INFLUENCE OF RANDOM VARIABLES ON TRANSFORMER INRUSH CURRENT
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ABSTRACT- This paper studies influences of random
variables such as switching angle and remanent flux on
transformer inrush current. In order to study this problem,
a model for determination of instantaneous magnetization
characteristics of transformers (saturation and hysteresis
loop) by taking into account only the measured rms
voltages, rms currents and power losses is presented. A
uniform probability distribution function is assumed for
the switching angle and the remanent flux. By using
Monte-Carlo simulation techniques, the influence of
these random variables on inrush current is investigated.

I. INTRODUCTION

Industrial and public power systems necessary include a
great number of transformers. The switching of these
transformers can produce highly distorted inrush currents
in the network. Computation of transformer inrush
current offers important data for power systems operation,
protection and internal transformer phenomena. Since
inrush currents result from transient phenomena, it is
difficult to accurately observe and analyze.

Inrush current is determined, on the one hand, by the
transformer characteristics, on the other hand, by initial
electric and magnetic conditions before connection of
transformer to the network. These conditions are linked to
magnetic nonlinearity of transformer, i.e. to saturation
and hysteresis. Several methods have been developed to
predict inrush current by using analytical formulation and
numerical simulation [1-7].

The switching angle (o) and the remanent flux (Ap) have
an impact on the transformer inrush current. Since the
angle of the applied voltage and remanent flux are not
known at the instant the transformer is energized, the
switching angle and remanent flux are considered random
variables. Influence of random variables such as occurrent
moment of short-circuit and remanent flux on transient
performance of protective current transformer has been
presented in [8].

This paper studies influences of random variables on
transformer inrush current. In order to study this problem,
a model for determination of instantaneous magnetization
characteristics of transformers (saturation and hysteresis
loop) by taking into account only the measured rms
voltages, rms currents and power losses is presented. A
uniform probability distribution function is assumed for
the switching angle and the remanent flux. By using
Monte-Carlo simulation techniques [9], the influence of
these random variables on inrush current is investigated.

II. PROPOSED MODEL

A single phase equivalent circuit of a transformer can be
shown in Fig. 1. The magnetizing part of transformer can
be represented by a nonlinear inductance in parallel with a
nonlinear resistance. The nonlinear inductance represents
saturation part, and the nonlinear resistance represents
hysteresis part.
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Fig. 1. Single-phase equivalent circuit of a transformer.

From measured rms voltages, rms currents and power
losses, the main saturation curve and the equivalent
hysteresis loops are obtained. The required data for the
present method are easily available from the final test in
the manufacturer's report {1, 8, 10-14].

In a no-load test transformer, the rms voltages, currents,
and core losses are measured in low voltage winding (ex:
in secondary winding). In this case, the magnetizing
current ig is equal to the secondary current i5. The total
current ip comprises two parts: the main saturation
current ig and the hysteresis current ip, (current of loss
part). The main saturation flux-current curve ig = f(A) can
be represented by a pth odd order polynomial:
is=AlX+Ap7\." p=3,57.. ¢))

The hysteresis current i, = f(A, d\/dt) is determined by a
qth even order polynomial:

lh=

D, +D, (%)"}% 1=246.. (@

From (1) and (2) the magnetizing current can be
determined by:

ipy=AA+A ?»"-a-{D +D (@)q
P 0 q

}ﬂl ©)
dt

dt
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Where A is flux linkage; A and D are sets of constants
and these constants will be determined from the measured
data by using the least squares curve fitting method [8,
14, 15].

This method allows to obtain a complete magnetization
characteristic (saturation and hysteresis) for any voltage
level. A set of experimental data leads to a unique
solution that respects energy constraints imposed by the
model.

By using the method suggested, the saturation
characteristics and hysteresis loops of a 2 kVA, 150/150
V', single phase 50 Hz transformer [14], are computed.
From measured rms voltage-current and power losses-
voltage, the v - iy, curve is calculated. This curve
represents the current through in the branch (Rp,) in
function of the maximal applied voltage.
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Fig. 2. A - ig main instantaneous saturation curves.

From the rms total current (ig) and the rms hysteresis
current (ip), the rms saturation current (ig) is obtained.
From the rms saturation current and the measured
voltages, the main instantaneous saturation A- ig curve is
obtained (Fig. 2). Fig. 3 shows static hysteresis loops of
the transformer at six different applied rms voltages:
0.46, 0.6, 0.73, 0.86, 1.0, 1.13 pu.
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Fig. 3. Static hysteresis loops of transformer.

