62 36ipuuk HaykoBux mpaib JJATY Ne 2(47) 2025

EJEKTPOEHEPI'ETUKA. EJJEKTPOTEXHIKA
TA EJIEKTPOMEXAHIKA. EJIEKTPOHIKA

DOI: 10.31319/2519-2884.47.2025.7
YK 621.313.323

Yyrynos J.B., acuctent, ORCID: 0009-0001-9227-8717, e-mail: davidchugunovOO@gmail.com
Hizimos B.B., 1.1.1., mpodecop, ORCID: 0000-0002-4580-5262, email: vikbor36@gmail.com
JHIIPOBCHKUII Aep:KaBHUM TeXHIUHUI yHiIBepcHUTET, M. Kam’aHChKe

Chuhunov David, Assistant of the Department of Electrical Engineering and Electromechanics
Nizimov Victor, Doctor of technical sciences, Professor of the Department of Electrical Engineering
and Electromechanics

Dniprovsky State Technical University, Kamyanske

BIIJIUB KOMIIEHCOBAHOI JEMII®EPHOI OBMOTKHA
HA ITYCKOBI PE:KUMU CHHXPOHHOI'O JIBUT'YHA

Haseodeno pesynomamu 00CniodiceHHs: Nau8y KOMNEHCOBAHOL deMn@epHoi 0oMomKu Ha nyc-
KOGI pedtcumu CUHXpOHHO20 08ucyHa. 1Ipogedeno ananiz cy4acHux HayKosux 00CHiodicens ma nyonika-
yiu 3 yiei memamuku. Ilpedcmasneno cucmemy oughepenyianbHux pigHsAHb e1eKMPUUHOL MaA MeXaHiy-
HOI pigHoBazu, KA 6UKOPUCIOBYEMBCS Ollsl MOOENIOBAHHS NYCKOBUX PEHCUMIE CUHXPOHHUX OBUSYHIG
(CA) i3 komnencosanoro demneepnoio oomomxoro. I1obyooeano cmpykmyphy cxemy makoeo 08UcyHa
Ma HABEOEHO PO3PAXYHKOGI 3ANeHCHOCMI npoyecy 1020 nycKy 3a YMOGU 3ACTHOCYBAHHA CAHOAPMHOT
ma KOMReHCO8aHOi OeMn@epHux oOMOmoK. Y 36’A3Ky 3 yum 00CNIOdNCeHHs 8NAUY KOMNEHCOBAHOL
Ooemngheproi 06MOmMKU HA NYCKOBI PENCUMU CUHXPOHHO20 08USYHA € AKMYATbHUM MA OOYINbHUM.

Kntouoei cnoea. cumuxponuuii 08uUSYH; KOMNEHCOB8AHA OeMnepHa 0OMOmKA, NYCKOBUl
peoicum.

The article presents the results of a study of the influence of a compensated damper winding
on the starting modes of a synchronous motor. An analysis of modern scientific research and publica-
tions on this topic is carried out. A system of differential equations of electrical and mechanical equi-
librium is presented, which is used to model the starting modes of a synchronous motor with a com-
pensated damper winding. A structural diagram of such a motor is constructed and the calculated
dependences of its starting process are given under the condition of using standard and compensated
damper windings. In this regard, the study of the influence of a compensated damper winding on the
starting modes of a synchronous motor is relevant and appropriate.

Keywords: synchronous motor; compensated damping winding; starting mode.

