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The power transformer is one of the vital elements of electric power systems. The reliability of power transformer
operation is directly related to its condition. Detection of winding deformations is possible by means of sweep
frequency response analysis. Interpretation of SFRA results is usually performed by visualization of images
generated using specialized devices and comparison of transfer functions obtained from successive tests. This
diagnostic method is known as a fingerprint and its disadvantage is the subjectivity and relying on engineer’s
experience. This paper presents an experimental approach for detection of internal transformer short-circuit
faults. Existing mathematical indicators based on frequency response analysis are often unable to unambigu-
ously indicate the degree of fault and their determination requires high-cost measurement and signal processing
equipment. A new indicator based on the reverberation time, commonly employed in acoustics, is proposed
instead. The proposed parameter is based on time-domain calculation and enables reliable detection of trans-
former inter-turn short circuits and accurate estimation of their degree. A significant advantage of the proposed
approach is its low dependence on the frequency range of the measured signal, which allows employment of low-

cost measuring and signal processing devices.

1. Introduction

A power transformer (PT) is vital for the transmission and distribu-
tion of electrical energy. It is also one of the most expensive elements in
every part and at every voltage level of the electric power system (EPS).
Additionally, the PT is a highly complex and heterogeneous component
whose operation is influenced by thermal, mechanical, electrical, and
chemical processes. For these reasons, considerable attention is dedi-
cated to monitoring and diagnostics of PT. The investment in diagnostics
and monitoring is incomparable with the price of the device itself;
therefore, great efforts are made to ensure timely and proper mainte-
nance to extend the life of the PT. Some of the key parts of a transformer
that are of great importance for its reliable operation are: magnetic
circuit, oil, windings (state of geometry and state of electrical connec-
tions), and solid insulation of windings. Winding deformations can occur
due to prolonged stress during normal operation, whereas during short
circuits strong dynamic forces can lead to permanent, plastic de-
formations. Winding deformations are usually detected using frequency
response analysis (FRA) method and sweep frequency response analysis
(SFRA). The standard SFRA method involves comparing the frequency
responses of consecutive periodically conducted tests. If the two
compared frequency responses do not differ, then the longitudinal R, L
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and C parameters did not change significantly, indicating that no de-
formations occurred in the meantime. Interpretation of SFRA results is
usually done by visualization of images generated by specialized devices
for such testing. The frequency response most often does not provide
sufficient information, which is why transfer functions need to be ob-
tained for each test. The transfer function represents the ratio of the
input, test signal, and the output signal, i.e., the recorded response on
the PT. By comparing the generated transfer functions from successive
tests, changes in the geometry of the winding or the magnetic circuit of a
PT can be detected.

The papers and standards [1]-[13] present the FRA and SFRA
method and its importance in PT monitoring and diagnostics. Reference
[1] presents theoretical foundations of the FRA method and its appli-
cation to signals recorded during PT exploitation. The development of
vibration — acoustic methods was presented in [2], where an attempt
was made to supplement the results of the FRA method and correlate it
to existing IEEE standards [3], IEC standard [4] and the experience of
the CIGRE working group [5,6]. A good interpretation of the results of
the FRA method is presented in [7], where an attempt was made to
determine individual quantifiers and their approximate limit values. The
presented quantifiers were calculated in this paper for the results of the
experiments. The method that clusters the simulation results of the FRA
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method and connects them with a certain type of failure is presented in
[8]. The experiments of PT in idle and short-circuit conditions with the
application of the FRA method are presented in [9]. The detection of
radial winding deformation using lightning impulse voltage is present in
[10]. Common statistical fault indicators are calculated in [11,12,13].
None of the papers included a representation of all indicators for
different faults that were obtained both in laboratory conditions and
from actual periodic measurements on PTs in exploitation. An approach
for winding deformation detection using a time-frequency image of the
frequency response is proposed in [14]. Reference [15] presents a new
methodology for PT diagnostics based on SFRA results and [16] com-
pares finite element method with FRA in terms of detection of internal
and external short-circuit faults. More recently, artificial intelligence
(AD)-based methods have been proposed for detecting and differenti-
ating winding deformations [17].

Interpretation of SFRA results is usually performed visually, based on
images generated by dedicated measuring devices. Development of new
methods is motivated by the need to achieve objective interpretation of
results and to improve the processing and interpretation of SFRA
method results. This paper summarizes all identifiers obtained from
SFRA tests. Such identifiers should more clearly quantify the results of
the SFRA method and allow easier and unambiguous detection of PT
winding and magnetic circuit failures.

