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MATEMATHYHA MOJEJb IHIYKIIHHOI'O PEOCTATY
JBOXKOTYHIKOBOI KOHCTPYKIIII

Pospobneno mamemamuuny mooenv iHOYKYilIHO2O peocmama 080XKOMYUIKO8OI KOHCMPYKYIT.
IHOyKYiliHUIL peocmam npeocmasieno 6 NOIbOGI NOCMAHOBYL 8 YUNIHOPUUHUX KoopOouHamax. Ilpose-
O€Hi QOCNIONCEHHS eNeKMPOMACHIMHUX XAPAKMePUCMUK [THOVKYINIHO2O peocmama 08OXKOMYUWKOBOT
koncmpykyii. Hageoeni pesyniomamu yuceibHo20 MOOen08an s NeEPexionux npoyecié ma po3nooin no-
JIs 6 NOnepeyHoMy nepemuni. Busnaueno eniue ceomempuunux napamempis iHOYKYitiHo20 peocmama
Ha noenuil onip. Ilpedcmasnena cxema eKCnepuMenmanbHoi YCMano8KU ma MemoOuKa npoeeoeHHs
00Ci0dHCceHb. BUKOHAHO NOPIGHAHHS eKCNePUMEHMAIbHO OMPUMAHO20 NOBHO20 ONOPY THOYKYIUHO20
peocmama 3 po3paxo8aHuM.

Knrouoei cnosa: acunxponna mawuna,; iHOyKyilHutl peocmam, nepexioHutl npoyec, noHutl
onip.

A mathematical model of the induction rheostat of two coil designs has been developed. The
induction rheostat is presented in the field setting in cylindrical coordinates. Investigations of elec-
tromagnetic characteristics of induction rheostat of two coil designs are carried out. The results of
numerical simulation of transients and field distribution in the cross section are presented. The influ-
ence of geometric parameters of induction rheostat on impedance is determined. The scheme of expe-
rimental installation and methods of research are presented. A comparison of the experimentally ob-
tained impedance of the induction rheostat with the calculated one is performed.

Keywords: asynchronous machine; induction rheostat; transition process, impedance.

IHocTanoBka nmpodJaemMu

AcunxpoHHi ABuryHu (AJl) 3 pazHUM POTOPOM 3HAXOISTh OCHOBHE 3aCTOCYBAaHHS B KPaHOBO-
My €IEeKTPOIPUBO/, MPUBOAAX BOJOYMIBHUX 1 MPOKATHUX CTaHIB, KAHATHHUX 1 MPAaBHWJIBHUX MAILUH,
ponbranrax, apodapkax i T.. Cxemu BkimoueHHs A/l 3 ha3sHUM pOTOpOM IO3BOJISIIOTH OTPUMATH Ha-
CTYIIHI TIepeBaru: BEIUKHI MOYaTKOBUI KPYTHHI MOMEHT; MOXIIMBICTh KOPOTKOYACHUX MEXaHIYHHX
HABaHTa)XEHb; HE3HAUHY 3MiHY IIBUAKOCTI MPU PI3KMX HABAHTAKCHHSX; MEHIIMHA IMYCKOBHU CTPYM
MOPIBHSIHO 3 ABUTYHAMH 13 KOPOTKO3aMKHEHHM pOTOpPOM. BHKoOpHCTaHHS y cXeMax BiIKPHTHX ITyCKO-
BHX OIOPIB MPU3BOAUTH A0 HEOOXIIHOCTI BKUBATH BEIHMKY KUIBKICTh IycKoBoi anapaTypu. [Ipu mpo-
My 3HAaYyHO 3pOCTa€ Bara yCTAHOBKH, YTPYIHIOETHCS OOCIyroByBaHHS. 3a3HaueHi HEMONIKHA MPHU3BO-
JSITh A0 TPUBAJIMX MPOCTOIB 1 6araTopa3oBUX PEMOHTIB YCTATKyBaHHSI.

