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AnnoTanus. TpaHncdopMaTopbl HANPSHKEHHUST ¢ EMKOCTHOH HArpy3Ko# IIPH NMEpPexXOAHBIX MPOLECcaX MOIYT BBI3BIBATh Cy-
IECTBEHHOE UCKAKEHNUE BTOPUYHOTO HANPSDKCHUS CyIOBOH cerH. [l aHamm3a UCIIONMb3YeTCs U3BeCTHAs HeMMHEHHas Mo-
Jenb OHO(A3HOT0 IBYXOOMOTOYHOrO TpaHc(opMaTopa, B KOTOPOM BBINOJIHSCTCS Pa30UEeHHe MArHUTHOTO TIOTOKA Ha «pa-
00uMit» M HOTOKH PAacCEsHMS, CLECIUICHHBIE C OTACIbHBIME OOMOTKaMH, 3aMBIKAIOIIMEC BHE ceplieuHuKa. s mpakTiye-
CKHUX IIeJiell IpH PUMEHEHUH TaKUX TPaHC(OPMATOPOB BAXKHO 3HATH KAK YCJIOBHS BOSHHKHOBEHHS aBTONApaMETPUIECKIX
Kos1e0aHMi, Tak M TMHAMUKY HEepeXOJHOTro nporecca. CpaBHUTENBHYIO OIICHKY CXEM eMKOCTHOTO 0TO0pa MOITHOCTH Y100~
HO BBINOMHUTG Ha DBM, mo3Bossiomel BOCIIpOM3BOANTE HETMHEHHBIC XapaKTEPHCTUKU M BapbUPOBATH IIapaMeTphl B IIIH-
POKUX TIpefieNax, 9To 3aTPYyAHUTEILHO PH (PU3MIECKOM MOJEINPOBAHNH. Pe3yabTaThl HCCIIEOBaHMsI KOPOTKOTO 3aMbIKa-
HUS 32 PEAKTOPOM B CXeME KOHZCHCATOPHOTro 0TOOpa JJOKa3alli, YTO KOPOTKOE 3aMBIKAHHE Ha BBIBOZAX MPOMEKYTOUHOTO
TpaHcopMaTopa HE BO3ACHCTBYET Ha 3JIEMEHTBI BEPXHEro IUieya NENIMTENs HaNpsUKEHHs, HO CYIIECTBEHHO BIMSCT Ha
HIDKHEE TIIeHO JISTUTEIS M KOMIICHCUPYIOLIHIT PEaKTop, B UTOTe MOSBIIAIOTCA CyOrapMoHUKH. JIoka3aHo, YTo U1 UCCieo-
BaHUA BIMSHMS NEPEXOJHBIX MPOIECCOB (KOPOTKHX 3aMBbIKAHMI) Ha dMIEMEHTAaX JIEJMTENs HaNpshKeHUs ynoOHa paspalbo-
TaHHasl MoieNb. [IpuMeHeHHast MOZielIb YHUBEpCaIbHA IS CYIOBBIX AIEKTPOIHEPTeTHICCKUX CETel U MOXKET OBITh UCIIOJIb-
30BaHa KaK JUI1 eMKOCTHOTO, TaK ¥ JJI1 HHIYKTHBHOTO nenurens. CMomenpoBaHa cxeMa JEUTeN s ¢ KOHKPETHBIMH T1apa-
MeTpamu. MaTemaTHdeckie pe3ybTaTsl IPOBEepeHbl Ha (PU3MUECKOH MOJIeNH, TOATBEpXKIeHa KOPPEKTHOCTh MaTeMaTHde-
ckxoit Monenmy. CrienaH BBIBOJ O TOM, UTO CHIDKEHHE (pa3HOTO HANPSHKCHHS CIIOCOOCTBYET YMCHBIICHHUIO MEPEHANPSHKEHIIS
Ha 3JIEMEHTaX JICJIUTEIs IPH KOPOTKOM 3aMbIKaHHUH 33 KOMIIEHCHPYIOIMM PEAKTOPOM CXEMBbI 0TOOPA MOIIHOCTH.
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Developing model of transient processes
in transformer under capacitive load

Alexander S. Bordyug

Kerch State Maritime Technological University,
Kerch, Russia, alexander.bordyug@mail.ru

