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Power Transformers Behavior Under
the Occurrence of Inrush Currents and
Turn-To-Turn Winding Insulation Faults

Luis M. R. Oliveira, A. J. Marques Cardoso

Abstract -- This paper intends to provide a detailed charac-
terization of the transformer behavior under the influence of
inrush currents and/or incipient winding faults. Experimental
and simulation results are presented and discussed. Finally, a
promising new method to identify inrush currents, and to
distinguish them from internal faults, is suggested.

Index Terms—Incipient winding faults, inrush currents, pro-
tective relaying, transformers.

I. INTRODUCTION

OWER and distribution transformers have formed an

essential part of electricity supply networks since the

alternating current system was adopted more than a
century ago [1]. In general, transformer breakdowns are
relatively few, but repair and replacement of large transfor-
mer units means considerable expenditure and time, and
further, if faulted units are not cleared quickly and selec-
tively can cause serious damage and power system stability
problems. Protective schemes applied to transformers thus
play a vital role in the economics and operation of a power
system. The percentage cost of protection compared with the
capital cost of the transformer being protected is extremely
small making it totally uneconomic to apply anything less
than a complete scheme of protection, to large transformer
units [2].

The most difficult transformer winding fault for which to
provide protection is the fault that initially involves only one
turn [3]. A short-circuit between turns can start with point
contact resulting from mechanical forces, from insulation
deterioration due to excessive overload, a loose connection
or breakdown of transformer insulation by an impulse vol-
tage [4]. Initially, the insulation breakdown leads to internal
arcing, which results in a low current, high impedance fault
[5]- Usually, this incipient inter-turn insulation failure does
not draw sufficient current from the line to operate an ordi-
nary overload circuit-breaker or even more sensitive ba-
lanced protective gear [6]. This turn-to-turn fault will then
progress, with random propagation speed, involving addi-
tional turns and layers, leading to a high current, low imped-
ance fault, [7], [8]. Failure of the protection devices to detect
these faults and quickly isolate the transformer may cause
severe damage to the device and seriously affect the power
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system stability.

Differential protection relays has long been the accepted
method for fault protection of power transformers [9]. The
principle of this protection is based on a comparison of the
primary and secondary currents. If these currents are dispro-
portional, an internal fault is assumed and the transformer is
switched off [10].

Differential relays are prone to misoperation in the pres-
ence of transformer inrush currents, which result from tran-
sients in transformer magnetic flux [11]. It is a well known
fact that when a transformer is switched-on, the transient
magnetizing current which flows may reach very high val-
ues, and may persist for several seconds, depending upon
the amount of residual magnetization left in the transformer
core from former operation and upon the point of the voltage
waveform at which the switch is closed [12]. Since this cur-
rent flows into only one winding, it appears as a fault current
to the differential relay, and may cause the device to operate
[4]. Proposed more than 70 years ago [12], the harmonic
current restrained principle is commonly used to discrimi-
nate between switching-on transients and internal faults.
Typically, the second harmonic is a major component of the
inrush current. In contrast, the fault harmonics are generally
small. Thus, the second harmonic provides an effective
means to distinguish between faults and inrush [13].

Although the second harmonic restraint principle is
widely used in industrial application for many years, it often
encounters some problems [14], such as:

1) low level of second harmonic in inrush current in mod-
ern transformers, as compared to units of older designs [15]-
[16];

2) the second harmonic restrain may sometimes increase
fault clearance time for heavy faults, followed by current
transformer saturation [16];

3) if a fault exists at the time the transformer is energized,
harmonics in the magnetizing inrush current may prevent it
from operating [4], [17];

4) in the case of delta connected current transformers the
relay currents are obtained by subtracting the line currents. It
is possible that, due to the subtraction effect, the currents
seen by the relay have a reduced amount of 2" harmonic
component, which is likely to cause a security concern in
differential protection during transformer energization [18],
[19].

Additionally, in the case of turn-to-turn insulation faults,
even though the currents at the fault location may possibly
be very high and dangerous, the differential currents are rel-
atively small [17]. The traditional transformer differential
protection is typically not sensitive enough to detect such
winding defects before they developed into more serious and
costly to repair ground-faults [20].

