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Shunt Regulation Analysis of The Short-Circuit Inductance
based on 3D Magnetic Field in High Reactance Transformer with
Movable Shunt

Streszczenie. W artykule przedstawiono trojwymiarowg analize pola magnetycznego w transformatorze rozproszeniowym (HLR). Obliczenia pola
zostaty wykonane metodg elementéw skonczonych (MES). Transformator rozwazany w obliczeniach sktadat sie z rdzenia oraz dwéch uzwojen
oddzielonych ruchomym bocznikiem wktadanym w okno transformatora. Wzieto pod uwage rézine pozycje bocznika wzgledem rdzenia
transformatora, jak réwniez grubo$¢ pakietu blach z ktérego jest on wykonany. Uwzgledniono nasycenie magnetyczne rdzenia i warstw
bocznikowych. Dzieki analizie 3D wskazano miejsca nasycenia magnetycznego. Obliczone warto$ci reaktancji rozproszenia poréwnano z
zmierzonymi i uzyskano dobrg zgodno$c¢. Troéjwymiarowa analiza pola magnetycznego w transformatorze rozproszeniowym (HLR)

Abstract. Analysis of the 3D magnetic field in high leakage reactance (HLR) transformer is presented. The field calculations have been executed
with the Finite Element Method (FEM). The transformer considered consisted of a magnetic core and two windings separated by movable shunt
stacked from oriented steel sheets. Various locations and thickness of the shunt have been taken into account. Magnetic saturation of the core and
shunt laminations was taken into account. Thanks to the 3D analysis the magnetic saturation spots were indicated. The calculated leakage

reactance values were compared with the measured ones and a good agreement has been obtained.
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Introduction

A lot of papers and books have already been performed
on the calculation of magnetic fields in electrical devices [8].
Many calculations of electromagnetic parameters were
carried out also for transformers. The innovative designing
of such objects have also been based on analyses of
magnetic field distributions using both two-dimensional and
three-dimensional mathematical models. It concern also the
so called High Leakage Reactance (HLR) transformers.
They are special, regulating transformers and they are still
used as reliable power sources. For example, they are used
in high-current systems [12,13] and for an electric arc
excitation. They can supply some welding apparatus and
discharge lamps without applying of some electronic
devices. In this way, we do not introduce some additional
harmonics into a power grid except those resulting from the
specificity of the electric arc.

HLR transformers as well as other electromagnetic
devices are built from a magnetic core formed from thin
laminations of magnetic material and from windings fixed on
the core. They produce relatively high leakage magnetic
flux which splits not only on the windings but also on the
armature of those devices. For example, the movable shunt
providing the changeable magnetic coupling between
primary and secondary windings in HLR transformers
makes possible infinitely adjustable secondary voltage to
keep the secondary current to be constant.

The HLR transformers’ leakage system calculation was
started from a two-dimensional field analysis with the Finite
Difference Method (FDM) [18]. Due to the unlimited leakage
magnetic flux, the 2D method of integral equations was also
used [18]. These calculations were mainly related to short-
circuit reactance determination [15, 17]. In order to speed
up the design method of HLR transformers the scaled
models were also used [23].

2-D mathematical models well reflect the reality in
magnetic flux distribution for symmetrical or infinitely long
objects, mainly. In the physical objects however, there is a
change in the nature of the magnetic field at the ends of
such objects. Following to the 2-D analyses, the
superposition method of 2-D magnetic field solutions was
given [19].

Taking into account the unlimited magnetic leakage
field, FDM and finite element method (FEM) are
troublesome. Because of that, B. Tomczuk developed a
method of integral equations [9, 10]. The calculations
described above were mainly focused on the HLR
transformer cores without shunts. One of the authors (B.
Tomczuk) also used the 2-D analysis to calculate the
magnetic systems with a fully inserted shunt or with the
fixed shunt being a part of the transformer core [16, 17].

