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ABSTRACT Inter-turn short circuits within the transformer winding are diagnosable through the impulse
voltage based frequency response analysis (IFRA). If the diagnosis is made Online, interruption to the
power network can be avoided. However, the transformer’s load may influence the frequency response
based diagnostic process, and this aspect has not yet been investigated. Motivated by this research gap,
experimental investigations were carried out on a three-phase 5 kVA, 440 V/440 V Star/Delta transformer
and a three-phase 315 kVA, 11 kV/433 V, Dyn11 distribution transformer, when they were supplying power
to loads of different magnitudes and power factors. The influence of the load current and its power factor on
the IFRA was observed under the transformer’s healthy condition and with inter-turn short circuits in one
of the windings. Investigations under these different loaded conditions revealed that a signature FRA plot
developed at a particular load condition cannot be directly used for assessing the condition of the transformer
at a different load. Both the magnitude and the power factor of the load are found to influence the frequency
response. A careful interpretation of the Frequency response of the transformer, based on its load, was found
effective in detecting and locating the inter-turn shorts.

INDEX TERMS Frequency response analysis, transformer, inter-turn shorts, diagnosis, transfer function,

statistical tools, online diagnosis.

I. INTRODUCTION

The transformer is a vital component in any power system
network, and its condition must be ensured good for the
reliable operation of the network. Several faults can develop
within the transformer due to various stresses imposed on
them, right from their manufacturing period, transportation,
commissioning upto their continuous service period. Such
faults are diagnosed by conducting various tests like the
insulation resistance measurement, ratio test, open and short
circuit tests, dissolved gas analysis of transformer oil, power
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frequency and impulse voltage tests, partial discharge tests,
separate source and induced overvoltage tests, frequency
response analysis etc. They are explained in various standards
and various literature [1]-[4].

Frequency Response Analysis (FRA) is evolving as a user-
friendly technique and preferred for the diagnosis of the
mechanical deformations within the transformer winding,
inter-turn shorts, core magnetization problems and, various
issues arising out during transportations and poor grounding
connections [5]-[10]. Based on the type of the test signal
(usually referred as the Input or the Excitation signal), they
can be done in two ways: (i) Sweep Frequency Response
Analysis (SFRA) and (ii) Impulse voltage based Frequency
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Response Analysis (IFRA). SFRA uses a sweep sinusoidal
signal of constant magnitude as the test signal, which is
covering for a wide frequency range (Hz-MHz) [11]. IFRA
uses a single impulse voltage as the test signal, which can
be viewed to be made up of the superposition of several
sinusoidal signals of different frequencies and magnitudes,
thereby covering a wide frequency range as per the concept
of the Fast Fourier Transform (FFT) [11]. Standards, Working
Group recommendations and Guidelines are available for
conducting the SFRA as an Offline which are explaining
the FRA test circuitry, various test procedures and offer
guidelines for the interpretation of the FRA results for the
diagnosis of the mechanical displacements within the trans-
former [12]-[14]. Several researchers have successfully used
these guidelines for both the SFRA and IFRA and demon-
strated their effectiveness in the diagnosis of mechanical
displacements as well as other faults like the inter-turn- shorts
within the windings and the magnetic core issues [11]. Lit-
erature also reports in detail, the various factors that can
influence the FRA test results and recommend the various
standard procedures to be followed for ensuring the relia-
bility of the FRA results [12]-[14]. FRA plots were usually
referred as Transfer Function (TF) plots and, were found
to be useful in indicating the presence of the faults within
the transformer in the form of the changes in the transfer
function plots such as the appearance of new spikes and dips,
the disappearance of the existing spikes and dips, changes
in the dB magnitudes [8]-[10]. However, the interpretation
of such results invites experience or expert service. Various
tools like support vector machines, wavelets and other soft
computing techniques for the analysis of the FRA results
were reported in the literature [15]-[19]. The usefulness of
various statistical parameters in reducing the interpretation
difficulties of the FRA results was demonstrated in various
works [20]-[22]. However, most of these FRA works were
done as Off-line diagnosis, by taking the transformer out of
service, from the power system network [23]-[25].

If FRA is carried out on the transformer as an Online
diagnosis, any power system outages required for assessing
the condition of the transformers can be avoided, which
can increase the reliability of power system network, as a
whole [27]. Off-line and Online FRA works were compared
by some researchers, and the current and future trends of
the FRA works were briefed by some researchers [26], [27].
Only a very few works are available on the Online imple-
mentation of FRA, as simulations and real-time experimental
works [28]-[31]. Difficulties in the test signal injection into
the transformer when it is On-line was given the main focus
and addressed in detail in such works, which are highly
motivating. In the previous works of the authors, some exper-
imental works done with the Online On-load IFRA (OLOL
IFRA) approaches were explained, and the focus was given
to the methodology of OLOL IFRA implementation, isolation
requirements within the setup between the Impulse signal
source and the power supply source and the usefulness of
statistical tools in the interpretation of the FRA results [32].
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The influence of the load on the diagnosing capability
of IFRA has not been given much attention in the previous
works. Loads connected to the transformer can alter the over-
all impedance imposed on the IFRA test circuitry and, thus,
can challenge the effectiveness of the diagnostic process.
Motivated by this research gap, an experimental investigation
was carried out by the authors on a three-phase, 5 kVA, 440 V/
440 V, star/ Delta transformer and a three-phase, 315 kVA,
11 kV/ 433 V, Dynl 1, distribution transformer. With a vari-
able three-phase load bank connected to the transformers,
inter-turn short circuits were emulated in the transformer
windings. The diagnosis of such emulated short circuits in the
transformers under different loaded conditions was, carried
out with the IFRA approach.

