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Abstract: The Frequency Response Analysis approach (FRA) is useful in the fault diagnosis of
transformers. However, its usefulness in diagnosing any potential sources of Partial Discharge (PD)
in transformers has not been thoroughly investigated so far. In this work, the use of Impulse
voltage-based FRA (IFRA) in diagnosing inter-turn shorts and potential sources of PD were
investigated on a 315 kVA, 11 kV/433 V transformer. Inter-turn shorts and PD sources were emulated
and the usefulness of IFRA in their diagnosis was investigated while using switching impulse
voltage at different magnitude levels as the test signals. For emulating the inter-turn shorts and the
PDs, special tappings were provided on one of the 11 kV windings through the low capacitance
bushings. Low voltage impulse was successful in diagnosing the inter-turn shorts, but unsuccessful
in identifying the sources of PDs. During the test condition, the test voltage was adjusted with the
presence of artificially created PD sources. The frequency response of the transformer before and
after the inception of PD was observed and analyzed in this article. The FRA results demonstrated
that the switching impulse voltage based IFRA approach at moderate voltages could be useful in
diagnosing the presence of the potential sources of PDs.

Keywords: frequency response; transfer function; switching impulse; transformer; inter-turn; partial
discharges; statistical tools; insulation

1. Introduction

The Frequency Response Analysis (FRA) approach has been effectively used for
mechanical, electrical, and magnetic core fault diagnosis purposes, such as axial and radial
displacements/deformations, loosening of clamping pressure, inter-turn shorts, grounding issues, and
core saturation problems, as per standards, working group recommendations, and literature [1–6]. They
used a broad spectrum of frequency components, contained either a sweep sinusoidal signal of constant
magnitude or lightning/switching impulses [1,4]. Several simulations and real-time researches were
carried out and reported so far, in order to demonstrate the usefulness of FRA approach in fault
diagnosis and condition monitoring of transformers and other power system equipments [7,8]. Rami
Kahoul et al. used frequency response plots in their behavioural modeling works of electromagnetic
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interference (EMI) and electromagnetic compatibility (EMC) of DC machines, and demonstrated the
usefulness of the frequency domain analysis in performance characteristic analysis [9,10].

Literature also reports on the factors influencing the sensitivity of FRA, different transfer
function approaches, and comparison between Lightning impulse voltage-based Frequency Response
Analysis (LFRA) and Sweep sinusoidal voltage-based Frequency Response Analysis (SFRA) [11–13].
The SFRA approach is standardized, so that most of the recent works were carried out based
on the sweep frequency response approach with different transfer functions [14–16]. However,
for Impulse-based Frequency Response Analysis (IFRA), the same methodology and transformer
connections can be applied, as explained in literature [14]. The conventional SFRA and LFRA
approaches use the test signals of a low magnitude that are found to be sufficient for the diagnosis
of mechanical displacement of windings, inter-turn shorts, and magnetic core issues. As per IEC
60270(2000), partial discharge (PD) is a localized electrical discharge that only partially bridges the
insulation. In general, Partial discharges are a consequence of local electrical stress concentrations
in the insulation [17]. Across a potential source of PD (like Void, air or oil bubble contained inside
transformer insulation), a discharge can happen when the potential across the same in the form
of alternating/direct/impulse voltage exceeds the discharge inception level. Several literature are
available for the diagnosis of PD, such as power frequency-based PD test, the ultrahigh frequency (UHF)
method, acoustic emission (AE) method, and dissolved gas analysis (DGA). Most of the conventional
tests use power frequency as the test signal. For example, Gyung-Suk Kil et al. demonstrated the
PD diagnosis in insulating oil across needle-plane, plane-plane and wire wire electrodes through
frequency analysis of the acoustic signal [18]. However, for the diagnosis of the voltage-dependent
problems, like PD, the conventional low magnitude SFRA and LFRA are not suitable.

In the motivating work of R.Malewski and B.Poulin, on the electrical faults diagnosis through
the lightning impulse voltage, PD was artificially emulated with the help of ‘Diacs’ in an ‘un-tanked
disc winding assembly’, and its diagnosis was successfully demonstrated [19]. Xuanrui Zhang et al.
discussed the usefulness of the test results in the frequency domain with oscillating impulses,
during the detection of the partial discharges within transformer insulation [20]. Marek Florkowski
discussed the effect of impulse voltage on the PD parameters [21]. From the above mentioned
experimental works, it is clearly evident that the sources of PD offer the loading effects.Various
simulation and experimental investigations were attempted for detecting the PD with non-conventional
approaches [22–24]. Simulated and real-time winding models of transformers/rotating machines and
un-tanked transformer windings were used as the test specimens. In these works, PD test at power
frequency was not focused. Instead, Square/Chirp pulses, impulses, and PD pulses from PD calibrators
were injected purposefully, as the test signals into the transformer windings (which are viewed as
PD pulse equivalents for experimental purpose) [22–24]. The travelling wave-based approach was
investigated in both the time domain and frequency domain. It has been used in order to identify the
single/multiple PD diagnosis and PD location. Under emulated PD conditions, the test specimen was
found to offer a change in its responses to such test signals. However, these works were carried out on
the transformer winding models. The influences of core, tank, full sets of LV and HV windings, and
bushings in a practical transformer on the wave shape and frequency components of the test signal
were not considered.

