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AHAJII3 3SMIHHUX Y YACI MATHITHHMX ITOJIIB METOJ1OM
KOHTYPHHUX IIOTOKIB

KIIMMOB A.®. acmipanT Kadeapu enekTpuuHMX MamuH ~HarfonansHoro ymiBepcurery "3amopisbka
mornitexHika", 3amopixoksa, Ykpaina, ORCID: https://orcid.org/0009-0004-4126-7534,
e-mail: afklymov@gmail.com;

BYT .P. acmipadT Kadenpu eNeKTpMYHMX MamuH HanioHansHOro yHiepcurery "3amopisbka
mostitexHika", Samopixoks, Ykpaina, ORCID: https://orcid.org/0009-0009-5918-0337, e-
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TUXOBOJI C.M. I-p TexXH. Hayk, npodecop, npodecop Kapeapu eneKTpuYHUX MaiuH HamioHanbHOTO
yHiBepcuTeTy  "3amopisbka  mojitexHika',  3anopixoks,  Ykpaina, ORCID:

https://orcid.org/0000-0003-0748-1735, e-mail: stikhovod@gmail.com;

MeTta po6oTn. Po3poOka HOBOTO MiIX0/y CKJIaJaHHs ajJrOpUTMYy A0 PO3paxyHKy CTATHYHUX Ta JUHAMIYHHX Mar-
HITHUX TIOJIIB METOJIOM KOHTYPHHX MarHiTHUX IOTOKIB 3 peaji3alilo y BUIIISAI KOMIUIEKCY KOMI IOTEpHHX ITPOrpam.

Memoou 0ocniorncennsn. UncnoBi MeTOM IHTErpyBaHHs 3BUYAHUX JU(EpEeHLIAIbHUX PIBHSIHb, MATPHUYHI METO-
JI, KOMII'FOTepHE pOrpaMyBaHHsI, TEOPis eJIeKTPUYHUX Ta MArHITHUX KiJ, cucteMa Matlab.

Ompumani pezynomamu. Y poOOTi 3alIpONIOHOBAHO HOBHUI MiIXi O PO3pPaxXyHKY CTATUYHUX Ta AMHAMIYHUX Ma-
THITHUX TIOJIB METOIOM KOHTYPHHX MAarHITHHX TMOTOKiB. Ha OCHOBI 3alpOIIOHOBAaHOTO METOIY PO3POOJICHUH Ta
PO3’SICHEHHH aNTOPUTM, a TAKOXK KOMII'IOTEpHA IPOrpaMH MOJEIFOBAHHS CTATHYHUX MArHiTHUX IIOJIB y (epoMarHir-
HOMY ocepai. Takox po3poOieHnit Ta po3’ICHEHHH aJTOPUTM, a TAaKOK KOMII IOTEpHA MPOrpaMi MOJICITIOBAHHS TUHA-
MIYHAX MarHITHHX TIOJIB y (hepoMarHiTHOMY ocepfi. Ta cTpyMy y KoTymmi. Llei MeTon Mae Taki mepeBaru mepej ic-
HYIOUMMH METOJIaMH: IIPOCTOTA, JOCTYIHICTh Ta BIAKPUTICTE. J{J1s po3yMiHHS METOMY TOCTATHBO JIUIIE Oa30BHUX 3HAHB
3 TEOPETUYHHUX OCHOB €JIEKTPOTEXHIKH B 00CSI31 APyroro Kypcy TeXHIYHOTO yHiBepcuTeTy. Po3pobiieHi Ta BUKIaleHi y
BUIBHHUH JOCTYIl KOMIT FOTEPHI MPOTrpaMu, N0 peaji3yloTh 3alpOIIOHOBAHUI MeTOA. J[isi BUKOpPHCTaHHS MpOTrpaMu He
NOTpiOHA JIiIIeH3is.

Haykoea noseusna. [IponioHy€eThCs HOBHH MiIXiJ JO PO3PaXyHKY CTaTUYHUX T AWHAMIYHUX MarHiTHUX HOJIB Me-
TOJIOM KOHTYPHHX MarHiTHHX IOTOKiB. 3alpOIIOHOBAaHUK METOJ TO3BOJISIE aHAII3yBaTH 3MIHY y Yaci CTPyMiB Y KOTYII-
i 3 hepoOMarHiTHUM OCepJIsiM, a TAKOX MarHiTHUX MOTOKIB y PI3HUX YaCTHHAX MArHITOIPOBOJY.

Ilpakmuuna yinnicms. Ha 0CHOBI 3aIpOITOHOBAHOTO METOMY PO3pOOJICHUH Ta PO3’SICHEHUH allTOPUTM a TaKOXK
KOMIT'IOTEpHA IporpamMa po3paxyHKy MarHiTHUX HOJIB y CTATUYHOMY PEXKHMi BO BCiX YacTHHAX MarHiTONpoOBOIY, Ha
SAKAH BCTAHOBJIEHO KOTYIIKY 3 3a/JaHMM CTpyMoM. Ha OCHOBI 3amponoOHOBAaHOTO METOAY TAaKOXX PO3pOOIEHUH Ta
pO3’ICHEHHIA aNTOPUTM a TaKOK KOMITIOTEpHA MporpaMa MepexiTHOro MpoIecy y KOTYII 3 (epOMarHiTHUM OCEPIISIM.
s mporpama BUKIJIaZICHA y BIAKPUTOMY HOCTyIi. BoHa MoXe OyTH BUKOpHCTaHa y HABYAIBHOMY Tporieci 0e3 JimeHsii.
IIpocToTa MeTOLy HO3BOJISE BKIIOUUTH LIEif METOJ B Kypc TEOPETHYHUX OCHOB EJICKTPOTEXHIKM TEXHIYHHUX yHiBepcUTe-
TiB.

Kniouogi cnosa: nepexioni npoyecu; erekmpuuni Kona; Mazuimui Kona; mazuimni onopu; ougepenuyiansui pi-
GHSHHA; YUCETbHI MEMOOU.

I. BCTYII XYBaHHSIM SIKUX BHUKOHaHI yHIBEpCaJbHI NMPOTPaMHI KOM-
IUIGKCH ISl aHali3y  eJIeKTPOMATHITHUX  IIOJIB:
ANSYS/EMAG [1], COMSOL [2], Ta iammx. fxmo
myxke pgopori kommiuekcw, Taki sk ANSYS/EMAG,
COMSOL 103BONSIOTE BUKOHYBAaTH MOJICIIOBAHHS TpH-
BAMIPHHAX TIOJNIB, TO TPOCTI KOMIUICKCH OpI€HTOBaHI,
MepeBaYKHO, Ha JIBOBUMIpHE MOAEoBaHHS. [|[BOBUMIipHE
MOJEIIOBAHHS IINPOKO 3aCTOCOBYETHCS VI MOJETIOBAH-
HS TOJNIB NPOTSDKHHX 00'ekTiB. Y OaraTboxX BHIagKax
JIBOBUMIpHE MOJIEITIOBAHHS CIIPUHMAETHCS SIK TIOIIEpEIHIN

Po3paxyHOK MarHiTHUX MOJIB aHAJITHYHUMH METO-
JaMH B 00JacTsAX CKIATHOI KOHQITryparlii - 3aBIaHHs, sIKe
He Mae pimeHHs. OJHaK 3aCTOCYBaHHSA YHCEIBHUX METO-
JiB 03BOJISIE BUPIIIUTH 1€ 3aBAaHHs. B maHuit gac BUKO-
PHUCTOBYIOTBCSI METOAM PO3paxyHKy MAarHiTHHUX IOJNIB
METOJaMH CIiTOK, KiHIEBUX €JIEMEHTIB Ta IHIIMMH METO-
nmamu [1].

HaykoBIsiMU CTBOPEHO MaTeMaTHYHI MOJIENI, 3 ypa-

© Kaumos O.®@., Byt A.P., Tuxosoa C.M., 2026
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eTar rnepej TPUBUMIpHUM MozeroBanHsM [3]-[5].

B ocHOBy cy4acHHMX MpOrpaMHUX KOMIUIEKCIB, IPH-
3HAQUYEHMX JUIS JIOCHI/DKEHHS €JEKTPOMArHiTHUX IOJIiB,
MOKJIaJICHO MaTeMaTH4HI MOJENi, 10 BHKOPHUCTOBYIOTH
pi3HOMaHITHI YucenbHI MeTonu. Haiibinbm momynspHuM
HUHI € METOJ| KiHIICBUX CIIEMEHTIB. B octaHHIX Momudi-
KalliX BEJIMKHX MPOTPAMHHX KOMIUIEKCIB CTaJl0 MOJKITH-
BUM IPOBOIWUTH IOCHI/KEHHS HE JIMIIEe CTaliOHapHUX
IOJIiB, @ ¥ TOJNIB, IO 3MIHIOIOTRCA y 4aci. Jlo moiapoBoi
MOJEINI CTall0 MOKJIMBHUM MiAKIIOYAaTH TONATKOBY MOJAEIH
— @JISKTPUYHE KOJIO Ta BUKOHYBATH CITIIBHE MOJEIIOBAH-
HSl €JICKTPUYHUX MPOLECIB Y €ICKTPUIHOMY KOJI Ta €JeK-
TPOMArHiTHHUX TpoleciB y obunacti mnoiusi. Take Mojemnto-
BaHHsS MOTPeOye MIABHUIICHUX PECYpPCIB KOMITIOTEpa Ta
Yyacy po3paxyHKy. ToMy NpHBaOIMBHM € METO] MOJIEIIIO-
BaHHS €JIEKTPUYHUX Ta MarHiTHUX IOJIIB METOJIAMH eJIeK-
TPUYHUX Ta MAarHiTHUX KiJ, MOB'I3aHUX MDK CO0OI0, Tak
3BaHHX MAaTHITOCICKTpUYHUX cxeMm 3aMimmeHHs (MEC3)
[3]-[5]. AHani3 TUHAMIYHHAX TPOIIECIB Y PEaTbHHUX EJICKT-
POMarHITHUX HPUCTPOSX HA OCHOBI MarHiTOEIEKTPHIHIX
CXEM 3aMilIeHHsl He MoTpedye 3HAYHHUX PECypCiB KOMII'-
oTepa Ta yacy monemoBanHsA. OnmHak mapamerpu MEC3
MMOBHHHI OyTH 3a/aHi TOYHO, i Il MeTox moTpedye Be-
pudikarii DUIIXOM aHaJi3y MOIBOBOT MOJEMI.

I1. AHAJII3 JTOCJILKEHD I ITYBJIKAIIA

Po3paxyHOK MarHiTHHX IOJIiB aHATITHYHUMH METO-
JaMH B 00J1aCTAX CKJIAIHOT KOHGIrypalli - 3aBIaHHs, sIKe
He Mae pimeHHs. OHaK 3aCTOCYBaHHS YHCEIbHUX METO-
JIiB JI03BOJIIE€ BUPIIINTH 1€ 3aBaHHA. B nanuii yac BUKo-
PHUCTOBYIOTBCSI METOAM PO3paxyHKy MAarHiTHHUX IIOJNIB
METOJIAMH CITOK, KiHI[CBUX CJICMCHTIB Ta IHIIAMHU METO-
namu [6]-[7].

CTBOpPEHO MaTeMaTH4YHI MOZENi, 3 ypaxyBaHHIM
SKUX BUKOHAaHI yHIBepCaJbHI IPOrpaMHi KOMIUIEKCH LIS
aHaJi3y eJIEeKTPOMArHiTHUX MOMiB. SIKIIO JyXe KOIITOBHI
koMmImiekcu, Taki sk ANSYS/EMAG, COMSOL no3Bo-
JISIFOTh BUKOHYBaTH MOJICNIOBAHHS TPUBHUMIPHHX IIOJIB,
TO TPOCTI KOMIUIEKCH OPi€HTOBaHI, MEPEeBaXHO, Ha JBO-
BUMipHEe MonemoBanHs [7]-[8]. JIBoBuUMipHE Momemo-
BaHHS IIHPOKO 3aCTOCOBYETHCS IS MOJICITIOBAHHS TIOJNIB
MPOTSDKHUX 00'€KTiB. J[BOBUMipHE MOJCITIOBAHHS MOXE
CHpuiMAaTHCS K TOMIEPEIHINA eTalr mepes Ty>Ke CKIaTHIM
TPUBHMIPHUM MojemoBanHsM [9]-[10].

B 0oCHOBY cy4acHHX MPOTPaMHUX KOMILUIEKCIB, MPH-
3HAYCHUX [UIA JOCHIDKCHHS EJICKTPOMArHITHUX TOJIB,
MMOKJIAZICHO MAaTEeMAaTHYHI MOJENi, M0 BHKOPHUCTOBYIOTH
PI3HOMaHITHI YHCENbHI METOAH, HAIIPUKIIA METO/ KiHIIle-
BHX eJeMeHTIB. B ocTaHHIX MoxnQikamisx BEIUKHUX MIPO-
rPaMHHUX KOMIUIEKCIB CTaJI0 MOXJIUBUM IPOBOIAMTH IOC-
JDKEHHS OB, 10 3MiHIOIOTECS y daci [10]. o momso-
BOI MOZETI CTal0 MOXKJIMBHUM ITiIKTIOYaTH EIEeKTPHYHE
KOJIO Ta BI/IKOHyBaTI/I cniane MOACJIIFOBAHHS eneKTqu-
HHX IPOILECIB y EJEKTPUYHOMY KOJi Ta eJIeKTpPOMAarHit-
HUX TIpolieciB y obinacti noms. Take MojenroBaHHS MOT-
pedye TiABHIICHUX PecypCciB KOMITIOTEpaA Ta Yacy po3pa-
XyHKy. ToMy pHUBaOIMBUAM € METOJ MOJICTIOBAHHS €JICK-
TPUYHHX Ta MAarHITHUX TIOJIB METOJAMHU CIICKTPUIHUX Ta

MAarHITHHX KiJI, TOB'S3aHUX M CO0O0I0, TaK 3BaHMX Mar-
HITOGNEKTPUYHUX cXeM 3aMimieHHs [11]. Anamiz auHami-
YHHUX TPOIECIB y peaTbHUX eNeKTPOMArHITHUX MPHCTPO-
sx Ha ocHOBI MEC3 He moTpe0ye 3HaYHUX pECypciB KOM-
mioTepa Ta yacy wmogemoBaHHA. OgHaK mapamerpu
MEC3 noBuHHI OyTH 3a3majerifib 3afaHi TOYHO, 1 ICH
Metol noTpedye Bepudikaiii NUISIXOM aHai3y MOIbOBOT
mozeni [12]-[14].

VY po6oTi [4] BUKIIaZIeHO METO PO3PaXyHKY CTaTHY-
HUX MAarHITHHX TOJIB METOIOM KOHTYPHHX MAarHITHHX
MOTOKIB. Y mid poOOTi PO3TISHYTO IDIOCKE MOJE, SKe
CTBOPIOETHCS €NEKTPUYHUMHU CTPYMaMH, CIIPSIMOBaHHUMHU
no oci Z, nepnenaukyisipHo miomuHl X0Y. OpHak y
I[OMY METOJi CTPYMH MPUHHATI 3aJaHUMH Ta MarHiTHI
TOJISL PO3PaXOBYIOTHCSl Y CTATHUKH.

III. META POBOTH

Po3po0Oka HOBOTO MiAXOy CKIAJaHHS AITOPUTMY IO
PO3paxyHKy CTATHYHUX Ta JUHAMIYHHX MArHITHHUX IOJIB
METOJIOM KOHTYPHHX MarHiTHHX IOTOKIB 3 pealizaliio y
BHTJISI KOMIUTIEKCY KOMII FOTEPHUX TIPOTPaM.

IV. BUKJIAJEHHSI OCHOBHOI'O MATEPIAJIY 1
AHAJII3 OTPUMAHUX PE3YJIBTATIB

Y poboti [4] BHKIAJEHO METOJ pO3PaxXyHKY
CTATUYHMX MArHITHHX TIOJIB METOJOM KOHTYPHHX
Mar”iTHUX TOTOKIB. Y wLiil poOOTI PO3IJISIHYTO IUIOCKE
1oje, SIK€ CTBOPIOETHCS EIEKTPUYHHUMHU CTPyMaMH,
CHPSIMOBAaHMMH 10 OCi Z, NEPHEeHANKYJSPHO IUIOLIMHI
X0Y. 1Ile#t wmeronm aBTopamMu  JOpOOJICHHUH  Ta
KOMII FOTEpHA IporpaMa MoaudikoBaHa.

[pwuitHATO, MO0 00JaCTH MOJICTIOBAHHS MATHITHOTO
MOJISL € TApANICNCIINe/IoM, Y SKOTO TpaHi HampaBJeHi Mo
ocsax X, Y, Z BiAmoBigHO. 3araibHUN Mapaieserine]
pPO30OHMBAETHCS HA HHU3KY Mapajesieline/iB 3 TIpaHsIMH,
piBaumu: hx, hy, Hz. 3 omgnoro mapaneneninena miHii
MAarHiTHOTO MOJIsl TIEPEXOAATh A0 IHILIOrO, MePETUHAIYN
rpaHi.

Ry,

LrTRX. :

X

Pucynoxk 1. Ilpuniun po30utTss 00JacTi MarHiTHOrO
TOJISl Ha TapaJIeIIeIIineIn

MarHiTHMIH TOTIK, MO MEPeXOJUTh 3 OJHOTO
mapajeserninesa B iHIIUH, pO3TISNAETECA K IOTIK, IO
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NPOTIKAaE uepe3 30CEpe/PKEHWH MarHiTHUW OImip, w10
3'eIHy€e CyMDXKHI Hapajenernineny (AuB. puc. 1).

OTKe, TIOCKE MarHiTHe MOJIe MOKHAa MOJIENIOBATH
MarHiTHUMH ITOTOKaMH, 110 NPOTIKaIOTh 4epe3 (ikcoBaHi
MarHiTHi omopu. Lli omopu moxpuBaroTh 00NACTH TOJIS
citkoro. Hexait Bca obmacte po3bura Ha  NX
mapajeneninesniB mo oci X Ta Ha Ny Hapaienemnine/aiB mo
oci Y (puc. 2). OcKibKM 3a YMOBOIO MarHiTHe IIOJie
B3IOBXK OCi Z He 3MIHIOETbCS, Mapajeleminean
3aMIHIOIOTECS TIPSIMOKYTHHKamu 3i croponamu hx, hy B
mromuHl X0Y.

ny+1 ﬁ 1 f ﬁ] L F ﬁ L m :|—|i\j|
ny LT LT LT :’7
I leeed] 0 I
v
Rx(kx, ky+1)
(- LT L | -
(] eotuctin A —— ]
e
v
ky Lk LI L& —
Rx(kx,ky)
®c(kx-nx,ky)
v
T T | I |
1 kx 3 nx=4 nx+1

Pucynox 2. Cirka Mar"iTHUX ONOpPiB, 3a SKUMHU
MPOXOAATh MarHiTHI IMOTOKH, II0 MOJENIOIOTH MarHiTHE
noJie (BUIAJOK IpU Ny =4, Ny = 4)

Bci marHiTHi onopu, 1o po3TanioByOThes M0 oci X,
nosHauumMo Ry, a mo oci Y — Ry. Omipu Ry, Ry
CYIPOBOIKYIOTBCS IBOMA 1HIAEKCAaMH B JyxKax. [lepumii
innekc Ky 3amae koopamHaty omopy mo oci X, a Opyruit
ingekc Ky - mo oci Y. Jlnist po3paxyHKy BUKOPUCTOBY€ETBCS
METOJT KOHTYpHHX MArHiTHHX TOTOKiB. MarHiTHi
KOHTYpHI TOTOKM IIO3HaunuMo cumBosioM @D 3
BIJIOBITHIM 1HAEKCOM y Iy’KKax, IO BH3HAYaE€ HOMEp
KoHTypy. KoxHOMy mapanenenineay IOCTaBICHO Yy
BIIOBITHICTh MAarHiTHHH omip Ry, mo 3B'S3ye HeHTpH
JAHOTO Tapaienerninena i mapajeleminena CyMiKHOTO
npaBopyd4, a Takok omip Ry, 1mo 3B'si3ye ueHtpu
napaesenine/aa i CyMibKHOTO 3BepXy.

KoxxHomMy  mapasenerineqy — HOCTaBIGHHH Y
BIJIIIOBITHICTH TakoX KOHTYp, /10 CKJIaIy SKOTO BXOISThH
OIOpH, WIO BIANOBINAIOTH mapanenenineny (puc. 3).
Koxen koHTyp Mae cBiii Homep K, skuit MoxxHa
BH3HAYUTH 32 JONIOMOT0I0 KOOPJIUHAT 110 ocsiXx X Ta Y.

K=ne-(ky- 1) +k . (1)

Hanpuknan, kKoHTyp 3 KoopauHatamu Ky = 3, ky =2
Mae Homep: K=17.

3 puc. 2 BuUAHO, MO TNpH Takii BiAMOBiAHOCTI
KOHTYpiB Ta MarHiTHHUX OIIOpIB HE BCi KOHTYpH
BUSIBILIIOTHCS 3aMKHYTUMH. He3aMKHEHMMH 3alMIIaThes

KOHTYpH, KpaiHi NpaBopy4d Ta Kpaiini 3Bepxy. ll[o0
3aMKHYTH IIi KOHTYpH, BBEICHI JOJATKOBI MarHiTHI
OTIOpH:
Rx(kx, Ny+1) (1 <ke nx <ky), Ry (kx+1, ky) (1 <ky <ny).
Takum uymHOM, Ooci X MaemMo NX, a mo oci Y - ny
3aMKHYTHX KOHTYPIB.

PiBHsiHHSA, IO cKkianmeHe 3a 2-M 3akoHoM Kipxroda
JUIS MAarHITHAX Kid A8 BHYTPIIIHBOTO KOHTYPY 3
koopauHatamu (ky, ky) 1 < ke < ny, 1 < ky < ny mae
BUIJISL

(Ru (kx, ky) + Ry (K, Ky) + Ry (Kx, ky+1) + Ry (ki 1, ky)) -
@e(Nx - (ky-1)+kx) = Ry (K, Ky) - @e(ny - (Ky-1)+ke-1) - Ry
(Kt 1, Ky) - Dy (Ky-1) kit 1)- Ry (ke Ky) - Doy - (Ky-
D)+ky- ki) - Ry (Kx, ky+1) - @e(ny - (ky-1)+kyt ki) =
(1 (- (ky =1)F k) + 1 (- (Ky -1)+ K1) + 1 (- (ky -
1)+ Ny k) + 1 (N - (Ky -1)Fng ky +1))/4 2)

VY piBHsHHI (2), 3TiIHO i3 3aKOHOM MTOBHOTO CTPYMY,
B JIBIM YacTWHI 3HAXOOUThC anrebpaiuHa cyma
MAarHiTHUX HalpyrI Ha YOTHUPHOX €JIEMEHTaX KOHTYpY, 3
koopauHatamu (KX,Ky), a B mpaBiit wactuni - cymapHHit
EJIEKTPUYHHI CTPYM, IO IPOHU3YE aHAI30BaHUI KOHTYP
1o oci Z, i BUKOHY€E poiib MarHitopyuniiHoi cum (MPC)
KOHTYpYy. s TpaHWYHMX KOHTYpiB piBHSHHA (2)
CHPOUIYETHCS: BiACYTHIHN J0OAaHOK:

2,kx=11<  ky<ny
3,kx=nx 1<ky<ny
4, ky=11<  kx<nx
5,ky=ny 1<kx<nx

CucremMa KOHTYPHHX PIBHSAHB CTBOPIOETHCS IUIIXOM
MOCITiIOBHOI 3MiHK 3HaueHb KX, Ky (1<kx<nx, 1<ky<ny).
B pesymbrari Ha minctaBi Bupazy (2) CTBOPIOETHCS
CHUCTeMa DIBHSHB, sska B MaTpUYHiA (opMi Mae Takuii
BUTJISAL;

A-Oc=1 (3)
ne ¢ — BeKTOp KOHTYPHHUX MarHiTHUX MOTOKIB,
MaTpuLs A OyayeThCcs BUXOJSUU 3 CUCTEMH PiBHSHB (2) 1

Ma€ BUIJISI, TOKa3aHuH y Taou. 1.
Bekrop - croBmenp mpaBoi 9acTHHU piBHSAHHA (3) Mae
BUIJISL

O]
1(2)
1(3)

I(nx - (ky = 1) + kx)

L1 (nx -ny)
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KoHTypHI MarHiTHi NOTOKM 3HAaXOZSTHCS LUISTXOM
pO3B'sa3aHHs cucTeMu JIiHIMHUX piBHAHB (3). KinbkicTb
piBHSIHB cucTeMH (3) IOPIBHIOE KUJIBKOCTI KOHTYpiB. Jlis
BEJMKUX 00acTei, TOOTO NMPH BETMKHUX 3HAYCHHSX Ny, Ny,
MaTpuLs A MOXKE€ MaTH BEJIMKI pO3MipH, i ONepaTUBHOI
mam's[Ti KoMI'roTepa Moxe OyTH HemoctaTHRO. OHAK Te,
1o MaTpuIs IyxKe po3pimKeHa, JIO3BOJISIE
BUKOPUCTOBYBaTH MAaTeMaTUYHMIl amapatr po0oTu 3
PO3PIIKEHIMH MaTPULISIMH.

Ha mincraBi MacuBy KOHTYpHHX MarHiTHHX IOTOKIB,
OTPUMAaHOTO mpu BHpIiIIEHH] PpiBHSHHS 3),
OOYHUCITIOIOTBCSI MarHiTHI MMOTOKH, CHPSMOBaHI 110 oci X -
@x, mo oci Y - @y, a TaKOXK MMOBHI MarHiTHI MOToKu .

[porpamy, mo mnpusepeHa y [4], momudikoBaHo.
Beezneno MeHto BUOOpy pizHUX (opM MoOyH0BH rpadikiB.
3a 1i€0 METOIWKOW PO3pOOJICHO Ta BHUKIAICHO Y
BUJIBHUI JIOCTYN KOMI'IOTEpHY nporpamy magcircl m y
cuctemi MatLab [9].

depomarHiTHI 001aCTi MafOTh MarHiTHI OIOPH, IO €
¢dyHKIIi€l0 3HaUeHHA MarHiTHOI iHAyKuii. ToMy marHiTHi
omopyu (QepoOMarHiTHUX oOOJacTell OOYUCIIOIOTHCS MpH
BUKOPHCTaHHI KpPWBUX HaMarHidyBaHHs cram. Kpusa
HaMarHidyBaHHS  BH3HA4Yae€Thbcid  TaONMIEI0  TOYOK,
OTPUMAHUX EKCIICPUMEHTAJIBHO, 1 BUKOPHUCTOBYETHCS B
mporpami i3 3aCTOCYBaHHSM CIUIaiH-1HTeprosLii [6].

KopucryBanHss mnporpamoro mnotpioHO Tak. Y
nporpamy magcir _datl 3agaroThcsi AaHi 10 pO3paxyHKY.
3amar0ThCsl 3HaUEHHS KpoKiB citku hX, hy mo ocsx X 1 Y.
VY KpoKax CITKH 3aJa€TbCsi 00J1acTh, B SIKiil aHAI3y€eThCs
MarHiTHe nojie. depomartiTHa 00JIaCTh PO3IIIANAETHCS K
o0JlacTh, IO CKJIAJAETHCA 3PSOy NPSIMOKYTHHX IIiJT
obOmacteit obl, piBHHX CTaJleBUM JIUCTaM CKJIaJaHHS
MAarHIiTONpoBOAYy. 3amaroThcst 00macTi obm i1 obp, 1o
3aifHATI OOMOTKaMH, 1 ycepemHEeHi MIUTBHOCTI CTPyMiB
BCIX BUTKIB IT0 IUX oOnacTsax. B obmactsax obm ctpymu
CHpsSIMOBaHi 10 oci Z, a B obmacTsx obp - mpotu oci Z.
Koxna obmacte Mae 4oTHpH KoopawHATH (y KpOKax
hx,hy): moyarok o6nacti mo oci X, KiHep obaacti mo oci
X, mouaTok o6acTi mo oci Y 1 kiHenpb 06acTi mo oci Y.

Ha puc. 3 HaBeJeHO MPUKIIA[ 3aBIaHHS BiAMOBIIHUX
obuacteil Uil BBEICHHS ITaHUX y nporpamy magcir datl.

Y

ny=80

2 (41585970
(7.18,34,48) 1

3

20.40,10.70 (42,63,34.48)

60.80,10,70;

4 (41591030

nx=100

Pucynok 3. Ilpuknan 3aBganHs o0nacTeil sl BBEICHHS
JaHWUX y TporpaMy magcir_datl

10

3riiHO 3 IMMU JJAHUMH PUC. 3 TIPOBEAEHO po3paxy-
HOK. Ha puc. 4 moka3aHo po3moii MOIYJIs IIIEHOCTI
MAarHITHOTO TIOTOKY B 00JIACTi, IO PO3TJISIAETHC.

B(xy)

0.8

0.6+ M
|

gl

0.4 e

0.2

100
80

Pucynox 4. I'padik po3moniny Moayssi MarHiTHOI 1HIYK-
mii

IIporpama magcircl m B3sATa 3a OCHOBY pO3pOOKH
MPOrPaMHOr0 KOMIUICKCY M MOJCIOBAHHS MAarHiTHUX
nojiB y auvHamini. Y mporpami mageircl m crpymu
npuiHATI 3anaHuMA. [lpn po3paxyHKy MarHiTHUX IOJIB y
JIMHAMILI 3HAYEHHsI CTPYMIB 3MiHIOIOThCs y 4yaci. Cxema
€JICKTPUYHOT0 KOJIa HaBeJEHO Ha pHC. 5.

PucyHok 5. Cxema enekTpuyHOro Koja

Ha cxemi mokazano mxepeno EPC e(t), sike BKitoue-
HE B €JICKTPUYHE KOJI0. Y KOJIi TOCIIiJOBHO BKITFOYCHI
pesuctop R i koTyka 3 ynciaom BuTkiB W. IHIyKTHB-
HICTh KOTYIIKH L 1OpiBHIOE:

_ oM
L®= W -i(t)

InaykTuBHicTh KOTYIIKH L(t) - 3MiHHA BennyuHa, 110
3MIHIOETBCS y Yaci.
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Ta6muus 1. Bun marpumi A

BignosimHo mo apyroro 3akoHy Kipxroda moxnHa
3arcaTy PiBHSIHHS:

ky 1 2 3
ky | kx 1 2 3 nx=4 1 2 3 nx =4 1 2 3 nx=4
Rx(L,1)+
Ry(L,1)+
U e | Ryen Rx(1.2)
Ry(2.2)
RxZ.1)+
2 | Ry@ | 00T | RyG Rx(2.2)
1 Ry(G2)
Rx G,
3 E:gg: “Ry (4.1) “Rx(33)
Ry 4.1)
Rx (4,1)F
Ry (4,1)+
4 RY@D | G -Rx (42)
Ry (5.1)
Rx (1.0)+
1| -Rx(12) R | -RY @2) -Rx(13)
RY(2.2)
Rx 2.2+
Ry (2,2)+
2 -Rx(22) Ry@2) [ 03 | -Rv62) “Rx(23)
, Ry 32)
Rx G2t
3 -Rx(32) Ry | 39 | Rv@2) -Rx(33)
Ry (4.2)
Rx (4,2)
4 -Rx(42) Ry | [ Ry -Rx (43)
Ry (5.2)
Rx(13)+
1| -Rx13) o | Rves -Rx(1,4)
Ry(2,3)
RxC23)+
2 Rx(2.3) Ry@3) | 2O | Ry () Rx(2.4)
, RYG.3)
Rx(3,3)+
3 -RX(3.3) Ry () | s | Ry @) RX(34)
Ry(4.3)
Rx(4,3)+
4 Rx(4.3) Ry (@) | G | Ry (53) Rx(4.4)
Ry(5.3)
Rx(LA)F
Ry(1,4)+
1 Rx(1,4) Rloy | Ry
Ry(2.4)
Rx2A)+
2 Rx(2.4) e | 20U | Ry Gy
_ RyRy (3.4
n=4 RxGA)+
3 RxG.4) Ry () | X3 | R
Ry(4.4)
Rx(A)+
Ry(4,4)+
4 Rx(44) Ry | e
Ry(5.4)

R-i+L~ﬂ=
dt

e(t)

)

11

PiBusiaHs (5) po3B'a3yeMo yncensHUM MeTonoM [ipa
[7]. Ha koxHOMY KpOIli IHTEIpYyBaHHS OOYHCITIOETHCS
MOBHUH MarHiTHUH NoTiK P, 1Mo nepeTHHae KOTYIIKY Ta
IHAYKTUBHICTE KOTymku L. bBiok-cxema anroputmy
PO3paxyHKy HaBeAeHa Ha pHc. 6.
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B anroputmi mnepenbOavyeHuil OCHOBHHH IUKJI, B
skomy tk - moTounmii yac 3miHroeThCs 3 Kpokom h. Ha
KOXXHOMY KpOIli OOYUCIIOEThCS MOTOYHE 3Ha4YeHHs EPC
e(t). [ToTiM opraHi3yeTbcs BHYTPILIHINA LMK iTepamii. Y
POMY [HMKJII Tpamioe MignporpamMa  OOYHCIICHHS
KOHTYPHHX MarHiTHHX MOTOKiB ®c Ta MOBHUX MarHiTHHX
motokiB @ y Bcix dYacTMHax MarditompoBoxy. Ha
KOXXKHOMY eTami iTepamii yTOUYHSIOTBCS  3HAYCHHS
MarHiTHEX omopiB RX, Ry Ha migcraBi KpuBoi
HaMarHiayBaHHs cTaji. Ha Buxomi 3 iTepaliifHOTO MUKy
O0YHCITIOETHCS IHAYKTUBHICTh KOTYIIKH L 1 TpoBOIUTHCA
pilieHHss  audepeHlianbHOrO  PIBHSHHA — YHCENbHUM
MeTo10M. Po3paxyHOK IPOBOANTHCS B TaKuii Criocio.

Jo piBusiHHEA (5) nonaeTbes PiBHSHHS YHCEIBHOTO
merony [12]. [ns HesBHOrO Metony Eiinepa piBHSHHS
Mae Burg (6).

Mporpama poapaxyHky MarHiTHore nons
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PucyHnoxk 6. biiok-cxema alnroputmy po3paxyHKy
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o€ i+l 3HAYEHHs CTPYMy HA MHOTOYHOMY KpOL
IHTETpYyBaHHS,

ik 3HaueHHs CTpPyMy Ha IONEPSIHBOMY KpOLi
IHTETpyBaHHS;

'k+1 3HAUEHHA NOXiJHOI CTPyMy Ha IIOTOYHOMY
KpOTIIi iHTeTpyBaHHS.

PiBusiaHs (5)-(6) 00'€qHYIOTBCS B CUCTEMY, SIKa B
MaTpUYHOMY BUTJIsII Mae BUTIsL (7).
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ne Xt — BeKTOp pilleHHS Ha IOTOYHOMY eTari
IHTErpyBaHHS,

M - marpuns piBHsHHA (7),

P- nipaBa wactura piBHAHHSA (7).

Ha migcraBi anroputMy po3poOJeHO KOMITIOTEpHY
nporpamy. PesynbraTn po3paxyHKYy HaBEICHO Ha pHC.
7,8.
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Pucynoxk 7. YacoBa 3aJeXHICTh CTPYMY y KOTYIIII
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Pucynoxk 8. YacoBa 3amexHiCTh MarHiTHOI IHAYKIIT y
MAarHiTOIIPOBOI

KoHnduJikT iHTepeciB. ABTOpPH 3asBIIAIOTH MPO Bill-
CYTHICTh KOH(QUTIKTY 1HTEpECIiB.

V.BUCHOBKHA

Y po06oTi 3ampoOmOHOBAaHO HOBWH MiAXiJ A0 poO-
3paxyHKy CTaTHYHHMX Ta IWHAMIYHUX MAarHITHHX IOJIB
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METOJIOM KOHTYPHHX MarHiTHUX IOTOKIB.

Ha ocHOBIi 3amponoHOBaHOTO METOMY PO3pOOIICHHIA
Ta PO3’sSCHEHUH aITOPUTM, a TAKOXX KOMIT IOTEpPHA IMPO-
rpaMH MOJENIOBAHHS CTaTUYHHMX MArHITHUX IIOJNIB Y
(bepoMarHiTHOMY Ocep/Ii.

Po3poOieHO Ta pO3’SICHEHO AITOPUTM, a TaKOXK
KOMIT'IOTepHa TIPOTPaMH  MOJETIOBaHHS JUHAMIYHUX
MarHiTHUX TOJIB Y (hepoMar-HiTHOMY OCepIi. Ta CTPyMy
y xorymmi. Llei meTox Mae Taki mepeBaru mepeq iCHyro-
YUMH ~ METOJIAMU: IPOCTOTAa,  JOCTY-IIHICTH  Ta
BiIKpHUTiCTh. {151 pO3yMiHHS METOAY AOCTAaTHBO JIHIIE
0a30BHX 3HaHb 3 TEOPETHYHUX OCHOB EJIEKTPOTEXHIKH B
00Cs131 APYroro Kypcy TEXHIYHOTO YHIBEPCHUTETY.

Po3pobmeni Ta BUKIAageHI Yy BITBHUHA JOCTYI
KOMII'FOTEepHI TPOTpaMy, IO Peayi3yloTh 3aIlpOIIOHOBA-
HUH Meron. J{isl BHKOPHICTAHHS NPOrpaMH HE MOTpiOHA
minensis [15].
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Purpose of the work. Development of a new approach to compiling an algorithm for calculating static and dy-
namic magnetic fields using the contour magnetic flux method with implementation in the form of a set of computer
programs.

Research methods. Numerical methods for integrating ordinary differential equations, matrix methods, computer
programming, theory of electric and magnetic circuits, Matlab system.

Results obtained. The paper proposes a new approach to calculating static and dynamic magnetic fields using the
contour magnetic flux method. Based on the proposed method, an algorithm and a computer program for modeling
static magnetic fields in a ferromagnetic core are developed and explained. An algorithm and a computer program for
modeling dynamic magnetic fields in a ferromagnetic core and current in a coil are also developed and explained. This
method has the following advantages over existing methods: simplicity, accessibility and openness. To understand this
method, all you need is a basic understanding of the theoretical foundations of electrical engineering at the second-year
level of a technical university. Computer programs that implement the proposed method have been developed and made
freely available. No license is required to use the program.

Scientific novelty..A new approach to calculating static and dynamic magnetic fields using the contour magnetic
flux method is proposed. The proposed method allows analyzing the change in time of currents in a coil with a ferro-
magnetic core, as well as magnetic fluxes in different parts of the magnetic circuit.

Practical value. Based on the proposed method, an algorithm and a computer program for calculating magnetic
fields in static mode in all parts of the magnetic circuit on which a coil with a given current is installed have been de-
veloped and explained. Based on the proposed method, an algorithm and a computer program for the transient process
in a coil with a ferromagnetic core have also been developed and explained. This program is publicly available. It can
be used in the educational process without a license. The simplicity of the method allows this method to be included in
the course of theoretical foundations of electrical engineering at technical universities.

Keywords: transient processes; electric circuits; magnetic circuits; magnetic resistances; differential equations;
numerical methods.
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JIATHOCTYBAHHSA ACUHXPOHHUX IBUI'YHIB 3A AHAJII3OM
BIBPAILIIMHUX XAPAKTEPUCTHUK

ITABJIEHKO C.}HO.  wmarictp kadenpu enekTpoMexaHiki HaIliOHAILHOTO TEXHIYHOTO yHIBEPCUTETY YKpaiHu
“KuiBcbkuil momitexHiuHui iHcTUTyT iMmeHi Irops Cikopcbkoro”, KuiB, VYkpaiHa,
ORCID: https://orcid.org/0009-0008-6840-2547, e-mail: pavlenko.serhii@lll.kpi.ua;

KOBAJIEHKO M.A. kamx TexH. Hayk, JIOIEHT, JIOLEHT KapeApu EIEKTPOMEXAHIKH HAI[iOHAIBLHOTO
TeXHIYHOro yHiBepcutery YkpaiHu “KuiBCbkuil mosiTeXHIYHWE iHCTHUTYT iMmeHi Irops

Cikopcbkoro” Kuis, Ykpaina, ORCID: https://orcid.org/0000-0002-5602-2001, email:
kovalenko87ma@gmail.com;

Mema pobomu. [ocnioscentusn cnocody 6e3KoHmaxmuozo 0iaeHOCMY8aHHA ACUHXPOHHUX OBUZYHIE UTAXOM AHATI-
3y gibpayitinux cuenanis. Lle 0ozeéonume ceoeyacho guasnamu deghpekmu, wo SUHUKAIOMb HA PAHHIl cmadii nposasy y
npoyeci excniyamayii 6e3 po3oupaunsa obaaonanna. Lle 0o36onums yO0oCKOHAIUMU Memoou 0iaeHOCMUKY ACUHXPOHHUX
08uU2YHI6 0/151 Ni0GULeHH S HAJIUHOCMI ma Oe3neKu ix ekcniyamayii.

Memoou docridxcennsa. Yacmomuuii ananiz GiOPAYIIHUX CUSHANIE 3 GUKOPUCMAHHAM UWGBUOKO20 NepemeopeHHs.
@yp e 015 UOiNEHHA OiA2HOCIMUYHUX O3HAK Y YACOBIU MA YACTMOMHIU 001aCmX.

Ompumani pesynemamu. Y x00i 00CHiOdiCenHs 6CMAHOBIEHO BUCOKY YYMAUBICMYb GIOPAYIIHUX XAPAKMEPUCIUK
ACUHXPOHHUX eNeKMPOOBUSYHIE 00 MUNosux 0eghexkmia (excyenmpucumen pomopa, 00pusU CMpuUICHi8, NOUKOOHCEHHsL
NIOWUNHUKIB, MeXAHIYHUL OUCOANaHC, NOPYUIeHHS YeHMPYB8AHH 8Ali6 ma ociabienHs oomomox cmamopa). Ilokasano,
WO KOMNIEKCHUL YACMOMHUL aHANI3 3 BUKOPUCAHHAM WEUOK020 nepemeopents Pyp’e 0038019€ 6UABIAMU O3HAKU
Oehexmis 3HAUHO paHiute, HIdIC NEPIOOUHHUL CIMAMUYHUL MOHIMOPUHe. Y cnekmpi siopayii uimKko nposensiomocs 6iuHi
cmMy2u KOG3anHs, Yacmomu Oeghekmie niouunHuKie, nocunieHHs nepuioi 2apMoniKy obepmanns ma ckiaoo8i Ha 4acmo-
mMax JCUNeHHsA. 3anponoHo6anuti Oe3KOHMAKMHUL Memoo MAe GUCOKY NPAKMUYHY NPUOAMHICIb 0Nl MOHIMOPUH2Y
MEXHIYHO20 CIAHY O8ULYHIB Y NPOMUCTIOBUX YMOBAX.

