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frequency domain. The procedure is not standard.
Independently of its use as aide in lightning im pulse test
interpretation, the transformer frequency domain response is
used to diagnose winding deformation. Frequency Response
Analysis (FRA) is an important developing technique that
finds the frequency dependent impedance of the transformer
and correlates its changes over time to physical deformation of
the transformer windings [8]. Diagnosis using FRA is usually
done by qualitative comparison of records obtained during the
life of the transformer but several authors are proposing
quantitative indicators such as correlation coefficient [9],
tolerance bands [10] and spectral deviation [11].
The present work is an initiative to use the quantitative
indicators being developed for comparison of frequency
responses obtained through FRA into comparison of
frequency responses obtained from lightning impulse test. The
Index Terms--Coherence Function, Frequency Response transformer frequency response is obtained instead of the
Analysis, Lightning Impulse Testing, Spectral Deviation,
transfer function making the software developed capable to
Tolerance Bands.
model and diagnose other systems by means of frequency
response, such as: surge arresters [12], transient grounding
I. INTRODUCTION
systems [13], transformer transient behaviour [14] and cable
ightning impulse testing of power transformer is a standard diagnosis [15].
practice. It characterizes the time-voltage behaviour of the
transformer insulation against an specific waveform [1]. Due
II. IMPULSE TESTING
to the transient characteristic of the phenomena an oscillating
voltage distribution occurs and this can produce a voltage to A. Test interpretation
ground of up to twice the magnitude of the applied wave [2].
During the application of impulse test specific waveforms of
Impulse test is applied to evaluate transformer insulation
different magnitude are applied to each winding, voltage and against lightning impulse discharges, is a type test for class I
neutral current traces are recorded. Qualitative comparison of power and distribution transformers, a standard test for class II
the acquired waveforms is the main criteria to establish the transformers and can be implemented using an special
test results [3], [4]. Pass-fail criteria have been developed over procedure as routine test for distribution transformers [18]. It
years of experience; even though, this criterion is qualitative is a well established procedure and information on application,
and relies on the experience of the expert applying the test. requirements and interpretation of test results is presented in
This often results in controversy between the manufacturer IEEE [1], [3], [19], [21] and IEC [4], [20], [23], [24] standards
and testing facility expert. Obtaining the transfer function of and guides. Several examples can be extracted from the guides
the transformer, from deconvolution of the applied voltage [1], [23] revealing ability of failure detection based on
and neutral current oscillograph acquired during the oscillograms of the applied voltage and neutral current.
application of the impulse test, is recommended by several Furthermore, different connection schemes are allowed that
authors to improve the interpretation of results [5], [6], [7]. can be more sensitive to different types of failures and adapted
This is so because the effect of failure is magnified in the to transformer construction [1]. Even so failures of a few
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shorted turns of a winding under test are very difficult to spot
using the standard connection, which is, measuring the neutral
current of the winding under test with all other windings
connected to ground. And, since there is no previous
knowledge of the type of failure that could occur during the
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test, usually the standard connection is the one used. This
leads to uncertainty with respect to the pass-fail criteria of the
test regarding difficult cases.
B. Transfer Function Method
Obtaining the transfer function of the transformer, from
deconvolution of the applied voltage and neutral current
oscillograph, acquired during the application of the impulse
test, is based on the relation between impulse response (Dirac)
and frequency response, that is, the Fourier transform of the
impulse(Dirac) response is the frequency response [24].
Because the most common measurements acquired during
impulse testing are applied voltage and neutral current the
transfer function analyzed is the impedance of the winding
under test with all other connections to ground. Even so
another transfer functions as transferred voltage between
adjacent windings may be more sensitive to some types of
faults [25].
Digital records of applied voltage and neutral current are
necessary to apply the Fast Fourier Transform in order to
obtain the frequency response. A proper digitizer with a
resolution of at least 10bits and 30MHz sampling rate must be
used to ensure repeatability of the frequency response up to
2MHz [26], [27]. But even with a digitizer properly specified
[28], there is electromagnetic noise and quantization error that
will limit the upper frequency obtainable from impulse testing.
This upper limit can be determined by the use of the
coherence function [29], that identifies the linearity of a
system by correlating the frequencies in its input and output
[30]. A coherence of value equal to “1” ensures complete
linearity of a system at a given frequency, some authors [29]
indicate that the coherence should be as close to unity as
possible in order to consider the frequency reliable for
diagnosis, others [31] justify the use of portions of the curve
that have a low coherence but advise caution.
C. Frequency Response Analysis
Frequency Response Analysis (FRA) has become a usual
technique for diagnosing mechanical integrity of power
transformers [32], and as such several application and
interpretation schemes have begun to develop surrounding the
technique. The frequency response can be obtained off line by
frequency sweep (FRA-S) [8], it can be obtained by impulses
(FRA-I) [5], or by a Chirp function [33].
The use of the Transfer Function Method is also being
applied to online monitoring of power transformers. Using the
transients on the electric grid to act as impulses and measuring
the neutral current of the transformer [34], [35] the transfer
function can be obtained. High electromagnetic interference
and different frequency content of the applied impulses have
led to differences appearing in the transfer function. Tolerance
bands have been used to discriminate those differences so they
can be identified either as failures within the transformer or