From the literature, it understood that the implementation of IFRA with a proper magnitude of
voltage and a broad frequency spectrum could be useful for diagnosing PD in transformer. To check the
viability of IFRA in PD diagnosis, an experimental work has been carried out at the HV lab of SASTRA,
on a three-phase, 315 kVA, 11 kV/433 V, Dyn 11, Oil Natural Air Natural (ONAN) distribution
transformer. This transformer has tappings on one of its 11 kV disc windings. These tappings are
available at the sidewalls of the tank for external connections through the suitable low capacitance
bushings, which is not altering the transformer electrical circuitry. During earlier research works,
preliminary experiments have been conducted before and after the inclusion of these bushings. It has
been confirmed that their loading effects during the impulse voltage performance of the transformer



Appl. Sci. 2020, 10, 8283 3 of 16

were negligible [25]. Inter-turn shorts and PDs can be artificially created using these tappings of the
transformer winding without causing any permanent damage to the insulation.

In the present work, some inter-turn shorts and potential sources of PD are artificially emulated
whlie using these externally brought tappings of the winding. The inter-turn short is modelled by
connecting a low ohmic resistor across the tappings. For the PD diagnostic tests, the PD source
is modelled while using an oil gap of 2 mm, such that the loading effect during its discharge-free
condition on the impulse response of the transformer is negligible. For the diagnosis of full transformer,
the windings in the HV side/LV side needs to be tested one by one. The present work is only focused on
the testing methodology. The faults are only emulated on the (1U-1V) winding. The circuit connections
and test procedures are explained in the methodology section. Switching impulse voltage is injected
as the test signal at the ‘1U’ terminal of the transformer winding and the voltage transferred to the
other end of the winding is observed as the response. For the diagnosis of inter-turn shorts, tests
are conducted at low voltages. For analyzing the usefulness of IFRA in diagnosing the presence of
potential sources of PD, the inter-turn shorts are removed and the PD model is included. The tests
for PD diagnosis are started with low voltages and then the voltage is gradually increased until the
inception of discharge across the emulated PD source. The responses of the transformer before and
after the inception of the PD are observed and analyzed in order to ascertain the usefulness of IFRA in
diagnosing the potential sources of PD across the transformer insulation.

The input and response waveforms for all these cases are observed while using a 2.5 G. Sa/second,
200 MHz Digital Storage Oscilloscope (DSO). The conventional FRA approaches were concentrated
on the frequency response up to 10 MHz only [4,6,12–14]. Hence, the present work focuses on the
frequency components up to 10 MHz only. The input and response waveforms are observed after
fixing the DSO settings appropriately (time scale of 500 µs, 25 M·sa, 125 k points record length), so
that the Fast Fourier Transform data (FFT) could be available directly from the DSO up to 12.5 MHz.
The End to End Voltage Transfer Function (EEV TF) approach is used in the experimentation, which
is convenient for both the delta and star connected windings of any practical transformer. Three
Statistical parameters ‘Comparative Standard Deviation (CSD), Min-Max ratio (MM), and Absolute
Difference (DABS)’ are used for further analysis and interpretation of the frequency response data.
The analysis of the results confirms that the IFRA with the switching impulse response approach at
moderately-high voltages can be useful in the preliminary diagnosis of the potential sources of PDs.

The work becomes significant, as it offers insight into the technical aspects of extending the use of
IFRA from inter-turn short diagnosis up to the preliminary diagnosis of the sources of PDs. A step by
step procedure that can be followed for extending the IFRA based diagnostic process up to the PD
diagnosis is also proposed in the discussion section.

2. Methodology

2.1. Details of the Test Specimen

A 315 kVA, 11 kV/ 433 V, Dyn11, ONAN, three-phase distribution transformer, available at the
HV laboratory of SASTRA, was used in this work [25]. The length, height and width of the transformer
tank are 70 cm, 150 cm and 45 cm, respectively. The oil volume is 500 L, weight of the laminated core
is 470 kg, and winding with insulation is 220 kg. The 11 kV windings are made up of eight discs
that are in series-connected. The end connections between adjacent discs on one of its high voltage
windings (1U-1V) were utilized for bringing out four special tappings. Figure 1a,b shows the winding
terminals and the special tappings which were artificially created at 87.5%, 62.5%, 37.5%, and 12.5%
locations (referred from ‘1V’ terminal to ‘1U’ terminal as tappings as t2, t3, t4, and t5, respectively).
Terminals ‘1U’ and ‘1V’ at 100% and 0% location are referred to as t1 and t6, respectively. The special
tappings in the winding were carefully brought out through the sidewall of the tank with suitable
low capacitive bushings. This arrangement enables external access to the tappings in the winding,
during any research works. The technical details of the transformer are available in the literature [25].
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The insulation between the turns/discs within the winding is referred to as minor insulation and the
insulation between the windings and earthed tank is referred to as major insulation.