Due to the difficulties mentioned above, some
threedimensional models, based on the method of
boundary integral equations (BIE), were introduced in the
research of HLR transformers [9]. The method was used
equally well as the finite element method (FEM) to calculate
not only HLR transformers but also the chokes with large air
gaps [18, 20, 22].

After developing the computer code in Fortran language
and execution it within DOS operation system, Fredholm’s
integral equations with respect to the three-dimensional
magnetic field description were solved for calculating of the
current transformer inductances, as well [20, 21, 22].

The analysis of the magnetic cores with partially
extracted shunts requires not only the three-dimensional
approach but also a very precise discretization of the air
gap areas and the shunt edges. The authors’ achievements
in the research focused on the field analysis in unbounded
3D regions have made possible to carry out the FEM
analyses for the described issues. Moreover, the impro-
vement of commercial software made them more popular.
Therefore, for the calculations of HLR transformers FEM
has been used successfully, which is presented in this
work.

With the development of numerical technology and the
increase in computing power, those methods worked out in
the 20th century can be used nowadays for calculation of
HLR transformers, as well. Thus, the HLR transformer with
the shunt partially inserted into the core window was
researched. This paper focuses on the magnetic flux
density distribution depending on the shunt fixing relative to
the transformer window, as well as on the change of
leakage reactance depending on the thickness of the shunt
lamination. The finite element method implemented in the
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commercial ANSYS - Maxwell software was used for the
calculations. In order to speed up the execution time, all
symmetry conditions of the analyzed area should be used,
which was also effected in this work.

Mathematical description

In the ANSYS-Maxwell software, the selected partial
differential equations (PDE) of the magnetic field are used.
Maxwell's equations are fundamental in every field analysis.
The first (1) and second (2) Maxwells’ equations are the
basis ones [6].

1) rotH=]
) divB=0

To simplify the field analysis, the magnetic vector
potential has been used frequently:

(3) B=rotA

In Fig. 1 is shown a relative simple HLR transformer with
magnetic shunt partially inserted in the magnetic core. This
shunt can be extracted from the transformer window
depending on the demanded short-circuit reactance of the
windings. For the calculations, the main dimensions in the
geometry are given in table. 1.

Fig. 1. Dimensions of the calculated transformer

Table 1. Main dimensions (in millimeters) of the calculated
transformer.

e f G h i j
80 260 40 260 40 29

k | M n o P
150 11 121 12 178 2

After testing the enlargement of the external space out
of the core, we assumed the area under the field analysis.
For limiting of the calculated region, the Dirichlet's
conditions have been taken into account for each
component u of the vector potential:

4) u(P) =g(P)forP €S

where:

- u(P) - the function sought at points inside the R-region,

- g(P) - specified area function for points P belonging to the
S edge of the R area.

Due to the nature of the leakage magnetic field and
symmetry of the analyzed object, it is necessary to assume
the appropriate symmetry conditions of all space. The even
and odd symmetry planes were fixed, which allowed to
include only a quarter of the presented transformer under
during calculations.

First, we applied the anti-symmetry (odd symmetry)
rules. They can be mathematically described using the
simple condition at the plane YZ showed in figure 2.

(5) Ay x1y121) = Ayt

The symmetry conditions concern the plane which
halves the height of the transformer core and the windings.
To analyze a quarter of this object we assumed the
symmetry rule applied on the plane XY.

(6) Az2x2,y2,-22) = A2(x2.y2,22)

_m—_ A1lx1,y1,21]

A1'[x1,y1,21]
[ ]

o
A2'[x2,y2,-22]

Fig. 2. A quarter of the HLR transformer with the symmetry and
anti-symmetry planes

One of the most important elements in FEM is the
appropriate discretization of the object. Figure 3 shows a
grid made of tetrahedrons for the described transformer [2].
Including the air layer near the iron of the core and shunt,
the space around their corners had to be particularly
discretized so that the fine mesh of elements be used in the
vicinity of the iron. To set the boundary conditions and to
describe the anti-symmetry and the symmetry planes, in the
ANSYS-Maxwell program the Default option was chosen,
what contains the Natural and Neumann problem,
equations (4) and (7).