IMocTaHoBKa npo6aeMu

3abe3neueHHs aCHHXPOHHOTO MYCKY MOTY>KHUX BUCOKOBOJIbTHUX CUHXPOHHUX ABUTYHiB (CJI)
3 Oe3rocepe/IHIM KHUBIICHHSM BiJ| €JIEKTPOMEPEKi 3aIUIIAEThCS aKTyaJbHUM 3aBIaHHSM, MEpeayciMm
JUTSL €JICKTPONPUBO/IIB MEXaHI3MIB 3 BEJIMKUMH MOMEHTAMH 1HEPIIii Ta 3HAYHUM CTATUYHHM OTIOPOM.
Jo Takux MexaHi3MiB HaJeXaTh KyJbOBI H CTpHKHEBI MIIMHH, OapabaHHI OKOMKOBYBadi, ApoOapKH,
CKpPEOKOB1 KOHBEEPH TOIO. AKTYAIBHICTh LILOTO MUTAHHS TAKOXK 3pOCTa€ B yMOBAX >KUBJICHHS JBUTY-
HIB BiJl JIOBI'HX EJIEKTPUYHUX MEPEXK, 10 € XapaKTePHHUM JUTs TIPUBOJIIB MEXaHi3MiB OYpOBHX yCTaHO-
BOK Ha(TO- Ta ra3oBUAOOYBHOI MPOMHCIOBOCTI, @ TAKOXK TYpOOKOMIIPECOPIB ra3onepeKadyBaJbHUX
CTaHIIIH.

AHaJi3 ocTaHHIX J0CTiTKeHb Ta MyOikamii

AHai3 BiIOMHX CIIOCOOIB 1 TEXHIYHMX 3aCO0IB MiIBUIIEHHS KPYTHOT'O MOMEHTY CHHXPOHHUX

neuryHiB (CI) y pexxuMi acCHHXpOHHOTO IycKy [1, 2] cBiAuuTh, 1110 HAWNOUIMPEHIIIUMH Cepell HUX €:
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3aCTOCYBaHHS CIeElialbHUX 3aKOHIB KEPyBaHHS KOHTYPOM 30YKEHHS, HOTO YCKJIaTHEHHS MUIIXOM
BBEJIEHHS JIOAATKOBUX aKTHBHHUX a00 MACHUBHUX eJeMeHTiB, Moaudikamis korcTpykmii CJl, a Takox
BHKOPHUCTaHHS PO3MIEIIEHNX a00 J0JaTKOBUX 00OMOTOK [3, 4].

Cepen HaBeleHHX METOAIB HAMOINBII €(EeKTHBHUM € BKIIOUYCHHS €MHICHUX HAKOIMMYYyBadiB
eneprii (CHE) y xontyp 30ymxenns CJI. Takuii miaxia 103BOJISE CYTTEBO MiABUITUTH TyCKOBUH MO-
MeHT 0e3 HeOOXiTHOCTI ICTOTHHX 3MiH Yy KOHCTPYKIIi caMOro ABUTYHA, IO pOOWUTH HOTO TEXHIYHO i
€KOHOMIYHO TTPUBAOIMBIM.

Pazom i3 THM, OCHOBHUM HEIOJIIKOM 3a3HAYEHOTO CHOCO0Y € 3aNIEKHICTh eEKTPOMArHiTHOrO
MOMEHTY, IO PO3BUBAETHCS JABUTYHOM IIiJl Yac IyCKY, BiJ CTYIEHS €MHICHOI KOMIIEHCAIll 1HIyKTHB-
HOrO omopy oomotku 30ymkenHs (O3). Ockinbku emHicTh €HE 00epHeHO mpomopiiitHa KBagpaty
KOB3aHHS, TO 31 3MEHILICHHSM OCTAaHHBOTO BiI0YBAETHCS 3pOCTaHHS €MHICHOTO OIOPY, IO MOXKE MpU-
3BOJIUTH 10 (PAaKTHYHOTO PO3PUBY KOHTYpPY 30yMKEHHs. 3 i€l NPUUMHHU Y MPAaKTUUHUX peati3aisax
€HE 3a3Buvaii BUKOHYIOTh 0araToCTyMHYaCTHMH, 13 3a0€3MeUeHHsIM IITYHTYBaHHS Ha MTEBHUX eTarax
nycky. B ifeansHOMY BHIIAJIKy €MHICTh HAaKOMMYyBada Ma€ 3MiHIOBATHCS 3aJIeKHO BiJl KOB3aHHS, IO
MOJKJIMBO peajli3yBaTH IUISIXOM 3aCTOCYBaHHs €MHICHUX CTPUKHIB Y CTPYKTYpi AeMIpepHOi 00MOTKH
[5, 6].