Abstract. Voltage transformers with capacitive loading during transients can cause significant distortion of the sec-
ondary voltage of the ship's network. For the analysis, a well-known nonlinear model of a single-phase two-winding
transformer is used, in which the magnetic flux is divided into “working” and leakage fluxes coupled to individual
windings that close outside the core. For practical purposes, when using such transformers, it is important to know
both the conditions for the occurrence of autoparametric oscillations and the dynamics of the transient process. It is
convenient to carry out a comparative evaluation of capacitive power take-off schemes on a computer, which makes it
possible to reproduce non-linear characteristics and vary parameters over a wide range, which is difficult in physical
modeling. The results of the study of a short circuit downstream of the reactor in the capacitor selection circuit proved
that the short circuit at the terminals of the intermediate transformer does not affect the elements of the upper arm
of the voltage divider, but significantly affects the lower arm of the divider and the compensating reactor, as a result,
subharmonics appear. It is shown that the developed model is convenient for studying the influence of transient pro-
cesses (short circuits) on the elements of a voltage divider. The applied model is universal for ship power networks
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and can be used for both capacitive and inductive dividers. A divider circuit with specific parameters has been mod-
eled and relevant studies have been carried out. Mathematical results are verified on a physical model, which con-
firmed the correctness of the mathematical model. It has been inferred that a decrease in the phase voltage leads to
a decrease in the overvoltage on the divider elements during a short circuit behind the compensating reactor of the

power take-off circuit.
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BBenenne

Crieruuueckoii 0COOEHHOCTBIO CXEMBI EMKOCT-
HOTO 0TOOpa MOIHOCTH SIBJIAETCS HaJIM4YHMe PE30HAHC-
HOTO KOHTYpa M3 €MKOCTH ICIUTEIS ¥ HEIUHCHHOM
WHIYKTUBHOCTH TpaHC(HOPMATOpHOTO ycTpoicTra. [1o
9TOH TpHWYMHE TPAHC(HOPMATOPHI HANPSDKEHUS C eM-
KOCTHOW HArpy3KoW NMpH MEPEeXOAHBIX IMpoIeccax Mo-
T'YT BBI3BIBATH CYIIECTBEHHOE MCKA)XEHHE BTOPUYHOTO
HaTIpSDKEHUS, 3aBHCSAIIEE OT MapaMEeTPOB CXEMBI, MO-
MEHTa KOMMYTAlli{, BHJa BO3MYIICHHS, Xapakrepa
U BEJIMYHMHBI BTOPUYHOH Harpy3ku. [Ipu HeOnaronpu-
SITHBIX COOTHOIICHHSAX IApaMETPOB B CXEME TpPaHC-
dbopmMaTopa HampPsHKCHHS C EMKOCTHOW HAarpy3Kou
Bo3MOXkeH (eppope3onanc [1]. Llenbto nanHOW pabo-
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TBl SIBIsETCS pa3paboTKa MaTeMaTHYEeCKOH MOJenu
TpaHcopmaropa sl CHXKEHUS (Da3HOTO HampsvKe-
HUSL ¥ YMEHBIICHHS NEPEHANpPsHKEHUs Ha 3JIEMEeHTaX
Jenurests mpu kopotkoM 3ambikanuu (K3) B cxeme.

MarepuaJibl Hcciie0BaHUS

Kak cBHAETENHCTBYIOT JKCIEPUMEHTAIBHBIC HC-
CJIC/IOBAHUSI €MKOCTHOI'O JICIUTENs] HANPSHKEHHS MO-
JEeMpYIoIIed ycTaHOBKH (puc. 1), 1Mo cTemeHW BO3-
JCUCTBHS MOXKHO PAcCMaTpUBATh [[BA THITUYHBIX BHIA
BO3MYIICHUN: Majoe — MpPU BKIIOYCHUH CXEMbI KOH-
JICHCATOPHOTO CTHUTENsI HANPSDKEHUSI TOJ HaIlpshKe-
HHUe, Oonpmoe — npu oTkiroueHnn K3 Ha BBIBOIAX
MPOMEKYTOYHOTO TpaHCHopMaTopa.