Hayxosa nogusna. Hayxosa HogusHa 00Cniodicents nonaeac 8 600CKOHANEHHI NiOX00y 00 0iaeHOCMYBAHHS eNeKm-
PUUHUX OBUSYHIG ULISIXOM KOMIIEKCHO20 AHANI3Y GIOPAYIIHUX XApAKMeEPUCTUK Y Yacosiil ma Yacmomuit 001acmsix, wo
00360714€ NIOBUWUMU OOCTNOBIPHICMb BUABNIEHHA OepeKmie Ha PAHHIX cMAdiax iX po3eumKy.

Ipaxmuuna yinnicms. Ompumani pe3yniomamu MO*Cymv Oymu UKOPUCTIAHT OliA 8NPOBAOICEHHS cucmeMm 8iopa-
YillHO20 MOHIMOPUHZY MEXHIUHO20 CMAHY eNeKMPUYHUX O8USYHI8 Y NPOMUCTOBUX YMO8aAX. 3anpononosani nioxoou 0o
aHanizy eiOPayiiHUX XapaKxmepucmux 0arms 3moey 30IICHIO8AMU PAHHIO OIAZHOCIMUKY MUNOSUX 0eqheKmis, 3MeHULy-
samu pusuK agapiliHux 6iOMO8 ma ONMUMI3y8amu NIAHYEAHHA MEXHIYHO20 00CIY208Y6aAHHSA | PEMOHMY eNeKMPUUHUX
mawun. Mamepianu pobomu Moxcyms Oymu UKOPUCMAHI NIO YAC pO3POOIEHHS NPOSPAMHO20 3a0e3neuents JideHOC-
MUYHUX CUCEM, A MAKOC Y HABUALHOMY NPOYeci npu nio2omosyi haxisyie 3 e1eKmpoMexaHiku ma enepeemuKu.

Knrouoei cnoea: acunxponnuii enekmpoogueyn, eiopayiuna diacnocmuxa, auanis eiopayil; deghexmu pomopa,
Oegbexmu NiOWUNHUKIS, eKCYeHmpucumem pomopa, MOHIMoOpUHe CIany, PaHHE BUABTEHHA Oedexmis.

I. BCTYID Hy 3yIMHKY 00JaHaHHs. [2]

o ) ) VY KpUTHYHHX TaITy3sX, e Oe3nepepBHICTs poboTH €
Y Cy'aCHOMY CBITI aCHHXPOHHI ABUTYHH 3YCTPI4a-  aGcomoTHO HEOOXIJHOW, HANPHKIAN, y 3alli3HUYHOMY
OTBCS HalqacTue. Taxa TOMy BIPHICTE - TIOACHIOETBCA  rpancmopTi umM BITPOBIH €HEPreTHIli, NIPEBEHTHBHA Jiar-
IXHBOTO HPOCTOTOIO, y3KE BUCOKOIO HAMIMHICTIO, HEBUCO-  gocTHKA HECHIPABHOCTEHN €NEKTPOIBUTYHIB HabyBae CTpa-
KOIO IIIHOXO Ta MOXIIMBICTIO IPAlIOBATH IMPAKTUYHO B rteriynoro 3HaueHHs. HecropiBaHi 3yMUHKH 4Yepe3 MOJIO-
Oyzb-siknx yMoBax. [1] MKHU TPHU3BOJSTH O BEIWYE3HUX HIOPIYHUX 30MTKIB LISt
HesBaxaroun Ha BHCOKY HaIiMHICTh aCHHXPOHHMX  IPOMHUCIOBHX IIJNPHEMCTB. Minbspau nonapiB depes
JBHTYHIB, 3 4acOM BOHM BCE OJHO 3a3HAKOThL 3HOCY Ta  IIPOCTOI BUPOOHMLTBA, aBapiiiHi PEMOHTH Ta BTpayeHy
pi3HMX BHIIB HecmpaBHocTel. HalimomupeHimi cepex — MpoAyKiiro. [3]
HUX — JIe(CKTH MiAHUIHAKIB, OOPHBH CTPHKHIB abo Ki- Cepen MeToiB HEPYHHIBHOI A1aTHOCTHKH BiOpartiii-
JICTb KOPOTKO3AMKHEHOTO pOTOPA, CKCLUCHTPUCUTCT PO-  pyjf MOHITOPHHT 3aiiMa€c MPOBiAHE MiCLE 3aBIAAKH BHCO-
TOpa, MEXaHIYHHMH JuCOANaHC, HCBHPIBHAHICTD BAaiB.  ijf YyTIUBOCTI JO LIMPOKOTO CIIEKTpa HECHpaBHOCTEH
Taxi mpoGaemu CHPHHUHSIOTE HaﬂiHH’[.KKﬂg SPOCTaHHA  acHXPOHHHUX IBHUTYHIB, BiJ] MEXaHIYHOTro AucOaTaHCy Ta
BUTpaT eJ‘IeKTpOGHepFl.l'., TOCHJIEHHS  BiOpamii i HWIYMY,  HeBUPIBHIOBAHHS BalliB 10 AE(EKTiB MiIUIMINHUKIB i II0-
TeperpiBaHs, a B HAHTIPIIOMY BUIAJKY — MOBHY aBapii-  ixomkeHb KOPOTKO3aMKHEHOro potopa. Lleii miaxin nae
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3MOTY Iepea0aYnTH aBapito 3a3Aajeriib, ONTHMIi3yHOUH
rpadiky IpeANKTUBHOTO 00CIyroByBaHHs. [4]

Y acHMHXpOHHHX EJIEKTPOABHTYHAX aHami3 BiOparii
J103BOJIsIE €(DeKTHBHO BHSIBISITH JMcOallaHC POTOpa, 3HOC
a00 MoUIKOpKeHHs miIUIHUKIB. L{i HecnpaBHOCTI 4acTo
CYNPOBOJIKYIOTBCS TIIBUIICHHSAM TEMIIEpaTypu Ta PiBHS
orymy.

XapakTepHUMH IS aCHHXPOHHUX IBUTYHIB € BiO-
paIliiiHi CHTHAJIM Ha YacTOTax, [TOB’SI3aHUX 13 KOB3aHHAM
poTOpa, a TaKOoX TapMOHIKM YacTOTH JKMBICHHsS. [lpu
HOMIKO/KEHHI poTopa (HalpHKIIa, 371aMaHuX CTPHUIKHSX)
y BiOpaliifHOMy CIIEKTpi 3’SIBIISIOTBCSI XapakTepHi OidHi
cmyru. [5]

VYV Oymp-sKid cnpaBHiN MamINHI MPHUCYTHI BiOparii,
3yMOBJICHI MEPiOJMYHIMU MEXaHIYHUMH Ta €JIEKTpOMar-
HITHUMH TIpoliecamu: oOepTaHHsIM BalliB i poTOpa, 3auer-
JICHHSIM 3y0iB 3yO4acTHX Iiepejad, IyJIbCALlsIMH EJIEKT-
POMarHiTHOTO MOJIsi B CHHXPOHHUX JIBUTYHaX Tomlo. Ya-
CTOTa TOBTOPEHHS IIMX MOJii € XapaKTepHOI O03HAKOIO
KOHKPETHOTO JpKepena BiOpailii, TOMy KJIFOYOBI CydacHi
METOIM [JIarHOCTUKH TEXHIYHOTO CTaHy IPYHTYIOTHCS
caMe Ha YaCTOTHOMY aHali3i BibpamiifHoro curHaiy. [6]

CphOrojiHi aCHHXPOHHI €JICKTPOABUIYHH BiIirparoTh
KIIIOYOBY POJIb Y TPUBOAAX €JIEKTPUYHOTO TPAHCIIOPTY -
Bil BAKKUX ITPOMHCIIOBHX MAIHH (€JIIEKTPOBO3H, TipHUYI
KOMOaiHH, KOHBEEPHI CHCTEMH) JI0 MACOBHX €JICKTPOMO-
6iniB. Y ripauyono0yBHil, MeTanmypriifHiil Ta iHIMX 0e3-
TIepepBHUX BHUPOOHUIITBAX BOHU IPALIOIOTH 1110,1000BO,
ciM IHIB Ha THKIeHb. TyT HaBITh KOPOTKOYACHA aBapiiiHa
3yMUHKa Yepe3 MOJIOMKY JBHTYHA MPU3BOJIMUTH 10 30MTKIB
y MineioHH monapiB. HaTomicTe y cerMeHTi 0coOMCTHX
€JIEKTPOMOOLTIB BiAMOBa JABHTYHA MOXKE CHPUYNHUTH
JIOPOXHBO-TPAHCHIOPTHY IIPUTOLY 3 BHCOKUM PH3HKOM
TpaBMyBaHH: UM HaBiTh 3aruoeni moaei. [7]

TexHiuHe 00CITYTOBYBaHHS i3 BUKOPUCTAHHSIM TIPO-
THO3IB — II¢ IOTOYHA KOHKYPEHTHA IepeBara. ¥ ke Choro-
IHI JUTs 3pOocTaHHS e()eKTUBHOCTI B IPOMHUCIOBOCTI, €He-
preTurli, TpaHCHOPTI Ta IHIINX cdepax MOBCIOIHO 3aCTO-
COBYETBCS ABTOMaTU30BaHE YIPABIiHHS, aHAIITHKA BEJIH-
KHUX JaHUX, ICTOPUYHUX MMATEpPHIB i JaHUX MOHITOPHHTY B
peajbHOMY Haci - Bce Lie Pa3oM JIa€ 3MOT'y IPOrHO3YBaTH
BIZIMOBH 3a3/aJIeTi/Ib 1| YHUKATH MUTLHOHHUX 30UTKIB. [8]

TakuM YHHOM, CHOTOJHI MOXJIMBO HE IUIIC cdek-
TUBHO KEPYBaTH MOTOYHUMH TEXHOJIOTIYHHUMHU Ta BHUPOO-
HUYHAMH TIPOIIECAMH, a ¥ MOBHICTIO TEPEUTH BiIl Tpaau-
OifHOTO IUTAHOBOTO TEXHIYHOTO OOCIyTOBYBaHHS [0
npodiIaKTUIHOTO (IPOTHO3HOT0). Y CydYacHUX yMOBax,
KOJIM PUHKU BHMAararoTh IIBUJKOTO pearyBaHHs, a HOIHT
3MIHIOETHCSI Iy’Ke JHUHAMIYHO, OyIb-sKuil mpocTii oOuna-
JIHaHHS CTa€ HaJA3BUYAHO JAOPOIMM — SIK y I'DOLLIOBOMY,
Tax 1 B penyTauiiinomy Bumipi. [9]

1. AHAJII3 JTOCJIJIKEHD I ITYBJIKAILIA

JliarHOCTYBaHHS HECTIPABHOCTEH €JICKTPOIBUTYHIB €
aKTyaJbHUM HAINPSIMKOM Yy CYYacHIH eIeKTPOMEXaHilli Ta
MeXaTpoHimi. SKImo paHile TOMiHyBaJId KIACHYHI OIHO-
CCHCOpHI TEXHIKM (HAIpHUKIAL, aHami3 oxHiel (izmaHOl
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BEJIMYMHM), TO CHOTOIHI BCE YACTillle 3aCTOCOBYIOTHCS
MYJBTHCEHCOPHI MIAXOOM Ta IHTENEKTyalbHI CHCTEMH,
10 MMOE€JHYIOTH JaHi 3 Pi3HUX JKepes 1 BUKOPHUCTOBYIOTh
AITOPUTMH IITYYHOTO iHTeNeKTy. [10]

Krnacudikamis cursanis mymy Ta BiOpamii mupoxo
3aCTOCOBYETHCS ISl JIarHOCTUKH HECHPaBHOCTEH y Me-
XaHIYHUX 1 eIeKTPHYHUX CHUCTEMaX, 30KpeMa B €JIeKTPO-
MoOusix. Tpamumiiiai MeTomwm Kiacudikarii 6azyroThes
Ha O3HaKaX y 4acoBill Ta 4acCTOTHIW oOnacTsx. Y JaHOMY
JIOCTIIPKCHHI MPOMOHYETHCS MiAXiJ, 110 mepeadadae Bi3y-
aTi3aIio aKyCTHYHUX CHTHAJIIB 33 JOITOMOTOI0 PO3IOILTY
Birnepa-Biuis (WVD) anst BuiIydeHHS XapaKTepHCTHK
BiOpaliHUX CUTHAJIB 3 MOJAbIIOK Kiacudikamico 3a
JIOTIOMOT' 00 IITYYHUX HEHPOHHUX Mepex. [11]

Sk JpKepeno MOTYXHOCTI JiIisk nepeBipKku e(heKTHB-
HOCTI 3aIlPOINOHOBAaHOI METOIMKH Kiacudikarii BiOpa-
[IAHUX CUTHAJIIB BHKOPHCTOBYETHCSA OE3IIITKOBUIN BU-
ryH. B excrniepuMmeHTanbHiii poOOTI LIICTh PI3HUX CTaHIB
pobOTH JBUIYHa NPH Pi3HUX 4YacTOTaXx OOepTaHHs, JUIi
SKHX TPOBOJIMIIOCS BHMIPIOBaHHS BiOpaliiHUX CHTHAJIIB.
OTpuMaHi CUTHAJIM Bi3yasli30BaHO 3a JIOTIOMOTOIO PO3IIO-
niny Birnepa-Bumist (WVD), mo 103Bosisie BUTSTTH 4aco-
BO-4aCTOTHI XapaKTepUCTHKH. [lepeTBOpeHi TaKuM YHHOM
JaHi y BUTIIAL 300paskeHs WVD naini mogaroTbes Ha BXif
MoOJeIi TIIMOOKOTO HaBYaHHA SKa BHKOHYE aBTOMATHYHY
ineHTudikamio Ta kmacudikamiro cra"iB nBuryHa. OTpu-
MaHi MOKAa3HUKH TOYHOCTI PO3Mi3HABaHHA, CBIITYAThH PO
CYTTEBE MiIBUIICHHS €(PEeKTHBHOCTI [IaTHOCTUKU HECTpa-
BHOCTE! 0e3IIITKOBUX ABUTYHIB. [12]

TpagumiifHO IiarHOCTHKA HECTPAaBHOCTEH JBHUTYHIB
MoJIsiTaia B IepeBipIli MEXaHIYHUX BY3JIB O€3M0CepeTHBO
i gac eKcIuryartarii 3 MeToro imeHTudikamii Ta Bepudi-
Karii medekTiB. 3aBAsKH IpOrpecy B CEHCOPHHUX TEXHO-
JIOTiSIX CHOTOMIHI MEXaHi4HI MPoOIeMH aHATi3YIOTHCS 3HA-
9yHO mBuAme i edexruBHinie. [ BUSHAYCHHS Micls Ta
XapakTepy HECHpPaBHOCTEH HaWyacTillle 3acTOCOBYIOThH
JaHi BiOparii Ta aKyCTUYHOTO CUTHATY. AKCEJICPOMETPH €
OJIHUM 13 HAWOUIBII MOUIMPCHUX 1 HATIHHUX 3ac00iB 300-
py BiOpauiiHMX JaHWX, JO3BOJISFOYHM 3 BHCOKOIO TOYHIC-
TIO (iKCyBaTH KOJIMBaHHS MAIlMHA B PEaJbHOMY 4Yaci.
[13]

VY TpagumiiHOMy aHami3i BiOpaliiHMX CHTHAJIIB
IIMPOKO BUKOPHCTOBYIOTHCS IIBHIKE IepeTBOpeHHS Dy-
p'e (FFT) ta BeiiBneT-nepeTBOpeHHs AJIsl BUIIyYEeHHS iH-
dbopmaTuBHEX o03HaK. Bomnouac FFT mae mpunnmmose
OOMEXeHHs, a caMe BIJICYTHICTh OJIHOYAaCHOI BHCOKOT
PO3IUIBHOT 3IaTHOCTI B YaCOBIf Ta 4aCTOTHIH 00JacTIX
(mpuHIMIT HeBM3Ha4YeHOCTI [ eiizeHOepra—I'abopa). lle
MPU3BOJUTH J0 KOMIPOMICY: IpH POKYCyBaHHI Ha 4acTO-
THOMY CIIEKTpl BTpAda€eThcs JAeTalbHA iH(OpMAIis Tpo
TUMYAcOBi 3MIHH CHUTHAITy, Yepe3 10 HecTalioHapHi BiO-
pamiifHi mporecu He MOXYTh OyTH MOBHICTIO Ta TOYHO
BiaTBOpEHi. [14]

I'Hyuki cucremMu 300py 1aHMX HOBOTO HOKOJIHHS 3
6a30BUM OJIOKOM Ha TP CIOTH Ta BOYIOBaHHM BHCOKO-
TOYHUM MYJIBTHMETPOM, IJISI PO3LMIMPEHHS (QYHKIIOHATb-
HOCTI B HanpsMKy AWHAMIYHOTO Ta BUCOKOIIBHIKICHOTO
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300py curHamiB npusHadeHo Moayib DAQM909A gotu-
pUKaHAIBHUNA JWTiTaii3ep 3 OJHOYACHUM CEMIUIIHIOM.
3aBIsKM [IbOMY CHUCTEMH €()EKTHBHO BHPILIYIOTH 3a/adi
aHalli3y TapMOHIK i IIyMOBHX CIIOTBOPEHb, MOHITOPHHTY
IIMH XKHUBJICHHS, OI[IHKMA aKyCTHYHHX HapaMeTpiB €JIeKT-
pOMEXaHIYHHUX TMPHUCTPOIB (BiOpallis, OTyM IBUTYHIB, aK-
TyaTopiB To1mo). KoxeH i3 4oTHphOX KaHAJB HE3aJIEKHO
KOHQITYpY€EThCS: OOMPAETHCSA PEKUM BXOAY (3 HOTHPHOX
JOCTYITHUX) Ta apaMeTpH JDKepena CTpyMy (BKIIIOUAI0Un
nintpumky IEPE-akcenepomertpiB). Ilpu komruiekrarii
tphoMa mMoayisimu DAQMO909A B ogHOoMy mmiaci gocsira-
€THCS O/IHOYACHA OLU(POBKA IBAaHAIIATH KaHAIIB. [15]

AHai3 niTepaTypHHX JOKEpe IMoKa3as, o y cydac-
Hiff IPaKTHIll TEXHIYHOTO IiarHOCTYBAaHHS aCHHXPOHHUX
JIBUTYHIB TOPS/I 3 €NEKTPUYHUMH (aHAJIi3 CII0)KUBAHOTO
CTPYMY), TEIUIOBUMH Ta €JIEKTPOMArHITHUMH METOJAMH,
BIOPOIIarHOCTHKA Ma€ BHCOKMI MOTEHIAN IS TPAKTHY-
HOTO 3aCTOCYBaHHsS 3a PaxyHOK MOXIIMBOCTI PaHHBOTO
BusiBieHHs jAedekTiB. lle moB’s3aHO 3 THUM, IO TPOSB
OibIIOCT JedeKTiB, 0 MaloTh €JIEKTPOMArHITHY INpH-
POy, IPU3BOISTE 10 3MiHHM BEJIMYMHH €JIEKTPOMAarHiTHOT
Bibpaltii, sika nponopiiiina B2, Ha Bigminy Bix enextpuy-
HUX METOIIB, sIKi €)eKTHBHI IIPH BUSIBIICHHI OOpUBIB CTe-
PXHIB pOTOpa YN MDXBUTKOBHX 3aMHKaHb, BOHH € MaJo-
YYTIMBAMH 10 TOIIKOJDKEHHS IiIIMIAITHUKIB, OCOOINBO
Ha TOYaTKOBIiH cramii, BiOpauiifumii anHami3 OGe3mocepen-
HBO PEECTPYE MEXaHIUHI 30ypeHHSI, 1110 JT03BOJISE JOKATi-
3yBatu Je(eKT 10 BUHUKHEHHSI BTOPHHHUX EIEKTPUYHUX
TTOLIKO/PKEHb.

[TepeBaramMu 3aImpOIIOHOBAHOTO METOXNY € MOXKJIH-
BiCTh OHJIAHH-MOHITOpUHTY 03 3yNHWHKH OOJIaHaHHS,
BUCOKA JIOKaJi3aliiiHa 3JaTHICTh Ta HE3AJIEKHICTh Bif
KOJIMBaHb MapaMeTpPiB MEPEeXi KUBJICHHS, HA BIAMIHY Bill
METO/IiB, 1110 0a3yIOThCS HA BUMIpY CTpyMY. Y TOPIBHSH-
Hi 3 TEIUIOBUMH METO/IaMH, 5IKi ()IKCYIOTh HACJIiJIKH Tel-
JIOBOTO CTapiHHS YW Jierpajaarii, BiOpoAiarHOCTHKa M0-
3BOJISIE BUSIBIISITH IPUYMHH HECIIPABHOCTEH paHile.

III. META POBOTH

Po3pobka ta mocmimkeHHS 0€3KOHTAKTHOTO METOIY
JIIarHOCTUKU ACUHXPOHHUX EJIEKTPOJBUTYHIB Ha OCHOBI
aHani3zy BiOpamiifHux curHamniB. ITigxix K03BoIIsIE BUSBIIS-
TH TIOYaTKOBi craxmii medekTiB 0OMOTOK, MiIIIUITHHKIB,
poTopa Ta IHIMIUX EJIEMEHTIB MiX 4Yac eKCIuryartarii 0e3
HEeoOXiTHOCTI po30upanHs MamuHU. Lle 103BonmuTh ymo-
CKOHAJIMTU ICHYIOYi METOIB MIarHOCTHKH [UIS ITiJBH-
[ICHHS HAAIHHOCTI, TOBTOBIYHOCTI Ta O€3MeYHOCTI PooOo-
TH aCHHXPOHHHX JBHUT'YHIB.

IV. BUKJIAJEHHSI OCHOBHOT'Y MATEPHAJLY 1
AHAJII3 OTPUMAHHUX PE3YJIBTATIB

Oninka eeKTHBHOCTI JiarHOCTYyBaHHS 3/IHCHIOETh-
Csl 32 KOMIUIEKCOM KUIBKICHHX KpHTepiiB. SIkicHa 3MiHa
KOPHCHOTO CHTHAIY XapaKTepPU3yeThCS Koe(ilieHTOM
Yy TIIABOCTI:

Ko=22
ST AD
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ne: AV — 3miHa BiOpomBuakocti [Mm/c], AD — ymoBHHI
po3mip neeKTy UM CTYIIHb HOTO PO3BHHEHOCTI [MM].

PeanpHuii mpouec AiarHOCTYBaHHSA IMOB'SI3aHUU 13
HAasIBHICTIO PI3HOTO POJY MEPELIKO/I, 10 MOXYTh BILUIUBA-
TH Ha TOYHICTh Ta MMOBIPHICTh MPaBUJILHOTO BUSBICHHS
nedeKTiB (JiarHoCTUYHA JIOCTOBIPHICTH), 1110 (POPMaNbHO
OINCYETHCS] HACTYITHUM BHPa30M:

P B = —th
N, ip +N fin
ne Ny — KUIBKICTb BIPHO BHSBIEHHX Ae(eKTiB, Ng — Ki-
JIBKICTh HE BUSABJICHUX (MPOIMYLICHUX) Ne(eKTiB.

BinmoBimHO 4WacToTa XHMOHHMX CHpAaIlbOBYBaHb, IO
MOXE 3aJISKATH BiJl MEPEIIKO]], BU3HAYAETHCS 38 HACTYII-
HUM BHPA30M:

N
Fy=—22<005

tot

ne Ngp — KinbKicTh XnOHO BHABIECHUX JedekTiB, Ni —
3araibHa KUTBKICTh Ie(eKTiB (YM CHUTHAIIB, IO iX BiANO-
BiJIalOTBh).

BinMiHHO BiJ CTPOTO MEPiOAUYHHUX KOJNUBaHB, ACSKi
BiOpallii BUHUKAIOTh Yepe3 pyX piamHu abo razy (IK y
HAcocaX YM Ta30BHX TypOiHax) i XapaKTepH3yIOThCS CIie-
MUGIIHAME, HEPITKO YHIKaIbHAMHU O3HAKaMHU.

OnHa 3 KIIIOYOBUX BIIMIHHOCTEH IMOJISITAE B Pi3HMIL
MDK aOCOJIIOTHOIO BiOpalli€lo KOpITyCcy MallliHH Ta BiJHO-
CHOIO BiOpalli€ro MK BaJOM 1 KOpIrycoM (0coOIMBO KOJIH
MDK HMMH BCTaHOBJICHO MHiAIIMIHMK KOB3aHHS abo M-
IIUITHUK KOB3aHHS).

OOuBa I1i THITH BUMIPIOBAaHHS BiOpallii aKTUBHO 3a-
CTOCOBYIOTHCS B CHCTEMaX MOHITOPHHTY TEXHIYHOTO CTa-
Hy 00JaJJHaHHsI, aje BOHH JAIOTh CYTTEBO PI3HY JiarHOC-
TUYHY iH(OpMaIilo, TOMY BaXIIHBO YiTKO PO3PI3HATH, IO
caMe KOXEH 3 HUX TIOKa3ye.

IIle OHUM THIIOM KOJIMBaHb, SIKI HECYTh I1arHOCTH-
4yHy iH(pOpMaIlito, € KPYTHIbHI KosmBaHHs. Lle konuBan-
HSl KyTOBO{ HIBHJKOCTI BaliB, @ TAKOX TAKUX €JIEMEHTIB,
SIK IECTEPHI, POTOPHI JIUCKH TOIIO.

[ocriiiHuii MOHITOPHMHT BiOpamii 103BOJISIE TyXKe
IIBUKO pearyBaTé Ha panToBi 3MiHU CTaHy OOJaJHaHHS.
Came ToMy BiH 3a0e3meuye HaHKpaIuid 3aXKUCT IS KPH-
TUYHO B)XJIMBOTO Ta JIOPOroro ycrarkyBauHs. lle Halie-
(exTHBHIIIA (GOpMa 3aXUCTy BiJl HECHOIIBaHUX, HEIe-
pendavdyBaHUX BiJIMOB.

[pukiagomM mMoxe OyTH panToBHiA nucOanaHC BeH-
TUIISITOPIB, SIKI TpaloTh i3 3a0pyaHeHuM razoM. Ha
JIOTIATKaX TAKUX BEHTWIATOPIB 3 4acOM HAKOMUYYIOTHCS
BiJIKJIa/IcHHS. 3a3BUYail BOHU PO3MOAUICHI JOCUTh PiBHO-
MIPHO, aje¢ KOJU OKpeMi IUISHKH IMX BIIKJIAIiB BiIApH-
BalOThCSl — BUHUKAE 3HAYHE, PANTOBE MOPYIICHHs OaaH-
cy.

s 3abe3nedeHHs Ty)e MIBUAKOI peakiii MoCTii-
HUIl MOHITOPHHT 3a3BHYail 0OMEXYETbCS MPOCTUMH IIO-
kasHukaMu: RMS a0o mikoBuM piBHEM BiOpaiiii Ta ¢a3oro
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HU3BKOYACTOTHUX T'apMOHIK 0OepTaHHs BiIHOCHO pede-
PEeHTHOTO iMITysbCy (OAMH pa3 3a 00epT, 3 BiJOMHUM Ky-
tToM). Takuit miaxin, K NpaBUiIo, Ja€ JIMIIE KOPOTKE I10-
repepkeHHs. Bin KiTbKOX TOMUH O KUTBKOX JHIB IO Bi-
JIMOBH, HAa BiIMIHY BiJ TIKHIB 9 MICSIIB, SIKi MOXYTb
3a0e3mednTH OBl JOCKOHANI Cy4acHI METOOW HiarHOC-
THKH.

IcHytOTH mIepeTBOpIOBadi Ui BHUMIPIOBaHHS BCiX
TPHOX MapaMeTpiB OIYHOI BiOpaIlii: 3MIIeHHS, IIBUAKOCTI
Ta npUcKopeHHs. [Ipu 1IbOMy €MHa PAKTHYHO 3aCTOCO-
ByBaHa (y MOHITOPHHTY CTaHy) Tpyma JaTIWKiB JJS BHU-
MIipIOBaHHS 3MIMIEHHS - II¢ OE3KOHTAKTHI IepeTBOPIOBaYi
(HampuKIag, BUXPOCTPYMOBI MPOKCHUMETPH), SKi (iKCy-
I0Th caMe BiJHOCHE 3MilleHHs (pyX Baja BiIHOCHO KOp-
Mmycy/miAIMITHIKA), a He abcontorHe. HaroMicTh Haiino-
LIMPEHII JaTYMKU IIBUIKOCTI Ta IPUCKOPEHHS (aKcene-
pOMETpH, CeHCMIUHI AATYMKU TOIIO) BUMIPIOIOTH a0Co-
JIOTHUH pyX - TOOTO pyX caMOro Micls BCTaHOBJICHHS
JATYUKA BITHOCHO IHEPIIIHHOTO IPOCTOPY.

Ile moxa3ano Ha puc. 1, ge 300pa)keHO OIOopy M-
[IMITHAKA, 0013 JHAHOTO OJJHIM FOPHU30OHTAILHUM aKcelre-
POMETPOM 1 J1BOMa OE3KOHTAKTHHUMH JAaTYNKAMH, PO3Ta-
LIOBAaHUMH i1 KyToM 90° OJIH /10 OJTHOTO.

X paT4uK

BIJTHOCHOT

a0COJIFOTHOT

Pucynoxk 1. Inroctparis Ta

BiOparii

BumiproBanHs npodimo BiOpamii enexkTponBUTyHA
KPUTHYHO BaXKJIMBE HE TUIBKHM IJIS OLIHKM HOTO CTaHy, a
HacamIiepe]] Ul IPOTHO3YBaHHs MOBEIIHKU B HaWOIMXK-
YoMy Mai0yTHbOMY, Ha LIbOMY 0a3y€ThCsl TPOTHO3HE
00CITyrOByBaHHI.

Jns 3HATTS BIOpOAKyCTHYHHX TOKa3HUKIB 3 KOPITY-
Cy JBHUI'yHa 3aCTOCOBYeTbcs akcenepomerp Dytran 3055.
He#t matumk, moOynoBanuii Ha 6a3i I €30€IEKTPUIHOTO
eleMeHTa 3 poOOTOI0 Ha 3CyB, 3a0e3medye BUCOKY JIiHi-
HICTH curHaIy B piana3oHi 1o 10 k['m. 3aBasxu BOymoBa-
Hill enekrponiui crangapty IEPE Tta uyrmmeocti 100
MB/g, BiH 103BOJIsSIE IEPETBOPIOBATH MEXAHIYHI KOJIHMBaH-
HSl CTaHWHM JIBUTYHAa B €JEKTPUYHUH CHIHAI HANpYTH,
CTIMKMIA JI0 30BHIIIHIX 3aBajl. BCTAHOBIICHHS Ha KOPITYC
JlaBaya He BIUIMBAE Ha BJIACHY YacTOTY KOJMBAaHb CHCTeE-
MH uyepe3 HOoro HU3BbKY Bary, 3a0e3neuylodd MakcHMallb-
HY JIOCTOBIpHICTh OTPUMAaHHUX JAaHHX. KOHCTPYKTHBHO
MIpUIaj 3axXUIICHUH TepMETHYHHM KOPILyCOM i3 HepiKa-
Bifouoi crasi abo THTaHy 3i CTyHmEHEM 3aXHCTy, IO HO-
3BOJISIE €KCIUTYaTaIlil0 B arpPECHBHHUX MIPOMHUCIIOBHX Cepe-
JIOBHUIIAX, BKIIFOYAIOYH 30HU 3 MiABUIICHOK BOJOTICTIO Ta
MAacIISIHAM TyMaHOM.
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BiOpanii B eneKkTpoIBUTYHI €JIEKTPOIPHBOLY MO-
JKYTh BUHUKATH 3 PI3HUX EJIEMEHTIB CaMoro JBHIYHa Ta
CYMDKHUX YacTHH NpuBoay. Hanpukiaa, B acCHHXpOHHUX
€JIEKTPOJIBUTYHAaX 3MIHHOTO CTPyMy HaWIMOMIMPEHIIINMHU
NPUYMHAMHU € TIOpyLIeHEe IEHTPYBaHHS Bajly, Ae(PEeKTH
KyJIBKOBHX YM POJMKOBHX MiANIMITHUKIB, TPIIIUHUA abo
371aM BaJly poTopa, OcialbiIeHHs 0CaJIKU POTOpa Ha Baiy,
HEJOCTaTHhO HaJifHE 3aKpilUIeHHs OOMOTOK Yy Ma3ax cra-
TOpa, MOMIKO/HKEHHS UM MOPYIICHHS LUTICHOCTI 130Jsmil
00OMOTOK, a TakoXK OcjabJeHi enmeMeHTH pexykTopa. Oc-
HOBHI JETali eNIeKTPOABHIYHA 3MIHHOTO CTPyMy, SKi
HaifyacTilie CTalTh JpKepeiaaMu BiOparii, mokaszaHi Ha
puc. 2.

Kyasos DUIIHITHAKH

Potop
O6moTkM cTaTopa

Ban

Pucynoxk 2. OCHOBHI JeTali €JEeKTPOJBUIYHa 3MiHHOTO
CTpyMY

B sKOCTI JOCTiIKyBaHOTO IBHTYHa BHKOPHCTOBY-
€ThCA TPU(PA3HUN aCHHXPOHHHUU TBUTYH 3 KOPOTKO3aMK-
HeHuM potopom cepii AIPSOA2. Horo HomiHagbHa mo-
TYXXHICTh cTaHOBUTH 1,5 kBT, wacrora obGepTaHHs MO
craropa 3000 06/xs.

VY BHYTpIIIHIX YacTHHaX EJIEKTPUYHOTO JBUTYHA
NpH MOETHAHHI KOJHMBaHb Majol Ta BENUKOI BEIMYHHH,
pe3ynbpTyIOYa CHTHaNy BiOpamii Oyme BHUIIIAOATH IyKe
CKJIATHOIO, SIK e ITOKAa3aHO Ha MPHUKIAIl peajbHO BUMi-
pstHOTO curHany (puc. 3).

Pucynok 3. Curnan Bif

BiOpaii
3MIHHOTO CTPYMY Yy 4acoBiii o0iacTi

€JIEKTPOABUTYHA

Ha puc. 3 npencrasneHa ocuniorpama curHaiy Bio-
pauii aCHHXpOHHOTO ABHTYHA, OTpHMaHa 3a JIOIIOMOTOI0
'€30€JIEKTPUYHOTO aKcenepomerpa (BepTukambHa (Y)
Bich BiakaniOpoana B MB 3 uytmusictio 200 MB/momin).
Tl'opmsonTansHa Bick (X-Bick) BimoOpaxkae iHTEpBAI Yacy
6m3pro 74 mc (0-0,074 c). CurHanm mMae CTOXaCTHYHUH
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XapakTep 3 HAKJIAJICHUMU MEPIOANYHIMHA CIUICCKAMH aM-
IUNTYAM, MO CBIAYUTH PO HASBHICTh SK BHIIAJKOBOT
CKJIa10BOi (poOoumii IIym), Tak i A€TEpMiHOBAHUX IEpio-
JUYHUX KOMITOHEHT (JIOKaNbHI Je(eKTH IiAIIUITHAKIB,
EKCIICHTPHUCUTET, TAPMOHIHI 30YpEeHHS BiJ Mepexki KHB-
JICHHS).

st mpoBenieHHsT KUTBKICHOTO aHali3y OTPHUMaHOTO
CHTHAJY PO3PaXOBYETHCSI CEPEAHbOKBAPATUYHE 3HAUCH-
HS OTPUMAHOTO CHTHANy Li¢ € iHTEerpajbHOI0 OILIHKOI
eHeprii BiOparii:
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ne w(t) — BikonHa ¢yHkuis (XaHHa, XeMMiHra), 1o
3aCTOCOBYETBCS JUISL 3HMKEHHS PO3TIKAHHS CIIEKTPY.

Jnsa Bu3HadueHHS Ae(eKTiB, IO MalOTh MPOSB Y BU-
TS TOSIBU MEPiOINYHMX CKJIAZOBUX Yy CHUTHAIl, BUKOPH-
CTOBY€ETHCS aHANI3 YyTIMBOCTI 10 IMITYJIbCHUX 30y KEHB!
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Hopmanpeauii po3monin Bimnosigae [5,=3; 3HAYCHHS
S>> 3 BKa3ylOTh Ha HAsBHICTH MEPIONUYHUX YAAPIB, IO
MOJKE€ CBITYHUTH PO MOMIKOKCHHS ITi IIITUITHUKIB.

XapaktepHa «rpebiHuacTa» CTPYKTypa 3 MOIYJIbO-
BaHOIO aMIUTITYJIOI0 BKa3ye Ha sBUIIE OWTTS — iHTEpde-
PEHIII0 OJIM3BKUX 3a YaCTOTOIO CKJIAZOBHX (HAIpUKIAL,
4acTOTH oOepTaHHs poTopa fr Ta OIYHOI CMYTI'M EKCIEHT-

pucurery f; £ f7). IlikoBi 3HauYeHHs curHazy 3aiiMaioTh
~1,5-2 noainok (300-400 mMB), Toni sk cepeaHiii piBeHb
CUTHAJTy CTaHOBHUTH Om3bko 0,5 moxinku (100 mB). Has-
BHICTh KOPOTKOYACHUX IMIYJIIBCHUX CIUIECKIB MOXKE CBiJI-
YUTA PO B MIAIIUITHUKAX MEXAHIYHUX ITOMIKOKCHb.
[IpryoMy niarHOCTHYHA O3HAKa TOSBU TAKOTO POJY iM-
MMyTBCHUX Je(EKTiB MiAMMUITHAKIB MOKHA BH3HAYHUTHU IO
(axropy mikoBocTi ( abo Crest Factor):

Vp max|v(t)| ?
C, = =
f Vrms 1 T
2
- j V2 (t)dt
0

Jnsa crpaBHOTO (Oe3medexTHoro) mimmmmauka Cr =
3-5, npu HasABHOCTI TOIIKOHKEHHS CEPEeIHbOT TSHKKOCTI
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Cr >10, nnst neexTiB, M0 3HAXOAATHCS Ha PaHHIN cranii
po3Butky Cr= 5-8.

Jlns momanpInoi QiarHOCTHMKKM HEOOXiJTHO BHKOHATH
mBHAKe neperBopeHHss dyp'e 3 BU3HAUEHHSM TapMOHIK
Mmepexi (2f =100 T'rr), yactotn oOepTaHHS MiANIMITHUKIB
(110 3aNIeXUTH Bifl X TEOMETPUYHHUX T4 KOHCTPYKTHBHUX
napaMmeTpiB) Ta yactotu obepranHs poropa (fr), mo mo-
3BOJIUTH JIOKAJII3yBaTH JKEeperio BiOparii.

BesrnocepeHb0 OLIHUTH BiOpaLil0 €NEKTPOJBUIYHA
3a CKJIaJIHUM YaCOBHUM CHUTHAJIOM JIy>KE CKJIaJHO. 3HA4YHO
MOJICTIIYE aHaJi3 MepeXiJl y YaCTOTHY 001acTh — Mmooy 10-
Ba 4aCTOTHOTO crnekTpa Bibparii. L{e mae 3mory BusIBISTH
AK iCHYIOYi, Tak 1 Ae(eKTH IO PO3BHBAIOTHCS, Y TOMY
YHCIi NMOTeHIiHHO kputnuHi. [lepeTrBopeHHs Ha puc. 4.
3nificHIoeThCS 3a gonomoror [ITID (mBuakoro mepert-
BopeHHs1 Dyp'e). 3aBasku cucteMi 300py Ta aHai3y Ja-
HUX MOXXHa JIETKO OTPHMATH 1 MEeperisiaaTH YacTOTHHH
npodinb BiOparii.

Pucynok 4. Anani3 BiOparii eJeKTpoJBUTYHa 3MIHHOTO
CTPyMy B YaCTOTHIN AUISHII

Ha puc. 4 noka3aHo BUCOKOYaCTOTHHH (Z1iama3oH 110
~240 xI'm) cnektp curHaidy BiOparii aCHHXPOHHOTO JIBH-
ryHa B 4acTOTHIH oOmacti. BiH BHKOpHCTOBY€TBHCS JUIA
PaHHBOT TIarHOCTUKHU Je()EKTIB i ANIUITHUKIB KOUCHHS.

MakcumanbHa aMIUTiTyJ]a CUrHaly ckianae ~4,125
MB (8-9 nozinok), o cBigUUTh PO HASIBHICTH MOTYXHO-
ro 30ypenHs. Ha criekTpi BHIHO YiTKi TMIKH Ha YacTOTax
omuseko 39,9 xI'm, 79,8 kl'm (mpyra rapmonika), 159,7
k[’ (4eTBepTa rapMoHika) Tompo. Lle Bkazye Ha mepionu-
YHE JKepeno 30ypeHHs 3 OCHOBHOK YaCTOTOK OJH3BKO
40 k[, o0 THIOBO ISl PE30HAHCHOI YaCTOTH KOHCTPYK-
Iii, o 30yIKY€EThCS YAapaMy MpH JePEKTi i JIINITHIKA.
Kpim Toro, HasBHICTH cimeiicTBa rapMoHik (kKpatHux 40
k['1) 31 caarvo0 aMILTITYAO0 € KIACHYHOI0 03HAKOIO
IMITyTIbCHOTO 30YIKeHHs (JOKambHHUN Ae(eKT MOpiLKKH
MIAMUITHAKA, 10 IEPIOANYHO BAAPSIE 00 Tijla KOYCHH).

Teopernuno, wactoTa nedeKTiB MiAMIMIHUKIB KO-
YEeHHS BU3HAYAETHCSI HACTYITHUM YHHOM:

(1 —icosaj
D

JIe N — KUTBKICTh TiJT KOYEHHS, f. — 9acToTa 00epTaH-
Hs1 poTopa, d — JiameTp Tiia KoueHHs, D — cepenniil mia-
METp BHYTPIIIHBO{ TOPIKKH MiIMIUITHUKA, 0. — KyT KOHTa-
KTY.

n
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[Mepexin Bix yacoBoi 00nacTi CUrHATY 0 YaCTOTHOL
3HAYHO CIPOIIYE MiarHOCTHKY. 3a momomororo IIID
CKJIQJIHU YacOBHH CHUTHAJ IEPETBOPIOETHCS HA YacTOT-
HHUH CHEKTp, Jie KO)KHA rapMOHIKa YiTKO BKa3ye Ha JpKe-
perno BiOparii.

Y chekTpi CIpaBHOrO aCHHXPOHHOTO EJIEKTPOJIBU-
T'yHa JOMIHYOTb!

1) meprra rapMoHiKa 4acTOTH 00epTaHHS POTOPa;

2) CKIIQJIOBi HA YacTOTI KUBJIICHHS Mepexi Ta 11 Kpa-
THHX.

IMIpn po3BUTKY THMOBHX JAe(EeKTIB y CHEKTpi
3’SIBISIIOTHCS XapaKTEePHi A1arHOCTHYHI 03HAKU:

1) Mexaniyauii nucOanaHc Ta eKCHEHTPHUCHTET PO-
TOpa - pi3Ke 3pOCTAaHHS aMIUTITYJH MEPIIOi Ta APYToi Ta-
PMOHIK oOepTaHHSI.

2) dedextu potopa (0OpHUBH CTPHIKHIB) - OIYHI CMY-
T'H KOB3aHHS HABKOJIO TapMOHIK 00epTaHHS 3 iHTepBaIOM
2esef; (e s - KOB3aHHS POTOPA).

