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AHOTAIIA

Irnatiok €.C. JliarHOCTHKA NIMXTOBAHUX MarHiTOMPOBO/IIB €IEKTPUYHUX MAIIUH
IIpY BUCOKOYACTOTHUX BIUTMBaX. — KBamidikariiina HayKkoBa Mpaiist Ha paBax pyKOIHCY.

Huceprariss Ha 3400yTTS HAyKOBOTO CTyIeHsS JokTopa ¢imocodii 3a
cnemianpHicTIO 141 — EnekrpoeHepreTrvka, €leKTPOTEXHIKA Ta EJIEKTPOMEXaHIKa —
HamionaneHuii TexHiuHMA yHIBepcuTeT YKpainu « KUIBChKUN MOMITEXHIYHUN 1HCTUTYT
imeH1 Iropst Cikopebkoro» MOH VYkpainu, Kuis, 2023.

Hucepramiitia po0OoTa MNPUCBSIYCHA MIABUINECHHIO  HAAIMHOCTI  PoOOTH
CJICKTPUYHUX MAIIUH 3 PI3HUM PIBHEM BIIIPAIIbOBAHOCTI iX PO3PaXyHKOBOI'O PECYpPCY
HUIIXOM pO3pOOKHU Ta BOPOBAPKEHHS €(PEKTUBHUX MAJI03aTPATHUX METOIIB 11arHOCTUKH
IIMXTOBAHUX OCEP.lb, 30KpPEMa OILIIHKKA SIKOCTI MDKJIMCTOBOI 130J511i Ta CTaHy
MIPECYBaHHS MAaKeTy B €NEKTPUYHUX JBUTYHAX 3arajbHOTO MPU3HAYEHHS Ta HAJaHHIO
O0OrpyHTOBaHUX PEKOMEH/IALIIN M0 X MOJANbIIIA eKCIUTyaTallli.

Y nepmoMy po3aili  OonMcaHO BIUIMB TEXHOJOTIYHMX  (DaKTOpIB  Ha
XapaKTEPUCTUKU IIUXTOBAHMX MArHITOMPOBO/IB €JIEKTPUYHUX MAIIUH Ta OIS
ICHYIOUMX METOJIB JIIarHOCTHKU CTaHY MDKJIMCTOBOI 130JISIi1 Ta PiBHS PO3IyLIEHOCTI
nakety. HaBegeHo npuunHy BUHUKHEHHS Je()EKTIB y MUXTOBAHUX MAarHiTOMPOBOJAX B
npoiieci BUpOOHMIITBA Ta peMOHTY. [loka3aHo aHasi3 ICHYIOUMX METOIB J1arHOCTUKHU
CTaHy SIKOCTI JIaMiHOBaHHUX OCEpllb, IO BHUKOPHUCTOBYIOTHCS IS BHSIBICHHS
MOIIKO/PKEHb Ta MOXIJIMBOTO TMPOTHO3YBaHHS Buxony 3 jamxy EM. IlpoananizoBano
OCHOBH1 BUJIU J€(DEKTIB, 1[0 MOKYTh BUHHUKATH B MarHITONPOBOAAX, HACIIIKH 1X BILIUBY
Ha 3arajbHUM 1 MICIIEBUH CTaH MAarHiTONPOBOIY, a TaKOXX Ha POOOTY EJIEeKTPUYHOI
MAaIllMHU B IIJIoMy. bibill 1eTansHO OMMCaHO BATMETPOBHUI METOJ A1arHOCTUKU, METO/T
TEIJIOBI31MTHOTO KOHTPOJIIO Ta BIOPOAKYCTUYHI METOAM JIarHOCTUKH MAarHiTOINPOBOIIB
EM sx nHaitbinbm iHGOpMATUBHI Ta TPHUJIATHI A0 CTBOPEHHS CHUCTEMU KOMIUIEKCHOT
T1arHOCTHKY IUXTOBAHUX OCEP/Ib.

Y napyromy posaiai mnpenacraBieHo (i3WYHI OCHOBM 3B’SI3KYy IMapaMeTpiB
BHCOKOYACTOTHHX TIEPEXITHUX TMPOIECIB 3 NUTOMHMH BTpaTaMH B IIMXTOBAaHUX

MarHiTONpoOBOJaX, MPUBEACHO OMUC METOIY OIIHKH SIKOCT1 JJAMIHOBAaHUX OCEP/ib, 1110



0a3yeTbcs Ha peakilli BUMIPOOYBAHOTO MarHiTOMPOBOY HA IMIBUIAKOIUIMHHI 1HIYKIIMHI
BILJTUBHU.

Hagani cTaTucTH4YHI OIIHKY 3B’SI3KYy MapaMeTpiB IIBHAKOIUIMHHUX 1HAYKLIIHHUX
IpOLIECIB B MAar”iTONPOBOJAlI 3 BTpaTaMd Ha MEpeMarHiyyBaHHS MpPU IPOMHUCIOBUX
JacToTax.

[IpoBeneHo cCTaTHUCTUYHUI aHami3 EKCIEePUMEHTIB, M0 OyiaM BHUKOHaHI
BHCOKOYACTOTHUM IHIYKUIMHUM METOJOM, IO AOCHIDKEHHIO (DaKTHYHOTO CTaHy
O6e3nedexTHX Ta Ae()EeKTHHX IIMXTOBAHMX MArHITOMPOBOJIB PI3HOT T€OMETPUUHOI
KOHCTPYKIIii, HOTY>KHOCTI Ta MOJIOCHOCTI.

Busznauena perpeciiiHa 3aJIe:KHICTh Ta MPUBEJICHI JOBIpYl 1HTEPBAIH ISl OI[IHKH
TOYHOCTI JIIarHOCTUYHUX MapameTpiB, 110 BUMIPIOIOTHCS. BU3HAUEHO YOTHPHU CTyHEeHs
nedheKTHOCTI MarHiTOMPOBO/IB Ta BIMOBIIHI MEXI1 I1arHOCTUYHHUX MTapaMeTpiB.

BcTaHOBIIEHO 3HAYHY KOPENALi0 MK MUTOMUMHU BTpaTaMH B MarHiTONPOBOI
P1 0550 Ta 3araJIbHUMU MarHITHUMU BTpaTaMu Ta TeMIEpaTrypaMu B 0OMOTKax B 310paHUX
1 TIPAIfIOI0YMX MalIMHaX PI3HOI MOTYKHOCTI Ta reoMeTpii MarHitonpoBoay. [lokazano,
o0 B pe3yjbTaTl BCTAHOBJICHHSA AIarHOCTUYHUX MapaMeTpiB 1 IMOB’A3aHUX 3 HUMH
MUTOMUX BTPAT B OCEPISAX HEOOXITHO MPOBOIUTH TMICISIPEMOHTHY MACHOPTU3ALIIO
MamMHd 3 OOIPYHTOBAaHMM 3MCHIICHHSM HABAaHTAKCHHS JUIsI  3a0€3MeUYCHHS
PO3PaxyHKOBOTO pecypcy poOoTH.

Hanani pekomenaariii mo 3MiHi HOMiHaJIbHO1 TOTY>KHOCTI MAIlIMHK B 3aJICKHOCTI
B1J1 piBHS Je()EKTHOCTI 3aCTOCOBAHOTO B Hiil MAarHITOMPOBOTY.

TpeTiii po3aij NpuCBIYECHUN MATEMATUYHOMY MOJEIIOBAaHHIO BUCOKOYAaCTOTHOTO
MIPOIIECIB MO 3aMPONOHOBAHOMY 1HAYKIIITHOMY METOMY KOHTPOJIIO SIKOCTI IIMXTOBAHUX
MarHiTOTPOBOIB E€ICKTPUYHMX MAIIWH 3arajpbHOro mnpu3HadeHHs. OmnmcaHo Ta
OoOTpyHTOBaHO TapameTpu Oe3aedeKTHOro MarHiTompoBody. IIpoBeaeHo mosboBE Ta
MaTeMaTUYHE MOJICJIIOBaHHS JIePeKTHUX Ta Oe3neeKTHUX TaKeTiB JIUCTIB
eJIEKTPOTEXHIYHOI cTaii B mporpaMHoMy cepenoBuiiii COMSOL Multiphysics.

byno mpoanamizoBaHO BIUIMB PO3BUHYTOCTI Je(EKTIB MarHiTOMPOBO/IB,
OB’ SI3aHUX 3 MUTOMUMH BTpaTaM{ Ha BUXPOBI CTPYMH IILIIXOM MOJEITIOBAHHS 3MiHU

CJEKTPUYHOI TPOBIMHOCTI Marepiaxy CTami, 30UIbIIEHHSAM TOBIIMHU  JIUCTIB
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Mar”iTONpOBOAY Ta YTBOPEHHSM TMapa3sUTHUX KOHTYPIB BUXPOBHUX CTPYyMIB, MIO
BIJIMOBIAAIOTH JIOKAJIBHUM 1 IHTETpajIbHUM JedekTaM. JIokanbHi 1e)eKTH MOIeTIOBAIUChH
[UIIXOM METajJeBOr0 3aMHUKaHHS CYCIOHIX IJIaCTHH, a IHTerpaibHi JedeKTd —
30UIBIIIEHHSM MIKJIMCTOBOI MOMEPEYHOI €JIEKTPUYHOI MPOBITHOCTI MaKeTy

@®i3uYHO Ta MaTeMaTHYHO OIMUCAHO MPOIECH, IO MPOTIKAIOTh Ha MPHUKIAMIIL
YMOBHOTO IIMXTOBaHOTO TmakeTy 3 10 mmactuH ToBmmMHOK (,5MM, IO MOTIM
EKCIICPUMEHTAJILHO JIOCTIKYBABCS TPU  (PI3MYHOMY MOJICNIIOBAHHI 1HTETPaIbHUX 1
JOKaJIbHUX Je(eKTiB. Pe3ynbraTé MOAENIOBaHHS Ta €KCIIEPUMEHTAIBHUX JOCTIIKEHb
MOKa3aJld XOpolly 301KHICTh, fka He nepeBuiye 10% Mo OwiHIl 3arajJibHUX BTpAT B
MarHiTOMpOBO/1 3TAHO 3aMPONOHOBAHOTO 1IHIYKIIHHOTO MeToy. [1o oTpuManux naHux
OyJI0O CTBOPEHO IMOJBOBY MaTeMaTW4yHy Mojelib B mporpamHomy mnaketi COMSOL
Multiphysics. Bymo mpoBeaeHo MaTeMaTHYHE MOJCIIOBAHHS Ta EKCIEPUMEHTAJIbHI
nocimipkeHHs: MarHitonpoony 4A90L4Y3. Ilo pe3ynbraraM MOJETIOBaHHS Ta
€KCIIEpUMEHTAJIbHUX JIOCHIPKEHb OyJd 3alpONOHOBAaHI JIarHOCTUYHI O3HAKW IS
OI[IHKKA MarHiTOMPOBO/IB PI3HOTO CTYTNEHIO A€PEKTHOCTI MI>KJIMCTOBOI 130JIA1I1].

Byno npoBeaeHO MOCIHIKEHHS BIUIMBY JOKAJIBHOIO N€()EKTYy MArHITONPOBOIY B
3youeBii 30Hi guryHa AIP100L4Y3 B 3i0paHiii MamwuHI 3 3aKJIaJCHUMH
TepMOJaTYNKaMH B AePEeKTHUX Ta Oe3nedeKTHNX yacTuHaX mamuHd. [1o pesynprarax
PO3paxyHKy IO CTBOPEHHUX TEIUIOBHUX CXEMaX 3aMIIICHHS i BUMIPSHUM TeMIlepaTypam
npu poOoTi 310paHOoi MamuHU OyJiIM OIIHEH1 JIOKajdbHI BTpaTH B JAChEKTHHX Ta
O0e3neeKTHUX 30HAX, a TaKOXX TeMIlepaTypd B OOMOTKax, 110 Oylid YKIaJAeHl B
nedexktHux 1 Oe3medexTHrx wactuHax. OriHeHa HeOe3NeKa JOKaJIbHUX JIe(eKTiB
3y0I11€BOT 30HM B MarHiTOMPOBOJIAX, 1[0 MOYKE MIPUBECTHU J0 BUXOAY 3 JIaTy MI>KBUTKOBOT
130141111 YaCTUHU OOMOTKH, 5IKa 3HAXOAUTHCS B Ta3aX MiX JIePEKTHUMU 3yOLISIMHU.

Y dJeTrBepTOMY PpO31iJli ONMHWCAaHO METOJ OIlIHKK SKOCTI IIMXTOBAHHUX
MarHiTONPOBOAIB MO CTaHy MDKJIMCTOBOI 130JISII[i1 Ta PIBHS PO3MYLIEHOCTI JIMCTIB
MarHiTonpoBoay. MeTon [03BoJISE OOIPYHTYBaTH PEKOMEHJAAIi IO MOJaIbIIOMY
BUKOPUCTAHHIO OCEpIs IO pe3yJibTaTax aHami3y JIarHOCTUYHUX BIUIMBIB TPHU
OJIHOYaCHOMY BHUKOPHUCTaHHI MIBUIKOIUIMHHUX I1HAYKIIWHUX BIUIMBIB Ta YJIApHOTO

BiOpaIifHOTO BILJIMBY MPHU CITIBBITHONICHH] JI(EKTIB PI3HOTO MOXOKEHHS.
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byno posrisHyTo sabopaTopHi 3pa3ku 1H(QOpMaIiiHO-BUMIPIOBAIBHOI CUCTEMU
(IBC) mgiarHOCTUKH HIMXTOBAHUX MArHITONMPOBO/IIB PI3HOTO CTaHy MPECYBAHHS, K1 OyiIH
EKCIIEPUMEHTAJIbHO TEepeBIpEH] MPH BUKOHAHHI BIAMOBIIHUX AOCHiKeHb. HaBemeHo
CTPYKTYpHI CXE€MH, OIHMCAHO aJITOPUTMH POOOTH, CTPYKTYpy Ta OCHOBHI (DYHKITIT
MPOrpaMHOTo 3a0€3MeUeHHs, 0 BXOAUTH 0 cKiagay po3pobnenux IBC.

[IpoBeneHo HH3KY eKCIIEpUMEHTIB Ha JaboparopHid 0asi  IHcTHUTYyTY
enexkrpoauHaMmiky HAHY m.Kwuis.

OmnucaHo 1 MOKa3aHO MO€AHAHHSA €KCIIEPUMEHTIB 3 OJJHOYACHUM 1HAYKIIHHUM Ta
BIOpOAKYCTHUHHUMHU BIUTMBaMU. BH3HAUY€HO TpU OCHOBHI PEKOMEHIallli 0 pe3ysibTaTaM
3aMpONOHOBAHOI0 KOMITJIEKCHOTO METO/TY OL[IHKH SIKOCT1 IIIMXTOBAaHUX MarHiTOIPOBO/IIB.

II’saTuid po3ais onucye CTPYKTYpHI Ta (YHKLIOHATIBHI CXEMH JOCIITHOTO MAKETy
JUIA JTOCHIJDKEHHS CTaHy SKOCTI IIMXTOBAHOIO MAarHiTOIPOBOAY BHCOKOYAaCTOTHUM
IHAYKIIHHUM ~ MeTojioM.  (DyHKI[IOHAJIbHA  CXe€Ma  CKJIQJa€ThCid  TE€HEepaTopy
CHUHYCOITaIbHUX OJUBAaHb BHCOKOI YaCTOTH, OJIOKY CHJIOBHX KIIOYiB Ha TOJIBOBUX
TpaH3UCTOPaX, OJOKY >KUBJICHHS Ta 070Ky 0OpoOKkH Ta aHamiizy iHpopMarii. CTpykTypa
BUMIPIOBaJIbHO-/IIarHOCTUYHOI CUCTEMHU BKJIIOYAE CUJIOBY 1 BUMIPIOBAJIBHY YaCTHHY, K1
MOB’sI3aH1 1HAYKIIHHUM TUIIXOM 4epe3 00’€KT KOHTPOJII0 Ha SIKOMY DPO3TalllOBaHO
OOMOTKY 30yI’KEHHS Ta BHUMIPIOBAJIbHY OOMOTKY. MPHUCTPIM JO3BOJISIE BHUKOHYBATH
MEPEBIPKY SAKOCTI MIKIMCTOBOI 130JisL1i OcCepAs €JIEKTPUYHMX MAIMH Majioi Ta
CepelHbOi TOTYXKHICTI (00’€KTiB) 0O€3 3aCTOCYBaHHS JIOJATKOBUX BHUMIPIOBAILHUX
MIPUIIAJIIB.

[Tokazani ocuumorpamu 6e371eheKTHUX Ta Ie(PEeKTHUX MAarHITOIPOBO/IIB, IO OYyITU
OTpUMaH1 JOCIITHUM IUISXOM Ipu BuUOpaHux TecToBuX yacrorax 10kl 1 1xI'm Ta
BIJIMOBIJIHI iM aMIUNTYJud Halpyr Ha KOHTPOJIbHIM OOMOTII, BIJHOIIECHHS SKHX,
J03BOJISIFOTh BU3HAUUTHU A1arHOCTHYHUHN KoediuieHT K, sikuil moka3zye Mexi MUTOMHUX
BTpat npu B1,0/50.

BumiproBanHst aiarHocTudHOTO KoedimieHTy Kam 3a J0moMoror CTBOPEHOTO
MaKeTy JI03BOJISE€ OLIHUTH BTPAaTH B MarHiTOMPOBOAI PI3HOTO PiBHSA N€PEKTHOCTI s

YOTUPHOX BUIMA/IKIB:



1) 3enenuit KoJip — MIUTOMI BTpaTH B MarHiTOIPOBOII HE MEePEBUIIYIOTh 4 BT/KT.
Bianogingae sskicHOMy MarHiTOIpoOBOY.

2) JKoBTW# KOJip — MUTOMI BTPAaTH B MAarHiTONPOBOMAI CTaHOBIATH Bix 4 10 8
B1/kr. MarniTonpoBia mnepiioro cryneHr naedextHocti. Ilpu #Horo BHKOpHCTaHHI
MOTPEOYETTHCS KOPEKITisl MACMOPTHHUX JaHKUX 310paHOTO HA OTO OCHOBI JBUTYHA.

3) OpamkeBui KOJip — TUTOMI BTPATH B MarHiTOMPOBO/Ii CTAHOBJIATH Bijx 8 10 12
Bt/kr. BianoBimae MarsiTonpoBody JIpyroro crymneHro jaedextHocti. Ilpu #oro
BUKOPHCTaHHI MMOTPEOYETHCS CYTTEBA 3MiHA TTACTIOPTY Ta MEPETIIST PEKUMY POOOTH.

4) YepBoHuUM KOJIp — MUTOMI BTpaTH B MarHiTONPOBO/I CTAHOBJIATH OibIine 12
Bt/kr. Bignosigae mar"itTonpoBoay aBapiiiHoro crany. PexomenayeTbes BiiOpaKyBaTH
MarHiTOIpPOBI/I.

HaykoBa HOBHM3HA oOjep:KaHUX Ppe3yJbTATIB B JOCIIDKEHHI TMOJSITae y
HACTyITHOMY:

- 3anpornoHOBAaHO THAYKIIMHUN METOJI KOHTPOJIIO SIKOCTI MIXKJIMCTOBO1 13011111
JaMIHOBAaHUX MAarHITONPOBOIB, SKWH Ha BIAMIHY BiJ ICHYIOYHMX, IOOYIOBaHHMI Ha
MPUHIUII MOPIBHSAHHS PEaKIii IUIAX1B 3aMUKAHHS BUXPOBUX CTPYMIB IIPH HASIBHOCTI Ta
BIJICYTHOCTI Je(eKTiB Ha MIBUAKOIUIMHHI TMPOIECH PI3HOI YacCTOTH B IHIYKIIMHO
OB’ SI3aHUX KOHTYpax 30y/KYI0UY01 Ta KOHTPOJIBHOI OOMOTKH.

- BpaockonanieHo yucenbHY TOJIbOBY MAaTEMAaTHYHY MOJEbh HMIBUIKOILTHHHUX
MIPOIIECIB B IIMXTOBAHOMY MAarHiTHOMY OCEp/ii, SIka Ha BiJIMIHY BiJl ICHyIOUMX BPaxoBYe€
HEJIIHIMHI BJIACTUBOCTI MArHITHUX MaTepiaiiB Ta SBUILE FCTEPE3UCY MPU 3MiHI YACTOTH
nepeMarHiayBaHHs.

- Bnepie po3po6seHo MaTeMaTUyHy MOJIEITb, IKa BU3HAYAE 3B’ 130K MapaMeTpiB
BHCOKOYACTOTHHX IIPOIIECIB B BUIPOOYBAaHWX MATHITHHX OCEpPAAX 3 iX MUTOMHUMH
BTpaTaMd B 3MIHHUX MArHITHUX TIOJSX TIPOMHUCIOBOI YacTOTH Ta IHIYKITIAX,
PEKOMEHIOBAaHUX /10 HOPMATUBHUX BUNPOOYBaHb Ta OJM3bKUX 10 IHAYKI1NA MpU poOOTI
CICKTPUYHUX MAIIHH,

- OOIpyHTOBaHO HOBY METOJHWKY BH3HAYEHHS CTYICHS IOIIKOKCHHS

MDKJIUCTOBOI 130JISII[i1 IIMXTOBAHUX MArHITOMPOBOAIB €JIEKTPUYHUX MAIIUH [pHU



HAsIBHOCTI 1HTETPaJIbHUX 1 JIOKAJbHUX JIe(PEKTIB 3 MOJAIBIIMMH PEKOMEHIAIISIMUA 10
B110paKkiBKH MarHiTOIPOBO/IIB.

- Ha 0a3i moOyJ0BaHWX MaTEMaTHYHUX MOJENeH TEOPETUYHO OOIPYHTOBAHO
MO>KJIMBI J1arHOCTUYH1 O3HAKH IIMXTOBAHUX MArHiTONMPOBO/IIB €JIEKTPUYHUX MAIIHH, SKi
OpIEHTOBAaHI Ha BHUKOPUCTAHHS yAAapHOrO BIOPALIMHOTO CHUTHAIY 3 OJHOYACHUM
€JIEKTPOMArHiTHUM KOMYTAIliHHUM BILUIHBOM.

OTpumaHni pe3ynbTaTi PO3KPUBAIOTHh HOB1 IEPCIIEKTUBU Y BJIOCKOHAJICHH1 HAsIBHUX
METOMIB JIarHOCTUKH MDKJIMCTOBOI 1301l B INMXTOBAaHUX MAarHITONPOBOJAX,
CIIPUSIOYM TIJBUILICHHIO HAIIMHOCTI POOOTH EIEKTPUYHUX MAaIIWH Ta 30UIbIICHHS
TEePMiHYy €KCIUTyaTallii.

Kuro4oBi cj10Ba: aCHHXpPOHHHMM JIBUTYH, aCHHXPOHHUM T€HEPATOP, IMUXTOBAHUN
MarHiTOMpOBiJl, TEXHIYHUWA CTaH, JedeKkT, Temmeparypa, TeIJIoBa EHEepris,
€JIEKTPOMArHITHE M0JIe, MarHiTHa 1HAYKIIiS, pO3MOALT BUXPOBUX CTPYMIB, iHQOpMAILIiiTH1
CUTHaJIH, BIOpOAIarHOCTUKA, MIKJIMCTOBA 130JISI111s1, IIarHOCTUKA, CUCTEMA J1arHOCTUKH,
CJICKTPOTEXHIYHE O0JIaJIHaHHs, IM0JbOBAa MaTeMaTH4YHA MOJENb, BHCOKa YacToTa,
B1OpaiiiHi 3yCUIIA, pO3MYLIyBaHHS JIMCTIB MArHITOIIPOBOY, BTPATH B MArHITOIPOBO/II,
BTpaTH Ha BUXPOBI CTPYMHU, BTPATH HA TiCTEPE3UC, BUCOKOYACTOTHI BIUTMBH, IHTETPaTIbHI
Ta JOKanbHI JAePEeKTH, BHUCOKOYACTOTHHUWA TEHEpaTop, TEIUIOBI CXEMHU 3aMIILECHHS,
MIKPOKOHTPOJIEP, IHAUKATOPHUI MOAYJIb, TEIJIOBI3IMHUI aHa13, aHAJIOrOBO-UU(PPOBUIA
MEePETBOPIOBAY, JIIATHOCTUYHUM MTapaMeTp.
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ABSTRACT

Ihnatiuk Y.S. Diagnostics of magnetic cores of electric machines under high-
frequency influences. — Qualifying scientific work on manuscript rights.

Dissertation for the degree of Doctor of Philosophy in specialty 141 - Electric
power, electrical engineering and electromechanics - National Technical University of
Ukraine "lhor Sikorsky Kyiv Polytechnic Institute” MES of Ukraine, Kyiv, 2023.

The dissertation is focused on solving the problem of diagnosing the condition of
laminated cores and the quality of inter-sheet insulation in general-purpose electric
machines. The work focuses on the development and implementation of an effective
methodology that provides a comprehensive assessment of the state of the EM magnetic
core of general purpose.

The first chapter describes the influence of technological factors on the
characteristics of laminated magnetic cores of electric machines and an overview of
existing methods for diagnosing the state of the inter-sheet insulation and the level of
looseness of the package. The reasons for the occurrence of defects in laminated magnetic
cocores during the production and repair process are given. The analysis of the existing
methods of diagnosing the state of the quality of laminated cores, which are used to detect
damage and possible prediction of EM failure, is shown. The main types of defects that
can occur in magnetic cores, the consequences of their influence on the general and local
condition of the magnetic core, as well as on the operation of the electric machine as a
whole, are analyzed. The wattmeter method of diagnosis, the method of thermal imaging
control, and the vibroacoustic methods of diagnosing EM magnetic cores are described
in more detail as the most informative and suitable for creating a system of complex
diagnostics of laminated cores.

The second chapter presents the physical basis of the connection between the
parameters of high-frequency transient processes and the specific losses in laminated
magnetic cores, and describes the method of evaluating the quality of laminated cores,
which is based on the reaction of the tested magnetic core to fast-moving induction

influences.
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Statistical estimates of the relationship between the parameters of fast-moving
induction processes in the magnetic core and losses due to remagnetization at industrial
frequencies are given.

A statistical analysis of the experiments performed by the high-frequency induction
method was carried out to investigate the actual state of defect-free and defective
laminated magnetic cores of different geometric designs, power and polarity.

The regression dependence is determined and confidence intervals are given for
assessing the accuracy of the measured diagnostic parameters. Four degrees of
defectiveness of magnetic cores and corresponding limits of diagnostic parameters are
defined.

A significant correlation was established between the specific losses in the Py g0
magnetic core and the total magnetic losses and temperatures in the windings in
assembled and working machines of different power and magnetic core geometry. It is
shown that as a result of establishing the diagnostic parameters and related specific losses
in the cores, it is necessary to carry out post-repair certification of the machine with a
justified reduction of the load to ensure the estimated work resource.

Recommendations are provided for changing the nominal power of the machine
depending on the level of defectiveness of the magnetic core used in it.

The third section is devoted to the mathematical modeling of high-frequency
processes by the proposed induction method of quality control of laminated magnetic
cores of general-purpose electric machines. The parameters of the defect-free magnetic
core are described and substantiated. Field and mathematical modeling of defective and
defect-free bundles of electrical steel sheets was carried out in the COMSOL
Multiphysics software environment.

The influence of the development of magnetic core defects associated with specific
losses on eddy currents was analyzed by modeling the change in the electrical
conductivity of the steel material, increasing the thickness of the magnetic core sheets,
and the formation of parasitic eddy current contours corresponding to local and integral
defects. Local defects were modeled by metallic shorting of adjacent plates, and integral

defects by increasing the inter-sheet transverse electrical conductivity of the package.
11



The processes taking place are described physically and mathematically on the
example of a conventional batched package of 10 plates with a thickness of 0.5 mm,
which was then experimentally investigated during the physical modeling of integral and
local defects. The results of modeling and experimental studies showed a good
convergence, which does not exceed 10% in the estimation of total losses in the magnetic
core according to the proposed induction method. Based on the obtained data, a field
mathematical model was created in the COMSOL Multiphysics software package.
Mathematical modeling and experimental studies of the 4A90L4U3 magnetic circuit were
carried out. According to the results of modeling and experimental studies, diagnostic
features were proposed for the evaluation of magnetic cores of different degrees of
defectiveness of inter-sheet insulation.

A study of the effect of a local defect in the magnetic core in the gear area of the
AIR100L4U3 motor in the assembled motor with embedded thermal sensors in the
defective and defect-free parts of the machine was carried out. Local losses in defective
and non-defective zones, as well as temperatures in the windings, which were laid in
defective and non-defective parts, were estimated based on the results of the calculation
based on the created thermal substitution schemes and the measured temperatures during
the operation of the assembled motor. The danger of local defects of the toothed area in
the magnetic cores, which can lead to the failure of the interturn insulation of the part of
the winding located in the grooves between the defective teeth, is assessed.

The fourth chapter describes the method of assessing the quality of laminated
magnetic cores based on the state of inter-sheet insulation and the level of loosening of
magnetic core sheets. The method makes it possible to justify recommendations for the
further use of the core based on the results of the analysis of diagnostic effects with the
simultaneous use of fast-moving induction effects and impact vibration effects in the ratio
of defects of various origins.

The laboratory samples of the information and measurement system (IMS) for the
diagnosis of laminated magnetic cores of various pressing conditions were examined,

which were experimentally verified during the performance of relevant studies. The
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structural diagrams are presented, the work algorithms, structure and main functions of
the software included in the developed IBS are described.

A number of experiments were conducted at the laboratory base of the Institute of
Electrodynamics of the National Academy of Sciences of Kyiv.

A combination of experiments with simultaneous induction and vibroacoustic
effects is described and shown. Three main recommendations based on the results of the
proposed comprehensive method of assessing the quality of charged magnetic conductors
have been determined.

The fifth chapter describes the structural and functional schemes of the
experimental layout for researching the state of the quality of the laminated magnetic core
by the high-frequency induction method. The functional scheme consists of a generator
of high-frequency sinusoidal oscillations, a block of power switches on field-effect
transistors, a power supply unit and a block of information processing and analysis. The
structure of the measuring and diagnostic system includes the power and measuring part,
which are connected by induction through the control object on which the excitation
winding and the measuring winding are located. the device allows you to check the quality
of the inter-sheet insulation of the core of small and medium power electric motors
(objects) without the use of additional measuring devices.

Shown are the oscillograms of defect-free and defective magnetic cores obtained
experimentally at the selected test frequencies of 10kHz and 1kHz and the corresponding
voltage amplitudes on the control winding, the ratio of which allows determining the
diagnostic coefficient Kd, which shows the limits of specific losses at B1 oss0.

Measuring the diagnostic coefficient Kd with the help of the created layout makes
it possible to estimate the losses in the magnetic core of different levels of defectivity for
four cases:

1) Green color - specific losses in the magnetic core do not exceed 4 W/kg.
Corresponds to a high-quality magnetic core.

2) Yellow color - specific losses in the magnetic core are from 4 to 8 W/kg.
Magnetic core of the first degree of defect. When using it, it is necessary to correct the

passport data of the motor assembled on its basis.
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3) Orange color - specific losses in the magnetic core are from 8 to 12 W/kg.
Corresponds to the magnetic core of the second degree of defect. When using it, a
significant change in the passport and revision of the work regime is required.

4) Red color — specific losses in the magnetic core are more than 12 W/kg.
Corresponds to the magnetic core of the emergency state. It is recommended to reject the
magnet core.

The scientific novelty of the results obtained in the study is as follows:

- An induction method for quality control of the inter-sheet insulation of laminated
magnetic core is proposed, which, unlike the existing ones, is based on the principle of
comparing the reaction of the eddy current closing paths in the presence and absence of
defects to fast-flowing processes of different frequencies in the induction-connected
circuits of the exciting and control windings.

- The numerical field mathematical model of fast-flowing processes in a laminated
magnetic core has been improved, which, unlike the existing ones, takes into account the
nonlinear properties of magnetic materials and the phenomenon of hysteresis when
changing the frequency of remagnetization.

- For the first time, a mathematical model was developed that determines the
relationship between the parameters of high-frequency processes in the tested magnetic
cores and their specific losses in variable magnetic fields of industrial frequency and
inductions recommended for regulatory tests and close to inductions during the operation
of electric machines.

- A new methodology for determining the degree of damage to the inter-sheet
insulation of laminated magnetic cores of electric machines in the presence of integral
and local defects is substantiated, with further recommendations for the rejection of
magnetic cores.

- on the basis of the constructed mathematical models, the possible diagnostic
features of laminated magnetic cores of electric machines, which are oriented to the use
of a shock vibration signal with a simultaneous electromagnetic switching effect, are

theoretically substantiated.

14



The obtained results reveal new perspectives in improving the available methods
of diagnosing inter-sheet insulation in laminated magnetic cores, contributing to
increasing the reliability of electric machines and increasing their service life.

Keywords: asynchronous motor, asynchronous generator, laminated magnetic
core, technical condition, defect, temperature, thermal energy, electromagnetic field,
magnetic induction, eddy current distribution, information signals, vibration diagnostics,
inter-sheet insulation, diagnostics, diagnostic system, electrical equipment, field
mathematical model, high frequency, vibrational forces, loosening of magnetic core
sheets, magnetic core losses, eddy current losses, hysteresis losses, high-frequency
influences, integral and local defects, high-frequency generator, thermal substitution
circuits, microcontroller, indicator module, thermal imaging analysis, analog-to-digital

converter, diagnostic parameter.
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BCTVYII

AKTYaJbHICTb TeMH. AKTYyaJbHICTh POOOTH TOJISATAE B IIJIBUINCHHI HAIIMHOCTI
CICKTPUYHHUX MAIIWH IIUITXOM YAOCKOHAJICHHS METOJIIB Ta MPUCTPOIB MEPEBIPKU CTaHy
Ta J1arHOCTUKU MIMXTOBAaHUX ocepab EM 3arajibHOro 1 cremialibHOro MpuU3HAYEHHS 3
METOI0 OOTPYHTOBAHOI OIIIHKH 3MIHA POOOYHMX BIACTUBOCTEH B IIIOMY Ta 3 HAJTaHHIM
pEeKOMEHIallli 1Mo MOoAaNbIIii iX ekciutyaramii. J{is BupileHHs i€l 3ama4i moTpioHO
BU3HAYUTH KPUTEPll SKOCTI IMIMXTOBAHMX MarHiTonporoaiB EM, oOrpyHTOBaHOTO
BiJIOpaKyBaHHS OCEp/lb aBapiHOTO CTaHy Ta BU3HAYCHHs MOKA3HUKIB HajiitHOCTI A/l B
IPOIIECl TEXHIYHOTO 0OCITyTOBYBaHHS Ta PEMOHTY.

Jliist BupiteHHs 1€l 3a/1a4ul MOTpiOHO BU3HAYUTH KPUTEPIi SKOCTI MMUXTOBAHUX
MarHiTonpoBoaiB EM, 3 MeTor0 oOrpyHTOBaHOrO BiJOpaKyBaHHS OCEpJib aBapiiHOIO
CTaHy, HaJaHHAd pEKOMEHJAIld MO0 MICIAIPEeMOHTHIM  ekcrutyaramii EM 3
MarHiTONPOBOAOM TMOTIPIIEHOT SKOCTI PI3HOIO PIiBHSA Ta BU3HAYEHHSA ITOKA3HUKIB
HaJiiHOCTI A/l B IIpolieci TEXHIYHOTO 00CIIyrOBYBaHHS Ta PEMOHTY.

Haii6inpm paaukaibHUM CIIOCOOOM MIATPUMAHHS HAJIIMHOI poOOTU OY/b-SIKOTO
€JIEKTPOTEXHIYHOTO KOMIUIEKCY € CBO€YacHa 3aMiHa BIANPALbOBAHHUX BY3JIB, B TOMY
YUCHl 1 €JEKTPUYHUX MAIllMH Ha HOBI. Takui MIAXiJ CIPOINYE CHUCTEMY CEPBICHOTO
00CITyrOBYBaHHSI €JIEKTPUYHHUX MAIITMH B MIPOIIECIB X €KCILTyaTallii, SMEHIIIy€e 3aTpaTH 3a
PaxyHOK BiJIMOBH BiJl CEpEIHIX Ta KaliTaIbHUX PEMOHTIB.

OnHak B 3HAYHIN KIJIBKOCTI BHIAJKIB IIIBHAKA 3aMiHA MOIIKOMHKEHOT MAIlIMHU Ha
HOBY HE 3aBXKIM MOXJMBa a00 CYTTEBO YCKJIaTHEHA 1 CYNpPOBOKYEThCS 3HAYHHUMH
MarepialbHUMU BUTpaTaMu. PillieHHs Mpo 3aMiHy BigOpakoBaHOI MAllTMHU Ha HOBY a00
il peMOHT TNpUIIMAEThCSI 3aMOBHUKOM Ha OCHOBI PEKOMEHJAIii PEMOHTHOTO
M1IITPUEMCTBA.

B neskux Bumagkax peMOHT MallWHU B pa3W JICMIEBITUN HIK 3aMiHa Ha HOBY.
Hanpuxman 3amiHa MajomoTy»XKHOTO OJHO(A3HOTO aCHHXPOHHOTO JBHTYHA B CHCTEMI
Grundfos Sololift Ha HoBuUli 06iiAeThCS B 4-6 pa3iB 10poXkKY€ HIXK MOBHUN KallTaaIbHUN
PEMOHT.

MarsiTonpoBiJi € aKTUBHOI YaCTHHOKIO €JEKTPUYHUX MAIIWH Ta OJIWUH 3

HAaWBAXKJIMBIIIUX BY3JiB, 10 HE MIJIATAIOTh 3aMiHI B TpOIeCi OOCITyroByBaHHS Ta
20



peMoHTy. lloripmieHHss cTaHy IIMXTOBAHOTO OCEPAs BHUKJIMKAE  MiJBUIICHE
TETUIOBUJIJICHHS, BIOpAIlil0 Ta MEXaHIYH1 MOIIKOKEHHS Oocep/b Ta KOHCTpyKIii EM B
iJIOMY .

[lutaHHSAMU ~ JOCHIIPKEHHS  HAJIMHOCTI Ta  €HEPreTHYHOi  e(eKTHUBHOCTI
CICKTPUYHUX MAITUH TPHUCBIYEHO POOOTH BUIATHHUX BITUYM3HSIHUX Ta 3aKOPJAOHHUX
BueHux Takux sk Cuactnusmii ['.I'., Titko O.1., 3aripasax M.B, IIpyc B.B., ®enopenko
I'"M., lllyminos FO.A., BackkoBcrkuit FO.M., llunkapenko B.®., [Tepecana C.M., Pozen
B.IL., bemrra O.C., [lerpymun B.C., Konunos LI1., Paxgin B.1., Minux B.1., Boiitex O.A.,
Pamenkin A.Il., Pogpkin I{.ﬁ., Yopuwuii O.I1., ITonosuy O.M., Bakynenko K.M., [1itorin
B.€., €pmomin H. I1., Xepixin LII., T'omsaoepr O.J., Korenenens H.®., Xenemcrka
C.I1., Peter Tavner, Shahriyar Kaboli, Paolo Giangrande, Vincenzo Madonna, Giampaolo
Buticchi, Keith E. Holbert, Michael Galea, Chris Gerada, He Zhang, Stephen Umans,
Aldo Sorniotti, Ming Cheng, Howard E. Jordan ta inmmux.

He 3Baxkaroum Ha BEJIUMKY KUIBKICTh JOCHDKEHb MNpOOJIeMH HaAIMHOCTI
eKCIUTyaTallii eIeKTPUYHUX MAIlUH 3aHMIIAI0THCS 10 KiHI He BUpimeHuMU. OIHI€0 3
TaKuX MpoOJieM € BIACYTHICTh €()EKTUBHHUX METOJIB Ta amapaTHUX 3ac0o01B 3pYy4HOI,
IIBUJIKOT Ta MAaJlo3aTPaTHOI JIIarHOCTUKH CTaHy IMIWXTOBAHUX MArHITOIPOBOIIB SK
OJIHOTO 3 HAMOLIbII BaXKJIMBUX BY3JIIB €JIEKTPUYHOI MAIIMHU B LIJIOMY.

Mera i 3aBaaHHA JOCJi:KeHHsl. TeopeTMuHe Ta EKCIEPUMEHTAJIbHE
OOTPYHTYBaHHSI MOJKJIMBOCTI BUKOPHCTAHHS IIBUJKOIUIMHHUX  MYJIbTH(PIZUUHUX
MpoLECiB Il KOMIUIEKCHOT TEpeBIpKA  PIBHS  JA€PEKTHOCTI IMXTOBAHUX
MarHiTOMPOBOAIB IIOAO BU3HAYEHHA iX (PAaKTHUYHOTO CTaHy, OOTPYHTOBAHOI OIIHKU
EKCIUTyaTal[lfHUX TapaMeTpiB, XapaKTEPUCTUK CICKTPUUYHUX MAIUH Ta PeKOMEHAAIIN
IO 1X MOJAJbIIINA eKCILTyaTalli.

JInst  TOCSITHEHHSI TIOCTAaBJICHOI METH HEOOXiMHO OyJi0 BUPINIMTH HACTYIHI
3aBJIaHHS:

1. [IpoBecTH aHaii3 ICHYIOUHMX METO[IB Ta 3ac00IB J1arHOCTUKU JIaMIHOBaHUX
ocepab. Busnaunty HaOUBI 1HGOPMATHBHI METOAW NPUIATHI MJII CTBOPCHHS
J1arHOCTUYHO-BUMIPIOBAJILHOI CHUCTEMH JJIi KOMILJIEKCHOT OIIIHKUA SIKOCTI CTaHy

MDKJTUCTOBOT 130JIA1I11 Ta MIITLHOCTI MPECYBaHHS MarHITOMPOBO/IIB;
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2. Hajatu  MOpIBHSUIBHMM ~ aHaii3  3alpONOHOBAHMX  BHCOKOYACTOTHHMX
IHIYKIIIHHUX METOIIB 3 ICHYFOUMMH METOJIaMU TIEPEBIPKU MarHiTOMPOBO/IIB, ITOB’ I3aHUX
3 OIIHKOI0O MUTOMHX BTPAaT B MAarHiTONPOBOI, IO Ha JaHUN Yac € HOPMATHUBHUM
METOJIOM;

3. Po3poOutn mMatemaTnyHy MOJAENb BUCOKOYACTOTHUX 1HAYKIIMHUX TPOIECIB B
IIMXTOBAaHUX  MAarHiTONMPOBOAAX EJIEKTPUYHUX MAaIlUH, IO J03BOJSE aHai3yBaTU
0COOJIMBOCTI MPOTIKAHHS BUXPOBHUX CTPYMIB B SIKICHUX Ta MOIIKO/PKEHUX JJaMIHOBAHHUX
ocepAsiX MpU HAsIBHOCTI JAE(PEKTIB MDKIUCTOBOI 130JIAL1i PI3HOTO TUIY Ta CTYNEHIO B
IIUPOKOMY Jliaria30H1 YaCTOT IIepeMarHiyyBaHHS,;

4. IlpoBecTH CTATUCTHYHY OLIIHKY 3B’S3Ky IapaMmeTpiB IMEPEeXiJTHOTO IMPOLECY,
MOKJIaJICHUMU B OCHOBY 3alpOMOHOBAHOTO METOAY 3 MHUTOMHMH BTpaTaMH B
Mar”iTonpoBogax mpu (iKCOBAaHOMY 3HAYECHHI 1HIYKIIi Ta MPOMMCIIOBIM YacTOTH IS
BEJIMKOI KUIBKOCT1 OCEp/ib pEajbHUX JIBUTYHIB PI3HOI T€OMETPIi Ta MOTYKHOCTI.

5. BuOpatu Ta apantyBaTd HaWOUIbII i1H(MOPMATHUBHY Ta 3pY4YHY CHUCTEMY
BIOpPOJIarHOCTUKU CTaHy IPECYBaHHS MArHITONPOBOJAY NPUIATHY AJs ii MOE€JHAHHS 3
3alpONOHOBAHMMH BHCOKOYACTOTHUMHU IHAYKIIIHHUMH METOJIaMH, SIKa JI03BOJIHTH
HaJaTH OOTPYHTOBAHI PEKOMEHIAIIIT IJIs TOAAJBIIOT €KCIUTyaTallii MarHiTOIPOBOLY;

6. Po3poOuTi MiarHOCTUYHY CHUCTEMY Ta MakKeT TPUCTPOIO OI[IHKK CTaHy
MarHiTONpOBOAIB, IO JO3BOJIUTh ONEPATUBHO BU3HAYUTU CTYIEHI JA€PEKTHOCTI
MarHiTOIPOBO/IIB.

O0'exTOM J0CJIIKEHHS € IMXTOBAaHI MarHiTONPOBOIU €JIEKTPUYHUX MAIUH Ta
arapariB.

IIpeamerom aociazkeHHs € MyJIbTH(13MUHI BUCOKOYACTOTHI €JIEKTPOMArHiTHI Ta
yIapHO-BiOpaIliiiHi MPOIECH B MIMXTOBAHUX MAarHITOMPOBOAAX €JIEKTPUUYHUX MAIIUH Ta
arapariB.

MeToau gociakenb. BupieHHs moctaBieHux y poooTi 3aa4 3A1HCHIOBAIOCS 3
BUKOPUCTAHHSAM: 3arajbHOi TEOpii eJeKTPOMEXaHIYHUX TEPEeTBOPIOBAYIB EHEprii,
METO/IIB MaTeMaTUYHOTO MOJIETIIOBAHHS, B OCHOBI SIKMX JICXKHUTh YHCEJIbHE PO3B’SI3aHHS
HETHIMHUX JU(QEpeHLIMHNX pPIBHAHb, METOAIB TEOpii IUJIAHYBAaHHSA EKCIEPUMEHTY

MaTeMaTUYHOI CTATUCTUKH Ta (PI3MYHOTO MOJIEITIOBAHHS TPH EKCIEPUMEHTAIBHUX
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JOCIIJKEHHSX, BIJIOMUX METOAMK PO3PAXYHKY HIBUJIKOIUIMHHUX €JIEKTPOMArHITHUX
IPOIIECIB METOJIOM CKIHYEHUX €JIEMEHTIB.

HaykoBa HOBH3HA OTPMMAHUX pPe3yJIbLTATIB:

- 3anpomnoHOBaHO IHAYKIIWHUN METOJI KOHTPOJIIO SKOCTI MIKJIMCTOBOT 13011111
JaMIHOBaHMX MAarHITONMPOBOIB, KW Ha BIAMIHY BiJ ICHYIOUMX, MOOYyIOBaHUI Ha
MPUHIINII TTOPIBHSIHHS Peakilii MBUAKOIIMHHUX MPOIECIB Pi3HOI YaCTOTH Ha NUIIXU
3aMUKaHHSA Ta I1HTEHCHMBHOCTh BHXPOBHUX CTPYMIB IIpM HAasSBHOCTI Ta BIJCYTHOCTI
AepEeKTIB MarHiTONMpOBOAY B IHAYKIIHHO TOB’SA3aHUX KOHTypax 30yIKyrouoi Ta
KOHTPOJBHOT OOMOTKH.

- Bmepie 3anpornoHOBaHO METOJI KOMIUJIEKCHOI OIIIHKM SIKOCTI IIMXTOBAHMUX
MarHiTONpoOBOAIB,  MOOyJOBaHMM  HAa  MPUHLMII  BU3HAYEHHS  IapameTpiB
MYJIbTU(I3UYHOTO BUCOKOYACTOTHOTO €JIEKTPOMATrHITHOTO 1 yJapHO-BiOpaIiiHoro
MPOIECy, SKI MOXYTh CIYXUTH BaroMUMHU J1arHOCTUYHUMH O3HAKaMH IUIICHOCTI
MDKJIUCTOBOI 130JIS1111 Ta P1BHS IPECYyBaHHSI MAKETY.

- Bnepuie po3po6iieH0 MaTeMaTUUHY MOJIENb, SIKa J03BOJISIE OLIIHUTU 3B 30K
rnapamMeTpiB BHCOKOYACTOTHUX MPOLECIB B BHUIPOOYBAaHMX MAarHiTHHX OCEpAsX 3 ix
MATOMUMH BTPAaTaMU B 3MIHHUX MarHiTHUX MOJISX MPOMUCIIOBOT YaCTOTH Ta THAYKILSX,
PEKOMEHIOBAaHUX JI0 HOPMAaTUBHHUX BUNIPOOYBaHb.

OTpuMaHi pe3yabTaTu PO3KPUBAIOTH HOBI MEPCIIEKTUBH Y BIIOCKOHAJICHH] HASIBHUX
METOJIB JIarHOCTUKM MDKJIMCTOBOI 130JIs1ii B INMMXTOBAaHUX MAarHIiTONPOBOAAX,
COPUSIOYM MIABUIICHHIO HAIIMHOCTI pOOOTH E€JIEKTPUYHHMX MAlIMH Ta 30UIbILIECHHS
TEepPMiHYy €KCIUTyaTallii.

IpakTU4YHe 3HAYEHHS OTPMMAHUX Pe3yJIbTATIB:

Po3po6iiena mpuHIIMTIOBAa Ta KOHCTPYKTHBHA CXeMa, IO JI03BOJISIE 00pOOISITH
oTpuMaHy iHGOpPMAIIIO TPO piBeHb NE(PEKTHOCTI MArHITONMPOBOIIB, SIKa MOXKE OyTH
Mpe/ICTaBICHA B 3pyYHOMY BUTJISIII JUTSI KOHTPOJIBHOI CUCTEMH,

Po3po6ieH0 MakeTHUM 3pa30K MPUCTPOIO KOHTPOJIO SKOCTI IIUXTOBAHUX
MarHiTOMPOBOIB, SKHM JIO3BOJISIE TPOBECTH OIIHKY IHTETPAJIBHOTO PIBHS SKOCTI

MDKJIUCTOBOI 130JIA1111 Ta BpaXOBYBaTH HEOE3MEUHUI BIUIMB JIOKAJIbHUX JAC(PEKTIB;
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P03p061eHO0 KOMITJIEKCHUN METO/JT OI[IHKH SIKOCT1 IITUXTOBAaHWX MarHiTONPOBOJIIB,
10 JIO3BOJISIE OJTHOYACHO TEPEBIPATH CTaH MIKJIMCTOBOI 130JIAI11 TO IMOCIa0ICHHS
MpecyBaHHs MAaKeTy MarHiTONPOBOY;

OOrpyHTOBaHO HOBY  METOAMKY BHU3HAYEHHS  CTYNEHS  MOILIKOKEHHS
MDKJIMCTOBOI 130JIA11i IIMXTOBAaHUX MArHITONPOBOMAIB €JNEKTPUYHUX MAIlUH TIpU
HAsIBHOCT1 1HTETPANbHUX 1 JIOKAIBHUX AC(PEKTIB 3 MOAANBIIMMHU PEKOMEHAALISIMU 0
B110paKkiBKH MarHiTOIPOBO/IIB.

OOrpyHTOBaHO 1H(GOPMATHBHUMN, MIBHJIKHK Ta 3pYYHUNA METOJl TETUIOBI3IHHOTO
KOHTPOJIIO MICIIEBUX JE(EKTIB IIMXTOBAHOTO MarHiTOMPOBOAY, KM MOYKHA TIPOBOIUTH
OJIHOYACHO 3 BATMETPOBUM CIIOCOOOM OLIIHKHM NMUTOMHX BTpat. L{g MeToauka n03BoJsie
BUSIBJISITH JIOKQJIbHI J1I€(EKTH 3a JOMOMOTrOI0 TEIJIOBI30pa MPOTATOM OJHIET XBUIMHU
[UISIXOM BU3HAYEHHS IIBUIKOCTI Ta TOPIBHSHHSA 3MIHM TPAJIEHTy TEMIlepaTyp B
nedeKTHUX Ta 0e37e()EeKTHUX 30HaX MPH HarpiBl IHAYKUIAHUM METOAOM.

OOrpyHTOBAaHO METOJMKY BHU3HAUEHHS CTYNEHS MOIIKOHKEHHS  MDKIUCTOBOI
1307151117  IMXTOBAaHUX MATHITONPOBOJIIB E€JIEKTPUYHUX MAIMH TPU HASIBHOCTI
IHTErpajbHUX 1 JIOKAJbHUX NIE(PEKTIB 3 MOJANBIINMH PEKOMEHIALIAMU JI0 BIJOpPaKIBKH
MarHiTOIPOBO/IIB.

Po3po0seHo Ta BHUIOTOBJIEHO MAKETHUM 3pa30K OLIHKH CTaHy MIXJIHCTOBOI
130715111 MarHiTONPOBOAY, L0 JIO3BOJISIE OMEPATUBHO BH3HAYMTH PIBEHb SKOCTI Ta
CTyTEH1 Ie(peKTHOCTI MarHiTOMPOBO/IB K B YMOBAaX PEMOHTHUX MIANPUEMCTB 3 Oyb-
SIKUM PIBHEM TE€XHIYHOI OCHAIEHOCTI.

Ocobucrtuii BHecok 3100yBaya. OCHOBHI pe3yJIbTaTh POOOTH OTPUMaH1 aBTOPOM
CaMOCTIIHO.

besnocepennbo qucepTaHTOM 3/11MCHEHO:

- 3a pe3yJibTaTaMH JIITEPAaTypHO-MIATEHTHOTO MOIIYKY 3a TEMOIO JIUCEPTALIHOTO
JOCJIIIDKEHHS TTPOBEJICHO aHalli3 ICHYIYMX CyYaCHUX METO/IIB, CIIOCOO1B Ta 3ac001B s
JIarHOCTUKH SIKOCT1 €JIEKTPUYHUX MaIIINH;

- OOrpyHTOBaHO BHOIp BHCOKOYACTOTHOTO METONY MJIs JIOCHIDKCHHSI CTaHy

MDKJIUCTOBOI 130JIA1I11 €IEKTPUYHUX MAIIUH 3arajbHOTO IPU3HAYEHHS;
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- IOCTIPKEHO BIUIMB BUCOKOYACTOTHUX CUTHAJIB HAa PIBEHb BTPAT B LIMXTOBAHUX
ocepsix;

- po3pO0JIEHO YMCENbHY MOJbOBY MaTeMaTHYHy MOJIENb B MPOTPaMHOMY MaKeTi
COMSOL Multiphysics st 1OCaiKEHHS BUCOKOYACTOTHUX BIUIMBIB Ha Je(pEeKTHI Ta
6e3nedexTHI TaMiHOBaH1 Ocepis;

- y4acTh y MPOBEJICHH] €KCIIEPUMEHTAIbHUX JOCIIKEHb, iX 00poO1Ii Ta aHami31.

Anpobauia  pesyabTaTiB  aucepranii. IIpoMDKHI  pe3ynabTaTd  poOOTH
JOTIOBIANINCS Ha!

- Mykola Ostroverkhov, Vadim Chumack, Mykhailo Kovalenko, Yevhen
Ihnatiuk, Magnetoelectric Generator with Magnetic Flux Shunting for Electric Power
Complexes, October 2022, Conference: 2022 IEEE 8th International Conference on
Energy Smart Systems (ESS), DOI: 10.1109/ESS57819.2022.9969246;

- Mykola Ostroverkhov, Vadim Chumack, Mykhailo Kovalenko, Yevhen
Ihnatiuk, Electrical Generator with Magnetic Flux Shunting for Autonomous Power
Units, October 2022, Conference: 2022 IEEE 3rd KhP1 Week on Advanced Technology
(KhP1Week), DOI: 10.1109/KhPIWeek57572.2022.9916440;

- V.V. Chumack, V.V. Kotliarova, Y.S. Ihnatiuk, METHOD OF
DETERMINATION THE QUALITY OF THE MAGNETIC CORE, 2018
MixHapoIHUI HAyKOBO-TEXHIYHMM >kypHaI "CyuacH1 mpo0OJieMu eTeKTPOECHEPTrOTEXHIKU
Ta aBTOMaTHKHU'";

- V.V. Chumack, V.V. Kotliarova, Y.S. Ilhnatiuk, COMPREHENSIVE
ASSESSMENT OF THE QUALITY OF THE AC MACHINE STATOR BY
ELECTROMAGNETIC AND VIBROACOUSTIC METHODS, 2019 Mixuapoauuit
HayKOBO-TeXHIUHUKA >kypHan "CydacHl mnpoOJieMd eJeKTPOCHEPrOTEeXHIKH  Ta
aBTOMAaTHKHU'";

- V.V. Chumack, V.V. Kotliarova, Y.S. lhnatiuk, EVALUATION OF THE
DEFECT LEVEL OF ELECTRICAL MACHINES BY HIGH-FREQUENCY
METHODS, 2019 Muikuaponuuii HaykoBO-TeXHIUHHMM >xypHan "CyuacHi mpoOiemMu

€JIEKTPOCHEPTOTEXHIKM Ta aBTOMATUKH'";
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- V.V. Chumack, V.V. Kotliarova, Y.S. Ihnatiuk, EVALUATION OF
QUALITY OF INTERLAYER INSULATION OF LAMINATED MAGNETIC CORES
BY HIGH-FREQUENCY EFFECTS, 2020 MixnapoaHuii HayKOBO-TEXHIUYHHUH Ky pHAI
"CyuacHi po0JIeMH eJIeKTPOECHEPTOTEXHIKA Ta aBTOMATUKH'";

- V. V. Kotliarova, A. S. Stulishenko, O. V. Vishnevskii, Y. S. Ihnatiuk,
IMPROVED HIGH-FREQUENCY MODEL OF ASYNCHRONOUS MOTOR, 2020
MixxHapoIHUI HayKOBO-TEeXHIYHMM skypHaI "CyuacHi mpo0OieMu eeKTPOECHEPTOTEXHIKU
Ta aBTOMAaTHKH";

- V.V. Chumack, V.V. Kotliarova, M.A. Kovalenko, V.A. Svyatnenko, Y.S.
Ihnatiuk, DISTRIBUTION OF MAGNETIC INDUCTION IN LAMINATED
MAGNETIC CORE WITH INTERSHEET INSULATION CONTROL, 2021
MixkHapoIHUM HAYKOBO-TEeXHIUHMM skypHa "CydacHi mpo0OJieMU eIeKTPOECHEPTOTEXHIKU
Ta ABTOMATUKH" .

ITyoaikanii. OCHOBHI pe3yJbTaTH AUCEPTaLIiHOI poOOTM mpencrasieHl y 14
myOJIiKaIisAX HAayKOBHX pOOIT, cepel AKUX 3 CTATTI y MDKHApPOJHUX JKypHaJIax, sKl
IHIEKCYIOThCSl Y HayKOMeTpuuHiil 0a31 manux Scopus(Q3), 4 crartax y ¢axoBomy
BHIaHH1 YKpaiHu.

Crtpykrypa Ta 006car auceprauii. J[ucepraiiiiina podoTa CKIagaeThes 31 BCTYMY,
I’ SITY PO3JILTIB, BUCHOBKIB Ta CHUCKY BUKOpPUCTaHUX Jukeped. [loBHUI oOcsr nucepTatiii
224 cropinok, 105 utroctpariiii, 12 Tabnuiip.

[IpencraBiena poboTa € JOTTYHUM MPOJOBKEHHSIM MariCTepChKoi AUCepTarlii, sika

Oyna ycminHo 3axuiieHa aBTopom Ha kadeapi Enekrpomexaniku y 2018 pori.
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PO3/ILI 1
BILIUB TEXHOJOTTYHUX TA EKCILUTYATALIAHUX ®AKTOPIB HA
XAPAKTEPUCTUKHU IIMXTOBAHUX MATHITOIIPOBO/IIB
EJEKTPUYHUX MAIIUH TA AHAJII3 ICHYIOUUX METO/IIB
JTIATHOCTHUKH iX CTAHY

1.1 IlpuynHM BUHUKHEHHSI JedeKTiB IMUXTOBAHMX MArHITONPOBOAIB B
npoueci BUPOOHMITBA TA PEMOHTY

OCHOBHE NPU3HAYEHHS MAarHiTONPOBOAY MOJISATae y 3a0€31eYeHH] KOHIIEHTpallii Ta
IPOBEJCHHS MAarHiTHOTO IOTOKY y MAarHiTHI cucteMi. OCHOBHMM IapaMeTpoM €
MarHiTHa IPOHUKHICTb, IKa BU3HAYA€E BEJIMUYUHY CTPYMy HamarHiuyBaHHs. Llel ctpyMm, B
CBOIO 4Epry, 3aJ€KUTh BIJ CTPYKTypuU MaTepialy, IO BUKOPHUCTOBYETHCS, Ta HOro
CKJIaAy.

Jlo xapaktepHux Ae(QEKTiB MarHiTONPOBOAY BIJHOCITBHCS HACTYIHI MpOOJIeMHu:
pO3CIIa0JIEHHsI TOCAJKU CEepJeYHHKA Yy KOPILyCi, 3MIIIEHHS IaKeTy B3/J0BXK OCI,
pPO3MYIIYBAHHS KpaHIX JIMCTIB MAarHiTONMPOBOAY, OCIA0JICHHS MpEeCyBaHHA Ta
MIOPYIICHHS 13011111 MK JTUCTaMH, 1[0 MOKE CIPHYMHUTH MICIICBE TUIABJICHHS JACIKHX
TTSTHOK.

[TormkoKeHH s 13011111 MK JINCTAaMU MAarHiTONMPOBOAY MOXE€ BUHHMKATH ITiJ 4ac
ekcrutyaTarii abo TijJ Yyac PEeMOHTY y MalCTepHSAX. TakoX MOXKe CIOoCTepiratucs
MOPYUIEHHS TEXHOJIOT1I BHUIOTOBJIEHHSA, TPECyBaHHA Ta TpPHU MEPEIIMXTYBaHHI
MarHiTOIPOBO/Y.

OcHoBHI1 AedeKTH 13011111 MOYKHA PO3AUIATH HA IHTETPaJIbHI T JIOKAJIbHI BUIH.

[nTerpanbHi nedexTu npeacraBieHl TOYKOBUMU MEPEKPUTTIMHU, IKI BUIAAKOBUM
YHHOM PO3MILILYIOTHCS B3JJOBK IIUPUHU MAKETY.

JlokanbHl AedeKkTH - e TMOUIKOJKEHHS, pO3TalloBaHI Ha aKTUBHIA MOBEPXHI
MarHiTONpPOBOAY 1 HE MOIIUPIOIOTHCS YTIUO MarHiTOMPOBOY.

[TomkomKeHHS 130JMi1 MK JHUCTaMU CHPUYMUHSE 30UTBIICHHS KOHTYPIB
3aMHUKaHHS BUXpOBHUX CTpyMmiB. Lle, B cBoro uepry, 301IblIy€ BTpaTH 4Y€pe3 BUXPOBI

CTPYMH, TIPU I[bOMY BTPATH Y€PE3 TiCTEPE3NUC 3ATHINAOTHCS MMPAKTUYHO TOCTIMHUMH. Y
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3BUYAITHOMY MarHiTONpOBO/1 KOMIIOHEHTA BTPAT 4epe3 riCTePe3ruc 3HAUHO MEPEBUIILYE
KOMITOHEHTY BTpaT 4epe3 BUXPOBI CTPYMH Y JACKIJIbKA Pa3iB.

BupimansHuMu € TUTOMI BTpaTH B MarHiTONPOBOJI, IO CKJIAJAIOThCA 3 BTpAT
yepe3 BHUXpPOBI CTPyMH Ta BTpaT uYepe3 MepeMarHiuyBaHHs. Brpatu uyepe3
NepeMarHiuvyBaHHsl 3aJMINAIOTHCA Maibke CTalMMH, TOAl SK BTpPAaTH 4Yepe3 BHUXPOBI
CTPyMH 3pOCTalOTh 31 30UIBIICHHSIM KUIBKOCTI Je(PEKTHUX KOHTYpIB, dYepe3 sKi
BUHUKAIOTh BUXPOBI CTPYMHU.

301bIICHHS BTPAT Yepe3 BUXPOBI CTPYMH IIPU3BOIUTH /10 MICIIEBHX MEpPErpiBiB Ta
3MiH y TEIUIOBOMY PEXHMi MalldHU B LUJIOMY Ta Ha OKpeMHX IUISHKax. HaiOinbin
HEOE3MEeYHUMU € TIEPETPIBaHHS Ta MOKJIUBICTh BUTOPAHHSI 0OMOTOK.

[TomkoaKeHHS 13015111 MIXK JIMCTaMU MPU3BOJIUTD J10 JOKAIbHUX MEPErpiBiB, SIKI
MOXKYTb OyTH KOHTPOJIbOBAHI 3a JIOMOMOTOI0 TEPMOJATUYHKIB, PO3MIIIEHUX Y aKTHUBHIM
CTaJll CTaropa, TEIUIOBI30piB ab0 cHemiadbHUX TEPMOIHAMKATOPIB, HAHECEHUX Ha
KPUTHYHI 32 MEePErpiBoM AUISTHKA MamIuHU. {1 TOKPUTTS 3aCTOCOBYIOTHCSI HA MOBEPXHI
TaKMX KpUTUYHUX 30H. [Ipu meBHiN TeMrnepaTypi BUIUISIOTHCS CIICIiaIbHI aepo30Jii Ta
ra3u, Kl 3aCTOCOBYIOThCS ISl XIMIYHOTO aHami3y OXOJIOJKyrouoro ra3zy. Ha pizHux
JUISTHKaX MAaIllMHA BUKOPHCTOBYIOTh TOKPHUTTS 3 PI3HUM XIMIYHHM CKJIQJIOM, IIIO
N03BOJIsIE (PIKCYBATH TOYKH MEPETPIBY Ta BU3HAYATH iX MPUUHHH.

Takoxx MOXYyTh OyTH BCTAHOBJICHI TEPMOETUKETKH Ha HEOE3IEUH1 JIISHKH, SIKI
3MIHIOIOTh KOJIp MpU JIOCATHEHHI TMEBHOI Temmeparypu. [lepeBipka 1UX «ETHKETOK
MOJKJTBA TUTBKH KOJIM MallliHa 3yTHHEHA.

JliarHOCTHKa MIMXTOBAHMX MArHITONPOBOIIB BIIHOCHTBCS JO MUTAHb HAIIHHOCTI
CJCKTPUYHUX MAIIMH Ta OyJb SKHX EJIEKTPOMEXaHIYHUX IEePETBOPIOBAYIB EHEpTii,

eJICKTPUYHHUX arapaTiB poOOoTa SIKUX MMOB’si3aHa 31 3SMIHHUM MarHiTHUM IOJIEM.

1.1.1 BniiuB 3yCWJIb IpeCyBaHHSA

JlocTaTHs 130J1AL1sI MK JIMCTAMM Ta MiJABUIIEHHS IIIJIBHOCTI MpeCcyBaHHS — JIBI
MPOTUIICKH] TEHACHIIIT Y TEXHOJOTIYHOMY MPOIIECI.

[Ipu migBUIIEHH] TUCKY M1J Yac MPECyBaHHS JIMCTU OJHOYACHO Ne(POpPMYIOThCA,

pa3oM i3 3poCcTaHHAM KoedillieHTa 3alIOBHEHHS cepJieYHrKa CTauTo. Lle mpu3BoauTh 10
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3MEHIIEHHSI eJIEKTPUYHOTO OMOPY MIXK 130JIbOBAHUMHU JIUCTAMHU, &, OTXKE, /10 301TIBIICHHS
BUXPOBHX CTPYMIB.

Y BHUMNAJIKy CEpJACYHHUKIB, SIKI 3aKpIIJICHI CKOOaMH, 3BapIOBaHHIM Ta I1HIIMUMHU
METOJ[aMH, TIOMITHE MOTIPIIEHHS TapaMeTpiB CTaTopa HE CIOCTEPIraeThCsl HaBITh MICTS
3MeHIIeHHs THCKY A0 piBHA 100-150 MITa.

@DakTUYHUN TUTOMUN THUCK MIX JIMCTAMH B TOTOBOMY CEPIACYHHKY ITICTISA
3aKpIIJICHHS Ta BUJAJICHHS BIJIPI3HAETHCS BiJl TUTOMOTO TUCKY, SIKUM YTBOPIOETHCS 1T
Yac Mpolecy NpecyBaHHs.

MakcumalibH1 HaNpy>KeHHS B CEPJICYHUKY MPOSIBISIOTHCS MPU HOTO 3aKpIIIICHH]
3a JIOTIOMOT'OF0 IIaiiou. Y TakoMy BUITQJIKY:

- TiJ yac 3alOBHEHHS CTPWXKHIB B CEPACUYHUKH BIUIMBAE BETUKUN TUCK TEpen
3aJIUBKOIO (HAmNpUKIIAJ, MPU 3alOBHEHHI CTAaTOPIB Majoi 1 CEpeaHbOi IMOTYXKHOCTI
nutoMuit TUCK csrae 550 MIIa);

- 3a0e3nedyeThCs MaKCHUMallbHA IUIONIA KOHTAKTY KPIMUJIBHUX EJIEMEHTIB 3
TOPUSMHU Ta JAlaMEeTpaJIbHUMHU MOBEPXHSAMU CEPICYHHKA; AOJATKOBI THUCKH, OPOKEHI
OXOJIO/IKEHHSIM 3aIIOBHEHHUX CTaTOPIB, TAKOXK BIUIMBAIOTH HA CEP/ICUHHUK.

