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ABSTRACT

Partial discharges (PD) are a significant contributor to insulation failure within power
transformers, and as such, the localizing of a PD source can be of critical importance
when it comes to a transformer’s assessment and repair. One PD localization technique
which is acquiring increased attention is the application of an ultra high frequency
(UHF) sensor to trigger an acoustic array. This hybrid approach helps to overcome the
poor signal to noise sensitivity issues commonly associated with externally mounted
acoustic sensors by leveraging the benefits offered by an internally mounted UHF
sensor to trigger PD events. The internally mounted UHF sensor is insensitive to
external corona discharges which typically are the largest disturbance source associated
with conventional measurements. A problem with this hybrid methodology is when
there are multiple PD. The research presented in this paper demonstrates that UHF PD
signals are primarily independent of the type of PD source. The research also
demonstrates that UHF PD signals inherit signal characteristics which are particular to
their location within a transformer structure, and inherit distortion characteristics
which are particular to their journey from source to destination. As a result it is
proposed that the correlation of UHF PD signatures can be used for discrimination
purposes in order to identify individual PD sources within a transformer using a single
UHF sensor. This could then be used in conjunction with acoustic measurement
techniques to sequentially localize multiple PD within a power transformer which
formerly has proven to be a technical challenge.

Index Terms — Power transformer, partial discharge, ultra high frequency,
localization, correlation, diagnostics.

1 INTRODUCTION

THERE are a number of different approaches to PD
monitoring including Dissolved Gas Analysis (DGA) and
signal detection techniques based on radio frequency (RF),
acoustic and electrical signals [1]. DGA, which is now
commonly used for the online detection of a range of different
fault conditions, can detect PD activity including its type and
severity, but does not provide any insight into the PD location
[2]. The RF approach cannot quantify the true PD severity but
can theoretically derive PD location through the triangulation
of RF signals recorded from multiple sensors. In practice
however, the limited number of oil drain valves which are
used to fit the RF sensors, and the short delay periods between
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signal arrivals, can restrict this type of application [3]. Like
RF measurements, acoustic PD detection cannot quantify true
PD severity but can be used for PD location through the
triangulation of signals recorded from multiple sensors. Unlike
the RF approach, the acoustic sensors are fitted to the outside
tank wall and are therefore not limited in number and can
provide practical PD location. However, they are highly
susceptible to noise and typically experience very poor signal
to noise ratios [4]. Electrical measurement is the most
common approach and when calibrated can provide an
indicative measure of the apparent charge, however there can
be no direct correlation of the apparent charge against the true
PD severity since the PD is dependent upon the PD location
[5, 6]. In addition, outside of a laboratory environment the
electrical method’s potential to facilitate accurate PD location
remains largely unfulfilled [7]. This is largely due to the
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effects of severe external interference from corona and other
equipment making PD discrimination difficult [8, 9].

Each of the PD detection techniques described offers a
range of advantages and disadvantages. The latest research
development is to implement a combination of the described
PD detection techniques in order to leverage the strengths
offered by each technology. One example is combining the
information gained from both RF and electrical means in order
to improve the characterization of the PD source [10]. Another
example is to leverage the noise immunity offered by RF
sensors to trigger a windowed acoustic measurement to
facilitate improved PD location [3, 4].

For the latter example which triggers acoustic
measurements from RF signals, difficulties can arise when
there are more than one PD [11]. The problem in this scenario
is that the triangulation calculation will not be possible
without focusing upon one individual PD source at a time. To
achieve this, a methodology is required which will distinguish
the PD signature of one source relative to another.

There are a range of techniques which can be used to
identify different PD sources. One common technique is
pattern recognition analysis of cluster patterns in STAR
diagrams using electrical signals collected from each phase
[11]. Another technique is recording the time difference
between the signal acquisitions of two RF sensors. If there are
two or more repeatable time differences there is a high
probability of multiple PD sources [2]. Each of the
aforementioned techniques require multiple sensors to isolate
the PD.

There is also a growing body of research which aims to
discriminate between different PD sources via the comparison
of RF PD signal characteristics. Examples are the application
of a wavelet similarity function [12] and the analysis of the PD
signal envelope [13, 14]. The research presented in this paper
adds to the research area by examining the rationale behind
the unique identification of a PD source and proposing an
alternative methodology for its practical implementation. The
associated background for this approach is as follows.