In this paper, detection of inter-turn short circuits and determining
their severity is performed using reverberation time. Reverberation time
is a parameter typically used in acoustics and signal processing [18].
This parameter is most commonly used for quantification of room
acoustics. The main hypothesis of the research is that the number of
short-circuited turns can be determined based on the value of rever-
beration time. To validate this hypothesis, two sets of measurements are
performed. Both sets of experiments include short-circuiting different
parts of one PT winding while exciting a different winding using a signal
of variable frequency. The first set of measurements is a reference set
obtained using a professional SFRA analyzer. The second set of mea-
surements is conducted using an audio card with a considerably lower
bandwidth compared to the SFRA analyzer. Results from the second set
are compared to those from the first (reference) set to verify the possi-
bility of using a low-cost audio card instead of the expensive SFRA
analyzer. Additionally, the recorded signals are used to calculate sta-
tistical parameters commonly used in literature for PT fault detection. A
comparison between the reverberation time and the existing parameters
in terms of sensitivity to inter-turn short circuits confirms the advan-
tages of the proposed approach.

The paper is organized as follows. In section 2, an overview of most
significant methods and statistical parameters used for PT diagnostics is
given. In section 3, the procedure for calculating the reverberation time
is explained. The experimental setup is described in section 4. The re-
sults obtained using the SFRA analyzer and the audio card are displayed
in section 5. Conclusions of the research are derived in section 6.

2. Background theory

This section provides an overview of the basic theoretical knowledge
and definitions of the most significant SFRA indicators. Mechanical
failures of PT are caused by a variety of internal and external conditions.
These failures are very progressive and can be detected by analyzing the
winding response to an input signal containing a wide range of spectral
components. When injecting the input signal in the PT terminal, the PT
response, i.e., the output signal, is measured. There are different possible
measurement schemes: End-to-end (source to phase terminal), End-to-
end (source to neutral terminal), End-to-end short-circuit (source to
phase terminal), End-to-end short-circuit (source to neutral terminal),
Capacitive inter-winding and Inductive inter-winding. In these mea-
surements, the winding of a PT can be viewed as a two-port network
comprising resistors, capacitors, and inductors, where the resistance is
normally negligible. The result of the FRA method is a response that is
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represented on a logarithmic scale. If the two compared frequency re-
sponses do not differ, it means that the longitudinal parameters have not
changed significantly, i.e., there were no winding deformations since the
previous measurement. In the case of mechanical winding defects, the
values of equivalent capacitors and inductors are changed, and the re-
sponses of two periodic tests differ, which indicates defect.
Interpretation of FRA results is performed empirically based on im-
ages generated by specialized devices. In many tests, it is not enough to
observe only the frequency response, but the transfer functions for each
test are calculated. First, the input and output signal are recorded, after
which the Fourier transform is performed on the recorded signals:

Fljw) = / F (1) dit €)
where f(t) is the time-domain form of the recorded signal. The impulse
response in the frequency domain H(jw) is formed as the ratio of the
response (output) Voupus and source (input) Vigpy, signal:

Voutpm (](U)
Vinpm (]w)

The amplitude characteristic is most used for the analysis. The
ordinate represents the amplitude of the transfer function in decibels
and the abscissa represents the frequency on a logarithmic scale. This
approach with the transition to the frequency domain greatly facilitates
the analysis and provides independence from the waveform of the
excitation. By comparing the calculated transfer functions in successive
tests, different changes in the winding geometry and changes in the PT
magnetic circuit can be detected. Interpretation of the SFRA results re-
lies on personal expertise and can lead to different conclusions. It is not
possible to draw clear conclusions about the failure based on the visual
comparison of two diagrams. Moreover, the conventional SFRA finger-
print is very inaccurate in detecting incipient and low mechanical fault
levels [12]. In order to resolve these problems, various statistical in-
dicators are proposed [6,11,12,13]. These indicators can be divided into
two categories: those extracted directly from SFRA amplitude charac-
teristic and those based on the resonance and anti-resonance points.
These indicators are summarized and presented in Table 1. A sensitivity
analysis of these indicators can be performed by calculating their values
for different fault intensities, i.e., short circuits across different portions
of the winding. This analysis will be presented in section 5.