[TigBUIIEHHS NMTOMOrO THUCKY NPECyBaHHS MPHU3BOAUTH JI0 IOMITHOTO
MOTIPUIEHHSI BJIACTUBOCTEN cepaeuHukiB. Hampuknaa, npu tucky O0xm3pko 550 MlIla
30UTbLIEHHSI MUTOMUX BTPAT y cTam npu iHaykuii B = 1,5 Tn ta yactoti f= 50 ' ckiano

46%; ipu 3HMKEeHH] THCKY 3 550 10 60 MIla mutomi BTpatu 3menmmcs Ha 10%.

1.1.2 TloripumieHHsI €JIEKTPOMATHITHUX XAPAKTEPUCTHK MATHITONPOBOAY B
npoueci BUPOOHUITBA

Jluctu eNeKTPOTEXHIYHOI CTall MIAAAI0ThCS PI3HUM BUPOOHHYMUM IpoIiecaM ITij
yac BUTOTOBJICHHSI MarHiTOIPOBOIB AJisi enekTpoMamiuH. KoxeH 3 mux BUPOOHMUYUX
MPOILIECiB BIUIMBAE HA (P13UUHI Ta MAarHiTHI XapaKTEPUCTUKH JIUCTOBOTO MaTepiaiy.

Hwuxye HaBeeHO HAO1IbII MONIUPEH] €Ta BUPOOHUIITBA Ta X HACIIIKH.

Pizanns
Jns oTpuMaHHsS MOTPIOHOT (QOpMH JMCTa MAarHiTONMPOBOIY 3aCTOCOBYIOTH

ITaMITyBaHHS a00 pi3aHHS 3 €JIEKTPUYHOI CTaji, M0 MPU3BOIUTE 10 AedopMarlii, sKa
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Mai>ke Jocsirae  MDKMOJIGKYJsipHOi B3aemonii. Ils nedopmaiiss mae BIIMB Ha
IMPOHUKHICTh Ta po004y €(hEeKTUBHICTh CICKTPUYHUX MAaIIWH, MOJU(IKYE pPO3MOJLI
IIITPHOCTI MarHITHOTO TTOTOKY Ta MiJBUIIY€E BTPATH €HEPT1i.

Icuye Ge3mid MeTOIB pi3aHHs MaTepiany, cepell IKUX IITaMITyBaHHS, p13aHHA Ta
Ja3epHe pi3aHHA — HaWOUIBII po3moBclokeHl. CTymiHb AedopMaliii MOJEKYISIpHOI
CTPYKTYpH KpHUCTaia 3aJIeKUTh BiJl YUCIEHHUX (PAKTOPIB CAaMOro MPOIECy pi3aHHS Ta
BJIACTUBOCTEH JIMCTOBOTO MaTepially. 3HOC PI3aJbHOTO 1HCTPYMEHTY i dac
IITAMITyBaHHS, HU3bKa IBHIKICTh Ja3€pHOTO pi3aHHS, BEIUKHN pPO3MIp 3epHa Ta
BUCOKHH BMICT KPEMHIIO 30UIBIIYIOTH CTYIIHB 3HOIITyBaHHS. Kpim Toro, nedopmariis
Marepiany (3amupok) Oe3mocepeHbO Ha KPOMIIl IITaMmIily abo pi3aHHS CTBOPIOE
JOJIATKOBI KOHTYpH KOPOTKOTO 3aMHKaHHS TiJi 4Yac CKJIQJaHHS TMaKeTiB 3
MarHiTONpoOBO/Y, IO MIJBUIIYE BTPATH, 10 BUKIUKAIOTHCS BUXPOBUMHU CTPyMaMH.

byno mpoBeneHO 3HaYHY KUIBKICTH JOCIHIJKE€Hb, 00 TOCTIAUTH Ta YTOYHUTHU
BILTUB Jeopmalliii, BAKIMKAHUX IpoLecaMu pi3aHHs. Jleski 3 X HAyKOBUX BUCHOBKIB
CIpsIMOBaHI Ha aHali3 PI3HUX BUIIB 3pi3iB. Y pob6oti [11], Oyno BHsBIEHO, IO
MOTIPUIEHHS MAarHiTHUX XapaKTEPUCTHK 130TPONHOI EJIEKTPOTEXHIYHOI CTall, IO
BUHMKAE BHACHIIOK IITAMITyBaHHS, CIIOCTEPIraeThcsl HA BijacTaHi A0 10 MM Bij Kparo
00pOoOJICHHS; TIPU 1IbOMY 3HAYHUN BIUIMB MOMIYEHO HA BIJCTaHI O 5 MM BIJl MEXIi
00po6sieHHs. [1oa10H1 BUCHOBKM OYJiM MIATBEPXKEH1 B poOoTi [12], sika mpoBoauiach Ha
1HITOMY O0'€KTI €KCTICPUMEHTY.

VY crarti [13] mpoBoaMIMCh JOCHIKEHHS BIUIMBY mepdoparnii Ha po3moaut
MarHiTHOTO TOJIsi Ta BTpaTy MOTYXKHOCTI B 30HI 3y0a. Y CBOEMY NOCHIIKEHHI aBTOP
MojenoBaB  edekT mepdopaiii SK TOCTYNOBE EKCIOHEHIAJIbHE 3MEHIIICHHS

MIPOHUKHOCT1 B IEHTPY 3y0a 10 Horo kpaiB, 3actocoByrour piBHsHHA (1.1), (1.2).

—ax

.u3y6uﬂ = Unucra® a, (1-1)

B = H’.HI/ICTaH' (12)

HaBiTh mipy BHUCOKIM IIUTBHOCTI MarHiTHOTO TMOTOKY, KOJH €(peKT MpOoOMBaHHS
NPUIUHAETHCS, 13 YpaxXyBaHHSIM BIAHOCHO MaJjoi IO, Ha SIKY Ma€ BIUIMB MPOOUBAHHS

B 00J1acTi 3y0a, MOTIK HAMarHiuyBaHHs 301IbIIYEThCS puOaU3HO Ha 5-10%.
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[TopiBHSIHHS MIXK ITPOIIECAMHU Pi3aHHS Ta JIA3€PHOTO Pi3aHHS OYJI0 MPeICTaBICHE Y
nocnikeHHi [ 14]. HaBnaku 3aransHOMY YSIBJICHHIO, y pOOOTI BUSBIICHO, IO pyIHHYBaHHS
Marepianay IMiJ 4ac Ja3epHOTO pi3aHHsA € Habarato OUThIT BHPa3HUM, HIK y BUIAAKY
mramnyBaHHs. [le MOSICHIOEThCS TEMIOBUMM HAmpyraMu Ta 3MEHIIEHHSM MHUTOMOTO
OTIOpPY TETLIO130JIAI1T INIACTUHH Yepe3 HaA3BUYATHO BUCOKY TeMIIepaTypy Ha KPOMII ITiJT
Jac Ja3epHOro pi3aHHS.

Cxoxuif BUCHOBOK Oyii0 3pobisieH0 B poOoTi [15], me BKazaHo, IO BTpaTH BiJ
Ja3epHOro pi3zaHHs OyJlM BUIIMMH MPH HU3BKUX PIBHAX IHAYKINI, ajle HIKYUMH MPH
BUCOKHUX PIBHSAX 1HIYKIIT MOPIBHSHO 3 pi3aHHSAM, 1 MOA10HA TEHACHINIS CIocTepiragacs
JUTSI TIPOITY CKAHHS.

BignaaroBaHHA

3 BUIII€3a3HAYEHOT HA3BU BUJHO, IO MPOIIEC BIJNANy BUKOPUCTOBYETHCS IS
3HIDKEHHS 3AJTMIIKOBUX HAMpPY>KEHb, [0 BHHUKAIOTH BHACIIOK BUPOOHUYHX OTepaIliii.
Onnak yepe3 EKOHOMIUHI OOMEXEHHS BIANAJ HE € TOIMIMPEHOI MPAKTUKOW Y
BUPOOHMIITBI MAarHITHUX MTPOBO/IIB.

Bignan mnepenbauyae OJHOpiHE HArpiBaHHS JI0 BCTAHOBJICHOI TeMIeEpaTypH,
yTpUMaHHS 1ll€1 TeMImepaTrypu TMPOTATOM TEBHOTO dYacy, a TMOTIM TOCTYIOBE
OXOJIO/DKEHHS. BaxinBo, mo00 0XO0JIOMKEHHSI OyJIO OJHOPIAHUM, OCKUJIBKH B IHILIOMY
BUIAJIKy B MaTepiaial MOXYTb YTBOPIOBATHUCH 3aJMIIKOBI HAMpPYTH, PIBHI 200 HABITh
MEePEBUIIYIOThH Ti, 10 OynW 110 Biamany. BusHaueHa TemmepaTypa 3aJIeKUTh B THUITY
130JIIUIAHOTO TMOKPUTTS, 110 3aCTOCOBYETHCSI HA MOKPUTTS JUCTIB. Jlo1aTKOB1 BUTpaTH
Ha BiAMaJ 7S MOJIMIICHHS MarHITHUX BJIACTUBOCTEH MOXYTh OyTH OOTpyHTOBaHMMU
JIUIIE JUIS Ty’Ke TOHKUX JTUCTIB [18].

JocnikeHHsl BIUIMBY BiANaly Ha 3pi3M TakoXX OyJiIM NMPOBEIEHI 1 BKa3aHi y
nociimxeHHsax [13, 15]. L1 qocmimkeHHsT BUSBUIA 3HAYHE 3MEHIIICHHS BTpAT MOPIBHIHO

31 3pa3KamMu, siKi He OyJIu TijaaH1 Bianany.
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1.1.3 TloripmieHHs1 AKOCTI IIMXTOBAHUX MArHITONPOBOAIB B Mpoueci
eKCILIyaTalil Ta peMOHTY, ClIAKAa, PO3NYILIYBAHHS

JIBa HalOLIBII PO3MOBCIOKEH] METO/IU 3'€THAHHS - 3BAPIOBAHHS Ta 3aKPIIJICHHS
3a J0moMorow cko0. CTHCKaHHS 3 3aJMpKaMH CTBOPIOE MOJATKOBI MiXKIJIaMEINspHI

KOHTYPH JJIs1 BUXPOBUX CTpyMiB (puc. 1.1), 1o npu3BoaAuTh A0 301IbIIEHHS BTpPAT.
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Pucynok 1.1 — IlpoTikanHs cTpyMy MiX JIMCTaMu

VY nocnimxenHi [17] Oysio BUSBIEHO, 10 MIJBUINECHHS BTPAT MPH 3BaprOBaHHI €
OUTBIIUM JIJIS1 €IEKTPOTEXHIYHOI CTaJl 3 KPYITHUM 3€PHOM.

PeMOHT cepaedHuKiB MOMUIAIOTh Ha MICIEBUH, KOJMM AChEKTH yCyBalOThCs 0e3
MEPENINXTOBKH, Ta PEMOHT 3 TMEPEHIMXTOBKOK YacTUHU ab0 BCHOTO CEpACUYHMKA
(3a3BMuail 11e MOTPiOHO JMIIe IS BEIMKUX MamiuH). [lepemuxToBka cepAeyHUKIB y
MaJIUX MallliH, K TPaBUJI0, HE € EKOHOMIYHO JOIUIBHOIO 1 PIKO BUKOHYETHCSI.

PeMOHT cepieuHMKIB 3A1MCHIOETbCSA Micls BUAAJCHHS OOMOTKH. BumpaBieHHs
nedeKTiB Ha 00MOTaHOMY OCEP/Ii MOKE TPU3BECTH JI0 MOIIKOXKEHHS 13011111 Ta BUXOAY

0OMOTKH 3 JIay TiJ] 4ac MOoaJIbIIol eKCIUTyaTarlii.
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MicueBuii peMOHT niepei0ayvae BiIHOBJICHHS 0CIa0JI€HOTO MPECYBaHHS, YCYHEHHS
nedeKTiB Ha TOPISX Cep/IEYHUKA Ta B MICIISIX IJIABJICHHS. Y MalllMHaX 3 MOTYKHICTIO 10
100 kBT 3a3Bu4ail BUNpPaBISAIOTH JUIIE HE3HAYHI JE(EKTH, 10 BUSABIAIOTHCS MICIS
BUJIAJICHHS] OOMOTKHU.

PeMOHT npu ocj1a0/1eHHI PeCyBaHHS CepAeYHUKA

[Tpu 3aranbHOMY OciaGJeHHI MpECyBaHHS CEPACUYHUKIB MajUX AiaMeTpiB MiX
HQ)XMMHOIO I1ali00I0 Ta 30BHIMIHIMHU JIUCTaMHM 4Yepe3 KoxkHi 2...4 3y0Iil 3a0uBarOTh
TEKCTOJIITOBl KJIWHU IS BIJIHOBJICHHS TPAaBUJIBLHOTO TMpecyBaHHs cepaeunuka. 11lo6
BU3HAYUTH HEOOXIJHY TOBIIMHY KJIMHA, PEKOMEHIYETHCS MOMEPEIHbO OOMpecyBaTH
cepaeunuk 3a Tucky 1 Mlla. [llupuna kiivHa He TOBUHHA MEPEBUIILYBATH IIUPUHY 3yOIIs.
[Io6 3amoOIrTH BHUMAJAaHHIO KJIMHA M1J 4Yac YCTAHOBKH, HOro OOMAlIylOTh KJIEEBUM
JAKOM Ta 3arvHaroTh KpaiHii JucT cepaeuHuka. [Ipu jokaibHOMY oOciiaOiaeHH1
MIPECyBaHHS CEpACYHUKA CTaTOpa, TaKOMY sIK AeheKT a00 BUIAIIHHS BEHTHISAIIAHOI
PO3MIPKH, TMOIIKO/KEHY PO3MIPKY BUIIPABISAIOTH, 4 HAa MICIIC BHUIABIIOI BCTaBJISIIOTH
TEKCTOJIITOBUM KJIWH, 3arMHAIOYN KpaiH1 JIUCTH CepJICYHNKA HAa OOM/1Ba OOKHU KIIMHA.

PeMOHT nipu nmopyuieHHi MisKJIMCTOBOI i30J1A 1l

JIst BUNpABJICHHSI MOPYILIEHBb JIAKOBOTO TOKPUTTS HA HEBEIMKY TIIHOUHY, SIKI
CIIOCTEPITaloThCsl HA OKPEMHUX CErMEHTAaX MOpydY 3 MICUEM YCTAaHOBKHM KIIMHIB, MEpea
BCTAHOBJICHHSIM KJIMHA MiX IIMMH CETMEHTAMU BUKOPHUCTOBYIOThH MPOKJIAIKH 13 CITIOJIH,
mokputi 1akom bT-99, sixi BaaBmoroThest Ha TOunHy 20-35 MM. SAKImo Maemo JoKabHI
MOIIKO/IKEHHS 130151111 MIXK JIMCTaMU CTAaTopa, iX MOXHA BUIPABUTU 34 JOMOMOTOIO
METIOCTOK CIIOAN, BCTABICHUX MK CETMEHTaMHU a00 IIJIIXOM 130JIS1M1T [IUX CETMEHTIB 3a
TomoMoror  pigkoro jaky bT-99. Jlng mporo cerMeHTH BIJOKPEMIIIOIOTBCS 3a
JIOTIOMOTOIO CIICIiaJIbHO BUPI3aHUX TOHKHUX CTAJICBUX CMYT IIEBHOI JIOBKHHHU.

[Ticnss HaMOTyBaHHS HaMarHidyrouoi Ta KOHTPOJbHOI OOMOTOK Ha CTaTop,
MIPOBOJIUTHCS MPOXOKCHHSI CTPyMy Yepe3 HaMarHiuyrody OOMOTKY Ui BHSBICHHS
MICIIb TI1JIBUIIIEHOTO HATrPIBY, 110 MOKE CBIIYUTH MPO YPAXKEHHS 13011111,

30Ha HAaBKOJIO MOMIKOIKEHOT'O MICIISI OYUIILYETHCS IIMAKIIIBKOIO 1 XIMIYHO CTIHKOIO
emasutto. [loTiM Bxke MOIMIKOMXKEHY AUISTHKY HarpiBaroTh 10 75-105 °C 3a momomororo

HAaMar"iuyyro4oi OOMOTKH, MICIS YOro, BIAKIIOYMBIIM CTPyM, 00JacTb OOpOOJISIOTH
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KOHIIEHTPOBAHOIO a30THOIO KUCTOTO0. [1icis 3aBepiiieHHs TpaBiIeHHS 3aJIMILKN KHUCIOTH
HEUTPaTI3YyIOTh 3a 101oMororo o0pooku 10% po3urnHOM KalblIMHOBAHOI COJIA IPOTATOM
4-5 pa3iB: cepBeTKaMH, 3MOYCHHUMH B IIbOMY pPO34YHHI, a MOTIM PEMOHTOBAaHE MiCIIe
IPOMHUBAIOTH TApAYOI0 TUCTUIILOBAHOIO BOJI010 Mpu Temnepatypi 40-60 °C. [licns uporo
00J1acTh OUUIIAETHCS CEPBETKAMU 1 MPOMHUBAETHCS CITUPTOM.

PeMOHT npu BUrOpaHHi TUIAHKY 3y0Us cepeuyHUKA

[Ipu Bumankax BUropaHHs a00 OIUIABJICHHS OKPEMUX AUISTHOK 3yOIlsl cepleUHHKa
BOHHU ITIJIJISITAIOTh BUIAJICHHIO, a Ha TXHE MICIIE BCTAHOBIIOETHCA CTCIiabHIN "MpoTe3"
3 CKJIOTEKCTOMNITY. Lle poOuThes /it 3aXucTy OOMOTKH BiJl MOAANBIIOTO YIIKOIKEHHS.
BunaneHHs nomkoKeHoi JUISTHKY IPOBOJAUTHCSA 3a IOIIOMOTOI0 TOCTPOI0 IHCTPYMEHTa
3 MOXJIMBHM TIONIEPEIHIM BUCBEPJIIOBAHHSIM, a MOTIM yCYBalOTh 3aMHUKaHHS apKyIIliB
Marepiany. Takuii "mpoTe3" BUTOTOBISAIOTh HAa MICII Ta KPIMJISAThH 32 JOTIOMOTOI0 KJICHO
EJI-4.

YcyHeHHsI MiCLIeBHX OILIABJIeHb AKTHBHOI CTAJII

[TomkomKkeHHs 1307141111 0OMOTOK Yy Ma30Bif YaCTHHI, IKE BUKIUKAE EJICKTPUUHY
OyTy, MOXE MPU3BECTH JI0 JIOKAJIIBHOTO OIIABJIEHHS aKTHUBHOI CTalll B 00JIACTl OJTHOTO-
nBOX makeTiB. [1i yac peMOHTY MOIIKO[KEHOTO MICIISl BUJIAJISIOTh OIJIABIIEH1 JINCTHU TaK,
00 YHUKHYTHU 3JIUIIaHHS JIMCTIB M CO0OI0 Ta po3muiaBieHol Mial. OuuiieHHs
MPOMIXKKIB MK JIUCTAMM 3I1MCHIOETHCS 3a JIOMOMOIOK0 IUTI(PYyBaJbHOIO KaMEHIO abo
rocTporo iHCTpyMeHTy. Iliciisi BUAaeHHS 3aJIMINKIB JIMCTIB 3alMarOThCs 3allMBaHHSIM
nakoM BbT-99, micas 4oro BCTaBIAIOTH MJIACTUHKH 13 CIIOAM Ta 3aKPUBAIOThH JIUISHKY
nakoM bT-99 na rmbuny He menme 10-15 mm.

[Ipy peMOHTI YIIKOMKEHOI 00JIacTl y Ma3l BXKHUBAIOTh 3aXOIB JUIsl YHUKHEHHS
YIIKOJKEHHSI 0OMOTKH. J[J151 1IbOT0 BHIaJICHy 30HY HAIIOBHIOIOTH CMY)KKaMH TEKCTOJIITY
abo0 reTuHakcy a00 3alOBHIOIOTH CHELIaIbHOK 3aMa3KOl0 Ha OCHOBI €MOKCHIHOT CMOJIH.
[Iepen HarmOBHEHHSIM BUAAJIEHOI 30HU MPOBOJATH 11 OUMIIEHHS, BUIAJIEHHS METAJIEBOTO
Ta HUTi(QYyBaJIbHOTO MUY, MPOAYBAHHS CTUCHEHHWM CYXWUM TOBITPSIM 1 OUMIIEHHS 3a
J0MIOMOT010 yaT-criiputy. [licis nboro 30Hy HaIMOBHIOIOTH METaNIEBOIO 3aMa3Koro. 1106

3ano0IrTH BUTOKY 3aMa3KHi 3 pEMOHTOBAHO1 AUIIHKH, BOHA MONEPEIHBO PO3IMILILYETHCS Y
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TOPU30HTAJILHOMY IOJIOKEHHI. 3aTBEPIHHS 3aMa3KHu Bi10YyBA€THCS MPOTITOM 24 TOIUH
3a KIMHATHOI TeMIEpaTypHu.

[Tpr peMOHTI BENMKHX MOUIKO/JKEHb, TAKUX SIK BUAAJICHHS 3yOLs Ha JTOBXKHHY
OJIHOTO-JIBOX MAKETIB, 3aCTOCOBYIOTh HAMOBHIOBAYl 3 TEKCTOJITY ab0 TeTHHAKCY, SIKi
PETENbHO MIATaHSAIOTH 10 MICIS TMOIIKO/PKEHHS AJIsl TApHOTO MPWISATaHHS J0 CTall Ta
oOMoTkH. Llg perenpHa MiArOHKA JO3BOJIIE YHUKHYTH HEOOXITHOCTI B CHEIIAJIbHOMY
KpIIUICHH] 3aloOBHIOBaYa, OCKUIBKH HOro KJIMHOMOMAIOHa ¢dopma MepenikoKae Horo
BUIMAJAHHIO 3 cepJeuyHuKa. J[asd  JA0JaTKoBOro  3akpilUIeHHS — 3allOBHIOBava
BUKOPUCTOBYIOTh Ta30B1 KIIMHU, 3MAallleHI KIJIEeE€BUM JakoM abo kiueem bd-2, Ta
3aruHaIOTh Kpal CyMDKHUX apKyIIiB CTalll Ha 3arnoBHIOBaY. [licis 3aBepiieHHs! pEMOHTY
MIPOBOJIATH MOBTOPHI BUIIPOOYBAHHS aKTUBHOI CTaJIl JJIs OI[IHKH €(DEKTUBHOCTI PEMOHTY
3 BU3HAYEHHSIM BTPAT 1 MICIIEBUX TIEPETPIBIB.

[Ipu peMOHTI CE€pI€YHUKIB POTOPIB BCTAHOBJICHHS 30H 3aIIOBHIOBAYiB 3 TEKCTOIITY
ab0 reTMHaKCy BUKOHYIOTh 32 YMOBH, SIKIIO IIBHJKICTh PyXy Ha MOBEPXHI CepACUHUKA
He nepeBuilye 20 M/c. 3aloOBHIOBadl PETENBbHO MIATOHSIOTH 32 MICLEM, BUKOHYIOUU
BHUCTYIIU T10 iX KpasiX, 4Kl BXOAATh Y BEHTHIALIMHI KaHAIIM 1] cyciH1 ma3u. Lle no3Bomnse
JI0JTaTKOBO 3aKPIMUTH 3aTIOBHIOBAY 32 JOTIOMOTOI0 OOMOTKH, III0 PO3TAIIIOBAHA B CYCITHIX
nazax. SKio MBHIKICTb pPyXy cepiedHuka mnepeBuirye 20 M/c, BCTaHOBJIEHHS
3aMOBHIOBAYIB 3 TEKCTOJITY a00 Fr€TUHAKCY HEJOMYCTUME, OCKIIIBKHU iX BUNIAJAaHHS MOXKE
MPU3BECTH JI0 CEPHO3HUX MOIIKOIKEHb OOMOTOK Ta aKTUBHOT CTaJIl.

YcyHeHHs HacliJIKiB CTHpaHHsS 3yOLIB aKTHBHOI CTajli cTaropa 3 aKTUBHOIO
CTaJUTIO POTOPA BiIOYBAETHCS Yepe3 CTUPAHHS aKTHUBHOI CTajl cTaTopa MpH 3MEHIICHHI
MOBITPSHOTO 3a30py MIXK POTOPOM 1 CTaTOpOM, IO BiIOYBA€ThCS dYEpe3 3HOC
IIIIIUAITHKUKIB. JloBroyacHe TepTst poTopa 00 cTaTop NPU3BOIUTH JI0 YTBOPEHHS 33 IUPOK
Ha 3yOIAX, MOIIKOKEHHS 130JISIi1 MK JTUCTAMU Ta MICIIEBOTO TEPErpiBy aKTUBHOI
CTaIi.

st ycyHeHHs! IUX Ae(EeKTiB BUKOPUCTOBYETHCA CIEUIANbHUNA HIXK 3 MIISLIBHUM
nosioTHoM. Hik BBOAWTHCA ynapamMu MoOJOTKa Macoro 10 0,5 Kr MDK CyCiIHIMHU
MJIacTUHAMU 3yO11B aKTUBHOI cTaui. [Ticis ycyHeHHs BCIX 3aIUPOK JIMCTU aKTUBHOT CTall

0 Yep31 PO3COBYIOTH 32 JIOTIOMOTOI0 BUKPYTKH 200 HOXKA, a IIJTMHU 3aIIOBHIOIOTH JTAKOM
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bT-99, Bknagaroun Ha rimubuny 10-15 MM mmacTuHKY 13 ciroau ToBuHOK 0,05-0,07 MMm.

[TomkomkeHi AUISHKY MOKpUBatOTh JakoM bT-99. Ilicis BUcHXaHHS JIaKy HPOBOISTH

BUIIPOOYBaHHs akTUBHOI crtaii. [lopiBHIOIOUM pe3yabTaTH BHUMNPOOYBaHb JO 1 MICHA

PEMOHTY, IPOBOJIATH OLIIHKY SIKOCTI BUKOHAHUX POOIT 3 13011111 JIUCTIB.
Ilepeizo/0BaHHA JTUCTIB AKTUBHOI CTAJI

OuuieHHsT JTUCTIB CTajl BiA CTapoi 130JAIii MOXE MPOBOAUTHCS PIZHUMHU
MeTolaMHu. MexaHIyHl METOAM BKIIIOYAIOTh BUKOPUCTAHHS CTaJeBUX MIITOK,
KapJOCTPidoK 200 MCKOCTPYMIHHOTO anapary i BUJAICHHS JJAKOBOI 13011111, XiMiuH1
METOJIM MOXYTh BKIIIOUYATHU 3aHYPEHHS JIMCTIB Y pO3uWHU, Taki sk 10%-Buii po3unH
inkoro Hatpy abo 15%-Buii po3uuH TpuHaTpiidocdaty, siki migirpiBarote 10 50°C.
Po3unHn peKOMEHAYEThCS BUKOPUCTOBYBAaTHM 3 OOEpPEKHICTIO 4Yepe3 iX BHUCOKY
TOKCUYHICTb, HOCUTH 3aXUCHHUI OJIAT 1 MPaIIOBaTH Y BEHTHJILOBAHOMY IIPUMIIIICHHI.

JlucTy, K1 OYMIIYIOTh BiJ 130J15111, MO’KHA 3aHYPIOBATH y PO3YMH 1 3JIMIIATH TaM
710 TIOBHOTO PO3Maay JaKOBOI IJTIBKH, @ MOTIM MPOMHUBATH B MPOTOYHINA BOJII, MIAITPITIA
no 70-80°C, 1 cymutu. s BHAAJICHHS ManepoBOi 130JISIi1 JIMCTH TaKOXX MOXKHA
OUMINATH Yy Tapsi4iil BO1, JOKH TaIip 1 KJIeW MOBHICTIO HE BUNUTYTh.

[Ticns oumimeHHS BiA 130JIAIii JUCTH CTall HEOOXIAHO HEralHO JaKyBaTH IS
3ano0iraHHs KOpo3ii.

Cy1iHHS JIaKy Ha JILCTaX CTalll MOYKe BUKOHYBATHCS Mpu TemnepaTypi Big 450 1o
550°C, 1 TpuBaJiCTh LOTO TMPOIECY BU3HAYAETHCS depe3 AOoCHiaHl 3pasku. [lpu
3HM>KEHHI TEeMIIepaTypy CYLIIHHS CiJ 30UIbLIIYBAaTH TPUBAIICTH LIBOTO MPOLIECY.

VY BumMajKy BEJIUKUX 1 MBUAKOXITHUX €IEKTPUYHUX MAIINH 3 BUCOKOI BHCOTOIO
CIIUHKH Cep/ICUHMKA PEKOMEHTyEThCS JJAKYBATH JIUCTH CTall J1Bidi. TOBIIMHY 1Iapy JaKy
BapTO MiAOUpATH METOAOM JoCiikeHHs. [licis 3amikaHHS TOBIIMHA JIAKOBOI IUTIBKU
noBuHHa Oyt B mexax 0,015-0,02 mm, ame B Oyap-sikoMy BHUTNAAKY OJU3BKOIO JI0
TOBLIMHU IIAPY B 3aBOJICBKOMY BUKOHAaHHI. Lle BUMIpIO€ThCS mepe 1 micisl JaKyBaHHs,
a Mpu BUMIp1 32 TOMOMOTOI0 T1APABIIYHOTO MPUCTPOIO MUTOMUN TUCK OBUHEH OyTH B

Mmexkax 1,2-1,3 Mlla.
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BaxnuBo 3a3HauMTH, MO JUCTH CTaji, IO MPOXOIATh Yepe3 TpaTO3HIMATbHUIA
BEpCTAT Ha 3aBOMA1-BUPOOHUKY, MOKYTh MaTH HEPIBHOMIPHY TOBIIWHY B 3YOlIeBIH 30HI
MOPIBHSHO 3 TOBIIMHOIO HA CITUHII.

[30150BaH1 JIMCTH AaKTHBHOI CTalli MOXKYTh OyTH HEPIBHOMIPHHMHM MO TOBIIHMHI
yepe3 BIIXHWICHHS B TOBLIMHI MaTepiay, Kl CKJIaJaloTh AJs rapsueKaTaHux crajeu +
10%, a nyist xonoaHokatanux + 8%. Kpim 11b0ro, HEpiBHOMIPHICTH TOBIIIMHU JTUCTIB MOXKE
OyTH TaKOX pe3yIbTaTOM TOTO, IO JIAKOBHIA IIap B 3yOIIeBiil 30HI BUXOIUTH TOHIIIE Yepe3

O1JIbII IHTEHCUBHE BUTOPSIHHS PO3YMHHHKA JIAKY.

1.1.4 JlokasnbHi AedekTH MArHITONIPOBOAIB

3aBOACHKMI TMpolec, OCOOJUBO TNPH CTAaTUYHOMY TIPECyBaHHI, CTBOPIOE
IIJIBUIIICHUN TUCK B MEBHUX YaCTMHAX MAarHiTOIPOBOAY, 3a3BHYail y 30H1 3yOIiB. Lle
Yyepe3 TeKCTYpy MOBEPXHI CTAJIEBUX JIMCTIB OJIHAKOBO1 TOBIIMHU 1 HAsBHICTH AE(EKTIB.
Taki ypakeHHsI MOKYTbh MOPYILLIUTH 130JIAL110, TPU3BOJIAYM A0 JTOKAJbHUX BIIMOB YEpe3
[UPKYJIIOI0Y1 CTPYMHU, K1 BUKJIMKAIOTh MICIICBI ITIBUIIICHHS TEIIOB1 I1aul.

Komu nmpoBiaHICTh Ne()eKTIB y MEBHII 30H1 BUIIE CEPEIHBOI, 1 IIIIBHICTh BUXPOBHUX
CTPYMIB 3HAYyHO 30UIBIIYETHCS il 4ac POOOTH JBUTYHA B I 30HI, II€ BXKE CTa€
JOKAJIbHUM Ae(EKTOM, 1110 MTPU3BOAUTH A0 MiABUIIEHOT TEIJIOBIAaYI.

YacTo peMOHTYIOTh IBUTYHHU y BHUIAIKAX, KOJIH POTOP HEOUIKYBAHO 3PHUBAETHCS
B1J1 OCI 1 3MIIIYETHCS, CHPUUMHSIOYHM CEPUO3HI YIIKOKEHHS B 00JaCTi 3y0iB, TaKk 3BaHe
"3ann3yBaHHs" YaCTUHU MOBEPXHI, IJIACTUYHE Je(hOpPMYyBaHHS TUIACTHH.

VY Gararpox cutyarrisx nedext nossrae B "BupuBaHHi" TuiacTuH 31 3y0a. Lle moxe
CIPUYUHUTHU TPIIIMHM 130JIA1I1T MIXK JINCTaMU IO BC1i BUCOTI 3yOI1s.

Y peMOHTHUX MaHCTepHsSX BIAIpBaHI Ta nae@opMoBaHi 3yOHI IUTACTHHH
B1IHOBITIOIOTH /IO TIOYATKOBOTO TOJIOKEHHS 32 IOMOMOTO0 CHEIlaTbHUX KPITUICHD.

Cnin 3a3HayuTH, 1O JUIs IBUTYHIB, sIKI IepeOyBaioTh y poOoTi 1 Oynu miggaHi
PEMOHTY, BXKJIUBICTh YpaxXyBaHHS MICIIEBUX J€(PEKTIB BUIIA, HIXK MPU 1X BUTOTOBJICHHI.

3a3Buuail SIKICTb MarHiTOMPOBOJY OIIIHIOETHCS 3a MOKa3HUKAMHU MUTOMUX BTpPAT
M1]] Yac nepeMarHiqyyBaHHs, MOPIBHIOIOYH 1X 13 TAOJMYHUMU 3HAUEHHSIMHU MUTOMUX BTPAT

JaHOTO TUITY CTaJll 3 ypaXyBaHHSAM TEXHOJOTTYHUX KOE(ILIE€HTIB MEXaHIuHOT 0OpOOKH 1
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3'enHanHs. [IpoTe MiCIIeB1 BTpaTH € CKJIaJJ0BOIO 3arajibHUX BTPAT, a iX HACTIKHU CKJIaJHO

HaJIC)KHHUM YHMHOM YypaxyBaTH.

1.2 IcHywui MeTOAM KOHTPOJIIO BH3HAYEHHSI CTAaHY IIHUXTOBAHHUX

MaI‘HiTOHpOBOIliB CJICKTPUYHUX MallInH

1.2.1 BarrMeTpoBMii MeTO OLiIHKU BTPAT

[TepeBipka akTUBHOI CTaJIl Ha BIJICYTHICTh 3aMHKAaHHS MK JINCTAMU Ta BU3HAYCHHS
MMATOMHUX BTPAT BiJl BUXPOBUX CTPYMIB Ta MEPEMarHiayBaHHs € OCHOBHUMH METOJAaMH
OI[IHKM CTaHy 130JIIi1 MK TuiacTuHamu. [IpoBeneHHs 1UX BUMPOOYBaHb 10 Ta MIiCI

PEMOHTY J03BOJISIE OIMIHUTH €(PEKTUBHICTh BUKOHAHUX 3aXO/I1B.

- o
U=2208B ‘D
=501y

- ®

Pucynox 1.2 — Cxema 10CHIPKEHHS] aKTUBHOT CTaJli BATMETPOBUM METOIOM

BunpoOyBaHHs 3411CHIOIOTHCS Y BUIAJIKY HABEJIEHHA MarHiTHOI 1HAYKIII1 HAa PiBHI
1 T abo HaOnMXKeHOi O L€l BEIMYMHHU 332 YMOB 4acTOTHU 3MiHHOro crpymy S50 I'm.
HaBeneHHst MarHiTHOrO MOTOKY BUKOHYETHCS LUISXOM IPOIYCKAaHHS CTPYMy 4epes
HaMarHiuyBajbHy 0OMOTKY W/, 300pakeHy Ha cxeMi BunpoOyBanHs (puc. 1.2).

CepaedHHK cTaTopa MEepeBipsSIOTh y pPo3i0paHoMy cTaHl MamHu. BunpoOyBaHHs
CepleYHUKa pOTOpa abo SAKOPS MOKJIMBE, SKIIO X KOHCTPYKIIS JO03BOJISIE HAMOTATH
HaMarHi4yro4y oOMOTKY.

HamaruigyBanbHy OOMOTKY pPIBHOMIPHO pPO3MIIIYIOTh MO KOJIy CepJeYHUKa
cTaTopa abo poTopa 1 BUKOPUCTOBYIOTh MIJTHUM a00 aatOMIHIEBUN MOHTaXHUU MPOBIJ
0e3 MeTaNieBOi 3aXMCHOI 000JIOHKHU. TakoX MOKHa BUKOPUCTOBYBATH OOMOTYBaJIbHUIA

JPIT, JTOJATKOBO 1301bOBAaHMK OABOBHSIHMM a00 CKISHHM CTPidKaMH, MPOCOYCHUMH
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nakoM. [y 3amoOiraHHsl MONIKOHKEHHIO 13011111 MPOBOy, OOMOTKY HaMOTYIOTh Ha
MIIKIAAKY 3 IepeBa ab0 eIeKTPOKaAPTOHY .

Jlst oTpumManHs (GOPMHU HANPYTH, sIKa HAMOUTBIT HaOIMKeHA 10 CHHYCOITaIbHO,
PEKOMEHAYEThCS KUBUTH HaMarHidyyBajibHy OOMOTKY JiHIMHOIO (a He (a3HOI0)
Harpyror. 3'eTHaHHS OOMOTKH 3 JDKEPEIOM >KUBIICHHS 3IACHIOETHCS depe3 OKpemi
3aMmoO1KHUKH Ta JBOTOJIOCHUN PyOMIIBHHK, SIKI OOpaHi 3aJ€KHO Bi CTpyMy, SIKUI
CIIO’KMBAETHCSI HAMArHi4yBaJlbHOI0 0OMOTKOIO.

JIist  KOHTpOJII0O TapameTpiB Ml dYac BHUIPOOYBaHHS BUKOPHUCTOBYETHCS
KOHTpOJbHA 00MOTKa Wy BBIMKHEHHS KO TaKOX IMOKa3aHe Ha cxemi (puc. 1.2). Yci
BUMIPIOBaJIbHI MPUJIAJIU, IO BAKOPUCTOBYIOTHCS B 111 CXEMI, TIOBUHHI HAJIEKATH KIIACy
He Hmxkue 0,5.

Cnin BpaxoByBaTd, HI0 MPU BKJIIOYEHH! KUBJIEHHS JUIsl HaMarHidyBaJbHOT
OOMOTKM fK CEpACYHMK, TaK 1 caMa cXeMma >KUBJIEHHS MOXYTb OINUHUTHUCS TIiJl
HeOe3MeYHUM MOTEHIIAJIOM, 1 1X HE CJII JOTOpKaTucsa. ToMy, KpiM 3a3eMJICHHS KOPIYCY
MallliHU, HEOOXI1HO JOTpUMYBATHCS BCIX 3axojiB Oe3neku. Hampuxmnan, wicue
BUIPOOYBAHHS IOBUHHO OyTH OOMEXEHE Ta BiJI3HAUYEHE MONEPEI’)KyBaIbHUMU 3HAKAMU.

Ha ctomni, ne posmiiieHi BUMIPIOBaJIbHI MPUIAAH, BUKIIOYHO 3a00pOHSETHCS
PO3MILIYBaTH €JIEMEHTH KUBIICHHA CXeMHU (pyOWJIbHMK, 3allOO0LKHHMKHM Ta 1HIIE), 100
VHUKHYTH BUIAQIKOBOTO JOTHKY A0 HuX. Ilicmd BUMKHEHHS Hampyrdl s
HaMarHi4yBaJIbHOI OOMOTKU MPOBOJUTHCS PO3PSIKAa KOPOTKOYACHUM 3'€THAHHSIM 13

3CMIICIHO.

1.2.2 TemneparypHO-4acOBHiIl MeTO

BumiptoBaHHs BTpaT B CTalli MarHiTONPOBOJIY MOXKE Bi0OyBaTUCh, LUISIXOM
BU3HAYCHHS BTPAT MOTY>KHOCTI B MAarHiTOMPOBOJAX MPH PI3HUX 3HAYCHHSIX MArHiTHOTO
moJjisi Ta Temreparypi. TemmnepaTypHO-4aCOBUM METOJ IMOJISTaE B 3aMipl TeMIlepaTypu
MarHiTONpoOBOAY 3a MEBHUM Mepioj yacy Micis 3MIHKA MarHitHoro nois. [1ig gac 3minu
MarHiTHOTO IOJISl B MArHITOMPOBO/I1 BUHUKAE €IEKTPOMArHiTHa EHEpPTis, Ka MPU3BOIUTh
70 HarpiBaHHs MaTepialy Mar”iTornpoBoay. TemmepaTypHO-4aCOBUH METOJ J03BOJISIE

BHU3HA4YUTHU BTpPATH B MaFHiTOHpOBOI[i IIpyu IICBHHUX 3HAYCHHAX Mar”iTHOIO IIOJIA Ta
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temnepatypu. lLleit wmerom Moxe OyTH BHUKOPUCTAHUM JUISI OLIHKK  SIKOCTI
MarHiTONpoBOAY Ta MMATBEP)KEHHS BIJIMOBIAHOCTI HWOr0 XapaKTEpUCTHK BHUMOTaM
CTaHJApTIB.

Opniero 3 mepeBar IbOrO METOAY € MOXJIMBICTH BHUMIPSITH BTpaTH B
MarHiTOMPOBO/I 32 BCiX YMOB POOOTH, BKJIFOYAIOYM BHCOKI YaCTOTH, JI€ 1HII METOIU
MOXYTb OyTH He ehekTuBHUMU. KpiMm TOTO, T1€# METO AO3BOJISIE BUSHAYATH BTPATU HE
JUIIE B CEPACUYHMKY, ajle i B IHIIMX YACTUHAX E€JIEKTpOMAIIMHU abo TpaHcpopMaropa,
TaKuX K pOTOpP, CTATOP, 3aTUCKHI KOJIOJKHU TOIIIO.

[Ipote, MmeTon Mae cBOi HEAONIKU. BuMiproBaHHS TeMIiepaTypu BUMarae BUCOKOI
TOYHOCTI, a KaJiOpyBaHHs Ta HaJAIITYBaHHS OOJAJHAHHS MOXYTh OYTH CKIIQHUMHU.
BuxopucTaHHs ITUX METOJIB TaKOXX MOXKe OyTH dYaco- Ta Mpare3aTpaTHUM, a TaKOX
BUMAaraty 3Ha4HUX EHEePreTUYHUX BUTpaT. KpiM TOro, BUKOPUCTAHHS IIUX METO/I1B MOXKE
OyTH CKJIQAHUM 7151 00'€KTIB 3 BEJIMKOIO TEIIOEMHICTIO, OCKIJIBKHM 3MIHU TEMIIEPATypH
MOXXYTh OyTH HE3HAUYHUMHU.

TakuM 4YMHOM, BHMIPIOBAHHS BTpAaT B CTajl MarHiTONPOBOAY 3a JOMOMOTOIO
TeMIEpPaTypHO-4YaCOBOTO METOAY € e(PEeKTHUBHUM 3acoO0M Il BHU3HAYCHHSI BTpaT
MOTY>KHOCTI B MarHiTOMpOBOJAaX, MPOTE€ BHUMAarae yBard J10 TOYHOCTI BUMIPIOBaHb Ta

IHIIIMX TEXHIYHUX ACIIEKTIB.

1.2.3 IlepeBipka AKOCTi NpeCyBaHHS MATHITONMPOBO/Y 32 JONOMOTI 00 YT

[i1bHICTH 301pKHU CepACYHUKA NEPEBIPSIOTH UIYTIOM TOBIIMHOKO 0,2 MM, SIKH M1]1
THCKOM PYKH MOBUHEH BXOJIUTH MK JIUCTAMU CEpICYHHUKA HE OUIbINE HIXK Ha 2...3 MM.
Po3my1ieHHst TUCTIB MEePeBIPSIIOTh HUIIXOM BUMIPIOBAHHS IITAHT€HUUPKYJIEM JTOBXUHU
CepJCUYHMKA 10 JIHY Ma3iB 1 10 BEPXHiM yacTuHi 3yO1iB. Y cepleyHuKax JOBKUHOIO 10
100 MM momycKaeThes pO3MyIIeHHs 10 2 MM, a ipu AoBxkuH1 101 ... 150 MM - 10 3 Mm. Y
JIBOX B3a€EMHO NEPNEHAUKYJSAPHUX TUIONIMHAX MPOBOAATH BUMIPIOBAHHS JlaMETpiB
BHYTPIIIHBOI MOBEPXHI CEpJACYHHMKA 1 3aMKIB KOPMIYCY, 110 HEOOXIJIHI ISl MOCaAKU
MiIIAMHAKOBAX IMUTIB. B MammHax 3arajibHONPOMHUCIOBOIO BHUKOHAHHS TOYHICTH

00pOoOKHM 3aMKIB MMOBUHHA 3HAXOJIUTHUCS B MeXax 7 ... 9 KBaJIITETIB.
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OcnabneHHs MpecyBaHHs cepJieYHUKa TPU3BOIUTH J0 MOTO MiBUILECHOI BIOpaIllii,
sIKa KOHTPOJIIOETHCS CTCIIAIbHUMU TaTYMKaMH, BCTAHOBIICHUMH Ha KOPITYCl MaIlIMHU.

CepaeyHHK TOBHHEH OYTH CHPECOBAHWMA TaK IIUIBHO, MO0 CWiIa TepTS MK
JUCTaMH BHUKJIIOYAja MOXKIIMBICTh HABITh HE3HAYHOTO iX MEPEMIIeHHs BiTHOCHO OIMH
onuoro. IimbHICTH MpecyBaHHS MEPEBIPSAIOTH B 3YOIAX 1 JOCTYMHUX MICHSAX CIUHKU
CeplIeYHNKA KOHTPOJIHLHUM HOXKEM, SIKHI BCYBalOTh MK JTUCTAMH CEPICUHUKA. SIKIIIO TpU
CIUIbHOMY HAaTHUCKaHHI Ha PYKOSTKY HOKa HOT0 J1€30 BXOIUTh HE OijbIle HiXK Ha 2-3 MM,
HIUJIBHICTh IPECYBaHHS BBAXKAETHCS 3a/10BLIILHOIO.

Y  Jeskux BUNAAKaX 3aCTOCOBYIOTH CIIOCIO KOHTPOJIO 3a JIOTIOMOTOIO
TEH30METPUYHUX MPUCTPOIB, Jisl AKUX 3aCHOBAHA HA 3MiHI OMOPY TOHKOTO APOTY TpH il
po3TaTyBaHHI. [IpiT HAKJICIOIOTH Ha IPYXKHY TJIACTHHKY, SKY BOYIOBYIOTh B mrym. Hlym
3a0UBalOTh MOJOTKOM MIX JINCTaMHM, MPHU 1IbOMY BiH nedopmyerbes. [Ipo nedopmarrii
CYISTh 1O 3MiHI OTIOPY APOTY, SKa BUMIPIOETHCS BUCOKOUYTIMBUM TpruagoM. KoxkeH

LIYTI TApYIOTh i IPECOM, BA3HAYAIOUHM MOKA3aHHS NPUady NPy BIJOMUX AepopMarisix.

1.2.4 MeToa TepMOIHAMKATOPHOI0 NIOKPUTTH

Sk BiAOMO, TOIIKOHKEHHS MIDKIHMCTOBOI 130JIAI11 MPHU3BOINUTH 10 JIOKAJIBHOTO
neperpiBy, KU KOHTPOJIOETHCS CHEIIAIbHUMHU TEPMOI30JIAIINHUMHU TOKPUTTAMU. L1
MOKPUTTSI HAHOCATHCS Ha TMOBEPXHIO KOMITOHEHTIB, SKI MiIAIOThCI KPUTHIHOMY
MepErpiBY 1 MPU JOCITHEHHI TPAHUYHOI TEMIIEPaTypH BUAUISIOTH MIEBHI Ta3U 1 aepo3017i,
Kl BHSIBJISIFOTBCS 3@ JOMOMOTOK0 XIMIYHOTO aHaji3y OXOJOKYyr4oro rasy. Pi3Hi
KOMITOHEHTH MAIlIMHA TOKPUTI PI3HUMH XIMIYHUMHU CIOJyKaMH, SIKI MOXKYTb HE TUTbKH
BHSBJISATH JIOKAJIBLHUN TICPETPIB, ajie 1 BUSBIIATH HOro pxepena. Ha 1oaaTok 10 TOKPUTTIB
TEPMOYYTIIMBI €TUKETKH MOXKYTh HAHOCUTHCS Ha HEOE3IeuHi JIISHKH, SIKI 3MIHIOIOTh
KOJTip MPH MEPEBUIIICHHI TEMIIEpaTyPHOTO MOPOTY MicClisid HaHeceHHS [ 6].

ITepeBaru meTony:

- HeMae HeoOXIJHOCTI BCTAHOBJIOBATH TEpMoOIapu abo0 TEPMOMETPU B
KOMITOHEHTH MallTuHU;

- JIOKaJIbHUM meperpiB Moke OyTH BUSBIECHUIN HA MOYATKOBUX CTaIisIX.

Henomiku:
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- HEOOXIJHICTh TOBTOPHOTO HAHECEHHsI TMOKPUTTS Ha TEPMOIHJAUKATOPHE
TOKPUTTS 00 TEPMOUYTIIMBOI €THKETKH IICJIS JJOKAIBHOTO TEPETPiBY;
- HEMOXJIMBICTh BU3HAYUTH TOYHY TEMIIEPATYPy MOITKOIKEHOTO BY3JIa;

- TMEepeBipKa €TUKETKH MOXKJIMBA TIJILKH TIPH 3yITUHEHIN MaIuHI.

1.2.5 BUKOPHUCTAHHA TEIUVIOBI3Ii{HOr0 KOHTPOJIIO VIS NepPeBIipKH AKTUBHOI
CTaJi B €JIeKTPUYHUX MALIMHAX

TennoBi3iiHUI KOHTPOJIb AKTUBHOI CTaJl CTaTOPa 03BOJISE BUSIBUTH AUCTAHIIIITHO
30HM TIOIIKOKEHHSI B OCEpAl CTajll, PO3MOJIJICHHS 1 3HAYEHHS TeMIIepaTypu B 30HI

neeKTy, CTyIeHb HeOEe3IECUHOCTI HOro 3HaxopkeHHs (puc. 1.3)

Pucynok 1.3 — Tepmorpama e1eKTpUIHOI MAIIMHA 32 JOTIOMOTO0 TETIOBI30pa

BunpoOyBanHs crtani craropa TypOoreHeparopa MHpPOBOIATHCA HPHU 3HITOMY
potopi 1 0OMOTKax HaMmarHiuyBaHHA 1 YNpaBJiHHA, HAaMOTAaHMX Ha CTaTop.
BunpoOyBaHHS rijporeHepaTopiB MOKYTh TPOBOJUTHUCS SIK 31 3HATUM POTOPOM, TaK 1 6€3
JEMOHTAXKY.

[lepeBulieHHs1 TemmepaTypu, BUMIPSHE TEIUIOBI30pOM i 4ac BUNPOOYBaHb,
3QJIEKUTh Bl  IHTEHCHMBHOCTI  BUIIPOMIHIOBaHHS IOBEPXHI pO3TOYKA 1 1l
BUIPOMIHIOBAJIbHOI 37aTHOCTI. OTXe, MOBEPXHsS CBEPJUIIHHS cTaropa MOBHMHHA OyTH
pETENBhHO MepeBipeHa, MmepIl HiXk MokHA Oy1e MPOBOAUTH 1H(PpaYECPBOHUI MOHITOPHUHT.
[ToBepxHs OTBOPY cTaropa 3a3BuUuail 3a0apBiieHa 1 Ma€ KOe(III€EHT BUMPOMIHIOBaHHS

omspko 0,94, HesanexkHO Bin Koipopy mirmeHTtarii. Komm ¢apba Bumanserscs 3
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MOBEPXHI 1 MPUCYTHA 1pXka, KoedilieHT BUMpPOMIHIOBaHHS nocsrae 0,8, a dakTtuuHe
HarpiBanHs npu 10 °C Bumiproetbes sk 12,5 °C.

[Tig yac BUMIpOOYBaHHS CTajl CTaTOpa MEPIOJUYHO 3HIMAIOTHCS TEPMOTPAMHU
3yOIIiB 1 BCI€i MOBEpXHI cepaeunuka. [lepina Tepmorpama 3HIMA€EThCS MEPE] MOJAUCIO
HAIpyru Ha OOMOTKY HaMarHiuyBaHHS, HaCTylHa 3HiMaeTbesa yepe3 20 1 45 xBunuH, a
Takox uepes 15, 30 145 xBuIMH npu 0X0JIO0IKEHHI MicIs MPOrpiBy cratopa. TepMorpamu
3HIMAIOTHCS, KOJIM OOMOTKA HaMarHiyyBaHHs BUMKHEHA.

CraHgapT BCTAHOBJIIOE TMPOIEAYPY OIIHKH CTaHy CTaJli cTaropa Ha OCHOBI
pe3yabTaTiB iIHPpauepBOHOT0 MOHITOPUHTY. CIIi]l 3a3HAYUTH, IO JTIOKAJIbHE PO3CIIOBAaHHS
TeIJla B CTaJll CTaTOpa MOKHA BIJIPI3HUTH 32 TaKUMHU O3HAKaMH: SICKPABOCTI ILISIM,
(hopMOI0 1 XapaKTEpPOM 3MIHM SICKPABOCTI ILJISIM 3 TIJTMHOM 4acy B MPOIIEC] OXOJOMKEHHS
CEepJIeYHUKA MICIIA BIAKIIOYEHHS] OOMOTOK HarpiBaJIbHOI IIACTHHH.

SKkicTh cTalli cTaTopa OIIHIOETHCS B 3alIEKHOCTI BIJ MICIS JIOKAJIBHOTO
BUpPOOHMIITBA Teruia. [[oBepXHEB1 TEMIIOBIIBOAY CTBOPIOIOTH HArPiBaJIbHI €JIEMEHTH, SIK1
JeTKo 130i0BaTh. OLIHKA IX TOMYCKY BU3HAYAETHCS MAKCUMAJIbHOIO PI3HUIICIO HArpiBy
MK MaKCUMaJIbHUM ATy, . 1 MiHIMaIbHUM AT, sIKa IEPEBUIILYE€ TEMIIEPATY Py 3yOLliB B
KIHI[ TECTY, 10 CTaHOBUTH He Oubie 10 °C.

Kpim Toro, MmakcumasnbHe nepeBuIleHHs TeMnepaTtypu ATy, ., B KIHIII TECTY HE
MOBUHHO MEPEBUIIYBaTH HOPMATUBHUX 3HaU€Hb. | THOOKE TOKaIbHE PO3CIIOBaHHS TeTjia
CTBOPIOE CIaOKui HarpiB MOBEPXHi, BIMOBIIHUNA HOPMaM MEPEBUILICHHS TEMIIEPATYPH.
OTxe, AOMYCTUMICTh ITMOOKUX JIOKAJIBHUX TEIUIOBIABOAIB BU3HAYAETHCS BEIUYMHOIO
PO3paxyHKOBOI TEIIOBOI MOTY>KHOCTI.

3a B1IOMUMHU B ITPOLI€C] TPOBEICHHS BUITPOOYBAHHS CTall CTATOpa 3HAYEHHSIMU tq,
t,, ATy, AT, BU3HA4aIOTh TNIMOMHY 3alsAraHHs Je(EeKTy Ta MOTYKHICTh TEIJIOBUAICHHS
B 04Ya3l HATrPIiBY:

t; — cyMapHHMii yac HarpiBy, FOJIUHU;

t, — Jac BiJIl MOMEHTY BIJIKJIFOYCHHSI JKUBJICHHSI HAMArHI4y0u0i OOMOTKH JI0
MOMEHTY TepMoTrpadiuyHOi 3MOMKH, TOJINHU;

AT, — mepeBUIIEHHs TEMIIEpaTypu B JIOKAJbHOMY TEIJIOBUAUICHHI OJpasy

MICTIs BIIKJIFOYEHHS HAarpiBy, °C;
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AT, — nepeBHUILIEHHS TEMIIEPATYPH B JIOKAJbHOMY TEIUJIOBUAIEHHI B MOMEHT

3MOMKH, TOOTO uepe3 t, Micisi BUMUKAHHS KUBJICHHS HAMarHiayo4doi oOMoTkH, °C.
. AT,
JI1s1 HOTO BUBHAYAIOTE CIiBBiAHOIIEHHS 2/ AT A1 OTPUMAHOTO 3HAYCHHS
0

BIJIHOIIIEHHSI 1 Yacy t, 3a JIOIIOMOTOK PO3paxyHKIB BU3HAYAIOTh OPIEHTOBHY TJIMOUHY
3ansraHHs qe(eKTy.

[lepeBaru metony:

- MOXKJIMBICTh OIIIHUTH TOIIKOHKCHHS CTalli MAIlMHA Ta BU3HAYUTH TIIHMOWHY
HMOTO 3aJIsITaHHs;

- BHUCOKA TOYHICTh BUMIPIOBAHHS;

- BUNPOOYBAHHS CTaJll MOTY>KHUX MAIIMH MPOBOAUTHCS 0€3 BUITYUEHHS POTOpA.

Henomniku:

- BEJIMKA KUIbKICTh BUIIPOOYBaHb.

1.3 BucokodacTtoTHi IHAYKHiHHI 3aC00HM KOHTPOJI MIMXTOBAHUX
MATHITONIPOBO/IIB

OauH 3 HaWOUTIBII TOIIMPEHUX METOJIIB BUMIPIOBAHHSI BTpPAT y CEpIIEYHUKAX
SJICKTPUYHUX MAIIIUH - 1€ METO/I 1eTi ricrepesucy [31, 32]. Bin mossirae B HAMOTyBaHH1
JIBOX OOMOTOK Ha CEpIEYHHK, IO BHKOPUCTOBYEThCS Mg BHUMIiproBaHHsS. [lepmia
00MOTKa BUKOPUCTOBYETHCS JJIs1 30Y/KEHHS, a ApyTa - JJIsl BAMIPIOBaHHS 1HTyKOBaHO1
Hampyru. BTpatu B cepAeuyHUKY OOYHMCIIOIOTBHCS LUISIXOM I1HTErpyBaHHA JOOYTKY

BUMIPIOBAHOT HAIIPYTH Ta CTPYyMY, IO MPOXOAUTH Yepe3 Mepiry OOMOTKY.
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Pucynox 1.4 — Ctenp 3HATTSA METJII TicTepe3icy

[Tepmia 0OMOTKa BUKOPUCTOBYEThCSI AJIsl TeHepauii 30y/KeHHs, a apyra - JUis
BUMIPIOBaHHS MarHiTHOI 1HAYKII1. [HTErpyBaHHs HaNpyry, sika BUMIPIOETbCA Ha APYTiid

0OMOTIIi, 1a€ 3HAYCHHS MAarHiTHOT 1HIYKIIIi:

B(t) = jTVs (v)drt (1.3)
0

NZAe

ne N, — KUIbKICTh BUTKIB BTOPUHHOT OOMOTKH;

A. — mioma monepeyHoro mnepepizy MOCHKYBAaHOTO MarHiTOMPOBOAY, IO
BpaxoBy€ e(heKTHBHY IUIOITY HOTO MEPETHHY.

BupoOHMKM MarHiTHOi €JEKTPUYHOI CTajll TPOBOJASTH BUMIPIOBaHHS BTpaT
MarHiTOMpPOBOAY JIJISl PI3HUX pOOOYUX TOUOK, TakuX sk 4acToT 50 I'1r1 60 ['1y ipu pizHux
3HAYEHHAX MAar”iTHOi 1HAyKmii. L1 JaHi BUKOPUCTOBYIOTHCS NIl OTPUMAaHHS KPUBOI
HaMarHideHHs. ICHye KibKa CTaHJapTiB BUMIPIOBAHHS BTPAT Ha PI3HUX YACTOTaX IS
BUPOOHMKIB, SKUM BOHM MAalOTh CIIIJlyBaTU. XoO4da pPi3HI BUPOOHUKH JTOTPUMYIOTHCS
PI3HMX CTaHJApTIB Ta HOMEHKIATypH BIJHOCHO CBOIO MPOAYKTY, TaKl BIACTUBOCTI
Marepiaiy, K BTpaTh, OMip 1 MPOHUKHICTh, BBAXKAIOTHCSI OJJHAKOBUMHU JJISI OJHIET MAPKU
ctami. Jyig 3MeHIIeHHs BTpaT 10 MaTepiady MI0Aal0Th KpEMHIA Ta aaloMiHIN, IO
MIJBUIIYE EIEKTPUYHUMN OMip 1 MPOHUKHICTH. J[JI1 piBHA BU3HAYEHHS CTaHAApTHU3AIl]
Marepiary ~AMEpUKAaHCHKUM 1HCTHTYT MeTanypriiiHoro BupoOHuirBa (AISI)
BUKOPHCTOBYE BIACTHBOCTI MaTepially, Takl ik piB€Hb MarHiTOCTPUKIIII Ta TeMIiepaTypa
Kropi, sKi BU3HAYAIOTHCS BIJCOTKAMU CKJIAJOBUX y cruiaBi. HU3pkoCcOpTHI Martepiaan
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MalTh HAWBHUIIMKA BIJICOTOK KPEMHIIO, TOMY MalOTh HaWBUIIUNA MTUTOMHUN oOmip 1
IPOHUKHICTh, a OTXKE, HAWMHWXK4Yl BTpaTH ocepas. ToBIMHA MIDKIMCTOBOI 13011
BIUTMBA€E HA 3MCHIIICHHSI BTPAT Ha BUXPOBI CTPyMHU.

ICHYIOTH TpY THITM OCHOBHHUX TECTIiB JJII BUMIPIOBaHHS BTpaT - pama Emmreiina,
TOpOia Ta Tectep oaHoro aucta. L{i Tectn mokazauni Ha puc 1.5. MixHapoaHa acoryarist
BunpoOyBanb Ta wmatepianiB (ITM) mae cranmaptu uis TIATOTOBKM MaTepialiB,

CKCHCpI/IMeHTaHBHOT YCTAaHOBKH Ta MCTOI[iB TCCTYBAHHA IJIA BCIX TPBOX THIIIB TECTIB.

ITepBunna oOMoTka  BTOpuHHA 06MOTKA

I
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Pucynok 1.5 — Metoau nocnimxenns a) Pama Enmreiina, 6) metoa OnHoro

aucta, B) Metoy Topoina

Tect pamun EnmmreiiHa - 11¢ MeTOa BHUMIPIOBAaHHS MAar”iTHHUX BJIACTUBOCTEH
MarepiaiiB, KU Oa3yeTbCs Ha TOMY, IO 3MIHHUN MAar”HiTHUM MOTIK, CTBOPEHUU
MIEPBUHHOI0 0OMOTKOI0, 1HAYKY€ HAIpyry y BTOpUHHIN oOMoTIi. [leit MmeTton Bumiproe
IHAYKIII0 B 3pa3Ky, sfiKa BiIOOpa)kaeThCAd HAa BUMIPIOBAIILHOMY mpuiafl. [301p0BaHuM
MarHiTHUM MaTepiall, TaKUi SK 3a1130-KpEMHIEBA CTallb, € HAWYACTIIIMM MaTepiajoM,
SAKUW BHUKOPUCTOBYEThCS y Meroal pamu Enmreitna. 11[o0 3011bmUTH TOYHICTH
BUMIPIOBAaHHS, MaTepiai po3pi3aloTh HA CMYXKH, K1 YKJIa/IaloTh B paMy. BcTaHOBIIEHHS
BEJIMKOT KIUIBKOCTI 130JIbOBAaHMX JIMCTIB JIOIIOMAara€ 3MEHIIUTH MAarHITHHM OImp Ha
HU3BKUX YacTOTaX, 0 3abe3nedye OUThIl TouHE BUMiproBaHHA. OJHAK, METOI pamMu
Enmrelina mae geski Hemomikd. ['0JIOBHMI HENONIK TMOJSArae B TOMY, IO MIXK
CKJIAJIOBUMHU paMU BUHUKAE MOBITPSHUIN 330D, 110 MMiJIBUIIYE K MAarHITHUHN OIIp, TaK 1
BTpaTu. Lle MoXxe mpuBECTH OO HETOYHUX pe3yJbTaTiB BUMIPIOBaHb, OCOOJMBO Ha

BHCOKHMX 4YacToTax. KpiM TOro, miiroToBKa JUCTIB JJii BUKOPUCTAHHS Y METOJl pamu
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Enmrelina Bumarae 6arato yacy i1 3ycuib. Y 3arajibHOMy, MeToa pamu EmmireiiHa €
e(DEeKTUBHUM IHCTPYMEHTOM JIJIS BHMIPIOBaHHS MAarHITHHX BJIACTUBOCTEH MaTepiaiis,
MPOTE BiH Ma€ CBOT OOMEKEHHSI Ta HEJOMIKH.

Tect mMeTomom Topoina 3rigHO 31 craHmapramu TM mnependaueHo po3pizaHHs
CTaJICBUX JIUCTIB HA KiJIBIIEBI 130JIbOBAaHI CETMEHTH, SIK1 3r0JI0M 30HUparoThbest pazom. st
30UpaHHs TOPOIMATBHOTO CEpJICYHUKA CIIOYATKy HAaMOTYEThCS BTOPHHHA OOMOTKaA
0e3rocepe/IHbO Ha CTaJIEBUN TOPOIJ, MICIA YOro MepBMHHA OOMOTKA HAMOTYETHCS Ha
30BHIIIHIO TOBEPXHIO BTOPHUHHOI OOMOTKH. KilbKICTh BHUTKIB MEPBUHHOI OOMOTKHU
BU3HAYAETHCS MOTPIOHUM CTPYMOM Ta HaIpyror Ha 3ajaHiil dyactori. Ha BTOpHMHHIN
O0OMOTIIl MOKYTh OyTH KIJIbKa KHOTIOK, III0 JO3BOJISIE PETYJIIOBATH KIJIbKICTh BUTKIB Ta
BaplOBaTU 4acToTy. JlJi MiABUILEHHS TOYHOCTI MPU HU3BKUX YaCTOTaX BUMIPIOBAHHS
MIPOBOJIATHCS TTOCIIIIOBHUM MIAKIIOYEHHSIM JIEKIIBKOX 0OMOTOK (BTOPUHHUX, TPETUHHUX
1 T.1.), TOJl SIK BUCOKOYACTOTHI BUMIPIOBaHHS BUKOHYIOTHCSI JIMIIE 3 BUKOPHUCTAHHIM
OJIHI€I BUMIPIOBAJIbHOI OOMOTKHM. /[l mepeBIpKH 130JiALi1 JABUTYHAa HaWOLIbII
MIIXOIAIIUM METOJOM € TECTYBaHHS TOPOIAHUM TECTEPOM, OCKIJIbKUA BiH JI03BOJISIE
BU3HAYUTH BTPATH CEPJICUYHUKA Yepe3 MOro 3aMKHYTYy MarHiTHy METJIIO Ta 3a0e3mnedye
MOAIOHICTh MIDK TEOMETPUYHOIO CTPYKTYpPOIO TECTEpa Ta PEaJbHOTO €JIEKTPOJABUTYHA.
Henomnikom TopoigHOTo TecTepa € Te, 0 MiArOTOBKA 3pa3Ka JJisi TECTYBaHHS BUMarae
3HAYHOI KIJIKOCTI Yacy.

Tect meTogoM o0aHOrO apkymia II€¢ OJWH 13 HAWUNOIMIMPEHINTUX METOMdIB
TECTYyBaHHS, 110 BUKOPHCTOBYIOTHCS BUPOOHHMKaMHU ctaii. Lled mMerom myxe Jerkuid y
BIITBOPEHHI Ta JI03BOJISIE TIEPEBIPATH BIACTHUBOCTI JIMIIIE OJHOTO JHcTa. OHAK, € JIesKi
HEJIONIIKK, M0 TNOoTpeOyroTh yBaru. KpiM TecTyBaHHS OFHOTO apKylla, YacTo
BUKOPHUCTOBYIOTh 1HIIII METOJIU, SIKI JIOMOBHIOIOTh MOTO pe3yJsibTaTh. Tak, Hampukiaji,
MO’KHA BHUKOPHMCTOBYBATH TECT HA 3pa3Kax 3 PI3HUMH OpIEHTAIlISIMU, 11100 BU3HAYUTHU
aHI30TPOITI0 MaTepiany. BakauBo TakoXK mam'siTaTH, MO0 CTAaHAAPTHUNW TECT BHMIPIOE
MOTIK TIJILKHM B IIEHTP1 JIUCTA, TOMY BiH HE J03BOJISIE OTPUMATU MOBHY 1H(QOpMAIIit0 PO
BJIACTUBOCTI Matepiainy. /{7 oTpuMaHHs MOBHOT KapTH MOTOKY MOKHA BUKOPHUCTOBYBATH

MOKPAILlEHy BEPCII0 1IbOTO METOMY, SIKa JO3BOJISE BUMIPIOBATH MOTIK Ye€pe3 CTaJICBUMN
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mucT. TakuM YMHOM, TECTYBAaHHS OJHOTO apKylla € BaXKJIMBUM METOJOM TECTYBaHHS
cTaJji, aje notpedye T0JaTKOBUX METOJIIB Ta yBaru A0 WOTo HEIOJIKIB.

