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Abstract: The paper presents development of an equivalent

circuit model of a traction transformer with coilécbn core
intended for studies of transformer behavior inraction drive
system. The model accounts for the nonlinear B-Hratteristic
and anisotropic properties of the coiled core. &#ion of the
model is based on the Lagrange’s energy methodch #awaing is

modeled by a lumped conservative element describedits

corresponding nonlinear state function and a lumpieear

dissipative element characterized by its resistabigcrete values
of state functions of magnetic conservative eles@rdre obtained
by finite element computations. Custom build Reducszhle
Traction Transformer (RSTT) was used for experimeaisl

verification of its circuit mathematical model. R#su of

measurements and simulations were compared toy\teefmodel.
The comparisons showed good agreement betweenasiomubnd
experimental results.
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1. INTRODUCTION

Main traction transformers are single-phase multi- High-

winding devices. They usually have from 8 to 16 dimgys.
The number of windings depends mainly on the mbtpe

used and the power of train. A traction transforoere is
made up of electrical steel laminations stackedettuey.
Such a core structure has mitered regions formed
overlapping steel
properties than regions in yokes and limbs [1]. diled

(wound) iron core is an alternative approach usegawer
transformers [2].

Modeling of traction transformers is very importéoit
simulations and analysis of transient states ingronains.
The exact circuit parameters are needed for propatrol
strategy of drive systems. The key point of transfer
modeling is the representation of nonlinear maga&tn
and anisotropy of the iron core in calculation loase Finite
Element Method [3]. Experimental results of singlease
wound transformers [4,5] show complexity of londinal
and normal flux distribution under alternating metration.
There have been few attempts to model each indiviskeel
sheet and varnish between sheets of wound coteufcdnly
in 2D field analysis and for a small number of she&or
large scale 3D FEM modeling an iron-laminated case
homogenous material is considered instead [7].

sheets which have worse magnetic
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wound iron core is studied. The iron core is trdates
nonlinear and anisotropic homogenous material.

In this paper an eight winding transformer with gap

A

schematic representation of the primary and secgnda

windings in the considered transformer is showfigare 1.
The geometrical positions of the coils in the tfanser are
depicted in figure 2. The primary windings are matliéhree
parallel sections. The coils denoted P2 and P4 ntake
sections of the primary traction winding. The calisnoted
P1 and P3, connected in series inside the transfoifiorm a
single section referred to as the primary auxiliapnding.

The coils labeled T1 and T2, not connected inside t

transformer, form two sections of the traction setzry
winding. The coils S1 and S2, connected in serisglé the
transformer, are the auxiliary secondary winding.
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Fig.1. Schematic representation of sections, coélad their
connections in the considered traction transformer

Wound core

Fig.2. Isometric view of cross section of the cdeséd transformer
and arrangement of its windings: primary P1,P2@3#&hd
secondary S1,S2,T1,T2
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2. CIRCUIT MODEL OF THE TRANSFORMER generalized C()ordina’[e's[ia ib ig]T_ The relation
An equivalent circuit of the considered transformepetween these coordinates using the malrig given as

supplied from an ideal voltage source and non-react - T - )

loading is shown in figure 3. ['o o '9] :C[Ia - 'g]T (2)

The way of development of the model including
description of the matrix of constraints is presénin [8].
Each winding is modeled as the lumped conservative
element described by its corresponding nonlineatest
function ¥\(io,-...,k) and dissipative element characterized by
its resistanc®,, wherek = 0,1,2, ..., 6 identifies the lumped
elements as shown in figure 3. The equivalent tasieR;
is nonlinear in other to obtain good agreement betw
recorded and simulated shapes of exciting curréditether
resistances are assumed to be linear.

3. CALCULATION OF CIRCUIT PARAMETERS

Field simulations were performed in commercial FEM
software Opera3D using steady-state alternatingents
(Elektra) solver with the following assumptions:HBis a
non-hysteretic curve; the relative magnetic perrigabn
the direction normal to the lamination is approxietaequal
Fig.3. Circuit representation of the consideredsfamner supplied to one. The grain oriented silicon steel ET114 twieh the
from an ideal voltage source and non-reactive fugdi thickness of 0.27 mm) was used in simulations.

R ———

The traction primary windings (P1+P3,P2,P4) arg 1. 3D FE formulation
energized from an AC source with the voltag). A single The calculation problem is defined within three
equivalent circuit Ech for modeling hysteresis aeddy domains Q;, Q,, Q5) as shown in figure 4. Th2; domain is
currents losses is assumed. Windings T1, T2, ar3hre the volume of all windingsS2, is the volume of the wound

loaded by the following resistoR, Rs, Re respectively. The core, andQ; corresponds to air surrounding the windings
rest of particular symbols are as follows; - flux linkage of znd the core.

P1+P3 windings¥; - flux linkage of P2 winding¥, - flux

linkage of P4 winding¥; - flux linkage of eddy currents and o /" R81

hysteresis equivalent loof#, - flux linkage of T1 winding; Y l

¥ - flux linkage of T2 winding;¥ - flux linkage of S1+S2

windings; R, — resistance of P1+P3 windind®; — resistance

of P2 winding;R, — resistance of P4 winding; — resistance

of eddy currents loopR,;, Rs — resistances of T1 and T2

windings respectivelyi}s — resistance of S1+S2 windings. 417
Mathematical description of the equivalent circuit

shown in figure 3 that takes into account all maigne

couplings between the transformer windings has the v | a,

following form:

Fig.4. 3D model of the transformer showing its mdimensions

] . . 0 . . in millimeters) and three computational domains
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0 0 0 0 where 6 is the electrical conductivity tensor
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+CTl 1 : Clic |=|U, ) ) 6= 0 0,,(XY,2) 0
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where C is the matrix of constraints linking the non-The permeabmty te_nsop, which for nonll_near prc?pe.rtles
generalized  coordinates [i i i ]T and the descrl_bes the relation betweeB and dH in constitutive
o1 ° equation can be expressed as
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ﬂO In Ql iuxx(xl y’ Z) 0 0
ﬁ' = ﬁcore in QZ; ﬁcore = 0 'UW(X' Y, Z) 0
,uo In Q3 0 0 ﬂzz(x’ y' Z)
(5)

Simulation of anisotropy in Opera3D software isduhs
on the use of materials’ functional volume propmesti
Volume labels were specified for limbs and yokeexi\ for
each volume label, the Euler angles were defined
variables of x,y,z coordinates to establish
permeability and conductivity in the axial, tangahtand
normal direction of the lamination as shown in figd.

=

Fig.4. Specification of permeability and conductivitys in the
axial @), tangentialt), and normalrf) direction of the wound core

Using local axial-tangential-normad,¢,n) coordinates
the permeability and conductivity tensors can bigtew as

=

ﬁcore = 0 ==

g, 0 O (6)
0 o O
0 o,

The following values are assumeti= 6;=5E6 S/m,s,,=100
S/m. The B-H non-hysteretic curve is shown in fegbr

1.
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Fig.5. B-H non-hysteretic curve of the steel ETijide measured

by the author on a toroidal sample

3.2. State functions and inductances of the transformer
The field distribution results were presented if. [9
Discrete values of state functions have been obdaioy
integration of flux density distribution. Figure shows the
family of linkage fluxes of the winding P2 as a dtion of
ip2iTnipLisyiPaipaisaiTs @mpere-turns of particular windings.
This and similar results for other windings enaloleobtain
the mutual linkage flux as a function of all exegicurrents
and leakage fluxes of particular windings. Thenticmous
representations of these functions were obtainadjusibic
spline piecewise interpolation. Derivatives of kge fluxes
with respect to particular winding currents givdf send
mutual inductances as shown in figure 7 for thedivig P2.
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Fig.6. Family of fluxes of the winding P2 as a ftion of
ipaiTy,ipnisy, ipaipaisaits ampere-turns of particular winding
currents

12 o
MPZPZ(IO'Il’"'ls)_

Mpg pdH]
/\ /\ O ipigie)
8 ai, 1\oslyre-+le
/ \ / \ o kel
4
i,[A]

/// \\

-06 -04 -0.2 0 0.2 04 0.6

0

Fig.7. Self inductance of the winding P2 as a fiomcof the current
i1 ; values of other currents were equal to zero

4. COMPARISON OF SIMULATION AND
MEASUREMENT RESULTS

For experiments a custom build Reduced Scale
Traction Transformer (RSTT) was used (Fig.8). Itsdel is
considered in the paper. Comparison between siguliland
measured exciting currents for no-load operationthaf
transformer is presented in figure 9.

Primary side ratings:
power — 19,5 kVA,
voltage — 230 V,
current — 84 A,
service frequencies -
16% ,50,60 Hz

Fig.8. View of the RSTT and its primary side ratings
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Fig.9. Comparison between simulaiggand measured,, exciting
currents for no-load operation of the RSTT
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Nonlinear magnetic property and magnetic saturatiounctions. Verification examples show correctnessd a
accuracy of the developed circuit model of the RIom
steady state and dynamic simulations.

influence the inrush current. Figure 10 shows #msuit of
inrush current simulation of the RSTT supplied witie
nominal sinusoidal voltage at frequency equal tt6 Hz.
The influence of hysteresis and eddy currents tffen
mutual linkage flux can be measured as shown irfithee
11 in case of the winding P2. The characteristicknkage

flux ¥, as a function of the exciting curreiptcreate loops. 1.

For comparison the non-hysteretic state function thof
winding P2 is added. The areas of these loops septehe
energy dissipated on equivaleRt resistance and can be

used for its verification or calculation.
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Fig.10. Result of inrush current simulation of theTRSsupplied
with nominal sinusoidal voltage at frequency edodal 64 Hz
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Fig.11. Linkage fluxes of the winding P2 as funesmf exciting
currentdp, at different supply voltages

5. CONCLUSION

The state function of each lumped magnetic eleroént

the considered transformer can be represented by th

nonlinear mutual linkage flux and the sum of paitc
leakage fluxes. Cubic spline piecewise interpotat®a very
good approach to approximate highly nonlinear diststate

5.

2.
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NIELINIOWE MODELOWANIE TRANSFORMATORA TRAKCYJNEGO
Z ZELAZNYM RDZENIEM ZWIJANYM DO DYNAMICZNYCH SYMULACJI

Stowa kluczowe: transformator trakcyjny, model nieliniowy, rdzewijany

W artykule przedstawiono model obwodowy transfoorattrakcyjnego z rdzeniem zwijanym przeznaczonggo
bada trakcyjnego uktadu naplowego. Model zaktada nieliniow® charakterystyki B-H oraz anizotropowe wdavosci
rdzenia zwijanego. Model zostat wyprowadzony w cpam metod energetyczm Lagrange’a. Model obwodowy jest
reprezentowany przez uktad nieliniowych element@showawczych i dyssypatywnych. Dyskretne wanitdunkcji stanu
elementéw magnetycznych otrzymano z symulacji pejoigbudowany od podstaw transformator trakcyjredukowanej
skali zostat uyty jako obiekt modelowania i weryfikacji modelu tamatycznego. Wyniki pomiaréw i symulacji obwodowej
poréwnano w celu weryfikacji modelu. Porownanie ag#to dobg zgodndé¢ wynikow symulaciji i eksperymentow.
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