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Abstract

Power transformer analysis and design focusing on the equivalent circuit parameter evaluation by magnetic field numerical calculatior
is presented. The proposed method adopts a particular reduced scalar potential formulation enabling 3D magnetostatic problem solutiol
This method, necessitating no source field calculation, in conjunction with a mixed finite element — boundary element technique, results ir
a very efficient 3D numerical model for power transformer design office use. Computed results are validated through measurements. Such
methodology is very promising for investigation concerning losses and short circuit voltage variations with the main geometrical parameters.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction tion. The leakage inductance evaluation has been extensively
analyzed, as well as eddy current loss in transformer tank
Transformers are electric machines that enable the trans-walls, iron lamination characteristics and design considera-
mission and distribution of electric energy in a simple and tions. The systematic increase of computer efficiency along
cost-effective way, since their efficiency overcomes 95%. The with the evolution of numerical methods of magnetic field
modern industry requirements necessitate the construction ofsimulation enable the detailed transformer magnetic field
a great variety of transformers that do not fitinto standardized analysis with the use of low cost and widely popular com-
large-scale constructions. In such cases, experiential ways ofputational systems. The finite element method is one of the
electric characteristics calculation do not afford satisfying ac- numerical methods that have prevailed in the field analysis
curacy, as they concern particular geometries. Moreover, theof three-dimensional configurations that comprise materials
limited delivery time does not allow the experimental verifi- with non-linear characteristics, like transformers, and may
cation of the predicted transformer characteristics. be applied within reasonable time in an appropriate personal
Numerical modeling techniques are now-a-days well es- computei[9,10].
tablished for power transformer analysis and enable repre- On the other hand, the boundary element method is a nu-
sentation of all important features of these devifeg]. merical field analysis technique that uses the integral form of
More particularly, techniques based on finite elements presentmagnetic field equations and discretizes only the boundaries
interesting advantages for non-linear characteristics simula-of the considered areas (in comparison to the finite element
method which discretizes the whole field). Therefore, this
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parts of air, where the use of a boundary element representa
tion can significantly decrease the computational ef®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. NS

The upgrade of the distribution networks voltage (from ;jh\i
15 to 20kV) has created the need for construction of trans-i
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—ig. 1. Active part configuration of the three-phase shell type distribution
turers. In addition, the accurate prediction of the trans- transformer considered.
former characteristics can result to its cost reduction, since

the short-circuit voltage value is critical for the choice o , . .
of dimensions that ensure its durability under short-circuit the conductor, that satisfies Ampere’s law and is perpendic-
conditions. ular on the subdomain boundary.

Fig. 1 shows active part the of the shell type distribution
transformer considereBig. 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:

2. Modeling techniques
2.1. Finite element method

In the present paper a particular scalar potential formu-
lation has been developed, enabling the 3D magnetostatic
field analysis. According to our method the magnetic field
strengthH is conveniently partitioned to a rotational and an
irrotational part as follow§3]:

() 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

H=K_V® (1) is dependent on the mesh density and the total execution

time of the finite element calculations).

where @ is a scalar potential extended all over the solution (ii) The representation of one-phase of the active part does

domain whileK is a vector quantity (fictitious field distribu- not affect the accuracy of the equivalent circuit parame-

tion), defined in a simply connected subdomain comprising ters calculation.

Neumann boundary
condition

N
] low
" lem voltage
/ winding
high
| — voltage
winding

Dirichlet boundary
condition

Fig. 2. Perspective view of the one-phase transformer part modeled.
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y required, in the BEM formulation a mesh of the boundary
/ only is required, resulting to the significant reduction of the

Kz 4 e problem size.
Lt 4 As the solution domain, in case of transformer simulation,

comprises extensive parts of air, the adoption of a boundary
element technigue to represent the respective subdomains,

| Yimas improves the model performance.
Tmin,

\ 2.3. Mixed FEM—BEM method

Xittmin Xiimax Ximin Ximax

Letus consider a coupled finite element/boundary element
solution domain, comprisingn FE nodesn BE nodes and
common nodes in the interface boundary. The matrices for

Due to the symmetries of the problem, the solution do- the BE region can be written as follows:
main was reduced to one-fourth of the device (although there
is a slight disymmetry due to the terminal connections in HU = GQ 3)
one side). These symmetries were taken into account by the

) . - o whereU is a vector of the BE nodal potential valu€3,a
imposition of Dirichlet boundary conditior(= 0) alongxy- , C N
plane and Neumann boundary conditiom(an — 0) along vector of the BE nodad®(s")/dn values, whileH;; and Gjj

1 / /
the other three faces of the air box that surrounds the trans_correspond tothe E(QZ).lntegralsfpj(aG,-(:v »$)/dn)ds” and
former active part. $ r Gi(s', s)ds’, respectively[6]. The matrices of the FE re-

In such a case the distribution &f is straightforward. ~ gion can be written aSU=F, whereSis the stiffness matrix
As an example such a distribution corresponding to the low andF the source vector. Therefore, the global system matrix
voltage winding is shown ifFig. 3 Such a formulation is  has the form
well suited for finite element discretizati¢h,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- 1
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- ' - B
sists of the respective number of turns which are given by the
manufacturer.

