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Abstract

Partial discharge (PD) analysis has been widely used tactdptemature degradation of power cables. Although theee ar
recognized techniques for PD analysis, there is still [ddknowledge about measuring and modeling this phenomenon.

This paper proposes a new model based on time domain paraméthe PD signal envelope. The proposed variables (time
duration, and rising and falling slopes of the envelopesjether with conventional PD analyses focused on PD andgliand
phase resolved patterns, will provide a better understgnafi this phenomenon. Based on this model, a new techniqgueshape
the PD signal envelope is also proposed that compensateggative &ect of dispersion in the location techniques that estimate
the time of arrival (TOA).

Experimental results were obtained in the lab, where a paable has been artificially damaged in order to produce PD. To
this end, a specific PD on-line acquisition system has beeelajged. In the first set of experiments, we illustrate hoevdhble
attenuates and disperses the PD signal envelope. In thedsene, we show how the proposed variables are useful togissh
among diferent types of PD sources. Finally, an accurate estimafitimed®D source location is achieved by measuring the time
of arrival of the PD signal envelopes at both cable ends, asbdaping one of the signal captured. This technique imprtve
accuracy of the estimated location of the PD sources, bathminlation and in experimental results.

Keywords: Partial discharges, power cables, cross-linked polyetteyinsulation, time domain analysis, time domain
measurements, fault location.

1. Introduction off-line techniques (e.g. [9], [10]) to asses the insulatiatest

Med | MV) und d cabl idel dof power cables.
| Medium vo tage (MV) underground ca €s are widely Used s paper we propose a new acquisition system using an
in power networks. Many of these cables, in service for ex-

tended periods of i linked polvethvl P alternative method. We use broadband power line communi-
aesn'nes I‘;?rcl)(; rsngte:'n;e k léser_gro;se-l:]n fzctp:')nye 'r?s?gdfa%r_ cations current transformer (PLC-CT), already preinsthih
nor:“nallJ opleration cLaBIe irl:slulgtion dl:.‘fecti Iregs,u:t in theuoc some MV cables. The captured information i§-iine pro-
o o . he envel f the PD signal, from which
rence of partial discharges (PDs). Additionally, PDs widu- cessed to detect the envelope of the slgna, Tro ¢ha

ally dearade and erode the dielectric materials. eve - set of related variables are extracted and used to tune a new
ally deg ) T m. time domain model. This paper also includes three caseestudi
ing to insulation breakdown. Therefore, PD activity is orie 0

the indicators used to assess the state of the insulatid@nsys showing that the time domain analysis of the PD envelopes i.s a
[1]. It is well know that XLPE is less resistant to partial is useful tool to better unde_rstand the PD p_henomenon. The first
chérges than other materials [2] one show; that the PD signal envelope is not'only attenuated,

' but also dispersed, along the cable propagation. The second

A reliable monitoring system requires a comprehenswgcase study illustrates that the PD source can be discrigdnat

knowledge of PD signal characteristics, including PD a€qui using the proposed time domain model. To this end, four ex-

B PeTments were cared outn a MV cabe,shouing i
pag ent types of PD yield to dierent distributions of the proposed

[?I,eﬁ’tg,llgé 685%(3[25 ;isg I(I:EIrECIlEJIfOSrEg] tsegr:ggrlzjess afw(;(\)/g]r'time domain variables. In the third case study, we propose a
P i : . ; o 'method to compensate the pulse dispersion due to cable prop-
trends in MV maintenance involve on-line, on-site, and long

. A agation. This dispersion, that is responsible for degthe
term monitoring systems that are gradually replacing tiautl performance of PD location techniques [6, 11], has been mea-

sured and a simple method is proposed to compensate for its
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2.2. Sgnal coupling

Two inductive broadband couplers (current transformers
CTs) labeled as CT-1 and CT-2 in Figure 1(a), respectively,
were clamped at both MV cable ends once the cable ground was
retracted (see Figure 1(b)). These components are repponsi
for detecting PDs. The selected CT was an inexpensive induc-
tive signal coupler used for broadband power line commanati
(PLC) over the MV grid.