2.2. Details of Inter-Turn Shorts and PD Models

Table 1 shows the details of various cases investigated and the notations that were used for
referring the same. Two cases of Inter-turn shorts within the (1U-1V) winding were experimented by
connecting a 2400 Ω resistor between the tappings; first, between the tappings t1 and t2 and, next,
between the tappings t2 and t3. They are referred to as Sh-1 and Sh-2, respectively.

Table 1. Details of the investigations and their notations.

S.No Description of Investigations Notations

1 Developing the signature FRA pattern-for Transformer under the normal condition Normal case(No inter-turn short and discharge free condition across a Potential source of PD)

2 Diagnosis of Inter-turn short between tappings t1 and t2 Sh-1

3 Diagnosis of Inter-turn short between tappings t2 and t3 Sh-2

4 Diagnosis of the presence of a potential source of PD between tappings t1 and t2 PD-1-minor

5 Diagnosis of the presence of a potential source of PD between tappings t2 and t3 PD-2-minor

6 Diagnosis of the presence of a potential source of PD between tappings t2 and the PD-3-majorgrounded tank

7 Diagnosis of the presence of a potential source of PD between tappings t3 and the PD-4-majorgrounded tank

Partial Discharges (PDs) are possible in both the solid and oil insulation portions of the insulation.
Modelling of such PDs was done by several researchers in the form of the air gap and oil gap contained
between point/plane/hemispherical/spherical electrodes [26–28]. In the present work, a potential
source of PD was artificially emulated while using a series combination of oil gap of 2 mm across
hemispherical electrodes and a 2400 Ω resistor (hereafter referred as PD model). The oil gap was fixed
at 2 mm, so that the discharge across the same can be incepted with switching impulses of moderate
magnitude (around 30 kV). The 2400 Ω resistor is purposefully included in the test circuitry in order to
limit the impulse current and avoid any permanent damage to the transformer windings. Thus the PD
model represents a practical and developing stage PD in the major insulation.

Four PD cases were emulated during the work in order to check the usefulness of the switching
impulse voltage based IFRA in diagnosing the PD. Their locations were also varied to check whether
the IFRA approach could discriminate the PD location.

The presence of the potential source of PD was emulated, first, by inserting the PD model between
the tappings within the winding and, then, between the tappings and the grounded tank. In total,
four PD cases were investigated. Two PD cases were emulated across the minor insulation of the
transformer; first, by connecting the PD model across the tappings t1 and t2 and, next, by connecting
the PD model across the tappings t2 and t3. They are referred as PD-1-minor and PD-2-minor,
respectively. Similarly, two PD cases were emulated across the major insulation of the transformer; first,
by connecting the PD model across the tappings t2 and the grounded tank and next, by connecting
the PD model across the tappings t3 and the grounded tank. They are referred to as PD-3-major and
PD-4-major, respectively.

Figure 1a shows the circuit that represents the terminals and special tappings of the transformer.
Figure 1b shows the photograph of the same. Figure 1c shows the circuit representation of the PD
model. Figure 1d shows its photographic view. The oil-gap of the PD model was transparent. Hence,
the occurrence of any PD during experimentation could be cross verified through visual observation
of a spark across the electrodes.
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Figure 1. (a) Circuit representation of the Transformer. (b) Photograph of the transformer (c) Circuit
representation of the Partial Discharge (PD) model. (d) Photograph of the PD model.

2.3. Experimental Setup

A switching impulse voltage generator available at the High Voltage laboratory of SASTRA was
used to inject the switching impulse voltage into (1U) terminal of the delta connected HV winding.
The other terminals of the delta windings (1V & 1W) were shorted and grounded through a low
ohmic resistor (245 Ω in this case). The core, tank, and neutral terminal (2n) of the LV winding were
grounded. The terminals (2u, 2v, and 2w) of the LV windings were kept floating [29,30]. Inter-turn
shorts were emulated by connecting the 2400 Ω resistor between the tappings, and the four PD cases
were emulated by connecting the PD model (the series combination of the oil gap and a 2400 Ω resistor
(as referred in Table 1).

Input (V1) and Response (V2) voltage waveforms were measured while using a DSO. The FFT
function of the DSO was used to obtain the magnitudes of the various frequency components of (V1)
and (V2).

Figure 2 shows how the connections can be made at the special tappings of the transformers for
the emulation of the inter-turn shorts and the PD sources across the minor and major insulation. All of
the inter-turn shorts and PD cases listed in Table 1 were emulated in a similar manner.