®opMyTI0BAaHHS METH 10CJTi/KEHHS

MeTor0 AaHO1 poOOTH € JTOCIIKCHHS BIUIMBY KOMIIEHCOBAHOI JeMr(epHoi 0OMOTKH Ha ITyC-
KOBI XapaKTEPUCTUKH CHHXPOHHOTO JBUTYHA. 30KpeMa, JOCIIIDKY€EThCS, SIKHM YHHOM 3aCTOCYBaHHS
KOMIIEHCOBaHO1 AeMIihepHOi OOMOTKHM BILTUBAE HA BEIMYUHY Ta CTaOUTbHICTH ITyCKOBOTO €JIEKTpOMa-
THITHOTO MOMEHTY, TMHAMIKY PO3TOHY POTOpa, piBEHb IIYCKOBHX CTPYMIB, a TAKOXK 3arajbHy e(eKTu-
BHICTB ITPOILIECY aCHHXPOHHOTO MmycKy. OTpuMaHi pe3yabTaTH MOKYTb OyTH BUKOPUCTAaHi JJISl ONTHMi-
3arii KOHCTPYKIIii Ta PeKUMIB pOOOTH CHHXPOHHUX €JIEKTPOIPUBO/IIB, IO MPAMIOIOTH B yMOBaX 3HaU-
HUX MEXaHIYHMX HaBaHTAXXEHb 1 )KOPCTKUX BUMOT JI0 HAJIHHOCTI Ta eHeproeeKTHBHOCTI MyCKOBHX
MPOIIECIB.

Buknag ocHOBHOro Mmarepiajry

VY pexnMi acCHHXPOHHOTO MyCKy CHHXpoHHOTO nBuryHa (CJl) e1exTpoMarHiTHIU MOMEHT, IO
CTBOPIOETHCSI KOHTYPaMH pOTOpa, € MPOMOPIIHHUM N00YyTKy enekrpopymiiHoi cunu (EPC) Ta ctpymy
potopa. [Ipu upomy mixk EPC, sika HaBogutbes B ocepai 30ymxenns (O3), i ctpyMoM, 110 IPOTIKae B
HBbOMY, CIIOCTEPIraeThesi (Pa3oBHi 3CYB, SKHI HaOMIKaeThes 10 90 eNeKTPHYHMX TpaayciB. AHAIOTIU-
HO, y JemrdepHili 0OMOTII poTopa Takok BUHUKaE (azoBuii 3cyB mixk EPC i ctpymom, mpote neit
3cyB MeHIIWH, HiX B O3, uepe3 BUILIUI akTUBHUH or1ip AeMiipepHoi 0OMOTKH. XapaKkTep MOMEHTY, [0
CTBOPIOETHCSI, 3aJI€KUTh Bia criBBinHomeHHs ¢a3 EPC i ctpymy: npu onnakosux 3Hakax EPC i ctpy-
MY BHHUKA€ PyXOBHI MOMEHT, a IPH MPOTUIICKHUX — TaJIbMiBHUI MOMEHT.

st migBuieHHs: pyxoBoro MoMeHTy Bij O3 HeoOXiHo 3MeHIUTH (azoBuii 3cyB mMix EPC i
crpymMoM. Lle mocsiraeThCs MUITXOM YBIMKHEHHS ITyCKOBHX PE3UCTOPIB 200 €MHICHUX HAaKOITMYyBadiB
eneprii (€HE) uepe3 koHTakTHI Kbl poTOpAa.