3) OcnabneHHs 0OOMOTOK CTAaTOpa Ta €JIEKTPOMarHi-
THHUH JcOaIaHC - TOCHIICHHS CKJIaJ0BHX Ha YacTOTi JKH-
BieHHS f; Ta ii rapmonikax (2fs, 3f; Tomro).

3anponoHoBaHUi AMHAMIYHUEN 30ip JaHUX 3 BHUCO-
KOI0 4acTOTOK JucKperusauii ta oopoodkoro HITID Ha-
JUITHO BHJIUISE 1[I O3HAKHU HABITh 32 HASBHOCTI MPOMHUCIIO-
Boro mymy. Lle nae 3Mory BHUSBISITH 3apo/KEHHs 1e(eK-
TiB Ha PaHHIX CTaJisfX 1 NEPEXOAUTH A0 MPOTHO3HOTO Te-
XHIYHOTO 00CITyrOBYBaHHS 0e3 po30upaHHs 00JIaIHaHHS.

TpaguuidHui nepioanYHUi 301p CTATHYHHX JaHHX
JI03BOJISIE JIMIIE TepiouyuHO (ikcyBaTH cTaH oOiajgHaH-
Hsl, ajJie BiH IOTaHO CIIPABISIETHCS 3 PEECTPALE0 LIBHI-
KOTUTMHHUX AWHAMIYHUX TPOIECIB, TAKUX SK YAapHi Ha-
BaHT@)XEHHs, IMITyJbCHI BiOpamii ABHTYHa 4YM pamnToBi
3MIHM aKycTH4HOro (hoHy noBkiuis. Yepes 1e Taki maHi
BUSIBJISIIOTHCS. MAJIONIPUAATHUMH JUIsS HaJliHHOI MPOTHO3-
HOI JIarHOCTHKH.

CyuacHi cuctemu 300py nmanux (Data Acquisition
System) mpaioTh Yy AMHAMIYHOMY PEXHMI, IO Aa€ M
MOXIJIUBICTB IOCTIHHO CKaHyBaTH BCi BUMIpPIOBaJIbHI Ka-
HAJIA, BUKOHYBAaTH MHOXXWHHI BUOIPKH 3 BHCOKOO IIBH/I-
KICTIO Ta MPAKTUYHO HE 3aJICKATH BiJl 30BHINIHIX MEper-
KOJT Y¥ YMOB €KCILTyaTallii.

Haiikpamum BUOOpOM /Jisl BUMIpIOBaHHS BiOpanii B
NPOMUCIIOBUX 3aCTOCYBAaHHSAX BBAKAIOTHCS aKCEIEPOMET-
pu. Ilepen BHOOpOM KOHKPETHOI MOJENI BapTO 3BEPHYTH
yBary Ha AWHAMIYHUI Jiarna3oH, MaKCUMAJIBHO JIOITYCTH-
Me NPHUCKOPEHHs, poOOYMii YaCTOTHUH Aianas3oH, Jiara-
30H poOOUYMX TEMIIeparyp, a TaKoX KOHCTPYKTHBHE BH-
KOHaHHsI JaT4hKa - CHOCI0 KpIIUICHHS, CTYIiHb 3aXHCTY
Ta CTIHKICTh J0 arpecCHBHOTO IPOMHCIOBOTO CEPEIOBH-
ma. KOHCTpyKImiss Mae BiAmoBiZaTH 0COOIMBOCTSIM
00’€KTa MOHITOPHHTY, 30KpeMa eJIeKTPOJABUIYHA 3MiHHO-
IO CTPyMy.

IcHye Kinbka OCHOBHUX THIIB aKCEIECPOMETPIB.
IT’e30eneKkTpudHi TaTYNKKU € HANIOIIMPEHIIIUMHI B IIPO-
MUCIIOBi# BiOpamiifHiif JiarHOCTHIN 3aBASKH BHCOKIH Mi-
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I[HOCTI, KOPCTKOCTI Ta 3JaTHOCTI MPAIOBATH B CKJIAJIHUX
yMoBax. €MHICHI aKceJIepoMeTpH, BUKOHAHI SIK MiKpoe-
JIEKTPOMEXaHI4YHI CHCTEMH, TIOEJHYIOTh MIKPOEIEKTPOHi-
Ky Ta MEXaHiKy B OJHOMY d4ill ¥ cTajau HalMacoBiLIMM
cydacHUM TUNOM. [1’€30pe3uCTHBHI ATYMKH OCOOJIUBO
Jo0pe MiaXomsaTh I yIAPHUX BHUMIPOOYBaHb, OCKUIBKH
BUTPUMYIOThH MIKOBI IPUCKOPEHHs 10 npubiusHo 200 g.
[HAyKUiAHI aKcenepoMeTpH B MPOMHCIOBUX 3aJadax
Maike He 3aCTOCOBYIOTHCS 4epe3 HH3bKY 3aBaJIOCTiil-
KiCTb.

IT’e30enexTpuyHi Ta I’ €30pE3UCTUBHI aKCEIepPOMET-
PH 4yJI0BO HPOSIBISIIOTH ceOe B eKCTpEeMalIbHUX YMOBaX -
IIPU BHCOKUX TEMIIEPATypax, CHIbHUX yAapax, IHTCHCHB-
Hill BiOpamii, a TakoXX y HIIMPOKOMY aMILIITyJHOMY Ta
4acTOTHOMY Aiama3zoHi. Bomnouac emuicHi MEMC-
JAaTYUKH, X04a i TOCTYHAIOTHCS 38 MAKCHMAIIBHOK aMIl-
JITYJI0I0 NPUCKOPEHHS, BUTPAIOTh 3aBISKHU JyXKe BUCOKIH
YyTIMBOCTi, TOYHOCTI, CTAOUTFHOCTI Ta 3araibHIA Hamii-
HOCTI BUMIPIOBaHb y OUTBIIOCTI THITOBHX HPOMHCIOBUX
3aCTOCYBaHb.

3anpornoHoBaHU MeTOA BiOpamiiHOI AiarHOCTHKH
Mae psiJl CyTTEBUX IEpeBar MOPiBHSHO 3 IHIIMMHU METOJa-
MH JiarHOCTYBAaHHS AaCHHXPOHHHMX IBHTYHIB (aHasi3
CTpyMy CTaTtopa, BUMIpIOBaHHS omopy izosmii). Cepexn
TOJIOBHUX TIepeBar — MOJMJIMBICTH O€3KOHTaKTHOTO (0e3
po30upanHs 001agHAHHS) PAHHBOTO BUABIICHHS MEXaHid-
HUX 1 EJIEKTPOMArHITHUX Ae(EeKTiB, BUCOKA Uy TIUBICTH 10
PO3BHUTKY HECIIPAaBHOCTEH Ha CTaIisfX, KOJIU iHII METOIN
e He (IKCYIOTh BiAXMJICHb, @ TAKOX BIJIHOCHA ITPOCTOTA
BIIPOBA/KCHHS B CHCTEMH MMOCTIHHOTO MOHITOPUHTY. Me-
TOJI JTO3BOJISIE TEPEHTH Bij IUIAHOBOTO A0 MPOTHO3HOTO
TEXHIYHOTO OOCITyTrOBYBaHHS, 110 CYTTEBO 3HMXKYE PHU3HK
aBapiifHUX 3yNUHOK.

EdexTuBHICTP IiarHOCTUKH MOYXKHA OI[IHIOBaTH 3a
TaKUMH KPHUTEPISIMH — YyTIMBICTh JI0 PaHHIX CTajiil Jie-
(bexTiB, Yac MomepeKEHHS 10 MOXKIMBOTO BUXOJY 3 Jia-
Jly, JOCTOBIpHICTH iJeHTH(]IKALil TUIy HECIPaBHOCTI,
3aBa/IOCTIMKICTh Y TNPOMHCIOBHX yMOBax Ta 3arajbHa
BapTiCTh CHCTEMH MOHITOPHUHTY.

BoaHouac MeTox Mae 1eBHI OOMEXEHHS

- HEMOXITUBICTh KOHTPOJIO CTaHy 130111l 0OMOTKH
CNIEKTPUYHOI MAIIMHY, OCKITbKH 32 CTATHCTUYHHMH Ja-
HUMH aBapii yepe3 IMOUIKOPKCHHS 130JAIil CTaHOBIATH
3HAYHY YaCTHHY i3 3arajibHOi KiJIbKOCTI aBapili;

- HeOOXI1THICTh BCTAHOBJICHHS JTATYMKIB BiOpaIlii;

- TpU BHUMIpIOBaHHI BiOparmii, pe3ymbTaTH IOCIHi-
JOKCHBb 3aJIe)KaTh BiJ| MICIll BCTAHOBJICHHS BHMIipIOBAIb-
HOl amaparypu. KpiM TOro, BHHUKaE HEOOXIIHICTH Y
BCTAHOBJICHHI JIATYMKIB Y TPhOX IUIOIIMHAX, @ TAKOX He-
00XiJJTHO BpaxOBYBaTH BILIMB 30BHIIIHIX (hakTopiB (mapa-
METpPIB MEpEeXIi )KUBJICHHS TOILIO) Ha PE3yJIbTaTH BUMIpIO-
BaHHS.

KoH@uiikT inTepeciB. ABTOPH 3asBJISAIOTH PO Bif-
CYTHICTh KOH(QIIIKTY 1HTEpECIB.
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V.BUCHOBKH

YV pesynbraTi NpOBEACHUX AOCTIKEHb MiATBEP-
JUKEHO BHCOKY €(EKTHBHICTH METOAY BiOPOIIarHOCTHKU
JUIA BHUSIBIICHHS MEXaHIYHHX HECIIPABHOCTEH aCHHXPOH-
HUX JIBHTYHIB, 30KpeMa JOKaJIbHUX NMe(EKTiB ITiIITHITHH-
KiB KoueHHs. Ha BiAMiHY BiJ €JEKTpUIHMX METOMIB Jiar-
HOCTYBAHHS, IKi ¢()EKTHBHI, HAPUKJIAA, [IPH BHUIBICHHI
OOpHBIB CTEPXKHIB POTOpPA, ajle¢ MAIOTh OOMEKCHY UyTIIH-
BICTh IO MEXaHIYHMX JIe()eKTiB HA pPaHHIX CTalisX, BiOpa-
ifiHa TIarHOCTUKA € OUIBII YyTIMBUM METOJIOM IO BHSIB-
JieHHS e(eKTIiB 0COOIMBO, 5K 3HAXOMATHCS HA PaHHIN
cTamii iX po3BUTKY.

AHaJti3 curHagy B 4acoBiif 00J1acTi MOEIHYE CTOXAC-
THYHY CKJIaIOBY (MEPElIKOan) Ta AETEPMIHOBaHI mepio-
JIuuHi 30ypeHHs. BusBiaeHo OUTTs, 3ymoBiieHE iHTepde-
peHLi€0 OMU3BKMX 32 YacTOTOI CKJIAaJOBUX (YacTOTH
obepTaHHsl poTopa Ta OIYHUX CMYr EKCLUEHTPUCHTETY),
1[0 TIPOSIBJISIETHCS Y BUINISII MOJYJISIIIT aMILTITyd Ta
CBIYUTH TPO TONIKO/PKECHHS MiANIUITHAKIB JOCIIDKYBa-
HOTO JIBUTYHA. 3aCTOCYBaHHS CTAaTUCTUYHUX KPHUTEPIiB
JIO3BOJISIE OO'€KTHBHO OIIIHUTH IMITyJTBCHICTD MPOIECY:
3radenHs Cf >10 ta f; > 3 € HOCTOBipHUMH IHAMKATOpA-
MU YIapHOi B3a€MOZII B MiAITUITHAKAX.

YacToTHUI aHANi3 OTPUMAHOTO CHTHATY METOJOM
[IT® BUSBKMB HasBHICTH BHCOKOYACTOTHOI PE30HAHCHOI
cKkiIanoBoi B miama3oni ~40 k' ta ii rapmownik (79,8 k',
159,7 x['m). Le cBiqunts mpo 30yIKEeHHS BIACHUX KOIH-
BaHb KOHCTPYKIII IPU MEPiOANYHIA yHapHild B3a€MOZii B
MTOIIKO/KEHOMY IiIMIAITHUKY, IO MiATBEPIKYE JOIITh-
HICTB 3aCTOCYBaHHA JaHOTO METOAY UL PaHHBOI JiarHO-
CTHKH JIOKATbHUX Ae(ekTiB. Bu3HaueHHsS CHEeKTpalbHUX
CKJIa[IOBHX, IO BIAMOBIAAaIOTH YACTOTaM IPOXOKCHHS
nedekTiB 103BOJISIE 3 BUCOKOIO TOYHICTIO 1IEHTU(IKYBaTH
MTOIIKOPKEHHU I €JIEMEHT I AIIUITHUKA.

PesynpraTi qOCHiIKEHHS MOXYTh OyTH BHKOPHCTA-
Hi TIpH po3poOIi aBTOMATH30BAHHUX CHCTEM TEXHIYHOTO
JiarHOCTYBaHHS Ta IIPOTHO3YBaHHS 3aJIMIIKOBOTO Pecyp-
CYy €JIEKTPUYHHUX MAILHMH, & TAKOX IPH CTBOPEHHI MeETo-
JUYHUX PEKOMEHJALill 1 00CIyroByHO4YOro MepCOHAILY
HIANPUEMCTB 3 eKcIuTyartallii acCHHXpPOHHUX IIBUTYHIB Y
PI3HHX raly3sX MPOMHUCIOBOCTI.
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Purpose. A study of a method for non-contact diagnosis of induction motors through the analysis of vibration sig-
nals. This will enable the timely detection of defects that arise in their early stages during operation without disassem-
bling the equipment. This will improve methods for diagnosing induction motors, thereby enhancing the reliability and
safety of their operation.

Methodology. Frequency analysis of vibration signals using fast Fourier transform to extract diagnostic features
in the time and frequency domains.

Findings. The study established a high sensitivity of the vibration characteristics of asynchronous electric motors
to typical defects (rotor eccentricity, rod breakage, bearing damage, mechanical imbalance, shaft misalignment, and
stator winding weakening). It was shown that a complex frequency analysis using the fast Fourier transform allows
detecting signs of defects much earlier than periodic static monitoring. The vibration spectrum clearly shows side slip
bands, bearing defect frequencies, amplification of the first harmonic of rotation, and components at power supply fre-
quencies. The proposed non-contact method has high practical applicability for monitoring the technical condition of
motors in industrial conditions.

Originality. The scientific novelty of the research lies in improving the approach to diagnosing electric motors
through a comprehensive analysis of vibration characteristics in the time and frequency domains, which allows increas-
ing the reliability of detecting defects at the early stages of their development.

Practical value. The results obtained can be used for the implementation of vibration monitoring systems for the
technical condition of electric motors in industrial conditions. The proposed approaches to the analysis of vibration
characteristics make it possible to perform early diagnosis of typical defects, reduce the risk of emergency failures and
optimize the planning of maintenance and repair of electric machines. The materials of the work can be used during the
development of software for diagnostic systems, as well as in the educational process for the training of specialists in
electromechanics and power engineering.

Keywords: induction motor, vibration diagnostics, vibration analysis; rotor defects,; bearing defects; rotor eccen-
tricity; condition monitoring,; early defect detection.
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Mema pobomu. Memoio pobomu € po3pobieHHss KOMIAEKCY MAMEMAMUYHUX MOOeell 83aEMO0ii Koaeca 3 00pOIC-
HIM ROKPUMMSM Y CKIAOI KOMWIEKCHOL MOOeNi eneKmpomooiis 0iist 00CIONCEH S PO320HY, 2ANbMYBAHHS, NOBOPOMY, ne-
PEPO3NOOLNY HABAHMAIICEHb MIJC OCSIMU [ KOLeCAMU Ma AHANi3y ehekmueHOCmi aieopummie Kepyeants msacoeum enex-
MPONPUEOOOM Yy MUNOGUX | SPAHUYHUX PEHCUMAX PYXY.

Memoou docnidrcennn. Buxopucmarno nonosicenns meopemuyHol Mexauiku, OUHAMIKU MPAHCROPMHUX 3AC00I8,
meopii enekmponpugood, MamemMamuyHo20 MOOEIOBAHH, A MAKONC eMIIPUYHI 3aNeHCHOCI 0151 ONUCY 3YENIeHHS, WUHU
3 ONOPHOIO nogepxuero. /[ 8UHAUEHHs CUl Y NAAMI KOHMAKMY 3ACMOCO8AHO eMnipuuHy moodens Bypxeapoma, a pyx
eeKMPOMOOINA ONUCAHO 8 MeAHCAX MOOeNi NIOCKO20 PYXY 3 YPAXYB8AHHAM NO3008X4CHbO20 | NONEPEeYHO20 NepeHeCeHH s
HABAHMANCEHH, 3MIHU HOPMATLHUX PeaKyiil ma KOG3aHHs KOJIIC.

Ompumani pesynomamu. Chopmoeano y32000icenuii KOMNIEKC Mooeell, SiKuli 0ae 3Mo2y U3HAYamu peaxyii 6
KOHMakmi Koieca 3 00po2olo ma oyiniosamu 6niue Koepiyichma 3uenients, OYKCy8anHsl, WEUOKOCMI PYXy, 6EPMUKATb-
HO20 HABAHMANCEHHS | PEAHCUMY KepYBAHHSA HA NOBEOTHKY eleKmpomobina. [lokazano moxciugicms 8i0meopeHHs pyxy Ha
CYXOMY, B0I020MY MA CAULKOMY ROKPUMMI U AHATIZY YMO8 8MPAMU 34eNNeHH s, SHUHCEHHS KepO8AHOCMI Ma NO2ipulenHsl
peanizayii mae08020 abo 2anvmieno2o momenmy. Modenv dae 3mM02y NOPIGHIOBAMU pedcUMU pobOMU 6e0yYUX KOTC, OYyi-
HIOBAMU YYMAUBICG CUCMeMU 00 napamempis 0opocu ma 6UKOPUCIO8Y8amu pe3yiomamu O CUHME3Y al2opummis
00MedHCEeH S NPOKOB3YEAHHS, NEPEPO3NOOILY MOMEHMIB | Ni0sUWjeH s Kypcogoi cmitikocmi. Pesynomamu npudamui ons
@opmyeanns napamempis noOAIbLULUX OOCTIONCEHb, NEePesiPKU JI02IKU KepyB8aHHs Md NONEePeOHbOl OYIHKU eHepeemuyHOl
epexmugHocmi cucmemu.

Haykoea nosuzna. Hayxosa nogsusna noiszae 8 inmezpayii mooeni Konieca, eMnipuyHo20 Onucy WUHHO-00PON*CHbOT
83a€MO0ii ma MOOei NIOCKO20 PYXY eNeKMpPOMOOiis 8 EOUHY V3200JCEHY MAMEeMAMUYHY cXemy, npuoammy 01s 00Ci-
00fCeHHsl IHOUBIOYANIbHO20 eleKMPONPUBOOA KOJIC | peXCUMi8 00MENHCEHO20 3UenIeHH .

Ilpakmuuna yinnicmo. [Ipaxmuuna yinHicms noiaeac y MoXCIu80Cmi UKOPUCTHAHHS PO3POOTIEHO20 KOMNIEKCY
Modeneli IK OCHOBU OJisl CMBOPEHHS PO3PAXYHKOB0-8UNPOOYB8ATIbHO20 CMEHOA OOCTIONCEHHS CUCMeEM Kepy8aHHs MA20I0,
AHMUOYKCYBANBHO2O0 Ul GHMUOTIOKYBANLHO2O KEPYBANHS, PEKYNEPAMUSHO20 2aIbMy8anHs ma piuens Smart Drive 0ns ene-
KMPOMOOINIE Y PIZHUX OOPONCHIX YMOBAX eKCNLyamayii.

Knrouosi cnosa: enekmpomooine, Ounamika enekmpomoodins, 63aemodia Koieca 3 00poz2or, Koedivieum 3uen-
JNennsn, Koeivicnm oykcysanns, mooens bypkeapoma, mamemamuune mMooeno8anns.

I. BCTYII B. Pacejka [1], T. D. Gillespie [2], R. Rajamani [3] TaJ. Y.
Wong [4]. I onicy mo310BKXHBOT B3a€MOJIIT «IIHHA—0-
poray i BpaXyBaHHS BHYTPIIIHIX CTaHIB TEPTS JOLUUTBHUMHI
€ muHaMigHi Moneni, HaBeneHi y mpami C. Canudas-de-Wit
Ta cmiBaBT. [5]. EMmipuanuit onmc 3amesxHOCTI Koedirie-
HTA 34YEIUICHHS BiJ] OYKCYBaHHS, SKUH IIUPOKO BHKOPHC-
TOBYETBCSL B 3a/layax TaJbMyBaHHS Ta TATOBOTO Kepy-
BaHHS, IIpeacTaBiIeHo y podoti M. Burckhardt [6].

P0o3BHUTOK €eKTPOMOOIIBHOTO TPAHCIIOPTY Ta Ii/IBHU-
IICHHS BUMOT JI0 CHCTEM KEePYyBaHHS PyXOM 3yMOBIIOIOTh
noTpely B yIOCKOHAIIEHHI MaTeMAaTHIHUX MOJIENIeH TuHA-
MIYHHX MIPOIIECIiB y TPAHCIIOPTHUX 3ac00aX 3 EIEKTPOIPH-
BOJOM. MareMaTuuHe MOJETIOBAHHS Ia€ 3MOTY JAOCIHi-
JUKYBAaTH PEXUMH PYXy eNeKTpoMOOis i BepudikyBaTu
QJITOPUTMH KepyBaHHs 0e3 NPOBENICHHs HATypPHUX BHIIPO-

GyBaHb. [uranns inerTH(iKaIlii KpUBOI 3UCIUICHHS Ta OI[iHIO-
. BaHHS MApaMeTPiB KOHTAKTy B PEAbHHUX PEKUMAX PyXy
II. AHAJII3 JOCJIKEHD I TYBJIKAIINA posrasHyTO B TIpansx J. 1. Miller i D. Cebon [7], X. Xia Ta

cmiBabr. [8], D. Garcia-Pozuelo Ta cniiBaBT. [9], a Takox Y.

OyHIaMEHTabHI 3acald MOJCIIOBAHHS JTUHAMIKH : ) k )
Zou Ta cmiBabT. [10]. Lli mocmimkeHHs MiATBEPIKYIOTS,

aBTOMOO1JIS1 Ta BIIACTHBOCTEH IITHH BUKIIAACHO Yy ITpalsax H.
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[0 TOYHICTh BU3HAYCHHS CHJT Y TUISIMI KOHTAaKTY Ta IPaHu-
YHOTO Koe(illieHTa 3YCIICHHS ICTOTHO BILUIMBAE HA SKICTh
QITOPUTMIB PETYJIFOBAHHS TATHU 1 TAJIbMyBaHHS.

CyuacHi mixonu 10 KepyBaHHs OyKCyBaHHSIM 1 pea-
Ji3aIii TATOBUX MOXKJIMBOCTEH €JICKTPOMOOLTIB, 30KpeMa
JUISl TPAHCIIOPTHUX 3ac00iB 3 IHAMBIAYaJlbHUM MPHBOJIOM
KOJIiC, HaBeZIeHO y poboTax S. Ding Ta cmiBasr. [11], J. Shi
ta ciBaBT. [12], S. Kang ta cniBagt. [13], S. Quan ta cmis-
aBT. [14], J. Park i J. Na [15], Z. Bi Ta cmiBasr. [16]. Boz-
HOYac y OLIBIIOCTI OMyONiKOBaHMX POOIT OCHOBHA yBara
MIPUIUIAETBCS 200 aNropuTMy KepyBaHHS, abo okpeMmiit
MOJIeNi IIMHU YU OI[IHIOBAaHHIO JOPOKHBOTO KoedillieHTa
3uerieHHs. HenoCcTaTHhO BHUCBITICHNUM 3aIHIIAETHCS ITH-
TaHHS MOOYIOBH IMTICHO! KOMIUIEKCHOI MOJIEITI €JIeKTPO-
MOOLIS, sIKa MMOETHYE MOJCIb KOJIeca, SMITIPUYHHIA OITHC
34erJIeHHs], ITIOCKHH pPyX Ky30Ba Ta JMHAMIYHUHN Mepepo3-
MOZILT BEPTHKAIBHUX PEaKIliil y MexXax €IMHOT y3ro/PKeHOT
MaTeMaTU4HOi CTPYKTYpH.

III. META POBOTH

MeToro po0OoTH € PO3pO0IICHHS KOMILICKCY MaTeMa-
TUYHUX MOJIENeH B3a€MOJIIl KoJjieca 3 TOPOKHIM ITOKPHT-
TSIM Y CKJIaJi KOMIUIEKCHOI MOJIETi €IeKTPOMOOLIS JIIs 10-
CJTiDKEHHS PO3TOHY, TATEMYBAaHHS, IOBOPOTY, IIEPEPO3IIO-
ZILTy HaBaHTAXXEHb MK OCSMH 1 KOJIECaMH Ta aHallizy ede-
KTUBHOCTI JITOPUTMIB KEPYBaHHS TSTOBUM EIICKTPOIPH-
BOJIOM Y THIIOBHUX 1 TPaHUYHUX PEKUMAX PYXY.

IV. BUKJIAJEHHSA OCHOBHOI'O MATEPIAJIY 1
AHAJII3 OTPUMAHUX PE3YJIBTATIB

st Bepudikarii 3anpornoHOBaHOTO0 KOMIUIEKCY MO-
nerneil copMOBaHO MaTeMaTUUHY MOJEINb PYXYy €IeKTPo-
MOOLISL U AOCIIKEHHsT B3a€EMOJIIi KOJIC i3 JOPOXKHIM
MOKPUTTAM 33 3MiHHHUX YMOB. Y3arajJbHeHY KOMIIOHYBa-
JIbHY CXeMY KOMIUIEKCHOT MOJIelTi HaBeJeHO Ha pHC. 1.

A

]

\\;
:

.

Pucynok 1. KomnonyBanbHa cxema €JIEKTPOIpPHUBOIA Y
CKJIa/ll KOMITIEKCHOT MO €JIeKTPOMOOILIS

w,

Texniuny crienu@ikailio KOMIUIEKCHOT MOJIENT eJeK-
TpOMOOLISA peAcTaBiIeHo y Tabm. 1.
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Ta6mmms 1. TexHiyna crierudikarliss KOMILTICKCHOT MO
CJIEKTPOMOOIISI

HaiimenyBaHHs Ilo3Ha-
3HaveHHs
nmapamerpa “ICHHSA
Kouticua gpopmyia mxn 4x2
IToBHa Maca, KT M, 2170
Po3smomin Macu o ocsx
(mepenus/3anas), % n/3 (IT) 51749
MomeHT iHepLii aBTOMO-
0111 HaBKOJIO Ocl Z BigHO- J20mM (IT) 5017.5
CHO TOYKH IIEHTPY Mac JUIs
TTOBHOI MacCH, KI'*M?
JloB)xrHA aBTOMOOLIS, M a 4,393
[Tupuna aBroMo0LIs, M b 2,010
Bucora aBroM001J1s1, M h 1,599
Komicna 0aza, m L 2,699

st onucy miporeciB OyKCyBaHHS Y MOZEI BUKOPH-
CTaHO y3arajibHCHy MaTeMaTH4YHYy MOJICNIb KOJIICHOTO pPy-
IIisl, MO BiITBOPIOE OCHOBHI 3aKOHOMIPHOCTI B3a€MOJIl
KoJieca 3 TOPOXKHIM MOKPUTTSIM Ha OCHOBI BIJOMHX JDKe-
pen[l,2].

VY nocmimKyBaHIH KOMIUDIEKCHIH MOZET €IeKTPOMO-
Oiyist pymIieM BUCTYMAIOTh KOJieca MepeaHbol oci. 3aIexHo
BiJl XapaKTepy MOJaHOr0 MOMEHTY KOJIECO MOXKE IpaIlto-
BaTH y BEIEHOMY, BEAy4OMYy a00 rajibMiBHOMY peXHMax
KOYCHHSI.

VY BepeHOMY pEeXHMi Ha KOJIECO IIIOTh HHU3Ka CHIIO-
BHX 1 KiIHEeMaTHYHUX YWHHHKIB (puc. 2), 30kpema: M —
KpPYTHHI MOMEHT Ha Kouieci, H-M; F, — BepTHKaibHa peak-
ITisA, 100 Ji€ Ha i-Te KoJyieco, H; R, — HOTHYHA peakilis y
Ml KoHTakTy, H; 75 — nuHaMivunmii pagiyc koseca, M; f
— KoeiieHT ONOPY KOYCHHIO.

Pucynoxk 2. Benenuii pexxuM KOUEHHS Kojeca

Jnst yMOB piBHOBaru CWiH, IO JTiIOTh Y TOPU30HTA-
JILHOMY HAIpsIMKY, 33JI0BOJIbHSIOTh:
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YF, = 0:F; — R, = 0. (1)

Cyma MOMEHTIB BiTHOCHO Touku O TOPIBHIOE HYITIO:
My =0:—My; —R,-a+R,-173=0. (2)

BiamnoBinHo, piBHSHHS IUHAMIKH KOJIECA Y BEACHOMY
PEKMMI MOKHA 3aIHCATH SIK:

FT = RX'

{Mkj =Ry 14 —R;q )

ne Vy, — niniiine mprckopeHHs Koneca, M/c%; J, — Mo-
MEHT iHepIii Kojeca, K M?; Wy, — KyTOBE IIPHCKOPEHHS KO-
neca, 1/c2.

BeprukansHa peaxmis R, 3MIIIyeTbcs BiTHOCHO
meHTpa obepraHHa Kojeca O Ha BiACTaHb @, 11O 3yMOB-
JICHO MPY)XHUMHU BJIACTHBOCTSMHU €JIACTUYHOI mmHH. J{o-
O0yToK R, - a BU3Ha4ae MOMEHT ONOPY KOYEHHIO KoJjeca
M. BennunHy @ MOXKHA IPEJICTABUTH Y BUTIISL:

a= f “Ta (4)

ne f —xoe(ilieHT ONopy KOYEHHIO; Ty — AMHAMIYHUI
paniyc xoneca, M.

l'opuzoHTanpHa cuia Fr, M0 Ji€ Ha i-Te KOJEeCo aB-

TOMOOIJIS, BU3HAYAETHCS 3aI€KHICTIO:

FT :mk'Vk,

)

Jie m;, — Maca, IpuBe/ieHa 10 koyeca, a V), — miHiiiHe
NPUCKOPEHHS LIEHTpa KoJieca.

[HepmiitHAit MOMEHT KOJIeCa OTICYETHCS PIBHSIHHIM:
(6)

Ie J, — MOMEHT iHepIii Koyieca, KI'M?, a Wy — WOro
KyTOBE IPUCKOpEHHs, 1/c2.

Mkj =Ji - Op

[Ticns miaCcTaHOBKYM BUIIEHABEACHUX PIBHSAHB 110 CH-
CTEMH OTPUMAEMO YTOYHEHHI BHIISL PIBHSHD JUHAMIKA
JUISL BEICHOTO PEXUMY:

{ mk . Vk = R.X"

Jk @O =Ry -1 —R, - f -1y,
e R, — IOTHYHA CHIa peakilii y 30Hi KOHTaKTy KO-

Jieca 3 J0pOroio.

()

Sk 3a3HaueHo y [2, 4], koediuieHT onopy KOYeHHIO f
MOXe OyTH MOJIaHUH Y BUIISII €MITIPUYHOTO BHpasy:

f=fotke VE+fa (®

1e fo — KoedilieHT ornopy KOYeHHIO AJIsl CyXol piBHOT
TIOBEPXHi 3a MIBMAKOCTEH, OIM3bKUX 10 HyJIbOBUX; kr —
KOEQIIiEHT 3pOCTaHHS OMOPY 3 MiABUIICHHSM IIBUAKOCTI
(mns nerkoBux aBromoGinis kr = (4...5) X 1075); fo —
HONPaBKOBHH KOEQILi€HT, 1110 BPAXOBYE TUI JIOPOXKHBOTO
HOKPHTTSL.

3anexuicth (V) Mae kBaapaTuuHHIi XapakTep i y3-
TOJUKY€ETBCS 3 EKCIICPHUMEHTAJIbHUMH JAHUMHM; UHCIIOBI
3HA4YEHHS KOe(ili€HTIB IS PI3HUX THIIB AOPOKHBOTO T10-
KpUTTs TpuiiHsTO 32 [2, 4]. KoedinienTn onopy koueHHs
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JUISl PI3HUX TUIIB JOPOKHBOTO MOKPHUTTSI MPUIHSATI BiJIIO-
BIJIHO /IO Bi/IOMUX €KCIIEpUMEHTAIBHUX JaHUX, HABEAEHUX
Y BHIIIEBKa3aHii poOoTi.

VY BeaydoMy pexuMi Ha KOJIECO JI0Th Ti cami rpyIH
CHJIOBHUX 1 KIHEMAaTHYHHX (AaKTOPIB, L0 i y ONepeTHbOMY
BUNAAKY (pHc. 3), OJHAK HANpPsM Aii 00epTaIbHOI0 MOMe-
HTY 3MIiHIOETBCSL.

TSI IIS I E TS

Pucynoxk 3. Bexyuuii pesxum KO4eHHS KoJieca

JUiss Bemydoro pexuMy CIPaBEJIMBI YMOBH PiBHO-
Bard CHJI i MOMEHTIB, III0 AIFOTh Ha KOJECO:

YF, =0: —Fp+R, =0, 9)
YMy = 0: =M + My — R, - a — Ry - 74 = 0. (10)

[licnst BiAMOBIZHUX MEPETBOPCHb CHUCTEMAa PIBHSHD
JMHAMIKH KOJieca y BeIy4IOMy PeKiMi HaOyBae BUTIISILY:

FT = Rx,

{MkaMk—Rz-a—Rx-rd. an

[ig yac poOOTH BEIydOro Kojieca CIIOCTEPIracThes
MIPOKOB3YBAHHS CJIACTHYHOI IIIMHU BiJHOCHO JOPOXKHBOT
noBepxHi. Lle# mporec xapakrepusyeTbes KoedinieHTOM
OykcyBaHHS S 5, IKUI BU3HaYa€ThCs 32 (opMyInoro:

Vi
riwr’

Ssg=1- (12)

Ie 13, — KIHeMaTHYHUH pajiyc Kojieca, M; Wy, — KyToBa
HmIBHAKICT oOepranHs, 1/c; V), — miHiliHa MIBHIKICTBH
LEHTpa Mac KoJeca, M/c.

ExcnepumeHTanbHi TOCHIIKEHHS ITOKa3yIOTh, IO
IpY HASBHOCTI NPOKOB3YBaHHS MaKCHMaJbHa JOTHYHA
CHJIa peakilii mpsSMO MPOTOpIiiiHa HOPMAaNbHIN peakmii
onopu [1, 2]:

(13)

IIe @, — KOSQIIiEHT 34CTUICHHS Y ITO3/I0BXXHBOMY Ha-
MPSIMKY.

Ry =R, - @y,
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3 ypaxyBaHHSM IIbOTO PIBHSHHS JWHAMIKA HaOyBa-
FOTh BUTJIAY:
{ my - Vk = RX’
Ji* O = My — Ry - 1a(f — ),

ne f — koeilieHT onopy KOYeHHIO, a Ty — JUHAMIY-
HUH pajiyc Koieca.

(14)

Jns ommcy mporiecy B3aeMoIil Koieca 3 JTOPOKHIM
MOKPUTTSAM BUKOPUCTOBYETHCS eMITipHYHa MoJelb bypk-
rapara [6], ska ommcye 3aleXHICTH KoeQillieHTa 34el-
JIEHHS BiJ] CTyTeHs OyKCYBaHHS:

O =0Cy-(1—e625) -5 - S, (15)

ne C; — mapamerp, 10 BU3HaYa€ MAaKCHUMyM KPHBOI
(C1 = Qxmax); C, — mapamerp, axuii 3a1a€ GopMy KpHBOT,
npu oMy C, - e 6255 = E—i; C5 — napamerp, KU Xapak-
Tepusye crag KoeQilieHTa 39eTUIeHHs MICIsA JOCSTHEHHS
MakcuMyMy (C3 = @Pxmax — Pri)-

Jlis ommcy 3aieXHOCTI KoedillieHTa 34eTUICHHS Bif
CTymIeHss OYKCYyBaHHS BHKOPHCTAHO BiIOMY EMITipHYHY
MOJIeNb, TApaMETPH SIKOi MPUHHATO 3rimHo 3 [6]. [Tizxomn
JI0 omiHIOBaHHS (imeHTH(iKaLii) mapamMeTpiB KpUBOI 34ell-
JICHHS 33 BUMIPSHUMH JaHHMH B PEXKUMI KEPOBAHOI'O Ta-
neMmyBaHHA (slip-controlled braking) posrnsayTo y [7].

VY ranpMiBHOMY peXHMi Ha KOJIECO AIIOTH Ti cami
TpymH cril i MOMEHTIB (puc. 4), OTHAK JOMIHYIOUNM (ak-
TOPOM € TaJbMIBHUI MOMEHT M;, 110 IPHKJIAAAETHCS Y Ha-
NPSAMKY, IPOTHIC)KHOMY 00CpPTaHHIO.

R~}

R
’///777/#[

Pucynoxk 4. ['anpMiBHHI pexXuM KOUYEHHS Kojeca
JlJist ranibMiBHOTO PEXKHUMY PIBHSIHHS PIBHOBAard Cui i
MOMeHTiB MAaKThb BUTJIA:
YE, =0:Fr—R, =0, (16)
XMo=0:Myj—M;—R,-a+R,-1,=0. (17)

Ha ocHOBi mux CIHiBBiTHOUICHD PIBHAHHA TUHAMIKHA
KOJIeca Y TaJbMiBHOMY PEXKHMI 3aITUIIIEMO SIK:

28

mk 'Vk :in

{MijMt+Rz-a—Rx-Td. (18)

[Micns mepeTBOpeHb Ta 3 ypaxyBaHHSIM DiBHSHb
3B’S13KYy OTPUMY€EMO OCTaTO4YHY HopMy:

{ mk . Vk = Rx,
Ji* @) =M+ Ry 1q - (f — @),
ne M, — ranmpmiBHHIA MOMEHT, H-M; ¢, — koedimieHT

3YCIUICHHS Y TO3J0BXKHBOMY HAmpsMKy; f — koedilieHT
OIIOpY KOYEHHIO; T — JMHAMIYHHUHI pajiyc Kojeca, M.

(19)

BinmoBimHO 10 3aradbHUX MPUHIIMIIB TOOYIOBH Ma-
TeMaTHYHUX Mojeneit [1], mis aHamily mpomeciB Kepy-
BaHHS IHTEJIEKTYAJIbHUM PErYJISSTOPOM EJIeKTPONPHBO/IA
(IPE) morminbHO BUKOPUCTOBYBATH MOJICIb aBTOMOOLIS 3
TphOMa CTYNEHSIMH BimpHOCTI. Takuii migxin 3abesmedye
JIOCTaTHIO TOYHICTh ONHCY AWHAMIYHOI TOBEAIHKH aBTO-
MOOLISI Ta n03BONISIE MonemoBaT poboTy IPE 3a pisHnx
PEKHUMIB 1 TUIIIB KEpyBaHH:.

Po3pobiiena maremaTidHa MOJENb 3 TPbOMA CTYTIe-
HSIMH BUIBHOCTI OXOIUTIOE CHCTEMY DIBHSHb, IO OIHCY-
I0Th: TUIOCKUI pyX KOPITyCy aBTOMOOLIS BiTHOCHO 3€MHO1
MMOBEPXHI; B3aEMOMI0 00epTaHHS BCIX KOJIC i3 Ky30BOM
TPaHCIOPTHOTO 3ac00y; 3B 530K KiHEMAaTHYHUX MapameT-
PIB KOUYEHHSI €IaCTUYHKX KOJIC 13 CHJIOBUMU YMHHHKAMHU,
11O JIIFOTh Y 30HI KOHTAKTY; 3QJIE)KHICTh KDYTHUX MOMEHTIB
KOJTiC BiJ] X KyTOBHMX HIBHIKOCTEH Ta CUTHAJIIB KEPYBaHHS
BiJl cucTeMu aBToMaTHyHoro peryitoBanus (CAP), sika pe-
anizye anroputmu kepyBanss [PE.

Jiis moOymoBH MO MPUHHATO TaKi CHPOIICHHS:
TUIOIIMHA O0EPTaHHS KOJieCa BBAXKAETHCS BEPTUKAIBHOIO;
HE BPaxOBYETHCS 3aJICKHICTh (PPUKIIIHHUX BIACTHBOCTEH
IIMHY Ta TOPOKHLOTO MMOKPHUTTS Bifl TEMIEPATyPH IPH He-
CTaliOHApPHOMY KOYEHHI.

[omoxxeHHS Ta TapaMeTpH pyXy aBTOMOOLIS BU3HA-
4alThes y Hepyxomii cuctemi koopanHat XOY, 3B’s3a-
Hiif 13 3emuiero. Po3paxyHkoBa cxema MaTeMaTH4HOi MO-
JIeITi I aBTOMOOIIIS 3 TphOMa CTYNEHSIMH BUTBHOCTI (T1e-
penHii MPUBIM) MPEACTABICHA HA PUC. 5.

R4

g

Pucynok 5. Po3paxyHkoBa cxema MaTeMaTHYHOI MOJENi
PYXy aBTOTPaHCIOPTHOTO 3aco0y 3 TphOMa CTYIEHSIMH
BUTBHOCTI (TIEpeIHii IPHUBiT)
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JluHamiKy pyXy aBTOMOOIIS B CHUCTEMi KOOpIMHAT
XOY, moB’s13aHil i3 3emiieto, ormucye Gopmya:

Gq ..
; cXo = (Rxl + sz - Rx3 - Rx4,) -cos 0 + (Ryl +

Ryz + Ry3 + Ry4) -sin @ — Fax — wa,
6oy . .
5 Vo= —(Ry1 + Rz — Ry3 — Ryy) - Sinf —
(_Ryl - Ryz - Ry3 - Ry4_) - COS 9 - Fay + Fwy,
(20)

Jor 8= (Rey = Ry = Rys + Rya) - 2+ (—Rys —
Rys) - (Ly + Ly) + ((Fax + Fuw) - sin 6 + (Foy — Fy )
cos 9) - L,,

Jos = Jz0um % ’ L%'

Iie Xg, Yor — kKoopauHatu Touku O', IOB’sI3aHOI 3 aB-
TOMOO1IEM, Y HEpYXOMil cHCTeMi KOoOpauHat, M; 8 — KyT
ITOBOPOTY PYXOMO{ CHCTEMH KOOPAWHAT X, 0'Yy,, 5KOPCTKO
3aKpimuieHoi 7o aBTomMoOins, °; Jo,, — MOMEHT iHepmii aB-
TOMOOLIS BIJIHOCHO BEPTHKAIbHOI Ooci uepe3 Touky O,
KI*M?; J,0 — MOMEHT iHepIii aBTOMOGINS BiZHOCHO Bep-
THKaJIBHOI 0Ci uepe3 HeHTp Mac Oy, KT*M%; Ry, Ry, —poe-
KIii JOTHYHHUX 1 OOKOBUX peakxiiiii y 30Hi KOHTAKTY i-T0 KO-
jeca Ha oci pyxomoi cucteMu KoopmuHat X, Y, H;
Fyx, Fyy — CKJ1a[I0B1 CUJIM Bary IIpy pyci aBToMoO6i/14 Ha 110-
xuiid nosepxni, H; Ky, F,, — CKJIanoBi cuin aepoanHa-
MIYHOTO OTIOpY pyXy, H; B — xomist aBToM0011s, M; L4, L, —
KOOpAMHATH PO3TALIYBaHHS IICHTPAa Mac BITHOCHO 0a3m
aBTOMOOIJIS, M.