H(jw) = @)

3. Impulse response and reverberation time

In digital signal processing theory, a linear time-invariant (LTI)

Table 1
Statistical indicators obtained from SFRA results (N — overall size of the data set;
x; and y; — samples of the input and output signal; X and y- mean values).

Indicator Description
Jaccard Distance (JD) D - >, (xi —yi)?
\/Z;\il (i =X (i - 3)?
Absolute sum of logarithmic error (ASLE)
ASLE =
>4 [20l0g10 (3:) — 20l0g10 () |
N
Absolute average difference (DABS) DABS — Zf‘i 1 |_}’i — Xi‘
N
Min-max ratio (MM) MM — Zf\ilmm(.)'bxi)
i X Z?leax(yi,xi) N
Sum Squared Max-Min Ratio Error 1 S¥ min(y;,x;)

(SSMMRE) 1-SSMMRE =1 &0

o max(y;, X;)
Least Squared Error (LSE) LSE — E:"Ll (xi — %) (vi _1)7)
N Zfil (xi —X)2
Sum of Error (SE) Sk — S i —x)
N
Variance (Var) o2 — Z{il i —x)
N
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system can be unambiguously described by its frequency response or the
impulse response in the time domain [19]. The frequency response of a
system is obtained by applying the Fourier transform to the impulse
response in the time domain, according to (1). The impulse response can
theoretically be obtained by exciting the system with a Dirac impulse.
However, generating a Dirac impulse is not possible in practice, there-
fore a unit pulse or Heaviside step signal are used instead. More
frequently, indirect methods such as the sweep (chirp) signal and the
MLS sequence method are employed [20]. The impulse response is
commonly used in the areas of signal processing, automatic control,
acoustics, etc. The impulse response has become extensively used in
acoustics (most notably room acoustics) due to the development of
computers which allowed simple and efficient calculation and display of
the impulse response.

The impulse response of a room is measured using a speaker and
microphone. The room can be viewed as an LTI system, where the
microphone signal represents the system output and the signal emitted
from the speaker represents the system input. The impulse response of a
room represents its “ID”, as it allows all acoustic parameters of the room
to be determined. An example of an impulse response of a room is shown
in Fig. 1 (a). The structure of the impulse response is very complex, and
its waveform does not provide much information about the room. The
sound field in the room can usually be analyzed simply by observing the
global form of the envelope of the impulse response, i.e., the rate of the
sound level reduction. Therefore, the impulse response is most often
characterized by the so-called sound decay curve, commonly referred to
as the “reverberation curve” [18]. The reverberation curve is obtained
by calculating the sound level of the response signal averaged over a
selected interval. To reduce the influence of fluctuations of the rever-
beration curve, the so-called integrated impulse response, also known as
the “Schroeder curve” is often employed [18]. This approach is based on
introducing the decay curve Lg(t), defined as:

t

Li(t) = j ’hz(t)dt:johz(t)dt— / th(t)dt 3

where h(t) is the impulse response of the system. Fig. 1 (b) displays the
reverberation curve of the impulse response shown in Fig. 1 (a). The
most used parameter obtained from the Schroeder curve is the rever-
beration time, denoted by T60. The reverberation time is defined as the
time required for the reverberation curve to reduce by 60 dB from its
initial value, which corresponds to a decrease of one million times on a
linear scale. It can be considered that no sound energy remains in the
room after the reverberation time has passed. The dynamic range of 60
dB is difficult to achieve in practice, which is why T60 is determined
indirectly using parameters T10, T20, or T30. The interpretation of these
parameters is illustrated in Fig. 1 (b) [18]. The reverberation time T60 is
calculated by multiplying T30 by two, T20 by three, or T10 by six.

Magnitude
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The possibility of using the reverberation time T60 as an indicator for
determining the condition of a PT is examined in this paper. Unlike room
acoustics, where the excitation and the impulse are acoustic signals
(sound pressure), the excitation and impulse response of a PT are electric
signals (voltage). Even though the measured quantities are different in
nature, the principle of calculating the reverberation time is equally
valid in both physical domains. In a more general sense, the reverber-
ation time can be interpreted as a settling time of an impulse response, i.
e., the time required for an impulse response to reduce to a negligibly
small value.

