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ABSTRACT 
Clustering techniques are of main interest for separation of partial discharge (PD) 
sources. The separation is achieved if it is possible to extract from the PD pulses specific 
information related to the source. In this sense, this paper explores the capability of 
fundamental quantities derived from PD current pulses such as the peak amplitude 
Ipeak, the apparent charge Q, and the energy E as parameters intended for source 
separation. For this purpose, an unconventional PD measuring circuit is used to 
acquire PD pulses from several laboratory test objects. Once the pulses are digitized 
and stored, the values of Ipeak, Q, and E are computed according to the proposed 
methods in time and frequency domain. A theoretical analysis is presented to illustrate 
how values of Ipeak, Q and E can be related to the pulse shape so that they can be used as 
source separation parameters. Then, the IpeakQE clusters are computed for laboratory 
measurements. The results showed that these parameters are suitable for separation of 
sources provided that the pulse shapes are different. This cluster technique was also 
proved to be independent of the change of the acquisition parameters that are relevant 
for unconventional measuring systems. In addition, the easiness of the quantities 
computation makes the clustering technique introduced in this paper feasible for 
practical applications. 
     Index Terms —Partial discharges, clustering techniques, charge, energy, frequency 
domain, time domain, pulse shapes. 

1 INTRODUCTION 
Partial Discharge (PD) measurements for the diagnosis 

of high-voltage equipment have been exhaustively 
researched over the years because of their accuracy to 
detect and quantify defects and damages in the dielectric 
insulation. One of the main challenges with the analysis 
of PD measurements is the separation of PD sources. 
Once a PD source has been separated by a certain means, 
then the recognition of the source can be done, e.g. by 
means of phase resolved PD patters (PRPD)[1, 2]. 

The separation of PD sources entails a proper 
measuring circuit and a technique of feature extraction 

that is suitable for the recognition. A requirement for the 
measuring circuit is a bandwidth wide enough so that the 
shape of the PD pulse can be resolved in time. For this 
purpose, the detection and measuring circuits have to be 
unconventional systems as far as the limits for the 
bandwidth described in [3] is concerned.  Some examples of 
the bandwidth used for unconventional PD measurements 
are reported in [4, 5]. On the nanosecond scale of the 
duration of a PD pulse, the acquired waveforms are 
determined by the interaction of the physical phenomena of 
a PD pulse, the object under test and the 
detection/measuring circuit. Under such an interaction, a 
bandwidth in the range of MHz might be enough to resolve 
the shape of the PD pulse that arrives to the measuring 
sensor. 

Manuscript received on 22 September 2016, in final form 22 November 
2016, accepted 5 December 2016. Corresponding author: A.R. Mor. 

340 A. R. Mor, et al.: New Clustering Techniques based on Current Peak Value

DOI: 10.1109/TDEI.2016.006352

© 2017 IEEE. Personal use of this material is permitted. Permission from IEEE must be obtained for all other uses, in any current or future media, 
including reprinting/republishing this material for advertising or promotional purposes, creating new collective works, for resale or redistribution to 
servers or lists, or reuse of any copyrighted component of this work in other works.



 

ava
PD
pu
fea
sam
wh
any
clu
PD
no
par

pap
Q, 
sou
tha
cha
sho
e.g
inf

com
the
sim
par
fro
flo
pro
dev
cha
gav
sou
we
cha
do
tec
acq
and
in 

un
fre
hav
acq
osc
res

osc
trig
mu

hig
cor

The collection
ailable for ext

D source sepa
lses from the
atures [6–8]. T
me source is 
hich it is possi
y interfering 
ustering techni
D pulse shape
ise, external
rameters [9]. 
In the search 
per evaluates 
energy E and

urce separatio
at different PD
arge, energy 
ow that these 
g. E/Ipeak, E/Q
formation abou
The paper 
mputation of 
en discusses th
milar dependin
rt is also cons

om corona, int
oating electro
oduced and a
veloped by 
aracteristic of
ve rise to PD 
urce which w
ere processed
arge in time 
main, build t

chniques. Fin
quisition para
d compared w
literature.  