Electromagnetic waves with a frequency ranging between
300 MHz and 2 GHz will have wavelengths when transmitted
in oil of between 100 and 700 mm. For optimal sensitivity, an
antenna’s minimum size should be half the wavelength of
interest. In this case this would correspond to 50 to 350 mm
which is dimensionally much larger than a typical PD source.
Leveraging this theory Markalous [15], and later expanded
upon by Coenen [5], demonstrated how the high frequency
currents that are initiated at the PD source excite high voltage
(HV) structures to behave as an antenna and emit the
corresponding ultra-high frequency (UHF) PD. Their
conclusion was that the initial radiation behavior of UHF PD
is dependent upon the structure between the HV energy source
and the PD source, not the source itself. The subtle impact of
this observation is that the UHF signals generated by a PD can
be considered relatively independent of the type of PD
including any physical change at the discharge site over time,
but since it is dependent upon the current flow through the
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surrounding structure, it will inherit signal characteristics
unique to its location within the transformer topography.
Based on this premise, the research presented in this paper
proposes using a single UHF sensor to uniquely and accurately
identify individual PD sources. It is proposed that the
technique’s ability to identify signals unique to an individual
PD source will improve acoustic PD location in the case of
multiple PD sources.

This paper is structured in the following manner. Section 2
details the derivation of the maximum correlation coefficient
which is used to compare the degree of similarity between
UHF PD signals. Section 3 divides the research into five
propositions and describes the experimental setup which will
be used to test the veracity of each proposition. Section 4
details each of the experiments and presents the results.
Concluding remarks are then given in Section 5.

2 THEORY

The premise raised in the previous section was that UHF
PD emissions will have characteristics unique to the discharge
site. By extension, as these emissions propagate through the
various media within the transformer tank they will also
inherit distortion characteristics relative to their journey [16].
The outcome will be a signal which is uniquely colored by
both the location of the discharge and the UHF sensor
position. As a result it is proposed that normalized PD signals
from the same source location recorded from a single sensor in
a fixed location should be highly correlated. This correlation
should diminish rapidly with any change to either the location
of the PD source or the UHF sensor.

In order to statistically compare the degree of similarity
between any two of the UHF PD signals, this paper proposes
the application of sampled cross correlation [17]. This
approach has the advantage of accommodating sample ‘lags’
between any two datasets and will therefore be tolerant of
variations in data acquisition signal triggering. It also
facilitates a convenient figure of merit as will be shown
towards the end of this section.

Given two separately sampled signals f and g, the first
step is to independently normalize each of the signals. Given
N is the number of samples captured for each signal and
1<i<N,

A

/= 7] (1)

g -8 2)
max|g|

where f and g are the normalized signals.
An estimate of c¢,(k), the signals’ cross-covariance
coefficient at lag k , is given by,
1 = _
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where f and g are the respective sample means. The

standard deviation of both signals is found by utilizing (3) as
an auto-covariance with £ =0 [17]. That is, for [,

o =y (0) @
T, =/ (0) )

An estimate of the sampled cross-correlation coefficient at lag
k can then be found from equations (3), (4) and (5),

¢ (k)

7Oy

and for g

re (k) = (6)
The absolute value of the maximum cross-correlation
coefficient provides a convenient figure of merit with which to
assess the degree of similarity between two PD signals. In this
article it will be referred to as the maximum correlation and it
is assigned the symbol y where,

V= max|rfg| @)
For example,  with a value approaching | signifies a very

strong correlation between two PD signals whereas y with a
value approaching 0 is indicative of no correlation.

3 EXPERIMENTAL METHOD

The research has proposed that a single UHF sensor can be
used to uniquely and accurately identify individual PD
sources. For this approach to be viable the post signal
processed PD signatures must be inherently independent of the
PD type and size, and have an inherent dependence upon the
structural topology ‘antenna’, PD transmission pathway and
the detector position. These requirements are divided into five
formal propositions:

Proposition 1
PD UHF emissions are predominantly independent of the
source PD signal amplitude after normalization.

Proposition 2
PD UHF emissions are predominantly independent of the type
of PD source.

