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Reduction of Three-Phase Transformer Inrush
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Abstract—This paper proposes a new approach for reducing
inrush currents in three-phase-three-legged stacked core power
transformers. Although magnitudes of inrush currents may
not be as high as short circuit currents, they are extremely
detrimental to normal operation of power transformers. In
this paper, a new controlled switching scheme that takes into
consideration both core saturation and residual flux is proposed
to reduce inrush currents. Also, a transient model based on the
duality transformation between electric and magnetic circuits
is proposed where a non-linear inductance is used to simulate
core saturation. The proposed scheme is demonstrated on a real
transformer by both laboratory experiments and performing
simulations. The alternative transients program (ATP) is used to
simulate a wide spectrum of possible operating conditions. The
experimental and simulation results show that inrush currents
are significantly reduced after utilizing the proposed scheme.
Therefore, the proposed controlled switching scheme will result
in relaxing inrush current related constraints in designing and
manufacturing three-phase power transformers which in turn
will reduce their cost.

Index Terms—ATP, duality theory, controlled switching, three-
phase three-legged core transformer, transient model.

I. INTRODUCTION

OWER transformers play important roles in power trans-

mission and their operating characteristics have signifi-
cant impacts on power quality and lifetime of power system
apparatus. The magnetic current caused by switching trans-
formers without load or recovery from an external fault with
sudden voltage rise is defined as inrush current; its peak value
can reach ten times the rated current of transformer. This
drives the core into saturation, resulting in high harmonic
content. The initial inrush often decays quite rapidly, typically
in 4-6 cycles, but depending on system conditions it may last
several seconds [1]-[3]. Inrush currents cause several detri-
mental effects on transformers, power system operation, and
equipment such as: 1) damage to the transformer itself, due
both to the high currents and the resulting mechanical stresses;
2) malfunction of transformer differential protection as well as
other protective relays and fuses; 3) power quality issues due
to high harmonic content of inrush currents; 4) other system
effects, such as system overvoltages, sympathetic inrush in
other transformers, and effects on communication systems [3].
Therefore, developing methods or tools to mitigate, prevent,
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reduce, or even eliminate inrush currents will increase the
lifetime of transformers and other equipment, improve power
system operation, and reduce costs related to inrush currents
in the manufacturing phase.

Methods to mitigate, prevent, and reduce inrush currents
have been under development since the invention of power
transformers. The literature on transformer inrush currents can
be divided into the following categories: analysis of inrush
currents [4]-[6], methods to calculate inrush currents [7]—
[11], methods to detect and discriminate inrush currents [12],
[13], studying the effects of inrush currents on power system
operation and equipment lifetime [14]-[18], investigation of
several approaches on practical transformers [19], [20], and
modeling of inrush currents [21]-[27].

It is difficult to completely eliminate inrush currents in
three-phase transformers. Several methods have been proposed
to reduce inrush currents and/or mitigate their effects, either
by controlled switching or by design of core and windings
[11, [2], [21], [28]-[45]. The work presented in [28] used a
grounding resistor connected at the transformer neutral and
delayed energization of each phase of the transformer to
mitigate inrush currents. An approach based on increasing
the transient inductance of the primary coil by changing the
distribution of the coil winding has been proposed in [29].
Controlled transformer switching methods based on optimal
closing instants for each phase to reduce inrush currents
have been proposed in [1], [2]; however, these methods were
developed for triplex transformers, i.e., with the three phases
wound on separate cores, where there is no magnetic coupling
between different phases. In [3], there is a discussion of
applying controlled switching to three-legged transformers,
with a recommendation to switch phase A at peak voltage
and phases B and C a quarter cycle later.

Several electromagnetic transient models have been pro-
posed to study transformer inrush currents. These models can
be divided into two categories: magnetic circuit models [9],
[20], [46], [47] and equivalent electric circuit models [48]—
[50]. For example, authors of [48] have presented a topology-
based and duality-derived three-phase, three-winding, core-
type transformer model that integrates the leakage inductance
and core coupling effects. Also, a magnetizing inrush current
model has been developed in [48] from transformer structural
parameters. Authors of [49], [50] have developed topologically
correct hybrid transformer models for frequencies up to 3—
5 kHz. These models utilize duality-based lumped-parameter
saturable cores, matrix descriptions of leakage and capacitive
effects, and frequency-dependent coil resistances.

Several software packages have been utilized in modeling
inrush currents in power transformers including electromag-
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netic transients program (EMTP) [30], [46], [49], [50], power
system computer aided design (PSCAD) [28], [51], [52], and
MATLAB/SIMULINK [53], [54].

