-
MCHEHHE).

2. [lpoccenu ¢ MOCTOSIHHBIM MOAMarHU4YMBaHUEM
(mpoccenu GUIBTPOB B CUIIOBOI SJIEKTPOHUKE).

3. VMmynbCHBIE W IIMPOKOIONOCHBIE TpaHchop-
MaTopBI.

4. AHTeHHBI MATHUTHOM COCTABIIAIONIEN DM-101s
(pamuornpueM, U3MEPEHU).

5. MarauTHO-MATKHE 3JEMEHTHI IaTYNKOB (Ha-
npumep, B Geppo3oHaax).

OcranoBuMcst Oonee TOAPOOHO HA TOCIETHEM
npuwiokeHuu. Peppo30Ha — 3TO AKTUBHBIN JATYMK,
KOTOPBI He U3MEPSIET MOoJie HApsMYIO, a peodpasy-
€T €ero B IEKTPUYECKUH CHUTHaJ C IIOMOIIBI0 YHH-
KaJbHBIX CBOHCTB (pepputa T35. Bricokas mHIyKIHs
HACBHIILECHUA ¥ HU3KHE TUCTEPE3NCHBIE NTOTEPH T103BO-
T510T 3 (HEKTUBHO M C MalbIMH UCKKEHUSIMH Tepe-
BOAUTH CCEPACYHUK B COCTOAHUC HACBILICHUA II€pEC-
MEHHBIM TIOJIEM BBICOKOW YacTOTBI, YTO SBJISETCA
npuHIUIIOM padoTsl peppo3onaa. IMeHHo coueTanue
HU3KOH u W BBICOKOH B maer T35 "kpyryrno" Hemn-
HEUHYK XAapaKTEPUCTUKY HAaMarHU4MBaHUS, KOTOpas
u sBisiercs "nurarenem" pabotel pepposonna. Kon-
CTPYKIHUSI Takoro ¢eppo3oHAa MPHHIUIHAAILHO HU-
4eM HC OTIIMYACTCA OT KOHCTPYKIMUH HAIICro CTCHIA
(TOJIBKO BMECTO KOJIbLIA HY>KHO HCIIOJIB30BaTh CTEp-
skeHb). [IpuHIUN ero paboThl MOXHO Ha3BaTh LIUKIIHU-
YECKHM HAChILLEHUEM:

e TOK B OOMOTKE BO30YXIEHHs CO3IaeT B cep-
JICUHHKE CHJIBHOE IIEpeMEHHOE 110J1e H 056,

e O3TO TIOJIe HACTOJBKO BEIHKO, YTO JABaXKIbI
3a nepuol (B MOJIOKHUTEIBHOM U OTPHULATEIHHOM IH-
Ke€) IepeBOINT cepliedHrnK 135 B cOCTOSIHME MarHWT-
HOI'O HAaChbIIlICHUA.

DTO MPOUCXOTUT JJake Oe3 KaKOTO-THO0 BHEITHETO
nofist. JlomycTuM, MBI XOTUM U3MEPHTH ciaboe TocTo-
SSHHO€ WM HU3KOYACTOTHOE TMojie (Hampumep, reo-
MarHuTHOE). OTO TOJe Hyyey CKITAIBIBACTCS C TIOJIEM
BO30YyxaeHus H 5. W3-3a HenuHeWHocTH (TpsAMO-
YTOJIBHOCTH TIE€TJIH) 3TO CJIOXECHHE HapyIIaeT CHM-
METPHIO TIpollecca MepeMarHuunBanus. Hacwlenue
TENeph HACTYMaeT He OJHOBPEMEHHO B TOJIOXKHUTEITh-
HOI U oTpuuareiabHOW mosyBosiHax. Ecou Hyuey cCO-
HaNpaBieHO C H 5, HACKHIIIEHUE HACTYIIUT PaHBIIIE.
Ecnm HanpaBneHO mMpoTuB — mo3xke. Takum o0pazoM,
ciaboe MOCTOSIHHOE T0JI€ BHI3BIBAET CABHI BO BpeMe-
HU ((pa30oBEIi CIBUT) MOMEHTOB HACHIIIEHHS.

