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In this  paper,  a new  method  for inrush  current  mitigation  of three-phase  transformers  with  isolated
neutral  is  presented.  The  method  uses  controlled  switching  and  requires  independent-pole-operated
circuit breakers.  Two  switching  operations  are  proposed  at time  instants  that  achieve  optimal  mitigation
of  inrush  current.
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. Introduction

Uncontrolled energization of power transformers can create
arge flux asymmetries and saturation of the transformer magnetic
ore. This saturation results in high current magnitudes with a wide
armonic spectrum and a high direct-current component [1].

Inrush currents can cause false operation of protective relays
2,3], reduce transformer lifecycle [4,5], and usually reduce power
uality on the system [6,7]. The magnitudes reached by these
urrents depend on two principal factors: the point on the volt-
ge waveform at which the switches are closed; and the residual
uxes in the transformer core [8].

Several methods, such as series compensator [9,10], sequential
hase energization with a grounding resistor [11,12] and con-
rolled switching [1,8,13,14], have been developed to reduce the
nrush current. Among these, the controlled switching that takes

nto account the core residual flux constitutes the most promising

ethod. Its basic principle is to guarantee that the residual fluxes
re equal to the prospective fluxes at the instant of energization.
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A prospective flux is the steady-state flux if the supply source is
already connected to the transformer.

The success of the controlled switching techniques requires
independent pole operated circuit breakers, whose closing char-
acteristics are stable and repeatable. The desired closing time
deviations are less than ±1 ms  [13]. This could result in an addi-
tional cost which may be offset by the reduction of maintenance
costs of the breaker and transformer [15]. However, when the safety
and reliability of the power system are involved, the incremental
cost of implementing controlled switching is negligible.

In particular, in [1,8], controlled energization has been applied
to three-phase transformers whose neutral is earthed. In these
cases, one phase is energized at the optimal point on the voltage
waveform, and the remaining two phases are energized later. This
method is widely used in earthed-neutral systems but cannot be
applied when the neutral is isolated, since, in this case, closing one
pole of a three-phase breaker applies no voltage to any transformer
winding.

A controlled switching method for isolated neutral systems
has been described in [16]. This method is based on prospective
and residual fluxes computed from phase-to-phase voltages, but

it does not provide an analytical expression of the proper closing
instants. In this paper, optimal switching instants are determined
analytically based on the solution of a min-max problem in order
to minimize flux asymmetry during transformer energization.
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 when flux exceeds saturation limit.
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uBN − uCN = uBG − uCG

uCN − uAN = uCG − uAG

(2)
Fig. 1. Inrush current generated

urthermore, residual fluxes are computed from phase-to-ground
oltage. The voltage signals needed by the controller for this process
ay  be taken from Voltage Transformers (VTs) or Capacitor Volt-

ge Transformers (CVTs) which are commonly installed adjacent to
he transformer. This new approach achieves optimal mitigation of
nrush current.

Section 2 focuses on the controlled switching principles to
educe inrush current. Section 3 describes the residual flux mea-
urement in ungrounded transformers using phase-to-ground
oltage. Section 4 describes the proposed controlled energization
ethod, while Section 5 presents the simulation results which ver-

fy inrush current elimination during energization. The results of
his paper are summarized in Section 6.

. Controlled switching principles

Suppose a voltage u(t) = Uo cos(ωt) is applied to an unloaded
ransformer at instant t0. It is well known that the core flux is the
ntegral of the applied voltage and can be expressed as

(t) = �r + 1
N

∫ t

t0

u(�)d� = �r − �o sin(ωt0) + �o sin(ωt) (1)

here �o=Uo/(Nω) is the sinusoidal flux amplitude, and �r is the
esidual flux prior to instant t0. �r is a permanent magnetization
f the core that remains due to hysteresis of the ferromagnetic
aterial when the transformer is de-energized.
From (1), the maximum possible value of the flux �(t) upon ener-

ization is 2�o + �r. Power transformers are designed to operate at
 rated voltage and flux close to the saturation knee point (Fig. 1a).
he core enters deep saturation as soon as the core flux exceeds the
ated value, resulting in a large magnetizing current (Fig. 1b).