CkJ1a/10Bi CHIIM Bard IpH pyci O MOXHIIIH MOBEPXHI
BU3HAYAIOTHCS BUPA3aMH:

Fax = Gg -sina - cosb,F,, =G, -sina -sinf, (21)

Jie @— KyT HaXWIy JOPOTH.

CKIIaZioBi CHIM aepOAMHAMIYHOTO OIMOPY BH3HAYA-
FOTBCS PIBHAHHSIMHU:

i b73
wa=wa'p'Fnoﬁ'T;FwyzCwy'p'F60K'?’ (22)

ne C,yx — Koeditient 10608oro onopy; Cy,, — Koedi-
IiEHT OOKOBOTO omopy; F,,s — mioIa J1000BOro mnepepisy
aBTOMOOLIsI, M?; Fg, — IIIOIIA OOKOBOTO TIepepizy, M2, p —
TyCTHHA HOBITPS, KI/M>.

KoopanHaTu neHTpiB KOJIC Y HEPYXOMii cHCcTeMi KO-
OpJIMHAT BU3HAYAIOTHCS Yepe3 MOJI0KEHHS IIeHTpa Mac aB-
TOMOO1JIs1, KOJIICHY 0a3y Ta KyT Opi€HTallii KOpITyCy BiJIo-
BIZIHO JI0 pO3paxyHKOBOI CXEMH NPE/ICTaBICHOI Ha pHUC. 6.

JIiHiifHI IIBUAKOCTI IEHTPIB KOJIC Y pyXoMiii cuctemi
KOOPAMHAT BU3HAYAIOTHCSA 3 YpaxXyBaHHIM IIOCTYNAIBHOTO
PYXY KOpITyCy aBTOMOOLJIS Ta HOrO KYTOBOI'O OO€pTaHHSI.

MaremaTtndna MOACIIb KOJIICHOTO pyH.Il?[ BHU3Ha4Ya-
€TBCA CUCTEMOIO piBHﬂHBZ

29

Ji - W1 = Mg — Ry1 - 11 - (i — @),
Jie - @2 = Myz — Ryp - Tan - (2 — 0x2),
Jk @z = Ryz *Tas — Ryz - f3 - Taz,
Jk * ®Ora = Rya *Taa — Rys - fa - Taas

ne J, — MOMeHT iHepii Koeca i-0i oci, Kr-M?; My; —
KPYTHHH MOMEHT, NPUKJIQJEHUH J10 Koneca i-o1 oci, H-M;
R,; —HOpMasbHa peakiis s i-ro koneca, H; wy; — KyToBa
MIBUIKICTH OOCpTaHHSA i-TO KoJeca, 1/¢; ry; — IMHAMIgHIHA
paniyc i-ro xoseca, M; f; — KoeillieHT ONopy KOYEHHIO;
Qi — KOSQIIIEAT MO3J0BKHBOTO 3YETUICHHS.

(23)

o2
=

T

s o)

—_ -—

Pucynok 6. PozpaxyHkoBa cxeMa MOCTYHNAaJbHOIO PyXy
aBTOMOOIJIS 3 Iepe/IHIM PUBOJIOM

Po3pobiiena maremaTtiuHa MOJEb JO3BOJISIE OIH-
caTH OWHAMIYHY ITOBEIIHKY aBTOMOOINSA 3 ypaxyBaHHIM
MOJICIIIOBAHHS IHTENEKTYaIbHOTO PEryJsTopa eJISKTPOIl-
puBopa (IPE), sikuit Moske mpamroBaty 3a pisHUMH alTropH-
TMaMH KepyBaHHS. 3alpOIIOHOBAaHAa CTPYKTypa € YHiBepca-
JBHOIO: BOHA MOXKE BHKOPHCTOBYBATHCH SIK JUIA JOCII-
JoKeHHS epexTuBHOCTI anroputMiB IPE ta cuctem kepy-
BaHHs pyxoM (CKP), Tak i st po3B’si3aHHS 1HIIKX 3a/1a4
y MO€JHaHHI 3 JOAATKOBUMH MaTeMaTUYHHMH OJIOKaMu
MOZEI.

3rigHo 3 pobotamu [1—4], W1 MpPaBUIBLHOTO BH3HA-
YeHHS JOTHYHHX PEaKiliif Ha BEAYYHX i TaJbMiBHHUX OCSX
aBTOMOOLISI HEOOXiTHO BPaxOBYBaTH IOHHAMIYHUHN Tepe-
PO3MOALT peakiiid Mixk HUMH. J[iist o0y a0BH MaTeMaTHY-
HOT'O OMHKCY BHIIQJIKY NOCTYIAJIBHOTO PYXY aBTOMOOLJISI IO
TOPU3OHTANBHIM JOPO3i 31 MIBHIKICTIO V., MO3MOBXKHIM
TIPUCKOPEHHSAM Ji, Ta TIONIEPEYHUM Jy,, BUKOPUCTOBYETHCH
PO3paxyHKOBA CXeMa 30BHIIIHIX CHJI i MOMEHTIB (pHc. 6).

Cucrema KOOpJMHAT IIPU 1IIbOMY IIOB’s13aHa 3 JIOPO-
TOI0: BICh X CHPSIMOBaHa B3/I0BK HANpsMy MOCTYIIAIbHOTO
PYXy; BiCb y — Yy IUIOLIMHI JOPOTH, NEPHEHANKYIISPHO Ha-
NPSIMKY PYXY; BiCh Z — MEPHIEHANKYISIPHA 10 JOPOXKHBOT
MTOBEPXHI.

Komnonentn nentpobisknoi cunu Fy, y 1m0310BK-
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HbOMY Ta 60KOBOMy HalpsiMKax BHU3HAYAKOTbHCH piBHS[H—
HAMU:

Fxy =M, - jx,Fy = Mg - jy, (24)

ne M, —Maca aBTOMOOLIIS, KT; jy — IO3/I0BXKHE TPHC-
KOpEHHS1, M/C?; j — TIOTNIepeYHe MPUCKOPEHHS, M/C2.
JlonaTkoBa CHJIOBA PEAKIisi, 110 BHHUKAE IIif IO
M03/I0BXXHBOTO TIPUCKOPEHHS Jy, BA3HAYAETHCS SIK:
_ jX'Ma'hg

) (25)
ne hg — BHCOTa IEHTPA Mac aBTOMOOINA, M; L — koi-
cHa 0a3a, M; jy > 0 — pexuM TpUCKOpeHHS; jy < 0 — pe-
JKUM TaJIbMyBaHHS.
IIpu gii GOKOBOTO MPHCKOPEHHS jy MOJATKOBA CH-
JIOBa peakilis BU3HAYAETHCS BUPA3OM:
_ jY‘Ma‘hg

: (26)

ne B — xomist aBToMo0iis, M; jiy > 0 — npaBuii moBo-
poT; jy < 0 — niBHii HOBOPOT.

3 ypaxyBaHHSIM LIMX peakxiiiii BepTHKalbHI HaBaHTa-
JKCHHS Ha KOJIeca aBTOMOO1I MOXKHA 3aITUCATH SIK:

th M jyh M
R = Mo (K =272+ 52),
R, =My Koy (Krlpg _]XTHM N ]YBL‘M):
27
= Jxhu
Ry =M, - 1-K,,) ((1- Knp)g +T
jyhr_{M
+ B ), |
= Jx Ry
R, =M, -(1-K,,) (1- Knp)g +T
_jthM)
B )

ne K., — KOeQIIieHT MONepeYHOro CTaTUYHOTO Iie-
PEpO3NOJITy HABAHTAKEHb; K, — KOEDIUIEHT MO310BK-
HBOTO CTaTHYHOTO TEPEPO3NOMIiNTy; g — MPUCKOPEHHS Bi-
JILHOT'O IaJIiHHS, M/C>.

Boxkogi peakmit R,, BU3HAYAIOTECS 3AIEKHO BiJl KYTiB
YBOJY KOJIIC:

Ryll =611 - K11,
Ry12 =042 " Ks12, (28)
Ry21 = 621 * Ko21,
Ry22 = 022 * Kez2,

ne 6j; — KyTH yBOAy Koulc, °; Ksj; — KoedinienTn
ornopy yBeaeHHto, H/°.

Jng BUmMagKy NPSMOIIHIMHOTO pPyXy aBTOMOOLIS
KYTH YBOJy KOJIiC BU3HAYAIOTHCS 32 BIIOMUMH CITiBBiITHO-
LICHHSAMH, 1[0 BPaXxOBYIOTh T€OMETPHYHI ITapaMeTpu Tpa-
HCIOPTHOTO 3aC00Y Ta KiHEMaTHYHI XapaKTePUCTUKHU PYXy
[1-4].

30

Konduikr inTepeciB. ABTopH 3asiBISIOTH PO BiJCY-
THICTh KOH(QJIIKTY 1HTEpECiB.

V. BUCHOBKH

ChopMOBaHO KOMIUIEKC MAaTEMaTHYHUX MoJeiei
B3a€MOJIi Koyieca 3 TOPOXKHIM MOKPUTTAM y CKIaii KOM-
TUTEKCHOT MOJZETI eNeKTPOMOOiss, 1o 3abe3nedye po3pa-
XYHOK TTO3/IOBXHIX 1 IONepevIHNX peakliil y IisaMi KOHTa-
KTY B THIIOBHX PEXKUMaX PyXy.

JU7st Bey4oro Ta TrailbMiBHOTO PEXXUMIB KOUYCHHS 3a-
MTUCAHO PIBHSHHS PIBHOBATH CHJI | MOMEHTIB Ta OTPHMAHO
3aJISKHOCTI, SKi 0B SI3YIOTh IIPUKJIAaZeHI MOMEHTH Ha KO-
Jeci 3 JTOTHYHOIO PEaKIi€l0 y KOHTAKTI 3 ypaxyBaHHSIM
OIOpY KOYEHHIO.

Jlis onucy 3alieKHOCTI KOeillieHTa 34CIUICHHS Bij
CTyneHst OyKCyBaHHS 3aCTOCOBAHO eMIIIpHYHY MoJienb by-
pKrapara, o JJ03BOJISIE BPaXxOBYBAaTH THUII JOPOXXHBOTO
MIOKPHTTS Yepe3 BUOIp mapaMeTpiB MO/l Ta BUKOPUCTO-
BYBATH ii B pO3PaxyHKOBHX JOCIHIPKEHHIX MPH 3MiHHUX
YMOBaXx 34CIUICHHS.

PeanizoBaHo MOJeNIb TIOCKOTO PyXy aBTOMOOLTS 3
ypaxyBaHHSIM JAWHAMIYHOTO HEPepo3MOIiNy BEpTHKAIIb-
HUX peaKiiif MiXK OCSIMH Ta OKPEMHUMH KOJIECAMH IIiJ €10
MIO3/IOBXXHBOTO 1 GOKOBOTO MPHCKOPEHB, 110 € HEOOX1THIM
IUISL KOPEKTHOTO BHU3HAYCHHS HOPMaJbHUX HABAHTAXKEHBD 1
IPaHUYHHX 34iHUX MOMKIIHBOCTEH.

3arpornoHoBaHa MaTeMaTU4Ha CXeMa MOXE BUKOPH-
CTOBYBaTHCS sIK 0a30Ba miatdopma ISl MOAAIbIINX 10C-
JJUKEHb alTOPUTMIB KEPYBaHHS TSTOO/TalbMyBaHHIM
€JIeKTPOIIPHUBO/IA Ta CHCTEM CTa0LIi3aMii pyXy IIIIXOM Ba-
pitoBaHHS TapaMeTpiB aBTOMOOLIIS, yMOB 34CTIIICHHS Ta Pe-
KHMIB pyXy 0e3 MPOBEICHHS HATYPHUX €KCIIEPUMEHTIB.

[Monanpmii mocmiUKeHHsS JOUUIBHO CHpSIMYyBaTH Ha
(hopmastizoBaHe MOPIBHSHHS AITOPUTMIB KEPYBaHHS Y TH-
MOBUX PO3pPaxyHKOBUX CIEHapisix (IPUCKOPEHHS/TaIbMy-
BaHHS Ha Pi3HHUX IMOKPUTTIX, KOMOIHOBaHI pekxuMu, 30y-
PCHHS), a TaKOXK Ha BepHu(iKalito MOJIeNi 3a eKCIIePIMEH-
TaNbHUMH 200 CTEHIOBUMH JaHUMHU 34 HAIBHOCTI BiJIIOBI-
JTHOi BUMIipIOBaJIbHOI iH(pOpMATITii.
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Purpose. The purpose of the work is to develop a set of mathematical models of wheel-road interaction as a part of
a comprehensive electric vehicle model suitable for studying acceleration, braking, cornering, load redistribution be-
tween axles and wheels, and for analyzing traction electric drive control algorithms under typical and near-limit driving

conditions.

Methodology. The research is based on theoretical mechanics, vehicle dynamics, electric drive theory, mathematical
modelling, as well as empirical relationships describing tyre adhesion to the supporting surface. The Burckhardt empir-
ical model is used to determine forces in the contact patch, while electric vehicle motion is described within a planar
motion model that takes into account longitudinal and lateral load transfer, changes in normal reactions, and wheel slip.

Findings. A consistent set of models has been formed that makes it possible to determine reactions in the wheel—
road contact and to assess the influence of the adhesion coefficient, slip, vehicle speed, vertical load and control mode
on electric vehicle behaviour. The model reproduces motion on dry, wet and slippery surfaces and allows analysis of
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traction loss, reduced controllability and deterioration in the implementation of traction or braking torque. It also makes
it possible to compare the operating modes of the driving wheels, evaluate the system sensitivity to road parameters, and
use the results for the synthesis of slip limitation, torque redistribution, and yaw stability algorithms. The results are
suitable for defining test parameters, verifying control logic and making a preliminary assessment of system energy effi-
ciency.

Originality. The scientific novelty lies in integrating a wheel model, an empirical description of tire-road interac-
tion, and a planar electric vehicle motion model into a unified mathematical framework suitable for studying individual
wheel electric drive and limited-adhesion conditions.

Practical value. The developed set of models can be used as a basis for a computational testing bench for studying
traction control, anti-slip and anti-lock control, regenerative braking, and Smart Drive solutions for electric vehicles
under different road operating conditions.

Keywords: electric vehicle, electric vehicle dynamics, wheel-road interaction, adhesion coefficient, slip ratio,
Burckhardt model, mathematical modeling.
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OCOBJIMBOCTI PEI'YJJIOBAJIBHUX BJIACTUBOCTEM TA
EHEPTETUYHUX IOKA3HUKIB EJJEKTPOMEXAHIYHOI CUCTEMUA
HA OCHOBI BUCOKOBOJIbTHUX ACUHXPOHHUX IBUI'YHIB 3
®A3ZHUM POTOPOM

CI/IHEHBKI/H\/’I A.B. acnipant, Hauiomanbuuii yHiBepcuTeT «3amopisbka MOMITEXHIKA», M. 3allOpiikKs,
VYkpaina, ORCID: https://orcid.org/0009-0005-1859-4171 , e-mail: xibi-tur@ukr.net,

Mema pobomu. [Ipogedenisi KOMIIEKCHO20 OOCTIONCEH S MA AHAIZY Pe2yTO8ANbHUX GIACMUBOCHEl | 3AKOHOMI-
PpHOCmell 3MIHU eHep2emUYHUX NHOKA3HUKIG eleKMPOMEXAHIUHUX CUCIEM 3 IMNYIbCHUM Pe2YT08AHHAM 8 KO 8unpamie-
HO20 cmpymy pomopa Ha 06a3i 8UCOKOBOIbIMHUX ACUHXPOHHUX O8USYHIB i3 (DA3ZHUM POMOPOM 3 8EHMUNAMOPHUM XAPAK-
MepoM HABAHMAICEHHSL OIS PO3POOKU HAYKOBO OOIPYHMOBAHUX MemOOi8 NiOsULeHHsl IXHbOT 3a2anbHOl enepeoehexmu-
6HOCMI MA MIHIMI3AYIl 6MpPam NOMYIHCHOCMI 8 YCMANCHUX | NEPEXIOHUX PENCUMAX POOOMU.

Memoou oocnidocenns. Teopemuuni 0ocnioxncenHss 6a3yI0OMbCsL HA QYHOAMEHMATILHUX NOTONCEHHSX Meopil eleK-
MPUYHUX KL, MeOopii eleKmpuyHUX Mawun ma asmomamu308aH020 eieKmponpueody, ma piGHAHHAX MAMeMamuidHol
@isuku 015t ONUCY NPOYECi8 eneKMPOMEXAHIYHOZ0 NEPEMBOPEHHS eHepeii ' BUCOKOBONLINHUX ACUHXPOHHUX OBUSYHAX I3
Gasnum pomopom, 3aCmoCyBaHHAM MeMOOI8 KOMN TOMEPHO20 MOOETIOBANHS, YUCETbHUX MEMOOI8, IHMepnoaayii, anpo-
Keumayii hyHxyiu.

Ompumani pesynomamu. J[ocniodnceno eiekmpomMacHimui ma enepeemuiti npoyec eneKmpomMexaniynoi 3 eenmu-
JISIMOPHUM XAPAKMEPOM HABAHMANCEHHS 3 YPAXYBAHHAM 3MIHHUX AEPOOUHAMIYHUX NAPAMEMPI8 WAXMHOI 6eHMUAAYil-
HOI' mazicmpani. 3anponoHo8aHa eneKmpoMexaniyna cucmema 3 iMRYIbCHUM De2yiO8aHHAM 8 KO BUNPAMIEH020
CIMPYMY POMOpPa BUABIAE ACKPABO BUPANCEHT a0anmugti enacmusocmi. Bona demoncmpye eucoxy pobacmuicms i 30a-
mHicmb 00 NPeyusitiHo2o HiBent08anHs 6yO0b-KUX CHOXACTUYHUX 30YPeHb aepoOUHAMIYHO20 HABAHMAICEHHS, 30epi-
2auy npu Ybomy CMIUKICme i HAOIUHICMb Pe2yI08AHHS. WUEUOKOCME 00ePMAHHS ACUHXPOHHO20 08USYHA, MUM CAMUM
RIOMPUMYIOUU CIMAOITLHICMb NPOGIMPIOGANHS WAXMHUX BUPOOOK HABIMb 34 YMOE KPUMUYHO 3AHUINCEHOT Ydacmomu
Komymayii eenmunie nepemeopiosaua. Bemanosneno, wo npu pezynosanni weuokocmi 6 dianazoni kogsauwsb s = 0,5
+Syom 00CA2AEMBCA NidGUEHHA Koeiyienma nomyocnocmi cucmemu 0o 0,80—-0,93 ma KK/ 0o 92,5-94,5 %, wo nepe-
8epuLye NOKA3HUKU Hepe2yibo8anozo enekmponpusoda na 0,25 ma 40 % eionosiono.

Hayxoea nosusna. Habye nooansuioco po3sumxy npuHyuny nooyoosu eHepeoegheKmusHux cucmem KepyeamHs ge-
HMUIAMOPHUX YCMAHOBOK. J[08e0eHo, Wo 3acmoCy8aHHs IMNYIbCHO20 Pe2yNi0O8aHHA eNleKIMPOMEXaHIYHUX cucmem 3
BEHMUNAMOPHUX HABAHMANCEHHAX 31 3MIHHOI AepPOOUHAMIKOIO Mepedci 0036014€ He auwe cmabdinizysamu poboyi npo-
yecu, ane i cymmego niosuwumu 3a2anreHuil kKoegiyienm nomyscnocmi (00 0,80-0,93) ma KKJ[ cucmemu na 3uudice-
HUX WBUOKOCIAX 00epmMantsi pomopa acuHXpOHHO20 OBUZYHA.

Ipaxmuuna yinnicmo. [Ipaxmuuna yinnicmo pobomu nonseac y 006e0eHHi eKOHOMIYHOT ma MexHiYHOi OoYinbHO-
cmi 8NPOBAOVIICEHHS CUCEM IMIYIbCHO20 KEPYBAHHS BUCOKOBOIbMHUMU ACUHXPOHHUMU OBUSYHAMU, SIKI 6X008Mb 00
CMPYKMYpU eeKmpOMeXanidnux cucmem OJis NPOMUCTOBUX BEHMUNAMOPHUX YCIMAHOBOK. BUKopucmants maxkux ejex-
MPOMEXAHIYHUX cucmeM Ha OIFoYUX NPOMUCIO8UX 00'ckmax 0ae 3moey He auwe 3a0e3neyumu moyHe peazy6anHs 6eH-
MURAYIUHOT YCIMAHOBKU HA 3MIHY aepOOUHAMIYHO20 ONOPY Mepedxci, dne Ul KapOUHAIbHO NOKPAWUMU eHepeemuyHi no-
KA3HUKU NIONPUEMCIEA, A MAKONC NOOO0BHCUMU MIDCDEMOHMHUL IHMeP8al 00PO208APMICHUX BUCOKOBOILIMHUX 08UY-
HiG.

Kntouoei crnosa: eucoxa nanpyza, Kepyeanns, e1eKmpomexaniuna cucmema, MoOoea06anns, enepzemuimi no-
Ka3HuKu, 6mpamu, 6eHMUIAMOPHE HABAHMANCCHHA, e/IEKMPOCNONCUBARNA, WLAXMHE eJ1IeKMPOooO1a0HAHHA

cranoBuTh 630-1600 kBT, a 17151 HAAMOTY)KHUX arperariB
carae 10 4MBT, uyacTka iXHBOTO €JIEKTPOCHOKHUBAHHS

[TpoBiTprOBaHHs BYTiILHHX Ta PYyIHHX INAXT 3a J0-  MOXe CTaHOBUTH 10 30 % Bix 3arajabHOro eHeprodanancy
MIOMOTOI0 YCTAaHOBOK BEHTWJISATOPIB TOJOBHOTO IPOBIT-  LIAXTH.
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370 3 HUX BiANpaIlOBaJIM MTOHA/ IBA HOPMAaTUBHI TEPMiHU
excruryararii [1]. Cutyaris yCKIaIHIOETbCS TUM, IO Ha
NepeBaKHIA OUTBIIOCTI TIPHUYMX MIANPUEMCTB BEHTHIIS-
TOpHI YCTaHOBKH JIOCI OCHAIICHI TPaIUI[iHHIMHU HEepery-
JTHOBAaHUMH CHCTEMaMH KEpyBaHHS BHKOHABYMX OpPTraHiB
— BHCOKOBOJIBTHHX aCHHXPOHHHX JIBUT'YHIB.

l'onoBHOIO crienM(ivHOI0 OCOONIMBICTIO E€KCILTyaTa-
uii BI'TI € rnmu0oka MIHIUBICTE aepOJAMHAMIYHOTO OTIOPY
IIaXTHOI BEHTHIJIALIIHOI MepeXi i 9ac poOOTH MiaIpH-
eMmctBa. Lli 3MiHH MarOTh SK ETCPMIHOBAaHHM, TaK i CTO-
XaCTHYHHN XapakTep Ta 3yMOBIICHI THHAMIKOI PO3BUTKY
ripHp4ux poOiT: 3MiHOIO KOH(QITypalii BEeHTHIAMIHHOI
CXeMH, 301IIBIIIeHHSIM IPOTSHKHOCTI Ta Iepepisy BHPOOOK,
CTaHOM BEHTWIALIHHUX CIIOPY/, a TAKOXK 3MIHOIO PUPO-
JTHOT TSATH, SIKa MUKIIYHO KOJUBAETHCS 3aJICKHO Bifl IOPH
poky [2]. HeoOxinHa BUTpaTa NOBITPS TAKOX € HECTAIIO)
BEJIMYMHOIO 1 3QJIEKUTH BiJl IHTEHCUBHOCTI Ia30BUIIJICH-
Hsl, KITLKOCTI JIFOYMX OYMCHHUX 1 MACOTOBYMX BHOOIB Ta
00CSITiB BUTOKIB HOBITPSI.

AMIUTITY1a BiIXWIEHb a€pOJMHAMIYHOTO OMOPY Bif
MEPCIEKTUBHUX 3HA4YEHb € KOJOCANbHOK. DakTHYHUI
OIlp Mepexi AocArae CBOr0 PO3PaxyHKOBOTO 3HAYEHHS B
CepeHbOMY JIMIIIE Yepe3 JeKiIbKa POKIB Micis BBEICHHS
TOPHU30HTY B SKCILTyaTallif0 Ta MOXe 3MiHroBaTucs y 4—10
pasis.

Ha cygacHOMy erami MakpOeKOHOMIYHOTO PO3BUTKY
TipHUYOI Tady3i CrocTepiraeTbes CTifika TEHACHIIS 10
3HI)KEHHS MPOJYKTUBHOCTI MiANPUEMCTB Ta CKOPOUCHHS
KIJIBKOCTI JIif04MX poOo4mx 30H. BimnosigHo, 00'ekTHBHA
noTpeda IaxT y CBIKOMY IOBITPI CYTTEBO 3MEHIIMIIACS.
[Ipote, depe3 BiACYTHICTh THYYKHX CHUCTEM KepyBaHHS,
BI'TI nponoBxyroTh reHepyBaTH Ha UIMIIKOBHUH Harip. Lle
HEMHHYYE 3Millye poOOUYy TOUKY arperary B 30HY HU3b-
KO e()eKTUBHOCTI, 110 MPHU3BOAMTH A0 KaTacTpo(idHOrO
MaJiHHSA 3aranbHOro Koedimienta kopucHoi mii (KKJI)
BEHTWIATOPHOI YCTAaHOBKH Ta KOJOCAIBHUX HEBHUIIPABJa-
HUX BUTPAT EJIEKTPOEHEPTii.

I1. AHAJII3 JOCJILIKEHD I ITYBJIKAIIA

YIpomoBk OCTaHHBOTO ACCATIUIITTS CIIOCTEPIraeTh-
Csl 3HAYHE 3POCTaHHS HAyKOBOTO iHTEpecy 10 BIOCKOHA-
JICHHS €JIEKTPOMEXaHIYHUX CHCTEM Ha OCHOBI ACHHXPOH-
HUX JIBUTYHIB i3 (h)a3HMM POTOPOM Ta KAaCKaJIHHUX CXEM
perysroBaHHs. AHali3 Cy4acHOi CBITOBOI JIiTepaTypH A0-
3BOJISIE BUJUIMTH KiJbKa KIIOYOBUX HANpsMIB JOCHi-
JOKEHb Y IH ramysi.

3HayHa KUIBKICTh MyONiKamii TpUCBSYECHA 3aMiHi
KJIACUYHHUX CHUCTEM ITiAMOPSIKOBAHOIO PEryJIIOBaHHS Ha
HOBITHI MaTeMaTHYHI alroput™Mu. Tak, y qocmimkenHi [3]
3aIIpONIOHOBAHO CHUCTEMY MOJIENBHOTO IependadyBaHOIO
kepyBanHsi (MPC) mist kKackagHUX €JIeKTPONPHBO/IB, IO
JIO3BOJIMJIO CYTTEBO MiABHUIINATH IIBHIKOJII0 CHUCTEMH.
[Ipote aBTOpM He BpaxyBaiu BIUIMB HarpiBaHHS MallMHU
Ha 3MiHy aKTHBHOTO OIIOpY pOTOpa, IO B PEaIbHUX yMO-
Bax IPU3BOJUTH 10 MOXMOOK KepyBaHHSA. ABTOpH B po0o-
Ti [4] peami3yBamy ajirOpUTM MPSIMOTO KEpPyBaHHS MO-
mentoM (DTC) ams MOTYKHMX ABUTYHIB. IXHE pimeHHs

34

MiHIMI3y€e Iyabcamii MOMEHTY, OIHAK IOCHTIKEHHS 00-
Me)XEHEe PeXHMaMH 31 CTATHYHHM HABaHTA)XCHHSIM 1 HE
PO3TIIsIIa€ BEHTIIIAITOPHUA MOMEHT otiopy. Y [5] mpoaHa-
J30BaHO EBOJIIOIIIO HENIHIHUX CTparerii KepyBaHHS i
3a3Ha4€HO, L0 TOJOBHOIO MEPENOHOI0 Ui IX MacoBOTO
BIOPOBADKEHHS € HAIMIpHE PO3PaxyHKOBE HABAHTAKEHHS
Ha Mikpormnpolecopu. Pobora [6] mpucBsueHa po3pooOii
0e31aTYMKOBOrO KEPyBaHHs Ha OCHOBI CIlOCTepiraya cra-
HY 3MIHHOTO CTPYKTypH. Bupimmsmm npoGiiemy BiiMoBH
JATYUKIB IIBHIKOCTi, aBTOPU 3aJMIIMJIA 11032 YBarow
nmuTaHHsA onrtuMizarnii 3arampHoro KKJI EMC. ¥V cratri
[7] po3pobieHo MpenuKTHBHUN KOHTpoJep Oesmocepen-
HBO UIs TIPOMKCIIOBHX BEHTWIATOPIB, aje HE pO3riisia-
€ThbCA MPobdIIeMa BHOOPY ONTUMAIBFHOI YaCTOTH KOMYTAMii
KJIIOYiB IHBEPTOpa [Tl MiHIMI3alll TUHAMIYHUX BTpar. Y
[8] aBTOpH mpoBeNM AOCTIIKEHHS, SIKE € OMHUM i3 HebOa-
raTboX, IO PO3MNISAIAE NIAXTHI BEHTHIIALINAHI CHCTCMH:
ABTOPU 3aNPONOHYBAJIM aAallITUBHE KCPYBAHHA HJIsI KOM-
neHcanii 30ypeHb, ajie IOBHICTIO MPOIrHOPYBajld BIUIUB
BUILMX FAPMOHIK CTPYMy Ha TEIIOBUIl CTaH BHCOKOBOJIb-
THOTO JIBUTYHA TIPH TITHOOKUX pOOOUYNX KOB3aHHSX.

[Hmui wiacT gocmimKkeHs CIPSIMOBAaHUI Ha BIOCKO-
HaJICHHS arapaTHOi YaCTHHU MEPETBOPIOBAUIB y KOJIi po-
Topa. ABTOpamMu B [2] OOIpYHTOBAHO BHUKOPHCTAHHS aK-
TUBHOTO BHIpAMIIAYA JUIS ONTUMI3alii e(eKTHBHOCTI.
PoGota ycminmHo Bupilrye mpodiaemMy 3a0e3medeHHsT MaK-
CUMAaITLHOTO KOe(illieHTa MOTYKHOCTI Ha CTOPOHI Mepe-
XK1, IPOTE ITHOPYE JONATKOBI BTPATH BiJl HECHHYCOiqallb-
HOCTI CTPYMIB y caMOMy poTopi. ABTopH B [9] 3amporio-
HyBaJIM MMOKPALICHHS SKOCTI €Hepril KJIaCHYHOTO BEHTH-
JBHOTO KAaCKa/ly 3a PaxyHOK INapaJelbHUX aKTHBHUX (i-
JBTPIB, MO € ePEeKTUBHUM, aJie EKOHOMIYHO HEAOIITEHUM
JUIS BACOKOBOJIBTHHX CHUCTeM. Y cTarTi [10] mocmimkeHo
METOJ] IPOCTOPOBOI BEKTOPHOT MOIYIIAIIT I TIOJaBIICH-
HS BHUIIUX TAPMOHIK, MPOTE aHATI3 MPOBEACHO JIHIIC IS
(hikcOBaHMX HOMIHAIBHUX PEKUMIB 03 ypaxyBaHHS IH-
HaMiK{ HaBaHTaxeHHs. B [11] aBropamu nponoHye iHHO-
BalliifHe 3aCTOCYBaHHS MaTPHYHHX MEPETBOPIOBAUIB LIS
BEHTUJISITOPIB, aITOPUTM KEpyBaHHS SIKUMH BUSBHBCS
3aHAATO CKJIAIHUM JUIS HaAidiHOTO (YHKIIOHYBaHHS B
yMOBax IIAXTHHUX MifcTaHUii. ¥ poborti [12] nosexeHo
nepeBars 0araTopiBHEBHMX iHBEPTOPIB Ui BUCOKOBOJIBT-
Hux EMC, ane He chopMyIb0BaHO KpUTEPIiB onTUMi3ZaLil
PEXUMIB POOOTH TPH 3MIHHOMY acpOIUHAMIYHOMY OTOPi
Marictpani. [Tybmikamis [13] Bupimrye By3pKoOCIeIiamizo-
BaHy MpoOJieMy CHHXpOHI3alii IepeTBopioBaya 3 Mepe-
JKEI0, PO3IIISNAOYH MPUBOJ BUKIIOYHO SIK €JIEKTPHYHUH
00'ext. Y mpami [14] BUKOHaHO OIiHIOBaHHS e€Hepro3de-
PEXEeHHs1 KaCKaJHUX MPUBOMIB Ul BEHTHJIATOPIB, alie He
JIETaIi30BaHO OajlaHC MK CTAaTUYHUMH BTPATaMH y JIBH-
T'yHI Ta JIMHAMIYHUMH BTpAaTaMH y HaIiBIIPOBIIHMKOBUX
€JIEMEHTax IepeTBopioBada. TakuM YMHOM, aKTyaJlbHUM
HAYKOBO-IIPUKIIAJIHAM 3aBAAaHHSIM € KOMIUIEKCHE JI0CIIi-
JUKEHHSI PETYJIOBAIBHUX XapaKTEepUCTUK Ta KPHUTEPIiB
€HEeproe()eKTUBHOCTI ~ ACHHXPOHHHX  BHCOKOBOJBTHHUX
EMC 3 iMIysIbCHUM KepyBaHHS B KOJIi pOTOpa, MpAaLoo-
YOro i3 BEHTWISATOPHHM XapakTepoM HaBaHTAXKEHHS 3
00OB'SI3KOBIM ypaxyBaHHIM JKOPCTKHX BHMOT INOJO iX-
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HBOI €JIEeKTPOMArHiTHOI CYMICHOCTI 3 >KUBHJIBHOIO Mepe-
HKeI0.

III. META POBOTH

Mertoro poGOTH € MPOBEAEHHS KOMIUIEKCHOTO J0C-
JMDKEHHS Ta aHaji3y pPeryIioBallbHUX BIIACTHBOCTEH 1
3aKOHOMIPHOCTEH 3MiHH €HEPTeTUYHUX TTOKAa3HUKIB €JIeK-
TPOMEXaHIYHUX CHUCTEM 3 IMIYJIbCHHUM PETYJIIOBAHHAM B
KOJII BULIPSMIIEHOTO CTPYMY pOTOpa Ha 6a3i BUCOKOBOJIb-
THHX aCUHXPOHHHX JIBUTYHIB i3 ()a3HUM POTOPOM 3 BEH-
TUIISITOPHUM XapaKTepOM HaBaHTKEHHS Ui PO3POOKH
HAYKOBO OOIPYHTOBaHHUX METOMIIB IMiABHIICHHS IXHBOT
3arajgbpbHOi eHeproeeKTUBHOCTI Ta MiHIMi3alii BTpaT Imo-
TYXHOCTI B yCTaJICHUX 1 MIEPEXiTHUX PeKUMaxX pOOOTH.

IV. BUKJIAJEHHSI OCHOBHOTI'Y MATEPHAJLY 1
AHAJII3 OTPUMAHHUX PE3YJIBTATIB

OyrknionanpHa cxema nociigaoi EMC 3 iMmmymbe-
HUM DETyJIIOBaHHSAM B KOJi BHUIPSIMIICHOTO CTPYMY POTO-
pa BucokoBoiabTHOTO AJl 300paxkeHa Ha puc. 1. Anro-
putM pobotu manoi EMC mepenbadae pexymepamniro mo-
TYXHOCTI KOB3aHHSI pOTOpPa B MEPEXXy B MOMEHTHU 3aKpH-
TOTrO CTaHy CHIJIOBOTO Kito4a. BukopucranHs iHBepTopa 3
NOCTIMHUM KYTOM IHBEPTYBaHHs MiHIMI3y€ CIIO)KHBaHHS
PEaKTUBHOI CKIIAZIOBOI CTPYMY 3 MEPEKi, THM CaMHM OII-
TUMI3YIOUH 3arajbHUi KOe(iliEHT MOTYXHOCTI CHCTEMH
B TIOBHOMY Jliara3oHi poOOYMX HIBUIKOCTEH.

I
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[ |

Pucynoxk 1. Jocninaa EMC 3 iMIynbCHUM KepyBaHHSIM

JlocnmipKkeHHsT  PeryJiloBaIbHUX BJIACTUBOCTEH Ta
eHepreTuaHuX Mmoka3HUKiB EMC 3 iMIyJIbCHHUM peryio-
BaHHSM IIBUAKOCTI 00€PTaHHS POTOpa BUCOKOBOJIBTHOTO
A/l peai3oBaHO UITXOM KOJIO-TIOJIBOBOTO MOJIEITIOBAHHS
srigHo [15]-[16]. [ns BpaxyBaHHS BEHTHJISTOPHOTO Ha-
BaHTa)XCHHS Ta acpOJMHAMIYHHMX MapaMeTpiB A0 Marema-
TH4HOT Moeni 3a [15]-[16] HeoOXimHO MoaaTH HACTYIHY
CHCTEMY PiBHSIHB, sika Mae Burisn [17]:

MczMxx+k'a)m2’ (H
kE(MU_Mxx)/(oiﬂ (2)
H-
M, =2 3)
n-,

ne M .. - momeHT Hepoboyoro xoxy EMC 3 BpaxyBaHHAM
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HOBHOTO MOMEHTY iHeplii CHUCTeMH; @, - HOMiHalbHE
3HaueHHs yactoTu obepranus poropa AJl; 77 - KK emne-

KTpOMeXElHi'-IHO.I. CUCTEMU 3 BCHTWIATOPHUM HaBaHTa-
KEHHsAM; H - 3Ha4eHHs THCKY TMOBITpA B Marictpaii; O -

00’eMHa Toa4a MOBITPS B MaricTpali.

3HavyeHHs THCKY IOBITPsS B MaricTpalli Mae HeJiHii-
HY KBaJ[paTUYHY 3aJICKHICTh BiJl 00’€MHOI IOAayi MOBIT-
ps B marictpani [17]:
H=R-07, 4)
Jie R - omip HOBITPSHOT MaricTpaiti.
®yHKIIOHaNBPHA apXITEeKTypa KepyBaHHS CTPyMO-
BuMu pexxumamn B EMC 0Ga3yeTbcsi Ha 3acTOCYBaHHI
CICIaTI30BaHOTO MOJYJIs peryitoBanHs. OCHOBHHM iH-
CTPYMEHTOM pealtizalii KepyluuX BIUIMBIB BHCTYIA€
ITOPUTM IUPOTHO-iMIysbcHOT Moyssinii (I1IIM), kiro-
YOBOIO IIEPEBAT0I0 SIKOT'O € MOXKJIMBICTD AETEPMIHOBAHOTO
Ta HE3aJIE)KHOTO KEPYBaHHS IBOMA KPUTHYHUMH Iapame-
TpaMH: YaCOBUM IHTEPBAJIOM IIPOBIJHOCTI ¥ Ta YaCTOTOIO

xomyrauii fj [15].

Jnsi 3a0e3nedeHHs aJieKBaTHOCTI (DYyHKIIOHYBaHHsI
KOHTpOJIepa B peaJbHOMY 4aci, 10 BXiJHOTO iHTepdeicy
MICUCTEMH IHTETpy€eThCS OaraTOKpUTepiabHUN MacuB
JIaHUX, 1110 MTOEIHYE 3a/1aH] YCTAaHOBKH Ta (haKTU4HI TOKa-
3HUKU cTaHy 00'€eKTa: HOMIHAJIBHUI piBEHb Jenpecii y
BEHTWIAIIMHIA MaricTpaji BYTiIbHOI KOMAJbHI, 110 BU-
3HAYa€ MIJbOBHHA PEXUM POOOTH YCTaHOBKH, Ta JIaHi,
TCHEePOBaHI JUHAMIYHOIO mifgcuctemMoro moaeni EMC, ski
BKJIIOYAIOTh MUTTEBI 3HAUYCHHS CTATHYHOTO THUCKY Ta 00'-
€MHOI BUTPATH HOBITPSIHOTO HOTOKY.

[pouec miATPUMKH 3alaHUX TapaMeTpiB Marictpai
peati3yeTbcsi uepe3 3aKpUTHH KOHTYP aBTOMAaTH4YHOTO
peryiroBanHs. CyTHICTh caMOpeTyJIsiii CHCTEMH ITOJIsIrae
y JAMHaMi4HId KOpekuii KyToBoi mBuakocti poropa A/l.
Lle mocsTaeThest MISIXOM MpPENU3iHHOT Bapiallii BiTHOCHOT
TPHUBAJIOCT] IMITYJIBCY B MEXaX KOKHOTO KPOKY JIHCKpe-
TH3allii YacoBOTO iHTEpBAITY:

Vi=Vie +ki(T;) axwo H<H

HOM

7i=yi—1_ki(Ti) akwo  H - H,,,

ge k; - Kpok JUCKpeTu3alii 4acoBOrO iHTepBaly.

