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Abstract— Detection of major faults in power transform-
ers during impulse tests has never been an issue, but is
rather difficult when only a minor fault, say a sparkover
between adjacent coils or turns, lasting for a few microsec-~
onds occurs. However, detection of such type of fault is
very important to avoid any catastrophic situation. In this
paper, we have proposed a new and powerful method ca-
pable of detecting minor incipient faults. The approach is
based on wavelet transform analysis, particularly the dyadic-
orthonormal wavelet transform. The key idea underlying
the approach is to decompose a given faulty neutral current

 response into other signals which represent a smoothed and
detailed version of the original. The decomposition is per-
formed by multiresolution signal decomposition technique.
Preliminary simulation work demonstrated here, shows that
the proposed method is robust and far superior to other ex-
isting methods to resolve such type of faults.

Keywords— Power transformer, Impulse-testing, Time-
frequency representation, Wavelet transform, Multiresolu-
tion signal decomposition

I. INTRODUCTION :

Insulation happens to be the single major cause for most
of the failures in power transformers. Due to this reason
and in addition to its enormous cost, power transformer
utilities resort to the practice of monitoring and diagnostics
as possible ways of determining its actual status to enable
preventive/corrective measures.

Impulse tests are performed on power transformers to as-
sess its insulation integrity, during which it is subjected to
a special sequence of voltages as per standards (IEC 722)
[1] and the resulting neutral and or other current oscillo-
grams are recorded. Fault detection using these current
records is performed on the basis of the ability to detect
the presence of any deviation amongst the records.
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In the earlier days, visual examination of the oscillo-
graphic traces were performed and judgement was often
controversial, especially when a minor fault had to be re-
solved. A minor fault can typically be due to a sparkover
between adjacent turns or coils, lasting for a few microsec-
onds. Later on, with availability of transient digitizers
these records were acquired and stored enabling its post-
processing. Initially, post-processing was limited to dift
ference waveforms being amplified and compared. Subse-
quently, the development of the transfer function approach
for fault detection was a milestone [2]. Here, the computed
transfer functions at different voltages were compared, and
any deviations, if observed, were attributed to be due to
a fault in the transformer. However, contrary to the main
philosophy of this approach, practical testing has indicated
many serious problems with regard to it being independent
of the input excitation and chopping times [3]. The possi-
ble sources leading to errors and ambiguity in the transfer
function computation could be due to one or more of the
following reasons ,

o Noise inherent in acquired data

o Errors due to sampling, quantization, A/D errors, fi-

nite record length effects :

o Different signal processing methods being adopted like,

windowing, filtering etc. ;

It is perhaps due to these reasons, this approach has not
yet found its way into relevant standards. Given the subtle
nature of the problem and huge costs involved, it becomes
imperative that newer and powerful methods capable of
detecting minor incipient faults have to be continually ex-
plored.

Recently, the second author proposed a new method for
detecting minor faults, based on the principle of joint time-
frequency analysis using short-time Fourier and wavelet
transforms [4]. Here, the neutral current was analyzed di-
rectly and treated as a non-stationary signal whose proper-
ties change or evolve with time, when there ig a fault. This
is particularly true, when a momentary short-circuit occurs
between adjacent turns/coils due to high stress levels. This
change manifests as a short duration, low magnitude, fast
decaying transient superposed on the main neutral current.
The proposed method was shown to be capable of clearly
resolving even such minute variations, which the transfer
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function approach was unable to do. An additional advan-
tage was that only the neutral current record was required.
Continuing on the same lines, the authors here propose an-
other related tool, namely Multiresolution Signal Decom-
position for detecting such kind of faults. This tool is far
superior when compared to the earlier one, in terms of
computational efficiency and detection capabilities.

After a detailed comparison of the new approach with
the earlier ones in Section II, a brief theoretical description
of multiresolution signal decomposition is given in Section
III. Section IV deals with data generation followed by the
choice of the mother wavelet in section V. Simulation re-
sults are discussed in Section VI followed by conclusions.