In order to determine how much the current transformers at-
tenuate the frequency components of the captured PD, the in-
sertion losses of the CTs are measured using a vector network
analyzer. Figure 2 shows the attenuation by the selectedhCT i
the range [1,100] MHz. According to standard IEC 60270 [7],
the selected CT was an ultra-wide band (UWB) coupler. Fig-
ure 2 shows that the lowest frequency components were attenu
ated up to 12.92 dB, whereas the highest frequency component
were attenuated by a maximum of 12.45 dB. In fact, according
to the experimental results measured with a vector network a
alyzer, the XLPE cable exhibited an attenuation of 0.17nB

at 50 MHz. This attenuation increased up to 0.29ndB&t 100
MHz. Therefore, in a 300 m long cable, components greater
that 50 MHz are almost extinct. Of note, partial dischargigls w
frequency components lower than 1 MHz cannot be measured
using the selected CTs.

Other commercial products have also been studied. On the
one hand, narrow-band sensors suchRagowski coils [10]
are unable to measure important spectral components tbatte
high frequencies. On the other hand, in [9], an ultra widedban
sensor is proposed that covers from 300 MHz to 800 MHz. Due
to the strong attenuation at these frequency componeet®h
capturing area is restricted to the area around the cabte-ter
nation where the UWB sensor is attached. The selected CT is a
tradedt between ultra wide-band and narrow-band sensors.

(b)

Figure 1: Test bench description: (a) schematic of MV comptmand ac-
quisition system (partial discharges are artificially prloed in a degraded area
close to switch g); (b) CT installed in one of the cable ends; and (c) protectio
units, feed-through impedances, and the programmable cswje.

2.3. Acquisition system

The current transformers outputs were connected to an os-
cilloscope with a 2 ns sampling tim& ) and 250 MHz band-
width. A programmable oscilloscope controlled from a PC was
used. CTs were connected to the oscilloscope by means of
B0 O coaxial cables. Feed-through impedances matched the
impedances of the coupler-cable-oscilloscope link in ptde
Mhvoid signal reflections. A protection unit was desigaddoc

to protect the measuring equipment (see Figure (1c)).

Data acquisition was synchronized to the MV zero cross-
ing by means of an optical coupler directly connected tostran
former T. The optocoupler provided a low jitter square signa
whose falling edge was synchronized to the positive slope ze
crossing of the power voltage. It was used as a trigger signal
for the oscilloscope.

The MV test setup is briefly described in Figure 1(a). A340 A Linux based PC was used to control, store arfidline
m long XLPE cable was stressed at operating conditions (1Bost-process the captured data. A set of programs was espe-
kV) according to standard IEEE 400 [8]. A dry transformer (T) cially designed to properly perform these tasks. Data aequi
elevated the low incoming mains voltage to medium voltagetion was carried out according to the following operationdeo
In the MV side two Sk circuit breakers (labeled ag 8nd S,
respectively) allowed the cable to be fed through either@nd
both ends at the same time.

tial discharge envelope. Section 4 illustrates the propdisee
domain analysis by means of three case studies. Finallye so
conclusions are drawn in section 5.

2. Test bench description

2.1. Medium voltage installation setup

- One oscilloscope channel captured the signal from CT-1,
while the other channel captured the signal from CT-2.
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Attenuation < 12dB N 1ok Figure 3 shows an example of PD captured with the proposed
< > acquisition system. Notice that, as the captures are sgnchr
e — — nized with the power voltage, the PD phase is known.