@i3u9HO [ell mpolec MOKHA OIUCATH K 3MiHYy €K-
BIB&JICHTHOTO OMOpPY B KOJi poTopa abo peryJroBaHHS
MOTYXKHOCTI KOB3aHHS poropa AJl, 1m0 moBepTaeThes B
Mepexy eHepronocradanss. [Ipu BiAXWJICHHI Jir04Oro
TUCKY BiJi HOMiHaJIbHOTO (BHACHTIJOK 3MIiHH aepoJUHaMi-
YHOTO OIIOpY IOBITPSIHOI MaricTpaiti), peryJisiTop aBToMa-
THYHO TIEPEPaXOBYE€ HEOOXIOHY TPHUBANICTH IMIYJIBCY
IIM. Ile mpw3BOOUTH A0 BIIOBITHOI 3MiHH MOMEHTY
JBHTYHA Ta HOT0 4aCTOTH OOEpTaHHS 0 MOMEHTY JIOCST-
HEHHS HOBOTO CTaHy DIBHOBAard, 3a SKOTO (aKTHIHHA
THCK BiATIOBia€ 3a1aHOMY.
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Ha puc. 2 — puc. 3 HaBeneHi pe3ysbTaTH KOJO-
moskoBoro MozentoBanas EMC y BHIIIsIi yacoBUX miar-
paM 3MiHM €JIEKTPOMEXaHIYHUX Ta aepOJUHAMIUHHX I1a-
pameTpiB mpu peamizamii IMycKy Ta 3pOCTaHHI YacTOTH
obepranHs poropa gocmigHoro AJl tuny 4A3M-400 (mpu
t=0 + 3,5c.) Ta MOJANBIINM BUXOIOM B KBa3iycCTaJCHUI
pexxuMm pobotu (mpu t=3,5 + 7c.) Ipu MOCTIHHOMY 3Ha-
YeHHI 4acTOTi KOMyTalii cuioBoro Tpansucropa f; =0,6
k' Ta onopy nositpsHoi marictpani R =0,083ITa-c/m?
(puc. 3). Peamizanis mycky Ta posrony EMC BinOyBaeTh-
Cs 3a pPaxyHOK 3MIiHM 3HAYeHHS BiHOCHOI TPHBAIOCTI
immynecy y Big 3% mo 70%, mo 3abe3neuye JliHiliHE
3pOCTaHHS IIBHJIKOCTI pOTOpPA 7 JIO JIOCSTHEHHS KBa3zic-
Tanoro pexumy poboru (puc. 2). IlouaTtkoBe 3HaAUCHHS
MOMEHTY HaBaHTaXeHHsA B MoMeHT mycky EMC nopis-
Hioe M .= 1912 H-m, Tak sk BiznosinHo 1o (1), BpaxoBy-
€THCSI TIOBHUI MOMEHT iHEpIil BCi€l eleKTpOMeXaHiqyHOT
CHCTEMH 3 HABaHTAKEHHSM BEHTHIISTOPHOTO arperary.
Came i3-3a BEJTMKOTO 3HAYECHHSI MOMEHTY 1HepLii cucTeMu
Mmic)IsE JOCSTHEHHsI KBazictanoro pexxumy podotn EMC
mpu R =const. BiIOYBa€eThCA MiATPUMAHHS 9acTOTH 00e-
PTaHHS pOTOpa 3 HASBHOIO IyJIbCAIII0 32 PaXyHOK IOC-
TIHHOI KOPEKIil 3HAYCHHS BiTHOCHOI TPHBAJIOCTI IMITYITb-
cy Ay B mexax =2,2%, Ha 3aJaHOMY piBHI Jenpecii y

Marictpani H = H ;.
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8) momenm nasanmaoicenns EMC;

PucyHnoxk 2. Pe3ynpraTi KOJIO-TIOJIBOBOTO MOJAETIOBAHHS
Yy BHIISAAI YacCOBUX 3aJIe)KHOCTEH eJIEKTPOMEXaHIIHUX
napameTpiB EMC
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a) onip nogimpsHoi mazicmpani;
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6) pisendv Oenpecii' y macicmpaii;

8) 06 ’eMHOI nodaui nogimps 6 mazicmpali.

PucyHok 3. Pe3ynpraTét KOJIO-IOJFOBOTO MOETIOBAHHS
Yy BUITIAI  YacOBUX 3aJISKHOCTEH aepoaMHAMIYHHX
napametpis EMC

[Ipu KoJI0-1I0JILOBOMY MOZEJIIOBaHHI B MOMEHTH 4a-
cy t=7c ta t=10c peani30BaHO CTYIIHYACTY ACTPAIAIIi0
AepOJIMHAMIYHOIO OIOpPYy MaricTpaii, M0 CYIPOBOJKY-
€TBCSL PI3KUM 3HIDKCHHSIM 3HAYEHHS OMOPY y MEPIIOMY
Bunagky Bim R =0,083I1a-c/M® mo R =0,053IIa-c/m® Ta
BigmoBimHo Big R =0,053ITa:c/M® mo R =0,018Ia-c/m?
(puc. 2 ta puc. 3).

Pi3ke 3HWKEHHS MMOKAa3HMKA R CBIMYHUTH MPO CYTTE-
By 3MiHy Jienpecii NIpUPOAHOI TSTH MIaXxTH abo 3MiHY TO-
NoJIOTii BEHTWIIALIHHOT Mepexi, TOOTO BIAKPUTTS BEHTH-
JSAIIAHAX ABepeit a00 oOBaJIeHHS MOPOJH. 3TiTHO 3 3aKO-
HaMH aepoJMHaMIKH, [Ie MPU3BOAUTE IO MUTTEBOTO 3Me-
HIICHHS TiAPaBIiYHOTO OMOpPY, Yepe3 1o pobdoda ToYKa
BEHTHJIATOPa 3MIIIYEThCA B 30HY IIJBHIICHUX BUTPAT
MOBITPS TIPH OJHOYACHOMY MadiHHI CTAaTHYHOTO THUCKY.
OnHak, 3aBISKH 3aIIPOIIOHOBAHOTO AITOPUTMY CaMOpery-
nsuii B migcucremi EMC 3a (3.48), Takuii cnan € KopoT-
kouacHUM. CucTeMa KepyBaHHS i1eHTH(DIKY€E BiIXUIICHHS
II0YOro THCKY H Bil HAOro HOMIHAJIBHOIO 3HAYCHHS
H,,, Ta HIII0€ KOMIIEHCATOPHUH BIUIUB. BianosinHo y

MOMEHTH 4acy t=7c¢ Ta =10c cucrema KepyBaHHS ITOYH-
Hae 30UTBIIYBaTH BIAHOCHY TPHBATICTh KEPYIOUOTO IMITY-
abcy. lle cipuuuHse 3pOCTaHHS €IeKTPOMArHiTHOTO MO-
MeHTy A/l Ta BiANOBIJHE MiIBUIEHHS KyTOBOI HIBUAKOC-
Ti potopa. HapouryBanHst 00epTiB 103BOJISIE BEHTHIISTOPY
chopMyBaTH TOJATKOBHUN Hamip, M0 KOMIICHCYE TaiHHS
THUCKy Ta CTabili3ye aepoIUHaMIUHHHA pPEXUM poOOTH
Marictpaji Ha HOBOMY piBHi. 3Ha4eHHsI BIIHOCHOI TpUBa-
JIOCTI KEpyIoYOro IMIyJbCy 30UIBIIYETHCS OO TUX Tip,
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MIOKH Jlif0Ye 3HAa4eHHS THCKYy H He Oyne NOpiBHIOBATH
3agaHomy H,,,,, (puc. 2, puc. 3).

Ha puc. 4 — puc. 6 HaBeneHI pe3yJbTaTH KOJO-
mosLoBOro MozenoBanHs EMC y BHIIIsIi yacoBUX fiar-
paMm 3MiHHM CTpPyMiB CTaTopa, poTopa Ta €IEeKTPOMAarHiT-
HOoro momeHty AJl tumy 4A3M-400, sKWii BXOTUTH IO
ctpykrypu EMC, nipu BiIIOBITHHX YMOBaX MOIETIOBAH-
HA omucaHux Bue (puc. 2, puc. 3). IIpomnec mycky, pos-
TOHY 3 MOJAJBIINM BUXOJOM B KBa3lyCTICHHH PEXHUM
po6otn EMC npu nepuioueproBoMy 3Hau€HHi ONOPY

a) eekmop cmpymy cmamopa 0ocnionoz2o A/ (pasa A) 3a éeco nepioo
Mmooenosanns (t=0-12c¢);

150 5. A

50 f ]‘|1 ;‘! \ "!' \ ;li \i f }._ \
W/ W \J L . %'5_

i L L i
8.68 87 872 8.74 8.76 878
i

6) sexkmop cmpymy cmamopa 00cniono2o Al (pasa A) 3a nepiod mode-
moeanns (t=8,67-8,79¢c),

Pucynox 4. Pesynbrat  MOJENIOBaHHS y  BHIJLI
YacOBHX JiarpaM BEKTOpy cTpyMmy ctartopa AJl tumy
4A3M-400, o BXOaUTH 110 CTpyKTypHOI Mozmerni EMC
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a) eekmop cmpymy pomopa docnionozo A/ (¢haza A) 3a eecv nepiod
Mmooemoganns (t=0-12c¢);
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6) sekmop cmpymy pomopa 0ocnionozo AJ] (pasa A) 3a nepiod mode-
nosanus (t=8,67-8,79¢);

Pucynok 5. Pesynerat  MOAeNIOBaHHA y  BUIJLAAL
4acoBUX JliarpaM BeKTOpy cTpyMmy potopa AJl tumy
4A3M-400, 1110 BXOIUTH 110 CTPYKTypHOT Mozeni EMC

10000} Me, How
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BUTIISAO1
9acOBHX JiarpaM eJIeKTPOMarHiTHoro MoMeHTy A/l tuiy
4A3M-400, 1110 BXOAUTH 10 CTPYKTypHOT Mojeiai EMC

PucyHok 6. PesynpraTn  MOZETIOBaHHA Y

nositpsHoi marictpani R =0,0831Ta-c/m> BinbyBaeThes 3
BIWJIYYCHHSAM anepiOJUYHUX CKIAJOBUX CTPYMIB CTaTtopa
Ta POTOpa, a TAKOX EJEKTPOMAarHiTHoro mMomeHnry A]l,
3aB/ISIKM TUIAaBHOTO 3POCTAHHS 3HAYEHHS BiJIHOCHOI TpH-
BaJIOCTi iMITynbcy y . TakuM 9MHOM 3a0e3nedyeThes Iia-

BHICTh ITyCKY 3 IOJAJBIINM BHXOJOM IO KBa3iCTalOTO
pexXuMy podoTy.

BinmosimHo 110 puc. 2 Ta puc. 3 mpu 3MiHi 3HAYCHHS
onopy Big R =0,083I1a-c/™® mo R =0,053I1a-c/M® Ta Big-
noBigHo Binm R =0,053Ia-c/M® mo R =0,018Ia-c/M® B
MOMEHTH Yacy BigmoBigHo t=7c Ta t=10c, cnocrepiraers-
csl IepeXiHUid mporec, 0OyYMOBIICHUH CIUIECKaMH CTpY-
MIB cTaTopa Ta poTopa, a TaKoX MOMEHTY Ha Baixy A/l
SKi Cpu4nHeHi cTabimizamiero aempecii y marictpaii Ha
piBHI HOMIHAJIBHOTO 3HaucHHs. [IpoTe, 3a paxyHOK CTPY-
MOOOMEXKEHHS B KOJI BUIPSMIICHOTO cTpyMy portopa A/Jl,
Il MKW 3aJIMIIAI0ThCI B MEXKaX IOMYCTUMHX CKCIUTyara-
LiITHUX HOpM, 3a0e3Meuyoun HaiifHICTb CHIIOBOTO 00JIa-
JTHaHHS HaBiTh 32 YMOBH KPUTHYHUX 30ypeHb y BEHTHIIS-
LiAHIT Mepexi.

3a pe3ynbTaTaMu KOJIO-IIOJIOBOTO MOJIEJIIOBAHHS Ha
puc. 7 HaBeleHi 4acoBi JiarpaMu BUIPSMIICHOTO CTPYMY
1,;, ctpymy iuBepropa [;,,, CTpyMy 3apsity Ta po3psity
KOHJAeHcaTopa [, Ta Hampyru KOHIEHcaTopa B KOJIi po-
topa U, mnpu dacroti komytauii f;, =0,6 xI'n. s iHimi-
arii HaMOULTBPII HECTIPUATIMBOTO PEXHMY Ta ITOAATBIIOL
ominku anantuBHOCTI EMC 3 IMOyJIBCHUM peEryiIoBaH-
HAM B KoJi potopa AJl, Oymo peanizoBaHO CIEHapii i3
HaBMHCHOIO JIeTpaJlallielo YaCcTOTH IIePEMUKaHHS CHUIIOBO-
ro tpansucropa K no pisaa f; =0,6 kI'u. Otpumani pe-
3yJbTaTH YHCEIBHOTO MOJCIIOBAHHS CBITYaTh PO BHUHS-
TKOBY nemrdyBanbHy 3naTtHicTe EMC monpu MiHiMaIbHY
qacTtoty f} . Ilpu 1poMy aMIuliTyza ImynbcaliiHOl ckia-
JIOBOT HANPyTH Ha KOHJIEHCATOPI JIEMOHCTPYE CTIHKY cTa-
Oimizaniro Ha piBHI, mo He nepesuirye 3%. [Ipu domy,
BiJINIOBIiTHO 110 puUC. 2, 0, Ta puc. 6, piBeHb ITyJbCaIlis



ISSN 1607-6761 (Print)
ISSN 2521-6244 (Online)

«EJIEKTPOTEXHIKA TA EJIEKTPOEHEPTETHUKA» Ne2 (2026)

Po3ain «Enexkrporexnika»

€JIEKTPOMArHiTHOro Momenty npu fj, =0,6 xI'm mpakTu-

YHO He BiJIoOpa)kaeThecsi HAa PiBHI MyJbcallii yacTotu obe-
pTanHs poTtopa A/l 3a paxyHOk Benukoi iHeprii Bcie EMC
3 BEHTWJISITOPHUM HaBaHTAKCHHSIM.

800 T T T T v T T v T T

a) UNpAMIEHUN CMPYM 8 KOl pomopa;

| fimv, A

%

ZOUL
1 ml

300

]
|
1

b

6
Le

10

6) cmpym uepes ineepmop 6idomuil mepexucero;

soofle, 4
600
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200

=200
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8) cmpyMm 3apa0y ma po3psoy KOHOeHcamopa 6 Koii pomopa;

1300 Ue, B

1200+

1100+

1000

900
6
2) nanpyea Konoencamopa 6 Ko pomopa

Pucynok 7. YacoBi miarpamMu CTpyMiB Ha Hampyrd Ha
KOH/IEHCaTopi B Ko BumpsiMiieHoro ctpymy EMC 3 AJl
Ty 4A3M-400 notyxsictio 630kBt mpu f;, = 0,6xI't

3MEHIIIeHHS MyJbCalii CTPyMIB Ta €JeKTPOMAarHiT-
HOTO MOMEHTY MOJKHa 3a0e3IeudTH 3a PaxyHOK IiJBH-
LIEHHSA 4YacTOTU KOMyTauii fj . Alle B JaHOMY BHIATKY

MOXYTb 3HAYHO 3POCTH KOMYTaliliHi BTpaTH, sIKi MOXYTh
npusBectu 1o 3menmenHs KKJ Bciei EMC. [Ins nporo,
JUIS TaKUX CKIAJAHUX BHCcOKoBONbTHUX EMC mpoeneHi
JIOAATKOBI IOCTI/DKEHHS 1100 BU3HAYEHHS ONTHMAaJIbHO-
TO 3Ha4eHHA f; IPH AKOMY 3a0e3leuyeThcs HaiMEHIINH

pisers KKJI B 3ayexxHOCTI Bij pobodoro xoB3aHHS AJ]
[18].

38

Takum ynnOM, 3anpornonoBana EMC 3 iMmynbcHUM
PEryJIIOBaHHSIM B KOJIi BHIIPSMIIEHOTO CTPYMY pOTOpa
BUSIBJISIE ICKPAaBO BUPAXKEHI aJlanTHBHI BIacTUBOCTI. BoHa
JIEMOHCTPY€ BHCOKY POOACTHICTB 1 3[aTHICTH JO TIPEIH-
31ifHOTO HiBENIOBaHHS OYAb-SKUX CTOXACTUYHUX 30ypPECHb
AepOJMHAMIYHOTO HaBaHTaKEHHS, 30epirarouu Mpu Ibo-
My CTIMKICTh 1 HaIiifHICTh PETyIIOBaHHS MIBHIKOCTI 00e-
prasHsa AJl, THM caMHM MiATPUMYIOYH CTAOUTBHICTD IIPO-
BITPIOBaHHS MIaXTHUX BUPOOOK HABITh 32 YMOB KPHUTHYHO
3aHM)KEHOT YaCTOTH KOMYTaIil CHIIOBOTO KJIIOYa.

3a pe3ynpTaTaMH KOJIO-TIOJIbOBOTO MOJCIIOBAHHS
EMC, nHa puc. 8 moOymoBaHi 3aJI€KHOCTI cos((p)= f (s) B
KBaziycrajieHoMy pexkumi poboru A/l cepii 4A3M mnory-
xHicTio P, = 630xBT (xpuBa 1), P, = 800 kBt (xpusa
2) Ta P, = 1000 xBT (xpuBa 3), a Takox 3aJI€AKHOCTI pe-
3yJIBTYIOYOro KoedilieHTra moTyxHocTi st ky, = f (s)

NpH BiAMoBigHKUX mOTy)KHOCTAX AJl (kpuBi 4, 5, 6) 3 Bpa-
XyBaHHSIM KOMITEHCAlii peakTUBHOI MMOTY>KHOCTI 1HBEPTO-
POM BiIOMHUM MepeKero, MPaIfoIouoro 3 KyToM iHBEPTY-
BaHHA £ =10°.
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Pucynok 8. 3anexxnocti koediuientiB  ky, AJl cepil
4A3M Ta pesyaprytodoro ky, EMC Bix KoB3aHHA
poTopa

Sk mokasye aHalli3 OTPUMAHUX pPEe3yNbTATiB, 3aBIs-
KM peKymeparii eneprii koB3aHHs potopa AJl 1o Mepexi
€JIEKTPOIIOCTAa4YaHHs iHBEpTOp BIIOMHI Mepexkeio Oyze
CIIO’KMBATH PEAaKTHBHY MOTY)XKHICTb, IIPH LIbOMY BiJiaBa-
TH aKTHBHY IOTYXXHICTb. B mpoMy BHIIanKy Mmae Micle
3Ha4yHe 3pocTaHHs KoedinieHta notyxHocti EMC, sikuii
npu s=0,5 3poctae Bix kj =0,64 no ky, =079. Ilpn
30LTBIICHAI YacTOTH 00epTaHHsS pOTOpa, KUIBKICTh CHEp-
Tii KOB3aHHs pPOTOpa 3MEHIIYETHCS 32 PAXYHOK 3MEHIIICH-
s EPC poropa. Ilpu 11p0My, Ipu ZOCSTHEHHI KOB3aHHS
poTopa 10 CBOTO HOMIHAJIBHOTO 3HAUCHHS, KOEQiIieHT
noryxsocti EMC 0Oyne 306inburyBarucs Bif ky, =0,78 no

ks =0,9. lle npu3BOOWTE OO 3MEHIIEHHSA PI3HUII MiX
cos((p) A/l Ta koedinientom norysxkHocti k,, EMC. IIpu

30UTbIIIeHH] KOB3aHHS poropa AJl, 3MeHIIeHHs cos((o)
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ALl , otxe kj; BHUKIMKAHO 30UIBIICHUM CHOXHBAaHHAM

peakTuBHOT NOTy)XHOCTI AJ] 3 Mepexi, a TaKOXK 3pOCTaH-
HaM THD ctpymy cratopa Ta potopa AJl. Takum gynHOM,
BUKOPHUCTAHHA IMITyJIbCHOTO PEryIIOBaHHS B KOJII BHIIPS-
MJICHOTO CTpyMy potopa AJl 3abe3mnesneuye miaBUIICHHS
Koe(IiLliEHTOM TOTY)XHOCTI kj;; Ha BCbOMY [iama3oHi

3MiHA KOB3aHHS POTOpa B BKa3iyCTAJICHOMY PEKUMIi po-
6ot AJl, mo € myxe Ba)XIIMBUM TIPU 3aCTOCYBaHHI BHCO-
koBoNbTHUX EMC 3 BEHTHJISITOPHHUM XapaKTepoM HaBaH-
Ta)KEHHS.

Ha puc. 9 Ta puc. 10 HaBeneHI pe3ynbTaTH YHCEITh-
HUX PO3paxyHKIiB y BUIJIAII CIMEHCTBA OKPEMHX 3aJeik-
sHocteit KKJI AJ] Bim xoB3aHHA Horo poropa cepii 4A3M
noryxHictio P, =630 kBT, (xpusa 1) P, =800xBT (xpusa

2), P,=1000xBt (xpuBa 3) mpairorounx B KBasiycTale-

HOMY PEXHMi POOOTH 3 BEHTWIATOPHUX XapaKTepoM Ha-
BaHTaXXeHHS (puC. 9), a TAKOXK CIMEHCTBA 3aI€KHOCTEH

M. % 3

89

83

77

Pucynoxk 9. Pesynsratn PO3paxyHKiB
3anexxHocti okpemoro 3HaueHHS KKJ[ AJl cepii 4A3M
BiJl BETMYMHHN KOB3aHHS HOTO POTOpa B KBa3iyCTaIIEHOMY
pexumi podotu

YHUCCJIIbHUX

1. % 95
945

94

935

93

915

91

Pucynok 10. PesynpTatn  4YHCENFHUX  PO3PaxyHKiB
3anexkHocTi pesynbsrytodoro 3HadeHHs KKJ[ EMC Bix
KOB3aHHS poTopa cepii 4A3M B KBa3iyCTaJICHOMY PEXHUMi
pobotu

39

cymapaoro KKJI Bciei EMC Bij kKOB3aHHS IpH BiIOBiJ-
HUX MOTY>KHOCTAX BUKOHaBYOTrO A/Jl.

Sk mokasye aHali3 AOCHIPKEHHS, 32 PaXyHOK PeKy-
nepaii BUBUJIbHEHOI eHeprii koB3aHHs poropa AJl, Bin-
HocHe 3HayeHHss KKJ[ EMC mo BiHOIICHHIO 10 OKPEMO-
ro 3uaueHHss KKJ[ AJl 30inbmyerscs Bim 47% 10 95%.
[Mpuuomy npupomennss KK/l 31 30inbIIeHHSIM KOB3aHHS
poropa AJ] Oyne Matu JiHIHHUA XapakTep, TOOTO JIHIHHO
3pOCTaTH MPOIOPIIIITHO 30LTBIICHHIO BUBUTFHEHOT SHEPTii
koB3aHH:A potopa AJl. I[Ipu poboti AJ] Ha icToTHI# Xapa-
KTEPHUCTHUII, TOOTO KOJIU BHBOAM OOMOTKH poTopa Al
3aMKHEHO HaKOPOTKO, KOB3aHHA poTopa Oyae IOpiBHIO-
BaTH CBOEMY HOMIiHAIBHOMY 3HAYEHHIO, a €HEepris KOB-
3aHHS poTopa Oyze ITOpiBHIOBATH HYIIO. B 1ipoMy BHUman-
Ky 3HaueHHS KKJ/[ AJl ta pesynsrytode 3naueHHs KK
EMC 0Oyne nopiBHIOBaTH OAMH OJHOMY. 3aJIS)KHICTh MPU
SIKi#, 31 301IBIICHHAM KOB3aHHS POTOpPA MAa€ MiCIE 3MEH-
menHs KK/ A/l a Takox pe3ynbryrouoro 3HaueHHS KKJI
EMC Bukiukano 30iibmeHas koedinientise THD ctpy-
My cTaTopa Ta poTopa, 10 NPUYNHHUTH 3POCTAHHS EJIeKT-
PUYHHX BTpaT B OOMOTKAaxX Ta JOJATKOBUX BTpaT B OCEp-
JIIX CTAaTOpa Ta poTopa.

TakuM YMHOM TIPOBE/ICHHMI aHalli3 EHEepreTHYHUX
npoueciB B EMC 3 iMITyJIbCHUM peTyJIFOBaHHSM IIBHJIKO-
cTi potopa A/l miATBEpAKYE BUCOKY €HEProe(eKTHBHICTh
3alPOIIOHOBAHOTO CIIOCO0Y PpETyJIIOBaHHS IIBHIKICTIO
obepTaHHS poTOpa BHCOKOBOJBTHHX A/, SKi 3acTOCOBY-
IOThCS TIEPEBAXKHO ISl MOTY)KHUX BEHTHLIMIHHUX ycTa-
HOBOK.

Konduikr inTepeciB. ABTOpH 3asBISIOTH PO BiJ-
CYTHICTh KOH(JIIKTY 1HTEpECIB.

V.BUCHOBKHA

JlocmiIKeHO eNeKTPOMAarHiTHI Ta €HepreTHYHI Tpo-
[ECH eNeKTPOMEXaHIYHOI 3 BEHTUIISITOPHUM XapaKTepOM
HaBaHTa)KeHHS 3 YpaxyBaHHSIM 3MiHHUX acpoIUHAMIYHUX
mapaMeTpiB MAaXTHOI BEHTIIIALIITHOT MaricTpaiti.

3anpornoHoBaHa EIEKTPOMEXaHIiYHa CHUCTEMa 3 iM-
MyJILCHUM PETyJIFOBAaHHSAM B KOJI BHIIPSMIICHOTO CTPYMY
pOTOpa BHABIISE SICKPaBO BUPAXKEHI aJanTHBHI BIACTHBO-
cTi. BoHa neMoHCTpy€ BUCOKY pOOACTHICTD 1 34aTHICTH 10
MPEeNn3iHHOTO HiBEMIOBaHHS OyAb-SKMX CTOXAaCTHIHUX
30ypeHbh aepoIMHAMIYHOTO HaBaHTAKEHHS, 30epirandn
P IIbOMY CTIHKICTH 1 HAAIWHICTh PETYIIOBAaHHS IIBH-
KOCTI 00epTaHHA AaCHHXPOHHOTO NBHIYHA, THM CaMHM
MIATPUMYIOYM CTAaOUIBHICTh MPOBITPIOBAHHS ILIAXTHUX
BHUPOOOK HAaBiTh 32 YMOB KPUTHYHO 3aHIKEHOI YacTOTH
KOMYyTaIlil BEHTWIIB IEpeTBOpIOBayYa.

[IpoBenenuit anami3 eHepreTHyHHUX mpoueciB B EMC
3 IMIYJIBCHAM PETYIIOBAHHSAM IIBHUAKOCTI poTopa Al
MiATBEPIKYE BHCOKY €HEproeeKTHBHICTH 3aIPOIIOHOBA-
HOTO CHOCOOY pEryiIOBaHHS IIBUAKICTIO OOEpTaHHS pPoO-
TOpa BHCOKOBOJNILTHUX A/, sIKi 3aCTOCOBYIOTBCS IepeBa-
KHO JUISl TIOTY)KHUX BEHTWIALIMHUX ycTaHOBOK. BeraHo-
BJICHO, 1[0 [IPH PETYJIFOBaHHI MIBUIKOCTI B liaria30Hi KOB-
3aHb S = 0,5 +Syou OCATAETHCS MIABUIICHHS KOe]imieHTa
notyxxHocti cucremu 10 0,80-0,93 ta KK/ mo 92,5-94,5
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%, 110 TepeBeplIye IOKa3HUKHA HEpEeryJIbOBaHOTO eJie-
krponpuBosa Ha 0,25 Ta 40 % BiAnoBigHO.
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Purpose. Conducting a comprehensive research and analysis of the control characteristics and energy perfor-
mance variations in electromechanical systems based on high-voltage wound-rotor induction motors with a fan-type
load and pulse control in the rectified rotor current circuit, aimed at developing scientifically substantiated methods to
improve their overall energy efficiency and minimize power losses in steady-state and transient operating modes.

Methodology. The theoretical studies are based on the fundamental principles of electrical circuit theory, the the-
ory of electrical machines and automated electric drives, as well as the equations of mathematical physics to describe
electromechanical energy conversion processes in high-voltage wound-rotor induction motors, utilizing computer simu-
lation, numerical methods, interpolation, and function approximation.

Findings. The electromagnetic and energy processes of an electromechanical system with a fan-type load have
been investigated, taking into account the variable aerodynamic parameters of the mine ventilation network. The pro-
posed electromechanical system, featuring pulse control in the rectified rotor current circuit, exhibits pronounced
adaptive properties. It demonstrates high robustness and the ability to precisely mitigate any stochastic disturbances in
the aerodynamic load. Concurrently, it maintains the stability and reliability of the induction motor's speed control,
thereby sustaining stable ventilation of the mine workings even under conditions of a critically reduced switching fre-
quency of the converter switches. It has been established that during speed regulation within the slip range of's = 0.5+
Snoms the system's power factor increases to 0.80-0.93 and its efficiency reaches 92.5-94.5%, which exceeds the perfor-
mance of an unregulated electric drive by 0.25 and 40%, respectively.

Originality. The principles of designing energy-efficient control systems for fan installations have been further de-
veloped. It has been proven that the application of pulse control in electromechanical systems with fan loads and varia-
ble network aerodynamics not only stabilizes operational processes but also significantly increases the overall power
factor (up to 0.80-0.93) and system efficiency at reduced rotor speeds of the induction motor.

Practical value. The practical value of the study lies in demonstrating the economic and technical feasibility of
implementing pulse control systems for high-voltage induction motors integrated into electromechanical systems for
industrial fan installations. The application of such electromechanical systems at operating industrial facilities allows
not only to ensure a precise response of the fan unit to changes in the aerodynamic resistance of the network, but also
to improve significantly the energy performance of the enterprise, as well as to extend the maintenance interval of ex-
pensive high-voltage motors.

Keywords: high voltage, control, electromechanical system, modeling, energy performance, energy losses, fan
load, power consumption, mining equipment
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Purpose. The purpose of this work is to develop and experimentally validate a cursor-based method for measuring
capacitance and resistance in an RC circuit using a digital oscilloscope. The study focuses on determining circuit pa-
rameters through the time constant extracted from transient response waveforms.

Methodology. The research is based on analytical modeling of an RC circuit using step-response theory and
Heaviside unit step functions. The transient response to a rectangular input pulse is mathematically described, and the
time constant (t = RC) is determined from the characteristic waveform levels (63.2% during charging and 36.8% dur-
ing discharging). Experimental validation is carried out using a pulse generator, a digital oscilloscope, and a test RC
circuit. The cursor measurement technique is applied directly to oscilloscope waveforms to extract time-domain param-
eters without additional computational processing.

Findings. The study demonstrates that the proposed method enables the accurate determination of the circuit pa-
rameters. For the test circuit with R = 1 kQ and C = 1 uF, the measured time constant t = 1 ms coincides with the theo-
retical value. The method provides reliable results when the input pulse duration is selected appropriately (3-5 times
the rise time). Experimental waveforms show strong agreement with theoretical predictions, confirming the correctness
and stability of the approach.

Originality. The originality of the work lies in the development of a simple and practical cursor-based technique
for parameter extraction directly from oscilloscope displays without complex data processing. Unlike traditional meas-
urement methods, the proposed approach emphasizes real-time visual determination of electrical parameters using
transient response characteristics.

Practical value. The method is easy to implement using standard laboratory equipment and does not require spe-
cialized measurement instruments such as LCR meters. It is particularly useful for educational laboratories, engineer-
ing practice, and rapid diagnostics of electronic circuits, offering high accuracy due to precise time measurements of
modern oscilloscopes.

Keywords: RC circuit; time constant; capacitance measurement, resistance measurement; transient response;
digital oscilloscope; cursor method; step response; electrical measurements.

I. INTRODUTION tween current and voltage; the four-terminal (Kelvin)
method, which eliminates the influence of lead resistance;
and the voltage divider method, which determines re-
sistance based on voltage distribution [1] - [4].

The selection of a specific method for measuring ca-
pacitance or resistance depends on the required accuracy,
measurement range, and the availability of instrumenta-
tion.

Modern digital oscilloscopes provide extremely high

Methods used for measuring resistance include: the
bridge method (e.g., Wheatstone bridge), which compares
an unknown resistance with known reference values; the
direct current method, which calculates resistance using
voltage and current measurements according to Ohm’s
law; digital multimeters, which commonly include re-
sistance measurement functionality; the alternating cur-
rent method, which relies on the phase relationship be-
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accuracy in measuring time-related parameters, reaching
up to 0.0001%. This capability can be utilized to develop
a more precise approach, namely the cursor-based meth-
od for measuring capacitance and resistance.

Any electrical circuit responds to an input signal not
instantaneously but with a certain delay. This behavior is
described by the step response g(f) of the circuit. The
primary parameter of the step response is the time con-
stant 1. The time constant is defined as the time interval
from the moment a unit step input is applied to the circuit
until the output reaches a level of (1 — 1/e) -100 = 63,2%
of its steady-state value.

Unlike traditional transient-based approaches, the
proposed method emphasizes direct parameter extraction
using oscilloscope cursor positioning without additional
computational processing. The method is optimized for
practical implementation, including recommendations for
pulse duration selection and measurement conditions to
improve accuracy and repeatability.

The object of study is the transient charging and dis-
charging process of an RC circuit excited by a rectangular
pulse and recorded by a digital oscilloscope.

The subject of study is a cursor-based method for
determining the time constant of an RC circuit and indi-
rectly measuring capacitance or resistance from the tran-
sient response waveform.

The purpose of the work is to develop and experi-
mentally verify a cursor-based method for measuring ca-
pacitance and resistance in an RC circuit by determining
the time constant from the transient response displayed on
a digital oscilloscope

II.ANALYSIS OF LAST RESEARCHES

The measurement of resistance and capacitance is a
fundamental task in electrical engineering, instrumenta-
tion, and laboratory diagnostics. Conventional resistance
measurement techniques include bridge-based methods,
direct current methods based on Ohm’s law, digital mul-
timeters, four-terminal measurement techniques, and volt-
age-divider-based approaches. These methods are well
established and provide reliable results under standard
measurement conditions, especially when the un-known
resistance is measured directly using dedicated instru-
ments [1], [3], [4].

Similarly, capacitance measurement is commonly
performed using LCR meters, RC bridge methods, or in-
direct transient-based approaches. In practical educational
and laboratory environments, however, the availability of
specialized instruments may be limited. For this reason,
indirect methods based on circuit response analysis re-
main relevant, particularly when modern digital oscillo-
scopes with high temporal resolution are available [2],
[3].

The theoretical basis for transient-based measure-
ment methods is rooted in the classical analysis of linear
time-invariant circuits. The time-domain response of first-
order RC circuits to step and pulse excitations has been
extensively described in the literature. In particular, the
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capacitor voltage in a first-order RC circuit under unit-
step excitation follows an exponential law characterized
by the time constant T = RC, which determines the speed
of charging and discharging processes [3], [4]. This rela-
tion-ship makes it possible to estimate either resistance or
capacitance when one of the parameters is known and the
time constant is measured experimentally.

Mathematical representations of step and pulse sig-
nals using the Heaviside unit step function are also widely
used in electrical engineering and applied mathematics.
Such representations simplify the derivation of analytical
expressions for the input and output signals of linear cir-
cuits under piecewise-defined excitation [5]-[7]. In par-
ticular, the decomposition of a rectangular pulse into two
shifted unit-step functions of opposite polarity provides a
convenient analytical framework for modeling the transi-
ent response of RC circuits, which directly supports the
method proposed in this study [5], [6].

Previous research has also demonstrated that transi-
ent analysis can be used not only for classical parameter
estimation, but also for more advanced circuit diagnostics.
For example, probabilistic and analytical approaches to
the investigation of RC transient behavior with un-known
capacitance have been reported, confirming that the tran-
sient waveform contains sufficient information for param-
eter identification [2]. Other studies have considered the
behavior of RC circuits under more complex or disturbed
operating conditions, including stability analysis and data-
driven evaluation methods, further confirming the diag-
nostic significance of transient responses [12].

The significance of the RC time constant as a meas-
urable physical quantity has been emphasized in both
theoretical and applied studies. Oldham analyzed the
physical interpretation and practical implications of the
RC time constant in electrochemical systems, showing
that the concept of the time constant remains central
across different domains of circuit and system analysis
[10]. In addition, studies devoted to transient and steady-
state analysis of electrical circuits, including first- and
second-order systems, support the broader applicability of
time-domain parameter extraction techniques in engineer-
ing measurements [11].

A key practical consideration in transient-based
measurement is the correct selection of the excitation
pulse duration relative to the dynamic properties of the
circuit. The rise time of the response waveform is directly
related to the time constant and can be used as a practical
criterion for selecting the duration of the rectangular pulse
applied to the circuit. Related measurement studies have
shown that the relationship between transient duration and
system response is essential for improving accuracy and
avoiding waveform distortion during observation and
parameter extraction [9], [10].

Despite the availability of substantial theoretical lit-
erature on RC transient analysis, most published sources
focus either on general circuit theory or on the use of ded-
icated measurement instruments. Comparatively less at-
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tention has been given to simple oscilloscope-based cur-
sor methods that can be directly implemented in laborato-
ry practice without complex postprocessing. Therefore,
the present study addresses this gap by proposing a prac-
tical method in which the time constant is determined
directly from the oscilloscope screen using cursor posi-
tioning at characteristic levels of the transient waveform,
namely 63.2% during charging and 36.8% during dis-
charging. This approach combines classical circuit theory
with the precision timing capabilities of modern digital
oscilloscopes and offers a straightforward solution for
indirect measurement of capacitance and resistance in RC
circuits [2]-[4], [9], [10].

III. FORMULATION OF THE WORK PURPOSE

Measuring the capacitance of a capacitor and the re-
sistance of a resistor is one of the most common opera-
tions in applied electronics. A wide range of measuring
instruments are used for this purpose. In some cases,
highly accurate measurements are required. Specialized
measuring instruments have been developed for this pur-
pose. However, both of these instruments are unavailable
to the average user. Therefore, the method for measuring
capacitance and resistance using a cursor described in this
article is of great practical importance. The measurement
is based on the formula for the time constant of an RC
circuit: T=R,C or =RC,, where R, and C, are the meas-
ured resistance and capacitance, respectively. These for-
mulas relate three parameters: resistance, capacitance, and
time constant. Clearly, given the known values of two
parameters, the third parameter can be calculated as:
R=1/C or C,=t/R. The accuracy of the measurement is
directly determined by the accuracy of the time constant.
High accuracy in time constant measurements is more
than guaranteed by modern digital oscilloscopes. Howev-
er, in most cases, even a hobbyist oscilloscope can pro-
vide the required accuracy.

IV. EXPOUNDING THE MAIN MATERIAL AND
RESULTS ANALYSIS

For the purposes of this study, it is assumed that a
rectangular pulse duration t; is applied to the input of the
electrical circuit. As a result, a pulse of the same duration
7; is formed at the output. The mathematical representa-
tions of the input and output signals, expressed using the
Heaviside function o(f) are given as follows [5]-[8]:

uin(t)= o(?) - o(t — ), (M

Uou()=g(t) o(r) - g(£-1) o(t- T.). 2

In expressions (1) and (2), the amplitudes of the in-
put and output signals are not considered, as they do not
affect the nature of the problem under investigation. The
circuit diagram of an RC network, in which the output
signal is taken as the voltage across the capacitor is shown
in Figure 1.

The step response of the RC circuit is given by [3]:
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g(®)=[1-exp(-t/1)]-o(1), 3

where 7=RC is the time constant of the RC circuit.

R
] 2
Ui (t) () O — l Uout (t)
1)

Figure 1. RC Circuit Diagram

Based on the above analysis, it can be inferred that a
known step response of the RC circuit and a known resis-
tor value (R) can be used to determine the capacitance
(Cy). Conversely, a known step response and a known
capacitance (C) can be used to determine the resistor val-
ue (Ry).

In accordance with the problem under consideration,
it is necessary to establish a direct relationship between
the step response, the time constant, and the shape of the
output signal of the RC circuit. Using equation (3), the
step response of an RC circuit with component values
R=1 kQ and C=1 pF was calculated and plotted (Fig. 2).
It should be noted that the actual values of the RC circuit
components can be arbitrary.

7,pu’

Figure 2. Step Response of the RC Circuit for R=1 kQ
and C=1 pF

From the graph in Figure 2, it can be observed that
at the time t =1 ms, the step response reaches 63.2% of its
final value, in this case, unity. In other words, the time
constant of the considered RC circuit, determined indi-
rectly from the graph, is 1 ms, which coincides with the
calculated value RC = 1 ms.

From the standpoint of practical implementation, a
unit step voltage is not typically used in measurements;
instead, a rectangular pulse of duration t; is applied. This
pulse is formed by two-unit step signals of opposite po-
laity, shifted relative to each other by the time interval ..

Using equation (2), the output response of the RC
circuit with parameters R=1 xQ and C=I pF to an input
rectangular pulse of duration ti = 5 ms was calculated
and plotted (Figure 3).

Under these conditions, the time constant of the RC
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circuit can be determined from both the rising and the
falling edges of the output response. When determining
the time constant from the rising edge, the time at which
the output response reaches 63.2% of its steady-state val-
ue is measured. When determining the time constant from
the falling edge, the time at which the output response
decreases to 36.8% of its steady-state value is measured.
In the latter case, the measured time is equal to the sum of
the pulse duration and the time constant of the RC circuit.

(3

08
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06
05
04
03

02

01

I I I | | 1 1
¢ 2 3 5 7

o 1 9

=

Figure 3. Output Response of the RC Circuit with for
R=1kQ and C=1 pF to a Rectangular Input Pulse of
Duration ti=5ms

During the measurement process, the selection of the
input pulse duration ti is of significant importance. In this
context, it is necessary to consider the rise time of the step
response T,. This parameter is related to the time constant
7 as follows [9-12]:

.=In(9) - 1. 4

For improved accuracy, the duration of the input
pulse ti should be selected to be 3—5 times greater than
the rise time tr of the step response of the RC circuit.

The graphs in Figure 2 and Figure 3, as well as
equations (1), (2), (3), and (4), clearly illustrate the rela-
tionship be-tween the step response, the time constant,
and the shape of the output signal of the RC circuit. All of
these provide a solid theoretical foundation for the cursor-
based meth-od of measuring resistance and capacitance in
an RC circuit.

This section describes the measurement procedure. It
should be noted that the procedure is not strictly fixed and
may be adapted depending on the specific conditions. The
experimental setup is shown in Figure 4. A rectangular
pulse with a duration of 1=5 ms, generated by the G5-54
pulse generator, is applied to the input of the RC circuit
and is also used to trigger a RIGOL MSO 4052 oscillo-
scope.

G5-54

d

RC

. MSO
circuit

o a 4052

Figure 4. Experimental Setup Diagram
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The rectangular pulse of duration t=5 ms from the
G5-54 pulse generator and the signal from the output of
the RC circuit are applied to the first and second input
channels of the MSO 4052 oscilloscope, respectively.

The oscilloscope waveform of the input signal in the
form of a rectangular pulse with a duration of =5 ms and
an amplitude of 2 V is shown in Fig. 5(2). The corre-
sponding output response waveform of the RC circuit
with parameters R=1 kQ and C=1 pF is also presented in
the same figure Figure 5.

The output response waveform of the RC circuit
matches the shape of the calculated graph shown in Fig-
ure 3. Therefore, any parameter measured from the output
response waveform of the RC circuit can be used to verify
the theoretical assumptions for this electrical circuit. In
other words, the time constant value obtained from the
output waveform can be used to determine the resistance
and the capacitance.

::::::
T OMphs AR AR AR AR R AR IR

RIGOL

§

K 1.000ms D (2.24000000ms ) T (£ B S00mV

o
x
o

——— e ————

2 s
Figure 5. Oscilloscope Waveforms of the RC Circuit Re-
sponse (1) with R=1 kQ and C=1 pF to a Rectangular
Input Pulse (2) with Duration 1=5ms

1 = 100V -5 1603

Measurement. The principle is as follows. One of the
components of the RC circuit (Figure 1) is to be meas-
ured, while the other component is known. The cursor is
positioned at the level corresponding to 63.2% of the
steady-state value of the output response. In this case, this
level equals 1.264 V. The time constant is then deter-
mined; in this example, T = | ms. Subsequently, using the
relation T = RC, the unknown parameter is calculated. In
this case, a resistance of 1 kQ corresponds to a capaci-
tance of 1 pF.