B pesynbraTe B M3MepuTENbHON 0OMOTKE HaBO-
mutcst DJIC, mpomnopruoHaNbHas CKOPOCTH H3MEHe-
Hus uHAyKun (dB/df). CurHan B HE — 3TO MPOM3-

HAYYHOE [NPUBOPOCTPOEHMUE, 2026, Tom 36, Ne 3

BOJHAsA OT MCKa)XEHHOM KkpuBoil B(f). CummeTpuiHas
0e3 BHEIIHero Tojs KpuBas B(f) cOmepXUT B CBOEM
CIIEKTPE TOJIbKO HEYETHbIE TAPMOHUKH OCHOBHOI! yac-
TOTBl BO3OYykjeHus. [lpu mosiBieHuU Hyye, M HAPY-
LIEHUH CUMMETPHUH B CIIEKTPE CUI'HAJIa PE3KO MOSIBIIA-
eTCsl ¥ BO3pacTaeT YeTHasi rapMOHMKa, B IEPBYIO OYe-
peap — BTOpas. AMITIUTYAA 3TOW BTOPOH TapMOHHKH
mpaMO IMponopHruOHaJIbHa BECJIWMYUHE HN3MEPACMOTO
ot Hyem.

OnpenenuMmcs ¢ TeM, Kakue IMoJisi MOXKET U3MEPATh
(deppo3onn Ha T35. Deppo3oH — HHCTPYMEHT JIJIst
W3MEPEHHs BEKTOpa MAarHUTHOW HHIYKIHMH, a KOH-
KpeTHee — €ro COCTaBJISIOLIeH BIOJIb OCH CEepACYHH-
ka. [lo mpupoze mosst OH MOXET U3MEPATh TaKUe BU-
JbI TIOJIEH:

[Toctostaasie MarautHBIe TIoNs (DC). OcHOBHOE
MpUMEHEHHE!

o reomarHuTHoe nojie (~50 mxTn);

O T0JISl IOCTOSTHHBIX MarHUTOB;

O TEXHOI'€CHHBIC ITOCTOSAHHBIC I10JI4.

Huzkouacrotasie nepemennsie nonst (AC) ot mo-
neit I'u 1o Heckonmbkux KL

o TOJIs OT MPOMBINIIEHHBIX ceTeit (50/60 I'm);

o OwuomarauTHbIE Mo (cepama — 1-40 ', mo3-
ra— g0 100 I'm).

[lo BenmunHe (qUama3oHy W3MEPEHHWH HAINPSKESH-
HoctH) ¢eppo3oHn Ha T35 ocobeHHO NpPUMEHHM
JUISE C1a0bIX M CBEPXCIa0bIX TOJICH:

e HWKHHUH Tpeen: onpeaenseTcs coOCTBEHHBIM
IyMOM # cTaOWiIbHOCTBIO cxeMbl (0T 0.01-0.1 uTn)
JUIs1 IPEIIM3UOHHBIX TA00PaTOPHBIX IPUOOPOB;

e BEpXHUU Mpeaen: ONpeaesieTcsl JIMHEUHOCThIO
OTKJIMKAa U B KOHCYHOM CYCTC — I/IHI[yKHI/IeI‘/'I HacChbI-
menust B; T35 (o6erano mo 0.1-1 MTm); mis Goiee
CHJIBHBIX TIOJIeH KOHCTPYKIHMIO MOJU(DUIIUPYIOT.

VKakeM Ha HEKOTOpble KOHKpETHble 00JIacTi
MPUMEHEHHUS, T MOXHO HCIIOJIb30BaTh Hall CTEHA
HOCJIE €r0 JOPaObOTKU MO/ KOHKPETHYIO 33ady.

1. Teodusmka u pazBemka:

o MarHuropasBejka (IIOMCK PyIHBIX Tel, ap-
XEOJIOTUYECKUX OOBEKTOB);

O M3MEpeHHEe MapaMeTPOB MAarHUTHOTO OIS
3emiu (MarHUTOMETPBI 00CEepBaTOPHii);

O MOpCKas ¥ a3pOMarHuTHasi CbEMKa.