The main focus of the present work was on the effect of
(i) transformers’ load magnitude and (ii) its power factor,
on the IFRA result. For this purpose, different load conditions
were considered, with the load current at different magnitudes
and different power factors (Unity, lagging and leading).
The frequency responses of the transformer winding were
observed, both under its healthy condition (’No-fault’ case)
and faulty condition (with the ‘inter-turn’ shorts).

Differences observed in the End-to-End voltage transfer
function plots, and the statistical parameters extracted from
the transfer function data have indicated that both the Load
(current magnitude) and its type (Power factor of the load)
can influence the frequency response of the transformers. The
present work becomes significant as it demonstrates the need
for the careful interpretation of the FRA results based on
the load parameters, during the inter-turn short diagnosis and
thus addresses an important research gap in the Online IFRA
approach.

For making the work reproducible, the details of the test
specimen, the various cases investigated, and the procedures
followed for experimentation and analysis of the results were
presented in the methodology section. In the Results and dis-
cussion section, the effect of load parameters on the efficacy
of IFRA was discussed, based on the results of the various
investigations. Finally, in the conclusion section, the insights
got on the influence of the load parameters on the IFRA
were presented. The investigations demonstrated that the
challenges imposed by the load parameters on the Online
IFRA could be tackled effectively by taking into account the
loading effects in the signature IFRA pattern itself.

Il. METHODOLOGY

Experimental investigations were carried out on two trans-
formers, for analyzing the impact of load magnitudes and
their power factors on the diagnosing capability of the Online
IFRA.

As afirst specimen, a 3 phase 5 kVA, 440 V/440 V Dyn 11
transformers with tappings at 0 V, 30 V, 115 V, 230 V and
440 V levels in the Star side was used. A balanced three-
phase, 50 Hz supply was given to the star side. For loading
the transformer to different current magnitudes and power
factor, the delta side of the transformer was connected to a
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variable loading arrangement comprising of a parallel com-
bination of loading rheostat, inductive load and a capacitive
bank. By switching them in different combinations, three
different levels of loadings were achieved at 4 A load level,
(1) Unity power factor (UPF),(2) 0.5 PF Lagging and
(3) 0.5 PF Leading.

As a second specimen, a 3 phase 315 kVA, 11 kV/
433 V, Dyn 11 Distribution transformer was used. This
transformer has specially created tappings at 87.5%, 62.5%,
37.5%, and 12.5% positions along the R—phase winding
(1U-1V), referred from the (1V) toward (1V) on the delta
side. As shown in Figure 1, the terminals (1U), tappings at
87.5%, 62.5%, 37.5%, and 12.5% levels and the terminal
(1V) are referred as tl, 2, t3, t4, t5 and t6 respectively.
As this second specimen was currently under use for differ-
ent research works, IFRA tests were conducted at reduced
voltage levels only so that no permanent damage was caused
to the transformer during the investigations. Irrespective of
the supply voltage magnitude, the inter-turn shorts offer the
same ohmic loading on the transformer. Hence, during the
present investigation, a balanced three-phase, 50 Hz, low-
voltage, alternating supply was given on the star side. The
objective of the work was to analyze the influence of the load
current magnitude and its power factor on the fault diagnosing
capability of IFRA. A variable loading arrangement was
connected to the delta side, for achieving different loading
conditions at different power factors; (1) with a load current
of 10 A at UPF, 0.94 PF lagging and 0.94 PF leading and,
(2) with a load current of 11 A at UPF,0.85 PF. lagging and
0.85 PF leading.
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FIGURE 1. Experimental circuitry for the IFRA investigation on the 5 kVA
transformer.

A. EXPERIMENTAL SETUP
Figure 1 shows the experimental setup for 5 kVA transformer
specimen, and figure 2 shows the photograph.

An Impulse generator kit was assembled and used to apply
a lightning impulse voltage, as the test signal (referred here-
after as the input or the excitation signal) throughout the IFRA
investigation. As the major challenge in Online IFRA imple-
mentation is the isolation requirement between the ac source
side and the impulse source side, an attenuator was purpose-
fully included between them. The impulse was applied to the
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FIGURE 2. Photograph of the Experimental circuitry for 5 kVA transformer.

440V terminal of the R-phase of the star side, with reference
to the ground, through the attenuator circuit. The attenuator
is basically a capacitive ladder circuit and thus acts as a high
pass filter. The attenuator, thus, offers an easy path for the
impulse voltage (comprising of high-frequency components,
in the majority) and, a very high ohmic path for the alternating
supply, back-flowing from the transformer into the impulse
generator. The attenuator offers some loading effect on the
test signal and thus distorts its shape by offering different
ohmic opposition to the different frequency components of
the impulse. IFRA is, basically, in need of a test signal with
an appreciable spectrum of frequency and, does not depend
much on the shape of the injected signal.