noise present in the measurements [10].
In FRA the usual diagnostic method is the comparison of
frequency responses obtained during the transformer
operational life. Other interpretation techniques are being
developed and used by utilities to diagnose deformation of
transformer windings. Some of them include the use of
correlation and spectral deviation between traces [36], [37].
Other advances have been done regarding the sensitivity of
the methods to detect displacement and deformations of
windings [38], [39], [40]. Several efforts regarding the
application of neural networks to correlate the change in the
frequency response and the type of the deformation have been
made [9], [41]. Modeling the transformer and correlating
frequency response and model changes is another approach
under study [38], [42], [43].
The fact that the analysis is always performed by
comparison of past and present frequency response curves of
the same transformer, makes the method difficult to apply to
transformers that do not have a previous measurement. The
usual solution is to compare measurement between phases of
the same transformer or compare measurements between two
twin units [31], [44].

III. IMPLEMENTATION
A. Hardware
The system is implemented using a digital oscilloscope with
resolution of 8Bits, 2.5GHz Bandwidth and 10000 samples as
the data acquisition device, two toroidal transient current
transformers are used to measure neutral current of the
winding under test. A repetitive surge generator is used to
calibrate the system. Final tests are performed using 2.4MV
impulse generator and a damped capacitive voltage divider.
Prior to the measuring phase several simulations were
performed to verify the applicability of an 8Bit digitizer. It has
been shown [26] that to obtain a reliable transfer function up
to 2 MHz for a power transformer, through impulse testing, a
10 bit digitizer is need. Even so, using an 8bit digitizer with
high bandwidth and sampling rate repeatability of the transfer
function up to 1MHz can be obtained [45]. Furthermore by
means of tolerance bands [10] differences between
measurements can be assessed as noise or failure of the
winding under test. Several test where performer to determine
proper bandwidth of the transient current transformers and
voltage divider used.
B. Algorithm
The frequency response is obtained using (1). The complete
algorithm applied is shown in Fig. 1. Here FFT denotes the
Fast Fourier Transform of the voltage and current impulses
respectively.
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A typical 10μs per division time base is used to allow good
comparison of voltage and current in time domain so
application of exponential windows to the voltage and current
records is necessary to avoid leakage effect due to abrupt
ending of the acquired data [40]. The data is properly
downsampled [7] and zeropadded [46] to increase the
resolution of the obtained frequency response. Because the
impulse voltage has to comply with the 1.2/50μs of lightning
impulse wave, the use of finite record length digitizer, and the
exponential window applied; the frequency response obtained
by this algorithm can not be expected to match exactly to that
obtained by a frequency sweep. Instead this match will only
occur in a frequency interval between 30 kHz and the 1MHz
limit imposed by the impulse shape and low resolution
digitizer.
The upper range of frequency reliable for diagnosis is
determined by the use of the coherence function calculated
between several calibrating impulses using (2), as
implemented in [29].
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Fig. 1. Algorithm used to obtain the frequency response from the lightning
impulse tests.

(2)

C. System calibration
The system calibration is performed using the repetitive
surge generator. In Fig. 2 the frequency response of the power
transformer under study is shown. The reference frequency
response was obtained using the repetitive surge generator and
acquiring 64 consecutive impulses using the oscilloscope
averaging mode. This way the signal to noise ratio (SNR) can
be improved by 18dB giving a nominal SNR of 66dB
approximately the same obtained using a 10bit digitizer [47].
The responses obtained applying three different impulses
show the repeatability of the measurement up to 500kHz.
The coherence between the three measurements shown in
Fig. 2 is plotted in Fig. 3. This reveals how at 500kHz there is
a lump in the coherence function that indicates that this
frequency is not reliable for diagnostic. This lump is due to
spurious introduced by the oscilloscope.
In Fig. 4 the frequency response of the transformer having
an inter disc failure modeled by a short circuit is compared to
a non fault response. It can be seen that the two responses
differ clearly; the most important difference in regard of
diagnosis is the displacement of the resonance peak at
250kHz. The correlation between two measurements without
any fault and the correlation between non faulted and faulted
test are shown in table 1. The correlation function decrease in
the frequency range between 100kHz and 250kHz
complement the diagnostic clearly visible as the difference in
frequency response in Fig. 4.

Fig. 2. Frequency response of the transformer under study determined by the
application of two different impulses compared to the reference frequency
response.
TABLE I
CORRELATION OF SEVERAL IMPULSE CASE 1 AND 2 SHOW THE CORRELATION
BETWEEN UNFAULTED IMPULSES. CASE 3, 4 AND 5 CORRELATION BETWEEN
FAULTED IMPULSES.