II. ADVANTAGES OVER THE EARLIER APPROACH :

Wavelet analysis is a rapidly evolving tool with grow-
ing applications in science and engineering. The wavelet
transform (WT') indicates the degree of similarity between
the signal and a basis function, called mother wavelet and
is achieved by dilating the mother wavelet and translat-
ing it over the signal. Thus, WT maps one dimensional
time-domain signal to a two dimensional function of time
and scale (scale relates to frequency). Due to this, the
time-scale diagram is called a scalogram instead of a spec-
trogram. This three dimensional plot gives an indication as
to which frequency components are present at what times.
Thus, it yields a potentially more revealing pictorial repre-
sentation enabling a signal processor to analyze temporal
localization of the spectral components of the input signal.

Any sudden change in the signal record (resulting due
t0 a fault) can be clearly identified as a local protrusion
or change in magnitude on the scalogram plot. Applica-
bility of these time-frequency tools for detecting presence
of short duration, low amplitude transients superposed on
the neutral current has been recently reported [4]. This was
found to have far superior detecting abilities compared to
the transfer function method. However, the following dis-
advantages were encountered

» Some expertise is required in studying the scalogram

or spectrogram plots to detect faults

o Instead of time domain, this involves close examination

of signal information on the ¢ime-frequency plane

e Since the transformation is achieved by dilating and

translating the mother wavelet by very small steps,
generation of scalogram is computationally not effi-
cient and consumes lot of time. Additionally, it yields
substantial redundant information as well.

o Many a times signal reconstruction becomes unstable

i.e. perfect reconstruction of signal is not possible

To overcome most of these problems, the proposed
method utilizes a dyadic-orthonormal wavelet transform
analysis to detect and accurately localize occurrence of mi-
nor faults in the neutral current records. The key idea un-
derlying this approach is that dyadic-orthonormal wavelet
transform decomposes the signal into two other signals,
which represent a smooth and detailed version of the origi-
nal signal. This operation is termed as multiresolution sig-
nal decomposition (MSD). There exist several advantages
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of MSD technique over the method introduced in [4]. They
are as follows

o The MSD technique involves the close examination of
only two or three detailed and one smoothed signal
component in time domain.

« It is very easy to detect the presence of sudden changes
in the signal from the decomposed signals.

« Since signal representation is done using an orthonor-
mal basis function, information redundancy among the
decomposed signals does not exist.

o There exists an elegant algorithm (pyramidal algo-
rithm) to implement MSD technique. This makes the
technique computationally very efficient.

o Perfect reconstruction of the signal from the decom-
posed components is guaranteed.

III. MULTIRESOLUTION SIGNAL DECOMPOSITION :

Over the past few years, MSD technique has been suc-
cessfully applied to extract relevant information of signals
in many fields. Multiresolution signal decomposition was
formulated based on the study of orthonormal, compactly
supported wavelet bases. It decomposes a signal z(t) of
L*(R) into its detailed and smoothed versions. The MSD
concept, initiated by Meyer [5] and Mallat [6], provides a
natural framework for the understanding of wavelet bases.
Here, we give a brief description of orthonormal, compactly
supported wavelet bases; which has been discussed in detail
in [7] and [8].

An orthonormal compactly supported wavelet basis of
L*(R) is formed by the dilation and translation of a single
function 9(t), called the mother wavelet function and is
given by

t— 2k
2

vy =297y () ik ez, @
where Z is the set of integers. In equation (1), the function
1 has M vanishing moments up to order M — 1 and it

satisfies the following two-scale difference equation,

L-1
P(t) =2 grd(2t — k) @)

k=0

where ¢(£) is a companion function of the wavelet func-
tion, which is also called scaling function and forms a set
of orthonormal bases of L?(R) as given below.

, -2
o =29 0 (S )iikez @
The scaling function ¢(t) satisfies,
+o0
P(t)-dt =1 4
and two-scale difference equation,
L-1
B(t) = V2 hio(2t — k) (5)

=0
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In equation (2) and (5), two coefficient sets {gx} and
{hy} have the same finite length L for a certain basis, where
L is related to the number of vanishing moments M in ¥(£).
For example, L equals 2M in the Daubechies’ wavelets.
In the wavelet representation of signals, {hx},_; 71
behaves as a low-pass filter and {gx};,_q,  ;_, behaves
as a high-pass filter to the input signals. These two filters
are related by

g =(=1F-hp g k=0,...,L—1, ©)

and are called quadrature mirror filters (QMF). An ex-
tensive study of the QMF can be found in [9].