V Takin cutyauii miABUIIEHHS HAIIIHOCTI yCTaTKyBaHHS, SIKE € BaYKIIMBUM 3aBAAHHIM, MOXXHA
BUPILINTY NUISIXOM BMHUKaHHs iHAYKLIHHKUX peoctaTi (IP) y xono ¢azHoro poropa A/l [1, 2, 3]. Hane
pillIeHHS J03BOJISIE 3HU3UTH KUIBKICTh KOHTAKTHOI amaparypH, abo B3araii mo30yTucs Bix Hei, 3MeH-
HUTH 06’em KaOebHOI PO3BOJKH, CKOPOTUTH 3aTPaTH JUIA MIATPUMKN MEXaHi3MiB B poOOYOMY CTaHi.
[HayKkniliHi peocTaTd HEUYTIMBI IO 3ara3oBaHOCTI, 3alMJICHOCTi, BUCOKHX Ta HHU3BKHX TEMIIEPaTyp
HABKOJMIIHBOTO cepefoBuina. Kpim Toro, 3aBIsKH HENiHIHHOCTI €IeKTpOMarHiTHUX napameTpiB IP
J03BOJISIIOTH 3a0€3MEUNTH TUIaBHUH MYCK 13 3aaHUM IIYCKOBHM CTpyMOM. TOMy akTyaJdbHHM € NO-
Aanbuwe gocmimkenHs [P ta mokparieHHs iX XxapaKTepHCTHK.

AHaJi3 0CTaHHIX JOCTIIKeHb Ta mMyOJriKamii

[epeBaxkHa OLTBIIICTE qOCTiKEHD TpUCcBsueHa [P 1MCKOBOI KOHCTPYKILT 3 OfHIET KOTYIITKOIO
[4]. Konctpyxkuis IP 3 omHi€I0 KOTYIIKOIO Ma€ TakKi HEIOMIKH SIK 3HAYHHUN OIip MPH MajluX 3HAYEHHIX
Y4acTOTH CTPyMy, HEBEIHMKAa KPYTH3HA 3MiHH MOBHOrO omnopy [3]. YcyHeHHsS 1ux HemomikiB mae [P 3
JBOMa KOTyIIKaMH [3], 3araJibHUH BHJ SKOTO Ta MONEPEYHUH MepeTuH Mmokas3aHi Ha puc. 1. B miel
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KOHCTPYKIIii KOTYIIKa PO3AiJIeHa METAIEBOIO TUIACTHHOIO Ha JIBi MOJIOBMHHM, KOTPI BKIIOYEHI B CXeMi
y3rogxkeHo. Ilpu Takomy 3'eqHaHHI KOTYHIOK iX MarHiTHi Mojisl HampasieHi 3ycTpiuno. [Ipu vacrori
crpymy 50 ' rmiOuHa TpOHUKHEHHS MO He3HAaYHa 1 MPOXOAUTh MO MacTuHi 3 000X cTopid. lpu
3MEHILEH] YacTOTH MOJ TIMOMHA MPOHUKHEHHS 30UIBIIYEThCA, ajle Moje OAHIE] KOTYIIKH BUTICHSE
moJjie iHIIoi, TOMy cepeHs IIacTHHA HeHacu4eHa. Bif TOBIIMHY cepenHbOi IUIACTHHH 3aJISKUTh BENH-
YeHHa 3MiHHM enekTpoMarHitHux napamerpis IP. Ilpu upomy mapamerpu IP 3miHIOIOTBCS B OLIbIIii
Mipi ynM y IP 3 opHieto koTymkoro. Tak sk KOTYIIKK PO3NOAiIEH] 10 paaiycy, TO HaiOuIbIn HaciueHe
Oyne HikHe Kinble b,. Big #oro HacH4eHHs 3aJeXHUTh anepioJuyHa CKIIaJ0Ba CTPyMYy, SKa MPHU3BO-
IWUTH J0 3HAYHUX KOJIMBaHb €IEKTPOMArHITHOTO MyCKOBOIO MOMEHTY aCHHXPOHHOI'O IBUTYHA.
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Puc. 1. 3aranpnnii Burnan (a) ta nonepeunuit neperut (0) IP: Ry, R, — BHyTpimmHi# 1 30BHI-
IHIA paxaiyc; by, b, — TOBIIMHA BEPXHBOT'O i HUKHBOTO KiIbI; 1, I3 — ToBImMHA meproi i aApyroi
KOTYIIKH; |, — TOBIMHA CEPEIHBOIO JINCTA

DopMyJTHOBAHHS METH JOCTITKEHHS

Mera mocimxkeHHs: — po3po0Ka MaTeMaTH4HOoi MoJeni [P TBOXKOTYIIKOBOT KOHCTPYKLIT AJIst
nobyaoBuM EIeKTPOMArHITHUX XapaKTEPUCTHK Ta EKCIIGpUMEHTAJbHE MiATBEPUKEHHS pPe3yJbTaTiB
PO3paxyHKiB.