2.  KocMmuueckue ucciaenoBaHus:
(@] MaFHI/ITOMeTpI)I Ha CHyTHI/IKaX U KOCMHUYC-
CKUX 30HJaX U U3Y9EeHUSI MAarHUTHBIX TTOJIeH TUTaHeT
Y COJIHEYHOTO BETPA.

3. Hayusnsle uccienoBanus:

o0 UW3MEpeHHe CIa0BIX TOoJNel B (H3MUECKUX
9KCIIEPUMEHTAX;

o Maraarokapauorpadus W MarHuTo3HIE(a-
norpadust (B 3TUX 0ONACTAX €ro B OCHOBHOM BBITEC-
Hu SQUID, HO ¢deppo3oHIbl UCTIONB3YIOTCS B 00-
Jie€ POCTHIX CHCTEMAX).
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4. Hepa3pymaromnuii KOHTPOJIb:
o oOHapyxeHne nedekToB B (eppomMarHuT-
HBIX MaTepHajax Mo NCKaKEHHIO MArHUTHOTO TIOJIS.

3AKJIFOYEHUE

JlanHOE CcTaThsl paccKa3bIBaeT O TOW paboTe, KOTO-
pas Bemercs Ha Kadenpe ¢usuku Cankr-llerep-
OyprcKoro MmoJIMTEXHUYECKOro yHHBepcuteTa llerpa
Benmkoro mo co3maHnio cOBPEMEHHOTO (H3HIECKOTO
MpakTUKyMa Juisd Oyaymux uHxeHepoB. CooOmiaercs
00 omHON M3 paboT, KOTOpasi OTIMYAETCS COBPEMEH-
HBIMU TIPUJIOKEHUAMH Qu3ndeckux 3QdexkToB U sB-
JICHUH B TEXHHUKE. Y CTAHOBKH YKOMIUICKTOBAHBI IU}-
POBBIMU TIpHOOpaMH M AOMYCKAIOT MX THUPAKUPOBA-
HUe, T.K. HAa HHUX pa3paboTaHa KOHCTPYKTOPCKas
noKyMeHTanus. VICTopusi mociieHuX JIeT ToKasana,
4YTO MOI'YT BO3HUKATh O6CTO$IT€J'II)CTB3, IIpU KOTOPBIX
CTyJIeHTaM, HE y/IaeTCs MonacTh B JIaDOPaTOpHIO, IM0-
3TOMY HaMH INPELyCMOTPEH PEXUM JAUCTAHLUOHHOIO
YIIpaBJIEHUs yCTAHOBKAMH, KOTOPBIM HE SIBISETCS OC-
HOBHBIM, HO BO3MOKHBIM. HOHﬂTHO, 4YTO U B O6I)I‘I-
HBIX YCJIOBUAX I[HCTaHHHOHHbIﬁ PEXKUM MOXKCT 6I>ITI>
OCHOBHBIM JUISI MaJOMO/BI)KHBIX CTYJCHTOB M CTy-
JICHTOB 3a04HOU (hopMBbI 00yueHHs. BaxkHO momuepk-
HYTb, YTO P€Yb HJIET O pPEAIbHOM SKCIIEPUMEHTE,
MMpOBOJAUMOM CTyACHTaMH, 4 HC O KOMHLIOTepHOﬁ CH-
MyIsud. TakuM oOpa3oM, Ha 0a3e ombITa JAHHOW
paboThl, MOXKET OBITH cO3aHa yueOHas sabopaTopus,
COOTBETCTBYIOIIAs JyXy HACTOSIIET0 BPEMEHH, B KO-
TOPOIl CTYIEHTHl M TPENOAaBaTENIN MOTYT, TIOMHMO
oOyueHus, paboTaTh Haj CO3/IaHUEM MPHOOPOB, BOC-
TpeOOBaHHBIX BO MHOTHX OOJIACTAX COBPEMEHHOM
TCXHHUKH.
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EDUCATIONAL AND TECHNICAL STAND FOR DETERMINING
THE MAGNETIC CHARACTERISTICS OF A FERROMAGNET