2 S
Measurements
conventional 

equency curr
ving a bandw
quisition un
cilloscope Tek
solution and m
The ‘Fast Fr
cilloscope wa
gger rearming
uch PD pulses
This characte
gh repetition 
rona source.  

n of digitally
traction of fea
ration based o
e same sourc
The homogen
seized to gen

ible to separat
noise. More

ique should ex
e while it is r
 interference

for a suitable
the performan

d peak amplitu
on parameters
D sources giv
or peak value
parameters an

Q, Ipeak/Q and
ut the pulse sh
proposes a 
the charge an

he possibilitie
ng on the puls
sidered for th
ternal, free m
ode type sou
cquired by m
TU Delft an
f the measurin
pulses having

as convenient
by the softw
domain [11]

the PRPD pat
nally, the 
meters on the

with the effect

SET-UP DE
s were cond

PD system
ent transform

width from 34
nit based o
ktronix DPO7

maximum samp
rame Acquisit
as employed to
g time below 
 that arrive na

eristic is usefu
rate such a

-stored PD pu
atures. Proper 
on the assump

ce will have 
eity of the pu

nerate clusters
te multiple PD
over, to be 
xtract informa
resistant to fa
es and pulse

e clustering te
nce of the val
ude Ipeak of the
s. Although, 
ve rise to sim
es, the results
nd the ratios b
d E/Q, can s
hape.  

new algorit
nd energy of P
s for those par
se shapes. An
e acquisition 

moving particle
urces. The 

means of a tes
nd reported 
ng circuit and
g particular sh
t for this analy
ware tool to 
, the energy 
tterns and app
effect of c

e proposed clu
t on other clu

ESCRIPTIO
ducted by m

m comprised 
mer (HFCT) 
4.4 kHz to 60 
on a high 
354C with 8 b
pling frequenc
tion Mode’ f
o allow acqui
1 µs, which a

arrowly spaced
ful to record 
s those comi

ulses are then
features allow
ption that PD
homogeneous

ulses from the
s by means of
D sources from

effective, the
ation about the
actors such as
e acquisition

echnique, this
lues of charge
e PD pulses as
it is possible

milar values of
 in this paper
between them,
still withdraw

thm for the
PD pulses and
rameters to be

n experimental
of PD signals
e, surface and
signals were

sting platform
in [10]. The

d test samples
hapes for each
ysis. The data

estimate the
in frequency

ply clustering
changing the
usters is tested
usters reported

ON 
means of an

of a high
type sensor

MHz, and an
performance

bits of vertical
cy of 40 GS/s.
feature of the
isitions with a
avoids to miss
d.  
PD pulses of
ing from the

n 
w 
D 
s 
e 
f 

m 
e 
e 
s 
n 

s 
e 
s 
e 
f 
r 
, 

w 

e 
d 
e 
l 
s 
d 
e 

m 
e 
s 
h 
a 
e 
y 
g 
e 
d 
d 

n 
h 
r 
n 
e 
l 
 

e 
a 
s 

f 
e 

The sy
were the
develope
reported

 

3

The m
clusterin
Ipeak, the 
E compu
at the ou

The o
system a
then affe
PD puls
value Ipe

vector yk

The a
both in t
this pap
flow cha

In tim
the time 
straightfo
discharg
However
used in t
the charg
In order 
filtered b
cut-off f
content o
Figure 2

Figur

ynchronizatio
en stored and 
ed by TU Del

d in [10].  

COMPUTA

main three q
ng techniques i

charge Q com
uted in the freq
utput of the me

3.1

output of the 
and stored for p
ected by the H
se yk flowing 
eak is compute
k. 

3.2 A

apparent charg
time and frequ
er only the m

art in Figure 1 w
me domain, the

of duration of
forward case o
ge pulse, the c
r, for the spe
this paper, PD
ge estimation, 
to smooth the 
by a second o
frequency of 
of the signal r
, which reduce

re 1. Flow chart to

on signal and e
 processed by
lft for the purp

ATION ME
QUANTI

quantities that
in this paper a

mputed in the tim
quency domain
asuring sensor

PEAK VAL

HFCT is sam
post-processin

HFCT gain to c
through the m

ed as the max

APPARENT C

e Q from a P
uency domain 

method in time
will be conside

e charge Q is d
f the sampled c
of a positive 
harge is the a

ecific response
D pulses can sh

e.g. the pulse
effect of oscill

order Butterwo
10 MHz. Rem
reduces the os
es the calculatio

o compute the appa

each PD pulse
y means of a s
poses of the t

ETHODS FO
TIES 

t are signific
are the current
me domain, an

n, of the PD sig
r. 

LUE IPEAK 

mpled by the
g. This voltage
calculate the cu
measuring loop
ximum value o

CHARGE Q 

D pulse can b
[11]. For the o

e domain acco
ered. 
defined as the i
current PD puls

PD pulse suc
area under the 
e of the measu
how oscillation
s from interna
lations, the sig
orth low-pass 

moving the hig
cillation as ca
on error. 

arent charge Q of a

e acquisition 
oftware tool 
est platform 

OR PD 

cant for the 
t peak value 

nd the energy 
gnal sampled 

e acquisition 
e output vk is 
urrent of the 
p. The peak 
of the stored 

be calculated 
objectives of 

ording to the 

integral over 
se yk. For the 
ch a corona 
curve of yk. 

uring circuit 
ns that affect 
al discharges. 
gnal yk is first 

filter with a 
gh frequency 
an be seen in 

 
a PD pulse. 

