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ABSTRACT 

Optimal feature selection will contribute to the pattern 
recognition efficiency and accuracy of partial discharge 
(PD) signals by removing irrelevant and redundant PD 
features. Meanwhile, the effective new PD features, 
selected from a large amount of candidate features, could 
be applied to the PD based condition monitoring and 
diagnostic. A novel Random Forest (RF) algorithm based 
PD feature selection method is presented in the paper. 
Firstly, the flowchart of RF-based optimal PD feature 
selection for HV cables and the feature importance 
measurement of RF method were introduced. Secondly, 
based on the 5 types of artificial defects of ethylene-
propylene (EPR) cables, PD data acquisition and feature 
extraction were carried out. Subsequently, the RF-based 
feature selection was applied to the laboratory PD data 
and was evaluated by the visualization analysis of several 
top features. The results show that the features which 
could describe the "fast pulses" and "slow pulses" are 
effective for PD and interference identification. The 
wavelet combination features are evaluated to be effective 
for the recognition of different types of PD signals. RF 
method is an effective way for PD feature selection, which 
could potentially be applied to feature selection of other 
HV apparatus.  

INTRODUCTION 

Feature selection plays an important role in machine 
learning and data mining, based on which the redundant 
information and irrelevant features could be removed from 
the high-dimensional samples. Optimal feature selection is 
key for the application of PD pattern recognition and PD 
based condition monitoring of High Voltage (HV) cables, 
as there is a large amount and different types of PD 
features, including waveform features of transient PD 
pulses, statistical features of transient PD pulses, wavelet 
features of transient PD pulses, frequency domain PD 
features, phase resolved PD features, combination features 
based on different types of mathematical methods, etc [1, 
2]. Feature selection will contribute to the improvement of 
PD pattern recognition efficiency. Furthermore, the 
effective key PD features could be selected from a large 
volume of candidate features based on feature selection, 
which could be applied in PD visualization and 
interpretation for on-line condition monitoring system or 
on-site testing experiments. Equivalent time length (T) and 
equivalent bandwidth (W), are typical key PD features 
successfully constructed and applied in the industrial 
application [3].  

There are different kinds of feature selection methods, 
such as Relief, Adaptive Probabilistic Neural Network 
(APNN), Maximize Relevancy and Minimize Redundancy 
(MRMR), Random Forest (RF), etc [4]. The RF is an 
ensemble algorithm based on Classification and 
Regression Trees (CART), which is successfully applied 
in the feature selection of microarray data analysis, 
spectral data analysis, biological and medical research, etc 
[5, 6]. Compared with other feature selection methods, RF 
is with remarkable advantages, in terms of excellent 
characteristics of robustness and generalization ability. A 
random subset of input features is selected as candidate 
features to split the node of the trees, and bootstrap 
resampling technique is applied within the RF algorithm to 
ensure the difference between the training subsets, which 
both contribute to the excellent characteristics of the RF 
methods [7]. 
In the paper, RF-based optimal feature selection for PD 
pattern recognition in HV cables is presented and 
evaluated with artificial defects data obtained in the HV 
laboratory. The results show that the RF method is 
effective for not only feature selection of PD and 
interference signals, but also feature selection for different 
types of PD signals, which is applicable for PD feature 
selection of HV transformers, Gas Insulated Switchgear 
(GIS), generators, etc. 

RF-BASED PD FEATURE SELECTION 

Flowchart of RF-based PD feature selection 
The flowchart of RF-based optimal PD feature selection of 
HV cables is shown in Fig. 1. 
Firstly, in order to simulate the industrial PD of the 11kV 
Ethylene Propylene Rubber (EPR) cables, five type of 
artificial defects were manufactured in the lab. Based on 
PD testing and PD data preprocessing, pulse extraction 
was carried out. Subsequently, the PD feature extraction 
was carried out.  
Based on the bootstrap resampling technique, the raw data 
was divided into two subsets: the bootstrap training subset 
and the out-of-bag (OOB) subset. The bootstrap training 
subset was used to establish decision tree classification 
model. The OOB subset was used as testing set to evaluate 
the accuracy of the classifier and was also key step of the 
feature importance measurement, which is discussed in the 
following part of the paper. The feature importance 
ranking results were obtained through the results 
integration of multiple decision trees. 
Then, the feature importance ranking results of PD and 
interference signals, as well as the ranking results of 5 
types of PD signals, were respectively evaluated by the 
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visualization analysis. 
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Fig.1 Flowchart of RF-based feature selection for PD pattern recognition. 

Feature importance measurement of RF  
As a learning algorithm, RF could be applied to the feature 
selection due to the intrinsic feature importance 
measurement algorithm of the method. Moreover, a 
considerable advantage of RF algorithm is that RF-based 
feature selection is performed simultaneously while the 
classification rule is built. The most widely applied feature 
importance measurement of RF is the permutation 
importance measurement rule. 
The classification accuracies of tree classifiers are 
measured by the OOB samples. In order to evaluate the 
importance of a specific feature, the feature values of the 
OOB samples are randomly shuffled and permutated. Then 
the classification accuracies are also evaluated with the 
OOB samples with particular feature permutation. The 
difference of the classification accuracy of the original 
OOB set, accuracy A1, and the classification accuracy of 
the newly-formed OOB set, accuracy A2, are calculated, 
which is the regarded as the importance score of this 
specific feature. The bigger the difference of A1 and A2, 
the more important the feature is. 