3 MeTor0 KOMITeHcallii iHAYKTUBHOTO OMOpY AeMI(pepHOi OOMOTKH, OCTaHHIO MOYKHA BHKOHA-
TH Y BUIJISIJII EMHICHUX CTPWKHIB, 3’ €IHAHUX MK COOOI0 Ta YKIIQJICHHX y Ma3u nonrocie poropa CJI.
KoyxeH eMHICHUIT CTPIKEHB CKIIAJA€ThCS 3: TUIOCKHX LIHH, PO3UICHUX IIapOM KOMITO3UTHOTO JTieeK-
TPHUKa 3MIHHOI TOBIIWHH Ta i30JIbOBAHUX 3a JIOTIOMOTOIO Ma30BOi i30isMii. Take KOHCTPYKTHBHE pi-
HICHHS JIO3BOJISIE TOKPAIIUTH MycKoBi xapaktepuctuku CJI, 3MeHmmTH (a3oBuii 3CyB Ta MiIBUIIATH
e(eKTHBHICTh CTBOPEHHS €JIEKTPOMArHiTHOIO MOMEHTY B IIEPEXiTHOMY PEXHMi.

VY no4aTKOBHII MOMEHT ITyCKY 4epe3 sIBULIEC BUTICHEHHS CTPyMY B IIMHAX €EMHICHUX CTPIIKHIB
ixHs edekTUBHA IUIOMIA MiHIMajbHA, IO 1 BH3HAYA€ MOYATKOBE 3HAYCHHS €MHOCTI HAKOMUYyBauda
e”eprii. Y mipy posrony C/l magae yacToTa CTpyMy B IIMHAX €MHICHUX CTPW)KHIB, 110 MPU3BOAMTH J0
3011bLIeHHS €PEeKTUBHOI IO TAa BETMYMHU €MHOCTI HAKOITMYyBaya eHeprii.

Hasenena cucrema audepeHIianbHUX PiBHAHB €IEKTPHYHHUX Ta MEXaHIYHUX PIBHOBAr BHUKO-
PHUCTOBYETBCS JIJISI TOCTIJDKCHHS BIUTUBY KOMITIEHCOBAHOI JeMII(pepHOi 0OMOTKH Ha MYCKOBI PEeXKUMU
CH. 3 ypaxyBaHHAM 3arajlsHONPUHHITUX NPHUITYIIEHb, PIBHSHHS CKJIAIOBUX HANPYTH EIEKTPHYHHX
koHTYpiB CJl 3a 103/10BXKHBOIO Ta MONEPEYHOIO OCSIMH Y CUCTEMI BIJHOCHUX OJMHHIbP MAlOTh TaKHii
BUTJISIL
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Ud =r1id + p\Pd —\Pq(D;
Uqg =Rig+ p¥q+¥Ygo;
Uf =TI (K-i-l)lf +p¥y;

. 1 . _ 1
0= i ld +padhd P¥ia: 1)
. 1 .
0= rkqlkq +Excq'kq + plqu.
ne Ugi Ug — Hampyru mo3IoBKHBOTO Ta MONEPEeYHOro KOHTYpiB cTaropa BiAmoBiaHo; Us — Hampyra

KOHTYPY 30YIPKEHHS;, Xcd 1 Xcq — peakTuBHI ornopu €HE y mo310BXHBOMY Ta TIOIIEpEIHOMY KOHTYpax
MyCKOBOT 0OMOTKH BiJiNoBiIHO; K — KpaTHICTh ITyCKOBOTO PE3UCTOpA.
3anuiemMo BUpa3y JUIsl MOTOKO34erieHb KoHTypiB C/1:

\Pd =X0id + Xad (Id +if +ikd):Xc5id +\116d;
¥q =Xslg + Xaq (lq +|kq)=x6|q +W¥sq:
W =X +Xaq (ig +if +ika )= Xor i1 + Poq; )

Wi = Xokdikd + Xad (i +if +ikg ) = Xokaika + Poq

qu = Xquikq + Xaq (Iq + ikq ) = Xquikq + LPSQ'