As it is evident from the preceding paragraphs, it is of



prime importance the development of protection schemes,
which can improve the sensitivity of differential relays to
detect incipient turn-to-turn winding faults and which can
also provide a solution to the second harmonic restrain
drawbacks. Obviously, prior to the development of these
protection systems, a detailed characterization of the power
transformer behavior under the occurrence of turn-to-turn
winding faults and inrush currents is required.

The purpose of this paper is twofold: (i) to present a de-
tailed characterization of the transformer behavior under the
influence of inrush currents and/or incipient winding faults
and (ii) to suggest a promising new method to detect low-
-level turn-to-turn faults and, also, to distinguish them from
magnetizing inrush current transients.

II. EXPERIMENTAL SETUP AND TRANSFORMER MODEL

For the experimental investigation a three-phase, two
winding, three leg transformer, of 10.3 kVA, 230/132 V,
was used. The primary and the secondary windings have 152
and 90 turns, respectively. In each winding of the transfor-
mer there are five additional tappings connected to the coils,
allowing for the introduction of shorted turns at several lo-
cations in the winding, as shown in Fig. 1, for the phase R of
the transformer low voltage winding.

For the experimental analysis of the switching-on tran-
sients, the point of the voltage wave at which the transfor-
mer is energized is controlled by using electronic switches in
a custom built power electronics board. Before each
switching the transformer core is demagnetized: first an in-
creasing ac voltage supply is applied to the primary wind-
ings until the core reaches saturation; this ac voltage is then
slowly reduced to zero to eliminate the residual flux in the
core.

The faults are introduced in the test transformer by con-
necting a shorting resistor at the terminals of the affected
turns. The value of this resistor (Rg,) was chosen so as to
create an effect strong enough to be easily visualized, but
simultaneously big enough to limit the short-circuit current
and thus protect the test transformer from complete failure
when the short is introduced. The instant at which the fault
occurs is adjusted by another power electronics board, simi-
lar to the one used to study the transformer energization
transients.

If the fault occurs in the primary winding, the short-
-circuited turns act as an autotransformer load on the
winding, as shown in Fig. 2(a), where Ry, represents the
fault impedance. However, if the fault takes place on the
secondary winding, the short-circuited turns act as an ordi-
nary double winding load, Fig. 2(b), [6].

The experimental study of winding inter-turn short-
-circuits occurrence presents some inherent difficulties: the
current in the shorted turns must be limited to the rated cur-
rent of the winding and the fault location is fixed by the tap-
pings position. Therefore, a detailed analysis of these phe-
nomena can be better investigated by the additional use of a
suitable digital simulation transformer model. For that pur-
pose, a coupled electromagnetic transformer model was de-
veloped [21], which is based on the combination of both
magnetic and electric lumped parameters equivalent circuits,
allowing for the modeling and simulation of the transformer
in its natural electromagnetic environment. A detailed de-

scription of the model implementation and validation can be
found in [21].

The results presented in this paper refer to an YNynO
transformer winding connection and no-load conditions. The
transformer was energized by the low-voltage side and the
supply and line equivalent impedances were taken into ac-
count in the simulation study (Fig. 3).

The instrumentation system basically comprises a per-
sonal computer, a data acquisition board and clip-on current
probes.

III. CHARACTERIZATION OF TRANSFORMER TRANSIENTS

This section presents and discusses experimental and si-
mulation results for the following cases: inrush currents,
turn-to-turn winding faults, and the simultaneous occurrence
of these conditions. Particular attention is given to the har-
monic content of the winding currents.

A. Case I: Transformer Energization

The transformer terminals were connected simultaneously
to the supply when the voltage between line 1 (L;) and the
neutral (N) is starting its positive half-cycle, as can be seen
in the waveforms of Fig. 4 (notation as per Fig. 3). Transfor-
mer energization occurs at t = 20 ms.

Typical inrush current waveforms were obtained. Fig. 4
presents the experimental winding currents and the primary-
-side voltage of phase R. Fig. 5 presents the corresponding
simulated results, which are in good agreement with the ex-
perimental ones.

