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High voltage conventional power trans-
formers are very popular in modern electric
power industry. The use of a digital com-
puter to analyze transients in electric
power systems requires accurate and effi-
cient simulation models of all major pieces
of equipment. Good models exist of trans-
mission lines, synchronous machines and
motors but a transformer model with an
accurate and realistic representation of the
electromagnetic effects has been lacking. A
good transformer model is needed not only
because transformers exist at every point in
electric power systems where a change in
voltage level takes place, but even more

BricokoBombTHEIE TpaHcdOpPMAaATOPEI
OYeHb IIOIIYJIAPHBI B COBPEMEHHOM 3JIEKTPO-
OHEpPreTUYEeCKOl IpoMbIILIeHHocTH. Mc-
noab3oBanue OBM mja amanmsa mepexon-
HBIX IIPOIIECCOB B 3JIEKTPOIHEPreTHUECKUX
crucTeMax TpeOyeT TOUHBIX U o(P(PEKTHBHBIX
MoJieJIen BCEeX OCHOBHBIX COCTaBHBIX
2JIeMeHTOB. XOpOIKUe MOJEJU CYIIEeCTBYIOT
JIJIsT JIMHUEM 9JIEKTpoIIepeaayun, CUHXPOHHBIX
MaIlliH W [OBUraTesiell, HO MO TPaHC-
dopMaTOpPOB C TOYHBIM M PEATUCTHUIHBIM
HpenCcTaBJIEHHEM JJIEKTPOMATHUTHBIX o~
derxroB orcyrerByior. Ilpopaborammas
MoOJeJ b TpaHcdopMaTopa HeobXommma
HE TOJIBKO TIOTOMY, YTO TPAHCHOPMATOPHI
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The aim of this project is the development of the mathe-
matical and computer models and algorithms allowing per-
forming analysis of characteristics of high voltage power trans-
formers under different working load conditions in Comsol-
Simulink environment.

* JlamHass pabora crajia BO3MOYKHON 6J1aromapsi MCCIIeno-
BaresibckoMmy rpanty IlIsenckoit Koposesckoit AkagemMun HayK,
KOTOPBIN JTaJl MHE BO3MOYKHOCTB IOpaboTaTh B KA4eCTBE rocTe-
BOTO HCcJIenoBaresss B 1aaIMepecKoM TeXHOJOIHYeCKOM YHUBEP-
curere 1. I'erebopr, [IBemus. f xores 6bI BeIpa3uTh CcBOW 6OJa-
romapHocThb [Ipodeccopy CraumciaBy ['ybarcku u mpodeccopy
IOpuro Ceppaory 3a OpraHuU3alMi0 3TOr0 BU3UTA U UX UYTKOE
oTHOIIIEHWe BO BpeMsi moero mpeObiBanus B [lBerun. Taxske
6oJIbIIIOe crIacubo BCeM COTPYAHUKAM KadeIpbl BBICOKOBOJILT-
HOU MHKeHEPUH, ¢ KeM MHe IIPUXO0JUJIOCh paboraTs. Beuio meit-
CTBUTEJIBHO MHTEPECHO, paboTaTh CO CTOJIb BHICOKOKBAJIUDUITA-
POBaHHBIMU TTPOGECCUOHATIAMU.

ITess mpoerTa — pa3paboTKa MATEMATUYECKUX W KOMITBIO-
TEPHBIX MOJEeJIed W AJTOPUTMOB, ITO3BOJISIOIIUX IIPOM3BOIUATH
aHAIM3 XAPAKTEePUCTUK BBICOKOBOJLTHBIX TPaHChOPMATOPOB
IpHU Pa3JIMUHBIX peskuMax pabdorsl B cpeme Comsol-Simulink.

28



HugopmayuoHHble mexHo102UU U UHGOPMAUUOHHBLE CUCTIEMDbL

importantly because often transformer be-
havior is crucial to the phenomena being
investigated. The modeling of iron-core
transformer plays an important role in the
dynamic simulation of power system tran-
sients such as inrush currents, short cir-
cuits, and fault conditions.

The interest to computer modeling and
simulations of different electromagnetic de-
vices and apparatus has grown increasingly
during the last decade. At present, modern
computer industry offer a huge amount of
tools for computer modeling and simula-
tion. Some of the programs are manly ori-
ented on electromagnetic field analysis
based on the FEM (Finite element method),
like Ansys, Comsol Multiphysics, Elcut, etc.
Other programs gave us an opportunity of
making circuit dynamic simulations. These
programs are Matlab (Simulink), Electronic
workbench, Pspice, etc.

The main idea of our research work was
to integrate these two different types of
software to be able to perform robust and
accurate simulations of high voltage power
transformers. During our research we used
two different programs for computer simu-
lation, one is Simulink, which is a part of
Matlab package, and another one is Comsol
Multiphysics. Integration of these tools
gave us an opportunity to combine electro-
magnetic field computations with dynamic
circuit model.

Modeling of electromagnetic fields
within a transformer is a challenging task
due to complex geometrical structure and
the diverse combination of material types.
To compute distributions of electromagnetic
fields formed in its magnetic circuit, one
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IPUCYTCTBYIOT B KaKIOU TOUYKE 3IJIEKTPO-
OHEPreTHYECKON CHUCTEMBI, I'/e ITPOMCXOIUT
W3MEHEeHNe YPOBHS HANPSKEHHS, HO, UTO
naske 0oJiee BasKHO, IIOTOMY YTO 4acTo pado-
Ta TpaHcdopMAaTOpPa BIIKSET HA CTAOMJIIb-
HOCTBh BCeU 23JIeKTPOIHEPTeTUYEeCcKO! cucTe-
MBI B 1tesioM. MogenupoBaHue BBICOKO-
BOJIBTHBIX TPaHCQOPMATOPOB HUIPaAeT Bask-
HYIO POJIb B JUHAMHYECKOM MOIEIUPOBAHNHI
IePEeXOMHBIX IIPOIIECCOB, MIPOUCXONAIINX B
QJIEKTPOOHEPIreTHYECKOM  CcHCTeMe, TaKUX
kak Opocky (IIycKOBOTO) TOKa, KOPOTKUE
3aMBIKAHNSA, HECUMMETPHUS ITUTAOIIEro Ha-
OPSKeHns M MHOTOe APyToe.

HHTepec K KOMIIBIOTEPHOMY MOIEJIAPO-
BAHHUIO PA3JHUYHBIX  3JIEKTPOMATHUATHBIX
YCTPOMCTB U allllapaToB 3HAYUTEJIHHO BBIPOC
3a 1ociengHee IecaTwieTHe. B Hacrosiee
BpeMs COBpeMeHHAas KOMIbIOTEpHAs IIPO-
MBIIIJIEHHOCTD IPEaJIaraeT OrpoMHOe KOJIH-
YeCTBO MHCTPYMEHTOB IJIS MOLEJIUPOBAHMUA.
Hexoropele u3 mporpaMm B OCHOBHOM OpH-
€HTHUPOBAHbI HAa aHAaJIN3 3JIEKTPOMAarHmuTHO"
ro moJs, ocHoBaubl Ha FEM (MeTome xoHeu-
HEIX 9JIeMeHTOB), Takue kak Ansys, Comsol
Multiphysics, Elcut, u ap. pyrme mpo-
rpaMMBL JAIOT HAM BO3MOXKHOCTH CO3HAHMS
JTUHAMUYECKHX CXEeMHBIX MOJIEeJIeH. OTH IIPo-
rpammel — Matlab (Simulink), Electronic
workbench, Pspice, u T.n. I'maBmas unesa
HAaIleN MCCIIeN0BATEILCKON PaboThl COCTOA"
Ja B TOM, 4YTOOBI OOBLEOUHUTH OTH OBA Pas-
JIMYHBIX TUIA IPOrPAMMHOIO 00ecIIeueHus
IIJIs BBITIOJIHEHUS TOYHOIO MOJIEJIMPOBAHUS
BBICOKOBOJIBTHBIX TPaHchopMaTopoB. B mpo-
Imecce HAIIEro MCCIETOBAHUSA MBI HCIIOIB30-
BAJIM JBe PA3JIMUHLIE IIPOrPAMMEBL IJIS KOM-
IBIOTEPHOTO MOIEIUPOBAHNSA, OJHA U3 HUX —
Simulink, xoTopasa ABIsgeTCS YACTBHIO IIAKe-
ta Matlab, wm gpyram -  Comsol
Multiphysics. HWarerpammss oTux  IIpo-
rPaMMHBIX HMHCTPYMEHTOB Oajia HaM BO3-
MOSKHOCTb O0OBEIMHUTH BLIUKMCICHUSA OJIEK-
TPOMATHUTHOTO IIOJIS € JUHAMHYECKHM
CXEMHBIM MOIEJINPOBAHNEM.

MonesmpoBanue 9JIEKTPOMATHUTHBIX
moJied TpaHcgopMaTopa — TpyOHAA 3amava
13-3a CJIOKHOU T'eOMEeTPUYECKON CTPYKTYPHI
W PasHOoOOpa3HOM KOMOMHAITUM IIPHMEHSIe-
MBIX THUIIOB MaTepPHUaJIOoB. UTOOBI BEIYHCIISTE
pacIpenesieHusT dJIeKTPOMATHUTHBIX ITOJIeH,
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must consider not only main magnetic flux,
but also leakage fluxes. A number of fac-
tors, such as windings and core properties
(type of materials, form and geometry) have
to be considered carefully in the modeling
process. Special attention will be given to
studying sources of loses in a transformer
and design solutions for their further re-
duction. Hence, understanding of electro-
magnetic phenomena in conventional power
transformers is the key for further progress
in this field.

In this report, therefore, a methodology
and algorithms are presented for coupling
two-dimensional Comsol FEM computation
of magnetic fields in a transformer with the
system dynamic simulator Simulink. The
main objective is to provide methods for
constructing a large-scale simulation model
in Simulink, with the FEM computation
included as a simple functional Comsol
block representing the transformer. The
benefits obtained by such a methodology
are ease model construction and simula-
tion, flexible options for post processing and
possibility of extending the finite element
analysis for engineers without comprehen-
sive knowledge of FEM computation. The
use of the finite element method in model-
ing of transformers provides a significant
advance in the degree of accuracy with
which their performance can be predicted.