Date:  26.MAR.1L 13:37:02 A set of MATLAB scripts for df-line processing of the raw

data captured by the oscilloscope were developed. Fithty,
Figure 2: Insertion losses of the selected @fsus frequency in the range [1, . p. y . P . P ﬂy
100] MHz. The horizontal axis is divided into constant intes of 10 MHz per original file format is converted to an internal databasenti

division whereas the vertical axis is shown with 1 dB persli in the interval ~ Secondly, if a PD is detected, the signal envelope is estidnat
[-13, -3] dB. according to the technique proposed in the following sectio
Finally, a set of variables are obtained and used to tunelife P

20 - T - prse voltagh envelope time domain model.
15t ‘,.' -\,\ Measured PD|
100 ;f' N 3 3. Time domain analysis
- A 8
§ o/ * s 3.1. PD envelopes estimation
% A " é Figure 4 describes the scheme proposed fBtiioe detec-
5 0 0y 10 5 tion of the PD’s envelope. Firstly, these samples are band-
El Y ; S pass filtered (block BPF) to reject both low and high freqyenc
5 v v § components. After studying the frequency components of the
-10f % S = PD signal, signal components below 1 MHz were found to be
",\ ',f mainly due to conducted electromagnetic interferencesseho
157 R 14 sources can be found in the laboratory environment. The high
—20 ‘ ‘ ; ; frequency components were mainly due to FM broadcast. Note,
0 2 4 6 8 10 the MV cable is large enough, 340 m approximately, to behave

Milions of samples as an antenna for high frequency carriers. The BPF has been

Figure 3: Example of PD capture. Using a sample time of 2 ns, 1oml implemented using a finite impulse response (FIR) filter with

of samples are captured (20 ms). Phase voltage and the CT sigpats are 128 coéficients and zero-phase response.
shown. The envelope computation was performed by means of the

Hilbert transform. In Figure 4 signak(n) is the magnitude of
. i the Hilbert decomposition, that is, the envelopexgfn). Fi-
- The duration of all the measurements was flxgd t0 20 m?\ally, a low pass frequency filter (LPF) selects the envelope
_(one cycle_of the power voltage), extemnally triggered Y$7ocated in the low part of the spectrum, rejecting the high fr
ing the optical coupler. quency components. The LPF was implemented with a 128
All measurements were done using the maximum availcodficient FIR filter with zero-phase response, and a 3 dB cut-
off frequency of 6.25 MHz. To facilitate the implementatios, it
input signal,xx(n), is decimated by a factor of two.
Figure 5 shows an example of the envelope detection. Let
- Data acquisition was automatically executed from the PGicr-1(t) and scr—2(t) be the signals captured by CT-1 and CT-
using software tools such as theontab utility. Once the 2, respectively. We call thecr-1(t) the near-end signal as it is

experiment was finished, the data wefklme processed. captured close to the degradation area where the PDs ale like
to appear (see Figure 1). In the same way, the signal captyred

- Both, at the beginning and at the end of each experimenCT-2, at the cable far end, is called the far-end sigaai_6(t)).
the power signal was captured, analyzed and used to d@oth signals are sampled using the digital oscilloscopesgnéd
tect the existence of impulsive noise or any other kind ofchronized using the same trigger signal (coming from the op-
disturbing signals in the laboratory power grid. tocoupler connected to the lab mains). Figure 5 shows tfe est
mated envelopes, labeledxas of the near and far ends signals,

able sampling frequency in dual mode (sampling tifige
= 2 ns) leading to 10 million samples per channel.