4. The experimental setup

The experimental setup is schematically displayed in Fig. 2. The PT
used in the setup was specially manufactured in the Laboratory for High
Voltage at the University of Belgrade. The nameplate parameters of the
PT are: rated voltage 10/0,4 kV/kV, rated current 23/557 A/A, fre-
quency 50 Hz, connection type YnynO, and number of phases 3. This PT
has seven sets of double cake windings with accessible taps on the phase
W winding, labeled 0-7 in Fig. 2. Such a construction allows short-
circuiting different portions of the winding. Depending on the connec-
tions between these terminals, the fault degree can be varied, with short
circuits between adjacent taps corresponding to the smallest, and the
short circuit between taps 0 and 7 corresponding to the largest fault
degree. The phase W winding is excited using a variable-frequency
source (blue line). The input voltage (u;) is measured between the

short
circuit

Measuring instrument

Power transformer

Fig. 2. Schematic display of the experimental setup (only the primary winding
of the transformer is displayed).
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Fig. 1. Determination of reverberation time for an example room: (a) Impulse response, (b) Reverberation curve and definition of T10, T20, and T30.
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phase W terminal and the ground (Channel 1 - red line). The voltage
corresponding to the response (up) is measured between the transformer
neutral point and the ground (Channel 2 — green line). Based on these
two measurements, the frequency response of the winding can be ob-
tained. The current paths are denoted using black lines with arrowheads.

The connection diagram of Fig. 2 is valid regardless of the applied
instrument. Depending on the specific testing method and equipment,
the block denoted “Measuring instrument” represents either the Doble
M5400 SFR Analyzer or a sound card. A total of eight measurements
were performed using each instrument, one on a healthy PT (denoted
OK) and seven on a faulty PT (denoted SC). The fault was inflicted by
creating a short circuit between tap 0 and taps 1 through 7 (see Fig. 2) to
analyze faults of different severity. The logarithm frequency sweep
signal was used as an excitation with both devices.

The first set of measurements was performed using the Doble M5400
SFR Analyzer [21]. This analyzer is used to provide a frequency response
measurement in the range from 20 Hz to 2 MHz and represents a stan-
dard instrument for these types of measurements. The time required to
obtain an individual measurement using this instrument is around 2
min.

The second set of measurements was performed using the Steinberg
UR22 Sound Card [22]. This device represents an external audio card
normally used for recording audio signals. The price of the device is
around 150 $, several orders of magnitude lower compared to a pro-
fessional SFR analyzer. The time required to acquire a single measure-
ment is less than 10 s. The maximal sampling frequency of the Sound
Card is 192 kHz, limiting the bandwidth of the measured signal to 96
kHz. Therefore, this device enables frequency response measurement in
the range from 20 Hz to roughly 100 kHz.

The professional SFR Analyzer is used to clearly establish the benefit
of the new indicator (reverberation time) compared to the existing
mathematical indicators. The idea behind using the audio card is to
examine the possibility of using this device for SFRA and for obtaining
the proposed fault indicator (reverberation time). The first set of mea-
surements is used as a reference. The second set of measurements is
compared to the first set to determine if the low-cost sound card is
applicable for detecting PT winding faults and quantifying their severity.

5. Results and discussion
5.1. Results obtained using the Doble M5400 SFR Analyzer
The frequency responses of the PT with a healthy winding (blue) and

with inter-turn short circuits (other colors) are shown in Fig. 3. The
given responses were obtained according to (2) using the Doble M5400

Level (dB)

SC0-2|
SC0-3|
~—— SC 0-4
SC 0-5|
SC0-6|
SC0-7|

100 1k 10k 100k M
Frequency (Hz)

Fig. 3. Frequency responses obtained using the SFR Analyzer.
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SFR Analyzer (referred to as “SFR Analyzer” from here on in), based on
measured input and output voltages u; and uy, as shown in Fig. 2. An
increased level of the frequency response is observed when the inter-
turn faults are present, which can be attributed to the variation of
winding parameters (inductances and capacitances).

