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ABSTRACT

The energizing of large power transformers has long been considered a critical event in the operation of an electric
power system. When a transformer is energized by the utility, a typical inrush current could be as high as ten times its
rated current. This could cause many problems from mechanical stress on transformer windings to harmonics injection,
and system protection malfunction. There have been numerous researches focusing on calculation and mitigation of the
transformer inrush current. With the development of smart grid, distributed generation from independent power pro-
ducers (IPPs) is growing rapidly. This paper investigates the inrush current due to black start of an IPP system with
several parallel transformers, through a simulation model in DIgSILENT Power Factory software. The study demon-
strates that a single genset is capable of energizing a group of transformers since the overall inrush current is slightly
above the inrush of the transformer directly connected to the generator. In addition, a simple method is proposed to
mitigate the inrush current of the transformers using an auxiliary transformer.

Keywords: Black Start; Distributed Generation; Inrush Current Mitigation; Independent Power Producer; Transformer

Energizing

1. Introduction

In an event when the circuit breaker is closed between a
transformer and a power source, a transient current (which
could be as high as ten times the transformer rated cur-
rent) follows for a short period before reaching a steady
state. This transient current, known as magnetizing in-
rush current of a transformer, is caused by the trans-
former’s saturated core.

The excitation characteristic of the transformer core is
expressed by a nonlinear relationship between the flux
and magnetizing current. In the steady state, transformers
are designed to operate below the knee point of their
saturation curve. However, when transformers are ener-
gized, flux can rise to a high value in the saturation re-
gion such that the magnetizing current increases drasti-
cally.

Transformer inrush current has long been considered a
critical event in the operation of electric power systems
[1]. Due to its high magnitude, inrush current may cause
mal-trip of protection relays. In addition, it contains sig-
nificant dc and harmonic components which can affect
the sensitive protection functions by artificially changing
actual user settings during transformer energization [2,3].
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Moreover, inrush current introduces power quality issues
[4,5], and imposes mechanical stress on the windings of
transformer [6].

Many researchers have worked on calculation and miti-
gation of transformer inrush currents [7-21]. Authors in
[7], proposed an analytical formula to estimate the maxi-
mum inrush current. Some others have used a simulated
model to study the behavior of the inrush current [8]. In
fact, there are various factors affecting the magnitude and
duration of the inrush current [3,5]:

e The value of the residual flux in the transformer core;

e The nonlinear magnetizing characteristics of the trans-
former core;

e The phase of the supplying source voltage at the in-
stant of energizing transformer;

o The impedance and short circuit power of the sup-
plying source.

In fact, the techniques for inrush current mitigation are
generally developed based on these factors. While the
first two factors are internal and depend on the trans-
former design and the core material, the other factors are
related to the supplying grid characteristics. The solu-
tions based on changing the design of the transformer
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such as changing the core material or adding an auxiliary
winding on the core [9], may be costly and not suitable
for all the operation conditions [10]. Using series com-
pensators as inrush current reduction methods, described
in [10,11], is complex and expensive to implement. A
number of other techniques have been proposed to re-
duce the core flux prior to circuit energization [12-15].
This approach appears to be simple, based on waveform
measurements at the transformer connection point, but
inrush currents may not be reduced when the transformer
is energized without any history [14]. A more complex
method was proposed by [15] which used a low fre-
quency voltage source as transformer demagnetizer. Re-
cently, several studies have been conducted to mitigate
inrush currents based on controlling the switching instant
of the breaker. It has been shown that the inrush current
can be reduced by using a series resistance at the neutral
point of a transformer and sequential switching of each
phase of the transformer at the time of energization [16-
18]. In a case that a delta-star transformer is energized
from the delta side, series resistance can only be inserted
in the line and not in the delta winding of the transformer.
Authors in [19] argue that controlled switching in this
case can only limit the inrush current in one line. There
are also some practical issues in using controlled energi-
zation such as deviation in actual breaker switching times,
and difficulties in correct measurement of residual flux
[20].

As the power grid is moving toward accommodating
more distributed generation, the need to study the effect
of inrush current during the start of these units is evident.
An installation of distributed generation from an IPP may
be comprised of several parallel generation units. Since
each generator is connected through a transformer, si-
multaneous switching of all the units can induce a sig-
nificant inrush current in the system. In this paper, a dis-
tributed generation system is modeled and the possibility
of energizing a set of parallel transformers through a sin-
gle generator is investigated. Next, a new approach using
an auxiliary transformer is proposed to further mitigate
the inrush current of a main transformer in a distributed
generation facility. In order to evaluate the proposed
method, the worst case scenario is simulated where the
power of the magnetizing source is not limited. The re-
sults demonstrate the effectiveness of the proposed method
in inrush current mitigation.