Proposition 3
PD UHF emissions inherit distortion characteristics particular
to their journey from PD source to UHF sensor.

Proposition 4
The received UHF signals are dependent upon the UHF probe
orientation.

Proposition 5
PD UHF emissions inherit signal characteristics particular to
their location within the structural topography.

A series of experiments will be conducted in order to validate
each of these five propositions. The experimental setup
consists of a high voltage supply connected by a bus to one of
three different PD sources. The three PD sources are localized
in close proximity within an acrylic glass tank filled with
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mineral oil (Figure 1). The source types are Point to Sphere
discharge (PS), Surface Discharge (SD) and Floating Potential
discharge (FP), and they are illustrated in Figure 2.

The Point to Sphere discharge source, Figure 2a, consists of
pressboard insulation sandwiched between a high voltage
(HV) electrode point and an earthed spherical electrode. The
Surface Discharge source, Figure 2b, consists of a HV
electrode with a long edge separated from the earthed
electrode. The Floating Potential discharge source, Figure 2c,
consists of a HV electrode point separated by a pressboard and
oil insulation gap to a floating potential cylindrical conductor.
On the opposing side of the conductor separated by an oil gap
is an earthed electrode plate.

The UHF PD emissions are detected using a UHF drain
valve probe (Figure 3) which has a frequency range of 300
MHz to 3 GHz. The probe is designed for standard DN8O oil
valves and facilitates variable insertion depth depending upon
application. The methodology used in this research is not
critically dependent upon the probe characteristics since the
intent is to differentiate between PD signature variations and
the probe’s influence will remain consistent over time. For
further details on the UHF probe please refer to [5]. For this
experimental setup, the probe is in air at regulated distances
from the exterior of the test tank. The nominal reference
location for the UHF probe relative to the PS discharge source
with respect to the axes as given in Figure 1, is x = -1140 mm
and z = -1100 mm. The nominal 0° probe orientation is along
the x axis. The probe is connected to a 3 GHz LeCroy
Wavepro 7300 oscilloscope and will utilize a 10 GS/s sample
rate. An example of a PS discharge in both the time and
frequency domains is given in Figures 4 and 5 respectively.
The FFT upper bound of 1 GHz was derived from a 10 GS/s
capture over a PD triggered period of 1 ps. The 1 us capture
period was based on the signal to noise relationship between
the PD and the ambient noise floor in the time domain.

The experimental setup will also include PD electrical
measurements based on IEC60270 using an Omicron MPD
system which is calibrated by injecting 500 pC into the top of
the decoupling capacitor. These measurements will facilitate the
monitoring of apparent charge to facilitate a PD size reference.

4 RESULTS

In order to validate each of the propositions set forth in
Section 3, several experiments were conducted and each of the
experiments and corresponding results are described in this
section.

4.1 PROPOSITION 1 - PD SIZE INDEPENDENCE

Proposition 1 proposed that captured UHF PD signals are
predominantly independent of the initiating PD size after
signal normalization. To test this proposition, UHF PD were
stochastically captured for all three PD sources whilst the
background apparent charge values were monitored
electrically through the application of IEC60270. The apparent
charge range for PS discharge samples was between 50 pC
and 500 pC. The apparent charge range for FP and SD
discharge samples was between 700 pC and 10000 pC.
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Figure 1. Experimental setup within the acrylic glass tank. The tank
dimensions are 0.68 m (x-axis), 0.50 m (y-axis), 0.52 m (z-axis).
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Figure 2. PD Sources in oil; (a) Point to sphere discharge, (b) Surface
discharge, (c) Floating potential discharge
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Figure 3. UHF probe for application with standard DN8O0 oil valves.

To confirm the veracity of the proposition the maximum
correlation of the normalized UHF PD signals should remain
high irrespective of the apparent charge value. The results in
the time domain for several independently captured FP, PS
and SD UHF partial discharges are given in symmetric matrix
form (corresponding rows and columns are equivalent) in
Tables 1 — 3. It is noted that in each case the arithmetic mean
(1) of the maximum correlation terms within the matrix was
over 0.9 with only a small standard deviation (o < 0.05). This
demonstrates the high degree of correlation, validating the
proposition.
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Figure 4. PS UHF PD sample in the time domain
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Figure 5. PS UHF PD sample frequency spectrum

An assessment of the degree of similarity between the PD
frequency responses was also conducted with the results
presented in Tables 4 - 6. Unlike in the time domain, the
arithmetic means were lower and the standard deviation was
higher. This result indicates that, whilst there is still a modest
correlation in the frequency domain, a significantly higher
degree of discrimination can be achieved with the application
of the correlation algorithm in the time domain.