Figure 2. Circuit connections for emulation of faults: (a) Inter-turn short (Sh-1). (b) PD source across
minor insulation (PD-1-minor) (c) PD source across major insulation (PD-3-major).
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Figure 3 shows the experimental setup of one of the cases (PD sources across the minor insulation
of the tested winding). Figure 4 shows the experimental setup photograph.

Figure 3. Circuit for the diagnosis of the source of PD across the minor.

Figure 4. Photograph of the experimental setup.

2.4. Experimental Procedure

Throughout the investigation (i.e., during the Normal case, inter-turn short cases and the four PD
cases), the impulse generator available in the laboratory was used for injecting the switching impulse
voltage as a test signal (input) at the ‘1U’ terminal of the high voltage winding (1U-1V). The voltage
that was received at the other end (1V) of the winding was observed as the response.

The switching impulse voltage generator is of standard design. It can develop a 250 µs/2500 µs
switching impulse with a peak value up to 140 kV, with the tolerances for front, tail & peak values
within the permissible tolerances of the standards [29,30] C1 & C2 values are of 25,000 pF & 1200 pF,
respectively. The wave shaping resistors R1 & R2 are 43 kΩ & 98 kΩ, respectively.

As the impulse generator is of low capacity (rating: 0.245 kJ, 140 kV, single-stage with a 1200
pF terminal capacitor), the loading effects of the transformer on impulse generator is unavoidable.
The wave shape of the input switching impulse voltage and magnitudes of its different frequency
components get altered [29,30]. FRA is on analyzing the frequency response over a wide frequency
spectrum and, not on testing the dielectric integrity with standard impulses, such alterations in the



Appl. Sci. 2020, 10, 8283 7 of 16

shape of the impulse is acceptable. FRA requires the presence of a broad spectrum of frequency
components within the test signal. In our case, this distorted switching impulse contained more
high-frequency components than the standard switching impulse and enabled the frequency response
analysis up to 10 MHz.

It can be noted that the effect of the fault can be felt only when it alters the impedance that is
offered by the tested winding. Inter-turn shorts can influence on the impedance of the winding at
all voltage levels and, therefore, detection of the same is possible, even with low voltage switching
impulse. Therefore, in the present work, the experimental work for diagnosis of inter-turn shorts (Sh-1
and Sh-2) were conducted while using the switching impulses of 5 kV peak magnitudes.

However, the influence of a potential PD source present in the insulation is found to be
voltage-dependent. At low voltages, the frequency response is not getting altered just by the presence
of a PD source. The presence of a potential source of PD can influence the effective impedance of the
winding only when it offers a low ohmic discharge path across the by-passed portion of the insulation.
As long as the switching impulse voltage is below the inception level of PD, the potential sources of
PDs offer high ohmic path and, hence, their loading effects are negligible.

In our case, the PD was modelled with 2 mm oil gap in series with a 2400 Ω resistance, so that its
ohmic opposition is very high during its discharge-free condition. For conducting the experimental
investigations, the PD model was connected to the transformer by using the tappings t1, t2, and t3.
Thus, the presence of the potential sources of the four PD cases (PD-1-minor, PD-2-Minor, PD-3-major,
and PD-4-major) was artificially achieved, one-by-one, as referred in Table 1.

For understanding the loading effects of the PD model at different voltage levels, preliminary
tests were conducted for all these four cases by varying the peak voltage of the input (switching
impulse) from 5 kV up 40 kV, in steps of 5 kV. The input and response voltage waveforms were
captured at all of these voltage levels along with a check for any visual discharge across the oil
gap. Rough comparisons were made between these different cases by observing their corresponding
input and output waveforms and their frequency components. Discharges across the PD model were
found to incept at four different voltages for the four different cases emulated. But, in all the four
cases, the inception happened only above 30 kV, and there were differences in waveforms and their
frequency components.

All of these preliminary investigations have led to the following decisions on the magnitude of
the test voltage to be followed during various investigations: (1) as the influence of inter-turn shorts
is detectable at all voltage levels, the test voltage for the diagnosis of inter-turn short was fixed at 5
kV (peak). (2) Because the presence of the modelled PD source is undetectable at 5 kV, the frequency
response of the transformer under its inter-turn short free condition at this voltage level, can be directly
used for the development of the signature FRA of the transformer in its discharge free condition. This
can be referred as the response of the transformer under its normal condition (or) Normal case FRA.
(3) Because the PD incepts above 30 kV for all the four emulated PD cases, the test voltage to be used
for diagnosing any potential source of PD can be fixed at 37.5 kV (which is 125% of the 30 kV).

Switching impulse voltage magnitudes were fixed, as per these decisions and followed throughout
the experimental investigations.

The details of the test circuit connections (cables, sources, measuring circuits, and DSO settings)
were documented, and the same procedures were followed during the experimentation of the normal
case and various emulated faulty cases. For ensuring the reliability of the test results, each case
was tested five times and the average value of the data sets was considered to be representative for
further analysis.

