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IIposedero meopemuuni 00CAi0NCEHHS eEKMPOMAZHIMHUX NPO-
Uecie npu 6UNPOOYBGAHHAX CUNOBUX MPAHCHOPMAMOPIe 6 pexcumi
00Ci0H020 KOPOMK020 3AMUKAHHA HA OCHOBI YUCETbHOT peanizauii
MPUBUMIPHOT MOOETT MAZHIMHOZ0 NONA Y HACMOMHOMY POpMmYyio-
eanui. lllnsaxom sepudpixauyii danux po3paxynie *acmomHux i 3mim-
HUX Y 4aci Mooeieti MazHimmoz20 nos 00TpYHMo8ano 00CMosipHicme
1 mounicmv BU3HAUEHHA NAPpaAMempie 00CAI0HO20 KOPOMKO20 3aMU-
KaHHA CUI06020 MPAHCPHOPMAmMoOpa y Hacmomuomy Qopmynioean-
Hi. Busnaueno ocnosHi 3axonomipnocmi po3noodiny MazHimmuozo nos
6 00'emi axmuenoi wacmunu mpanchopmamopa. B 3onax noxaniza-
uii maznimnozo noas 3D po3nodin nanpyscenocmi € piBHOMIPHUM i
susnauaemvcs 2D po3nooiiom y 20pu3oHmanbHoMy nepepisi axkmus-
HOi uacmunu na cepedui sucomu QPasHux 00mMomox. nanenus ocvo-
601 KOMROHEHMU HANPYHCEHOCMT MAZHIMHOZ0 NONSL HAOUICAIONTL-
¢ 00 96-97 % 6i0 moodyas sexmopa nanpyxicenocmi. Peanizosarno
epexmuenuii nioxio 00 nowL06020 MO0ENIOBAHHA HA OCHOBL 0eKOM-
nosuuii po3paxynxoeoi ooaacmi na npocmoposi 3onu. Koswcniit pos-
PAxyHK06ill 301 NOCMABNEHO Y 810N0GIOHICMb eNeKMPUMHUL KOHMY]P
cxemu 3amiwenns. Po3noodin enexmpurnux nomenyianie y 20pu3on-
MAALHUX Nepepizax NPoGiOHUKIE MIdHC KOMYWKAMU A00 Mixc eumKa-
Mu 06momox npuitnamo pienomipnum. Cynepnosuuito maznimnux
nosie Yy npocmoposux 30Hax 30ilicHeHo 3acodamu OUHAMIMHOZ0 CUH-
mesy 3a Kpumepiamu MiHIMAILHOI CMPYMOBOL NOXUOKU 0N enek-
mpuunux xonmypie cxemu 3amiuenns. [Jexomnoszuuin 3D odonacmi
N0JIb068020 MOOENIOBAHHA HA UCHMPATILHY § MOPUESi 301U 301UCHIO-
emwvcs Ha eidcmani 10—15 % eucomu gaznux odmomox, wo 3ades-
neuye GUCOKY MOUHICMb PO3PAXYHKY HANPYICEHOCMI MAZHIMHOZ0
noas iz noxuoxoro ne oinvwe 1,62 %. Bumpamu uacy ons noiwoeo-
20 MO0EII0BAHHSA ETLEKMPOMAZHIMHUX NPOUECIE Y PEAHCUMI 00CNIOHO-
20 KOPOMKO20 3AMUKAHHA 3MEHWEHO Y 5 pa3, a 6UMOZU 00 NOMYNC-
HOCmi 00MuUC/I0BANLHUX anapamuux pecypcie snudceno y 4 pasu.
Bucoxy mounicmv idenmudpixauii napamempie 0ocnionozo xopom-
K020 3amuxanus mpudasnux mpancgopmamopie niomeepodice-
HO NOPIBHAHHAM O0AHUX PO3PAXYHKIE 13 pezyavmamamu eunpooy-
samwb 6 ymosax npueammoezo nionpuemcmea <Enmizs> (3anopixcocs,
Yikpaina). Ioxubxu pospaxynxie ne nepesuwyiomv 1,42 % oas
axmusnux empam i 1,39 % 0ns nHanpyeu Kopomkozo 3aMuKaHHsi.
3anpononosanuii nioxio i3 6UKOPUCMAHHAM MemO0i6 0eKOMNO3UUiL
ma ouHaMiuH020 cutme3y 00360J1€ 3HAUHO NIOSUWUMU edeKxmus-
HiCmb nonepeonboz20 emany KOHCMPYKMOPCvKoi ni020mosKu eupoo-
Huymea i modxice Gymu suxopucmanuil npu peanizauii 3aoax onmumi-
3auii KOHCMPYKMUBHUX PiuleHd