The mathematical representation of
the transformer model

For making such simulation possible we
have to develop two different models, and
than integrate them, one in Comsol Mul-
tiphysics and another one in Simulink envi-
ronment. The Comsol model is necessary to
compute all electromagnetic parameters of
transformer during simulation. Than all
needed calculated parameters should be
transferred to Simulink from Comsol model
for making dynamic simulation.

chopMHPOBAHHEBIX B €r0 MATCHATHOM IIEIIH,
HY’KHO pPAacCMOTPEeTh He TOJbKO TJIABHBIN
MATHUTHBIN IIOTOK, HO TAKsKe M IMOTOKU pac-
cegausda. MuHoecTBO (PaKkTOpPOB, TAKHX KaK
TAID OOMOTKHM M CBOMCTBA CepIeuHHKA
JIOJI?KHBI OBITH TINATEJILHO PACCMOTPEHBI I
VUTEHHI B IIporiecce moaenupopauus. Ocoboe
BHUMAHWE TaKKe CJIeAyeT yIeJINTh H3yue-
HUIO MCTOYHHWKOB IIOTEPh B TpaHcpopMaTope
U pas3paboTKe pelleHuid 10 UX JaJIbHeHIIe-
My COKpalleHuo. B ¢Bs3u ¢ yueM moHMMAaHue
OJIEKTPOMATHUTHBIX SBJIEHUHA B BBICOKO-
BOJIBTHBIX CHJIOBBIX TpaHcdopMaTopax sB-
JISIeTCA KJIIOYEBBIM MOMEHTOM IJIsI IaJib-
HeHIIero mporpecca B JAHHOM 00JIaCTH.

B craree mpencrasiiensr merTomosiorus u
QJITOPUTMEI )11 O0bEeIUHEHUS JBYXMEPHOI0
Comsol FEM wmopmenmvupoBaHusas MarHUTHBIX
mosieit B TpaHcopMaTope ¢ OUHAMUYIECKOM
momesipio B cpeme Simulink. ItaBuas 1menb
COCTOHUT B TOM, YTOOBI 00ECIIEUUTH METOIBI
HOCTPOEHHS KPYIIHOMACIITAOHOM MOIEJIH B
Simulink, ceszzaunoit ¢ FEM Brrunciennem,
HHTEerpupoBaHHBIM B Simulink xax mpocroii
dyarmmronaneaei 610k Comsol, mpemcras-
asomuii  coboir Tpancgopmarop. Ilpemmy-
IIeCTBAMI, IIOJIYYeHHBIMH B Pe3yJIbTaTe HC-
OJIb30BAHUS TAKOM METOIOJIOIUH, SIBJISIOT-
cA IIPOCTOTA B MOMEJIHUPOBAHNH, THOKOCTH
aHaJIM3a, a TaKyKe BO3MOYKHOCTH KCIIOJIB30"
Baauga FEM amanmnsa mHKeHepaMu H CIIe-
OUAJIICTaMKU  0e3 OOIIMPHBIX 3HAHWK B
KOMIIBIOTEPHOM MOIeJUPOoBaHuu. VCIois:
30BaHHE MeTOdAa KOHEUHBLIX OJIEMEHTOB B
MOIEJINPOBAHNN TPAHCHOPMATOPOB IIPEIy-
CMATpPUBAET CYIIEeCTBEHHOE yBeJIHYEeHHe
CTEeIIEHN TOYHOCTH IIPH aHAaJIM3e IIepPexoj-
HBIX IIPOIIECCOB TPAHCPOPMATOPOB.

MaTtemaTuueckoe nmpe/craBjieHue
Moaesu TpaHcdopmaTopa

Jlnsg mocTHskeHUs IIOCTABJIEHHOM IIeJIN
MBI JOJIKHBI paspaboTaTb ABe pPas/IMYHBIE
MOJIeJIN, U 3aTeM OOBeIWHUTH HX: OOHY B
Comsol Multiphysics, npyryo B Simulink.
Mogenr Comsol mHeobxommma oasa pacdera
OJIGKTPOMATHUTHBIX  IIapaMeTpPoOB  TpPaHC:
dopmaropa Bo Bpems: momesmpoBamus. 11o-
nyuennsle B momesn Comsol mapamerpsl B
IaJbHEeMIIeM MHCIOJIb3YIOTCA IJIs IIPOoBele-
HUSA JAHAMAYECKOI0 MOICIMPOBAHUSI B Cpe-
me Simulink.
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But before developing integrated Com-
sol-Simulink model its mathematical back-
ground is to be worked out.

Let’s write the balance voltage equation
for the transformer:

dy

U=Ri (1)
1+ dt

In the equation (1) the first term in the
right part is the voltage drop on the active
resistance of the winding and the second
term represent the straight line flux link-
age with winding. As one can see from the
equation (1), it includes not only circuit pa-
rameters but also electromagnetic field pa-
rameters. This equation gave us an oppor-
tunity to combine electromagnetic field pa-
rameters with circuit equations.

It is possible to rewrite the equation (1)
for all windings in matrix form:

|:uabc :| _ |: Rabc 0 :||: jzbc :|+ d|: Y abe :| (2)
Uype 0 Rupe|lape| dt\Wape
Here u,,., 1,., R.,., V.. are the voltage,

current, resistance, self inductance, and the
flux linkage of the primary winding, respec-
tivelys u,p0s Zapes Bape> Wape are the cor-

responding parameters of the secondary
winding.

As we know from the transformer fun-
damental theory the second term in the
equation (2) represent the back e.m.f.:

ay ac
o, —MWasc 3)
ABC dt
where v, = Lii go + M1,
dy,,
e, =—tabe 1)
abe dt

where v, = Lyi,,,. + My 1,50, here L, L, -
self inductances of primary and secondary

windings; M,,, M, — are the mutual in-

ductances between the primary and secon-
dary windings.

The flux linkages w,,..W 450, are non

liner variables representing the nonlinear
magnetization of the core. Their values are
obtained from the nonlinear FEM computa-
tion of the transformer in Comsol. For sim-
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Opmaxo Ha HavaJILHOM JTalle, JI0 pa3pa-
borku wmuTerpuposanHoir Comosl-Simulink
MOJIeJIM, HeoOX0OuMO pas3padboTaTh MaTeMa-
THUYECKYI0 MOMEJb HCCIEeIyeMOr0 BBICOKO-
BOJIBTHOT'O TpaHchopmaTopa.

BamuireM ypaBHeHme OaJsiamca HAIPS-
SKeHUS IJId TpaHcdopMaropa:

dy

U=Ri (1)
1 + dt

B Broipaskemmm (1) mepsoe ciaraemoe B
IIPaBOH YaCTU SABJISETCS MaJeHUeM HAIpssKe-
HUSI HA AKTUBHOM COIPOTHBJIEHHM OOMOTKH,
BTOpOE cJIaraeMoe IpeCcTaBJIseT cOOOi II0TO
KOCIIeIJIeHHe MATHUTHOIO IIOJIS C OOMOTKOIL.
Kax BumHO 13 BeIpaskenus (1), 0HO COIEPIKUT
He TOJLKO IIapaMeTphl IIelH, HO TaK:ke U I1a-
paMeTphl 3JIeKTPOMArHWTHOro mouis. JlamHoe
ypaBHEeHMe [aeT HaM BO3MOMKHOCTH OOBEIH-
HUTH IIapaMeTphl 3JIeKTPOMATHUTHOTO IIOJIS C
ypaBHEHUEM JIJIS yIacTKAa LIeIIH.

Bamumem (1) B mMarpuuHOi dopMme A
MEePBUYHON ¥ BTOPUYHON 0OMOTOK:!

|:uabc :| _ |: Rabc 0 :||: jabc :|+ i|: l//abc :| (2)
Uape 0 Rupe | Lape| dE\Wapc
THe U, Iyes Lupes Wape — HAIPSIKEHHeE,

TOK, aKTHBHOE COIIPOTHBJIEHHE, II0TOKOCILe-
IJIEHWe IIePBUYHOM OOMOTKH, U,p-, Iapc,

R, pos Wape — COOTBETCTBYIOIIME IlapaMeT-

PBI BTOPUYHOM OOMOTKH.

Corytacao  pyHIaMEHTAJIBHOM TEOPUH
TpaHcdopMaTopa, BTOpOe cjiaraeMoe B BBI-
pasxerun (2) mpencraBiseT co0oM HHIYIIH-
poBauubie I]J[C:

dy
o€ Yo = Ladype + Mgty s
dy
€abe = d_;bc ’ (4)

THe Wape = L2]abc + M211ABC , 3HeCb Ll ’ L2 -
CAMOMHIYKIUS IIEPBUYHON ¥ BTOPUIHON
oomorox; M,,, M, — B3auMHBIe UHIYKTUB-

HOCTH MeXKJy IIepBUYHOH U BTOPHYHOU 00~
MOTKaMH.
IToTorocuenneHus v ,,,, Y 4o ABJIAIOTCA

HeJIVHEHHBIMU II€PEMEHHBIMHU, IIPEJICTAB"
JIIOIIUMY HEJIMHEeMHYI0 HaMarHUYeHHOCTH
cepevyHuKa. VX 3HAYEHUs IIOJYyYeHBI IIy-
TeM IIPUMEHEHUs HeJIUHEHHOro pelraTesis B
momenu Comsol. Jlms ymopomenmoit 2D-
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plified 2D FEM of a transformer v,,..v 45c

can be determined from the z component
A_of magnetic vector potential A in the

winding as follows:

gi };(AZ -8in@®)dQ ,

v = (5)

here n, is the number of turns in the wind-
ing, S, in the total cross-sectional area of

the winding, ® is the angle from the
x-axis., Q is the space filled with winding.

In our 2D model A is perpendicular to
the x-y axes and hence sin® =sin(90°) = 1.

Now using equations (3)—(5) we can re-
write (2) as:

|: Uspe :| — |: Rabc 0 :||: jabc’ :|+
Uapc 0 Rupe | 1apc
Doape A -si ®)d0 (6)
+i Scabc JZ( 2o )
dt| Beapc

[@, - sin®)dQ

SUABC 0

The developed of Comsol-Simulink com-
puter model is based on equation (6).