The harmonic content of the transient inrush currents was
calculated using a Discrete Fourier Transform with a moving
window. Fig. 6 presents the evolution of the DC, the funda-
mental and the second harmonic components of the phase R
current during the energization of the transformer.

The evolution of the ratio of the second harmonic to the
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Fig. 4. Experimental results: primary-side voltage of phase R waveform and
winding current waveforms.
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Fig. 5. Simulated results: primary-side voltage of phase R waveform and
winding current waveforms.
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Fig. 6. DC, fundamental and second harmonic components of the phase R

current during the energization of the transformer. (a) Experimental results.
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Fig. 7. Ratio of the second harmonic to the fundamental of the inrush cur-
rents (simulated results).

fundamental of the inrush currents (l,/l;) is presented in
Fig. 7. The operation of the differential relay is usually
blocked if this ratio is larger than 15%-20% [16], [17]. As-
suming a restraint ratio of 20%, it can be seen from Fig. 7
that the transformer protection is inhibited during 0.6 s for
phase R and more than 0.3 s for the other phases.

B. Case II: Turn-to-Turn Winding Fault Transient

The severity of the fault depends not only on the number
of shorted turns, but also on the value of the fault current,
which is limited by the fault impedance. The fault is intro-
duced in the primary winding of phase R, and the turns are
shorted, through the auxiliary resistor, when the voltage
across the taps ug-up (Fig. 1) begins the positive half-cycle.

1) Incipient fault without overcurrent

The auxiliary resistor was adjusted to = 0.2 Q, so that the
current in the shorted turns is limited to the rated value of
the current in the affected winding (1p=I\ateq)-

Both experimental and simulated primary-side current
waveforms are shown in Fig 8(a) and 8(b), respectively,
which are in relatively good agreement. The fault is intro-
duced at t = 60 ms. The occurrence of primary-side interturn
short-circuits leads to an increment in the magnitude of the
current in the affected winding, as compared to a healthy
condition. It can be seen from these results that the current in
the damaged winding increases almost instantaneously when
the fault is introduced, maintaining a nearly symmetrical and
sinusoidal waveform.

The current waveform in the shorted turns, iy, and the
current waveform in the fault impedance, iy, are shown in
Fig. 9 (notation as per Fig. 2). The current iy is reflected to
the primary side through the turns ratio between the number
of shorted turns, N, and the total number of turns of the
primary-side winding, N,. As a result, the increase in the
magnitude of the primary-side winding current, due to an in-
cipient insulation defect, with only a few turns involved, is
small, even if the fault current is large. This in particular ap-
plies to the present case, where none of the rated parameters
of the test transformer are exceed, and it is very likely that
the fault remains undetected by the protection devices, until
it progresses to a major failure.

2) Incipient fault with overcurrent

The analysis of the transformer behavior under the occur-
rence of more severe turn-to-turn faults cannot be carried out
experimentally, due to the physical limitations of the test
transformer. Using the digital simulation model a more se-
vere fault was analyzed, with the same number of shorted
turns as before, but with a fault current of approximately 2.5
times the rated current of the primary winding.

Fig. 10 presents the evolution of the DC, fundamental and
second harmonic components of the phase R current during
the fault occurrence. After the fast current rise, the DC and
the second harmonic components are negligible, and only
the fundamental component is affected by the occurrence of
the fault. For the case of the moderate fault (1,=2.5% 1 teq),
the fundamental component increases about 10 times when
the fault occurs (Fig. 10) and this differential signal reaches
up to 12% of the transformer winding rated current. This
could be sufficient to trip the differential relay, depending
on the minimum pick-up current required for the operation
of the protection device.



For the case of the incipient fault without overcurrent
(Iy=lrateq), both experimental and simulated results are also
presented in Fig. 10, which are in relatively good agreement.
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C. Case lll: Simultaneous Inrush and Winding Fault

The most challenging situation for the differential pro-
tection function is the case where a turn-to-turn fault exists
in the winding before the transformer is switched on [22].
The insulation failures in transformers have been known to
occur at the instant of energizing, particularly in the case of
transformers that have been standing idle for long periods of
time [23]. In fact, the fault may be caused by the vibration of
the windings caused by the inrush current itself [17], [24].
Fig. 11 shows the current waveform in the phase R when the
transformer is energized, with the same conditions of Case I,
but with four shorted turns in phase R, with 1,=2.5x1 44 and
R4=0.02 Q. It can be seen that the current waveform is
dominated by the inrush transient during the first cycles after
the energization. Comparing with the inrush current obtained
under healthy conditions (Fig. 5), it can be concluded that
the fault current component is responsible for a small in-
crease in the positive peaks of iz and for the presence of
negative half-cycles, after the switching-on of the transfor-
mer.