The most pronounced increase of up to 50 dB is observed in the low-
frequency region, below 2 kHz. The PT can be treated as a complex RLC
network, with inter—turn short circuits affecting the equivalent imped-
ance of the winding [23]. This effect is the most pronounced at low
frequencies, where the winding inductances are dominant. The reduc-
tion of winding impedance leads to an increase of voltage on CH2
(Fig. 2), thereby increasing the frequency response. As the severity of the
fault, i.e., the number of short-circuited turns, increases, so does the
level of the frequency response. The resonant frequency retains its value
of around 10 kHz regardless of the winding condition. The increase of
the frequency response in the high-frequency region, where the PT
behaves mostly as a capacitive network, is less pronounced, and does not
exceed 30 dB. By observing the low-frequency portion of transfer
functions for different faults of observed PT given in Fig. 3, it can be
noted that the transfer function of the lowest magnitude corresponds to
a healthy transformer (OK state), and as the severity of the fault in-
creases (from SC 0-1 to SC 0-7) the transfer function magnitude in-
creases as well. However, the overlap between transfer functions in the
high-frequency region and their proximity in the low-frequency region
make it difficult to unambiguously determine the fault severity. Various
statistical indicators have therefore been proposed over the years. The
most significant ones are presented below.

The frequency responses of Fig. 3 were obtained using the measured
signals from channel 1 (excitation) and channel 2 (response) of the SFR
Analyzer. Based on these signals, statistical indicators defined in Table 1
are calculated. The calculated values are plotted in Fig. 4 for all analyzed
winding conditions.

The values of the Jaccard Distance (JD) are given in Fig. 4 (a). This
indicator is equal to O for a healthy PT, and ranges from -0.13 to 0.25
when inter-turn short circuits are present. Therefore, this parameter is
not suitable for determining the winding condition, nor can it indicate
the severity of the fault, i.e., the number of short-circuited turns. Similar
conclusions hold for the Sum of Error and Variance parameters shown in
Fig. 4 (g) and (h). The values of the Least Squared Error (LSE) indicator
are plotted in Fig. 4 (f). This parameter is of approximately equal value
when the winding is healthy and when the least severe fault (SC 0-1) is
present. On the other hand, the values of LSE decrease monotonically for
more severe faults (SC 0-2 to SC 0-7). This indicator can therefore be
used for detecting the presence and degree of inter-turn short-circuits,
but only if significant portions of the winding are short-circuited. It
should be noted that the sensitivity of the LSE is rather low, as it de-
creases by only 25% for the most severe fault (SC 0-7) compared to the
healthy state.

The indicators displayed in Fig. 4 (b), (c), (d), and (e), namely: Ab-
solute sum of Logarithmic Error (ASLE), Absolute average difference
(DABS), Min-max ratio (MM), and Sum Squared Max-Min Ratio Error
(1-SSMMRE) clearly distinguish a healthy PT from a faulted one. The 1-
SSMMRE indicator exhibits variations of only 6% and does not vary
monotonically as the fault severity increases, making it difficult to
determine the fault severity. The same holds for the MM indicator,
except that its fault-induced variations are more pronounced compared
to 1-SSMMRE, making it more suitable for fault detection.

ASLE and DABS change prominently when a winding fault is intro-
duced, which enables very reliable fault detection. As visible from Fig. 4
(b) and (c), neither of the two indicators changes monotonically, and the
fault degree can therefore not be confidently determined. Nevertheless,
these two indicators have a clear advantage compared to other in-
dicators shown in Fig. 4, as they provide the most reliable fault detection
and can indicate fault severity to a certain extent.

The response of the system (winding) was calculated for each
experiment based on the SFRA results (amplitude and phase
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Fig. 4. Statistical indicators calculated based on Table 1: (a) Jaccard Distance (JD); (b) Absolute sum of logarithmic error (ASLE); (c) Absolute average difference
(DABS); (d) Min-max ratio (MM); (e) Sum Squared Max-Min Ratio Error (1-SSMMRE); (f) Least Squared Error (LSE); (g) Sum of Error (SE); (h) Variance (Var).

characteristics) and the known waveform of the excitation signal. The
signal level decay curves (reverberation curves) corresponding to all
analyzed scenarios are obtained from (3) using the calculated impulse
responses and are displayed in Fig. 5. All curves exhibit similar behavior
over the first 10 ms. Following this interval, the curve corresponding to
the healthy case exhibits a lower decay rate compared to those corre-
sponding to the faulty PT. As the fault severity, i.e., the number of short-
circuited turns, increases, so does the slope of the decay curves.