T T ]

Puc. 1. MOZ[CJ'II/Ipy}OHIaSI CXEeMa €EMKOCTHOT'O 0T60pa MOIIHOCTH

Fig. 1. Simulating circuit of capacitive power take-off

AHanu3 nepexoaHOro mporecca mpu MalibiX BO3-
MYIIEHUSIX HEOOXOIUM sl OTPECIICHHs BeIUYNHBI
U JUTTEJIHHOCTH MCKAXKEHUS BTOPHUYHOTO HANpsKe-
HUSI, @ OpU OOJBIINX — JUIS TIPEAYIPEKACHUS, TIPEXK-
Jie BCEro, YCTOHYHMBOTO (eppOpe30HAHCHOIO PEkKH-
Ma. Bonbr-amrepHas XapakTepUCTHKA peakTopa
(puc. 2) riaBHBIM 00pa3oM BIHMSIET Ha HavalbHBIC
YCIIOBHUS MEPEXOHOTO Mpollecca Mpu OOJBIIUX BO3-
MYIIEHHUSIX, TOCKOJIbKY BeiauunHa Toka K3 3aBucHT
OT CTCNCHH HEIMHEHHOCTH KOMIICHCHPYOIICH
UHIYKTUBHOCTH.
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Puc. 2. BonbT-amIiepHast XapakTepUCTHKA
KOMIIEHCHPYIOIIEro peakTopa

Fig. 2. Volt-ampere characteristic of a compensating reactor
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Pe3onaHncHble CBOMCTBA Ha XOJOCTOM XOIy B OC-
HOBHOM  OTIPENENSIOTCS  COOTHOIICHHEM  BOJIBT-
aAMIIEPHBIX XapaKTEPHCTUK INPOMEXYTOYHOTO TpaHC-
(dhopMmaTOopa JenuTeNs, MO3TOMY BaXHO OTMETHThH Mpa-
BUJIBHOCTh BBIOOpa CXEMBI 3aMelleHus TpanchopMma-
TOpa I UCCIIEAOBAHUS MIEPEXOAHBIX IIPOIIECCOB.

Pe3ysnbTaThl HCCIe10BaAHAS

B ocHOBy M3BecTHON HENWHEWHOW MOJEIH OIHO-
(asHoro aByxoomoTouHOro TpaHcgopmaropa [2] mo-
JIOXKCHO pa30MeHHe MarHUTHOTO IOTOKa Ha «pado-
YHii», 00K 11 00erX 0OOMOTOK, 3aMBIKAIOIIMIACS 110
CTaTbHOMY CEpICYHHUKY, M IOTOKH PACCESHHUS, CIEeM-
JICHHBIC C OTACIBHBIMH OOMOTKAMH, 3aMBIKAFOIIUECS
BHE cepieyHuka. [locTpoeHHas mo 3ToMl Mojaenu
T-o0pa3Hast cxema 3aMeIIeHHs YyIOBIETBOPHUTEIHHO
OTpaXXaeT HOPMAJIbHBIC HATrPY30YHBIC PEIKUMBI U pe-
JKUMBI ckBo3HOTO K3, HO HempuromHa AJs HCCIIeA0Ba-

HUSl PEKUMOB C HEOJIMHAKOBOU 3arpy3Koil OTAEIbHBIX
00MOTOK, HallpuMep OPOCKOB TOKa HaMarHHMIHWBaHUSI.
Jlnst  ymoBieTBOpeHUs: TpeOoBaHUN HEOOXOIMMO
UCTOJB30BaTh [1-00pa3HyI0 cXeMy 3aMeIleHHs TPaHC-
¢dopmaropa. [Tpu uccrienoBaHNK MEPEXOTHBIX MPOLIEC-
COB B CXeMaX C EMKOCTHBIM OTOOPOM MOIHOCTH
MPEeXIE BCEr0 OCTAHOBUMCSI Ha TpeX pexuMax
(cM. puc. 1): BKIIOYEHHE YCTPOMCTBA EMKOCTHOTO OT-
0opa MOITHOCTH, TPU ITOM 3aMBIKAETCSl TIepeKIItoda-
Tenb Py, a P, P; pa30MKHYTHI; BKJIIOUEHHE HArpy3KH,
IIpU ATOM 3aMbIKAalOTCs mepexnroyarenu Py, P, a P;
pa3zoMkHyT; K3 Harpy3ku, mpu 3TOM 3aMBIKAIOTCS TIe-
pexmouarenu Py, P,, P;. Jlna uccnenoBanuii 3Tux pe-
KUMOB pa3paboTaHa MaTeMaTH4eCKas MOJENb, KOTOpas
MOYKET OBITh WCIIOJIb30BaHA JJIsI pacueTa TepeXOHBIX
MIPOIIECCOB KaKk B CXeMe EMKOCTHOTO OTOOpa, Tak
Y B MHAYKTUBHOW WM MOJOOHBIX cxeMax (puc. 3) [3-5]:

] dicl
U, =U, +U, +R,i + L, ;
dt
di d L
U, -L,—L2-i +R. |=WS —|B ———F_|;
C, P dt P(Rnoc T]) 1 Cdt c VVIZSC K
dB, L di,
WS~ == R, —i, (R, +R,) - L, =0
dU, dU,
C L=i,+C =
Yar T T ar
iPI/I/vl =lﬂHﬂ _F:<’
iZVVZ :chc +F;<’
B, _ch _ 5 ;
S S R

iy =1

rae Uy, U ) UC2 — HanpsDKEHUsT (a3HOTO BEPXHETO

M HIDKHETO TIUIeda JCIHUTEIS COOTBETCTBEHHO;
icl, ip, Iy, Iy, Iy — TOKA B BEPXHEM ILIEYE, B PEAKTOPE,

BO BTOPHUYHOH OOMOTKe TpaHCchopMaTopa, B BETBH
Harpy3ku u K3; W, W, — 4iciio BUTKOB OT MEPBUUHON
U BTOpUYHOH 0OMOTOK Tpancpopmaropa; S, S, — ce-
YeHHe CTEP)KHS U sgpMa TpaHchopmaropa; [, [, — mim-
Ha CTEpXHS W sijpMa MarHWTONPOBOAA TpaHchopmaTo-
pa; H., H, — Hanps»KCHHOCTH MATHUTHOTO IIOJIS
B CTEp)KHE U IpME MarHUTONPOBOJIa TpaHchopMmaTopa;
F = Ry @, — MarHuTOABMXKYINasi CUiIa, 3aTpadyuBae-
Masi Ha IpPOBEJEHHE MOJHOro IMoToka paccesHuss D
gepe3 MeXIyoOMOTOYHOE MPOCTPAHCTBO; R, — Mar-
HUTHOE COTNPOTHBIICHUE Ha MOTOKe D, B MEXKITyoOMO-
TOYHOM HPOCTPAaHCTBE TpaHchopmaropa; R, RT1’ RTz’

Ry, RP1+ — aKTUBHOE COINPOTHUBJICHWE HATPY3KH, TIep-

3
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BUYHOH, BTOPUIHON 0OMOTOK TpaHc(opmaropa u mepe-
Kimouareneu Py, P,, Ps; Cy, C,, LPH — €MKOCTH BEpXHe-

r0 ¥ HWKHETO JeNUTENs HANPSHKEHUST HHHYKTUBHOCTH
nepexnmouarenet Py, P,, Ps;; B., B, WHIYKIUS
B CTep>KHE U IpME MarHUTOIPOBO 1A TpaHCHopMaTopa.

CornacHo [3] Ry MOXHO HAlTH W3 CIIEIYIOIIETO
COOTHOILICHUS:

rae Ly, L., — ungyktusHocTh K3 Tpanchopmaropa,
NPUBEJICHHAS. K YKHCIYy BUTKOB NEPBUYHOIN HIM BTO-

pHYHOI OOMOTKH.
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Puc. 3. PacueTHas cxema eMKOCTHOTO OTOOpa MOIITHOCTH

Fig. 3. Design diagram of capacitive power take-off

Pemienne HeHarpy>KEHHON CXEMBI EMKOCTHOTO OT-
0opa MOIIHOCTH TOJi HANPSKCHUEM J10Ka3alio, YTO
IpU «MajJoM» BO3MYIICHUU HE BhI3bIBacTCs (eppope-
30HaHC Ja)XX€ MpPHU OTCYTCTBHH CIIEHHAIBFHOTO JEMII-
(dupyromero ycrpoiictaa [6].