@) (Z—Z) (P)=g(P)dlaP €S

X

Fig. 3. The axonometric view of the finite elements’ grid

For accurate discretization, the object was divided into
400k tetrahedrons. The region that requires focusing the
largest number of elements and the most accurate
discretization is the gap between the shunt and the
transformer yoke.

As input data of the calculations, the 3500A value of the
winding magnetomotive force and the power frequency
f=50Hz were assumed. The turn number of each
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transformer winding was 350. The results presented in
Chapter 3 concern this data. On the basis of the magnetic
field distribution, a magnetic flux was determined to pass
the surface located in the middle of the primary winding coil
and passing through half of its surface. We integrated the
magnetic flux density according to the equation (8).
(8) ®=[ B-dS

Knowing the flux, from a simple relationship, the
inductance of the coil was determined. followed by the

leakage reactance of the primary winding, equations. (9)
and (10).

9) L= ?
(10)

XL = wlL
3-D Calculations of HLR - transformer
In the first step, the conditions for the symmetry and
anti-symmetry planes described in the previous chapter
were introduced. Figures 4 and 5 show the magnetic field
distribution for the whole model and for a quarter of the
transformer.

BLteslal

2, 9090 +203

1, 7778e+008
1, 55566 +808

1. 3333e+208

1,1111e+208
8, 8389e-Ba1
| 0. 06667s-981

4. Ylibe-pat
2.22226-001

B, BeBae+Bag

Y
X

Fig. 4. The distribution of magnetic flux density for the whole model
of transformer
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Fig. 5. The distribution of magnetic flux density for the % model of
the transformer

In the next step, the magnetic field distribution for the
variable shunt position in relation to the transformer window
was analyzed. The projection of the shunt from the window
was made with a step of 5 mm. After analysis of the field for
a transformer with a partially extracted shunt, the leakage
reactances of the windings were calculated. The results for
the primary winding were shown in figure 6. For the fully
inserted shunt, a good agreement was obtained with the
results from the 2D analysis [14]. The accordance (dignity)
is caused by the fact that the magnetic field of this object
with a completely shifted shunt is mainly concentrated in the

window of the transformer, and the flux through the shunt
determines the total leakage flux.
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Fig. 6. The reactance of transformer winding with extracted shunt

The leakage reactance was measured for the series
opposing windings. For the needs of the measurements
(avoiding overheating of the windings), the magnetomotive
force of each winding was limited to 350A. For the same
value of this force, the leakage reactance of the windings
was calculated. In Figure 7, the quarter of the core with the
primary transformer winding was calculated. Thanks to the
field analysis we could determine some hot spots of the
core and shunt. It was noticed when the shunt is pulled out
(extracted) from the core window. Its corners and the
adjacent parts of the core are going to saturation. This
phenomenon was impossible to observe using two-
dimensional mathematical models.
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Fig. 7. Saturation of the plate package in the corner of the extracted
shunt

One of the ways to change the leakage reactance is
changing the width of the shunt inserted into the
transformer window.

The characteristic presented in figure 8 confirms the
almost linear dependence of the leakage reactance on the
shunt width. However, the use of a wider shunt package is
associated with heavier and difficult to extract massive
construction of the movable part. On the other side, the
narrower shunt is willing to magnetically saturate and limits
the output minimal current. limits the current adjustment
range. Taking into account the above, the considered in this
paper transformer was performed for the shunt width of
40mm. After the calculation, the obtained results were
confirmed by testing the actual model. The appropriate
choose of the shunt is important for designing the devices
for electric arc supply. For the HLR transformers to welding
apparatus, the shunt should be light and easy movable,
whereas this of the transformers for discharge lamps’
supplying can be stationary (motionless) and relatively
heavy.
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Fig. 8. The reactance of the primary winding of the transformer

Conclusion

The presented 3D mathematical modeling of the
magnetic field distribution allows to predict the so called
‘hot spots” of the magnetic field in the regulating
transformers. Moreover, after the calculation of the integral
parameters of the field, the nominal data of HLR
transformers can be determined. Leakage reactances are
the main parameters for the transformers. Thus, they were
tested on the prototype and a good agreement have been
obtained. Electromagnetic forces and reactances places
with the design the selected object in a different examples
without having to perform tests on the real, physical object.