Similar conclusions can be drawn from comparisons of
the harmonic content of i, under healthy (Fig. 6) and faulty
conditions (Fig. 12): the presence of the fault leads to an in-
crement in the fundamental component, whereas the DC and
second harmonic components are identical to the ones ob-
tained under no fault conditions.

The per-phase second harmonic ratios for all the three
phases are illustrated in Fig. 13. As a consequence of the
fault, this ratio decays faster in the damaged phase, as com-
pared to a healthy condition. Even so, the operation of the
relay is delayed: if a per-phase blocking scheme is used the
protection in the affected phase is blocked during 70 ms,

Current (A

20-_A'

15)--dg ) : :
10F L g
S '/\/\/\f\n/\n/\'nn/\/\'n
{ERVARVAL VALYV VALVAY AV VAV VALY,

~o 0.05 0.1

0.15 0.2 0.25 0.3
Time (s)
Fig. 11. Phase R winding current waveform for the case of transformer

energization with four shorted turns in the phase R of the primary winding
(simulated results; I,=2.5 X lrateq)-

12

3
—,
2

Current (8)

N A o

H L n T
0 0.05 0.1 0.15 0.2 0.25 03
Time (s)

Fig. 12. DC, fundamental and second harmonic components of the phase R
current for the case of transformer energization with four shorted turns in
the phase R of the primary winding (simulated results; 1,=2.5 X lrateq)-

Phase S

Phase T

percentage |5 /1) (%)
IS
S

i 1 n :
0 0.1 0.2 03 04 05 06 0.7
Time (s)

Fig. 13. Ratio of the second harmonic to the fundamental of the winding
currents for the case of transformer energization with four shorted turns in
the phase R of the primary winding (simulated results; 1,=2.5 X lrateq)-



approximately. However, if a three-phase cross-blocking
method is employed, the tripping signal is inhibited during
the same time as in the healthy inrush (0.3 s), and the trans-
former protection is uncertain.

IV. EPVA BASED PROTECTION STRATEGY

Firstly applied to diagnose AC motors faults [25], the so-
-called Extended Park's Vector Approach (EPVA) has been
also proposed to identify turn-to-turn winding insulation de-
fects in operating three-phase transformers [26]. This section
presents preliminary results concerning the application of
the EPVA as a protection method.

A. EPVA Computation

As a function of the three-phase differential variables (irg,
isg, itq), the transformer differential current Park's Vector
components (ip, ig) are:

ip =(\/E/‘/§)iRd —(I/Jg)iSd —(1/\/6)de (1
i =(1/\/§)i5d —(1/\/5)de 2

The Extended Park's Vector Approach (EPVA) is based
on the spectral analysis of the AC level of the differential
current Park's Vector modulus:

iEpya =|iD +j iQ| = Jid +i3 3)
Ideally, under healthy conditions, the EPVA signature will
be clear from any spectral component, i.e., only a DC value
is present in the current Park's Vector modulus.

The presence of a winding fault leads to an increment in
the magnitude of the differential current in the affected
phase, as compared to a healthy situation. Under these con-
ditions the differential current Park's Vector modulus will
contain a dominant DC level and an AC level, at twice the
supply frequency (2f), whose existence is directly related to
the asymmetries in the transformer. The amplitude of this
spectral component is directly related to the extension of the
fault and can be used as a signal for the relay operation.

An indicator of the degree of asymmetry can also be de-
fined as the ratio between the amplitude of the spectral com-
ponent at the frequency of 2f and the DC level of the diffe-
rential current Park's Vector [25]. The proposed fault sever-
ity factor (SF) is thus expressed by:

Sk = IEPVA(Zf)/IEPVA(DC) “4)

Further details of the theoretical principles related with
the EPVA can be found in [25].