Fig. 2 illustrates the basic principle for the elimination of the
ore flux asymmetry: the prospective flux (indefinite integral of
he applied voltage) at the instant of energization must equal the
esidual flux. This is equivalent to selecting the energization instant
0 such that �r = �o sin(ωt0), in accordance with (1).

. Measurement of residual magnetic fluxes in ungrounded
ransformers

The residual fluxes can be obtained by integrating the corre-

ponding phase voltages during de-energization, in accordance
ith Faraday’s law. For this purpose, the three voltages between the

ines and the transformer neutral point are required. For economic
easons, the neutral may  not be located outside the tank, thereby
Fig. 2. Optimal energization to eliminate core flux asymmetry.

saving the cost of a bushing. Therefore, the transformer neutral
point is occasionally inaccessible. However, the phase voltages of
the transformer can be obtained from the phase-to-ground volta-
ges. Fig. 3 shows a simplified system to energize the ungrounded
transformer. The following equations hold:

uAN − uBN = uAG − uBG
Fig. 3. Simplified system to energize the ungrounded transformer.
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Finally, the method proposes closing the third pole at instant
t1, when the actual fluxes, after the closing at t0, match all three
new prospective fluxes corresponding to the balaced system,
Fig. 4. Three-phase transformer, neutral point ungrounded.

Since the secondary winding is connected in delta:

AN + uBN + uCN = 0 (3)

From Eqs. (2) and (3), the phase voltages of the transformer can
e obtained:

uAN = 1
3

(2uAG − uBG − uCG)

uBN = 1
3

(2uBG − uCG − uAG)

uCN = 1
3

(2uCG − uAG − uBG)

(4)

Finally, the respective fluxes �A(t), �B(t), and �C(t) can be
btained by integrating the corresponding phase voltages of the
ransformer.

. Proposed method

In this section, a controlled energization method for a three-
hase transformer with isolated neutral is described. The method
an be applied to three-phase transformers energized from a wye
inding connection where the sum of the three winding fluxes is

qual to zero, that is, three-legged-core transformers or transform-
rs with a delta connection in another winding.

Initially, for clarity, the proposed method is presented under
he assumption that residual fluxes present a symmetric pattern
+R, −R, 0), with near zero residual flux in one phase, and a plus
nite value and a minus finite value in the other two phases. This
attern can be forced, or at least closely approximated, by properly
ontrolled de-energization [14,17,18].

The method is then extended to include any residual flux pat-
ern. In the case where there is an unplanned de-energization, e.g. a
ault occurs, the sum of residual fluxes remains zero, but any pattern
an be found in the magnetic core, R1, R2, R3, with R1 + R2 + R3=0. In
his situation, the method can be applied with minor modifications.
nrush current can be completely eliminated in both cases.

.1. Switching method with residual flux pattern +R, −R, 0

Fig. 4 shows the electrical schema of a Y-� three-phase trans-
ormer to illustrate the method.

The phase notation in this work will assume that the residual
uxes are �Ar=R, �Br=−R, �Cr=0, although this method could easily
e adapted to other cases.
First, the method proposes energizing the two  phases with
esidual fluxes +R and −R, i.e., A and B phases, at the time instant
0, when the prospective fluxes �Ap(t0) and �Bp(t0) are equal to the
esidual fluxes, �Ap(t0)=R  and �Bp(t0)=−R.
Fig. 5. Actual (solid lines) and prospective (dash lines) core fluxes for the switching
of  phases A and B at t0. Symmetric pattern case.

For t > t0, uAN(t)=−uBN(t)=uAB(t)/2, and uCN(t)=0, and the corre-
sponding fluxes have the same relationships as the voltages, i.e.,
�A(t)=−�B(t), �C(t)=0.