Fig. 3. Fictitious field distribution corresponding to low voltage winding.

whereTij; is the term used to link the finite element region

to the boundary element region (involving the potential and
normal derivative values of the FE-BE interface boundary
nodes)][7,8].

2.2. Boundary element method

The boundary element method is derived through dis-
cretization of an integral equation, that is, mathematically
equivalent to the original partial differential equation. The
boundary integral equation corresponding to Laplace equa-

tion is of the form: 3. Results and discussion

IG(s', s) ;202N The proposed reduced scalar potential formulation has

D D(s) ——— — = L . .
c)e() +% { ) on Gls.s) on’ ds =0 been applied in the 3D numerical analysis of a transformer
r ) under short circuit for its leakage reactance calculation. Two

study cases were considered, and the respective results of the

wheresis the observation poing, the boundary™ coordinate, finite element analysis were compared to the experimental
n’ the unit normal ané the fundamental solution of Laplace  results (local field values and short-circuit voltage value).
equation in free space.

The re-formulation of the PDE that underlies the BEM 3.1. Study Case 1
consists of an integral equation that is defined on the bound-
ary of the domain and an integral that relates the boundary  The case of the one-phase part of a 1000 kVA, dual voltage
solution to the solution at the points in the domain. Therefore, 20—-15kV/400V three-phase shell type power transformer,
while in the finite element method an entire domain mesh is has been considered.
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Bn alongthe line AB
short-circuit at 20 kV
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Fig. 6. Comparison of measured and computed field values along the line
AB.

0y
L

e

the variation of the perpendicular flux density component Bn

along the line AB, positioned as shown Hig. 5, in case
Fig. 4. Three-dimensional finite element mesh of the transformer active part of short-circuit with the high voltage winding connections
(89,603 nodes). corresponding to 20 kV voltage supply. This figure illustrates

the good correlation of the simulated results with the local

Fig. 4 illustrates the finite element tetrahedral mesh |eakage field measurements.

adopted for the calculation of the transformer magnetic field Table lcompares the measured short-circuit Vo|tage value
under short-circuit conditions. The mesh consists of 89,603 deduced by the short-circuit test and the calculated one with
nodes, a density which is considered satisfactory (althoughthe use of different mesh densities, in order to evaluate the
not optimum) for a three-dimensional problem. As shown in respective variation of the error. The error of the short-circuit
this figure, itis significantly more dense in the windings area, voltage calculation reduces significantly as the mesh density

while it is sparser in the iron cores. This configuration was increases, while it appears to be similar for the two high
chosen in order to represent in great detail the magnetic fieldyoltage levels.

sources (i.e. the windings) without extreme increase of the
total number of nodes (by reducing the respective number of 3 5. Study Case 2
nodes in the cores area).

Fig. 5shows the magnetic flux density magnitude distri- The case of the one-phase part of a 630 KVA, dual voltage
bution during short-circuit test, as it was calculated by the o>q_15k\v/400V three-phase shell type power transformer,
proposed 3D finite element method with the use of the aboveyas aiso considered. The three-dimensional finite element

mesh. model that was used is similar to the one used for the first
These field values have been compared to those measuredy,qy case, consisting of a 100,999 nodes tetrahedral mesh.
by a Hall effect probe during short-circuit te§ig. 6 gives 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 $how the variation of Bn along
the line AB with the high voltage winding connections corre-
sponding to 20 and 15 kV voltage supply, respectively, while
Figs. 10 and 1gjive the variation of Bn along the line CD. In

Table 1
Comparison of calculated and measured short-circuit voltage values for the
1000 kVA transformer modeled

Number of  Calculated Measured Error High voltage

nodes short-circuit short-circuit (%) level (kV)
voltage voltage

14491 6.38 6.13 4.00 20

49047 6.30 2.84

86903 6.19 0.98

14491 6.13 5.95 3.01 15

49047 6.09 2.30

Fig. 5. Magnetic flux density magnitude distribution during short-circuit

86903 5.97 0.34
test.
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Fig. 7. One-phase 3D model of the 630 kVA distribution transformer.
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Fig. 8. Comparison of measured and computed field values along the line AB (short-circuit at 20 kV).

Bn along the line AB
short-circuit at 15 kV
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Fig. 9. Comparison of measured and computed field values along the line AB (short-circuit at 15 kV).
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Bn along the line CD
short-circuit at 20 kV
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Fig. 10. Comparison of measured and computed field values along the line CD (short-circuit at 20 kV).
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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 valuesthe use of different mesh densities, in order to evaluate the
at 20kV are very close, with the exception of two points in respective variation of the error. The variation of the er-
the “phase c” curve (due to errors during the measuring pro- ror is similar to that ofTable 1 although in the case of
cess). The proximity is also good for the case of 15 kV, where the 630 kVA transformer the error is relatively greater for
we can observe the field variation due to the different current medium mesh densities (>4% for a 23,696 nodes mesh)
level going through the two high voltage subcoils connected and reaches a satisfactory low value for a mesh of 100,000
in parallel. The same conclusions are drawn from the obser-nodes.
vation of the curves corresponding to the line CD for the case
of short-circuit at 20 and 15 kV.
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