The article presents two different methods of welding
current adjustment. Changing the width of the shunt is not
very effective. However, it can by well used in solutions
were the current adjustment is not necessary. Much better
results were obtained by changing the shunt extraction from
the transformer window. The leakage reactance has been
changed almost three times, which allows for the
proportional current change. The advantage of this type of
solution is a smooth change in value across the entire
range. This solution enables the construction of systems
allowing for dynamic adjustment of the welding current [4,
15].

During the calculations, it was noticed that in the shunt
corners during its extraction from the transformer window,
the part of the plate pack goes into saturation. This
phenomenon should be taken into account when designing
welding transformers. In this case, shunts are used, which
partially saturate. This will be the subject of further research
by the authors of this article. Adjusting the current in the
welding process allows combining more material groups in
their wider range of thicknesses. Freedom of welding
current adjustment improves the welder's work comfort by
giving the possibility to adjust the chosen parameter to
personal preferences. The welding current adjustment can
be done by changing the reactance of the welding
transformer.

Authors:

prof. dr hab. inz. Bronistaw Tomczuk,

E-mail: b.tomczuk@po.opole.pl;

mgr inz. Dawid Weber, , E-mail: dawid.weber@doktorant.po.edu.pl;
dr inz. Dawid Wajnert, , E-mail: d.wajnert@po.opole.pl;
Politechnika Opolska,

Katedra Elektrotechniki i Mechatroniki, ul. Proszkowska 76,

45-758 Opole

REFERENCES
[11 Ansys Maxwell 3D user's guide—Maxwell 3D, ANSYS Inc
Southpoint 275 Technology Drive, Canonsburg 2010.
[2] Bandelier B., Rioux-Damiadau F.: Mixed Finite element method for
magnetostatic in R3, IEEE Transaction on Magnetics, Vol. 34, No.
5, 1X 1998, pp. 2473-2476.

[3] Bruno S. Alvesa B.S., Kuo-Penga P., Dularb P.: Contribution to
power transformers leakage reactance calculation using, Electrical
Power and Energy Systems, Vol. 105, 2019, pp. 470 -477.

[4] Chmielewski T., Weglowski M. Jaeschke B.: Current status and
prospect development of dynamic regulation for GMA welding
power sources, Przeglad Spawalnictwa Vol. 87 10/2015 pp. 130 -
134.

[5] Grossner N. R.: The geometry of regulation Transformers, IEEE
Transaction on Magnetics, Vol. 14, No. 2, 1986, pp. 241-244.

[6] Binns K. J., Lawrenson PP. J., Trowbridge C.W.: The analitycal and
numerical solution of electric and magnetic fields, J.Wiley and Sons
Chichester, New York, 1992.

[7] O’connor P.: Test Engineering A C.oncise Guide to Cost-effective
Design, Development and Manufacture, John Wiley & Sons, LTD,
Stevenage 2001.

[8] Sykulski J.K.: Computational Magnetics, Chapman & Hall, London,
1995.

[9] Tomczuk B.: Three-Dimensional Leakage Reactance Calculation
and Magnetic Field Analysis for Unbounded Problems, IEEE
Transaction on Magnetics, New York, USA, Vol. 28, No 4, 1992, pp.
1935-1940.

[10] Tomczuk B.: Analysis of 3-D Magnetic Fields in High
Leakage Reactance Transformers, IEEE Transaction on Magnetics,
Vol. 30 No. 5, 1994, pp. 2734-2738.