10 ' ' ' ' _'XA: esimated envelopk The acquisition system was synghronizgd with the power
~ x fitered input 1 voltage by means of an optical coupling. Thls referencedsius
to compute the phase angleéh@) of the PD signal envelope.
Both variablesMA ando, can be used to estimate the charge
-5r d ‘ ‘ ‘ ] associated to the PD envelope according to reference [52], a
0 1 2 3 4 5 6 7 8 called PD magnitude [5]. Existing visualization tools pice/
time (us) diagrams of apparent chargersus Pha, also called phase re-
@) solved PD (PRPD) patterns , but they presents some drawbacks
a) the cable impedance depends on the frequency, spedially i
' ' ' ' T estimated envelopE the proximity of the PD source where its bandwidth is wide
L _X“: fltered input | (about a GHz); b) the maximum amplitude of the PD depends
I directly on the position where the signal is captured (héghe
1 frequencies are rapidly attenuated due to cable lossesraad,
[ ! ‘ ‘ 1 few hundred meters, no more than a few MHz survive the cable
0 1 2 3 4 5 6 7 8 propagation); and c) the original pulse width is spread duiee
time {s) dispersive behavior of the cable (some frequency compenent
(b) of the PD propagate at higher velocity than others, resultin
a relative phase shift between components that dependson th
Figure 5: Example of the PD envelope of captured signals:€aj end (close  propagated distance [6]). Both dispersion and high fregiesn
o the degradation areer-1(t)), and (b) far endscr-(f)). In both subplots — attenyation distort the original pulse shape and, conselyye
the intermediate signak{), and the output signal envelope] versustime are . . .
shown. mislead the estimated apparent charge. In fact, it is aedept
that time to failure cannot be predicted on the basis of @igygn

magnitude [13].

SN0

Mg _

respectively. Figure5 also depicts an intermediate sjgnal
(see Figure 4), confirming that a correct envelope detedsion 32.2. PD rising and falling slopes (RS, FS)

being performed. Modeling the PD envelope using a Gaussian pulse is use-
The envelopes depicted in Figure 5 show that the far-end sigy| to estimate some interesting magnitudes as describtin
nal envelope is attenuated, delayed, and dispersed when coghove section, but it does not consider the skewed natuteof t
pared to the near-end signal envelope. The maximum peakp puylse [6], which also is perceived in its envelope (espligci
value of the envelope of signatr-1(t) is high (10 V) whereas  close to the source). A simple model based on the envelope
the envelope of the far-end sigrejr_»(t) exhibit a max value  sjopes is proposed here. The rising slop8)(and the falling
of 1V, and it is approximately delayed;. In this example, sjope €S) are defined by means of a simple linear approxima-
and assuming that the PD is generated in the degradation arggn around the point where the envelope reaches its standar
close to the CT-1, it can be deduced that the propagatiortvelo deviation value:MAexp(—0.5). Examples of these variables in

ity of the envelope is roughly 170 fws. It can be shown that gijfferent conditions can be seen in the case studies included in
the far-end signal envelope is also dispersed. the following section.

3.2. Proposed time domain model 4. Case studies

Before computing the envelope, the PD signal has to be dis-
criminated from background noise. To this end, we seletted t

following strategy: a detection threshold) was defined and knowledge. In this section we address three case studiagwhe

the Ciﬁtur:ad sam;l)les Wer%con?‘(je:ﬁd ahPIIIZjC%ptLure iny ,:’r\]’h%Qe previously defined variables are used to gain a detailed u
more thanlVi samples are above tis treshoid. ermse, e¥jerstanding of the partial discharge phenomenon. In the firs

ared Bons;]dereotl) to behbackg;ound ?]O'S'e' I_Dropetr ¥zra]luer0rl case, we show how the PD signal envelope is attenuated and dis

andbry have been chosen for each experiment. The sampleg, qoq Secondly, these variables are used to distingmshg

cIasspﬂed as being pgrt OT aPpD capture are processed in ord ffferent types of PD. Finally, we propose a reshaping algo-

to estimate the following time domain variables. rithm, which improves the accuracy of the PD source location
using cross-correlation of PD envelopes.

