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a b s t r a c t

This contribution is aimed at obtaining diagnosis criteria for detection of low-level short circuit faults
throughout sweep frequency response analysis (SFRA) measurements on the transformer windings. Sig-
nificant advantages would accrue by early detection of low level short circuit faults within the trans-
former, since if not quickly detected, they usually develop into more serious faults which result in
irreversible damage to the transformer and the electrical network, unexpected outages and the conse-
quential costs. A Finite Element Model (FEM) of the tested transformer has been developed to assist in
justifying the modifications of the winding frequency response as a result of fault occurrence. Successful
operation of the SFRA method in precisely detecting interturn faults along the transformer windings,
even down to a few shorted turns on the winding, is proved through a large number of experiments
and measurements. Improving the interpretation of the SFRA measurements needs complementary sta-
tistical indicators. The usage of correlation coefficient and spectrum deviation for comparison of the fre-
quency responses obtained through SFRA measurements provides quantitative indicators of the fault
presence on the transformer windings and also the fault severity level in the shorted turns.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Power transformers are the most expensive and strategically
important elements of any electrical power generation and trans-
mission system. However, they do suffer from internal winding
faults principally due to insulation failure; these faults must be
quickly and accurately detected and the appropriate action taken
to isolate the faulty transformer from the rest of the power system
[1]. If not quickly detected, these faults can propagate and lead to
catastrophic phase to ground or phase to phase faults resulting in a
complete transformer breakdown which in turn generate substan-
tial costs for repair or replacement and financial loss due to the
power outage [2]. Most power utilities are therefore highly moti-
vated to detect interturn short circuit fault in its earliest stage to
prevent further damage to the transformer and electrical network.
Conventional methods for early detection of failures in power
transformers such as dissolved gas in oil analysis, partial discharge
analysis and power factor tests. display considerable limitations in
detection of interturn faults on the transformer windings [3]. Also
the problem with the lastly developed power transformers
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assessment methods is that they just only give a general indication
of the internal status of the transformer and do not permit the
detection of interturn winding faults [4].

Frequency response analysis as one of the well-recognized
methods for on-site diagnosis of power transformers is based on
the fact that every transformer winding has a unique signature of
its transfer function which is sensitive to change in the parameters
of the winding, namely resistance, inductance and capacitance.
Any geometrical or electrical changes within the transformer due
to internal faults which have an effect on the capacitive or induc-
tive behavior of a transformer winding cause a change in the trans-
fer function of the winding and consequently a modification of its
frequency response. Since the pioneering work of Dick and Erven at
Ontario Hydro Research Laboratories in Canada in the late 1970s,
FRA has been widely applied to power transformers to investigate
mechanical integrity of the windings [6]. There are two ways for
making frequency response analysis (FRA) measurements: sweep
frequency response analysis (SFRA) and low voltage impulse meth-
od (LVI). Many early practitioners tried impulse systems, and have
continued to try them up to the present. Though appealing in
terms of speed, the LVI method has never been able to match the
range, resolution or repeatability and signal to noise ratio of the
sweep method [7]. A detailed evaluation of the relative merits of
the two methods can be found in the research works carried out
in [6–16]. Given the potentials of sweep frequency analysis, this

http://dx.doi.org/10.1016/j.ijepes.2012.03.004
mailto:Behjat@azaruniv.edu
http://dx.doi.org/10.1016/j.ijepes.2012.03.004
http://www.sciencedirect.com/science/journal/01420615
http://www.elsevier.com/locate/ijepes


Iin Iout
Network Model of the Transformer

V. Behjat et al. / Electrical Power and Energy Systems 42 (2012) 78–90 79
paper along with its companion (Ref. [5]) deals with development
of a diagnosis approach based upon sweep frequency analysis, for
detecting interturn winding faults.

In recent years, applicability and sensitivity of the SFRA method
in evaluating mechanical integrity of core, windings and clamping
structures within power transformers has been extensively tested
by means of faults simulations in laboratory and of real cases stud-
ies of transformers in site [6–27]. However, despite its importance,
research on interturn fault diagnosis using the SFRA method is
rather limited. A literature review indicates that all of the contribu-
tions pertinent to the present study have concentrated only on in-
ter-disk type faults and find it enough to show the overall changes
of the frequency response of the transformer as a result of fault
[28–30]. The modification of the winding frequency response as a
result of inter-disk fault has neither been systematically analyzed
nor reasons for it ascertained in the existing literature.

Investigating the sensitivity and feasibility of the SFRA method
as a diagnostic tool to detect interturn winding faults especially
low-level interturn faults in power transformers, identification of
the most appropriate test configuration for this application and
reliable information about the relationship between changes of
the winding transfer function and interturn faults are the issues,
so far, remain unreported. This research work is aimed at extend-
ing the previous studies for sensitive detection of interturn faults
utilizing characteristic signatures associated with the interturn
faults extracted from the SFRA records through a systematic study.
The approach adopted keeps at disposal a 100 kV A, 35 kV/400 V
distribution transformer on which interturn faults were imposed,
and a measurement setup consisting of a network-analyzer for
measuring the transfer function in the required frequency range.