Comsol model

The 2D power transformer model was
developed in Comsol Multiphysics envi-
ronment. Before integrating this model to
Simulink, Comsol model was tested and re-
sults of simulation (Induced secondary
voltage, inductances and etc.) were com-
pared with measurement results obtained
during experiments on real physical model
of the transformer. The comparison showed
that the Comsol model is robust, and we
can use it for our simulation. In Comsol
model, we are able to specify type of core
materials, winding materials, non-linear
properties like anisotropy of core, lami-
nated or unlaminated core, geometrical
shape of the transformer and etc. The mag-
netic field in transformer was produced by
current densities in the primary winding of
phases J11, J12, J13.
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MOJIeIA TpaHcOpMaToOpa IMOTOKOCITEIIJICHIST
W oapes» Wage MOTYT OBITH OIIpEIEeJIeHBI U3 Z-

cocTaBisaoniel A, -BeKTOPHOI'O MarHUTHOI'O

norerdimmana A B oOMOTKAX, COIJIACHO BBI-
pasKeHus

(5)

He [(A, sin®)dQ,
Sc.Q

e n,— KOJIUYEeCTBO BUTKOB B 00OMOTKe, S,—

(//:

ILUIOIIAAb ITOTIEPEYHOr0 CEeYEeHUsT OOMOTKH,
O — yron mexay A, u ocvio OX, 2 — o0bewm,

3aIIOJIHEeHHBIH OOMOTKAMH, II0 KOTOPOMY
HPOBOIUTCS MHTETPUPOBAHHE.

Tax xax B mamein 2D-monmenu, A mep-
TMeHIUKYJIApHO  1mockoctm  X—Y,  TO
sin® =sin(90°) =1.

Ucnonways (3)—(5), samumem (2):

el R Pl

abc I
RABC
Leabe j(AZ -sin®)dQ
+ —_—
dt

u abe

abe

Uape Iapc

0
(6)
S cabc 2

Hedpc. J'(AZ -sin®)dQ
cABC Q
Paspaborannas mHTErprpoBaHHaag KOM-
ObIOTepHAs Comsol-Simulink MOIIeJIb
IpecTaBjseT co00M MHTEePIIPeTAIIUI0 yPaB-
Henus (6).

Mopaeas Comsol

2D-Momess cHJIOBOrO TpaHChopmarTopa
Opta  paspaboranma B cpeme  Comsol
Multiphysics. Jlo o0benuHeHN 9TOM MOJIE I
¢ Simulink, momens Comsol 6wia mmporecTu-
poBaHA M Pe3ysbTATEl MOfeJupoBaHMUS (MH-
IYIIIPOBAHHOE BTOPHUYHOE HAIPSIKEHNE, MH-
IYKTUBHOCTH M T.J.) OBLIM CpaBHEHHI C pe-
3yJIbTATAMU, TOJIYYEHHBIMI B XOJI€ SKCIIepPH-
MEHTOB Ha pPealbHOM (PHU3MYECKON MOJIesIn
TpaHcdopMaTopa B YCJIOBUSIX JIA00PATOPHU.
CpaBHUTE/ILHBINA AHAJJIN3 II0KA3aJl, YTO MO-
neb Comsol TOUHO OIMMCHIBAET MCCJIeMyeMBbIi
TpaxchopMaTop, ¥ €e MOKHO HCIIOJIb30BATh B
TaJabHeHIed paspadoTre HAIIeH MOIEJIH.

B monesmm Comsol MBI MOsKeM 3agaBaTh:
MAaTepHaJl CepAevHUKa, MaTepruas 00MOTOK,
HeJIMHEeMHbIe CBOMCTBA CEpPIeYHUKA, TaKHe
KaK aHW30TPONHUS, JJAMHHUPOBAHHBIN JI0O0
HEJAMUHUPOBAHHBIA  CEpIeYHHUK, QOpMYy
TpaHcdopMaropa u T.n. MarHuTHOE II0Je B
TpaHcdopMaTope OBLIO CreHepHPOBAHO 3a-
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A three-phase transformer usually has
the windings for each phase placed concentri-
cally on the same leg of the transformer. The
cross-section through three legs gives the
core and windings window in Fig. 1, which
can be used as a two-dimensional model.

For transformer electromagnetic field
modeling we have used application mode
“Perpendicular Induction Currents, Vector
Potential (emqa)” in Comsol. Time-varying
currents flowing in conductors produce a
time varying magnetic field in planes per-
pendicular to the conductors. This magnetic
field induces eddy currents in the source
conductor and in any other conductor paral-
lel to it and can be determined by solving
the relationship, which is derived from
Maxwell’s equations:

Z

c- +Vx (' i1’ Vx A ) -

(7)
—ovx(VxA,)=0cAV /L+J¢,

here g, is the relative magnetic permeabil-

ity, 4, 1s the permeability of vacuum, A4, is

the magnetic vector potential, o is the elec-

trical conductivity, Z is the length of the
model in z direction, AV 1is the potential

difference, vis the velocity, J/; is the ex-

ternal current density.

During simulation one can use static
and time-dependent solver. The time-
dependent formulation can be used for
studying a lot of different parameters in
transformer during transients’ processes,
like: forces in the transformers windings,
losses of different nature etc., by specifying
the parameters of currents, obtained from
Comsol-Simulink integrated model, into
Comsol model directly. Otherwise, in the
Comsol-simulink model during modeling
the simulation time steps are specifying
from Simulink, and every time step the
static electromagnetic problem solved in
Comsol.
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JaHWeM ILIOTHOCTH TOKA B IIEPBUYHON 00-
motke J11, J12, J13.

Tpexdasasie TpaHchopMaTOPEI  OOBLIYHO
WMeT OOMOTKH, PACIIOJIOKeHHbIe KOHIIeH"
TPUYECKH Ha KAKIOM CTEpIKHE Tparcdopma-
Topa. Ha pme. 1 mpencraBsieHo mormepedroe
CceueHMe, IIPOXOJAIee dYepes 3 CTep:KHS
TpaHcdopMaTopa, JiesKalnee B II0CKocTr X—Y.

Jls1st MoteTMpoBaHUS JIEKTPOMATHUTHO"
T0 TI0J11 TpaHcdopMaTopa OBLI UCITOIb30BAH
moaysib Comsol “Perpendicular Induction
Currents, Vector Potential (emqa)”. Wame-
HSIIOIINECS BO BpEMEeHU TOKH, IIPOTEKATOIIIHe
B IIPOBOJHUKAX, TE€HEPUPYIOT IIepeMeHHOe
MATrHUTHOE II0JIeé B ILJIOCKOCTSAX, MEePIIeHIN-
KYJISIPHBIX IIPOBOJHHKAM. OJTO MAaTHUTHOE
II0Jie HMHAOYIIHMPYyeT BHUXPEBbIE€ TOKU (TORI/I
@Dyko) B IPOBOJHUKAX HCTOYHUKA U B JIIO-
OBIX JPYrUX TMEePIeHIUKYJISAPHBIX ITPOBOJI-
aukax. Mcciemyemere mmpoiieccsl MOTYT OBITH
oImcaHbl ypapHeHusmu Makcsesiia:

Z

+Vx (' 'V x A ) -

o -

—ovx(VxA,)=cAV/L+J;, (7
rae 4, — OTHOCHTEJbHAS MarHUTHAad IIPOHU"
11aeMOCTh, [, — MAarHATHAasA IIPOHUIIAEMOCTb
BakyyMma, A, — MArHUTHBIN BEKTOPHBINA II0"

TeHITHAJ, O dJIEKTpUYUECKas ITPOBOIU-
MOCTb, L IJIMHHA MOJIeJIn B 2~
HanpaBjeHuu, AV — pasHOCTL TOTeHITHA-

JIOB, V — CKOPOCTB, J: — BHEIIIHAA IIJIOTHOCTDb

TOKA.

Bo Bpemsa wmomesmMpoBaHHS BO3MOIKHO
HCIIOJIb30BATHL [IBA THIA PeIIaTess: CTATH-
YecKMH W AUHaAMHUYecKui (3aBUCAIIMIT OT
BpeMeHH). VcIomap3oBaHME THHAMHIYECKOTO
pelraTesis MO3BOJIAET M3y4aTh OrPOMHOE
KOJIMYECTBO PA3JIMIHBIX apaMeTpoB
TpaHcopMaTopa BO BpeMs IIEePeXOTHBIX
IPOIIECCOB, TAKUX KAK JJIEKTPOMATHHTHEIE
CHJIBI B OOMOTKAX, YaCTOTHBIE OTKJINKH, II0-
Tepyu PA3JIUYHON IIPUPOIBI IIyTEeM 3adaHUs
TOKOB, ITOJIYYeHHBIX B Sumulink mHemocpen-
crBeHHO B Monenab Comsol, Tak Kaxk B Moje-
au Comsol-Simulink mar momenupoBaHms
3amaercda u3 Simulink, u B 1100011 MOMeEHT
Bpemenu B cpege Comsol pemaercsa craru-
Yeckasd 3amada.
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Fig. 1. The transformer geometrical structure
with mesh

As shown in Fig.1, a finite-element
mesh was generated for the whole compu-
tational domain modeling. A large sur-
rounding area is also introduced in order to
account the far field effects (this part is not
shown in the figures). Flux continuity
boundary conditions are imposed around
the core; otherwise, the leakage flux would
not be simulated correctly.

The magnetization curve of the trans-
former core is shown in Fig. 2.

2 T T T =

Fluxdensity, Tesh

Magnstic flLs intersity, AT/m %10

Fig. 2. The B-H magnetization curve

The curve presented in the Fig. 2 was
specified as an interpolation function in
Comsol.

In real life the winding consist of many
strands to reduce the impact of eddy cur-
rents. However, it is not practical to use
such a detail representation in the model
that would require introducing a huge
amount of mesh points and much computer
memory. Instead, each winding is set to one
big copper conductor (see Fig. 1) with the
current densities J11, J12 and J13 speci-
fied for the primary windings. At the same
time, conductivity is set to zero to avoid
eddy current effects in the large equivalent
conductor.

The core material is set to iron. In a real

Puc. 1. TeomeTpuyeckas cTpykTypa TpaHccopmaTopa

Karx Bummo Ha pme. 1, ceTka KOHEUHBIX
9JIEMEHTOB OBbLJIa CreHepHPOBAHA IJIs BCel
obylacTi MomesimpoBaHus. Boxpyr TpaHc-
dopmaropa ObLIa BRIIOUEHA OO0JIbIIAs 00-
JIacTh IS ydera JanbHuX adderToB (ara
YacTh 37]ech He IIOKa3aHa).