During the IFRA investigation, a Standard LI Voltage
signal with a peak value of 380 V was generated from the
impulse generator and applied to the transformer through
the attenuator circuit. The impulse signal got distorted in its
shape and magnitude due to the loading effects. The mag-
nitude of the injected impulse was found to be 80 V, with
its frequency contents spanning from 100 Hz to 10 MHz.
As the net attenuated impulse signal still contains a good
spectrum of high-frequency components of appreciable mag-
nitudes and thus meets out the basic requirement of the
Frequency Response Analysis (FRA.) technique, the loading
effects of the attenuator during the investigation is acceptable,
as referred in various literature [24], [31].

The three-phase alternating voltage supplied to the trans-
former and the load connected on its delta side are balanced
and hence do not engage the ground in its return path. How-
ever, the impulse voltage circuitry uses the ground as the
return path. For engaging the impulse voltage as the test
signal and passing the same into the transformer winding
under investigation, the neutral tapping of the transformer’s
star side was purposefully grounded through a 50 2 resistor.
As shown in Figure 1, the resistor has got included only in
the impulse path. The response of the transformer winding
to the test impulse voltage thus reaches the resistor. Hence,
it can be used to represent the voltage reaching the other
end of the tested winding. Thus, a provision for the injec-
tion of the impulse into one end of the winding and the
measurement of response at the other end of the winding
were ensured. These arrangements simultaneously restrict the
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engagement of the alternating supply to the transformer side
only.

Investigations were carried out with the first transformer
(5 kVA) under its healthy condition and, with the fault (emu-
lated inter-turn short circuit between the ‘0 V’ and *30

V’ tappings of the R-phase primary winding, through a
500 2, 25 W resistor). The resistor was chosen such that it
could represent a short at a developing stage (low level) and
the current circulating within the shorted portion of the wind-
ing could not exceed the rated current level of the winding.
Thus, any possible permanent damage to the transformers
during the investigations was avoided. Figure 1 shows the
experimental setup. Figure 2 shows its photograph.
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FIGURE 3. Photographs of (a) the transformer terminals, (b) attenuator,
(c) end to end voltage waveforms and, (d) the zoomed portion of the
waveforms at which the impulse is super-imposed.

Figure 3 shows the transformer terminals, attenuator, end
to end voltage waveforms and, the zoomed portion of the
waveform at which the impulse got super-imposed on the a.c

supply.
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FIGURE 4. FFT plots of Input(V1) and response(V2) voltages.

Figure 4 illustrate the frequency contents with the Input
(V1) and response voltages(V2), in terms of their FFT plots.

Throughout the investigation, the impulse voltage injected
at the 440 V terminal of the R-phase of the Star side was, con-
sidered as the test input signal (V1). The voltage received at
the other end of the same winding (neutral (or) O V terminal)
was viewed as the response Voltage (V2). In the circuit, this
voltage was appearing across the grounding resistor (50 Ohm)
between the neutral point and the ground. On the Delta side,
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the three-phase, variable load bank was connected. For mea-
suring the load current magnitude and its power factor, appro-
priate ammeter and voltmeter and wattmeter were included.
The input voltage (V1) and its response (V2) appearing at
the two ends of the winding were also referred as the End
to End voltages( EEV) and, observed at the Channel-1 and
channel-2 of a Digital Storage Oscilloscope (DSO) respec-
tively (Keysight make, 2 GHz, 2 G.sa/sec, 2 Ch) [33].

Though the transformer continuously engages the 50 Hz,
ac supply, the trigger control was set for the channel-2 such
that, the voltages V1 and V2 were captured in the DSO,
only when the impulse voltage was injected to the winding.
Figure (3.C) shows the waveforms of V1 and V2, wherein
the impulse gets superimposed on the base (50 Hz) sinusoidal
voltage at the time of triggering. The magnified version of the
portion of the voltages where the impulse gets superimposed
was, shown as figure (3.D).

The DSO has an in-built FRA function for getting the FRA
data. The FRA plots were developed, by taking (20 logjo
(V1/V2)) for the various frequency components of the volt-
ages in Y-axis, against, the corresponding Frequencies in
X-axis. These FRA plots were referred to as End-End Voltage
Transfer function (EEV TF) plots.
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FIGURE 6. Photograph of the Experimental circuitry for 315 kVA
transformer.

Figure 5 shows the experimental set of 315 kVA trans-
former. Figure 6 shows its photograph.
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The HV capacitors, diodes and resistors, available at HV
lab of SASTRA were used for applying a lightning impulse
voltage as the test signal (referred hereafter as the Input). The
impulse was applied to the 11 kV terminal of the R-Phase
of the delta side, with reference to the ground, through an
attenuator circuit comprising of C1 (100 pF and C2 (1200 pF).
These high voltage capacitors offered high ohmic

opposition to the back-flowing ac supply and low opposi-
tion to the high frequency components of the impulse volt-
age. The voltage reaching the other terminal (1V) of the R
phase winding was, considered as the response voltage (V2).
The terminal (1V) of the delta side was, shorted with the
(1W) terminal and grounded through a low ohmic resistance
(245 Ohm), as per the impulse test procedure.

During the IFRA investigation, the LI Voltage signal
of 10 kV peak was generated from the impulse generator
and, applied to the transformer through the attenuator circuit.
The loading effects of the attenuator distorted its shape and
reduced peak magnitude of the impulse injected (at 1U termi-
nal of the transformer). The Injected impulse was with a peak
magnitude of 470 V, with its frequency contents spanning
from 100 Hz to 10 MHz, which are sufficient for conducting
the FRA investigation. Thus, all the requirements of Online
IFRA on 315 kVA transformers were successfully met.