To illustrate the concept of multiresolution decomposi-
tion for one dimensional signal, let us consider Fig. 1 as
shown below. Here, V; represents the set of orthonormal,
translated scaling functions at a fixed dilation of the scal-
ing function ¢; (t) and W; represents the set of compactly
supported orthonormal, translated wavelet functions at a
fixed dilation of the mother wavelet function 9;(t). Fur-
thermore, W; is orthogonal complement of V; in V;_;, they
are related by

Vii=V;oW; (M

Figure 1 illustrates the nesting of subspaces V; and their
orthogonal complements W;. In addition, Vo contains the
original uata which has the finest resolution. The projec-
tion of the data on {V;;j = 1,2,3...} has increasingly
coarser resolution. In this paper, the data projected onto
the Vj is referred as the decomposition of the data at res-
olution level j.

We define the projection of a function f(t) € V5 to be
Fi(t). Then the Jt resolution level of the function has the
form

F) =2 Sik - in®) (8)
k

where S5, is the projection of the function f(¢) on the

basis ¢; x(t) ; that is,

Sip = / OO )

Next, define the projection of f(t) on the subspace
;1 (t) to be

(10)

afi(t) = dig - y(t)

Fig. 1. Tlustration of the sequence of the multiresolution analysis
subspaces Vj. W; is the orthogonal complement of Vj in V;_;.
Space Vo represents the space that contains the finest resolution
data.

where d;  is the projection of function f(¢) on the basis

5 (2) .
di = / FE) - i (8) i (11)

Then it can be derived that the original function f(t) €
Vo can be represented by

FO =+ > dfi@)

Jj=no

(12)
or

1
FO = Sno - bk @+ > > djn - in(t)  (13)
k

j=no k
IV. IMPLEMENTATION OF MSD :
In general, the MSD term holds in all the procedures

‘to obtain low-pass approximations and band-pass detailed

signals from any original input signal or image.

An approximation or smoothed signal is a low resolu-
tion representation of the original signal while a detailed
signal is the difference between two successive low resolu-
tion representations. These approximations and detailed
signals are obtained through filter bank structures similar
to the wavelet transform schemes, using the analysis filters
hy, (low pass) and gj (high pass) as mentioned above and
the synthesis filters hry (low pass) and gry (high pass). To
generate Daubechies’ orthonormal wavelet, hry, and gry, are
derived from the hy and g5 and have the following relation;

hry =hpx, §=0,...L -1,

9y =gr—k, k=0,...L -1,

So, the MSD implementation is a multiresolution analysis-
synthesis tree, based on wavelet transform. The analysis-
synthesis tree is shown in Fig.3 for the case j = 2.

For more scales, the tree must be confinued downwards
the dashed arrow. The outputs after the synthesis stage are
the detailed signals df, j = 1,...,7 and the approximation
signal af. In other words, the MSD algorithm performs the
following two main operations

¢ The analysis filter bank divides the spectrum into oc-
tave bands.

o The synthesis filter performs an independent inverse
transform operation for each of the generated sub-
bands. , ‘

That 1s, each of the wavelet transform subbands is recon-
structed separately from each other. Finally, summing all
the detailed and approximation components, one can ob-
tain the original signal.

V. DaTA GENERATION AND SIMULATION :

In this work, neutral current responses due to a stan-
dard lightning impulse voltage and a sharp chopped im-
pulse voltage are used. As insulation stresses experienced
by transformers due to these waveshapes is extreme, so fail-
ure detection under these two conditions will definitely be
a good index of the applicability of any method.
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Fig. 2. Analysis-synthesis tree for MSD

The approach described by GURURAJ [10] enables calcu-
lation of neutral current waveforms for any input excitation
for a typical power transformer model. Also, it has been
well established that initial effects of the faults manifest
themselves in the neutral current with a delay of about
1 — 2 us after the peak is reached in the case of standard
lightning impulse voltage, and chopping instant in case of
chopped impulse voltage. This situation is simulated by su-
perimposing a short duration, low amplitude, fast decaying
and oscillating signal onto the neutral current, starting at
time ingtant ¢ = 8 us for the chopped wave response and
time instant £ = 3 us for the standard lightning response.

Mathematically it is modelled as

If = I, sin(2n ft) e

Its frequency (f), and decay time-constant (r), are chosen
as 1.5 M Hz and .2 us respectively. The actual peak of the
superposed transient signal was 7.5% of the neutral current
peak in each case. The goal is to detect as small a change
as possible under these circumstances.