Ha puc. 2 mpencrasiena kpuBass HaMar:
HUYMBAHUS CEPIEeUYHHMKA TpaHcdopMaTropa,
KoTopasd ObLjIa 3amaHa C IIOMOIILI0O HMHTEp-
mosruoHHOHN yukimu B Comsol.

Flux density, Tesla

Magnetic flue intensity, AT/m ®10

Puc. 2. KpuBas HamarHmumBaHusa B-H

Kax wmsBecrro, peasibHass 00MOTKa TpaHC:
dopmaTopa COCTOUT M3 MHOKECTBA IIPOBOIHI
KOB, JIJI1 yMeHBIIeHUs BUXpeBBIX (apasur-
HBIX) TOKOB. Te He MeHee, HEIIPAKTHYIHO HC
0JIB30BATH TAKOE eTAJIbHOE IIPeICTABJICHIE
B MOJEJIN, IIOCKOJIBKY 9TO TpeOyeT OOJIBIIIOro
KOJIMYECTBA KOHEUYHBIX JJIEMEHTOB M, KaK
CJIEZICTBHE, BBICOKYIO BBIYKC/IHTEJIBHYIO IIPO-
M3BOIUTEILHOCTh KOMIIbIOTEpa. B ¢BsI3m ¢ uem,
00MOTKA IIPEICTABJIEHA EIMHHYHBIM IIPSIMO-
YTOJIBHBIM TIPoBOTHMEOM (cM. pmc. 1), B KOTO
pPOM 3aJaHbl ILJIOTHOCTH TOokKa J11, J12 u
J13. B 10 Ke BpeMms IIPOBOIMMOCTE IIPOBOI-
HIKA IIpUpaBHEHA K HYJI0, a0kl H30eKaTh
BUXPEBBIX TOKOB B OOJIBIIIOM 3KBHUBAJIEHTHOM
IIPOBOJHUKE.

B kauecrBe marepmasia ceprmevHuKa BBI-
Opano xee30. B peanmbHOM TpaHcdopMaTope
CepIOedyHNK JIAMUHHUPOBAH, €ro MATHHUTHAs
POHUIIAEMOCTb AHH30TPOIIHA. AHM30TPOIIMS
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transformer, the iron is laminated and ori-
ented, i.e., the permeability is anisotropic.
The anisotropy is implemented into the
model; however, the core laminations were
not considered (again that would require
too much memory). Instead, zero conductiv-
ity i1s used to simulate the effect of lamina-
tions.

In the Fig.3 one can see a static solution
in form of the magnetic flux density shown
with streamlines.

ObLIa BBEJEHA B MOJIENb, OJHAKO OCTOB IIpEJT-
CTaBJIEH HeJAMUHUpPOBAHHBEIM (Tak Kak 9To
HOTPeOOBAIO ObI OOJIBINION BHEIUKCIATEIHHOM
MorrHOCTH). UTOOBI yuecTh addeKT JIaMIHH-
poBaHUs, ObLIA BBEJEHA HyJIEBas dJIeKTpIYe-
CKas IIPOBOIMMOCTE CEPIeUHUKA.

Ha pwmc. 3 mpencrasieHa kapTuHA MAar-
HUTHOTO IIOJISI TPAHC(OPMATOPA C CHJIOBBIMI
muasvy. Kak BUIHO M3 puc. 3, CHJIOBBIE JIH-

HUM B OCHOBHOM CKOHIIEHTPHMPOBAHBI B CEp-
JIEUHIKEe TpaxchopMaTopa.

Fig. 3. Magnetic field representation with flux lines

As one can see in Fig.3, the flux stream-
lines are mainly concentrated in the core.
The leakage fluxes are also presented near
the windings.

Input and output parameters during
simulation

As input parameters for Comsol Mul-
tiphysics Subsystem block, we used current
density for both windings. The current den-
sity for primary winding was calculated
from the supply voltage (for more informa-
tion look at “The Simulink model of the
primary winding circuit” chapter). As out-
put parameters, we used flux linkages y in
both windings. Figure 4 presents a func-
tional block of Comsol FEM model.

N v

JzZ——Pp f————p

e Comsol —P
Multiphysics

J2l———| subsystem block. [———P ¥

I22———pp —P ¥

m— >

Fig. 4. FEM of the transformer as a functional block
with input and output parameters

In the figure, J11, J12, J13, v, ,v,,v.

Puc. 3. KapTvHa marHMTHoro nons TpaHcdopmaropa

3mech e MOKHO BUOETH M IIOTOKH pac-
CesTHMs, HAXONAIIMeca B OCHOBHOM OKOJIO
00MOTOK.

BxoaHbIe 11 BBIXOJHbIE IapaMeTPhI
MOeJIN

B xauectBe BXOOHEBIX HapaMeTrpoB I
osora «Comsol Multiphysics Subsystem» Mbl
MCIIOJIL30BAJIN IIJIOTHOCTH TOKA IJIA 00emx 00-
MoToK. [I710THOCTE TOKA IEePBHUYHON OOMOTKK
ObLIa paccurMTaHa Yepe3 IIHUTAIIee HAIIPI-
swerne (mys Gostee moOmpoOHOIH HHQOPMAIII
cmorpure pasmen «Momens Simulink i mep-
BUYHOM 0OMOTKI»). B KauecTBe BBIXOIHBIX OBI-
JIO WICTIOJIb30BAHO ITOTOKOCIICILJIEHHE i B 000-

ux obmorkax. Ha pwuc. 4 mpencrasien pyHK-
1moHaILHEI 010K Comsol.

I "

J2——p %

J13———P Comsol —p
Multiphysics

J2l———p subsystem block, ——p ¥

J22m———P —P s

(R Ve

Puc. 4. PyHKkuMoHanbHbIN 6nok Comsol
C BXOAHbIMM U BbIXOAHbLIMU NapaMeTpamMu

Ha puc. 4 J11, J12, J13, v,,y,,. ¥, —

are the currents densities and flux linkages ITOTHOCTH TOKA W IIOTOKOCLEIIJIEHUS B IIEp-
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in the primary winding, respectively /21,
J22, J23, v,,vy, v, are the correspond-
ing parameters of the secondary winding.

Two types of export from Comsol
to Simulink

We have used to different approaches
for linking the field and circuit model: di-
rect and indirect coupling between Comsol
and Simulink. It was reached by using two
different types of data export from Comsol.
During computer experiments we were us-
ing “General static” export and “Linearized
static” export. The first one was used for
direct coupling modeling, and the second
one for indirect coupling. The direct cou-
pling approach needs more time and com-
puter performance for making simulations
but, as a result, we have more accurate cal-
culations. To compute the outputs of the
Comsol, the Comsol linear or nonlinear sta-
tionary solver is called for each time step,
with inputs from Simulink. Otherwise, the
“Linearized static” method takes much less
time for calculating parameters during
simulation, because the Comsol model is
linearized about an equilibrium solution
and a transfer matrix is computed and is
transferred to Simulink. Hence, there is no
need to call Comsol block during every time
step during simulations. To compute the
outputs of the Comsol Multyphysics Sub-
system block, the transfer matrix is used.

The Simulink model

After mathematical formulation of the
problem, Comsol model implementation
and determination of the input and output
parameters of Comsol subsystem block, we
developed Simulink dynamic model, pre-
sented in Fig. 5. As one can see, the Comsol
Multiphysics Subsystem block representing
the transformer, is integrated into model.

The Simulink block scheme consists
from several blocks: Comsol Multiphysics
subsystem block, Secondary winding block,
Load current secondary winding block,
Primary winding currents block.

Comsol Multiphysics Subsystem block is
a representation of Comsol model of trans-
former in Simulink environment. This block
compute electromagnetic parameters of

BHUYHOM  oOmoTke, J21, J22, J23,
W4,¥p,We — COOTBETCTBYIOIIHE ITapaMETPHI

JIJIsT BTOPUYHOM 0OOMOTKH.

JIBa cmoco6a sxcropra u3 Cosmol
B Simulink

Bo Bpemsi momennpoBaHUA MBI HCIIOJIB"
30BAJIM JIBA PA3JIMYHBIX IIOJX0/1a HIPU 00be-
nuHennn momeneii B cpeme Comsol u B cpe-
nme Simulink. OToro ymasock qocTUYDL IyTeM
WCIOJIb30BAHUS JIBYX PA3JIUYHBIX THIIOB
arcropta mauuabix n3 Comsol. Bo Bpems
KOMITBIOTEPHOTO MOJIEJTUPOBAHUSA MBI HC-
mosb3oBas - “General static” — skcmopt u
“Linearized static” — sxcmoprt. IlepBsrii ciro-
€00 OBLJI MCITOJIB30BAH TIPHU TIPAMOM 00BETH-
HEHWU MOoJeJiell, a BTOPOHM — IpU KOCBEH-
moMm. MeTon mpsimoro o0bequHEHUsI TpedyeT
0oJIbllle BpeMEHH ¥ IIPOU3BOIUTEIBHOCTH
KOMIIBIOTEpA JI pacueTa MOEJIH, OSHAKO B
UTOTEe TIOJIyuaeTcsa 0ojiee TOUHOE pPelleHue.
Jlost pacdera BBIXOIOB (PYyHKITMOHAJIBHOTO
0sroxa Comsol JIMHEeMHBINA MIH HeJIMHEHHBIH
perraTesib Ha KaskJI0M BpeMEHHOM IIare 3a-
OpalIMBaeT VIIPABJIAIOININE 3HAYCHUS U3
Simulink. Merox “Linearized static”, ma-
obopor, TpeOyer ropasngo MeHbIIe BpeMeHI
TS perieHusi, Tak Kak mojenab Comsol su-
HeapHuayeTcs OTHOCHUTEJIHLHO HEKOTOPOI'o yC-
TOMYMBOIO0 3HAYEHWS U peIleHHe B BHIE
TpaHC(epTHON MATPHUILI IIepemaercsa B
Simulink.