While the effects of the interturn faults are known to be prob-
lematic, the current study was focused upon obtaining a better
understanding of the complex physical behavior of the transformer
in the presence of interturn faults. In order to see these relation-
ships most clearly, a finite element model of the tested transformer
was developed. Obviously, a correct understanding of what gov-
erns the modification of the physical behavior of the transformer
as a result of interturn faults would assist in justifying the changes
of winding frequency response and hence developing a reliable and
sensitive fault detection method. Efforts will be made to interpret
the SFRA result and quantifying the fault severity level in the
shorted turns using statistical indicators.

The paper is organized as follows. Section 2 focuses on basic
concepts related to SFRA method and the methodology used for
doing the experiments. Section 3 presents a brief description
addressing the electrical characteristics of the tested transformer
and illustrates how interturn faults were staged on the windings
of the transformer. The most appropriate test configuration for
making sensitive SFRA measurements will be discussed in Section
4. Several characteristic signatures attained to interturn faults in-
ferred based on the inspection of transfer function of the winding
in faulty and normal operating conditions of the tested transformer
and the subsequent diagnosis are illustrated in Section 5. Section 6
describes the results of applying statistical indicators to the mea-
sured SFRA records in order to provide a quantitative way for diag-
nosing the fault on the transformer windings. Discussion of the
experimental results and implications for future researches are gi-
ven in seventh section. Finally, conclusions will be presented in the
last section.
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Fig. 1. Basic SFRA measurement circuit including two-port network model of the
transformer.
2. Measurement method

The SFRA method injects sinusoidal low voltage signals of vary-
ing frequencies into one side of the winding and measures the out-
put signals as they exit the winding in order to obtain the winding
transfer function. Treating a power transformer, undergoing SFRA,
as a two-port network, the transfer function of the network is de-
fined as the quotient of the output to input frequency responses
when the initial conditions of the network are zero. Fig. 1, illus-
trates a basic SFRA measurement circuit including two-port net-
work model of the transformer where Zij parameters in the
model are formed by distributed resistive, capacitive, self and mu-
tual inductive elements of the electrical equivalent circuit of the
transformer. The tested impedance, in this case the impedance of
the winding, is denoted by Z12. In a case where the input and mea-
sured signals are generally referenced to ground; Z11 and Z22 repre-
sent the impedance paths to ground, through the bushing
insulation. Z21 represents the impedance between the two refer-
ence grounds which in practice approaches zero because the neg-
ative terminals in the above diagram are short-circuited through
the transformer tank when the transformers is tested. Finally, S
is the source used for generating the input sinusoidal signal and
ZS is the impedance of the source. Conventionally, there exist two
types of transfer functions which normally used in FRA analysis
for diagnostic purposes: Voltage Ratio (Vout/Vin) and Impedance
(Vin/Iin). It should be noted that the sensitivity of each transfer
function to defects and changes in the transformer assemblies is
very different. Therefore the user of the method has to find out
the most sensitive transfer function for defect detection.

In this study, determination of the transfer function in the fre-
quency domain was performed with a network-analyzer which
used for generating the input sinusoidal signal, also making the
voltage measurements and manipulating the results. Omicron
measuring system (Bode 100) was used in the measurements car-
ried out in this paper. The tracking generator of the network-ana-
lyzer produced an alternating voltage of 5 V in amplitude as the
reference signal of the measuring system. Two leads carrying input
(reference) and output (test) signals were used for the connections
between the network-analyzer and the bushings at two ends of the
test winding. The transformer tank and the lead ground shields
were connected together to assure that no external impedance is
measured and also reduce the effect of noise and the environmen-
tal effects. This measurement setup accompanied by the experi-
mental test object which will be introduced in the following
section completes the test setup for performing the SFRA measure-
ments. In the tests reported in this paper, the measured frequency
range is 100 Hz–1 MHz with 400 frequency points per decade. The
use of such high number of points which lead to increasing the ta-
ken time to make each measurement is justified by the decrease in
the probability of missing true resonance points and losing resolu-
tion in the approximated transfer function with the collected data
points. With the used sweep settings, an SFRA scan could take a
few minutes.
3. Experimental setup