E. G. Apushkinskiy, E. V. Goldberg, V. A. Kozhevnikov

Peter the Great St. Petersburg Polytechnic University, St. Petersburg, Russia

A technical solution has been proposed, and a laboratory-measurement rig has been created for determining
the key parameters of ferromagnetic materials (saturation induction By, residual induction B,, and coercivity H.).
This rig is used as a laboratory training facility for students studying physics, as a technological complex for
testing ferromagnetic materials and products made from them, and as a rig for conducting research on the devel-
opment of cutting-edge digital magnetic field meters. The test sample should be a ferrite toroidal (ring) or rod
core. The rig can be operated remotely.

Keywords: ferromagnetic materials, educational laboratory equipment, remote control
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INTRODUCTION

The developed setup is designed to measure the
basic characteristics of a ferromagnet, namely:

B, — residual induction, measured in T in SI units;

H. — magnetic coercivity, measured in A/m in SI
units;

B, — saturation induction, measured in T in SI
units;

H; — magnetic field strength corresponding to sa-
turation, measured in A/m in SI units;

Umax — Maximum magnetic permeability.

The physical meaning of these quantities is given
in any university physics course, for example, [1, 2].
As is known, for ferromagnets, the relationship be-
tween B and H is nonlinear. In addition to the nonli-
near relationship between H and B, ferromagnets are
also characterized by hysteresis (from the Greek "hys-
teresis" meaning "lag"). This property is expressed in
the fact that when the magnetic field H changes, the
magnetic field induction B "lags" behind H. As a re-
sult, B is determined not only by the current value of
H, but also by previous values of H, i.e., it depends on
the history of the ferromagnet. Hysteresis means that
the magnetization of a ferromagnet is not a single-
valued function of H. When the magnitude and direc-
tion of the external field H acting on a ferromagnet
change cyclically (for example, according to a sinu-
soidal law), the B(H) dependence is represented by
a curve called a hysteresis loop. An explanation of the
phenomenon of ferromagnetism can be found in clas-
sical works [3-5].

When a ferromagnet is placed in a weak alternating
magnetic field that is incapable of saturating its mag-
netization, a loop called minor is formed. There are an
infinite number of partial loops, all of which lie within
the limiting hysteresis loop. The peaks of the partial
hysteresis loops form the main magnetization curve,
which is close to the initial magnetization curve.

Note that, due to the ambiguity of the B(H) depen-
dence, the concept of magnetic permeability is gener-
ally applied to the initial magnetization curve. The
dependence of magnetic permeability 4 on H can be
constructed from this curve, since, as follows from the
formula relating B and H [6]

B
M H ’

p= (1)

the quantity u is proportional to the slope tangent of
the initial magnetization curve. As H increases, mag-
netic permeability reaches a maximum gy, and then
rapidly decreases as magnetization saturates, asymp-
totically approaching unity 4 ~ dB / dH.

This setup automatically generates a hysteresis
loop. The experimentally observed loop is analyzed,

and the main characteristics of the ferromagnet are
determined.

DESIGN DESCRIPTION

The setup diagram is shown in Fig. 1, and a photo-
graph is shown in Fig. 2. The U, signal from a sinu-
soidal voltage generator which frequency and ampli-
tude are adjusted using the function keys on the gene-
rator panel is fed to the primary winding. Voltage U,
from resistor R, is fed to the X input, and voltage U,
from capacitor C is fed to the Y input of the oscillos-
cope.

Fig. 1. Schematic diagram of the setup for obtaining a
dynamic hysteresis loop

Fig. 2. Photograph of the setup for obtaining a dy-
namic hysteresis loop.