Mogeas Simulink

B cBsizu ¢ BhIIECKa3aHHBIM HET HE00X0-
OUMOCTH HA KasKIOM ATy MOIEINPOBAHUS
obpamarecsa B Comsol myia pacyera BBIXOI-
HBIX mapameTpoB (puc. 5). JJisa monydeHHS
BBEIXOOHBIX IIapamerpoB Osoka “Comsol
Multyphysics Subsystem” wucmoabayercs
TpaHcdepHasI MaTPHUIIA.

IlpunnunuasbHass cxeMa MOIETIH B
Simulink cocToMT M3 HECKOJIBKHX OJIOKOB:
Comsol Multiphysics subsystem block, Sec-
ondary winding block, Load current secon-
dary winding block, Primary winding cur-
rents block.

Baorx “Comsol Multiphysics Subsystem™
pecTaBsseT coboM MOJIesIb TpaHchopMaTo-
pa, paspaboraunyio B Comsol 1 BHeIpeHHYIO
B Simulink. 9ToT 0/I0K IIPOM3BOSUT BBIUUCIIE"
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modeling transformer and exported as an
output parameters flux linkages of the pri-
mary and secondary windings. The Secon-
dary winding block needed for obtaining
the e.m.f. in each phase from linkage fluxes
exported from Comsol Multiphysics subsys-
tem block. Load current secondary winding
block specified the initial values of load
currents during the first calculation circle.
The Primary winding currents block calcu-
late the currents specified to the primary
windings for generating the electromag-
netic field in transformer obtained from the
supply voltage sources. The Current Meas-
urement elements presented in the load cir-
cuit, used to measure the currents flowing
in each phase in the secondary windings.

ssssss
e

Fig. 5. Simulink block scheme

The Simulink model of the secondary
winding circuit

In the beginning of our investigation we
faced the problem how to link the load to
the secondary winding of the transformer.
We investigated the following approach for
solving this problem:

During the first simulation circle we are
able to determine the e.m.f on the secon-
dary winding terminals, which was induced
by the alternating flux, generated by the
currents flowing in the primary winding. At
this time ¢, the current in the secondary

winding equal to zero (this corresponds to
open circuit transformer test). During the
next simulation step ¢, =¢,+ At (At is the

simulation time step specified in Simulink),
the current (load current) in the secondary
winding has some value depending on the
load connected to the secondary winding
terminals.

In the Fig. 6, one can see the load block,
which consist of several subsystems. The
“Load block” gave us an opportunity to con-

HUE JJIEKTPOMATHUTHBIX IIAPAMETPOB MOJe-
JIIPYEMOro TpaHcgopMaTopa M 9KCIIOPTHPYET
B KAUYeCTBe BBHIXOIHBIX ITAPAMETPOB ITOTOKOC-
LEIJIEHNS TIePBUYHON ¥ BTOPHYHON 0OMOTOK.
Biorx “Secondary winding” meobxomum st
pacuera DJIC B rammoi dase m3 MOTOKOCIIE-
IUICHUM, OKCIOPTHPOBAHHBIX M3  OJIOKA
“Comsol Multiphysics Subsystem”. DBnok
“Load current secondary winding” 1103Bosser
3a71aTh HAYAJIbHbIe 3HAYEHUS TOKA HATPY3KH
HA IIepBOM IMKJIe pacuera. bnox “Primary
winding currents” pacCUNTHIBAET ILJIOTHOCTH
TOKOB TIEPBUYHOM OOMOTKH W3 IIMTAOIIETO
HATTPSKEHU . DJIeMEeHTBI “Current
Measurement” B 1iemn HATPY3KHU HEOOXOIH-
MBI JIJIS W3MEpPEeHUs TOKOB B KaKI0M ase
BTOPHYHON 00OMOTKHM TpaHcgopMaTopa.

Series RLE Loats

Seriss RLE Loadb

sssesd

Seriss RLE Losde

]

ey +
+

Puc. 5. Bnok-cxema mogenu Simulink

Mogeas Simulink s nenn
BTOPUYHOH OOMOTKH

B mauvame wmamrero mcciemoBaHHS MBI
CTOJIKHYJIACH C IPOo0JIeMOM IIPHCOCTUHEHMIS
HAIPY3KH K BTOPUYHOM 0O0MOTKe TpaHcdop-
matopa. Hamum ObLt0 HaiifgeHo ciiegyioliee
pellleHre: BO BpeMs IIEPBOr0 IIMKJIA MOIE-
naupoBaHUA MBI ompenessem JJIC ma BBIBO-
IaxX BTOPMYHON OOMOTKH, MHIYIIMPOBAHHOMN
IepEeMEeHHBLIM JJIeKTPOMATHUTHBIM IIOJIEM,
CreHepPUPOBAHHOM TOKAMM, IIPOTEKAIOIIMMUI
B IIEepBUYHOI 00MOTKe. B MomMeHT BpemMeHH
{, TOK BO BTOPHYHOU OOMOTKE PaBeH HYJIIO

(4TO COOTBETCTBYET OIBITY XOJIOCTOTO XOIA).
Bo Bpemsa criemyromero mara ¢, =t,+ A4t

(At — mar MomeMpoOBAHUA 3aMAOIIMHC U3
Simulink), Tok Harpys3kHu, IIPOTEKAIONTHIH BO
BTOPUYHOM OOMOTKE, MMeeT HeKOTOpoe 3Ha-
YeHMe, 3aBUCAIINee OT HAUPY3KH BO BTOPHY-
HOM ITeIIu.

Ha puc. 6 mpencrasien 00K HArpys3KH,
KOTOPBIA COCTOMT M3 HECKOJIBKHX IIOLCHC:
TeM. JlaHHBINM OJIOK J1aeT HaM BO3MOKHOCTH
IIOJCOCAUHATL pa3JIMYHbIE€ BHUOBI HArpya3oK,
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nect different types of load, and use differ-
ent types of neutral operating modes
(grounded, isolated, compensated), that can
be used for simulating all kinds of possible
transformer working conditions. The differ-
ent types of neutral regimes can be speci-
fied by modifying the “Ground” port on the
“EMF” subsystem.

Nl [A !
\_,! BiFa -_:—".-——-M
iz % ¥ Ll
i Curet oaspenents) SeriesRLE Loada
13 Y Bifb [ |" AT
it uy - Cunient Measurementh Series RLC Loadb v
P v { B -—\_,D AT =
iz Ye Sesondary winding

COMSOL Multphysice
Subsyctem

n

2 In

i

K

Load curent secondarywinding

Fig. 6. Secondary winding load block
As it 1s shown in Fig. 1, we receive pa-
rameters v,, vw,, w, from the Comsol

Multyphysics Subsystem. The mathemati-
cal representation of these parameters is:

n, .
Va=g Qj (A,)dQ,; )
Wy = g— [(A,)da,; (9)

v, =2e [(A,)de,.  (10)

SL’QC

The integration (8)—(10) is performed in
Comsol every time step and the obtained
magnitudes of the integration are exported
to Simulink.

To get back e.m.f. in all secondary wind-
ings, we have to differentiate equations
(7)—(9) with respect to the time ¢:

emf, = —a;;“ , emf,, Vs v .

ot en. ot

Because all simulation steps sets from
Simulink environment, it is not possible to
differentiate these equations in Comsol, be-
cause in case of Comsol-Simulink coupling,
the task in Comsol became static. If we dif-
ferentiate equations (11) in Comsol, their
derivatives exported to Simulink equal to
Zero.

As we can see in Fig. 7, three output pa-
rameters from Comsol y,, v,, v, are dif-

(11

ferentiated in this subsystem block and the

derivatives are set as an input signal to the
CVS (Controlled Voltage Source block). The

a TaK’Ke MCII0JIb30BATh PA3JIMYHBIE PEsKIMBI
paborer Hefitpanu (3aseMyIeHHAsS, U30JIUPO
BaHHAA, KOMIIEHCHPOBAHHASA), YTO II03BOJIA"
eT CMOJIeJTUPOBATH BCEBO3MOYKHBIE PEIKUMBI
paborer Tpamcdopmaropa. Pasimunbie pe-
SKMMBI pa0OThI HEMTpPaIH MOTYT OBITH 3aja-
HBI ITyTemM Moguduraruu mopra “Ground” B
osore “EMFE”.

Nl
2
K
a1

‘
[y o -
’_’i Current. i YENEM37 SeriesRLE Loada
o AT
J_. Ground Series RLEC Loadb 1
L i e O i) =
= e ing

Seriss RLE Loade

2

2 8 58 =8 5
=
3

Yy v ¥

3]
COMSOL Multiphysics
Subsystem

izt nl

s

Load curtent secondary winding

Puc. 6. Bnok «Secondary winding load»

Kak mokxasamo Ha puc. 1, MBI IIoJIiy4aemM
mapaMeTpsl y,, ¥,, y,. u3 0ioxka “Comsol

Multyphysics Subsystem”. Maremaruue-
CKO€ IIpeJiCTaBJICHNE ITHX IIapaMeTPOB:
l//a = i J.(Aza)dga ; (8)
Sc Q,
n )
lr//b == J(Azb)d'Qb ’ (9)
Sc 0,

v, =2 [(A,)dQ, . (10)

Sc Q,

WurerpupoBanue Bopamkenuit (8)—(10)
IPOM3BOAUTCA Ha KayKIOM PACYeTHOM Iare
B Comsol u mosryueHHBIE 3HAYEHUS 9KCITOP-
TupyioTed B Simulink.