The obtained results confirm that the proposed cursor-
based method is theoretically justified and practically
feasible for the indirect measurement of capacitance and
resistance in first-order RC circuits. The method relies on
the well-known exponential nature of the transient re-
sponse and the physical meaning of the time constant t =
RC. Since the time constant can be identified from char-
acteristic points of the waveform, namely 63.2% of the
steady-state value during charging or 36.8% during dis-
charging, the unknown circuit parameter can be calculated
directly when the other parameter is known [3, 4, 10].
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One of the principal advantages of the proposed meth-
od is its simplicity. Unlike bridge-based or dedicated LCR
measurement techniques, the method does not require
specialized capacitance or resistance meters. Instead, it
uses a standard laboratory configuration consisting of a
pulse generator, a digital oscilloscope, and a reference
component. This makes the method especially useful in
educational laboratories, engineering training, and situa-
tions where rapid approximate diagnostics are needed
using already available instruments [1], [3].

The experimental results presented in this study
demonstrate good agreement between theory and practice.
For the tested circuit with R = 1 kQ and C = 1 pF, the
experimentally determined time constant was T = 1 ms,
which exactly matches the theoretical value RC = 1 ms. In
addition, the observed oscilloscope waveform was con-
sistent with the analytically calculated transient response.
This agreement indicates that the proposed approach pre-
serves the essential dynamic behavior predicted by classi-
cal circuit theory and that cursor-based extraction of the
time constant is sufficiently accurate under controlled
laboratory conditions [2], [3], [8].

An important practical issue is the selection of the in-
put pulse duration. If the rectangular pulse is too short, the
capacitor may not reach a sufficiently developed transient
level before the falling edge begins, which can reduce the
accuracy of time-constant estimation. For this reason, the
recommendation to choose the pulse duration 3-5 times
greater than the rise time of the step response is technical-
ly justified. This ensures that the charging transient be-
comes clearly observable and that the cursor can be
placed at the required voltage level with minimal ambigu-
ity [9], [10]. Thus, pulse-duration selection is not merely a
procedural detail but a critical factor affecting measure-
ment reliability.

From a metrological point of view, the accuracy of the
method depends primarily on the time-measurement pre-
cision of the digital oscilloscope and the tolerance of the
known reference component. Since modern digital oscil-
loscopes provide very high temporal resolution, the in-
strumental contribution of time measurement error can be
considered small in comparison with the tolerance of
practical resistors and capacitors. Therefore, when preci-
sion reference components are used, the method can yield
sufficiently accurate results for laboratory and engineer-
ing applications [1], [3]. However, in practical implemen-
tations, parasitic capacitances, contact resistances, probe
loading, and component tolerances may slightly affect the
measured waveform and should be considered when very
high accuracy is required.

Compared with classical direct measurement tech-
niques, the proposed method has both strengths and limi-
tations. Its main strength lies in the ability to determine
the unknown parameter visually and rapidly without addi-
tional computational complexity. This makes it highly
suitable for demonstration purposes and for intuitive un-
derstanding of transient processes in first-order circuits.
At the same time, the method is inherently limited to sys-
tems whose response can be approximated by a single
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dominant time constant. In more complex networks, such
as higher-order RLC circuits or circuits with significant
non-idealities, the transient response may not follow a
simple first-order exponential law, and direct cursor-
based interpretation becomes less straightforward [4],
[11].

Another important aspect is the educational value of
the method. Because the measurement process is directly
linked to the physical meaning of the RC time constant,
the method not only provides a practical measurement
tool but also serves as an effective didactic technique.
Students can visually observe the charging and discharg-
ing process, identify characteristic waveform levels, and
immediately connect theoretical formulas with real exper-
imental data. This integration of theory and practice
strengthens understanding of linear system response, step
functions, and transient analysis [S]-[7].

The proposed method may also be viewed as a foun-
dation for further development. In future studies, the ap-
proach can be extended to automated digital processing of
oscilloscope data, where software-based cursor placement
or waveform fitting could reduce operator dependence
and improve repeatability. In addition, similar principles
may be adapted for parameter estimation in more complex
circuits if appropriate analytical models are used. There-
fore, while the present work focuses on a first-order RC
circuit, the general concept of extracting circuit parame-
ters from characteristic transient features has broader per-
spective for instrumentation and diagnostics [2], [8], [12].

Overall, the discussion of the theoretical background,
experimental verification, and practical constraints indi-
cates that the cursor-based method is a valid, accessible,
and efficient approach for measuring capacitance and
resistance in RC circuits. Its combination of analytical
transparency, low implementation complexity, and com-
patibility with common laboratory equipment makes it a
useful contribution to both engineering practice and edu-
cational methodology [3], [4], [9], [10].

Conflict of interest. The authors declare that they
have no conflicts of interest.

V.CONCLUSION

There is a wide variety of rectangular pulse genera-
tion circuits. At the same time, the requirements for the
pulse parameters are not strict. It is sufficient that the du-
ration of the rectangular pulse be 3—5 times greater than
the rise time of the RC circuit step response. Thus, the
cursor-based method for measuring capacitance and re-
sistance provides higher measurement accuracy compared
to conventional methods when a modern digital oscillo-
scope and reference resistors and capacitors are available.
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Mema pobomu. Memoro yiei pobomu € po3pobka ma excnepumeHmanbHa nepesipKa KypeopHo2o Memooy eUMIpro-
sanHa emmocmi ma onopy 6 RC-xoni 3a 0onomozorw yugposozo ocyuroepaga. JJocnioxicenus 30cepedrceHo Ha 6U3HA-
YeHHi napamempie Ko1d 3a 00NOMO02010 ROCMIUHOL Yacy, OmpuUMaHoi 3 popm cueHanié nepexioHol XapaKxmepucmuxu.

Memoou docnioxcenns. Jlocnioxcenns 6a3yemovcs Ha aHarimuuHomy mooemosanti RC-cxemu 3 6UKOPUCMAHHAM

meopii cmyniHuacmoi Xapakmepucmuxkyu ma oOuHUYHUX cmyninuacmux Qynxyit Xesicavioa. Mamemamuyno onucano
nepexiony Xapaxmepucmuxy Ha NPAMOKYMHUL 8XiOnutl imnyise, a nocmiiny yacy (t = RC) eusnaueno 3 xapaxmepnux
pisHie ¢hopmu cuenany (63,2% nio uac 3apsoacanusi ma 36,8% nio uwac pospsoxcanns). Excnepumenmanvha eanioayis
npogedena 3a 0ONOMO2010 2eHepamopa IMIYIbCi8, yugpposozo ocyunozpaga ma mecmogoi RC-cxemu. Memoo kypcop-
HO20 8UMIPIOBAHHA 3ACTOCOBYEMbCS De3N0CEPeOHbo 00 (POPM CUSHANI8 Ocyunozpapa Oas BULYUEHHS NAPAMEmpIig ya-
€080l 0bnacmi 6e3 000amKo8oi 0OUUCTIO8ATLHOL 00POOKU.

Ompumani pesynomamu. J[ocniodxcenHs 0eMOHCMPYE, WO 3aNPONOHOBAHULL MeMOO 00360A€ MOYHO SUSHAYANU
napamempu xoaa. /[na mecmosoeo kona 3 R = 1 kOm ma C = I mx@ sumipsna cmana yacy t = 1 mc 3bieaemocs 3 meo-
pemuunum 3uavenuam. Memoo 3abe3neuye Haoilini pe3yIbmamu, KOIU Mpusanicmy 8xXiono2o iMnyisey subpaua nane-
orchum wunom (v 3-5 pasie Oinvuwie yacy napocmanus). Excnepumenmanvhi gpopmu cuenanie 0emMoHCMpyIOms CUNbHY
8ION0OGIOHICMb 3 MEOPEeMUUHUMU NPOSHO3AMU, WO NIOMBEPOIICYE NPABUTLHICIb MA CMADLIbHICMb RIOX00Y.

Haykoea nosuszna. Opuzinanvricms podomu noiseae 6 po3pooyi npocmozo ma npakmuiHo20 Memooy Ha OCHOBI
Kypcopie 071 8uy4enHs napamempis 6e3nocepeouso 3 oucnieis ocyuiocpaga be3 ckiaonoi oopobku danux. Ha eiomi-
HY 810 MPaoUYitiHux Memooie 8UMIPIOBAHHS, 3aNPONOHOBAHUL NIOXIO poOUMb AKYEeHM HA 8I3YATbHOMY BU3HAUEHH] ejle-
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KMPUYHUX NApaMempis y pedaibHOMY Yaci 3a 00NOMO2010 XAPAKMepUCmuK nepexionozo npoyecy.

Ilpakmuuna yinnicmes., Memoo nezko peanizysamu 3a 00NOMO2010 CMAHOAPMHO20 1AOOPAMOPHO20 0ONAOHAHHSL
ma He 8UMAzae Cneyianizo8anux euMiplogarbhux npunadis, maxux axk LCR-mempu. Bin ocobaueo kopuchuil 015 Hagua-
JILHUX 1aDOPAmMOpIl, iHHCeHePHOL NPaKmuKy ma weuoKoi 0iaeHOCIMUKY el1eKMPOHHUX CXeM, NPONOHYIOYU GUCOK)Y MOY-
HICMb 3A80SIKU MOYHUM BUMIPIOGAHHAM HACY CYHACHUMU OCYULOZPADAMU.

Kmiouoei cnoea: RC-xono, cmana uacy, BUMIprO8AnHA EMHOCI, BUMIPIOGAHHS ONOPY, NEPeXiOna XapaKmepucmuxa,
yugposuii  ocyunoepagh), KYypcopHuii  Memoo, CMYRiHYACmMa — XAPAKMePUCMUKa, — eleKmpUuydHi — GUMIPIOBAHHSL.
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Mema pobomu. /locnioscenns enepeemuynux aumpam Ha NIOMPUMKY 8PIBHOBANMCEHO20 CINAHY CUPO8UHU Y bioea-
3080My peakmopi 3a SUKOPUCMAHHA MEXAHIYHUX MIWANOK O 6CMAHOBNEHHA epeKmuUHOT KOHCMPYKYIi MexaniuHoi
MIWATIKU.

Memoou docnioocenns. IlopieHsanvruil ananiz ma GUKOPUCMAHH MEMOOi6 MAMEeMAMU4YH020 MOOENO8AHHS OJis
BUBHAYEHHS KITbKOCMI UMPAYEHOT eHep2ii Ha NepeMILYBaHH s, Y3a2albHEHHA OMPUMAHUX Pe3YTbmamis.

Ompumani pezynomamu. Qopmyeanhs HOGIMHLOI ma 30a1AHCOBAHOI eHepeeMmUYHOL cucmemMu NOAA2AE Y BNPO6a-
0ofceHHi 00 ii cKAady GIOHOBNIOBANLHUX CUCTEM eHepeemuKU, ceped aKux i 6ioeazosi mexnonozii. Enepeoegexmuenicmo
0io2a308ux MexXHON02ill 3anexHCUMb 8i0 8eIUYUHU BUMPAYEHOI eHep2ii Ha IOMpPUMKY aHaepobHozo 30pooacysanns. Ca-
Me yeil (hakmop, € 0OHUM i3 OCHOGHUX NPU PO32TA0I IHBECMOPAMU MONCIUBOCTEU (DIHAHCYBAHHS NPOEKMIE w000 0)Oi-
sHUYMBa abo mooepHizayii bioeazoeux mexronoeiu. OOHUM i3 OCHOBHUX 3ac00i8 IHmeHcugikayii anaepodHoco 36po-
02HCYBAHHA € NIOMPUMKA MEMNEPAMYPU CUPOBUHU Y 3AOAHUX MEICAX MA 8PIBHOBANCEHUL CIMAH CUPOBUHU Y 00 emi bio-
2a306020 peaxkmopa, wo 00CA2AEMbCA WIAXOM nepemiutyeants. Hatlbinow payionanoHumu wasxamu O nioguujeHHs
eHepoepheKmueHOCMi Nepemilty8ants € CMAHOBIEHHS 3ANENCHOCHEN GUMPATU eHep2ii MEXAHTUHUMU 3MIUYIOYUMU
npucmpoamu, 6UbOOPi payioHanbHO20 8UOY MIANKU, WO BKIIOUAE NOUWLYK PAYIOHATLHUX MACO-2A0apUMHUX XapaKmepu-
cmuk, 5Ki 3a0e3neuyloms piGHOMIPHI NOMOKU CUPOBUHU Y DI02A3080MY peakmopi ma npu YyooMy 6UmMpaiaoms Halme-
HWY KiibKicmo enepeii 0l nepemiuyanis. Bukonanus euwesasnayenux Oit, 3a0e3neuye 6U3HAYeHHs pPayiOHANbHUX
Maco2abapumnux xapakmepucmux MiWanky, wo 3HAYHO 3HUNCYE CHOJICUBAHHS eHepeii Ha nepemiuysans ma niogu-
wye peHmabenvHicmy 6nPOBAOICEHHA 0i02a306UX MEXHONO02IN Y eHeP2eMUYHY CUCEM).

Hayxoea nosusna. Asmopamu eusedeno xpumepianvHi pigHAHNA, W0 O0360JAI0Mb MAMEMATMUYHUM WIIAXOM 8U-
SHAYUMU 3MIHY CHONICUSAHOT NOMYHCHOCII eNeKMPUUHO20 NPUSOOY Gi0 YACMOMU 0OEPMANHA 64y MEXAHIYHUX Milua-
JI0K. Becmanosneno ananimuuni 3a1ex4CHOCmi Midic CHOMCUSAHOIO NOMYIUCHICINIO eeKmponpusood ma 4acmomoio obep-
MAHHA 8ATLY MEXAHIYHUX MIUANOK 015 0I02A308UX PeaKmopie, Wo 8paxosyioms peosio2iuni e1acmueocmi cyocmpamy.
Ompumano epaghiuni 3anexcHocmi 3MiHU BUMPAYEHOT NOMYICHOCMIE 8I0 YACMOMU 00epManHs pobo4020 Op2aHy Mexd-
HIYHUX MIWANOK 01 6102a308UX Peakmopie YuniHOpuuHoi popmu.

Ilpakmuuna yinnicme. Ompumani y pobomi pesynomamu 00360JAI0Mb PO3PAXOGYEAMU GENUUUNY CHOICUBAHOT
eHepeii MameMamuuHuM WIAXOM, He NPOBOOAUU 00OAMKOBUX eKCNEPUMEHNATLHUX OOCTIONHCEHD, WO CYMMESO CKOPO-
yye Qinancosi sumpamu ma 4ac NPOEKMy8aHHs CUucmem nepemiuty8ants cuposunu y biozazosux peakmopax. Bemano-
611€HO HANPAMOK NPOGEOEHH S NOOANLUIUX OOCTIONCEHD, W00 CHOICUBAHHA PeaKMUGHOT NOMYAICHOCMI eeKMPUYHUMU
O08UYHAMU 34 HAC MEXHON02IYHO20 YUKTY pOOOMU MIWANKU, WO 003601UMb GUSHAUUMU KAPMUHY 3MIHU CHOMCUBAHHSL
PeaKmuHoOi NOMY*CHOCII MA OKPECIUmMU HANPAMKU PYXY 00 il 3MEHUIeHHS.

Kmouoei crnosa: enepzemuune CnoN#CUBAHHS, NOPIGHATbHUL AHANE3, eHepaoephekmueHicmy, noninom, kpumepiu Eti-
Jlepa, Mexaniyne nepemiuLy8anHs, NOMYICHICMb eleKMpU4IH020 0BUSYHA.

poOHMYMX croxuBayiB. Lle € HeraTMBHMM YHHHHUKOM,

SIKM BIUIMBAa€ HA €KOHOMIYHY Ta CHEPICTUYHY HE3aJICK-
[TuTaHHs NOLIYKY Ta BIPOBA/DKCHHS ajlbT€PHATHB-  HICTh.

HUX JKEPEN EHEPTETUKHU € Jy)Ke aKTyalbHUM y 0araTbox Ha 3acimaHHSX CBITOBHX Ta €BpONEHCHKHUX Oiora3o-

kpainax. Hacammepesi 1e MoB’s3ano 3 MiIBUIICHHS BAP-  pyx acomiamiii [1], [2] 3arocTproeThes yBara Ha BIpOBa-

TOCT1 BUKOITHHX PECYPCIB, IO Y CBOXO UCPIy HPU3BOMUTE  mhxenHi G10ra3oBHX TEXHOJOTIH y €HEPreTH4HY CHUCTEMY

J10 30LIBLICHHS KIHIIEBOI BAPTOCTI /Ul MOOYTOBHX Ta BU- kpain. OcTaHHIMH POKaMH €BpOIEiiCbKa CHIBHOTAa BCE
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Oinbie posrisjgae OioMeTaH, SIK OCHOBY €HEpreTHYHOI
6e3neku kpaiH [2], [3]. biomeran yTBOproeThes y mporeci
aHaepoOHOro 30pO/KYBaHHS OpPraHiYHOI CHUPOBHHHU Y
CHeiaJbHAX pe3epByapax — 0Oiora3oBux peaxTtopax [4],
[5]. ¥V skocTi opraHiuHOi CHPOBHHU i 30pOIKyBaHHS,
BHKOPHUCTOBYIOTBCS PI3HOMAHITHI BIIXOAM Tally3ei poc-
JMMHHMALTBA, TBAPUHHULTBA, PUOHULTBA Ta IHIINX Xapyo-
BHX NIPOMHUCIIOBOCTEH [6], [7].

SlkicTe yTBOpeHOTO OiOMETaHy 3aJIe)KHTh BiJ yMOB
MPOTiKaHHS aHaepoOHoro 30pomkyBanHs [8], [9] Ta BU-
3HAYAETHCS y BiJICOTKOBOMY BMICTI y HOMY METaHy Ta
IHIIUX XIMIYHUX JOMIIIOK, TaKMUX SIK: BYTJIEKHCIHHA Ta3,
BOJICHB, CipKa Ta iHIIi.

BpaxoByloun BuIE3a3HaueHE, aKTyaJbHUM IUTaH-
HSM € 3a0e3ledyeHHsT HEeOOXiTHUX yMOB JUIS YTBOPEHHS
OiomeTaHy 3 BUCOKMM BMICTOM METaHy 3 MiHIMalbHUMH
BUTpaTaMH, 100 3HU3UTH HOTO COOIBAPTICTH.

I1. AHAJII3 JTOCJILI)KEHD I ITYBJIKAIIA

30pomKyBaHHS OPTaHIYHOI CHPOBHHH Y 010Ta30BUX
peaxTopax € JOBrOTPUBAIMM, IO ITOB’S3aHO i3 TOCTYIIO-
BHUM PO3BUTKOM KOJIOHIH OakTepiil Ta po3kiamaHHi opra-
HIYHOT peYOBUHM. BHACIIIOK YOr0 CHOCTEPIraeThCs PO3-
KJIaJjaHHsl CHUPOBMHHM Ha TBepAy Ta piaky ¢paxuii [10].
11106 1pOro YHHUKHYTH, BAKOPUCTOBYIOTH NEPEMilllyBaHHS
CHPOBUHH TiJ yac ii 30poxyBanns [11]-[14].

Ha cporopHimHili 1eHF BUKOPUCTOBYIOTH Pi3HOMA-
HITHI cucTeMu 1 repeMitryBadsst [15]-[18]. V poborax
[19]-[22] cTBepmKyeThCs, MPO EPEKTUBHICTH BUKOPHUC-
TaHHS MEXaHIYHUX MIIIAIOK PI3HUX TUIIB Ta MOAUQIKa-
iii. 3a3Ha4YaeThCs, IO BOHH IOTPEOYIOTH HAWMEHIIOL
KIJIBKOCTI €Heprii Ha IepeMilllyBaHHs Y HOPIBHSHHI 3 Tiji-
paBIiYHUM Ta MHEBMAaTWYHUM IepeMimryBaHHsM. [Ipore,
BiJICYTHSl iH(OpPMAIlisl IPOBEAECHOTO MOPIBHSJIBHOTO aHa-
T3y €HEepPreTHYHUX BUTPAT Pi3HUX MoaUdikaliii MexaHi-
YHUX TEePEMILIYIOYHX MPUCTPOIB y 610ra30BUX peakTopax
OJIHAKOBOTO 00’€MY, 3 MOAAIBIINM BUBEICHHAM KpUTEpi-
aNbHUX PIBHSHB U PO3PAXYHKY CHOKHBAHOI IOTYKHOC-
Ti B 3aJIKHOCTI BiJl 9aCTOTH 0OepTaHHS.

Ha edexTuBHICTh 30pO/DKYyBaHHS, TaKOX BIUIMBAE
TemIepaTypHui pexxum [9], [23] Ta mBHAKICTH mepemi-
LICHHS eJIEMEHTapHUX 00’€MiB pedoBHHH. J{oCIiKeHHS
LIOJ0 BIUIMBY LIBUAKOCTI 0OEpPTaHHS MIlaJKH Ha LIBHA-
KIiCTh NEpEeMIIIEHHs eJIeMEHTApHUX 00’€MiB PEUOBHHH Y
0i0ra30BUX peakTopax IIUIIHAPHYHOI (OPMH HABEICHO y
poborax [24], [25]. HaykoBusiMu mpoBezieHO OaraTo 1oc-
JPKEHb Ta BCTAHOBIICHO, IO TNPH TYpOYJICHTHOMY pe-
JKUMI TIEpEMIlllyBaHHS y 3aMKHEHHX pe3epByapax € Hee-
(EKTUBHHM, IO TOSCHIOETHCS HEOTHOPIIHICTIO CHPOBH-
HU TIicIs 11 mepeMilryBaHHSI.

VY poborax [24]-[27] HaBegeHO pe3yNbTaTH IOCITi-
IDKEHB, SIKI BKa3ylOThb HAa Te, IO CYTTEBHM BIUIMBOM Ha
CIIO’KMBAHHS €HEpTii CUCTeMaMu MepeMillyBaHHs € (i3u-
KO-XIMi4YHI BJIACTHBOCTI CHPOBHHH sIKa 30pO/IXKYETHCS Ta
TEOMETPUYHI pO3Mipu camoi cuctemu. J[ias CTBOpEHHs
CHCPIrCTUIHO eq)eKTI/IBHI/IX CUCTEM IIPU3HAYCHUX JIA IIC-
peMilryBaHHS CHPOBHHM HEOOXiJHO TPOBECTH JOCIi-
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JOKESHHS 3 I[UUDTI0 BCTAHOBJICHHS PaliOHAJIFHOTO MOETHAH-
HS TIPOEKIii IUIOIII JIOTATi HA PEYOBHHY Ta CIIO)KMBAaHOL
eHeprii Ha mepeMinTyBaHHS.

VY po6ori [27] 3a3HaYAETHCA, MO PEKUM TEPEMIIITy-
BaHHSA CHPOBHMHHM y OIOra3oBHX peakTOpax € MOBTOPHO-
KOpoTKoyacHUM. Ko)keH IWKI mepeMilryBaHHS B cepei-
HBOMY CTaHOBHUTH 20 XBwimH. Yepes 110, MPOEKTyBaHHS
CHCTEM TepeMIITyBaHHS MOTpedye BpaxyBaHHS HOMEHK-
JaTypy THIIOBUX MPHBOJMIB Ta iX HOMIHAIBHUX PEKHMIB
pobotu. 3a3BU4ai, A7 NEPETBOPEHHS ENEKTPHYHOI eHep-
rii B MexaHi4Hy, sika OyJie TpHKIIaieHa 10 Bajy MIIIaIKA
BUKOPHCTOBYIOTh aCHHXPOHHI €JIEKTPOABUTYHH Pi3HOT
notyxHocti. [Ipu npoMy, ocoOnuBy yBary NpUAiISIOTH
peXrMMaM poOOTH aCMHXPOHHHMX JIBUTYHIB, MI00 YacTi
IyCKH HE TPH3BEIH 10 IEpPerpiBy OOMOTOK Ta BHXOIY
€JIEKTPUYHOr0 IBUTYHA 3 Jany [28], [29].

BpaxoByroun, 1o peKOMEHIOBaHa 4acToTa o0ep-
TaHHS BaJy MEPEMILIyIOUOro MPHUCTPOIO Ul 0i0ra30BUX
peakTopiB 3HaXoAUTHCs y Mexkax Big 20 1o 50 06/xB [24],
[25], a HOMiHaNIBHI 00EPTH ACHHXPOHHMX JABUTYHIB 3HAY-
HO TIEPEBUIYIOTh PEKOMEHJIOBaHI MOKa3HUKH, TOMY JUIS
3HW)KEHHSI 00epTiB BUKOPHCTOBYIOTH BEKTOpHE abo CKa-
JSIpHE YacTOTHE KepyBaHHS, 10 onucaHo y podorax [30],
[31]. Takox BUKOPUCTOBYIOTH MIPSIMUH ITYCK EICKTPHIHO-
TO JIBUTYHA TIPH I[bOMY OOOB'SI3KOBOIO YMOBOIO € ITO€]-
HaHHSA OCTaHHBOTO 3 peaykTopoM. EnexTpmuna cxema
IPSIMOTO ITyCKYy OAHO()A3HOrO ACHHXPOHHOTO EIEKTPHY-
HOTO JIBHUTYHA HaBeJeHa y poOoTi [27].

[IpoBeneHuit aHaii3 mpamp HAYKOBIIB 3 Pi3HUX Kpa-
H cBITY, BKa3ye Ha 3alIliKaBJICHICTh HACEJICHHS Ta AepKa-
BU y MiJABHIICHHI €HEPreTUIHOI e(DeKTUBHOCTI IHTEHCH-
(hikamii GiorazoBoro BuUpOOHHUITBAa. BpaxoByrounm BwIIe-
PO3IIISTHYTE, aKTyaJbHUM NUTAHHSIM € IPOBEACHHS IOpi-
BHSUIBHOTO aHali3y €HEPreTHYHUX BHTPAT PI3HUX MOIH-
(ikariii MExaHIYHUX TEPEMIIIYIOUMX MPUCTPOIB y Oiora-
30BHX PEAKTOpaxX OJHAKOBOT'O 00’€My, 3 MOJAIBIINM BH-
BEJICHHAM KpUTEpiaJbHUX PIBHAHb U1 PO3PaxyHKY CIIO-
JKMBAHOI ITTOTY>KHOCTI B 3aJI@KHOCTI BiJ] 4acTOTH 00ep-
TaHHS.

Bce 11, 103BONKTH 3HU3UTH CHEPreTUYHI BUTPATH
Ha MATPUMKY HEOOXIIHOTO MIKpOKIiMary y 6iorazoBomy
peaktopi y mporeci 30po/KyBaHHSI OpraHi4HOI CHPOBH-
HH, 10 3a0€3M1eYnTh 3HMKEHHs cobiBapTocTi 1 M yTBO-
peHoro Oiorasy.

III. META POBOTH

JloCmiIKeHHSI CHEPTeTUYHUX BHUTPAT HA MiITPUMKY
BPIBHOBa)XCHOTO CTaHy CHPOBHHH y 0i0Tra30BOMY PEaKTo-
pl 32 BUKOPHCTaHHS MEXaHIYHHX MIIIATIOK I BCTAaHOB-
JICHHS OOpaHHS EHEPreTHYHO e(EeKTUBHOI KOHCTPYKINT
MeXaHIYHOI MIIIaIKH.

IV. BUKJIAJEHHSI OCHOBHOI'Y MATEPUAJLY 1
AHAJII3 OTPUMAHHUX PE3YJIBTATIB

Jnst mpoBesieHHsT AOCIIKEHHsI Ta MOPIBHSIIBHOTO
aHaNli3y EHEePreTWYHWX BHUTPAT (BUTPATH NOTY>KHOCTI)
pizHux Moaudikaniii MEXaHIYHUX MEPEeMIIIYIOUYUX IpH-
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CTpPOiB y 0iOra3oBHX peakTopax OJHAKOBOro 00’€My, 3
MOJaNbIINM BUBEJICHHSAM KpPUTEPIiaJbHUX PIBHSHb JUIS
PO3paxyHKy CHOXXHMBAHOI IOTY>KHOCTI B 3aJIeXKHOCTI Bij
YacTOTH OOEpTaHHA MNpUIMAaNKCs HACTYNHI ITOYaTKOBI
YMOBH: 4Yac BCTAHOBJICHHS HOMIHAJIBHHX OOEpTIB mepe-
MIIIYIO4Oro MNPHUCTPOK 2 ¢; TYCTHHAa Ta AWHAMIYHA

B’SA3KiCTh PEYOBHHU p=1100 ke/ M,

1£=0.048 Ia-c.

I'eoMeTpuyHi po3MipH HITIHAPHUYHOTO 0i0ra3oBOro
peaxTopa BUKOPHUCTAHOTO y XOIi MOCTIKEHb HaBeleHI y
pobori [27].

BpaxoByloun, 1o peKOMeHJOBaHa YacToTa o0ep-
TaHHS Baly MEPEMILIyIOUOro MPHUCTPOIO JuIsl 0iora3oBUX
peakTopiB 3HAXOMUTHCS Y Mexkax Bix 20 go 50 06/xB [24],
[25], mpu mpoBeneHi AOCTIMHKEHb TpHIManacs 9acToTa
o0epTaHHS BaJly TIEPEMINIYIOUYOr0 WPUCTPOIO piBHA
n=40 06/ xs

. Y SKOCTI IPHBO/IY MEXaHIYHOT MillIaJIKK
BUKOPHUCTOBYETHCS ACUHXPOHHHMH ENEKTPUYHUN JBUTYH
noegHanuil 3 peaykropoMm. KKJ[ nBuryHa ta pemykropa

=0.8 =08 . .
cTaHOBIATH 106 ta 'n BimoBinHO. Bukopu-
CTOBYETHCSI TPSIMUN MYCK ACHMHXPOHHOTO EJEKTPUYHOTO
JIBUTYHA 332 CXEMOIO HaBEJICHO y poOoTi [27].

Po3paxoBaHO pexuM pyXy PEYOBHHH L0 30POIKY-
€ThCS, OCKIIBKH, BiH Ma€ 3HAYHUI BILIUB HA CIIOXKHUBAHHS
notyxHocti. OIliHKa peXUMYy PyXy OpraHiuHOi CHPOBH-
HU, sSIKa 3HAXOJUTHCS y 3aMKHCHOMY 00’€Mi BHKOHY€ETBCS
3a JOIOMOTOI0 BIIIICHTPOBOIO KpuTepito PeitHonbaca
[26], [27]:

2
p'nc'd,w .
M ’

U

Re €))

Jge Re, — MmoxpudixkoBaHuil kputepiil Peiinonbica;
d,, — AiaMerp Millaiku, M; n. — 4acToTa 00epTiB Mexa-
HiYHOT MilIaIKu, 06/c; p — TYCTHHA CUPOBHMHH, Ko/m’;

4 — TMHaMIiuHa B’sI3KICTb CHPOBMHU, [1a c.

VY nopaneoMy, BpaXoOByHOUH pO3paxoBaHe 3HAYCH-
Hs KpuTepito PeifHoibICa, MPOBOJUMO PO3PaXyHOK KpH-
Tepiro Einepa, 6e3p03MipHOT BETHYNHH Y TiAPOIMHAMIII,
SKa 3aJCKUTh BiJl BCTAHOBJIEHHX EKCIEPHMEHTAIbHUM
[UIIXOM KOHCTAHT JJISl Pi3HUX MOIU(IKAIii MeXaHIIHUX
MIIIAJIOK:

()

ne A, m — KOHCTaHTH, 10 OTPUMaHi eKCIICPUMEHTA-
JIBHUM [UISXOM JJIS Pi3HUX TEOMETPHYHHUX PO3MIPIiB Me-
XaHIYHUX MIIIAJIOK.

Eu,=A4/Re’";

Kpurepiit Eiinepa Binirpae oty i3 roJoBHHX poJieid
npu BUOOpPI MEPeMIllyl04oro MPHCTPOIO, OCKIIBKHA BiH
BKa3ye Ha HEOOXiJHY TMOTYXHICTh Ha IepeMilIyBaHHS
BPaxOBYIOYH BiHOIICHHS 1HEPLIHHUX CHJI 10 CHJI THCKY.
Janmii kputepiii 6e3mocepeHbO BILIMBAE HAa BUOIP KOHC-
TPYKLIT NepeMilIyIodoro IpUCTPOIO, HOr0 YacTOTH 00ep-
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TaHHS Ta TOTY)KHOCTI JBHI'YHA, OCKUIBKH BEJIMYMHA KpH-
tepito Einepa Bkasye Ha piBeHb ONOpY CEpeNOBHINA i
BIZIMOBITHO €HepreTH4Hi BUTpaTH. Y podori [29] HaBene-
HO pe3yJbTaTH EKCIEPUMEHTAIBHUX JOCTIKEHb 3MIiHH
KpHUTepiro TigpoanHamivHoi moxodu Eitnepa min BrummBoM
Kpurepito PeiiHompaca. s mpoBemeHHS TOCIIIKEHb
BUKOPHCTOBYBAJIM HACTYIHI 3HAa4Y€HHA KOHCTAHT: [UIf
IBOJIONIATEBOT  JIMCTOBOI, Jjomari mim Kyrtom  90°
A=14.35; m=0.31; g 4oTUPBOX JIONATEBOI OAHOSAPY-
CHOI y SIKOi JIONaTi BCTaHOBJEH 1mix Kyrom 90° 4 =8.52;
m=0.2; nus nomareBoi OXHOSAPYCHOI y sKoi Jomari
BCTaHOBJIEH] mix Kyrom 90° 4=6.8; m=10.2.

3 PO3BUTKOM TEXHOJIOTIIl Ta BPaxoBYIOYM MOTPEOH
JUIsl BUKOHAHHS TEXHOJIOTIYHHX TPOLECIB IepeMilryBaH-
HS 3 HEOOXiZHOI0 e(EeKTHUBHICTIO 3a3BMYail BUTOTOBIIS-
I0ThCS MIIIAIKKA 3 HETUINOBUMH T'€OMETPHUYHHMHU DPO3Mi-
pamu. IIpHKIagoM He THIOBHX MIIIAIOK € CHCTEMH I
HEOOXigHEe PO3MIIIEHHS! HATrpiBaIbHOTO TPUCTPOIO Y JIO-
narsix, JJIs CTBOPEHHsS KOMOIHOBaHOI CHCTEMH IepeMi-
IIyBaHHS Ta MiIIrPIBY CHPOBHHU Yy 010ra3oBHX peakTo-
pax. Jlist BpaxyBaHHS KOHCTPYKTUBHHMX 3MiH Ta BiJMiH-
HOCTEH MEXaHIYHMX MILIAJOK BiJi THIIOBUX KOHCTPYKIIH
BHKOPHCTOBYIOTBCSL IIOIPaBOYHI KoediuieHtH f;, sKi

JIO3BOJISIIOTH OL[IHUTH 3MiHY BUTPATH MOTYXHOCTI B 3aJie-
JKHOCTI Bl 3MiHM TE€OMETPHUYHHMX PO3MIpiB MeXaHI4HOi
Milmankyu. MaremMaTHyHi 3aJ1eXHOCTI JUIS PO3PaxyHKY
MOTIPABOYHHUX KOe(illieHTiB Ta OmMHC iX CKIIAJOBUX HaBe-
JIEHO y TIoTIepeaHii poboTi aBTOpiB [27].

Kpurepiit Eiinepa 3 BpaxyBaHHSM HOINPAaBOYHUX KO-
eQilieHTIB pO3paxoBYeThCS 3a HACTYITHHM pPIBHSIHHSIM,
HaBEJICHNM Y TonepeHii poboti aBTopis [27]:

Eu, =Eu,-Y (f:); 3)

OCKITBKY Yy SIKOCTI NMPHUBOJY MIIIAJIKH BHUKOPUCTO-
BY€TbCSl €JIEKTPUYHHUI JIBUTYH, MPOBOJUMO PO3PAXYHOK
CI0XKUBAHOI MOTYKHOCTI €IEKTPUYHUM JIBUTYHOM 32 (ho-
PMYJIOI0:

P

k—2 .
7,

“

06

V 3anexHocTi (4) BpaxoByeThcsi poOoYa MOTYKHICTh
mimanku (P, ), xoedilieHT KOpHCHOI Aii mepexadi ta

koeQilienT 3amacy (k = 1.3).

3 BpaxyBaHHSM ITOTIPAaBOYHHUX KOe(]ili€HTIB, YacTo-
TH 00EpTaHHs, MUTOMOI T'YCTHHU PEYOBHHHU Ta JiaMeTpy
MIIIIAJIKH MPOBOJUMO PO3PAXYHOK POO0YOi MOTYKHOCTI
MEXaHIYHOT MIIAJIKK BHKOPHCTOBYIOYM HACTYITHY 3ajie-
JKHICTB:

:Eu:w -’ 'dfxz P

P, ;

(&)

' o o
ae Eu, — xpurepiii Elinepa 3 BpaxyBaHHSAM HoIpa-

BOYHHMX KOEQIII€HTIB; n — 4acToTa 00epTiB MeXaHiuyHOI
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MilIanky, ob/c; d,, — AiaMeTp Milllaiku, M; p — TyCTHHA
CHPOBMHH, K2/M°.

[MocninoBHicTs OTpUMaHHs PiBHSHHA (5) IeTanbHO
OITMCaHO aBTOpaMH JaHoi crarti y [25].

Jlnst nocsirHeHHsI ToCTaBieHol y po0OoTi MeTH, Bpa-
XOBYIOYH BHUIIIEHABECHI MOYaTKOBI YMOBHU, T€OMETPHUYHI
po3Mipu 06i0ra3oBOro pekropa i MeXaHIYHHUX MIIIAJIOK,
BuKopHcToByroun piBHsHHS (1)-(5) Ta MaremaruuHi 3a-
JIEKHOCTI 13 poboTn [27] mpoBeneHO MOpiBHIbHUI aHa-
73 €HepreTHYHUX BHUTPAT (BUTPATH IOTY>KHOCTI) €JIEKT-
PUYHOTO NPHBOIY MEXaHIYHHX MIIIAJIOK 33 Pi3HOI YacTo-
TH TMepeMilllyBaHHS CHPOBHHH y 010ra3oBHX PEaKToOpax.
Jis OpiBHSITBHOTO aHaii3y OyJio BHKOPHCTAHO OTpHMa-
Hi Y XOJIi pO3paxyHKiB JaHi CIIO)KWBAHOI TOTY>HOCTI KO-
JKHUM THITOM MIIIANKH, 0 PO3TISAAINCS Yy poOOTi st
4acTOTH o0epTanHs poboyoro oprany Mimanku Big 10 no
60 00/xB. Y nopanpuiomy 3a gonomororo Excel Oyno mo-
OynoBaHo ricrorpamu (puc 1 — puc. 4)

PesynpraT aHANi3y HaBEIEHO y BUIIIAI TiCTOTpaMH
(puc. 1), Ha sKifl 300pakeHO BUTPATy MOTY>KHOCTI €JEKT-
POTIPHBOAOM MIMIANKK 32 1I HOMiHAIBHOI 9acTOTH 00ep-
taHHs 40 00/XB, P BUKOPHUCTAHHI JABOJIONIATEBOI JINCTO-
BOi Mimmanku, y skoi jomari mig kyrom 90°% worupnox
JIONIATeBOi OJTHOSIPYCHOI MIIIANIKK 3 JIONATSAMH BCTAaHOB-
nenuMu T kyroM 90° nBosomarteBoi omHOAPYCHOI Mi-
IIAJIKH, 3 JJONaTAMH Hig KyTom 90°.

2500

2287

1593

— —_ 2
= th =
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Hotyxaicts, BT rox

L
=
=

1 2
Tun mexanisHol Mimmaarn

1 — dsononameeoi nucmosoi miwanxu, y saxoi nonami nio kymom 90°; 2 —
YOMUPLOX IONAMEBOT OOHOAPYCHOI MIUATKU 3 TONAMAMU BCIMAHO8Ie-
numu nio kymom 90°; 3 — deononamesoi 0onospycroi mexaniunoi miwa-
JKu, y akoi nonami écmanoeéneni nio xkymom 90°.,

Pucynok 1. Burpara MOTYXHOCTI €JIEKTPUYHUM
MIPUBOJIOM POOOYOro OpraHy MiLIAIKH, 32 HOMiHAJIBHOT
yactoTu obepranus 40 00/XB.

Jnst mocmikyBaHuX y poOOTi MEXaHIYHUX MIIIAIOK
BH3HAYEHO KaPTUHY 3MIHHU CIIOXXMBAHOI ITOTY>KHOCTI elle-
KTPUYHUM JBUTYHOM BiJl IIBHJIKOCTI 0OepTaHHs poOOYO-
ro opraHy Mimanku y mexax Big 10 mo 60 o6/xB. Jlns
IIOTO BHKOPHCTOBYBAIMCS BHIICHABEJCHI IOYaTKOBI
yMmoBH Ta piBHAHHA (1-5). 3rigHO 3 MPOBEICHUMH pO3pa-
XYHKaMH, OTPUMaHO TpadidHi 3aJeKHOCTI BUTpPATH IIO-
TY>KHOCTI JIJIsI KOKHOTO THITY MIIIAJKHU U HOMiHAJTBHIX
yactot obepranus Big 10 mo 60 06/xB. Pe3ynbraTn HaBe-
JIeHO Ha puc. 2 — puc. 4.
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Pucynok 2. Burpara MTOTY>KHOCTI CIeKTPHIHIM
MPUBOJOM B 3alIe)KHOCTI BiJ] 4acTOTH OOepTaHHS Baly
JIBOJIOTIATEBOT OJHOSPYCHOI MIlIAJIKU Yy SIKOi Jiomari
BCTaHOBJIEH i KyToMm 90°,
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Yacrora ofepTaHHA pPodotoro opraHy Mimajaku, 06/xXB

Pucynok 3. Burpara MOTYXHOCTI €JIEKTPUYHUM
MPUBOZIOM B 3aJIS)KHOCTI BiJ] Y4aCTOTH OOEpTaHHS Baly
YOTHPHOX JIONATEBOI OMHOSAPYCHOI MILIAJKH 3 JIOMATSIMU
BCTaHOBJIEHUMH IIij KyToM 900,

7000

2000

Hotyxaicts, BT rox

=

10 20 30 40 50 60
Yacrora ofepTaHHA pPodotoro opraHy Mimajaku, 06/xXB

Pucynoxk 4. Burpara MOTYXHOCTI €JIEKTPUYHUM
MPHUBOZIOM B 3aJIE)KHOCTI BiJ] 4aCTOTH OOEpTaHHS Baly
JIBOJIOTIATEBOI JIUCTOBOI MIIIAJIKH, Y SKOI JIOHATi ITif
kyTom 90°,

[posiBmm anami3 puc. 2 — puc. 4, BCTAaHOBJIEHO, IO
HE 3aJIe)KHO BiJ THITy MIIIalK{d TIPU 3POCTaHHI 9acTOTH
o0epTaHHS CIIOKUBAETHCS OLIbIIE ENEKTPUIHOT eHEepril.

