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Abstract: Recognition of partial discharges (PDs) has great advantages in condition estimation of high voltage (HV)
converter transformers. This paper presents an approach for recognition of PD under AC-DC combined voltages.
Four artificial insulation defect models were designed to generate PD signals under the combined voltages. PD data
were detected by a Rogowski coil sensor in experiments. A series of statistical PD histograms were established for
features extraction. Furthermore, statistical features of PD distributions were computed for PD recognition. For
verifying the validity of the statistic features, a support vector machine (SVM) was used for recognition of PDs
generated from different artificial insulation defect models. The recognition results show that the SVM and the
proposed features were qualified for PD pattern recognition under AC-DC combined voltages.

1. INTRODUCTION

Recognition of partial discharge (PD) sources has been
considered as an effective method to assess the insulation
status in high voltage (HV) power equipment [1]. High
voltage direct current (HVDC) converter transformers play
very important roles in HVDC transmission systems. Valve-
side windings withstand complex stresses combined with AC,
DC and pulse voltages. PD will be happened in weak oil-
paper insulation of converter transformer with increase of the
transmission voltage rating [2]. Therefore, identification of
oil-paper insulation under combined voltages is very
important to the normal operation of the converter
transformer.

A variety of features had been used for recognition of PD
under individual voltage of AC, DC, or pulse. Statistical
features [3] and fractal parameters [4] extracted from PD
statistical histograms consisted of count, magnitude and
phase of PD pulses, were used for recognition of PD under
AC voltage. Histograms based on alternate time At between
two neighboring discharge impulse, and several other
derivative histograms of PD under DC voltage were proposed
in literature [5]. Statistic features extracted from these
proposed histograms were used for recognition of PD under
DC voltage. In addition, statistic parameters of PD were used
for analysis of aging properties for insulation under pulse
voltage [6]. However, there is little investigation of
recognition for PD under combined voltages.

This paper presented statistic features for recognition of
PD under AC-DC combined voltages. Four artificial
insulation defect models were designed to generate PD
signals under AC and DC combined voltages, which were
detected by a Rogowski coil sensor in experiments. A series
of histograms consisted of Hgn(¢), Hym(®), Ha(@) and Hn(Q)
were established for features extraction. Statistic features
combined with asymmetry, cross-correlation factor,
skewness, kurtosis and numbers of peaks in PD distributions
were computed for recognition of PDs. For verifying the
validity of the statistic features, a support vector machine
(SVM) was used for recognition of PDs generated from
different artificial insulation defect models. The recognized
correctness ratios showed that the SVM and the proposed
features were qualified for PD pattern recognition under AC-
DC combined voltages.

2. EXPERIMENTS

2.1.  Insulation Defect Models and Experiment Setup

Four types of insulation defect models, as shown in
Figure 3, were designed for experiments to generate PD
UHF signals. Figure 3(a) shows a corona discharge model
with a needle-to-plate electrode system, called as the defect
model PI. Figure 3(b) shows a model to generate surface
discharge in oil with a cylinder-to-board electrode used,
which is called as the model P2. Figure 3(c) shows the model
of air cavity discharge with three layers of oil-impregnated
papers and a sphere-to-board electrode. The model is called
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as the model P3. Figure 3(d) is the model of floating
discharge. A metal particle is fixed on the oil-impregnated
paper and a cylinder-to-board electrode system is used. The
insulation defect model is called as the model P4. The
thickness of the oil-impregnated pressboards of every model
is 0.5 mm.

Size unit: mm

o1l

R200pm 10,

<1>10L

80 |

(b)
10

Metal particle
0.3
10

80 \
()

—

[Z] Copper

B Paper

Figure 1: Four types of artificial defect models: (a) defect model P1; (b)
defect model P2; (c) defect model P3; (d) defect model P4.

The experimental setup of PD detection under AC-DC
voltage is shown in Figure 2. The polarity of applied voltage
is positive and the ratio of DC to AC peak voltages of
testing voltage equals to 1: 1. The artificial defect models
were put into a synthetic glass box filled with transformer
oil and the experiments were carried out in an
electromagnetic shielded laboratory. A Rogowski coil sensor,
S in Figure 2, was used for PD detection in the experiments.
The sensor has good performance with a wide frequency
pass-band between 50 kHz and 10 MHz. A high
performance digital oscilloscope with a sampling frequency
of 50 MS/s was used to observe and record PD signals
obtained by the sensor. The calibrated coefficient of our
experiment is about 6.098 pC/mV.
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Figure 2: The setup of PD experiment in laboratory

Table 1 shows the inception voltages and test voltages of
the four PD models in experiments. 3000 cycle numbers of
PD signals generated from each defect model were detected
for establishing statistic histograms when discharge
sufficiently. 25 samples were obtained at each voltage for
every PD model. The total number of sample data of PD
signals was 200.