This paper proposes a controlled switching scheme for
reducing inrush currents in three-phase power transformers
that are constructed on a single core. Prior methods, such as
[1], [2] were developed for triplex transformers, i.e., banks of
single phase transformers connected in three phase, thereby
ignoring the magnetic couplings between different phases that
occurs in common-core transformers. Although [3] proposed
a method for three-legged transformers, its recommendation
was to switch phase A at peak voltage and phases B and
C a quarter cycle later. Our proposed scheme extends the
theory proposed in [1] and [55] and is applied on three-
phase three-legged stacked core transformer, and considers the
magnetic couplings between the three phases. Unlike in [3],
our method determines distinct switching instants that depend
upon the transformer parameters and are therefore specific to
each transformer. The proposed scheme considers both core
saturation and residual flux to reduce inrush currents from the
standpoint of optimal epoch angle. Also, a transient model is
proposed for simulations and future developments. The pro-
posed model is established based on the duality transformation
between electric and magnetic circuits where a non-linear
inductance is used to simulate core saturation. The proposed
controlled switching scheme is simulated on the ATP (alter-
native transients program) [56] using the proposed transient
model and parameters of a real transformer. Simulated results
are validated experimentally on the same real transformer.
The proposed switching scheme not only enhances transformer
performance but also mitigates the operational and longevity
issues associated with inrush.

The remainder of the paper is organized as follows. Section
II presents the transient model of three-phase three-legged core
power transformers. Section III describes the proposed switch-
ing strategy to reduce inrush currents. Section IV presents and
discusses the experimental and simulation results. Section V
provides concluding remarks.

II. TRANSIENT MODEL OF THREE-LEGGED STACKED
CORE TRANSFORMERS

Due to the saturation of core flux, a large current will
be generated when energizing a transformer which is called
inrush current. One of the methods to reduce inrush currents
is controlled switching which requires complete considerations
of electromagnetic interactions. However, the mutual coupling
between different phases of three-phase stacked core trans-
former makes it difficult to directly simulate magnetic circuits
of transformers. This section presents the proposed method
to model a three-phase stacked core transformer and simulate
inrush currents.

A. Inrush Current

Ferromagnetic materials of transformers have nonlinear
excitation characteristics which are the main cause of inrush
currents; a typical magnetization curve and inrush current
waveforms are shown in Fig. 1. Power transformers are usually
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Fig. 1. Magnetization curve and inrush current waveform.

operated with peak core flux which occurs at the knee of the
transformer core’s saturation curve [1]. Inrush current, i;,,,
will be small if the magnetic flux, ¢, is below the saturation
flux. However, it increases significantly as ¢ passes the knee
point. The inrush current reaches the highest value when ¢
equals to ¢, + 2¢,,, where ¢, is the residual flux and ¢,, is
the maximum mutual flux.

For example, consider energizing a single phase transformer
without a load. For this case, the electromotive force (e.m.f.)
equation at the primary windings can be expressed as follows.

do

NE + iR = U, sin(wt + «), (1)

where N is the number of winding turns; N¢ is magnetic
flux linkage; 7 is the electric current; R is the resistance of the
primary windings; U,, is the maximum induced e.m.f. (U,, =
Nwoy,); w is the power frequency; and « is epoch angle of
the voltage at switching point.

By solving (1), the magnetic flux, ¢, at the iron core can
be expressed as follows.

_ —LUpy, cos(wt + a)

8 LU,, cos«
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_ Ry

or +

k]

2
where L is the inductance of the primary windings. The
magnetic flux in (2) is comprised of two components, a steady
periodic component and a transient component that decreases
exponentially with a time constant of R/L.

According to (2), there are four main factors influencing
the decrease of ¢ as follows: (1) the resistance of the primary
windings, R; (2) the inductance of the primary windings, L;
(3) the residual flux, ¢,.; and (4) the epoch angle, ov. However,
it is easier to control « than other factors. The work presented
in this paper is based on finding the optimal switching instants
for each phase (epoch angles).

B. The Transient Model

According to the magnetic flux distribution of three-phases
three-legged stacked core transformers, their equivalent mag-
netic circuit can be viewed as shown in Fig. 2. The symbols
in Fig. 2 are defined as follows: R,, R, and R, represent
the magnetic reluctances of the three legs, Roo represents the
zero sequence flux of each phase, [p; and Rpy represent
the leakage flux of the primary and secondary windings
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respectively, 12, represents the four yokes of the transformer,
and F and Fj are the magnetomotive force of the primary
and secondary windings respectively.

