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Abstract

The present paper deals with a new approach for the
study of the steady - state and transient behaviour of three-
phase transformers. This approach based on magnetic
equivalent circuit diagrams, takes into account the
nonlinear B-H curve as well as zero-sequence flux. The
nonlinear B-H curve is represented by a Fourier series,
based on a set of measurement data. For the numerical
simulations, two methods have been developed, by
considering the total magnetic flux respectively the
currents as state variables. Numerical results compared
with test results and with FEM computations confirm the
validity of the proposed approach.

L INTRODUCTION

Traditionally in most of power system studies, the
modeling of a three-phase transformer is reduced to its
short-circuit impedance. The B-H curve introduced in
some improved models and based on a set of measurement
data, is approximated generally by several straight-line
segments connecting the points of measurements. But
apparently, such B-H curve obtained is not smooth at the
joints of the segments, and the slopes of the straight lines,
representing the permeability, are discontinuous at these
joints. Moreover, in the set of differential equations
considering the currents as state variables, one needs the
expressions of the derivatives of the inductances versus the
currents, which is impossible by using the above
mentioned procedure.

For that reason in the present study, the nonlinear B-H
curve (or U-I curve) is represented by a Fourier series
technique [1], based on the set of measurement data. An
analytical expression of a smooth B-H curve connecting
the discrete measurement points can be defined. By using a
magnetic equivalent circuit-diagram representing the three-
phase transformer, all the self and mutual inductances can
be expressed analytically in function of the magnetic
reluctances of the cores. These inductances (and their
derivatives) can be determined precisely using the
predetermined series Fourier representation, and adapted at
each integration step in the numerical simulations.

II. FOURIER SERIES REPRESENTATION OF
B-H CURVE (U=f(I) CURVE)

A set of N+ 1 discrete measurement data U, and I, or B,-
H, of a three-phase transformer (n=0,1,2,3,...N) is given.
For the sake of making use of the Fourier series, a mirror

image of this set of data is made about the U or B axis
(Fig.1).
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Figure 1. Set of measured data U-I and its mirror image.
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The calculated Fourier series curve and the measured curve

are illustrated in Fig.2. The Fourier coefficients a, are
computed once, then stored for the determination of
B=f(H) or U=f(I) for all possible values of H or I. The
measured curve considered in this study corresponds to the
line-to-line voltage in the primary, and to the current of the
phase A of the primary winding.




100 /

0 01 02 03 04 05 a6 [ikg a8 L] 1 11
P[4

Figure 2. Calculated Fourier series curve and measured
curve.

III. NUMERICAL APPROACH

Two methods have been developed for this approach.

For both methods, the leakage inductances L, , L,, of the
primary and secondary windings, as well as the zero-

sequence inductances L, L , are considered as constants.
The first one considers the total magnetic flux as state
variables. The corresponding set of six differential
equations is given by:
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Rapc: resistances of the primary windings
Ry resistances of the secondary windings

The total magnetic flux of different windings, including
zero-sequence flux are given by:
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The self and mutual inductances are expressed in function
of the magnetic reluctances R;t, Ryr, R3r of the equivalent
magnetic circuit-diagrams, with Nj, N, the turns of the
primary respectively secondary windings. For example, the
magnetizing inductance of the primary winding A
respectively the mutual inductance between the primary
winding A and the secondary one b are given by:
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Similar expressions are determined for all the

inductances. The determination of the magnetic flux at
each integration step permits to evaluate and adapt, by the
B-H curve, the different magnetic reluctances as well as
different inductances.

Some numerical software package like SIMSEN [2]
(http://simsen.epfl.ch) use essentially the currents as state
variables. For this purpose, a second method has been
developed. This one considers the following set of

differential equations:
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Uape = Rype Lape
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In this case, one needs 3 supplementary state variables
Y ., Wg, W, and for the matrix [A] the expressions of all

the inductances and especially all their derivatives versus
the currents or the total flux (see Appendix). These
expressions may be determined analytically by using the
Fourier series relations mentioned before and adapted at
each integration step.

V. FEM COMPUTATIONS

Based on the detailed knowledge of the geometry and
the physical properties of different materials, 2D FEM
field computations are performed for symmetrical and
unsymmetrical loads in magnetodynamics, on a small
transformer of 3 kVA shown in Figure 3.
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Figure 3: Transformer of 3 kVA: Distribution of the
magnetic field in the case of no-load.