4.2 PROPOSITION 2 - PD TYPE INDEPENDENCE

Proposition 2 proposed that UHF PD are predominantly
independent of the type of PD. To test this proposition an
experiment was conducted to determine the degree of
correlation between UHF PD signals from three different
types of PD source (Figure 2). To confirm the veracity of the
proposition, the maximum correlation between UHF PD
signals of different sources should remain high irrespective of
the PD type. This is confirmed with reference to Tables 7 — 9
which list the maximum correlation values for FP to PS, FP to
SD and PS to SD sources respectively. In each case the
arithmetic mean of the correlation terms within the matrix was
modestly high ( « > 0.79), whilst maintaining a small standard
deviation (o £0.03).

4.3 PROPOSITION 3 - INHERITANCE OF
DISTORTION CHARACTERISTICS

Proposition 3 proposed that UHF PD inherit distortion
characteristics particular to their journey from PD source to
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the UHF sensor. On this basis it is expected that the
correlation between any two PD signals will be highly
dependent upon their point of measurement. To test this
proposition the PS discharge source (Figure 2a) is used to
generate UHF PD emissions which are measured by the UHF
probe at eleven different locations. The UHF probe
measurement locations are an integral number of 0.2 m steps
along the y axis with respect to the base reference location
(described in Section 3). The offset distances are -1 m, -0.8 m,
-0.6 m, -0.4 m, -0.2 m, 0 m (Reference), +0.2 m, +0.4 m, +0.6
m, 0.8 m, +1 m.

Table 1. Maximum correlation values for FP UHF PD samples in the time
domain. p = 0.904, ¢ = 0.050.

FP/FP 1 2 3 4 5
1 1.000 | 0.870 | 0867 | 0.872 | 0.872
2 - 1.000 | 0.888 | 0.885 | 0.887
3 = = 1.000 | 0.884 | 0.886
4 - - : 1.000 | 0.886
5 - - - : 1.000

Table 2. Maximum correlation values for PS UHF PD samples in the time
domain. p=0.913, 6 = 0.048.

PS/PS 1 2 3 4 5
1 1.000 | 0.885 | 0887 | 0.869 | 0.882
2 : 1.000 | 0.951 | 0.889 | 0.890
3 - : 1.000 | 0.891 | 0.885
4 - - . 1.000 | 0.888
5 - - - : 1.000

Table 3. Maximum correlation values for SD UHF PD samples in the time
domain. p =0.905 ¢ = 0.049.

SD/SD 1 2 3 4 5
1 1.000 | 0.883 | 0.880 | 0.879 | 0.890
2 : 1.000 | 0.887 | 0.883 | 0.875
3 - E 1.000 | 0.887 | 0.876
4 - - . 1.000 | 0.876
5 - - - : 1.000

Table 4. Maximum correlation values for FP UHF PD samples in the
frequency domain. p = 0.878, o = 0.067.

FP/ FP 1 2 3 4 5
1 1.000 | 0816 | 0.867 | 0.869 | 0.812
2 - 1.000 | 0.831 | 0.840 | 0.887
3 - : 1.000 | 0.884 | 0.828
4 - - - 1.000 | 0.836
5 - - - : 1.000

Table 5. Maximum correlation values for PS UHF PD samples in the
frequency domain. p =0.667, 6 = 0.254.

PS/PS 1 2 3 4 5
1 1.000 | 0.743 | 0282 | 0416 | 0.861
2 - 1.000 | 0494 | 0486 | 0.848
3 - : 1.000 | 0.840 | 0.390
4 - - - 1.000 | 0.478
5 - - - : 1.000
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Table 6. Maximum correlation values for SD UHF PD samples in the
frequency domain. p = 0.695, ¢ = 0.252.