Knrouosi cnosa: enexkmpomazuimue nose, mpudasnuii mpau-
copmamop, docnione xopomie 3amMuKanis, 0eKomMno3uuis, ouna-
MiuHUll cunme3
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1. Introduction

Power transformers are some of the most common elec-
trical devices that play a major role in the transportation of
electricity from the place of its generation to its users. The es-
tablished capacity of power transformers can by order of mag-
nitude exceed the capacity of electricity generation, the trans-
formation multiplicity of which can be equal to 7-8 [1, 2].
That is why there are high requirements to technical and
economic indicators and reliability of power transformers
that must be provided even at the stage of design preparation
of production [3].

Under the steady operating modes of power systems and
distribution networks, the main effect of transformer equip-
ment is determined by the parameters of the replacement
scheme for the test short circuit (SC) [3-5]. Resistances of
SC are calculated according by specifications of the trans-
former for voltage and short circuit losses [1, 2].

Engineering design techniques based on the methods for
researching linear systems fragmentally take into consider-
ation design features of the active part of power transformer
and its other structural elements [1, 2]. This can lead to a dis-
tortion of real processes of electromagnetic conversion of AC
energy in power transformers [4, 5]. Therefore, the accuracy
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of the design calculations of specifications of short circuit of
the transformer is low, and permissible errors can approximate
10-15 % [3]. This causes the relevance of development of
high-precision and high-performance methods for calculation
of the transformer parameters in the mode of the studied SC.

2. Literature review and problem statement

To determine the parameters and characteristics of pow-
er transformers, the schematic models based on the theory
of electric and magnetic circuits are normally used [6, 7].
Comparative simplicity of the algorithms of computer imple-
mentation caused the use of schematic models in engineering
calculations at the stage of design preparation of production
[4, 5]. However, a number of assumptions and simplifications,
which laid the basis of schematic models, lead to deviations
from the actual electromagnetic processes of energy con-
version of AC during its transformations [8, 9]. Simplified
descriptions of surface effects, nonlinear properties of active
and structural materials [10], disregarding the peculiarities
of a multi-component spatial structure of the active part of
transformers [11] can lead to significant calculation errors
[12—14]. Tt imposes a limitation to the application of these
methods for calculation of currents, voltage and electrical re-
sistance under the dynamic conditions of short circuit with
the shock electro-dynamic efforts and thermal loads [15, 16].

It is possible to take into consideration the influence of
structural factors on parameters of a short circuit of power
transformers more completely, using field simulation [17-19].
3D field simulation can ensure high accuracy in determining
the parameters of power transformers. However, its computer
implementation, based on the methods of finite elements in
multi-component areas of the active part with non-linear elec-
tro-physical properties, is complicated by great consumption
of time and requirements for computational resources [17].
Paper [20, 21] proposed the 3D model of electromagnetic pro-
cesses to determine electrical and electro-power parameters of
electro-technical systems of the AC transformation. However,
its application is limited only to systems that have linear mag-
netic properties of materials. In papers [22—-24], it is proposed
to use the differentiation of dimensions of finite elements
and approximation by Lagrange first order polynomials for
effective numerous implementations of the field models. The
application of this approach to power transformers is compli-
cated by the significant nonlinearity of magnetic properties
and the difference of geometric dimensions of separate ele-
ments [25—27]. Some authors try to introduce simplifications
into the geometric model [28, 29], neglect nonlinearity of the
magnetic properties of materials [24] or to apply 2D models
[30, 31]. These assumptions and simplifications decrease the
accuracy of results of simulation and in some cases can distort
a real picture of electromagnetic processes. The field calcula-
tion model of the power transformer in the mode of the studied
short circuit should in detail display the multi-component
structure of the active part and take into consideration the
nonlinearity of electro-physical and magnetic properties of
the active materials. The effectiveness of the numerical imple-
mentation of the field model must meet the requirements of
the problems of design parameters optimization. This causes
the need for development of specific approaches that improve
the computation accuracy and efficiency and ensure adapta-
tion of 3D-field simulation to the tasks of optimum design of
power transformers.