Experimental works were done on both the transformers,
by following the same procedure under the different load con-
ditions. The respective end-to-end Voltage data were obtained
and the transfer function plots were developed. To ensure the
repeatability and the reliability of the results, experiments
were repeated five times for each case. The average FRA data
and the plot for the five sets were obtained and used, as the
final representative of the case.

B. PROCEDURE FOLLOWED FOR ANALYSIS

Analysis of the results was done in two steps: In the first step,
the comparisons were made between the EEV TF plots of two
different cases. Differences between the two compared cases
were analyzed by closely observing the changes in the loca-
tion and magnitudes of spikes and dips. Such changes were
utilized as indicators to distinguish one case from another
case.

As per literature, the difficulties in interpretations of the
FRA results were found to reduce, when they were analyzed
through the statistical feature extraction, on the sub-band
basis [20]-[22].

Hence, in the second step, a statistical analysis was car-
ried out on the sub-band basis, by extracting the differ-
ence between two cases in the form of statistical parame-
ters: Difference Absolute (or) Absolute Difference (DABS),
Min-Max ratio (MM ratio (absolute)) and Comparative Stan-
dard Deviation (CSD). Details on their calculation procedure
are briefed below [20]-[22], [31], [32].

(1) Absolute average Difference (DABS)

SNLY G) = XG0
N

DABSx y) = (1)
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where, Xi, Yi are the values in two sets of data and N is the
no. of samples in the set. The typical value for (a complete
match between the two cases compared) is ‘0’.This parameter
is sensitive to minor differences between the data sets. It gives
the average value of deviations.

(2) Minimum-Maximum Ratio (MM absolute)

Sy min (fxil  [yil)
Sy max (sl 1vil)
where |x;| and |y;| are absolute values of data in two sets and
N is the no. of samples in a set.

The typical value is 1. MM is less receptive to changes in
the shapes of spikes with a little change in their amplitudes.
It considers only maximum and minimum values for each pair

of data points.
(3) Comparative Standard Deviation (C.S.D.)

SN [(6 - %) - (- 7))

N-1

MM =

@

CSD(X,Y) = 3)
where Xi, Yi are the values in two sets of data, X and Y are
their mean values, and N is the no. of samples in a set. The
typical value for a complete match between the two datasets
is ‘0’. Here, the variation of each data point with respect to
its mean is calculated and used to compute the comparative
deviation.

Any deviation of these parameters from their expected
typical values is indicative of the difference between the two
cases compared. Higher the deviation of the parameter from
its typical value, higher will be the difference between the two
cases compared. The corresponding frequency sub-band will
be considered as the most sensitive frequency range (out of
the total frequency spectrum) used in the investigations.

Different statistical parameters were found to offer differ-
ent sensitiveness, and hence researchers preferred the statisti-
cal analysis based on more than one statistical tool. Moreover,
different researchers preferred dividing the total frequency
spectrum into different sub-band sets, and there are no stan-
dard guidelines [20]-[22].

IIl. RESULTS AND DISCUSSION

For analyzing the effects of the load current magnitudes
and its power factor on the diagnosing capability of IFRA,
the results of the investigations are compared in the frequency
domain, first, with the help of the EEV TF plots and, then,
with the help of three statistical parameters DABS, MM ratio
(Absolute) and CSD.

Table 1 shows the details of the various healthy cases
and the faulty cases investigated in the 5 kVA transformer.
The focus was on the effect of the power factor of the load.
Throughout the investigation, the total load current was main-
tained at 4 A and, three power factors (PF) were considered
(UPFE, 0.5 PF lagging and 0.5 PF leading). The fault was
emulated by shorting the (0 V) tapping and the (30 V) tapping
of R phase winding of the star side through a 500 2, 25 W
resistor.
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TABLE 1. Investigations of 5 kVA transformer at 4 A load.

Condition of the Details of the load connected on the ~ Notation

transformer transformer

Healthier Case R load, UPF HC R

(HC) RL load, 0.5 PF lagging HC RL

RC load, 0.5 PF leading HC RC

Faulty case R load, UPF Shl R

(Shl) RL load, 0.5 PF lagging Shl_ RL
RC load, 0.5 PF leading Shl RC

A. EEV TF PLOTS

The transfer function plot of the healthy case is usually
referred to as the signature plot of the transformer [12]-[14].
Figure 7 shows the EEV TF plots of the transformer under
its Healthy condition supplying power to the R, RL and RC
loads at 4A current levels. They are the signature plots of the
transformer, for the three different loads.

=1}

EEVTF mag (dB)

=
1

10 1000

qunmmkl-gi'Il

FIGURE 7. Comparison between the EEV TF plots of Healthy Cases at 4 A:
with R, RL and RC loads.

In Figure 7, throughout the entire frequency range, there
are a lot of differences between the transfer function magni-
tudes (dB) of the three cases. This indicates that the frequency
response of the transformer, even under its healthy condition,
is getting influenced by the transformer’s load. Therefore,
the transfer function plot at one particular load level cannot
be considered, directly, as the ‘common signature plot’ or
‘reference plot’ of the transformer, for its entire load range.