PiBHsiHHS pyXy poTopa:
lPd iq —\Pqid — MC = Jp(D (3)

3 BpaxyBaHHsM piBHAHB (1) mepenuieMo BUpa3 sl HOTOKO34EIUIEHb KOHTYPIB (2) y dopwmi,
OLITBII 3pYYHIN AJIT MOJISITIOBAHHS

) 1 )
\Pd :(XGId +qj8d )ZE(Ud +‘qu—rlld ),
. 1 .
¥y :(Xcld +‘P5q):5(uq —\Pdm—rllq);
) 1 ;
\Pf Z(chlf +‘P5d)=B(Uf+rf [K-i—l]lf); (4)
. i . 1 .
Pid = (Xokdikd +‘P6d)=—5[rkd'kd "‘Excd'kd J

. 1 . 1 .
lqu = (Xckqlkq + \P5q ) = —E(rkqlkq +EXqukq j

Ha ocHoBi piBHsHB (4) oTpuMy€eMO CTPYKTypHY cxemy CJI 3 KOMIIEHCOBaHOIO AeMI(epHOI0
obMoTkom0 (puc. 1).

Po3paxyHKOBI XapaKTEPHCTHKH ACHHXPOHHOTO MYCKYy CHHXPOHHOTO JBHTYHA BHKOHAHI JIJIs
neuryna C/1C3-2000-100 31 ctanmapTHOIO JAeMIIpepHO0 0OOMOTKOIO Ta IS IOTO JBUTYHA 3 KOMIICH-
coBaHOM0 JeMrnepHoro 0OMoTKoI0. [TapameTrpu 3anporonoBanoi nemndepHoi 0OMOTKH, 5K 1 CTaHaap-
THOI, TIO3/I0BXKHBOT 1 IOTIEPEYHOT Oci, pi3Hi Yepe3 SBHOIOOCHICTL potopa C/I.

Ha puc. 2 HaBeneHi po3paxyHKOBI 3alie)KHOCTI npotecy nycky CJI 31 cTaHAapTHOIO KOMIICH-
COBaHOIO JeMITpEepHOI0 OOMOTKOFO.
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Puc. 1. CtpykrypHa cxema CJ] i3 KOMIEHCOBAHOO JeMII(PEPHOI 0OMOTKOIO
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Puc. 2. Peauctopuuii myck C/I 3 4OTHpPUKpPATHUM J10JJaTKOBUM OIOPOM: &) 4acTOTa 00epTaHHS
portopa ta MmomenTy CJI; 6) cTtpym craTopa Ta 0OMOTKH 30yIKEHHS; B) CTPYMH JeMII(pEepHUX KOHTYPiB
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Puc. 3. €mMHICHA KOMIIEHCAIIISI TOB3I0BKHBOTO 1 MoniepeyHoro aemMndepHux KoHTypiB R = 4Ry,
Xked Taga€ Bix Xad 10 0 3a 700 ¢, Xieqg mamae Big Xag 10 0 3a 400 c¢: a) yacTora oOepTaHHS poTOpa Ta
momenTy CJI; 6) cTpyM craropa Ta 0OMOTKH 30y/DKEHHSI; B) CTpyMH JieMIIpepHUX KOHTYPIB
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3 aHanizy po3paxyHKOBUX 3aJIeKHOCTEH BUILTHBAE, IO CEPEIHE 3HAUCHHS eJIEKTPOMArHiTHOTO
MOMEHTY 3MIHIO€THCS Big 1,2 B. 0. 10 2 B. 0. IPH CEMUPA30Bii BENWYHHI OOTHHAIBHUX aMILUIITY CTPY-
My craropa. Yac mycky CJI cranoBuB 1000 en. c. Ctpym B O3 cTaHOBHTH 2 B. 0., CTPYM Y TIO3TOBXK-
HBOMY JIeMI(EepHOMY KOHTYPi HE IIEPEBUIILY€E 3HAUCHHS 5 B. 0., y NIONIEpEeYHOMY — He Oiblie 6 B. 0.

