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Numerical techniques for design and modeling
of distribution transformers
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Abstract

Power transformer analysis and design focusing on the equivalent circuit parameter evaluation by magnetic field numerical calculation
is presented. The proposed method adopts a particular reduced scalar potential formulation enabling 3D magnetostatic problem solution.
This method, necessitating no source field calculation, in conjunction with a mixed finite element – boundary element technique, results in
a very efficient 3D numerical model for power transformer design office use. Computed results are validated through measurements. Such a
methodology is very promising for investigation concerning losses and short circuit voltage variations with the main geometrical parameters.
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. Introduction

Transformers are electric machines that enable the trans-
ission and distribution of electric energy in a simple and

ost-effective way, since their efficiency overcomes 95%. The
odern industry requirements necessitate the construction of
great variety of transformers that do not fit into standardized

arge-scale constructions. In such cases, experiential ways of
lectric characteristics calculation do not afford satisfying ac-
uracy, as they concern particular geometries. Moreover, the
imited delivery time does not allow the experimental verifi-
ation of the predicted transformer characteristics.

Numerical modeling techniques are now-a-days well es-
ablished for power transformer analysis and enable repre-
entation of all important features of these devices[1,2].
ore particularly, techniques based on finite elements present

nteresting advantages for non-linear characteristics simula-
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tion. The leakage inductance evaluation has been exten
analyzed, as well as eddy current loss in transformer
walls, iron lamination characteristics and design consid
tions. The systematic increase of computer efficiency a
with the evolution of numerical methods of magnetic fi
simulation enable the detailed transformer magnetic
analysis with the use of low cost and widely popular c
putational systems. The finite element method is one o
numerical methods that have prevailed in the field ana
of three-dimensional configurations that comprise mate
with non-linear characteristics, like transformers, and
be applied within reasonable time in an appropriate pers
computer[9,10].

On the other hand, the boundary element method is
merical field analysis technique that uses the integral for
magnetic field equations and discretizes only the bound
of the considered areas (in comparison to the finite ele
method which discretizes the whole field). Therefore,
method is suitable for open-boundary problems as we
geometries with extensive parts of air. Moreover, the co
nation of boundary and finite elements is widely used for e
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tromagnetic problems since the electromagnetic field is not
only confined to the conductors but it expands over extensive
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parts of air, where the use of a boundary element representa-
tion can significantly decrease the computational effort[5,6].

The application of these methods to the transformer mag-
netic field simulation can afford accurate equivalent circuit
parameters evaluation as well as contribute to the prediction
of the transformer operating characteristics.

The upgrade of the distribution networks voltage (from
15 to 20 kV) has created the need for construction of trans-
formers suitable for both voltage levels by multiple high
voltage windings connection. In these cases, a difficulty
of the transformer parameters evaluation through the ex-
isting design methodology arises, which can be overcome
by incorporating the magnetic field analysis techniques to
the accustomed approximating methods used by manufac-
turers. In addition, the accurate prediction of the trans-
former characteristics can result to its cost reduction, since
the short-circuit voltage value is critical for the choice
of dimensions that ensure its durability under short-circuit
conditions.

2. Modeling techniques

2.1. Finite element method
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Fig. 1. Active part configuration of the three-phase shell type distribution
transformer considered.

the conductor, that satisfies Ampere’s law and is perpendic-
ular on the subdomain boundary.

Fig. 1 shows active part the of the shell type distribution
transformer considered.Fig. 2illustrates the perspective view
of the one-phase transformer part modeled, comprising the
iron core, low and high voltage windings.

The use of this one-phase model instead of the whole three-
phase transformer model was conducted for the following
reasons:

(i) The smaller model size enables the construction of more
dense tetrahedral finite element mesh without great com-
putational cost (given that the exact representation of the
transformer magnetic field requires great accuracy which
is dependent on the mesh density and the total execution
time of the finite element calculations).