3. The aim and objectives of the study

The aim of this study is to develop an effective approach
to field simulation of the electromagnetic processes of the
three-phase transformer through the decomposition of the
3D area of the active parts into sub-areas for the synthesis
of parameters of the corresponding electric circuits in SC
parameters with high precision.

To accomplish the aim, the following tasks have been set:

—to determine mathematical statement of the AC field
model that reflects the features of electromagnetic energy con-
version in the mode of the studied SC of the power transformer
with the multicomponent active part of a complex structure;

— to determine parameters of decomposition of the cal-
culation region of the active parts of the transformer in the
spatial zones of the reduced volume in order to reduce the
number of finite elements, to ensure the accuracy and effec-
tiveness of the computation processes;

— to develop the method of synthesis of field zones into
the electric circuit by the criterion of current error minimi-
zation for the refined determining of SC parameters.

4. Statement of the mathematical model of
electromagnetic processes in the transformer for the
mode of the studied short circuit

The 3D area of the field simulation of electromagnetic
processes in the power transformer includes the active part,
which is placed in the tank — 6 (Fig. 1, a). The active part
consists of the systems of windings, the magnetic system, the
systems of longitudinal and main electric insulation. The sys-
tem of windings consists of the main and adjusted windings
on the high voltage side (HV) — 1 and the winding on the low
voltage side (LV) — 2 with coils, turns, layers, etc. [33]. In the
charged magnetic system of the transformer — 3, one distin-
guishes limbs and yokes that are brought together by yoke
beams. The system of electric insulation of the transformer
consists of solid insulation from electric cardboard — 4, paper
electric insulation and transformation oil — 5 (Fig. 1, ).

Fig. 1. Three-phase power transformer: a — calculation;
b, ¢, d — upper, central and lower decomposition zones



According to data from [17], electro-physical processes
in dielectric materials can be considered similar to the pro-
cesses of electrical conductivity in materials with relatively
low electrical conductivity. That is why electromagnetic
fields in the calculation region Q (Fig. 1, @) can be described
by Maxwell equations in frequency statements [20, 21]:

VX[(”Q“ j)AVXAf]:‘Gj (0,)(joA, +VV,);
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with potentiality conditions [20]:

{E ,=-grad(V); B, =rot(A ), 2)
relationships of form [20]:
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where A, V are the vector and magnetic potentials, B is the
induction of the magnetic field, E, H are the voltages of elec-
tric and magnetic fields, J is the density of current, 6(0) is the
temperature dependence of specific electric conductivity, 0 is
the temperature, p is the magnetic permeability of vacuum,
u(|BJ) is the equivalent relative magnetic permeability,  is
the angular frequency.

The system of the field equations (1) is supplemented by
conditions of combination of magnetic and electric fields on
the boundaries of the cells with different electro-physical
properties [21]:

fnx(H, ~HL)=0: n-(J.-J.)
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and homogeneous boundary conditions at the external
surface of the tank [26] or impedance conditions [32] at its
internal side.

For calculation region Q, the temperature mode of the
power transformer is accepted as stationary. The tempera-
tures of the elements of the active parts are determined by
the project or by the data, which are admissible for heating
resistance A [1]. The anisotropy of magnetic properties of
cold rolled electro-technical steel was taken into account
according to [25].

For the elements of the power transformer in the 3D
field Q, densities of currents, active losses (for electrically
conductive materials) and energy of the magnetic field are
calculated [20]:
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as well as currents in the phase windings of HV and LL.
Phase high-voltage windings are attached to the three-
phase power supply source by scheme Y, and low-voltage
windings, connected by scheme A, are shunted by branches
with small active resistance. The restrictions for the power
source of test voltage are taken into account using linear
resistances between this source and the windings of the

transformer. This will not lead to any significant increase
in current error provided that these resistances are by
several orders of magnitude lower than resistance of SC,
determined by specifications. Under the mode of the studied
SC, currents in the windings are equal to the rated values,
in accordance with the phase voltage at the HV side {AUk},
k=1,23:

{AUk =—jo¥,+1,-R, k=123 ©
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Computer implementation of the field model (1) to (4)
is carried out in the structure of the specialized software
of field simulation COMSOL Multiphysics [33]. 3D area
is divided into three-dimensional finite elements — tetra-
hedrons with edges, which are approximated by Lagrange
second order polynomials. To increase effectiveness of the
numerical implementation of the model, differentiation of
dimensions of finite elements is performed. In sub-regions
with distinctly pronounced nonlinearity of magnetic prop-
erties and localization of magnetic field, dimensions of finite
element decrease and increase near the outer boundary of
the calculation region.