RRRRS
Ry
Ro2 b4 Ra Rs Roz

Fig. 2. The equivalent magnetic circuit of a three-phase three-legged stacked
core transformer.

Using Kirchhoff’s Law of magnetic circuits, we can estab-
lish the following equations for phase A (equations for phases
B and C can be generated in the same manner).

Ro1é1 + (Ro1 + Ry)pa — Fr.a = 0

Roopo + Ro1¢p1 + Ro1pa — Fga = 0

(2R, — Roo)bo — 2R, 61 + Ry ©)
+Fya—Fra = 0

where R/, equals to R4 Ro2/(R4 + Ro2) and ¢; (where i =
0,1, ...,6) are the magnetic flux at different branches as shown
in Fig. 2.

Based on the magnetic circuit equations and the configu-
ration of Fig. 2, the mathematical model of the equivalent
electrical circuit can be obtained by applying the duality
transformation given in [57]. The resulting model is shown in
Fig. 3. This model is used to analyze electromagnetic relations
of the transformer used in this work, and test the proposed
switching strategy.

The symbols shown in Fig. 3 are defined as follows: Ry
and Ry are the resistances of the primary and secondary
windings respectively, R; and L, represent the resistance and
non-linear inductance of the saturable core limb in each phase
respectively, the resistor, R4, and the non-linear inductance,
X4, are used to model the zero flux sequence fluxes, R,
and L, represent the yoke sections between phases, and X3
represents the flux leakage.

These parameters can be estimated using the approach given
in [50]. Ry, Rx, and X3 are determined by short circuit tests,
Ry, Ly, Ry, and L, are determined by open circuit tests, and
R, and X, are determined by zero sequence tests.

III. THE PROPOSED SWITCHING STRATEGY

To eliminate inrush currents in three phase transformers,
Brunke and Frohlich [1], [2] have proposed a controlled
schedule of transformer switching. The controlled schedule
was determined based on the basic principle that the induced
flux at the instant of energization must equal the dynamic flux.
However, the developments in [1], [2] are based on triplex
transformers which ignore mutual couplings between different
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Fig. 3. The equivalent electrical circuit of a three-phase three-legged stacked
core transformer.

phases. This paper extends the work presented in [1] to three-
phase three-legged stacked core power transformers which
are more common in practical power industry than triplex
transformers.

As mentioned in [1], the optimal instant to energize a
single-phase transformer is when prospective flux is equal to
dynamic flux. This principle can also be applied in three-phase
transformers since these fluxes are responsible for the inrush
current. If residual fluxes in the three phases are assumed to be
zero, the optimal instant to close phase A is when the voltage
is at the peak value. However, this instant is not an optimum
instant for the other two phases because their corresponding
fluxes are not zero. The prospective flux waveforms of a three-
phase three-legged stacked core transformer are shown in Fig.
4. Because the magnetic flux cannot change immediately, the
flux waveforms of all three phases start from zero. The flux
waveform of phase A is sinusoidal and it does not contain
a transient component. The other two phases are not pure
sinusoidal waveforms and contain transient components. This
behavior is captured by the second part of (2), i.e., the transient
component, which is not zero during transients; transient fluxes
will die out after a few cycles.

When phase A is energized, the fluxes in the other two
phases will change accordingly as shown in Fig. 5. The
magnetic fluxes at the three phases (namely ¢4, ¢p and ¢¢)
should satisfy the following relationship:

A+ ép+dc =0 )

Furthermore, the resulting fluxes in the other two phases are
not evenly distributed. The magnetic path of phase B is shorter
than that of phase C (i.e., |¢p| > %QSA and |o¢c| < %ff)A) as
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illustrated in Fig. 5. The optimal instant to energize phase B
is also when the magnetic flux of phase B in Fig. 5 equals the
prospective flux in Fig. 4.

After phases A and B are energized, the resulting flux
waveforms of the three phases are shown in Fig. 6. The
resulting dynamic flux in phase C is compared with the
prospective flux to determine the instant for energizing phase

C.
Phase B
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Fig. 4. The prospective flux waveforms of the three phases.
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Fig. 5. The dynamic flux waveforms of the three phases after phase A is
energized.
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Fig. 6. The dynamic flux waveforms of the three phases after phases A and
B are energized.