SD/SD 1 2 3 4 5
1 1.000 | 0.882 | 0.819 | 0.739 | 0.375
2 . 1.000 | 0.763 | 0.675 | 0.335
3 - E 1.000 | 0.864 | 0370
4 - - . 1.000 | 0.367
5 - - - : 1.000

Table 7. Maximum correlation values between FP and PS UHF PD samples
in the time domain. p = 0.796, c = 0.016.

FP/PS 1 2 3 4 5
1 0788 | 0.814 | 0812 | 0.775 | 0.783
2 0782 | 0.820 | 0812 | 0.784 | 0.790
3 0775 | 0817 | 0.808 | 0.781 | 0.787
4 0779 | 0816 | 0.806 | 0.785 | 0.790
5 0779 | 0.820 | 0810 | 0.788 | 0.794

Table 8. Maximum correlation values between FP and SD UHF PD samples
in the time domain. p = 0.792, 6 = 0.007.

FP/SD 1 2 3 4 5
1 0785 | 0.803 | 0.803 | 0.801 | 0.788
2 0789 | 0793 | 0789 | 0.801 | 0.790
3 0783 | 0791 | 0783 | 0.796 | 0.792
4 0.780 | 0.792 | 0781 | 0.803 | 0.791
5 0785 | 0.797 | 0787 | 0.802 | 0.793

Table 9. Maximum correlation values between PS and SD UHF PD samples
in the time domain. p = 0.855 ¢ = 0.022.

PS/SD 1 2 3 4 5
1 0.835 | 0.845 | 0.845 | 0.834 | 0.834
2 0879 | 0.887 | 0877 | 0.890 | 0.880
3 0.870 | 0.884 | 0879 | 0.873 | 0.883
4 0828 | 0.834 | 0835 | 0.844 | 0.846
5 0.834 | 0.836 | 0840 | 0.852 | 0.835

The results are based on eight UHF PD samples being
recorded at each probe location. The samples from each
location are then compared in order to derive an arithmetic
mean of the maximum correlation between any two locations.
The results are given in Table 10 (in symmetric matrix form)
and also shown in graphical form in Figure 6. To verify the
proposition, the correlation value between any two UHF PD
signals should be inversely correlative with respect to the
spatial distance between their measurement locations, i.e as
the distance between measurement locations increases it is
expected that the maximum correlation value should decrease,
though not in a linear fashion. The non-linear response is due
to the Pythagorean change in distance between the source and
probe as the probe is shifted along the y-axis. This in turn will
accelerate the effects associated with the changing UHF
transmission path. These results are clearly demonstrated in
both Figure 6 and Table 10.

4.4 PROPOSITION 4 — PROBE ORIENTATION
DEPENDENCE
Proposition 4 proposed that there is a dependence upon the
UHF probe orientation. To test this proposition the PS
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Table 10. Maximum correlation versus distance from for PS UHF PD samples in the time domain.

DISTANCE -1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1

-1 0.93 0.70 0.23 0.27 0.36 0.33 0.25 0.30 0.33 0.28 0.22
-0.8 - 0.93 0.48 0.26 0.26 0.33 0.26 0.29 0.33 0.22 0.23
-0.6 - - 0.86 0.55 0.32 0.29 0.22 0.26 0.26 0.24 0.19
-0.4 - - - 0.90 0.69 0.34 0.25 0.25 0.35 0.31 0.23
-0.2 - - - - 0.90 0.64 0.30 0.24 0.30 0.32 0.24
0 - - - - - 0.87 0.38 0.25 0.27 0.26 0.24
0.2 - - - - - - 091 0.60 0.34 0.24 0.21
0.4 - - - - - - - 0.94 0.69 0.38 0.23
0.6 - - - - - - - - 0.93 0.64 0.24
0.8 - - - - - - - - - 0.85 0.41

1 - - - - - - - - - - 0.75

e
e

e
B

Correlation
e
I

e
o

Location No.

Location No.