SFRA measurements were carried out in high voltage laboratory
on a three phase, two winding, 35 kV/400 V, 100 kV A distribution
transformer with a turn ratio of 4550/60. The LV and HV windings
of the transformer had layer and disk-type configurations
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respectively. Interturn faults were imposed on the turns of outer-
most layer of HV disks, which was the only accessible part of the
transformer’s windings. To develop interturn short circuit faults,
in steps, the transformer oil was pumped out and the front wall
of the transformer tank was removed to expose the windings. After
the windings were allowed to dry, two conductors on the farthest
layer of the second disk from the line end of the HV winding on
phase ‘‘U’’, located at two ends of the layer, were chosen and the
insulation over them at a point on each was carefully removed to
make tapping points. The next step was extracting leads from the
tapping points on the chosen conductors. Low impedance insulated
wires were attached to the conductors by means of specific clamps
embracing the conductors at the tapping points. The leads were
then brought out of the transformer to allow easy access to the
internal turns and also providing possibility for externally produc-
ing interturn faults. Since it was difficult to quantify exactly what
number of turns involved by the fault, so after the connections
were completed, the winding was energized by a low voltage
power supply and the open circuit voltage between the tap con-
ductors was recorded. This measured voltage between the taps, di-
vided by the line to neutral value of the measured voltage applied
to the winding, was an exact measure of the fraction of the winding
Fig. 2. (a) Front view of the tested transformer before refilling the
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Fig. 3. Exaggerated presentation of the transformer coils and the staged fau
that was involved by the fault. The fault level that could be realized
by shunting the tap conductors was equal to 0.2% of the turns on
the winding which involves a very small percentage of the
winding.

Before reassembling the transformer, an insulation resistance
test was performed to verify that the resistance of the tap conduc-
tors to ground was greater than 1 MX. A glass wall as a replace-
ment for front wall of the transformer tank was fixed to the tank
by screw bolts and then the oil refilled. Fig. 2 shows a physical view
of the tested transformer before and after refilling the oil to the
transformer tank. After reassembling of the transformer, interturn
faults could be staged by connecting two taps to each other
through a low impedance knife switch to be able to handle the ex-
tremely high circulating fault currents flowing through the shorted
turns. To adjust the fault severity in the shorted turns, a variable
resistor was used in series with the switch in the conductive path
between the terminals of the fault region. Various levels of fault
severity could then be attained by changing the value of the fault
resistance in this leakage path. The sketch in Fig. 3, illustrates an
exaggerated presentation of the corresponding geometrical and
circuit domain of the transformer coils and also the details of the
tapping points and the staged fault on phase ‘‘U’’ of the transformer
oil and (b) Side view of the transformer after refilling the oil.
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Fig. 4. Tap positions along the HV winding of the transformer, (a) before refilling the oil and (b) after refilling the oil to the tank.
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HV winding. In the figure, the external limiting fault resistance and
the time controlled switch for initiating the fault are denoted by
‘‘s’’ and ‘‘Rf’’ symbols respectively. A close view of the considered
transformer’s HV windings and tap positions of the introduced
fault, before and after refilling the oil to the transformer tank, is gi-
ven in Fig. 4. Before conducting the experiments, a full-load test
was performed on the transformer with the taps open to verify that
the modifications had not changed the transformers’ normal oper-
ating characteristics. Once this test was completed, selected fault
scenarios could be staged to make the SFRA measurements.
4. Identification of the most sensitive test configuration

An effort was made by the authors in order to identify the most
appropriate configuration for making sensitive frequency response
measurements. Two different transfer functions, various terminal
configurations and three categories of measurement types were
studied. The sensitivity of the two transfer functions, i.e. voltage
gain and impedance, was investigated by analyzing the frequency
responses determined by each of the methods. Once the appropri-
ate transfer function for fault detection was identified, the next
step was to determine the most appropriate combination of termi-
nal connection and measurement type for achieving the maximum
fault detection ability. Open and short circuit terminal configura-
tion and three categories of winding measurement including high
voltage, low voltage and inter-winding measurements were made
to identify the most sensitive configuration for detecting winding
faults. Through these studies, it was found that measuring voltage
gain across HV winding of the transformer, keeping all HV and LV
non-tested terminals floating, offers greater sensitivity and ability
in fault detection, owing to preparing more number of resonance
points and also effectively taking into account the core effects at
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Fig. 5. Transfer function for phase ‘‘U’’ of the HV winding in no
lower frequencies. More detailed description regarding the most
suitable set of test configuration which would have the highest
possible ability for interturn fault detection, can be found in the re-
search work carried out by the authors in [31]. The following sec-
tion focuses upon evaluating of the SFRA measurements in
diagnosis of interturn faults on the windings of the transformers.
5. SFRA measurements

To obtain diagnosis criteria for detecting of interturn winding
faults, a fault involving 0.2% turns was staged on the phase ‘‘U’’
of HV winding of the transformer. It should be noted that the im-
posed fault involves a very small percentage of the winding. As
well, the smallest value of the fault resistance was chosen to ac-
count for a metal-to-metal contact and dispose of an extreme value
which helped to evaluate trends. Over the course of the experi-
mental tests, a series of experiments were conducted, in some
cases with several trials of each to verify the correctness of the
measurement records. Fig. 5 gives two traces collected in normal
and faulty operating conditions of the transformers when the
transformer is filled with oil. It is clear from the results, that the
faulted response is substantially different from the non-faulted re-
sponse over the low frequency range below 1 kHz.