He3Bakatoun Ha OUIKyBaHHS, IIO KOXXEH METOJ| TECTYBaHHS JacTh OJIHAKOBI
pe3ynbTaTd, (pakTHYHI BHMIPIOBaHHS IOKa3yioTh BigmiHHOCTI. Jocmimkenus [33]
NPOBOAWIN TOPIBHSHHS SKOCTI PI3HUX METOMAIB TECTyBaHHS 3TIHO 3 PI3HUMHU
CTaHJIapTaMH. 3a pe3yJIbTaTaMu JOCIIIKEHb BCTAHOBJIEHO, IO TOPOiJHUN METOI Mae
O17BIII 3HAYCHHS BTpaT CEpJACUHMKA, HDK 1HIINI METOAM Ha BCiX yactorax. lled daxr
MO>KHA MOSICHUTH BIUTMBOM TPOIIECY Pi3aHHS MPH MiATOTOBIII 130JbOBAHHX JIMCTIB, KU
OPU3BOAUTH 1O 3HWKEHHS NPOHUKHOCTI Ta MIABUIIECHHS BTpaT cepicdHuka. s
OTPUMAaHHS OLIBII TOYHHX PE3yJIbTAaTiB, MOXKHA BUKOPUCTOBYBATH KOMOIHAIlT Pi3HUX
MeTO/AIB TecTyBaHHS. Hampukmnaza, st Toro, moO OIIHUTH BIACTUBOCTI Marepiaiy,
MO>KHa BUKOPUCTOBYBAaTH CTaHJAPTHHUI TECT BUMIPIOBAHHS MOTOKY B LIEHTPI1 JIUCTA Ta
MOKpAIIeHy BEPCII0 TECTyBaHHA, sKa BHUMIPIOE MOTIK uepe3 craneBuid Jwmct. [ns
BHUMIPIOBAHHS BTpaT CEPJICYHUKA, MOKHA BUKOPHUCTOBYBATH TOPOITHUI METOM Pa3oM 3
IHIIMMU METOJIaMHU TECTYBaHHS.

Kpim TOr0, BaXJIMBO BpaxoBYyBaTH TEMIIEPATyPy CEPACUHHUKA IT1]] YaC BUMIPIOBaHb.
Jlist 3a0e3nedyeHHs] TOYHHMX Pe3yJIbTaTiB, BUMIPIOBAHHS TOBUHHI MPOBOAMUTHCS IPHU
MOCTIHIN TeMiiepaTypl 25°C, a KOKEH 1HIUBIAyaJIbHUN TECT MOBUHEH OyTH 3p00IeHUI
MPOTATrOM KOPOTKOTO MPOMIXKKY 4Yacy. s oTpuMaHHsI BUCOKOT TOYHOCTI BUMIPIOBaHb,

MOKHa CKOPHUCTATUCA aBTOMATHU30BAHOIO CUCTCMOIO 36y,H}K€HH5{.

1.4 IcHyroui MeTogu Ta 3acO00M JiarHOCTUKH BY3JIB €JEKTPOTEXHIYHOIO
00J1aJHAHHS 3 BUKOPUCTAHHAM BIOpaliliHOT0 CUTHAJLY

B ocHOBy meToaiB BiOpO1arHOCTUKH PIZBHOMAHITHOTO OOJaJHAHHS: MAaIIuH 1
MEXaH13MiB, MACUBHUX KOHCTPYKIIiH, BY3JIIB €JIEKTPOTEXHIYHOTO 001 JHAHHS TOKJIaICH]
OJIHaKoBl (13uuHI npuHIMNU. ToMy amaparypa [Uisi BUMIpDIOBaHHS BiOpailiii, B
OCHOBHOMY, HE BIJPI3HSAETHCA MO CTPYKTYpl Ta MPHUHIMIY POOOTH B 3aJIEKHOCTI BIJ
KOHKPETHOI 00JacTi 3acTocyBaHHA. Pa3oMm 3 TUM, Pi3HUM raiy3siM BiOpOJiarHOCTUKU

XapaKTEpHI PI3HI Alama30HUM YacTOT, & TAKOX PI3HI PIBHI BUMIPIOBaHUX BiOpallii,
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BUKOPHUCTOBYIOTBCS PI3HI JIarHOCTUYHI TapamMeTpH, Pi3HI MIIXOAW 10 TPOBEIACHHS
JIIarHOCTHUKH.

Po3rnsany cygacHuX MeTO/1B BiOpaIiitHOT 11IarHOCTUKU PI3HUX BUAIB 008 HaHHS
IpHCBsUEHA 3HAYHA KUJIBKICTh poOit [67, 96, 97, 98, 99, 100, 101, 102, 103, 109]. Cepen
HUX MOXXHA BHUJAUTUTH JIBl TPYNMU METOMIB, IO IPYHTYIOThCS HA MPHUHIUIIOBO PI3HUX
MiX0/axX: IETEPMIHOBAHOMY 1 CTATHCTUYHOMY.

B pamMkax [eTepMiHOBAaHOTO TIAXOIy JIO JIarHOCTHUKU B SIKOCTI Mojelnein
BUMIPIOBAHUX KOJHMBaHb BHOUPAIOTHCS JAeTepMiHOBaHMUMH (QYHKINT (Halvacrime —
MOJIITADMOHIYHI, YacoM — Maibke mnepioanyHi). JliarHOCTyBaHHS 3JIMCHIOIOTH 3a
MOPOTOBUM KPUTEPIEM: TIEPEBUIICHHS PIBHEM JESKOr0 BUOpaHOTro mapamerpa BiOparii
Hamepe 3aJaH0T0 TPAHUYHOTO 3HAYCHHS.

BumiproBaHHs 1HTErpaJibHUX BIOpAlIHUX XapaKTEPUCTUK MAIIWH 1 MEXaHI3MiB
i yac ix po6otu (QpyHKIIOHATBHA JAIarHOCTUKA) JO3BOJISIE BU3HAYUTHU 1X 3arajibHUM
TEXHIYHUM cTaH. B 0CHOBY HOpMyBaHHS aOCOJIIOTHOT BiOparlii 3akiafeH! peKoMeHaIi
MiKHaponHoro cranpapty ICO 2372-74, B saxomy SIK KpUTEPill BUKOPUCTOBYETHCS
cepenne kBaaparuune 3HaueHHs (CK3) BiOpomBuaKOCTI B Aiana3oHi yactoT Bijg 10 '
no 1 x['m. Ili pekomennailii 3acHOBaHI Ha MPUITYIIEHHI, 10 MOAIOHI MO MOTYXHOCTI,
4acToTl o0epTaHHs, cnoco0aM YCTaHOBKHM, YMOBAM MOHTaXy 1 €KCIUTyaTallli arperaru
MarTh MPUOJIIM3HO OJIHAKOBI JOMYCTHMI 3HaYeHHs BiOpamii. ba3oBUM HOpMaTHUBHUM
nokymeHToM 110 BiOpaiii B nanuii yac € JICTY TTOCT UCO 10816-1-2007 «Bibparrisi.
KoHTposb cTany maliMH 3a HacliJIKaMd BHMIpIOBaHb BIOpalii Ha 4acTHHAX, IO HE
obepratotbes. Yactuna 1. 3aranbHi BUMOTH». SIK KpuTEpii OIIHKA BUKOPUCTOBYIOTH
a0COJIOTHI 3HA4YEeHHsI BiOpalliif Ta iX 3MiHY B MPOIIEC] €KCILTyaTallii.

[IpoTte po3BUTOK TOr0 200 1HIIOrO AeEKTY Y By3Ji MAIIMHU YacTO NPU3BOAUTH HE
710 30UIBIICHHS] CyMapHOTO 3HAYEHHS BiOpailii, a 0 3pOCTaHHS aMILTIITYyId OKPEMHUX
rapMoOHIK, 1 TOMy OpraHi3ailisi KOHTPOJIIO TOBEIIHKH OKPEMHX YaCTOTHUX CKJIaJIOBUX
JI03BOJISI€ PO3MI3HABATH Pi3H1 HECIIPABHOCTI 1 CTEKUTH 3a XOJIOM iX PO3BUTKY. TEXHIUHO
1€ pealli3y€eThCs MPH PO3KIIaJaHH1 BIOPOCUTHATY B CIIEKTP 32 JJOTIOMOTOO IEPETBOPCHHS

dyp’e.
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CraTtucTUyHE HAKOMMYEHHS 1 aHaJl3 KOPEJSIIHHO-CIEKTPAIIbHUX XapaKTEPUCTUK
BIOpOCUTHAIIB, MPOBEJACHUN CTOCOBHO KOHKPETHHMX MAIIMH 1 iX BY3JIB, JO3BOJISIOTH
BCTAHOBUTH B3a€MO3B’SI3KM 31 3HOCOM y PYXOMHX BY3/lax MeXaHi3My. lcTOTHUM
JIOTIOBHEHHSIM JI0 €KCIIEPUMEHTAIIbHUX METO/IIB OLIHKU TEXHIYHOTO CTaHy MAalllMHHOTO
YCTaTKyBaHHS CIY>KUTh KOMIT IOTEpPHE MOJETIOBAHHS TUHAMIKU 1 3HOILITYBAHHS BY3IIiB,
IO J03BOJISIE 3B’S13aTH BOEIUHO 3MiHY (YHKIIOHATBHUX 1 AUHAMIUYHUX IapameTpiB
MAalIMHU 13 3HOCOM OKpPEMUX 11 €JIEeMEHTIB 1 MPOTHO3yBaTH 111 MPOILIECH HA MEBHUM 4Yac
MalOyTHBOI eKCIUTyaTallli. ¥ Takuii crocid BU3HAUYal0ThCs TapMOHIKH BiOpailii OCHOBHUX
nedeKTiB.

HecnpaBuuii By30i51, poboTa SKOTO CYNPOBOJKYETHCS YIAapoM, €(PEeKTUBHO
J1arHOCTYBAaTH 3a JIOMIOMOI'OI0 aHai3y aMIUTITYu oOBiHOT BiOpocurHamy. Lleit meton
0a3y€eThCcsl Ha TOMY, IO MEPIOUYHA TOCIIIOBHICTh YJIAPHUX IMITYJIbCIB, IO 30YyIKY€E
BECh CIIEKTP BJIACHUX YacTOT MeEXaHi3My, HaWKpaldM YWHOM BUABISAETHCS Y
BHCOKOYACTOTHIN 00JIacTi y BUIVISIAI aMIUTITYAHOI MOAYJIALIl BiOpaliifHOTO MpOIieCy.
CMyroBa QuibTpaliisi BHCOKOYACTOTHOIO CHUTHAlIy 3 MOJAJbIIUM HEPETBOPEHHIM
I'inpOepra (ab0 NETEKTYBaHHSM) 1 CHEKTPAJbHUM aHANI30M AMILNTYJHOI OOBIIHOI
JI03BOJISIE TIO YAaCTOTI MIPOXO/KEHHS YIapy JIoKai3yBatu aeexTHuid By3oi. Llei meTos
3HAMIIIOB 3aCTOCYBaHHS MPU KOHTPOJII CTaHy MIAMIMITHUKIB KOYEHHS 1 3y0UaTuX nepeaay.

OyHKIIOHAJIbHA BIOPOIarHOCTHKA MOXKE €(EKTUBHO 3aCTOCOBYBATHUCS JIUIIE /10
TUX 00’€KTIB, SIKI B MpoIeci poOOTH cami CTBOPIOIOTh KOJIMBAHHS Yy CBOiX €JIeMEHTax,
TOOTO MICTSATh BHYTPILIHE JKEPENIO BiOpauiiHOro 30ymkeHHd. OCHOBHUM HEIOIIKOM
TaKoro MiAXOAYy € Te, M0 B MPOIECl IarHOCTHYHOTO EKCIEPUMEHTY HEMOKJIMBO
KepyBaTH BUJOM Ta IHTEHCHUBHICTIO BIOpaIliifHOro 30y/KEHHS, a TaKOXK MICIEM HOro
MPUKJIAJACHHS, OCKUIBKA BOHU 3aJIeXkaTh TUIBKU BiJl KOHCTPYKIIi, TEXHIYHOTO CTaHy Ta
pexumMy poboTu 00’ €KTa.

TecToBa A1arHOCTUKA, HA BIAMIHY BiJl (YHKI10OHAJIBHOI, BUMArae MpUKIaIeHHs 10
00’€KTa JIIarHOCTUKHU CHEIIaIbHUX 30BHIIIHIX BIUIMBIB. TOMY 3’SIBISIETHCS MOXKJIMBICTh
MPUKJIAJAATH BIUIMBH 3 TIEBHUMH XapaKTEPUCTUKAMHU 1 B TIEBHOMY MICIIi, a 11€ B CBOIO

Yyepry J1a€ MOXKJIMBICTb MOKPAIIUTH JOCTOBIPHICTD J1arHOCTUKHU.
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Ha nanuii yac mpu J1iarHOCTyBaHHI MalllMH, MEXaH13MIB Ta MACUBHUX KOHCTPYKITIH
BUKOPHUCTOBYIOTH TaKl BUU BIUIUBIB: TApMOHIYHHUHN (p1KCOBAHOT YaCTOTH, TAPMOHIYHUH 3
PO3TOPTKOIO YaCTOTH, IMITYIbCHUM, ITyMOTIOIOHUN, yTapHUIA.

Jns mpoBeneHHs BIOpaIliiHUX BUIPOOYBaHb KOHCTPYKINI B PEXUMI BUIBHHX
KOJMBaHb ii 30yMKEHHS NPOBOAUTHCA IMIIIXOM KOPOTKOYACHOTO CHIJIOBOTO BILTUBY
(ymapy), Iist 90TO 3aCTOCOBYIOTHCSI PI3HOMAHITHI 3aCO0W: MasTHUKOBI MMPUCTOCYBAHHS,
YAApHUKU PI3HOTO MpUHIUIY poboTH. KonuBaHHA BUMIPIOIOTH 3a JIOIMOMOTONO
BiOpoJaTunKiB. 3a pe3ylbTaTaMH aHaji3y BiOporpaM BH3HAUYAIOTh BJIACHI YacTOTH 1
XapaKTEpUCTUKU 3TacaHHs KoJuBaHb. HenmomikamMu Takoro MmiXxoay € BeJIMKa
TPYJIOEMHICTh aHaJ3y BIOporpaM 1 HU3bKa TOYHICTH HOTO pe3ynbTaTiB. MeTroauka
MIPOBEICHHS BIOPOBUIIPOOYBaHb KOHCTPYKIIIM B PEXKUMI BUMYIIEHUX KOJMBAHb MO CYTI
aHaJoriyHa, ajie 3aCTOCOBYIOTHCSl CHEIlalbHI MOTYXHI 30yJHUKH KOJIUBaHb 3a7aHOi
bopmu.

OaHuM 3 METOZIB TECTOBOI AIarHOCTUKH KOHCTPYKIIM T'PYHTYETHCS HAa METOl
MOJQJIBHOTO aHaji3y, SIKUA HIUPOKO 3aCTOCOBYETHCS JIi BU3HAYCHHS MEXaHIUHUX
BJIACTUBOCTEH KOHCTPYKIIM B apiallli, aBTOMOOUIbHIA MPOMHUCIOBOCTI, OYAIBHHIITBI
tomo. lleit mMeTon nmae MOXIMBICTH BH3HAYUTH MOJU JOCTIIKYBAaHOI KOHCTPYKIIIT
(enemeHnTapHi (OpMHU KOJMBaHb, IX YAaCTOTH Ta MapaMeTpu AeMIpyBaHHA), IO €
OCHOBOIO aHajli3y BUMYLIEHUX KOJMBaHb AAHOI KOHCTPYKIIi MiJ BIUIMBOM Oyab-SKHX
30yIHUKIB. 3 TOYKH 30pYy JIarHOCTUKH BIH JIa€ MOJKJIMBICTH OIIIHUTH MeEXaHIYHI
napamMeTpH KOHCTPYKLIi, 0 XapaKTepPU3yIOTh il TEXHIYHUH CTaH.

TakuM YMHOM, CTATUCTUYHI METOAM HAOYyBalOTh OCTAaHHIM YacOM IIMPOKOTO

BUKOPUCTAHHA y BIOpaIliiiHiil J1arHOCTUIll PI3HOMAHITHUX KOHCTPYKIIii.

1.4.1 Cy4acHi TexHi4Hi 3ac001 BiOpaniiHOI JiarHOCTUKH

Ha nanuii yac icHye mupokuii BHOIp BIOPOBUMIPIOBAJIBHOI Ta J1arHOCTHYHOI
anaparypH, sika pO3pI3HSEThCA 3a NMPU3HAYECHHSIM, HA0OpPOM BHUKOHYBAaHMX (DYHKIIIH,
BapiaHTaMH BUTOTOBJICHHS TOIIO.

®ipmamu “EnneBko” (CIIA), “SKF” (IIBeuist), “PTC Piezotronics” (CLIA),

“Bprons i K’ep” (Hdanis), PRUFTECHNIK Condition Monitoring GmbH (HimeuunHa),
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Ta IHIIMMU BHUPOOJIETHCA MIMPOKA HOMEHKJIATypa KOMIIOHEHTIB IS JI1arHOCTHYHOT
amaparypH, a TaKOX psiJi FOTOBUX KOMIUIEKCHUX pillleHb. BUKOPUCTOBYIOUH 110 TEXHIYHY
0a3y, € MOKIIMBICTb CTBOPIOBATH anaparypy Ui peatizallii JessKuX METO/ 1B HepyHHIBHOT
niarHoctuku. Tak, ¢pipmoro “bpronb 1 K’ep” BUpOOIAIOTECS KOMIIOHEHTH JIJISI CUCTEMH
MOHITOPHHTY CTaHy MOTYXHOT'O MPOMHUCIOBOTO OOJIaHAHHS, BUSBICHHS MOIIKOKEHb
Ha PI3HUX CTalifAX IX PO3BUTKY Ta BUIaul MOMEPEIKEHHS, KOJIU MOIIKOKEHHS CTae
kputuyHuM. Kpim Toro, ¢gipmu “bprons 1 K’ep”, “EnneBko” “PTC Piezotronics”
BUPOOJISIIOTh 1Ty HHU3KY PI3HOMAHITHUX BUMIPIOBAJbHUX IEPETBOPIOBAUIB, IO Y
KOMIUJIEKCI 3 JBO— YW OaraTokaHaJbHUM aHaIi3aTOpPOM CHUTHAJIB 3a0€3MedyloTh
BUMIPIOBAaHHS OCHOBHUX IMapaMeTpiB BIOPOAKyCTUYHHX MTPOIIECIB.

ArmnapaTtypa BUMIpIOBaHHs BiOpalliii B Oyab-sIKOMY BaplaHTI ii BAKOHAHHS MICTHTb
TaKi OCHOBHI migcucTemu [62]:

1) nepBUHHI BUMIPIOBAJIbHI NEPETBOPIOBAaYl (JATUMKH), TPUCTPOI Y3TrOJKEHHS 1
3aco0u 3B’S3KY;

2) 3aco0u aHai3y CUTHAJIB (aHATI3aTOPH);

3) 3acoOu 30epiraHHs JaHUX 1 iX BITOOPAKCHHS;

4) 0a3u pgaHux (B HAWUOPOCTINIOMY BHUMAAKYy — TIOPOTOBI 3HAYEHHS IS
JT1arHOCTUYHUX KPUTEPIiB);

5) mporpamui 3acobu (IIACUCTEMH 3BEpTaHHA 10 0a3 JaHUX, MPOBEACHHS
CHeIiai30BaHUX BUIIB aHAJ3Y JaHUX, BIIOOpaKEHHS PE3yIbTAaTIB aHATI3Y).

B dkocTi BHUMIPIOBAJIHUX TMEPETBOPIOBAUYIB HaW4YacTillleé 3aCTOCOBYHOTHCS
I’ €30€JICKTPUYHI aKCeJIEPOMETPH, ONITUYHI (J1a3epH1) MePETBOPIOBaYil BIOPOIIBUAKOCTI 1
BUXPOCTPYMOBI  BUMIPIOBAJIbHI ~ MEPETBOPIOBAYl  BITHOCHOTO  BiOpOMEpeMilleHHS
(mpoxcumertpn).

Jlnst 3’emHaHHs BIOpOTIEpETBOPIOBAUIB 13 3ac00aMH aHAI3y BUKOPHUCTOBYIOTHCS
JiHII JPOTOBOrO Ta OE3IPOTOBOrO 3B SA3KY 1 Y3rOJKYHOUM NPUCTPOi (TomepeaHi
MiACHIOBaYl, cucteMu GuIbTpiB). JJid 1’€30KepaMiuHMX AaKCEIEpPOMETPIB MOMKIMBE
BUKOPHUCTAHHA MIJACUIIOBAYiB 3apsay abo cTpyMmy, SIKI MOXKYTbh OyTH 30BHILIHIMHU a0o

BMOHTOBAaHHMMH B OJJMH KOPITYC 3 IICPCTBOPIOBAYCM.
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AHaJ3aTop € OCHOBHUM €JIEMEHTOM OyJb-IKOTro 3aco0y BiOpojiarHocTuku. Lle
MOKe OyTH SIK OKpEeMMil Ccreliani3oBaHuM MpWiIaJl, Tak 1 KOMIT'IOTEp 3arajibHOro
MPU3HAYCHHS, OCHAIEHWH HAOOpPOM BIAMOBITHOTO CIIEIIaTI30BAaHOTO MPOTPaAMHOTO
3a0€e3MeUeHHS.

OCHOBHMMH  METPOJIOTIYHUMHU  XapaKTEPUCTHKAMU  TEXHIYHHUX  3aco0iB
BiOpOIIarHOCTUKY € YACTOTHHH JTiara30oH peecTparlii mapaMmeTpiB BiOparlii, aMIuIiTy JHO-
YacTOTHA XapaKTEpUCTHKA TEPBUHHUX MEPETBOPIOBAYIB, JAMHAMIYHUN Jiama3oH
BXIJTHOTO CHUTHAITy, PO3/UIbHA 3AaTHICTh MPWIIAJIIB B YaCTOTHOMY Alana3oHi. YacToTHUM
Jiara3oH JjIsi OUIBIIOCTI 3aBJaHb BIOPOAIarHOCTUKA BUMAraeThcsi B Mexax Bifg 2...5 I'il
10 10...20 xI'tg [62].

BiOpoaiarHoCTHYHY anapaTypy 3a clocoOOM BUKOPUCTAHHS MPUNUHATO PO3AUIATH
Ha JIBa TUIH — TMOPTAaTUBHY 1 cranioHapHy. [lopTaTuBHy amaparypy, B CBOIO uepry,
MOXHa YMOBHO pO3JUIMTA Ha HACTYIIHI BUAM: BiOpomeTpH, 30Mpayl [1aHUX,
BiOpoaHaizaTopu [62].

B 3anexHocCTi Bi mpU3HAYEHHS 1 BUKOHYBAaHUX (YHKIIIH ICHYI0Y1 TEXHIYHI 3aco0u
B10pPO/I1IarHOCTUKU PO3AUISIIOTH Ha :

— 3aC00M JIOMTyCKOBOTO KOHTPOJIIO 1 aBapiiHOTO 3aXHUCTY;

— IHAMKATOpH CTaHy 00’ €KTIB KOHTPOJIIO;

— 3ac00M BIOPOMOHITOPHUHTY;

— 3aco0u BIOPO11arHOCTHKH;

— JMOCJIITHUIIBK] IPUIIAJIA 1 CUCTEMHU.

J1o HaHTIPOCTIMIMX 33 KOHCTPYKIIIE€IO 1 HAOOPOM BUKOHYBaHUX (DYHKIIIM TEXHIYHUX
3aco0iB aHai3y BiOpalliii HajleKaTh MPUIAAU Ta CUCTEMH JIOMYCKOBOTO KOHTPOJIIO 1
aBapiliHOTO 3aXMCTy — BiIOPOMETPH, BIOPOCUIHAII3ATOPH TOIIO. X OCHOBHA (YHKIIis —
BUMIPIOBAHHS BEIWYMHHU BIOPOIMIBUIKOCTI 4M BiOporepeMimieHHs: y (iKCoBaHINA cMy3i
gacToT (Hanpukiaf Big 2 'y go 1000 I'r). OcHOBHI BUMOTH J10 TaKUX MIpUiIaAiB — popma
AYX mupokocMyroBoro QiabTpa, MIBUAKICTH CHpalbOBYBaHHS NpPH PI3KIA 3MiHI
3HAYCHHS BHMIPIOBAHOTO MapaMeTpa, 3aBaIOCTINKICTh 1 HaIHICTh. B feskux 3acobax

3a0e3neuyeThCsl TAKOXK aHai3 BiOpalliid B OKTABHUX Ta TPETHOKTABHUX CMYyTaX 4acTo, a
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TaKOXX OJIHOYACHUN KOHTPOJb PIBHS aKyCcTH4YHOro imymy. [lpunanu Takoro kiacy
BUTOTOBJISIOTH OLIBIIICTH (DipM, IO CIIEIaTi3yIOThCS B Taly31 BIOpaIliiHOl JIarHOCTHKH.
OCHOBHOIO 3a7]auel0 TEXHIYHUX 3aC00IB APYToi IPyIu € paHHE BUSBJICHHS O3HAK
OJIHOTO UM TpynHu AePEeKTiB KOHTPOIHLOBAHOTO 00sagHanHsa. Ha manuii yac cepen Takux
3ac001B BUITYCKAIOTHCS, B OCHOBHOMY, JIUIIE 1HANKATOPU CTaHy IiIIIUITHUKIB KOYCHHS,
AK1 TPAIIOIOTh MO0 METOAY pEeECTpallii yAapHUX IMIYJbCIB, KOTPl BUHUKAIOTH MPH
3ITKHEHH1 TUT KOYEHHSI 3 KUIBIIMM IIIIIUIHHUKA. [HIUKATOpPW CTaHy MiIIUITHUKIB
BUMIPIOBAHHA 3[1MCHIOIOTh B YJBTPa3BYKOBil 00JacTi B JOCHUTh MIMPOKIM CcMy3i 3
neHTpaibHoro 4yactororo 20...30 xI'n. KoHTpoiboBaHMM mapamMeTpoM MOXe OyTH
CepeHbOKBAAPATUYHE 3HaUEHHS BiOpallii abo BeJMunHa MiK-hakTopa.

TexHiuH1 3aco0M TPETHhOI IPyNHU 3/aTHI BUKOHYBATH aHaI3 BIOpaiiil 3a OUIbII
CKJIQJJHUMHU aJTOPUTMaMH (30KpeMa — CHEKTpaJbHHUM aHalli3), OJHOYACHO OOpOOJISTH
1H(opMaIlio 3 BEIMKOI KITBKOCTI KOHTPOJILOBAHUX TOYOK, IO HAIXOJUTh MO BEJIUKIN
KiTGKOCTI BMMIDIOBATBHHX KAHANIB. IXHIM OCHOBHMM IIPU3HAYEHHSM € BHUSBIICHHS
HE3BOPOTHUX 3MIH CTaHy OOJaJHaHHS 1 YacTO TAaKOXX HPOrHO3YBaHHS UIBUAKOCTI
po3BUTKY AedekTiB. BepxHsa yacToTa BiOpallii, 0 aHATI3yIOThCA B TaKUX CHCTEMax,
csrae 20 kI, a B OKpeMUX BHUITaIKax 1 OUIbIIIE.

CyyacHl cTallOHapHi CHUCTEMH BIOPOMOHITOPHUHTY 1 BIOPOJIarHOCTUKHU
MPOEKTYIOThCSA, B OCHOBHOMY, MiJ KOHKPETHUN 00’€KT alarHOCTUKU. PazoM 3 Tum,
ICHYIOTh THIIOBI CHUCTEMH, IO JETKO MOAUDIKYIOTHCS TiJ MOTPeOU KOHKPETHOTO
KOpHCTyBaya.

OcTaHHIM YacOM CIOCTEPIra€ThCsl IHTEHCUBHUIN PO3BUTOK €KCIIEPTHUX CHUCTEM 3a
PaxyHOK CTBOPEHHS HAJIWHUX 1 MBUAKUX AJITOPUTMIB TOITYKY HECIipaBHOCTeMH [64]. Sk
iX METOJI0JIOT1YHa OCHOBA BUKOPUCTOBYETHCS JIOTTYHUN aHali3 MPUYMHHO-HACHIIKOBUX
3B’A3KIB. € TakoX poOOTH 13 CTBOPEHHSI aBTOMAaTHYHUX CUCTEM IITYYHOTO 1HTEJEKTY Y
BUIJISII  HEHMPOKOMIT IOTEpIB, HeWpomepek. AJjie 3apa3 HaWMOMIMPEHIIIUMU €
iH(dopMaIiiiHI TEXHOJOrIi, OpPIEHTOBaHI HA BHUKOPUCTAHHA HEYITKUX MHOXHUH, IO

peani3yloTbes Ha 0a3i TpaaUIiiHOT O0YMCITIOBATILHOT apXITEKTYPH.
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OTxe, Ipu CTBOPEHHI CUCTEMHU BiOpoiarHOCTUKH EO BaXXIIMBOIO 1 aKTYaJIbHOIO
3aJ1a4er0 € po3poOKa HOBUX METO/IIB yIapHOI JIarHOCTHKH, aJITOPUTMIB Ta MPOTPAMHOTO

3a0e3nedeHHs, SIKe X peai3ye.

1.4.2 3aco0u A5l CTBOPEHHS YAAPHOIO BILJIMBY

[Ipu 3mificHEHHI TECTOBOI MIarHOCTUKM HEOOXiHE MPHUKIAIEHHS 30BHIIIHBOTO
BIUIUBY /IO By3Jla YM KOHCTPYKIIii, 10 J1arHOCTYIOThcs. Ha manuii yac s 1poro
BUTOTOBJISIFOTHCSL PI3HOMAHITHI TeXHIYHI 3acobu. OIHUM 3 Takux 3aco0iB € Tak 3BaHa
CTaHJapTHa yJapHa MallMHa — MOPUCTPIM 11 30YyJDKEHHS YyAApHUX KOJIUBaHb B
TOPU30HTAJIBHUX €JeMEeHTaxX OyJIBeIbHUX KOHCTPYKIiM. IHomi 11 1mie Ha3uBaroTh
«TONajJbHA MAalllMHa» (AHIVIICHKOIO MOBOK — tapping machine), OCKUIBKM MpH
JTOCHIKEHHSAX MDKIIOBEPXOBUX NEPEKPUTTIB Ha 3BYKONPOHMKHICTh TaKa MalluHa
BUKOPUCTOBYETHCS IS IMITALlll BIUIMBY HA MEPEKPUTTS Cepii KPOKIB.

KoHcTpykiisi cTaHAapTHOI YIapHOi MAIIMHU perjaMeHTyeTbes crangaptamu (ISO
140, ISO 117, DIN 52210 Ta inmmuMu). MammuHa Ma€e I’ ITh MOJIOTKIB, PO3TalllOBaHUX
B3/I0BXK OJHIET IPSIMOi, MPUYOMY BIACTaHb Mk HEHTPAMH KpallHIX MOJIOTKIB CTAHOBHTH
0,4 m. PobGoua yacTrHa KOXXHOTO MOJIOTKAa BMKOHAHA 31 CTajdl 1 Mae (GopMy MHIIIHIpa
niametpoM 30 MM, HIKHS 11 YacTHHA — BUITYKJIA. Pajiyc cpepu ynapHoi yacTHU cKiiaaae
0,5 M. EdexrtuBHa maca koxknoro monotka — (0,5 £ 0,0125) kr. Ilpu poGoTi MarimHu
MOJIOTKH BUTBHO Ta/1atoTh 3 BUCOTH (40 = 1) MM TOCIIIOBHO OJMH 32 OJHUM, IPUYOMY
Jac MK JBOMa IMOCTIIOBHUMH ynapamu ckianae (100 + 5) mc. Binctanp Mixk cTifikamu
MAaIlMHU 1 MooTKamu — He mente 0,1 Mm.

CranmapTHi yaapHi MallliHA BUTOTOBIISIIOTHCA cepiiiHo. Ha puc.1.6 a) mokazana
mamuHa tuny 3207 BupoOnmnTBa (pipmm Briiel & Kjer ([anis). Bona moBHiCTO
BIJINOBiJIa€ cTaHIapTaM. MOJIOTKH TPHBOIATHCS B PyX 3a JOMOMOTOI KyJauKiB,
pO3TallOBaHUX Ha Baly, KM 00epTae NBUTYH MOCTIMHOIO CTPyMYy 4Yepe3 KIMHOBY
nepeaady 1 peayKTop. YTIpaBiHHA MAIIMHOK 3IACHIOETHCS OE3MOCEPENHbO 3 TaHeml
KepyBaHHs a00 3a J0MOMOT0I0 JUCTAHIIHHOTO MYJIbTA.

Ha puc.1.6 6) mokazana ymapra mammua tunmy EMS0 Look line (Itamis). Ha

BIIMIHY BiJ] TIOTIEPEIHBOT MOJENi, MOJOTKHU Ii€i MAIlMHU MAlOTh €JIEKTPOMAarHITHUN
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IPUBIJ 1 €JIEKTPOHHE KEpyBaHHs, 110 3a0e3rnedye BUIY TOYHICTh YacTOTH YAapiB.
BMmukaHHS MamvHU 3IACHIOETHCS 3 TIAHEN KepyBaHHS ab0 3a JOIMOMOTOI0 TPUCTPOIO
JTUCTAHIIIHHOTO KepyBaHHS.

CranjgapTHi yAapHi MalldHU CTBOPIOIOTH BIUIMB Yy BUTJIAJI NEPIOJUYHOL cepil
yAapiB 3 HOPMOBAaHUMH ITapaMeTpaMu SIK 110 CHITL, TaK 1 IO 9acTOTI CJIIAyBaHHS OKPEMHX
yaapiB. Ajie BOHU MalOTh CyTTEBI HeoTiku. [lo-mepiie, JOBXMHA MAIIMHN HE MOXKE Oy TH
MeHIIo10 3a 0,4 M, 110 pOOUTH HEMOXJIMBHM i1 3aCTOCYBaHHS JIJIs J1arHOCTHKH €JIEMEHTIB
KOHCTPYKITii HEBETUKUX po3MipiB. [To-npyre, Manmmaa mOBUHHA PO3TANTOBYBATHUCS JIAIIIE
Ha TOPHU3OHTAIBHHUX TIOBEPXHSIX 1 BHUKOPUCTOBYBATHCS JJIsi HAHECCHHsS YIapiB Yy

BCPTHUKAJIbHOMY HAIIPAMKY.
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Pucynok 1.6 — CrannapTHi yaapHi MallliHA

a) tuny 3207 dipmu Briiel & Kjar (Hanis); 0) tumry EM50 Look line (Itamis)

Bi6po30ymkyBaui  (BIOpocTeHAM, MIEHKepU) — 1€ MPHUCTPOi, CHEIliaabHO
CKOHCTPYWOBaHI JJI MPUKIaIeHHs BIOpaliiHUX BIUIMBIB 3a/1aHOi ()OPMH 0 €JIEMEHTIB
KOHCTPYKIIiM, $KI JlarHOCTYIOThcs. Ha maHuwii 9ac BHUTOTOBJISIIOTBCS MAarHiTHI Ta
riipaBiiyHl  BIOpo30y[KyBadi, B OCHOBI pOOOTH SIKMX JIEKWUTb, BIAINOBIIHO,
€JIEKTPOMATHIT a00 TiJpaBiiiuHa rOJOBKA.

®ipma Briiel & Kjer (Jlanis) BUTOTOBIsIE  €IEKTPOMArHiTHI ~ MOJAJbHI
B10p030yKyBayi, 10 3a0e3MeuyloTh BHCOKY TOYHICTh BIIITBOPEHHS 3a7aHoi (popmu
curHairy 30y/pkeHHs. MoenbHui psii BKIItouae Biopo30ymkyBayi tuiy 4827 (puc.1.7, a)
1 4828 myis mocniKEHHS KPYMHUX aBTOMOOUIBHUX, aBlallliHUX, 3aTI3HUYHUX BY3IIIB,
KpYyIIHUX JBUTYHIB, TypOiH, HacociB Tomlo. BoHu 3a0e3neuyioTh MaKCUMalbHY CHITY

B10p030yIKeHHS (B peKuMi CUHYcoifaisHoro curdany) a0 650 H 1 1000 H BiamoBinHo
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3 MEePEMIIICHHAM J10 2 AroiMiB. i1 TECTYBaHHS MEHIINX KOHCTPYKIII BUTOTOBIISETHCS
BIOp030y/KyBad Ha TMOCTIHHOMY MarHiTi TUmy 4808, sKuli € BHUCOKOSKICHOIO
KOMIIAaKTHOIO MaIllMHOIO 1 3abe3meuye MmakcumanbHy cuwity 112 H (25 ¢yntiB) i

nepemimenHs 10 12,7 mwm (0,5 arolima) B yacToTHOMY Jiana3oHi Big 5 ' go 10 I,

a)

Pucynox 1.7 — MoganpHi BiOpo30yKyBadi:
a) eJleKTpoMarHiTHU# B106po30ymkyBau tumy 4827 dbipmu Briiel & Kjeer (lanis);
0) royoBKa rigpaBiaigHOro Biopo30ymKyBada ¢gipmu Xcite Systems Corporation

(CIIIA); B) Bi6p030ymxyBay MODAL 1000 dpipmu MB Dynamics (CIIA)

Jnst  mpukiaAeHHS YAApPHOTO BIUIMBY 3 HOPMOBAHOIO CHEPTi€l0  MOXKE
BUKOPHCTOBYBATHUCSA yJIapHUN BUIPOOYBAJIbHUN MOJIOTOK, BUTOTOBJICHUH 3TiTHO 3
pexkomenganismu ctanaapty MEK 60068-2-63. Bin ckiiagaetbcsi 3 TPhOX OCHOBHHX

YaCTUH: KOpIIyca, yIapHOTO MeXaHi3Mmy 1 koHyca (puc.1.8).
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Pucynok 1.8 — Koncrpykiiist BUpoOyBajabHOTO MOJIOTKA
3a ctangapToM MEK 60068-2-63:
1 — mianpykuHeHui KOHYC; 2 — CTEp>KEHb CIIyCKOBOI'O MEXaHI3MY; 3 — IMpy’KHUHA
CITyCKOBOTO M€XaH13My; 4 — CIIyCKOBUH KyJadoK; 5 — pyuKa JiJIsl 3aBOLy MPY>KUHU; 6

— IITOK; 7 — IIPY>XKNHA MOJIOTKA, 8 — ToJI0BKa MOJIOTKA

Kopnyc MICTUTh KOXYX, HaIlpaBisiouy YAApPHOTO MEXaHI3My, CIyCKOBUUI
MEXaHI3M 1 BCl YaCTHHH, >KOPCTKO 3aKpiIUIEHI Ha KOpMHyci. YAapHUN MeXaHi3M
CKJTaJIa€ThCs 3 TOJNIOBKM MOJIOTKA, IITOKA i PyUKHM JUIsl 3aBeIcHHS NpyXuHU. Moro maca
cknagae 250 r. 'onoBka MoJioTKa siBisie coO0r0 miBcepy pagiycoM 10 MM 3 mosiamiy
tBepaicTio 100 HR (3a PoxBeniom). ['o10BKa MOJIOTKA MPUKPITIIEHA J0 MITOKY TaKUM
YUHOM, IO BIJCTaHb BiJ 1l BEPIIMHH JI0 TUIONIMHU 3pi3y KOHycCa MpPU PO3TaIlyBaHHI
yIapHOTO €JIEMEHTY B Toulll CIOKOK cTaHoBUTH 20 mMMm. Konyc mae macy 60 r; xoiau
CITyCKOBUW MEXaH13M 3BEACHUU ISl PUBEACHHS B JIII0 yIAPHOTO MEXaHI3My, MPY>KUHA
ITIOBEPTaHHs KOHYyca cTucHyTa criioro 20 H. [IpyXuHy MOJIOTKA PETYJIIOIOTH TaK, IO MPH
CTUCHEHH1 prOau3HO Ha 20 MM JOOYTOK I[bOT0 HUISAXY (B MUTIMETpPAx) 1 MPUKIAAEHOI
cu (y HptoToHax) cranoBuTh 1000. IIpu oMy eneprist yaapy nopisutoe (0,5 £ 0,05)
JIx. 1106 BCTaHOBUTH €HEPTIIO yAApY IHIIUX PIBHIB, MOTPIOHI 3aMiHA IPY>KUHU MOJIOTKA
1 ¥oro mopmanbie KajgiOpyBaHHS, IO € CYTTEBUM HEAOJIIKOM TIpH MPOBEACHHI
BUMIPIOBaHb B MOJBOBUX YMOBAX, KOJIM MOTPIOHO AlarHOCTYBaTH pi3Hi By3nu EO.

[TopiBHSHHS MepeBar 1 HEAOJIKIB PI3HUX 3aCO01B MPUKJIAJAHHS Yapy HaBEJICHO B

HacTymnHil Tabmum 1.1.
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Ta6muig 1.1 — [TopiBHSIHHS XapaKTEPUCTHUK PI3HUX 3aC001B MPUKIIAICHHS YIapHOTO BIUIUBY

3aci6  mpuxnangenss| Bun Obnactb Hanpsimox | IlepeBaru Henomnixu
BIUIMBY 30y UKEHHS 3aCTOCYBaHHS BIUIMBY
CrannmaptHi  ynapHi| YaapHe I'opusoHTanbHI Beprukanb- | Bucoka To4HIiCT, cuiv 1 HampsaMKy | Bemwki r€OMETPUYHI
MalIMHA nepiofuvHe TUTOCKI TIOBEPXHi HUM yzaapy, a TaKO YaCTOTH IMOBTOPEHHSI | po3MipH i Maca
Bi6po30ymkyBaui ["apmoHiuHi, Bynp-sxi  moBepxHi | JoBinpauii | Hlupoxwuii BuGip popmu 30ymkxenns. | HeoOximno  3abe3meuntu
IMITyJIbCHI, pu YMOBI [TopiBHAHO HEBeNWKI TeoMeTpuYHi | (ikcamiro camoro BiOpo-
IIYMOMOIIOHI | MOXKJIMBOCTI po3MipH 1 Maca CTeHJa Ha  HepyXomiil
KOJIMBaHHS 3aKpITUICHHS ormopi i pobOYOro KiHIA
ITOBXa4a mToBXa4ya Ha 00 €KTi
IarHOCTUKU
VYnaapuuit MosioTok 3a| Ynapae Bynp-sixi noBepxHi, B | JoBinsauid | HopmoBaHa enepris yaapy. CxitagHo 3a0e31neunTi
CTaHAApTOM MEK TOMY YMCJI1 HETUIOCKI Hemae HeoOximHOCTI (ikcamli Ha | TOYHICTh HANPSMKY 1 CHIU
60068-2-63 00’€KT1 JIarHOCTUKU yaapy
Pyuni ynapHi monoTku| Y aapHe Bynb-ski noBepxHi, B | JoBinsHuii | Hlupokuit BuOip Hacagok 3 pi3Howo | HemoximBo — HOpMyBatu
TOMY YMCJI1 HETUIOCKI Macol 1 TBepAicTIO 3abe3mnedye | MHUPUHY CIEKTpY
MOKJIMBICT ~ MI0OPY  HEOOXIJIHOI | IPUKIIAJEHOTO BITUBY

IIMPUHU CIEKTPY YAApPHOTO BILIUBY.
Hesenuka maca i po3mipu.
Hemae neoOximHOCTI y (ikcamii Ha

00’€KT1 A1arHOCTHKHU
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BucnoBkn a0 Po3ainy 1

1. TlpoBeneHo aHaji3 TMOTIPUIEHHS SKOCTI IIMXTOBAHMX MAarHiTONPOBO/IIB
CJICKTPUYHUX MAIIIWH 3arajbHOTO MPU3HAYEHHS Ta BUHUKHEHHS AC(PEKTIB MI>KIIUCTOBOT
130JIA1111 B TIPOIIECl BUPOOHUIITBA Ta PEMOHTY.

[IpoananizoBaHO OCHOBHI NPUYMHHM TMOTIPIICHHSA SKOCTI MAarHiTOMPOBO/IIB,
MOB’SI3aHMUX 3 MOTIPIIEHHSIM MarHITHUX BJIACTHBOCTEH aKTHBHOI CTalli, 3 PyWHYBaHHIM
130JIALIIMHUX TIPOMIXKKIB MIXK JIMCTaMH Ta TMOCJIA0JEHHSIM MPEeCyBaHHS MaKeTy Ta HOTo
PO3MYIICHICTIO.

OOrpyHTOBaHA HEOOX1THICTH PA30M 3 OILIIHKOIO IHTETPAJIbHOI IKOCT1 MIKJIUCTOBOT
1301511117 OI[IHIOBATH PO3BUHYTICTh Ta HEOE3IEKY JOKATbHUX Je(DEKTIB.

2. IlpoBeneHo oOmIsAm  ICHYIOUMX  METOAIB  JIaTHOCTHKH  ITUXTOBAHHMX
MarHiTOMPOBO/IIB Ta BUSBIICHO iX IEepEeBaru Ta HeIOMIKH.

BusiBiena HeOOX1AHICTh CTBOPEHHSI HOBUX €(PEKTUBHUX METOJIB A1arHOCTUKU Ta
OLIIHKK SKOCTI MAarHiTONpPOBOJIB 32 ()aKTUYHHM CTaHOM Ta po3poOll Ha iX OCHOBI
MOPTATUBHOI Ta 3py4HOI anapaTypu KOHTPOJIIO.

3. TlokazaHo, 110 HaWOIBII MEPCIEKTUBHUM € HAIPSIM PO3POOKH KOMITIIEKCHUX
JIarHOCTUYHUX METOJIIB, [0 TPYHTYIOThCSI HA BAKOPUCTAHHI MYyJIbTU(DI3UIHUX MPOIIECIB
MO€AHAHHS BHUCOKOYACTOTHUX IHIYKI[IWHUX METOJIB Ta BiOpaliifHUX BIUIMBIB Ha
ITUXTOBAHUM MarHiTOMPOBII, 3 TOJAJIBIIUM aHAII30M OTPUMAHUX JIIarHOCTUYHUX JTAHUX
3a IOTIOMOTO0 THTEIEKTYyaIbHUX METO/11B 00pOOKH 1H(pOopMaIlii.

4. TlokazaHo, 1110 po3p0o0Ka Ta BIPOBAIKEHHI €(PEKTUBHUX METO/IIB KOHTPOJIIO 1
JIarHOCTUKHU IIMXTOBaHUX ocepAb EM € BaxiuBuM ¢akToOpoM IMpu OOTpyHTYBaHHI
JIOIIUTBHOCTI TIOJIAIBIIIOT0 BUKOPUCTAHHS BIIPEMOHTOBAHUX MAIUH TPU €KOHOMIYHIN
OLIHI[I CUCTEMU CEPBICHOTO OOCIYTrOBYBaHHS B LILIOMY Ha KOHKPETHHUX IMIITPUEMCTBAX.

PesynbraTrom mnpoBeneHoro asamizy Oyia OCTaTOYHO c(OpMyJSibOBaHa MeTa

po0OOTH, a TAKOXK HAMPSIMU Ta 3a/1a4i TOCTIKEHb.
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PO3/ILI 2
OMNUC METOJ1Y OLIIHKH SIKOCTI JAMIHOBAHHMX OCEP/b, ®I13UYHI
TA CTATUCTUYHI OLITHKH 3B’SI3KY IAPAMETPIB
IIBUIKOIUIMHHUX IHAKYLIAHUX NPOLIECIB 3 BTPATAMHU HA
MEPEMATHIYYBAHHS

2.1 ®@i3u4Hi OCHOBM 3B’SI3KYy NapaMeTPiB BHCOKOYACTOTHHMX IepPexiIHuxX
NpoieciB 3 MUTOMUMH BTPATAMH B IIUXTOBAHMX MATHITONPOBOAAX

BigoMuM MeETOOM OIIIHKM SIKOCTI MAarHiTONpoOBOAdYy, SIK OyJI0 BKa3aHO B
MOTNEPETHBOMY PO3UI € BUMIP MUTOMHUX BTpPaT B MarHiTOMPOBOAl MpHU (PIKCOBAHOMY
3HAYCHHI 1HIYKIIIT TPH MPOMHUCIIOBIH YacToTi, ik ipaBwiio B=1 T i f=50T"11 (B1,0/50).

[lo BkazaHuM paHillie TPYAHOIIAM TMpPU TPSIMOMY BHUMIPIOBAaHHI BTpaT
MEPCIEKTUBHUM € CIpo0Oa 3HAWTHU (PI3UUHY BEJIMYMHY a00 CHIBBIAHOLIEHHS (PI3MYHUX
BEJIMYMH fAKI MOINIM O OyTH BHUKOPUCTaHI B SIKOCTI J1arHOCTHMYHOI O3Haku. [lpum
MOPYIIEHHI MDKJIMCTOBOI 130JISI[i1 B MEPIIy Yepry 3pOCTal0Th BUXPOBI CTPyMH B
MarHiTONpoOBOAl TOMY UIYKaHUW CUTHAJI IMOBHHEH XapaKTEpPU3yBaTH IHTEHCUBHICTb
BUXPOBHUX CTPYMIB 10 Ae(PEKTHUX KOHTypaxX. byyo 3amporoHOBaHO BUKOPHUCTOBYBATH
aHal3 WBUIKOIIMHHUX MPOLECIB MPU 3MIHI MarHITHOTO MOTOKY B MarHiTonposoii. Lle
MOe OyTH OyJib sIKa IIBUAKA 3MIHA MArHiTHOTO MOJIs, HAPUKIIAl BKIIFOUEHHSI 0OMOTKHU
30yPKEHHSI MarHiTONPOBOIY Ha MOCTIMHY HAMpPyTy a00 KUBJICHHS] OOMOTKHU 30y KCHHS
rapMOHIYHUMHU CUTHAJIAMH 3MIHHO1 BUCOKOI YaCTOTH.

3agayamMu  JIarHOCTHMKM € 3arajibHa OIlIHKA CTaHy MDKJIMCTOBOI 1301111
MOTIPIIEHHST SKOT BUKJIMKAE TIIBUINECHHS BTpPAaT Ha BUXPOBI CTPyMH Ta OIlIHKA
PO3BUHYTOCT1 JIOKaJIbHUX Je(PEKTIB, SK MPABWJIO AaKTUBHOI 3yOIleBOi 30HU, Takl SK
MMOBEPXHEB1 3aMUKAHHS JIUCTIB OCEP/Ib, MICIIEBE MOPYIICHHS MIKIUCTOBOI 130JISIII11, K1
BUKJIMKAIOTh MIJABUIIEHHS JIOKAJIBHUX BTPAT 1 SIK HACHIJOK MICIIEBI MEpPErpiBHU.
3aMUKaHHS JIUCTIB MK COOOI0 B pe3yJbTaTi PI3HUX BHUAIB MOIIKOIXKEHb MIKIUCTOBOI
1301511111 CTBOPIOE TaK 3BaHUI YaCTKOBUI €(eKT MacUBHOTO MarHiTonpoBoay. Lleit egexr
MPOSIBIISIETHCS. B TOMY, II0 B MarHiTHOMy oOcepAl 310paHoMy 3 OKpEMHUX JHUCTIB 0e3

JOCTaTHBOI 130JIAIiT MIK HHUMH 3 SBJISIFOTBCS JOJATKOBI BHUXPOBI CTPYMH, IIIO
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3aMHUKaIOThCS MO Je(PEKTHUM KOHTypam. ToMy NOKa3HHMKOM SIKOCTI JIaMiHOBaHOT'O
ocepisi MOXE CIIYXKUTH OIIHKA BIUIMBY Mapa3sUTHUX KOHTYPIB BUXPOBUX CTPYMIB Ha
CTYIIEHb HAOJIMKEHHSI IIMXTOBAHOTO MAarHiTOMPOBOAY J0 MAacHUBHOTO Y BCbOMY 00’ €Mi
ocepas abo B Horo JokanbHIM 30HI. [Ipu momayi iMmysbCy Hanpyru Ha OOMOTKY
30yKEHHSI MarHiTOMPOBOAY BiOYBA€ThCS MPOIIEC BCTAHOBJICHHS MAarHITHOTO MOTOKY
SKUH BiIOYBAETHCS IO EKCTIOHCHITIAIBHOMY 3aKOHY.

[TapameTpu mepexiiHOTO Tpolecy OyayTh BHU3HAYATUCh TMOYATKOBUM Ta
BCTAHOBJICHUM CTAaHOM MArHITHOTO TIIOJSi B MAarHITONPOBOMI AEMM(YIOYO HIEI0
BUXPOBHUX CTPYMIB, III0 3aMHUKAIOTHCS BCEPEIMHI KOKHOTO JIUCTA, & TAKOX AeMI(YI0UOI0
niero 1eeKTHUX KOHTYPIB BUXPOBUX CTPYMIB.

3anponoHOBaHMM croci0 Oyay€eThCs Ha OLIHILI PIBHS €HEPLIMHOCTI 3MIHU MTOTOKY
y BUIIPOOYBaHOMY MAarHITOIPOBOJII Ha BIAMIHY BiJ CMOCO0IB, IO IPYHTYIOThCS Ha
BUMIPIOBAaHHI BTPAT B CTaIl.

[Ipu 3MiHI OTOKY B 0OMOTL 30yJIPKEHHS Y BCIX KOHTYpax 34YEIUIEHUX 3 TOTOKOM
Ooyne Hapoautuch EPC mnpomopiiiiiHa mBHAKOCTI 3aracaHHs moToky dd/dt. Ile
B1I0YBA€ETHCA Y BCIX KOHTYpPaX BUXPOBUX CTPYMIB B TOMY YHUCII 1 A€(PEKTHUX, SIKI B CBOIO
Yepry CTBOPIOIOTH CBOi MICIIeBlI TMOTOKH BiJl HaBEACHUX CTPYMIB SKi MalOTh
PO3MarHivyrunii XapakTep Mo BiTHOIIEHHIO O OCHOBHOTO MOTOKY, a TAKOX TaJIbMyIOTh
IIBUIKICTh HOTO BCTAHOBJICHHS. SIKIII0 HAHECTH HA CIIMHKY MarHiTOPOBOIY KOHTPOJIBHY
oOMOTKyY, B Hiii Oyne HaBonutuch EPC eKCrHOHEHIIMHOro XapakTepy, BeJIHYMHA 1
IIBUJIKICTh 3MIHM SIKOi Oyje 3ajie)aTd BijJ BEIWYMHU 1 MIBUJAKOCTI 3MIHM OCHOBHOIO
MarHiTHOTO TIOTOKY.

BuxpoBi cTpymMH B KOXXHOMY JIHCTI MarHiTONpPOBOJY 3MIHIOIOTHCS 3 MOCTIHHOIO
yacy, fKa 3aJieKUTh BiJl BJIACTUBOCTEH MaTepianxy oceplid Ta MpOMNOpliiHa KBaApary

TOBIIMHH JIHCTIB [6].

od?y
sl 4 2.1
e (2.1)

Jle lp- MarHiTHa cTaa, |L - MarHiTHa IPOHUKHICTh MaTepiainy ocepas, d — TOBILIMHA

T

JIUCTA, Y — TUTOMA JIEKTPONPOBIIHICTh MaTepiay OCepsl.
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[Tapa3uTHi KOHTYpU BUXPOBHX CTPYMIB CIPUYHHSIOTH 301JIbIIEHHS MOCTIHHOT
qacy 3aracaHHs BUXPOBUX CTpyMiB. Ls 3aexHicTh Oyjie BU3HAYATHUCH CKBIBAJICHTHOIO
MPOBITHICTIO AePEKTHUX KOHTYpiB. B nmepmomMy HabmmkeHH1 y GopMyIii MOCTIHHOT Yyacy
3aracanHs (1) e Moxxe BIIOYBaTHUCh 3a PaXyHOK 30UJIbIICHHS €KBIBaJICHTHOI TOBIIUHU

JMCTa MarHiTOMPOBOTY, 30UIBIICHHIO €JEKTPOIMPOBITHOCTI Y a00 KOMOIHAIIIT 3MIHU LIUX

BennuuH. Tomy @ = @, (1 —e/ T) ne @, — crane 3HaAUCHHS OTOKY.

EPC B KoHTponbHIN oOMoTmi Oyme e(t) = —% = %e_t/ T. Bupgno, 1o
30UTBIIEHHS MOCTIMHOT Yacy 3aracaHHsl BUXPOBHUX CTPYMIB, IO BUKJIMKAHO HASIBHICTIO
ne(EeKTHUX KOHTYPIB BUXPOBUX CTPYMIB, 3MIHUTH (popMy HaBeneHoi EPC y mopiBHSHHI
3 SIKICHOIO CHCTEMOIO, 1110 MPOSIBUThCS B 3MeHIeHH1 ammuiityau EPC 1 cnoBuibHEHHS
rporecy 11 3aracasHs.

JliarHOCTHYHOIO 03HAKOI0 MOXKE CIIYKHTH yCEpEIHEHA MOCTIHA Yacy 3aracaHHs
BUXPOBUX CTpyMiB. Bimomo, 10 BTpaTH Ha BHUXPOBI CTPYMH B MAarHITOIPOBO/II
MPOMOPIIMAHI KBaJApaTy TOBIIMHU JHUCTa Ta €JIEKTPUYHIN MPOBITHOCTI MaTepiairy. €
YITKAN 3B’SI30K MO IUM TapamMeTpaM MK TMOCTIHHOIO 3aracaHHsi BUXPOBUX CTPYMIB 1
BTpaTaMu B CTaJl.

[Ipn HasBHOCTI Ne(EKTHUX KOHTYpIB BTpaTH B CTajl HAa BHUXPOBI CTPyMH
3pOCTalOTh y MOPIBHSIHHI 3 0€3/1e(heKTHO0 KOHCTPYKIIIETO.

Binomoro ¢popmysioro BU3HAYEHHS BTpAT HAa BUXPOB1 cTpymH [ 1] mpu mpoMuciioBiii

4acToTI €
p = 52,3B%yb*V,Br, (2.2)
e Beep — cepenHst IHIyKIIs B MarHiTonpoBoi, b = d/ o — TIOJIOBHHA TOBIIHHH
nucta, V — 00’ €M MarHiTonpoBOY.
[Ipn npuifHATOMY METOMI BHW3HAYCHHS BTpPaT BaTMETPOBHM CIIOCOOOM TIpH
iHaykiii B= 1Tn g hopmyna nepeTBOproeThes B
p = 52,3yb?V,Br, (2.3)
[Tpu mopiBasaAI Gopmymu (3) 1 dopmynu (1) BHAHO, MO BU3HAYEHHS BTpaT
HOPMAaTHBHUM METOJOM MOJKHA IPOBOJMUTH 3a JOTIOMOTOI0 BU3HAYCHHSI TIOCTIMHOI Yacy

3aracaHHs BUXPOBHX CTPYMIiB.
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Bigomo, 1o BTpaTM Ha BHUXPOBI CTPyMH B MAarHITONPOBOJI 3pPOCTalOTh
IPOMOPIIIMHO KBaJpaTy YaCTOTH , @ BTPATH Ha TICTEPE3UC MTPOTIOPLIHHO MEPIITii CTEIEHI.
151 3anexHICTh AO3BOJISIE PO3AUIMTH BTPATH B MArHITONIPOBO/II HA TICTEPE3UC Ta BUXPOBI
CTPYMHU IIPY YMOBI HassBHOCTi BUMIPSIHMX BTPAT B MarHiTOMPOBO/I ITPH YaCTOTaX MEHIIIE
1 OLTbIIIe TPOMUCIIOBOT YacToTH. OIHAK LI 3aJIKHICTh CIIpaBeAInBa A yacToT Bij 600
a0 1000 I'p B 3anmexHOCTI BiJ BUAY MaTepiaily MarHiTonpoBoay. [Ipu OubIn BUCOKHX
4acToTax I 3aJICKHICTh Ma€ OUIBII CKIAJHHUIA XapakTep came Ui BTpaT Ha BUXPOBI
CTpyMH, TOJIOBHUM YHMHOM BHACHiJIOK ePeKTy BUTICHEHHS cTpyMmy («skin effect»). Ilpu

1IbOMY (pOopMyJia BTpAT Ha BUXPOBI CTPYMH MpHU 30UIbIIEHHT YACTOTU BUTJISIAE:

1 232
p = < BAyw?b2VF (), (24)
3 _ shé — siné

2b . 2
Je E = — — BIJIHOIICHHA TOBIIIWHH JIUCTA OO0 FHI/I6HHH IIPOHUKHCHHA; d = [— —
a ’ wyu

rJIMOVHA TPOHUKHEHHS.

3 pOCTOM YacTOTH 3pOCTAIOTh BTpPaTH Ha BUXPOBI CTPYMH, alie MPEACTaBIISE
1HTEepeC He BU3HAYEHHS BTPAT HA BUCOKMX YacTOTaX, a 3B S30K HaBEJACHUX HA BUCOKUX
gactorax EPC B Oe3nedekTHux Ta AePEKTHHX MArHiTONMPOBOAAX 3 MUTOMHUMU
MarHiTHUMHU BTpaTaMu Ha IPOMHUCIIOBIN YacTOTI, SIK1 caMe i OyJlyTh BU3HAYATU BTPATH 1
TEIJIOB1 PEKUMHU B 310paHiil MallIuHi MpH 11 eKCIuTyaTarii.

301JIbIIIEHHST YACTOTH B MArHITONMPOBOJAX 3 0€31€(EKTHOIO 130JIAIII€I0 BUKIIUKAE
3MEHIICHHS] MAarHiTHOI 1HAYKIi BHACHIIOK €(QeKTy BHUTICHEHHS TP HE3MIHHIN
HaIpy>keHocTi Mar"iTHoro nojist H [A/m]. BuxpoBi cTpyMu B KOXXKHOMY OKPEMOMY JIUCTI
MarHiTONPOBOJY CTBOPIOIOTH CBOI MAarHiTHI MOTOKH, SIKI PO3MAarHiuylOTh OCHOBHHIA
MarHiTHUW MOTIK 1 BiANoBiAHO iHAYKIto. [leit edext Oyne 3poctatu 3i 301IBIICHHSIM
4acTOTH 1 Oy/ie 3a1eXaTH Bijl TOBIUHU JIUCTA, BJACTUBOCTEHN MaTepially MarHiTOIPOBOAY
1 tioro reometpii. EPC B koXHOMY KOHTYpi Oyae MpomopIiiifHa IMIBUIKOCTI 3MiHU
Mar”HiTHOTO TOTOKYy TOOTO BiJl YacTOTH, BEJIWYMHU IHAYKIIi Ta TeoMeTpii
MarHiTonpoBody. [losiBa 1oAaTKOBUX Mapa3UTHUX KOHTYPIB BUXPOBUX CTPYMIB OyJe

MiJCUIIIOBAaTH po3MarHiuyrounii edekt 1 3MeHmuTh 3poctanHs EPC B 3anmexHOCTI Bin
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pocty dactotu. To6To auHamika 3poctaHHs EPC B Oe3nedekTHOMY MarHiTOMpOBOI
OyJze BUIAa HDK B J€()EKTHOMY B 3aJICKHOCT1 BIJl PO3BHHYTOCTI MOIIKO/PKEHUX 30H Ta
IHTEHCUBHOCTI BUXPOBHX CTPYMIB.

3aIe’KHICTh MarHITHOTO MOTOKY, IO 3aJaHuil TOTOKOM [1] B OKpeMuX MmiiacTuHax

I TIaKeTy 3 TOBIIMHOIO h 1 Bucororo d 6yne

adhp b
O =———Hyth(1+j)—, 2.6
T Heth(+ 1) (2.6)
[Ipu ubomy Hampyra Oyne

Bnacniiok nosiBu ie(peKTHUX KOHTYPIB BUXPOBUX CTPYMIB 301JIbIITYETHCS 1X BIUIUB
Ha MOCNIA0JICHHs] MArHITHOI 1HAYKIII B pe3ysbTaTl iX po3MarHiuyyr4oro BIUMBY. Lleit
edeKT 3pocTae Mpu 301UIBIICHH]I YaCTOTH. B pe3ynbTaTi 3MEHIIy€eThCS MAarHiTHUN MOTIK
@, a Takox 1 Hanpyra U.

SIKI10 HAaHECTH Ha CIIMHKY MAarHiTONPOBOAY KOHTPOJIBHY KOTYIIKY, B Hi TaKOX
oyne nHaBoautuch EPC. B nucTtoBoMy MarHiTOnmpoBOAl, MPHU SKICHIA MIXKJIMCTOBIM
13071511111, MOKHA PO3IJISAATH K €JIEMEHT OKpeMuil nucT. Po3risineMo B mepepisi JucTa
po3noain EPC, ctpyMiB 1 BTpaT Ha BUXPOBI CTPYMU MIPU 3MIHHOMY MarHiTHOMY MOTOKY
B JIUCTi. BBajkaeMo, 110 €KBIMOTEHIIIANIbHI JIIHIT €IEMEHTAPHOTO KOHTYPY CHUMETPUYHI
BIIHOCHO 1eHTpy. IIpu pocTi KOHTypy Horo mepepi3 ¢, 3pOCTa€ MO KBAAPATUUYHOMY
3aKOHY, a JIOBKHWHA KOHTYpY |y — mo ninifiHoMy 3akoHy. HaBenena EPC Oyne 3anexatu
BiJI IIBUJKOCTI 3MiHM MOTOKY. BUKOPUCTOBYIOUM [Jisi 3PYYHOCTI 3aIUCy OIepaTop P

MOKHa OTPUMATH HACTYIIHI CIIBBITHOIICHHS IJI1 KOHTYPY IIMPUHOIO 2X.
ex = pPy = pBqy, (2.8)

2 — _ mepepi3 0CeCUMETPUYHOTO KOHTYPY, h — BUCOTa nHcTa.

S iy

He q, = 2x
Ormip KOHTYpY TOBIIMHOIO AX TIpH TOBXUHI AUTsIHKY [ = 1

R\ Per
AT’x =2 (2.7( + EX>E, (29)

e p.r — nuToMMiA omip ctani. EnreMeHTapHuii cTpyM B PO3TISHYTOMY KOHTYP1

oyne
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e B
Ai, = X _ p_’
Are  Per

Lle cripaBenMBO /7S BUIAAKy Ko h>>D.

(2.10)

IIpu B = B, sinwt i pB = 2nf B, nitoue 3nauenns EPC 6yne
E, = nV2fBq,, (2.11)
OueBHIHO, IO TPH 3MEHIICHHI IHIYKII B HAC/IJIOK pPO3MarHidyromw4oi mii
Mapa3uTHUX KOHTYPIB BUXPOBUX CTPYMiB niroue 3HaueHHs EPC Oyne 3MeHITyBaTUCh 3
POCTOM YacCTOTH.

Btpatu B enemeHTapHOMY KOHTYp1 Ha JoBXuHI | = 1 OyayTh

E2 (n\/fmeZ %xz)z

Ap, = = A 2.12
b
[ToBHI BTpaTu Ha BUXPOBI CTPyMHU
h
b 2m2f2B22 - b T2 f2R2
P, =f dp,, = - bj e =T B ppa (2.13)
0 P 0 P

[Turomi BTpaTH Ha BUXPOBI CTPYMHU

P, m2f2B2b?
Prurs = = = /"B , (2.14)
m  2pger

Jle m = 2hblg., — Maca pO3TISHYTOTO €JIEMEHTY, Jcr — IUIBHICTS cTami 7,8%103

kr/M%. Py, TIpONIOpUiliHi 106yTKY f2B2, noctilinuii koedilieHT B wiid Gpopmymi k, =
m2b?

2pger

Takum uMHOM 11 cTanbHOro mucra b = 0.25Mm i p=2*10" BTpaTé CTAHOBIATEH
Puurx=0,5 BT/KT, 1110 TOBHICTIO BIJINOBIAA€ TAOJIUYHUM JaHUM E€JICKTPOTEXHIYHOI CTaJl.

Brpartu Ha rictepesuc B nekinbpka pasi Outbiine. J{ms ctam 2013 3aranpHi BTpaTH

2,5BT
(pr+pa) = 05+2=——"o, (2.15)

ToOTo a1t TOTO 1II00 CyMapHi BTpAaTH BUPOCITH CYyTTEBO BTPATH HA BUXPOBI CTPYMH
BHACIIJIOK Je(PEKTIB MIKIMCTOBOT 130JISIIIi1 MOBHHHI BUPOCTH SIK MIHIMYM B JEKiJIbKa

pasis.