In chopped wave impulses the repeatability of the
frequency response obtained deteriorated at high frequency.
This situation arises from the increased dynamic range of the
current that rises to higher values due to larger dV/dt present
at the time of chopping. The use of a higher vertical resolution
as in a 10 bit digitizer should solve the problem as is shown in
[7]. A comparison of the frequency response obtained from
the application of a full wave and that obtained from the
application of a chopped wave was possible, the responses
agreed up to 500kHz and good coherence and correlation was
found between the responses. Even so with the use of the
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High Voltage generator repeatability was not assured.

neutral current, so obtaining the frequency response was not
necessary for diagnosis. The short circuit between the discs
was not seen neither on voltage or neutral current records so
the frequency response was obtained to determine diagnosis
capability. In Fig. 5a the voltage record of the applied
impulses in non-faulted and faulted condition are presented as
shown in IEEE impulse guide [1], it can be seen that no
difference is visible. In Fig. 5b the neutral current record, is
clear that no difference between non-faulted and faulted
condition can be easily determined even knowing that the
failure is present, so this case was chosen to verify the
diagnosis capability of the methodology.

Fig. 3. Coherence function between the 3 measurements appearing in Fig. 2.

a)

b)

Fig. 5. Applied voltage a) and neutral current b) of faulted and non-faulted
transformer obtained applying impulses with the High Voltage generator.

Fig. 4. Frequency response of faulted and non-faulted transformer obtained
applying impulses with the repetitive surge generator.

In Fig. 6 the frequency response obtained for three
different impulses in faulted and non-faulted condition show
that there is an important discrepancy with the existence of
failure but also that there are differences between
measurements on the same condition. The calculation of the
correlation and the use of tolerance bands solve this problem
assuring proper diagnosis.

D. Final testing
As in standard lightning impulse test calibration was
performed using the repetitive surge generator. In this case the
calibration included typical determination of the parameters
used to obtain the desired wave shape and magnitude, but also
verifying the frequency response of the system assuring
reliable diagnosis. The maximum frequency reliable for
diagnosis was set at 500kHz due to limitations on the
coherence obtained and the minimum at 30kHz due to
limitations on the toroidal current transformers at low
frequency.
Several reduced (50%BIL) impulse waves were applied.
The standard connection was used, having all non tested
windings grounded and measuring neutral current of the tested
winding. Three types of fault where modeled: short circuit
between middle winding to ground, short circuit between
middle discs of the tested winding and insipient fault between
middle discs of tested winding. The short circuit at middle
winding to ground was clearly diagnosed by time record of the

Fig. 6. Frequency Response obtained from several impulses applied in nonfaulted and faulted condition.
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The correlation between two measurements without any
fault and the correlation between faulted and non-faulted test
are shown in table 2. The correlation function decrease in the
frequency range between 100kHz and 250kHz only on the
cases were there is a fault present.
TABLE II
CORRELATION OF SEVERAL IMPULSE CASE 1 AND 2 SHOW THE CORRELATION
BETWEEN UNFAULTED IMPULSES. CASE 3, 4 AND 5 CORRELATION BETWEEN
FAULTED IMPULSES.

a)

The use of tolerance band is illustrated in Fig. 7a and Fig.
7b. A nominal SNR of 40dB is obtained for the voltage from
its frequency content; and a SNR of 38dB is obtained for the
current. In Fig. 7a two non-faulted measurements with their
respective tolerance bands are shown, it can be seen how the
bands ensure that the differences obtained can be attributed to
noise in the voltage and current records. In Fig. 7b tolerance
bands between faulted and non-faulted frequency responses
are shown, and it can be seen how their tolerance bands do not
overlap so the differences between them can not be attributed
to noise in the measurement record. This way the tolerance
bands ensure giving the proper diagnosis by taking into
consideration the presence of noise in the measurement
records.
During the realization of tests it was noted that the
frequency response obtained from the repetitive surge
generator was different from that obtained using the 2.4MV
impulse generator. Final tests were performed using a
Modular High Voltage Kit to ensure the proper frequency
response was obtained. The responses of the repetitive surge
generator and the High Voltage Kit are identical and that of
the 2.4MV generator differ in a considerable manner. This
differences where determined to be caused by the damped
response of the high voltage divider used, and the different
circuit topology used by the 2.4MV High Voltage generator.

b)
Fig. 7. Tolerance bands of two frequency responses. Non-faulted condition a),
and faulted condition b).

V. CONCLUSION
A front-end application for the MATLAB FFT tool has
been developed to obtain the frequency response on a
transformer winding from voltage and neutral current
measured during lightning impulse test. The difficulties arising
from the use of 8Bit digitizer have been addressees by mean
of tolerance band and coherence function. The diagnosis
process has been updated using a correlation function as a
numeric indicator of faults. The system has been tested using
the actual equipment used during real live testing.

IV. PLATFORM
The platform developed consist of the frequency response
calibrated measuring devices, the oscilloscope used for
impulse voltage and neutral current measurement, and a
graphical user interface developed in MATLAB. The system
was developed as part of a master degree thesis for the Simón
Bolivar University [48]. The graphical user interface allow for
comparison of time domain curves and frequency domain
response, obtaining the tolerance band of measurement,
filtering, windowing, automatic compensation of vertical and
horizontal offset, divider ratios, amplitude again, exporting
graphics and report generator.
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