The key point to understand the low frequency deviation
caused by shorted turns can be found in explanation of Faraday’s
law in the shorted turns. Faraday’s law states that the electromo-
tive force (emf), induced in a turn equals the rate of variation of
the electromagnetic flux inside it. As a well known conclusion from
this law, at a fixed frequency, the amount of flux entering the turn
is fixed by the emf at its terminals. From this assumption, when a
short circuit occurs at a given turn, the voltage is forced to drop in
it and consequently circulating current flows in the short circuited
00 100000 1000000
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rmal and faulty operating conditions of the transformers.



Fig. 6. Flux plot of the transformer under normal and faulty operating conditions and detail showing the damaged disk.
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turn, to limit the entering flux into the turn. Let’s consider and
ideal situation where a turn with null resistance is short-circuited
by a null fault resistance. In this condition, the shorted turn would
have a null voltage at its terminals and hence no flux would enter
inside its contour. The larger the fault resistance, the larger is the
flux entering inside the turn. On the contrary, as the severity of
the short circuit increases, means that the turns short-circuited
with smaller fault resistance, a larger amount of flux would be sur-
rounding the shorted turns.

In order to see these relationships most clearly, a finite element
model of the tested transformer was developed. A description
about the finite element model of the transformer and the princi-
ple used for modeling winding short circuit fault is given in appen-
dix and more detailed description can be found in [37]. Flux plot
(equiflux lines) and color shaded plot of the electromagnetic
flux density inside the studied transformer generated by FEM
model of the transformer under normal operating condition and
after a short circuit fault arises along one of the transformer HV
winding’s disks on phase ‘‘U’’, with a fault resistance equal to
1 mX, are given in Fig. 6a and b respectively. It can be clearly seen
from Fig. 6, how the distribution of the magnetic flux is fundamen-
tally altered after the fault occurrence on the winding. There is a
strong leakage flux, despite the normal leakage flux, surround
the damaged turns through air paths and reduced flux lines
inside the shorted turns on the core limb due to the fault occur-
rence. Dense flux trajectories outside the faulty region in Fig. 6b
correspond to higher levels of flux density, outside the damaged
turns and reduction of it on the transformer core limb as it can
be clearly identified in color shaded plot of the electromagnetic
flux density.
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Fig. 7. Frequency response of phase ‘‘V’’, before and after arising the fault on phase ‘‘U’’ of the HV winding.
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By considering all these observations, one can conclude that the
winding short circuit fault changes the magnetizing characteristics
of the transformer core which in turn causes the low-frequency
deviation of the winding frequency response. The core effect is lo-
cated in the lowest frequency bandwidth on the winding frequency
response, when measuring across a winding with other windings
floating and not shorted [31].

Interturn faults, in addition to the changes at lower frequencies
of the frequency response, also will give differences at mid-fre-
quencies. In a range of 10 kHz up to 100 kHz the differences are
very significant. As can be obviously seen from the response traces
in Fig. 5, the general effect of the interturn fault is a shift of the
transfer function towards higher frequencies. The movement of
the resonant frequency points to the right on the response plot
as a result of interturn fault occurrence is much more obvious in
the frequency range of 10 kHz up to 60 kHz. Trends of increasing
and decreasing absolute values of the response are also detectable
in this frequency range. A closer look at the transfer function plot
in Fig. 5 indicates that the magnitude of the transfer function
changes as much as 6 dB in the pronounced mid-frequency reso-
nance at around 38 kHz from the faulty case where the fault resis-
tance is almost equal to zero to the normal response. This absolute
effect is comparable to the uncertainty of the measurement. There
is a linguistic agreement between some experts, that any differ-
ence within about 0.2 dB from one set of SFRA measurements to
the next is usually considered as an indication of a physical change
inside the transformer [38]. The normal and faulty traces are al-
most identical at all frequencies above approximately 100 kHz
where traces overlay very well in this range.

It should be noted that although the influence of the fault on the
faulted phase response is much more obvious; but the differences
of the two other phases responses as a result of fault occurrence is
noticeable too. Figs. 7 and 8 present the frequency responses of
phases ‘‘V’’ and ‘‘W’’ of the transformer HV winding in both normal
and faulty operating conditions, retaining the same fault case con-
sidered above. Again a same type of behavior similar to the faulted
phase response, i.e. movement of the transfer function to higher
frequencies and changing the absolute values of the transfer func-
tion, is observed for the responses of failure-free phases. Albeit, as
compared to faulted phase response which the effect of the inter-
turn fault reaches into the midrange of the frequency response up
to 100 kHz, Fig. 5, the effect of the fault is negligible above 60 kHz
for Phase ‘‘V’’ and 25 kHz for phase ‘‘W’’ in their corresponding fre-
quency responses. The effect of the fault on the low frequency
range of the responses of non-faulted phases is seriously different.
Figs. 7 and 8 reveal that, except removing one of the core reso-
nance points of phase ‘‘W’’, there is not any other serious modifica-
tion in the low frequency responses of the non-faulted phases in
spite of the drastic change in the low frequency range of the faulted
phase response. Obviously this behavior is a result of the limitation
of the fault effects on the core limb corresponding to the damaged
winding of the transformer.