Jna monyuennss 9JIC Bo Bropuumoil 06-
MOTKe, Heo0XoqumMo IpoaudepeHIInpoBaTh
Beipaskerus (8)—(10) mo Bpemenu:

0

v oy, oy
emf = <. emf, = , emf, =—. 11
/e ot Z ot /. ot
Illar wmomenuwpoBaHWS  3amgaeTcsa W3

Simulink, 1m0sTOMYy HEBO3MOKHO IIPOM3BECTH
nrdepenimposanue ypasueruit B Comsol,
TaK Kak B ciydae mHTerpupoanHoir Comsol-
Simulink monmenm samaua B Comsol cramo-
BUTCS cTarmoHapHo#W. KEciam mombrraTbest
nponuddepeHmpoBaTs ypaBHeHus (11) B
Comsol, To WX HPOM3BOIHBIE, 3KCIIOPTHPO-
BaHHBIe B Simulink, OyayT paBHBI HYJIIO.
Kax Bummo us puc. 7, Tpu BBIXOOHBIX A~

pamerpa u3 Comsol v, v,, v. nuddepen-

IMUPYIOTCA B 3TOM 0JIOKe U ux IIPOU3BOJHBIC
IIepeaanTCcd B KadyeCTBe BXOJHOI'O CUTrHaJia B
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Controlled Voltage Source block converts
the Simulink input signal into an equiva-
lent voltage source. This decision gave us
an opportunity to connect the load to the
secondary windings. As we can see in Fig.5
the load is star-connected, and we are able
to specify different resistances and induct-
ances in phases, meanwhile we can simu-
late symmetrical and unsymmetrical load,
phaseless regime, etc. During the simula-
tion, we are measuring the load currents
signal in different phases with block CM,
and the measured signals are set as an in-
put parameters to the second windings.

duidt H
+
—=|-

Darivativea
CWSa EMiFa

)

CWSh EmFb

IO

LS EMFe

dusdt

Derivativeb
Zround

dusdt

Derivativec

Fig. 7. EMF subsystem

During the first simulation step, to
achieve robust calculations, the input load
current must be equal to zero. This can be
done by using Simulink block “IC” (Initial
condition). The IC block sets the initial con-
dition of the signal at its input port, i.e., the
value of the signal at the simulation start
time (t=0, by default). The block does this
by providing output for the specified initial
condition when one starts the simulation,
regardless of the actual value of the input
signal. Thereafter, the block output signal
is the actual value of the input signal. One
can see IC blocks in Fig. 8. As one can see
in Fig. 8 the initial condition of the secon-
dary load currents during the first step of
simulation are equal to zero.

]
1 ot
Jz21
ICa
o1 <zignall»
Eigna
(2= - S
Jz2z In1
ICh
]
[ Rl
]

ICe

Fig.8. Initial state of the current subsystem
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KOHTPOJIMPYEMBIA MCTOUYHUK HaIPSIKEeHUT
(Controlled Voltage Source block). JlamHoe
pellleHre gaeT HAM BO3MOYKHOCTDL IIPHCOE-
OIUHUTH HATPY3Ky K BBIBOAAM BTOPHUUHON
oomorru. Kak Bummo mHa puc. 5, BropuuHas
0o0MOTKa coeJuHEHa B 3Be3dy. B KauecTBe
Harpy3kKm MBI MOJKEM 3a/iaBaThb Pa3JIMYHEIE
AKTUBHBIE COIPOTHUBJIEHUS W WHIYKTUBHO-
cti B pasax, TeM CaMbIM MOIEJIHUPOBATH
CUMMETPHUYHYI0 ¥ HECHMMETPUYHYI Ha-
Irpy3Ky, oOpwiB pasel 1 T.4. Bo Bpems mome-
JIMPOBAHUSA IIPOM3BOOMUTCI 3aMep TOKOB B
KaskIoM (pasde BTOPHUYHON OOMOTKH C IIOMO-
mpio O0oka "CM” u mostyuyaemble 3HAYEHHS
YCTAHABJIMBAIOTCA B KAUYECTBE BXOMHBIX 14~
PaMeTpPOB /I BTOPUYIHONA OOMOTKH.

duidt H
+
—=|-

Darivativea
CWSa EMiFa

)

CWSh EmFb

IO

LS EMFe

dusdt

Derivativeb
Zround

dusdt

Derivativec

Puc. 7. Noacucrema «EMF»

[Tepecuer 10/IyYeHHBIX 3HAYEHUU TOKOB
BO BTOPUYHON OOMOTKe, B ILJIOTHOCTHA TOKOB
IPOM3BONUTCSI B (PYHKIIMOHAJILHOM OJIOKe
Comsol.

Bo Bpems mepsoro mmrmaa MomeampoBa-
HUSA [JIs HOCTHIKEHHS HauOojgee TOYHOIo
pe3yJsbTara U yCTAHOBUBIIEIOCS PEKHUMA 34
Hanboyiee KOPOTKHM WHTEpPBAJ BPEMEHH,
BXOIHOM IapaMeTp TOKA HATPY3KH JOJIKEH
PABHATHLCSI HYJII0. OTO MOKHO CIeJIaTh, WC-
nonnaysa 60k “IC” (mauanmbHoe ycsoBue) B
Simulink.

Kax Bummo ma puc. 8, HauaiapHOe 3HA-
YeHHEe TOKA B IIEPBBIM IIIAT MOIEJIMPOBAHUISI
paBHSAETCA HYJIIO.

0]
1 - -t
Jz1
ICa
o] <zignal1
=igna
I - E ircr”
J22 In1
ICh
9]
2 B
JZ3

ICc

Puc. 8. Bnok ”Initial state of the current”
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The Simulink model of the primary
winding circuit

Mopaeas Simulink paa nenn
NEPBUYHON OOMOTKH

In case we connect the load to the sec-

ondary windings, the load current will flow
in the windings, and it generates the flux
opposite the main flux. As a result, all elec-
tromagnetic parameters of the transformer
will be changed. To compensate the flux re-
duction the current in the primary winding
have to rise. That is why we have to de-
velop the algorithm how to make the cur-
rent in the primary winding to be suscepti-
ble to the load current in the secondary. To
solve this problem, we also decided to use
the flux linkages, because they are propor-
tional to fluxes, and reflect all electromag-
netic changes in the transformer at every
time step during simulation.

In the Fig. 9, one can see the represen-

tation of the “Primary winding block”.

—— {71 W
1z s
PINLE [
Jz1 Yal— !
Jzz ) -
Ji3 wet | i
COMSOL Multiphysics
Subsystem
Ji1 o ol
Jiz Heutral B%l
Jiz Ground n_l —I—T
Frimary winding curants

Fig. 9. Primary winding block
From the COMSOL Multiphysics Sub-

V4

Yp

Ve =

c 2y

B [(A,,)d2y,;

c Qp

nC‘

¢ O

[(A,,)da .

system we receive three flux linkages of the
primary winding v ,, ¥z, ¥, . The mathe-

matical representation of this linkages is

% (A da,:

(12)

(13)

(14)

After that we differentiate these link-

ages with respect to time ¢ to receive the
e.m.f induced in each winding.

B cayuae mpumcoequHeHmsi HaArpy3KH K
BTOPUYHBIM OOMOTKAM, TOK HATPY3KH IIPO-
TeKaeT B 0OMOTKAX, W 9TO TeHepHUuPyeT Mar-
HUTHBIM II0OTOK, ITPOTHUBOIIOJIOKHBIA OCHOB-
HOMYy. B pesyisbrare aTOro m3mMeHSIOTCS BCe
SJIEKTPOMATHUTHBIE IIapaMeTphl TpaHcdop-
martopa. JIss KOMIeHCHPOBAHUSA CHUYKEHWS
IOTOKa TpedyeTcs yBeJIMYeHHe TOKAa B IIep-
BUYHOU 00MOTKe. B cBsI3M ¢ oM HaMm IIpw-
IIJIOCH pas3padoTaTh aJrOPUTM B3aWMOMEH-
CTBHSI TOKA B IEPBUYHON OOMOTKE M TOKa
Harpyskum BO BropmuHOi. Jlina pemenns
JAHHON IPo0JIeMBI MBI HMCIIOJIB30BAJIN IIOTO"
KOCIlellJIeHrne, T.K. OHO HPOHOPITMOHAJIBHO
9JIEKTPOMATHUTHBIM TIOTOKAM U OTpPaskaer
BCe JJIEKTPOMATHUTHBIE HW3MEHEHUs B
TpaHcopMaTOpe HA KAaKIOM pPaCUeTHOM
mary MoJieJTMPOBaHUS.

Ha puc. 9 msobpasken 0JI0K IepBUYHON
0OMOTKH.

— [T A
12 w,
TSNIE] A
a2 War— !
Jiz ¥, -
d33 wol i
COMSOL Multiphysics
Subsystem
a1 e o
Mz Hautral ﬁ
3 Ground =_1 47
Primary winding currents

Puc. 9. Bnok “Primary winding”

W3 momcucremsr "COMSOL Multiphysics
Subsystem” 1mosydaem — IIOTOKOCIICILIICHIS
IIEpBUYHON OOMOTKH V¥ ,, Vg, V.. Marema-

THYECKOE IIPeCTaBJIeHNe II0TOKOCIICILICHITA'

W= [(A,)dQ, (12)
c 2y

Wy =ae [(A,)dy; (13)
c Qp

e = [(A,)d . (14)
c O

Ilocote aroro mist momydenus OJC, mumy-
IIMPOBAHHBIX B KaKI0M 00MOTKe, Ipoaudde-
PEHITPYEeM IIOTOKOCIICIIJICHIS II0 BPEeMEeHH.
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Rewriting equation (6) in respect of pri-
mary winding currents 7., one gets:

d n,
Uype dt ( S QJB(CAZABC)C[QABC)
Ry

The “Primary winding currents” block
represents equation (15).

As we can see in Fig. 10, the trans-
former primary windings are supplied by
the voltage sources UA, UB, UC. The Con-
trolled Voltage Sources (EMFA, EMFB,
EMFC), representing the e.m.f in phases,
are connected with voltage sources in oppo-
site direction, according to the transformer
fundamentals theory. The resistances RA,
RB, RC represent the primary winding ac-
tive resistances.

(15)

Iypc =

e ]
i
[ ]
g
]
[ ] .
- Derivativel
CZoound  '°° Cutent Measurementa. 5 .
Y — —=°7 =
o EMFA ua
E! o1&
AT firo w
L fob—o
W

LA~
o

Fig. 10. Primary winding currents block

We can specify different configuration of
windings connection like Delta and Wye
connections in “Primary winding currents”
block by replacing the wire connections.
The port “Neutral” and “Ground” give us an
opportunity to simulate different working
regimes for all kinds of winding connec-
tions.

Experimental results

The experimental modeling was con-
ducted on a computer with the following
characteristics: ASUS V2-AH2/A2x4200+
+/2048MB DDR2-800/ Hitachi 160GB.

The magnetic field in the transformer is
modeled by two-dimensional FEM model
coupled to the circuit equations of the wind-
ings. The external circuit model is linked
with the transformer model either directly,
when all the equations are solved simulta-
neously in the common system of equations,
or indirectly in Simulink, using circuit pa-
rameter approach.