66



Jlns nepekTHOro MarHiTONPOBOAY IIPH MPHUITYIIIEHHI PIBHOMIPHOCTI PO3MOAUICHHS
TOYKOBHX Je(PEKTIB MIKITUCTOBOT 13011111 OKPIM BUXPOBHUX CTPYMIB, 1110 3aMUKAIOTHCS B
OKPEMHUX JIUCTAX 3’ SIBIIAIOTHCS 3arajibHi IHTETpaibHI CTPYMH SIK1 OXOIUTIOIOTH BECh MAKET.
[Ipu piBHOMIpHOMY PO3MOALTY JAe(DEKTIB MPOIECH B IMaKeTI OyayTh ONMUCYBAaTHCh TaK
caMo SIK 1 B OJJUHOYHOMY JIMCTI ajie¢ HeOOX1THO BPaxOBYBAaTH EJIECKTPUUIHY aHI30TPOIIIIO,
TOOTO MUTOMHUIA OITIp B MOMEPEYHOMY HampsiMi (depe3 AedeKTH) 3HaYHO BHUIIE OMOPY

cTal.
: h : )
BigHomenus ~ MO3Ke OyTu OyIb SIKMM, 4acTillle MCHIIIe OJWHHMIN. BenmnmunHa b B

JTAHOMY BUIAJKy BIJIrpa€e poiib MIMPUHU BCHOTO MAKETY, TOOTO SIKOM TOBIIMHA JIUCTA
JOpIBHIOBAJIA O MIMPUHI AKETY.
[To ananorii 3 monepennim Bunaakom EPC x-ro koHTypy Oye:

2hx?
e, = pB o (2.16)

Ormip eIeMEeHTapHOTO KOHTYPY

h
2 (pr,qecb + EXPCT) _ 4xp,ae¢

Ar, = 2.17
" Ax Ax ( )
JI€ P ey CNEKTPUIHHUM OITP AEPEKTHOTO KOHTYPY
CtpyM B eJIeMEHTapHOMY KOHTYPI
h
. _PBy
Ai, = xAx, (2.18)
2Pned
22 (p2 X
1 pB,h°pux (b —?>
Cx= (5 ) B ) = , 2.19
* (xf x4 | 4 2pepb? (2.19)

[1pu 3MiHHOMY Mar"HiTHOMY MOTOLII BTPaTH BiJl (PUXPOBHUX CTPYMIB BUBHAUAIOTHCS

2 \2 h 2\
B (mV2fBm25x?) 2.20)
Px = Ar, 4P pepX ’ '

Brpatu Ha BUXpOBi CTpyMH B Mar”iTONpPOBO/I1 3 IHTErpaIbHUMU AePEKTaAMU
I 2
b n22f?B2 (3) b*  n?f2BZ(hb)?
PB = j dpx = Z = >
0 Pred Pred

, (2.21)
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P, m?f?B%hb

Burs = — = = Ky 2BZ ) (222)
. m Zpﬂeq)gc.r L[e(l)f m
2hb
K op = ——— (2.23)
BAee: Zpaeq:ogm

SIx BUAHO 3B’ 30K MI>K MUTOMUMHM BTpaTaMH Ha BUXPOBI CTPYMH B MarHiTOIpOBO/I1

3 IHTErpalbHUMHU JePEKTaMHu NPIMHUA Yepe3 Ky ,ep AKUA 3aIEKHTH BiJl HEPEPizy
marsiTonposoay (h/b) Ta onopy 1eGeKTHUX KOHTYPIB Py g

Jlns Toro, mo0 cymapHi MUTOMI BTPAaTH 3pOCIH Y MOPIBHSAHHI 3 0e3/1e(eKTHIM
MarHiTONpoOBOJOM, HAMpPUKIa] B 2 pa3u (10 5 BT/Kr) HE0OX1IHO 1Jii MarHiTONMPOBO/IIB
PI3HOI T€OMETpIi pi3HA CTEMIHb 1€(PEKTHOCTI.

JL7ist BOTO BU3HAYHUMO e,

n2f2B2 hb
Prep = Zf—m = 0.63hb, (2.24)

CTPI'II/IT.B

Jlns marsiTonpoBogy Manoi mammed hb=0,01%0,1=0,001 M% a p ned =6,3*10*
Om*Mm.

3 pocToMm nepepizy Takuii camuii e(hekT Oyje 10CATaTUCh MPU OUTBIINX 3HAYCHHSIX
Pped> & IOBHI BTPATH B CTaJli 3pOCTAOTh MPONOPIIAHO KBApaTy mepepisy.

[HepuiiHICTh 1 po3MarHiuyroyva Jid 1e()eKTHUX KOHTYPIB HAKIAJAA€ThCS HA BIACHY
MarHiTHy 1HEPUIMHICTH 1 3MEHIIEHHS 1HYKI[li B MAarHITOIIPOBO/II.

3MEHIIEHHS] CEPEeIHbOr0 3HAYEHHS I1HAYKUIi Oyae BIAOyBaTHCh IIBUALIE B
nedeKTHUX MarHiTOMpPOBOAaX y MOPIBHSIHHI 3 6€371e()eKTHIUMH 3 POCTOM YaCTOTH.

[To BigHOIIEHHIO O KOTYIIKH, SIKa CTBOPIOE MArHiTHE IOJIE B MarHiTOMPOBOI

NOBHUU orip Z Oyjie BU3Ha4YaTuch [1]

Z—U— j  adhwp
1 1+ Wb

b
N*th(1+))—, (2.25)

Sxio Ha KoHTpoJbHIM Koty MipsitTi EPC Bucoko4acTOTHOT 001aCcTi Ha pi3HUX
94acTOTax, TO CIIBBITHOIICHHS aMILTiTy 1 HaBezeHoi EPC Ha GiibIn BUCOKIN 4acTOTI 110
ammonitynin  EPC  Ha MeHmnii 4acrtori Oylae BHU3HAyaTH piBEHb J1e(PEKTHOCTI
MarHiTONPOBO/IIB, 1€ CITIBBIJHOIIIEHHS MO CIY>KUTH J1arHOCTUYHOIO O3HAKOK uepes

Ky BU3HAUAIOTHCS MUTOMI BTPAaTH B MarHiTOPOBO/I].
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IlepeBaroro Takoro miAXOAy € MOXJIMBICTh BHU3HA4YaTH pPiBeHb AEHEKTHOCTI
MarHiTONPOBOAIB NUISXOM OIIIHKM JUHAMiKK pocTy HapeaeHoi EPC B KOHTpoibHIN
KOTYIIIII B CAaMOMY MarHIiTOIIPOBO/II HE 3BEPTAIOYUCH JI0 MOPIBHIHHS HOTO 3 €TAIOHHUM
MarHiTOMPOBOIOM.

byno BcTaHoBneHO, 1m0 HaWOULIBII 1H(POPMATUBHUM IOKAa3HUKOM, SIKUW J00pe
KOPEJIOETHCS 3 BTpaTaMHU B MarHiTONMPOBOIaX MPH HOPMATUBHUX METOJIaX BUIPOOYBaHb
(Pryr ipu B1g/50) 1 TIpH LIbOMY JTyKe MPOCTO (BIKCYETHCS 1 0OPOOIIAETHCS 11€ BITHOIIICHHS
Hanpyru Ha yactoti 100001 o Hanpyru Ha yactoTti 10000 11 mpu mocTiHHOMY 3HAUYEHHIO
HaIPY>KEHOCTI ToJi1 A/M.

J1J1s1 1IOTO MO’KHA BUKOPUCTOBYBATH MMOYATKOBY JUISHKY KPUBOT HAMAarH14yBaHHS,
ne W = const. Ile mae MOXIUBICTh MO30yTUCh HENIHIMHOI 3aJI€KHOCTI 1HAYKIII Bij
HaIPY>KEHOCTI TOJIA.

Bu3HaueH1 J1arHOCTHYHI O3HAKH, a CaMe€ IOCTIHA Yacy 3aracaHHsi BUXPOBUX

CTpyMIB (MKC) Ta O€3pO3MIpHHUI MIArHOCTUYHHM KOE(]ILIEHT MpH BUCOKOYACTOTHUX

Uf10000 MB

rapMOHIYHMX BIUMBax Ki =
Uf1000 MB

6y.]'II/I HOKHaIICHi B OCHOBY IIOAAJIBIINX

JOCHI/IKEHb.

Ha oOcHOBiI 3ampomoOHOBAHOTO METOJy KOHTPOJIIO SIKOCTI  IIMXTOBAaHUX
MarHiTONpoOBOAIB OyJ0 CTBOPEHI MAKETHI YCTAHOBKH, K1 JO3BOJIUIU aBTOPY MPOBECTU
IIMPOKOMACIITA0H! EKCIEpUMEHTH Ha mianpuemMctBax  «MicbkBogokaHamy CMP
M.Cymu Ta Bupo6Huuomy iexy TOB «EHEPCIC YKPAIHA».

ExcrniepuMeHT npoBeleHUI Ha BENMKIA KUIBKOCTI MAarHITONPOBOMAIB PI3HOTO
crynerto nedexktHocti AJl mortyxkrictio Bim 0,37kBt nmo 37xBt. Ilpu upomy
BHUMIPIOBAJIMCh MarHiTHI BTPATU B OCEPJSX BATMETPOBUM criocoOoM mpu 1HayKuii 1T 1
BIJIMOBIAHO iM BU3HAYAJINCh MOCTIHHA Yacy 3aracaHHs BUXPOBUX CTPYMiB Tycep [MKC] Ta
niarHoctuyHui koediuient K. Pesynbratu nmpeacrasieni B 1adm. 2.1,

ExcnepuMenT BkItouaB nepeBipky Outbiie 200 MarHiTOnpoBOIiB PI3HOTO CTYMEHS
SAKOCTI Ta pI3HOI TeoMeTpii, MO0 BIAMOBIIAE PAAY MOTYKHOCTEH MapKy JIBUTYHIB

AOCTYIIHUX Ha HiJIHpI/ICMCTBaX.
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B sikocTi 3pa3kiB AJi €KCIIEPUMEHTY BUKOPUCTOBYBAIIUCH SIK MArHITOIPOBO/IHU, 1110
He OyJM B eKCIUTyarallii, Tak 1 MarHiTOIPOBOJM, III0 3HAXOJATHCS B CKCILIyaTallli, a
TAKO)X MAarHITONPOBOJU, IO TMPOUMIIIM HEOAHOPA30BUM TEXHOJOTIYHMM LHUKI 3
HarpiBaHHs B niedi 10 Temneparypu 350-450 ©C 3 muuio BUNAIIOBaHHS CTapOi OOMOTKHU
nepes IepeMOTKOIO eJIEKTPOJIBUTYHIB.

Takum yuHOM, OYJIO ABI TPYNH MarHiTONPOBOJIB: SIKICHI Ta AehEKTHI, 3 PI3HUM
CTYIIEHEM ITOIIKOJKEHHS M1KJIMCTOBOT 130JIs1111.

Tabmuis 2.1 — 3B’ 430K MUTOMHUX BTPAT B MArHITOIIPOBOAAX Pi3HOI CTYTIEHI

nedexkTHocTI 3 Tyeep Ta Knt

P 3,47 3,61 3,40 3,33 3,54 3,26 3,89
Tyeep 50 48 47 46 44 42 49

Kn 5,75 5,78 5,79 5,81 5,84 5,86 5,76
P 417 4,03 4,44 5,21 5,00 5,56 5,56
Tyeep 52 54 56 55 51 64 58

Kn 5,72 5,69 5,66 5,68 5,73 5,55 5,63
P 5,63 5,00 451 5,69 5,83 5,07 5,60
Tyeep 67 49 52 63 64 59 60

Kn 5,50 5,76 5,72 5,56 5,55 5,62 5,60
Puu 444 5,07 417 479 4,93 5,69 5,90
Tyeep 65 69 62 68 69 71 72

Kn 5,53 5,47 5,58 5,49 5,47 5,45 5,43
Puur 6,39 6,25 6,25 5,83 5,69 6,18 6,53
Tyeep 75 79 75 73 75 80 82

Kn 5,39 5,33 5,39 5,42 5,39 5,31 5,29
Pu 5,90 6,25 6,11 6,04 6,32 6,39 6,11
Tyeep 84 88 87 85 90 91 95

Kx 5,26 5,20 5,21 5,24 5,17 5,16 5,10
P 6,88 6,94 7,08 6,18 6,67 6,11 6,32
Tyeep 92 95 97 98 99 94 97

Kx 514 5,10 5,07 5,05 5,04 5,11 5,07
P 6,94 7,22 7,36 6,46 6,60 6,18 7,08
Tyeep 93 98 101 102 107 108 101
Kn 5,13 5,05 5,01 5,00 4,92 4,91 5,01
P 7,57 7,78 7,64 7,92 7,64 8,33 8,68
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Tyee 110 111 106 104 109 114 112
Kz 4,88 487 4,94 4,97 4,90 4,82 485
Puur 7,08 7,22 8,19 8,26 8,33 8,40 7,64
Tyeep 111 108 119 110 111 114 115
Kx 4,87 4,91 475 4,88 487 482 481
Pur 8,26 8,89 9,03 8,26 7,64 9,31 9,03
Tyeep 118 121 120 119 115 126 125
Kz 4,77 472 474 475 481 4,65 4,66
Puur 9,10 8,61 8,33 8,26 7,92 8,68 8,40
Tyeer 126 121 125 127 129 127 121
Kx 4,65 472 4,66 4,63 4,61 4,63 4,72
Puur 8,26 7,92 8,13 8,82 8,19 8,33 9,65
Tyeep 127 128 128 129 134 135 130
K 4,63 4,62 4,62 4,61 453 452 459
Puur 9,38 8,40 1042 | 9,72 9,03 9,17 9,51
Tyeer 131 134 136 134 135 137 138
Kx 4,58 453 4,50 453 452 4,49 4,48
Puur 8,96 9,10 9,03 9,31 9,72 9,79 9,79
Tyeep 135 139 137 140 140 141 142
K 4,52 4,46 4,49 4,45 4,45 443 442
Pur | 10,00 | 1042 | 1111 | 9,31 9,17 9,72 10,42
Tyeer 148 149 150 149 157 151 154
K 4,33 4,32 4,30 4,32 4,20 4,29 4,24
Pue | 1056 | 1111 | 1097 | 1104 | 11,18 | 1035 | 972
Tyeer 156 154 152 156 154 157 159
Kxn 4,22 4,24 4,27 4,22 4,24 4,20 4,17
Pur | 10,35 | 1049 | 11,11 | 1097 | 10,90 | 1056 | 10,42
Tyeep 160 153 155 157 153 154 155
Kx 4,16 4,26 423 4,20 4,26 4,24 423
Pue | 1097 | 1111 | 1021 | 1125 | 1160 | 11,32 | 1111
Tycep 156 159 161 162 164 166 165
Kz 4,22 417 4,14 413 4,10 4,07 4,09
Pue | 11,04 | 1160 | 11,67 | 1118 | 1181 | 11,74 | 1146
Tyeep 164 165 168 169 168 165 170
Kx 4,10 4,09 4,04 4,03 4,04 4,09 4,01
Pur | 1069 | 1111 | 11,04 | 1042 | 1035 | 10,07 | 1118
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Lo  excriepuMeHTy OyJI0 BCTAHOBJIEHHS CTAaTUCTUYHOIO 3B’SI3KY  MIXK

TakuM 4YMHOM, CTATUCTUYHUNA aHaNi3 MPOBEJECHUX €KCIEPUMEHTIB IOBUHEH JAaTH

I ITBEPKCHHS

TEOPETUUHHUX

nepeayMoB

BusnadeHi qiarHOCTHYHI apaMeTpH:

- YcepenHeHa NOCTilHA Yacy 3aracaHHs BUXPOBUX CTPYMIB Tycep [MKC];
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MOKJIMBOCTI

MarHiTONpPOBOAIB MO MapaMeTpax BUCOKOYACTOTHUX MPOIIECIB.

MPOIIECIB /1T MarHiTOMPOBO/IIB PI3HOT T€OMETPIi 1 PI3HOTO PIBHSA SAKOCTI.

Tyeep 165 164 167 168 167 168 169
Kx 4,09 4,10 4,06 4,04 4,06 4,04 4,03
Pur | 11,81 | 1139 | 11,04 | 11,74 | 1181 | 1153 | 11,04
Tyeer 170 165 162 171 172 174 172
Kx 4,01 4,09 413 4,00 3,98 3,95 3,98
Pur | 1056 | 12,08 | 11,67 | 11,46 | 11,46 | 11,11 | 11,67
Tyeep 174 175 177 175 174 175 172
Kx 3,95 3,94 3,01 3,94 3,95 3,94 3,98
Pur | 11,25 | 11,04 | 1111 | 11,18 | 10,97 | 12,08 | 1181
Tyeep 171 174 175 174 175 177 175
Kxn 4,00 3,95 3,94 3,95 3,94 3,91 3,94
Pur | 11,04 | 1139 | 1160 | 1236 | 1250 | 1257 | 11,94
Tyeep 179 180 181 182 184 180 187
K 3,88 3,87 3,85 3,84 3,81 3,87 3,77
Pur | 12,29 | 11,81 | 1250 | 1257 | 11,94 | 12,08 | 12,50
Tyeep 185 188 180 184 185 185 190
Kx 3,80 3,75 3,87 3,81 3,80 3,80 3,72
Pur | 12,85 | 1264 | 11,81 | 1389 | 1292 | 13,19 | 1313
Tyeep 194 197 198 199 195 197 199
K 3,67 3,62 3,61 3,59 3,65 3,62 3,59
Pun | 1257 | 1347 | 1313 | 1431 | 1326 | 1306 | 1257
Tyeep 200 205 204 210 211 205 210
Kx 3,58 3,51 3,52 3,43 3,42 3,51 3,43
Pur | 12550 | 1215 | 1361 | 1333

Tyeep 208 210 210 214

Kxn 3,46 3,43 3,43 3,38

MATOMUMH BTpaTaMu 1 T1arHOCTUYHUMH TapaMeTpaMy BUCOKOYACTOTHHUX 1HIYKITIHHUX

OLIIHKHA




- JliarHoctrunmit koedirient K [6e3po3mipHa BenuunHa].

OcHoBHI 3aj1aui, sIKi BUPIITYBaJIMCh JIJIs1 TIOCTABIICHOI 3a1a4i, OyIIu:

1. BcTaHOBIIEHHSI CTATUCTUYHOTO 3B 3Ky MIXK y3araJlbHEHUMH J1arHOCTHYHUMU
napaMeTpaMi 1 CTyneHeM JAe(EeKTHOCTI IMXTOBAaHUX MAarHiTOIPOBO/IIB Pi13HOI reoMeTpii.

2. TloOGymoBa AOBipuMX IHTEPBAJIB, B MEXaX SKHUX 3HAXOMSITHCS IOCIIKYBaHI
napamMeTpH 3 BIIOMUM CTYTIEHEM JIOCTOBIPHOCTI, IUJLTIO BUSBICHHS MOXKJIMBOT TOYHOCTI
B OI[IHII IKOCT1 MarHiTOIPOBO/IIB.

3. BcranoBneHHs 3HaYHOI KOPESIIl MK TUTOMUMHU BTpaTaMHU B MarHiTOPOBO/I1
1 JIarHOCTUYHUMHU TapaMeTPaMHU.

4. TlobynoBa perpeciiiHOi 3aleXHOCTI MK Py, Ta  JlarHOCTUYHUMU
napamerpaMu Tyeep 1 KO Ha OCHOBI perpecMBHOrO aHami3y s IOBHOI BUOIPKH

MarHiTOMPOBOAIB Pi3HOT T€OMETPii 1 pi3HOTO PIBHS SKOCTI.

2.2 Bubipka no 3B’s13Ky koedilieHTy qeeKTHOCTI i reoMeTpUYHHX PO3MipiB
JJISL IKICHUX MATrHITONIPOBOAIB

JUist Outbll  SIKICHOI OLIIHKM CTaHy I[IMXTOBAaHUX OCEpPAb NpPH HACTYIHUX
JOCIIIKEHHSX BUKOPUCTOBYBABCS BUCOKOYACTOTHHMM 1HAYKIIAHUNA MeTon. OcobnuBa
yBara npuIuIsIachk BAMIPIOBAHHIO BITHOUIEHHS! Hanpyru Ha yactotax 10k no 1kIw.

_ UflOKFu

Kn (2.26)

B UflKFu '

[To upomy BigHomieHHt0 Kn wmoskHa OuTkll 1H(GOPMATUBHO OLIHUTUA CTaH
MarHiTONpPOBOY Ta 3 MEBHOI TOYHICTIO JI3HATUCH MUTOMI BTPATH B JOCIII)KYBAHOMY
ocep/i.

B tabn. 2.2. npeacrasieHa BuOIpKa Mo 3B’S3Ky MK KOE(IIIEHTOM JAePEKTHOCTI
Kn B marnitonpoBojax npu QpikcoBaHUX Pyyur 1 p13HOI reomMeTpii sSIKICHUX HIUXTOBAHUX
Mar”iTonpoBoAiB. 35 He3aJeKHUX CIHOCTEPEKEHb, OTPUMAHUX IO pe3yJbTarax
eKCIIepMMEHTIB, MpoBeJeHnX y BUpooHuunx nexax TOB «EHEPCIC YKPAIHA» Ta
«MicskBogokanam» CMP wM.Cymu, wMmicTate 7 rpyn mo 5 ocepAb JABUTYHIB,

YIOPSAIKOBAHUX II0 3POCTAHHIO TIOTYKHOCTi, IO BIAMOBiAa€ 3MIHHIA TeoMeTpil
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MarHiTOrpoBOAiB. MarHiTonpoBOAu BCiX IMX JBUTYHIB cepii 4A Mallu MUTOMI BTpaTu
Pur=~4 Br/kr ipu =50 I'i1 1 B =1 T, 1110 SBJISIETHCS TOMTYCTUMHM 3 TOYKU 30PY SKOCTI.

Tabnuis 2.2 — Bubipka 1o 3B’53Ky MIX MUTOMUM BTpatamu 1 koedimiearom K

Cepis P, kBt | [luromi Brpatu (1/50Tn)/diarnocTnynuit koedilieHT
Kn

4A71B4 | 0.75 |3,15/6,1 |3.95/6,1|4.2/58 | 4/5,95 3,4/5,9
4A80A4 |11 4.1/56 |2.8/6,1 | 4.1/555 | 3.85/5,86 | 3.85/5,65
4A80B4 | 15 2,7/6 3.2/6 3.8/5,7 |3.8/575 | 3.9/5,63
4A90L4 | 2,2 3.9/5,82 |4.3/55 | 3.25/59 | 3.35/5,85 | 2,8/6,04
4A100S84 | 3,0 3.3/59 |3.4/5,65| 4/5,5 3.2/5,8 2,9/5,85
4A100L4 | 4,0 4/5,58 4.1/55 | 3.2/58 | 3.8/559 3,1/5,81
4A112M4 | 5,5 3.9/5,63 |3.2/5,86 | 3.2/5,92 | 4/5,62 3/5,87
4A13254 | 7,5 4.1/5,56 |3.9/58 | 2,8/6 3.8/5,67 | 4/5,58
4A16054 | 15 3,5/5,88 |3,5/5,85| 3.4/5,74 | 2,7/6,1 3,0/5,76

CratucTuuHuil aHai3 nepeadaydae Nomyk GyHKIIi po3noaAuTy JaHOI BUMAJAKOBOL
BEJINYMHH X.

[Ipu I"'aycoBomy (200 HOpMaJIbHOMY) PO3IMOALLY CTaHAAPTHA TYCTUHA 1 (DYHKIIS

PO3MOILTY :
p(z) = (VZm) e 7z, (2.27)
I[e Z — BUIIAAKOBA BCJIMYMHA BUOY
7=t (2.28)
Ox

Hle W, 1 0, — BIAMOBIIHI CepeIHE 3HAYEHHS 1 CTaHIaPTHE BIIXHUIICHHS BUTIAIKOBOT
BEITMYUHU X(K).

Buxonaemo po3paxyHOK mo JaHuM Ta0a. 2.1, BUKOPUCTOBYIOYM HACTYITHI

bopmymu:

OuiHMMO cepeIHE 3HAYEHHSI BUTIaIKOBOT BEJTUYMHU

ML
X =W, = Nle = 48.5,
i=1
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Jlucriepcisi BUTIaJIKOBOT BETUYMHU

N
1
0,2 = Nz(xi —Xx)%? =37.2, (2.30)
i=1

['padix oTpumanoi QyHKIIIT po3Moaiay MoKa3aHo Ha puc 2.1.

8 o~

7N

~

)]

(9]

H

w

N

38 43 48 53 58 63
Pucynok 2.1 — I'padik po3noainy orpuManoi GyHKIIii

Ak BugHO, 111 QYHKIIIS Makke 11ealIbHO BiamoBinae ['aycoBii GyHKINT po3noairy
BUMAJKOBOI BEJIMYUHU, YHIMOJAIbHA, MOHOTOHHO 3MIHIOETHCS 110 00MABAa OOKHU MOJIH.
Toii ¢daxt, mo npuBeneHa (yHKIS TIAKOPSIETHCS 3aKOHY HOPMAJIBHOTO PO3MOJLITY,
JI03BOJISIE CTBEPJIKYBATH, 1110 AIarHOCTUYHUHN TIapaMmeTp JUIsl sSIKICHUX MarHiTOMPOBOJIB
MPaKTUYHO HE 3aJIEKUTH B1Jl 3MIHU T€OMETPil MarHiTONPOBO/IIB.

Jami HeoOxigHa Tmpolleaypa OIIHKKA IapaMeTpiB, MOB’sA3aHa 3 TOOYIOBOIO
IHTEpBAly, B SIKOMY 3HaXOJIUThCS OLIHIOBaHUM mapameTp Tycp 3 BIAOMHM CTyIEHEM
noctoBipHocTi. Hexali BuOipkoBe cepeaHe X, 3HadjgeHe 1o N  HeE3alIeKHUM
CIIOCTEPEKEHHAM BUMAIKOBOI BETMUUHH X (Tycep), BUKOPUCTOBYETHCS B SIKOCTI OLIIHKH
CEPEHbOTO [lx. 3a3BMYAl NPEACTaBIII€ IHTEPEC OLIHUTU |[lx B TEPMIHAX JESIKOTO
1HTEpBaIy X + a, B SIKUI Ly TONIAJAE 3 33IaHUM CTYTIEHEM JOCTOBIpHOCTI. Tak1 iHTepBain
MOXHa OyayBaTH, SIKIIIO B1JIOM1 BUOIPKOB1 pO3MOUIN OIIHKH, IO PO3TIISIAETHCS.

Bigomo, 1mo BiJHOCHO 3HA4Y€Hb BHOIPKOBOTO CEPEIHBOTO X MOXKHA 3pOOUTH

HACTyIHE WMOBIPHICHE TBEPKCHHS:
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(f - p-x)\/ﬁ

<7 =1-— , 2.31
Oy - a/Z a ( )

PT'Ob Zl—a/z <

dopMabHO 1€ TBEPKEHHS MPaBWIbHE 1O OTPUMAHHS BUOIPKU 1 PO3PAXYHKY X.
[licnss oTpumaHHs BUOIPKM 3HAYEHHS X CTAa€ JIOCUTh BH3HAYCHUM YHCIOM, a HE

BHITAJIKOBOIO BEJIMUMHOIO. BiIOBITHO, MOKHA CKa3aTH, 110 WMOBIPHICHE TBEPIKEHHS,

110 MicTHTBCS y popmyti (2.31), BTpauae ceHc, ockiibky Bemmuuna (X — px)vVN /o, a6o
nomnajae y BKa3zaHi Mexi, a00 He monajae. [HImMmMu caoBaMH, MiC/Is OTpUMaHHS BUOIPKU

(dbopManIbHO MPaBUIILHUM OYJI€ HACTYITHE TBEPIKECHHS:

(x — p—x)\/ﬁ _ {0

Prob Zl—a/z < < ZCI/Z 1’ (232)

O-X
3a3Buuail iICTUHHE 3HAYEHHS UMOBIpHOCTI (2.32), piBHE a00 HyII0, a00 OJMHUII,

HeBiioMo. [IpoTe y mipy 3MmeHIIeHHs o (30UTbIICHHS 1HTEPBATLY, MIK Z1-a A 1 Za/z)

PO3yMHO BBa)KaTH, IO IS BIPOTIIHICTh CKOpIIIE PIBHA OAMHMIN, HDK HyJt0. [Hakme
Ka)Xy4H, SKIIO HPOBOAUTHCA Oarato BHUOIPOK 1 AJii KOXKHOI 3 HHUX BHPaxOBY€THCA
3HAYCHHS X, TO MOKHA OUIKYBaTH, 110 BEJIMYHMHA, [0 TpUMae ydacTth B popmyi (2.32)
OyJe rmonajaTy B ykazaHUM IHTEPBAJ 3 BITHOCHOIO YaCTOTOIO, MPUOIU3HO piBHIH 1-a. [Tpu
TaKkOMy TMIAXOAl MOXHA CTBEP/DKYBaTH, IO ICHY€ IHTEpBaJ, B SIKOMY BeEJIMYMHA
(¥ — w)VN /o, momamac 3 Ginbmmm cTymeHeM JOCTOBipHOCTI. Taki TBepIKeHHS
Ha3UBAKOThCS  JOBIpUMMH. [HTEpBan, BITHOCHO SKOTO pOOUTHCS TBEPKEHHS,
HA3UBAETHCS JOBIpUMM iHTEepBaJoM. CTymHiHb JOBIpH, IO 3ICTABISETHCS JTOBIPUOMY
TBEPPKCHHIO, Ha3UBAETHCS PIBHEM JIOBIPH.

[Ipu oniHIOBaHHI CEPEIHHOTO 3HAUYCHHS JIOBIPUOTO 1HTEPBATY JJISI CEPEAHBOTO [y
MOKHa MO0y IyBaTH MO BUOIPKOBOTO 3HAYEHHIO X, MEPErPyITyBaBIIN WICHH Y HOpMYITi

Z Z
. Oxlq/2 < W, < b Oxliq/2 ’
VN VN

Hami, ssk0u 0, BiIOMa, TO AOBIPYMM IHTEpPBAN IS |lx MOKHA MOOYIyBaTd IO

(2.33)

OymyBaTH 10 BUOIPKOBHM 3HAYEHHSIM X 1.5, IEperpynyBaBId 4ieHu B HopmyJi

[f _ Stn,a/z _

Stna/z
<u, <i+—2=L=
JN

)n=N—1; 234‘
N (2:34)
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B dopmynax BUKOPMCTaHI BIACTHBOCTI Zy_g/2 = —Zg/z 1 th1_g/2 = —tn g2
[lum iHTEpBanaM BIATOBIIAa€ piBeHb N0Bipu [ — a. BiamoBiiHO, 10OBipYe TBEPIKEHHS
3BYUHUTh TaK: ICTUHHE 3HAUCHHS [lx TOMAJa€ B YyKa3aHWM IHTEPBAI 3 JOBIPUYOIO
BiporigHicTio I — a abo (B 3arajJbHONPUHHATHX TEpMiHAX) 3 JOBIPUOIO BIPOTIIHICTIO
100(I — a)%. Cxoxi TBEpIKCHHS MOXXHAa POOHWTH BITHOCHO OYyJb SKHAX OI[IHOK
napamMeTpiB, TIIbKM O OyJIu BioMi BiIIOBIIHI BUOIpKOBI po3noauid. HactynHa dhopmyna
1103BOJIs€ TTOOYyBaTH JOBIpYMii iHTEpBa 3 piBHEM JOBipH | — a A7 qucIepcii o2 1o

BHOIpKOBIH ucIepcii S2, o BupaxyBaHa 110 BUOipLi po3mipoM N:

2 ST
<of < X,n—N 1, (2.35)

Jle x2 — xi-KBagpat po3noin x n — N cTyneHeM cBOOOIH.

B namomy Bumaaxy BuOipka Mictuth N = 35 He3anexHe CHOCTepeKEHHS
PO3MOJIICHOT BHITAJKOBOT BEMMYMHM X (yCepeqHEHE 3HAa4YeHHS |[ly OIS AKICHUX
MarHiTOMPOBO/IB PI3HUX T€OMETPiil).

3naitnemo 90-BiACOTKOBI JOBIpUl IHTEPBAIIU JIJIsl CEPEAHBOTO 3HAYEHHS 1 AUCTIEPCii
BHITAIKOBO{ BEJIMUMHU X.

Bianosinno dopmyni (2.34) noBipuuii iHTepBasl 3 piBHEM nOBipu [ — a mmus
CEpPEIHBOTO 3HAYECHHS |1x OYIy€ThCS 10 BUOIPKOBOTO CEPENHBOMY X i aucrepcii S% npu

po3mipi Bubipku N = 35.

_ St34a/2> (_ St3g a/Z)]
X————— ) <y, < |(x+—]], 2.36
(F-=22) <, = (2:36)

3 Tabiuil BiICOTKOBUX TOYOK t-posnoairy CThIOJEHTa, MPUBEACHOI B JKEpeEi
[74], 3maxomumo mist @ = 0.1 t344/2 = t34005 = 1.697, ToMy iHTEpBaN Ma€ BUITIAA:
[( — 0.3048S5) < p, < (¥ + 0.30485)], (2.37)
Bignosigno ¢opmyni (2.37) mosipumii iHTepBan 1 AUCHEPCII0 02 3 PiBHEM
nosipu I — a OyayeTses o BUOIpKOBil qucnepeii S? npu posmipi Bubipku N = 35
3052 n30

<of <—5—|, (2.38)
X30,1-a/2

2
X30,a/2
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3 TabuIll BiZICOTKOBUX TOYOK, MPUBECHOT B JpKepeni [ /4], Xi-KBaJpaT po3MoaiTy
g « = 0.1 3HaxogumMo )(334’“/2 = X50,005 = 43.77 i)(§4,1—a/2 = X50,005 = 18.49 Tomy
1HTEepBaJ NPUHMaE BUTIISIA:
(0.77685%) < 02 < (1.83852), (2.39)
3anuInaeThes MiJCTaBUTH BUOIPKOBE CepeHE 1 BUOIPKOBY IUCIIEPCIIO B HOPMYIIH
JUIA TOBIPYMX 1HTEPBAJIiB.

BubipkoBa nucnepcis

N
1

%= Nz x; = 48.5, (2.40)

i=1

BubipkoBa nucrepcis
N
2 1 )2

Se = mZ(Xl - X) = 39.7, (241)

i=1

Otxe, noBip4l IHTEpBaNMM 3 piBHEM A0BIpH 90% 1y cepeaHBOTO 3HAYCHHS 1
ucIiepcii BUNIaIKOBOI BETMYMHU X TaKi:
46.58 < p,, < 50.42
30.83 < 02 <7297
[IpoBeneHHs 1OCHIIKEHHS J03BOJISIE CTBEPIKYBATH, 110 PO3IOI1] BUCOKOSKICHUX
MarHiTOMPOBO/IB 1O |L,, MOYKHA BUKOHYBATH 3 AK€ BUCOKUM PiBHEM TOUHOCTI J1Jisi OYy/Ib

AKUX T€OMETPIi 0cepib, MPU YMOBI MOKIMBOCTI TOYHO BU3HAYATH CaMe 3HAYEHHS L.

2.3 BuznHauenHsi koediunieHTy Kopessiuii i JiHiliHMI perpeciiinnii anami3
BHOIPOK 10 3B’SI3KY MMTOMMX BTPAT i y3araJbHEeHOr0 JIarHOCTUYHOI0 AapaMeTpy

[cHyBaHHST B3a€MO3B’SI3KIB 1 X BITHOCHY CHJIy MOXKHA BHMIPSTH KOe]iIli€eHTOM
Kopensiii p. B mpocToMy BHMaAKy JBOX BHUIIAJIKOBHUX BEJIMYMH X 1 y KOE(QIIIEHT

KOpeJslii 3a71a€Tbest PopMyIIoro

Cx
Pry = ——, (2.42)
x%
He Cy, — xopensuis X 1y
Cxy = E{x(k)y(k)} — E{x(k)}E{y (k)}, (2.43)
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0x = o2 = VE((x() = )2, (2:44)
by = E{x(k)}, (2.45)
Hexaii Tenep A BUNIQAKOBUX BEJIWYHH X 1y MaeMo BUOIpKy, oTpuMany 3 N map
CHOCTEPEKHUX 3Ha4YeHb. Koe(illieHT KopemsIii MO>KHA OLIHUTH MO0 BUOIPKOBUM JTaHUM
HACTYITHUM YHHOM:
Py = Bry = Sng - o1 9ii)’i —ZN;E— —
Sy [BLLOF - N3 (97 = NyD)] /2

SIK 1 Py, BUOIPKOBUH KOEDIIIEHT KOPENALIT JIEKUTH MK -1 1 +1 1 mpuiimae oane

(2.46)

3 TpaHUYHMX 3HAYEHb TUIBKM NPH HASBHOCTI 1A€aJIbHOI JIHIAKK 3B’A3KYy MIXK
cnoctepexxeHHssMu. HemiHiitHu 38’5130k 1 (a00) po3Kua JaHUX, BUKJIUKAHI TOMUIIKAMU
BUMIpY a00 HEMOBHOI KOPEIbOBAHICTIO BUMAJKOBUX BEJIMYHMH, MPU3BOJUTH J0
3MEHIIEHHS a0COJIIOTHOIO 3HAYEHHS Ty,

JL1st OLIHKM TOYHOCTI BUOIPKOBOTO 3HAYEHHS Ty,, 3pYYHO BUKOPUCTOBYBATH JESAKY

(QYHKIIO B 7y,

1 14+
o =—=In|[—2], (2.47)
1—r1y

Bigomo, 1m0 po3mojisi BHUITAJKOBOI BEIMYMHHM W MOXKHA alpOKCHMYBaTH

HOPMAaJIbHUM PO3IMOALIOM 3 CEPEAHIM 3HAYEHHSM 1 JUCIIEPCIEI0 BUY:

1ln 1+ pyy

2 1_pxy,

Ha oCHOBI MX BiIHOIIEHB JIETKO MOOYAyBaTH JOBIPYl IHTEPBAIH JUIA Pyy TI0

Ho = (2.48)

BHOIPKOBIH OIIHIII Tey-

Yepes BUOIPKOBY 3MIHHICTB OITIHOK KOPEJIALIii 3a3BUYail MPUXOIUTHLCS MEPEBIPATH,
YW CBITYUTH HYJIbOBE 3HAYCHHS BUOIPKOBOTO KOE(DIIIEHTY KOpemsIili mpo iCHyBaHHS
CTATUCTUYHO 3HAYHOI KOPEJIAIii MK BUNIQAKOBUMH BEIIMYMHAMU, 11O JOCIIHKYIOTHCS.
3poOuTH 1€ MOKHA, TIEPEBIPUBLIN TINOTE3Y Py, = 0, MPU YOMY BiIHOIIEHHS TilOTE3H
Oyzie TOBOPUTH TIPO 3HAYMMICTh Kopesuii. 3 gopmyin (2.47), (2.48) cuigye, mo mnpu

Pxy = 0 BUOIpKOBHMI po3noain @ Oyae HOpMaNbHKUM 3 cepeaHiM [, = 0 1 aucnepciero
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02 = 1/N — 3. ToMy o6nacTh IpUHHATTS TiIOTE3H 3 HYJILOBOIO KOPEALI€I0 Oy1e MaTH

BUTJISA

N—-3 |1+r,
—Zgsp < 5 In 7, <Zys| (2.49)

Jle Z — craHgapTHa, HOPMaJbHO PO3MOJUICHAa BHUIIAJKOBA BEJIWYMHA. SKIIO
3HAYEHHS BUSBUTHCA 11032 LHMM IHTEpPBAJIOM, TO 1€ Oyle O3HaKOK HasBHOCTI
CTaTUCTUYHOI KOPEJSALii 3 pIBHEM 3HAYUMOCTI 0.

Buxonsum 3 JaHUX €KCHEPUMEHTY IpO 3B 30K JIarHOCTUYHUX MapaMmeTpiB 3
MUTOMUMH BTpAaTaMH B MarHiTOIPOBOJAX OAHOTUIIHHUX JIBUTYHIB 4A MNOTYXHICTIO 2,2
kBT. Bu3HaunMo piBeHb KOpEIbOBaHOCTI L, 1 P 3 piBHeM 3Haunmocti 0=0,05.

Hexait x — xoedilieHT |, a y — IUTOMI BTpaTH.

N

N N
inyi - 23843;in2 - 215467;2311-2 — 2822.93;

i=1 i=1 i=1
N N
__12 _2517_7866 __12 _281.9_88
YENLY T T3y TV EN LY T T T
i=1 i=1
[TincraBumo 111 3HaueHHs B popmyiny (2.47) 1 OTpUMAEMO OIIIHKY KOe(DIIieHTY
KOpeJIsAIIii:
11 XY — Ny

= 0.7, 2.50
XY, (22 — NE2) (v — N72)] 2 (2:50)

Txy =

ITo dopmymi (2.48) Benuumna N = %ln [%] = 0.87 tomy wVN —3 =4.7 .
l'imore3a 7, =0 moBuHHAa OyTW BIJAKMHYTa 3 PIBHEM 3HAYUMOCTI 5% OCKLUIbKH
wVN — 3 = 4.7 ne nonaxae B 06J1aCTh MPUAHATTSA T1IIOTE3H, 1110 0OMEKEHA BETMIUMHAMHI
+Z4/2, = £1.96 . OTKe, MOKHA paxyBaTH, IO 1O JAHUX NPEICTABICHOI BUOIPKU Mik
y3araJbHEHUM J1arHOCTHYHUM MapameTpoMm k; i MUTOMUMHU BTpaTaMu p' iCHY€ 3HAaYnMa
KOPEJISAIIisL.

PosrnsiyTe mocmimpkeHHs Oynio TpUBEAEHO I mpukiamy. Jlis momanbimx
BUOIPOK BUKOPHCTOBYIOTH MOBHICTIO aBTOMATH30BAaHUN PO3PAXyHOK TaK SIK HACTYITHI

BUOIpKHU OyAyTh Ha MOPSJIOK 1 HAa JIeKIIbKa MOpsAKiB Outbie. HaliGiabpimna Bubipka N =
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200 npexacTaBieHa s 3B’ A3KY MIXK Uy 1 Py JUISI MATHITOIIPOBOJIB 1O €KCIIEPUMEHTaM
Ha (Tabi. 2.1). B miit TaGauill 3Ha4eHHsS] TUTOMUX BTpAT, BUMIPIOBAHUX TP 1HIYKIT 1
T 1 mpoMuCIIOBIi YacTOTi 1aHO B BT/KT.

Kopensmiiinuii anami3 103BoJissl€ BCTAHOBUTH CTYIMiHb B3a€EMO3B’SI3KY JBOX UM
Oinpiie BennuuH. OHAK TOpyY 3 UM Oa)KaHO MaTH MOJEIb LIbOTO 3B’ 3Ky, siKa gana 0
MOXKJIUBICTh TiepeadadaTd 3HAYCHHS OJHI€] BUITAIKOBOI BEIMYMHUA 1O KOHKPETHUM
3HAYEHHAX 1HIION.

B namomy BumMaaKy KOpENSAIMHWA aHall3 JaHWX YHCICHHUX EKCIIEPUMEHTIB
BCTAHOBUB 3HAUHWUW JIHIMHUN 3B’S30K MIXK JIarHOCTUYHUMH TapaMeTpaMu B
MarHiTOnpoBoAax, MO JAOCTIIKYIOThCSI, 1 TUTOMUMHU BTpaTaMU Ha MepeMarHidyBaHHS.
JloriyHuil HACTyNHUN KpOK, KOHKPETHU3YBaTH LEH 3B’SI30K Tak, MO0 MO JAaHOMY
y3araJibHEHOMY JIIarHOCTHYHOMY TTapaMeTpy MOxHa 0yJio 6 mependayaTyl TUTOM1 BTpaTH
Pl'II/IT'

Meroau BupillleHHS MOAIOHMX 3a/lad MaloTh Ha3By «perpeciiHuil aHami3z». B
HAIIOMY BUTIAJKY X MOKe OYTH 11arHOCTUYHHUM MapaMeTpOM, a Y — MUTOMUMU BTPAaTaMHU.
JliniiiHU#I 3B’SI30K MIDXK JBOMa BUIAJKOBUMH BEJIWYMHAMHM O3HA4a€, 10 MPOTHO3
3HAUCHHS BEJIMYMHU Yy 10 JAHOMY aHai3y Ma€ BUTIIS]

y = A+ Bx, (2.51)

e A 1 B — 1ie BiAMOBIAHO BiIPI30K OC1 OPJAMUHAT, IO BIICIKAETHCS MPSAMOIO, 1 11
Haxwi. JSIKIIO JaHl IOB’SA3aHl 1ACILHOIO JIIHIMHOIO 3aJIEKHICTIO ey =1 , 1O
nepeadayeHe 3HaYeHHs y; Oylie TOUYHO PIBHATUCH CIOCTEPEKHOMY 3HAYEHHIO Y; MpU
OyIlb IKOMY JaHOMY X;.

[IpoTe Ha mpakTHIll 3a3BUYail BIJICYTHSI 1/1eaibHA JIIHIHA 3aJIe)KHICTh MK JJAHUMU.
Tum He MeHI, SKIIO BCE X MPUITYCTUTH ICHYBAaHHS JIIHIKHOTO 3B’A3KY 1 HasBHICTb
HEOOMEXXeHOi BHOIpKM, TO MOXKHA MiaiOpath Take 3Ha4ueHHS A 1 B, ski mamyTs
MOXJIMBICTh TIepeA0AUYUTH OYIKyBAaHE 3HAUCHHS Yy; IS Oyab skoro naHoro x;. Lle
O3Hayae, IO Y; He O0OB’SA3KOBO CINBIAJAE 31 3HAYCHHSM, IO CIIOCTEPIraeThbes Y,
BIJINOBIJIHOMY JaHOMY X;, IPOTE BOHO OyJi€ piBHE CEpEeIHbOMY 3HAUEHHIO BCIX TaKUX

3HAa4YCHBb.
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3arajpbHONPHUIMHATA MpOIeaypa BHU3HAYCHHS KoeQilmieHTiB piBHIHHA (2.51)
noJisirae B BUOOP1 TakWX 3HAUYCHb A 1 B, siki MIHIMI3YIOTh CyMy KBaJpaTiB BiJIXUJICHb
3HAYCHb BiJ mependadeHoro 3HaveHHS y. Llg mpomemypa Ha3WBAETBCS METOIOM
HalMEHIMX KBaJipaTiB. ToUHIIIE, OCKUIBKU BIAXHICHHS 3HAYEHb, 110 CIIOCTEPIraloOThCs,
BiJI miepe0aueHux piBHI

yi — Vi =y — (A+ Bx), (2.52)

TO CyMa KBaJIpaTiB BIIXUJIEHb MAa€ BUTIISIT

N
Q=) (yi—A-Bx)?, (2.53)
2

OT)KG, HaﬁKpame IIOT'O’KCHHA B CEHCl HaWMEHIIIUX KBaIIpaTiB 3a0€e3IeUHnTh

3HaueHHT A 1 B, 1 skux

9Q  9Q
9A OB

Ha npaxTtuni 3a3Buyaii € oomexeHa BuOipka 3 N map crocTepexHUX 3HAYEHD X 1

0, (2.54)

y. lle o3nauae, mo piBHsSHHS (2.54) nae BChOrO Ha BCHOTO TUIBKM OLIHKKM A 1 B.
[To3znaunmo ix a 1 b BignosinHo. IlixcraBnstoun (2.53) B piBHsAHHSA (2.54) 1 BupilTytoun

1ioro BIAHOCHO OIIIHOK Beau4uH A 1 B, orpumaemo

a=7y— bz (2.55)
N — %)y MNox;y; — Nxy
b= = —, (2.56)

i omiHK1 MOXXHA TeTep BUKOPUCTOBYBATH JUIsl MOOYIOBM MOJIET, 10 JTO3BOJISIE
nepeadavyaT y 1mno JaHOMY X:

y=a+bx=(—-bx)+bx=y+b(x—X%), (2.57)

[Ipsima miHisA, M0 3a7A€THCS PIBHAHHIM (2.57), Ha3UBAETHCS MPSMOIO JITHIMHOT

perpecii y Ha X. 3aMIHMBIIHU POJIIMU 3aJICXKHY 1 HE3aJICKHY 3MIHHY B piBHAHH:X (2.55) 1

(2.56), otpumaemo npsimy perpecii X Ha 'y

XR=x+b0), (2.58)

N R

, _ di=1%Yi — NXy
b = S N (2.59)
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[TopiBasHHA Qopmyn (2.55) 1 (2.56) 3 dopmynor (2.46) mokasye, 10 HaAXWIU
OpSAMUX perpecii y Ha X 1 X Ha Yy MOB’sI3aHi 3 BUOIPKOBUM KOE(IIIEHTOM KOPEISIIii
BITHOIIIEHHSIM

/ 1/
Ty = [bb'] 72, (2.60)

BcranoBuMoO TOUHICTS a 1 B, BU3HAYeHHX 110 hopmyraax (2.55), (2.60), sik mokazaHo
B [74], B mepenOaveHHI HOPMAJILHOCTI PO3MOATY y Tpu AaHoMy X. OIiHKHA a 1 B €
He3MIleHUMH oIlinkaMu A i B BimgmosigHo. Ix BUOIPKOBI pO3MOJUIM TOB’si3aHi 3 t-

PO3MO/IIOM BiTHOIICHD

0—A
1/ = Sy|xtN—21 (261)
(b orime)
N Z 1(x - x)
b—-B
= Sy|XtN—2' (262)

1 1,
< MG — f)2>

Oco0nuBHii iHTEpEC MPEACTaBIIsE€ BUOIPKOBUIA PO3MOILT Y PU KOHKPETHOMY X =
Xo. BoHO Mae BUTIISI
y—y
1/,
1 + (xyg — Xx)?
N Z 1(xl - x)

B ¢opmynax (2.61)-(2.63) senuumna Sy, e BUOIpKOBE CTaHAAPTHE BiIXUJICHHS

= Sy ixtn_2s (2.63)

3HAYCHHS Y; , IO CTIOCTEPITaEThCs, Bi mepeadadeHoro y; = a + bxi piBHE

1

Sy = !Zl 1 — yl)zl2 _ [(n — 1) s2(1 - rxy)] (2.64)

n-—

[IpuBeneHi Bulle CriBBiAHOIIEHHS (2.64) 1at0Th MOXIUBICTh TOOYAYBaTH A0BipYl
iHTepBau s A, B 1) mo ominkax a, B1 3.

Busnaunmo 1o gaHum, 1o € B Tabnumi 2.1, npsiMy, 110 3aJa€ JiHIAHUN TPOTHO3
INUTOMHUX BTpPAT B MarHiTonpoBol Py, 0 AlarHOCTUYHUM napamerpam Ty, 1 Kn. Tpeba
BIIMITHTH, 1110 JIJISL perpecii B 3araIbHOMY BHITQJIKy OUIBII CKJIQIHIIIA 3aJI€KHICTh, HIK

JiHIMHA, aje TakK SK KOe(IIIEHT KOopessiii BEIWKUH, MOXHA 3aJaBaTUCh JIHIHHOIO
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dbyHkIieo perpecii. Hexail Tak sik 1 paHimie X mo3Havae AIarHOCTUYHUM MapameTp, a
y=Pr. Benmuuuam, 1110 HeoOXiaH1 711 BU3HAYCHHS HAXMITY Ta BIIPI3KY, 1110 OOMEXKYEThCS

npsiMolo, Bke Oynm BupaxyBaHi panime. [lincraBuBmm ix B popmymm (2.55) 1 (2.56),

3HAUJIEMO
p =1 , 2.65
ioq X2 — Nx? (2.65)
a =7y — bx, (2.66)

BignoBigHo, mnpsiMma perpecii, 110 OIIHIOE CEpPeAHI MHUTOMI BTpaTH IIO

J1arHOCTUYHOMY apameTpy Tycep, Ma€ BUA
y = 0.38 + 0.068x

3B1aKH 415 Tyeep =50 pc oTpumyemo P=3.78 B1/kr; anist Tyeep = 80 pc P=5,82 Br/kr;
A Tyeep = 130 pe P=9,22 Br/kr; mnst Tyeep = 180 puc P=12,62 Br/kr.

Jist moOyZI0BH JIOBIPUOTO 1HTEpBANy Ui cepeAHix nutomux BTpar y(P) mo
ominkax y = 3,78 Br/kr, y = 5,82 Br/kr, y = 9,22 Br/kr i y = 12,62 BT/Kr HE0OX1HO
Bm3HAUUTH 10 (opmynax (2.63). 3 0OUYMCTIOBAIIBHOI TOYKH 30pYy 3pYydHIIIEe

KOPHUCTYBATUCH (HOPMYJIIOIO
1

N _ —\2\ 12
1 Y (G =D =)
S = —— Z(y_y)z _ &= L , (2.67)
YN -2 (i=1 v (x — )2
Po3paxyHKkH 10 STKUM MOXHA CIIPOCTUTH, 3aMITUBIIIH, 110
N N
Z(vi —V)? = z vZ — Nv2, (2.68)
i=1 i=1
N N
D =D =) =) xyi—Nx, (2:69)
i=1 i=1

Toxi mo dopmymi (2.63) 95-BigcoTKOBHI MOBIpYMil IHTEpBAT IS CEPEIHIX
INUTOMHUX BTPAT MO A1arHOCTUYHOMY HapaMerpy Tyeep (1151 4-x 3HaueHb Tyeep, =50; 80;

130; 180) BU3HA4a€ETHCA TaK:

(2.70)

P+ Syt Ly ToX v
V1 T Oy|xIN-2;a/2 N Z?I:l(xi_f)z ’
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OTxe, MO OTpUMAHUX pe3yJbTaTaXx KOPEIAIMHOTO 1 PErpecitHoro a”amizy
IpEeICTaBICHOT BUOIPKM MOXHa KOHCTaTyBaTH, L0 MO JIarHOCTUYHY MapameTpy Tycep
=50 [L.c MO’KHa OLIIHUTU UTOMI BTpaTu B Mexax Bif 3,4 10 4,15 Br/kr, 0 Tyeep = 80pc
OUTOMI BTpaTu Bix 5,56 no 6,15 B1/kr, o Tyep, =130puc nmutomi BTpatu Bix 8,92 no 9,6
Br/kr, 0 Tycep =180pc muromi Brpatu Big 12,12 no 13,4 Br/kr.

Kopucrtyrounch 11i€0 X  METOAWKOI Ta  CTBOPEHHUMH  IporpamMamMu
aBTOMATH30BAaHOT'O PO3PAaXyHKY BU3HAUUMO perpeciiiHy 3ale:KHICTh MK Prr=y 1 Kn=x.

OTpuMaHuii Bupa3 sl perpeciiHoi 3a1eXHOCTI

y=30,8—-4,7x

B nmanomy Bumanky koedimienT B Mae Bix’emHe 3HaueHHs. [lo oTpumanux
pe3yJibTaTax KOPEJSIIIHHOIO 1 perpeciiiHoro aHasildy NpeAcTaBiICHOI BHOIPKU MOKHA
KOHCTaTyBaTH, IO IO JlarHOCTUYHY mapamerpy Km = 5,85 mMokHaA OIIHUTH THUTOMI
BTpatu B Mexax Big 3,12 no 3,57 Br/kr, no Kn = 5,35 nutomi BTparu Bixg 5,48 no 5,73
Bt/kr, mo Kn = 4,7 nmutomi Brpatu Bia 8,57 mo 9,03 B1/kr, mo Kx =4 nuromi BTpaTH Bij
11,68 no 12,42 Br/kr.

bazytounce Ha oTpuMaHuX (QI3MYHMX Ta CTATHCTHYHUX 3aJIEKHOCTSIX MIK

NUTOMUMHU BTpaTaMHM B MarHiTOnpoBOl P, 1 HiarHocTHYHMMHM napameTrpaMu Tycep 1

Ufio0000 . . . . )
KA = ——— Bu3HAaYeHO 4OTHpH CTYNEHi SKOCTI (medexTHOCTI) MAarHiTOMPOBOIIB, IO
£1000

MpeAcTaBiIeHi B Ta0m. 2.3.
Tabmuusa 2.3 — Cryneni AedeKTHOCTI MarHiTOMPOBOAIB B 3aJIeKHOCTI BiJ

niarHocTuuHuX napametpiB K 1 Tyeep

PiBenp nedextHOCTI Pur BT/kr | K11 Tycep, Mkc
SxicHui 2,6-4 5,5-6 35-52

bpak 1 4-8 4,7-5,5 55-115

bpak 2 8-12, 4-4.7 120-175
ABapiiiHuii Oinbiie 12 | menme 4 180 1 OintbLe

Akio OIIHIOBAaTH amapaTHlI CKJIQJHOINl B BHUMIPIOBaHHI JIIarHOCTUYHUX

napameTpiB Ty, Ta K, To mepeBaru npocToTy 1 3py4HOCTI Ha 001 OCTaHHBOTO. OLIHKA
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Tycep € OLIBII CKIIAHOIO CXEMHOIO OTEPALIEI0 OB’ I3aHOI0 3 BUMIPIOBAHHAM Ta aHAII30M
IMITYJIbCHOI BeTmunHM HaBenieHoi EPC.

3HaYyHO TMPOCTINIE BUMIPIOBATH JiI0Y€ 3HAYEHHS TapMOHIMHOTO CHUTHAIY Ha
KOHTPOJIBHIA 0OMOTIII Ha JBOX ¢ikcoBaHux dvactorax 1 1 10 k[ Ta BH3Hauatu ix
criBBiHOMIEHHS. J[J1 IBOTO ICHYIOTH BIANpPAIbOBaHI CXEMHI PIIIEHHS, TOMY OCHOBHA
yBara B TOJIAJIBIIMX JTOCTI/DKEHHSIX Oyje MpUaiIeHa caMe BUBYCHHIO BUCOKOYACTOTHHX
rapMOHIMHUX TPOIIECIB. YCepelHeHa cTaja 4acy 3aracaHHs BUXPOBHUX CTPYMiB Oyje
BUKOPHCTOBYBATUCH MPU pealtizallii KOMIIIEKCHOTO METOY OIIHKU SKOCTI MIXKITMCTOBOL
13071511111 Ta pIBHS MpPECyBaHHS Ta PO3IMYIICHOCTI MakeTy, MoOyJA0BaHOTO Ha aHali3l
OJIHOYACHOTO  MEXaHIYHOro  (yAapHO-BIOpalliiHOTO) Ta  EJIEKTPOMArHITHOTO

(1HDYKI1IHOTO) BIJIMBY Ha MarHiTOMPOBII.

2.4 BcraHoB/eHHs1 3B'fI3KY MiXK NMTOMMMHM BTPaTaMH B OKpeMOMY
MAarHiTONPOBO/I 3 3araJIbHUMHU BTPATAMHM B 3i0paHOMY ABMIYHI
BarmeTpoBuii cmoci0 OIIHKA MHUTOMUX BTpaT 0a3yeTbCcsd HAa BUKOPHCTAHHI
#uBJIs4oi 0OMoTKM mipu f=50I'1 1 cTBOpeHH! 1HAYKUIi 1Tn 1 BUMIpIOBaHHI aKTHBHOI
CKJIa/I0BOI MOBHUX BTpAT 3 HACTYIHUM JUJIEHHSIM HAa Macy Mardironposoay. B nanomy
BUIAJIKY 3yOlLll HE BPAXOBYIOThCSI B MATHITHOMY BIAHOILIEHHI, TOMY III0 MarHiTHUN TOTIK
B HHMX Maii’ke HE 3aXOAHUThb, ajle B EJIEKTPUYHOMY BIAHOILIEHHI IMapa3uTHI KOHTYPHU
BUXPOBHUX CTPYMIB, IO 3aMHUKaIOTh IUIACTUHM MK co0oro € K3 koHTypamu, 110
OXOIUTIOIOTh TMOTIK Y SIpMi MarHiTONMPOBOAY Ta CYTTE€BO BIUIMBAIOTHh HA MUTOMI MarHiTHI
BTpaTH.
B icuytrouiii mpakTtuili mpoekTyBaHHS EM Ha mpukiaai aCHHXPOHHHUX MAIllWH
3arajbHl BTpaTH B Mar”iTONpPOBO/I1 MPU poOOTI B MaIlIMHI BU3HAYAIOTHCS 3a GopMyIaMu
fiy’
PCT.OCH = P1o (%) (kach%ma + k,quZZmz)' (271)
50
3a UMMM BUpa3aMH Ha OCHOBI EMIIIPUYHHUX 3aJE€KHOCTEH JOCTATHBO TOYHO
PaxyroThCsl OCHOBHI BTpaTH B MarHiTOMPOBO/II Ta MOB’s3aHl 3 HUMHU 3arajibHi MarHiTHi

BTpaTH B 3aJEKHOCTI BiJi TUTOMHUX BTpaT B BHOpaHIM I MarHITONPOBOIY
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€JIEKTPOTEXHIYHINA CTal 3 NMEBHOK TOBIIMHOI JIMCTa, ikcoBaHOW 1HayKIewo B=1Tn
npu yactoTi =50I"u. Hanpuknan mst crani 2013 Py 0500 =2,6 BT./KT.

Ha mpuknani asuryna 4A160S4Y3 15kBt 4p noka3zaHo BIUTUB MUTOMHUX BTPAT B
MarHiTOIpoBOJaX pi3HOTO pIiBHSA Je(PEKTHOCTI Ha 3arajbHi BTpaTH B 310paHOMY
ACUHXpPOHHOMY JIBHUTYHI. TakoX OIlIHIOBAaBCS BIUIMB CTYICHIO JE(PEKTHOCTI
Mar"iTONpoBOAIB Ha MEPEBUIICHHS TeMIlepaTypyd oOMOTKM B mMa3ax 310paHOi MalluHU
Tabn. 2.4.

Tabmums 2.4 — 3B’S30K MUTOMHUX BTPAT Prurios0 Ta TemMmepaTypu B OOMOTIN 3
OCHOBHMMH MarHiTHUMH BTpaTamu B pobouomy nBuryHiB 4A160S4VY3

PHI/IT1
Br/kr | 2,5 3 3,5 4 4,5 5 5,5 6 6,9
PCT.OCH!
Bt 266,1 | 3193 |[372,5 [425,7 | 479 532,2 | 5854 |638,6 |691,8
T,°C [130,9 |133,1 [135,3 |137,4 [139,5 |141,7 |143,9 |146,1 | 1483
PHI/IT!
Br/kr |7 7,9 8 8,5 9 9,5 10 105 |11
PCT.OCH)
Br 745 798,2 |8514 /904,66 |957,8 | 1011 |1064 |1117 |1170
T,°C |150,5 |152,7 |154,8 | 157 159,2 |161,4 |163,6 | 1658 | 168

PHI/IT1
Br/kr |115 |12 125 |13 135 |14 145 |15

PCT.OCH)

Bt 1223 |1277 [1330 [1383 [1436 [1490 |1543 |1596
T,°C | 170 1724 1746 |176,8 | 179 181,2 |183,4 |185,6

Buxoasun 3 eKCHEpHMMEHTAIBHHX JaHUX MOKHAa 3pPOOMTH BHCHOBOK, IIIO
BHMIPIOBaHHS ITIUTOMUX BTPAT B MarHiTOMPOBO/II JOCTATHLO TOYHO JTO3BOJISIOTH OI[IHUTH
3arajbH1 BTpaTH B ABUTYHI OJIHOTO rabapuTy Ta MEBHOTO Aiana3oHy MOTY>KHOCTI.

Jlani gociimkeHHs BTpat y 54 ABUryHax pi3HOT MOTYKHOCTI Ta rabapuTy MoKa3aHo
B Tabi. 2.5.

Tabnuis 2.5 — 3anexHICTh OCHOBHHMX BTpAT B CTajl Bil MUTOMUX BTpaT P1 o/50 1151

JABUTYHIB P13HOI MOTY>KHOCTI Ta Tabaputy

No | HazBa nBuryna | Py, kBT | Pyyr, BT/M | Perocn, BT
1 |4AA63B4VY3 0,37 3,65 10,39
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2 |4AA63B4Y3 0,37 5,85 16,65
3 [4A71B4VY3 0,75 5,03 29,02
4 1 4A71B4VY3 0,75 6,3 36,35
S5 |[4A71B2VY3 1,1 3,8 32,15
6 |4A80A4Y3 1,1 3,9 33,00
7 |4A80A4Y3 1,1 6,3 53,31
8 | 4A80B4Y3 1,5 5,4 62,31
9 | 4A80B4VY3 1,5 8,9 102,69
10 | 4A80B4Y3 1,5 5,5 63,46
11 | 4A80B4Y3 1,5 3,8 43,85
12 | 4A90L6Y3 1,5 4,25 49,04
13 | 4A100L6Y3 2,2 5,04 85,29
14 | 4A100L6Y3 2,2 7,2 121,85
15 | 4A100L6Y3 2,2 6,8 115,08
16 | 4A90L2Y3 3 8,85 204,23
17 | 4A90L2VY3 3 4,15 95,77
18 | 4A90L2VY3 3 5,6 129,23
19 | 4A100L4Y3 4 5,5 169,23
20 |4A100L4VY3 4 7,85 241,54
21 |4A100L4VY3 4 3) 153,85
22 |4A112M4VY3 9,5 3,6 152,31
23 | 4A112M4Y3 9,5 3,8 160,77
24 | 4A112M4VY3 9,5 9,8 414,62
25 |4A100L2Y3 5,9 5,85 247,50
26 | 4A100L2Y3 9,5 6,3 266,54
27 | 4A100L2Y3 9,5 7,8 330,00
28 |4A100L2Y3 5,9 6,1 258,08
29 |4A112M2V3 7,5 6,6 380,77
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30 |4A112M2VY3 7,5 5,4 311,54
31 [4A112M2V3 7,5 5,12 295,38
32 | 4A132S4V3 7,5 11,9 686,54
33 | 4A132M4VY3 11 8,5 719,23
34 |4A132M4VY3 11 9,3 786,92
35 [4A132M4V3 11 9,4 795,38
36 |4A132M2V3 11 8 676,92
37 |4A132M2V3 11 5,6 473,85
38 |4A180M8VY3 15 5,6 646,15
39 | 4A180M8Y3 15 4,7 542,31
40 | 4A180M8Y3 15 3,95 455,77
41 | 4A180M8VY3 15 9,9 1142,31
42 | 4A180M6Y3 18,5 12,3 1750,38
43 | 4A180M6Y3 18,5 7,65 1088,65
44 1 4A160M4VY3 18,5 7,9 1124,23
45 | 4A160M4VY3 18,5 4,3 611,92
46 | 4A180S4Y3 22 5,1 863,08
47 | 4A180S4V3 22 8,9 1506,15
48 | 4A180M4V3 30 4,5 1038,46
49 | 4A180M2VY3 30 7,6 1753,85
50 | 4A180M2VY3 30 3,8 876,92
51 [4A200M2V3 37 5,2 1480,00
52 |4A200M4VY3 37 9,3 2646,92
53 |4A200L2VY3 45 11,6 4015,38
54 | 4A200L2Y3 45 9,7 3357,69

[IpoananizyBaBilli OTpUMaHi JIaHi MOYKHA 3pOOUTH BUCHOBOK, 110 IBUTYHU Maju
pI3HI MUTOMI BTpPaTH, IO B CBOIO YEPry BIJAINOBIA€ PI3HOMY CTYIEHIO AEPEKTHOCTI Ta

CTaHy MDKJIMCTOBOI 130JISIIT11.
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SK1110 BiIHECTH MTOPAaxOBaHi Ta BUMIPSHI €KCIIEPUMEHTATBHUM HUISIXOM 3 JOCIITY
XOJIOCTOT'O X0y 3arajibHl1 BTpaTH JI0 MaCH MarHiTONPOBOY, TO € 3HaYHA KOPEJISIIS MK
piBHEM Je(EeKTHOCTI MAarHiTONpoOBOAY BHU3HAYEHY BaTMETPOBUM CIIOCOOOM Ta
3arajJbHUMH MarHiTHUMH BTpaTamMu Mpu poOOTI MAIIMHUA HE 3BaXKAIOYM HA PI3HMIIIO
rabapuTiB 0OOYMOBJIEHY 3pOCTaHHAM MOTY>XHOCTI MamMHH. TOOTO MPOCTEKYyeThCA
HACTYIIHA KOpeJAliliHa HU3Ka: MUTOMI BTPAaTH B OKPEMOMY MarHiTONPOBO/I, 3arajibHi
MarHiTHI BTpaTH B 310paHiii MallliHI 1 TeMIepaTypa OOMOTKH B T1a3aX MarHiTOIPOBOIY 3
PI3HUMHU 3aTaJIbHAMH BTPAaTaMH.

st Toro, 1mo6 3a0e3meunT pO3paxyHKOBUN pecypc MalllMHU MpU 301IbIICHHI
MUTOMUX BTpaT, OOYMOBJIEHUX JI€(PEKTHICTIO MAarHIiTOMPOBOIY Ta BIAMOBIIHUM
3pOCTaHHSIM TEMIIEpaTypu B OOMOTKax MpH poOOTI MaIllMHU HEOOXIJTHO MPOBECTU
MICISPEMOHTHY MAacMopTH3alilo MamuHu. HeoOXigqHO 3MeHIIyBaTh HOMIHAJIBHY
MOTYXHICTh MAITUHU JI0 3a0€3MeueHHs PO3paxXyHKOBUX 3HAUEHb TEMIEPaTyp OOMOTOK.