The input impulse voltage was measured through the low voltage arm of the terminating capacitor
(1200 pF) of the impulse generator. After the voltage drop across the winding, only a low voltage could
reach as the response at the terminal (1 V). As this terminal was grounded through the low ohmic
(245 Ω) resistor, the voltage across the same represented the response received at (1 V).
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The input voltage and the response voltage were observed in Channel-1 and Channel-2 of the
Digital Storage Oscilloscope (DSO), respectively. Channel-1 was used to observe the scaled-down
version of the actual input voltage through the low voltage arm of the 1200 pF capacitor of the impulse
generator. The response voltage (V2) was observed through the low voltage arm of the resistive divider
(245 Ω).

For comparison of different cases, first, these time-domain waveforms were directly analyzed.
For further analysis in the frequency-domain (that was in terms of the frequency components of the
input and response waveforms), the inbuilt FFT function of the DSO was used [31]. EEV TF plots of
different cases were obtained from the FFT data after incorporating suitable correction factors.

2.5. Procedure for Developing the EEV TF Plots

The voltages observed through the DSO channels 1 & 2 represent the scaled version of the input
voltage (V1) and the voltage transferred to the terminal (V2).

The EEV TF magnitudes were calculated in two steps: in the first step, the FFT feature of the
DSO was used to obtain the dB magnitudes of various frequency components of the input and
response voltage from the scaled-down value of (V1) and actual value of (V2). In the second step,
the corresponding actual magnitudes of EEV TF at various frequency components were calculated
by adding a correction factor (CF). The correction factor was calculated in terms of the scaling factor
(400:1) of the capacitive divider. Thus, the actual EEV TF magnitudes for the different frequency
components were calculated, as per Equation (1)

Actual EEV TF Magnitude (dB) = 20log10(
V1 Actual
V2 Actual

)

= EEV TF magnitude from DSO + CF

= 20log10 (
V1 Observed
V2 Observed

) + 20log10(400)

= 20log10 (
V1 Observed*400

V2 Observed
)

(1)

EEV TF plots were developed by taking these magnitudes (dB) in Y-axis against their
corresponding frequencies in X-axis.

2.6. Statistical Investigation Procedure

Statistical parameters were used by researchers in order to reduce difficulties in the interpretation
of IFRA results [32–35]. Features can be extracted from the FRA data of two cases investigated and,
thus, comparison can be made between them at various sub-bands of the FRA spectra. The use of
more than one statistical parameter was also suggested by researchers to improve reliability [32,34].

Based on the literature, a comparison of FRA results was carried out while using three statistical
parameters on sub-band basis. The total frequency spectrum was split up and considered as three
sub-bands (i.e., 1 kHz–100 kHz, 100 kHz–1 MHz and 1 MHz–10 MHz).

When the two compared cases are similar, the statistical parameter value is ideal [32].
Any deviation of the estimated statistical parameter from its ideal values that are presented in Table 2
shows that the two cases are distinguishable at the corresponding sub-band frequency responses.



Appl. Sci. 2020, 10, 8283 9 of 16

Table 2. Statistical parameters, notations, formula, and their ideal values.

S.No Statistical Parameters Formula Used Ideal Value Expected
(When Two Cases Compared Are Similar)

1 CSD [32,33] CSDx,y =

√
∑N

i=1b((xi−x̄)2−(yi−ȳ)2)c
N−1 0

2 DABS [32,34] DABSx,y = ∑N
i=1|y(i)−x(i)|

N 0

3 MM ratio [35] MMx,y = ∑N
i=1 min|xi ||yi |

∑N
i=1 max|xi ||yi |

1

(absolute)

Note: xi and yi indicate ith values of the two cases compared. | x̄ | and | ȳ | indicate their respective absolute values.
x̄ and ȳ indicate their average values and ’N’ indicates number of frequencies within a sub-band.

3. Results and Discussion

The results that were obtained through the experimentations were grouped into three categories
for further analysis: (1) as input and response voltage waveforms, (2) as EEV TF plots and, thirdly,
(3) as statistical parameter values estimated from the EEV TF data (two different cases considered at a
time). They are referred as per the notations that are listed in the Table 1.

3.1. Diagnosis of the Inter-Turn Shorts

Figure 5 shows the input (V1) and response (V2) voltage waveforms of various cases investigated
for diagnosis of inter-turn shorts. The tests were conducted by applying a switching impulse voltage
of magnitude 5 kV (peak) as the input. The waveforms were observed before and after emulating the
inter-turn shorts. Figure 5a shows the voltage waveforms when the 2400 Ω was not included between
the tappings and it represents the signature pattern of the transformer under its healthy condition.
Figure 5b shows the waveform when the inter-turn short (Sh-1) was emulated by inserting the 2400 Ω
between the tappings t1 and t2. Figure 5c shows the waveform when the inter-turn short (Sh-2) was
emulated by inserting the 2400 Ω between the tappings t2 and t3. Because of the inter-turn shorts,
there were some changes in the shapes of (V1) and (V2). Simultaneously, sparks was also visible across
the electrodes of the PD model and confirmed the occurrence of PD.