Based on the detailed knowledge of the
physical properties of different materials,

41

BanumieM (6) II0 OTHOIIEHUIO K TOKY IIep-
BUYHOM OOMOTKHU 1 4z +

Ugpe _di(i I(AZABC)dQABC)
¢ SC Lapc
R
Bror “Primary winding currents” mpencras-
JIfIeT co0oi MHTepIIpeTaIo ypapHerus: (15).
Kaxr Bummo us puc. 10, mepsuynas 0OMOTKA
TparcdopMaTopa HOOK/IIOUEHA K MCTOUHIKAM
manpsurerns UA, UB, UC. Koarpoaupyemsre
ncrounnkn Hanpsxeamit (EMFA, EMFB,
EMFC), npencrasusonmue coboit DJIC B da-
3aX, IIOOKJIOUEHBI BCTPEYHO K MCTOUHUKAM
HANPSSKEHUsI, COIVIACHO (PyHIAMEHTAJILHON
TEOPHH 3JIEKTPOMATHUTHOr0 mojis. Comporus-
nemma RA, RB, RC mpencrasmisaior coboit ax-
THBHBIE COIIPOTUBJICHMS IIEPBUUHON OOMOTKH.

(15)

Iypc =

EMFC

1]
(&,
e ICB

1]
&>, pemaTvet

T o—o

RA Current Measurements A .
—L-J\A/\ﬁ»—-.-‘i & e
L e npA—e——T ] ®

N

Puc. 10. Bnok ”Primary winding currents”

B 6moke “Primary winding currents”,
BO3MOSKHO 3a/JaBaTh PAa3JINYHbIE KOH(pHUTY-
paiuu IIepBUYHONM OOMOTKM, TAKHe KaK CO-
eIMHEeHUEe 3Be3JI0M WU TPEyTrOJIbHUKOM.
Momudwuranms  moproB  “Neutral” u
“Ground” mo3BoOJIZET CMOIEIMPOBATL Pa3-
JIMYHEBIE PesKUMBI PabOTH TpaHchopMaTopa.

JKcrnepuMeHTAJTbHbIE Pe3yJIbTAaThI

OKcmepuMeHTAIBLHOe — MOAEJIAPOBAHIE
OBLIIO IPOM3BEIEHO Ha KOMIIBIOTEpPE CO CJie-
oyoimmMu xapakrepucturavun: ASUS V2-
AH2/A2x4200+/2048MB DDR2-800/ Hitachi
160GB.

MaruauTHoe 1mosze B TpaHcdopMaTope Mo-
nesmmpyecs 1pu momoru 2D FEM momenn,
COeQUHEHHOH C ypPaBHEHHUSIMH IIeIHA 00MO-
Tok. Moesib BHEITHEeH el CBS3BIBACTCS C
MOJEeJIbI0 TpaHcdopMaTopa HAIPSAMYIO, €CJIN
BCe YPABHEHUS PEIaTCs OJHOBPEMEHHO B
o0IIleif cucTremMe ypaBHEHUM, WA K€ KOC-
BeHHO B Simulink, ¢ ncmosab3oBaHKEM METO-
Jla IapaMeTpoB LIeIH.

OcHOBBIBasICh HA NETAJIbHBIX 3HAHUAX O
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Comsol-Simulink computations are per-
formed in the case of no-load and for sym-
metrical and unsymmetrical load.

The effective voltage and the frequency
of the power source are 6000(V) and 50(Hz)
respectively. The number of turns and the
DC resistance of the windings are 3000 and
200 and 1(Om) for both windings respec-
tively. The material of the core hatched in
Fig.1 is assumed to be air or steel of which
the relative permeability was specified by
the function presented on Fig.2 and the
conductivity is set to 0 (S/m).

The currents in the secondary windings
of a loaded transformer (symmetrical RL
load) is shown in Fig. 11.

0.005

0.01

Fig. 11. Secondary windings currents in the case
of symmetrical RL load

The currents in the secondary windings

(prsmuecKknx CBOMCTBAX PA3IMYHBIX MaTepPHa-
JIOB, OBLIO TIPOM3BEIEHO MOEJIMPOBAHIE B
Comsol-Simulink mpy pasiMUHBIX pemmIMax
CUMMETPUIHON U ACCUMETPUYHON HAaTPYy3KH.

ITuratoniee HaNpsKeHWE W YACTOTA KC"
Touruka 6000 B u 50 I'm coorBercTBEHHO.
KonmduecTBo BUTKOB M aKTHBHOE COITPOTHB-
sgeane oomotor 3000 m 200 u 1 Om miis o6o-
uxX 00MOTOK.

Marepuasom ceprevyHUMKa, 3alITPUXO-
BaHHOTO Ha puc. 1, mpejaIoiaraeTcss BO3ayxX
WJIV CTaJIb, OTHOCUTEJIbHAS MAarHUTHAS IIPO-
HUIAEMOCTh KOTOPBIX ObLjIa oOmpeseseHa
dyuKIIMEH, TIpencTaBIeHHON HA pHC. 2, U
IPOBOJAMMOCTEh IIPOBOJHUKA IIPHUPABHEHA K
myo (cM/™m).

Ha puc. 11 mpencraBiieHbl TOKH BTOPUY-
HOM OOMOTKM HATPY:KEHHOI'0 TpaHcdopma-
topa (cumMerpuunas RL Harpyaka).

0.005 0.01

Puc. 11. Toku BTOpUUYHON OOMOTKM
npu cummeTpuyHon RL Harpy3ke

Ha puc. 12—-14 mpepncraBiieHBI TOKH BTO"

of a loaded transformer (unsymmetrical R, pmdaHOii 06MOTKH HATpy:KeHHOro TpaHcdop-

load) is shown in Fig. 12—14.

0.04

0.015 002 0.035 0.045

Fig. 12. Secondary windings currents in the case
of unsymmetrical RL load

For simulating the transient process due
to different faults, it is necessary to specify
the 1nitial condition values. To do this, one
has to open “Power Gui” in Simulink model
and than “Initial State Setting”, where one
can specify the initial values.
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maropa (Hecummerpuunas RL marpyska).

0.ms 0.0z 0.035 0.04 0.045

Puc. 12. Toku BTOpMUYHOM OOMOTKM
npu HecummeTpu4Hon RL Harpy3ke

Jlna MomeMpoBaHMS IIEPEeXOTHLIX IIPO-
IIeCCOB, COOTBETCTBYIOIINX PA3JIMYHBIM He-
HMCIIPABHOCTAM, HeoOXOOMMO 3aJaBaTh 3HA-
UYeHHS HAYAJILHBIX YCJIOBHUM. OJTO MOMKHO
caenars B paszene “‘Power Gui”, “Initial
State Setting” B Simulink.
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004 0.045

Fig. 13. One phase to ground fault

0.015 i
0.0 005

0.04 0045

0.0 0.05 0055 0.06

Fig. 14. Phase to phase fault

After the modeling of coupled processes
in Comsol-Simulink environment, one can
study many valuable parameters like dif-
ferent transformer losses, eddy currents
and etc., by specifying the obtained cur-
rents from Simulink in the Comsol model
separately.

Conclusion

As a result of this project we have devel-
oped efficient and robust algorithms, whose
implementation gave us information about
physical processes and may lead to opera-
tionally more reliable and economically
more advantageous design of transformers.
The integration of the FEM with electric
circuit analysis, presented in our model,
gave us a great instrument for High voltage
power transformer analysis and simulation
with possibility to take into account the
geometric complexity, non-linearity, in-
duced eddy currents and electric circuits
with general topologies. In particular, these
models can be applied for computing mag-
netic fluxes in 3D magnetic system of a
transformer; for studying loses in the core
and windings, for detailed analysis of eddy
currents in the core and windings taking
into account skin-effect, proximity effect
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004 0.045

Puc. 13. 3ambikaHue asbl Ha 3eMnto

.04 0045 005 0055 006

Puc. 14. Mexda3Hoe 3aMbikaHue

Ilociie mpomsBemeHMsT COBMECTHOIO MO-
nmesmmpoanuss B Comsol-Simulink, Boamosx-
HO H3y4YeHHe pPa3JIMYHBIX BaKHBIX IIapa-
MeTpOB TpaHcdopMaTopa, TAKUX KaK IOTe-
PH, BUXpPEBBIE TOKH X T.I. IIyTeM 3aIaHUsI
moJIydeHHBIX B Mogenu Simulink TokoB He-
mocpencreerro B Comsol.

3axksoueHue

B xome BrimonHeHMst oT0oro mpoexra ObLI
paspaboraH Jo(PEeKTHUBHBIA U HAIEMKHBIN
aJITOPUTM, IIPUMEHEHNe KOTOPOro JaJi0 HaM
nHPOPMAIIHNI0 0 (U3NUYECKUX IIPOIeccax,
IPOTEKAIINX B TpaHcdopMaTopax, UTO
MOSKET IIPUBECTU K CO3MAaHUI0 DoJiee HAIeK"
HBIX W 3KOHOMMWYECKU BBIT'OJHBIX MOZIeJIefI
tpaucopmaTopoB. O0benuHEHME MeToIa
FEM c¢ amanm3oM oJIeKTPUYECKUX IIelell,
IpeICTaBJIEHHOT0 B HAIllel MOIesIH, IIpe-
JOCTABMJIO HAM BO3MOKHOCTH AHAJIM3A BBI-
COKOBOJIBTHBIX CHJIOBBIX TPaHC(OPMATOPOB
U MOIEJINPOBAHUSA C BO3MOMKHOCTBIO VUNATHI-
BAThb TE€OMETPUYECKYI0 CJIOMKHOCTH, HEeJIU-
HEWHOCTh, WHIYIIMPOBAHHBIE BUXPEBHIE TO-
KM U 3JIEKTPUYECKHE IIeIN ¢ O0IIEeH TOII0JIO"
rueil. B wacrHOCTH, 3TH MO MOI'YT OBITH
HCIIOJIb30BAHEL [JI pacdyeTa MATHUTHBIX I10-
TokoB B 3D MarummTHOM cucreme Tpamcdop-
MaTopa; IJId M3yYeHUs II0TEePh B CePICUHU"
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under different working conditions. We can
simulate many kinds of faults such as
phase to ground fault, phase to phase fault
and making analysis of transient processes.
It gave us the freedom to describe physical
models in terms of real physics without
lumping the field effects into the electrical
circuit domain, at the same time, without
losing the flexibility to analyze the system
behaviors.