VI. CHOICE OF MOTHER WAVELET :

The choice of mother wavelet plays a significant role in
detecting and localizing different kinds of signal changes.
In addition to this, the choice also depends on the na-
ture and kind of the signal which has to be detected.
In the present case, we are interested in detecting low
amplitude, short duration, fast decaying and oscillating
type of signals. One of the most popular orthonor-
mal wavelet is Daubechies’ wavelet which has been shown
to possess abilities for such kinds of detection prob-
lems [5]. A MATLAB compatible code (available at
http:/ /www.tsc.uvigo.es/~wavelets) has been used to gen-
erate this wavelet.

Daubechies’ wavelet with various filter coefficient were
studied and it has been found that larger filter coefficients
generate more localized wavelets in both time and fre-
quency dimension. In order to clearly illustrate, the ef-
fect compact support has on the detecting abilities, two
Daubechies’ wavelets, one with 8 filter coefficients and an-
other highly localized with 56 filter coeflicients were chosen,
and are shown in Fig.3. Capability of these two mother
wavelets in detecting the faults will be discussed in next
section.

The wavelet analysis is a measure of similarity between
the basis functions (wavelets) and the signal itself. Here the

a 3 o s =G £y So

=)

Fig. 3. Daubechies’ wavelets with (a) 8 filter coefficients and (b) 56
filter coefficients.

similarity is in the sense of having similar frequency con-
tent. So, in this case the mother wavelets must be highly
localized in time and frequency as well in order to have
good detecting properties.

VII. RESULT AND DISCUSSION :

From the neutral current responses due to the full and
chopped wave, two more records are generated by the su-
perposition of the fault component at specific time instants
as already described. Before analyzing the capability of the
MSD method, we first evaluate the performance of other
fault detection methods.

First, the neutral currents for both cases , with and with-
out superimposed fault are shown in Fig. 4. Since, the su-
perimposed fault component is a low magnitude decaying
transient, and lasts for a few microseconds only, it is very
difficult to visually detect changes in the faulted neutral
current. Also, in practice due to presence of noise, it will
be difficult to detect such minor short duration faults by
directly inspecting the difference between neutral currents
records.

Secondly, the detecting ability of the transfer func-
tion approach to such superimposed fault is investigated .
Transfer function (defined as the ratio of Fourier transform
of the neutral current to the Fourier transform of the input
excitation) computed with and without fault are shown in
Fig. 5 for both cases. It can be seen, that due to the inclu-
sion of the fault, there are small variations in the transfer
function. However, its effect is global i.e. spread through-
out the spectrum, due to which neither the frequency con-
tent of the fault can be determined, nor can the time of
its occurrence. However, this method is able to resolve the
superimposed transient signals only when its magnitude is
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Fig. 4. Effect of superimposing faults on neutral currents: (a) Stan-
dard lightning impulse wave, no fault. (b) Superimposed fault
at ¢ = 3ps (c) Standard lightning impulse wave, with fault.
(d) Chopped impulse wave, no fault. (e) Superimposed fault at
t = 8us (f) Chopped impulse wave, with fault.

appreciably high.
The ability of the scalogram approach to detect fault is

illustrated next. Using a morlet wavelet (e - e‘%«zx‘, where
a and o are modulating and scaling parameters) as the
bagis function, scalogram for the neutral current (without
and with fault) the case of chopped wave is shown in Fig.
6. The two local finger-like projections at the instants of
beginning and chopping of the wave, reveal the high fre-
quency contents at those particular time instants. The ap-
pearance of any such additional projection will indicate the
presence of a sudden change in the signal. In Fig. 6 b, an
additional structure is appearing at exactly the same time
instant where the transient signal is superimposed onto the
neutral current. Thus, the exact time at which the fault
has occurred and also the frequency component of the fault
can be extracted from the scalogram. Though this method
has good detecting ability, yet there are certain operational
difficulties which have been highlighted in Section II.
Finally the ability of the proposed MSD technique is in-
vestigated. Here, the primary objective is to resolve the
presence of fault by inspecting the detailed component time
domain signals. For this purpose, two or three scale sig-
nal decomposition was found enough to discriminate the
transient signal from the original. In this simulation study,
Daubechies’ dyadic filter function (i.e. each dilation of hy
effectively halves the bandwidth of H(e/“)) is used to de-
compose the neutral current response, which has been sam-
pled at 20M H z. Thus, a three scale decomposition of a sig-

o
°
-
[
N

1
(d) Frequency MH2z2

Fig. 5. Effect of superimposing faults on transfer function: (a) Stan-
dard lightning impulse wave, no fault. (b) Standard lightning
impulse wave, with fault (¢) Chopped impulse wave, no fault.
(d) Chopped impulse wave, with fault.