(ii) The representation of one-phase of the active part does
not affect the accuracy of the equivalent circuit parame-
ters calculation.

he one
In the present paper a particular scalar potential for
ation has been developed, enabling the 3D magneto
eld analysis. According to our method the magnetic fi
trengthH is conveniently partitioned to a rotational and
rrotational part as follows[3]:

= K − ∇Φ (1)

hereΦ is a scalar potential extended all over the solu
omain whileK is a vector quantity (fictitious field distrib

ion), defined in a simply connected subdomain compri

Fig. 2. Perspective view of t
 -phase transformer part modeled.
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Fig. 3. Fictitious field distribution corresponding to low voltage winding.

Due to the symmetries of the problem, the solution do-
main was reduced to one-fourth of the device (although there
is a slight disymmetry due to the terminal connections in
one side). These symmetries were taken into account by the
imposition of Dirichlet boundary condition (Φ = 0) alongxy-
plane and Neumann boundary condition (∂Φ/∂n = 0) along
the other three faces of the air box that surrounds the trans-
former active part.

In such a case the distribution ofK is straightforward.
As an example such a distribution corresponding to the low
voltage winding is shown inFig. 3. Such a formulation is
well suited for finite element discretization[1,4].

As shown inFig. 2, the high voltage winding area is di-
vided into four subcoils. This division was made in order to
take into consideration the winding connection which gives
the second high voltage level (i.e. 15 kV). In particular, in the
case of the first connection (20 kV) all the subcoils are con-
sidered to undergo the nominal current, while in the second
one, two of them are connected in parallel, therefore, half of
the nominal current flows through them. Each subcoil con-
sists of the respective number of turns which are given by the
manufacturer.

2.2. Boundary element method
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required, in the BEM formulation a mesh of the boundary
only is required, resulting to the significant reduction of the
problem size.

As the solution domain, in case of transformer simulation,
comprises extensive parts of air, the adoption of a boundary
element technique to represent the respective subdomains,
improves the model performance.

2.3. Mixed FEM–BEM method

Let us consider a coupled finite element/boundary element
solution domain, comprisingmFE nodes,n BE nodes andr
common nodes in the interface boundary. The matrices for
the BE region can be written as follows:

HU = GQ (3)

whereU is a vector of the BE nodal potential values,Q a
vector of the BE nodal∂Φ(s′)/∂n values, whileHij andGij
correspond to the Eq.(2) integrals

∮
Γj

(∂Gi(s′, s)/∂n)ds′ and∮
Γj

Gi(s′, s)ds′, respectively[6]. The matrices of the FE re-
gion can be written asSU= F, whereS is the stiffness matrix
andF the source vector. Therefore, the global system matrix
has the form

w ion
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The boundary element method is derived through
retization of an integral equation, that is, mathematic
quivalent to the original partial differential equation. T
oundary integral equation corresponding to Laplace e

ion is of the form:

(s)Φ(s) +
∮
Γ

[
Φ(s)

∂G(s′, s)
∂n

− G(s′, s)
∂Φ(s′)
∂n′

]
ds′ = 0

(2)

heresis the observation point,s′ the boundaryΓ coordinate
′ the unit normal andG the fundamental solution of Lapla
quation in free space.

The re-formulation of the PDE that underlies the B
onsists of an integral equation that is defined on the bo
ry of the domain and an integral that relates the boun
olution to the solution at the points in the domain. There
hile in the finite element method an entire domain me
hereTij is the term used to link the finite element reg
o the boundary element region (involving the potential
ormal derivative values of the FE–BE interface boun
odes),[7,8].

. Results and discussion

The proposed reduced scalar potential formulation
een applied in the 3D numerical analysis of a transfo
nder short circuit for its leakage reactance calculation.
tudy cases were considered, and the respective results
nite element analysis were compared to the experim
esults (local field values and short-circuit voltage value

.1. Study Case 1

The case of the one-phase part of a 1000 kVA, dual vo
0–15 kV/400 V three-phase shell type power transfor
as been considered.
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Fig. 4. Three-dimensional finite element mesh of the transformer active part
(89,603 nodes).