BukJsiax ocHoBHOTO MaTepiaay

Jnst ocmiKeHHsT eeKTPOMarHiTHUX XapakTepucTuk [P po3poOnena MmaTemaTyHa MOJEND B
MoJbOBiH moctanoBi. [Ipu po3poOIi MaTeMaTHUHOI MOJEN1 MPUHHATO, IO BiACYTHI 3a30pH Y MiCIIX
CTHKOBKH €JIEMEHTIB KOHCTPYKILIi (Y IbOMY BUIIAAKY (epOMAarHiTHI e1eMeHTH KOHCTPYKLii IpeacTas-
JSI0Th 00010 (hepOMAarHiTHUI eKpaH) Ta 130JALii KOTYIIOK, HEXTYEThCS BILUIMBOM TEMIIEPATypHOTO
edexTy Ha TUTOMY MPOBIAHICT, MATHITHY POHUKHICTD 1 HE BPaXOBYEThCS ricTepesnc. Bzaemo3s's130k
MDK MarHiTHOIO 1HAYKIIE€IO Ta HAMPY>KEHICTIO MAarHITHOT'O MOJISl MPEACTABIAETHCS HOPMAIBHOIO KPHU-
BOIO HAMarHi4yBaHHSI.

EnextpomarnitHi nponecu B IP onucyrorbest cuctemoro audepeHuiianx piBHAHE MakcBeria
[3] Ta BU3HAUAIOTBCS Yepe3 BEKTOPHUN MarHiTHUN morteHuian. Tak sk koHcTpykuis IP mae Bmactu-
BICTb CHMETPIi, 100 LEHTPaIbHOI oci 00epTaHHsl, Au(epeHiaNbHI PIBHSAHHS 3allUCYETHCS B LIMJIIH-
JPUYHUX KOOPAWHATAaX BIAHOCHO BEKTOPHOTO MAarHiTHOTO MOTeHLiany A Ta ais (epoMarHiTHOro

ekpany IP mae Bua:
O OAY 1 OA 0 OA 0A
—|v— |+-vV—+—| v— |[+06—=0, (1)
or\ o) r or 0z\ o0z ot
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Jie Z — KOOpAWHaTa o0nacTi; r — pajiyc; vV — MarHiTHUH omip mMartepiany; ¢ — eleKTPOIPOBIAHICTh

MaTepiaiy.
Bupas (1) nonoBHIOETBCS PIBHSAHHSMH PIBHOBArd HANPYT'H [T ABOX KOTYIIOK IP:
d¥
— : 01,02
Yoo =Tor00lon00 I (2)

JIE Ug1 02 — HAIpyra, NpUKIajeHa 10 o0OMOTOK IP; 1g ¢, — akTHBHHI OIip OOMOTOK; ip1,0p — CTPYM, IO
npoTikae B oOMoTkax; Vo, o, — MOBHE MOTOKO3YEIIECHHS! OOMOTOK.
[ToToKo34eIICHHS] KOTYIIIKY Yepe3 BEKTOp MArHITHOrO TOTEHINaly MOXe OyTH BH3HAYCHO 32
dhopmyroro [3]
leOl,OZ _Ner aA dS
- Wr » (3)
dt Swie ot

SWr
ne N |, — 4uCIo BUTKiB B 00MoTKax IP; 1 — nomxuna ButKa; S — 001acTh, mio 3aiimae ooMoTka IP.