Scale

(b) Time us

Fig. 6. Effect of superimposing faults on scalogram for the chopped
impulse wave. (a) no fault. (b) with fault.

nal yields three detailed signals having a frequency band of
10-5MHz at scale 1, 5—2.5M H z at scale 2 and at scale 3,
2.5 — 1.25M H z and one smooth gignal contains frequency
band 1.25M Hz to DC level.

First, the neutral current response due to the chopped
impulse voltage (without fault) is decomposed using
Daubechies’ filter function with L = 56, and the corre-
sponding plots are shown in Fig. 7. The detailed signals
have two sharp spikes, one at the beginning of wave and
second at the instant of chopping, illustrating the high fre-
quency components present in the neutral current at those
time instants. These are seen in all the three bands.

Figure 8 & 9 show the three scale decomposed sig-
nal of neutral current response having superimposed tran-
sient signal for the case of chopped impulse wave with
Daubechies’ filter function with L = 8 and L = 56 respec-
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Fig. 8. 3 scale decomposed signals using L = 8 for chopped impulse
wave, with fault

tively. The appearance of a new transient signal in addition
to the two at the beginning of the signal and chopping time
instant indicate the presence of a fault. The time of occur-
rence of the new spike, in Figs. 8 & 9 exactly coincide with
the time at which the fault has been superposed. Thus,
the time at which a fault has occurred can be accurately
estimated.

Each detailed signal represents a band of frequencies.
The superimposed fault (exponentially damped sinusoidal),
which has a fundamental frequency of 1.6M Hz contains
a number of neighbouring frequency components due to
leakage. Due to this fact, when MSD technique is applied,
the neighbouring bands show the presence these frequency
components, see Fig. 8 & 9. With L = 8 there is poor
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Fig. 10. 3 scale decomposed signals uéing L = 56 for standard light-
ning impulse wave, no fault

localization of fault as depicted in Fig. 8. Therefore, it
become necessary to use more localized wavelet for better
localization of fault. Figure 9 shows the good localization
of fault when L = 56 was used. Thus MSD technique en-
ables detection and localization( exactly in time domain)
of such type of faults. Secondly, the simulation results
for standard lightning impulse wave, in the absence and
presence of the fault are shown in Fig. 10 and Fig. 11 re-
spectively. The abrupt change that occurs at the beginning
of the lightning impulse wave i reflected as high frequency
components in the neutral current at the corresponding
time instant. This is depicted in Fig. 10 & Fig. 11. There-
fore, the presence of the first short duration transient signal
in the detailed signal component is inherent. The second
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spike is an indication of a fault and is illustrated in Fig.
11.

To make the simulation realistic, an initial delay of 1 us,
analogous to the pre-trigger delay in acquired waveform
was purposely introduced into all the data sets. To all
these signals white gaussian noise(peak to peak amplitude
was around 1.0% of the peak amplitude of neutral current)
was added. Finally, assuming a 10 bit digitizer these data
sets were quantized.

Thus, the ability of the MSD method to detect and local-
ized the presence of minor faults present in neutral current
signal records, for both chopped and full wave has been
clearly demonstrated. From the simulation studies it is ev-
ident that this tool has the potential to address such tasks.

VIII. CONCLUSION :

A new technique has been proposed for fault diagnosis in
Power transformers based on multiresolution signal decom-
position of neutral currents. This is found to have many
advantages over the existing methods. The preliminary
simulation results reported here, shows that the proposed
method is robust and far superior to other existing methods
to resolve guch type of faults.

Some practical aspects has been considered in this sim-
ulation study but more tests will have to be done to gauge
its suitability under real-world conditions. In addition, as
discussed in this paper, the choice of the mother wavelet
function used to decompose the signal is critical for this
application. More facts about sensitivity of basis function
for MSD technique remains to be investigated.
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