In order to perform a more complete diagnostic of the MV
cable, all of the variables described above provide aduitio

3.2.1. Maximum amplitude (MA), time deviation (o), and
phase (Pha) 4.1. Attenuation and dispersion
The envelope of the PD signal measured at the cable end (far igyre 6 shows a diagram where the maximum amplitude
enough from the source) can be modeled as a Gaussian pulg@ia) was drawnversus the PD pulse widthd), in both cable
with amplitudeMA, and width or deviatiow: ends. This experiment was carried out using a MV cable where
the dielectric was intentionally degraded. Note that thes PD
X(t) = MAexp(-t?/20?) (1) detected close to the degradation area are greater, in tdrms



0.25/0.01 1.37/0.01
0.30/0.03 1.280.03

1.4 Table 1: Mean value and standard deviation (nyedgviation) of the measured
] envelope width), rising slope KS), and falling slope ES).
Exp.: olus] RS [V/us]  FS[V/us]
\ Near—end: : A 67.6/54 110.16.1 79.6/10.7
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= % Stdiog} = 4.57 ns C 1464101 13429 6.0/0.8
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periods.
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Figure 6: Envelope maximum amplitudiéA versus pulse widtho- diagram for

a degraded cablerp ando are the widths measured at the near and far ends,

respectively. . .
In the experiments A and B, a new cable was degraded by in-

troducing artificial defects in the cable insulation sysseifwo
cable degradation conditions have been studied: in expetim
A the cable has three superficial holes in the degradatica are
and the same cable has sixteen deeper holes in experiment B.
Figure 7(a) and 7(b) show the photographs of the cable in ex-
periment A and B, respectively. In both cases the thermtplas
sheath, the semiconducting layer and the insulation weme-pu
tured. Hole penetration in the insulation was 2 mm and 5 mm
for experiment A and B, respectively. In both tests, the MY ca
ble was clearly degraded, however, the exact condition @f th
dielectric could not be determined. Since in the experinBent
@ () the holes in the cable were greater in depth and number, we as-
sume this situation is more severe. In fact, the cable ofrgigu
Figure 7: Artificial defects performed in the cable: (a) lovgdadation (usedin  7(b) broke down one week after the damage was done to it.
experiment A) and (b) high degradation (experiment B). The cable was repaired following failure by cutting the dam-
aged section and replacing the termination. Just afteiriega
MA, and narrower, in terms af, than those detected in the the cable we performed the experiment C, and significant PD
far-end. Figure 6 shows that the original signal envelope iictivity was observed that rapidly disappeared. This agfiv
attenuated approximately 24 dB and dispersed from 68 ns up ®d not appear in the following experiments. Finally, theex
123 ns. Note that the original pulse width is not known sincement D is performed on & new cable with no visible defects.
the signal is captured only in cable ends. However, in the tes We detected high frequency activity in the experiments. In A
setup of the Figure 1, the cable was damaged very close to tfand B we are sure that the activity origin was in the degraded

near cable end where the signal is being captured. area, and the PD was caused by the defect introduced in ca-
ble. In experiment C the activity was related to the reparati
4.2. Distinguishing types of PD process, and we think that the PD was generated in the cable

termination. In these three experiments the PD is geneedted
In this case study we will analyze the proposed time domaimne cable end (experiment C), or close to a cable end (exper-
variables to discriminate amongfirent types of PD. Four ex- iments A and B), and propagated a|0ng the cable. We have
periments have been performed: measured the fierence between the times of arrival at each CT

. . _ from its origin, confirming that the PD traveled along the ca-
e Experiment A: a new cable with a slightly degraded area. ble in experiment A, B, and C. Conversely, we think that the

e Experiment B: a new cable with a severely degraded areals.'gnals captured in th_e experiment D were not genere_\tedaln th
cable, because theffBrence between the times of arrival was