[MincraBuim (3) y Bupas (2), oaepxumo
. 0A
Uo1.00 = Tor1,02L01,02 + _dSWr . (4)
ot
Ha ocHosi piusiHHA (1) Ta (4) cucrema z[H(bepeHulanLHHx piBHSIHD MaTeMaTH4HOI Mozeni [P,
y MOJIBOBIH TTOCTAHOBIN Oy/e MaTH BU/I;

a[ BAj 1,0A aE 6Aj .
+— =0 — y moBITpy;

or\_ or r Gr oz\ 0z
—[ j 1v 6A 0 [va—Aj + csaA 0 — B QepomartiTHOMy eKpaHi;
or Gz oz ot
%( %)+1V6€3_?+%( a@‘:)—%zo — B IEPIIiil KOTYIIIIi; Q)
Wr
O 0A), 1 oA o[ A\ Ny, y .
a E +— V ar aZ VE —S—=0 — B JIPpYT'1M KOTYIIIIL;
Wr
OA
S J EdSWr +r01 o1 = Ugp s
Wr Sw
OA
S_ EdSWr + roz 02 = Ug-
Wr Sy,

Jns BupilneHHs cucteMd AudepeHUiiHuX piBHAHB (5) BUKOPUCTAHO YHCEIbHUN METOI KiH-
LEBUX €JIeMEHTIB YHiBepcalbHI mporpaMi Ansys, Oe3KOILITOBHA BepcCis ISl CTyIeHTiB. B mporpami
Maxwell (makery Ansys) cTBopeHa po3paxyHKOBa 001acTh B IMITIHAPHYHUX KOOpAMHATAX IS poO3pa-
XYHKY €JIEKTPOMAarHiTHOro NoJjst, a B mporpami Simlorer (makety Ansys) BipTyasibHa eJIeKTpHYHA CXe-
Ma il JOCHiKeHHS mepexinaux mporeciB B IP. BipryanbHa enekrpuyna cxema Ui JOCHTiHKEHHS
nepexigaux npouecis B I[P HaBenena Ha puc. 2. Ha cxemi IP nmosznaueno sik FEAL, aktuBHI pe3ucTopu

WM1
AM1 +
R1

FEA1
™ ®
sourceA_lin sEurceA_out

R2 inding1 in W§W|1ding1_out

L

Puc. 2. BipryanpHa enekTpuyHa cxema MoJeli
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Puc. 3. PesynbTaTii MOJIEITIOBaHHS MEPEXiIHUX MPOIECIB cTpyMy Tipu BkitodeHHs [P (a, B, 1,
€) Ta PO3MOJILT MarHITHOI IHIYKIiT B TIoIIepeyHoMYy mepepisi (0, T, e, k)
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R1 ta R2 matoTh omip skuii gopiBHIOE omopy oomorok IP, WM1 — Batmerp, AM1 — ammepmerp,
VM2 — Bonbr™merp Ta E2 mkepeno 3MIHHOTO CTPyMYy.

Ha puc. 3, a, 6 mpencrasieHi pe3yinbTaTH MOACTIOBaHHS Nepexiguux npoueci B [P ta posmo-
T MarHiTHOI IHAYKUIi B monepeunoMy nepepisi ans [P npu vanpysi U = 78 B ta gactoti £ = 50 I'L,
Ta Ha puc 3, B, T npu Hanpy3i U = 21B Tta wacrori f = 5 I'ny, sxiif maB HacTynHi pos3Mipu: R; = 73,5
MM; R, = 117,5 mm; 1; = 30 mm; I, = 4 mm; 13 = 30 mm; by = 10 mm; by, = 10 MM; 9uCI0 BUTKIB B KO-
Tymkax 63. AHali3 pe3yabTaTiB po3paxyHKIB MoKa3ayio, Mo y (GopMi cTpyMy € 3HAYHA anepioguvHa
CKJIaZIoBa, sk mpH yactoTi 50 I'm tak i mpu 5 I'y. MarHiTHHN TOTIK 30CEpEmKYEThCS B HIKHIX KUTBLIAX
1 He pO3MOALTAETECA 0 OOKOBHM CTIiHKaM, CepelHs miacThHa HeHacudeHa. [Ipu vacrori 50 ' mos-
Huii omip cknagae z= 1,11 Om, ampu 5Ty z= 0,4 Om.