III. INFLUENCE OF RANDOM VARIABLES
ON INRUSH CURRENT

HI.1. Simulation conditions
The inrush current of the single-phase transformer is

shown in Fig. 4 with a particular values of switching
angle and remanent flux (¢=36.4°, 1,=0.87 pu).
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Fig. 4. Inrush current at a particular value of switching

angle and remanent flux.

Due to damping, the highest inrush current magnitude
corresponds .to the first peak current in Fig. 4. Since
switching angle and remanent flux are random variables,
this maximum inrush current magnitude is also a random
variable. In order to study protective coordination of
transformer, it is necessary to know random distribution
of this magnitude.

A uniform probability distribution function (pdf) is
assumed for the switching angle (o) and the remanent
flux (A;). The remanent flux varies between -1.0 and +1.0
pu, the switching angle varies in the range +180°. pdfs of
switching angle and remanent flux are generated by using
the Monte-Carlo simulation technique [9]. With the help
of two independent random generators, simultaneous
influences of the switching angle and residual flux on
inrush current are studied.

V00 CNVIOOCIVTIO0 CIVH00CIVI00 CNUN0OCNUN00 CNUNISOCNIVI00 CNWVH00
SQO ——— IO NWWV slillﬁ'nOND\O ESESS000000 NOYON

Remanent flux (pu)

Fig. 5. pdf of remanent flux (A;).

Fig. 5 shows a uniform probability distribution of
remanent flux obtained by random generator (about 3000
samples). It is the same for a uniform probability
distribution of switching angle.
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The Monte-Carlo simulation has a general characteristic;
it permits to obtain at the same time pdf of o and Ay, as
well as deterministic relation between 4 variables (i, A, o

and Ap).
111.2. Influence of switching angle (@)

With the help of the random generator for o, the
influence of switching angle on maximum inrush current
magnitude is shown in Fig. 6. In addition, Fig. 7 shows
the influence of switching angle on flux; this internal
variable characterizes saturation level in the magnetic
core. This shows that the inrush current and the flux
reach maximum values at & =kn (k =0, 1, 2...).
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Fig. 6. Inrush current according to switching angle.
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Fig. 7. Flux magnitude according to switching angle.
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Fig. 8. pdf of inrush current.

Figs. 8 and 9 show the probability distribution functions
of inrush current and flux magnitudes according to
random switching angle.
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Fig. 9. pdf of flux magnitude.

111.3. Influence of remanent flux (Ar)

The residual flux A, of transformer will either improve or
worsen the inrush current.
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Fig. 10. Inrush current according to remanent flux.

1.2

0.9

Flux (Vs)

0.8

0.7

-1 -0.5 0 0.5 1
Remanent flux (Vs)

Fig. 11. Flux magnitude according to remanent flux.

With the help of the random generator, influence of
residual flux on inrush current and flux magnitudes is
shown in Figs. 10 and 11, respectively. This shows that
when the remanent flux increases, the inrush current
magnitude and the flux magnitude increase.
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Figs. 12 and 13 show the probability distribution
function of inrush current and flux magnitudes,
respectively.
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Fig. 12. pdf of inrush current.
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Fig. 13. pdf of flux magnitude.

111.4. Simultaneous influence of switching angle (o) and
remanent flux (A,)

With the help of two independent random generators,
influences of the switching angle and residual flux on
inrush current and flux magnitudes are shown in
Figs. 14- 17, respectively. Density of points in Figs. 14-
17 corresponds to occurrence probabilities. Deterministic
envelope curves of Figs. 14- 17 correspond to Figs. 6, 7
and 10, 11. This inllustration permits to explain the
simultaneous influence of two random variables (¢, A;).

Figs. 18 and 19 shows the pdfs of magnetizing current
and flux magnitudes.

The results show that when the occurrence moment of
short-circuit varies between -180° and +180° and the
residual flux varies between -1 and +1 pu, the probability
of magnetizing current being higher than 2.6 pu is
negligible.

We can observe that, due to simultaneous random
variation of o and A, the flux magnitude is near an
uniform distribution, the maximum inrush current
magnitude is near an asymmetrical exponential
distribution. These distributions are strictly bounded.
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Fig. 14. Inrush current according to switching angle.

1.2

0.6
-180 -120 -60 0 60 120 180
Switching angle (deg.)

Fig. 15. Flux magnitude according to switching angle.
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Fig. 16. Inrush current according to remanent flux.
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Fig. 17. Flux magnitude according to remanent flux.
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Fig. 18. pdf of inrush current.
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Fig. 19. pdf of flux magnitude.

IV. CONCLUSION

The proposed method permits to simulate accurately
transient characteristics of inrush current. By using
Monte-Carlo simulation techniques, the influence of
random variables on inrush current has been studied. The
results have a practical value because uniform variation of
random variables (remanent flux and switching angle)
covers a wide range of influence factors.
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