5. Results of the study of magnetic fields of the
transformer under the mode of test short circuit.
Statement of criteria for the decomposition of active part
and the synthesis of electric circuits of field zones

Field simulation of electromagnetic fields in the area of
the active part was carried out for the three-phase power
transformer of voltage class of 35 kV and power of 1,600 kKWA.
The windings are connected by Y/Y(—0 circuit. Rated values
of linear voltages on the side of HV and LV were 20 kV and
0.4 kV. For the mode of the test CS, the amplitudes of phase
voltages were determined by specified value of SC voltage,
which amounted to 6.5 % of the rated phase voltage from the
HYV side of the transformer. The symmetric three-phase sys-
tem of electrical voltages with the phase shift vector [0; 2 7/3;
4 1/3] for frequency of 50 Hz of AC was used.

The results of 3D simulation are represented by distri-
butions of voltage of the magnetic field and its axial compo-
nents in vertical and horizontal cross sections of the active
part of the power transformer (Fig. 2, a).

According to field calculations, it was determined that
for the mode of the test SC the localization of the magnetic
field occurs in the phase windings systems. In the deter-
mined localization areas, directions and module of vectors
of magnetic field intensity almost never change. The biggest
component is the projection of H,, the value of which is
96-97 % of the module of magnetic intensity vector. This al-
lows us to consider that the 3D distribution of the magnetic
field intensity in the area of its localization is determined by
the 2D distribution in the horizontal plane of cross section
of the active part. The change in electrical potentials on the
surface of horizontal cross-sections of the conductors be-
tween the coils or between the turns of the windings can be
neglected and we can accept the assumption of the uniform
distribution of electrical potentials.

The features of the magnetic fields distribution allow ap-
plying for calculation region Q the principle of superposition
of electromagnetic fields, calculated separately in the central
(Fig. 1, ¢) and end zones (Fig. 1, b, d).



To reduce the number of finite elements and dimension-
ality of equations of the finite element model, it is advisable
to apply the distribution of the active part structure into the
subsystems with separate operating elements or components
[33]. This will significantly reduce the number of functional
relations between the parameters of each subsystem and the
number of independently varied parameters to minimize
current errors for phase currents of the studied SC.
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Fig. 2. Magnetic field of the active part of the power
transformer: a — amplitudes of magnetic field intensity;
b — amplitudes of the projection of magnetic field intensity
onto the vertical axis of the transformer

Decomposition of the calculation region Q implies the
division into several calculation areas, each of which can
be put in conformity with the circuits of the replacement
scheme. These areas are separated from each other by hor-
izontal cross sections that are perpendicular to axis 0z and
pass through the axial insulating channels between the
coils or between the turns of the windings. The distance of
horizontal cross-sections from the upper and lower ends is
10-15 % of the height of the windings.

The central area includes the central part of phase wind-
ings of HV, LV and limbs, main insulation, transformer oil and
the central part of the tank (Fig. 1, ¢). The end zones include
the upper or the lower part of the tank, the upper or the lower
yokes, relevant parts of HV, LV windings and limbs of differ-
ent phases, solid insulation and transformer oil (Fig. 1, b, d).
Division of the field of simulation Q into the zones ensures a re-
duction of time of implementation of the field models due to the
fewer number of finite elements in the zones of smaller volume.

It is possible to display the volume of the region of
electromagnetic energy conversion Q by the sum of the vol-
umes of zones and to determine electrical losses and mag-
netic energy by the sum of values in the respective areas.

For the synthesis of electric circuits on the boundar-
ies of connection of the areas of phase windings, we ac-
cept the conditions of the equality of electric potentials:

{Vm =V o const, ,, AU, =V}, =V, Lo’ )
for which system of equations (6) will take the form:
AU, =3 (a0} 0= {at} ]
i k=123 i k=456 (8)
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where {AUk,i} is the voltage drop in the sections of phase
windings; i is the number of sequential branches in the cir-
cuit of the phase winding, indices ke(1,2,3) belong to the
HV windings of A, B, C phases, indices ke (4,5,6) belong to
LV windings of A, B, C phases, respectively.