e Experiment C: a just repaired cable. almost zero. The origin of the signals captured in experimen
D must be found outside of the MV circuit, probably they were
e Experiment D: a new cable with no visible defects. generated in the L\MV transformer.
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Experimental results are graphically shown in Figure8, 9. ® Exp. A L7
and 10. Tables 1 and 2 present the mean and standard deviati Exp. B FS=RS,”
of the measured variables. All these variables were medsure . Eip-g e
at the near-end location. 150} P ’
. . . . . 7
Variable o- versus Pha is drawn in the diagram of Figure 8, ’
wherePha was normalized byr. The most important result is - et
related to the envelope width. Comparing experiment A and ~ y ’.
B, we observe that the envelope widths anedent, although =, 100} . /‘
the origin of the PD is similar. We think that, in experiment B g P
several PDs are being produced almost simultaneously in tt e
degraded area, but with a few nanoseconds delay between the sol L7 o
The superposition of these PDs is responsible for the epeelo e
spreading. L7
Regarding the variablPha, we can see in Figure 8 that sig- e
nal envelopes are generated roughly aromf#land 5/4 in all 0 i i i
experiments. The variableha measured in the experiment C 0 50 . %33 | 150 200
us

exhibits a lower standard deviation. In experiments A andeB w
can see that the spread of variaBl@ is small, due to the short
duration of the experiment (twenty minutes, capturingetpe-
riods per minute). Longer experiments would confirm a larger
Pha spreading due to space charge accumulation.

Figure 8 also shows that the envelope width exhibitsfedi  slopes. These results show that we can also discriminate the
ent behavior depending on the semi-period of the powergelta type of measured phenomenon using these variables. Figure 1
where the PD was generated. confirms that the PD envelope is skewed, as the rising slope is

An interesting result is shown in Figure 9, where the envegreater than the falling slope.
lope width ¢r) is drawnversus the rising slope BS). In this
diagram we can easily discriminate the results of the four ex4.3. Locating the PD source
periments. Measured results in experiments A and B (PD in In this case study we demonstrate that the PD source can be
the intentionally degraded area) exhibit higher risingpe® located by using the envelope of the signal captured at kmth ¢
(RS > 100V/us). In the extreme case, results obtained in ex-ble ends. The proposed scheme is depicted in Figure 11 where
periment C show the lowest rising slopes. Note awalues  sct_1(t) and sct_»(t) are the signals captured at current trans-
measured in experiment B are greater that the values oltaindormers CT-1 and CT-2, respectively. These signals are syn-
in experiment A. chronized according to the test bench described in Figure 1.

Finally, Figure 10 presents a diagram where the measured Let 4 be the diference between the times of arrival, i.e. the
falling slopes are depictedersus their corresponding rising time that the PD envelope takes to arrive at each CT from its

6

Figure 10: Envelope falling slop&$) vs. rising slope ES5).



origin. The estimated PD source locatibfulfills the following
equation:tg = (L — 2d)/vp, whereL is the cable length, ang,
the envelope propagation velocity. In our test bench théecab
lengthL = 340 m andd ~ 2 m.

The envelope propagation velocity has to be known in or-
der to estimatel. In this sense, some authors propose to cali-
brate this propagation velocity by means of measuring top-pr
agation time of a known pulse intentionally injected in oae ¢
ble end [14]. In our case, the propagation velocity has been
measured using a vector network analyzer, that providesan e
timation of the group velocity. Note that the group velodgy
not constantersus frequency, sw, depends on the frequency
components of the PD that propagate along the cable. Assur
ing the main frequency components are in the interval [1-20
MHz (using the CT proposed in section 2), the vector network
analyzer provides a group velocity in the interval [171, ]176
myus.

The dependence of, on frequency is responsible for the
degradation in the location estimation of techniques based
cross-correlation. This degradation is due to: 1) the extoh
fault location depends on which frequency components prope
gate along the cable, and 2) how the cable disperses these co.:
ponents. It is well-known that dispersion and high freqyenc
attenuation are responsible for degrading the locationltses
of conventional techniques [6]. For example, dispersioreis
sponsible for an error location of 25 m in a mixed power cable
(PILC+XLPE) of 1540 m length according to reference [11].

In Figure 6 the PD signal envelope width was measured
o1 = 68 ns (measured at CT-1), and = 123 ns (at CT-2).
These results show that the original PD envelope was spree
along the the cable, approximately doubling its width.