In the presence of residual fluxes in three-phase three-legged
stacked core transformers, the proposed switching strategy is
adjusted as follows to ensure it is still effective. First, energize
phase A at its optimal switching time as before but energize
phases B and C at their optimal switching instants with a delay
of two cycles. This is effective because of the phenomenon of
core flux equalization [1], which can be understood as follows.
When one phase is energized at the optimal switching time
(peak voltage and therefore zero prospective flux), the resultant
dynamic core flux in other phases will not distribute evenly:
they will be at different points of their respective hysteresis
loops. As they trace the paths of their respective hysteresis
loops one phase will reach the saturation point earlier than the
other, and they have different slopes at this instant. Since the
slope of hysteresis curve is B/H, one phase will have a higher
flux density than the other, and since flux density is directly
proportional to voltage, the phase with higher flux density will
have a higher voltage. This higher voltage will create a higher
flux level which will drive the phase with lower value flux
density to higher value and ultimately the fluxes of both phases
equalize, thereby negating the effect of their residual fluxes.

The proposed method can now be summarized as follows.

1) Determine the transformer parameters and equivalent
circuit.

2) Simulate the prospective flux waveforms of the three
phases.

3) Set 74 as the instant when phase A voltage peaks.
Simulate the dynamic flux waveforms, switching phase
A at 74.

4) Compare the phase B waveforms from steps 2 and 3
to determine 7p, the earliest instant when the phase
B dynamic flux equals the phase B prospective flux.
Simulate the dynamic flux waveforms again, switching
phase A at 74 and phase B at 7.

5) Compare the phase C waveforms from steps 2 and 4
to determine 7¢, the earliest instant when the phase C
dynamic flux equals the phase C prospective flux.

6) Ta, Tp and T are the instants when the three phases
should be energized, assuming no residual flux. In the
more likely case that residual flux is present, delay 75
and 7¢ by two cycles.

The tests and models necessary for step 1 are described in
[50]. The background of these models are described in [49].

IV. CASE STUDIES

Simulations and experimental verification are carried out
on a three-phase three-legged stacked-core power transformer.
This transformer is a dry type unit rated at 15 kVA, Y-A
connection with voltage ratios of 208Y/240A which is shown
in Fig. 7. Transformer parameters are measured using the
method mentioned in section II and their values are given in
Table I.

A. Simulations

The ATP software is used to perform the simulations. The
transient model of section II is used for demonstrating the
proposed switching strategy. The ATP model is shown in Fig.
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Fig. 7. Three phase transformer used in these experiments.

TABLE 1
MEASURED TRANSFORMER PARAMETERS

Phase Ry Ry X4 X3 R1 Rx Ry
A 0.1754 |0.2112 |0.3703 |0.0267 |412.88 |0.0393 |312.74
B 0.1786 |0.2112 |0.3703 |0.0273 |412.88 |0.0389 |312.74
C 0.1771 |0.2112 |0.3703 |0.0277 |412.88 |0.0389 |312.74
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Fig. 9. Flux-current characteristics (¢ — I characteristics) of the leg, Lq.

8. To prevent a floating sub-network, a resistor, Ry, with the
value of 10~% is added. Also, to model the neutral wire, a
resistor, R, with the value of 10° is added.
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Fig. 8. The equivalent electrical circuit of a three-phase three-legged stacked-
core transformer in the ATP.

A nonlinear inductance of type-98 in the ATP component
library is used to simulate the saturation behavior of the core
magnetic flux. The voltage-current characteristics of leg (L)
and yoke (L) are firstly changed into flux-current charac-
teristics using a subprogram called SATURATION. The flux-
current characteristics of leg (L) and yoke (L, ) are shown in
Fig. 9 and Fig. 10 respectively.

In order to demonstrate the effectiveness of the proposed
switching strategy, we present three case studies for compari-
son considering residual flux and switching time.

1) Case 1: In this case, all three phases are energized
simultaneously at t = 0 s with zero residual fluxes. The current
waveforms of the three-phases are shown in Fig. 11. Since the

440.0 | Flxinked mW b-T]

319.2

258.5

167.7

76.9 1)
0-5 2.2 3.9 5.6 7.3

Fig. 10. Flux-current characteristics (¢ — I characteristics) of the yoke, L.

instant £ = 0 s is the optimal time instant to energize phase
A, the waveform of the inrush current in phase A has the
smallest amplitude. Also, since the instant ¢t = 0 s is neither
an optimal time instant to switch on phase B nor phase C,
the inrush currents in these two phases are much larger than
the inrush current in phase A. However, the amplitudes of the
inrush current waveforms decrease with time due to winding
resistances.