To better prove the characteristic signatures attained to inter-
turn faults inferred based on the inspection of transfer function
of the winding in faulty and normal operating conditions, addi-
tional experiments were performed with different levels of the
fault severity in the shorted turns. Figs. 9–11 show the magnitude
plot of the transfer functions corresponding to three phases of the
transformer HV winding obtained from a frequency sweep analysis
as a result of 0.2% winding short circuit on phase ‘‘U’’ but with dif-
ferent fault resistance values to create the desired fault severity le-
vel in the shorted turns.
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Considering Figs. 9–11 proves that the main characteristic fea-
tures associated with interturn faults extracted from the frequency
response measurements, namely displacement of the resonant fre-
quency points to the right and a change in the transfer function
magnitude are discernible for all the fault severity levels in the
mid-frequency range of three phase frequency responses. Further-
more, the change in the low frequency response of the faulted
phase is clearly noticeable for all the fault severity levels. A zoomed
transfer function plot showing these aspects are illustrated in Figs.
9–11.

Fig. 12 illustrates the frequency response of phase ‘‘u’’ of the
transformer LV winding before and after interturn fault occurrence
on phase ‘‘U’’ of the HV winding. It can be clearly seen that the
most important feature in regard of diagnosis is the deviation of
the low frequency response of the transfer function and also crea-
tion of one new resonance point around 20 kHz as a result of fault
occurrence. Modification of the low frequency response of phase
‘‘u’’ of the LV winding is justified by this fact that this winding is
located on the same core limb which the damaged HV winding
on phase ‘‘U’’ is located on it, so both the responses of the LV and
HV windings are affected by modifications of the core in the fault
region. The comparison of HV and LV winding measurements, Figs.
5 and 12, indicates that contrary to HV winding measurements,
which the effects of interturn fault reach into the midrange of
the frequency response up to 100 kHz, in LV winding measure-
ments, high frequencies above 40 kHz are not affected by the fault.

Fig. 13 shows the SFRA results, taken by inter-winding mea-
surements having the terminal of phase ‘‘U’’ of the HV winding
as input and the corresponding terminal on the phase ‘‘u’’ of the
LV winding as output, prior and after interturn fault occurrence
on the phase ‘‘U’’ of the HV winding. While reviewing the trace
from left to right, a partial difference is seen between normal
and faulty responses starting from just above 10 kHz and contin-
uing to around 45 kHz in the form of shifting the resonance points
to the right and changing the absolute values of the transfer func-
tion. However there is not a visible fault indication in the low fre-
quency range of the transfer function which looks very different to
the HV and LV winding measurements described in previous sec-
tions. In fact, such a behavior is not surprising, as the low fre-
quency deviation in the winding response as a result of interturn
fault is governed by the interaction between core and windings
while the inter-winding measurement is made with almost no ref-
erence to the core effects at lower frequencies as discussed earlier.

To give a better idea about sensitivity of the proposed diagnos-
tic method and the real condition of the transformer under differ-
ent interturn faults considered in Figs. 9–11, it should be noted
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that the faults with resistance values of 0 X, 2 X 4.4 X and 6.8 X
cause a differential current of only 11.5%, 1.56%, 0.85% and 0.59%
rated current respectively under full load conditions of the trans-
former which makes detection of theses fault by traditional trans-
former protection devices to a very challenging task. The
measurements performed in this section proves the observations
made in Ref. [31] that the voltage gain transfer function when
measuring across a HV winding with other windings floating and
not shorted is more sensitive to interturn winding faults. In addi-
tion, the deviation of the low frequency response of the LV winding
located on the same phase of the damaged HV winding is large
enough to indicate the fault occurrence. It is also proved that the
inter-winding measurement is less effective in detecting interturn
faults as compared to the two other HV and LV categories.
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Fig. 12. Response of phase ‘‘u’’ of the LV winding before and after arising the fault on phase ‘‘U’’ of the HV winding.
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Fig. 13. Response of phase ‘‘U’’ by inter-winding measurement before and after arising the fault on phase ‘‘U’’ of the HV winding.
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6. Interpretation of the results

