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h edinnm-voltage cables are of key importance in the
;[ 2 E power distribution network, The enormous
A denpths of cable now installed, together with the

socioeconomic costs of failure, have identified MV cable
networks as a target for further attention,

Quality-assured components have heen assembled to-
gether in a medivm-volrage supply network which, if it fails,
will cause repair costs, customer complaints, and loss of rev-
enue or cven associated claims, In fact, many sections of the
network are frequently very mature, consisting of carlicr
types of components such as paper oil cables and bitnmen
joints. Mixtures of compounent types, ages, and workman-
ship standards resalt in 2 network whose reliability is diffi-
cult to predice, The modern trend is for asset managers in
clectrical udlity companics to instigare predictive mainte-
nance programs in an artempt to repair potentially faulty
network components before problems oceur. OF course,
such a program must show a cost benefi,

The detection, location, and recognition of partial dis-
charges (PD} at an carly stage of possible insulation failure in
medium voltage are of great importance [or maintenance
purposes. As a result, maintenance acticns can be planned
mere preciscly to prevent unexpected discontinuitics in op-
eration of the cable nerwork {Fig. 1).

To obtait a sensitive picture of discharging fanlts in
power cables the PD should be ignited, detected, and located
at power frequencies that are comparable to operating con-
ditions at 50 or 60 Hz. In this way, realistic magnitudes in
[pC] and reproducible paticrus of discharges in a power ca-
ble can be obtained. PD measurements during service as well
as otl-site continuous energizing at S0{60) Hz of MV cables
arc not always economically realistic lor on-site inspections.
Different energizing methods have been introduced and em-
ployed during recent years [1-4,6]. Therefore, based on the
assumption that sensitive detection of critical PD sites occurs

March/April 2000 — Vol 18, No, 2

Edward Gulski, Frank J. Wester,
and Johan J. Smit
Delft University of Technology

Paul N. Seitz

Seitz Tnstruments AG

Mark Turner
Heafely Test AG, Tetiex Instruments Division

The enormous lengths of cable now
installed, together with the
socioeconowic costs of failure, have
identified MV cable networks as a target
for further attention.

by a method mast similar to 50 Hz energizing conditions, a
method as introduced in [4,6,7] for on-site PD diagnosis of
MYV cables will be discussed (Fig, 2).

Oscillating Wave Test System (OWTS)

Basic Theory of Oscillating Waves

With this method, the cable sample is charged with a DC
power supply over aperiod of just a few seconds to the usual
service voltage (Fig. 4). Then a specially designed solid scare
switch conmeces an air-core inductor ro the cable sample ina
closure time of <1us (Fig, 3), Now series of voltage-cycles
start oscillating with the resonant frequency of the circuit:

fF=1/( 21" NI7C)
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Fig, 1 Fxamples of defects, insulation degradation, and [ailures possi-
ble in g medium-poltage cable systent:
a) expladed oil-filled cabie juint, due to water enteving in the joint as
three-phase short circuit occunrred
b) trecing in the insulation of o 43-year-ofd 50 kV mass-tinpreanated
power cable
c) mounting defect in a cable joint for plastic-insulated 10 bV cable:
carbon tracks after not properly removed semicon

M

Fig. 2 Bugineer performing cable measurements in the field

where L represents the fixed inductance of the air core and C
represents the capacitance of the cable sample (Fig. 5).
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Fig, 3 Schematic diagrant af the OWTS megsuring cirenit for an-site
P detection and location in power cables (<50 kV)
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Fig, 4 Charging times needed to charge differeni cable samples capaci-
tances fo a specific voltage levelin (kY] (top down: 30, 25, 20, 15, 10, 3)
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Fig. § Oscillating wave freguency as function of the cable capacitance