Figure 5. Comparison of the input and response voltage waveforms for the inter-turn short diagnosis:
(a) Normal case (b) Sh-1 (c) Sh-2.

EEV TF magnitudes for different frequency components were calculated from the FRA data,
as per the Equation (1). By taking these magnitudes (dB) in Y-axis and their corresponding frequency
in X-axis, the EEV TF plots for the various cases are listed in Table 1.

Figure 6 shows the EEV TF plots developed for analyzing the usefulness of IFRA approach in the
diagnosis of inter-turn shorts. The spikes (dips and ups) and changes in the magnitudes of EEV TF
throughout the frequency spectra, which indicates that the FRA conducted at low test voltage level
itself is capable of detecting the presence of inter-turn shorts.
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Figure 6. Comparison of End to End Voltage Transfer Function (EEV TF) plots for the inter-turn short
diagnosis: Normal case (vs) Sh-1 (vs) Sh-2.

3.2. Diagnosis of the Potential Sources of PD across the Minor Insulation

Figure 7 shows the voltage waveforms of various cases investigated for diagnosis of PD sources
across the minor-insulation. It can be recalled that a thorough investigation of the modelled PD cases
(listed in Table 1) at different voltage levels was conducted in order to analyze the loading effects of
the PD model, under their discharge free conditions and discharge incepted conditions. As the loading
effect was found to be negligible up to 30 kV, the same normal case plot Figure 5a, obtained under
inter-turn free and discharge-free condition), was retained as the signature plot of the transformer and
reproduced, as in Figure 7a. The tests for diagnosis of the PD cases (PD-1-minor and PD-2-minor) were
conducted by applying a switching impulse voltage of 37.5 kV and the voltage waveforms are shown
in Figure 7b,c, respectively.

Figure 7. Comparison of the input and response voltage waveforms for the diagnosis of sources of PDs
across minor insulation (a) Normal case (b) PD-1-minor (c) PD-2-minor.

The changes in the shape of voltage and the disturbances appearing in the form of spikes/pulses
presented in Figure 7b,c indicated that the response of transformer to the switching impulses after the
inception of PDs, which is different from its normal response. These changes were also distinguishable
from the changes due to the presence of internal shorts Figure 5b,c. With mere waveform observation,
it is difficult to discriminate between the two cases of PDs. Hence, it becomes necessary to go for the
other comparative approaches, like transfer function plots and statistical parameters.

Figure 8 shows the EEV TF plots developed for analyzing the usefulness of the FRA approach
in the diagnosis of PD-1-minor and PD-2-minor. Variations appearing in the form of spikes and the
changes in the magnitudes of EEV TF that are spreading throughout the frequency spectra indicate
that FRA conducted at the 37.5 kV (test voltage) is capable of detecting the presence of the potential
source of PD.
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Figure 8. Comparison of EEV TF plots for the diagnosis of sources of PDs across minor insulation:
Normal case (vs) PD-1-minor (vs) PD-2-minor.

3.3. Diagnosis of the Potential Sources of PD across the Major Insulation

Figure 9 shows the voltage waveforms of various cases investigated for diagnosis of PD sources
across the major-insulation. The same normal case plot (Figure 5a), which was obtained under
inter-turn free and discharge-free condition), was retained as the signature plot of the transformer
and reproduced as Figure 9a. The tests for diagnosis of PD cases (PD-3-major and PD-4-major) were
conducted by applying a switching impulse voltage of 37.5 kV and the corresponding waveforms were
obtained and are shown in Figure 9b,c, respectively.

Figure 9. Comparison of the input and response voltage waveforms for the diagnosis of sources of
PDs across major insulation (a) Normal case (b) PD-3-major (c) PD-4-major .

The following observations were made from the Figure 9. Firstly, the presence of a potential PD
source across major insulation of transformer winding is identifiable when the magnitude switching
voltages are sufficient to incept the discharges: there were distortions like chopping in the waveform,
pulses appearing over the base impulse waveform and the swings in response voltage (V2) to the
opposite polarity. These changes were distinguishable from the changes due to the presence of internal
shorts (Figure 5b,c). Sparks was also visible across the electrodes of PD model and confirmed the
occurrence of PD.

Secondly, the peak magnitude of the chopped waves is lower when the PD location (87.5%
tapping) is near the impulsed end and comparatively higher for PD location (62.5% tapping) situated
away from the impulsed end. The difference indicates that the identification of the occurrence of PD
and its location is possible with the switching impulse voltage response.

Figure 10 shows the EEV TF plots that were developed for analyzing the usefulness of IFRA
approach in the diagnosis of the potential sources of PD across the major insulation.