The reverberation time (T60) is calculated according to Fig. 2 (b).
The dynamic range of 20 dB, i.e., the T20 parameter, was used to
calculate T60. Dashed lines in Fig. 5 indicate levels of -5 dB and —-25 dB
used to calculate T20. The reverberation time values obtained for the
healthy PT and the analyzed fault conditions are displayed in Fig. 6. The
value of T60 for a healthy PT is 508 ms. When the least severe fault
(SC 0-1) is present, T60 reduces to 161 ms, which is a 70% decrease
compared to the healthy state. The values of T60 range from 7 ms for the
most severe fault (SC0-7) to 139.5 ms for SC0-2. The significant
decrease of T60 when a fault is introduced enables very reliable fault

detection. Furthermore, T60 decreases monotonically as the extent of
the inter—turn short circuit increases. On the other hand, none of the
indicators shown in Fig. 4 exhibits strictly monotonous variation as fault
severity increases, and only ASLE and DABS (Fig. 4 (b) and (c)) enable
reliable fault detection due to their abrupt change when a fault is
introduced. This gives the proposed parameter a distinct advantage over
the existing SFRA-based parameters in terms of its ability to clearly
indicate fault severity.

5.2. Results obtained using SFR Analyzer — Reduced frequency range

By observing the frequency responses shown in Fig. 3 it becomes
apparent that the energy is mostly contained in the low-frequency re-
gion, the energy being proportional to the square of the response
amplitude. This is particularly notable in fault conditions, when the
highest values of the response amplitude are located under 10 kHz,
which is well below the bandwidth limit of 2 MHz. The reverberation
time T60 represents the time required for the impulse response of the PT
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Fig. 5. Reverberation curve obtained using the SFR Analyzer.
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Fig. 6. Parameter T60 obtained using the SFR Analyzer.

to diminish. As most of the energy is contained in the at lower fre-
quencies in all analyzed cases, the low-frequency components will
dictate the reverberation time. It is therefore assumed that recording a
signal using an SFR analyzer with a lower bandwidth will not influence
the value of T60 significantly. Reducing the frequency range of the SFRA
would not only simplify the measuring procedure, but would also reduce
the time required for measurement and signal processing. To verify this
assumption, digital filtering of the response and recalculation of T60 was
performed for all experiments. Three reduced frequency ranges were
used, with upper limits of 1 MHz, 500 kHz and 100 kHz. Table 2 shows
the frequency response energies corresponding to these ranges as a
percentage of the energy corresponding to the full range of 2 MHz. The
results are given for healthy conditions and for a fault of medium
severity (SC 0-4). The energy content for the original bandwidth (2
MHz) is 100%. When the frequency range is halved, 75.9% of the total
energy is preserved with a healthy PT, whereas a reduction of merely 3%

Table 2
Ratio of frequency response energy in the reduced range to the energy in the full
(2 MHz) range.

Frequency range (MHz) Healthy PT (%) Faulty PT (SC 0-4) (%)

1 75.9 96.7
0.5 66.8 95.4
0.1 56.8 94.2
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is observed with a faulty PT. Reducing the frequency range 20 times
leads to a reduction in energy of 50% in the case of a healthy PT and only
6% in the case of a faulty PT. A significant amount of energy is preserved
despite the drastic reduction of the frequency range, especially when an
inter-winding short circuit is present. It is therefore justified to expect
that the reverberation time will not vary considerably due to filtering.

The values of reverberation time obtained for all analyzed conditions
and different frequency ranges (full and reduced) are shown in Fig. 7.
The values of T60 are somewhat higher for the reduced ranges compared
to the original range of 2 MHz in all conditions, with the least pro-
nounced deviations when the PT is under severe fault conditions.
Nevertheless, the trend of T60 is unchanged compared to the original
range. This means that the value of T60 obtained using signals in a
reduced frequency range is a reliable indicator of the presence and
severity of an inter-turn short circuit. Therefore, if reverberation time is
used as a fault indicator, the frequency range of SFRA can be reduced,
which results in less time-consuming measurement and signal process-
ing procedures. Additionally, the complexity and price of the instrument
itself can be reduced significantly when a lower sampling frequency is
required. It is worth noting that reverberation time calculated at a
reduced frequency range retains its advantages compared to the existing
indicators listed in Table 1.

5.3. Results obtained using the Sound Card

It was shown in the previous subsection that the reverberation time
can be used as a fault indicator even if the frequency range of measured
signals is well below 2 MHz offered by the professional SFR Analyzer.
Therefore, a second group of experiments was conducted using a
Steinberg UR22 Sound Card with a frequency range of approximately
100 kHz. As with SFR Analyzer, a frequency sweep signal was used as
the excitation. The frequency range of the sweep signal was between 20
Hz and 100 kHz. Based on the measurements from channels 1 and 2 (see
Fig. 2) the impulse responses are obtained for the same PT conditions as
in the first group of measurements.