2) Case 2: In this case, phases A, B, and C are energized at
t =0, 0.03065 s, and 0.05105 s time instants respectively for
zero residual fluxes. These time instants are determined using
the proposed approach. For example, the time instant 0.03065
s for energizing phase B can be viewed by comparing the
waveforms of Fig 4 and Fig. 5. The inrush currents of the
three phases are shown in Fig. 12.

3) Case 3: In this case study, the residual fluxes in phases
A, B, and C are are considered at 0%, 70% and —70% of
their respective maximum prospective flux values. The delayed
switching strategy proposed in section III is used since the
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Fig. 11. Current waveforms for case 1.
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Fig. 12. Current waveforms for case 2.

fluxes are not zeros. Two sub-cases are considered as follows:
(1) phases A, B, and C are energized at ¢ = 0 s, 0.0967 s,
and 0.11955 s time instants separately; (2) phases A, B, and C
are energized at t = 0 s, 0.0967 s, and 0.0967 s time instants
separately. Current waveforms for these two sub-case studies
are shown in Fig. 13 and Fig. 14.

Phase A
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0.00 0.04 0.08 0.12 0.16 0.20

Fig. 13. Current waveforms for case 3, sub-case 1.

B. Experimental Validation

The approach was experimentally validated using the trans-
former shown in Fig. 7, as described here. The low voltage
(120 V line to neutral) side of the transformer is supplied by
a programmable power supply (Pacific Power Source UPC-
3). The programmable power source enables precise control

150
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-150 T T T T T T T T T
0.00 0.04 0.08 0.12 0.16 0.20

Fig. 14. Current waveforms for case 3, sub-case 2.

of voltage and frequency. It has several features for the
efficient manipulation of power. Some of the features that were
specifically used in the experiments include variable output
voltage and variable phase angles. The power source also
has meters on its front panel measuring the current, voltage,
transients operation, power and power factor in each phase. It
also has the capability to perform a waveform synthesis on any
of the phase voltages or currents, returning the magnitudes of
the harmonic components as well as their angles with respect
to the fundamental frequency.

Figs. 15 and 16 show the simulated and actual current wave-
forms for an open-delta configuration with the low voltage
(120 V) side energized at 40 V rms, line to neutral. The
switching instants for the three phases were determined as
before, by simulating prospective and dynamic flux waveforms
and observing when they were equal. At this supply voltage,
the instants were found to be ¢ = 0 for phase A, t = 30.65
ms for phase B, and ¢ = 42.3 ms for phase C. Residual fluxes
were reduced to zero. In the experiment, this was achieved
by first energizing all three phases with rated voltage, and
gradually reducing the supply voltage to zero.

In the experimental current waveforms, it was noticed that
the current in each phase started from the point where phase A
was energized while they were programmed to start at different
time instants. This happens because a three phase switch was
used between voltage supply and transformer. When phase A
was energized, there were induced voltages in phases B and
C, because the current path was completed via the transformer
to the supply through the switch. However after energization
of phases B and C at their respective time instants, the actual
phase currents appear in the measurements.

It was found that at rated supply voltage actual current
waveforms deviated from simulated waveforms due to sig-
nificant harmonic content which was not captured adequately
by the simulated model. This was exacerbated with the delta
closed. This is because the first closing phase has to magne-
tize the cores in all three phases, resulting in higher inrush
current. However, the controlled switching is still effective in
mitigating the inrush, even though they show larger harmonic
distortion.

V. CONCLUSION

This paper has introduced a controlled switching scheme to
reduce inrush currents in power transformers. Also, it has es-
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Fig. 15. Simulated waveform with 40 V supply, phases A, B, and C energized
at 0, 30.65 ms and 42.3 ms.

o 5 10 15 2 25 0 s 4 45 %0 S5 @ 65 T 75w a5 0 %5
Fig. 16. Actual waveform with 40 V supply, phases A, B, and C energized
at 0, 30.65 ms and 42.3 ms.

tablished a transient model for three-phase stacked core power
transformers to simulate the change of flux. The transient
model was developed based on the duality between electric
and magnetic circuits where a non-linear inductance was used
to simulate core saturation. The proposed scheme was tested
on a real power transformer by means of simulations and the
results were validated through laboratory experiments. The
results show that the inrush currents are reduced significantly
when the proposed scheme is used. Reducing inrush currents
will reduce the complexity of transformer design and cost.
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