We propose the scheme of Figure 11, where tifkedince
between the time of arrivalsr{) is estimated by calculating
the maximum of the cross-correlation performed over a dispe
sion compensated version of the envelopes. Theoretithgy,
cross-correlation operation cancels the noifeats since it is
uncorrelated with the signals, but in real conditions naise
grades the delay estimation performance. Especially when o
of the correlated signals is spread, resulting in a flat anslyno
cross-correlation function. To avoid this problem we pregpm
the following subsection to reshape one of the signal epesio

Reshaping

Envelope : - ‘
raen [+ [
CT2 detector : T ol § §
—————————————————— =9
A eg |
L »| Estimation of 8: —>
o1, 42
Envelope o]
SCT-1 o —>
S detector

1

Figure 11: Diagram of the proposed location system basedstmating the
time of arrival of the envelopes. One of the envelopes is presly reshaped.

— Envelope of 5___
qé' 0.8f Envelope oféT : |
o P ET—Z
% 0.6 Reshaped envelope qf's,, |
T 0.4} .
2
¥ 0.2 i
0 -
1000 1500 2000 2500 3000
sample
1
(@)
1.5 T T T
c Original
2 A = = = Compensate
© | 1.\ 4
s 1
5 o
7 L
? 05 1 \ ]
o : 7 1
o , \ _
0 i i i
500 750 1000 1250 1500
sample

(b)

Figure 12: Operation mode of the proposed method: (a) show=iftared en-
velopes before and after compensation; (b) cross-comalatith and without
compensation. Obtained withShR = 10 dB.

beo /o1 times narrower to have the same width than the signal

used to estimatey. The PD envelope captured at CT-2 is pro- €Nvelope coming from CT-1. AB andQ must be integers, we
cessed in the time domain in order to make it narrower befor@PProximate this quotient by the smallest and nearestenseg
the cross-correlation operation is done. ~ 02/01.
In order to explain the operation mode of the proposed tech-

4.3.1. Reshaping algorithm nique, Figure 12 shows a simulation of the proposed tecleniqu

In Figure 11Q andP factors are responsible for signal re- using two Gaussian envelopes, one of them six times wider
shaping in the proposed algorithn@ is a decimation factor than the other one. Both envelopes simulate the signals cap-
that narrows the resulting signal, wherdais an interpolation  tured in CT-1 (labeled asct-1) and CT-2 (labeled asct_»).
factor that makes the opposite. Therefore, by proper sefect The same power of Additive White Gaussian Noise (AWGN)
of P andQ, we can control the width of the processed envelopeis added at both input signals. The selected signal-toenais
In order to know how much this signal should be narrowed, ittio (SNR) measured at CT-2 iISNR = 10 dB (in this simulation
is necessary to know how much the cable propagation spreadise S\R in the CT-1 is 14 dB higher). The envelope of signal
it. To this end, both signal envelope widths;(and o) are  sct_2 is reshaped usin@ = 18 andP = 3. Consequently,
estimated by the standard deviation of a Gaussian functien o see Figure 12(b), the cross-correlation function obtawét
tained by curve fitting (using the least square method). &her the reshaped version of the envelopegf_, provides an more
fore, the envelope of the signal coming from the CT-2 shouldabrupt maximum. Thisféect is particularly important in noisy
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Figure 13: Mean Squared ErrdviBE) of the location error (in samplesgrsus
signal-to-noise ratio\R).

environments as we will demonstrate next.

Table 3: Standard deviation of the estimation error: numbeaaiples, delay,
and distance.

Dispersion Samples  74* do**
Not compensated: 9.05 36.20ns 6.2m
Compensated 1.47 588ns 1.0m

* Sample timeTg = 4 ns.
** Envelope propagation speegl = 173 mus.

cording to the simulation results shown in Figure 13, the lo-
cation error clearly improves when the proposed technigue i
used to compensate a significant widtfelience in the enve-
lope signal (see case, = 20;). But note that, in that case,
the degraded area is located close to one of the cable ends. Th
difference shown in Table 3 between the results obtained with
the compensated and not compensated signals would be smalle
otherwise.