Fig. 5 illustrates the actual fluxes (solid lines) and the prospec-
tive fluxes (dashed lines), as well as the phase-A-to-ground voltage,
uAG, as a time reference. Note that when t < t0, the actual core fluxes
are residual fluxes, but when t > t0, the three fluxes follow the
corresponding prospective fluxes (phase C remains zero).

By using the zero crossing of voltage uAG with positive derivative
as reference, the first possible switching time, t0, is obtained by

t0 = arcsin(2R/
√

3�0) + �/3
2�f

(5)

Where:

�0 = U

4.44nf
(6)

is the flux peak value when the nominal phase-to-neutral voltage,
with the rms  value given by U, is applied to a transformer winding;
f is the network frequency; and n is the number of winding turns.
Fig. 6. Optimal closing instant for phase C. Symmetric pattern case. Actual fluxes
(solid lines) and prospective fluxes (dash lines).
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Fig. 8. Optimal close instant as solution of min–max problem.

(dashed lines), corresponding to the balanced system, twice per
cycle. The third pole, phase C, can be closed at t1, when residual
ig. 7. Fluxes during the whole energization process. Symmetric pattern case.

s illustrated in Fig. 6, that is, �Ap(t1)=�A(t1), �Bp(t1)=�B(t1),
Cp(t1)=�C(t1)=0.

The method takes advantage of the fact that all three equations
re simultaneously satisfied at the zero crossings of �Cp(t), i.e., twice
er cycle, as marked by circles in Fig. 6. The solution is found by
eans of

1 = arcsin(�Cr/�0) − �/6
2�f

(7)

By taking into consideration that �Cr=0, then the first positive
olution is t1=T/2 − T/12=5T/12, where T=1/f is the wave period.

The whole energization process is shown in Fig. 7, where the first
wo phases are energized at t0 and the third phase at t1. It can be
een that the fluxes do not exceed their nominal amplitudes, �0, at
ny time, and therefore have no core saturation, thereby achieving
ptimal inrush-current mitigation.

.2. Switching method with asymmetric residual fluxes

If the symmetric pattern of the residual fluxes +R, −R, 0 cannot
e obtained during de-energization, then certain changes must be
ade to generalize the method. In order to describe the energiza-

ion process more clearly, it is assumed that �Ar=R1, �Br=R2, �Cr=R3
ith |R1|, |R2| ≥ |R3| and R1 > 0.

As in the previous case, the two phases with the highest residual
ux are the first to close, but now the prospective fluxes �Ap(t) and
Bp(t) do not match the residual fluxes �Ar and �Br at any instant.
owever, there is an optimal instant t0 that can be found as the

olution of the following min–max problem.

min
t∈[0,2�]

max
{

|�Ap(t) − R1|, |�Bp(t) − R2|
}

(8)

As Fig. 8 shows, the min-max problem in (8) has two solutions
er period, shown here using circles, where the greatest differ-
nce between the residual and prospective fluxes of the two  phases
s at its minimum. Graphically, it can be observed that solutions
ccur when |�Ap(t0) − R1| = |�Bp(t0) − R2| and the instant t0 can be
nalytically found by means of

0 = arcsin(R1 − R2/
√

3�0) + �/3
2�f

(9)

Fig. 9 shows actual and prospective fluxes after energization

hases A and B. As can be observed, at t = t0 the residual fluxes
f phases A and B are not equal to the corresponding prospec-
ive fluxes. However, the difference is the minimum that can be
btained.
Fig. 9. Actual (solid lines) and prospective (dash lines) core fluxes for the switching
of  phases A and B at t0. Asymmetric pattern case.

