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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

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Uncontrolled energization of power transformers can create
large flux asymmetries and saturation of the transformer magnetic
core. This saturation results in high current magnitudes with a wide
harmonic 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
quality on the system [6,7]. The magnitudes reached by these
currents depend on two principal factors: the point on the volt-
age waveform at which the switches are closed; and the residual
fluxes in the transformer core [8].

Several methods, such as series compensator [9,10], sequential
phase energization with a grounding resistor [11,12] and con-
trolled switching [1,8,13,14], have been developed to reduce the
inrush current. Among these, the controlled switching that takes
into account the core residual flux constitutes the most promising
method. Its basic principle is to guarantee that the residual fluxes
are 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.


dx.doi.org/10.1016/j.epsr.2014.11.031
http://www.sciencedirect.com/science/journal/03787796
http://www.elsevier.com/locate/epsr
http://crossmark.crossref.org/dialog/?doi=10.1016/j.epsr.2014.11.031&domain=pdf
mailto:ramoncano@us.es
mailto:abslhm@us.es
mailto:rosendo@us.es
mailto:galvarez@ree.es
dx.doi.org/10.1016/j.epsr.2014.11.031

R. Cano-Gonzdlez et al. / Electric Power Systems Research 121 (2015) 14-19 15

Saturation
Magnetic Characteristic

Core Flux

Magnetizing
Current

< (@)

br — o sin(wto)_|”

Asymmetric
Magnetic @
Core Flux

Saturation
Characteristic

8

Inrush Current

s

(b)

Fig. 1. Inrush current generated when flux exceeds saturation limit.

Furthermore, residual fluxes are computed from phase-to-ground
voltage. The voltage signals needed by the controller for this process
may be taken from Voltage Transformers (VTs) or Capacitor Volt-
age Transformers (CVTs) which are commonly installed adjacent to
the transformer. This new approach achieves optimal mitigation of
inrush current.

Section2 focuses on the controlled switching principles to
reduce inrush current. Section 3 describes the residual flux mea-
surement in ungrounded transformers using phase-to-ground
voltage. Section 4 describes the proposed controlled energization
method, while Section 5 presents the simulation results which ver-
ify inrush current elimination during energization. The results of
this paper are summarized in Section 6.

2. Controlled switching principles

Suppose a voltage u(t)=U, cos(wt) is applied to an unloaded
transformer at instant ty. It is well known that the core flux is the
integral of the applied voltage and can be expressed as

t

o(t) = ¢pr + % / u(t)dt = ¢r — ¢y sin(wty) + P, sin(wt) (1)

fo

where ¢,=U,/(Nw) is the sinusoidal flux amplitude, and ¢; is the
residual flux prior to instant ty. ¢, is a permanent magnetization
of the core that remains due to hysteresis of the ferromagnetic
material when the transformer is de-energized.

From (1), the maximum possible value of the flux ¢)(t) upon ener-
gization is 2¢, + ¢;. Power transformers are designed to operate at
arated voltage and flux close to the saturation knee point (Fig. 1a).
The core enters deep saturation as soon as the core flux exceeds the
rated value, resulting in a large magnetizing current (Fig. 1b).

Fig. 2 illustrates the basic principle for the elimination of the
core flux asymmetry: the prospective flux (indefinite integral of
the applied voltage) at the instant of energization must equal the
residual flux. This is equivalent to selecting the energization instant
to such that ¢ = ¢, sin(wty), in accordance with (1).

3. Measurement of residual magnetic fluxes in ungrounded
transformers

The residual fluxes can be obtained by integrating the corre-
sponding phase voltages during de-energization, in accordance
with Faraday’s law. For this purpose, the three voltages between the
lines and the transformer neutral point are required. For economic
reasons, the neutral may not be located outside the tank, thereby
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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
UpN — UcN = UpG — Uce (2)

UcN — UAN = UcG — UAG
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Fig. 3. Simplified system to energize the ungrounded transformer.
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b 2,

Fig. 4. Three-phase transformer, neutral point ungrounded.