Ha ocHOBI oTpuMaHUX 3HAa4YeHb MOTY>KHOCTI Bij 4a-
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CTOTH 00epTaHHA poOoyoro oprany mimanku (puc. 2 —
puc. 4) st MaTeMaTHYHOTO BU3HAYCHHS 3MiHH CIOXKHBa-
HOI IOTYXHOCTI EJIEKTPUYHOTO IIPHBOJAY BiJl YacTOTH
o0epTaHHs Bally MEXaHIYHOI MIIIANKH, I PO3TIITHYTHX
y CTaTTi THIIIB MIIIaJOK aBTOpaMH OyJI0 BHUBEACHO ITOIi-
HOMiambHi 3a1exxHocTi (6), (7) Ta (8), mo xapakrepusy-
FOTBCSI BUCOKOIO 30DKHICTIO. AJDKe, came IoJiHOMiaabHa
3aJIKHICTh JI03BOJISIE OMUCATH HEINHIHHI 3B’SI3KH 3MIHH
napaMeTpiB BIIHOCHO ofiHE ojHOro. JlJist 1koro, i3 rpadi-
YHHX 3aJICKHOCTEH (puc. 2 — puc. 4) OTPUMAHO TS KOXK-
HOTO THITy MIIIaJIKK MacuB AaHUX y BUTILL (X, V), A€ X —
yacToTa o0epTaHHS poOOYOro OpraHy MilIaJIKH, ) — Be-
JIMYMHA CHOXXKMBAHOT NOTYXXHOCTI. Y MoJaibioMy Koedi-
LIEHTH MOJIIHOMIaNBbHUX 3anexHocted (6), (7) Ta (8) Bu-
3HAYAIUCS 32 METOANKOIO OTMCAHOI0 y poboTi [32].

Hwkuye HaBelCHO pIBHSAHHSI OTPUMaHiI aBTOPAMH
CTaTTi JJI BU3HAYCHHS 3MIiHU MOTYXKHOCTI BiJI 3MiHH Yac-
TOTH OOCPTAHHS BATY MIIIAJIKU, a CaMe:

- IBOJIOTIATEBOI OTHOSPYCHOI MEXaHIYHOT MIIIIAJIKU Y
AKO1 JI0mati BcTaHoBJeHi mig kyrom 90° (puc. 2):

y =-2.6042-(x*)+45.894-(x’) - 98.715-(x*) +

(6)
+173.64-(x)—89.167

- YOTHPBOX JIOTIATEBOi OJHOSIPYCHOI MIIIAIKH 3 JIO-
HaTSAMH BCTaHOBJICHUMH mix KyToM 90° (puc. 3):

y=14.194-(x>)+69.405-(x*)-125.79-(x)+83;  (7)
- JBOJIONATEBOI JMCTOBOI MIIANKH, Yy SAKOI Jomari
min kyrom 90° (puc. 4):

y=-6.375-(x")+100.95-(x’) - 267.76- (x*) + _

+503.62-(x)—273.33 ®)

PiBastHHS (6-8) J03BOJISAIOTH MATEMAaTHYHHM IIIS-
XOM BH3HAUHTH KiJIBKICTH CIIOKMBAHOI MOTY>KHOCTI Me-
XaHIYHUX MIIIAIOK MPH BUKOPHUCTaHHI iX y Olora3oBux
peakTopax 3 T€OMETPUYHHMH MapaMeTpaMH y BiIMOBif-
HOCTI /IO TIOYaTKOBUX YMOB.

[Ipu po3paxyHKy HEOOXiZHO BPaxOBYBaTH, IO Be-
nuunHa (X) y piBHAHHIX (6-8) Mae kpok 10 00/xB, iHaK-
e kaxyuu 1 10 06/x8 (X = 1), mst 20 06/xB (X = 2),
s 30 06/xB (X = 3), misa 40 06/xB (X = 4), i Tak mai.
Jnsi TOpIBHANIBHOTO aHalli3y OTPUMAHOTO PIBHSHHS Ta
BHU3HAUCHOTO 3HAUYCHHS CIIOKMBAHOI IOTY)XHOCTI MpH
TIPOBEJICHI AOCII/KEHb (PHC. 2) PO3Paxy€eEMO CIIOKHBAHY
MOTY)XHICTh TPH YacTOTI OOEpTaHHS Baly JBOJOMATEBOI
JIMCTOBOI, y sAKOi Jtomari mijx kyrom 90° 3a wactoru 06ep-
tanHs 40 06/xB, BiamoBigHO (X = 4).

[MigcraBuBIM 11 3HAYCHHS Yy PiBHAHHSA (8) oTpuMa-
€MO HaCTYIHUU PO3PaxyHOK:

y=-6.375-(4")+100.95-(4*)~267.76-(4%) +

+503.62-4-273.33=2285.79 Bm-200

[Ipu mpoBexeHuX nocmiKeHHSX (puc. 1) MOTyX-
HICTH CTIOJKHMBaHA JIBOJIONIATEBOIO JIMCTOBOIO MIIIATIKOI0, Y
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akoi somari mig kyrom 90° mpu wactoTi obepraHHs
40 06/xB, y cepenapoMy cTanoBmiIa 2287 Br-ron, Toxi sik
po3paxoBaHa BeJIMYMHA 3a pIiBHAHHAM (8) CTAaHOBUTH
2285,79 Btrox, mo Ha 0,05% wmenme. Lle cBiqunuThs mpo
aJICKBaTHICTh OTPUMAHOTO PiBHSIHHS.

AHamNoriyHi MOXKHa PO3paxyBaTH KiJIbKICTh CIOXH-
BaHOI HOTY’KHOCTI /IBOJIONIATEBOIO OJHOSPYCHOIO MillIai-
KOK0 y SKOi JionaTi BCcTaHoBeHi nig kyrom 90° Bukopuc-
TOBYIOUYH piBHSAHHA (6), cepeqHst po30iKHICTb CTAHOBUTh
0,8% Ta 4OTHPHOX JOMATEBOIO OJHOSIPYCHOIO MIIIAJIKOIO
3 JIONATAMH BCTAHOBJICHHMH IIix KyToM 90° BHKOpHCTO-
Bylfoun piBHAHHA (7) cepemHs pPO3ODKHICTH CTaHOBHTH
0,36%.

[IpoananizyBaBIIM CIIOKMBaHY MOTYXXHICTH (puc. 1
— puc. 4) 3a BUKOPUCTaHHS Pi3HUX THIIIB MIIIAJIOK, 3p00-
JICHO BHCHOBOK, IO JIBOJIONIATEBA OJHOSAPYCHA MillalKa,
y AKOi Jomarti mig kyrom 90° crokuBac HaliMEHINE 3Ha-
YEeHHS €Heprii cepel pOo3rISHYTHUX THIIIB, 3TAHO 3 TOYaT-
KOBUMH YMOBaMH.

Konduikr inTepeciB. ABTopH 3asBISIFOTH IPO BiJ-
CYTHICTh KOH(QJIIKTY iHTEpPECiB.

V.BUCHOBKH

[poBeneHunit aHaNi3 BUKOPUCTOBYBAaHHX CJICKTPHY-
HUX TPHUBOJIB y SIKOCTI PYIIiiB MEXaHIYHUX MIIIAJIOK, IO
BHUKOPHCTOBYIOTBCA y 0i0ra3oBHX ycTaHOBKax. BcTaHOB-
JICHO CIIOXKHMBAaHY IOTY)XKHICTh Ha LUKJI IepeMillyBaHHA
CHPOBHHH TIPU BpaxyBaHHI HACTYITHHX ITOKAa3HUKIB (i3u-
KO-XIMIYHOTO CKJIaJy CHPOBUHH, IHKIOIpaMH pOOOTH
CJIEKTPUYHUX MAIIMH Ta CHCTEM iX KEpyBaHHS, BIUIMB
KpHTepiiB rizpoauHaMidaoi nmonidHocti Eiinepa Ta Peii-
HOJIBJICA JUIS ONHOSPYCHUX JIONATEBMX MEXaHIYHUX Mi-
IIAJIOK Y SKMX JIOMATi BCTaHOBIEH] i kyTom 90°.

BukopucroByrour MeTon HaWMEHIIMX KBaJpaTiB,
BU3HAYEHO KOE(DII[IEHTH TOJIIHOMIAIBHUX 3aJIe)KHOCTEN
JUI. MaTeMaTUYHOTO BU3HAYEHHS 3MIHU CIIO)KMBAHOI I10-
TYXXHOCTI €JIEeKTPUYHOI0 NPUBOAY BijJ 4acTOTH 00epTaH-
HS Baly MEXaHIYHOI MIIlIaJIKM, a caMme, JBOJIONATeBOi Of-
HOSIPYCHO{ MIIIANKK y SKOI JIOmaTi BCTAHOBIEHI Mg Ky-
oM 90, YOTHPHOX IIONATEBOI OJHOAPYCHOI MIINAJKHA 3
JonarsMu BCTaHOBJeHnMU min Kytom 90°; mBononareBoi
JIMCTOBOI MIlTaNKy, y AKOi jomari mig kyrom 90°. Buko-
pUCTaHHS OTPHUMAaHUX Yy POOOTI pe3yNbTaTiB JO3BOJIUTH
MIIBUIIUTA SHEPreTUUHY e(EeKTUBHICTh CUCTEM IHTEHCH-
(hikamii 6iorazoBoro BUpoOHHIITBA.

[IpoBeneHO MOPIBHIBPHHUN aHANI3 3aJEKHOCTI BU-
TpaTh CHeprii Ha TepeMillyBaHHSI 00’€My pPEYOBHHH Y
pe3epByapi HUITHIPUYHOTO THITY, TPU BUKOPHCTAHHI Pi3-
HHUX KOHCTPYKUIH OXHOSPYCHHX JIOINATEBUX MEXaHIYHUX
MIIIATIOK y AKMX JIOTIATi BCTAHOBJEH mmix kKyTtoM 90°, py-
IIIEM SIKMX € OAHO(a3HUI aCHHXPOHHUN JBUTYH ITiJIKIIIO-
YEHUI 10 eNIEKTPUYHOT MEPEKi 32 CXEMOIO MPSIMOTO I1yC-
Ky.

BcTaHOBIIEHO HampsMOK NPOBEOECHHS IMOAAIBIINX
JIOCII/KeHb, sKi OyIyTh HalpaBlieHI Ha IOCIIKEHHS
CHOXKMBAHHS PEAKTUBHOI MOTYXXHOCTI E€IEKTPUYHUMU
JIBUTYHaMH 3a MEpioAx NepeMillyBaHHS 00’€My CHPOBH-
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HU y peakTopi. Lle 103BonnTh MigBUIIUTH eHeproedeKTu-
BHICTb YTBOpPEHHs 0iorasy Ta peHTa0elbHOCTI MOJalIbIIO]
Horo nepepoOKH.
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Purpose. Research of energy costs for maintaining the balanced state of raw materials in a biogas reactor using
mechanical mixers with the aim of choosing an energy-efficient design of a mechanical mixer.

Methodology. Comparative analysis and use of mathematical modeling methods to determine the amount of
energy spent on mixing, generalization of the results obtained.

Findings. The formation of a modern and balanced energy system consists in introducing renewable energy
systems into its composition, including biogas technologies. The energy efficiency of biogas technologies depends on
the amount of energy spent on supporting anaerobic digestion. This factor is one of the main ones when investors
consider financing opportunities for projects related to the construction or modernization of biogas technologies. One
of the main means of intensification of anaerobic digestion is maintaining the temperature of the raw material within
the specified limits and a balanced state of the raw material in the volume of the biogas reactor, which is achieved by
mixing. The most rational ways to increase the energy efficiency of mixing are to establish the dependence of energy
consumption by mechanical mixing devices, to choose a rational type of mixer, which includes the search for rational
mass-dimensional characteristics that ensure uniform flows of raw material in the biogas reactor and at the same time
spend the least amount of energy for mixing. The above actions ensure the determination of rational mass-dimensional
characteristics of the mixer, which significantly reduces energy consumption for mixing and increases the profitability
of introducing biogas technologies into the energy system.

Originality. The authors have derived criterion equations that allow mathematically determining the change in the
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power consumption of the electric drive from the frequency of rotation of the shaft of mechanical mixers. Analytical
dependencies between the power consumption of the electric drive and the frequency of rotation of the shaft of
mechanical mixers for biogas reactors have been established, which take into account the rheological properties of the
substrate. Graphical dependencies of the change in the power consumption from the frequency of rotation of the
working body of mechanical mixers for biogas reactors of cylindrical shape have been obtained.

Practical value. The results obtained in the work allow calculating the amount of energy consumed
mathematically, without conducting additional experimental studies, which significantly reduces financial costs and
time for designing raw material mixing systems in biogas reactors. The direction of further research has been estab-
lished regarding the consumption of reactive power by electric motors during the technological cycle of the mixer,
which will allow determining the pattern of changes in reactive power consumption and outlining the directions of
movement towards its reduction.

Keywords: energy consumption, comparative analysis, energy efficiency, polynomial, Euler criterion, mechanical
mixing, electric motor power.
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BUKOPUCTAHHS JITHIMHOI PETPECII JIJISI OITHKHU THIEKCY
JIUCBAJIAHCY TPUDA3ZHOI HATIPYTU HA OCHOBI IAPAMETPIB
MNPOCTOPOBOI'O BEKTOPY KYTOBOI UACTOTHU
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Mema pobomu. Po3pobra ma 0ocriodicenss Memody OyiHKuU iHOeKCy Oucoanrancy mpugasnoi nanpyau Ha 0CHOGI
JUHITHOT pegpecil 011 ni08UUeHHS ONepamueHOCME KOHMPOJIIO AKOCMI elekmpoenepeii. 3acmocysants NiHIUHO20 Cnig-
BIOHOWIEHHA MINC MAKCUMATLHUM PAOLYCOM NPOCMOPOBO20 6EKMOPY MaA 6eAUHUNHOI0 OUCOANANCY MAE HA Memi 3a0e3ne-
YUMU GUCOKY WBUOKICMb 00uucieHb (00 10 mc) npu 36epediceHHi npuliHAmMHOL MOYHOCH.

Memoou docnidscenns. /[nsa 0ocsicHeH s Memu GUKOPUCIAHO Meopiio NPOCHOPO8020 8eKMOPY Ol AHANIZY MPUu-
Gaszuux cucmem y uacosii obnacmi. 3acmocosano Memoou MamemMamuyHoi CmamucmuKy ma JiHitiHoi peepecii (Memoo
HAaUMeHWUx K8aopamis) 011 6CMAHOGIEHHSA KOPENAYIIHOT 3ANeHCHOCII MIdIC 2e0MEMPUUHUMU napamempamu 20002pada
npocmopo6ozo 8ekmopy (Rma) ma inoexcom oucoanancy nanpyau (VUF). Ilposedeno komn'tomepHe MoOeno8anHsa pis-
HUX MUnie nposanie Hanpyau 0 eepuirayii 3anpononosanoi mooeri.

Ompumani pesynomamu. Bcmarnoeneno, wo modens ninitinoi pespecii sabesneuye ucoxy xopenayiio (R*=0,985)
Midie napamempom Ryqx ma indexcom VUF, wo 0o360/15€ adexsamno onucyéamu cmaw acumempii cucmemu. 1 0108HuMm
Pe3yIbmamom € CKOpOUeHH s, 4acy OYiHKU NOKA3HUKI6 Hebanancy 0o 10 mc (nie yukiy npomuciosoi yacmomu), wo y 06a
pasu weuoule 3a mpaouyiini Mmemoou Ha ochogi nepemsopenusi @opmeck'io. [loeederno, wjo 0st po3paxymKy 3a npono-
HOBAHUM MEMOOOM 0OCHAMHbLO 3HAMU JUUe BEUYUHY JIHIHUX Hanpye 0e3 3ayYeHHs Pa306Ux Kymie.

Hayxosa noeusna. Bnepuie o0TpyHMOBAHO MONCIUBICIb BUKOPUCTNANHSA TIHIIHOT pecpeciiinoi MoOeni 0 GU3HA-
yeHHA iHOeKCy OUCOAnancy Hanpyau yepes napamempu 20002paga npocmoposoco eekmopy. Buseneno cmabinonuil xa-
PaKkmep MamemMamuiHo20 36's13Ky Midic MAKCUMAIbHOIO HANIBBICCIO eNinca npocmopo6o2o 6eKmopy ma KoeQiyicHmom
Hecumempii, wo 0038014€ CHPOCMUMU MAMEMAMUYHY MOOeTb MOHIMOPUH2Y 30 PAXYHOK 8i0MO8U 6I0 CKIAOHO20 PO3KIA-
OAHHSL HA CUMEMPUYHI CKIAOO0GI.

Ipaxmuuna yinnicme. 3anpononosanuii Memoo 00380JA€ Peanizy8amu MOHIMOPUHE AKOCII e1eKMPONOCMAaA4aHHs
8 PEanbHOMY HACT 8 CUCTNEMAX 3 OOMENHCEHUMU OOUUCTIOBANLHUMY PeCypCamul (MIKPOnpoyecopui npucmpoi 3axucmy ma
asmomamuxu). Ompumana weuoxicme peaxyii (10 mc) € KpumuuHow0 O 3AXUCMY CUTOB0T eIeKMPOHIKU ma 3abe3ne-
uenna cmitikocmi mikpomepedic (Smart Grids) 6 ymosax weuokux nepexionux npoyecis. Pezynbmamu moacyms 6ymu
BNPOBAOIICEHI 8 ANeOpUMMU YUPPOBUX AHANIZAMOPI8 AKOCI eHepeli.

Kmouoei crosa: indexc oucbanaucy Hanpyau; nPOCmMoposuli 6eKmop; NIHIUHA pe2pecisy; AKiCMmb eleKmpoeHepeii;
Hecumempis Hanpya.

TPIOE TIPOOJIEMY HiNITPUMKH OAJIaHCY Yepe3 XaOTHUHUH Xa-
pakTep 3pOCTaHHs HECUMETPUUHUX HaBAHTAXKEHb.

CrabinbHe (yHKUIOHYBAaHHS CyYaCHHX CHEProcHc- Jnist KUTBKICHOT OLIIHKHU LOTO SIBUIIA BUKOPUCTOBY-
TeM 0€3110CEPEHBO 3aIEXKHUTh BiJl IOKA3HUKIB SKOCTI €€~ o1y, iHmeKce mucbanancy Hanpyru (VUF), skuil Bu3Haua-
KTpOEHepTii (HEE)- Cepen YMHHHMKIB, IO ﬂeCTa6iHi3.yf0Tb €ThCSI SIK BITHOIICHHS CKJIa{0BOT 3BOPOTHOT IIOCITi TOBHOCTI
po6OTy Mepexi, KPUTHYHE 3HAYEHHS Mae HECUMETPUL Ha- 5o cknmagoBoi npsamoi nocnigoBHocTi. Tpaguuilini MeToau
TpyT. BHHHKHGHHH HBOTO SBHINA 3yMOBJICHE HEPIBHOMIP-  po3paxyHKy, 110 6a3yr0ThCs Ha nepeTBopeHH] Dopreck'to,
HAM  pO3MOJIJIOM  TIOTYKHAX OﬂHO‘i’aZ‘"HH?( CHOXNBATIB,  pyMararoTh 3HAHHA SAK aMILTITYIHUX 3Ha4YeHb, TaK i dazo-
KOHCTPYKTHBHOKO HECUMETPI€IO NapaMEeTpiB JIiHIH Ta TPAa- gy kyTiB ycix Tphox (a3. [IpoTe Takwil miaxix Mae CyTTeBi

Hc(hOpMaTOpPiB, a TaKOXK HEIOMIKAMM Ha €Tami MPOEKTY-  oGMekeHHs: MATEMATHYHA CKJIaTHICTh OOYHCIICHB TPH3-
BaHHs. BripoBa/i’KeHHsI HOBITHIX TEXHOJIOT1H JIMIIE 3aroc-

I. BCTYII
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BOJIUTH JIO TOTO, III0 PO3PaXyHOK 3aiiMae 3HaYHUIT yac (3a-
3BHYAll MOHAWMEHIIIE OJTUH CHCTEMHUI UK a0 20 Mc).
e crae kpuTHYHUM Oap'epoM JUII MOHITOPUHTY SIKOCTI
Mepexi B peabHOMY Yaci, Ie HeoOXiTHa ITBUIKICT peak-
mii Mae ctaHOBUTH OM3bK0 10 Mc.

3MeHIIeHHs Yacy oliHku 1o 10 Mc 103BoJIsIE cUCTe-
MaM aBTOMAaTHYHOT'O KEpyBaHHS pearyBaTH B Me)Xax IIiB
Nepioy MPOMHUCIIOBOT YaCTOTH, 110 € KPUTHIHUM JUIS 3a-
XHICTy CHJIOBOI €JEKTPOHIKH Ta 3a0e3MeYeHHS CTIHKOCTi
MiKpoMepex (microgrids) B yMOBaX MIBUIKUX TTEPEXiTHIX
TIPOIIECIB.

Xoua Teopisi MPOCTOPOBOTO BEKTOPY BXKE 3apeKoMe-
HayBajia ceOe sk e()eKTHMBHUM aHANITUYHUN IHCTPYMEHT
JUIA aHamizy TpudasHUX CHCTEM, iCHye moTtpeba y crpo-
LIeHH] anropuTMiB Bu3HadeHHs VUF. Bukopucranus mna-
paMeTpiB MPOCTOPOBOTO BEKTOPY, 30KpeMa HOro MaKCHMa-
JBHOTO PATiyCy Rumax), TO3BOJSE MEPEUTH Bi CKIIATHIX
KOMIIJIEKCHUX OOYHCIICHb 10 OLTBII MPOCTUX MaTeMaTHY-
HUX 3aJIEKHOCTEM.

II. AHAJI3 JOCJIIKEHD I TYBJIIKALIA

[TuTaHHAM OLIHKY HECUMETIi TPUCBSIUEHO YHUCIICHH]
poOOTH BITUN3HSIHUX Ta 3aKOPIOHHUX BueHHUX. Kiacnunuii
¢dbynnamenT 6azyerbes Ha Mmetoai Popreck'to, KUl € cTa-
HAApPTOM JUIS PO3PaXxyHKY CHMETPUYHUX CKJIA/JIOBHX.
[Ipore, sk 3a3Ha4aIOTH JOCHIIHUKY, peaji3alis boro Me-
TOJY B IU(POBUX TNPHUCTPOSX BHMAarae 3HaYHOTO BiKHA
ocepenerna. OctaHHi myOmikamii B ramy3i Smart Grid
NPONOHYIOTh BHKOPHCTAaHHS BIKOHHOTO IEPETBOPEHHS
Oyp'e (STFT) Ta BeWBIET-IEPETBOPEHHS [UIS BHUSBIICHHS
CIIOTBOPEHB, MPOTE IIi METOIM 3aTUIIAIOTECS pecypcoMic-
TKAMH TSI OFOPKETHUX MIKPOIIPOIIECOPHUX CHCTEM MOHi-
TOPUHTY.

AJIbTepHATUBHUM HAMPSIMKOM € BUKOPUCTAHHS TEO-
pii MHUTTEBOI IOTYKHOCTI Ta HPOCTOPOBOTO BEKTOPY
(Space Vector), mo no3BoJsA€ aHATI3yBaTH CTaH MEPEXKi B
4acoBiit obmacti. 30KpeMa, BioMo, o rogorpad mpocro-
POBOTO BEKTOpPY HANpPYTHd HNPH HECUMETPii IepeTBOpIo-
€THCS 3 KOJIa Ha eJtiric. HeBupileHO0 YacTHHOO 3arajibHOT
npoOJieMH 3aJMIIAETHCS TOIIYK CIIPOIIEHUX MaTeMaTh4-
HUX MOJENeH, sIKi O BCTAHOBIIOBAIU MPSAMY KOPEJSIIO
MK TEOMETPUYHUMH MapaMeTpaMHU I[bOTO eJirca Ta CTaH-
JapTU30BaHUM iHJeKcoM VUF 6e3 mepexoty 10 4aCTOTHOT
obnacrti.

L5 craTTs mocifae micue B sy IOCHTIIPKEHb, CIps-
MOBaHHX Ha ONTHMI3aI[I0 aITOPUTMIB MOHITOPHUHTY TTOKa-
3HUKIB SKOCTi enekTpuyHoi eneprii (ITSE). Bubip nanps-
MKY JIOCHI/PKEHb OOIDYHTOBaHHMH TiIIOTE300 IPO Te, LI0
3aCTOCYBaHHSI CTaTUCTUYHHX METOJIB, 30KpeMa JIHIHHOT
perpecii, 10 mapaMeTpiB MPOCTOPOBOIO BEKTOPY 03BO-
JIUTh CKOPOTUTH 4ac 00pOOKU CUTHATY. AKTYalbHICTh PO-
00T 0OyMOBJICHA HCOOXIHICTIO CTBOPCHHS IIBHIKUX
(Fast-Response) alrOpUTMIB ISl CYYaCHUX aKTUBHHUX CH-
CTEM PO3IOJILTY eHepril.

III. META POBOTH

Mertoro poboTu € po3poOka METOAY IIBUAKOI OIHKH
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iH/ieKkcy nucbanancy TpudasHoi Halpyry Ha OCHOBI JIiHIH-
HOI perpeciiiHoi Mozemi mapaMeTpiB MPOCTOPOBOTO BEK-
Topy. s mocSrHEHHs METH BUPIIIYIOTHCSI HACTYIIHI 3a-
nayi:

- BcranoBneHHS MaTeMaTHYHOI 3aJI€KHOCTI MIXK Ma-
KCUMAaJIbHUM PaJIilyc-BeKTOPOM (Ryqx) TOIOTpada HAIIpyru
Ta BeNMIHUHOK iHAeKey VUF.

- [TobymoBa niHitHOI perpeciiiHoi Moaeni 3a pe3yib-
TaTaM¥ MOJICTIFOBAHHS PI3HUX PEKHMIB HECHMETPIl.

- OmiHKa TOYHOCTI OTPUMAHOT MOJIEINI 3a TOTIOMOT OO
xoe(imienra nerepminanii (R?).

- IlepeBipka MIBHAKOMIT 3aIIPOIIOHOBAHOTO ANTOPH-
TMy TOpIBHSHO 3 KJIACHYHAM METOAOM CHMETPHYHHX
CKJIaJIOBHX.

Kpurepiem sIKoCTi pe3ynbTariB € MiHIMI3allis cepe-
HBOKBaIPaTUYHOI MOMMIIKM anpokcuMmarii npu 3abesmne-
YeHHI IIBUIKOCTI PO3paxyHKY He Oijblie HiXk 32 MiB IUKITY
npoMucioBoi yacToTu (10 mc).

OOMeXeHHS: TOCHIHKEHHS OOMEXY€EThCS aHATi30M
HECHMETpii B CHCTEeMax 3 HOMiHaJIbHOIO YacToToio 50 I'm
0c3 BpaxyBaHHs BIUTUBY BHUIIUX FApMOHIK MOHAT 5% Bif
OCHOBHO1 YaCTOTH.

IV. BUKJIAJEHHSI OCHOBHOTI'Y MATEPHUAJIY
I AHAJII3 OTPUMAHHUX PE3YJIBTATIB

[TpoyKTHBHICTH €IEKTPOEHEPTeTHYHOT CUCTEMH TI0-
CTYIOBO MOTIpIIy€eThes 3a HassBHOCTI mpobnem 3 SIEE, Ta-
KHX 5K, TADMOHIHHI CHOTBOPEHHS, Pi3HOTO POy IepeXiaHi
TIPOLIECH, KOJWBAHHS HANPYTH JKUBICHHS Ta JHcOaaHCc
HanpyrH [1, 2]. OCHOBHIMY pUYMHAMHA AWCOaTaHCy Ha-
MIPYTH B SIEKTPUUHIA MepeXi € HepiBHOMIPHHUI PO3ITOILT
MOTYKHUX OAHO(A3HUX HABAaHTAaXEHb 10 Tpu(azHiil cuc-
TeMmi, HenpodeciiiHe MPOEKTYBaHHSI IEKTPUYHUX TTapaMe-
TPIB ENEKTPUYHOT MEpPEeXi, a TAKOXK aCUMETPUYHHIN 1MITe-
JIaHC JIiHIH enekTporepeaad Ta 0OMOTOK TpaHc(opMarTo-
piB [3]. Ilpu iboMy HEOOXiAHO BIAMITHTH HACTYITHE — ITiJ-
TpUMKa OallaHCy 1O TPhOX (ha3ax eJICKTPOCHEPreTUIHOT
CHCTEMH CTa€ Jejalli CKJIQJHOI0 Yepe3 HECUMETPUYIHE CII0-
JKUBaHHSA EJICKTPHYHOI eHepTii [4].

Ha nanwmii wac icHye Benuka KUIBKICTh METOJIIB BU-
3HA4YEHHs JUCOAJIaHCy HAIpyTd B EJIEKTPUYHIA Mepexi,
Cepen HUX, U1l TOYHOTO BU3HAUCHHS IUCOATIAHCY HAIPYT,
peKOMEeHAy€EThCsl Bu3HaueHHs iHaekciB LVUR ( NEMA -
HauionanpHa acomnianist BupoOHUKIB oOnasHanHs) Ta VUR
IEEE (IHCTHTYT iH)XXEHEpIB ENIEKTPOTEXHIKH Ta EJIEKTPO-
Hikn) [5].

Busnauenss aucbanaHcy HaIPyTH, TAKOX BiIOME K
qyacToTa aucOanaHcy Hanpyrd B Mepexi (LVUR, %), Bu-
3HAYAETHCS SK:

Max(|Uab_Uan|r|ch_Uavg|‘|Uca_Uavg|) .

LVUR, % = 100, (1)
Uavg
Uap+UpctU, .
ne Upypg = —2E—2E—C4 _ cepe/iHe 3HAUCHHS JiHIHHMX Ha-
pyr.

B 3aramsHoMy Burisini (1) mMoxHa nepenucartu Ha-
CTYITHUM YHHOM:
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Udev
LVUR = % 100, 2)

avg

ne UZEY. - makcuMmanbHe BiIXMIEHHS HATIPYTH Bill cepesi-

HBOI HAIIPYTH MEPEXi.

Jlane Bu3Ha4YeHHs nucOanaHcy rnepeadavae, 1o cepe-
JIHS HaIpyra 0JTHaKOBa 0 HOMIHAJIBHOTO 3HAYCHHS y TPH-
(asHiii cucremi, 1 ocKiNbKH B (1) BU3HAYAIOTHCS TIJIBKH BE-
JMYUHH, (Ha30Bi KyTH HE PO3IIIAAAIOTHCS.

BianosinHo no cranpapty IEC 61000-3-14 [S] ns
BU3HAYCHHS J1cOalaHCy BHKOPHUCTOBYIOThCS (a3Hi Ha-
IpyTH, a He MDKIIHINHHI. [Ipy 1IbOMY TakoXX HE BpaxoBy-
eTbcs iHdopMaris po ¢a3oBuii KyT. Busnauenns nucba-
JIAaHCY — BiJJHOILICHHS CKJIaZ0BOi HAPYT'W 3BOPOTHOI TOC-
JZOBHOCTI 10 CKIIAI0OBOi HATIPYTH MPSIMOT ITOCIiTOBHOCTI:
Koediuient nucbanancy nanpyru y Bincorkax (VUF,%),
BU3HAYAETHCS HACTYITHUM YHHOM:
|76

v,]
ne U, - Moxyns (cepeqHbOKBaApaTHIHE 3HAYCHHS)
BEKTOPY HAIPYTH 3BOPOTHOI MOCIiNOBHOCTI, U,,, - MOIyIIb

(cepeHbOKBAIpATUYHE 3HAYCHHS) BEKTOPY HANPYTH MpPsi-
MOI ITOCIIiTOBHOCTI.

VUF = 2. 100, 3)

KoMITOHEeHTH KOMIIJIEKCHOI MOCIiIOBHOCTI MOMKHa
po3paxyBaTH, BUKOPUCTOBYIOUH (pa3Hi HampyrH 3a JOIo-
MOT0¥10 TIepeTBopeHHst DopTeck'to [6], HACTYITHUM YHHOM:

Unp = 5 WUa + aUs + a?Up), (4)

Usw = 5 (Ua + a2Up + al), ()
_ |vata®UptaUc|

VUF3B.¢a3 - Ua+aUg+a2Uc 100, (6)

[Ipu npoMy NOTPiIOGHO 3a3HAYMTH, IO iHII PO3POO-
JIeH1 IHACKCH BU3HAUCHHS JricOaaHCy 3a3BUYail BHKOPHC-
TOBYIOThCS B IoeaHaHi 3 LVUR Ta VUR. 3aranpuuii GpyHK-
I[IOHAJT 3BOPOTHOI MOCIIIZIOBHOCTI OMHUCYE iICHYBAHHS KOM-
NOHEHTH 3BOPOTHOI IOCIIJOBHOCTI B €JIEKTPHYHIA Me-
pexi, 1o 3ade3nedye Kpairy Gi3udHy IHTSPIPETAIFO IHC-
GayaHCy HanpyT Ta € OLTBII KOPHCHUM JJIsl HOTO aHallizy.

OmHMM i3 OCHOBHHX OOMEXEHb BUKOPHUCTAHHS 1HE-
kcy VUF nipu MOHITOPHHTY AncOanancy (MpOogyKTHBHOCTI
EJIEKTPUYHOI MEPEKi) € Te, 0 HOro OOUHCIICHHS BUMAarae
iHpopMalii K Mpo BENUYUHY, TaK 1 KyTH TpuasHUX Ha-
npyr. Kpim Toro, ioro BU3Hau€HHs CKJIAJHO 3 MaTeMaTH-
YHOT TOYKH 30pY 1 PO3paxyHOK 3arajibHOro (hyHKIIOHATY
3BOPOTHOI TIOCIIIIOBHOCTI 3aiiMae 3HAUHUH Yac MOPiBHIHO
3 HeOOX1JHUM YacoM, JI03BOJICHUM JIJIsl SMEHIIEHHS 1ucOa-
JIaHCy, KU cTaHOBUTH 10 Mc [7].

SIK BiZIOMO, TEOPisi IPOCTOPOBOTO BEKTOPY € eeKTH-
BHUM aQHATITUYHHM IHCTPYMEHTOM JUIA aHailizy Tpudas-
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HUX CHCTEM. Y 1IbOMY METO/Ii Oy/Ib-sIKa 3MiHHA Y Yaci TpH-
(ha3HO cUCTEMU IEPETBOPIOETHCS 3 UacOBOT 00IACTi Ha Ha-
0ip i3 1BOX BEKTOpIB y mpoctopoBiii obiacti [4]. TooTo,
TpudazHa cucrema Uy (t), u,(t), u (t) B miommui ABC,
Moxe GYTH MpejCTaBieHa MPOCTOPOBHM BEKTOPOM U,
SIKMH CKJIAJIA€ThCA 3 JIBOX BEKTOPIB

U=Us+ Uy,
neUs = Uq +jUp Ta Uz =3 (Uq+ Uy +Up).

[Micns psimy mepeTBOpeHb BHpa3 AJsl IPOCTOPOBOTO
BEKTOPY 3aITUIIETHCS] HACTYITHIM YHHOM:

b -0) (2

Sk BIIOMO, OCHOBHHMH XapaKTEPHUCTUKAMHU IIPOCTO-
POBOTO BEKTOpY € Benuka R,,, Ta Mana R,,;, HamiBOCi,
KyT 1oBopoTy chopmoBanoro emincy 6. [lns 30anaHcoBa-
HHUX CHUCTEM IPOCTOPOBHUN BEKTOP CKIIQJAETHCS TUIBKH 3
JIOZIATHOTO BEKTOPY KYTOBOI YacTOTH 1 CIiJy€ IO KONy B
KOMILIEKCHIH TUTOIIMHI 3 pajiiycoM piBHEM Harpy3i (puc.
1, xpusa 1). [lns He30anaHCOBAaHNX CHCTEM MPOCTOPOBHH
BEKTOP € EJIIICOM i3 TapaMeTpaMH, M0 3aJekKaTh Bi pazu
MaJiHAS HANpyTH, BEJIWYHHU IPOBATYy HAIPYTH Ta 3CYBY
(hazoBoro kyTa (puc.l , kpusa 2).

2 1

3(Ua__

V3
Usy ==(Ua — Up —2Uc) (7)

TMpocroposuii BexTop Tpudainoi cucremn

400

Rmax
300 | T
Beta

.

Kpusa |
200 | -

T
I
1
= 100 t
1

Rmin a A', Anyda

-100

-200
Kpuea 2

-300

-400

-400 ) 100 200 300

-100
Mificue snauenns, B

-300 400

Pucynok 1. IIpocTopoBuii BekTop Tpuda3zHOi CHCTEMH 3
HasBHICTIO 01HO(]A3HO1 HECIIPaBHOCTI [§]

[IpoBenemMo JOCHTIKEHHS 3aIEKHOCTI IMapaMeTpiB
MIPOCTOPOBOTO BEKTOPY BiJl BENTMUMHHE iHACKCY HebaIaHCy.
B sixocti gocnimkenHs OyB BUOpaHHIA apaMeTp MpoCTo-
POBOTO BEKTOPY - Ry gy, IKMI B 3HAUHIHN Mipi 3aJI€XKUTh Bl
BEJINYMHHM iHAEKCY HeOanaHcy [8]. JlocmimkeHHs poBo-
JIAITHCSL y TUTaHi 3aJIeKHOCTI iHeKcy Hebanancy VUF Ta
Rinax Bl 3cyBY (pa30oBHX KyTiB Ta IJIMOMHHU ITPOBAJIB Ha-
IpYT.

Ha puc. 2-4 npencrapiieHi pe3yabTaT TAKOTO JTOCTi-
JOKEHHSI.



ISSN 1607-6761 (Print) «EJIEKTPOTEXHIKA TA EJIEKTPOEHEPTETHUKA» Ne2 (2026)

ISSN 2521-6244 (Online) Po3nin «EnexkTpoeHepreTnka»
MpocTopoBuA BEKTOP 280 3uaucnun aucbaaancy
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Pucynok 2. Tun npoBainy B, da3a B. 3anexHicTs nucOanaHcy HarpyrT Bij 3CyBy (a30BUX KyTiB

B 3anexxHoCTi Bix 3HaueHHs (azoBoro kyTa (g = 1.72 + 1.805pa0) innexc nucbanancy npuiiMae 3HaueHss VUF =
0.069% + 6.89%
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Pucynok 3. Tun nposany B, da3za C. 3anexHicTh aucOaiaHCy HAIpyTy Bl 3cyBy (a30BUX KYTiB

B 3anexHocTi Bix 3HaueHHs (azoBoro kyTa (@ = 1.7 + 1.98pad) inaekc nqucbanancy npuiimae 3uaueHus VUF =
0.07% + 7.88%
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Pucynox 4. Tur nposaiy 4. 3aiexHicTh AUcOaNaHCy HANPYTH Bij IITMOMHU ITPOBAITY
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Jocunimkenns 3anexHocti Ry, ta VUF Big 3cyBy
(a3oBuX KyTIB Ta TIIMOMHYU NPOBAJY HAIPYTU MPOBOIH-
JIMCSL IUIIXOM MOJEJIOBaHHS DPI3HUX THUIIB MpPOBaly Ha-
NPYTH, 3CyBiB ()a30BHX KyTiB Ta INIMOMHU IIPOBAITY. AHAJII3
Pe3yIbTaTiB HOCHIIKECHHS IOKa3aB HACTYIIHE!

1. Tlapamerpu R4, Ta VUF CcyTT€BO 3anexaTh Bij
3cyBY (pa30oBHX KyTiB Ta IJIMOMHU IIPOBAITY.

[IpocmigKoByeThCs 3alIeKHICTh TApaMETPy TPO-
CTOPOBOTO BEKTOPY R4 Ta BenuuuHu VUF B
CTOpOHY 30UIbIICHHS 3CyBY ()a30BHX KYTIB Ta
TITMOUHY TIPOBAITY.

[TpoBenemMo OCIHiKEHHSI HassBHOCTI MaTeMaTHYHOT
3aJIE)KHOCTI MapaMeTpy HPOCTOPOBOTO BEKTOPY Rqy Ta
BeNM4MHY aucOanancy TprdazHoi HaNpyry B eNeKTPHYHIM
mepexi VUF.

JliniitHa perpecis — K METOJl MATEeMaTUYHOTO aHAa-
T3y MOJENi 3aJeKHOCTI MK CKAIAPHOIO Ta BEKTOPHOIO
3MIHHAMH

IMpunycrumo, mo € n Touok {(x;,y;),i =1,...,n},
OyHKLis, sIKa ONHUCYE 3B'SI30K MIX X 1y 3aIMCYEThCS Y; =
a + fx; + &;. 3aBnaHHs MOJATAaE B TOMY, 1100 3HAUTH PiB-
HSIHHS OpsAMOI JiHIT Yy = @ + fx, ske 0 3a0e3neuyBao
«HaMKpaie» JonacyBaHHs HassBHUX TOYOK JaHuX. TyT min
«HaWKpale» po3yMi€ThCs B CEHCI HAIIMEHIIIOrO KBaIpaTH-
YHOTO BIIXWJICHHS: JiHisA, IO MiHIMI3y€ CyMy KBaJpaTiB
MOXMOOK JTiHIHHOI perpeciitHoi Mozeni. [HmmMu cioBamu,
a (mepeTHH 3 Biccio y) 1 f (Haxui1) € po3B’si3KOM HACTYHOT
3amagi MiHimizamii

3naiitu min Q (a, B), ma Q(a,B) =Y, &% =

I —a— Bx)?, (®)
I3 (8) orpumaemo 3HaueHHs 1 [ SKi MiHIMI3YIOTb
uinsoBy dyukiino Q(a, B):

-0 Wi-Y) Y xiyi-xXy _ Xy-Xy _

k= T2 'ilzlxiz—fz T x2-®
Cov[x,y] _ Sy
varlx] = %Vs, ©)
a=y-px, (10)

€ Ty, - KoedilieHT Kopenauii Mk X iy, Sy 15y -
CTaHJIAPTHI BIIXWICHHS X 1.

[ixcrapnsroun Bupasu & i f B f = @ + X, maemo
[ _ . x%
5 Tey 5 (11)

Lle nokasye, mo 7y, - HAXMJ PErpeCiiHOi JiHii 11
CTaHIAPTU30BAHUX TOYOK BHOIPKH.

Koeoiwient nerepminauii - R* 10piBHIOE 77, KOIH
Ma€eMO CIpaBy 3 JIHIHOIO MOJIEIUTIO 3 OJHIEI0 He3alexk-
HOIO0 3MiHHOMO. L{e cTaTuCTHYHMI TTOKa3HMK, 10 BUMIPIOE
YacTKy Bapiallii 3aJe)KHOi 3MIHHOI, SIKYy MOXE TOSICHUTH
perpeciiina Moaens (He3alexHi 3MiHHI). Bin mokasye, Ha-
CKIJIBKH A00pe AaHi MiATBEPIKYIOTH MOJIENb, 1 IPUAMAE
3nadeHHs Big 0 go 1, me 3HayeHHs Oau3bKe 10 1, CBITYUTH
PO Kpally BiANOBiAHICT MO JaHUM, TOOTO € KITFOYO-
BHM KPHTEpieEM aJeKBaTHOCTI perpeciitHoi moaemni. Po3pa-
XoBaHuii koedinient aerepminanuii R? = 0.985 - wo cpix-
YHUTh [IPO XOPOLIY BIAMOBIAHICTh MO JaHUM.