OCKUTBKM TIPOCTEXKYEThCS 3HAYHUU (DI3UYHUN 1 CTAaTUCTUYHUN 3B 30K MIXK
MUTOMUMHU BTpaTamMu Pios0 B MarHiTOmpoBOAl 1 3arajibHUMHU BTpaTamMd B MalluHI Ta
TEMIIEpaTypor0 OOMOTOK, sIKa B 3HAYHIM Mipi BU3HAYAE PECYPC MAIIMHU 1 IPU UBOMY €
(b13UYHMIM 1 CTATUCTUYHUH 3B’ 130K M1’K BU3HAYEHUMU JIIarHOCTUYHUMHE TTapameTpamu K
1 Tycep 1 TUTOMUMHU BTpaTaMH MOKHAa BBa)KaTH, IO LI MapaMeTpU B 3HA4YHIN Mipl

BU3HAYAIOTh HAIMHICTh MAILIUHU B I[IJIOMY.
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BucnoBkmu a0 Po3ainy 2

1. 3anporioHoBaHi Ta OOIrpyHTOBAHI IHAYKIIHHI METOIH JIIarHOCTUKH IIIMXTOBAHUX
Mar"itonpoBoaiB EM, 110 BHKOPHUCTOBYIOTH OIIHKY MapaMeTpiB MIBUIKOTUIMHHUX
€JICKTPOMAarHiTHUX IIPOIECIB JIJII BU3HAUYCHHS I1HTCHCHMBHOCTI BHXPOBUX CTPYMIB
00yMOBJICHUX MOPYIICHHSIM MIKJIUCTOBOT 130JIA1I11 OCeph

2. IIpoananizoBaHO MIBUAKOTUIMHHI TMPOIECH B KOHTypax 3 (pepoMarHeTHKaMu
MOKa3aHo, 0 IIPU HASIBHOCTI 1HTErpaJIbHUX JCHEKTIB iICHY€E CyTTEBA MpsiMa 3aJICKHICTh
MDX MUTOMUMH BTpaTaMu B CTaJll 1 MapaMeTpaMy BUCOKOYACTOTHUX MPOIIECIB

3. [IpoBeneHo cTaTUCTUYHUN aHaI3 10 pe3yJIbTaTaM €KCIIEPUMEHTIB Ha peabHUX
3pa3Kax SIKMUWA MIATBEP/KYE TEOPETHUYHI BUCHOBKH MPO MOKJIIUBICTh OIIHKH MUTOMHUX
BTpaT B MArHITONPOBOJI IO MapaMeTpaM MIBUIKOIUIMHHUX MpoueciB. BcTaHOBIEHO
3HaYHY KOPEJISILI0 MK MUTOMUMU BTpaTaMM B IIAKETI 3 YCEPEIHEHOO MOCTIHHOIO Yacy
3aracaHHs BHXPOBHUX CTPYMiIB Ta BiAHOWIEHHsM HaBeneHux EPC Ha wactorax 1kI'm i1
10T 1.

4. BuzHaueHa perpeciiiHa 3aJ1eXHICTh Ta IPUBE/ICH] TOBIPY1 IHTEPBAIH JJIS OLIIHKU
TOYHOCTI JIIarHOCTUYHUX MapamMeTpiB, 110 BUMIPIOIOThCS. BU3HAU€HO YOTUPHU CTyHEHS
neheKTHOCTI MarHiTOMPOBO/IIB Ta BIAMOBIIHI MEXI1 I1arHOCTUYHHUX MTapaMeTpiB.

5. BcTaHOBNIEHO 3HAUYHY KOPEJALII0 MK MATOMUMHU BTpaTaMu B MarHiTONpPOBOAI
P1 0550 Ta 3araJIbHUMK MarHITHUMU BTpaTaMu Ta TeMIepaTrypaMu B OOMOTKax B 310paHuX
1 TIPAITIOI0YMX MalIMHaX PI3HOI MOTY>KHOCTI Ta reoMeTpli marHitonpoBofay. [lokazano,
0 B pe3yjbTaTl BCTAHOBJICHHS AIarHOCTUYHUX MapaMeTpiB 1 MOB’A3aHUX 3 HUMHU
MUTOMUX BTPAaT B OCEPISAX HEOOXITHO MPOBOJIUTH TMICIIPEMOHTHY MAaCHOPTU3AIIIIO
MaluHu 3 OOIPYHTOBAaHMM 3MCHIIICHHSM HAaBAaHTAXKEHHS JUIsl  3a0e3medeHHs
PO3PaxyHKOBOTO pecypcy poOoTH.

6. OkpeMo n0OBeEHO, MO MAarHIiTOMPOBOJIW 3 aBapiiHUM piBHEM Je(hEeKTHOCTI

MOBMHHI B1I0PaKOBYBATHUCH 1 B3aralii He MiJIsIraTl PEMOHTY.
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PO3/ILI 3
MATEMATHUYHE TA EKCHEPUMEHTAJIBHE MO/IEJTIOBAHHS
BUCOKOYACTOTHHX MPOLECIB B IIMXTOBAHUX
MATHITOIPOBOJIAX EJEKTPUUHUX MAILIWH [IPU HASIBHOCTI
IHTETPAJILHUX 1 JIOKAJBLHUX JE®EKTIB MIKJIMCTOBOT I30JISLITT

3.1 Po3paxyHOK BHCOKOYACTOTHHUX MpoleciB NMpH HAsIBHOCTI iHTerpajbHUX
nedexTin

Jl1st po3paxyHKY BHCOKOYACTOTHHMX MPOILIECIB B IIMXTOBAaHUX MAarHITOIPOBOJAX
P HASBHOCTI IHTErpaJIbHUX Je(PEKTIB CHepiry ciij 3MoJAeToBaTH Oe3nedexTHui
MarHiTonposij B nporpamHomy nakeri COMSOL Multiphysics.

JInst mocHiKEHHsT JTUHAMIYHUX TPOIECIB B OKPEMHX JIMCTAaX HIMXTOBAHOTO

MarHiTONpOBOAY BUKOPHUCTOBYIOThCS 3arajibHOBIJIOMI piBHSHHA MakcBeia.

rot(H) = J, (3.1

B =rot(4), (3.2)

rot(E) = —dB/0t, (3.3)
J=yE+ (@WwXxB)+YyE., (3.4)

Jie Y — MATOMA €JIEKTPOINPOBIIHICTh JOCIIKyBaHOro matepiainy, H 1 E Bekropu
HaIPY>KEHOCTI MarHiTHOTO Ta €JIEKTPUYHOTO MOJiB, B — BeKTOp MarHiTHOi 1HAYKIIII, L —
HIBUJAKICT PYyXy €JIEKTPOIpPOBIIHOTO cepenoBuiia, Y-Ee — BHU3HaYae BeIUMUUHY
iHayKkoBaHoi EPC B eeKTponpoBiAHOMY CEpEIOBHIIIL.

k1o nociiKyBaHa CHCTEMa Ma€ BIIOMY MTUTOMY €JIeKTPOIPOBIAHICTE Y (S/m),
MarHiTHy npoHUKHIcCTh W (H/m) Ta BekTOpM MAarHiITHOTO Ta EJEKTPUYHOIO IMOJiB
3MIHIOIOTHCS 3 KYTOBOIO 4acTOTOI ® (rad/s) To piBHsSIHHS MakcBesia IepeTBOPIOOTHCS

1 MArOTh TaKWUI BUTJIS:

dZH—kZ H (3.5)
dx? ’ '
kK*=j 0wy u (3.6)

['mubuHa mpoHUKHEHHS (@) BU3HAYAETHCS 32 BIIOMUM BUPA3OM:

92



= (3.7)
a= |———, .
Wy p
31 3MIHOIO KOOPJUHATH X 3MIHIOETHCS HE TUIBKU BEIMYMHA IIIJIBHOCTI CTPyMY, a i

il ¢aza. JI)xoyseBi BTpaTH MOXHA BU3HAUYUTH a00 3a Jomomororo BekTopa [loiHTiHTa,

a00 3a JOMOMOTr0I0 IHTErpay 3a 00’ €MOM:

L e
P=2 JI]I dv, (3.8)

Axmo npuitnaru, mo Re=1/4-b-h-y, [Ohm/m] — omip moctiiHOMY CTpyMmy, TO
e(eKTUBHUI OIlIp MPOBIIHUKA 3MIHHOMY CTpyMy R- mis Bumaaky koiu 2b>a MoxHa

3alliCaT y HACTYITHOMY BI/IFJIH,Z[iZ

~

b . [Ohm] ’ (3.9)

a m

VY pasi, SKWo a8 AOCHIIKYBAaHOTO MPOBIJHUKA CIPABEIJIMBE CIIBBIAHOLIECHHS
b>a, To omip 3MiHHOMY CTpyMy, OCOOJHMBO TPH BHCOKHX YacTOTax, OyJe iCTOTHO
BIJIPI3HATHUCH BiJ] 11IMCHOTO. Y I[bOMY BHUIIaJIKy BUKOPHUCTOBYETHCS HACTYITHUW BUPA3 JJIs

Bu3HaueHHs R- [1]:

1 sh%+sin% ( )
R.= : , 3.10
dra-h-y ch%—cos%

3 BUpa3y Ui HAMPYXKEHOCTI eJeKTpuyHoro nojigi £ (V/m) MokHa BU3HAUUTH
3HaueHHd EPC camoiHayKuii Ta MIUJIBHOCTI CTPYMY Ha MOBEPXHI MPOBIAHKUKA MPU X==*b.

Buxosuu 3 115010 BU3HAaYa€ThCs MOBHUM Z, IHAYKTUBHHM X Ta akTUBHUH omip R.

3.2 MopenwBanusa 0Oe3gedekTHOro Ta JeeKTHOI0 IIMXTOBAHOIO
MAarHiTONpoBoOay

B sikocTi mpukiamy Ajisi MOJIENIOBaHHsS OepeMO YMOBHMM MakeT 3 130J1bOBAaHUX
JUCTIB elIeKTpOoTexXHIYHOi cTami mapku 2013 3 BiqOMUMHU HOPMOBAaHMMHU BEITUYMHAMHU
MarHiTHOT MPOHUKHOCTI, €JIEKTPUYHOT MPOBIIHOCTI Ta MUTOMUX BTPAT MpH 1HAYKIIT B=1
Tn i gacrori £=50I"1; (puc. 3.1). Hanpy>xenicTh MaruitHoro noJs ckiaanae Ho=4000 A/m,

eJIEKTPUYHA IPOBiAHICTH cTami y=5*10° Cm/m.
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Pucynok 3.1 — ITaker 3 10 mnactus ToBIIKMHOKO 0,5MM 1 BUCOTOIO 5 MM

B n1BOBUMIpHII MOCTAHOBIII 33/1a4l 00’ €M MAKETy paxyeTbCsl BUXOIAYU 3 YMOBHOI
rmbunn 1=1M T06TO 06’ €M makety cknagac V=2,5 *10° m3. J{iist Toro mo6 nepeita Big
BTpaT, 10 NPUXOASITHCS HAa 00’ €M Ha OLIbII IPUIHATI B IPAKTULI MUTOMI BTPATH HA Macy
[BT/kr] moTpiOHO MOAIIMTH 00’ €M Ha IIUIBHICTH €JIEKTPOTEXHIYHOI CTa sSKa JOPIBHIOE
7800 kr/m3,

Ha pucynky 3.2 mpencTaBieHO pO3MOALT MarHiTHOI 1HAYKIIT mpu yactoTax S0,

1000 1 10000 I'w.

frea(1)=50 Hz Surface: Magnetic flux density norm [T) frea(2)=1000 Hz Surface: Magnetic flux density norm (T)
10 =

A1

0001 0 0001 0002 0003 0004 0005 0006 m 0001 0 0001 0002 0003 0004 0005 0006

A) b)
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freq(4)=10000 Hz Surface: Magnetic flux density norm (T)
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-0.001 0 0.001 0.002 0.003 0.004 0.005 0.006 m

B)

Pucynox 3.2 — Kaptuna po3nofiny MarHiTHO1 1HAYKIIii O TOBIIMHI JIUCTIB B

3anexkHocTi Big yactotu: A) 50I'; b)1000I'm; B) 100001 11

CepenHst IHAYKIIISI CTAHOBUTD:

Beeprso= 1T11; Beepriooo= 0,98Tit; Beeprioooo= 0,59Tm.

KaptuHa monst CBIZYUTH NPO 3MEHIIEHHS CEPEeNHbOI IHAYKLII MpHU 3pOCTaHHI
4acTOTH, NPH HE3MIHHIM MOYAaTKOBIA HAMpPY>KEHOCTI MOJs, IO CBIIYUTH IHIPO
PO3MarHiuyw4uy JIi0 BUXPOBUX CTPYMIB 1HTEHCHUBHICTh SIKUX 3pPOCTA€ MPOMOPIIHHO
KBaApaTy 4acTOTH. YITKO BUAHO €(EKT BUTICHEHHS CTPYMY 3 CEpEIWHH JIMCTIB Ha iX

MTOBEPXHIO.

0.002 -0.001 0 0.001 0002 0.003 0.004 0005 0006 m 0.002 -0.001 0 0.001 0.002 0003 0004 0.005 0006 m

A) b)
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Pucynok 3.3 — KapTtrna po3noainy IyCTUHU CTPYMIB MO TOBUIMHI JIUCTIB B

3anexxHocTi Big gactotu: A) S0I't; B)1000T'1r; B) 10000111

Btpatu oTpumani npu MoeNIOBaHHI:

an/SO: 0,62 BT/KF; PHPIT/lOOO: 238,42 BT/KF; an/lOOOO: 5602,7 Br1/kr.

Hamnpyra:
Uso: 0,005 B; UlOOO: 0,109 B; UlOOOO: 0,656 B.
U
10000 — 6.02
Uf1000

3po3yMisio, 10 TaKUX BHUCOKMX BTparT sk Ha 10kl Ha BHXpOBI CTpyMu B
peanbHOCTI OyTH HE MOXe, X04ya O TOMYy 110, IPU LIbOMY MOBMHHA 30UIbLIYBaTHUCh
TEeMIIepaTypa sika B CBOIO Yepry NnepeBUIIUTh Touky Kropi.

Btpatu Ha BUXpOBI CTpyMH 3ajiexkaTh BiJl iX IHTEHCHUBHOCTi. BuxpoBi cTtpymu B
MaKeTl MAarHiTONpOBOIY 3pOCTAIOTh NPH 30UIBIIEHHI EJIEKTPUYHOI MPOBIIHOCTI
Marepiaxy MartiTOpoBOY, Bl 301JIbIIIEHHS TOBIIMHY IJIACTHH, Bl 3pOCTAaHHS YaCTOTH
Ta B1Jl IAPa3UTHUX KOHTYPIB, 00YMOBJIEHUX MOPYIICHHSIM MIKJIUCTOBOT 13011111

[lepmriM KpoKOM JUIsl OLIIHKK BTPAT Bif 301IbIIEHHS BUXPOBUX CTPYMIB MOKHA

BBA)KaTU YMOBHE 30UIbILIEHHS €JEKTPUYHOI MpoBigHOCTI crami. Ha puc.3.4 mokazano
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PO3IOI1I MarHiTHOI 1HAYKIIT npu 3MiH1 yacToTH nepemarnigyyBanns =50, 1000 1 10000
I'm mpu miaTpuMaHHI HampykeHocTi MarHiTHoro mosst He=4000 A/m 1 30uiblIeHH]

€JICKTPUYHOI TPOBITHOCTI CTal B/IBiUl, Y MOPIBHAHHI 3 0230BUM BapiaHTOM.

freq{1)=50 Hz Surface: Magnetic flux density norm (T} freq(2)=~1000 Hz Surface: Magnetic flux density norm (T}

€107 x10™
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freq(4)=10000 Hz Surface: Magnetic flux density norm (T)
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Pucynox 3.4 — Kaptuna po3noity MarHiTHOI 1HAYKIII1 MO TOBIIMHI JIUCTIB MPU
3MiHI €JIEKTPUYHOI MPOBIIHOCTI B 3aj1exHOCTI B yacToTu: A) 50I'm; b)10001;

B) 10000I

Cepennst 1HAYKIliS CTAHOBUTH:

Beeprso= 1Ti1; Beepriooo= 0,94T; Beepioooo= 0,43 T

VY nopiBHSHHI 3 TOTNEPEIHIM BUMAJAKOM 3HAYEHHSI CEPeIHbOI MArHiTHOI 1HIYKIIIT
3MEHIIYETHCS OUTbINE, MO0 CBIMYUTH MPO PO3MATHIUYIOUY J1F0 BUXPOBHUX CTPYMIB, IO
3aJIEKUTh HE TUIbKHU B1J YAaCTOTH a TaKOX 1 B1Jl IPOBIAHOCTI MaTepiany ocepas. Edexr

BUTICHEHHS CTPyMY TaKOX CTa€ OLIBII MOMITHHIA.
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Pucynok 3.5 — K aptuna po3nojily TyCTUHU CTPYMIB 10 TOBIIMHI JIUCTIB MPU

3MiH1 €JeKTPUYHOI TPOBIAHOCTI B 3asIe3KHOCTI Bl yactotu: A) S0I'; b)1000T 1y;

B) 100000

Brpatu oTprMaHi npu MOJEIIOBaHHI:

PHHT/5()= 1,235 BT/KF; an/1000= 430,91 BT/KF; an/10000= 3863 Br/kr.

Tadbmuis 3.1 — 3MiHa TOBIIMHHA JACTA

ToBumHa | KinmbKICTh | Beeprso | Beepr100o | Beepr10000 | Prurso | U000 | U1oooo M
MM nucTiB T | Tn Tn Tn Bt/xr | B B Ur1000
0,5 10 1 0,98 0,59 0,62 0,109 | 0,656 | 6,02
0,6 8 1 0,97 0,5 0,87 0,103 | 0,54 | 5,24
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0,8 1 0,92 0,4 1,51 0,098 | 0,433 | 4,42
1 0,85 0,34 2,3 0,094 | 0,384 | 4,08
0,75 0,29 3,46 0,083 | 0,326 | 3,92
0,98 | 0,48 0,18 10,825 | 0,054 | 0,199 | 3,68

0,93 | 0,35 0,12 22,54 | 0,038 | 0,135 | 3,55

1,25
2,5

| N B O O
[HEN

fraq(2)=1000 H12' Sutface: Magnatic fiix density norm (T) froq(4)=10000 Hz Surface: Magnetic flux density norm (T)

freq(1)=50 Hz  Surface: Magnetic flux density norm (T) x107
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A) b) B)
Pucynok 3.6 — Kaptuna po3noaiiny MarfiTHOI 1HIyKLIi 110 TOBIIMHI 1 jucTa B

3anexxHocTi Big gactotu: A) S0I't; B)1000T'1r; B) 10000111

CepenHs 1HOyKUiss CTaHOBUTH: Beepso= 0,93Ta; Beepiooo= 0,35Ta; Beeprioooo=
0,12Tm.

[Tutomi BTpatu: Puuyso= 22,54 BT/KT; Puuiooo= 281,58 BT/KT; Puyrioo00= 979,35
Br/xkr.

Hanpyra: Usp= 0,005 B; U1goo= 0,038 B; U1goo= 0,135 B.

U
10000 _ 35C

Ur1000

freq(1)=50 Hz Surface: Magnetic flux density norm (T) freq(2)=1000 Hz Surface: Magnetic flux density norm (T) freq(4)=10000 Hz Surface: Magnetic flux density norm (T)
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A) b) B)
Pucynok 3.7 — KapTuna po3mo/1ijtly MartiTHO1 1HAYKILI{ 10 TOBLIMHI 2 JIUCTIB B

3asiexkHocTi Big gactoru: A) 50I'm; B)1000I'; B) 10000111
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CepenHs 1HOyKUis CTaHOBUTH: Beepso= 0,98Ta; Beepiooo= 0,48Ta; Beeprioooo=
0,18Tm.

[Tutomi BTpatu: Pryyso= 10,825 BT/KT; Pryriooo= 406,2 BT/KT; Pruriooco= 1453,4
Br/xkr.

Hanpyra: Usp= 0,005 B; U1goo= 0,054 B; U100= 0,199 B.

U
f10000 _ 5 -0

UflOOO

freq(1)=50 Hz  Surface: Magnatic flux density norm (T) freq(2)=1000 Hz Surface: Magnetic flux density norm (T) freq(4)=10000 Hz Surface: Magnetic flux density norm (T)
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A) b) B)
Pucynox 3.8 — KapTuna po3noiny MarHiTHOI 1HAYKIIII O TOBUIUHI 4 JTIUCTIB B

3anexkHocTi Big yactotu: A) 50I'; b)1000I'm; B) 100001 11

CepenHs IHOYKILIS CTAaHOBUTD: Beepso= 1T Beepriooo= 0,75T; Beeprionoo= 0,29Tm.

[Tutomi BTpaTH: Pryryso= 3,46 BT/KT; Pruyioon= 627,86 BT/KT; Pruryioooo= 2385,3
Br/xkr.

Hanpyra: Usp= 0,005 B; U1goo= 0,083 B; U1go00= 0,326 B.

U
10000 _ 397

Ur1000

freq(1)=50 Hz  Surface: Magnatic flux density norm (T} fraql2)=1000:Hz";Surface: Magnstic flux density riomm (T) freq(4)=10000 Hz Surface: Magnatic flux density norm (T}
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A) b) B)
Pucynok 3.9 — Kaptuna po3moiijly MartiTHO1 1HAYKII{ 10 TOBLIMHI 5 JIUCTIB B
3anexkHocTi Bij yactotu: A) 50I'; b)1000I'm; B) 100001 11
Cepenns 1HOYKLISA CTaHOBUTD: Beepso= 1 Ti1; Beepriooo= 0,855 Beeprioooo= 0,34 T
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[Tutomi BTpat: Prywyso= 2,3 BT/KT; Pryri000= 600,37 BT/KT; Pryr/i0000= 2847,9 B1/kT.
Hanpyra: U5o= 0,005 B; UlOOO: 0,094 B; U10000= 0,384 B.

U
f10000 _ , gg

UflOOO

: | !:z :: lz:
A) b) B)
Pucynox 3.10 — KapTuna po3noauty MaraiTHOi 1HIYKIIi 10 TOBIIKHI 6 JIUCTIB B
3anexkHocTi Big yactotu: A) 50I'; b)1000I'm; B) 100001 11
CepenHs 1HOYKILISA CTaHOBUTD: Beepso= 1 Ti1; Beepriooo= 0,92Ti1; Beeprioooo= 0,4To.
[Tutomi BTpat: Pryyso= 1,51 BT/KT; Pryryi000= 493,7 BT/KT; Prr/i0000= 3468,8 BT/kT.
Hanpyra: U50= 0,005 B; U1000: 0,098 B; UlOOOO: 0,433 B.
Ur
10000
——— =442
Ur1000

b) B)
Pucynok 3.11 — KapTuna po3noiiay MarfiTHO1 iHIYKIIii MO TOBIIKHI 8 JTUCTIB B

3anexHocTi Big yactot: A) 50I'; b)1000I'; B) 10000l

Cepenns 1HAYKIIS CTaHOBUTH: Beepso= 1 Ta1; Beepriooo= 0,97T1; Beeprioooo= 0,5T1.
[Tutomi BTpaTtu: Puyyso= 0,87 BT/Kr; Pruyicee= 326,56 BT/Kr; Prurico00= 4672,9
Bt/kr.

Hanpyra: U5o: 0,005 B; UlOOO: 0,103 B; UlOOOO: 0,54 B.
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U
10000 _ 524

Ur1000
Ha mnactymHux rpadikax IOKa3aHO BTpaTH B MAarHiTONPOBOJAX 3 PI3HOIO
TOBIIMHOIO TuTacTHH BiagmosigHo: 0,5; 0,6; 0,8; 1,0; 1,25MMm mnpu wactoti Bixg 50 10
100001 1. ITpu mouarkoBiit yactoTi S0I'1 Ta iHayKIii 17T, 110 BiMOBi1a€ HOPMATUBHUM
METOJIaM BUIIPOOYBaHHS BTpaTH MOKa3aHo B Ta0d. 3.2.
Tabmuis 3.2 — 3amexHicTh BTpaT BiJl TOBIIMHA JIUCTA
2b, MM 0,5 0,6 0,8 1,0 1,25 2,5
Pryr, BT/kT | 0,618 0,878 1,517 2,3 3,462 10,825

Btpartu Ha rictepesuc juisi BUOpaHOi €IeKTPOTEXHIYHOT cTam mnpu yactoti 500
CKJIafaroTh 0Ju3bKo 2 BT/Kkr, ToOTO cymapHi (pr+ps) BTpaTu Mnpu TOBLIMHI Jucta 0,5MM
CKJIaJIatoTh 2,6 BT/KT, 110 4ITKO BIAMOBIAA€ TAOJIMYHUM JAHUM €JIEKTPOTEXHIYHOI CTall
2013. s 3py4HOCTI CIPUMHATTS 3aJI€KHICTh BTPAT HAa BUXPOBI CTPYMH BiJl TOBUIUHU

mucta posauieHo Ha Tpu autsHke: 10-50 I'o; 50 — 1000 'y 1000-10000 T,

4
3,5

3

2,5 ——0,5
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2
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1,5 1
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A)
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Pucynox 3.12 — I'padiku po3noaity BTpaT B MarHiTONpoOBOJaX Pi3HOI TOBIIUHU B

3aniexkHocTi Big wactotu: A) 10-50 I'i; B)50-1000 I'u; B) 1000-10000 Iy

VY Benukiil KUIBKOCTI BIJIOMHX JIKEpEN 3aJICKHICTh BTpAT BijJ TOBIIMHU JIUCTA B
MarHiTOMPOBOI BBaXXA€ThbCsl (YHKIIEIO BiJl KBaapaTy 4YacTOTH, alie 1€ CHPaBEIIUBO
mumie g 9actor A0 300-400 ', moTiM 3a1eKHICTh Ma€ OUIBII CKIIAJIHUM XapakTep,

AKUW BU3HAYAETHCA e(PeKTaMu BUTICHEHHS CTPyMY, PO3MOJALIOM MAarHiTHOI 1HIyKLIi Ta

3MEHIIEHHS 11 CEpEeAHbOr0 3HAUCHHS.

301IbIIIEHHS BTPAT BiJl TOBIIMHU JINCTA MOXKE CTY>KUTH €KBIBAJICHTOM IT1IBUIICHHS

BTpaT Ha BUXPOBI CTPYMHU MpPH HASBHOCTI IHTErPAJIbHUX, JIOKAJBHUX YU 3MIIIAHUX
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nedextiB. [Ipu boMy B 000X BUIMAJAKaX BTPATH Ha T1CTEPE3UC 3ATUIIAKOTHCS MPUOTU3HO
MOCTIHHUMH, TOOTO HE 3aJIeKaTh B1Jl 301JBIIIEHHS TOBIIMHU JINCTA Ta MOSBHU Je(PEKTHUX
KOHTYPiB BUXPOBUX CTPYMIB B MarHiTONPOBOaX 3 HOPMAaTUBHOIO TOBIIUHOIO JIUCTA.

[lincymoByroUM 3arajibHl BTpATH HUISIXOM JIOJaBaHHS BTpAaT Ha TiCTEPE3UC O
BTpAaT Ha BUXPOBI CTPYMHU MOKHA 3pOOUTH BUCHOBOK, 1110 CYTT€BE 301JIbIIICHHS 3araJIbHUX
BTpAT MOYMHAETHCS 31 301IbIIEHHS BTpaT Ha BUXPOBI CTPYMH B J€KiJbKa pa3iB ado il Ha
nopsanok. Tak 1 3pocTaHHs 3arajbHUX BTpaT 10 BeauuuHu 4BT1/kr 1 Ounblie, 110
XapaKTepU3y€e MEXKY SKICHOTO 1 MOYaTKOBO OpakOBaHOIO MArHiTONPOBOAY BTpaTH HA
BUXPOBI CTPyMU MOBUHHI BUPOCTU MPUOIU3HO B 5 pasiB. [y Toro 1mo0 BTpaTH BUPOCTU
no BenuuuH SBT/Kr Ta Oulble, MO XapakTepU3ye HACTYNMHHUM piBeHb AEHEKTHOCTI
Mar"iTOnpoBOAY, BTpaTH Ha BUXPOBI CTPYMH TOBHHHI Ha TOPSAOK TEPEBUIIUTH
HOpMaTHUBHI BTpatu. Lle mMoxxe BimOyBaTHCS 3a paxyHOK MOSBH Je()EKTHUX KOHTYPIB.
BianoBinHO npuBeIeHUM po3paxyHKaM €KBIBaJ€HTHA TOBIIMHA JIUCTA, IO BIAMOBIIAE
MPUBEICHUM BUIIIE BTpaTaM CKiagae 1 MM, a JJig APYroro CTYNEHIO OpaKy TOBIIMHA
Biamosizae 1,5 MM 1 Bule.

3aMUKaHHS JABOX JIMCTIB MO BHYTPIIIHINA MOBEPXHI YMOBHOTO MAarHiTONMPOBOAY
Bianosinae 20% Bim 00’eMy MarHitornpoBony. Buxonsuu 3 po3paxyHKIB BHIHO, IO
3arajbHl BTPATH Ha BUXPOBI CTPYMH, B MOIIKOJ/KEHUX 1 HE MOLIKOHKEHUX AUISHKAX, B
MarHiTonpoBoi 3pociu Ha 54%. [Ipu 1ibomMy cymapHi BTpaTH, TOOTO BTpaTH Ha BUXPOBI
CTPYMH 1 Ha TICTEpPE3WC, 3POCIH BIJHOCHO HEIMOMITHO, aji¢ CITIBBIJHOIIECHHS BTpaT B
0e3neexTHIN YacTUHI Mar”HiTonpoBoy, sikuit ckiamae 80%, cranoButs 0,488 BT1/kr, a B
20% nedexTHiit yactuHi ctanoBUTh 0,452 B1/KT, TOOTO Maiixke piBHI. ToMy B peaibHUX
Mar”iTonmpoBoAax, Mpu 30UTbIIeHH] KimbkocTi TwiactuH (100 1 3Ha4HO OlnbIne)
MEPEKPUTTS T1’ATOT YACTUHH MAarHITOMPOBOAY TAaKOXX JAacTh HE3HAYHE ITiBUIICHHS
3arajJbHUX BTPAT HA BUXPOBI CTPYMH, a TaKOXXK CyMapHUX BTpAT prps. llpu 1mmpomy B
nedeKTHIN YacTHUHI 11 BTpAaTH OyAyTh MPAKTUYHO OJU3bKI MO 3HAYEHHIO 3 BTPATAMH B
0e3nedeKTHI YacTuHl, 10 OE3yMOBHO CIPUYMHUTH CYTTEBUN JIOKAJIBHUNA HarpiB
nepexTHoi AUISHKM MarHiTonpoBomy. Cwurtyauis OyAe NOTIpIIyBaTUCh 3 POCTOM

r€OMETPUYHUX PO3MIPIB MArHITOIIPOBOTY.
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Sk BHCHOBOK HEOE3MEYHICTh JIOKAIBHUX JE(EKTIB MiATBEPIKYETHCS TaHUMHU
pPO3paxyHKaMH.

25

20

15

10

3,5 4 4,5 5 5,5 6 6,5

Pucynok 3.13 — 3anexHicts criBBigHoIeHHs HapyT Usoooo/ U000 Bl BTpaT Ha

BUXPOBI cTpyMu nipu yacToTi 50 I'y

Ha ocHoBiI Mopeni yMOBHOro MarsiTonpoBoay 3 10 macTMH 3MOJEILOBAHO
nedeKT MDKIMCTOBOT 130JII[ii  Mar”iTONpoBOAY, IO BIAMOBIJAE METAICBOMY

MIEPEKPUTTIO ABOX KpalHIX IIJIACTHH.

fraqi1)=50 Hz Surface: Magnatic flux deasity norm (T}
10° freq|2)=1000 Hz Surface; Magnetic flux density norm (T}
Tan *10

| wsx0? s
" ’ 15
0001 © 00Ol 0002 0003 0004 0005 0006 m 0001 0 0001 0002 0003 0004 0005 0.006

A) B)

Pucynok 3.14 — KapTuna po3no/ity MaraiTHOi 1HIyKI1i B A€(EKTHOMY

MarHiTonpoBoi B 3ayiexkHocTi Bif yactot: A) 50I't; B)1000T't; B) 100001 11

CepenHs IHOYKILIS CTAaHOBUTE: Beepso= 1T Beepriooo= 0,96 T; Beep/ioooo= 0,54Tn
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A) b) B)
Pucynok 3.15 — Kaptuna po3no/iiay MartitTHoi iHAyKii B 1e(eKTHOMY

MarHiTonpoBo/i B 3ayexxHocTi Bij gacTtot: A) 50I't; B)1000T't; B) 10000111

Btparu orpumMani npu mMonentoBaHHi: Pryryso= 0,94 B1/kr; Pryriooo= 311,5 Br/kT;
an/lOOOOZ 5063 B1/kr.
MopnentoBaHHsl IHTETpAIbHUX JI€PEKTIB NUIAXOM 30UIBLIEHHS TOMEPEYHOI

MIPOBITHOCTI MarHITOMPOBOTY

freq(1}=50 Hz Sufface: Magnatic ux density narm T)
<10
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A) b) B)
Pucynok 3.16 — Kaptruna po3nouty MarHiTHOI 1HIYKIIi B 1e(EeKTHOMY
MarHiTOIPOBO/II 31 301IBIIICHOIO MPOBIIHICTIO B 3aJICKHOCTI Bij yacToTH: A) 50T 11;

B5)1000T'w; B) 10000T

CepenHs IHOYKILIS CTAaHOBUTE: Beepso= 1T Beepriooo= 0,60T1; Beep/ioo00= 0,18Tn

Btpatu orpumani npu mMonentoBaHH1: Pryyso= 2.62 BT/KT; Pryrio00= 293.3 B1/kT;
Prur10000= 1127.3 Br/kT.

Hamnpyra: Usp= 0,005 B; Uigoo= 0,101 B; U1go00= 0,372 B.

U
£10000 _ 368

Ur1000
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[Tpu MonenroBaHHI JTOKATBLHOTO AE(PEKTY MUIIXOM METAJIEBOTO 3aMHKAHHS JBOX
KpalHIX IUTACTMH BTPATH Ha BUXPOBI CTpymMH 3pociid Ha ~50% y TOpIBHSHHI 3
0e371e(heKTHOI0 KOHCTPYKINEI0, ajieé CyMapHiI BTpaTH, IO BKJIIOYAIOTh BTpPaTH Ha

I‘iCTGpGSHC 3pOCJIN HC 3HAYHO.

freq(4)=10000 Hz Surface: Magnetic flux density norm (T) freq(4)=10000 Hz Surface: Magnetic flux density norm (T)
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Pucynok 3.17 — [1opiBHSIHHS KapTHH PO3IMOALTY MarHiTHOI IHIYKLII B 1€EKTHOMY

MarHiTonpoBoi Ta 6e3nedexTHomy MaruiTonpoBogax rpu yactoti 100000

[Ipu mMonentoBaHHI 3MIMIAHOTO JACPEKTY MIJISXOM JOJaBaHHS A0 MONEPEIHbOTO
BUIAJKy IONEPEYHOI MIKJIMCTOBOI MPOBIOHOCTI Vxep=1000 S/m BTpatu Ha BHXpPOBI
CTpyMHU 3pociu B 4,3 pasu, IO CYyTTEBO 30UIBIINIO CyMapHi BTpaTH Ta SIK HACTIIOK

3MeHIMIOCH crmiBBigHOMEHHS Usio00/U10000 10 3,68 B opiBHSHHI 3 0e37ehekTHUM 6.02.

3.3 MaremaTnyHe MOJEJIOBAHHA Pi3HUX [e(eKTiB MiAKJINCTOBOI I30J511IL
MArHiTONPOBOAY NMPH BUCOKOYACTOTHUX BILIMBAX

Ha ocHoBi Mozeni, 1m0 omnMcaHa paHilie MOOYJOBaHO HOBY MOJENIb 3
3MOJIeNIbOBAaHUMH Jle(heKTaMH, 10 MaloTh Micie OyTH B peaJbHOMY MarHiTOIPOBOI.
3aKOpOYEHHS JIUCTIB MO 30BHIIIHIM MOBEPXHI MOJEIIOE 3BAPIOBAIBHUI I1IOB JIHCTIB
Ha0IpPHOTO MaKeTy Ta 3ampeCcyBaHHs WOTo B Kopiryc. JlepexTHl AUITHKY, 110 3HAXOAATHCS
MDK JIICTaMH TI0 CEpeAuHI MaKeTy, IMITYIOTb MeETajeBl KOHTAaKTHU B MICUAX, €
MDKJIMCTOBA 130JISIiS MOXE MOIIKOKYBAaTUCh B CHIJIy PI3HUX TEXHOJIOTTYHUX Ta

eKCIUTyaTal[lfHIX yMOB.
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CyTTeBe 3aKOPOYEHHS JTUCTIB MO MOBEPXHI PO3TOYKHA MATrHITONPOBOY BiIIOBIIA€
MOKJIMBUM METaJIeBUM KOHTAaKTaM KPOMOK JIMCTIB B 3yOIIeBIi 30H1 Yy BHUIIAJIKy TEpPTS
poTtopa 00 cTaTop TpHW aBapii MiAMIMITHUKOBOTO BY3ja 1 BIAMOBIAHOTO KPUTHYHOTO
EKCIICHTPUCUTETY MOBITPSHOTO MMPOMIXKKY.

He 3HauHe 3akopouyeHHS JIMCTIB MO TMOBEPXHI PO3TOUYKH MAarHITOMPOBOAY
BIJINTOBI/Ia€ MOKJIMBUM METAJICBUM KOHTAKTaM KPOMOK JIUCTIB B 3yOIIEBid 30HI MpH
TEXHOJIOT1YHIM 00poOIIi B MpoIeci MPOTOYKH Ta XOHIHTYBaHHS BHYTPINIHBOI MMOBEPXHI
MaKeTy.

JedexTtu MOXKyTh MaTH SIK MICIIEBHM XapaKTep, TOOTO IMOIIKOKEHHS 130JIAII11 B
OKpeMill JUISHIII MarHiTONpOBOAY, TaK 1 IHTErpajbHUN NpPU 3aMHUKaHHI TUIACTHH
BCEPE/IMHI MAarHiTONPOBOJYy IO CTOXAaCTUYHOMY 3aKOHY, a TaKOX MaTd 3MIIIaHuN
XapakTep - JOKAIbHO-THTErpaJbHUM.

MopentoBanHst npoBojauiock s yactotr 100xkI, 50xkIt, 10xTt, Skl'm, 1kI1 1
50I'u. Jlanmi moka3zaHo MPOLIECH, IO MPOTIKAIOTh B AEPEKTHOMY MArHITOIPOBO/II 3 PI3HUM
XapaKTEpOM Ta CTYTIEHEM J1e(PEKTHOCTI.

Jlani moka3aHO 3MIHY 3arajJlbHOi KapTUHM PO3MOJAUTY MAarHiTHOI IHIYKLIi B
MarHiTOMpPOBO/1 3 HASBHICTIO 1e(PEKTIB Ta 3 pOCTOM 4acToT. B manHomy Bumnaaky nedextu
MOJCITIOBAINCH K JIISHKA TIEPEKPUTTS MDK OKPEMHMH IUTACTHHAMHM BCEpEIUHI

MarHiTONpOBOY
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freq(2)=1000 Hz Surface: Magnetic flux density norm (T}

freq(1)=50 Hz Surface: Magnetic flux density norm (T)
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freq(4)=10000 Hz Surface: Magnetic flux density norm (T)
freq(3)=5000 Hz Surface: Magnetic flux density norm (T) x10™
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freq(6)=1E5 Hz Surface: Magnetic flux density norm (T)

freq(5)=50000 Hz Surface: Magnetic flux density norm (T) x107™
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Pucynox 3.18 — Kaptuna po3nonity MarHiTHoOi 1HIYKINT B 1e(EKTHOMY

MarHiTornpoBoi 3 poctom yactotu Bif 50 I'tp 1o 100kl

Sk BUAHO 3 OTPUMAHHUX KapTHH, 3 POCTOM YaCTOTH, IOYMHAE TIPOSBIIATHCH CPEKT
BUTICHEHHSI, TOOTO CTPYMH IMOYMHAIOTH BUTICHSATHUCH /IO KPAiB JIUCTIB Ta MAKETY B ILJIOMY.
CepenHs 1HIyKIIisl, 3 POCTOM YaCTOTH, MAJIa€ MPU HE3MIHHIM HAMIPYKEHOCT1 30BHIIITHBOTO

MOJIsI, IO TIOB’SI3aHO 3 PO3MArHIYyIOUOK MJIEI0 BUXPOBUX CTPYMIB, sIKa 3pOCTa€e 3
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MIJBUIIEHHAM 4acToTh nepemardiuyBanHs. EPC, mo HaBonuTbcss B MakeTi
MarHiTONPOBOAY 30LIBIITYETHCSA 3 POCTOM YAaCTOTH, ajie IIPU HASBHOCTI Je(EKTIB TEMII
I[OTO POCTY 3MEHIIYETHCS MO Mipi MocinabieHHs 1HAyKiii, epeKTiB BUTICHEHHS Ta
IHTEHCHUBHOCTI BUXPOBUX CTPYMiB B JI€()eKTHUX KOHTYpax.

AHaJI3YyI0UH MPEACTABICH]I KAPTUHHA PO3IMOILTY TOJIS PY MOJICITIOBaHH1 Te(EeKTiB
MDXK TUIACTUHAMHU BCEPEAMHI MAarHiTOMPOBOAY BUAHO, IIO KOHTYPU BUXPOBUX CTPYMiB
O1IBII IHTEHCHBHO BIUIMBAIOTh HA JIJISHKY Mar”iTONpOBOY OOMEXKEHY 3aKOpOYCHUMU
AUITHKAMH MDK JIMCTaMHM MAarHiTOMPOBOJAY BCEPEAMHI Ta 3aKOPOUYEHOIO 30BHILIHBOIO
MOBEPXHEIO y MOPIBHSAHHI 3 JUITHKOI MK HE3aKOPOYEHOIO BHYTPIIIHHOIO MTOBEPXHEIO.
B wmicii, ge nepekpuTTsi HemMae, MiX IUIACTUHAMU TI0JIe PO3MOAUISIETHCS PIBHOMIPHO IO
BHCOT1 MarHiTOMpPOBOTY.

Ha HacTynmHuX prCcyHKax MoKa3aHo JOKaJIbHY 3MiHY 1HAYKIIT B 007aCT1 e eKTHUX

TUISTHOK TIPH 3pOCTaHH1 YaCTOTH.

freq(3)=5000 Hz Surface: Magnetic flux density norm (T) AE(E) - OR0DHE Surface: Magnstic fiuk dsasitynionn (T)
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freq(5)=50000 Hz Surface: Magnetic flux density norm (T) freq(6)=1E5 Hz Surface: Magnetic flux density norm (T)
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Pucynok 3.19 — Kaptuna po3no/iiy MardiTHoi IHJ_IYKI_III B MICLISIX 3aKOPOYEHb 3

poctoM yacTtotu Bix 5 kK[ o 100kI 1
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Ha HacTynmHOMY pHUCYHKY IMOKa3aHO PO3MOJIIT IIUIBHOCTI BUXPOBUX CTPYMIB B
JUCTaX Mar”iTONMPOBOAY 3 3aKOPOYCHUMU Ta HE 3aKOPOUYCHUMHM IIacTUHAMu. B 1igomy

KapTWHA BIJIMOBIIA€ PO3MOITY 1HTYKITIi.

freq(6)=1E5 Hz Surface: Current density norm (A/m?) Arrow Surface: Current density
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Pucynok 3.20 — Kaptuna po3no/iiiy ryCTHHH CTPYMiB B J1€(DEKTHOMY

MarHiTonpoBoi npu yactoti 100k 11

3aranpHa KapTUHA PO3MOJLTY IIIJIFHOCTI BUXPOBUX CTPYMIB B HAOIpHOMY TAKETi.

| freq(6)=1E5 Hz Surface: Current density norm (A/m?) Arrow Surface: Current density

x107 freq(6)=1E5 Hz Surface: Current density norm (A/m?) Arrow Surface: Current density
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A) b)
Pucynok 3.21 — MicueBa kapTHHA pO3IOAUTY IIUJIBHOCTI BUXPOBHUX CTPYMIB B
HaOipHOMY TIakeTi: A) — BIICYTHICTh MEPEKPUTTS MIXK IJIACTUHAMU Ta b) — HasiBHICTh

MEPEKPUTTS MIXK TIJIACTUHAMU
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3.4 ExcnepuMeHTAJIbHI JOCJIKEHHSI HU3KH PeaJlbHUX MATHITONMPOBOAIB
Pi3HOrO0 cTyneHo 1eeKTHOCTI 32 J0MOMOTI 010 BATMETPOBOI0O CIIOCO0Y

Y marematuunomy naketi COMSOL Multiphysics Ha 6a31 rOTOBOT po3paxyHKOBO1
Mozemi OyJo po3paxOBaHO PO3MOAUICHHS MArHiTHOI  1HAYKIII B  OJHOMY
JOCIIKYBAaHOMY MAarHIiTOIPOBOI [T Yac JOCIHIIKEHHS BaTMETPOBUM MeTomoM. Ha
puc. 3.22 mpeAcTaBIE€HO PO3MOIT MarHiTHOI 1HAYKIII B MarHiTompoBoai A/l cepii
4AA63B4Y3 0,37 xBT. IlikoBe 3Ha4YeHHS 1HIAYKIIIi BIJMOBIIAE TMOJIOKEHHIO OOMOTKHU

30y IKCHHS.

1.6
1.4

il 1.2

10.8

0.6

Pucynok 3.22 — KaptrHa po3noiity MarHiTHOI 1HIYKI1i y MarHiTOpoBO/I1

3MO/IeTThbOBAaHOMY Ha OCHOBI JBUTYyHAa 4AA63B4Y3

[e#t po3paxyHOK Bi3yallbHO B1IOOpaKa€ MIISXHU MPOTIKAHHS MarHiTHOTO MOTOKY,
Ta MATBEPIKYE (HOPMYIH, IO BUKOPUCTOBYBAJIUCH Mij] YaCc PO3paxXyHKIB, a caMe —
Mar"iTHUH MOTIK HE 3aXOAUTh y 3yOui. TakuM YMHOM Te, L0 JUIsl pO3paxyHKY IO
aKTUBHOI CTajJy BUKOPHCTOBYBAJIaCh BHCOTA JIMINE CIUHKH CTAaTopa Ta TE, MO TMPHU
PO3paxyHKy MacH aKTHBHOI CTajli pO3PaxOBYETHCS JIUIIE Maca CIIMHKUA € TSCOPUTUIHO U
MaTeMaTUYHO OOTPYHTOBAHUM.

Takox Ha OCHOBI TOTOBOI MaTE€MaTUYHOI MOJieNll OyJ0 pO3paxoBaHO PO3MOJLI
THAYKIT IO TOBIIWHI JINCTA HA PI3HUX YacToTaxX. ToOTO mpejcTaBisie KApTUHY BILTUBY
noBepxHeBoro edekry. Ha pucynky 3.22 300pakeHO pO3MOALUT MArHiTHOI 1HAYKIII B

JIMCT1 Mar”iTONMPOBOAY MPH PI3HUX 3HAUEHHSIX YACTOTH.
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Tak, npu yactoti 50 I'11 ki BianoBigae ¢hiojaeToBa JiHIS BUIHO, IO 1HIYKIISA
PO3MOIAETHCS PIBHOMIPHO IO IIUPHHI JIKCTA, TOOTO MOBHICTIO HOTO MPOHU3YE. A 3i
301IBIIEHHSAM YaCTOTH BUAHO, IIO B LIEHTP1 JIMCTA 3HAUYCHHS 1HAYKIII 3MEHIIYETHCS 1
Maiike TOpiBHIOE HYIIIO, 1[0 TOBOPHTH MPO T€, 110 MATHITHHIA MOTIK IPOHU3YE JIUCT JIUIIIC

Ha TIOBEPXHI Ta HE MPOHUKAE B IIHO.
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Pucynok 3.23 — Bizyauni3zauis po3mojaily MartiTHOL 1HIyKILIi 10 TOBIIMHI JINCTA B

3aJIEKHOCTI B1J] pOCTY YaCTOTH

3.5 Po3ninieHHs1 BUMIPAHMX BTPAT HA CKJIAA0BI

BinoMuMu Meropamu pO3IIJIEHHS BTpaT Ha TICTEPE3UC Ta BUXPOBI CTPyYMHU B
3aJIEKHOCTI BIJ] 4acTOTH, € omucani B pkepenax [21, 33]. L{i MmeToam 3aCTOCOBYIOTHCS
MpU JOCHIPKEHHI OKPEMOTO MAarHiTOMpPOBOAY 3 MOXJIMBICTIO BUMIPIOBATH BTpaTH Ha
JacTOTaxX HUKYE 1 BUIIIE TPOMHUCIIOBO.

B imkeHepHHMX NUIAX PO3MOJALT BTPAT Ha TICTEPE3UC Ta HA BUXPOBI CTPyMHU
MPOBOJIUTHCA EMIIPUYHO HUISIXOM 3MIHUA YaCTOTH MPHU MOCTIHHOMY 3HAYEHHIO 1HAYKIII.
OO6unBa BUIM BTpaT BUAUIAIOTH TEIUIO, AKIIO y BUMAAKY TICTEPE3HCHHUX BTpaT 1€
B1IOYBA€ETHCS 32 PAXyHOK MEPEMIINIEHHS MarHiTHUX JOMEHIB TO BUXPOBI CTPYMH TEXK

00yMOBJIEH1 TUM SIBUIIEM aJie BOHU 0€3M0CEPEHBO CTBOPIOIOTH TEIIIO, SIKE MPOTOPIIiiiHE
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KBaJIpaTy CTPyMy B KOHTYpi Ta iioro omopy. B nepmomy HabImKeHHI BTpaTH Ha BUXPOBI
CTpYMH 3aJIeXKaTh BiJl BEIMYMHH WX CTPYMIB, SIKi B CBOIO Uepry 3aJIeKaTh Bijl HABEIEHOT
EPC B xoHTypax, sfika B CBOIO Yepry 3aJI€KUTh BiJ MIBHIKOCTI 3MIHM MartHiTHOTO TOJIS,
0 TPU CHUHYCOiIalbHIM (popMi € 3aJeKHICTIO BiJ KBaapaTy dYacToTH. BTpatu Ha
rictepe3uc  MPOMOPIINHI  TUIOHI  TICTEPEe3UCHOI TMeTial 1  KIIBKOCTI  LHUKIIB
nepeMarHiqyBaHHs TOOTO 3aj1eKaTh B MEPIIOi CTeNeH] YacTOTH. Takuil po3mo/Iiia BTpaT
y OUIBIIOCTI BUMAAKIB MOKA3y€e€ 3HAYHY KOPEJAIII0 3a pe3ysibTaTaMUd BHMIPIOBaHb 10
naHux Oarathox mkepen [34,35,36,37].

Ha maGoparopniit 0a3i kadeapu eneKTpoMexaHiKu OyB CTBOPEHHI CTEHI s
BUMIPIOBAHHIO BTPAaT B CTajlli BAaTMETPOBMM METOAOM B 3aJE€KHOCTI BiJ] 4aCTOTH

KUBJIEHHS puc.3.24.
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Pucynox 3.24 — MoaudikoBaHa cxemMa JOCIiKEHHS BTpaT B MarHiTOIPOBO/II

BaTMCTPOBUM MCTOJ0OM
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Ha cxemi nmoka3zano: I1P — myckoBuii peoctat; AI1C — ABUTYH NOCTIHOTO CTPYMY;
O3 — oomortka 30ymxenHs; CI' — cunxponHuii renepatop; [P — inaykiiitnuit perynsrop;

M — mydTa; BumiproBaibHi IpucTpoi.

3.6 MeToa OuiHKM NMOBHUX BTPAT B AKTHUBHIiA po00Yiil MalIuHi MpH 3HATTI

XaAPAKTEPUCTUKHU X0J10CTOT0 X0y
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Pucynox 3.25 — I'padik 3a5ekHOCTI BTpAT Bij KBaApaTy HAPYTU

Posznozin BTpat mpu HepoOOUOMY XO/11 €JIEKTPOIBUTYHIB:
Pc —Btpatu B craini; Pu — MexaHi4Hi BTPaTH.
BTpaTtu B aKTHBHIM CTasli BUBHAYAIOTHCS SIK PI3HUIIA BTPAT HEPOOOUYOTO X0y MpHU

HOMIHAJILHOMY 3HAY€HHI HAMPYTHU Ta MEXaHIYHUX BTPAT:

PC - PO - PM, (311)
fi g 2 2
PCT.OCH = p% (%) (kaaBama + k,cLZBchmzl)' (312)

He p1,0/50 - BTpary B ctai 2013 Tosmunoro 0,5Mm nipu B=1 T i f=50I"1

2

P 1z011(zi3 1) m,q (3.13)
mnmyJu ) 1000 myJ Z1)

Jnst nuryna 15kBT 2p=4 ocHOBHI BTpaTu CTaHOBIATH npubmm3Ho 280 Br, a

nonatkoBi — 90 BT mis i1eaibHOTO MarHiTOMPOBOLY
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3.7 Po3mijieHHss BTpar Ha MNepeMArHiYyBaHHA B  IIMXTOBAaHMX
MATHITONPOBOAX HA riCTePe3UCHY Ta BUXPOCTPYMOBY CKJIAT0BI
MeTonuka po3aiIeHHs BTpaT Ha TICTPEPE3UCHY Ta BUXPOCTPYMOBY PO3TISHYTO Y
BEJIMKIH KijabKoCTI poout [13, 14, 15, 16, 17].
BuUKOpHUCTOBYIOTHCS HACTYIIHI (DOPMYIIH:
Pcr = Pr + bs = rfBZ + Cszgzr (314)
ne C. ta C, — koedilieHTH TICTEPE3UCY Ta BUXPOBUX CTPYMIB BIAOBITHO.
BTtpartu Ha rictepesuc pr MpOHoOpIIiiHI IO KPUBOI HaMarHiuyyBaHHsI CTajll Ha

HU3bkHX yactoTax (f — 0 I'n), ToO6TO MiHINHO 3aMeXUTh BiJ] YaCTOTH MIEpEeMarHiayBaHHs

(50

12py

CkimamoBa BTpaT Bil BUXPOBUX CTPYMIB P, MOK€ OyTH OTpUMaHa MLUISIXOM

pB = ) (315)

anmpokcumariii piBHaHb MakcBerna.
ne B(t) — imaykuis sk GyHKiis gacy; d — TOBIIMHA 130IbOBAHOTO JIMCTA; P 1 ) -
MUATOMUH OIIp 1 HIUIBHICTh MaTepialy JIMCTIB BIAMOBIIHO.
OTpuMaHuil BUpa3 sl CyMapHHUX BTpar B cTal

Pcr = Pr + nHa,qu = Crfgz + nHa,aCBfZBZ' (316)

Ps_umipsue

I€ Nyay = >1

Ps_pospaxosane

YTouHEeH1 BUpa3u:
Per = Pr + Do + Puag = Gof B2 + Cof 2B + Coapf°B°, (3.17)
Per = Pr + Do+ Puag = Gf B + Cof?B% + Cognf B, (3.18)
[Ipukmanu po3aiaeHHs BTpar 3a Metojaukoro Ilreitnmina [93] 3a momomororo

CTBOPCHOI'O CTCHAY
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Pucynok 3.26 — I'padiku po3noainy CKJIaJioBUX BTpAT Ha T1CTEPE3UC Ta HA BUXPOBI
ctpymu: A) be3aedexranii marnironposin P1os0=3,12 B1/kr, P,=1,77 B1/kr i P,=1,35
Bt/kr; b) dedextnuit marnitonposia 1 Py g50=5,85 B1/kr, P,=1,82 Bt/kr 1 P,=4,03
Bt1/kr; B) ledextauit maruitonpoBia 2 Pioi50=9,15 B1/kr, P,=1,72 B1/kr 1
P,=7,43 B1/kr
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Excniepumentu 1o
MarHiTOnpoBoAax MPOBOJUIUCH BIAMOBIIHO BIJOMOMY BaTMETPOBOMY METOMY, IO

HABEJICHO B MEPIIOMY pO3IiUTl aucepramiiHoi pobotw. s 3pydHoCcTi Ta OUIBIIOT

JOCITIJIKEHHIO

ITMTOMUX

BTpaT B

MU XTOBAHUX

iHOOPMATUBHOCTI OTPHMaHHS CKCIECPHUMCHTAIBHMX JIAaHMX BaTMETP 3aMIiHHJIU
MYJIETUMETPOM.
Jlani oTpuMaHi Mij] 4ac eKCIEePUMEHTIB MOKa3aHo B Tabmui 3.3.
Tabmuns 3.3 — ExcnepuMeHTanbHl JaH1
Ne| O6’ext gocmipkenp | [, A | Up, B| Uk, B| cosy | P3ar, Br/kr | Pnut, B1/kr
1 bes. 147 | 2,34 6 0,319 10,97 3,15
JHed.
Hed. 18,3 | 2,34 6 1|0,475 20,34 5,85
2 219 | 1,72 6 |0,686 25,9 7,4
22,7 | 1,72 6 0,703 27,5 7,85
3 bes. 25,7 | 1,72 6 0,703 31 8,85
Hed.
Hed. 26 | 1,72 6 |0,716 32,02 9,15
4 bes. 19,7 | 2,34 | 13,6 | 0,579 26,71 5,04
Jed.
Heo. 23,1 | 2,34 | 13,6 | 0,692 26,71 7,06

Jns nocnimkenb 0ysio 0OpaHO MarHiTOMPOBOAM JIBUTYHIB PI3HOI MOTYXHOCTI Ta
reoMeTpii. [Ji1 KOXKHOTO MarHiTONpOBOAY A0AATKOBO MPOBOAMUIIACH CUMYJISILIS Je(eKTy
y BUIJIAJl KOPOTKO3aMKHEHOI'O0 BHUTKA, L0 HaMOTaHWW Ha CNHMHKY craropa. lle nae

MOXJIMBICTh 301IBIIINTH 3arajibHUN OMIpP JIJISHKH, /1€ BIH HAMOTAHUH, 1110 TPU3BOIUTH 10

30UTBIIIEHHS! KOHTYPY BUXPOBHUX CTPYMIB MPO 1110 CBIYaTh OTPUMAaHI JaHl.
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JInsi 3HAXO/KEHHsI 3arajbHUX BTpaT MOMEPEIHHO MPOBOJUINCH PO3PAXYHKU
reoMeTpli KO’KHOTO MarHiTonpoBoAy. Jlo yBaru Opanack TIIbKU CIIMHKA CTATOPA, TaK K
3 3arajbHOI TeOPil eNECKTPUIHMX MAITUH B1JIOMO, III0 XBUJII MAarHIiTHOI IHAYKIIIT Maibke HEe
3axoAaTh B 3yOmi. lle Takok MiATBEPIKYETHCS MOJBOBOIO MOJIEJUTI0 CTBOPEHOIO B
nporpamHomy nakeri COMSOL Multiphysics, 110 nmokaszana Ha puc 3.22.

3 pucyHky 3.22 BUIHO, IO B CaMUX 3yOIIX 3HAYEHHS 1HAYKI[IT MiHIMaJbHE, TOOTO
U PO3PaAXyHKY 00’ €My Ta MAaCH MarHiTOIPOBOIY BPAXOBYBAIU TUIbKU IIUPUHY CIIUHKH
cTatopa Ta Woro AoBxkuHY. Ll oOcTaBuHa 103BOJIsIE 3HAYHO CIPOCTUTH TOJIHOBY
MaTeMaTUYHy MOJEJNIb 33 PaxyHOK BiJICYTHOCTI HEOOXITHOCTI BpaxyBaHHs 3yOIliB Ta
nepexo/ly Ha JBOBUMIPHY 3a7auy.

TpuBuMipHa MOCTAaHOBKA 33/Jadl MPAKTUYHO HE MOXIMBA TOMY IO MOTpedye
3HaYHUX OOYHUCIIIOBAIILHUX PECYPCIB Ta yacy.

[To BUMIpSHUM CTpyMy, Hampy3i Ta KOE(ILIEHTY MNOTY>KHOCTI COS(Q 3HAXOAUIOCH
3HA4Y€HHS 3arajibHuX BTpat. LLlo0 3HalTH MUTOMI BTpaTH HEOOX1AHO PO3ALINTH 3arajibHi

BTpPAaTH Ha MacCy M&FHiTOHpOBOI[y.

3.8 Mope/il0BaHHSI BUCOKOYACTOTHHUX MPOLECIiB B peaJibHOMY MarHiTONpPoBOIi

Marnitonposia nsuryna 4A90L2Y3 OyB po3nuieHuid Ha 1Bl piBHI yacTuHU. Ha
OJIHIM 3 YacTUH MOJENIOBAJIUCh NE€PEKTH 1 BTpAaTH NOPIBHIOBAIUCH 3 BTpaTamu B
oe3nedexTHiit yactuHi. MamuHa mae 36 masiB, ToBmmHa cnuHKA 0,01 M, KIIBKICTB
mnactud 200 toBmuHOWO 0,5MM, goBxkuHa cuioBoi JiHID 0,33M, Mix IO JOBXHUHY
BCTAHOBIIIOBAJIACh HAMPYKEHICTh MAarHITHOTO TIOJIsA, IO 3abe3nedyyBana 3HAYCHHS
1HayKIii BenmmunHoro 1T

[Iporpama HajamTOBaHa aHAJOTIYHO TMoOMNepeaHboMy posaury. Ilporecu
paxyBasmch s gactoT 50, 1000 1 10000 T'm s Ge3medexTHOro Ta AEPEKTHOTO

MarHiTOIPOBO/Y.
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freq(1)=50 Hz Surface: Magnetic flux density norm (T)

m
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0
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-0.02 ;
¥ 5x10°
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1 m
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0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

freq(2)=1000 Hz Surface: Magnetic flux density norm (T)
¥ 5%x107

m
0.025
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0.01
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o
-0.005
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-0.015
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o 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1 m

b)

freq(4)=10000 Hz Surface: Magnetic flux density norm (T)

m
Al
0.025
1
0.02 0.9
0.015 0.8
0.7
0.01
0.6
0.005 ‘
Fio05
1 l
0.4
-0.005
0.3
-0.01 -
-0.015 0.1
-0.02 ¥ 4.99x107
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1 m

B)
Pucynok 3.27 — Kaptuna po3no/ity MaraitHoi iHAYKLIT B 0e31eeKTHOMY

MarHiTOrpoBO/Al B 3aJie’kHOCTI Bif yactotu: A) 50I'm; b)1000I'; B) 1000011y
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[TopaxoBana MarHiTHa 1HAYKIS g dactor 50, 1000 ta 10000 I'm cepemue
3Ha4yeHHsA BiamoBiaHo 1.05,0.9810.57 Ta.

B nopansimomy OyneMo A7t 3py4HOCTI IPEACTaBISITH JUISTHKHA MarHiTOMPOBOLY

freq(1)=50 Hz Surface: Magnetic flux density norm (T}

Al
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freq(2)=1000 Hz Surface: Magnetic flux density norm (T)
m
A1l
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freq(4)=10000 Hz Surface: Magnetic flux density norm (T)
i
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1
0.009

09
0.008

0.8
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0.7
0.006

0.6
0.005

= 05

0.004

0.4
0.003 R

103
0.002 0.2
0.001 0.1
I
¥ 499x107

B)
Pucynok 3.28 — Kaptuna po3noauty MarHiTHOI IHIYKUIi B IUISHII

MarHiTonmpoBoAy B 3asiexkHOCTI Bij gactoTu: A) 50I'm; b)1000I'; B) 10000
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3 mpeAcCTaBICHMX KapTUH PO3MOAUTY IMOJIsI MOXHa 3pOOMTH BHCHOBOK, IO
PO3MOIT 1HAYKII Ta BUXPOBHX CTPYMIB, B 3aJIC)KHOCTI BIJl YacTOTH, BiJNOBIIAE
PO3MITHYTOMY paHillie YMOBHOMY Mar"iTOIPOBOY 3 JAECATH IUTACTHH 1m0 0,5MM.

Jns 6e31edeKTHOrO0 MarHiTONPOBOAY MPEACTABICHOTO Ha ILMX 1IHOCTpaIlisx
MOpaxoBaHi BTpaTH Ha BUXPOBI cTpyMu npu iHAYKIil 1Tn 1 gacroti 50 'l ckinamaroTh
0.63 Br/xkr.

[Ipy BuUMIpeHMX BTpaTax Ha ricTpepesuc 2 BT/kr cymapHi BTpatu B
6e3neexTHOMa MarHiTOMPOBOAI CKianalTh 2.63 BT/kr. YV mopiBHSAHHI 3 BUMIPSIHUMU
BTpaTaMu BaTMETPOBUM cIlocoOoM miia Oe3nedextHoro marHitonporoay (3,15 Bt/kr)
PO301KHICTh MK PO3PaXyHKOBUMHU Ta €KCIIEPUMEHTAIBHUMH JaHUMU ckianae ~16%.
P0301kHICTh pe3yJIbTAaTIB MOSCHIOETHCS TUM, IO B pealbHOMY MAarHiTONPOBOJI € HE
BpaxoBaH1 BTPATH HAINPUKJIIA] B pe3yJbTaTi MpouutioBKH 3yOII€BOi 30HU Ta TOYKOBUX
METaJIEBUX MEPEKPUTTIB MK KPOMKAMU JIMCTIB 3yOI1Isl.

B peanpHOMY MarHiTOmpoBOJI KWOTrO 30BHIIIHS NOBEPXHS IMEpPEKpUTa IO BCIU
IO, TOMY III0 MarHiTONPOBIJ] 3alpeCOBaHM B MeTaJIeBUi Kopmyc. Jlo Toro x 4acto
30BHIIIHS TMOBEPXHS 3’ €IHYETHCS 3BAPIOBATLHUM IIBOM B YOTHPHOX MICISIX TOMEPEK
IMXTOBKHU. Ha HACTYMHUX pUCYHKAaX MOKa3aHO HE3HAYHE 301IbIIICHHS MTUTOMUX BTpaT B

MarHiTONpoBO/Ii, i€ 3MOJIETLOBAHO 3aPECOBKA MArHITONPOBOY B METaJIEBUI KOPITYC.

freq(1)=50 Hz Surface: Magnetic flux density norm (T)
m
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1

0.009
0.9
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0.8
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0.006
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0.005
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0 -
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0.04 0.042 0.044 0.046 0.048 0.05 0.052 0.054 0.056 0.058 0.06 m

A)
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freq(2)=1000 Hz Surface: Magnetic flux density norm (T)
m
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0.9
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0
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freq(4)=10000 Hz Surface: Magnetic flux density norm (T)
m
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0.009
0.9
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0.8
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? W :
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Pucynok 3.29 — Kaptruna po3noauty MarHiTHOI 1HIYKIIi B MArHITOIPOBO/I 31

3BapHUM IIBOM B 3ajiexHOCTI B yactotu: A) 50I'm; b)1000I'; B) 100001

B nopiBHSHHI 3 TONEepeAHIM BUIIAJIKOM 1HIYKIIiS 3aIUIIMNIACh HE3MIHHHA Ha BCIX
4acToTax, a BTpatu ctaHoBysATh 0,64 BT/kr 110 Binnosigae pizuuiii ~1.2%.
ITpu mepekpuTTI NOBEPXHI PO3TOUKU Yyiepmapy= 27104 cymapHi BTpaTH (prtps)

CYTTEBO POCTYTh 1 CKIaAar0Th 6.67 BT/KT, 110 BiAMOBIIa€ KOBTOMY PiBHIO Ie(DEKTHOCTI.
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freq(1)=50 Hz

Surface: Magnetic flux density norm (T)

m
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freq(2)=1000 Hz Surface: Magnetic flux density norm (T)
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freq(4)=10000 Hz Surface: Magnetic flux density norm (T)
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B)

Pucynok 3.30 — KapTrna po3noauty MarHiTHOi 1HIYKIIi B MArHITOIPOBO/II 31
3BapHUM IIIBOM Ta MEPEKPUTTI OBEPXHI PO3TOUKH B 3aJI€KHOCTI B yactotu: A) 50T 1s;

b5)1000T'; B) 10000
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Ha HacTynmHuX pycCyHKax IOKa3aHO PO3MOJiJI BUXPOBUX CTPYMIB IO Mepepizy

JIMCTIB MarHiTOIPOBOTY.