[11] Tomczuk B.: Metody Numeryczne W Analizie Pola Uktadéw
Transformatorowych, Politechnika Opolska, Opole 2007.

[12] Tomczuk B., Babczyk K.: Calculation of the Self- and Manual
Inductances and 3-D Magnetic Fields of Chokes with Air Gaps in
the Core, Electrical Engineering (Archiv fir Elektrotechnik),
Springer — Verlag, Berlin, Vol. 83, 2001, pp.41-46.

[13] Tomczuk B., Zakrzewski K.: 3-D magnetic field distribution in
single- and three- phase reactors with air gaps, COMPEL — The
International Journal for Computation and Mathematics in Electrical
and Electronic Engineering, MCB University Press Limited,
England, Vol. 19, No. 2, 2000, pp. 524+528.

[14] Weber D.: Voltage reduction system, Zeszyty Naukowe
Politechniki Opolskiej, Opole 2018.
[15] Zakrzewski K., Tomczuk B.: Application of fast algorithm for

the analysis of nonhomogeneous fields in stray transformers,
ISEF’8 —II"® International Symposium on Electromagnetic Fields in
Electrical Engineering, Warszawa, 24-26 IX 1985, pp. 69 — 71.

[16] Zakrzewski K., Tomczuk B.: The Influence of Magnetic Core
Permeability on the Reactance of Stray Transformers, ISEF’87 —III'"
International Symposium on Electromagnetic Fields in Electrical
Engineering, Pavia, ltaly, 24-26 1X 1987, pp. 127 — 129.

[17] Zakrzewski K., Tomczuk B.: Obliczanie reaktancji zwarcia i
strat dodatkowych w uzwojeniach o rdzeniu ptaszczowym, Przeglad
Elektrotechniczny, vol. 1989, no. 6-12, s. 167-169.

[18] Zakrzewski K., Tomczuk B.: Comparison of Finite Difference
Method (FDM) and Integral Equations Method (BIM) in Calculation
of Piecewise Nonhomogeneous Magnetic Fields, book:
Electromagnetic Fields in Electrical Engineering, Eds.: J. Turowski
and K. Zakrzewski, James & James Science Publishers, London,
1990, pp. 139-142.

[19] Zakrzewski K., Tomczuk B.: Obliczanie reaktancji
transformatorow rozproszeniowych poprzez superpozycje
dwuwymiarowych rozwigzan pola magnetycznego. Archiwum

Elektrotechniki, tom XXXVII, z. 1/4/1988, PWN, Warszawa-Poznan,
1990, s. 29-42.

[20] Zakrzewski K., Tomczuk B.: Magnetic Field Analysis and
Leakage Inductance Calculations in Current Transformers by
Means of 3-D Integral Methods, Record of the 10" Conference on
the Computation of Electromagnetic Fields, COMPUMAG’95,
Berlin, Germany, 10 — 13 July, 1995, pp. 320 — 321.

[21] Zakrzewski K., Tomczuk B.: Magnetic Field Analysis and
Leakage Inductance Calculations in Current Transformers by
Means of 3-D Integral Methods, IEEE Transactions on Magnetics,
New York, USA, Vol. 32, No. 3, May 1996, pp. 1637 — 1640.

[22] Zakrzewski K., Tomczuk B.: On the use of the FEM and BIE
method in the 3D magnetic field computation of the reactors with air
gaps, COMPEL — The International Journal for Computation and
Mathematics in Electrical and Electronic Engineering, MCB
University Press Limited, England, Vol. 17, No. 1/2/3, 1998, pp.
116-120.

[23] Zakrzewski K., Tomczuk B., Waindok A.: Scaled models in
3D calculation of transformer magnetic circuit, EPNC 2004- XVt
Symposium “Electromagnetic phenomena in nonlinear circuits”
Poznan, Poland, June 28-30, 2004, pp. 31-32.

34 PRZEGLAD ELEKTROTECHNICZNY, ISSN 0033-2097, R. 95 NR 11/2019