1 — waveform generator; 2 — sample module with
integrating circuit; 3 — digital oscilloscope; 4 —
resistor in the primary winding circuit; 5 — ferrite
toroidal core; 6 — integrating circuit resistor; 7 —
integrator capacitor

The test sample used in the student training setups
is a ferrite toroidal (ring) core T of a transformer hav-
ing a rectangular cross-section with an area of S. It has
two windings: a primary magnetizing winding with 7,
turns and a secondary measuring winding with #,
turns. Special rupture coils can be used to test remov-
able samples and for research on selecting ferromag-
nets for magnetometers.

If the horizontal beam deflection on the oscillos-
cope screen is x divisions, and the vertical beam def-
lection is y divisions, then the voltages U, U,, sup-
plied to the X, Y inputs of the oscilloscope:

U=ax, U=ay, 2)

where o, and a, are the horizontal and vertical beam
deflection coefficients, respectively, i.e., the horizon-
tal and vertical screen scale division values.

Let’s state that in this circuit, voltage U, is propor-
tional to the magnetic field strength /, and voltage U,
is proportional to the magnetic field induction B in the
core. Current /; in the primary winding induces a
magnetic field of strength in the toroidal core.

H= %11. 3)

Formula (3) is valid when resistance R, is chosen

to be sufficiently large compared to R;, and the effect
of the secondary winding current on the magnetic flux



in the core can be neglected. Here, / =2xr is the cir-
cumference of the core along the centerline (the aver-
age length of the magnetic field line in the core), r is
the average radius of the toroid.

A resistor Ry, is connected in series with the prima-
ry winding. The voltage drop across resistor is equal
to U, = 1,R, or, taking into account (3),

v, -8y, @

n

i.e., proportional to the magnetic field strength H. This
voltage is fed to the X input of the horizontal sweep
amplifier of the oscilloscope U, = U;.

From the horizontal deflection x of the beam, the
strength can easily be calculated, taking into account
(2) and transforming (4) to the following form

H=mx, ®)
where
na
m,=——= 6
. (6)

1

is the X axis scale, which allows the magnetic field
strength H to be determined from the image on the
oscilloscope screen.

An EMF is induced in the secondary winding (in
accordance with Faraday's law of electromagnetic in-
duction), proportional to the rate of change of the
magnetic field induction in the sample, the modulus of
which is equal to:

do dB

E=n,—=n,5—

dr dr

where S is the cross-sectional area of the core, ® = BS

is the magnetic flux through each turn. From (7), it

follows that to determine the induction B, it is neces-

sary to integrate the EMF in the secondary winding of
the test sample over time:

; (7

1
B=——|e¢&dt. 8
mj (8)

To perform this operation, a simple integrating RC
circuit is used in the setup scheme. It consists of a re-
sistor with resistance R, and a capacitor with capacit-
ance C connected in series.

The voltage across the entire RC circuit is ¢; the
output signal is the voltage across the capacitor
U, = U.. This signal from the capacitor is fed to the
input of the vertical sweep amplifier of the oscillos-
cope (see Fig. 1). Integration will be achieved pro-
vided that U, < Uy, (i.e., U; < ¢), which is fulfilled
if the active resistance R, is much greater than the ca-
pacitor C resistance to the alternating current, i.e.
Ry > 1/(wC) (in this work, the required inequality is

satisfied). In this case, the secondary winding current
is determined only by the value of the resistance R,:

e
I ~—. 9
e ©)

The voltage across a capacitor is determined by its
charge U. = ¢ / C, and the charge q can be calculated
by integrating the current /, over time. Thus, taking
into account (7):

3 1 _nS ¢dB,
Uy—UC—EIIZdt— J.Edt— B.  (10)

n,S
CR, CR,
which is what was required to be proven.

Considering that the vertical beam deflection y is
proportional to the voltage U, (formula (2)), we trans-

form (10) to the form:

B=my, (11)
where
R2Cay
m = 12
— (12)

is the Y-axis scale, which allows the corresponding
value of the magnetic field induction B to be calcu-
lated from the measured vertical beam deflection .

When alternating voltages of the same frequency
are simultaneously applied to the X and Y inputs of the
oscilloscope, one of voltages is proportional to the
field strength in the transformer core (U, ~ H), and the
other to the magnetic field induction (U, ~ B), the os-
cilloscope screen displays the dynamic dependence
B(H), i.e., a hysteresis loop.