Po3paxyHKOBi 3aJI€:KHOCTI MPSIMOTO acMHXpOHHOTO mycky CJl i3 kommneHcoBaHo aemidep-
HOI0 0OMOTKOIO HaBEIICHO Ha PHC. 3.

3 iIXHBOTO aHaNi3y BUIUIMBAE, IO CEPEHE 3HAUEHHS €EeKTPOMArHiTHOTO MOMEHTY JIEKHUTH Y
MeXax Bif 2 B. 0. 3 JIOK&JIbHUM MaKCHUMYMOM JI0 5 B. 0. B 00JacTi OJM3bKOi 10 HAIliBCUHXPOHHOI
MIBUAKOCTI 00epTaHHs poropa. OOTMHAIBHA aMILTITY CTPYMY cTaTtopa € OJu3pKoio 0 8 B. 0. Bimdy-
Ba€THCS TAKOXK CYTTEBHI MEPEPO3IONLT CTPYMIB Y KOHTypax potopa 3i 3poctaHHsM ctpymy O3 Bix 2
B. 0. 10 6 B. 0. CTpymu B JeMIi)epHUX KOHTYpax € OJM3bKUMU 110 6 B. 0. 3 Pi3HUM YaCOM 3racaHHs.
Yac mycky CJl i3 KOMIEHCOBaHUMH AeMI(pEpHUMH KOHTypaMu cTaHoBuB 750 en. c., mo Ha 25 %
MeHIIIe y MopiBHAHHI 3 TyckoM C/] 31 cTaHgapTHOIO 0OMOTKOIO.

BucHoBKH

€MHICHA KOMIIGHCAIIS 1HIYKTHBHOCTI JeMI(epHoi 0OMOTKHU J03BOJISE IMiJBUIIUTH CEPEIHE
3HaYeHHS eNeKTPOMAarHiTHOro MoMeHTy C/I Ta CKOPOTHTH TPHBANICTh HOTO IMyCKYy MPH HE3HAYHOMY
30UTBIICHH] CTPYMIB Y BIATIOBITHIX KOHTYpaXx.
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INFLUENCE OF COMPENSATED DAMPER WINDING ON STARTING MODES OF
A SYNCHRONOUS MOTOR

Abstract

Asynchronous starting of powerful high-voltage synchronous motors (SMs) powered directly
from the mains is an urgent task, especially for electric drives with a large moment of inertia and static
resistance - mills, crushers, conveyors, as well as mechanisms of drilling rigs and turbocompressors
operating from extended mains. To increase the efficiency of asynchronous starting of SMs, several
methods and technical solutions have been analyzed. Among them: the use of special laws of excita-
tion circuit control; complicating the excitation circuit by introducing new elements; structural chang-
es to the SM; the use of split or additional windings. The most effective of them is the inclusion of
capacitive energy storage devices in the excitation circuit. This approach does not require significant
structural changes in the motor, but significantly increases the starting torque. The main disadvantage
of the method is the dependence of the starting torque on the degree of compensation of the inductive
resistance of the excitation winding.

Given the change in capacitive resistance with a decrease in slip, the result may be an actual
violation of the closedness of the excitation circuit. To eliminate this effect, multi-stage compensation
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with shunting at certain stages of start-up is used. Ideally, the storage capacity should change depend-
ing on the slip, which can be achieved using capacitive rods in the damper winding.

The system of differential equations of electrical and mechanical equilibrium is used to model
the influence of the compensated damper winding on the starting process. The structural diagram of
the engine with such a winding is constructed and the calculated dependencies are given.

Capacitive compensation of the inductance of the damper winding allows to significantly in-
crease the average value of the electromagnetic torque of the DC and reduce the start-up time. At the
same time, the increase in currents in the circuits remains insignificant, which indicates the effective-
ness and feasibility of using this method in industrial conditions.
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