[loganpie 3MeHIIEHHS TOBIIMHU HM)KHIX KUIBLL 1O 5 MM IOKa3alo, o sK mnpu Hampysi U =
78 B Ta wacrorti 50 'l (puc. 3, 1, e) Tak i npu Hanpy3i U = 21 B Ta wacrori 5 'y (puc. 3, €, k) cepen-
HS TUTACTHHA HeHacwueHa. HaBnmaky HYDKHI KUThIS HACHYEHI 1 MarHiTHa iHAyKIisA mpu dactoti 50 [y
cxnanae 2,39 Tn, a npu 5 I'n cknanae 2,46 Ti. MarHiTHU# TOTIK 3 HIKHBOTO KUTBIIS PO3MOAUISETHCS
o paziycy no 6okoBuM ctiakam. [Ipu wacrori 50 I'i moBHuU# omip cknanae z = 1,11 Om, a mpu 5 I'g
—2z=0,229 Om.

[opiBnroroun noHi onopu IP pu b, = 10mm T2 b, = SMMm npu wacroti 501" BHIHO, 1110 BO-
HU piBHi, a IpH yacToTi 5 I'll BUAHO, 1110 3MEHILIEHHS TOBIIMHY KUTBIS B Ba pa3y JO3BOJIIIO 3MEHILH-
TH TIOBHU orip B 1,74 pasu.

Jlnst mpoBeeHHsT eKCIIepUMEHTAIBHIX JOCIiIKeHb [P cTBOpeHa excriepuMeHTalbHa YCTaHOB-
Ka, MPUHIIMIIOBA cXeMa SIKo1 Mmoka3aHa Ha puc. 4. Bona no3Bonsie mociimxyBaT xapakrepuctuku [P B

& 220B

PV2

$Ld

2= 380B

Puc. 4. TlpuanunoBa cxemMa eKCHEPUMEHTAIbHOI YCTAHOBKH Uil MPOBEACHHS IOCIHIIKEHHS
xapak- Ttepuctuk IP, ne AJ[ — acunxponnwmii neurys; ['TIC — renepatop nocriiinoro crpymy; O30
— o00MoTKH 30ymxenHs reHeparopa; PH — perymsarop nanpyru; JIIC — gBuryH moctifiHOro cTpy-
My; O3]] — oOmoTtka 30ymkeHHs nBuryna; A" — acunxponHuil reHepaTop (Ha 6a3i mammHu MTB-
412-8); BK — BumiproBanbauii komiuiekT; TI' — taxoreneparop; IP — inaykuiiiauit peocrar; [IPH —
iHaykuiaui peryasrop Hanpyru (UP - 61); R, — myckoBwuii pesuctop
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3aJIeKHOCT1 Bif CTpyMYy, sIKMH mpoTikae B oOMorkax IP, ta wacroru. Cucrema I'-I (AJl, I'TIC Ta
ATIC) npu3HaueHa Ajsl 3MiHU B MIMPOKOMY Jiana3oHi 4acToTy obepraHHs Al Ta 4acTOTH HpuUKiIane-
Hoi 10 [P Hanmpyru. Bennunna ctpymy 3miHioBanacst iHayKuidiHuM perynstopoMm Hanpyru (IPH). Ex-
ciepuMeHTaIbHui 3pa3ok [P maB HacTymHi posmipu: Ry = 73,5 mm; Ry = 1175 mm; [; =30 mm; [, = 4
MM; I3 =30 mm; by = 10 MMm; b, 3miHrOBamacs Big 10 10 5 MM; 4MCI0 BUTKIB B KOXKHIH KOTYIIIII 110 63,
npoBin mapku [IC/] 8,5%1,2 mm. Ha puc. 5 nokasaHi eKCriepIMEHTaIEHO OTPUMaHI 3aJIeKHOCTI (Cy-
LIBHI JIiHIT) TOBHOT'O OMOPY IHAYKIIMHOTO pe3rcTopa Bill YaCTOTH IPU Pi3HOMY 3HA4YCHI CTPyMY Ta
PO3paxyHKoBi TOUKH (-). PO30DKHICTE MK €KCIIEpUMEHTAIbHO OTPUMAaHUMU 3QJICKHOCTSIMH Ta PO3pa-
XYHKOBUMH To4KaMH ckinagae 5—10 %.