Pesynmpratel uccienoBanus K3 3a  peakTopoMm
B CXeMe KOHJeHcaTopHoro otbopa (Tabnwma) mon-

TBepamnd, uto K3 Ha BBEIBOAAX NPOMEXKYTOYHOTO
TpaHcopmaropa HE BO3JECHCTBYET Ha DIIEMEHTHI
BEpPXHEro Ijeya JeNuTeNs HampsDKeHUs, HO Cylie-
CTBEHHO BIIMSET Ha HIDKHEE IUICYO NEIHUTENS U KOM-
NEHCUPYIOMNN PEaKTop, B UTOTE TOSBISIOTCA CyO-
TapMOHHUKH.

PesyanaTm HCCJICA0BAHUA KOPOTKOI'0 3aMBbIKAHUS 32 PEAKTOPOM B CXE€ME€ KOHACHCATOPHOTO OT60pa

Results of studying a short circuit behind the reactor in the capacitor selection circuit

DJIeMeHTbI AeTUTeIst

M3mMeHeHHe KPUBOii HANIPSKEHUS
npu K3 3a peakTopom

3ameuyanus

Ha Bepxnem meue C;
JIeIUTENs

He HaOmonaeTcs M3MEHEHHI B aMILIUTYIE,
TOJTYYarOTCS OIMHAKOBBIE KPUBBIE
IIPY HAJIMYHMU HArPy3KH WK Oe3 Hee

Ha mmwxkuem mieue C,
JIETTUTENS

28

HabmroatoTest ckayky HaMpsoKEHUS
U HECHHYCOMaNbHbIE, HO P HAJIMYUU
HArpy3KH He IIPEeBIIAIOT 2 % OCHOBHOI
TapMOHMKH, a 0€3 Harpy3KH MOSBIISAIOTCA
TaK)Ke TapMOHHUKHU

Ha peakrope

AMIUTUTY/Ia TIOYTH HE H3MEHSETCH,

HO IIPU HAJIMYUH HATPY3KH BO3HUKAIOT
JIpyTue TapMOHUKH, a 0e3 Harpy3Ku
aMIUIMTY/1a HANPSHKCHHS U3MEHSIETCS
U nepeHanpsbkeHye npessimaer 13 %
OCHOBHOH aMIUTHTYIBI, a TAKXKE MOSBIAIOTCS
JIPYTHe TapMOHUKH
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CaMmplii OTIaCHBIA PEXUM JUJISl HIDKHETO Iieda Je-
muTens u peaktopa — K3 Ha BeIBoax TpaHchopMaropa
06e3 Harpys3kw, TIe¢ BO3HHKAIOT HECHHYCOHMIAIbHBEIC
HATIPSKCHUS, a TCPEHANPSHKCHUE OCTUTAeT HWHOTIA
6osbie 20 % OCHOBHON rapMOHHKH.

BruiBoabl

1. na wuccrnemnoBaHHWsS BIUSHHUS IEPEXOIHBIX
MPOIECCOB (KOPOTKUX 3aMBIKAHUI) HA DJIEMEHTaX Jie-
JUTENS HanpsOKEeHUsT yaoOHa pa3paboTaHHAs MOJEINb.
Mogens yHHBEpcaJdbHa M MOXKET OBITH HCIIOJIE30BaHA

KaK JJIsl eMKOCTHOTO, TaK U Ul UHIYKTHBHOTO IEJH-
tesst. CMOJIETMPOBaHa CXeMa JIeTUTeIsl C KOHKPETHBIMHU
napameTpamu, U MPOBE/IeHbl COOTBETCTBYIOIINE HCCIIe-
JOBaHMs. MaTeMaTH4ecKue pe3ysbTaThl MPOBEPEHBI Ha
(bu3nUecKoil MOJIENHN, COTIACHO KOTOPOW MOATBEPMKIIC-
Ha KOPPEKTHOCTh MaTeMaTHIECKOW MOJICIIH.

2. CuHmxeHue (a3HOTO HANPSHKCHUS MPUBOIUT
K YMCHBIICHHIO MEPECHANPSIKCHUS HA JIIEMECHTaxX Jie-
mutenst npu K3 3a KOMIIGHCHUPYIOIIAM PEakTOpoOM
CXeMBI 0TOOpa MOITHOCTH.
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