In conditions (7), each value of const is “free”. That is why
a voltage drop in the section of phase windings {AUL j}ke(1 o
cannot be assigned in advance and should be determined
from the solution of the problem of current errors minimiza-
tion. For the synthesis of electric circuits and superposition
of magnetic fields, in the calculation region, it is possible
to state objective function with the components that are
determined by the sum of the squares of current errors for
currents in the sections of windings:

min(MQ(D,R)):gmin(Mz (D,R),)=

. ) ©)
= min[(zyk —ik] ]
k=1 i j

In the general case, component of the vector of objective
function M%(D,R)y is the function of vectors of independent-
ly varying D and dependent R parameters for each winding
of the transformer. A voltage drop on the section of the cir-
cuit of the winding is considered as projections of the vector,
irrespective varying parameters D. This makes it possible to
convert the components of objective function M?(D,R);, into
components of function M?*(D),.

To implement conditions (9), it is advisable to apply the
method of dynamic programming [34]. The vector of optimi-
zation parameters with components

D= {AUi }ie(l.S),ke(LG)
can be represented as the sum of vectors of initial approxi-
mation

D, = {AUOJ }|ks(1,6)

and its specification

8D ={5AU,, }k‘ke(m) .

That is why optimality conditions (9) can be put in con-
formity with the system of recurrent equations of Bellman
[9] for each winding of the transformer:

.(10)

ke(1,6)

Relations (9), (10) determine the conditions for dynamic
connections of “free” parameters in equations (7) for the
central and end 3D zones of region Q. The iteration calcu-
lation process of the method of dynamic programming is
implemented in the assigned limits for current £<0.1 % and
angular errors €,<0.5 %.

For the mode of the studied SC, we applied the conditions
that the sum of instantaneous values of voltage drop in the
circuits of the parts of phase windings of each decomposition
zone must be equal to instantaneous values of SC voltage for



each phase. Spatial distribution of magnetic field intensity in
sub-areas of the upper — I, central — IT and lower — III zone
of the decomposition was compared with the distribution of
intensity in the 3D area of the active part (Fig. 3). For the
decomposition method, the largest deviations of calculations
of magnetic field intensity are characteristic of horizontal
surfaces of the areas that cross windings (Fig. 3). However,
the maximum value did not exceed 1.62 %.
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Fig. 3. Distribution of normal component of the magnetic
field intensity in the calculation area and zones

6. Discussion of results of simulation of
electromagnetic processes in the mode of
the test short circuit of the three-phase

connection of electric circuits of phase windings sections
ensures effective implementation of the 3D modeling of
magnetic fields in the regions of a complex spatial form. High
reliability and accuracy of the data of modeling and deter-
mining parameters of a short circuit are achieved thanks to
taking into account of finite dimensions of the magnetic sys-
tem, the winding system and features of reciprocal location.
Time consumption decreases by 5 times, and requirements
for capacity of computation resources for the refined calcu-
lation of the SC parameters decrease by 4 times.

The application area of the results of the conducted re-
search is limited to the most common types of three-phase
power transformers of voltage classes of up to 35 kV including
the circuits of connection of windings Y/Y,—0, Y/D-11,
D/Y,—11 [1]. For the transformers of voltage class of 110 kV
and above, the linear input inside HV windings is applied,
which is performed by an electric circuit with two parallel
branches [1]. In addition, high voltage classes require a sub-
stantial increase in dimensions of axial insulation gaps in the
middle of LV windings, which leads to a multiple increase in the
number of decomposition zones for calculation of the SC of the
transformer. That is why effective approaches to high-precision
determining the SC parameters for transformers with voltage
class of 110 kV and above require further development.