2. Problem Statement and the Approach

In the event in which a transformer is energized by the
utility line, a typical inrush current would be about 10
times its rated current. If energized by a less capable
source, such as a generator set, the current inrush would
be somewhat less than when energized by a utility line,
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but still very large because of the large short circuit cur-
rent capability of a synchronous generator. In either case,
the severe power transient induced by switching on
transformers can be very disruptive to the electrical sys-
tem, particularly when it is being powered up.

For example, consider the case of black starting of a
distributed generation system of an IPP installation. In
this case, a set of up to 16 transformers and generators is
being energized. This part of the IPP system is sche-
matically shown in Figure 1. If the utility line is live,
switching on transformers T1 through T16 would not
induce a significant inrush current if the transformers
were to be energized in a stagger mode allowing suffi-
cient time for the inrush current on each transfer to decay
sufficiently (typically 2 to 3 seconds) before switching
on the next transformer. However, typically due to cost
constraints, in most cases the connection between the
transformer and the utility line would be made using a
fuse protected switch which would not allow for stag-
gering transformer switch-on, and therefore, all trans-
formers would be energized simultaneously. Energizing
multiple transformers at once would then induce a much
stronger inrush current onto the utility line, but with a
reasonable stiff power source it would be well within the
utility source capabilities.

On the other hand, if a stiff power source was not
available, there is a degree of uncertainty as to how many
generator sets would be able to handle the large inrush
current from all transformers switched on at once. In case
that multiple generators were needed for energization,
their output would need to be synchronized prior to con-
nection to the main electrical bus. Some IPP plants have
the capability of using dead-field paralleling of multiple
generators to energize the electrical bus under a black
start condition. The presumption is that by gradually
raising the generator excitation voltage as multiple units
come up to speed, the generators would boot-strap them-
selves into synchronization and energize all transformers
simultaneously. In theory, a large inrush would be
avoided because generator voltage would be ramped up
from null to nominal over a couple of seconds. In prac-
tice, however, dead-field paralleling can be rough on
equipment because of the potentially high circulating
stator currents that occur when paralleling unloaded gen-
erators, and in the IPP case the situation is aggravated
because the generators are not unloaded as they would be
energizing multiple transformers. In this scenario, the
generators would be further stressed by the use of
dead-field paralleling and the risk of failing to synchro-
nize would be higher.

To avoid these issues, this paper investigates the pos-
sibility of handling the inrush from multiple transformers,
with a configuration similar to Figure 1, using a single
generator as an energizing source. In addition, an auxil-
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iary transformer is used to further mitigate the inrush
current when a large capacity source is energizing the
main transformer.

3. Modeling

The model of the simulated system (Figure 1) is built
using DIgSILENT software. The system comprises of 16
generator-transformers connected to a single bus. This
bus is also connected to an external grid that represents
the equivalent model of the rest of the network. However,
during a black start the external grid is disconnected; and
it will not contribute to the inrush current of the trans-
formers. All transformers are identical and so are the
generators. The transformers are 13.2/0.48 kV, with a
Delta/Wye connection, and their specifications are pro-
vided in Table 1. Nonlinear magnetizing characteristics
of the transformer are modeled using two different mag-
netizing reactances before and after the saturation point.
The diesel generators have a power rating of 2.5 MW,
and their other electrical characteristics are listed in Ta-
ble 2.

In addition to the restrictions mentioned in the intro-
duction section, the inrush current of the transformer is
also limited by the instantaneous current capability of the
generator as shown in Figure 2.

The output current of the generator lies below this

and governor are also included in the simulated model.
These models enable the generator to stabilize after being
subjected to a high inrush current, and reach to the steady
state condition after the transient time is passed.

4. Inrush Current Study

This study examines the inrush current during energizing
different number of transformers connected to a busbar
while energized by a single generator (G1 in Figure 1).

Figure 3 shows a flux-current characteristic with two
slope representation of a transformer’s magnetic flux be-
fore and after saturation point denoted by L,, and L;, re-
spectively. With a sinusoidal phase voltage of v(f) =
Vasin(wt + 6) applied to the transformer, magnetic flux
can be calculated by integration as:

¢(t):V—a”)’[—cos(a)t+t9)+cos(t9)J+¢o ()

where V,,, , and 6 are the magnitude, angular frequency,
and the initial phase angle of the applied voltage, respec-
tively. @ is the residual magnetic flux of the transformer
core. The transformer saturation occurs when ¢(¢) = ¢,
where ¢, is the knee magnetic flux.

Therefore, the saturation time, f,, can be calculated as:

cos™ {(gﬁo -4, )V£+ cos 9} -0

curve at different time cycles as verified during the simu- t = m 2)
lation. @
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Figure 1. Schematic diagram of IPP generation system with 16 gensets.