DATA ACQUISITION AND FEATURE 
EXTRACTION 

Experimental setup and PD data preprocessing 
The 5 types of artificial defects of 11kV EPR cables are 
shown in Fig. 2.  Type 1 is the void defect in insulation, 

with a copper strip to seal the hole. Type 2 and type 3 are 
the metallic protrusion defects. Metal needle is contacted 
with the outer semiconductor and the polyvinyl chloride 
(PVC) sheath in type 2 while metal needle is not contacted 
with the PVC sheath in type 3. Type 4 is the breach defect 
in outer conductor. Type 5 is the corona discharge around 
the end termination of the cable. 
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Fig. 2 Five types of artificial defects of HV cable. 

Subsequently, PD testing based on a combination of IEC 6 
0270 system and a High Frequency Current Transformer 
(HFCT) was carried out, as shown in Fig. 3. Detailed 
information of the PD testing experiment and data 
preprocessing were published in [8]. The total number of 
the extracted pulses is 7000 and the number of the typical 
interference samples and PD samples are 3500 
respectively. For each PD type, the number of the samples 
is 700. The PD testing voltage and the number of PD raw 
data for each defect type are shown in Table Ⅰ. 
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Fig. 3 Detection principle of the PD testing experiment. 

Table I. The PD testing voltage and the number of PD raw data 
for each defect type 

Defect 
Type 

5 
kV 

6 
kV 

7 
kV 

8 
kV 

9 
kV 

10 
kV 

11 
kV 

12 
kV 

13 
kV 

SUM 

Type 1 50 50 50 50 50 50 50 0 0 350 

Type 2 0 50 50 50 50 50 54 53 52 409 

Type 3 0 51 50 50 26 50 52 61 0 340 

Type 4 0 0 50 50 51 52 51 0 0 254 

Type 5 0 0 10 10 10 10 10 0 0 50 

PD signals of defect type 1 and interference signals, in 
terms of Phase Resolved PD pattern (PRPD) of maximum 
voltage of the transient pulses, are shown in Fig. 4.  

Five types of PD signals, in terms of PRPD of discharge 
magnitude, are shown in Fig. 5. 
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Fig. 4 PRPD of maximum voltage of PD type1 and interference signals. 
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Fig. 5   PRPD of discharge magnitude of five types of PD signals. 

Feature extration 
Based on the raw data, 34 types of typical PD features were 
extracted. Furthermore, 119 kinds of two-dimensional PD 
features and 1082 kinds of three-dimensional PD feature 
were constructed based on different mathematical methods, 
e.g., wavelet transform, and feature combination. The 
detail information of the PD features is shown in Table Ⅱ. 

 Table Ⅱ. Extracted PD features 

 Feature type Quantity Examples of features 

One 
dimensional 

features 

Position feature 1 phase angle 

Amplitude 
features 

5 
Peak voltage, mean voltage, root 
mean square, standard deviation, 

discharge magnitude 

Time features 5 signal width, rise time, fall time 
Wavelet feature 

set 1 6 ED1,ED2,ED3,ED4,ED5,EA5 

Wavelet feature 
set 2 10 

Ea1,Ea2,Ea3,Ea4,Ea5,Ed1,Ed2,E
d3,Ed4,Ed5 

Other features 7 
form factor, crest factor, main 

frequency,  test voltage,  polarity,  
skewness, kurtosis 

Two 
dimensional 

features 

Ratio of two 
features 

82 peak voltage/ mean voltage 

Square of 
features 

31 phase angle^2 

Product of two 
features 

6 peak voltage*polarity 

Three 
dimensional 

features 

Ratio of three 
features 

960 ED1/ED2/ED3 

cube of features 31 signal width^3 

Product of 
three features 

91 
(peak voltage/ mean voltage) 

*polarity 

RF-BASED PD FEATURE SELECTION FOR 
PD SIGNALS AND INTERFERENCE SIGNALS 

Features importance ranking results of PD and 
interference signals 
The feature importance ranking results of PD signals and 
interference signals, based on the flowchart of Fig.1, are 

shown in Fig. 6.  
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Fig. 6 Feature importance ranking results of PD signals and interference 
signals. 

15 features were selected from the top 30 features of the 
ranking result. The first feature to the 15th feature of the 
feature ranking results in Fig.6 are Ea4/Ed1, W/rise time/T, 
fall time/W/signal width, T/W, fall time/signal width/W, 
EA5/ED1/ED2, T/W/signal width, T/rise time/W, signal 
width/W, W/signal width/rise time, signal width/fall 
time/W, T/signal width/W, rise time/W, W and W/T/fall 
time, respectively. From Fig. 6, conclusion could be made 
that, most of the top 15 features, for PD and interference 
recognition, are the signal width related features, such as 
rise time, fall time, T, W, which could describe the "fast 
pulses" and "slow pulses". 