Characteristics of the training setup.

* Input voltage range of the AC magnetizing
winding: 0-20 V.

* Input voltage frequency for hysteresis observa-
tion: 3.7 kHz.

* Dimensions (L x W x H): 414 x 189 x 156 mm.

» Weight: 3.5 kg.

* Ferrite core 1: B64290-L638-X35 (material T35
Mn-Zn, dimensions d22 x d13 X 6 mm).

 Ferrite core 2: M6000NM (material Ni-Zn, di-
mensions d45 x d28 x 4 mm).

TEST RESULTS

A UNIT UTGI1005A waveform generator and
a UNIT UTD2025CL oscilloscope were used as mea-
suring instruments in the test rig with ferrite core 2.

The following characteristics of the ferromagnetic
material were obtained: H, = 3.6 A/m; B, = 48 mT;
B, =200 mT; gmx = 10000. The experimental graph



of magnetic permeability versus magnetic field
strength is shown in Fig. 3.

Fig. 3. Dependence of magnetic permeability on
magnetic field strength

REMOTE WORK

Software was developed to enable remote work. To
perform the lab work remotely, one needs a video
conferencing application and an application for re-
mote access and computer control (or an application
that implements both of these functions). In this de-
scription, we consider working with Microsoft Teams.

Before starting work, the instructor (or lab assis-
tant) turns on all the lab equipment, the video camera,
and the computer connected to the lab. The computer
provides startup of MS Teams and the remote control
program for the "Hysteresis of a ferromagnet" lab (he-
reinafter, we will refer to this program as "Hystere-
sis"). The program interface largely replicates the in-
terface of the lab equipment and allows for full com-
puter control. The generator control interface is lo-
cated in the upper left part of the program window,
the image window from the video camera recording
the lab equipment in real time is in the upper right
part, and the oscilloscope control interface is located
at the bottom.

The oscilloscope and generator are controlled in
the program window using the computer mouse. Left-
clicking a button (LCB) on the virtual oscilloscope or
generator in the program window replicates a physical
click on the button on the actual oscilloscope or gene-
rator. It's worth noting that after left-clicking any of
the oscilloscope control buttons, physical control of
the actual oscilloscope is locked (i.e., the actual oscil-
loscope stops responding to any button presses on the
control panel). To unlock the physical oscilloscope
controls, one should click the unlock icon (lock) on
the virtual oscilloscope in the program window by
LCB. The difference between the virtual generator
control panel and the physical generator control panel
is that the multifunctional toggle knob and directional
arrow buttons are located in the same area of the vir-
tual control panel (in the upper right corner of the
panel). A dark virtual control screen for an oscillos-
cope or generator in the program window and
a crossed-out USB symbol (for a generator, this USB
symbol is located in the lower left corner of its panel;
for an oscilloscope, it's at the very bottom (approx-
imately in the middle) of its panel) mean that the con-
nection between the oscilloscope or generator and the
computer is not established (either the corresponding

device is turned off or there is no USB connection
between the device and the computer).

PRACTICAL APPLICATIONS

As is well known, ferromagnets (and ferrites,
a subclass of them) are widely used in modern tech-
nology. Here are some applications for T35 ferrite.

1. Magnetic heads for analog audio recording (an
obsolete but historically important use).

2. DC-bias chokes (filter chokes in power electron-
ics).

3. Pulse and broadband transformers.

4. Antennas for the magnetic component of the EM
field (radio reception, measurements).

5. Soft magnetic sensor elements (e.g., in flux-
gates).

Let's look at the last application in more detail.
A fluxgate is an active sensor that doesn't measure the
field directly but converts it into an electrical signal
using the unique properties of T35 ferrite. High satu-
ration induction and low hysteresis losses allow the
core to be effectively and distortion-free saturated by
a high-frequency alternating field, which is the operat-
ing principle of a fluxgate. It is the combination of
low u and high B, that gives T35 its steep nonlinear
magnetization characteristic, which drives the flux-
gate's operation. The design of such a fluxgate is fun-
damentally no different from the design of our setup
(except that a rod must be used instead of a ring). Its
operating principle can be described as cyclic satura-
tion:

* the current in the excitation winding creates a
strong alternating field H._s in the core;

» this field is so strong that it puts the T35 core into
a state of magnetic saturation twice per cycle (at the
positive and negative peaks).