The electric circuit related to different cases is shown
in figure 4. One can notice the primary, secondary
windings and the resistances of the load.
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Figure 4: Electrical circuit related to

computations.



V. MEASUREMENTS.
COMPARISON OF RESULTS

A) Case of no-load for a transformer Yy0 of 3 kVA, 380
V/232V, 50Hz, ucc=3.26%.

Fig. 5 shows the computed primary currents given by the
two numerical methods and relative to a small transformer
of 3 kVA in the case of no-load at rated voltage 380 V.

Fig. 6 to 8 show respectively the measured respectively
computed primary currents iA, iB and iC relative to this
case.
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Figure 5. Computed primary currents given by the two numerical

Table 1 shows results coming from different approaches in
the case of no-load for a transformer Yy0, without
connecting the neutrals in the primary and secondary sides.

TABLE I COMPARISON OF RESULTS
CASE OF NO-LOAD FOR A TRANSFORMER Y YO.

Test results Numerical | FEM approach
approaches
[A] [A] [A]
I 0.803 0.745 0.75
Ip 0.52 0.515 0.531
Ic 0.76 0.744 0.749

B) Case of no-load for a transformer Dy5 of 3 kVA, U=
230V.

Fig. 9 to 11 show the measured respectively computed line
primary currents relative to a coupling Dy5 in the case of
no-load, under a voltage of 1.045 p.u.
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Figure 6. Computed and measured primary current iA in the case
of no-load.
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Figure 7. Computed and measured primary current iB in the case
of no-load.
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Figure 8. Computed and measured primary current iC in the case
of no-load.
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Figure 9. Computed and measured primary current ilA in the case
of no-load.
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Figure 10. Computed and measimlered primary current ilB in the
case of no-load.
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Figure 11. Computed and measured primary current ilC in the
case of no-load.



C) Case of a symmetrical load in the secondary, the
primary supplied at its nominal voltage 380 V, YyO0

Table 2 shows results coming from different approaches in
the case of a symmetrical load connected to the secondary
of the transformer (Ra = Rb = Rc = 25 Q) under nominal
voltage Un= 380 V, without connecting neutrals.

TABLE II COMPARISON OF RESULTS
CASE OF SYMMETRICAL LOAD FOR A TRANSFORMER Y YO.

Test results Numerical | FEM approach
approach
[A] [A] [A]
I 34 3.18 3.19
Ip 3.34 3.25 3.24
Ic 3.63 3.41 3.37
I, 54 5.26 5.26
Iy 5.38 5.26 5.23
I, 5.38 5.26 5.19

D) Case of an unsymmetrical load in the secondary

Table 3 shows results coming from different
approaches in the case of an unsymmetrical load connected
to the secondary of the transformer (Ra = 40.5 Q ; Rb =
14.6 Q ; Rc = 39.15 Q; 63.95 % of unsymmetry) under
nominal voltage Uy= 380 V, with the neutral connected
only in the secondary side. A measured zero-sequence
inductance is taken into account in the secondary side
Ly=1.9 mH.

TABLE III COMPARISON OF RESULTS
CASE OF A UNSYMMETRICAL LOAD FOR A TRANSFORMER YYO.

Test results Numerical | FEM approach
approach
[A] [A] [A]
I 2.62 2.50 2.55
Ip 4.46 4.33 4.30
Ic 341 3.2 3.15
I, 3.2 3.2 3.22
I, 9.17 8.89 8.82
1. 3.42 3.45 3.39

A very good agreement between results coming from
different approaches and for different cases can be noticed
(relative error less than 8 % between different approaches).
The present approach will be applied to a large transformer
of distribution (1000 kVA, Dyn11, 18300/420V).

VI.  CONCLUSIONS

In the present paper, a new approach for the three-phase
transformer analysis is described. This one based on
equivalent magnetic circuit-diagrams takes into account
the nonlinear B-H curve and zero-sequence flux. The B-H
curve is represented by a Fourier series expression which
gives a smooth B-H curve, and permits the analytical
determination of all the inductances and their derivatives
versus the currents. A very good agreement between

results coming from different approaches is obtained.
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VIII.  APPENDIX

NUMERICAL APPROACH WITH THE CURRENTS AS STATE
VARIABLES

For example, the voltage equation relative to the
primary A is given by:
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Similar expressions are established for all the partial
derivatives of inductances versus the magnetic
reluctances R, Ryt, R3r of the cores.