In order to generate the results of Table 3 we analyzed the
PDs obtained in an experiment with a duration of one hour,
capturing one power phase period each 20 s (3 captures per
minute). After estimating the pulse widtlag and o, of the
PDs detected, we realized that this deviation depends te a mi

The features of the proposed technique have been evaluat@gr extent on the semi-period of the power voltage where the
through simulation of thefBects of dispersion in Gaussian en- pps were generated. We can presume that both the propagating
velopes under variable noise conditions. Simulation tesul conditions of PD and the initial PD characteristics arellig

are shown in terms of mean squared ermiSE) versus the

different depending on the semi-period where the PD was gen-

S\R measured ascr- signal (see Figure 13). Results show erated. Measures of the envelope widthof the PDs generated
a performance degradation of the location algorithm based oj the first semi-period are greatég[¢-1] = 7108 ns) than the

cross-correlation in the two cases analyzed: = 201, and
o2 = 401. Defining a quasi error freB\R (S\NRger) as the
minimum S\R required to have aMSE < 1074, then we can

PDs generated in the second semi-perigf(] = 64.09 ns).
Consequently, diierent pairs of factor$® and Q have been
used to tune the decimator and the interpolator in the reshap

see thatS\Roer = 20 dB when no dispersion is present, anding plock: P = 13 andQ = 21 for the first semi-period of the
S\RQEF = 25 dB if the enVeIOpe width is enlarged to twice the power V0|tage’ an® = 11 andQ = 18 for the second one.

original size ¢, = 201). The worst case simulated; = 407,
shows a huge degradation and exhibitSNRoer > 30 dB.

When using the proposed technigue to compensate for the di§- Conclusions
persion, theSNRqer is reduced to the same value as obtained

with no dispersion. Focusing in lo8N\R values, the improve-
ment is significant only for large values of dispersion.

4.3.2. Experimental results
To compute the estimated fault distanck) (we have mea-

In this paper we propose the analysis of the partial diseharg
phenomenon by means of its envelope, including a new tech-
nigue to reduce the negativéiects of dispersion in the PD lo-
cation.

The characterization of the partial discharge envelopéen t

sured the cable propagation velocity with a vector netwaork a time domain allows to distinguish amongdtérent types of PD

alyzer. We use a mean valuegf = 173m/us. This propaga-

that seem identical using so-called phase resolved PDrpsatte

tion speed was also obtained in [3, 4, 5], where PD propagatioThe proposed variables, along with other conventional ones

characteristics were studied.

permit on-line assessment of the MV cable.

Table 3 shows the standard deviation of the error in terms This paper also illustrates that the envelope can be used to
of number of samples, theftiirence between the arrival times estimate the location of the partial discharge source. &hes

(rq), and finally, the distancelf). In this experiment, the pro-

posed reshaping technique improves the fault locatioresyst

results have been obtained using a new algorithm to reshape

the PD envelopes before performing cross-correlationufim

based on cross-correlation. In terms of distance, we can cotion results have shown that the proposed reshaping diguoyrit
clude that the fault distance can be estimated with a stdndabased on decimating and interpolating the captured sidpeals
deviation of less than 1 m, instead of a standard deviation dfore correlation, improves the location algorithm perfannoe

6.2 m when the dispersion is not compensated.

when PD envelopes are dispersed along the cable. Experimen-

Experimental results show that the width envelope estichatetal results performed here have shown that the fault distanc
in CT-2 roughly doubles the envelope measured in CT-1. Ac€an be estimated with a standard deviation of 1.0 m. To better
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tune the proposed reshaping technique, the PD envelopes ori
inated during the first and the second semi-period of the powe
voltage are separately processed witfieslent decimation and
interpolation coéicients.
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