Surface: Magnetic flux density norm (T} Arrow Surface: Current density Streamline: Current density

freq(1)=50 Hz
m
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A)

freq(2)=1000 Hz Surface: Magnetic flux density norm (T} Arrow Surface: Current density Streamline: Current density
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freq(4)=10000 Hz Surface: Magnetic flux density norm (T) Arrow Surface: Current density Streamline: Current density
m
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B)
Pucynox 3.31 — Kaptrna po3noaity BAXpOBUX CTPYMIB IO TIEpepi3y MaKkeTy

MarHiTonmpoBOAy B 3asiexkHOCTI Bij yactoTu: A) 50I'm; B)1000I'; B) 100001
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[TopaxoBana cepeaHss MarHiTHa iHaykmis s gactor 50, 1000 Tta 10000 I'a

cTtaHOBUTH BiAMOBIIHO 0.98, 0.65 1 0.12 Tn. JiarHocTHyHUN KOE(IIEHT CTAHOBUTH

_ Ur10000

Kn, = 5.38

Ur1000

[Ipy mepeKpUTTI NOBEPXHI POITOUKH Ve mapy = 4 * 10* cymapni Brpatu (prtps)

mie OuIbIlle POCTYTh 1 CKiaaarTh 9.92 BT1/kr, 1m0 BiAmoBigae MoMapaHueBOMY PiBHIO

ne(heKTHOCTI.

freq(1)=50 Hz Surface: Magnetic flux density norm (T)
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freq(2)=1000 Hz Surface: Magnetic flux density norm (T)
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freq(4)=10000 Hz Surface: Magnetic flux density norm (T}

Pucynox 3.32 — Kaptrna po3noiuty MarHiTHOi 1HIYKIlli B MarHITOIPOBO/II 31
3BAPHUM IIBOM Ta EPEKPUTTI MOBEPXHi PO3TOUKH 3 IPOBIAHICTIO Ve mapy = 4 10* B

3anexxHocTi Big gactotu: A) S0I't; B)1000T'1r; B) 10000111

[TopaxoBana cepeaHsi MarHiTHa iHAykmiss st gactor 50, 1000 ta 10000 I'm
ctaHoBUTH BIANMOBIAHO 0.98, 0.4510.078 Tn. JiarHocTuHMA KOEPIIEHT CTAHOBUTD

Ur10000

Kn = =457

Ur1000

IIpu mEpEKpUTTI OBEPXHI PO3TOUKH ¥ pedy mapy = O ° 10* cymapni Brpatu (pr+ps)
HalOLIbII 1 cTaHOBIATH 12.58 BT/KT, 110 BiANOBIIa€ YEPBOHOMY, TOOTO aBapiitHOMY

PIBHIO T1€(EKTHOCTI.

freq(l) 50 Hz Surface: Magnetic flux density norm (T)
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freq(2)=1000 Hz Surface: Magnetic flux density norm (T)
m
I -
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Pucynok 3.33 — Kaptuna po3noauty MarHiTHOI 1HIYKIi B MarHITOIPOBO/II 31
3BAPHKM IIBOM Ta NEPEKPUTTI MOBEPXHI PO3TOUKH 3 IPOBIAHICTIO ¥ e mapy = O 10* B

3anexxHocTi Big gactotu: A) 50I't; B)1000T'1r; B) 10000111

[TopaxoBana cepemnst marnitHa iHaykmis ans gactotr 50, 1000 Ta 10000 I’
ctaHoBUTH BiAMOBIIHO 0.98, 0.36 1 0.064 Tn. liarHocTuyHUM KOe(]ilieHT CTAHOBUTH

_ Ur10000 _

Kn = 3,43

Uf1000
Buxoasuu 3 aHamizy pe3ysbTaTiB pO3PaxyHKIB MOKHA 3pOOUTH BHUCHOBOK, IO
30UTbLIEHHS MTPOBIAHOCTI Je(HEKTHUX KOHTYPIB B 00JIaCTI pO3TOUYKH MArHiTOMPOBOAY IO

BCI MOBEpXHI 30UIbITy€E 3arajibHI BTpaTH MarHiTOmpoBoay. Ilpw 3miHI TpOBiIIHOCTI
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nedexrroro mapy Big 2-10* o 6-10%* Cm/m 3araneHi nuToMi BTpaTtu (p,+p,) IpH
nouyaTkoBid 1HAYKII 1T 301mbmyeTsest 3 0.63 BT/Kr go 12.58 Br/kr.

[IpencraBieHo yotupu piBHI Je(EKTHOCTI:

- 3eseHuid — 6e3nedeKTHUI MarHiTOnpoBij. 3arajibHi MUTOMI BTpaTH 10 4BT/KT;

- KOBTHH — OpakoBaHUN MAarHiTONpPOBIJ MEPIIOTO CTYIEHs. 3arajbHi MUTOMI
BTpaTu 3 4 1o 8 B1/kr;

- TIOMapaHueBHU — OpaKOBaHMU MAarHITONPOBIA JPYroro CTyHeHs. 3arajibHi
nuToMi BTpaTH Bia 8 no 12 Br/kr;

- UYEpPBOHMA — MArHITONPOBIA aBapiiHOTO CTaHy. 3arajibHi THUTOMI BTpaTd

ounbie 12 Br/kr.

3.9 ExkcnepuMeHTa/IbHe i MaTeMaTH4He MOJeJOBaHHS JeQeKTHUX i
0e3nedeKTHUX MATHITONPOBOAIB HA PeaJIbHUX 3pa3Kax

Jnst  eKCIepUMEHTANIbHOTO  JIOCHIKEHHS B Jlabopartopisix  Kadeapu
CIEKTPOMEXaHIKHM OYyJI0O CTBOPEHO CTEHI TSI JOCTIKEHHS nepekTHUX Ta 6e3meeKTHuX

MarHiTOMpPOBO/IIB.

0
Al .

Pucynok 3.34 — JIaGopaTtopHuii CTeH ISl JOCI1I)KEHHSI MarHiTOIIPOBO/I1B

BaTMCTPOBHUM MCTOJA0OM
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Pucynoxk 3.35 — JIaGopaTopHuii CTeHA IJis1 JOCHTIKEHHSI MarHiTONPOBOIIB

BaTMCTPOBUM MCTOAOM 3 BUKPOCHUTAHHAM Tel'IJ'IOBiSOpa

CreHn CKIIAMaeThCs 3 3BapIOBAJIBLHOTO TpaHchopMaropa, BUMIPIOBAIBHOI
anaparypu Ta TtemioBizopa Fluke Til00. OG’exT AOCHIIHKEHHS - MAarHiTOIMPOBOIU

ACMHXPOHHHX ,Z[BI/II'YHiB 3araJlbHOIro Impu3Ha4cHHs.

Pucynox 3.36 — JledexkTHi MarHitonpoBoaIu
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16,1

B c-100
12056113

Pucynox 3.37 — [Ipukiaj ckaHyBaHHS TEIIOBI31MHOI KAPTUHU MarHITOMPOBOLY

TEIJIOBI30pOM

BunpoOyBaHHS MPOBOJUIUCE BAaTMETPOBUM CIIOCOOOM IUISIXOM HaMOTYBaHHS
poOo4oi OOMOTKM Ha CIHMHKY MarfitornpoBojaa. PoOoua oOMOTKa »KUBUTHCS BIJ
3BaprOBaIILHOTO TpachopmaTopy, MakcumanbHuil cTpym 10 100A. HaBoaunace iHAyKIIis
1 Tn, sika KOHTpOIOBaJIach 3a JOMOMOTOI0 BUMIPIOBAJIBHOI OOMOTKH.

BuzHauanuce 3aranpHi BTpaTH B MarHiTOIPOBOJIaX PI3HOTO PiBHS J1€(PEKTHOCTI,
BU3HAYAJIUCh MUTOMI BTpPaTH 1 JABAJIOCh 3aKIIOUYEHHS M0 CTYNEHIO A€PEKTHOCTI
MarHiTOMPOBO/Y.

Byro 3arpoBoHOBaHO YOTHPH PiBHI AEPEKTHOCTI MarHITOMPOBO/IIB Kbl OMKUCAHU
B MOTNEPETHHOMY PO3ILII.

PesynbraTti mocmipkeHb MpeCTaBlieHl B MOMEPEIHBOMY PO3aiI B Tadmuil 3.3.
Tawm jxe mpeacTaBIeHO PO3ITICHHS BTPAT HA TICTEPE3UC Ta HA BUXPOBI CTPYMH.

[{um >xe BAaTMETPOBHUM METOJIOM ITPOBOAMIIOCH JOCIIIKCHHS JIOKATbHUX JTe(PEKTIB
IIUISIXOM HArpiBy MarHiTOnpoBoiB ipu iHAYKI 1.6-1.8 Ti 31 ckaHyBaHHSM TeMIiepaTyp

3a IOMOMOTO0 TEIIOBI130pa MPOTITroM NEBHUX MPOMIXKKIB Hacy.
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3.10 ExkcnepuMeHTa/IbHe BHU3HAYEHHSI JIOKAJbHUX Jde(eKTHHUX 30H 3a
AOMOMOTI 010 TeII0Bi3opa

Jlnst mpoBeNeHHsST €KCIIEPUMEHTIB BUKOpUCTOBYBaBcsi TeruioBizop Fluke TilOO0.
3aBIsSKM HASIBHOCTI €KpaHy 1 MOMIIMBOCTI 30epiraHHsl TEIUJIOBI3IMHMX KapTUH MOXHA

OIIIHUTH SIK TIJ Yac JOCIIPKEHb MOMIKOHKCHUX OCEPAb 3MIHIOETHCS TEMIlepaTypa B

nedeKTHUX 30HaX.

LAETO

Pucynox 3.38 — TemnoBi3iiiHa KapTHHA JOCIIKYBAHOTO 1e(PEKTHOTO

MarHiTOMpOBOIY

[IpoananizyBaBIM JaHi 3 TEIUIOBI30pa, MOKHA 3pOOUTH BHCHOBOK, IO B MICIIl
nedeKTy, KOHKPETHO B IIbOMY BHIAJIKY, TIOIMTKOKEHI 3yOI1i OUTbIIIe HarpiBatOThCs, HIXK

BECh MarHiTOMPOBII.
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14.8°C . =i

Pucynox 3.39 — TenoBi3iitHi KapTHHU J1e(DEKTHOTO MarHiTOIPOBOTY i Yac

HarpiBaHHs 1XxB, 2XB, 6XB 1 8XB

300pakeHl KapTUHU BIAMOBIIaIOTh HArpiBaHHIO MAarHITOMPOBOIY 3a TMEBHUMN
nepio yacy npu HaBeaeHH1 1Haykmii 1 Ti. 3 dacom JiokanbHa 30HA 3 JI€PEKTHUMU
3yOIsIMHU MIOYMHAE HATPIBaTUCH OLJIbIIE.

[Iporec BuaLIeHHS Teria B 1ePeKTHIM 30H1 MPOXOIUTh aHAJIOTIYHO SIK Y 310paHii
pobouiii nedekTHii MammuHi. [1ix yac JOBroTpuBasoro BUKOPUCTAHHS TaKOi MaIllMHU, B
MICIl BUAUICHHS TeIJla MOXYTh PO3BUHYTUCH ICHYIOUl Ta BUHUKHYTH 1HIII AS(PEKTH, B
MepIry 4epry MOUIKOKYEThCS MDKIUCTOBA 130JI11isI, 110 TPU3BOJIUTH A0 301JIbIICHHS

METaJIEBOr0 KOHTAKTY MIX TJIACTUHAMM, a BINIOBIAHO 301IbIIEHHS TETLIa.
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Komu temmnepatypa aedekTHOT IIISHKU MMOYHWHAE 3HAYHO 30UIBIITYBATUCh, TO/II
MMOYMHAE TIOIIKOIKYBATUCh 130JISII1iI OOMOTKM 3aKJIaJeHOi B Ia3ax cTaTopa 1 MOXKe
MPU3BECTH JI0 IIOBHOTO BUXOAY 3 JIa/ly MAIlIMHU Ta MOAAJBIIOI BITOPaKiBKH.

binbi 1eTanbHO OIIHUTHU TEIUIOBY KapTUHY MOKHA MO €KBIBAJICHTHUX TEIUIOBUX
CXeMax.

Takum e MeTonoM OyJi0 MPOBENEHO CKAaHYBaHHS TEIUIOBI3IMHMX KapTUH AJIS

MOJIOBUHM MArHiTonpoBoay asuryHa 4A90L2Y3

21.0°C 555 25.4°C 50 36.3

Pucynox 3.40 — CxaHyBaHHS TEIIOBI31MHUX KapTUH MMOJIOBUHU MAarHITOIPOBOTY

neuryna 4A90L2V3

[Ticnst 10xB HarpiBy Temio Big Ae(EeKTHOI 30HU MOYMHAE PO3TOIUIATUACH 10 BCbOMY
Mar"iTonpoBOY, 1110 CIIOTBOPIOE 3arajibHy KapTUHY JIOKali3amii AeeKTHOI 30HU.

L1i BummpoOyBaHHS MTPOBOAMIMCEH JJIsI MATHITOMPOBO11B MaIlIvH 110 7,5kBT Ta pizHOoi
reometpli. [Ipu 301nblIEHHI PO3MIPIB KapTHHA MOXKE MIHATHCH KIJIBKICHO aje SIKICHO

Oyne Taka x.

3.11 MaremaTH4He MOJECJIOBAHHA JOKAJbHHUX [e(eKTiB PpeajbHOro
MATHITONIPOBOXY

MopentoBaHHsl 3IIMCHEHO Ha TMPUKIAAl JPyroi 4YacTUHU MAarHiTOIPOBOAY
BIJIMIOBIIHO IO TOKa3aHOTO B MOMNEPENIHbOMY BHMAAKYy. SIK OyJO OMucaHO paHiiie

MarHiTOINnpoBiJl OyB po3pi3aHuil HA 2 PIBHUX YaCTHHHU.
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ABTO

Pucynoxk 3.41 — CkanyBaHHSI TEIUTIOBI31M1HOT KAPTUHHU MAarHITOIIPOBOY 31

3MO/I€JIbOBAaHUM Je(HEKTOM

3 ¢otorpadii BugHO, 110 AedeKT 3yO1eBOi 30HH OYB OTpPUMAaHUN B pe3yjbTaTl
IITYYHOTO MEXAHIYHOTO TMOIIKOXKEHHS YaCTUHU 3yOI1iB. 3aKOpOUeHa JISTHKA CKIIaJae
MpUOJIM3HO IIOCTY YaCTUHY 00’e€My MarHiTonmpoBojay. [Ipu iHAyKIIMHOMY HarpiBi Bif
3BapIOBAJILHOTO TpaHcopmaTopa sl AUITHKA HarpiBajiach a0 temmeparypu 48 °C
npotsirom 10 xB.

BpaxoByroun TemmepaTypHy KapTHHY MOKHA TMOpaxyBaTH MarHiTHI BTpaTH 3a
JIOTIOMOTOI0 3BOPOTHO1 3aJlayl PO3PaxXyHKY EJIEKTPUYHOI MPOBIIHOCTI MOIIKOKEHOI
30HU 110 33J]JaHUM BTpaTaM IpU MeBHOMY 3HAY€HHI 1HYKIIIi.

B po3paxyHkax CTOCOBHO N0 IOJBOBOI 3ajavi TJIMOWHA Me()EKTHOTO IIapy
cranoButh 0,2MM 3 poBigHicTio cram 5*10° C/m. Taka rnuOuna neeKTHOro mapy Ta ii
MPOBIAHICTh HE MOXE OYTH HACIIKOM MOPYILIEHHS TEXHOJOTTUYHUX OIepaliid IPOTOYKH,
nutipyBaHHs, XOHIHTYBaHHSI MarHiTOMPOBOAY B MPOIeCi BUpOOHUIITBA 1 peMOHTY. Lle €
HACJIIIKOM aBapii JBUTYHA NP 3pHBI OOYKK pOoTOpa 3 BICI OOepTaHHA 1 rajJbMyBaHHI
poTopa 06 ctaTop. Byio 3M01e1b0BaHO caMe Takuid TUI IePeKTy.

Came mi mani Oynu 3ajaHi Mg Yac MOJEIIOBaHHS JEPEKTHOI YacCTUHU
JOCJIIKYBAaHOTO MarHiTonpoBojy. [lomkomkeHna nuisHKa MojeNtoBaiach sk 1/6 Bin
00’eMy BCHOTO MarHiTOIPOBOY.

PesynbraTti MomemtOBaHHS:

1) Cepenns inaykmis npu 4actoti 50 I'm ckimamae 0,9 Tn. o meHme B

MOpIBHSHHI 3 0e31eeTHNM MarHiTOnpoOBOAOM IMPHU OJAHAKOBIM HAMPYKEHOCTI IMOJISI Ha
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~10%. Inaymis B momkopkenii autstai — 0,72 T, 3aransHi BTpaTh Ha BUXPOB1 CTPYMH
B MarHiTonpoBoi — 11,73 Bt/kr. Brpatu B momkomkenii aisHii ~30-35 BT/kr

2) IIpm gacroti 1000 I'y cepennst imaykmis ctaHoBuTh 0,18 To mpu HE3MIHHIN
HaIpyKeHOCTI ToJisl. B momkopkeH i Qs 1HayKiis ckiaagae ~0,1 To.

3) Ilpu gacroti 10000 I'ty cepenns inaykuist ctaHoButh 0,03 Ti mpu He3MiHHIN
HATPYKEHOCTI MO,

Bignomenns nanpyru npu 1000 1 1000011 cTaHOBUTS:

_ Ur10000

Kn = 3.83

Ur1000

OTtpumanuii KoedillieHT BiJIMOBIAE aBAPITHOMY CTaHy MarHiTOIPOBOTY.

freq(1)=50 Hz Surface: Magnetic flux density norm (T)

m

0.02 A 0.997
0.018
0.016 0.9
0.014
0.012 0.8
0.01 0.7
0.008
0.006 0.6
0.004 0.5
0.002
0 0.4
-0.002 0.3
-0.004 0.2
-0.006
-0.008 0.1
-0.01
0.012 ¥ 3.99x107
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1 m
A)
freq(2)=1000 Hz Surface: Magnetic flux density norm (T}
" 0.02 A 0961
0.018
0.016 0.9
0.014 0.8
R = 0.7
'IIIIIII||||||||||||||||||||||l|l||IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII' ‘lIIiIIIIIIIIIIIIII||||||||IIIIIIIIIIIIIIEIIIII]III!IIIIIIIIII|||||||||||l 06
0.5
0.4
0.3
0.2
0.1
¥ 211x10™
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1 m
b)
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freq(4)=10000 Hz Surface: Magnetic flux density norm (T)

Pucynok 3.42 — Kaptuna po3noauTy MarHiTHOI IHIYKIIi B MarHITOIIPOBO/II 3
3MO/IeJIbOBaHUM Jie(peKTOM B 3anexHOCTI B yactotu: A) 50I'm; b)1000I;
B) 10000T 1z
[IpencraBieni uIOCTpalli € pe3yJabTaTOM PO3PAXYHKIB BHCOKOYACTOTHHX
MPOIIECIB B MArHITONPOBO/I1 MPU MOJIENIOBaHH1 A€PEKTHOT 30HHU.
[nsixu 3aMUKaHHSI BUXPOBUX CTPYMIB B Ae(EKTHHUX 30Hax npu yactorax 50 1000

110000 I'm.

freq(1)=50 Hz Surface: Magnetic flux density norm (T) Arrow Surface: Current density Streamline: Current density
m

0.012
0.011
0.01
0.009
0.008
0.007
0.006
0.005
0.004
0.003
0.002
0.001
0
-0.001
-0.002

-0.003

0.03 0.032 0.034 0.036 0.038 0.04 0.042 0.044 0.046 0.048 0.05 0.052 0.054 0.056m

A)
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freq(2)=1000 Hz Surface: Magnetic flux density norm (T) Arrow Surface: Current density Streamline: Current density

0.028 0.03 0.032 0.034 0.036 0.038 0.04 0.042 0.044 0.046 0.048 0.05 0.052 0.054 m

b)

freq(4)=10000 Hz Surface: Magnetic flux density norm (T) Arrow Surface: Current density Streamline: Current density
m

SOl N N | ) O O T 0 o e e e e S e e e e e

0.009
0.008
0.007
0.006
0.005
0.004
0.003
0.002

0.001

0.032 0.034 0.036 0.038 0.04 0.042 0.044 0.046 0.048 0.05 m

B)

Pucynok 3.43 — Kaptrna po3noiity BAXpOBUX CTPYMIB IO Mepepi3y NaKkeTy
MarHiTOMpOBOAY 31 3MO/ICTbOBAHUM JIe(HEKTOM B 3aJI€KHOCTI BiJ yacTotu: A) 50T 1;

b5)1000I'y; B) 100001 1y
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3aranpH1 BTpaTH 301IbIIMINCEH 3 2,64 BT/KT 10 4,76 BT/KT, ane nopaxoBaHi BTpaTu
B JIJISHII 30HM LUPKYJALID Je(PEeKTHUX KOHTYpIB BUXpOBUX cTpyMiB (1/8 wactuHa
00’emy) ckimagatoth 19.2 BT/kr, mo 6e3yMOBHO TpHU3Bene A0 CYTTEBOTO MiCIIEBOTO
neperpiBy. Takuii MarHiTONpoBiJ HE MPUIATHUN 10 MOAAIBIIOT €KCIUTyaTallii, I110
UTIOCTPYIOETHCSI TAHUMHU TEIUJIOBI31IHHOTO KOHTPOJIO TMPH HArpiBi MarHiTONPOBOIY
BaTMETPOBUM METOJIOM.

He 3Bakaroun Ha Te, 110 3arajibHi MUTOMI BTpaTH BUPOCIH HE CYTTEBO (TMepexij Ha
’KOBTUH pIBEHb) ajieé JOKaJbHI BTPAaTH € TaKUMH, LI0 YHEMOJIHMBIIOE IOAAJBIIE

BHUKOPHUCTAaHHA M&FHiTOHpOBO,Z[y.

3.12 ExciepuMeHTAJIbHE TOCTiI2KeHHSI BTPAT B JIOKAJIbHUX JIe(DEKTHUX 30HAX
B 6inbmiocTi BUMaakiB, B pa3l MEXaHIYHOTO MOIIKO/KEHHSA, SIK MPUKIIAJ 3pUB
Ooukm poTopa 3 Bici 0OepTaHHS dYepe3 TOMKOKEHHS ITiIITUITHAUKOBOTO BY3Ja,
MOTIIKO/KYETHCS TIEBHA JIISTHKA MarHiTOIPOBOTY, KOJIU 1HINIA YaCTHHA 3aJTUIIAE€THCS HE

yiikopkeHoro. Ha puc. 3.44 mpencTaBieHo OJIUH 3 TAKUX BUMAKIB.

Pucynox 3.44 — JlokanpHa nedekTHa 30Ha CIPUYMHEHA 3pUBOM OOYKH POTOpA 3

BiC1 oOepTaHHS

CraHzmapTHi MeETOIM BHM3HAYEHHS BTpaT IMIOKa3ylOTh 3arajbHi BTpaTh B
Mar"iTonpoBO/i, MPOTE 11 BTPATH PO3NOIUISIOTECS HEPIBHOMIPHO. B MICIISIX JOKaIbHUX
nedeKTiB, YacTilie BChOTO, 3aKOPOUYIOTHCA IUIACTHHH OCEpAsi MK Cco00ro, 110

CIIpUYMHSE 30UIBIICHHS KOHTYPY IMPOTIKaAHHS BHUXPOBUX CTPYyMIB. SIK moKazaiu
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pe3yiabTaTH MOJICIIOBAHHS 3aKOPOYEHUX IUJIACTUH, M0 Bianosigarote 20% Bix
MarHiTOIpoOBOAY, BTPaTH B IIUX MICIAX MOXKYTh JIOPIBHIOBATH a 1HOJI 1 MEPEBUIIyBaTH
BTpaTH B HETMOIIKO/KECHIM YaCTHHI.

Byno cTBOpeHO MOJIBLOBY TPUBHMIPHY MOJIENh MAaCHBHOTO MAarHiTOTPOBOIY 3
nBoma nedekTHUMHU 3yOrsmu. B miii Mozaen Mar"iTONpoOBiJ 3a/aBaBCsS MACHUBHUM 3
PI13HOIO MTPOBIIHICTIO 110 TTO3/I0BXKH1H Ta monepeyHiii oci. [1o mo3moxHii Bici 3a1aBajgach
3BHYaiiHA MPOBIAHICT CTaJIl, a IO MOMEPEYHIN - TPOBITHICTh AeEKTHUX KOHTYPIB, KA
BIJIMOBIA€ €NIEKTPUYHIN MPOBITHOCTI AePeKTHOTro miapy. Po3monin BTpaT mokasaHo Ha

puc. 3.45.

Brir

26
24

22

T

x

Pucynok 3.45 — Po3nozin BTpatr B MarHiTonpoBoi 3 Ae(heKTHUMU 3yOLsIMU

B peanbHOMY Mar"iTonpoBo/ii Bi3yaJbHO OI[IHUTH HAsIBHICTh JIOKAJIbHUX J1€(EKTIB
HE 3aBXIUM MOXIMBO. SIK BI1JIOMO, B TIOIIKO/PKCHUX 30HAX 3’ SIBISIOTHCA Je(HEKTHI
KOHTYPH BHXPOBHUX CTPYMIB, a BIJIMOBITHO 1 JIOKQJIbHI BTpaTU. 301IbIICHHS BTpAT Ha
BHUXPOBI CTPYMH BUKJIMKA€E OUIBIINIA HArPIB MOIIKOJKEHOT 30HU. B Takux Bunaakax, moo

OI[IHUTH MOIITKO/HKEHHS MarHiTOIPOBOIY BUKOPUCTOBYIOThH TETUIOBI31HHI METO/IH.

3.13 TemgoBuii po3paxyHOK AacHMHXpPOHHOTro aBuUryHa AIP100L4Y3 3
MAarHiTONPOBOOM 3 JIOKAJILHUM JedeKToM B 3y0OueBiil 30Hi

JlokanbHl nAeQeKTH MAarHiTONPOBOAIB NPOSABISIOTHECA y BUIJISAAI MICHEBOIO
MIePEBUIIICHHS TeMIepaTypu. Y TOPiBHSIHHI 3 0€31e()eKTHOIO0 YaCTUHOIO BOHU MOXYTh HE
BIUIMBATH Ha 3arajlbHi BTpaTH B MAarHITOOPOBOAI ajie MNOTPeOYIOTh OKpeMOi

1arHOCTHYHOT OIIHKH.
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JI1arHOCTUYHOIO O3HAKOK MOXKYTb CIIYKUTH TEMIIM HAPOCTAHHS TEMIEpaTypu B
ne(EeKTHUX 30HAaX y TMOpPIBHSAHHI 3 0e371edeKTHUMHU YaCTHHAMH IPU 1HAYKIIHHOMY
HarpiBi MarHiTOMPOBOAY 3 MAKCUMAJIBHO MOJIMBUMH 3HAUYCHHSAMH HaBEJACHOT 1HIYKIIii.
JloctaTHIM 4YacoM [Jisi BUSIBIIGHHS HeOe3neyHuX JAePeKTiB € CKaHyBaHHS Tia
MarHiTOMPOBOAY MTPOTATOM OAHIET XBUIWHU. [lepeBHINCHHS TeMIlepaTypyd HarpiBy B
nedeKxTHiN 30H1 HaJ 6e3/1e(EeKTHOI0 30HOI0 B 5-6 TpaycCiB MPOTATOM | XBUJIIMHU CBITYUTH
npo HeOe3nmeyHud JIOKaIbHUN JOedeKT 3 peKOMEHAAIll€lo BiOpaKiBKH BCHOTO
Mar”iTonpoBoAy, TOOTO JiarHOCTHYHA O3HAKa - 1€ MIBUKICTh HAPOCTAHHS TEMIEpaTypu
SKa CTAHOBUTH 5-6 TpagyCiB B XBIWJIHHY.

AJie 111 BUCHOBKH OOIPYHTOBaHI1 /I OKPEMOT'O MarHiTONMPOBO/IY ajie HE BIJIOMO SIK
1l aedextu OyayTh MposiBIATH ceOe B 310paHiid MamMHI OpH ii podoTi. besyMoBHO
OUIKYIOThCSl TIEPETpIBH B YaCTUHAX OOMOTKHM SIKI JIeXaTh B Ma3zaX MK Je(EeKTHUMHU
3yOussMu. OCKIUIBKY 3arajibHi MATOMI BTPaTH B MArHITOIPOBO/I1 BUPOCIIU HE CYTTEBO TO 1
3arajbH1 Mar”iTHI BTPAaTH B 310paHiil MallIMHI IIPH 11 poOOTI TAKOXK 3POCTYTh HE CYTTEBO.
ToOTo 1€ He MOXKE CIYKUTH JIarHOCTUYHOIO O3HAKOI JIJISi BUSBJICHHS JIOKAJIbHHUX
nedextie. ToMy Oyj0 MPOBENEHO EKCHEPUMEHTAIbHE IOCHIIKCHHS Ha pPEAIbHOMY
MarHiTOMPOBO/I 3 TMOMIKOKEHOIO0 1ePEeKTHOI0 30HO0 peanbHoro aeuryna AIP100L4VY3.

Excnepumentu nposoaunuch Ha nianpuemctsi TOB «EHEPCIC Vkpaina». B
MarHiTonpoBii 3 AedeKTHUMH 3yOIsiMu Oyjia BKJIajeHa OOMOTKA B YacCTHHI SIKOi
BKJIaJQJTUCh TEPMOTIAPH, JJISI TOTO 1100 OI[IHUTH TETUIOBHM PEKHUM Ta JIOKAIbHI BTPATH B
pI13H1 YaCTHUHU JBUTYHA, & CAM€ B TaKi MICIIS:

- Ha 6iuHy moBepxHIO MOIMIKO/PKEHUX Ta HEIOIIKOKSHUX 3YOIIiB;

- Ha 6iuny moBepxHIoO sipma;

- B nedexrtny Ta 6e3nedekTHY 3yOIIeBY 30HY Ha IMOBEPXHI MarHiTONPOBO/Y;

B yactuHH OOMOTKH, $KI JI€KaTh B I1a3aX MDK MOIIKOMKEHHUMH Ta HE
TTOTIIKOPKEHUMH 3YOIIMU;

- B no6oBi vacTHHN OOMOTKH;

- Ha gHO ma3y B MONIKOKEHUX Ta HE MOMTKO/PKEHUX 30HAX;

- Ha kopmnyci.
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Pucynok 3.46 — ®oto 310paHOro ABUTYHA 3 BUBOJAMHM KiHIIB Te€pMONap

Ha HacTynmHOMY pUCYHKY MpeCcTaBlieHa JUISTHKA 3yOIIeBOi 30HU 3 MOIIKOHPKECHUMU
3yOLsIMH Ta BKa3aHO BY3JM JJI TEIUIOBOIO pO3pPaxyHKy IO TEIJIOBUM CXeMaMm

3aMirieHHs. Po3paxyHku OyJ10 MPOBEJCHO 3a BiIOMOIO METOAMKOO [84].
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Pucynoxk 3.47 — JlinsHKa po3paxyHKOBOI 3yOII€BOT 30HU 3 3aKJIaICHUMHU

JTAaTYMKAMU TeMIIepaTypu

YacTrHM €KBIBAJIEHTHOI CXEMHU 3aMIIICHHS 300pakKeHO Ha HACTYITHUX PUCYHKaX.
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Pucynok 3.49 — (ETC) po3paxyHKOBOi AUISHKH JIBUTYHA
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AHani3 pPEeKOMEHJOBAHHMX PO3pPaxXyHKOBUX (OpMysa [JIsi BU3HAYCHHS BTpaT
MOKa3ye, 110 BCl BOHM MICTATh IMONMPaBOYHI KoedIli€EHTH, 0 T'PaHWYHI Ha OCHOBI
CTaTUCTUYHHMX JIaHUX BUTOTOBJICHUX MAaIlMH. TOMY MOXJIMBE BUKOPUCTAHHS BKE
icHytouux ¢opmys, ajie 3 yTOYHHMEHMMH KoedimieHTamu. OpHak Kpaiie IUTATH
PO3paxyHOK BTpaT BiJ BUXPOBUX CTpyMiB okpemo. OCKiIbKM MeXaHI4Ha [is Ha
MOBEPXHIO IMMXTOBAHOTO CEPJICYHUKA, B MEPIITy YEPry MPU3BOAUTH IO 301TBIICHHS
BUXPOBHUX CTPYMIB 1 BIATIOBITHO BTPAT B HUX.

JledexkTHy 30HY OyneMoO pO3TJSIIaTH SK CTaIbHUNA MAacuB 3 TIEBHUM 3HAYCHHSIM
EJIEKTPUYHOI MTPOBIAHOCTI

_w-B%-Stp, Br

PVW - 2 EVEX:
Mepnp M

(3.19)

ne, ® = 2nf— kpyroBa 4actora; f - yactota, ['n; B - cepeaHe 3Ha4eHHS 1HIYKIII B
KOpoHUi 3yOust, Ti;  Syeq , - TUIOMA AEHEKTHOT AUSHKH, KB . M; [0 o - TIEpUMETD
ne(eKTHOI JUISTHKH, M; p — €JIEKTPpUIHUI orip OM*Mm.

[Ipu po3paxyHKy BTpaT 3a MONEPETHIMU BUPA30MHU HEOOX1AHO BU3HAUUTHU 00’ €M,
JIe 3aMHUKAIOThCSI KOHTYPU BUXPOBUX CTPYMIB, SIK1 3aJiekKaTh BiJl CTYNIEHIO PO3BUHYTOCTI

Ta IPUPOAH N€PEKTY.

Run1 v

Pucynok 3.50 — ®parment noBHoi ETC y 30H1 1060BUX YacTHH OOMOTKH CTaTOpa
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B Ta6mumi 3.4 npencraBieHi TEMIEPATypH B By3Jlax TEIJIOBOI CXEMHU 3aMIILEHHS

Ta JAHO IX TOPIBHSHHS 3 BUMIPSHUMHU TEMIIEpaTypaMHu Ha TepMomapax mpu poOoTi

MaIlIHHH.
Tabmuns 3.4 — IlopiBHSHHS BuUMIpsAHOI Temepatypu y By3nax EM 3
PO3pPaxyHKOBOIO
[To3HaueHHs Po3paxyHkoBi 3HaueHHs | Bumipsiai [Toxubka
By3Ja TEMIIEpaTyp y By3JlaX | 3HAUCHHS PO3paxyHKy
TeMIiepaTyp
A - porop 112,3°C - -
b — noBepxHsa 76,7 °C 77,7 °C 1,3%
3y0l11s cTatopa
B — O14Ha 73,2 °C 74,8 2,2%
MOBEpXHS  3yOus
cTaTopa
I’ - cepenuna 84,4 °C 78,9 °C 6,6%
0OMOTKH
Il — cepenuHa 71,8 °C 72,5 1%
CIIMHKH CTAaTOpa
E - cepenuna 70,9 °C 72,3 2%
CIUHKH  CTaTopa
1] 1a30M
K - kopryc 70,2 °C 70,5 °C 0,5%
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BucnoBknu 10 Pozainy 3

1. B pe3ynbTaTi MaTeMaTUYHOTO MOJEIIIOBAHHS BHCOKOYACTOTHHMX BIUIMBIB Ha
YMOBHHI MarHiTOIpPOBiJ iepepizoM SX5 MM OyJu po3paxoBaHi 1 MpeCTaBIeHI KAPTUHH
PO3MOITy MarHiTHUX 1HAYKIIH Ta BUXPOBHUX CTPYMIB MPU HAIPY>KEHOCTI MarHiTHOTO
mostst 4000 A/Mm 1 gactotax nepemarnigyBanas 50, 1000 i 10000 I'.

bynu mnpopaxoBaHi BTpaTM Ha BHXPOBI CTPyMH B MAarHiTompoBOAax 1
CHIBBIAHOILIEHHS HABEJEHUWX HANpyr TMpU BKa3aHUX YaCTOTaX B Je(PEKTHUX 1
0e31eeKTHIX MarHiTOMpOBOAAX.

2. JloBeneHo, 110 piBeHb Ae(HEKTHOCTI MarHITOMPOBO/IIB, OB’ SI3aHO 3 MTUTOMUMU
BTpaTaMM Ha BUXPOB1 CTPYMHU MOKJIMBO MOJEIIIOBATH IUIAXOM 301IbILIEHHS €IEKTPUYHOT
MPOBIAHOCTI Marepiaigy cTajil, 30UIbIIEHHSM TOBUIMHHU JIMCTIB MAarHiTONPOBOIY Ta
CTBOPEHHSIM Mapa3sUTHUX KOHTYPIB BUXPOBHUX CTPYMIB, IIIO BIAMOBIIAIOTH JIOKATLHUM 1
iHTerpanbHuM Jedektam. JlokalbHi JepeKTH MOAENIOBANNCH IUIIXOM METAJIeBOro
3aMHMKaHHS CYCIJIHIX IUIACTWH, a 1HTErpaibHl Ae(EeKTH — 30UTbLIEHHSM MIXJIHCTOBOI
MOTIEPEYHOI EJIEKTPUYHOI IPOBITHOCTI MAKETY.

3. Tloka3zaHo, 0 y BCIiX pO3MIISIHYTHX BapiaHTaxX BIJCTEKYEThCS YiTKA TEHACHIIIS
— pO3MarHiuyrounii BIJIUB BUXPOBUX CTPYMIB B J€(EKTHUX KOHTYpPaX, 1[0 BUPAKAETHCS
B 3MEHILIEHHI CEPEIHbOI 1HAYKIII1, e(eKTax BUTICHEHHS] CTPYMIB B MarHiTOINPOBOA1 MPU
3pOCTaHH1 YaCTOTH 1 SIK HACIIJIOK 3MEHILIEHHSIM MOro €KBIBAJIEHTHOTO MEPEPI3y.

4. BuznaueHo HaWOLIbII 1HQOPMATUBHUM TOKAa3HUK, IO CBIIYUTH PO
30UTbIIEHHS Je()EKTHOCTI MarHITONPOBO/Y a CamMe CIIBBIIHOUIEHHS! HABEJIEHOT HAIIPYTU
npu yactoTi 10k’ mo Hanpyru nipu yactoTi 1kl Ileit koedilieHT YiTKO KOPETIOETHCS
3 BTpaTaMH B MarHiTOIPOBO/II TIPH MepeMarHivyBaHH1 3 yacTotoro SOI.

5. Pe3ynbraroM AOCTIDKEHHS € J0Ka3 MOKJIHMBOCTI CTBOPEHHS MPOCTOTO i
JI0OCTaTHHO TOYHOTO METOY OILIIHKK MUTOMUX BTpat [ BT/kr] B MaraiTonpoBoi ipu B g/50
nuisixom BumiptoBanHa HaBeAeHux EPC mpu Bcranomienux yactotax 10 1 1 kI’ 3a
JIOTIOMOTOI0  KOHTPOJIbHOT OOMOTKM B pealbHOMY 3pa3Ky 3 BH3HAYCHHSM iX

CIBBIHOIIEHHS Ta BIAMOBAIHOTO PiBHS AEPEKTHOCTI MArHITOPOBOY.
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PO3/11 4
BUKOPUCTAHHS BIGPAIIHMX BIUIMBIB JJIS1 JIATHOCTUKHA
[INXTOBAHUX MATHITOIIPOBO/IIB

4.1 TeopernuHe OOIPYHTYBAHHS NIarHOCTUYHHUX MAapaMeTpiB AJsl yAapHOL
AIATHOCTMKH BY3JIiB €JIeKTPO00IaTHAHHS

Y mporeci pobOTH eIeKTpooOIaiHaHHS BIIOYBalOThCS HE3BOPOTHI 3MiHHU
XapaKTePUCTHK HOTro BY3JiB (CIpaIlbOBYBAHHS), II0 MOXYTh MPOSBIATUCSA y BUIJISII
BTOMJTIOBAJILHUX JA€(PEKTIB a00 AePEKTIB TUITY TPIIIIUHH.

VY MKUXTOBAaHMX MAarHiTONPOBOJAX, Kl BXOAATH O CKJIAAy I'eHepaTopa, OJHUM 3
OCHOBHMX J€(EKTIB € OCiabJeHHsl MPEeCyBaHHS aKTHBHOI CTall W y pe3yJbTaTl IbOTO
BiJIIAPYBAaHHS IUIACTUH 3yOIIiB BiJ] IMXTOBAHOTO MacUBY MarHiTonpoBofy. Lei nporec
MOXHa OXapakTEepHU3yBaTH 3MIHOIO BEJIMYMH MPYKHHUX 3B SI3KIB MIK OKPEMHUMU
MUTACTUHAMH IIMXTOBAHOTO MarHiTOMPOBOTY .

Od4eBuHO, 1O Taki 3MIHM TOBUHHI BIUIMBAaTH HA YHUCEIbHI XapaKTEPUCTHKHU
1HQOPMATUBHUX  CUTHAMIB, W1I0 BUMIPIOIOTECA CHCTEMOIO  JIarHOCTUKH. Ti
XapaKTEPUCTHUKH, 110 MAIOTh HAHOUIBII CHJIbHY 3aJICKHICTh BIJ 3MIHM CTaHy 00’€KTa
J1arHOCTUKH, BUOUPAIOTh B SIKOCTI JIIArHOCTUYHUX O3HAK.

JocnimkeHHs, 10 MPUBEACHI B JAHOMY PO3[1i, OyJIO MPOBEIAEHO CIIJIBLHO 3
HayKoBUAMH [HCcTUTyTY enektponunamiku HAHY Ha ix o0nannanHi.

B 0aratbox AOCHIIKEHHSIX MO BIOPOAIAarHOCTHUIII MOKAa3aHO, IO 3MIHA CTaHy
JOCIIKYBAaHUX BY3JIB MPU3BOAUTH 10 3MIIIEHHS YAaCTOTHUX MAaKCUMYyMIiB y CHEKTpP1
BUMIPSIHUX BIOpaIriiHuX CUTHaTIB (BIAMOBIal0Th YaCTOTAM MAaKCUMYyMIB TYCTHHU
MOTYXHOCTI KOJMBAJIBFHUX CHUCTEM APYTrOTO TOPSAKY, SKHUMH TPEACTaBlIeHAa MOJEINb
By3:1a) a00 710 TIOSBU HOBUX CIEKTPaIbHUX MaKCHUMYyMIB (& OT)Ke 1 301IbIIeHHS yucia n).
TeopeTnyHO 3MillIEHHS YaCTOT MAaKCUMYMIB I'yCTHHH MOTY>KHOCTI MOKHA OOIPYHTYBATH,
BPaxOBYIOUM B33a€MO3B’SI30K MDK BHYTPIIIHIMH TMapaMeTpaMud By3ia (HANpUKIAI,
nemryBaHHSIM, SIK€ 3aJICKUTh BiJ[ CTYNEHsS PO3BUTKY BTOMIIIOBAIHHUX JE(EKTIB) Ta
4acTOTOI0 MOTro BJIACHMX KOJUBaHb. [l0SBYy HOBHX IIIKIB Ha CIEKTPOrpami MOXKYTh

3YMOBJIIOBATH TPIIIMHHU, 10 BUKIUKAIOTH HEMIHIMHI SBUILA.
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Mopens  BimoOpakae  BHYTPIIIHIO  CTPYKTYypy  0OO0’€KTa  J1arHOCTHKHU
OMOCEPEAKOBAHO uepe3 (YHKIIO siipa JIHIHHOTO BHUIIAJKOBOIO IMpPOIECy, aje
HEMOXJIMBO BKa3aTH TOYHY 3aJeKHICTh MK TapamMeTpaMu CTaHy oO0’€kta 1
napamMeTpaMu, 110 3aJ1al0Th (PYHKIIIIO Spa, OCKIIBKH 1151 3aJICKHICTh 1HAUBITyalbHa IS
KOKHOT'O KOHKPETHOTO BY3JIa 1 OB’ si3aHa 3 HOTO T€OMETPUIHOIO (POPMOIO, MaTepiasiom,
YMOBaMH 3aKPITUICHHS B CKJIa/li MAIIMHA YU arperary TOIIO.

OTxe, HA eTari TEOPETUYHOTO aHAJI3y MaTEeMAaTUYHOI MOJIeNl BIATYKY MAaCHBHHX
By3IiB enektpooOnagHands (EO) Ha ynmapHuii BIUIMB MOXKHA JIUIIE 3alpPOIIOHYBATH
MOTEHIIHO MPUJIATHI B AKOCTI JIIarHOCTUYHUX O3HAK IMapaMeTpu. Jlo HuX, mepir 3a Bee,
BiJIHECEMO TaKi mapameTpu: 1, ¢, j, jJ=1,n.

Jlo MOXIMBUX [1arHOCTUYHUX O3HAK BIJTHECEMO TAaKOXX YHCEJIbHI 3HA4YCHHS
CTaTUCTUYHMX MOMEHTIB TIpoliecy BIOpaiiii, OCKUIBKM iX JIETKO BH3HAYUTH
CTATUCTUYHHMH METOJAMU 33 BUMIPSIHOIO peali3alli€lo BIATYKY Ha yAapHUN BIUIUB.

Takum 9UHOM, Y SKOCTI MOMIIMBUX JIaTHOCTHYHUX O3HAK MOXHA 00paTH:

— KUIBKICTh MAaKCUMYMIB CIIEKTPAIbHOI T'YCTHHH MOTY>KHOCTI N;

— BaroBl KOE(ILIEHTH ¢j, 110 XapaKTEPU3YIOTh KaHAJI MOIMPEHHS XBUIIL,

— KoedilienTn 3racanus fj, , j=1,n;

— 4aCTOTU MaKCUMYMiB TYCTHHH MOTYXHOCTI @j, J=1,N;

— BEJTMYMHM IMOYATKOBUX 1 IICHTPATLHUX MOMEHTIB JIO JACSKOTO TOPSJIKY.

Takum ywHOM, BiOpalliiiHy XBWJIIO Yy MacuBHUX By3nax EO, BUKIMKaHy B
pe3yibTaTi yIapHOTO BIUIUBY, MOXHA MTPEACTABUTH y BUTJIA A1 Oaratope3oHancHoro JIBIT
3 SAPOM, IO SIBJISE COOO0 JIHINHY KOMOIHAIIO IMITyJIbCHUX PEaKIliii KOJUBATBLHUX
CUCTEM JIpyroro TMOPSJIKY, 1 BXiAHUM 30y/KEHHAM Yy BUIJIAIl 3alIyMJIEHOTO
JI3BOHOIIO/IIOHOTO IMITYJIBCY.

Ha ocHOBI TeOpeTHUHOTO aHaJi3Yy 1€ MOJIeTI 3aPOMOHOBAHO PS/T TapaMeTPiB, 10
MOXYTh OyTH BUKOPHUCTaHI B SIKOCTI J1arHOCTUYHUX O3HaK. [H(OPMATUBHICTH IHX
napamMeTpiB TpH [IarHOCTHIIl KOHKPETHUX BHAIB JAE€PEKTIB MOTPIOHO MEpPEBIPUTH
EKCIIEPUMEHTAIFHUM MIISXOM (T 4ac HABUYAHHS CHUCTEMU JIarHOCTHKU Ha PEaTbHUX

00’€eKTax).
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4.2 JlaGopatopuuii 3pazok IBC ynapHoi JiarHOCTMKHM eJleKMEHTIB
KOHCTPYKIii motyxuHoro EO

Jlo #oro ckmamy BBIMIUIA OLIBIN CydacHI KOMITOHEHTH, SKi MAalOTh KOMIIAKTHI
po3MipH, 3a paxyHOK 4oro jmaboparopuuii 3pa3ok IBC Moke BHKOPHUCTOBYBATHCS SIK B
CTaIllOHapHOMY BapiaHTI (HACTUIbHUNA IEPCOHAIILHUN KOMIT IOTEP), TaK 1 B IEPEHOCHOMY
BapiaHTi (HOYTOYK).

Cxema HoBoro maboparopHoro 3pazka IBC BiOpogiarHOCTMKM TOKa3aHa Ha

puc. 4.1.

YpapHuit imnynbc
%V
4V

Hxepeno
JKUBJICHHSA

v

CeHcop [Tincrrosay
>

- — Bibpauii 3apsy
Y 1apHuii OO6’€eKT AiarHOCTMKM
MOJIOTOK
USB \ %
iHTEepdeiic

bnok
= <: :> At

Pucynok 4.1 — Cxema naboparopHoro 3pa3ka IBC BiGOpoiiarHoCTUKH

MAacCHMBHHX BY3J1iB OTykHOro EO

Jlo oro ckitamy BXOIATh:

— Vnapuauit montotok — PCB Piezotronics Modally Tuned Impulse Hammer type
083C03;

— OO0’ €KT A1arHOCTUKH — €JIEMEHT KOHCTPYKIIii, 1110 11arHOCTY€EThCS;

— Cencop BiOpamiii — Briiel & Kjer miniature triaxial piezoelectric charge
accelerometer type 4326A for vibration and shock measurements on low-mass structures
(MIHIATIOpHUNA TPUOCHOBUW AKCEJIEPOMETP 3 BUXOJIOM MO 3apsay ISl BUMIPIOBAHHS
BiOpailiii MamorabapuTHUX KOHCTpPYyKIiM 1 ynapiB). Lleit akcemepomerp mae Tpu

HE3aJeKHUX 1HIMBITyalIbHO BIAKaIIOPOBaHUX BUXOMU AJI OJTHOYACHUX BUMIPIOBAHb B
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TPHOX B3a€EMHO MEPHEHAMKYJISIPHUX HampsiMkax. [Ipu mpoBeneHH! EKCIEePUMEHTIB,
OMKHCAHUX B JAAHOMY PO3/iIi, BUKOPUCTOBYBABCS JIMIIE OJUH BUXiJ, MO3HAYCHUN Ha
KOpITycl akcejaepomerpa Sk «Z». YacTOTHUN JAiama3oH BHMIPIOBaHb 3a JOMOMOTOIO
akcenepomerpa 4326A cknamae Big 1 I'u qo 8000 I

— ITincumoBau 3apsay — Briiel & Kjer Type 2634 two-stage charge amplifier —
MIEPETBOPIOE BUXITHUI CUTHAI 3 BUXOAY IT €30€JEKTPUIHOTO CEHCOpa BiOpalliii mepey
BUMiproBaHHsIMU 3a fornoMororo ALIIl. [lpu3snauenuid njs mpoBeACHHS BUMIPIOBAHb y
MIPOMHCIIOBUX YMOBAX;

— JIkepesno KUBJEHHS — aKyMyJIITOpHa OaTapes Hampyrow Onusbko 20 B s
JKUBJICHHS TIJCUIIIOBava 3apsay (akyMyssiTopHa O6arapes Oyjia BUKOpUCTaHA JJiS TOTO,
11100 YHUKHYTH 3aBaj] 4acToToro S0 ['1] Mo KoJiax »KUBJICHHS);

— Brox AIIIT — National Instruments multifunction data acquisition device Type
USB-6218 — mae MOXIuBICTh OaraTokaHaJIbHUX BHMIpIOBaHb 3 4acTOTOrO 70 250 kI
(BiymiKIB 3a cexkyHAy). [Ipuctpiit xuBuThes no mmHi USB, 10 K01 BiH IPUETHYETHCS.

[Ipu mnpoBeneHH1 MiarHOCTHKU BY371iB EO 3 BHUKOpUCTAHHSAM PO3POOJICHOTO
naboparopHoro 3paska IBC ynap npukinagaersbcs 3a JOMOMOTOIO CIEHIAIBHOTO yAapPHOTO
MOJIOTKA, IKHI KOMIUIEKTY€ThCS HA0OPOM HAKOHEUHHUKIB 3 P13HOO MacO0 Ta TBEPAICTIO.
3amMiHIOIOYM HAaKOHCYHUKH, MOYKHA 3MIHIOBATH IIMPUHY CIIEKTPY YAAPHOTO IMITYJIBCY.
Hanpuxknaza, npu npoBeIeHHI eKCIIEPUMEHTIB, 1110 Oy 1y Th ONMKCaH1 B HACTYITHOMY PO3/I1Jii
i€l aucepTariiiHoi poOOTH, 3aCTOCOBYBABCS HAMOUIBIN TBEPAUN HAKOHEYHUK, IO JIa€
MaKCUMAaJIbHO MTUPOKHUH CIIEKTP YAAPHOTO IMITYJIbCa.

AKcenepoMeTp KPIMUTHCS 10 TOCTIKYBaHO1 AeTalll 32 JOTIOMOT'OI0 CTICIIaJIbHOTO

BOCKY JUIsI IIBUJIKOTO KPITUICHHSI akcenepomMeTpiB BupoOHuiTa ¢ipmu Briiel & Kjeer.

4.3 Tlporpamue 3a0e3nedyeHHs /Jisi BH3HAYEHHSI YHUCEJbHHX MNapamMeTpiB
PO3MOALLY Ta ICTOIPAMHOrO0 aHadi3y nmo cucremi kpusux Ilipcona

JInst mpoBeleHHs TICTOIPaMHOIO aHali3y A1arHOCTUYHHMX CHUTHAJIB, BUMIPSHUX
IBC cratuctuunoi niarnoctuku BEA, 6yna po3pobaena mporpama PIRSON, sika mparttoe

B cepeponuil Microsoft Windows.
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JleTanbHy OJIOK-CXEMy alTOpUTMy pPOOOTH MPOTrpaMH HE HABOIAMMO, OCKIIBKH
nporpaMa noOyjoBaHa 3a MPUHIMIIOM OOpOOKM MOJIii, BHACIIIOK YOr0 HE MAa€ YiTKOl
Hamepea 3aJaHol MOCHioBHOCTI omeparii. [locmiioBHICTF BHUKOHAHHA (parMeHTiB
nporpamMu (IiANPporpam) 3aJ1eKUTh Bl KOHKPETHHUX 1 KOpUCTyBaya.

OcnoBue BikHO mporpamu PIRSON naBenene na puc.4.1. Bono posminene Ha
KUJTbKa CMUCJIOBHUX YaCTHUH.

3Bepxy po3TamoBaHa 00JacTh MEHIO Tporpamu (puc.4.2), 3a TOTIOMOTOIO SKOTO
BUKOHYIOTBCS Takl (QyHKI:

— BUOIp dainy JaHuX JJIs aHam3y;

— ApyK Tpagdixa;

— excropT rpadika i Tabauie B mporpamy Microsoft Word;

— BUXI1J 3 IPOTPaAMH.

mafn

_F;'I D:hbest_datahEldertontppe 1 [15 intervals) bt

— Boifopka ke 1000 3 nemeHros—— | | Il ] [ i | Wl I I # | #l = Miotoii
C I1 no |1DDD [pacguk | Nuarparda THI'IDBI OTyer |

MzteHiTE BRIGOpEY | Kpmetie Mpoota gna

[itest_data'Eldertonitype 1 (15 intervals)txd

L
@
o
— T paHcopranmua [ 1
L0034
[~ UeHTpupoBatue z o
[~ Hopmupoeatue % 0,02+ -+
Pacuirars | o 0014--4
8
(s} L ' ] '
ey I\Falue | g o : : : : . . : : . - ; ; 3
Beta 07120 é 20 25 30 33 40 45 50 =5 &0 ES 7o 75 S0 g5 a0
[ arraa -0,0643 [ 3Ha4eHMA B MHTepBanax — | —1
— — oy
K.anna -0,2650 o o v
L1 2.6300 [ —X ¥l
L2 1.6500 — Xl — ¥
Bt1 05070 | |
BL? 29400 WHrepean pacyeTa kpHEDIl I
S k1900 K.oAMYEcTED HHTEPEAN0E TMCTOrPakkE]

Pucynok 4.2 — OcnoBHe BikHO nporpamu PIRSON

=
[
=t
=]

OTKPRITE
MevaTe rpadkika

3kcnopT B Word

15 45 W L

3KCNOPT B TEKCTOBEIA Darn

Brrxon

K3

Pucynok 4.3 — I'onoBHe MeHto iporpamu PIRSON
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[Ipu BuOOpi myHKTY MeHIO «OTpBITHY» 3’SIBISETHCA CTAHIAPTHE IJI CUCTEMHU
Microsoft Windows niamoroBe BIKHO BIIKPHUTTS JOoKyMeHTa. BuOpatu daiin 3 maHumMu
JUIA  aHalli3y MOXJIMBO TaKOX 3a JOMOMOTOI0 KHOIKH, IO pPO3TallOBaHa 3IiBa
Oe3mocepeIHbO i 00J1aCTIO TOJIOBHOTO MEHIO ITporpamu. HasBa BuGpaHoro ¢ainy Oye
Bij0OpakeHa B TOJIi CpaBa BiJl II€] KHOTIKH.

Bximgui nani g mporpamu PIRSON odopmitsroTeest y BUI TEKCTOBOTO (haitmy (y
kogax ASCII).

B niBiii yacTHHI BIKHa MICTATHCSA €JIEMEHTH YIPABIIHHA Ui BHOOPY YacTUHU
Bubipku: «C (...... )mo (...... )», IGHTPYBaHHS Ta HOPMYBaHHS YaCOBOTO PsTY, a TAKOXK
KHOIIKA JIJI51 3aIyCKy po3paxyHKiB «PaccuntaTtey. [licns HaTUCKaHHS HA HET B HUKHbOMY
J1BOMY KyT1 BIKHA POTPaMU BUBOJIATHCS UMCIIOB1 3HAYEHHS PO3PAXOBAHUX MAPAMETPIB,
a B NIpaBiii yacTWHI BikHA — TpadiuHi abo TaOIMYHI Pe3yJNbTaTH, BUOIP MK SKUMU
3MIIACHIOETHCS 3 JOMOMOTOI0 3aKJIa/I0K.

MoxnuBe Bi1oOpaKeHHS TaKuX pe3yJIbTaTIB:

— TicTorpama 3 HakJaJeHUM Ha Hei rpadikoM BUOpaHoi KpuBoi (puc.4.2);

— niarpama tutnis (puc.4. 4);

— 3BIT IIPO PE3yIbTATH PO3PAXYHKIB Y TEKCTOBIH (hOPMI, III0 MICTUTH 3HAYEHHS BCiX
pO3paxoBaHUX MapaMeTpiB, a TAKOXK TAOJIULIL, 32 IKUMH MOXHa NMoOyayBaTu rpadiku B

CTOpPOHHIHM niporpami (puc.4.5).

Mpaguk  [Marpatdta THUNoE | Or4er |

PacnpegensHie betal W betal

0 2 4 G g 10 12 14 16 18 20 22 24
Et1

I 4l |
B HegonycTimad zoHa o 3Havenue Beta —I
—1 — — I
— 4l — % L

b — Xl « Kl

Pucynok 4.4 — [liarpama tumin
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FpathKl IWarparir4a THNOE Oruer

F.puebie MupcoHa ana ~|l ¢ g
[:Mtest_datahEldertontype 1 [15 intervals). tat KOMMPOBATE B Dythep

¥ SHAYEHWA MHETOMPakkl
K.onyecTeo 3 nemeHToR & BRiGopre; 1000
Cyraraa: 3,79E0004

Cpeanes: 37,9000 ' SHAYEHWA THETOrParE
JaHHEIE HE LEHTPHPOESHE
JaHHEIE HE HOPMMPOEAHE! * SHAYEHWA rpadHKa

3HAYEHUA OCHOBHEIX HAPAKTEPMCTHE
MaTeraruigckie OxMaaHHA W Jucnepcus:
I 37,3000
II: 1,63E0003
I1l: 7 8E 0004
Iv: 4,1E0006
D: 1520000

' ZHAYEHHA rpaguLa

b ATEMATUYECHME FOREHTEL
HeweHTpanbHEE
01,0000
|: 37.9000
II: 1.63E0003
IIl: 7.8E0004
Iv: 4,1E0005 |

Pucynox 4.5 — 3BiT npo pe3yabTaTH pO3paxyHKiB

3 KHOIIKaMU JIOJIaTKOBUX Omepariii

3BIT MICTUTB HACTYITHE:

— BUJ TICTOTpaMH: IICHTPOBaHa, HOPMOBAHA YU Hi;

— o0cAr BUOIPKHU, KUIBKICTh IHTEPBAIIB y TiCTOrpaMi;

— OIIIHKY MTOYaTKOBUX MOMEHTIB;

— OLIIHKY JucIepcii, cepeAHbOKBAIPATUYHOIO BIIXWICHHS, IHTEpBa TiCTOrpamH,
HalMEHIIIe 1 HalOIbIIe CIIOCTEPEIKEHHS;

— OIIHKK TIEHTPAJbHUX MOMEHTIB, KOE(IIIEHTH acUMETpii W eKcllecy, Karliu
[Tipcona;

— TUN 3TJIAJKYI040i KPpUBOi Ta i1 mapaMeTpu (110 MOKJIUBOCTI — OlbIle OAHIET
KpHUBOI);

— Ta0JIMILII 3HAa4Y€Hb 3TM1aHKYI0U0i KPUBOI 1 TICTOrPaMHu, BIAMOBIIHI rpadikH.

Ha 3akmanii, koTpa BimoOpaxkae 3BIT PO pe3yJabTaTH PO3PAXYHKIB y TEKCTOBIH
dbopMi, € T0AATKOBI KHOIKH, IO J03BOJISIOTH 3allMCaTH B TEKCTOBUH (pailn BUOIPKOBO
AesiKi TaOJMYHI pe3yJbTaTH.

[Ipu wMoXIWBOCTI MiAOOPY KITBKOX THMIB KpuBux IlipcoHa omHOYacHO,
3 SIBJSIETHCSI MOXJIMBICTH BHUOpaTH TIIBKM Ti 3 HHUX, SKI IIKaBJISATh JIOCTITHUKA,
MPUXOBABIIA TP I[OMY Tpadiku THX, MO WOTO HE IKaBIAThH. JJIT IIbOTO BBEICHI
kHomkH Bi «I» 10 «XIII», a Takox «JIr000i1» 3BepXy MpaBoi YaCTUHU OCHOBHOTO BIKHA

nporpamu. Knomnka «JIx060#» npu3HadueHa A JOCBITYEHUX KOPUCTYBAaUiB, K1 TITHOOKO
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PO3YMIIOTh TPUHIMIK POOOTH MpOrpamMHd 1 TEOPETUYHI OCHOBU TII00PY KPUBHUX

posmnoaity 3a Merogaom Ilipcona.

4.4 Ilporpama CHEKTPAJbHO-KOPEJAUINHOr0 aHadidy BiOpamiii oxkpemux
BY3JIiB

JIJig CHeKTpanbHO-KOPENALIMHOTO aHaji3y BUMIPSHUX pealizaliid BiOpaliiHux
npoueci B [T nns IBC cratuctuynoi niarHoctuku BEA Oyna BkitoueHa mporpama
SPECTR. Bona Bupimye 3agadqy oOYMCICHHS aBTO-KOPEJAMiHOI (QYHKITT 1 CIeKTpa
MNOTYKHOCTI JIOCJIJI)KYBaHOT'O CUTHAITY.

[Tporpama npatito€ y BiAIIOBIJHOCTI 3 HACTYITHUM y3arajJbHEHUM aJTOPUTMOM:

— 3HaXOJIUTHCS OLIHKA MATEMATUYHOTO CIIOIBAHHS YaCOBOTO PANY;

— 3/1ICHIOETHCS LICHTPYBAHHS PSAY;

— 3HAXOJSITHCS OLIIHKU aBTO-KOPEJIALIMHOI (PYHKIIIT;

— 3HAXOJSThCS OLIHKK HOPMOBAHOI aBTO-KOpEIALIAHOT (QyHKII (HOpMYyBaHHA 3a
JIUCIIEPCIEI0);

— Vi1 OLIIHOK HOPMOBAHMX KOPENALIMHMX (PYHKIIA TayCOBHUX YacOBHUX psJIIB
3IIMCHIOETHCS TIEPEBIPKA TIMOTE3U MPO KHYIIb-KOPEIISIIIION;

—3a JIONOMOTOI mepeTBOpeHHsT Dyp’e€ 3HAXOAUTHCS OLIHKA CIEKTPaTbHOI
HIIJTBHOCTI JOCIII)KYBaHOTO TTPOIIECY.

YacoBuil psij, MO aHAMI3YEThCS, NporpaMa 34uTye 3 Gdaiay BXIIHMX JaHUX.
YucioBi pe3yJapTaTH BHUKOHAHHS MPOrpamMu 3amuCylOThCsl y (aid, rpadikd crekTpiB
BUBOJISITHCS HA €KpaH MOHITOPA.

Ocnogue BikHO nporpamu SPECTR onpa3sy micns 3amycKy mporpaMu MOPOKHE.
BoHO MICTUTH JiMIlI€ TOJIOBHE MEHIO MPOrpaMu, IO CKIAJAETHCS 3 MyHKTIB «Dailim» Ta
«ITapameTpuy.

[Ticns BubGopy enemeHnta MeHO «®daitn -> BigkpuTu», BIIKPUBAETHCS BIKHO
BUOOPY (haiiny nanux asns aHamnizy (puc.4.3).

Komu ¢aiin BuOpaHO, Ha HACTymHOMY KpOIll KOPHUCTYyBad 3aJa€ TapameTpu
dbopmary ainy: po3auUIIOBaY JaHUX, JCCATKOBUM 3HAK, Yd € B (paijal 3aroJioBKu

KOJIOHOK.
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Konu Bci mapameTpu 3aiaHi BipHO, CJIiJl HATUCHYTU KHONKY «OK», micis 11s0ro
3’SBUTHhCS HOBE BIKHO, B SIKOMY MOJKHa 3aJlaTH KpPOK ab0 YacTOTy AMCKpETH3alii Ta
napaMeTpH BiIOOpaxxeHHs criekTpy (puc.4.3).

[Ticnss nHatuckanHs Ha kKHomky «OK» Oynme BimoOpaxkeHo rpadik CIeKTpa
MOTYXHOCTI JOCTIKyBaHOTO curHaiy (puc.4.4), a Takok aBTOMaTHYHO OyJie CTBOPEHO

TEKCTOBI (hailiin 3 TAOMULAMHU JAaHUX IO KOPENALIHHINA (QYHKIIT Ta CIIEKTPY MOTY>KHOCTI.

Wspecte N [=TE

Mafn  MapaMeTpH

Spectr BiakpyTH ﬂ

D:hest databtestd tat

x BiariHa |

Pucynok 4.6 — Bikao BuOopy ¢aiiny naHux
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Pucynok 4.7 — Bikno Bubopy ¢hopmatyBaHHs (aility 1aHuX

156



(Bl

Marn  [NapaveTpM

Spectrum 2007 MNapaMeTpy il

—IuckpeTHIaLia

" Yactora guckperHsani [Mu): a0 :II

{+ K pok guckpeTHsau [rMc]i |1EI —

—Hiarparda

CHEeMacwmas | [ T-macwmas—
o TiHIAHHEA o TiHIAHHE

" INor apHdridHUE " NorapHeridHHE
DcHoEa norapudra DcHoEa norapugra
’71["' 2 = 10 —‘ |7f" 2 = 10 —‘

o OK X Eigrina |

Pucynok 4.8 — Bikno Bubopy napaMeTpiB BiZOOpaXEHHS CIIEKTPY
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Pucynok 4.9 — I'padik ciekTpy NOTy>KHOCTI
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JletanbHa ONOK-cXeMa alTOpUTMY POOOTH MPOTpaMH HE HABOAUTHCS, OCKIIBKH
nmporpaMa noOyjoBaHa 3a MPUHIMIIOM 0OPOOKHU MO/I1H, BHACIIIOK YOI0 HE Ma€ Harepe

3aJ1aHO1 YITKOT MOCHIIOBHOCTI ONIEPaTOpIB.

4.5 Bu3HayeHHs1 CTyNeHsl NMPeCyBaHHS HIMXTOBAHUX MATHITONMPOBOIB 3a
ponomororw IBC ynapHoi 1iarHOCTHKH

[Tix yac poOOTH €IEeKTPOTEXHIYHOTO OOJIa HAHHS, SIKE MICTUTh B CBOEMY CKJIaJll
IUXTOBAaHWA  MarHITONpOBiA  (TpaHchopmaTtopu, TypOOTreHepaTopu Ta IHIIE),
B1JI0YBA€THCSL TIOCTYMOBE OCNAOJICHHS MPECYBaHHS aKTUBHOI CTall B MarHIiTOMPOBOJII.
Ileit mpolec CymnpoBOKYIOTHCS IMIJBUINCHHAM BiOpalliii, a TaKoXX HarpiBoM
MarHiTONpoBoAy 1 OOMOTOK, IIO MOXE MPUBECTH JO CEPHO3HHUX HEMOJAJ0K 1 B
MOIAJIBIIIOMY JIO aBapiitHOr0 BUXOJY 3 JIay BChOTO TpaHc(opmaTopa.

Tomy OyJi0O MNpPOBENEHO CEPil0 EKCIEPUMEHTIB IO BUMIPIOBAHHIO BiOpalii
IIUXTOBAHUX MArHITOMPOBO/IB 3 BUKOPUCTAHHSIM PO3POOJICHOT0 JJabOPaTOPHOTO 3pa3Ka
CUCTEMHU yJapHOi BiOpOAIarHOCTUKHU. BHKOPHUCTOBYBaBCS MakKeT IMIMXTOBAHOTO
MarHiTOnpoBoAa, IO sBJs€ CcOOOK HAOIPHUI MakeT JUCTIB MAarHiTHOI CTami, sKa
BUKOPUCTOBYETHCS B MarHiTOMPOBOJaX CyXHX TpaHC(hOpMATOPiB Masioi Ta CepelHbOl
MOTYXHOCTI. 32 TOTIOMOTOIO JIBOX HIMIJIbOK, BUTOTOBJICHUX 3 HEMarHiTHOTO MaTepiaiy,
MOKHA PETYJIIOBAaTH CTYMIHb MPECYBaHHS IIJIACTHH, MOJICTIOIYM TaKUM YHMHOM Pi3HI
TEXHIYHI CTAaHU MarHiTOIIPOBOY.