IEEE Transactions on Dielectrics and Electrical Insulation    Vol. 24, No. 1; February 2017 341



 

F
rep
the
dom
of 
the
(Fs

 

F

def
 

 

w
N 
Tra

the
fro

From the outp
presenting the 
e right of the 
main, the char
the integral of

e trapezoidal 
s=sampling rat

Figure 2. Current i

Given the vol
fined as in equ

k R

dT
E

where R is the
is the numbe
ansform.   
The equality 
eorem, stating t
om time and fre

Figure 3. Flow

put of the filt
first zero-cros
main peak ar

rge is then cal
f the first peak

method w
te) [11].  

 

input pulse yk (top

3.3 ENE

ltage signal vk

uation (1) and th


R

v
P k

k 

  
N

k R
v

T

1

2

e input resistan
r of samples, 

in equation (
that the energy
equency domai

w chart to comput

Time 

ter xk, the ind
sing points to 

re computed. I
lculated as an 
k of xk betwee

with a spacin

p). Output of the fi

ERGY E 

k, the power o
he energy as in


R
k

2

 



N

vfft
NR

dT

1

(

nce of the acqu
and fft is the

(2) refers to 
y of a signal ca
in.  

e the energy E of a

(s) 

dexes ia and ib

the left and to
In the discrete
approximation

en ia and ib via
ng dT = 1/Fs

 

 
lter xk (bottom). 

f the signal is
n equation (2).

(1)

kv
2

)  (2)

uisition system,
e Fast Fourier

the Parseval’s
an be computed

 
a PD pulse. 

b 
o 
e 
n 
a 
s 

s 

) 

) 

, 
r 

s 
d 

As can
spectrum
Followin
frequenc
compone
spectrum
done as 
energy c

4
Labor

sources, 
interactio
circuit br
character
along w
positive 
an expo
whereas 
sinusoid

Nam

Test
Tes
Tes
Test
Tes
Tes

Figure 4. P

Figure 5. P

an be seen in th
m Sk is directly
ng a similar pr
cy spectrum is 
ents larger tha

m, i.e. the freq
a method to 

calculation. 

PD SOURC
ratory measure

having acqui
on of the test
rought about d
ristic pulse sh

with the corresp
and negative 

onentially dam
the other P

dal damped wav
Table 1. Acquis

me PD s

t A Floatin
st B Free mov
st C Int
t D Negativ

st E Positiv
st F Su

PRPD pattern and 

PRPD pattern and 

he flow chart 
y computed fr
rocedure as in 
truncated by o

an the 10 % of 
quency spectrum

avoid or smo

CES CHAR
ements were pe
sition settings 
t object capac

different PD pu
hapes are show
ponding PRPD
corona discha

mped waveform
PD sources w
veform with m
sition parameters f

source 
V

(m
ng particle 78
ving particle 1.
ternal 11
ve Corona 0.
ve Corona 0.
urface 11

d pulse shape for a 

d pulse shape for a 

of Figure 3, th
from the voltag

the charge est
only considerin
f the maximum
m within fa an

ooth noise con

RACTERIZA
erformed on six
 as listed in T

citance and th
ulses for each s
wn in Figure 4
D pattern. Part
arges the pulse
m without any
were characte

multiple oscillat
for the different PD

VR 
mV) 

Fs 
(GS/s) 

8.12 0.2 
.95 0.2 
1.72 0.2 
.39 0.2 
.39 0.2 
17.8 0.2 

negative corona d

positive corona di

he frequency 
ge signal vk. 
timation, the 
ng frequency 

m peak of the 
nd fb. This is 
ntribution on 

ATION 
x distinct PD 
Table 1. The 

he measuring 
source whose 
4 to Figure 9 
ticularly, for 
e shapes had 
y oscillation, 
erized by a 
tions. 
D tests. 

T  
(µs) 

1 
1 
1 
1 
1 
1 

 
discharge. 

  
ischarge.  

342 A. R. Mor, et al.: New Clustering Techniques based on Current Peak Value



 
 

 
Figure 6. PRPD pattern and pulse shape for a free moving particle 
discharge. 

 
 
Figure 7. PRPD pattern and pulse shape for a floating electrode discharge. 

 
Figure 8. PRPD pattern and pulse shape for an internal discharge. 

 
Figure 9. PRPD pattern and pulse shape for a surface discharge. 