Figure 8 compares the EEV TF plots of the transformer at
a load of 4A under faulty condition with their corresponding
healthy cases, for (a) R load (b) RL load and (c) RC load.

There are variations at different frequency ranges, between
the EEV TF magnitudes of the Faulty case and the corre-
sponding healthy cases. This indicates that the fault is easily
distinguishable from the healthier cases. As the healthy case
plots are different for the different types of loads, the vari-
ations offered by the fault are also reaching different levels,
based on the PF of the loads. This demonstrates the influ-
ence of the PF of the load. Therefore, for diagnosing any
suspected inter-turn short circuit within a loaded transformer,
the healthy case transfer function plot at the corresponding
load should be carefully considered as the signature plot.

The lagging and leading PF loads with the same load cur-
rent magnitude of (4A), the EEV TF plots for same faulty case
(Sh1) was varying from their healthy cases to different extents
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FIGURE 8. Comparison between the EEV TF plots of Healthy and faulty
cases at 4A: (a) R load (b) RL load (c) RC load.

and thus, demonstrated that the load power factors have
their effects on the frequency response of the transformer.
Careful consideration of the transformer’s load parameters is,
therefore, necessary for the reliable interpretation of the FRA
results.

B. STATISTICAL PARAMETERS

Details on the significance of the statistical parameter based
comparisons are, explained in detail in the methodology
section [20]-[22]. In this approach, comparisons are made
between two cases at a time. Deviation of the statistical
parametric value from its expected typical value is indicating
the difference between the two cases compared [20]. If the
deviation is higher at a particular sub-band frequency, it was
considered as the highly sensitive sub-band frequency range.

Table 2 shows the statistical comparison of the frequency
response of the faulty case (Shl) at different PF, with the
corresponding healthier cases, at the load current level (4 A).
The purpose is to analyze the role of the power factor on
diagnosing the fault.

The highlighted statistical values correspond to the max-
imum difference detected for the statistical parameters from
their typical values. Higher the difference between the two
cases compared, higher will be the deviation of the statis-
tical parameter from its typical value. The corresponding
frequency sub-band refers to a frequency range, which offers
the most sensitivity to the detection of the difference between
the cases. It is observed from Table 3 that, the statistical
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TABLE 2. Statistical comparisons for the 5 kVA transformer; Healthier
case vs faulty case -at different PF.

Frequency Band HC R HC _RL HC _RC
kHz Vs Vs _Vs_
Shl R Shl RL Shl RC
DABS
2-30 3.07 9.91 59
30-300 1.65 4.08 2.17
300 — 1000 3.75 6.08 6.08
MM(Abs)
2-30 0.46 0.39 5.9
30 -300 0.83 0.60 2.17
300 — 1000 0.67 0.50 6.08
CSD
2-30 5.73 8.82 8.98
30-300 2.08 4.96 434
300 — 1000 4.69 5.65 5.65

parameters vary to a different extent at different sub-bands
and, in detecting the same fault, offer different sensitivity at
different PF. This demonstrates again that the IFRA approach
on the loaded transformer is sensitive to its load power factor.

Hence, the effect of loads connected to the transformer
needs to be carefully considered, when the Online FRA
approach is implemented for the diagnosis of faults within
the transformer.

In the case of the second transformer (315 kVA), the work
was split into two parts, with the focus gradually being
increased in two steps;

TABLE 3. Investigations of 315 kVA transformer at 10 A load.

Condition of the Details of the load connected Notation
transformer on the transformer
Healthier Case R load, UP.F HC R 10A
(HC) RL load, 0.94 PF lagging HC RL 10A
RC load, 0.94 PF leading HC RC 10A
Faulty case-1 R load, U.P.F FC1_R_10A
(FC1) RL load, 0.94 PF lagging FC1 RL 10A
RC load, 0.94 PF leading FC1 RC 10A
Faulty case-2 R load, U.P.F FC2 R 10A
(FC2) RL load, 0.94 PF lagging FC2 RL 10A
RC load, 0.94 PF leading FC2 RC 10A

In the first step, the focus was on the usefulness of [IFRA
technique in discriminating between the two faults of the
same level, but, at different locations. The experiments were
done at a total load current of 10 A level at UPF, 0.94 PF
lagging and 0.94 PF leading. The frequency response of the
transformer in the healthy and faulty condition was observed.
In this case, the inter-turn shorts were emulated by shorting
the special tappings of R phase winding of the delta side
through a 245 Ohm resistor. Two such shorts of the same
level, but, at different locations, were emulated (only one at
a time): (1) Faulty case-1 (FC1), by shorting the (1U) and
87.5% tappings (i.e. tappings t1 and t2) and, ((2) Faulty case-2
(FC2) by shorting the 12.5 % and (1V) tappings (i.e. tappings
t5 and t6). Table 3 shows the details of the various healthy
cases and the faulty cases investigated in the 315 kVA trans-
former at 10 A load level.
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FIGURE 9. Comparison between the Healthy case EEV TF plots of at 10 A:
with R, RL and RC loads.

Figure 9 shows the EEV TF plots of the transformer under
its Healthy condition supplying power to the R, RL and RC
loads at 10A current levels. They are the signature plots of the
transformer for the three different loads.

Variations observed between the healthier case plots at
different PF, again, demonstrates the influence of the power
factor on the frequency response of the transformer.
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FIGURE 10. Comparison between the Healthy case and the faulty case
plots of the transformer with a resistive load of 10 A.