Based on (3) and the recorded impulse responses, the signal level
decay curves are calculated. The decay curves corresponding to the
healthy PT and the six analyzed fault conditions are displayed in Fig. 8.
These curves have a somewhat different trend compared to those ob-
tained using the SFR Analyzer (Fig. 5), which is expected due to the
significantly lower bandwidth of the Sound Card. However, the slope of
the decay curves is the approximately the same in the amplitude range of
interest regardless of the employed instrument. As the parameter T60 is
directly dependent on the slope of the decay curve, it is reasonable to
expect the reverberation time obtained using the Sound Card to be
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Fig. 7. A comparison between the values of T60 obtained using SFR Analyzer
for different frequency ranges.
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Fig. 8. Reverberation curve for Sound card.

approximately equal to that obtained using the SFR Analyzer.

According to Fig. 9, the value of reverberation time in the case of a
healthy PT is 434 ms, whereas for the fault of lowest severity (SC 0-1) it
decreases to 198 ms. The value of T60 further reduces as the number of
short-circuited turns increases. Therefore, the value of T60 obtained
using the Sound Card measurements enables reliable fault detection and
determination of fault severity. For the sake of comparison, the values of
T60 obtained using the SFR Analyzer are plotted in Fig. 9 as well. The
two sets of values differ the most when the PT is healthy or when the
fault is of low severity (SC 0-1 and SC 0-2). Even though certain dis-
crepancies exist, the trend of T60 remains the same regardless of the
employed instrument. Therefore, the fault detection capability also re-
mains unchanged, despite the far lower frequency range of the Sound
Card.

The Sound Card is advantageous compared to the SFR Analyzer in
terms of individual measurement duration — 5 s using the Sound Card
compared to 2 min using the SFR Analyzer. Another advantage of the
Sound Card is its simpler design due to lower bandwidth, and conse-
quentially a much lower price compared to any professional SFR
analyzer. By conducting the SFR analysis and calculating the proposed
indicator (reverberation time T60) using the Sound Card, reliable fault
detection and quantification can be performed. The results given in this
paper clearly demonstrate that applying the proposed procedure using a
simple audio instrument ensures unambiguous fault indication.

6. Conclusion

Reverberation time (T60) is introduced in this paper as a new
parameter for PT fault detection. Although used predominantly in room
acoustics, reverberation time, in a more general sense, represents the
settling time of an impulse response. A major advantage of this param-
eter is that its calculation requires only the time-domain waveforms of
input and response signals, rather than their frequency-domain repre-
sentations, which makes the calculation procedure simple and efficient.
The reference measurements obtained using a professional SFR Analyzer
prove the capability of the new parameter to indicate the presence and
severity of an internal winding fault. Additionally, the new parameter
has an advantage over existing statistical SFRA-based indicators, espe-
cially in terms of determining the fault severity.

The new parameter T60 was recalculated for different frequency
ranges below the standard 2 MHz provided by the professional SFR
Analyzer. The obtained results demonstrate that T60 calculated at a
reduced frequency range still enables reliable fault detection and
quantification, even when the range is reduced by as much as 20 times
compared to the original 2 MHz. The possibility of narrowing the
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Fig. 9. Comparison Reverberation time T60 obtained using the Sound Card and
the SFR Analyzer.

measurement channel bandwidth can reduce the overall experiment
duration due to shorter signal acquisition and processing time. Addi-
tionally, the complexity and cost of the instrument can also be reduced
significantly.

A second set of experiments employing a Sound Card with the upper
frequency limit of approximately 100 kHz was conducted. This instru-
ment does not comply with the standard demands for SFRA due to its
low bandwidth. However, the values of T60 obtained using this instru-
ment exhibit very small deviations compared to the ones obtained using
the SFR Analyzer. Therefore, the use of the Sound Card ensures fault
detection and quantification of equal reliability as that achieved using
the SFR Analyzer. Considering its simpler design, significantly lower
cost, and shorter time required for measurement and signal processing,
the Sound Card represents a very beneficial alternative to professional
SFR analyzers for preliminary PT diagnostics.

Future work will be focused on using the reverberation time T60 for
detecting other types of internal PT faults, such as winding de-
formations. The possibility of using the proposed parameter to monitor
PT ageing will be examined as well.
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