The similarities in time domain seen for positive and 
negative corona discharges are confirmed by Figure 10, where 
the frequency spectrum for both types of discharges is also 
comparable. However, this is not the case for the oscillatory PD 
pulse shapes. The frequency spectra in Figure 11 show 
particular differences for the oscillation of each PD source.  

 
Figure 10. Frequency spectrum for a positive and negative corona discharge. 

 
Figure 11. Frequency spectrum for discharges with an oscillatory waveform. 
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Laboratory measurements on PD electrodes were 
conducted to prove the limits of the former hypothesis. The 
performance of the values of peak amplitude Ipeak, charge Q 
and energy E as well as the relations E/Ipeak, E/Q, Ipeak/Q 
and E/Q were tested as parameters for source separation. 
The experimental results are analyzed in the next section. 

5.2 EXPERIMENTAL RESULTS FOR SINGLE 
SOURCES 

For each single PD source test listed in Table 1, 20.000 
PD pulses were acquired. The computation of the peak 
value Ipeak, charge Q and energy E by the methods described 
in section 3 led to the IpeakQE cluster plots.  

Figure 15 to Figure 17 correspond to the cluster plots 
when only two parameters are considered. As expected, 
some PD sources share some features, which can be seen as 
an overlapping of clusters with common features. Since not 
all the three parameters are similar for two PD sources, they 
can be overlapped in one cluster, but separated in any other.  

This is for example the case for the pulses from test F 
and A; in Figure 16 both clusters appear very close as they 
have similar values of amplitude and energy, however, in 
Figure 15 both clusters are clearly separated on account of 
different values of charge.  

Comparison between corona and free moving particle is 
interesting because despite the pulse shapes from test E and 
D differ from the pulse shape from test B, their values of 
amplitude and energy came out comparable, leading to an 
overlapping as shown in Figure 16. Alternatively, different 
values of charge make it possible a separation as can be 
seen in Figure 15 and Figure 17.  

Particularly for test E and D, the clusters always were 
overlapped regardless of the parameters used, which is 
explained mainly by the similarity in pulse shapes of corona 
discharge pulses, see Figure 4 and Figure 5.  

Moreover, the case of test C and B is a good example of 
the role of the statistical distribution of results in the 
separation of sources. Note that both sources can be slightly 
overlapped in any cluster of Figure 15 to Figure 17, but 
since the values of the parameters spread over a wide range, 
it is still possible to separate one source from the other.  

 
Figure 15. Cluster Q vs E. 

As it was highlighted, a characteristic required for the best 
performance of a clustering technique is that the parameters 
used can  bring about separated clusters as much as possible, 
avoiding overlapping areas. Accordingly, an improvement in 
the separation of the clusters is achieved by considering the 
relations E/Ipeak, Ipeak/Q and E/Q as clustering parameters.  

 
Figure 16. Cluster Ipeak vs E. 

 
Figure 17. Cluster Ipeak vs Q. 

 
Figure 18. Cluster Ipeak/Q vs E/Q. 

The resulting cluster plots with these relation parameters are 
shown in Figure 18 and Figure 19. Each PD source now 
appears separated from each other without any overlapping, 
except for the case of test D and E corresponding to the corona 
discharges. These experiments show the performance of the 
IpeakQE cluster technique.  
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Figure 19. Cluster E/Ipeak vs E/Q. 

5.3 EXPERIMENTAL RESULTS FOR MULTIPLE 
SOURCES 

An extra set of measurements were carried out on an 
arrangement having corona and free moving particle 
discharges. The PRPD pattern for this case of multiple PD 
sources is shown in Figure 20.   

 
Figure 20. PRPD pattern for corona and free moving particle discharges. 

Figure 21 shows that based on the parameters Ipeak and E 
it is not feasible to separate the cluster of the corona 
discharge pulses from those of the free moving particle 
discharges. Both parameters are common for both sources 
and therefore they appear as merged clusters.  

 
Figure 21. Cluster Ipeak vs E for the case of corona and free moving 
particle discharges. 

If the parameter Ipeak is now replaced by the charge Q, even 
when the PRPD pattern shows values of charge in the same 
order of magnitude, the cluster Q vs E in Figure 22 clearly 
allows to distinguish the two different PD sources. Likewise, 
the separation of the sources is also possible if the relations 
E/Ipeak vs E/Q are employed as depicted in Figure 23.  

 
Figure 22. Cluster Q vs E for the case of corona and free moving particle 
discharges. 

 
Figure 23. Cluster E/Ipeak vs E/Q for the case of corona and free moving 
particle discharges. 