Visualization analysis based on ranking results 
As shown in Fig. 7, several features were selected from the 
top features of the ranking result for visualization analysis 
and were compared with the popular PD features, T and W. 
Normalization was carried out for all the features to adjust 
the range of the parameters to -1 to 1, which will contribute 
to an effective comparison anyalysis. 
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Fig. 7 Visualization analysis based on top features of the ranking results 
for PD signals and interference signals. 
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From Fig. 7 following conclusions could be drawn: 
Firstly, the interference signals shown in Fig.7 (a), (b), (c), 
(e), (f), are with better clustering characteristics, than T-W 
mapping, shown in Fig.7 (d).  
Secondly, for the feature combination of "fall 
time/W/signal width" and "Ea4/Ed1" shown in Fig. 7 (a), 
"EA5/ED1/ED2" and "Ea4/Ed1" shown in Fig. 7 (b), if a 
specific threshold is set in the figure, the interference 
signals could be effectively removed, which indicates that 
these features may have good performance in interference 
signals rejection. 
Thirdly, the boundary of the PD signals and interference 
signals in Fig. 7 (e) is clearer than that in other figures of 
Fig. 7. 
Fourthly, the effectiveness of the visualization of several 
top features demonstrates that the RF-based ranking 
results of PD and interference signals are credible, which 
indicates the effectiveness of the RF-based PD feature 
selection. 

RF-BASED PD FEATURE SELECTION FOR 
DIFFERENT TYPES OF PD SIGNALS  

Features importance ranking results of 5 types of 
PD signals 
The feature importance ranking results of 5 types PD 
signals are shown in Fig. 8.  

Feature Index  
Fig. 8 Feature importance ranking results of 5 types of PD signals. 

15 features were selected from the top 30 features of the 
ranking result. The first feature to the 15th feature in Fig. 8 
are Ed5/Ed3/Ea5, Ed3/Ea4/Ea2, Ed5/Ed3/Ea1, 
Ed5/Ea5/Ed3, Ed3/Ea3/Ea4, voltage, Ed5/Ea2/Ed3, 
Ed3/Ea4/Ea1, Ed3/Ea2/Ea4, Ed3/Ea1/Ea3, Ed5/Ea3/Ed3, 
Ed3/Ed5/Ea3, phase angle^3, Ed5/Ed3/Ea4 and crest/form 
factor. From Fig. 8, conclusion could be made that, most 
of the top 15 features, for different types of PD recognition, 
are wavelet combination features, which could describe 
the wavelet energy of transient PD pulses within different 
frequency bandwidth. ''Voltage'' is the 7th feature in the 
ranking results and the traditional feature ''T'' is the 414th 
feature. 

Visualization analysis based on feature importance 
ranking results  
As shown in Fig. 9, several features were selected from the 
top features of the ranking result for visualization analysis. 
Normalization was carried out for all the features to adjust 
the range of the parameters to -1 to 1, which will contribute 
to an effective comparison anyalysis. 

 
Fig. 9 Visualization results of 5 types of PD signals based on different 
PD features. 

From Fig. 9 following conclusions could be drawn: 
Firstly, for PD type 2 and type 3, the visualization 
performance of "Ed3/Ea4/Ea2" is relatively better than that 
of ''T'' in Fig.9 (c)-(d), which indicates that "Ed3/Ea4/Ea2" 
could be applied as effective features in distinction of PD 
type 2 and type 3. 
Secondly, according to the relationship between the 
voltage and the number of PD samples in Table Ⅰ, the PD 
samples are classified as PD type 1 when the voltage is 5 
kV and the samples are classified as PD type 2 when the 
voltage is 13 kV, as shown in Fig.9 (e) - (f). The results 
show that the ''voltage'' is an effective feature in PD pattern 
recognition. The ''voltage'' is the 7th feature in feature 
importance ranking results shown in Fig. 8, which is 
consistent with the visualization results. 
Thirdly, no feature has a perfect visualization performance 
for recognition of all PD types and a feature that is 
effective for recognition of certain PD types could be 
considered useful. 
Fourthly, the effectiveness of the visualization of several 
top features demonstrates that the RF-based ranking 
results of 5 types of PD signals are credible, which 
indicates the effectiveness of the RF-based PD feature 
selection. 

CONCLUSIONS  

In the paper, a RF based PD feature selection method is 
proposed and evaluated with labrotary PD data of HV 
cables. Conclusions are summarized as follows: 
 Based on the evaluation results with experimental PD 

data, the RF method is an effective way for PD 
feature selection of HV cables and could potentially 
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be applied to other HV apparatus. 
 The effective features for PD and interference 

recognition are the signal width related features, such 
as rise time, fall time, T, W, which could describe the 
"fast pulses" and "slow pulses". 

 The effective features for different types of PD 
recognition are wavelet combination features, which 
could describe the wavelet energy of transient PD 
pulses within different frequency bandwidth. 

 The feature combination of "fall time/W/signal 
width","EA5/ED1/ED2" and "Ea4/Ed1", are 
potential effective new features for PD and 
interference signals identification, which should be 
evaluated with more industrial application data. 
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