B. EPVA Turn-To-Turn Fault Detection

Fig. 14 presents the relevant harmonic content of the
EPVA, for the case of a fault occurrence in the winding of
phase R (with the same conditions of section III-B-2). There
is an increase in the DC and the 100 Hz (2f) components of
iepva, as a consequence of the fault occurrence. After the
short transient at the time of the fault introduction, the 50 Hz
component is negligible.

As stated before, the magnitude of the 2f spectral compo-
nent is a reliable indicator of the presence of a fault, and can
be used as a trip signal of the differential relay. In fact, the
100 Hz harmonic component increases about 15 times as a

result of the fault occurrence, giving an improved sensitivity
to detect winding shorted turns, as compared to the funda-
mental component of the current in the affected phase
(which increases 10 times for the same type of fault, as seen
before).

The evolution of the ratios TEPVA(zf)/ lepvapc) and
TEPVA(f)/ lepvapc) 1s presented in Fig. 15. As expected, the first
one gives information about the severity of the fault, and can
also be included in the relay functionality for the online
continuous monitoring of the transformer condition. The ra-
tio TEPVA(f)/ lepvaoc) is negligible before and after the current
rise in the affected winding, and doesn't provide any indica-
tion about interturn short-circuits that may occur. However,
it plays a very important role for discriminating between in-
rush and fault conditions, as explained in the next section.

C. EPVA Characteristics During Inrush Current

The harmonic content of the differential current Park's
Vector modulus can be used to distinguish between trans-
former energization and winding faults. As can be seen in
Fig. 16, the 50 Hz component of the EPVA is largely af-
fected by the magnetizing inrush transient. The reason for
that is the asymmetrical waveform of the inrush currents.
The transformer energization can be detected by using the
ratio between the 50 Hz component and the DC value, as
seen in Fig. 17, blocking the relay operation if this ratio is
above a predefined threshold value.
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Fig. 14. DC, 50 Hz, and 100 Hz harmonic components of the EPVA during
a turn-to-turn winding fault transient (simulated results).
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For the blocking signal generation it is sufficient that only
one of the three differential currents possesses an asymme-
tric waveform, since the EPVA strategy assemble the three-
-phase system in only one quantity. This eliminates the
problem of the traditional per-phase second harmonic re-
strain method, where a low value of a 2™ harmonic in one of
the phases could lead to a false tripping of the relay. In this
way, the EPVA strategy is a truly three-phase blocking
scheme.

D. Simultaneous occurrence of fault and switching-on
conditions: EPVA results

It is possible to detect low-level internal faults during the
energization of the transformer by using the EPVA protec-
tion strategy. However, a delayed operation of the relay is to
be expected, since the high value of the asymmetric inrush
currents affects the values of the 50 Hz and 100 Hz EPVA
components.

The evolution of the severity factor is presented in Fig.
18, for the same conditions of the previous Case III. It can
be seen that the inrush effect in the SF is dominant in the
first three cycles following the transformer energization.
After that the presence of the fault prevails and the SF grows
to the steady-state value.

As compared to a healthy inrush condition, the blocking
EPVA signal (TEPVA(Q/ lepvapc)) decays faster, Fig. 18. This
result is similar to the one obtained by the traditional per-
-phase ratio I/l;, presented in Fig. 13, and the relay is
blocked during a time that depends on the restrain prede-
fined threshold value.

V. CONCLUSIONS

This paper presents a detailed characterization of the
transformer behavior under the influence of inrush currents
and/or incipient winding faults. Experimental and simulation
results were presented and discussed.

A novel approach for the differential protection of a
power transformer is suggested. Initial results indicate that,
in general, the proposed EPVA based strategy provides reli-
able protection, enhanced sensitivity for internal faults and a
truly three-phase detection factor for blocking trips on in-
rush transients.

Further work is currently in progress, concerning the re-
finement of the proposed protection technique, with the aim
of dealing with transient overvoltages, current transformers
saturation, sympathetic and recovery inrush currents, or
even, the surrounding presence of power electronics equip-
ment.
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