6 EFFECT OF ACQUISITION 
PARAMETERS ON CLUSTERS 

In [9] it was discussed the effect of the acquisition 
parameters that are relevant for unconventional PD measuring 
systems on the results of clustering parameters. 

Particularly, the well-known and extensively used 
classification map reported in [12], that is based on the 
computation of the equivalent time Teq and frequency 
bandwidth Weq, was proved to be affected by settings such as 
sampling frequency, acquisition time, number of samples and 
vertical resolution of the acquisition.  

To test the effect of these settings on the clusters based on 
Ipeak, Q and E, a number of tests as described in Table 2 were 
carried out with different acquisition parameters. 

For this analysis, the positive corona discharge source was 
chosen because of its stability. By using corona discharge 
pulses is possible to record pulses having fairly homogeneous 
shapes and a high repetition rate.  

Corona 

Corona 
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Table 2. Acquisition parameters for the measurements of positive 
corona. 

Name 
VR 

(mV) 
Fs 

(GS/s) 
T  

(µs) 
Test G1 0.39 0.2 1 
Test G2 0.39 2.5 5 
Test G3 0.39 5 2 
Test G4 0.39 1 10 
Test G5 0.39 1 1 
Test G6 1.56 1 1 

 
Likewise, the repeatability of the measurements is high 

so that the experiments can be easily duplicated elsewhere. 

 
Figure 24. Cluster Ipeak vs Q for the case of positive corona discharges 
with varied acquisition parameters. 

 
Figure 25. Cluster Q vs E for the case of positive corona discharges with 
varied acquisition parameters. 

When comparing the clusters based on Ipeak, Q and E 
(Figure 24 and Figure 25) with the clusters from the 
classification map (Figure 26), it can be claimed that no 
critical differences arose from the change in the acquisition 
parameters in the case of clusters based on Ipeak, Q and E. 
Conversely, in the case of the classification map, each 
setting gave rise to a different cluster for the same PD 
source with different magnitude and shape.  

These results suggest that the acquisition parameters are 
not critical parameters for the construction of clusters based 
on Ipeak, Q and E which entails an advantage. Less 
requirements on the acquisition parameters also suggests 
that the proposed clustering technique is achievable by a 
wide range of instruments that can easily be implemented 
for laboratory measurements. 

 

Figure 26. Cluster Weq vs Teq (classification map) for the case of positive 
corona discharges with varied acquisition parameters. 

7 CONCLUSION 
A new clustering technique based on the parameters Ipeak, Q 

and E was evaluated for the purpose of separation of PD 
sources. The results showed that the use of these parameters 
succeeds in the source separation provided that the pulse 
shapes are significantly different from one source to another. 
For the measurements in laboratory test objects, it was found 
that different sources can have similar values of any two of 
the parameters Ipeak, Q and E but if the waveforms are clearly 
different then there is a low likelihood that all the three 
parameters become similar. This fact enabled the source 
separation by the selection of the proper combination of 
parameters. The relations E/Ipeak, Ipeak/Q and E/Q also proved 
to contribute to enlarge subtle differences between source 
waveforms, showing that the IpeakQE clusters are a powerful 
tool for PD source clustering.  

Correspondingly, the values of Ipeak, Q and E were similar 
for PD sources with similar pulse shapes. This was the case of 
positive and negative corona where the set of clusters always 
were overlapped regardless of the parameters. On the other 
hand, the algorithms hereby implemented were able to 
distinguish the polarity of the pulses which in the case of 
corona discharges would allow the separation of positive from 
negative corona discharges.  

The stochastic behaviour of the PD phenomena brings 
about a statistical distribution of the results. However, if there 
exist significant differences between the values of Ipeak, Q and 
E for distinct PD sources, the effect of the statistical 
distribution will be less. 

With unconventional PD measuring systems the acquisition 
parameters play an important role in clustering techniques 
because as reported in Figure 26 the parameters such as 
sampling frequency, period, number of samples and vertical 
resolution of the acquisition affect the magnitude and shape 
of the clusters based on the equivalent time and frequency 
bandwidth. On the other hand, the clusters based on Ipeak, Q 
and E were proved to be more independent on such 
acquisition parameters which makes it suitable for practical 
application.  

G3 G2 

G4 

G6 

G1 

G5 
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Another advantage of a cluster based on Ipeak, Q and E 
is its versatility. A combination of two parameters might 
be unable to separate sources, but it is possible that any 
other combination does succeed.  

In field measurements, PD sources are likely to have 
different pulse shapes on account on the physics of the 
discharge and the propagation path. Therefore, the IpeakQE 
clustering technique introduced in this paper is a feasible 
tool for practical applications. 
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