Since the secondary winding is connected in delta:
Uan +upn +ucy =0 (3)

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

1
UsN = §(2UAG — Upg — UcG)
1
UpN = §(2uBG —UcG — UAG) (4)

1
Ucy = §(2UCG — UaG — Upg)

Finally, the respective fluxes ¢4(t), ¢p(t), and ¢(t) can be
obtained by integrating the corresponding phase voltages of the
transformer.

4. Proposed method

In this section, a controlled energization method for a three-
phase transformer with isolated neutral is described. The method
can be applied to three-phase transformers energized from a wye
winding connection where the sum of the three winding fluxes is
equal to zero, that is, three-legged-core transformers or transform-
ers with a delta connection in another winding.

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

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

4.1. Switching method with residual flux pattern +R, —R, 0

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

The phase notation in this work will assume that the residual
fluxes are ¢a,=R, ¢pr=—R, P=0, although this method could easily
be adapted to other cases.

First, the method proposes energizing the two phases with
residual fluxes +R and —R, i.e., A and B phases, at the time instant
to, when the prospective fluxes ¢4,(tg) and ¢py(to) are equal to the
residual fluxes, ¢ap(to)=R and ¢py(to)=—R.
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Fig. 5. Actual (solid lines) and prospective (dash lines) core fluxes for the switching
of phases A and B at to. Symmetric pattern case.

For t > tg, uan(t)=—upn(t)=uap(t)/2, and ucy(t)=0, and the corre-
sponding fluxes have the same relationships as the voltages, i.e.,
Ga(t)=—Pp(t), Pc(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,
Uy, as a time reference. Note that when t < ty, the actual core fluxes
are residual fluxes, but when t > ty, the three fluxes follow the
corresponding prospective fluxes (phase C remains zero).

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

. arcsin(2R/+/3¢o) + /3

) If (5)
Where:
0]

Po = 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;
fis the network frequency; and n is the number of winding turns.
Finally, the method proposes closing the third pole at instant
t;, when the actual fluxes, after the closing at tg, match all three
new prospective fluxes corresponding to the balaced system,
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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. 7. Fluxes during the whole energization process. Symmetric pattern case.

as illustrated in Fig. 6, that is, ¢ap(t1)=da(t1), @pp(ti)=Pp(t1),
@cp(t1)=¢c(t1)=0.

The method takes advantage of the fact that all three equations
are simultaneously satisfied at the zero crossings of ¢ (t), 1.e., twice
per cycle, as marked by circles in Fig. 6. The solution is found by
means of

p  aresin(@cr/¢o) — /6
1= 27f

By taking into consideration that ¢¢,=0, then the first positive
solution is t1=T/2 — T/12=5T/12, where T=1/f is the wave period.

The whole energization process is shownin Fig. 7, where the first
two phases are energized at ty and the third phase at ¢t;. It can be
seen that the fluxes do not exceed their nominal amplitudes, ¢, at
any time, and therefore have no core saturation, thereby achieving
optimal inrush-current mitigation.

(7)

4.2. Switching method with asymmetric residual fluxes

If the symmetric pattern of the residual fluxes +R, —R, 0 cannot
be obtained during de-energization, then certain changes must be
made to generalize the method. In order to describe the energiza-
tion process more clearly, it is assumed that ¢4,=R1, ¢p=R2, pc=R3
with |Rq|, |IRy| = R3] and R; >0.

As in the previous case, the two phases with the highest residual
flux are the first to close, but now the prospective fluxes ¢,,(t) and
¢py(t) do not match the residual fluxes ¢, and ¢, at any instant.
However, there is an optimal instant tg that can be found as the
solution of the following min-max problem.