Pe3ynbTaT mpoBeNEHUX EKCIEPUMEHTIB IO JIIarHOCTUIIl CTYNEHsS MpecyBaHHS
IIMXTOBAHOT'O MarHiTOMPOBOY HABE/ICHI HUKYE.

[IpecyBaHHS IJIACTHH MAarHITONPOBOY 3/1ACHIOBAIACS 32 JOTIOMOTOIO IIMHIIBOK,
3aTsDKKa SIKUX TPOBOJWIIACS JTUHAMOMETPHYHHUM KitodeM 3 MoMeHToM 30 H-m.
BiOpamiitna xBuisg, mo 30ypKyBajacs yAapHUM MOJIOTKOM B TUTl HIMXTOBAHOTO
MarHiTONpoBOAY, BUMiproBajacs 3a fonomoror akcenepomerpa tuity ABC-017, sxuii
BCTAHOBJIIOBABCS Ha JOCIII)KYBaHOMY MAarHiTOMPOBOJAI 3 JOMOMOIOK CHEIiaJbHOTO
BOCKY.

ExcrieppuMeHT 10 JiarHOCTYBaHHIO CTaHy NPECYBaHHS IUIACTHH MarHiTONPOBOJIA

3I[iI>iCHIOBElBC$I HAaCTyITHUM YHHOM. 3 JOIIOMOI'OI0 3a’>KMMHHX ra17101<, BCTAaHOBJICHUX Ha
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mnuibkax, 3 cuior 30 H-M cTuckaBcs makeTr MIacTUH MarHitonpoBoay. Ilotim
BKJIIOUABCSl 1 HacTporoBaBcs jabopatopHuit 3pazok IBC ynapuoi miarnoctuku. Ilicis
HACTPOWKH MAaKeTy B HAMNpPSAMKYy, MEPHECHANKYISIPHOMY 10 TUIOIIMHYN IUIACTHH,
NPOBOJUBCS yAap, SKUM BUKIMKaB BiOpallii MarHiTompoBoja. 3amip BiOpaiiidHOro
CUTHAIIy 3MIMCHIOBABCS aKCEICPOMETPOM, 3aKPIIUICHMM Ha MPOTUIICKHOMY TOPII
MarHiTOTPOBOY.

[Ticist 1bOrO TMOBHICTIO BIAMYCKAJWCA TaWKH IIMUJIbOK, SKUMH OyJIM CTATHYTI
IJIACTUHU IMUXTOBAHOTO MAarHiTOMPOBOAY, 1 TMOBTOPSBCS E€KCIEPUMEHT, aHAJOTIYHUHN
onucanoMmy. Ha puc.4.10 mpencraBieHi CHEKTpOrpaMH, BUMIPSIHI Ha IIMXTOBAHOMY
MarHiTonpoBoAi, 3atucHytTomy 3 cwioo 30 H-m (puc.4.10, a), 1 B BUMaaKy, KOJIU

3aTHCKArOYi FaiKu TOBHICTIO ociabieHi (puc.4.10, 6) [35].

Pucynox 4.10 — Cnexrporpamu, BUMIPSIHI Ha IIIMXTOBAHOMY MarHiTOIPOBO/I:

a) 3aTUCHYTHUM MarHiTONpoBia; 0) ocnabieHnii MarHiTONPOBIJT

Yacrora muckperm3ariii ckmanmana 50 k['m, To6TOo mpencraBmeHi Ha puc. 4.10
CHEKTPOTpaMu MICTATh 1H(GOPMAIIIIO MPO YaCTOTH aHATI30BAHOTO CHTHATIY B TOJIOCI 3
BEPXHBOKO TPAHUYHOIO 4acTOTOKO 25 Kl 'mI.

I3 puc. 4.10, a BuaHO, 110 ISl 3aTUCHYTOTO MAarHiTONMPOBOJY OCHOBHA 4acTOTa
BiOpariii crnocrepiraerbcsi B obmacti 600 I'. BigmideHi Takok MEHIN IHTEHCHUBHI
cknanoBi B oonacti 2300 1 5400 T'm.

[Ipy B3HATTI CTATYHOHOTO 3yCWJUIS B CIEKTpOrpamMi BIOpariii IIMXTOBAHOTO
MarHiTONpoOBOAY KpiM OCHOBHOiI dacToTH B obOsacti 600 I'i BigMidueH1 YHUCIEHHI

IHTEHCHBHI YaCTOTHI CKJIQJIOB1 B CMy31 4acToT ax 70 15 kI,
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TakuM 4uHOM, 1€ MIATBEPKYE TEOPETUUHI MPUIYIICHHS, 110 B SKOCT1 OJHIET 3
JIarHOCTUYHUX O3HAK CTaHy MPECyBaHHS MIMXTOBAHOTO MArHITOMPOBOIY MOXYTh OyTH
BUKOPHUCTAHI aMIUTITyId 1 YaCTOTH OCHOBHUX MaKCHMYMiB, a TaKOX YHCIO OCHOBHUX
JaCTOTHUX MaKCHUMyMiB B (hiKCOBaHIM Mojioci 4acTtoT. PosrisHemMo Tenep moOyaoBy
HABYAJIbHUX CYKYIMHOCTEH 1 BHUPINIYIOUMX MPaBWII IO TIarHOCTHUI CTaHy MPECYBAaHHA
IITUXTOBAHUX MAarHiTOMPOBO/IIB.

Ax Bigomo [40], 3a7a4a CTaTUCTUYHOT J1arHOCTUKM BKJIIOYA€E B ceOe HACTYIHI
OCHOBHI1 €JIEMEHTH:

® JDKEpeso J1arHOCTUYHOI 1H(pOopMaIlii;

® TIONEPEHIO CTATUCTUYHY OOpPOOKY;

e BUOIp NPOCTOPY OCHIIKEHHS;

e 100yZ0Ba BUPINIYIOUUX MPABUIL.

Jlxepeno AlarHoCTUYHOI 1HPOpMAIlii CTBOPIOE IESIKUM MTPOIIEC, IKUM 3aJICKUTH Bij
J1arHOCTUYHUX MapaMeTpiB, KOXKEH 3 SKUX IpeJcTaBisie co00K BEKTOp abo ckamsp. B
HAWUTIPOCTIIIOMY BHUITAJIKy PO3TIIAIAETHCS TUTBKHA OJUH MapaMeTp, SKUil MOXKe MpUHMaTH
JBa pi3HUX 3HaueHHs. KoxkHOMY 3 IIMX 3HAYeHb BIJIOBIIa€ OfHA TimoTe3a: ocHOBHA Hop 1
KOHKypyto4a Hj.

[Tonepenusa ctaTucTiuHa 00poOKa OyIy€EThCS TAKUM YUMHOM, HIOU BXKE B1JIOMO, SIKA
rinore3a € iICTUHHOW. ba3zyrounch Ha Takiil anpiopHid iHpOpMaIlii, OTPUMYEMO TIEBHY
TOYKY B TMPOCTOpl CIOCTEPEKEHHS. BBaxkaeTbcs, 110 MpU MPOBEACHHI OOpPOOKHU
BHOCHUTHCS JIesiKa HE3aJIe)KHa BiJl TIMOTE3 aJanTHBHA BHITAJKOBA KOMIIOHEHTa. BoHa
CHOTBOPIOE 3HAUEHHS M1arHOCTUYHOIO MapaMmerpa, TOMY 3 KOXXHUM TINOTETUYHUM
3HAYEHHSM IapaMeTpa MoB’A3Y€ThC UMOBIPHICHUM 3aKOH PO3MOLITY, IKMM OJTHO3HAUYHO
BIZIITOBIA€ KOYKHIN 31 3raJlaHuX TiIIOTES.

[IpocTip cnocTepekeHb BKIOYae B ceOe¢ BCl MOXKIIMBI 3HAYCHHS BUMIPIOBAHHUX
napameTpiB, SKi BOHU MOXYTh NMpPUHAMATH B Mpolieci ekcnepuMenty. B pesynbrarti gil
MIEPEIIKOJI B IIPOCTOPl CIIOCTEPEIKCHHS MHOXXHWHH TOYOK, SKI BiJIOBIJAIOTH PI3HUM
rinoTe3am, NePeTUHAIOTHCA. B 3B’ 53Ky 3 ITUM HEOOX1HO 3IIMCHUTH PO3OUTTS MPOCTOPY
CIIOCTEPEKEHb Ha MIAMHOXHHH CIIOCTEPEKEHH — 00pa3u, K1 BIAMOBIJAIOTh KOXKHIHN 13

rinoTe3 — KOTpi He MePEeTHHAIOTHCS.
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KinmeBum erarioM npu MPOBEICHHI JIarHOCTHUKU € MO0yJA0Ba BUPIIIYIOUOTO
npaBuia. Lle npaBmino OynyeThCs 3 ypaxyBaHHSIM HaBUYaJIbHUX CYKYIMHOCTEH 1 SIBIISIE
c00010 ONTUMAaJIbHE PO3OUTTS IEBHUM YMHOM IEPETBOPEHOTO MTPOCTOPY CIIOCTEPEKEHHS
Ha MIAMHOKUHU, KOTP1 HE MEPETUHAIOTHCSI.

HaBuanbHi CyKyMHOCTI SIBJISIFOTH COOOI0 MHOXKHHH THUX 3HA4€Hb MapameTpiB, sKi
BIJIMOBIAAIOTh YMOBHO NPUIATHOMY CTaHy A1arHOCTOBAHOTO BY3Jla YU HOTO CTaHy,
3B’S13aHOMY 3 HasBHICTIO OJTHOTO 13 J1arHOCTOBAHUX JC(EKTIB.

[TosicanMo Ha mpuUKIaAl COEKTpPOrpaM, rpeacrapieHnXx Ha puc.4.10, SkuM YuHOM
B1JI0YBa€ThCsl POPMYBAHHS HaBUAJBHUX CYKYITHOCTEH 3a pe3yJbTaTaMH CHEKTPaJIbHOTO
aHamizy. Ilpum 30y/oKeHHI yJapHUM MOJOTKOM HIMXTOBAaHOIO MAarHiTONPOBOAY,
3atrucHeHoro 3 cuwioo 30 H-M, Ha cniekTporpami Horo BiOpauiii MOKHa BUAUIATUA TPU
OCHOBHMX MAaKCUMyMHU d4acToTH: B oOmactsax 600, 2300 i1 5400 T'u. Ilpu 3HATTI
CTUCKAIYOro 3yCHWJUIS KpPIM OCHOBHMX MAaKCUMYMIB Yy CIEKTpOrpamMi 3’ SIBISIOTHCS
IHTEHCUBHI YacTOTHI CKJIaJIOBI y cMy3l 4YactoT g0 15 kl'u. 3ynuHMMOCS Ha LUX
pe3ysibTaTax CHEKTPAJbHOTO aHali3y, B SIKOCTI J1arHOCTUYHOTO Iapamerpa BHOEepeMo
YUCJIO OCHOBHUX MAaKCHUMYMIB CHEKTporpamu y (ikcoBaHii cMy3i 4acToT. KiuIbKiCTh
MaKCUMYMIB CIIEKTPOTpaMu, siki OyJyTh BpaxoBYBaTHUCS TIPpH (POPMyBaHHI HaBUATBHUX
CYKYITHOCTEeH, Oy/ieMo BU3HayaTH Ha piBHI 0,5 BiJl MAKCUMaJIbHOTO 3HAYeHH. Buxoasauun
3 BHOpaHOrO IIarHOCTUYHOTO TapaMeTrpa, (HOpMyBaHHS METOIWYHHX CYKYITHOCTEH
3IMCHIMO B OJJHOBUMIPHOMY J1arHOCTUYHOMY MPOCTOPi .

I3 puc. 4.10, a BugHO, mo Ha piBHI 0,5 BIAMIYAETHCA OJMH MAKCUMyM
CIEKTpOTpaMHu, SIKWW BIJINOBiJIa€ BIOpaIlisiM MarHiTONPOBOY, CIIPECOBAHOTO 3 CHJIOIO
30HM. B To#t ke uwac Ha cmnektporpami puc.4.10, 6, mo BignOBiAaE BiOpaIisiM
MarHiTONpoOBOAY, y SIKOTO CTUCKalO4e 3yCUIIA BIACYTHE, Ha piBHI 0,5 BiAMIYA€THCS yKe
7 MaKCUMYMIB.

Piens 0,5, no sikoMy QikCy€eThCsl KUIbKICTh MAKCUMYMIB CIIEKTpOrpam, BUOpaHUi
JOBUIBHO JJI TPOCTOTH MIJIPAXyHKY IUX MAaKCUMYyMIiB. AHalli3 KOXKHOI 13 CLIEKTporpam
7a€ y BUOpaHOMY J1arHOCTUYHOMY MPOCTOP1 MO OAHIN TOYII, SIKa BIAMOBIIA€ PIZBHOMY

CTYTNEHIO IPECYBAHHSI IIMXTOBAHOTO MarHiTOIPOBOY.
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Jns moOyioBM HaBYAJIBHUX CYKYIHOCTEW B J1arHOCTHYHOMY MpocTopi ¢ OyIo
npoBefeHO 164  eKCIepUMEHTH 10  JIOCHIDKEHHIO  BIOpaliid  IIMXTOBAHOTO
Mar”iTonpoBoAay, cCTucHyToro 3 3ycuuisiM 30 H-m, a motiM e 166 ekcriepuMeHTiB Ha
MarHiTOIPOBOA1 31 3HATHM CTATYHOYMM 3ycuiuisiM. Ha puc.4.11 HaBeneHi HaBuajbHI
CYKYIHOCTI Yy BHWIJISIAI TOJITOHIB YacTOT 4YMCIa MakKCUMyMiB ¢, MoOyIOBaHUX 3a
pe3yJibTaTaMU aHaJli3y CIEKTPOrpaM IUX BiOparliid.

Ha puc.4.12 mokasani KpuBi, 3ra/pKyr0di TicTOrpaMH YCEpEIHEHOro uucia §
MaKCHUMyMIB CHEKTporpaM BiOpalliii MIMXTOBAHOTO MAarHITONPOBOJAY 3a CHUCTEMOIO
kpuBux Ilipcona. BuaHo, mo po3mnoaiian uncia 4, ki BIAMOBIIAIOTh PI3HUM 3YCHIIISM
MpPECYBaHHS IIMXTOBAHOTO MAarHiTOMPOBOAY, 3MIIIEHI BITHOCHO OJAMH OJTHOTO 1 MalOTh
pi3HI MaTeMaTH4Hi criofiBanHs: ©1=4,47 1 ©,=8,78.

N

-
A7

Ve

Pucynok 4.12 — Kpusi, 3riapkyiodi rictorpamu
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CdopmyBaBilid HaBUaJIbHI CYKYITHOCTI, TiepeiieMo 0e3rmocepeHb0 10 MO0y a0BU
BUPIIITYIOYHX MPABUII 1O I1IAaTHOCTUII CTaHy MPECyBaHHS MIUXTOBAHUX MAarHITOMPOBO/IIB.

[Tpencrasieni Ha puc. 4.12 3raamKyrodi KpUB1 BIAHOCSATHCS 10 YETBEPTOTO TUITY
KpUBHX 13 cuctemu [lipcoHa, TOOTO MOXKYTh OyTH alpOKCUMOBaH1 HOPMaJIbHUM 3aKOHOM
posnoaity. Otmxe, Mg MOOYyAOBH BHUPIIIYIOUMX MPAaBUI TMPHU TIarHOCTHUIN CTYICHS
MpPECyBaHHS IIMXTOBAHOTO MAarHITOTIPOBOAY MOKHAa BHUKOPHUCTOBYBAaTH KJIACHYHY
JBOAJIbTEPHATUBHY NPOLEAYPY MEPEBIPKU CTATUCTUUHUX TinoTte3 o Helimany-Ilipcony,
AKa JUIsi HOPMAaJbHOTO PO3IMOJALTY OMHCYETHCS BIJIHOCHO MPOCTHUMHU MaTEeMaTHYHUMHU
BHpa3amu.

TakuMm YWHOM, JJs JIarHOCTUKM CTYIEHS TMPECyBaHHS IIMXTOBAHOTO
Mar"iTOnpoBoAy MoOyAyEMO JBOXaIbTEPHATHUBHE pillIaloye MPaBUIIO, SKE 3BOAUTHCS 10
nepeBipku rinore3 Ho: ©1=4.47 (marniTonposia cnpecoBanuii 3 cuioro 30 H-m) mportu
Hi: ©,=8.78 (cTsryrode 3ycusuis BiJICYTHE).

3aaBIIKCh UMOBIPHOCTAMHM MOXUMOOK mepuoro i gpyroro poay a=0,05 1 f=0,01 i
3HAMIIOBIIY JUISl HUX 32 TaOIHUISIMU CTaHJAPTHOTO HOPMAJIBLHOTO PO3MOJILITY BIIIMOBIIHI
KBaHTHJI U1.,=-1.645 1 U14=-2,326, BU3HAUNMO HEOOXIJHE YUCIIO CIOCTEPEkKEHb N 1
BenuuuHy nopory C. CkopuctaemMocs sl IbOTO HACTYITHUMH BUPa3aMU:

HeoOxi1He 9Mcio criocTepekeHb 3 ypaxyBaHHIM Ui-,=- U, , U1 =- Ug,

~

(o, +u,fo® 15769436 68,75 _
(0,-0,) (4,31)° 18,58

e O — HaWOlIbIle 3HAYCHHS TUCTIePCii cepell PO3MOIiIiB, KPUBI KX HaBEIEHI
Ha puc.4.12. Jlns posrisayBanoi 3agadi o = 2,09,

Bennuuna nopory:

@ _@ _ 2 2
C:( 1 2)(ua uﬂ) ° +1(®1+®2):@+6,625:6,255.
2(u, +u,) 2 7,942

OTpumaBIy B pe3yabTaTi MPOBEACHOTO TUIAHYBAHHS €KCIIEPUMEHTY BCi OTP1OH1
naHl nans ToOyJOBH  BUPINIYIOYMX TPaBWJ, 3AIMCHUMO JIarHOCTYBAaHHSA CTYTCHS
MpECyBaHHS MIMXTOBAHUX MarHiTONpoBoiB. [y mepeBipku METOIUKH OyJI0 POBECHO

II'SITh CEepIA eKCIEPUMEHTIB. Y KOXKHOMY BHUIPOOYBaHHI OyJ0 BUMIPSHO MO YOTUPHU
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BUOIPKH, SKI MICTATh BiOpallii MIMXTOBAHOTO MAarHiTOMPOBOAY. 3HAUEHHs KUIBKOCTI
MaKCHMYMIB CIIEKTporpam Iux BiOpariiii Ha piBHi 0,5 HaBeaeHi B Ta6. 4.1.

Tabmuns 4.1 — OTpumani 3HaYSHHS 3a MapaMeTPaMu CIIOCTEPEKEHHS

Homep cepii excriepuMeHTIB
[TapameTp
1 2 3 4 5
CIIOCTEPEKEHHS
MarsiTonposif, cpecoBanuii 3 cuitoro 30 H-m
S 3 3) 4 3 5
9, 1 3 4 4 6
9 1 5 3 3 4
S 2 5 4 2 4
1 4
22-5 1,75 4,5 3,75 3 4,75
j=
MarsitornpoBij 6€3 CTATyH4oro 3yCUiuis
G 8 11 6 9 7
% 6 8 7 10 9
9, 7 9 8 10 8
S 6 8 7 11 9
1 4
=3¢, 6,75 9 7 10 8,25
44

OTxe, 3 pO3IJISIHYTOTO MPUKJIAAy BUIUIMBAE, 1110 YUCIO MAKCUMYMIB CIIEKTPOrpaM
BiOpaliifi I[IMXTOBAHOTO MArHITONPOBOAY MOXE€ BHUKOPHCTOBYBATHCS B  SIKOCTI
J1arHOCTUYHOTO MapaMeTpa AJisl BU3HAUEHHS CTYIEHS HOro MmpecyBaHHS.

TakuM YMHOM, HAa OCHOBI OTPUMAHMX PE3YyJIbTATIB MPUHUMAEThCA Tinore3a Hi —
JOCJIIPKYBaHUN MarHiTonposij cupecoBanuid 13 3ycwuiaMm 30 H-m. Ilicns msoro Oyiio
3HATO CTATYIOYE 3YCHJUIS 1 3HOBY IIPOBEJICH] €KCIIEPUMEHTH 110 BUMIPIOBAHHIO 1 00po01Ii
BiOpaliil, BUKIMKAHUX YyJapHOwo Jiero. OuiHKa 3HAYEHHsS MapameTpiB ¢ BiOpauii
HaBeneHa B Ta0iui. [licad miacTaHoBKM HaHUX 13 Ta0aMIl JiBa yactuHa st 1-1 — 5-1

cepii mpuiiMae 3Ha4YeHHS, PiBHI 6,75; 9; 7; 10; 8,25, T0OTO, 1JIs BCIX IT’ITH BUIIAJIKIB JIiBa
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YacTHHA HEPIBHOCTI OuIbllla MpaBoi, TOMYy TpUHAMaeThcs Tinmoresa Hi — B
MAarHITONPOBO/IAX BiACYTHS CTATYIOYA CHJIA.

OTxe, 3 pO3TIITHYTOTO MPUKJIATy BUIUIMBAE, M0 YUCIIO0 MAKCUMYMIB CIIEKTPOTpaM
BiOpaliii MIMXTOBAHOTO MAarHiTONPOBOAY MOXXE BHKOPHUCTOBYBATHCS B  SIKOCTI

I[iaFHOCTI/I‘-IHOFO mapamMeTpa 4Jisi BUBHAYCHHA CTYIICHSA Horo IMpCCyBaHHA.

4.6 CymicHHUI1 BIUIUB KOMYTALiliHUX Ta BiOpauiiiHuX 30ypeHb

Crix 3a3Ha4UTH, 0 OAHOYACHE BHUSBJICHHA NE(EKTIB MK JIMCTOBOI 130JIAIIT Ta
nocyabJieHHsl MpecyBaHHs IMaKeTy € CKJIaaHoIo 3anaueto. [locnabieHHs mpecyBaHHS
30UTBIIY€E BIJICTAaHh MK JIMCTAMU MArHITONPOBOJY 1 3MEHIIIY€ MOBEPXHIO JOTUKY MIXK
muctamu naketry. OJHAaK B €KCIUTyaTalliiHOMY pPEXKHMMI BHACHIJIOK BiOpalliHUX CHII
JIOTUK OyJie CYNpOBOKYBAaTUCS MPONOPLINHO YacTOTI IepeMarHiuyBaHHs (HapuKiaza
50 Hz) 1 BuxpoBi cTpymMH OyAyThb HPOSIBISTUCS IpH poOOTI MAlIMHU, XO4Ya BOHH HE
OyIyTh BUSIBJIEHI TECTOBUMHU METOJAMM JIIaTHOCTUKHU B PO310paHOMY CTaH1 MalllMHU.

ToMmy BHHHMKA€ HEOOXIIHICTH CYMICTUTH JBa METOJIU TECTOBOI J1arHOCTHKHU:
yAapHOT 1 JIarHOCTUKHU 3 BUKOPUCTAHHAM IHAYKIIHHUX MeTo B (puc. 4.13).

Jy1st Toro, o0 CyMICTUTH JiBa METOJM Oyiia po3po0JieHa YCTaHOBKA sIKa JTO3BOJISIE
OJIHOYACHO TMEPEBIPATHU AKICTh MPECYBAHHS 1 AKICTh MIKIIMCTOBOI 13011, [IpuBenennii
CHEKTp MEXaHIYHMX KOJIMBaHb  TIOKa3zye, 110 HaWOLIbIl 1HGOPMATHBHI YaCTHHU
3HaxoAAThes B Aiana3zoHi 500-700 Hz. Heo6xiaHo, 1100 1HIIHOBaHMI €IEKTPOMAarHiTHUN
mpoIec KoMyTallii cTpyMy B 001acTi 30y/pKeHHsI OyB CHHXPOHI30BaHUN 3 MOYATKOM

MEXaHIYHOTO BILJIUBY.
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MonoTok ya

B

dopmyBau
BMNPOBYyBarbHOro
iMnynbecy
—> IBC YO
Curnan
3anycky

OaTtunk

ibpauii

Brnok
BUMIpIOBaHHS

Bnok

iHOMKauil

Pucynox 4.13 — OyHKIioHaIBHA CXEMa CHCTEMH CYMICHOI JIaTrHOCTUKH SIKOCTI

MIDXK JIMCTOBOI 130JIA1111 Ta CTYTEHIO TPECYBAHHS MarHiTOIPOBOTY

4.7 Po3paxyHoOK NepexiiHOro npouecy.

MaremaTudHa MOJACIH MEPEX1THOTO MPOLECY MPH BIAKITIOUEHHS CTPYMY.

Hiroue 3nauennst EPC, 110 HaBOIUTHCS B KOHTYP1

h
E, =nV2fBq, = Zm/EfBExZ,

CTpyM B KOHTYp1 Ha OJIMHHULIIO TOBKUHU JIUCTA

e
Ai, = jxAx-1 = ﬁ = 2V2fB ymAx = k;xAx,

X

ne k; = 2\/§7Tf;

Yem — TATOMA €JICKTPOTIPOBITHICT CTaJl CEpICYHHKA.

MarsiTHa HanPy>KeHICTh 1 IHIYKIIis:

X
Hx=.[dxi=k
0

b2

By = kiﬁ‘(}__ -5

2
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)
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(4.3)
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CTBOpeHE BTOpPMHHE MAarHITHE TOJIE TMPH TapMOHIYHOMY 30BHIIIHBOMY MOJI,

3cyHyTe 1o ¢asi Ha 90°, y nopiBHsAHHI c1abo BIIMBAE HA CyMapHE IOJIE, ajle CTBOPIOE

cBoi EPC i ctpymu.
€2 = TV2f Dy, (4.5)
, , e, h (b?x* x3
lox = JaxBx = AI‘: = ki”g( 2 g (4.6)
MarsiTHU# TOTIK B €IEMEHTapHOMY KOHTYPI1
X
h (b*x? x*
Oy = [ do, =iy (S - ) (47)
0
EPC 1 MaruiTHa Hanpy>KeHICTh €JIEMEHTAPHOIO KOHTYPY
h (b*x? «x?
€xx = ”\/Efkiﬂg( Y §> (4.8)
x ' ) beZ x4
H,, = fo Jj2xdx = k;“u 3 32 + C, (4.9)

CymapHna 1HayKIIis

3b* b%x? «x?
, (4.10)

By = By—k 2 (oo — —— — ==
X =0 ‘“(32 8 32

3arajabHUN BUPa3 BUXIAHOTO MOJIS MOYKHA [TOKA3aTH Y BUTJISII TAPMOHIYHOTO PSY
H = z H,., sin(kwt + ), (4.11)
k=1

[IpuBeneHHs PIICHHS 10 TAPMOHIYHOTO PSTY.
KomyTrariss ctpymy B oOMOTIII 30y/KEHHS BBa)KA€ThCS MUTTEBOI. MarHiTHa

MIPOHUKHICTh BBAXXAETHCS MOCTIHHOIO.

dB
rot rotB = Wy (4.12)

JI71st IpSIMOKYTHOTO TIepepi3y
d’B d*B dB
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[Ipyn BiakIIOYEHHI BiJ JKepela BUHHMKAE TepexigHui mporec. Tak sk Mo
MIPKYBaHHIO CUMETPIi 3aJIe’)KHICTh MarHiTHOI 1HAYKIII B HaNpsIMKY OCEH X 1 y MOBUHHI

OYTH YITKOIO (DYHKIIEI, MOYXKHA MIPUITYCTUTH, IO PO3B’SI30K MAE BUJI:
Yy Yy ) y )

t

B =Bycosaxcosfy-eT, (4.14)
ne T — mocriitHa Jacy.
[Ticns migcranoBku (12) B (11) oTpuMaemo yMoBy, SIKOIO 3B’si3aHl 10 IUX TP

He3aJIekH1 BenmuuuHu o, 1T

a? + B2 = ”T—y (4.15)

[Ticnst BiAKIIOYEHHS KOJa MarHiTHa IHIAYKIIS Ha MeEXl Tepepidy cepliedyHuKa

a b
MUTTEBO 3MeHITY€eThes 10 0. Tomy misit = 0, x = + >,y = OTpUMaemMo

a b
B, cos aECOSﬁE =0, (4.16)
Toni 3 (13) mist mocTiHHOT Yacy OTpUMAaeMO BUpa3
Hy
tam = , 4.17
o (2n+1 )2 (2m+1 )2 (4.17)
a " b "

[ToBHUI PO3B’SA30K BUBHAYAETHCS OITAPMOHIYHUM PSIZIOM

X Ty -
B= Z z B, m cos(2n + 1) - cos(2m + 1) - ¢ tnm, (4.18)
n m

ITpn poMy KOKHA rapMOHIKAa Ma€ CBOIO BIACHY aMIUNTyny By, .. AMIUNTyan
MO’KHA BU3HAYUTH 3 IOYATKOBUX YMOB JO KOMYTAIIIi.

[le OyB ycTajieHHil pexkuM, 110 BiANOBIa€ GYHKINT iKa Ma€ OJJMHUYHE 3HAUCHHS B
inTepBani |x| < a, |y| < b 3 Bizomum po3ramryBanHaM B psani Dypse.

Hani qist po3paxynky marHitonposin 4A100L6Y3 1 4A71B4Y3 — nonepeunwii

2

nepepiz 1320 Mm? i 825 MM? , IOBKMHA CEPEIHBOT MarHiTHOI miHii 493,2 MM i 329,8

MM, cTaib 2013.
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2a 3 2a 5 2a

I 1 3m 1 b5m
X (cos—y——cos—+—cos—x — ) =

16 T 1 3w 1 5
flx,y) = F(cos—x——cos—x+—cos—x _ )

2b 3 2b 5 " 2b
_ 16 (-DP ()7 (2p-D)m @r-nm_\ _
w2 Lpr (2p—1 2r—1 0% g X053, y) =1 (4.19)

[lepexoanmMo 110 3aKOHY 3aTyXaHHS MarHiTHOTO MOTOIY B MarHiTOIPOBO/II.
3HaueHHS! MOTOKY BHM3HAYAETHCS K IHTErpaJl MArHITHOI 1HIYKIIi MO BCHOMY

nepepizy CTep KHs

a b
d = 4p uondedy, (4.20)
00

B naniii 3amadi IiKaBUTHh BIJHOIIEHHS MAarHITHOTO IIOTOKY JI0 TIOTOKY B
ycTajgeHoMy pexumi (Pg), OueBHIHO, IO OCTAHIN

CDO = 4‘}.1 l.loa b Ho, (4‘21)

[TincraBnsitoun 3HaigeHi 3HaueHHs H B (4.14) 1 BUKOHABIIM 1HTErpyBaHHS

OTPUMAEMO:
(0] 64
v — mt BT

B ocTanHi1#1 pIBHOCTI 3HaK MOABIHHOT CYMHU MOKA3Yye, 0 CYMYBaHHS B110yBa€ThCS

—1\2 /42 _13\2 /2
2 2p—-1)“/a”+(2r-1)*/b t] (4.22)

ex [—T[
P 41 HoY

(2p-1)?(2r-1)?

1o BCiM 3HaueHHsM p = 1,2,3 .11 v = 1,moTiMm 1t v = 2,7 = 31 Tak jami. pir —
wieHu psagy Pypee.

[Tpu t=0 moka3zHuKOBa PYHKI[IS IEPETBOPIOETHCS B OMUHHUIIIO. [Ipu iboMy
4

1 m 23
;(2;9 —1)2(2r—1)2 64’ (4.23)

) . @
BIJIIOBITHO 50—1 nipu t=0.

BBOI[I/IMO HOBI BEJIUYNHU

k = (4.24)

)

b it
a ~ 4b2oup,’

3aKOH 3MEHILIEHHSI MAarHiTHOTO TTOTOKY
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exp{—[(—2p — 1)%k? + (2r — 1)?]6}

O 64
Dy FZ (2p — D2(2r — 1)2 (4.25)
b,r
Ta6nui 6.1 — Pe3ynbratu o0UnCIeHHS.
Marnitonposin | YcraneHui MaxkcumanbHa Ycepennena VYcepennena
MarHiTHUN notik | EPC  (BimHOCHe | mocTiliHa 4Yacy | OCTiiiHa  4acy
(BIIHOCHE 3HAUEHHS ) | 3HAYCHHS ) 3aracaHHs 3aracanns EPC,
MOTOKY, MKC MKC
4A100L6Y3 1,0 1,0 130 44
4A71B4Y3 1,0 1,0 180 73
d/dy

D11
D22
D33

0.9

0.8]

0.7]

0.6}

0.5)

0.4

0.3]

0.2]

0.1

8x10"°

1.2x10°*

2x107*
timm

1.6x10*

24x107*

28x10"* 3.2x10°%

36x10"*

—4
4x10 t’ S

Pucynox 4.14 — Po3paxoBaHi KpuBI 3aTyXaHHSI MarHiTHOTO MOTOKY JJIL OCEP/ib:

YepBOHA KpUBa — HOPMAJIbHUI MAarHiTONPOBIJI, CUHS — AePEKTHUN, YHOPHA — aBapIMHUIMA

B nporpamaomy nakeri COMSOL Multiphysics Oyiio mpoBeaeHO po3paxyHOK JJist

BU3HAUCHHS  PO3MOJILTY

€JICKTPOMArHiTHO1

THTYKIIi1

(puc.

4.15) i

BUXPOBUX

ctpymiB (puc. 4.16) B CnMHIII MarHiTONMPOBOAY CTaTOpa ACHHXPOHHOI MAIIMHU MPH

BUKOPUCTaHI METOAY 3HaXOPKEHHsS] MUTOMHUX BTPAT B OCEP/II.
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A 134

1.2

0.8

0.6

0.4

0.2

V¥ 0.06

Pucynox 4.15 — Po3nosin MarHiTHOI IHIYKITIi B CITHHII

A 373
3

2.5

V¥ 0.51

Pucynok 4.16 — Po3moij BUXpOBUX CTPYMiB B CITUHIT

J{nst MOJIenTi Mar"iTONpoBiJ 3a/1aBaBCSI MACUBHUM. 3 PUCYHKY BUIHO BILTUB €(DEKTY
BUTICHCHHS Ha BUXPOBI CTPYMH.
byno 3HsTO cnekTporpamu BiOpaliii Ta ocuuiorpamu 3atyxanHs EPC s

SIKICHOTO 1 HE SIKICHOTO MarHiTONPOBO/TY.
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4.8 ExcnnepuMeHTAJIbHI 1aHi

Hani 3us71Ti 32 fonomororo IBC V]I ta enekrpoHHoro ocuuiorpada.

Hwuxue npuBeneHi ekcnepuMeHTanbHi KpuBi 3aTyxaHHs EPC y BumiproBasibHil
oOMOTIII Ta CHEKTporpamMH BiOpaliid Jyisi TaKMX MAarHiTONpoBOAiB: 1- 3 Xopoioro
MDKJTUCTOBOIO 130JISIIIEI0 Ta XOPOIIMM TMPECYBaHHAM 3 yAApPHUM Ta 0€3 yIapHOTO
BIUTMBY; 2- 3 TIONIKO/KEHOI0 MIKJIMCTOBOIO 130JISIII€I0 Ta MTOTAaHUM TPECYBaHHIM 0e3
yAApHOTO BIUIMBY; 3 - 3 TOIIKOJXEHOI MDKIMCTOBOIO 130JISI1€0 Ta MOTaHUM
MPECYBaHHSAM 3 yJIapHUM BIUIMBOM; 4 - 3 MOIIKOMKEHOI0 MDKJIMCTOBOIO 130JISIIIEI0 Ta
XOpOLIUM MpEeCyBaHHSAM 0€3 YJapHOIO BIUIMBY; S - 3 MOLIKOJKEHOI MIXJIMCTOBOIO
130JISII€}0 Ta XOPOIIMM TMPECYBaHHSIM 3 YIapHUM BIUIMBOM; 6 - 3 MOTIPIICHOIO
MDKJIUCTOBOIO 130JISII1€F0 Ta MOTIPIICHUM TPECyBaHHSIM 0O€3 yAapHOro BIUIUBY; / - 3
MOTIPIICHOI0 MIJIMCTOBOIO 130JISIIII€I0 Ta TOTIPIICHUM TMPECYBaHHAM 3 YIapHUM
BILJTUBOM.

1) Jlmg Mar"iTonpoBoay 3 XOPOIIOK MDKJIMCTOBOIO 130JIALIEI0 Ta XOPOLIUM

MIPECYBaHHSIM 3 YAApHUM Ta 0€3 yapHOTO BILIUBY.

CH1 Cursor

dy:
yl:
y2:
che:
sl
a2
Divisions:  [-100~100]
0.00

. o A, bt L we
' ! ||l = Type: MNone -

CH1 Time / Div

scale: 50 uS -

CHL Volt / Div

scale: 200mV -

Pucynox 4.17 — ExcnepumenTtansna kpusa 3atyxanas EPC y BumiproBanbHii

00MOTIII

172



0.005.

00054-----------
0.0054---------}-
00054-----------
0.0044- o=
0.0044-----------
' 0.0044-----------
0.0044--------oo-
0.0044---
0.0034---
o
* 0.0034--
w
© 0.003{---
%
£ 00034
g
8
£ 0.0034-----------
g
8 0.0024-----------
;5 0.0024-----------
2
© 0.0024-----------
0.0024-----------
0.0024-----------
0.0014-------ooo o
0.0014----------
00019-<:veed
0.0014---

0.0014----------
0.0004- 7=+~

0.0004--------

ol - . ; y
0 1000 2000 3000 4000 5000 6000 7000 8000

9000 10000
“acrora (Fu)

Pucynox 4.18 — Cnexrporpama BiOpailiii BUMIpsiHa Ha MarHiTOMPOBOIi

3 pucynky 4.17 1 4.18 BuaHO, 110 B IaHOMY MAarHiTOMPOBOJI NPU yAApHOMY i

KOMYTAI[IHHOMY BIUIMBI HE BUSBJICHO MOPYIICHHS 130JIA111T Ta MOCIA0JICHHS TPECyBaHHS

MaKeTy.

2) [nst Mar"iTonpoBOly 3 MOIIKOJKEHOK MIXJIMCTOBOIO 130JIALIIEI0 Ta MOTaHUM

MMpCCYBAaHHIM 0e3 YAApHOTO BIUIABY.

File View Format Communications Language Help

eo@ HEE:  fa9¢ | BE|@

CHI1 Cursor

dy:
yl:
y2:
dx:
il
7]
Divisions:  [-100~100]
0.00

CH1 Time / Div

CHI1 Volt / Div

Pucynox 4.19 — ExciepumenTtanbHa kpuba 3atyxanas EPC y BumiproBanbHil

00MOTII
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3) Jns MarHitonpoBoAy 3 MOIIKOMKEHOK MDKJIHMCTOBOIO 130JIS11€H0 Ta TTOTaHUM

IIPpCCYBAHHAM 3 YAAPHUM BIIJINBOM.

me ) @
File View Format Communications Language Help
lccals < RNeEBRE| @
I CHI Curser

dy:

yl:

y2:

i

il

*2

Divisions:  [-100-~100]

0.00

Type:
N CHI Time / Div

CH1 Volt / Div

Pucynoxk 4.20 — ExciepumenTtansHa kpua 3atyxanns EPC y BumiproBanbHii

00MOTIII

®Qaiin  Mapamerpu |

oo (ke Fnnnnssnnsr pratsnstsnanened Vrmansnstananan R S i e R iinmssnstanses Prrsmananananers
0.005 -~} ---f------ boosmnnoneneeesd Eonoenzennoasod fonnzenzennaeas beooomnnonesensd Y | P bosnrzeenznnnasd foonnszmenznnnes Foreononnnoesses
0.0054- -4+ : : : : : ; ! :
0.005 - f---4----
0.0044---f---4----
0.0044------
0.0041--f--- ; o s e RS e e preSRsR
0.004 - : [ SR e pRESRRER S prRsSshERRESe, PRRESEREShEaES s
00044 4--- -
0003 4§
o
? 0.003{-|-§---
w
2 0.0034-|-¢---
><
= oo03]-{-§--- 4
2oo0a]-|-§--- 4 PR R SRR R SRR R e RPRRRTRE SRR
g : : ! 3 : 3 ; :
200024 - 44 Al [ I b erm— preS———— e e —— P g e e i
Eoooz|-|-§--4-
2
©o0o0024-f-4---f--

o0024-|-§--- B
oo002{-|-§---B-
0.0014-}-
0.0014-}-

0.0014-}-
o.001{-|-&--
o.0014-1- M-

0.000-}-
0.000
0

u
9000 10 000
Yacrora (Mu)

Pucynox 4.21 — Cnextporpama BiOpailiii BUMipsiHa Ha MarHiTOIIPOBO/II
[IpoanamizyBaBmm pucynku 4.20 1 4.21 MoxHa cKazath, 0 B JaHOMY

Mar"iTOnpoBOAl MPY YAAPHOMY 1 KOMYTAI[ITHOMY BIUIMBI BUSBIICHO MOPYIIEHHS 13011111
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(301IIBIIMBCS Yac 3aTyXaHHs) Ta MOCIa0JICHHS TPECyBaHHS MakeTy (HasBHICTb BEJIMKO1
KUTBKOCTI MAKCUMYMIB CIICKTPaIbHOT T'YCTUHH MOTYKHOCTI).
4) JInst MarHiTOMPOBOAY 3 MOIIKO/HKEHOI0 MIKIIMCTOBOIO 130JIALII€I0 Ta XOPOIINM

MpecyBaHHsAM 0€3 yIapHOTO BILIUBY.

| OWON Oscm EELI

File VWiew Format Communications Language Help

eo@ HEF: £ 8| BE|®

CHL Cursor

dy:
yl:
y2:
e
¥l
*2

Divisions:  [-100-~100]
0.00

E3
I CHI1 Time / Div
CHI1 Volt / Div

Pucynok 4.22 — ExcniepumenTtaibHa kpuBa 3atyxanas EPC y BumiproBasibHiii
00MOTIII
5) Jlns MarHiTOnpoBOy 3 TOMIKOKEHOK MIKIIMCTOBOIO 130JISIIIEI0 Ta XOPOIITUM

IIPECYBAHHA 3 YAAPHUM BILUIMBOM.

File View Format Communications Language Help

co@g HEE: | £a¢ a8 BE|@

CHI1 Cursor

dy:
yl:
y2
dx:

¥l

x2:

Divisions:  [-100-100]
0.00

(=
CH1 Time / Div
CHI Volt / Div

Pucynok 4.23 — ExcniepumenTaibHa kpuBa 3atyxanHs EPC y BumiproBasibHiii

00MOTII
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®Qaiin  Mapamerpun

0.005
0.005
0.005
0.005
0.004
0.004
0.004
0.004
0.004
0.003

o

* 0.003

w

2 0.003

=

= 0.003

g
8
Z 0.003
&
2 0.002
;5 0.002
z

S 0.002
0.002
0.002
0.001

0.001
0.001
0.001
0.001
0.000

0.000

0 -+
9000 10 000

Yacrora (Mu)

" T " N T
0 1000 2000 3000 4000 5000 6000 7000 8000

Pucynok 4.24 — Cnextporpama BiOpatiiii BuMipsiHa Ha MarHiTOIPOBO/II

6) Jlss Mar"iTonpoBoO Iy 3 MOTIPIICHOI MIKIUCTOBOIO 130JIS1I1€10 Ta MOTIPIICHUM

MMpCCYBAaHHIM oe3 YAApHOI'O BIVIUBY.

File View Format Communications Language Help

e HEH:  29¢ 8 BRE| @

CHI1 Cursor

dy:
yl:
y&
di:

xl:

74

Divisions:  [-100-~100]
0.00

(|

CH1 Time / Div
CH1 Volt/ Div

Pucynok 4.25 — ExcniepumenTanbHa kpuBa 3atyxanas EPC y BumiproBasibHiii

00MOTII
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7) Jis Mar"iTonpoBoO Iy 3 MOTIPIIEHOI MIKIUCTOBOIO 130JIA11€10 Ta MOTIPIICHUM

IIPECYBAHHSAM 3 YAAPHUM BILUIMBOM.

"l owon Dscm EE.L|

File View Format Communications Language Help

EEH: | Efa¢ 8 BE|®

EX=1-1

CHL Cursor
dy:
yl:
y2i
e
ul:
a2
Divisions:  [-100~100]

#JL_ . 0.00

T ——— R —

CHL Tirne / Div
CHL Volt / Div ‘

Pucynox 4.26 — ExciepumenTtansHa kpua 3aTtyxans EPC y BumiproBanbHii

00MOTIII

Qaiin  Mapamerpu |
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guuuz
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0 T T
8000 9000 10 000
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Pucynox 4.27 — Cnexrporpama BiOparliii BUMipsiHa Ha MarHiTOMPOBOIi
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BucnoBknu 10 Pozainy 4

B nanomy pozaim Oyno po3risiHyTo JlabopatopHi 3pa3ku IBC miarHocTuKH, SK1
OyaM eKCIepuMEHTAIbHO TMEPEBIPEHI MPU BUKOHAHHI HAYKOBHUX JTOCIHIIKEHb MO TeMi
aucepraiiitHoi podoTu. HaBeneHO CTpyKTypHI CXE€MH, OMHCAHO aJIrOpUTMH pOOOTH,
CTPYKTYpPY Ta OCHOBHI (pYHKIIIi TTpOTpamMHOTO 3a0e3MeUeHHs, 1110 BXOJIUTH JO CKJIaTy
po3pobaenux IBC.

B pesynbTati aHanmizy po3risiHyTHX CIEKTporpam BiOpailiil nocmimkenoro EO ta
HOro OKpEeMHUX €JEMEHTIB JOBEACHO, IO BiOpallii MICTATh CYKYHHICTh YacCTOTHHUX
KOMITOHEHTIB, IPUUOMY Ha JIEIKUX YaCTOTaX CIIOCTEPIrat0oThCsl XapaKkTepHI MAKCUMyMHU
CHEKTPAJIbHOI I'YCTUHU MOTY>KHOCTI.

Peanizaliisi KOMIJIEKCHOTO METOJIy OLIIHKU SIKOCTI IIMXTOBAHUX MarHiTOIPOBO/IIB
M0 CTaHy MDKJIMCTOBOI 130JISI[i1 Ta PIBHS PO3MYIICHOCT! JUCTIB MAarHiTOIPOBOY
J03BOJIMIIA OOTPYHTYBATH PEKOMEH/AIlli MO MOAATBIIOMY BUKOPUCTaHHIO oceps. [Ipu
OJIHOYaCHOMY BHUKOPHCTaHHI MIBUJIKOIUIMHHUX IHAYKUIMHUX BIUIMBIB Ta YJApHOTO
BIOpaIifiHOTO BIUIMBY TMpU CIIBBIJHOIICHH]I Je(EeKTIB MAar”iTONpoBOAY PIi3HOTO
MOXOJIPKEHHS HaJlaH1 HACTYITHI peKOMEHIaIlIi:

1) VY Bumaaky SIKiCHOT MDKJIHMCTOBOI 130JIAIiT 1 AKICHOTO MpPECyBaHHs MOCTiiHA
yacy 3aracaHHs BUXPOBHUX CTPYMIB 3aJMIIA€THCS HE3MIHHOIO, 45-55 MKC, 110 Bi/ANOBIIa€
HOPMaJIbHUM TUTOMHUM BTpaTaM 2,8-4 BT/kr npu B g50. Maruironpoia npuaaTHui 10
BUKOPUCTAHHS.

2) V pasi AKICHOI 130JiAMii Ta HpU OcCIabJicHOMY TMpecyBaHHI IMOCTiiiHa Yacy
3racaHHs BUXPOBUX CTPYMIB 3aJIMIIAETHCS BITHOCHO MOCTIHHOIO HE Oubie 60 MKC, 110
BiMoOBilae muToMuM BTpatam 2,8-4 Bt/kr. KinpkicTh MakCHMyMIB CHEKTPaJIbHOI
IYCTUHH TIOTY>KHOCTI 3pOCTa€ 10 TpboX Ta Ouiblie. MarHiTonpoBij BHUMarae
TEXHOJIOTIYHUX OIEpalliil 3 yCyHEHHS HaJMIPHOTO PO3ITyIIyBaHHS.

3) ¥V pa3i iCTOTHO TOPYIICHOI 130JAIi1 Ta OJHOYACHOMY PO3IYIIyBaHHI
MarHiTONpoBOAY, MOCTIMHA Yacy 3racaHHsl BUXPOBUX CTpyMiB cTaHOBUTH 130-200 mKkc,
0 BIAMOBiga€ MUTOMUM BTpatr 8-15 BT/kr. 3a BifCyTHOCTI MEXaHIYHOTO YAApPHOTO
BIUTMBY MOCTi{HA Yacy 3racaHHs BUXPOBHX CTPyMiB cTaHOBUTH 90 MKkc. B TakoMy cTani

Mar”iTONpoBiJl HE MPHUAATHUN UId eKCIulyaTamii. Y BUIAAKY KOJHU TMOCTIMHA Yacy
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3aracanHs MeHiie 90 MKC HEOOXITHO MPUUHATH MIPU IO YCYHEHHIO IMOCJa0JIeHHs
IpeCcyBaHHsI Ta 3MIHUTH TACIOPT 310paHOi MaITMHU 3T1HO PEKOMEHAIISM, 1110 HaJIaHO

B Po3mim 3.
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PO3/1J 5
ATNIAPATHI 3ACOBY BU3HAUYEHHS SIKOCTI LIMXTOBAHUX
MATHITONPOBO/IIB 3AITPONIOHOBAHMM METO/I0OM

5.1 MakeTHHUH 3pa30K anapatypu JJs JiarHOCTUKH JJAMIHOBAaHUX OCeplb

OyHKIIOHATBHA CXeMa MPUCTPOIO JIJIsl BUSHAYCHHS CTaHY MIXIJIMCTOBOI 130JISIIi{
IIMXTOBAHOI'O MarHiTONPOBOY MOKa3aHa Ha puc. 5.1. [Ipuctpiii cknanaerscs 3:

- T'eneparopa cuHycoinaibHUX KonuBaHb BUCOKOi1 yacToTu (1000 Ta 10000 I'w);

- BJOK cuI0BHX KIIIOYIB Ha OCHOBI MOJIbOBUX TPAH3UCTOPIB 3 ApaliBepaMu;

- bJOK XuBIEHHS, 10 KUBUTh T'€HEPATOpP, CHIIOBUN KJIHOY Ta OJIOK 0OpOOKH
CUTHAIY;

- bnok ananizy Ta 00poOKH OTPUMAHOTO CUTHAIY;

- HocnimxyBaHuii 00’ €KT.

[IpucTpiii yMOBHO MO’KHa TMOJUIMTH HA TPU OCHOBHI YAaCTHHH: CHUJIOBY,
BUMIPIOBaJIbHY Ta 00’ €KT KOHTPOJIIO, SIKI OB’ S3aH1 IHAYKIIHHUM IIJISIXOM 4epe3 00’ €KT
KOHTPOJTI0, Ha IKMIl HAMOTaHO OOMOTKY 30y/I’)K€HHSI Ta BUMIPIOBaJIbHY OOMOTKY.

Takuif mpucTpii 103BOJSIE BUKOHYBATH MEPEBIPKY SKOCTI MIKIUCTOBOI 1301111
oceplisl EJIEKTPUYHMX MAIUH Majoi Ta CepeaHbOl MOTYXHICTI (00’€KTiB) 0e€3

3aCTOCYBaHHA JOJATKOBUX BUMIPIOBAJIbLHUX MPUIIAIIB.
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220B

[

BI0oK KHBIIeHHST

Husnenns 12B

Baox I'BY . -,
biok cHmoBoro Brox Arduino 3 00B'I3K010
EJIHOHa
aMILTiTy A bIox 1HaHKaIi

JIBOTIOIOCHHIH
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5.2 Cuctema 0JIOKY reHepaTopa BUCOKOI YACTOTH
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Pucynox 5.2 — CtpykrypHa cxema NE555

OcHOByY 0JIOKY reHepaTopa BUCOKOT YaCTOTH CTAaHOBUTH MOIYJISIPHUNA TaltMep
NESS55 (Bin xe — LMS55, LC555, SE555, HASSS, a takox 6araro iHmmx). Taky
MONYJISIPHICTD 11 MIKpOCXeMi 3a0e3MeunIIu:

®  [IPOCTOTA;

e  JICHICBU3HA;

® I[HUPOKHUU Jiana3oH HAMpPYT KuBJIeHHS (4,5-18 B);

® BUCOKA TOYHICTh Ta CTaOLIBHICTH (TemmepaTypuuit apeitd 0,005 %/oC,
npeiid Big Hanpyru skuBieHHs: — MeHie 0,1 %/Boinbr).

Tako repeBaroro JaHoi CXeMH € HAUIIUPII MOKJIMBOCTI 3aCTOCYBaHHS.

CrpykTypHa cxema TaitMepa rmokazana pucyHky 5.2. Ha cxemi 300paxeHo:

1. GND — KOoHTaKT 3a3eMJICHHS.

2. Trigger — 1iHBEepPTYIOUHWI BXiJl KOMIIApaToOpa, BiJIMOBIIAIBHOTO 3a

BCTaHOBJIeHHs1 Tpurepa. Konm Hampyra Ha il HO31 ctae menme 1/3 Vee (TobTO
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MEHIIIe, Hi’K HalpyTa Ha BXO/ll KOMITapaTopa, 1o He iHBepTye) — Ha BXia SET tpurepa
HAJAXOAUTH JIoTiuHa 1. SIKIO mpu 1bOMY BiJICYTHI CUTHAJIM CKHJAHHS HAa BXOAaX
Reset, To Tpurep BCTaHOBUTHCA (Ha WOTO BUXOJ1 3 ABUTHCS JIOT1uHUH (, TOMY 110
BUXI1Jl IHBEPTOBAHUH).

3. Output — Buxin TatiMepa. Ha oMy BUBO/II € IHBEpTOBAHU CUTHAJ 3 BUXOTY
TpHUrepa, ToOTO KOJIM TpUTEp 3BeleHUH (Ha Oro BUXO1 HyJb) — Ha BuBoAl Output
BHUCOKHI P1BEHb, KOJIU TPUTEP CKUHYTHI — Ha IbOMY BUBO1 HU3bKHUI PiBEHb.

4. Reset — ckumanss. SIKIIO meW BXiJ MIATATHYTH 10 HU3KOTO PiBHS, TPUTEP
CKHUJIa€ThCs (Ha MOro BHUXOJ1 BCTAHOBIIOEThCS 1, ane B BUXOJ TailMepa HU3BKUN
PIBEHb).

5. Control — xonTposs / ynpaininas. Lleli BXix 103BOJISIE 3MIHIOBATH TOPIT
CIpallbOBYBaHHS KOMIIApaTopa, KEPyKOUYOro CKUAAHHAM Tpurepa. SKio Bxig 5 He
3a[IIsTHUM, 1Ie¥l NOpIr BU3HAYAETHCS BHYTPIIIHIM JIJIbHUKOM HANPYyTHU HA PE3UCTOPax
1 popiBHio€ 2/3 Vcc. Bubig Control MoxHa BHKOPUCTOBYBATH, HANPUKIAA, IS
oprasi3ailii 3BOpOTHOTO 3B’ SI3Ky 3a CTPyMOM a00 HApyToro.

6. Threshold — mopir. Kosm Hampyra Ha 1mbOMY BHBOJI CTa€ BUILNOIO 3a
MOpPOTroBY (sIKa MpH He3aaiTHOMY BHMBOAL S5, mopiBHIOE 2/3 Vcc) — BiAOyBaeThes
CKHJIaHHS TpUTepa 1 Ha BUXO/Il TalilMepa BCTAHOBIIIOETHCSA HU3bKUN PIBEHbD.

7. Discharge — po3psia. Ha nisomy Buxoai NESS55 taiiMmep mae TpaH3ucTOp 3
BIIKpUTUM KOJIeKTOpoM. Konu Tpurep CKUHYTUH — 11€il TPaH3UCTOP BIAKPUTHH 1 HA
BUXO/1 7 € HU3bKUI pIBEHb, KOJM TPUTe€p BCTAHOBJIEHUN — TPAH3UCTOP 3aKPUTHUH 1
BUB1J 7 3HAXOIUTKLCA B Z-CTaHl.

8. V¢ — Hampyra »KUBJICHHS.

Ha pucynky 5.3 nokazano Moau(ikoBaHO CXEMY 3 JI0JIaBaHHSIM pe3rcTopa Ta

KOHJIEHCaTOopa.
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Pucynok 5.3 — MoaudikoBana cTpykTypHa cxema NE555

CnoyaTky Ha Jpyrid HO31 € BUCOKUU piBeHb. Ilicis BKIIOUEHHS TpUrep
CKUHYTHMH, HAa BUXO/1 TPUTe€pa BUCOKHI PIBEHb, HA BUXO/I1 TalkMEpa HU3bKUI PI1BEHb,

Ha 7-i HO31 T€K HU3bKUI PIBEHB (TPAH3UCTOP BCEPEANHI BIIKPUTO).
[ITo6 BimOysocs mepeMUuKaHHs Tpurepa — HEOOX1THO MOAATH Ha APYTY HOTY

piBeHb HIKYe 1/3 Ve (TOAl epeMKHEThCsl KoMITapaTop 1 cpopMye BUCOKHI piBEHb
Ha BxoAl Set Tpurepa). [loku piBeHb Ha 2-i1 HO31 3anuIIaeTbest BUIIUM 3a 1/3 Ve —

TaliMep niepeOyBae B CTa0IbHOMY CTaH1 1 HIIKUX NepEMUKaHb HE B1JI0OYBAa€THCS.
SIK TUTBKM pIBEHB HA 2-W HO31 Boage Hkue 1/3 Ve — crparoe koMmapaTro
5

MIJKITIOYEHUH 10 BXxoay Tpurepa (S), 110, BIAMOBIJIHO, BUKIWYE BCTAHOBIICHHS

TpUrepa.
Ha Buxoai Tpurepa 3’siBUThCSI HYJIb (OCKUJIBKM BUXI1J TpUrepa iHBEPTOBAHO),
MpH [IbOMY Ha BUXO/I1 Taiimepa (3 Hora) BCTAHOBHUTHCS BUCOKHUH piBeHb. KpiM 116010,

TPaH3UCTOP HA 7-1 HO31 3aKpUETHCA 1 7-a HOTa Tepeiiie B Z-CTaH.
[Tpu ubomy yepes pezuctop Rt noune 3apsmxarucs kouaeHcatop Ct (OCKUIbKU

BiH OLJIbIIIE HE 3aMKHEHHUH Ha 3eMJIIO Yepe3 7 HOTY MIKPOKOHTPOJIEPA).
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Sk TuUbKM piBeHb Ha 6-M HO31 MigHIMEThCA BuINe 2/3 Vcc — copairoe
KOMIIapaTop, MIAKIOYEeHUH 10 BXoay R2 Tpurepa, 1mo mpusBene 10 CKUIAHHS
TpUTepa Ta TOBEPHEHHS CXEMH JI0 TIOYATKOBOTO CTaHYy.

Tak mpairroe cxema, sika Ha3UBAETHCS OJHOBIOpPATOPOM a00 MOHOCTAOLTLHUM
MYJIbTUBIOPATOPOM, TOOTO PUCTPIii, 10 POpMye OTUHIUUHUN IMITYJIBC.

[IIo6 BU3HAYNTH TPUBATICTH IIHOTO IMITYJILCY JOCTATHRO MOPAXyBaTH, 32 SKUN
yac konjaeHcaTop Ct 3apsautbes Big 0 10 2/3 Ve uepes pesucrop Rt Bix mocTiiiHo1
Hanpyru Vce.

Hexaii xoHzeHcaTtop 3apsixkaeTbes depe3 pesuctop R nHampyroro V, Bin
novatkoBoro piBas Up.

Sk B1I0OMO 3 TEOpIi CTPYM Ta Hallpyra Ha KOHAEHCATOPI:

[=C— (5.1)

(Vn-U)

Ctpywm uepes pesucrop: [ = . OCKibKH 11€ TOM caMUl CTPYyM, SIKHI Teue

yepe3 Pe3ucTop 1 3apsikae KOHACHCATOP, MOXHA CKJIACTH MPOCTe TU(epeHITiallbHE

piBHSIHHSI, IO OIMHUCYE ITPOLECC 3apiaAay KOHACHCATOpA:

C dUu _ (Vo -U) (5.2)
dt R 7
[TepeTBOpUMO PIBHSIHHS 10 BUIY:
du
Vn =RC T (5.3)
e nudepeniianbHe pIBHSIHHS Ma€e pO3B’° 130K, BUY:
U = Uy + (V1 — Uy) (1 - e‘%), (5.4)

3natoun, mo Ug = 0, Hanpyra >KUBJICHHS TOPIBHIOE Vcc, a KiHIIEBAa Hampyra
nopiBHIOE 2/3 Vcc.
3BiJIcH OTPUMYEMO TPUBAIICTh IMITYJIbCY OJHOBIOpaTOpA.

Jlonamo 10 cXeMu e OJIMH PE3UCTOP, 1 SMIHMMO MIAKIIOUCHHS HIT (puc 5.4).

185



R1
Threshald R
& g +
Contral —J>R1 u 1
R2 | e Cutpuit
[] Rz s
113 Vieo :
Trigger
2 A B
7 ;

Ff'i.f.chahr:_]e
—_ R
Ct

1

& GND

Pucynok 5.4 — MonudikoBaHa CTpyKTypHa cxema OJIHOBIOpaTopa

Ha nouatky konnencarop Ct po3psiikeHuild (Hampyra Ha HbOMY MeHie 1/3
Vce), 0TKe, CIpallioe KoMIapaTop 3amycKy 1 copMye BUCOKHI piBEHb Ha BXOA1 S
Tpurepa. Hanpyra nHa 6-ii HO31 MeH1Ie 2/3 Ve, 0TKe KoMIaparop, o ¢gopmye
curHaji Ha Bxojl R2, BUMKHeHM (Ha HOTO BUXOJ1 HU3bKUU PIBEHb, TOOTO CUTHAITY
Reset Hemae).

OTtxe, Biapa3y MICaAs BKJIIOYEHHS TPUTEp BCTAHOBUTHCS, HAa HOTro BHUXOl
3’aBUThCs Joriuanii (0, Ha BUXOJI TaliMepa BCTAaHOBHUTHCS BUCOKUW PIBEHB,
TPaH3UCTOP Ha 7-M HO31 3aKpueThCs 1 KoHJAeHcaTop Ct mouyHe 3apsaKaTucs yepes
pesuctopu R1, R2. Ilpu ipomy Hampyra Ha 2-ii Ta 6-if HOrax MoYHe POCTH.

Komu g nanpyra supocte 10 1/3 Ve — nponazge curHan Set (BIAKITIOYUTHCS
KOMITapaToOp YCTAaHOBKHU TPUTEpa).

Curnan Reset copMyeThCsi BEpXHIM Ha HAIIOMy MAJIFOHKY KOMITApaTOpPOM,
KOJIM Hamlpyra Ha KOHJEHCAaTopi, @ pa30M 3 HUM Ha 2-i 1 6-i1 Horax JOCATHE 3HaUYEHHS
2/3 Ve (TOOTO sIK TUIBKHM Hampyra Ha KOHJEHCATOPl CTaHe TPOXH OibIle — Bipasy
chopmyetbes Reset) .

[leit curnan (Reset) ckuHe Tpurep 1 MOro BUXOJl BCTAHOBUTHCS BUCOKHI
piBeHb. [Ipu 11bOMy Ha BUXO/I1 TailMepa BCTAHOBUTHCA HU3bKUI PIBEHb, TPAH3UCTOP

Ha 7 HO31 BIIKpHETHCS 1 KOoHAeHcaTop Ci MOYHE po3pspKaTHC depe3 pe3uctop R2.
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Hamnpyra na 2-# ta 6-i1 Horax noyHe nagaTu. Sk TIIbKU HaIIpyra CTaHe TPOXU MEHIIIE
2/3 Ve — BepxHili KOMIIapaTop 3HOBY MEPEMKHEThCS 1 CUTHAI Reset mponaze, aie
BCTAHOBHUTH TPUTEP TETEP MOKHA TUTHKU CHUTHAJIOM Set, TOMY BIH TaK 1 3aJIUIIUTHCS
B CKUHYTOMY CTaHi.

Sk Tinbku Hanpyra Ha Ct 3HM3UTHCS 110 1/3 Ve (cTaHe TpoXu HIKYE) — 3HOBY
CHpallloe HIDKHIA KoMmmapaTop, skuil ¢opmye curHaia Set, 1 Tpurep 3HOBY
BCTAHOBUTHCS, HA IOTO BUXO/11 3HOBY 3’ IBUTHCS HYJIb, HA BUXO/I1 TAlIMepa — OJJUHUIIA,
TPAH3UCTOP HA 7-i HO31 3aKPUETHCS 1 3HOBY PO3MOYHETHCA 3apsij] KOHIEHCATOPA.

Jami e mporec Tak 1 IPOJIOBXKYBATUMETHCS 0 HECKIHYEHHOCTI — 3apsijl
koHgeHcaropa yepe3 R1, R2 Bix 1/3 Ve 10 2/3 Vee (Ha Buxoi TaliMepa BUCOKHUH
PIBEHB), MOTIM PO3psa KoHaeHcaTtopa Bif 2/3 Ve a0 1/3 Ve uepes pesuctop R2 (Ha
BUXO/I1 TaliMepa HU3bKUI PIBEHb).

Takum 9uHOM, CXeMa TeTep MPAIoE K TeHEpaTOp MPSIMOKYTHHX IMITYJIbCIB,
TOOTO MYJbTUBIOpPATOp B ABTOKOJMBAJIBLHOMY pEXKHUMI (KOJM IMIYJbCH cami
BUHUKAIOTh, 0€3 Oy b-sKUX 30BHIIIHIX BIUIMBIB).

[Ipu 3apsiai kouAaeHcaTopa Hanpyrow Vee yepe3 R1, R2 Bin 1/3 Ve 10 2/3 Ve
Ma€eMo:

e—t

" (R1+R2)C)’ (5:5)

2 1 1
§VCC = §VCC + (VCC - §Vcc) 1

3BIZICH OTPUMYEMO TPUBAIICTH IMITYJIbCY HAIIOTO MYJIbTUBIOpaTOpa.

AHaNOTIYHO 3HAXOAMMO TPUBAIICTH MAy3H, TIILKHU TENEP MOYAaTKOBHUM PiBEHb
2/3 Ve, He 3apsampkaeMo KOHACHCATOP Bl Ve, a PO3psAIKaEMo Ha 3eMirio (ToOTo
3aMicTh Vi1 y popmyity MOTpiOHO MiICTaBUTH HYJIb, @ HE Vcc) 1 pO3ps Wie TUIbKU

yepes pe3uctop Ry:
1 2 2 et
§VCC=§VCC‘|'<0—§VCC> 1_RZ_C ) (5.6)
3BiiCH OTPUMY€EMO TPUBAJICTH MAy3U MYJIbTUBIOpATOpA.

[lepion iMImysbCy Ta YacTOTa MyJIbTHUBIOpaTOpa:

1
T=tl-+tn=—ln(z)*(R1+2*R2)*Cz0,693*(R1+2*R2)*C, (5.7)
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Ha puc. 5.5 npuBezeHa eneKkTpruuHa MPUHIIUIIOBA CXEMa OCHOBHUX E€JIEMEHTIB

I'BY.
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Pucynok 5.5 — [Ipunnunosa enekrpuyna cxema ' BU

[{sa cxema >XMBUThCS Hampyrow 12 B, mo mnomaerbcs Bii KOMIT FOTEPHOTO

0JIOKY >KUBJICHHS.

5.3 Po3podka cxeMu CHJI0BOT0 KJIK04Ya

CunoBui KJIH0Y )KUBUTHCS B1JI TOTO XK JIXKEpeJia >KUBJICHHS 110 1 reHepaTop. Bin

CKIIQZIa€Thesl 3 Mikpocxemu ApaiiBepa IR2110 1 cunmoBoro kitoya Ha 6a31 MOJIHOBOTO

TpaH3UCTOpAa.

brok-cxema npatiBepa [IR2110 300paxena Ha puc. 5.6.
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Pucynok 5.6 — bnok-cxema npaiisepa IR2110

Hpaiisep IR2110 BumyckaeThcs y 1BOX KOpItycax —y BUTJIAI 14-KOHTaKTHOTO

PDIP nns BuBimHoro MoHTaxy Ta 16-kontakTHOr0o SOIC 171 MOBEPXOBOTO MOHTAXY.
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Ve — 11 )KUBJICHHS HIXKHBOTO PiBHSA, 110 Mae Oytu Mixk 10 B 120 B. Vpp — 118
noriune xuBieHHs i IR2110, Bono mae 6ytu mixk +3 B 1 +20 B (cTrocoBHO Vss).
dakTUYHE HAMPYKCHHS, K€ OOMPAETHCS ISl BUKOPHUCTAHHS, 3aJICKUThH Bijl PiBHS

HaIPyTH BX1IHUX CUTHAJIIB BIJIMOBIHO 110 rpadiky puc. 5.7.
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Pucynok 5.7 — 3anexHicTh JIOT14HOT 1 B )KUBJICHHS

[Ipu3HauenHs koHTakTiB Mikpocxemu IR2110 Bkazano B Tabmmmi 5.1.