Figure 10 shows the EEV TF plots of healthy and the Faulty
case, with the 10 A, resistive (UPF) load alone. Here, the plot
of the healthy case is compared with the plots of the Faulty
cases (FC1 and FC 2). The purpose is to assess the capability
of IFRA in discriminating between the locations of the fault
when the transformer is On-load.

It can be noted that the faults are of the same level (short
of 12.5 % of the winding), but, at a different location,
FC1 being near to the impulsed end (1U) and FC2 being
near to the non impulsed end (1V). The Plots of the two
faulty cases vary distinctly from the plot of the healthy case,
demonstrating the usefulness of the IFRA in discriminating
between the two faults of the same level, but, at different
locations.

For investigating the influence of the power factor of the
load on the fault discrimination capability of IFRA, fur-
ther investigations are done with the RL and RC loads.
Figure 10 shows the EEV TF plots of healthy and the Faulty
cases, with the 10 A, RL (0.94 lagging) and RC (0.94 leading)
loads.

The Plots of the two faulty cases vary distinctly from the
plots of the respective healthy cases. It can be noted that
both the RL and the RC loads have the same load current
magnitudes and, their power factor (PF) alone is different. For
both the RL and the RC loads, the Plots of the two faulty cases
(FC1 and FC2) vary distinctly from the plot of the respective
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healthy cases. For analyzing the influence of PF of the load
in discriminating between the two faults, a cross-comparison
is made between Figures 10 (a) and 10 (b). Variations are
found throughout the frequency spectrum and, reveals that
the faulty case variations from their respective healthier case
plots are considerably distinct. Thus, the cross comparison,
additionally demonstrates that the signature plots at appropri-
ate power factors have to be preferred in carefully capitalizing
the usefulness of the IFRA in discriminating between the
location of the fault.

Table 4 shows the statistical comparison of the frequency
response of the faulty cases (FC1) and (FC2) with the health-
ier case, when the transformer is supplying a resistive load
of (10 A). The purpose is to analyze the usefulness of IFRA
in discriminating between the locations of the Fault. For a
simpler representation, the healthier case corresponding to
the resistive load of 10 A (HC-R_10A) is referred in the
table 4 as, HC_R.

TABLE 4. Statistical comparisons for the 315 kVA transformer; Healthier
case vs faulty case -at 10 A, resistive load.

Frequency HC R HC R
sub-band Vs Vs
(kHz) FC1 FC2
DABS
30 41.31 35.64
30-300 32.18 49.28
300-1000 51.32 54.15
MM(Abs)
2-30 0.16 0.39
30-300 0.40 0.09
300-1000 0.12 0.10
CSD

2-30 52.95 46.19
30-300 42.07 39.27
300-1000 48.30 50.92

As seen from Table 4, for the two faults of the same
level, but, at different location the statistical values DABS,
MM (Abs) and CSD differ from their typical values to dif-
ferent extents in all the three sub-bands. Thus, IFRA is also
found useful in discriminating between the locations of the
faults.

Table 5 shows the statistical comparison of the frequency
response of the faulty cases (FC1) and (FC2) with the health-
ier case, when the transformer is supplying RL and RC loads
(10 A, 0.94 lagging and leading). The purpose is to ana-
lyze the influence of the PF, on the location discrimination.
For a simpler representation, the healthier case correspond-
ing to the RL and RC loads of 10 A (HC_RL_I10A and
HC_RC_10A) is referred in the table 5 as, (HC_RL) and
(HC_RCO), respectively.

As seen from Table 5, the statistical values DABS,
MM (Abs) and CSD differ from their typical values to dif-
ferent extents in all the three sub-bands. Moreover, when the
PF is changed from lagging to leading, these statistical values
are changing. Thus the PF of the load is found to influence the
sensitivity of IFRA in diagnosing and discriminating between
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TABLE 5. Statistical comparisons for the 315 kVA transformer; Healthier
case vs faulty case -at 10 A, RL and RC loads.

Frequency RL load RC load

sub-band HC_RL HC_RL HC_RC HC_RC

(kHz) Vs Vs Vs Vs

FC1 FC2 FC1 FC2

DABS

2-30 12.20 15.23 30.35 29.31

30-300 25.61 41.73 42.45 40.36

300-1000 14.02 17.01 3.47 53.53

MM(Abs)

2-30 0.34 0.38 0.28 0.38

30-300 0.44 0.08 0.17 0.30

300-1000 0.34 0.35 0.65 0.12
CSD

2-30 20.52 23.13 45.08 42.73

30-300 33.18 44.72 50.50 37.70

300-1000 5.21 10.54 5.16 48.62

the faults. Based on the PF of the load, a careful comparison
is needed between the corresponding signature response and
the faulty case response.

In the second step of investigation on the 315 kVA trans-
former, the focus was further extended. Investigations were
done to assess the usefulness of IFRA technique in discrim-
inating between the faults of the same and different severity
levels, at different locations. The experiments were done at a
total load current of 11 A level at UPF, 0.85 PF lagging and
0.85 PF leading. The frequency responses of the transformer
in the healthy and faulty condition were observed. Three dif-
ferent faulty cases were emulated, at three different positions
(only one fault was considered at a time).