The SFRA provides a wealth of information in the form of a fre-
quency response plot, which needs to be interpreted. It was shown
that interturn faults produce changes in the winding transfer func-
tion at different frequency intervals, thereby providing some dis-
criminating features. Overall changes in the response traces,
shifted resonances, new created or removed resonance points
and amplitude differences are the main features extracted from
the frequency response measurements. Although, comparing the
differences of the faulted and non-faulted responses of the winding
based on the extracted features, provides some clear indication
regarding the fault occurrence, but the main problem with this
method of comparison is that the diagnosis task is performed by
expert’s judgment through the visual inspection of the records
and hence strongly depends to the expert’s opinion. Furthermore,
the method cannot be easily incorporated in an automated detec-
tion procedure. The use of statistical indicators can solve this prob-
lem, giving support to interpretation of the results and making it
more objective and transparent. Some statistical parameters such
as: correlation coefficient, spectrum deviation and maximum abso-
lute difference have been proposed by some researches in the past
in order to establish the differences between recordings of the
SFRA measurements [39–43]. Correlation coefficient and spectrum
deviation as two statistical indicators, are used in this study for
comparing the SFRA traces. The corresponding mathematical
expression of these parameters are given by:
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where X(x1, x2,. . ., xn) and Y(y1, y2, . . ., yn) are two sets of n numbers,
q is the correlation coefficient and r is the spectrum deviation be-
tween these two sets. In investigating the relationship between two
signals, the highest possible similarity level is obtained by correla-
tion coefficient equal to unity and spectrum deviation to zero. Table
1 shows the correlation and spectrum deviation between the
faulted and non-faulted responses of phase ‘‘U’’ of the HV winding,
calculated in decade frequency bands. The calculated indicators gi-
ven in Table 1, are corresponding to the measurements which were
shown previously in Fig. 5. In complete agreement with the mea-
sured traces in Fig. 5., it can be clearly seen from the table that
the largest deviation or smallest correlation values are related to
the lowest frequency band of the responses, i.e. 100 Hz–1 kHz,
where is much affected by the interturn fault. Also, the upper zero
values of the spectrum deviation and under unity values of the cor-
relation coefficient in the 1–10 kHz and 10–100 kHz frequency
bands indicate to differences between the faulted and non-faulted
responses at medium frequencies. As obvious from the table, the
indicators illustrate good agreement between the responses from
100 kHz up to 1 MHz which proves that the high frequencies are
not affected by the interturn fault.

Comparing the corresponding values of the two considered
indicators in Table 1, also proves the higher sensitivity and reliabil-
ity of the spectrum deviation as a statistical indicator in detecting
interturn faults. In fact, it was found through the author’s trials
that the differences between the normal and faulty responses of
the transformers windings damaged by interturn faults, is more re-
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flected in the spectrum deviation as compared to the correlation
coefficient. As seen in Table 1, all the correlation values are accept-
ably around unity in all the frequency bands, however the value of
the spectrum deviation in the 100 Hz–1 kHz band is large enough
to indicate the interturn fault occurrence.

Table 2 shows the correlation and spectrum deviation between
the faulted and non-faulted responses of three phases of the trans-
former HV winding, corresponding to the traces previously shown
in Figs. 5, 7 and 8. It is seen from the table that the largest differ-
ences between the faulted and non-faulted traces are clearly re-
lated to the damaged phase ‘‘U’’. The corresponding values of the
undamaged phases of the transformer HV winding, i.e. ‘‘V’’ and
‘‘W’’ phases show a similar trend to the damaged phase throughout
all the frequency bands. However, the lower values of the spectrum
deviation coefficients for the undamaged phases as compared to
the corresponding value of the damaged phase in the same fre-
quency bands, amounts to a reduced effect of the fault on the
non-damaged phases.

Table 3 illustrates the results of applying the indicators to the
normal and faulty responses of phase ‘‘u’’ of the transformer taken
by HV, LV and inter-winding measurements. The corresponding
Table 4
Correlation (q) and spectrum deviation (r) between normal and faulty responses of phase

Frequency decade Fault impedance (Rf)

6.8 X 4.4 X

q r q

100 Hz–1 kHz 0.9987 0.0257 0.9981
1–10 kHz 0.9998 0.0050 0.9997
10–100 kHz 0.9997 0.0142 0.9995
100 kHz–1 MHz 0.9998 0.0049 0.9999

Table 1
Correlation (q) and spectrum deviation (r) between the faulted and non-faulted
responses of phase ‘‘U’’ of the HV winding.

Frequency decade q r

100 Hz–1 kHz 0.9951 0.1204
1–10 kHz 0.9968 0.0434
10–100 kHz 0.9983 0.0342
100 kHz–1 MHz 0.9998 0.0068

Table 2
Correlation (q) and spectrum deviation (r) between the faulted and non-faulted
responses of three phases of the HV winding for a fault on phase U.

Frequency decade Phase ‘‘U’’ Phase ‘‘V’’ Phase ‘‘W’’

q r q r q r

100 Hz–1 kHz 0.9951 0.1204 0.9991 0.0281 0.9985 0.0170
1–10 kHz 0.9968 0.0434 0.9995 0.0193 0.9968 0.0326
10–100 kHz 0.9983 0.0342 0.9994 0.0178 0.9994 0.0130
100 kHz–1 MHz 0.9998 0.0068 0.9999 0.0031 0.9999 0.0024

Table 3
Correlation (q) and spectrum deviation (r) between normal and faulty responses of
phase ‘‘U’’ taken by HV, LV and inter-winding measurements.

Frequency decade HV LV Inter-Winding

q R q r q r

100 Hz–1 kHz 0.9951 0.1204 0.9817 0.6040 0.9999 0.0010
1–10 kHz 0.9968 0.0434 0.7721 0.4625 0.9997 0.0119
10–100 kHz 0.9983 0.0342 0.9943 0.0866 0.9985 0.0254
100 kHz–1 MHz 0.9998 0.0068 0.9999 0.0029 0.9999 0.0011
measurement results were shown previously in Figs. 5, 12 and
13. The spectrum deviation for the responses related to the LV
winding reaches high values in the 100 Hz–1 kHz and 1–10 kHz
decade bands, where the changes caused by the interturn fault
are most apparent. The spectrum deviation between results from
inter-winding measurement are very close to zero throughout all
the frequency bands. This is a good indication of less sensitivity
of inter-winding measurement in detecting interturn faults which
described in detail in previous sections.