Fig. 4 illustrates the finite element tetrahedral mesh
adopted for the calculation of the transformer magnetic field
under short-circuit conditions. The mesh consists of 89,603
nodes, a density which is considered satisfactory (although
not optimum) for a three-dimensional problem. As shown in
this figure, it is significantly more dense in the windings area,
while it is sparser in the iron cores. This configuration was
chosen in order to represent in great detail the magnetic field
sources (i.e. the windings) without extreme increase of the
total number of nodes (by reducing the respective number of
nodes in the cores area).

Fig. 5 shows the magnetic flux density magnitude distri-
bution during short-circuit test, as it was calculated by the
proposed 3D finite element method with the use of the above
mesh.

These field values have been compared to those measured
by a Hall effect probe during short-circuit test.Fig. 6 gives

F cuit
t

Fig. 6. Comparison of measured and computed field values along the line
AB.

the variation of the perpendicular flux density component Bn
along the line AB, positioned as shown inFig. 5, in case
of short-circuit with the high voltage winding connections
corresponding to 20 kV voltage supply. This figure illustrates
the good correlation of the simulated results with the local
leakage field measurements.

Table 1compares the measured short-circuit voltage value
deduced by the short-circuit test and the calculated one with
the use of different mesh densities, in order to evaluate the
respective variation of the error. The error of the short-circuit
voltage calculation reduces significantly as the mesh density
increases, while it appears to be similar for the two high
voltage levels.

3.2. Study Case 2

The case of the one-phase part of a 630 kVA, dual voltage
20–15 kV/400 V three-phase shell type power transformer,
was also considered. The three-dimensional finite element
model that was used is similar to the one used for the first
study case, consisting of a 100,999 nodes tetrahedral mesh.

The computed values of the perpendicular flux density
component Bn have been compared to those measured by a
Hall effect probe during short-circuit test along the lines AB
and CD ofFig. 7. Figs. 8 and 9show the variation of Bn along
t rre-
s hile
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ig. 5. Magnetic flux density magnitude distribution during short-cir
est.
he line AB with the high voltage winding connections co
ponding to 20 and 15 kV voltage supply, respectively, w
igs. 10 and 11give the variation of Bn along the line CD.

able 1
omparison of calculated and measured short-circuit voltage values
000 kVA transformer modeled

umber of
odes

Calculated
short-circuit
voltage

Measured
short-circuit
voltage

Error
(%)

High voltage
level (kV)

4491 6.38 6.13 4.00 20
9047 6.30 2.84
6903 6.19 0.98
4491 6.13 5.95 3.01 15
9047 6.09 2.30
6903 5.97 0.34
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Fig. 7. One-phase 3D model of the 630 kVA distribution transformer.

Fig. 8. Comparison of measured and computed field values along the line AB (short-circuit at 20 kV).

Fig. 9. Comparison of measured and computed field values along the line AB (short-circuit at 15 kV).
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Fig. 10. Comparison of measured and computed field values along the line CD (short-circuit at 20 kV).

Fig. 11. Comparison of measured and computed field values along the line CD (short-circuit at 15 kV).

the case of AB line, the computed and measured field values
at 20 kV are very close, with the exception of two points in
the “phase c” curve (due to errors during the measuring pro-
cess). The proximity is also good for the case of 15 kV, where
we can observe the field variation due to the different current
level going through the two high voltage subcoils connected
in parallel. The same conclusions are drawn from the obser-
vation of the curves corresponding to the line CD for the case
of short-circuit at 20 and 15 kV.

Table 2compares the measured short-circuit voltage value
deduced by the short-circuit test and the calculated one with

Table 2
Comparison of calculated and measured short-circuit voltage values for the
630 kVA transformer modeled

Number of
nodes

Calculated
short-circuit
voltage

Measured
short-circuit
voltage

Error
(%)

High voltage
level (kV)

23696 5.95 5.61 5.97 20
47044 5.73 2.07

100999 5.67 1.14
23696 5.75 5.50 4.55 15
47044 5.62 2.13

100999 5.57 1.18

the use of different mesh densities, in order to evaluate the
respective variation of the error. The variation of the er-
ror is similar to that ofTable 1, although in the case of
the 630 kVA transformer the error is relatively greater for
medium mesh densities (>4% for a 23,696 nodes mesh)
and reaches a satisfactory low value for a mesh of 100,000
nodes.
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