Tabmuus 5.1 — [pusnayenns BuxonaiB mikpocxemu [IR2110

CumBon Ommc
Vb JKuBiieHHS U JTOTIKH
HIN Jloriuynuit BXi 711 BEPXHBOTO PiBHS, B (a3l
SD Jloriuamit BXid U1 3yTUHKH
LIN JloriyHuii BX14 17151 HWKHBOTO PIBHS, B (hasi
Vss Jloriuna 3emutst
Vg [TnaBatoye KUBJICHHS] BEpXHBOTO PIBHS
HO Buxin ynpaBiiHHS 3aTBOPY BEPXHBOTO PIBHS
Vs [ToBepHEHHS TJ1aBaKOYOTO KUBJICHHS BEPXHBOIO PIBHS
Ve ’KuBneHHs! HIKHBOTO PIBHSA
LO Buxia kepyBaHHS 3aTBOPOM HUKHBOTO PIBHS
COM [ToBepHEHHS KUBJIEHHS HUKHBOTO PIBHS
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3a3Buuail BUKOPUCTOBYEThCS Vpp, 10 nopiBHIoe +5 B. Ilpu VDD = +5 B
BX1AHMI mopir joriyHoi 1 Tpoxu Buie, HiX 3 B. Takum unHOM, KO Hampyra Vpp
= +5 B, IR2110 moxxe OyTu BUKOpUCTaHA JJIsl YIPABIIHHSA HaBAHTAKCHHSAM, KOJIH
Bxi «1» Butie, HiX 3 B. Ile o3nauae, mo IR2110 moxe OyTr BUKOPUCTaHUI Maiike
JUTSL BCIX CXE€M, TaK SIK OUTBIIICTh CXEeM 3a3BUYail MAalOTh KUBJIEHHS MpuOnm3Ho 5 B.
Konu BUKOpUCTOBYETHCS MIKPOKOHTPOJIEP, BUX1JHA Harpyra Oyie BUIIO0, HiX 4 B
(amxe MikpokoHTpoJiep yacTo Mae Vpp = +5 B). Komm BukopucroByeThest SG3525
a6o TL494 a6o inmmii IIIIM-koHTpoJIep, TO, HMOBIPHO, JIOBEIETHCS 1X >KUBHUTH
Hanpyrorw Oubmioro, HK 10 B, omke, Ha Buxomax Oyxae Oumbine, HiX 8 B, mpu
joriyHid onuuuii. Takum yuHOoM, IR2110 Moxe OyTH BUKOPHCTAHHMI MPAKTHUYHO
CKpIi3b.

Takoxx MOxHa 3HM3UTU Vpp ONpUOIU3HO 10 +4 B, SKIIO BUKOPUCTOBYETHCS
MIKPOKOHTpOJIEp YW OyIb-iKUil 4in, skuil gae Ha Buxoal 3,3 B (Hampukiap,
dsPIC33). locnin npoektyBanns cxem 3 IR2110 nmoka3zas, 1110 1HO/II cXeMa He MPalioe
HaJIeKHUM 4YMHOM, Koiau Vpp y IR2110 Oyna oOpana menme + 4 B. Tomy He
PEKOMEHAYEThCS BUKOPHUCTOBYBaTH Vpp HUXKYe +4 B. V OiabIIocTi cXxeM piBHI
CUTHAJly HE MAalOTh Hampyru MeHme, Hik 4 B sk «l», 1 Tomy HaivacTimie
BUKOPUCTOBYEThCS Hampyra Vpp = +5V.

k110 3 OyIb-KUX IPUUKH Y CXeMI1 PIBEHb CUTHAITY JIOT1YHO1 « 1» Mae Hanpyry
MeHIe, HiK 3 B, To moTpiOHO BHUKOpPUCTOBYBAaTHM NEPETBOPIOBAY pIBHIB a0o
TPAHCJISITOP PiBHIB, MO0 MIAHATH HANIPYTY 0 MPUHHATHUX MEXK. Y TaKUX CUTYyaIlisX
peKoMeHAy€eThCs miaBuIieHHs 10 4 B a6o 5 B Ta Bukopucranas y IR2110 Vpp =
+5 B.

Vss ne 3emus s jgorikd. COM — 1me «ImoBepHEHHS HU3BKOTO PIBHS», B
OCHOBHOMY 3a3€MJICHHSI HU3bKOro piBHSI npaiiBepa. IR2110 € Hei3zoiboBaHUM
npaiiBepoM, 111e o3Havae, o Vss 1 COM noBuHH1 OyTH 00MABA ITIAKIIOUEHI 10 3€MJII.

HIN ta LIN — e sioriuni Bxoau. Bucokuii curnan na HIN o3navae kepyBaHHs
BEpXHIM Kito4eM, To0To Ha HO 371licHIOETBCS BHBIJ BUCOKOTO pPiBHS. Husbkuit
curHan HIN o3navae BigkmouenHs MOSFET Bepxuworo piBas, To6To Ha HO
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3MIMCHIOETHCS BUBEICHHS HM3bkoro piBHA. Buxig B HO, BuCOKHMIT a00 HU3BKHH,
BBa)KA€THCS HE IO BIAHOIICHHIO JO 3€MJII, a IO BIMHOIIEHHIO 10 Vs. IligcuiaroBanabHI
cxemMH (miog + KOHIIGHCATOp), BUKOPUCTOBYHOUH Vcc, Ve Ta Vs, 3a0€3medyroTh
riaBatoue xuBJeHHs it ynpasiiHHa MOSFET. Vs — ne mmaBaioue 3BOPOTHE
xuBieHHa. [Ipu Bucokomy piBHiI piBeHb Ha HO nopiBHIOE piBHIO Ha Vg 1O
BiHOIIEHHIO 10 Vs. [Ipu Hu3bkoMy piBHi, piBeHb HO nopiBHIOE Vs, CTOCOBHO Vs,
(haKTUYHO HYJIIO.

Bucokuii curnan LIN o3Hauyae kepyBaHHS HWXKHIM Kirouem, ToOTo Ha LO
3MIMCHIOETHCST BUBIJ BUCOKOTO PiBHs. Husbkuii curnan LIN o3Hadae BIAKITIOUCHHS
MOSFET nmxuboro piBHs, T00TO LO 311iCHIOETHCS BUBEICHHS HU3BKOTO PIBHS.
Buxin y LO BBaxkaeThcs mono 3emii. Konu curnan Bucokuii, pieeHb LO Takuit
caMuii K 1 Ve, moao Vss, paktuuno 3emisa. Komu curnan Husekui, piBeHs LO
TaKui xe K 1 Vss, BITHOCHO Vs, GaKTUYHO HYJIb.

SD BUKOPHUCTOBYETHCS K KOHTPOJIb 3ynuHKU. Konu piBenb HU3bkui, IR2110
YBIMKHEHO — (DYHKI[i}0O 3yNMHKM BHUMKHEHO. KoM BUBIJ € BHUCOKHM, BHUXOIU
BUMKHEHI, BIJIKJII0o4aoun ynpasiinas [IR2110.

Opna 3 Haityactimmx cxem Bukopuctanusa IR2110 nns ynpasnaiaas MOSFET

1€ HAIIIBMOCTOBI CXEMHU.
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Pucynox 5.8 — bazoBa cxema Ha [R2110 nyst kepyBaHHS HaIMliBMOCTOM
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D1, C1 ta C2 cninbHo 3 IR2110 dhopmytoTs mifcumoBaibHui JaHior. Komu
LIN =11 Q2 Bximouenuit, To C1 1 C2 3apskaroTbes piBHA Vg, OCKUIBKH OJUH 10/
postamoBanuii Hux4de +Vec. Komm LIN = 0 1 HIN = 1, zapsan Cl 1 C2
BUKOPUCTOBYETHCS AJI JIOJaBaHHS JTOJAATKOBOI HAmNpyrd, Vg B JIaHOMY BHUIIAJKY,
Buie piBHA mkepena Q1 mua ynpasmiaas Q1 B koH(irypaiii BEpXHBOTO KJIIOYa.
JlocTaTHRO BeNMKa €EMHICTH MOBUHHA OyTH 0Opana y C1 nms Toro, mo6 ii Buctaymio
JUIs 3a0e3nedeHHsT HeoOxiaHoro 3apsany st Q1, mo6 Q1 OyB BKItOUEHUH Bech 1ei
gac. C1 TakoX HE TIOBHHEH MaTH 3aHAJTO BEJIHMKY €MHICTh, TaK SK MPOIEC 3apsTy
OyJie TIPOXOJUTH JOBTO 1 PiBEHb HANpPyru HEe Oyje 301IbIITYyBaTHUCS JOCTATHHOIO
Mmipoto 1100 306epertu MOSFET Bxmtouenum. Uum Oiiabllie 4yacy MOTPIOHO Y
BKJIFOYEHOMY CTaHi, TUM OuIblIa MOTPiOHA €MHICTh. TaKMM YMHOM, MEHIIA YacTOTa
BuMarae Ounbioi emHocTi Cl. binbimii koediieHT 3aroBHEHHS NOTpedye OUTbIIOT
emuocti C1.

J{nst HU3bKUX 4acToT, Takux K 50 ['1, 3acTocoByeThest eMHICTD BiJl 47 MKD 10
68 Mx®. Iy BUCOKHMX 4yacToT, TakuX K 30-50 k[, BAKOPUCTOBYIOTh €MHICTD BiJ
4.7 Mk® 1o 22 Mx®. Koo BUKOPUCTOBYETHCS €IEKTPOJITUYHUI KOHIAEHCATOpP, TO
KepaMiUHUNA KOHJEHCATOp Mae OyTH BUKOPUCTAHUU TapaieNbHO 3  IUM
KoHJIeHcaTopoM. KepamiyHuii  KOHIEHCAaTOp HE € OOOB'A3KOBUM,  SIKIIIO
M1JICWTIOBAJIbHUM KOHJEHCATOP — TAaHTAJIOBUIA.

D2 1 D3 pospsmxkators 3atBop MOSFET mBuako, mMuHarouud 3aTBOPHI
pe3ucTopu 1 3MeHIIyro4Yn 4Yac BigkmoueHHs. R1 1 R2 — me crtpymooOmexyroui
PE3UCTOPH 3aTBOPA.

+MOSV wmosxe 6yt makcumym 500 B.

+Vcc Mae iiTu 3 Jpkepena 6e3 nepemikoa. HeoOx11HO BCTaHOBUTH (PLIbTPyrOUi
Ta PO3B'A3yBaIbHI KOHACHCATOPH Bif +V e 10 3emiti Jytst piabTpaitii.

[TonpoBI TpaH3UCTOPU 1 AIOAM BHXIJHOTO KIIOYa BCTAaHOBIIOIOTHCA Ha
TerioBiABIA. Takuil KIIIOY MOXXHA BHKOPUCTOBYBAaTH IS  BUIIPOOYBaHb

MaFHiTOHpOBOI[y HCBCJIMKHUX MalllNH.
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5.4 baok ingukanii Ha uiatdgopmi Arduino

brok imgukarnii po3poOnenuit Ha miatdopmi Arduino Nano KepyeTbes
IPOrpaMol0 HAIMKCAHOIO BIAMOBIAHO 10 BUMOT. BJOK IHAMKAIi CKIaJa€ThCS 3
HACTYITHUX I1710I0KIB:

- BxigHoro migcuiroBaya;

- AmnanoroBo-uudpoBoro rnepeTBoproBaya 3 HUPPOBOI0 0OOPOOKOIO TAHUX;

- udpora nmanens Ta Ki1aBiatypa.

5.4.1 Bxignuii migcuiroBayq

Bximauii migcuaroBad BUKOHaHWUM Ha Mikpocxemi LM386. Mikpocxema
LM386 € miacuimtoBaueM NOTYKHOCTI, IKMl MOKHa BUKOPUCTOBYBATH B IMPUCTPOSIX
3 HM3bKOIO HAIpyrow >KWBJCHHsA. Hampukmaa, mpu sxuBieHHiI Bij Oarapei. 3a
3aMOBUYYBAHHSIM ii BHYTPIIIHA CXeMa 00MEXye€ MMOCUJIEHHS 3a HANPYyTOko B paiioHi1 20.
AJle BKJIIOYAIOUU 30BHIIIHI PE3UCTOP 1 KOHJAECHCATOP MOXHA 3MIHIOBATH MOCHJICHHS
B 20 10 200, a BUXijgHA HANpyTra aBTOMaTUYHO BCTAHOBJIIOETHCS PIBHOIO TOJIOBUHI
Hanpyry KuBjieHHS. CIIOKUBAHHS €JIEKTPOCHEPTIi B XOJIOCTOMY PEXKUMI CTAHOBUTH
BChOTO 24 MITA, TIpH >KUBJICHHI Bijx 6 B.

Oco06mBOCTI:

- MiHiMyM 30BHIIIIHIX KOMIOHEHTIB, 10 M1IKJII0Yat0ThCS;

- lIupoxwuii nianma3oH xkuBjieHHS: Bix 4 10 12 B a6o Big 5 1o 18 B;

- Husbknii ciokuBanuii ctpym: 4 MA;

- [Tocunenns 3a Hanpyroto Bia 20 mo 200;

- Bx11 BiZHOCHO 3eMiIi;

- BcTaHOBIIOETHCS BUX1AHA HANIPYTa;

- Huzpkuit koedimient cnorBopens: 0,2% (mpu AV =20, Vs =6, RL =8 Om,
PO =125 mMBr, f=1 kI'm).

Ha pucynky 5.9 nokazano BHyTpiuHs npuHiumnona cxema LM386.
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Pucynok 5.9 — Buyrpimns cxema LM386

Tpanzucropu Q1 ta Q2 yTBOPIOIOTH AU(EPEHITIATBHUII M1ICUITIOBaY. Y HbOMY
oOujiBa BUXO/Y 3'€JHAHI 13 3aralbHUM IPOBOAOM pe3rctopamu R1 ta R2 Hominamom
50 kOM. Buxin qudepeHiiansHoro nijacuitoBaya (Tpan3uctop Q3) miaKiroueHui 10
BXOJly MiJICWJIIOBaya 13 3arajJbHUM emiTepoM (Tpanzuctop Q7). Curnan 3 KonekTopa
Tpan3zucropa Q7 Oe3nocepenHbo momaerbes Ha Buxin IC dyepe3 miacuimoBay
MOTY>KHOCTI Kiacy Ab, 1m0 Mae OJUHWYHE NOCWIEHHS Ta BUKOHAHMA Ha
tpan3ucropax Q8-Q9-Q10 sxi ays MiHiIMI3aMii BHYTPIITHBOTO MaAIHHS HAMPYTH Ta
Ui OTPUMaHHS MaKCHMaJbHOI BHXITHOI TMOTYXHOCTI HE 3a0e3MedyeHi CXEMOIo
3aXUCTY BiJl HABAHTAKCHHSI.

OCHOBHI TEXHIYHI XapaKTEPUCTUKU Mikpocxemu LM386:

- BuxigHa noTyxHICTb, Py = 250 ... 500 MBrT;

- Omip HaBaHTaXeHH:, Ry = 8 Owm;

- KoedimienaT nocunenns, K, = 26 ... 46 nb;

- Cwmyrayacrtotr B =20 I'u..60 kI';

- Bxignawuii onip, Rex = 50 kOm;

- Koedimient rapmonik, K, = 0,2%);

- Hanpyra xusnenns, U, =4 ... 12;

- Ctpym cnokoto, [(=4 MA.

[TpununoBa cxema miacwinoBaya 3 koedimientom nocwienns K, = 200 (46
nb), 300paxkena Ha puc. 5.10.
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Pucynok 5.10 — IIpunIunoBa cxema mijcuiroBada

Pesuctop R1 ciyXuTh peryisiTopoM piBHSI BXITHOTO CUTHAITy, KOHIEHCATOP
C3 € ¢punprpyrounm. Konnencarop C1 mryHTye BucHoBKH 1 Ta 8 mikpocxemu DA o
3MIHHOMY CTPyMy, 3aBISIKH YOMY JIOCSTA€ThCS MaKCUMaJIbHUNA KOE(DIIEHT
MoCUJIEHH; KoHAeHcaTop C4 CIyKUTh IJI PO3B'SI3KU KUBJICHHS.

Jlanmroxok C2, R2 mpuszHaueHuil sl MiABUILEHHS CTaOILHOCTI MiJ 4ac
po0OOTH MifCcHIIIOBaya Ha €MHICHE HaBaHTaxeHHs Buximuuii curnan 3 Buxoay IC

yepes po3aiaoBuid konaercaTop C5 mogaerbest Ha Bxig ALI.

5.4.2 AnanoroBo-uuppoBuii neperBopwoBady 3 HuGpoBow 00podKOIO
JaHUX
Hns oTpumaHHS Ta OOpOOKM JaHUX BHUKOPUCTpBYEThCs Arduino Nano.

30BHIIIHIN BUTIISAT 11 300pakeHo Ha puc. 5.11.
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Pucynox 5.11 — 3oBHimHi# Burisan Arduino Nano
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3arajabHl BIJIOMOCTI:

[Tnarpopma Nano, moOygoBana Ha MikpokoHTpoJiepi ATmega328 (Arduino
Nano 3.0) a6o ATmegal68 (Arduino Nano 2.X), Ma€ HEBEIUKI PO3MIpPH 1 MOXKeE
BUKOPUCTOBYBATHUCS B PI3HUX NPUIIAJAX.

KopoTki xapakTepucTuKu:

- Mikpoxontpoinep Atmel ATmegal 68 abo ATmega328

- Po6oua namnpyra (Joriunuii pisesb) 5 B

- Bxigna nanpyra (pekomeniosana) 7-12 B

- Bxigna nanpyra (rpannuna) 6-20 B

- [ludbposi Bxoau/Buxou 14 (6 3 AKUX MOKYTh BUKOPUCTOBYBATHUCS SIK BUXOIU
[IIM)

- AHaJI0roBI1 BXOIU 8

- [TocTiliHuii cTpyM uepes3 BX1J/BUX1] 40 MA

- Orenr nam’ SITh 16 K6 (ATmegal 68) a6o 32 K6 (ATmega328) mpu upbomy
2 KO BukopuctoByroThcs Jis 3aBaHTaxyBaua O3Y 1 K6 (ATmegal68) abo 2 K6
(ATmega328) EEPROM 512 6aiit (ATmegal68) abo 1 K6 (ATmega328)

- TakroBa yacrora 16 MI'u

- Po3mipu 1.85cmx 4.2 cm

Arduino Nano Moke OTpUMYBAaTH >KUBJIEHHS 4depe3 MiakiatodeHHs Mini-B
USB, a6o Big HeperyiaboBanoro 6-20 B (BuBin 30), abo peryiasoBanoro 5 B (BuBifq
27) 30BHIIIHBOIO JIKEpENa >KUBJICHHA. ABTOMATHYHO BUOUPAETHCS JKEPENO 3
HAWBUIIOK HAMPYTOXO.

Mikpocxema FTDI FT232RL oTpumMye >KHBICHHS TUIBKM SIKIIO cama
miatdopma xuBUThCa Bin USB. Takum uyuHOM, mpu poOOTI BiJ 30BHIIIHBOTO
mxkepena (ae USB), Oyne BincyTHs Hampyra 3.3 B, 1m0 reHepyeThesi MIKPOCXEMOTO
FTDI, npu ubomy cBiTnogionn RX 1 TX 0JuMaroTh TIIBKH MPU HASIBHOCTI CUTHATY
BHCOKOTO piBHs Ha Buxogax 01 1.

MikpokonTtponep ATmegal 68 mae 16 kb duem-mam’siTi as 36epiraHHs Koy
nporpamu, a MikpokoHTpojep ATmega328, y cBotw uepry, Mmae 32 kb (B 00ox
BUMAaIKax 2 Kb BUKOPUCTOBY€ETHCS N5 30epiranHs 3aBaHTaxyBada). ATmegal 68 mae
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1 xb O3V Ta 512 6aiit EEPROM (sika 4yuTa€ThCs Ta 3aMKMCYETHCS 3a JOMOMOTOIO
6i6mioreku EEPROM), a ATmega328 —2 kb O3V Ta 1 K6 EEPROM.

Koxen 13 14 mudposux BuBoaiB Nano, BukopuctoBytoun ¢pyHkiii pinMode(),
digital Write(), Ta digitalRead(), mosxe HamamToByBaTHCS K BX1J 4M BUXiJ. BuBoau
mpaIforoTh pu Harpy3i S B. Koxen BuBig Mae pe3ncTop HaBaHTaXKEHHS (CTaHIapTHO
BigkmoueHuit) 20-50 kOMm 1 moxe mpomyckatu A0 40 MA. Jlesiki BUXOOU MaroTh
0co0JuB1 GQyHKIIII:

[TocmigoBra mmua: 0 (RX) ta 1 (TX). BuBoaum BUKOPHCTOBYIOTHCS IS
orpumanHsa (RX) ta mepemaui (TX) manux TTL. [ BUBoAM MigKIIOYEH 10
BIIMOBITHUX BUBO/IIB MikpocxeMu rnochiaoBHoi muau FTDI USB-to-TTL.

30BHiIIHE niepepuBaHHs: 2 1 3. JlaHl BUXOAM MOXYTh OyTH HaJallITOBAaHI Ha
BUKJIMK TEPEPUBAHHA Ha MOJOJIIOMY 3HA4Y€HHI, Ha IMEPEIHHOMY YHU 3aHHOMY
(¢poHTi, a00 npu 3MiH1 3Ha4YeHHs. [leTanbHa 1H(pOopMaIllis MICTUTBCA B ONUCT PYHKIIIT
attachinterrupt().

IIIIM: 3,5, 6,9, 101 11. bByas-axuii 3 BuxoziB 3abe3mneuye [11IM 3 po3aiipHOO
3MaTHICTIO 8 01T 3a oromMoror ¢yHkiii analogWrite().

SPI: 10 (SS), 11 (MOSI), 12 (MISO), 13 (SCK). 3a 101oMoror0 JaHUX BUXO/I1B
3MIMCHIOETHCS 3B'A30K SPI, sikuii, X04 1 NIATPUMYETHCS aapaTHOIO YaCTUHOIO, HE
BKJIIOYeHUI Y MOBY Arduino.

LED: 13. BOynoBanuii CBITIOMI0/1, MIAKIIOYEHUN 10 1U(ppoBoro BuBoay 13.
Sk1110 3Ha4eHHSI BUBOIY Ma€ BUCOKUM MOTEHIIIa], TO CBITJION10 TOPUTb.

Ha mnardopmi Nano BcTaHOBIIEHO § aHAIOTOBUX BXOJIB, KOKEH PO3JIIITLHOIO
3natHicTio 10 61T (ToOTO MOke HaOyBatu 1024 pi3Hux 3HaYeHH: ). CTaHIApPTHO BXOH
MaroTh Jllana3oH BUMIpy 70 5 B 1010 3emiti, IpoTe € MOXKJIMBICTh 3MIHUTH BEPXHIO
MexXy 3a gomoMoror ¢yHkili analogReference(). Jlesiki Buxoau mMaroTh J0IaTKOBI
(hyHKITII:

12C: A4 (SDA) ta A5 (SCL). 3a 101OoMOTO0 BUXO/IB 31HCHIOETHCS 3B'SI30K
12C (TWI). ;151 cTBOpEHHSI BUKOPUCTOBYEThCs O10m0Teka Wire (iHdopmartis Ha BeO-
caiti Wiring).

JlomatkoBa mapa BUXO/iB TIaT(Gopmu:
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AREF. Onopna Hampyra Jjsi aHaJOTOBUX BXOJiB. BHUKOPHCTOBYEThCS 3
dyukiiero analogReference().

Reset. Hu3zpkuii piBeHb CUTHATY Ha BUBO/II TIEPE3aBAHTAKYE MIKPOKOHTPOJIEP.
3a3BUuail BAKOPUCTOBYETHCSA IS MIAKIIOYEHHS! KHOTIKY Mepe3aBaHTaXXEHHS Ha 1aTi
PO3IIMPEHHSI, IO 3aKPUBAE JOCTYI A0 KHOMKH Ha miati Arduino.

Ha mnatdopmi Arduino Nano BCTaHOBJIEHO KijbKa MPUCTPOIB IS 3B'SI3KY 3
KOMIT'FOT€POM, 1HIITMMHU NpUCTposiMu Arduino a6o mikpokoHTpojepamu. ATmegal 68
1 ATmega328 mniarpumyrors mnociuigoBauii iHTepdeiic UART TTL (5), mo
smiicHoeThest BuxogaMu 0 (RX) 11 (TX). Becranosnena Ha mati Mikpocxema FTDI
FT232RL crpsimoBye nanuit intepdeiic uepez USB, a npaiisepu FTDI (BxirodeHi 110
Arduino) Hagatote BipTyansHuii COM nopT nporpami Ha koMn'torepi. MOHITOpUHT
nocniioBHoi muHU (Serial Monitor) mporpamu Arduino J03BOJIsIE HAACHIATH Ta
OTPUMYBATH TEKCTOBI JIaHl NMPHU NiAKI0UeHH1 10 miatdopmu. Ceitnoaiogu RX 1 TX
Ha ruiat@opMi OJIMMarOTh M1 Yac nepeaadi fanux yepes Mikpocxemy FTDI a6o USB
MIKIIIOYEHHS (aJie He MPU BUKOPUCTaHHI OCIIIOBHOT niepeaayi yepes3 Buxoau 01 1).

bibmorekoto SoftwareSerial MokHa CTBOPUTH MOCIHIIOBHY Tepefady AaHUX
yepe3 Oyabp-skuii 13 1 poBux BUXxoaiB Nano.

ATmegal 68 Ta ATmega328 niarpumytots iHTepdeiicu [12C (TWI) ta SPIL. B
Arduino BkmoueHo 016mioreky Wire st 3py4HOCTI BUKOpucTaHHs mmHU [2C.
Joxnannima iHdopmarlis 3HaX0AUTHCS B JOKYMEHTAIII1.

[TnaTdopma mporpamyerbes 3a nonomororo Arduino. 3 mento Tools > Board
BuOupaeThcsi «Arduino Diecimila, Duemilanove a6o Nano w/ ATmegal68» a6o
«Arduino Duemilanove a6o Nano w/ ATmega328» (BiAMOBIAHO 10 BCTAHOBJICHOTO
MIKpOKOHTpoJiepa). JleranbHa 1H(oOpMmalis 3HAXOOUTbCS Yy JOBIJHUKY Ta
THCTPYKIISX.

MikpokonTtponepu ATmegal68 1 ATmega328 nocTaBistOThCS 13 3aMHCAaHUM
3aBaHTaKyBaueM, 1110 MOJIETIIY€ 3aI1C HOBUX POrpaM 0€3 BUKOPUCTAHHS 30BHIIIHIX
mporpamMaTopiB. 3B'SA30K 3/IHCHIOETHCS OpUTTHATBHUM mpoTokosioM STKS00.

€ MOXIHBICTh HE BUKOPHCTOBYBATH 3aBaHTaXXyBad Ta 3alporpamyBaTu
MIKpPOKOHTpoJIep uepe3 BuBoau 010Ky ICSP (BHYTpITHBOCXEMHE MPOTPaMyBaHHS ).
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Nano po3po0jeHO0 TakuM YMHOM, WI00 Tepel 3alucoM HOBOTO KOIY
Nepe3aBaHTAXKEHHA 3/IIHCHIOBAJIOCS CaMOIO MPOrpaMor0, a He HATUCKAHHAM KHOIIKH
Ha miatrpopmi. Omaa 3 mui FT232RL, mo kepye morokom manmx (DTR),
MiKITI0YEHA JI0 BUBEJICHHS MEepe3aBaHTaXKEHHsI MIKpOKOHTpoJiepiB ATmegal 68 ado
ATmega328 uepe3 xonmencatop 100 H®. AxrtuBamis wi€i ninii, ToOTO. momaya
CUTHAITy HU3BKOTO PiBHS, IO TIEpe3aBaHTaXKy€e MiKpoKoHTpoJiep. [Iporpama Arduino,
BUKOPUCTOBYIOUM 1110 (YHKIIIIO, 3aBaHTaXY€ KOJ OJHUM HATHCKAHHSM KHOIKU
Upload y cepenoBumii mporpamyBanHs. [logada curaamy HHU3BKOTO PiBHS 1O JIHIT
DTR ckoopanHoBaHa 3 TOYAaTKOM 3aUCy KOJY, 110 CKOPOYY€ TaliM 3aBaHTa)KyBaua.

®dyHK1isI Mae 111e o/iHe 3acTocyBaHHs. [lepezaBantaxkeHHss Nano BiiOyBaeThCs
opa3y npu miAKIoueHH1 a0 nporpamu Arduino Ha xomm'totepi 3 OC Mac X abo
Linux (uepe3 USB). Hactymui miBCeKyHIu TiClid TEPE3aBaHTAXKEHHS TMPAIIOE
3aBaHTaxyBad. [lig yac mporpamyBaHHsI B1AOYBa€TbCS 3aTpPUMKa KUIBKOX MEPIIAX
0ailTiB KOAy 100 YHUKHYTH OTpPHUMaHHS IJIaT(OPMOI0 HEKOPEKTHHX JAHHUX (BCIX,

KpIM KOJTy HOBOi IPOTrpamu).

5.4.3 Knasiarypa no Arduino
MaTpuuHi KJ1aBiaTypH 1€ HAUMPOCTIIINM, HAWAEIeBIINK 1 HAUTTONMYJIIPHIIIUI
BU/JI KJIaBiaTyp. BiH BiIHOCHO POCTUI y BUTOTOBJIEHHI Ta 3aII0BHIOE COOOI0 OLIBIILY

YacTUHY pUHKY MoaymiB Arduino. Bursin ii mokasano Ha puc 5.12.

Pucynox 5.12 — 30BHINIHIN BUTIIAL MAaTPIYHOI KJIaBlaTypu

Cxema miaKIOueHHS KiaBiaTypu 10 Arduino mokasaHo Ha puc. 5.13.
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Pucynok 5.13 — Cxema miaxitoueHHs KiaBiaTypu 10 Arduino

5.4.4 PinkokpucTaTiYHi iHAMKATOPH

J71st BUBEZIEHHS! TEKCTOBOT 1H(opMaliii abo yucesn po3Mipom Oiiblie 4 po3psiay
BUKOPUCTOBYBAETHCS PIAKOKPUCTANIIYHI 1IHAUKATOPH (auctuiei). Jlo ix mepesar ciif
BIJIHECTHU:

- 3pyYHUH 1JIs TIKIIOUEHHS 10 MIKPOKOHTPOJIEpiB 1HTepdeiic;

- MaJia CIIO’KMBaHa MOTYKHICTb;

- HU3bKa HAMpyTa KUBJICHHS;

- IOBTOBIYHICTb.

Ha punky icHye BeluKa KUIBKICTh PI3HOMaHITHUX piakokpuctaiiyaux (LCD)
1HUKATOPIB PI3HUX BUPOOHMKIB. [IpakTHUHO BC1 BOHM aHAJIOTIYHI 3a MapaMeTpaMH,
CUrHaJlaMu 1HTep(eiciB, KOMaHIaMu yrpaBiiHHS. Ha gaHuii MOMEHT HalOIbII
nommpennmu KK iHauKatopamu € mpucTpoi BupoOHMITBa KommaHii Winstar,
TaliBanb. Ane iHpopMarlis IIJIKOM 3aCTOCOBHA 1 JIi CUMBOJBHUX auciuieiB LCD
THIIMX BUPOOHUKIB.

3arajbHi BIJIOMOCTI:
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3HAKOCHHTE3YI0Ul a00 CUMBOJIbHI 1HAMKATOPH BIIOOpaXKAOTh 1HPOpMAITiO Y
BUTJISI/I1 3HAKIB MEBHO1 po3psiiHOCTI. OJIHE 3HAKOBE MiCIle BIJI0Opaskae OUH CUMBOJI.
KinpkicTh 3HaKiB BU3HAYAE PO3PSAAHICTH iHAUKATOpa. [HDopMaris Ha iHIUKATOpaXx
MO>K€ BUBOJUTHUCS Ha KUIBKOX psIIKaxX, TOMY I 1HAUKATOPIB TAKOTO TUITY 3aBXKIU
BKa3y€eTbCA KUTbKICTh CHMBOJIB Y PSIIKY Ta KUTBKICTh PSAJKIB.

BinoOpaxenns indopmaiii BiOyBaeTbcs Ha PIAKOKPUCTATIYHIM MaTpHIll 3i
CBITJIOZIOAHUM TIiJIcBIuyBaHHAM. [1i1cBidyBaHHs OyBa€ pi3HUX KOJIHOPIB, 110 3HAYHO
MO’KBABJIIOE MOHOXPOMHY TE€KCTOBY iH(OpMATITLito.

Jlns kepyBaHHSI PIAKOKPUCTATIYHOIO MATPHIICIO Ta opraHizaiii iHTepdeicy
1HJMKAaTOpa BUKOPUCTOBY€EThCA BOynoBanui kontposiep HD44780 abo ioro moBHi
aHanoru. Lleli KOHTposiep BU3HAYa€ CUTHAIM 1HTEpQeEHCy 1HAUKAaTopa Ta KOMaHIU
KEepyBaHHSI.

CumBosibHl PK-gmucniei migTpuMyroTh JBa BaplaHTH MNIAKIIOYEHHS [0
MIKpPOKOHTpOJIEpa:

3 BUKOpPUCTAHHSAM 8-MU OITHOI IMMHU AaHUX. [[iAKII0O9arOThCS BC1 CUTHAU
muHu DB0-DB7. 3a niuki 0OMiHy niepeaeThes 0alT iHpopmarii.

I3 3acTocyBanHsM 4x OiTHOI mMHU naHux. [ligkmtouatoThes auimie 4 crapiri
po3psau DB4-DB7. [ndopmartiis nepeaaeThCs 1o 4oTupu O1TH 32 OJIUH TAKT IITUHHU.

[lepmmii BapianT 3abe3nedye nepenadyy JOaHUX Ha €KpaH 3 OUIbLIOKO
MBUAKICTIO. J[pyTuii — BUMarae Jjisl miIKITI0UeHHs 1HAUKaTopa Ha 4 BUBOJM MEHIIIE.
besnepeuno, BaxIMBINIE CKOPOTUTU KUIBKICTh BHUBOJMIB JJIS MIJKJIIOYEHHS, HIXK
30UTBIIUTH MIBUAKICTh 00OMiHY. Tum Ounbie, o LCD iHaukaTopu TOCUTH TOBUIBHI
MPUCTPOI 3 yacoM pereHepairii mukiny 10-20 mc.

Cxema miAKIIOUCHHS 1HUKaTOpa MoKa3aHo Ha puc. 5.14.
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Pucynok 5.14 — Cxema miakIr04eHHs 1HANKATOPA

5.4.5 3aranbHa cxema 0JIOKY BUMipIOBaHHS

3aranpHa cxema OJOKy BUMIpIOBaHHS 300paxkeHa Ha puc. 5.15.
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Pucynok 5.15 — 3aranbHa cxema 070Ky BUMIPIOBaHHS

brox BUMiprOBaHHS CKIAJAETHCS 3 IIEHTPAIBLHOTO MPOIIecopa B SIKOCTI SIKOTO

BukopucTano Arduino nano. JIByx MiACHIIOBAadiB IO MEPETBOPIOIOTH HANPYTy 1
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ctpyMm y Hanpyry Big 0 mo 5 B. broky iHaukari ajisi 300pakeHHs pe3yJibTaTOB

BUMIPIOBaHHS Ta KJIaBIaTypH JJIsl T0/1aul KOMaH] KepyBaHHSI.

5.4.6 MeToauka BU3HAYEHHsI PiBHA Je(eKTHOCTI

Jnisa moyatky Tpeba BBIMKHYTH reHepatop 3 mepemuukoro 1000 I'm. Jlami
HATUCHYTH KHOIIKY * Ta KHOTKY 1. [licis 1iboro makeT npucTporo 3adikcye 3HaYCHHS
CTpYMy Ta Hampyru npu mnojadi 30ymkeHHs Ha dvactoTi 1000 I'm. PesymnbpraTn
MEePIIOTO BUMIPIOBAHHA BiA0Opa3uTh iHAMKATOp. Jlami BBIMKHYTH TeHepaTop 3
nepemuukoro 100000 . ITicas mboro HATUCHYTH KHOMKY * Ta KHOMKY 2 MPH IIbOMY
pubop 3adiKCye 3HAYEHHSI CTPYMY Ta HANPYyTH TPH MMojaayl 30yI>KeHHS Ha 4acTOTI
10000 I'u. Pe3ynmpTaTél Apyroro BHUMIPIOBaHHS BiAOOpasuTh iHAMKaTop. Jlms
OTPUMAaHHS pe3yJIbTaTy CIIBBIAHOMIEHHS 1 Ta 2 BUMIpIOBaHHS HATUCHYTH KHOMKY *
Ta KHOTIKY 3. [HAMKaTOp BiIOOpa3UTh pe3yabTaT pO3paxyHKY, IKHH € JIarHOCTHYHUM
koediuientom K. [{ns BunaneHns nanux Tpeda HAaTUCHUTH KHOTIKY # Ta BIJIOBITHO

1 aGo 2. A aJig BUIaneHHs yCiX JJaHUX HATUCHYTHU # HATHUCHYTH *.

[Ipuknaau pe3yapTaTiB BUMIPIOBAHHS MOKA3aHO HIDKYE.

Pucynok 5.16 — Ocuunorpama A0CTII>KEHHS SIKICHOTO MarHiTOIPOBOY

_ Ur10000 _

K, 6,8, (5.8)

Ur1000
HiarHoctuunuii  koedimient K, Oinpmie 6, 1O BIiAMOBIIAE SKICHOMY
Mar”iTOmMpoBOAY 3 TUTOMUMH BTpatamu Pigs0=2,5-4 Bt/kr. Marnitonposin

MPUIATHUAN 10 TIOIAJIBIIIOT0 BUKOPUCTAHHS 0€3 3MIHU MAcopTy MaIIuHU.
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Pucynok 5.17 — OcrunorpamMa JoCiIipKeHHST MarHiTOIPOBOAY MEPIIOTO

CTYTEHIO OpaKy

U
K, = 222 — 575, (5.9)

- Ur1000

HMiarnoctnunuii  koedimient K,=5,75, mo BiamoBigae MarHiTOIPOBOAY
MEPIIOro CTYMEeHIO0 OpaKy 3 MUTOMUMHU BTpaTamMu Piois0=4-8 B1/kr. Marnitonposin
MPUAATHAN JI0 TMOJANBIIOTO BHKOPHUCTAHHS, PEKOMEHAYETHCS 3MIHUTH TACIOPTHY

HOMIHAJIBHY MOTYXHICTh Ha 10-15%.

Pucynok 5.18 — Ocrunorpama JOCTiIKEHHSI MarHiTOMPOBOAY JPYTroro

CTYTEHIO OpaKy

204



_ Ur10000 _

K 4,6, (5.10)

o Ur1000

Hiarnoctuunuii koedimienT K,=4,6, 1110 BiJIMOBi1a€ MarHiTOIPOBOY JPYTOro
CTyNeHI0 Opaky 3 THUTOMHUMH BTpaTtamu Pig50=8-12 Br1/kr. Maruitonposin
MPUAATHAN JI0 MOJANBIIOI0 BHKOPHUCTAHHS, PEKOMEHAYETHCS 3MIHUTH TACIOPTHY

HOMIHAJIHY TOTYXHICTh Ha 15-25% Ta mepernasHyTd pexuM pobOoTH Ha

MOJIETIIIEHU .

Pucynok 5.19 — Ocuuiorpama J0CIiI)KEHHS] aBap1iHOTO MarHiTOMPOBOTY

_ Ur10000 _

K, = 3,89, (5.11)

Ur1000
HMiarnoctnunuii  koeditienr K, menme 4, mo BiANoBigae aBapiiHOMY
MarHiTOMpOBOAY 3 MUTOMUMH BTpatamu Pi g0 Oibiie 12 B1/kr. Marnitonposin He

MPUAATHUN 10 BAKOPUCTaHHS, PEKOMEHIYEThCS BIIOpaKiBKa.
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BucnoBknu 10 Po3ainy 5

VY naHoMy po3iil ONMHUCAHO MPHUHIUIT PoOOTH, OYJAOBY Ta CXEMH, IO SKUX
310paHO MakeT Ui KOHTPOJIIO CTaHy MDKIMCTOBOI 130JiAlii MarHiTOmpoBOay 3
BukopuctanusaMm ['BY 3 migcumoBadyeM, skuii modyaoBano Ha matdopmi Arduino
Nano.

[IpoBeneno ommc poOOTHM MaKETy Ta BKa3iBOK 10 BHKOPHUCTAHHIO
7a00paTOPHOTO  CTEHAY JOCHIJKEHHS MAarHiTONPOBOAY 3 BHUKOPHUCTAHHSIM
ugpooro ocuunorpady INSTRUSTAR isds205a.

[Toka3zani ocruiorpamu 0e3aedeKTHUX Ta JIe(PEKTHUX MarHiTOIMPOBOIB, IO
OyJu OTpUMaHi JIOCHIIHUM IUISXOM Npu BUOpaHuX TecToBuX yactorax 10 kI i
1 x['11, Ta BiAMOBIAHI IM aMIUTITYd HANpyT Ha KOHTPOJIbHIM OOMOTII, BiIHOIIECHHS
SKUX JIO3BOJISIIOTh BU3HAUUTH J1arHOCTUYHUN KoeditieHT K, skuii mokasye Mexi
MMUTOMUX BTpAT npu B1 g/50.

BumiproBanHs J1arHOCTHYHOTO KoedimieHTy K, 3a 10moMOror CTBOPEHOIO
MaKeTy J03BOJISIE€ OIIIHUTH BTPATH B MAarHITOMIPOBO/I1 Pi3HOTO PiBHS e(HEKTHOCTI JIsI
YOTUPHOX BHUMAJIKIB:

1) 3eneHuii KOJIp — MATOMI BTPATH B MarHiTONPOBOJI HE MEPEBHUIIYIOTH 4
BT/kr. BignoBigae sikicHOMy MarHiTOIpoOBOY.

2) YKoBTwmii KOJIIp — MUTOMI BTPATH B MarHiTONPOBOIi CTAHOBJISITH Bix 4 110 8
Bt1/kr. MarunitonpoBin nepiioro cryneHto aedexktHocti. [Ipu iloro BUKOpHCTaHHI
MOTPEOYETTHCS KOPEKIIisl MACIOPTHUX JaHUX 310paHOTO HA MHOT0 OCHOBI JIBUTYHA.

3) OpamxeBuil KOJIp — MATOMI BTPAaTH B MarHiTOMPOBOI CTAaHOBJATH BiJ 8
1o 12 Bt/kr. BignoBigae MarHiTonpoBOAy APYToro cTyreHto aedektHocti. [Ipu itoro
BUKOPHUCTaHHI MOTPEOYETHCS CYyTTEBA 3MiHA MACTIOPTY Ta MEPETIISA PEKUMY POOOTH.

4) YepBoHHMIA KOJIP — MUTOMI BTpaTH B MarHiTOMPOBO i CTAHOBJIATH OiJIbIIe
12 Brt/kr. BignoBiziae MarHiTONpoBOaYy aBapiiHOrO cTaHy. PekomeHIyeThCs

B11I0paKyBaTH MarHiTOMPOBI.
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3AT'AJIBHI BUCHOBKHA

B nawucepramii BupimieHa akTyajdbHa HayKoBa 3ajada, CIOpsSMOBaHa Ha
JOCSITHEHHSI OCHOBHOI METH pPOOOTH — HAayKOBOTO OOIPYHTYBaHHS Ta PO3POOKH
HAayKOBO-TEXHIYHUX 3aXOJIB IO IIJBUIICHHIO HAIIMHOCTI EJICKTPUYHUX MAaIluH
IIUIIXOM ~ BIOCKOHAJICHHSI METOJIB KOMIUIEKCHOI JIarHOCTHKH IIMXTOBAaHUX
MarHiTOMpPOBOAIB €IEKTPUYHUX MAIIUH.

OCHOBHUM pe3yJbTaTOM POOOTH € CTBOPEHHS METOAOJIOrIi Ta BIAMOBIIHOL
KOHTPOJIbHO-BUMIPIOBAIbHOI ~ amapaTypd JIarHOCTHUKM Ta KOHTPOJIIO  SIKOCTI
MIMXTOBAHUX MArHiTONPOBO/IB, sIKa MOXE BHUKOPHUCTOBYBAaTUCh y BUPOOHUYMX Ta
PEMOHTHHUX MIJMPUEMCTBAX 1 HE MOTpeOye OCOOIMBUX HABUYOK OOCIYTOBYIOUOTO
MEPCOHAITY MPH ii eKCIuTyaTalli.

PesynbraTtu po6oTH 103BOJIMIM 3pOOUTH HACTYITHI BUCHOBKHU:

1. B pesynbrati aHami3y MOTIPIIEHHS SKOCTI IIMXTOBAHUX MarHiTOIPOBO/IIB
€JIEKTPUYHUX MAalIMH Ta BUHUKHEHHS JE€(QEKTIB MDKIMCTOBOI 130JIAIil Ta
nocyialJeHHsT MpecyBaHHS B TMpoLleCl BUPOOHUIITBA, EKCIUTyaTallli Ta PEMOHTY
JOBEICHO, W0 HAWOLIbII MEPCIEKTUBHUM € HamnpsM po3poOKH KOMILIEKCHHUX
JTIarHOCTUYHUX METOJIB, IO IPYHTYIOTHCSA Ha BHKOPUCTAHHI MYJIbTU(PIZUUHUX
MPOIIECIB TOEJHAHHS BUCOKOYACTOTHUX I1HAYKIIMHUX METOMIB Ta OJHOYACHOTO
yJIapHOrO BIOpaIiiHOTO BIUIMBY Ha TaKET 3 MOJAJBIIMM aHali30M OTPUMaHUX
MIarHOCTUYHUX JIAaHUX 32 JOTIOMOTOK 1HTEJEKTYaJIbHHMX METOJIB OOpOOKHU
1H(popmarii.

2. IlokazaHo, 1m0 po3poOka Ta BIPOBAIKEHHS EPEKTUBHUX METOIIB
KOHTPOJIIO 1 JIIarHOCTHKHU IIUXTOBaHUX ocepab EM € BaxnuBuM (dakTopoMm mTpH
OOTpyHTYBaHHI1 JIOIUILHOCTI MOJATIBIIIOT0 BUKOPUCTAHHS BIIPEMOHTOBAHUX MAIIIMH
NPy EKOHOMIYHINA OIlIHIIl CHUCTEMH CEpPBICHOTO OOCIyrOBYBaHHS B IUJIOMY Ha
KOHKPETHHX TiAIPUEMCTBAX.

3. 3ampomoHOBaHI Ta OOIPYHTOBaHI IHAYKI[IHHI METOAM J1arHOCTUKH
IIMXTOBAHUX MAarHIiTONpoBoaiB EM, 10 BHUKOPHUCTOBYIOTH OIIHKY HapaMeTpiB
IIBUJIKOTUTMHHUX €JICKTPOMArHiTHUX TPOIECIB JIJIi BU3HAYEHHS 1HTEHCUBHOCTI
BUXPOBHUX CTPYMIB OOYMOBJIEHUX MOPYIICHHSM MDKIHUCTOBOI 130JIA1Iii Ocepap Ta

207



POAHai30BaHO IIBUJKOIUIMHHI TIPOLECH B KOHTypax 3 (epoMarHeTUKAMH.
ITokazaHo, 10 MpU HASIBHOCTI IHTETpalbHUX JACPEKTIB ICHYE CyTT€Ba IpsMa
3aJIeKHICTh MDK MHUTOMHUMHU BTpaTaMH B CTall 1 MapaMeTpamMu BHUCOKOYACTOTHUX
IpoLECiB, SKI MOXYTh CIYKUTH JIIarHOCTUYHUMH oO3HaKkamu. OOrpyHTOBaHa
HEOOXITHICTh Pa3oM 3 OINHKOK IHTETPAIBHOI SKOCTI MIXJIHCTOBOI 130JIAIII1
OLIIHIOBAaTH PO3BUHYTICTh Ta HEOE3MEKY JOKATbHUX JIe(EKTIB.

4. TlpoBeieHO CTATUCTUYHHUI aHaji3 MO pe3ysbTaTaM eKCIePUMEHTIB Ha
pealbHUX 3pa3Kax KU MATBEPKYE TEOPETHUHI BHCHOBKH PO MOKIIMBICTh OIIIHKU
NUTOMHUX BTpaT B MAardiTONPOBOJI IO TMapamMeTpaM MIBUIAKOIUIMHHUX TMPOIECIB.
BcraHoBIEHO 3HAUHY KOPEALI0 MIXK TUTOMUMHU BTPaTaMM B IAKETI 3 YCEPETHEHOIO
MOCTIIHOIO Yacy 3aracaHHs BUXPOBUX CTPYMIB Ta BiAHOWEHHAM HaBeneHux EPC na
gactorax 1kl 1 10kl .

5. B pe3ynbrati CTaTUCTUYHOTO aHAIII3y BCTAHOBJIEHO 3HAYHY KOPEJSALII0 MIX
MUTOMUMHU BTPaTaMy B MarHiTOMPOBO/Ii P1 /50 Ta 3aralbHUMK MarHiTHUMU BTpaTaMu
Ta TeMIlepaTypaMd B OOMOTKax B 310paHMX 1 NPAIOIOYUX MallMHAX PI3HOI
MOTY>KHOCTI Ta reoMeTpii MarHironpoBoy. [lokazano, o B pe3yabTaTi BU3HAUYECHHS
Ta aHaNI3y [IaTHOCTHYHUX MapaMeTpiB 1 MOB’S3aHMX 3 HUMHU NMUTOMHX BTpaT B
ocepasix HEeOOXITHO MPOBOJUTH MICISIPEMOHTHY MACMOPTHU3ALII0 3 OOIPYHTOBAHUM
3MEHIIEHHSIM HABAaHTAXEHHSA, 3MIHH pexuMy poOoTH [  3a0e3ledeHHs
PO3PaxyHKOBOI'O peCypcy MallliHU.

6. CTaTUCTUYHO BCTAHOBJICHA perpeciiiHa 3aleXHICTh Ta MPHUBEACHI JOBIpUl
IHTepBAJIM ISl OIIHKKA TOYHOCTI BHU3HAYCHHS JIarHOCTUYHHUX I1apaMeTpiB, IO
BUMIPIOIOThCA. Lle gamo MOKIMBICTh BU3HAYEHHS YOTUPHOX CTYIICHIB JIe(PEKTHOCTI
MarHiTONPOBO/IIB IOCTATHIX JJISI IPUNHSATTS PIIICHHS J10 MOJAJIBIIOT iX eKCIUTyaTallii:
0e3nedeKTHUIT  MarHiTONpPOBiJl, MArHITONPOBIJ TMEPIIOr0o 1 JAPYyroro piBHA
nedexTHocTI Ta aBapiitHui. OKpeMo JI0BEICHO, 1110 MarHiTOMpPOBOJU 3 aBapliHUM
piBHEM J1e(DeKTHOCTI BU3HAYEH] SIK YETBEPTUH piBEHb MOBUHHI BIIOPAKOBYBATHUCH 1
B3araji He MIJUISITaTd PEMOHTY.

7. B pe3ynbTaTi MATEMAaTHYHOTO MOJIETIOBAHHS BUCOKOYACTOTHUX BILUIMBIB
Ha YMOBHUW MarHiTOMpPOBIiJ mepepizoM 5X5 MM Oynu po3paxoBaHi 1 MPEACTABICHI
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KapTUHM PO3MOJIUTY MarHiTHUX 1HAYKIIM Ta BUXPOBUX CTPYMIB IIPH HAIPY>KEHOCTI
marHiTHoro mmosist 4000 A/M 1 gyactotax mepemarniayBanss 50, 1000 1 10000 I'u. byau
popaxoBaHl BTpaTH Ha BHUXPOBI CTPyMH B MAarHiTOMPOBOJAX 1 CIiBBIAHOIICHHS
HaBeneHnx EPC mnpu BkazaHux dactotax B JedekTHUX 1 0Oe3aed)eKTHUX
MarHiTOnpoBOAAX.

8. Busnauena HeOe3meKa JOKATbHUX JA€(PEKTIB MDKIMCTOBOI 130141111, sIK1 HE
3HAYHO MPOSIBISIOTBCSA MPH I1HTETpalbHIA OLIHII SKOCTI MarHiTONpPOBOIY, aje
MOXYTh CIYKUTH NPUYHMHOIO CYTTEBUX MICIIEBUX MEPErPiBiB OKPEMUX YACTHH
Mar”iToNnpoBOaAy 3 0OMOTKOIO IIPH pOOOTI MaIIMHU. 3aPOIOHOBAHO JIJIs1 BUSBJICHHS
JOKaIbHUX Je(PEeKTIB BUKOPUCTAHHS TEIIOBI3IMHOTO METOAY OIIHKKA YacoBOl
JUHAMIKM 3MIHU Tpaji€eHTa TeMmneparyp B JAeQEeKTHI 30HI B MOPIBHSIHHI 3
0e3nepeKTHOIO.

9. 3amporoHOBaHI Ta OOTPYHTOBaHI HACTYIHI J1arHOCTUYHI O3HAKH SKOCTI
IIUXTOBAHUX MarHiTOIMPOBO/IIB:

1) [Turomi BTpaTu (BT/KT) B Mar"iTonpoBoi npu (GikCOBAHOMY 3HAUEHHIO
IHAYKUIT 1 YaCTOTI IepeMarHiayBaHHs;

2) BigHoIIeHHsT HANpyr B KOHTPOJIbHIM OOMOTIIl MpU MepeMarHidyyBaHH1
nedekTHoro Ta 0e31e(eKTHOr0 MarHiTOMPOBOAY CTPYMAaMH YaCTOTHOTO Jiana3oHy
(Bix 1kI'm 1o 100kI');

3) Ilocrifina yacy 3aracaHHsi BUXPOBHX CTpyMiB (McC) B nedeKTHUX 1
6e31e(heKTHIX MarHiTONPOBOaX MPHU MIBUAKOTUIMHHUX MPOIIECax;

4) Jlunamika HarpiBy JIOKQJbHUX 30H MAardiTONpOBOAY  IpHU
nepeMardHiuyBaHH1 MarHiTOMPOBOIY MPOMHUCIOBOIO YaCTOTOIO MIPH BUCOKIN 1HTYKIIi1
B=1.5-1.8 T [ C/xg);

5) KuIbKICTP MaKCHUMYMIB CHEKTPAJIbHOI TYCTHHU MOTY>XKHOCTI TpH
TECTOBOMY BiOpariiiHoMy ymapHOMy BIUTHMBI. W™*sec Ha I1HTEpBaJ YacTOTH [IJIs
MarHiTONpOBOAY 3 IOCTaTHIM Ta He IOCTAaTHIM piBHEM IIPeCyBaHHS;

6) AMILUTITYIa 1 4aCTOTa MAKCUMYMIB CIIEKTPAJIbHOI TYCTUHHU MOTY>KHOCTI.

Wi*sec 1 Hz;
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7) BigHomeHHsS TMOCTIMHOI Yacy 3aracaHHs BHUXPOBHX CTPYMIB JI0
aMILTITYIM MaKCUMAaJIbHOI CIIEKTPalIbHOT OTYXKHOCTI [sec/W];

8) KinbpKicTh MaKCHMyMIB Ha KpUBIiil 3aracaHHsl BUXpPOBUX CTPYMIB N,

9) TlocriitHa 4Yacy 3aracaHHs BHXPOBHX CTPYMIB IO BIJHONIICHHIO [0
KUIBKOCTI MAKCUMYMIB CIIEKTPAJIbHOI T'YCTUHHU MOTYKHOCTI sec/n.

10. JoBeneno, mo piBeHb AE€(PEKTHOCTI MAarHiTONPOBOJIB, IOB’S3aHUN 3
NUTOMUMH BTpaTaMM Ha BHUXPOBI CTPYMH MOXJIMBO MOJCIIOBATH ILISXOM
30UIBIICHHS €JICKTPUYHOI MPOBITHOCTI MaTepialy CTaii, 301JbIIECHHSAM TOBIIHMHU
JUCTIB MarHiTOMPOBOAY Ta YTBOPEHHSM Mapa3UTHUX KOHTYPIB BUXPOBHUX CTPYMIB,
10 BiAMOBIIAIOTh JIOKAJIbHUM 1 IHTETPAIBHUM JIe(PeKTaM.

11. BuzHaueHo HaiiOUIbIl 1H(OOPMATUBHUN TMOKA3HHUK, ILIO CBIAYUTH MPO
30UIbIICHHST Je(PEKTHOCTI MarHiTOMPOBOAY a caMe CHIBBIJHOIICHHS HaBEJACHOI
Harpyru npu dyactoTi 10kt qo nHanpyru npu vactoTi 1kI'1. Lei koedimieHT 9iTKO
KOPEJIOEThCS 3 BTpaTaMU B MAarHiTOMPOBOJAI IPHU NEpeMarHiuyBaHHI 3 YaCTOTOIO
50I..

12. Pe3ynapTaTOM TOCHTIKEHHS € JOKa3 MOKIMBOCTI CTBOPEHHS MPOCTOTO 1
JOCTAaTHHO TOYHOT'O METOJY OLIHKH MUTOMUX BTpatT [BT/Kr| B MarHiTonpoBo/il IpH
Bi1,o/50 mmssxom BumiproBanHs HaBeneHux EPC mpu BcranoBimenux yacrorax 10 1 1
k[l 32 TOMOMOI0O0 KOHTPOJIBHOI OOMOTKM B pEabHOMY 3pa3Ky 3 BU3HAUYECHHSM iX
CHIBBIAHOIIIEHHS Ta BIAMOBIAHOTO piBHSA Je(eKTHOCTI MarHiTonpoBoay. Lls
METOJIMKa JT03BOJISIE OJHO3HAYHO BiIOPaKOBYBAaTH MArHITONPOBOJU 3 KPUTUYHUM
pIBHEM IHTErpaibHUX JE(EKTIB Ta MArHiTONPOBOJIU 3 PO3BHUHYTUMHU JOKAIbHUMU
nedeKkTamMu, 30HH IKUX repeBuIytoTh 15-20% Bix BChoro 06’eMy MarHiTOnpoBOY.

13. Peamizailisi KOMIUIEKCHOTO  METOAY OIIIHKM  SIKOCTI  IIMXTOBAHHUX
MarHiTONPOBOAIB MO CTaHy MIXJIMCTOBOI 130JI5L1i Ta PiBHSA PO3MYILIEHOCTI JIUCTIB
Mar”iTonpoBOAy JI03BOJIMJIa OOTPYHTYBaTH PEKOMEHJALil 10 MOAAIBIIOMY
BUKOPDUCTaHHIO ocepas. l[lpu omHOYacHOMY BUKOPHCTaHHI IIBUIKOTUIMHHHUX
IHAYKIIAHAX BIUIMBIB Ta yJIapHOTO BiOpaIiiHOTO BIUIMBY MPH CITiBBIJHOIICHHI

nedeKTiB MarHiTOMPOBOAY PI3HOTO MOXOKEHHSI HaJlaHl HACTYITHI PEKOMEHIAITI:
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- ¥V BUNajAKy SIKICHOT MDKJIUCTOBOIT 130JIA1111 1 AIKICHOTO ITPECyBaHHS MOCTIHA
yacy 3aracaHHsi BUXPOBHUX CTPYMIB 3aJIMIIAETHCA HE3MIHHOIO, 45-55 MKc, 110
BIJINTOBI/Ia€ HOPMAJIBHUM TUTOMHUM BTpaTtam 2,8-4 Bt/kr npu B g/50. MaruiTonposin
NPUAATHUNA O BAKOPUCTAHHS.

- YV pasi AKICHOI 13011111 Ta MpHu ociaabIeHOMY MpecyBaHHI MOCTiiiHA Yacy
3racaHHs BUXPOBUX CTPYMIB 3aJIMIIAETHCS BIAHOCHO MOCTIHHOIO He Ouibie 60 MKc,
110 BiAMOBia€ MUTOMUM BTpaTaM 2,8-4 BT/kr. KiibKicTh MaKCUMyMIB CIIEKTPaIbHOT
TYCTUHH TMOTYXHOCTI 3pOCTa€ 10 TpbOX Ta Ouiblie. MarHiTompoBiJ BHMarae
TEXHOJIOT1YHHUX OTepalliid 3 yCyHEeHHS! HAAMIPHOTO PO3ITyIIyBaHHS.

- Y pa3i ICTOTHO MOPYIICHOI 130JA11i Ta OJHOYACHOMY PpO3IMYyITyBaHH1
Mar"iTONpoBOAY, MOCTiHA Yacy 3racaHHs BHXPOBHX CTpyMiB cTaHOBUTH 130-200
MKC, III0 BIJNOBiJla€ MATOMUM BTpaT 8-15 BT/kr. 3a BiZICYTHOCTI MEXaHIYHOTO
YAApHOTO BIUIMBY IOCTIMHA Yacy 3racaHHsl BUXPOBUX CTPyMIB CTaHOBUTH 90 Mkc. B
TaKOMY CTaHl MarHiTONpOBIJ HE MPUAATHUMN NJIs eKcIulyaTalii. Y BUIAIKy KOJIU
NOCTIMHA Yacy 3aracaHHs MeHie 90 MKC HeOOX1AHO MPUNHATH MIpU MO YCYHEHHIO
nocialbJaeHHsl MpPecyBaHHA Ta 3MIHUTH MaclopT 310paHOi MaIMHU  3T1THO
PEKOMEHIAIISIM, 10 HAaJIaHO B PO31LIL 3.

14, Po3po6ieHo Ta BUTOTOBJIEHO MAKETHHUM 3pa30oK MPUCTPOIO

KOHTPOJIIO CTaHy MIKJIUCTOBOI 130JIA1I11 IMXTOBAHUX MAarHiTOIMPOBOIB, SIKUM

JI03BOJISIE OLIIHIOBATHU JiarHOCTUYHUHN KoedimienT K, moB’si3anuii 3 BTpatamu

B MarHiTONpoBOAaX Pi3HOTO PiBHA Ae(EKTHOCTI ISl YHOTUPHOX BapiaHTIB:

5) 3eneHuil Koyip — MUTOMI BTPaTH B MArHiTONPOBOJII HE MEPEBHIYIOTH 4
BT1/kr. BignoBigae sskicHOMy MarHiTOIIPOBOY.

6) >KoBTHii KOJIIp — MUTOMI BTpATH B MarHiTONPOBOII CTAHOBJISTH Bix 4 110 8
Bt/kr. MarunitonpoBin nepmioro cryneHto aedektHocti. [Ipu fioro BUKOpHCTaHHI
MOTPEOYETTHCS KOPEKIIisl MACIIOPTHUX JaHUX 310paHOTO HA HOT0 OCHOBI JIBUTYHA.

7) OpamxeBuil KOJp — MATOMI BTPATH B MarHiTOMPOBOI CTAaHOBJATH BiJ 8
1o 12 Br/kr. BignoBigae MarHiTonpoBOAy APYToro CTyreHto aedekTHocTi. [Ipu ioro

BUKOPHUCTAHHI MOTPEOYETHCS CyTTEBA 3MiHA MACTIOPTY Ta MEPETIISA PEKUMY POOOTH.
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8) UepBoHHiIi KOJIIP — MATOMI BTPATH B MarHiTOIPOBO/I CTAHOBJIATH OLJIbIIIE
12 Br/kr. Biagmosijzae MarHiTOmpoBOaYy aBapiiHOrOo CTaHy. PekoMeHAyeThbCs

BiJI0OpaKyBaT MarHiTOIMpPOBII.
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Brposa/uKeHHs pesyibTaTiB iucepTaiiinoi poboru
AcucTenTa Kadepu eleKTpoMexaHiku
KTl im. Irops Cikopebkoro
Irnatioka €prena CranicnaBoBuya
JlaHuM aKTOM MIATBEPUKYETHCS, 110 po3pobieni IrnaTiokom CBreHom

Cranicnasosuuem acucrentom Kadeapu enexrpomexanikn KIII im. Irops Cikopebkoro
CHCTEMH KOHTPOITIO SKOCTi IIMXTOBAHMX CTATOPHHX MarHiTONpOBOIB €JIEKTPOABHIYHIB
CBePIUIOBMHHUX HACOCIB NPH OLIHLL CTYNEHIO 1eh)eKTHOCTI MiKIHCTOBOT i3onaii
JaMiHOBAHMX OCep/lb Ta BU3HAYEHHIO piBHs BiOpallii npu ocabieHHi NPecOBKH MaKeTy

peatizoBaHO B PEMOHTHOMY 11€XY HaLIOro MiANpHeMcTBa.

[Ipencrasiena MeTposioriyna Gasa ta Bupobaena Ha ii 0CHOBI anaparypa
BHCOKOYACTOTHOIO KOHTPOJIIO MDKJIUCTOBOT 1301511111, KA MOEHYETHCS 3 OTHOUACHHM
BIIMBOM BIOPAIiAHUAX CHI 103BOJISIE 3pOOHTH BHCHOBKH 11PO MOMKIIMBICTb NOJ/BIIOTO
BHKOPHCTAHHSA MarHiTOIPOBO/IIB B MPOLIEC] KAMiTalbHOTO PEMOHTY 3 3aMiHOI0 OOMOTKH.
Po3pofiena cucTeMa KOHTPOJIIO Ta CTBOPEHA Ha ii OCHOBI anaparypa BUKOHaHA B paMKax
swicepraniiinoi poboty Irnatioka €srena CraHiciaBosra Ha 300y TTs CTyneHs 10KTOpa
dinocodii 103B0MNA CYTTEBO IMEHLIUTH 30UTKH MiJINPHEMCTBA 3@ PaXyHOK
0BrPYHTOBAHOT T4 MaIO3aTPATHOT MPOLIE/LYPH BiAGPaKkOBKH MarHiTONpOBOJIIB aBAPIHHOIO
CTaHy Ta HaJlaHHA PeKOMEHIaLlii Mo mojanbIii ekcruyarauii ocepiib CTATOPIB MCHILIOTO

y nopisHsHHi 3 BiAGpaKOBaHUMMU piBHEM ed)eKTHOCTI.

HavanbHuk //
PEMOHTHO-EKCILTYaTallifHOro yrpasinns / /// Kymik A.B.
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AKT
BrnpoBajkenns pe3yJibTaTiB Auceprauiifnoi pobotn
Acucrenta KadeapH eJeKTpOMexXaHiku
KIII im. Irops Cikopcbkoro

Irnatioka €srena CraHiciaBosH4a

Jauuit akr niaTBep/UKY€, 110 METOAMKA OLIHKH CTaHy SKOCTI IUMXTOBAHMX
MarHiTONpoOBO/AIB ENEKTPHYHMX MAllMH 3arajJbHOr0 MPH3HAYEHHs, WO po3pobieHa B
auceprauiiuniii  podori  Irsmamoka €sresa CranicraBoBuya acHcTeHTa KadeapH
enekrpomexanikn  «KITl  im. Irops Cikopcbkoro» BrnpoBajukeHa y BHPOOHHMUTBI
NUINPHEMCTBA NPH 1TYCKOHAIATOUKY BAJIbHUX | €/IEKTPOMOHTRXHHX pobOTax npH BXiZIHOMY

Ta BUXIJIHOMY KOHTPOJIi eIeKTPOIPHBOAIB.

Meroanuna Gasza, wo Oyna npejicrasieHa, Ta NPHIAAM JUIS BHCOKOYaCTOTHOIO
KOHTPOJIIO MiZIMCTOBOT 130151LLT OCep/ib, 103BOMAIOTH 3pO6HTH BUCHOBKH PO MOJXKJIMBICTH
MOAQIBIIONO BHKOPHCTAHHS MarHiTONpoBOAIB aCHHXPOHHHX ABUIYHiB. CTBOpeHa 3acobu
KOHTPOJIIO Ta Binnésinﬂi npucTpoi Oyau po3pobieHi B Mexax JuceprauiiiHoi poborn
aBTopa JUIsl OTPHMaHHs CTyneHs jaoktopa dinocodii. Lle 103B01HI0 3HAYHO 3MEHILIUTH Yac
Ta BHUTPATH HA [IEPEBIPKY Ta HAJAWITYBAHHS EJIEKTPONPHUBIJAHHX CHCTEM uYepe3
OOrpyHTOBaHHMil Ta MalO3aTPaTHUH [polec BHABJIEHHs Ta BiaOpakiBku OpakoBaHMX

MarHiTonpoBOIiB.

Havyanbuuk BupoOHUYOro Biatiny

Kanmenxo O.1
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