As seen, the use of the statistical coefficients of the SFRA records
can provide a quantitative way for diagnosing the presence of the
fault, complementing the previous qualitative approaches. In addi-
tion to the benefits gained from adding more objectivity and trans-
parency to interpretation of the SFRA results, significant
advantages would accrue by quantifying the fault severity level
through the use of coefficients. Table 4 shows the correlation and
spectrum deviations between the baseline measurement of the
phase ‘‘U’’ of HV winding and four measurements made during
the fault occurrence with different severity levels on the same
winding. The results in Table 4 illustrate how the spectrum devia-
tion of the faulty responses with the baseline measurement in-
creases with increasing of the fault severity in the shorted turns.
This fact allows the quantification of the fault severity level. It
has to be highlighted that the reliability of the fault diagnosis is
achieved by means of the qualitative approach based on the detec-
tion of the characteristic patterns that appear in the frequency re-
sponse of the windings during the fault occurrence. Once the fault
is identified, the computation of the statistical coefficients allows
the quantification of the degree of fault. So both approaches to-
gether make possible the detection of the presence of the fault
and its quantification and hence ensure giving the proper
diagnosis.
7. Discussion

The experiments presented in previous sections suggest the
capability of the SFRA method as a diagnostic tool to detect inter-
turn winding faults. According to the applied tests the sensitivity of
the SFRA method can recognize an interturn fault involving 0.2% of
turns on the transformer winding. As an outcome of these studies,
the following points can be summarized. Measuring voltage gain
across the HV winding of the transformer constitute the appropri-
ate pair of system function and measurement type, because of pre-
paring the maximum number of natural frequencies and so
significantly improving the achievable sensitivity. Interturn faults
along the winding will cause significant changes in the magnetic
behavior of the transformer and hence give deviation in the low
frequency range of the frequency response where is much affected
by the magnetic core. Since by shorting out the non-tested termi-
nals the measurement is made with almost no reference to the
magnetic core, so it is strongly recommended to use floating termi-
nal configuration for achieving highest possible ability for detect-
ing of interturn fault.
‘‘U’’ of the HV winding in presence of faults with different severity levels.

2 X 0 X

r q r q r

0.0349 0.9968 0.0560 0.9951 0.1204
0.0078 0.9991 0.0149 0.9968 0.0434
0.0181 0.9992 0.0244 0.9983 0.0342
0.0056 0.9998 0.0065 0.9998 0.0068
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The SFRA is a relative method means that an evaluation of the
transformer condition is done by comparing an actual set of SFRA
results to reference results; three types of comparison for measure-
ment results can be realized. The highest level of comparability is
obtained by using a former fingerprint measurement made on the
same winding earlier in a time-based comparison. However, it is
unlikely that we ever get a baseline for all transformers on the
electric supply network. Consequently, other comparison strate-
gies which involve sister units or inter-phase comparison are used.
Although, slight differences may be found between sister trans-
formers, owing to the effect of manufacturing differences in the
windings and asymmetries brought in through construction, but
it is particularly useful when there is no fingerprint measurement
available. The least reliable method is inter-phase comparison, due
to significant differences between windings on different phases of
three-phase transformers especially at low frequencies, itself a
function of differences in the magnetizing inductance between
the three phases. The center phase, as illustrated in Figs. 5, 7 and
8, exhibits deviation from the two outer phases at lower frequen-
cies. Then it may be advisable to make inter-phase comparison
for just the two outer phases.

In the experiment carried out in this paper on a distribution
transformer, some useful characteristic signatures associated with
interturn faults were extracted from the measurement records in
order to obtain diagnosis criteria for detecting winding interturn
faults. However, more detailed studies and exhaustive tests on
numerous power transformers is needed to better prove the ability
of the method in reliable and sensitive detection of interturn faults
on power transformers well before such faults lead to a cata-
strophic failure with serious damage to the transformer. This issue
can be done as an extension to the present work.

The performed experiments in this study proved that the struc-
ture and shape of transfer function appears to be a function of the
type, overall physical size and complexity of the transformer wind-
ing. Two types of windings namely, disk type HV winding and
layer-type LV winding, were investigated in this study. Future
work ought to focus on interleaved winding, to extract certain fea-
tures specific to the transfer function corresponding to this type of
winding. Also, more exhaustive tests on numerous power trans-
formers, in particular transformers with different configurations
of LV and HV windings such as layer-type LV winding and disk-
type LV winding is highly desirable in the future works to establish
more reliable and sensitive diagnosis approach for interturn fault
detection on the transformer windings.