The first two cases were of equal severity level, but, at dif-
ferent locations within the winding; (1) Faulty case-1 (FC1),
by shorting the tappings t1 and t2 (i.e. shorting 12.5% of
the winding near the terminal (1U)) (2) Faulty case-2 (FC2)
by shorting the tappings t5 and t6 (i.e. shorting 12.5% of
the winding near the terminal (1V)). The third case (Faulty
case-3 (FC3)) was for a different severity level and, emulated
by shorting the tappings t2 and t3 (i.e. shorting 25% of the
winding near the terminal (1U)).

Table 6 shows the details of the various healthy cases and
the faulty cases investigated in the 315 kVA transformer at
11 A load level.

Figure 12 shows the EEV TF plots of the transformer under
its healthy condition supplying power to the resistive load
at two different current levels (10A and 11 A). Variations
are observed between these signature plots of two healthy
cases at the two current levels, but, at the same power factor
(Unity). This indicates that the load magnitude can influence
the signature frequency response pattern.

Figure 13 shows the EEV TF plots of the transformer under
its healthy condition supplying power to the R, RL and RC
loads at 11A current levels.

In Figure 13, variations are observed between the healthier
case plots at different PF at this new current level of 11 A.
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TABLE 6. Investigations of 315 kVA transformer at 11 A load.

Condition of the  Details of the load connected Notation
transformer on the transformer
Healthier Case R load, U.P.F HC R_11A
(HC) RL load, 0.85 PF lagging HC_RL_11A
RC load, 0.85 PF leading HC RC _11A
Faulty case-1 R load, U.P.F FCI_R_11A
(FC1) RL load, 0.94 PF lagging FC1_RL 11A
RC load, 0.94 PF leading FC1_RC_11A
Faulty case-2 R load, U.P.F FC2 R 11A
(FC2) RL load, 0.94 PF lagging FC2_RL_11A
RC load, 0.94 PF leading FC2_RC_11A
Faulty case-3 R load, U.P.F FC3_R_11A
(FC3) RL load, 0.94 PF lagging FC3_RL_11A
RC load, 0.94 PF leading FC3_RC_11A
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% 100 e FC2_RL_10A
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E
&
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Frequency (Hz)
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FIGURE 11. Comparison between the Healthy and the Faulty case EEV TF
plots at 10 A: with RL and RC loads.
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FIGURE 12. Comparison between the Healthy case EEV TF plots of
transformer with resistive loads of 10 A and 11 A.

This is again confirming that effect of the power factor on the
frequency response of the transformer can alter the signature
plot.

Further comparisons were made between the healthy case
and the faulty case with the RL and the RC loads at 11 A level;
at 0.94 PF lagging and 0.94 PF leading. Figure 13 shows the
EEV TF plots of the transformer with the 11 A, at the lagging
and the leading PF loads. The focus was on the usefulness
of the IFRA in discriminating between the fault location
and fault severity levels. FC1 and FC2 are the faults of the
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FIGURE 13. Comparison between the Healthy case and the faulty case
plots of transformer with a resistive load of 11 A.

same level (12.5% short), but, at different location. FC3 (25%
short) is more severe than FC1 and FC2.
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FIGURE 14. Comparison between the Healthy and the Faulty case EEV TF
plots of transformer at 11 A- with RL and RC loads.

From Figure 14, the following observations are made;
(1) All the faulty case plots of the R, RL and RC loads
are deviating from their respective healthy case plots and
thus demonstrates the usefulness of IFRA in diagnosing
the inter-turn shorts. (2) Deviations between the FC1 and
FC2 plots in all the sub figures (14. a, b and c) indicates that
the two faults of the same level, but, at different locations
can be distinguished through the IFRA approach. (3) Devi-
ations of The plot (FC3) from the other two faulty case plots
(FC1 and FC2) indicate that the faults of different severity
level can also be effectively distinguished through the IFRA
approach.

To ascertain the above findings, different cases are also
compared through the statistical parameters. Table 7 shows
the comparisons made between the healthy case and the three
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faulty cases of the 315 kVA transformer when it supplies
power to 11 A, resistive load. Here, in columns 2 and 3,
the focus is on the usefulness of IFRA in discriminating
within the fault locations. In column 4, to assess the use-
fulness of IFRA in discriminating within the severity levels
of the faults, a more severe fault (25 % short) is compared
with the healthy case plot. For a simpler representation,
the healthier case corresponding to the resistive load of 11 A
(HC-R_11A) is referred in the table 7 as (HC_R).

TABLE 7. Statistical comparisons for the 315 kVA transformer; Healthier
case vs faulty case - at 11 A, resistive load.

Frequency Rload 11 A
sub-band HC R HC R HC R
(kHz) 'S Vs Vs
FCl1 FC2 FC3
DABS
2-30 15.64 37.28 33.18
30-300 53.55 40.01 4.26
300-1000 28.16 2.97 2.66
MM( Abs)
2-30 0.30 0.15 0.12
30-300 0.08 0.10 0.35
300-1000 0.20 0.67 0.71
CSD
2-30 15.07 39.66 39.90
30-300 39.54 36.59 6.25
300-1000 36.25 3.44 2.73

In the table 7, the maximum deviations of the statistical
parameters from their typical values are highlighted. The
corresponding frequency band offers high sensitivity in dis-
criminating the faulty case from the healthy case. In this table,
columns 2 and 3 compare the two same level faults ( 12.5%
shorts ) with the healthier case and, column 4 compares the
more severe fault ( 25% short) with the healthier case. It is
evident from the table that for different faults, these max-
imum deviations occur either at different frequency bands
or, atleast their numerical values are numerically different
when they happen to occur at the same frequency band. The
differences observed between the columns 2 and 3 of table
confirm the usefulness of IFRA in discriminating between the
faults at different locations. The difference observed between
the column-4 and the column-2 or 3, confirm the usefulness
of IFRA in discriminating between two faults of different
severity levels.