Figure 10 shows a comparison between the ’Normal case’ and the two PD cases (PD-3-major
and PD-4-major). The following observations were made in the transfer function plots as shown in
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Figure 10. In the EEV TF plots of the PD cases, many changes were observed at different frequencies
in the form of alterations in the magnitudes and locations of spikes (Ups & Dips). There was a
disappearance of spikes and appearance new spikes. These changes demonstrate that the transfer
function plots developed with IFRA can be useful in PD identification, location and discrimination.

Though these differences are differently unique for different PD cases, they are available
all along with the low-, mid-, and high-frequency ranges, and it should be carefully interpreted.
Capitalizing such variations in TF plots for PD location and discrimination requires experience. Hence,
further investigations with feature extraction through statistical parameter were carried out for the
interpretation of experimental results.

Figure 10. Comparison of EEV TF plots for the diagnosis of sources of PDs across major insulation:
Normal case (vs) PD-3-major (vs) PD-4-major.

3.4. Comparison of the Frequency Responses through the Statistical Parameters

The difficulties in getting conclusions from the FRA results can be minimized using the statistical
parameters. Accordingly, an additional comparison was made between the EEV TF data of the various
cases [32–35]. The statistical parameters ‘CSD, DABS and MM ratio (absolute)’ were estimated from
the EEV TF magnitudes, by comparing two different cases at a time. Thus, the normal case frequency
response (EEV TF data) was compared with the responses of various faulty cases by considering them
one by one. Table 2 refers the statistical parameters used, their notations, formula, and the ideal values
expected (when the two cases compared are similar).

Table 3 shows the comparisons that were made through the statistical parameters. The total
frequency spectrum was divided into three sub-bands and comparisons were made between the EEV
TF data within the corresponding sub-bands.

For any pair of cases compared, the highest magnitude of variations can happen at some specific
and unique sub-band. With careful segmentation of the total frequency spectrum into sub-bands,
the difference between any two cases can be easily distinguished. Table 3 shows the comparison that
was made though the statistical parameters on sub-band basis with three different objectives. First,
the EEV TF magnitudes of Normal case and the inter-turn short cases were compared. The parametric
values were shown in the column 3 & 4. Subsequently, comparisons were made between Normal case
and the PD cases across minor insulation and presented in column 5 & 6. Finally, comparisons were
made between Normal case and the PD cases across major insulation and shown in column 7 & 8.
The EEV TF data for the cases NC, Sh-1, and Sh-2 were collected through low voltage FRA with the
switching impulse voltage at 5 kV (peak). The data for the voltage-dependent faulty cases PD-1-minor,
PD-2-minor, PD-3-major, and PD-4-major were collected through the FRA test at 37.5 kV levels, which
was much above their corresponding discharge inception voltages.
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Table 3. Comparison between the normal and various faulty cases on statistical parameter basis

Statistical Parameter Values Calculated during Different Comparisons

Frequency Comparisons made for the purpose of the diagnosis of Inter-turn shorts and PD sourcesSub-band

Inter-turn shorts PD sources within PD sources within major insulation
minor insulation major insulation

NC
vs.

Sh-1

NC
vs.

Sh-2

NC
vs.

PD-1-Minor

NC
vs.

PD-2-Minor

NC
vs.

PD-3-Major

NC
vs.

PD-4-Major

CSD

1 kHz-10 kHz 8.84 9.97 11.06 10.90 8.69 10.38
100 kHz-1 MHz 5.26 6.29 6.57 9.97 7.41 4.67
1 MHz-10 MHz 12.39 8.86 9.98 15.91 13.15 13.80

DABS

1 kHz-10 kHz 5.38 6.70 10.69 9.55 6.88 7.05
100 kHz-1 MHz 3.87 4.36 6.46 7.75 6.20 5.24
1 MHz-10 MHz 8.68 7.48 8.46 13.67 9.82 9.35

MM RATIO (absolute)

1 kHz-10 kHz 0.65 0.52 0.45 0.41 0.55 0.53
100 kHz-1 MHz 0.87 0.86 0.80 0.75 0.80 0.84
1 MHz-10 MHz 0.55 0.64 0.64 0.46 0.57 0.60

The highest deviations of statistical parameters from ideal values are highlighted in Table 3 for
easy reference (bold and coloured). The corresponding sub-band indicates the most sensitive sub-band
frequency of the total frequency spectrum, which can show the maximum difference between the
compared cases.

The following conclusions were drawn from Table 3. The three statistical parameters CSD, DABS
and MM ratio (absolute) deviated widely from their ideal values and, thus, capable of distinguishing
the faulty case from the normal case. The numerical values highlighted in the Table 3 indicates that their
sensitivity in discriminating a faulty case from the normal case is found to be high at some sub-bands.
For different faulty cases (which were compared one by one with the Normal case), the numerical
values varied to a different extent at same sub-bands, as shown in Table 3. All of these variations
indicated that the frequency response of the faulty cases was different from the frequency response of
a normal transformer and, thus, switching impulse voltage-based FRA conducted at appropriate test
voltages is capable of diagnosing faults.