3asexnicrs npocroposoro sexkTopy (Rmax) sin qucdanancy nanpyru

15 T
=P.59"x|- 0.21 =
y [L o A |~ PigHAHHA anpolcgj_uauﬁ"”
y = | 0.00089"x?|+ 0.62*x - 0.34 <& |
w2 10 [y =510 = P-00A %> + P66™X - o=
% ,--"”"é Bxiaxi aani
> 5 o Ninisa L
o KeappaTiuna
_.-vu,,..ﬂ“ﬂ‘w‘ —-—-—-  HKyBidHa
. |
4 6 8 10 12 14 16 18 20 22 24
Rmax
Hiarpama sammmkis
02r 1
INiHidHa
0.1k I KeanpaTriHa i
% i _K;ﬂﬁi\ma
= 0
T = 5
0.1} |
-072 L 1 1 1 1 1 1 1 1 1 1 1 ]
4 & a8 10 12 14 16 18 20 22 24
Rmax

Pucynox 5. 3anexHicTb pOCTOpOBOro BEKTOPY (R 4, ) Bill 3HAUCHHS AUcOANaHCy B EJIEKTPUYHIN Mepexi Ta aiarpaMa

3aJIMIIKIB
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JliarpaMa 3auIIKiB - 1ie giarpama po3CitOBaHHS, SKa
BitoOpaxkae IMOMIUIKH (3aJIMIIKH) perpeciinoi moaeni (¢a-
KTUYHE Yy - IPOTHO30BaHE y) Ha BEepTHKAIBHIH oci BigHO-
CHO HE3aJIeXHOT 3MIHHOT (X) a00 MPOTHO30BaHUX 3HAYCHB
Ha FOPU30HTAIBHIHM OCI JJTs OI[IHKH BiIIOBITHOCTI MOJENI,
BUSBIISIIOUN TaKi 3aKOHOMIPHOCTI, SIK HENiHIIHICTh a00 re-
TEPOCKEAACTUYHICTh (HEPIBHOMIPHUHA PO3KHUN), SIKi CBil-
YaTh PO HealeKBaTHICTb MOAENI, TO/I SIK BUIIAIKOBE PO3-
CiIOBaHHS HABKOIIO HYJIS BKa3ye Ha XOPOIIY JiHIHHY Bij-
MOBITHICTH [9].

Tab6auus 1. [TopiBHAIEHUIA aHANI3 PO3PaXyHKY 1HICKCY
Hebanancy VUF,% Ta o npornoHOBaHOMY CIIOCOOy

VUF, | Rpax | VUF (niniiina anpok- | Bignocha noxu-
% cumartis), % 6ka,8, %
13,85 24 13,95 0,7
11,82 20 11,59 1,9
9,8 17 9,82 0,2
8,16 14,5 8,345 2,27
5,6 9,5 5,395 3,66
4,56 8,2 4,628 1,49
3,25 5,5 3,035 6,61
1,92 4 2,15 11,9
3. Pesynpraré mo camiii BUCOKIH BiTHOCHIN MOXH-
omi (6=11.9%) Oynu nmepepaxoBaHai i3 3aCTOCY-
BaHHSM KBaJpaTH4YHOI ampokcuMmauii - piB-
HSHHS:
— 2 —
VUF =-0.00089- Rf12x0.62- Riax —0.34=12.2% Ta Ky-

614HOT anpokcuMalii — piBHSHHS:
VUF =9.1e—05-R3 . —0.0048-R2,., +0.66- Ryyay —0.5=7.7%

Sk chimye i3 po3paxyHKIiB CTYIiHb 3aCTOCOBAHO{ arr-
POKCHMaIIil He CHJIBHO BIUIMBA€ Ha MOXHOKY BU3HAUYCHHS
3HaueHHs1 VUF 1o Ry, IpocTopoBOro Bekropy. Lle Ta-
KOX cimiaye i i3 puc. 5.

V Tabnuni HaBemeHO Pe3yNbTaTH PO3PaxXyHKY AHUC-
OanaHcy 3a OTPHIMAaHUM JTiHIHHUM PIiBHSHHIM perpecii Ta
MOPIBHSHO PE3yNbTAaTH 3 JaHUMH, OTPUMAHHUMH 32 JOIO-
MOTOIO TPAJUIIIITHOTO METOAY - BiJHOIIEHHSIM 3BOPOTHOI
MTOCTIiTOBHOCTI 10 psiMoi 1t 8 BumaakiB. Kpim toro, orti-
HKa VUF 1UIIXOM PO3paxyHKy CIIBBIJIHOLIEHHS MK Ha-
NPYrol0 3BOPOTHOI MOCIHIZOBHOCTI Ta HANpPYyrok MpsMOl
MOCITIIOBHOCTI 3aiiMae mioHaiiMenmie 20 Mc, TOOl K IO
Rinax - 10 10Mmc.

KonguikT inTepeciB. ABTOpH 3asBIAIOTE PO BiACY-
THICTh KOH(QJIIKTY 1HTEpECIB.
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V. BUCHOBKH

VY xoni NpoBeJEHOr0 A0CIiKEHHs OyI0 pO3B’s3aHO
Ba)XJIMBY HAyKOBO-TIPAKTHYHY 33jady ITiIBUIIEHHS Olepa-
TUBHOCTI OIIIHKH SIKOCTI €JIEKTPOeHepTii B Tpru(a3HUX CH-
creMax. Ha OCHOBI OTpUMaHUX pe3yJbTaTiB MOXHA 3pO-
OWTH HACTYITHI BUCHOBKH:

1.Ans1 oTpuMaHHsI JTiHIHHOT perpecii Mi’k MaKCHUMaJTb-
HUM pagiycoM R,,,, TMPOCTOPOBOrO BEKTOPY Ta, BIMIIO-
BiTHO, 3HaUeHHAM V' UF, HeOOXiAHO JIAIIE BETUINHHI TPH-
(hazHuX miHiHUX HampyT. Lle cyTTeBO cmpomrye 3HaXo-
JoKkeHHS iHaeKcy VUF y mnaHi MBUAKOAIT i3 30epekeHHIM
IOCTAaTHBOI TOYHOCTI.

2. 3acTocyBaHHS TPONOHOBAHOTO CHOCOOY BH3HA-
geHHa VUF no ninidHi# perpecii Mick VUF 1 R4, Tpoc-
TOPOBOT'O BEKTOPY JO3BOJISE MPOBOJUTH MOHITOPHHT SKO-
CTi €JICKTPOIIOCTA4YaHHS B peabHOMY Yaci.

3. JloBeneHo, 1110 BUKOPUCTAHHS TapaMeTpiB IIPOCTO-
POBOTO BEKTOPY, 30KpeMa HOro MakCHMalIbHOTO paiycy
Rinax), IO3BOJSIE aleKBaTHO OIMCYBAaTH CTaH aCHMETpii
TpudazHoi cructeMu 6e3 HEOOXITHOCTI CKIIQJIHOTO PO3KIIa-
JTAaHHS Ha CHMETPHUYHI CKJIANOBi 3a MeTonoM DopTreck’1o.
Lle cipourye MaTeMaTHYHy MOJEIIbL MOHITOPHHTY.

4. BCTaHOBIICHO, ITI0 MOJIEITB JiHIHHOT perpecii 3a0e3-
MeYy€e BUCOKY KOPEJSIIiI0 MiXK T€OMETPUYHUMU MapaMeT-
pamu rojiorpaga npocTopoBOro BEKTOPY Ta IHISKCOM JUC-
Oamancy Hanpyru (VUF). 3amponoHoBaHe JiHIIHE CITiB-
BiTHOIICHHS J03BOJISIE MiHIMI3yBaTH OOYHCIIOBAIBHI BU-
TPAaTH, 10 € KPUTHYHUM JUTS MIKPOTIPOIIECOPHUX CHCTEM
3aXHCTY T4 aBTOMATHKH.

5. TonoBHEM pe3ynbTaTOM POOOTH € CKOPOYCHHS
4Yacy OLIHKM IIOKa3HUKIB HeOalaHCy. 3ampOorOHOBaHUM
METOJ 103BOJISIE OTPUMATH AOCTOBipHe 3HaueHHs VUF 3a
mpoMiKOK "acy 1o 10 mc (B MUKy HPOMHCIOBOI Yac-
TOTH), IO y JIBA pa3y MIBHIIE 32 TPAAULIAHI METOIH, SIKi
moTpeOyroTh ToBHOTO UKy (20 Mc). Taka mBHIKICTE pe-
aKil 103BOJISIE CUCTEMI MOHITOPHHTY MUTTEBO pearyBaTu
Ha IepPEeXiqHi MPOLECH Ta TUHAMIYHI 3MiHM HABAHTAKCHHSL.

6. IIpoBenene MOAETIOBAHHS ITiJTBEPIUIIO, 10 TIOXH-
OKka BH3HAYCHHS 1HAEKCY 3a JOMOMOTOI0 perpeciitHoi Mo-
JeTi 3HaXOUTHCS B MEXKAX IOMYCTUMUX HOPM JJIS TPOMH-
CII0OBUX 3ac00iB BUMiproBaHHs. Lle poOUTH MeTO IpUaaT-
HUM [UI BHUKODHUCTAHHS B IHTEJEKTYaJbHHUX Mepekax
(Smart Grids) Ta cucTeMax eHEPreTHYHOTO MEHEKMEHTY.

7. PesynpTaTi HOCIHIIKEHHS MOXYTh OyTH BIpPOBa-
JUKEHI B allTOPUTMH POOOTH CydacHHUX NU(POBUX aHAIi3a-
TOpIB SIKOCTI €Heprii Ta IHTEICKTYaIbHUX peie 3aXHUCTY.
[Momampmmi mochimKeHHS MOXYTh OyTH CIpsIMOBaHI Ha
aJarTaIiio JaHOTO METOLYy I YMOB 3HAYHOTO TapMOHiH-
HOTO CITOTBOPEHHS HANpyTru (HECHHYCOITHHUX PEXUMIB),
110 TO3BOJIUTH 1Ie OlIbIlie pO3UIMPHUTH chepy HOro 3acTo-
CYBaHH;I.
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Purpose. Development and investigation of a method for estimating the three-phase voltage unbalance index based
on linear regression to improve the responsiveness of power quality control. The application of a linear relationship
between the maximum radius of the space vector and the unbalance magnitude aims to ensure high computational speed
(up to 10 ms) while maintaining acceptable accuracy.
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Methodology. To achieve the goal, the space vector theory was used to analyze three-phase systems in the time
domain. Methods of mathematical statistics and linear regression (least squares method) were applied to establish a
correlation between the geometric parameters of the space vector locus (Rumax) and the voltage unbalance factor (VUF).
Computer modeling of various types of voltage sags was conducted to verify the proposed model.

Findings. It was found that the linear regression model provides a high correlation (R2=0.985) between the Rmax
parameter and the VUF index, which allows to describe adequately the state of system asymmetry. The main result is the
reduction of the unbalance indicator estimation time to 10 ms (half a cycle of the power frequency), which is twice as fast
as traditional methods based on the Fortescue transform. It is proven that for calculation by the proposed method, it is
sufficient to know only the magnitudes of the line voltages without involving phase angles.

Originality. For the first time, the possibility of using a linear regression model to determine the voltage unbalance
index through the parameters of the space vector locus was substantiated. A stable mathematical relationship between
the semi-major axis of the space vector ellipse and the unbalance factor was identified, allowing for the simplification of
the mathematical monitoring model by avoiding complex symmetrical component decomposition.

Practical value. The proposed method enables the implementation of real-time power quality monitoring in systems
with limited local computational resources (microprocessor-based protection and automation devices). The achieved
response speed (10 ms) is critical for the protection of power electronics and ensuring the stability of microgrids (Smart
Grids) under rapid transient conditions. The results can be implemented into the algorithms of digital power quality
analyzers.

Keywords: voltage unbalance factor; space vector; linear regression; power quality; voltage asymmetry.
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Purpose. To quantitatively estimate the contribution of the surrounding-medium parameters to the magnetic flux
density of a three-phase 110 kV air-insulated transmission line installed inside an underground tunnel, and to clarify
whether such parameters must be included in routine engineering magnetic-field assessments.

Methodology. Numerical quasi-stationary simulation of the magnetic field at industrial frequency was carried out
for a symmetric three-phase system of AC-240/32 conductors loaded with 500 A. The computational domain was de-
composed into five characteristic horizontal layers extending from the open air above the ground surface to the very
plane of the phase wires. Two parametric series were performed: in the first the soil resistivity was scanned from 50 to
1000 Q-m at a fixed wall thickness; in the second the concrete-wall thickness was varied from 250 to 500 mm at a fixed
soil resistivity of 70 Qm.

Findings. Within the studied envelope of parameters neither the resistivity of the soil nor the thickness of the con-
crete wall measurably alters the magnetic flux density either at the control point or inside any of the analyzed layers.
The configuration of the field is governed almost exclusively by the magnitude of the phase current and by the geometry
of the conductor cluster. At the reference point the peak flux density is approximately 1.5 uT and is reached at phase
angles of about 115° and 295°; the value rises to roughly 2.27 uT at the ground surface, to about 8 uT on the upper
outer face of the tunnel and exceeds 10 uT on its inner face, while pronounced local maxima are observed in the imme-
diate vicinity of the individual phase wires.

Originality. A systematic quantitative demonstration is provided that for a 110 kV underground concrete collector
in typical urban operating conditions the soil and the reinforced-concrete envelope contribute negligibly to magnetic-
field attenuation at 50 Hz. The widespread informal design assumption about the natural shielding role of these media
is therefore not supported within the considered ranges of parameters.

Practical value. The reported results allow designers to omit detailed soil and concrete characterization from pre-
liminary magnetic-field calculations above underground collectors and to instead direct mitigation efforts toward opti-
mization of phase-conductor geometry or toward dedicated active and passive shielding solutions, the only practically
effective routes to a noticeable reduction of magnetic flux density in compact underground transmission infrastructure.

Keywords: electric power industry, magnetic flux density; underground collector air insulation; soil resistivity;
reinforced-concrete tunnel; phase-conductor geometry; numerical modelling; electromagnetic compatibility.

built-up areas, while the right-of-way available for tradi-
tional overhead corridors is steadily shrinking. To recon-

Modern development of urban electric grids is cile these constraints, network operators ever more often
shaped by two simultaneous and partly contradictory relocate high-voltage circuits below the surface, placing
pressures: load densities continue to grow inside densely  air-insulated bare conductors inside cast reinforced-

I. INTRODUCTION
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concrete tunnels — the so-called underground collectors.
Such installations mechanically protect the live parts, iso-
late them from people and surface traffic, free up valuable
urban land and visually disappear from the landscape. At
the same time, they appreciably modify the electromag-
netic environment along the route and raise new questions
about the magnetic flux density to which pedestrians and
equipment located directly above the corridor will be ex-
posed.

Reliable assessment of this flux density is required
both by electromagnetic compatibility standards and by
sanitary norms limiting prolonged human exposure to
power-frequency magnetic fields. Practising engineers,
however, frequently rely on a tacit and convenient as-
sumption: that the natural cover of soil above the conduit
and the massive concrete shell of the tunnel itself together
behave as a partial magnetic shield and visibly attenuate
the field at ground level. The factual basis of this expecta-
tion is far from solid. The actual shielding effectiveness
depends on the conductivity and magnetic permeability of
every material lying on the path of the field, on the geo-
metric arrangement of the conductors inside the conduit
and on the operating regime of the line, and very little of
this dependency has so far been quantified for the geome-
try typical of municipal collectors in Ukraine.

II. ANALYSIS OF LAST RESEARCHES

A review of recent literature dealing with the mag-
netic environment around underground power infrastruc-
ture reveals a clear concentration around two topics. The
first one focuses on the electric and magnetic fields asso-
ciated with cable systems or air-insulated lines accommo-
dated inside service tunnels, with particular attention to
the safe-work envelope of maintenance personnel and to
the contribution of return currents, sheaths and earthing
schemes to the resulting field [1-3]. The second covers
practical field-reduction techniques, including passive
metallic loops, ferromagnetic plates, conductive screens,
optimized phase splitting and transposition arrangements
[4-7]. Detection-oriented works, in which buried conduc-
tors are localized through their stray power-frequency
field, indirectly confirm that the field persists at ground
level despite the presence of soil and concrete and re-
mains a measurable quantity [5, 6].

A separate group of publications examines the ther-
mal behaviour and electromagnetic characteristics of ca-
bles enclosed in non-homogeneous soil masses, as well as
the uncertainty associated with overhead-line field calcu-
lations [8—12]. In all of these works the soil and the sup-
porting structures are described through their electrophys-
ical parameters, yet the actual sensitivity of the magnetic
flux density to the precise numerical values of those pa-
rameters is rarely studied systematically. The outcome is
an asymmetry that has consequences in routine design:
where the geometry of the conductors is treated in great
detail, the surrounding medium typically enters the calcu-
lation through default values or coarse engineering rules
of thumb, leaving the designer without a defensible an-
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swer to the question of whether refined soil and concrete
data are worth acquiring at all.

International standardization documents and recent
surveys [13—16] reinforce the same observation: while
measurement protocols and shielding strategies are de-
scribed in considerable depth, the quantitative sensitivity
of the field to the dielectric and magnetic parameters of
the host medium in compact underground geometries is
not the subject of dedicated studies. The gap is particular-
ly evident at the preliminary design stage, when the ge-
ometry of the collector still has to be fixed and detailed
in-situ measurements of soil resistivity or concrete quality
are rarely available. Closing this gap, even within a lim-
ited but representative configuration, therefore has direct
practical value.

III. FORMULATION OF THE WORK PURPOSE

The objective of the present work is to determine the
influence of the parameters of the medium surrounding a
110 kV underground transmission line — first of all the re-
sistivity of the soil cover and the thickness of the con-
crete-tunnel wall — on the magnetic flux density at obser-
vation points located both above ground and inside the
conduit, and to establish whether the inclusion of these
parameters in engineering magnetic-field calculations is
justified.

In line with this objective, the work analyzes a three-
phase air-insulated 110 kV line carrying 500 A and in-
stalled inside a reinforced-concrete underground tunnel.
AC-240/32 conductors with an overall diameter of 21.6
mm are used; the phase angles are set to —120°, 0° and
120°. The computational domain is split into five charac-
teristic layers — the air space 1 m above the ground (Layer
1), the ground surface itself (Layer 2), the upper outer
face of the tunnel (Layer 3), its inner face (Layer 4) and
the plane of the phase conductors (Layer 5). A control
point situated 1 m above ground over the central axis of
the tunnel is used as the reference observation site. The
soil resistivity is scanned within the range 50-1000 Q-m
and the concrete-wall thickness within 250-500 mm; all
remaining geometric parameters are kept fixed.

Cost trade-offs of construction, extrapolation beyond
the declared parameter ranges and detailed analysis of
transient regimes lie outside the scope of the present
study.

IV. EXPOUNDING THE MAIN MATERIAL AND
RESULTS ANALYSIS

Mathematical formulation. The magnetic field is
computed in a quasi-stationary formulation, in which dis-
placement currents and wave-propagation effects can be
neglected because at the industrial frequency f = 50 Hz
the characteristic wavelength in vacuum (about 6000 km)
exceeds the typical dimensions of the computational do-
main (a few metres) by many orders of magnitude. Under
such conditions the problem reduces to the Poisson-type
equation for the magnetic vector potential A:
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%x(l—iVxA)=]S—02—‘: (1)

where p is the absolute magnetic permeability of the
medium, o its electrical conductivity and Js the source
current density distributed across the cross-section of the
phase conductors. The magnetic flux density at any ob-
servation point is recovered from B =V x A. A balanced
three-phase sinusoidal excitation is imposed:

ir(t) = L, sin(2nft + @,), k = A B,C (2)

where I, = V2 - 500 A is the amplitude per phase
and @x = —120°, 0°, 120° are the initial phase angles. The
simulation is parametrised by the phase angle 0 = 2=ft +
@k, so that the full 360° cycle is sampled and both the time
evolution of the field and the positions of its instantane-
ous maxima can be recovered.

Geometric model and material parameters. The
phase wires are represented as continuous conductors of
circular cross-section corresponding to the AC-240/32
specification with an overall diameter of 21.6 mm. The
inter-axis spacing of adjacent phases is 300 mm. The rein-
forced-concrete tunnel has an internal square cross-
section of 1000 mm on a side; its wall thickness T is var-
ied within 250-500 mm. The reinforcement is modelled
as a regular grid of 16 mm steel bars spaced 250 mm
apart, with electrical conductivity o; = 1.5 MS/m and rela-
tive magnetic permeability p, = 60. The surrounding soil
is described by its electrical resistivity pe, taken succes-
sively at 50, 70, 100 and 1000 Q-m to cover the range
from moist clay-loam through average mineral soils to dry
rocky terrain. The external boundary of the computational
domain is placed sufficiently far from the conductor clus-
ter to make boundary reflections insignificant.

¥ REFERENCE MEASUREMENT POINT 1
= DATUM PLANE | REFERENCE LEVEL

AIR/GROUND INTERFACE

GROUND
{508, STRATUM)

TUMNEL OVERBURDEN INTERFACE [UPPER)

INNER TUNNEL VOID OVERHEAD

INTERNAL CONDUCTOR AXIS

REINFORCED CONCRETE
TUNNEL SECTION

Figure 1. General view of the underground reinforced-
concrete collector with the three-phase conductor cluster
and the reinforcement grid

Procedure. The magnetic flux density is evaluated
at the reference point Point 1 and along characteristic
cross-sections lying inside Layers 1-5. The phase-angle
scan is performed with a step of 5° in 6, which provides
adequate resolution of the instantaneous extrema while
keeping the computational cost moderate. Two parametric
series are performed independently. In the first series the
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soil resistivity pe is varied while the concrete-wall thick-
ness is held fixed; in the second the wall thickness T is
varied while the soil resistivity is held at the practically
representative value of 70 Q-m. This separation isolates
the individual contribution of each factor and allows their
relative importance to be judged directly. To exclude re-
sidual influence of numerical artefacts, every series is re-
peated with two independent mesh densities and the ob-
tained values are compared; the difference between the
corresponding curves does not exceed 0.7 %, which is
well below the variation that any meaningful physical ef-
fect of the medium would produce. The simulation results
discussed in the following subsections therefore reflect
physical behaviour rather than discretization errors.

Influence of soil resistivity. The plots of magnetic
flux density at Point 1 versus the phase angle 6 obtained
for pg =50, 70, 100 and 1000 Q-m turn out to be virtually
indistinguishable — the four curves overlap within the line
width of the plot. The flux density follows a smooth near-
sinusoidal pattern with two clear maxima of approximate-
ly 1.5 uT at 6 = 115° and 6 = 295°, which correspond to
the moments at which the contributions of the two outer
phases add coherently along the vertical line passing
through the control point.

The same picture is observed across Layers 1-5: for
a given resistivity the layer-wise profiles fall on top of
each other, with no measurable separation between the
curves. This insensitivity to pe is found not only at Point 1
but throughout the entire computational domain. The ab-
solute magnitudes, however, change strongly when the
observation moves from Layer 1 to Layer 5. In Layer 1,
located 1 m above the ground, the peak flux density is
about 1.5 uT; on the ground surface (Layer 2) it grows to
roughly 2.27 uT; on the upper outer face of the tunnel
(Layer 3) it reaches approximately 8 uT; on the inner face
of the tunnel (Layer 4) it exceeds 10 pT; in the plane of
the conductors (Layer 5) the curve becomes strongly non-
uniform with sharp local maxima around the individual
phase wires — a direct fingerprint of the geometric factor.

Influence of concrete wall thickness. In the second
series the soil resistivity is held at 70 Q-m and the wall
thickness T is set successively to 250, 300 and 500 mm.
The dependences B(0) at the reference point again practi-
cally coincide: a twofold increase of the concrete shell
does not visibly alter the magnetic flux density at the con-
trol point, while the position of the maxima at 6 ~ 115°
and 0 = 295° as well as their magnitude of about 1.5 uT
remain unchanged. Inspection of the layer-wise distribu-
tions for the three thickness values yields the same con-
clusion. Across Layers 1-5 the curves obtained for differ-
ent T overlap within the resolution of the graph, with de-
viations of the same order as the numerical noise of the
model.
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Figure 2. Magnetic flux density distribution in: a) Layer 1
at T =250 mm; b) Layer 2 at T =250 mm; c¢) Layer 3 at T
=250 mm; d) The same in Layer 4 at T =250 mm

A consolidated comparison of peak flux density at
the control point for all combinations of p¢ and T is sum-
marised in a generalised plot.
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Figure 3. Peak magnetic flux density at Point 1 for the
full set of p_g and T combinations

The bars are visually indistinguishable; the relative
spread does not exceed several per cent and stays inside
the uncertainty band of the underlying numerical model.
Both series therefore confirm that, within the considered
ranges, the surrounding medium does not contribute ap-
preciably to the formation of the magnetic field.

Physical interpretation. The observed insensitivity
admits a straightforward physical explanation. In contrast
to the electric field, which is strongly modulated by the
dielectric properties of the medium, the magnetic field of
a power-frequency conductor system is governed primari-
ly by the source current and by the spatial arrangement of
the conductors. For materials with relative magnetic per-
meability close to unity (soil, plain concrete) and modest
electrical conductivity, the induced eddy-current response
at 50 Hz is so weak that it cannot perceptibly redistribute
the field across spatial scales of the order of metres. A
simple skin-depth estimate confirms this: at 50 Hz the
skin depth in soil with pg = 100 Q-m exceeds 700 m,
which is about three orders of magnitude larger than the
characteristic thickness of the soil layer above the tunnel.
Under such conditions the soil is essentially transparent to
the time-varying magnetic field, and any back-reaction it
can produce is negligible. The reinforcement bars intro-
duce locally elevated permeability (i, = 60), but the vol-
ume fraction they occupy and the 250 mm grid pitch are
far too small for them to act as a continuous high-
permeability shield at the frequency of interest; their con-
tribution shows up only in a slight perturbation of the
field near individual rods and is not visible at the macro-
scopic observation scales considered here.

The dramatic growth of B between Layer 1 and Lay-
er 5 confirms the dominance of the geometric factor: the
flux density follows a Biot-Savart-type decay with dis-
tance from the conductor cluster, and the field on the in-
ner face of the tunnel is several times higher than on the
ground surface even though the materials filling these two
zones are entirely different. The visible spatial non-
uniformity in Layer 5 — where the field develops sharp lo-
cal peaks close to each phase wire — is the direct finger-
print of this dependency and could only be removed, in
principle, by tighter compensation between the phase con-



ISSN 1607-6761 (Print)
ISSN 2521-6244 (Online)

«EJIEKTPOTEXHIKA TA EJIEKTPOEHEPI'ETHKA» Ne2 (2026)

Po3ain «EnekTpoeHepreTuka

tributions. Any meaningful reduction of magnetic expo-
sure above an underground collector should therefore be
sought through changes of phase geometry — tighter trian-
gular bundles, compensating split-phase arrangements,
optimal phase transposition — or through dedicated pas-
sive and active screens, rather than through reliance on
the natural shielding of soil or concrete. The combination
of geometric optimization with a single layer of conduct-
ing screen typically yields the strongest practical reduc-
tion with the smallest construction overhead.

Generalization and limitations. The reported in-
sensitivity of the magnetic flux density to the considered
medium parameters has been established within a clearly
delimited configuration: 110 kV three-phase line, current
500 A, tunnel of fixed internal dimensions and reinforce-
ment grid, observation points up to 1 m above the ground.
Extrapolation of the present conclusions to substantially
different geometries — for example, larger underground
vaults with multiple parallel circuits, shielded buses, or
installations operating at considerably higher currents — is
not warranted and should be supported by dedicated simu-
lations. Similarly, the model assumes balanced sinusoidal
currents at the industrial frequency; the influence of har-
monics, of transient overcurrents and of asymmetric
earth-fault regimes lies outside its scope. Within the de-
clared envelope, however, the results are robust and pro-
vide a defensible quantitative basis for omitting the sur-
rounding-medium parameters in preliminary engineering
calculations.

Comparison with normative limits. It is also in-
structive to compare the calculated magnetic flux density
at the reference point with the public-exposure limits
adopted by international standards. The ICNIRP guideline
for the general public at the power frequency of 50 Hz
sets the reference level at 200 pT, while the more con-
servative occupational reference is 1000 pT. The peak
value of approximately 1.5 pT registered 1 m above the
ground in the present geometry is therefore more than two
orders of magnitude below the public-exposure threshold,
which means that even significant variations of operating
current would not bring the field anywhere close to the
regulatory limit. From the standpoint of human safety the
underground collector considered here is fully compliant;
nevertheless, accurate computation of the magnetic field
remains valuable for electromagnetic-compatibility pur-
poses — in particular for the protection of sensitive elec-
tronic equipment that may be installed at or below the sur-
face in the immediate vicinity of the corridor.

Implication for instrumentation and surveys. A
practically important corollary of the obtained results
concerns the planning of in-situ magnetic-field surveys
around underground collectors. Since the field above the
conduit is determined chiefly by the geometric configura-
tion and by the current actually flowing in the line, any
field measurement must be accompanied by an accurate
synchronous record of the load current and of the relative
position of the probe with respect to the tunnel axis. Vari-
ations of soil moisture, seasonal changes of the upper soil
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layer, or differences in the concrete grade between adja-
cent route segments may safely be excluded from the list
of dominant uncertainty sources within the parameter
ranges considered. This observation simplifies both the
design of measurement campaigns and the subsequent in-
terpretation of their results, allowing the survey team to
concentrate on the truly influential variables.

Conflict of interest. The authors declare that they
have no conflicts of interest.

V.CONCLUSION

The numerical study reported above quantifies how
the parameters of the surrounding medium affect the
magnetic field of a three-phase 110 kV transmission line
installed inside an underground reinforced-concrete col-
lector. Within the practically meaningful ranges consid-
ered — soil resistivity from 50 to 1000 Q-m and concrete-
wall thickness from 250 to 500 mm — the magnetic flux
density at the reference point 1 m above the ground and
along the five analyzed layers of the computational do-
main remains effectively unchanged. The structure of the
field is determined almost exclusively by the magnitude
of the phase current and by the geometric arrangement of
the conductors, whereas the soil and the concrete enve-
lope do not provide measurable magnetic shielding at in-
dustrial frequency.

It is further established that the flux density depends
strongly on the position of the observation site relative to
the conductor cluster: it grows from approximately 1.5 uT
at the control point to over 10 puT on the inner face of the
tunnel, with pronounced local maxima around the indi-
vidual phase wires in the plane of the conductors. From
the engineering point of view this means that the natural
medium cannot be relied upon as a field-attenuation
mechanism. Reduction of magnetic exposure above an
underground collector should be achieved through opti-
mization of phase-conductor geometry or through applica-
tion of dedicated active and passive shielding solutions.
The obtained results may be used directly for rapid pre-
liminary estimation of magnetic-field levels in newly de-
signed underground transmission corridors without the
need for detailed soil or concrete characterization.

From a methodological standpoint, the work also de-
lineates a clear hierarchy of factors that influence the
magnetic field of underground transmission corridors.
The dominant role belongs to the magnitude and phase
distribution of the conductor currents, the second tier is
occupied by the relative geometric placement of the phas-
es, while the parameters of the surrounding medium —
within the limits considered — form a tertiary contribution
that can be reasonably neglected. This hierarchy provides
a basis for rational prioritization of design effort: detailed
soil sampling and concrete quality control, although still
important for thermal and mechanical performance of the
conduit, do not need to be repeated for electromagnetic
purposes. The same principle can be applied to the plan-
ning of in-situ field surveys, where the focus should re-
main on the verification of geometric parameters and cur-
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rent loading rather than on the characterization of the me-
dium.

Further work will be directed at the influence of
conductor-bundle geometry, varying current load and
shifted positions of control points on the magnetic-field
distribution, as well as at the development and experi-
mental validation of efficient shielding strategies tailored
specifically to compact underground collectors. An addi-
tional line of research will focus on extending the present
analysis to higher-voltage classes (220 kV and 330 kV)
and to multi-circuit underground vaults, where mutual
coupling between adjacent circuits and the resulting redis-
tribution of currents may become a non-trivial source of
additional field non-uniformity.
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Mema pobomu. Kinvkicho oyinumu, HACKITbKU e1eKMpODI3udHi XapaKxmepucmuky HA8KOIUUHbO2O Cepedosuyd
BNIUBAIOMY HA MACHIMHY THOVKYIt0 mpughaszHoi ainii enexkmponepedaui nanpyeoro 110 kB i3 nosimpanoro izonayiero, po-
3MilgeHoi’ y nio3eMHOMY MyHeri, ma 3 ’acyeamu, Yu OOYiIbHO 8PAX08YEAMU Yi NAPAMEMPU Ni0 YaC iHHCEHEPHUX OYIHOK
MA2HIMHO20 NOJIA HA emani NonepeoHbO20 NPOEKMYBAHHS MICbKUX NIO3EMHUX MPAHZUMHUX MPAC.

Memoou docnioscennsa. Buxonano keasicmayionaphe yucenvie MoOeno8aAHHA MASHIMHOZ0 NOASL NPOMUCTIOBOT Ya-
cmomu 05 cumempuyHoi mpughasznoi cucmemu nposooie muny AC-240/32 3i cmpymosum nasanmasicennsim 500 A. Po-
3paxyHKo6a 061acms 0eKOMHOHOBANHA HA N SIMb XAPAKMEPHUX WIAPIE — 8I0 NPOCMOPY HAO NOGEPXHEIO 3eMi 00 NAOWU-
Hu asHux nposionuxie. IIposedeno 06i napanenvri cepii po3paxyHKie: y nepuill 8apiro8ascs NUMOMULL ORIp TPYHMY 6
meawcax 50—1000 Om-m npu @ixcosarniii mosuwuHi cmiHKYU MmyHenro, y Opyeiti — MosujuHa OemMoHHOI CIIHKU 8 MedHcax
250-500 mm npu numomomy onopi tpyumy 70 Om-m. KonmponvHy mouky posmiweHo Ha gucomi 1 M HAO nogepxuero
3eMai no yenmpy myHeno, KpoK CKamy8anHs azoeo2o Kyma Cmanoeueg 5°.

Ompumani pezynomamu. Y medcax pozenanymux 0ianazomie napamempie Hi NUMOMUL Onip Ipynmy, Hi moeujuna
OemoHHOI CMIHKU He 3MIHIOIOMb NOMIMHO Pi6eHb MASHIMHOL IHOYKYIT AHI 8 KOHMPONLHIN MOYYL, AHI 6CEPEOUHT HCOOHO-
20 3 ananizoeanux wapis. Ilone eusnavacmoca Hacamnepeo 6eIUUUHOIO (A3HO20 CIMPYMY A 2e0Mempicio PO3MAauLy-
BAHHSL NPOBIOHUKIB. Y KOHMPONbHIN MOYYl MAKCUMYMU MacHImHOI tHOYKyii cmarnosnsims Oauszvko 1,5 mxTn npu gaszo-
sux kymax npubauzno 115° ma 295°; na nosepxni semni pigens spocmace 0o 2,27 mxTn, na 6epxHiti 308HIWHIT NOGEPXHI
myHento — oausvko 8 mxTn, na enympiwHiti nogepxui — nonao 10 mxTn, a 6 nrowuni NPOBIOHUKIE PIKCYIOMbCS TOKANbHI
Mmaxkcumymu nooauzy okpemux ¢paz. Ompumare 3HauenHs iHOYKYii 8 KOHMPONbHIU Mouyi Oilbl HidC HA 084 NOPAOKU
HUdCHe 30 HOPMOBAHUL pedhepenmHuil pieens 05 HACeNeHHA.

Hayxosa noeusna. Cucmemamuyuno npoOemMoHCmpo8ano, wjo Oisi MUnO0B020 Ni03eMHO020 OEmOHHO20 KOAeKmopa
nanpyeoto 110 kB 1pynmoge nokpumms ma 3a1i300emonHa 00010HKA 6 PO32NAHYMUX YMOBAX He 3a6e3neuyioms 8iouy-
MHO20 NOCAAONEHHA MASHIMHO20 NOJA HA NPOMUCIOosil yacmomi. Tlowupene npunywents npo npupooHy expamyiouy
PONb Yux cepeoosuly y mexucax OOCHiONHCeHUX napamempie KilbKiCHO He niomeepodcyemucs. Bemanoeneno iepapxiio
YUHHUKIG 8NIUEY HA PIBEHb MASHIMHO20 NONA NIO3eMHOI Mpac: OOMIHYIOUUMU € CIMPYMOSE HABAHMAICEHHS MA 2eoMe-
mpis ¢asnoi cucmemu, mooi AK napamempu cepedosud CKIa0aioms He3HAYHUL GHECOK, SIKUM MOICHA 3HEXTYBAMU.

Ilpakmuuna yinnicme. Ompumani pe3yirbmamu 00380JAI0Mb GIOMOBUMUCS 8I0 0emanbHOi Xapakmepusayii énac-
mueocmetl IpyHmy i 6emoHy npu NONepeoHix OYiHKAX MAZHIMHO20 NOAA HAO NiO3eMHUMU KOJeKMOopamu ma 30cepeou-
M iHM#CeHepHi 3YCULA Ha onmumizayii ceomempii posmawuiyganus ¢paz abo Ha 3aCMOCY8AHHI CReyiani308aHuUx aKmue-
HUX | RACUSHUX eKPAHYIOUUX PilleHb AK COUHUX NPAKMUYHO eQeKMUSHUX WIAXAX 3HUMHCEHHS MACHIMHOT iHOYKYIT 8 KOM-
NAKMHUX NiO3eMHUX MPACAX.

Knrouosi cnosa: enexmpoenepeemura, MacHimua iHOYKYis, NiO3eMHUL KOJEKMOp, NOGIMPSAHA I30JAYisA, NUMOMUL
onip Ipynmy, 3ani300emoHHUll MyHenb, ceomempis asHux npoeioHUKIE, duceibHe MOOENIOBANHS, eNeKMPOMACHIMHA
CYMICHICMb.
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KAYAH IOPIA TPUTOPOBUY

(17.02.1947 —

KonextuB  kadenpu  eneKTporocTayaHHs
MIPOMHUCIIOBUX MiJIPUEMCTB 3 TIHOOKHUM CyMOM
crnioBimae mpo cMepth (27 kBitHA 2026 pOKy) BH-
JTATHOTO BYEHOTO, JOKTOpAa TEXHIYHUX HAYK, MPO-
¢ecopa IOpis ['puroposuua Kauana. FOpiit ['pu-
ropoBuy OyB BiIOMUM (axiBIIEM y Tay3i aBTOMa-
TU30BAaHUX CHCTEM KEpyBaHHS Ta €HEPreTUYHOTO
MEHE/KMEHTY.

Bin mapoguscs 17 mrotoro 1947 poky y M.
Tepuomninb. 3akiHuuB J{HINPONETPOBCHKUI TipHU-
ynif iHCTUTYT (1968), ne BinTO1 ¥ MOYaB mparo-
BaTH. Mloro HaykoBO-Ie/aroriyua JisuibHiCTb Gy-
Ja TICHO INOB’s3aHa 3 OaraTbMa IPOBIIHUMH TeX-
HIYHUMH 3aKJIaJJlaMH BHIOI OCBITH YKpainu. Tak,
y 1977-1992 poxkax BiH mpairoBaB y JloHeTIbBKOMY
TIpHUYOMY IHCTUTYTI Ha TIocai 3aBimyBada kade-
JIpY TPUKIIAIHOI MaTEeMaTUKH 1 TEXHIYHOI KiOep-
Hetuku (1984-1986 pp.), a micist 3aXUCTy JOKTOP-
cpkoi aucepTatii B 1990 p. Ta npuCBOEHHS BYEHO-
ro 3BaHHs npodecopa y 1991 p. — npodecopom
kadeapu aBTOMaTH3aIlii TEXHOJOTIYHUX TPOIIECIB
(1990-1992 pp.).

3Ha4YHy YaCTUHY CBOTO >KUTTS HPUCBSTHB 3a-
MOPI3bKil AepKaBHiM 1HXkeHepHil akaaemii (1972-
1997 pp. Ta 1992-2018 pp.), ne obiliMaB mocajao
npodecopa, MpopekTopa 3 HaBYAJIBHOI pOOOTH 1
KOMeEpIIii, IpOpeKTopa 3 HaB4YaIbHO-BUXOBHOI poO-
00TH, a TakoX 3aBigyBada Kadenp eJIeKTpoeHep-
TeTUKH Ta €JEKTPOTEXHIKM W €HEPreTUYHOTrO Me-
HE/DKMEHTY.

3 2019 poky IOpiit ['puropoBuu mpairoBas y
HanionaneHoMy yHiBepcuTeTi «3amopi3bka I0Ji-
TeXHiKa» Ha Kageapi eIeKTporocTayaHHs IpOMHU-
CJIOBMX HIANPUEMCTB, Jie NepeaBaB CBiil 6araTo-
pIYHMIA TOCBiA CTYJCHTaM, acIipaHTaM i KOJIETaM.
[lin ioro HacTaBHUIITBOM TyTiBKy B HAayKOBE
KUTTS oTpuManu Omu3bko 30 kaHmuaatiB Ta 3
nokropu Hayk. HOpiit ['puropoBuy € aBTopom mo-
Hag 900 HayKOBHX Mpallb, OAHOTO MiApyYHUKA,
TPbOX HABYAJIBHUX MOCIOHUKIB Ta TPHOX MOHOT-
padiit, orpuman 30 CBIJIOLTB Ha BUHAXO/M.

barato pokiB BiH OyB WiIEHOM CIieiiaTi3oBa-
HuX pan J 26.249.01 npu [HCTUTYTI BigHOBIIOBA-
Hoi eHepretukn HAH VYkpaiam (M. KuiB) Ta /|

27.04.2026)

08.080.07 mpu HarioHaabHOMY TEXHIYHOMY YHI-
BepcuteTi «J{HinmpoBchka mosiTexHikay (M. JlHimn-
pO) 3 3axXHCTy KaHIUJATCHKUX Ta JIOKTOPCHKHUX
JUcepTallii 3a CIemiaJbHOCTSAMH, IO BiAMOBiga-
10Th ranys3i 14 «EnexTpudna iHXeHepis».

OcHoBHUMHU HaykoBuUMH 1HTepecamu IOpis
I'puropoBuya Oynu po3poOka TEXHIYHUX 1 MPO-
rpaMHUX 3ac00iB ONTHUMI3alii TEXHOJOTIYHHX Ta
TEXHIYHUX OO0’€KTIB, 30KpeMa EHEPreTHYHHX
KOMIUICKCIB Ta CHCTEM eJIEKTPOCIOXHMBAHHS 3a
€KOHOMIUYHUMH KPHUTEPISIMH; yIOCKOHAJIEHHS Me-
TOJIOJIOT1] IIPOMHUCIIOBOTO €HEPrOMEHE/KMEHTY Ha
OCHOBI iH()OpMaIIHHUX TEXHOJIOT1H.

FOpiii ['puroposuu OyB He JnIIe BUCOKOKBA-
TipiKOBaHUM BYCHMM, ajle ¥ TaJaHOBUTUM IIe/a-
rorom, MyApuM HACTaBHUKOM 1 ITAHOBaHUM KOJIe-
roto. Cpitna mam’sate npo FOpis ['puroposuua
Kayana HazaBXIM 3aIMIIMTHCS B CEPLSX KOJIET,
Y4YHIB 1 BCIX, XTO Horo 3HaB. Buciosmoemo mupi
CHIBYYTTS PIAHUM 1 OJIM3bKHUM MOKIIHOTO.
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