Table 8 shows the comparisons made between the healthy
case and the three faulty cases of the 315 kVA transformer
when it supplies power to, RL and RC loads (11 A, 0.85 PF
lagging and leading). Here, two loads of same current mag-
nitude, but of different power factor (0.85 lagging for RL
load and 0.85 leading for the RC load) are considered. The
focus is given to the influence of the PF on the fault dis-
criminating capability IFRA. For a simpler representation,
the healthier case corresponding to the RL and RC loads
of 11 A (HC_RL_11A and HC_RC_11A) is referred in the
table 5 as (HC_RL) and (HC_RC), respectively
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TABLE 8. Statistical comparisons for the 315 kVA transformer; Healthier
case vs faulty case -at 11 A, RL and RC loads.

Frequency RL load 11 A RCload 11 A
sub-band HC RL HCRL HCRL HCRC HCRC HCRC
(kHz) Vs Vs Vs Vs Vs Vs
FC1 FC2 FC3 FC1 FC2 FC3
DABS
2-30 37.29 38.77 28.79 24.55 38.45 26.40
30-300 19.81 17.99 15.62 54.84 38.32 49.73
300-1000 9.56 2.88 4.98 58.18 51.90 2.89
MM (Abs)
2-30 0.10 0.06 0.35 0.44 0.20 0.35
30-300 0.22 0.17 0.24 0.07 0.11 0.08
300-1000 0.26 0.67 0.49 0.09 0.10 0.67
CSD
2-30 40.59 40.83 38.01 36.98 50.62 39.13
30-300 33.13 30.86 31.56 38.74 35.76 42.63
300-1000 10.78 3.72 5.55 43.16 46.90 2.79

In the table 8, the maximum deviations of the statistical
parameters from their typical values are highlighted. The
corresponding frequency band offers high sensitivity in dis-
criminating the faulty case from the healthy case. In this
table, columns 2, 3, 5 and 6 compare the two same level
faults (12.5% shorts ) with the healthier case and, columns
4 and 6 compares the more severe fault (25% short) with the
healthier cases. It is evident from the table that for different
faults, these maximum deviations occur either at different fre-
quency bands or, atleast their numerical values are different
when they happen to occur at the same frequency band. The
differences observed between the columns 2 and 3 of the table
confirm the usefulness of IFRA in discriminating between the
faults at different locations. The difference observed between
the column-4 and the column-2 or 3, confirm the usefulness
of IFRA in discriminating between two faults of different
severity levels.

In consolidation, the above investigations on the 5 kVA
and 315 kVA transformers confirms that IFRA Online imple-
mentation is more challenging than the conventional Off-line
FRA, as, both the load current magnitude and PF can influ-
ence the IFRA results. However, the results obtained through
the careful comparison of the various faulty cases with their
corresponding healthy cases revealed that, IFRA online can
be successfully implemented at different current magnitudes
and PF, for diagnosing the inter-turn shorts and discriminating
within different inter-turn shorts.

IV. CONCLUSION

Experimental investigations were carried out on a three
phase 5 kVA, 440 V/440 V Star/Delta transformers and a
three phase 315 kVA, 11 kV/ 433 V, Dynl1 distribution
transformer, when they were was supplying power to loads
of different magnitudes and power factors.

IFRA results of the transformer with the EEV TF approach
were observed for the transformer for the healthy condition
and with the emulated inter-turn shorts in one of the windings.

Comparisons made between the IFRA results of the trans-
former, under different loads revealed that both the magnitude
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of the load current and its power factor can influence the
frequency response of the transformer. The healthy case fre-
quency responses (signature plots) were found to be different
under different loads and thus, revealed that the signature
plots developed for a particular load level cannot be con-
sidered directly as a common representative FRA signature
of the transformer for its entire permissible load range. The
difference between the frequency response of the healthy case
and the faulty case was also found to vary to different extents
for different load currents and power factors. Comparisons
made between the various healthy and faulty cases in terms
of the EEV TF plots and the statistical parameters showed
that there were a lot of variations in the frequency responses.
However, for different faults, the magnitudes of the statistical
variations with reference to their corresponding signature
plots were found to be distinct at different sub-bands. Thus,
IFRA was found to be effective in discriminating between the
locations as well as severity levels of faults

The variations in the statistical parameters were also found
to be the maximum at certain frequency sub-bands; At these
sub-bands, IFRA was found to offer maximum sensitivity in
diagnosis. More attention has to be paid in these frequency
ranges during IFRA based inter-turn diagnosis of loaded
transformers.

The results become significant as they are reported
first-time and demonstrated that both the load magnitudes
and the power factor can severely influence the frequency
response of the transformer and can alter the sub-band sen-
sitivity of the IFRA based diagnostic process.

For generalizing the findings, further research works can
be done in future, on bigger transformers of different winding
types and other types of faults with different severity levels.
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