In Fig. 10, it can be observed that, after the closing at t0, the
actual fluxes (solid lines) match all three new prospective fluxes
Fig. 10. Actual (solid lines) and prospective (dash lines) core fluxes for the switching
of  phase C at t1. Asymmetric pattern case.
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Fig. 12. ATPDraw circuit for system simulation.
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ig. 11. Fluxes during the whole energization process. Asymmetric pattern case.

uxes match prospective fluxes �Ap(t1)=�A(t1), �Bp(t1)=�B(t1) and
Cp(t1)=�C(t1)=R3. The value of instant t1 can be obtained by

1 = arcsin(R3/�0) − �/6
2�f

(10)

Following the method shown, core fluxes after complete ener-
ization are equal to fluxes in the steady-state balanced system, see
ig. 11.

In the interval between t0 and t1, magnetic fluxes have a small
C component, but the flux rate value �0 is not exceeded since the
oltage applied to the transformer winding is lower than the rated
alue. Therefore, the transformer core is not driven into saturation
uring energization and inrush current is reduced to the unloaded
agnetizing current.
If the presented methods for energizing the transformer, with

ymmetric and asymmetric patterns of residual fluxes, are ana-
yzed, it is easy to see that the former is merely a particular case of
he latter. Hence, only one algorithm has to be programmed into
he controlled switching device. The pseudo-code of the proposed
lgorithm is as follows:

. Measure the phase-to-ground voltages during de-energization.

. Calculate the phase voltages of the transformer according to (4).

. Calculate the residual fluxes by integrating the corresponding
phase voltages.

. Close the two phases with highest residual flux at the instant
given by (9).

. Close the third phase when its residual and prospective fluxes
are equal, whose instant is given by (10).

. Simulation of ungrounded transformer switching

A number of simulations were conducted using the electro-
agnetic transient program ATP/EMTP to verify the proposed

trategy. The test system employed to carry out the simulations,
hown in Fig. 12, is composed of a 220 kV, 50Hz voltage source
nd a 160 MVA, 220/70.9/24 kV, three-legged-core transformer
onnected in Yyd. The transformer has been modeled using the
ybrid transformer model, whose parameters have been obtained

rom standard test data provided by the manufacturer. The Hybrid
ransformer model can give an accurate representation of the trans-

ormer cores [19–21].

Random energization of this transformer may  produce core sat-
ration and large dynamic fluxes. This saturation results in high
agnitude currents, as can be observed in Fig. 13.
Fig. 13. Inrush current during uncontrolled energization.

Inrush current can be eliminated through the control of
transformer energization by the proposed method. During de-
energization, the residual fluxes were calculated by integrating
the corresponding phase voltages from (4), yielding, in this case,
�Ar=0.56pu, �Br=−0.22pu, and �Cr=−0.34pu (Fig. 14).

Fig. 14 shows core flux evolution during energization following
the method described in the previous section. The two phases with
the highest residual flux, phases A and C, are closed at instant t0,
0.21 0.215 0.22 0.225 0.23 0.235 0.24 0.245 0.25
Time (s)

Fig. 14. Core fluxes during energization.
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Fig. 15. Currents during de-energization and energization process.

Since the flux does not exceed the rated value, the saturation
henomenon does not appear in magnetic core and the current
uring energization is the same as the unloaded transformer mag-
etizing current in steady state, as illustrated in Fig. 15.

. Conclusions

In this work, a method has been proposed for inrush cur-
ent mitigation of three-phase transformers with isolated neutral
or controlled switching. The method requires independent-
ole-operated circuit breakers and phase-to-ground voltage
easurement for the determination of the residual flux. Two

witching operations are required: the first energizes the phases
ith higher residual flux; the second operation energizes the third
hase. Optimal switching instants are analytically obtained: the
rst instant, t0, as a function of the residual fluxes; and the second

nstant, t1, at a later time instant where all the actual fluxes per-
ectly and simultaneously match their prospective fluxes, thereby
roviding optimal inrush current mitigation.

In order to verify the feasibility and performance of the pro-
osed method, an experimental prototype is being developed. The
uthors intend to report the results in a future paper.
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