Table 1. Main parameters of transformers.

Nominal Apparent Power (MVA)  uk%  X/R Ratio

No-Load Loss (kW)

Knee Flux (p.u.)  Linear Xm (p.u.)  Saturated Xm (p.u.)

3 59 11.76 7.95

1.1 39.35 0.04

Table 2. Main parameters of diesel generators.

Nominal Apparent Power (MVA) Nominal Voltage (V) Power Factor Xd (p.u.) Xq (p-u.) X0 (p.u.) X2 (p.u.)
3.125 480 0.8 3.374 1.492 0.009 0.135
Copyright © 2013 SciRes. EPE
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Figure 2. Current decrement data of the modeled generator.
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Figure 3. Two slope modeling of flux-current characteristics
of a transformer.

L,i(1) 0<r<t

#1)= Li(t) ts<t<(M—tsJ’ ©)

(2]

Equation (4) provides an analytical estimation for the
maximum inrush current [21].

{(gﬁo —¢s);u+cost9+1}Vm
l.max = - (4)
oL

s

This equation determines how the residual flux, switch-
ing angle, and the saturation inductance affect the inrush
current of a transformer.

Figure 4 shows the three phase inrush current from
energizing of one transformer (T1 in Figure 1). The
switch closes at 0.5 second and the initial peak current is
as high as 16 kA in this study. The current also includes
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some DC values which decay over time. The effective
value of the inrush current is about 11 kA.

In a case where all 16 transformers are energized by a
single generator, the inrush currents are shown in Figure
5. The transformers are magnetized at 0.5 and the initial
peak current is about 20 kA in this study.

It is observed that although the number of transformers
has been multiplied by a factor of 16, the inrush currents
only increase by about 27%. This is mainly due to both
the current decrement curve of the generator and the con-
figuration of the simulated network. Unlike grid side
energization where transformers would be connected in
parallel and the inrush of each transformer adds up in a
cumulative manner, here, transformer T1 is connected in
series with G1 and therefore, the total magnetizing cur-
rent is dominated by the inrush of T1. In other words,
transformer T1 becomes the bottleneck of the overall
current inrush and the total current inrush is no longer
cumulative.

A summary of results for energizing different number
of transformers is shown in Table 3. From the table, it is
observed that the total inrush currents for four, eight, and
sixteen transformers are 23%, 26%, and 27% larger than
for a single transformer, respectively. If we choose to
switch transformers at voltage zero-crossing instant, the
calculated inrush currents will be approximately 10%
higher.

Hence, the results in Table 3 confirm that a single
generator set would be capable of energizing comparably
rated transformers provided that the first transformer is
connected in series to the generator and the remaining
transformers are connected in parallel to the first trans-
former. Unlike the inrush current, the steady state mag-
netizing current of all transformers add up one of top of
the other. Given that the no load steady state transformer
current is typically less than 3% of the rated current, a
single generator would be able to power over 30 trans-
formers at no load condition covering transformer losses.

5. Inrush Current Mitigation

Although transformer inrush currents of an IPP genera-
tion system studied in the previous section do not add up
linearly with higher number of gensets, they still could
be considerably high especially with a high capacity gen-
erator. A new approach is presented in this paper to
mitigate the magnitude of a transformer inrush current
using a smaller auxiliary transformer. The principle be-
hind this approach is that a smaller transformer inher-
ently has a lower inrush current and its impedance can
reduce the inrush current of the main transformer when
they are connected in series during the enegization time.
In the proposed method, the auxiliary transformer is
temporarily switched-on into the circuit to energize a
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larger main transformer, and to limit the magnitude of
the overall inrush current. Once the power-up transient is
over, the auxiliary transformer is bypassed and only the
main transformer remains connected to the circuit.

In order to consider the worst case scenario in the
study, the capacity of the magnetizing generator was in-
creased so that it does not restrict the inrush current re-
quired by the transformer. Figure 6 depicts the inrush
current of a transformer without any limiter in this case.
The inrush current is approximately 37 kA which is
about 10 times higher than the transformer’s rated cur-
rent.

The configuration for energization of the 3 MVA
transformer using a 300 KVA auxiliary transformer is

shown in Figure 7.

In Figure 7, the secondary sides of the two transform-
ers are connected during energization. Transformer T1 is
not initially connected to the generator, and it is ener-
gized through its 13.2 kV connection. Once the main
transformer T1 is fully energized, the auxiliary transformer
Ta is switched-off and transformer T1 is switched-on to
the generator simultaneously.

The characteristics of the auxiliary transformer are
presented in Table 4.