Table 1

Errors of the method of dynamic synthesis of field models for the criterion of

minimum current error

transformer

Calculation Area of active
. Upper zone Central zone Lower zone
regions (zones) part
Verification of SC parameters by the data Magnetic field
of field simulation of the parameters of SC of energy 0.47 % 0.19 % 0.25% 0.76 %
the transformer was performed for SC volt- [ 5 ive power
age, the value of which was 740.2 V (6.41 %) losses 0.53 % 0.31% 0.48 % 1.42%
for the frequency-domain model and 741.7 V Voltage drop R . R R R . . .
(6.42 %) for the time-dependent model. Cor | (modut/phasey | 051 %/029 % | 0.38%/0.18 % | 0.46 %/0.28 % | 1.39 %/0.78 %

responding calculation values of SC losses
were equal to 17.745 kW and 17.815 kW.

Thus, relative discrepancies in frequency calculations did
not exceed 0.4 % for losses and 0.2 % for voltage of short cir-
cuit. The relative error in calculation of losses and short-cir-
cuit voltage did not exceed 1.5 %.

Errors of calculation of active power losses, magnetic field
energy and voltage drops using the method of decomposition
of the 3D area of the active part of the power transformer are
shown in Table 1. The relative errors in the decomposition
areas do not exceed: 0.47 % for magnetic field energy, 0.53 %
for electric losses, 0.51 % for the voltage drop module, 0.29 %
for the voltage drop phase. The relative errors of calculation
of SC parameters make up 1.42 % for losses and 1.39 % for
SC voltage. Validation of calculation parameters of the short
circuit was carried out by comparing the calculation data
using technique [26] with the results of tests, obtained at
private enterprise “Eltiz” (Zaporizhye, Ukraine).

Reliability and accuracy of the results of simulation us-
ing the methods of decomposition and of dynamic synthesis
of the windings sections circuits are ensured provided that
the distribution of electrical potential in the connection
boundaries approaches the uniform one. In this case, the sum
of active losses and magnetic field energy in the calculation
regions will correspond with high accuracy to active losses
and magnetic energy for the 3D area of the active part.

The proposed combination of the methods of decompo-
sition and of dynamic synthesis with “free” conditions of

In the future, the proposed methods of decomposition
and of dynamic synthesis can be adapted for studying
high-voltage reactors and rotating electric machinery and
determining their parameters in test modes.

7. Conclusions

1. It was found that mathematical statements for the
model of the magnetic field reflect the features of the elec-
tromagnetic energy conversion in the mode of the test SC of
the power transformer with the multicomponent active part
of a complex structure. Using the verification of the data of
calculation of frequency-domain and time dependent models
of the magnetic field, we substantiated validity and accuracy
of results when using frequency statements for determining
the parameters of the studied SC of the power transformer.
The relative discrepancies of frequency calculations did not
exceed 0.4 % for losses and 0.2 % for short circuit voltage.
Comparison of calculation data with test results from the
private enterprise “Eltiz” (Zaporizhye, Ukraine) is proved
by high accuracy of identification of the parameters of the
test SC. Relative error of calculation of losses and voltage of
short circuit does not exceed 1.5 %.

2.1t was established that in the test SC, the magnetic
field is located in phase windings. In the localization areas,



directions and the module of the vector of magnetic field
almost never change. The axial component, the value of
which is 96-97 % of the module of the magnetic tension
vector, is the largest. This makes it possible to determine
the 3D distribution of the magnetic field intensity in the
localization area according to the data of 2D distribution in
the horizontal plane of the cross section of the active part in
the middle of the phase windings height. The change in elec-
trical potential on the surface of horizontal cross-sections of
the conductors between the coils or between the turns of the
windings can be neglected and the assumption of uniform
distribution can be accepted. The calculation area is divided
into the central and end zones. Each of the zones was set in
compliance with the electrical circuit in the substitution
scheme. Decomposition of the 3D area of field simulation

into the zones at the distance of 10...15 % of the height of
the phase windings from their ends ensures high precision
of calculation of the spatial distribution of the magnetic field
intensity with the error of not more than 1.62 %.

3. It was found that the dynamic synthesis of field areas
with electric circuits in the substitution scheme by the cri-
terion of a minimum current error significantly increases
computational efficiency of determining SC parameters. In
the set restrictions for current £,<0.1 % and angular errors
£,<0.5 %, relative calculation errors do not exceed 1.42 %
for active losses and 1.39 % for SC voltage. Application of
the methods of decomposition and of dynamic synthesis of
electric circuits make it possible to decrease time consump-
tion by 5 times and decrease the requirements for computing
resources by 4 times.
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