This occurs even without any external field. Sup-
pose we want to measure a weak constant or low-
frequency field (for example, geomagnetic). This field
H,em 1 added to the excitation field H...5. Due to
nonlinearity (the rectangularity of the loop), this addi-
tion disrupts the symmetry of the magnetization rever-
sal  process. Saturation now occurs non-
simultaneously in the positive and negative half-
waves. If Hyen 1S aligned with H_,..6, saturation will
occur earlier. If it is directed oppositely, it will occur
later. Thus, a weak constant field causes a time shift
(phase shift) in the moments of saturation.

As a result, an EMF proportional to the rate of
change of induction (dB/df) is induced in the measur-
ing winding. The signal in this EMF is the derivative
of the distorted B(f) curve. The B(f) curve, symme-
trical without an external field, contains only odd
harmonics of the fundamental excitation frequency in
its spectrum. When H,,, appears and symmetry is



broken in the signal spectrum, an even harmonic, pri-
marily the second, suddenly appears and increases.
The amplitude of this second harmonic is directly
proportional to the magnitude of the measured field
HBHem-

Let's define what fields the T35 fluxgate can
measure. A fluxgate is an instrument for measuring
the magnetic induction vector, or more specifically, its
component along the core axis. Due to the nature of
the field, it can measure the following types of fields:

Constant magnetic fields (DC). Main applications:
e geomagnetic field (~50 uT);
e permanent magnet fields;
e man-made constant fields.

Low-frequency alternating fields (AC) from frac-
tions of a Hz to several kHz:
¢ industrial power lines (50/60 Hz);
e biomagnetic fields (heart —
brain — up to 100 Hz).

In terms of magnitude (strength measurement
range), the T35 fluxgate is particularly suitable for
weak and ultra-weak fields:

e lower limit: determined by the inherent noise
and circuit stability (from 0.01-0.1 nT) for precision
laboratory instruments;

e upper limit: determined by the linearity of the
response and ultimately by the saturation induction By
of the T35 (usually up to 0.1-1 mT); for stronger
fields, the design is modified.

1-40 Hz,

We will point out some specific applications where
our setup can be used after being customized for
a specific task.

1. Geophysics and exploration:

e magnetic exploration (search for ore bodies
and archaeological sites);

e measurement of the Earth's magnetic field
(observatory magnetometers);

e marine and aeromagnetic surveys.

2. Space exploration:
e magnetometers on satellites and space probes
to study planetary magnetic fields and solar wind.

3. Scientific research:

e measurement of weak fields in physics expe-
riments;

e magnetocardiography and magnetoencephalo-
graphy (in these areas, fluxgates have been largely
replaced by SQUID, but are still used in simpler sys-
tems).

4. Non-destructive testing:
e detection of defects in ferromagnetic materials
by magnetic field distortion.

CONCLUSION

This article describes the work being conducted at
the Physics Department of Peter the Great St. Peters-
burg Polytechnic University to create a modern phys-
ics practical course for future engineers. One of the
projects is highlighted and features modern applica-
tions of physical effects and phenomena in engineer-
ing. The setups are equipped with digital instruments
and can be replicated, as design documentation has
been developed for them. Recent experience has
shown that circumstances may limit students’ access
to the laboratory. Therefore, we have provided a re-
mote control mode for the setups, which is not the
primary but possible. Clearly, under normal circums-
tances, remote control can be the primary mode for
sedentary students and distance-learning students. It is
important to emphasize that this is a real experiment,
conducted by students, and not a computer simulation.
Thus, based on the experience of this work, an educa-
tional laboratory can be created that corresponds to
the spirit of the present time, in which students and
teachers can, in addition to training, work on the crea-
tion of devices that are in demand in many areas of
modern technology.