The main and auxiliary transformers may be energized
separately or at the same time. Figure 8 shows the inrush
currents drawn from G1 where Ta is connected first and
T1 is energized 0.5 seconds later.

2.00E+4 -
1.00E+4 1
144444
0-00E+0 e
-1.00E+4 — T
-2.00E+4
0.4800 0.7800 1.0800 1.3800 1.6800 [s] 1.980
T1: Phase Current A/LV-Side in A
T1: Phase Current B/LV-Side in A
T1: Phase Current C/LV-Side in A
Figure 4. Three phase inrush current of transformer T1 energized by G1.
2004 f— — — — — 2
1.00E+4 T 1T _  —— — — _— — S
0.00E+0
-1.00E+4 -_ Y — — — — — — — —
2.00E+4 H— —— —— + _ —f _ Y —— — — ~'— _— — —‘
-3.00E+4 s
1.0

0.48 0.78
———— T1: Phase Current A/LV-Side in A
T1: Phase Current B/LV-Side in A
T1: Phase Current C/LV-Side in A

1.38 1.68 [s] 1.98

Figure 5. Three phase inrush current of all 16 transformers energized by G1.

Table 3. Magnitudes of inrush and steady state magnetizing currents for different number of transformers.

Number of Energized Transformers One Four Eight Sixteen
Initial Inrush Current 11 kA 13.5kA 13.9kA 14 kKA
Steady State Magnetizing Current 90 A 360 A 720 A 1.44 kKA
5.19E+4
3.10E+4
1.02E+4
-1.06E+4
-3.15E+4
-5.23E+4
0.4800 0.6848 0.8897 1.0945 1.2994 [s] 1.5042
— T1: Phase Current A/LV-Side in A
T1: Phase Current B/LV-Side in A
T1: Phase Current C/LV-Side in A

Figure 6. Three phase inrush current of a transformer without limit.

Copyright © 2013 SciRes.
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The inrush current is about 5 kA for the main trans-
former and 3.8 kA for the auxiliary transformer. By com-
paring this case with the previous one without auxiliary
transformer (Figure 6), it is observed that the inrush
current has reduced by 86%. In addition, the duration of
the inrush current per energization of transformer has
been considerably decreased.

If we choose to energize both the auxiliary and main
transformers simultaneously, the inrush currents are as
shown in Figure 9.

The inrush current in this case is 6 kA which is 1 kA
higher than the case with sequential energization, but still
it is considerably less than the inrush current without
using this method. In short, the inrush current mitigation
process on the single line diagram of Figure 7 can be
explained as follows:

1) Connect the generator side switch of Ta, while both
Ta and T1 are connected to bus B1. This configuration
will energize both transformers.

2) Keep the connection until the inrush current decays
with time.

3) Disconnect Ta and connect the primary side of T1
to G1. This is possible because the voltages at both G1
terminal and T1 have the same phase angle.

6. Conclusion
This study models the black starting of a distributed gen-

eration system of an IPP installation. In the first part of
this paper, it is demonstrated that the total inrush current
associated with energizing a large group of transformers,

External Grid
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Figure 7. Single line diagram of the main and auxiliary
transformers connections.

Table 4. Main parameters of the auxiliary transformer.

Nominal Apparent Power (MVA)  uk%  X/R Ratio

No-Load Loss (kW)

Knee Flux (p.u.)  Linear Xm (p.u.)  Saturated Xm (p.u.)

0.3 35 2.96 1.12

1.1 42.18 0.04

7584.2

G1: Phase Current Ain A
G1: Phase Current B in A
G1: Phase Current C in A
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Figure 8. Three phase inrush current from a sequential energization of the auxiliary and main transformers.

ADIasIENT

G1: Phase Current Ain A
G1: Phase Current B in A
G1: Phase Current C in A

06EQ® |— — — —f — — — [ — — — —] — — —— — — ——
BE6E+3 [ e
] e G T e el
228E43 — — — — 414444104 AASAAAARAAANI T T N
625643 [ —— —i» — fw — l— - —f - 1— - —1
10244 L s ‘

0.0000 0.3400 0.6800 1.0200 1.3600 Is] 1.7000

Figure 9. Three phase inrush current from a simultaneous energization of the auxiliary and main transformers.
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when fed by a single generator/transformer combination,
is only increased by less than 30% over the inrush of a
single transformer. Therefore, it is not necessary to par-
allel multiple gensets to energize an electrical bus under
black start conditions, and the use of deadfield parallel-
ing in such cases would be unnecessary. In the second
part of this paper, a new approach is proposed to further
mitigate main transformer’s inrush currents in a distrib-
uted generation system using a smaller auxiliary trans-
former. This proposed approach is simple to implement
and does not require any measurement-based controls.
The results indicate that using this method, the inrush
current can be reduced by more than 80%.
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