In spite of many research efforts on fault diagnosis using SFRA
method, there is still no universally accepted and systematic inter-
pretation technique for these tests and ‘expert opinion’ is often
sought when any damaging trend is observed as a result of fault
occurrence. The authors were involved in this study in promoting
the interpretation process of the SFRA results by extracting charac-
teristic signature attained to interturn faults and thereafter using
statistical indicators. The correlation coefficient and spectrum
deviation were used in this study to calculate the amount of agree-
ment or disagreement between the two sets of faulty and normal
measurements for quantitative explanation of the fault presence
on the transformer windings. Spectrum deviation was found to
be more effective than correlation coefficient in establishing the
differences between the recordings of the SFRA measurements.
Exploring some other types of statistical indicators suitable for this
application would be one of the future directions of this research.
8. Conclusion

Successful operation of SFRA method in precisely detecting
interturn winding faults with a sensitivity of better than 0.2% of
turns along the winding, was described on a real distribution trans-
former. Even though SFRA measurement has been increasingly
used in recent years to assess mechanical integrity of transformers,
yet this contribution is novel and of practical relevance since
detection of interturn winding faults and especially low-level
faults on actual windings has not been reported so far. A method
which assures sufficient reproducibility of the SFRA measurements
was explained. The experiments on a distribution transformer for
estimating the sensitivity of different transfer functions in detect-
ing of interturn faults were the first results. It was found through
the experiments that the voltage gain measurement across the
HV winding of the transformer with other windings floating and
not shorted is the most appropriate configuration for detecting
interturn faults along the windings.

An effort was made to obtain a correct understanding of what
governs the modifications of the winding transfer function as a re-
sult of fault occurrence by developing a FEM model of the tested
transformer. Shifting the resonance points to higher frequencies
and amplitude differences are general effects of the interturn faults
on the winding frequency response. Also, the low frequency mea-
surements proved to be very helpful for accurately monitoring the
health condition of the transformer windings. To give support to
interpretation of the SFRA results, and also quantifying the dis-
criminative features associated with the interturn faults, statistical
indicators were used. The spectrum deviation and correlation coef-
ficient proved to be effective tools to provide quantitative ways for
diagnosing and, at the same time, to quantify the degree of the
fault severity in the shorted turns. Although, it was found that
the differences between the normal and faulty responses of the
transformers windings damaged by interturn faults, is more re-
flected in the spectrum deviation as compared to the correlation
coefficient. It is believed, based on the present findings, that the
SFRA method can provide an effective interpretation of trans-
former performance, in terms of early fault detection. However,
this method must be considered as an additional tool in conjunc-
tion with other diagnostic tests to more precisely detect the fault
on the windings.
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Appendix A

The principle used in this study to model short circuit faults on
the transformer windings is to divide the winding across which the
fault occurs in two parts: the short-circuited part and the remain-
ing coils in the circuit [37]. The magnetic field inside the trans-
former is governed by the well-known Maxwell equations.
Although, when a fault occurs inside the transformer, the magnetic
flux distribution is fundamentally altered as well as the current in
the circuit domain. But, the transformer terminal behavior still sat-
isfies the governing equations. Thus, obtaining the faulty trans-
former behavior is achieved by solving these equations. FEM is
applied here in order to solve electromagnetic field problems de-
scribed by the Maxwell equations in both normal and faulty condi-
tions of the transformer. In the two-dimensional problem
considered here for the analysis of the transformer under normal
and faulty conditions, the electromagnetic field and circuit coupled
approach based on the A-V-A formulation was given [44]. The
tested transformer was employed in simulations with all parame-
ters and configuration provided by the manufacturer and real mea-
surements in the laboratory. To obtain a unique solution for the



Fig. 14. (a) Finite element model of the studied transformer and (b) detail showing the fully meshed coil conductors.
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governing equation based on A-V-A formulation, the zero Dirichlet
boundary condition was adopted on the external circle of infinite
region surrounding the transformer. Neglecting the stray losses
in the transformer tank walls, the transformer tank was excluded
in the computation domain. The core and surrounding oil were en-
tirely included in the model. The nonlinear characteristics of the
core was input manually into the solver and assigned to the core.
HV windings of the considered transformer which have a value
of skin depth much greater than the dimensions of the conductor’s
cross section were modeled by stranded coil conductors. However,
LV windings with conductors having dimensions of cross section
comparable to the value of the skin depth were modeled by solid
conductors. All the coil regions in the finite element model were
coupled to the circuit domain. The finite element model of the
studied power transformer is composed of 52,514 surface and
10,846 line elements and includes 105,091 nodes. The meshes
were constructed by using adaptive refinement techniques; so that
meshes are much more refined in zones of strong variation and
high intensity of the magnetic field than in the zone close to the
computation domain boundary. A mesh generator that creates sec-
ond order triangular elements was used for meshing of the core,
surrounding oil, windings and the boundary domain. Fig. 14 repre-
sents the finite element model of the studied transformer. More
detailed description regarding the FEM model of the transformers
damaged by interturn winding faults can be found in [37].
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