The method for analyzing 2-D magnetic
fields and currents in transformers exited
from voltage sources has been developed.
As the currents can be treated as unknown
variables, magnetic fields in transformers
under actual operating conditions can be
analyzed using this method.

The proposed model is suitable to all
kinds of structures of large power trans-

formers and can be  utilized for
HEXAFORMER also.
Future work

The use of computer simulations for
analysis of electrical devices is an interest-
ing area where a lot of research needs to be
done. Below some topics are outlined as
proposed future work.

The enhancement of the S-function de-
scribing the Comsol model in Simulink is
considered, because it must increase the
modeling speed and, as a result, decrease
the time and computer performance needed
for simulations.

In future we are going to simulate the
inrush currents, as one of the most impor-
tant transformer problems. These currents
occur when the unloaded power trans-
former is connected to the power system
and it will usually produce huge magnetiz-
ing inrush current.

Ke W 00MOTKaxX; JJISA JeTaJbHOTO aHaJim3a
BUXPEBBIX TOKOB B CEepJIEUHUKE U 0OMOTKAX C
yUeTOM IOBEPXHOCTHOTO adpherTa 1 apder-
Ta OJIM30CTH IIPU PA3JINYHBIX PEXKHUMAX Pa-
0oTbr. MBI MOMKEM MOIEIHPOBATH HEWC™
IPABHOCTH PA3JIUYHOTO THIIA, TAKHE KaK
3aMbIKaHUE a3kl Ha 3eMJII0, MesKdasHoe
3aMBIKAHME W TPOM3BOJUTH AHAJIN3 IIepe-
XOIHBIX IIPOIIECCOB. JTO a0 HAM IIPaBO
OITUCBHIBATH (PU3UYECKHE MOIEJIU B TEPMU-
HaX peaJlbHBIX (PU3WUIECKUX IIPOIeCcCOB 0e3
HAIPOMOYKIEHUSI IIOJIEBEIX o(pdexToB B 00-
JIACTD 9JIEKTPUUECKOM eI U OJHOBPEMEH-
HO 0e3 moTepu r'HOKOCTH IPU aHAJIU3e IT0Be-
JTIEHUST CUCTE€MBIL.

Brrt paspaboran meron niis ananusa 2D
MArHUTHBIX II0JIell M TOKOB B TpaHcdopma-
TOpax, IIOJIYYE€HHBbIX OT MCTOYHHMKOB HAIIPA~
skeHnsa. Tak KAk TOKHM MOTYT paccMaTpH-
BAThCA KAK WM3MEHUYUBBIE BEJIMYUHBI, TO C
HCIOJIb30BAHUEM 9TOI0 METOJa MOTYT aHa-
JIM3UPOBATHCA MAar"HuTHBIE IIOJIA B TpPaHC”
dopmaTopax, paboramiux B peaibHBIX yC-
JIOBUSIX.

[Ipencrapmennass Mojesab MOKET OBITH
aIanTupoBaHa JJIs JII0OBIX MOJEJIeH CHJIOo-
BBIX TPAHCPHOPMATOPOB.

IL1ranbr Ha Oyayuiee

Hcmonrb3oBanme KOMIIBIOTEPHOTO MOJIE-
JIUPOBAHUA [JIS aHAIN3a SJIEKTPOOOOPYI0-
BAHUS SIBJISIETCI OYEHb WHTEPECHON 00J1a-
CTBIO C OTPOMHBIM ITOTEHITUAJIOM JIJIS HCCIIE"
moBaHusA. Huske mmpeacTaBIeHBI BO3MOKHBIE
HaIIpaBJeHus Oyayiiei paboTh.

[IpenycmarpuBaerca  yayuimenme — S-
dyurIMH, ontuckiBatomielt momesns Comsol B
Simulink, IOCKOJBKY 9TO OJIFKHO YyBEJIH-
YUTH CKOPOCTH MOJIEJIMPOBAHUS, W KAK CJIe"
CTBHE, YMEHLIIUTL BpeMdA MW IIPOM3BOIM™
TEeJIbHOCTH KOMIBIOTEPAa, HEOOXOMUMYIO IIJIs
BBIYUCJIEHUN.

[IpenycmarpuBaercs MOJIe TUPOBAHUE
MYCKOBBIX TOKOB KAK OJHOM M3 BaKHBIX
mpobsem TpaHcdopmaTopos. JlamHBIE TOKH
BOSHHUKAIOT, KOTIa He HATrpy:KeHHBIH TpaHc:
dopmaTop mogCOETUHAETCS K CUCTEME JJIEK-
TPOCHAOMKEHUsI, B pe3yJibTaTe 4Yero BO3HU-
KaloT OTPOMHBIE TTYCKOBBIE TOKH, YTO TIPUBO-
IUT K JIOYKHOMY CpabaTBIBAHUIO YCTPOMCTB
peJIeriHO 3aIlUThl 1 aBTOMATUKHU, a TaKiKe
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The investigation of possibilities of re-
ducing different types of losses through de-
sign modification will be also studied.

We are also going to investigate other
modeling packages like Ansys, Elcut, Flux
and some others to achieve the most robust
and user friendly environment for modeling
and simulation of high voltage power trans-
formers.

K BOSHHUKHOBEHHIO OJIEKTPOJIUHAMUYECKIX
cHJI B 0OMOTKAX.

HccitemoBanme BO3MOMKHOCTHA YMEHBIIIC:
HUS PA3JINYHBIX TUIOB IIOTEPH IIyTeM H3Me-
HeHMM auaadiHa TpaHcdopMaTopa TaKiKe
Oymer uay4eHo.

Ilnarupyercs naydyeHie OPYTrux IIaKeTOB
MOJeJIMpoBaHus, Takux kakx Ansys, Elcut,
Flux nma mocrmskeHMa HamMOOJIBIIEH TOYHO-
CTH ¥ ymo0OCTBA II0JIB30BATEJISA IIPKU MOIEJIH-
POBaHHWHM BBICOKOBOJIBTHBIX CHJIOBBIX TPAaHC~
dopmaTopos.

C.I'. ®omuuena, B.B. [lybenxo

OIITUMU3AIIA HEMPOUUIIOB
B DKCIIEPTHOY CUCTEME «ITPO®UJIb»

VK 681.5
ITpu paccMoTpeHun mporiecca
aBTOMATH3aIlMK 00paboOTKM  poTorpamm,

MHOJIYyUEHHBIX MIPU IIPOPUINPOBKE KECTKUX
IPOBOJHUKOB B BEPTUKAJBHBIX IIAXTHBIX
crBostax [1] crarmuavu tuma CU5M, B OT-
JeJie CIIeIUaIbHBIX MapKIMTeHIepCKuX pa-
oor Tpecra «Hopunbcrimaxrcepsucer» 000
«Hopunsckaukeabpemont™ B 2006 . ObLTa
paspaboTana ¥ BHeIpeHA 9KCIIEePTHAS CHUC-
tema «lIpoduse» Ha OCHOBe HeHpoOCXeM.
Brenpenue cucremsr «IIpodune» mokasaro,
YTO aBTOMATH3AIlMA HamboJiee TPYIT0eMKUX
aTrammoB — 00paboTKM wM3o0paskeHus ¢(oTo-
rpaMMBI ¥ HEIOCPEACTBEHHO BLIYMCJICHUHN
nmedopMarvu IIPOQUJIsT TPOBOJHUKOB, II0-
3BOJTHJIA HA TOPAIOK YBEJIMYUTH CKOPOCTH U
TOYHOCTH O0pPabOTKM IIPOMIIMPOBKM, IIOS-
BIJIACH BO3MOYKHOCTD BBIIIOJIHEHUS KOHTPO-
JIA JeWCTBUI oIlepaTopa, BHITIOJIHSIONIETO
obpaborky ¢ororpamm. OIleHKA TOYHOCTH
METO0B TPOQHUIHUPOBKYA TOAPOOHO ObLIA
mposefeHa B pabore [2]. Crpykrypa Heii
pocxeMbl aKcIIepTHOM cucreMbl «IIpoduie»
peJcTaBJieHa Ha PUC. 1 ¥ BRJIIOYaeT B cels
84 HempoumIia, pacupeesIleHHBIX 10 YeThI-
PeM CJIOSAM HEeHpPOCXEeMBI.

Heiipocxema BrIIIOUaeT B ceds ciaemayio-
IIIe CJIOM-:
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1) Tak Ha3BIBAEMEBIH «IJIa3» CXeMBI —
TPYIIIa PEIenTopoB K, MPUHUMAIIINX WH-
dopmarimio 00 maobpaskeHmu. B Teryiei
cUCTEMEe pACIO3HABAHUS WX IPUMEHSIETCS
41 1T, TpUW paspelieHuu U300pasKeHu!s
200 T/m.;

2) MEKpOCXeMBI"(pUILTPE S — Ipeobpa-
3YIOT CHUT'HAJI, WCIIOJIb3YSI ITOPOTOBYIO CHCTE-
my [2]. WX xommdecTBO paBHO KOJIHYECTBY
PeLenToposB;

3) MHKpocxeMa MaTeMaTHueckoi M jo-
TUKNU (B JaHHOM cCJIy4dae, aCCOL[I/IaTI/IBHBIﬁ
CXeMHBIH  HMHTerpaTop), BLYHCIIAIOIIAS
cpejHee 3HAYEHHWE CUTHAJIA — 1 IIT.

4) mmkpocxema adderTopa K — mepena-
eT BBIYMCJIEHHOE 3HAYEeHWe BO BHEIIHIOH

cpexy — 1 1.
B pammoit pabore paccMOTPHUM CTPYKTY-
Py HEIIOCPeICTBEHHO HEeMPOYUIIOB-

HHTErpaToOpoB, U3 KOTOPBIX COCTOUT MUKPO-
cxeMa MaTeMaTHUYecKoM joruku M, m mero-
Bl UX OIITUMUSAIIHHN.

CraHaapTHBIA HHTETPATOP

B mepsymo ouepens HeobOxommmo pac-
CMOTPETh CXeMy CTaHAAaPTHOT0 HHTEerpaTopa
u3 Habopa Heitpocxem (pmc. 2) m ommcaThb
ero pabory.