Table 1: PD Experiment Conditions

Inception Test voltage Sample Cycle
PD model voltage (kV) (kV) numbers numbers

17 25 3000

P1 144 21 25 3000

P 128 14 25 3000

15 25 3000

P 33 7 25 3000

10 25 3000

11 25 3000

P4 108 12 25 3000

2.2.  PD histograms

Phase-resolved PD histograms, with respect to discharge
magnitude q, pulse number n, and phase angle ¢, were
obtained from the measured PD sample data. Four different
types of histograms: Hyn(9), Hym(9), Hn(¢) and H,(q) of the
four defect models are shown in Figures 3 to 6, which is
mainly referred to publication [7]. Phase distributions of
corona discharge focus on the phase ranges of 45° to 135°
and 200° to 270°. And discharge number of the positive half
cycle is larger than that of the negative half cycle. Figure 4
shows that phase distributions of positive and negative half
cycles from surface discharge have certain similarities. And
phase distributions focus on three phase ranges 0° to 120°,
210° to 270° and 300° to 360°. Figure 5 shows that the
phase distributions of gas-cavity discharge are narrower than
that of surface discharge. And the phase distributions of gas-
cavity discharge are asymmetrical. In addition, phase
distributions of floating discharge focus on the phase range
of 0° to 150° and 300° to 360°. Experimental results show
that statistic histograms generated from different artificial
defect models are different from each others. And these are
different from PD phase distributions under AC voltage.
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Figure 3: Statistic PD histograms of defect model P1 when discharge
sufficiently
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Figure 4: Statistic PD histograms of defect model P2 when discharge
sufficiently
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Figure 5: Statistic PD histograms of defect model P3 when discharge
sufficiently
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Figure 6: Statistic PD histograms of defect model P4 when discharge
sufficiently

3. RECOGNITION RESULTS
3.1. Feature Extraction of PD UHF Signals

Statistical features were computed from the four types of
histograms. For each half of the voltage cycle, the first three
histograms were separated into two distributions: for the
positive half voltage cycle H' u(9), H'qm( ), and H' (), and
for the negative half voltage cycle H7gn(¢), Hgm(9), and
H™n(¢). Table 2 shows the 26 statistical operators selected as
the statistical parameters for recognition. The description of
these parameters is referred to publication [8]. Figures 7 to
10 show the 95% confidence interval [9] of statistical
features. The calculated results show that statistical features
of different defect models are different from each others,
although 95% confidence intervals of several parameters are
big. This is helpful for recognition by analysis to the statistic
features of detected PD signals.

Table 2: Selected statistical operators of PD distributions

Distribution Hgn( ) Hym(@) Hn(p) Ha(Q)
Asy Asy, Asy, Asys
Parameter Ce Co, Ce, Cos

Half distribution H'4(¢) Hyn() H'am(9) Ham(9) H'u(@) Hn(90)

Sk Sk, Sk, Sk; Sk, Sks Sk Sky
Parameter Ku Ku, Ku, Kus Kuy Kus  Kus Ku,
Pe Pe, Pe, Pe; Pe, Pes Peg
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Figure 7: Plot of 95% confidence interval of Asy and Cc of different PD
models
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Figure 8: Plot of 95% confidence interval of Sk of different PD models
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Figure 10: Plot of 95% confidence interval of Pe of different PD models

3.2.  Recognition Results

For verifying the validity of the statistic features, a
support vector machine (SVM) was used for recognition of
PDs generated from different artificial insulation defect
models. The design of SVM classifier is mainly referred to
literature [10]. For each type of PD models, a total of 20 of
randomly selected PD data of each model are used for
training the SVM. The rest 120 PD data separated into
testing data are recognized by the SVM. One hundred
replications with different random splits are made and
averaged. The averaged recognized results of the four
different PDs were 90.33%, 97.44%, 85.17% and 97.33%,
respectively. And the all recognition correctness ratio
reached 93.21%. This indicates that the proposed approach
is qualified to recognize PD signals generated by different
sources under AC-DC combined voltages.

4. CONCLUSIONS

This paper presented a novel recognition approach for PD
signals detected under AC-DC combined voltages. Four
statistic histograms of detected PD signals were established.
And 26 statistic parameters were input to a support vector
machine (SVM) for PD signals recognition under AC-DC

combined voltages. The results of the above work and
analysis were concluded as follows:

(a) Statistic features computed from different types of
histograms: Hgn(¢), Hgm(9), Ha(@) and Hy(q) of the four
defect models are different from each others and
suitable for recognition. And these are different from
PD phase distributions under AC voltage.

(b) Statistic features were input into a support vector
machine (SVM) for recognition of PDs generated from
different artificial insulation defect models. The overall
averaged recognition correctness ratio of one hundred
calculations reached 93.21%. The SVM and the
proposed parameters were qualified for PD pattern
recognition under the AC-DC combined voltages.
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