Figure 6. Maximum correlation versus distance for PS UHF PD.

discharge source was used to generate UHF PD which was
recorded whilst varying the UHF probe orientation between 0°
and 90° (changing the probe orientation from along the x axis
to along the y axis). To confirm the veracity of this proposition
there should be a significant reduction in the maximum
correlation when comparing UHF PD signals recorded with
different probe orientations, relative to those with the same
orientation. This is confirmed with reference to Tables 11 —
13. For samples recorded with the same probe orientation, 0°
probe orientation in Table 11 and 90° probe orientation in
Table 12, there are high values in maximum correlation (p >
0.889). However when samples of different probe orientation
are compared, 0° versus 90° probe orientation in Table 13,
there is a significant reduction in the maximum correlation
values relative to those in Tables 11 and 12 (u=0.477).

4.5 PROPOSITION 5 - INHERITANCE OF PD
LOCATION CHARACTERISTICS

Proposition 5 proposed that UHF PD inherit signal
characteristics particular to their location within the structural
topography. To test this proposition, changes were made to the
source impedance through the introduction of discrete
increments in inductance at a location just prior to the PD
source. The rationale behind this approach is that given the
significant inductive and capacitive influences throughout a
transformer structure, if the modest inclusion of a few pH of
inductance can have an observable effect then changing the
PD location will have a much more significant effect.

The added inductance was derived through the addition of
integral numbers of 60 mm diameter turns of insulated wire,
resulting in five test cases with between 0.5 pH and 2.5 pH of
additional inductance. Figure 1 shows the 5 turn inductive
loop (2.5 pH) directly connected to the PS source. UHF PD
emissions from the PS discharge source were then recorded
for each test case and Table 14 lists the arithmetic mean of the
maximum correlation relative to each test.

To verify the proposition, the maximum correlation
between any two UHF PD signals should be inversely
correlative with respect to the source inductance difference
between the respective test cases, i.e as the source inductance
difference between samples increases, it is expected that their
maximum correlation will decrease (though not necessarily in
a linear fashion). With reference to Table 14 and the results in
graphical form in Figure 7, it is observed that this is primarily
the case.

Table 11. Maximum correlation for 0° degree probe orientation for PS UHF
PD samples in the time domain. p = 0.945, ¢ = 0.030.

PS/PS 1 2 3 4 5
1 1.000 | 0954 | 0930 | 0.931 | 0.934
2 : 1.000 | 0941 | 0933 | 0.941
3 - : 1.000 | 0.912 | 0.921
4 - - : 1.000 | 0.915
5 - - - . 1.000

Table 12. Maximum correlation for 90° degree probe orientation for PS UHF
PD samples in the time domain. u = 0.889, ¢ = 0.066.

PS/PS 1 2 3 4 5
1 1.000 | 0.819 | 0841 | 0.809 | 0.895
2 . 1.000 | 0.863 | 0.831 | 0.903
3 - : 1.000 | 0.841 | 0.918
4 - - E 1.000 | 0.892
5 - - - : 1.000

Table 13. Maximum correlation between 0° and 90° degree probe
orientations for PS UHF PD samples. u = 0.477, 6 = 0.015.

PS/PS 1 2 3 4 5
1 0472 | 0467 | 0478 | 0.469 | 0.505
2 0480 | 0479 | 0487 | 0473 | 0514
3 0465 | 0464 | 0473 | 0460 | 0.500
4 0462 | 0464 | 0474 | 0463 | 0498
5 0470 | 0469 | 0475 | 0460 | 0.501
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Table 14. Maximum correlation with additional source inductance.
(uH) 0.5 1.0 1.5 2.0 2.5

0.5 0.961 0.566 0.631 0.649 | 0.526
1.0 - 0.980 0.696 0.688 | 0.618
1.5 - - 0.958 0.745 | 0.508
2.0 - - - 0.956 | 0.607
2.5 = = = - 0.954

ol
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Figure 7. Maximum correlation with additional source inductance for PS
UHF PD samples.

5 CONCLUSION

The research presented in this paper has proposed that a
single UHF sensor, in conjunction with appropriate signal
processing techniques, can be used to uniquely and accurately
identify individual sources of PD within a power transformer.
In order to validate this proposal several experiments were
conducted which showed that UHF emissions due to PD
activity were primarily independent of the type of PD, and
inherited signal characteristics particular to both their location
within a transformer’s structure as well as their journey from
PD source to UHF sensor. It is proposed that the technique’s
ability to identify signals unique to an individual PD source
will improve on existing UHF/acoustic PD location
technologies where, historically, multiple PD sources have
created technical challenges.
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