,min_ max {1ap(t) — R11, 1pp(t) — R2/} (8)

As Fig. 8 shows, the min-max problem in (8) has two solutions
per period, shown here using circles, where the greatest differ-
ence between the residual and prospective fluxes of the two phases
is at its minimum. Graphically, it can be observed that solutions
occur when |gap(to) — R1| =|dp,(to) — R2| and the instant to can be
analytically found by means of

o arcsin(R; — Ry /~3¢) + /3
0= 2nf

Fig. 9 shows actual and prospective fluxes after energization
phases A and B. As can be observed, at t=t;y the residual fluxes
of phases A and B are not equal to the corresponding prospec-
tive fluxes. However, the difference is the minimum that can be
obtained.
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Fig. 8. Optimal close instant as solution of min-max problem.
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Fig. 9. Actual (solid lines) and prospective (dash lines) core fluxes for the switching
of phases A and B at tp. Asymmetric pattern case.

In Fig. 10, it can be observed that, after the closing at ty, the
actual fluxes (solid lines) match all three new prospective fluxes
(dashed lines), corresponding to the balanced system, twice per
cycle. The third pole, phase C, can be closed at t;, when residual
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Fig. 10. Actual(solid lines) and prospective (dash lines) core fluxes for the switching
of phase C at t;. Asymmetric pattern case.
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Fig. 11. Fluxes during the whole energization process. Asymmetric pattern case.

fluxes match prospective fluxes @ap(t1)=a(t1), dpp(t1)=¢p(t1) and
@cp(t1)=¢c(t1)=R3. The value of instant t; can be obtained by

oo arcsin(R3/¢g) — /6
1= 2nf

(10)

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

In the interval between ty and t1, magnetic fluxes have a small
DC component, but the flux rate value ¢y is not exceeded since the
voltage applied to the transformer winding is lower than the rated
value. Therefore, the transformer core is not driven into saturation
during energization and inrush current is reduced to the unloaded
magnetizing current.

If the presented methods for energizing the transformer, with
symmetric and asymmetric patterns of residual fluxes, are ana-
lyzed, it is easy to see that the former is merely a particular case of
the latter. Hence, only one algorithm has to be programmed into
the controlled switching device. The pseudo-code of the proposed
algorithm is as follows:

—

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

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

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

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

5. Close the third phase when its residual and prospective fluxes

are equal, whose instant is given by (10).

\S]

5. Simulation of ungrounded transformer switching

A number of simulations were conducted using the electro-
magnetic transient program ATP/EMTP to verify the proposed
strategy. The test system employed to carry out the simulations,
shown in Fig. 12, is composed of a 220 kV, 50Hz voltage source
and a 160 MVA, 220/70.9/24 kV, three-legged-core transformer
connected in Yyd. The transformer has been modeled using the
Hybrid transformer model, whose parameters have been obtained
from standard test data provided by the manufacturer. The Hybrid
transformer model can give an accurate representation of the trans-
former cores [19-21].

Random energization of this transformer may produce core sat-
uration and large dynamic fluxes. This saturation results in high
magnitude currents, as can be observed in Fig. 13.

open/close commands
Voltage signals Control .

220 kV =
50Hz

H Oty <

160 MVA
=4 22070924 kv

N | W
L

Fig. 12. ATPDraw circuit for system simulation.

1322“ MMMMMM f
: AR AR E AR A
MMHHHHH\

Time (s)

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, ¢p=—0.22puy, and ¢=—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 ty,
given by (9). Phase B is closed when its prospective flux is equal to
its residual flux ¢p, at instant tq, given by (10).

1.5

——— PhA

——PhB
|| ——PhC

Flux (pu)

15 L L L L L L L
0.21 0215 022 0225 023 0235 024 0245 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
phenomenon does not appear in magnetic core and the current
during energization is the same as the unloaded transformer mag-
netizing current in steady state, as illustrated in Fig. 15.

6. Conclusions

In this work, a method has been proposed for inrush cur-
rent mitigation of three-phase transformers with isolated neutral
for controlled switching. The method requires independent-
pole-operated circuit breakers and phase-to-ground voltage
measurement for the determination of the residual flux. Two
switching operations are required: the first energizes the phases
with higher residual flux; the second operation energizes the third
phase. Optimal switching instants are analytically obtained: the
first instant, ty, as a function of the residual fluxes; and the second
instant, t1, at a later time instant where all the actual fluxes per-
fectly and simultaneously match their prospective fluxes, thereby
providing optimal inrush current mitigation.

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