Z,
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4 /N
/ 50A
3 /
S T

2 A / 75A

/i
/4

0 40 30 120 160 folm

Puc. 5. 3anexxnocti noBHoro omnopy IP (cyuinbHi niHil) Ta ToukH (*) , OTpUMaHi B pe3yabTaTi
PO3paxyHKiB, TpH Pi3HOMY 3HAUEHI CTPyMY Ta 3MiHi YaCTOTH

BucHoBkn

CrtBopeHa MaTeMaTHYHa MOJEIb Y BUTJISAI CUCTEMH AUQEpeHIiaIbHUX PIBHAHB OIS, 3aIH-
CaHMX B UWIIHAPUYHUX KoopAauHaTtax. s po3B’s3aHHA cucTeMH AWdepeHIialbHUX PiBHSIHDb BHKO-
PHUCTOBYETHCS YHCENBHUI METOA CKIHYEHUX eneMeHTiB. KiHIeBO eleMEeHTHHUH MO po3paxyHKOBOI
o0nacTi BpaxoBye 3alieKHICTh TMMHOMHM NMPOHUKHEHHS eNeKTPOMAarHiTHoi XBWiIl B (pepoMarHiTHUit
ekpaH. B marematnuHiii Mozeni BpaxoBYIOThCSI BUXPOBi cTpyMH B ekpadi [P Ta mone poscitoBaHHs B
obnactax KOTymok. [IOpiBHSHHS €KCIEPUMEHTAIBbHO OTPHUMAaHUX 3aJIeKHOCTEH 3 PO3paxyHKOBHMH
TOYKaMH I0Ka3alo, o po30ixHicTs ckiagae 5—10 %. OTpuMaHa TOYHICTH TOCTaTHA AJISL IHXKEHep-
HUX po3paxyHKiB. [IpoBeneHHI 1OCTiKEeHHs BIJIMBY Ha XapaKTepUCTUKU [P TOBIIMHM BHYTPIIIHBOTO
KUIbLISA MOKAa3aJd, [0 3MEHIIEHHS TOBIIMHH BHYTPIIHBOT0 Kbl [P 10 5 MM 103BONMHIIO 3MEHIIUTH
B 1,74 pa3u nmoBHMI onip npu YacToTi cTpymy 5 ['m, mo nae moxiuBicts He Bigkmouatu [P Big AJL.
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MATHEMATICAL MODEL OF INDUCTION RHEOSTAT TWO COIL DESIGN
Kolychev S., Malyuk V., Sianov A.

Abstract

The vast majority of research is devoted to induction rheostats (IR) of disk design with a sin-
gle coil. IRs of this design have a number of disadvantages: increased resistance at low current fre-
quencies and a significant aperiodic current component in transient conditions. The elimination of
these shortcomings gives IR with two coils. In this design, the coil is divided by a ferromagnetic plate
into two equal halves, which are included in the circuit in concert. With this connection of the coils,
their magnetic fields are directed oppositely. At a current frequency of 50 Hz, the depth of field pene-
tration into the metal is insignificant and the magnetic flux passes through the plate from both sides.
With a decrease in the current frequency, the depth of penetration of the flow increases and the field of
one coil displaces the field of the other. To study the electromagnetic parameters of IR, their mathe-
matical model in the field formulation has been developed. In this case, the following assumptions are
made: there are no gaps at the joints of structural elements (the steel parts of the body are a ferromag-
netic screen) and coil insulation, the influence of the temperature effect on the specific conductivity,
magnetic permeability is neglected, and the hysteresis of steel is not taken into account. The relation-
ship between magnetic induction and magnetic field strength appears to be a normal magnetization
curve. Since the IR construction has the property of symmetry about the central axis of rotation, the
equations are written in cylindrical coordinates relative to the vector magnetic potential. A mathemati-
cal model is presented in the form of a system of differential equations, for the solution of which the
finite element method was used. Dependences of the current IR on time and the distribution of mag-
netic induction in the cross section of the coils are obtained. A comparative analysis showed that a
two-fold decrease in the thickness of the inner ring of the structure made it possible, at a frequency of
5 Hz, to reduce the total resistance of the rheostat by 1,74 times. To conduct experimental studies of
IR, a laboratory installation was created, which made it possible to remove the dependences of resis-
tance on the magnitude and frequency of the current in the coils. The experimentally obtained depen-
dences of the impedance IR on frequency at fixed values of currents are compared with the calculated
points. It is shown that the discrepancy between them is 510%. The obtained accuracy is sufficient for
engineering calculations.
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