Thus, the observations and analysis on results in the three forms (i.e., input and response
waveforms in the time domain, EEV TF plots, and statistical parameters estimated in the frequency
domain) indicated that, with careful selection of the test voltage, the switching impulse voltage based
frequency response approach can become useful in diagnosing the potential sources of PD across the
minor and major insulations of the transformer winding.

It can be noted that the impulse with a 37.5 kV peak was used in order to diagnose the PD
sources which were emulated near the impulse injected end and whose inception voltage was less
than the test voltage. If this PD source is near the other end of the winding (near tappings t4 or t5),
diagnosis is still possible at 37.5 kV, by reversing the test connections. In such a case, the impulse can
be applied at ‘1 V’, and the response voltage can be measured the terminals ‘1U and 1W’, by grounding
them through the 245 Ω resistor. For the PD sources requiring still higher voltages for inception,
the diagnosis may not be possible with 37.5 kV level, and the test voltage may need to be increased
further, gradually up to the Basic Impulse Insulation Level (BIL). Even for such PD sources, the IFRA
based approach is advantageous, as it can additionally cover the diagnosis of a wide range of faults,
like mechanical displacements, core magnetization issues, and inter-turn shorts. The pros and cons of
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the proposed approach need to be further explored and compared with other PD diagnostic techniques
before generalization.

Based on the severity of suspected faults, the following sequence of steps can be suggested for
the experimental investigation, so that IFRA can be extended, even for some preliminary diagnosis of
sources of PDs.

• Step1: Get/Develop (i) the signature pattern FRA, which can represent the transformer in its
fault-free condition (Normal (or) Healthy condition) and (ii) Get the BIL value of the winding
under investigation VBIL.

• Step 2: Start the FRA investigation at a low voltage level (for example, at 5% BIL of the
tested winding).

• Step 3: Compare FRA results with the signature FRA.

• Step4: If there are abnormalities, try to correlate with FRA guidelines/standards, declare the type
of the fault (for example “inter-turn fault”) and, ‘stop’.

• Step 5: If no abnormalities are observed in FRA, increase the test voltage magnitude by (4V) such
that VNew =VOld +4V. (For example,4V can be set at 5% of BIL)

• Step 6: Compare VNew with VBIL. If VNew < VBIL, go to ‘step 7’. If VNew ≥ VBIL, go to ‘step 11’.

• Step 7: Repeat FRA investigations. Observe voltage waveforms in the time domain and develop
corresponding FRA Plot.

• Step 8: Compare the FRA plot at the new test voltage VNew , with the Signature FRA plot.
While comparing, check whether there are any abnormalities like: (i) additional contributions at
high-frequency components in the FRA Plot. (Additionally, traces of ‘very short duration pulses’
on the impulse voltage waveforms can also be observed).

• Step 9: If ‘Yes’, (abnormalities referred in ‘step 8’ are present) declare: “A potential source of PD
may be present! Confirmation test recommended!”. Stop the test.

• Step10: If ‘No’, (abnormalities referred in ‘step 8’ are not present) go to step 6.

• Step 11: Declare “No Faults are observed through FRA investigation!”. Stop the test.

The focus of the present work was mainly on the methodology, i.e., to check the usability of
frequency response approach (FRA), whether the switching impulse voltage-based frequency response
approach can be extended to cover up to the preliminary diagnosis of PD sources. The results observed
with the modelled PDs have demonstrated the FRA’s usefulness in PD diagnosis.

4. Conclusions

The usefulness of the IFRA in diagnosing the inter-turn shorts and potential sources of partial
discharges in the transformer winding was investigated on a 315 kVA, 11 kV/433 V, Dyn 11, ONAN
distribution transformer. Inter-turn shorts and Partial discharges were emulated while using the
special tappings in one of the HV windings.

Low magnitude switching impulse was found to be effective in diagnosing the inter-turn shorts,
but, due to its magnitude being insufficient in incepting the discharge, ineffective in diagnosing
the potential sources of partial discharges. Further tests were conducted by gradually increasing the
switching impulses. For the emulated PD source, discharges got incepted, with impulses of around 37.5
kV peak magnitudes. Analysis of the frequency response of the transformer containing the potential
sources of the PDs, in its normal, discharge-free condition and PD incepted conditions were done
while using the EEV TF plots and statistical parameters. The variation found between the frequency
responses of different cases demonstrates that the IFRA approach, with switching impulse voltages
of a magnitude that is sufficient enough to incept the discharge, is useful in diagnosing the partial
discharges within transformers.
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In this work, the focus was only given to analyze the extended usability of the FRA approach and,
hence, experiments were only limited with the switching impulse voltages and with the PD source
artificially included through the special tappings in the transformer winding. A step-by-step procedure
for extending the use of the IFRA extended up to the preliminary diagnosis of potential sources of
PDs was also suggested. For getting more insight into the practical constraints of the IFRA, further
works can be carried out with different types of PDs and with short duration impulses containing
more high-frequency contents.
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