I'he air core inductor has a low loss factor and design, so
that the resonant frequency lies close to the range of power
frequency of the service voltage: S0Hz to 1 kHez. Due to the
fact that the insulation of power cables usually has a relative
low dissipation factor, the Q of the resonant circuit remains
high depending upon cable: 30 to mere than 100 (Tig. 6). As
aresult, a slowly decaying oscillating waveform (decay time
0.3 to 1 second) of test voitage is applied to energize the ca-
ble sample. During tens of power frequency cycles the PD
signals are initiated in a way similar te 50 (60) Hz inception
conditions, Al of these PIY pulses are measured using a Fast
digitizer.
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Fig, ¢ Q of the resonance circnit as function of the ascillating wave fre-
gency

Fig. 7 Example of P pulses as measured during 12 &V oscillating eave
on a 10 kY XLPE power cable, baving infernal discharpes

Fig. 8 Lxample of PD site location after 9 kV oscillating wave charging
of @ 10 &V paper-oil power cable

PD Detection

The advantage of a high ) circuir is that PD can be mea-
sured on-site for a series of undisturbed sinusoidal eycles of
the test voltage. Vor this purpose a special PD detection cir-
cuit has been used providing sensitive detection of discharge
signals. Due to the fact that the switched DC power supply
produces disturbances during charging of the cable sample,
the P circuit is therelote inhibited during this time. During
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Fig. 9 Example of statistical evaluation obiaived after oscillating
waves applicd to a 840m long 10 LV paper-oif pawer cable:

tofs = P magnitudes versus location in the cable

middle = PUY fntensity versus location in the cable

botrom = PIY intensity (S classes) versus location in the cable

the oscillating phase of the test cycle the DC power supply is
disconnected to provide sensitive P measarement (Fig, 7},

Since the oscillating frequency represents the AC condi-
tions of the power line frequency, the measurement band-
width of the PD circuit has been chosen in accordance with
IEC 60270 recommendations. For the purpose of location
hy travelling waves, the bandwidch is increased up to 10
MHz (Fig. 8). In combination with a 100 MHz digitizcr and
depending upon cable type—e.g., X1.PE ar paper-oil—the
detection andl location of PD pulses remains sensitive for ca-
ble length of few kilometers,

PD Evailnation

The P signals, which are ignited during one or more os-
cillating waves and are derected by the system, can be pro-
cessed for two purposes.

First, each of the PD pulses can be analyzed for reflections
using travelling wave analysis (Fig. 9). Sratistical evaluation
ol PD signals chtained alter several oscillating waves can be
used to evaluate the location of discharge sites in the power
cable (Fig. 9.

Second, values of capacitance C and ran 8 can be calen-
lated based upon the oscillating wave time and frequency
characteristics {Fig. 10,

Third, after several oscillating waves the whole discharpe
sequence can be resolved inte a phase-resolved PD patiern.
In this way patterns can be obtained that are similar to those
recognized under 50 (60) Hz conditions (Fig. 11).

For recognition purposes such PD phase-resolved patterns
can additionally be processed using statistical discrimination
and classification toels [8,9]. As a result, PD databases with
reference to typical degradation examples in cables or cable
accessories can be created for maintenance purposes [18].
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Fig. 10 Fxample of caleulation of C and tan 8 on the basis of oscillating
wave tme
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Fig. 11 Comparison of phase-resofved PD patterns abtained by QOWTS
for the same internal defects for fivo different wave frequencies

Comparison to 50 Hz AC Energizing Method

Evaluating insulation condition of a cable scetion on the
based of the PD activity, several aspects are of importance
[11, 12]. Among others, the evaluation of D inception volt-
ages as well as the measurable PD amplitudes and finally the
phase-resolved PD pateerns are important by analysis of dis-
charging site in a cable section.

To prove that PD phenomena (inception condition, PD
level) as observed at oscillating wave voltage stress are truly
representative of a 50/60 Hz wave applied voltage, scveral
on-site tests have been performed in the past, where the ca-
ble samples are stressed with 50 Hz ac voltages and oscillat-
ing wave voltages. In the following important results of these
investigations are presented.

PD Inception Voliage and PD Magnitude
Laboratory experiments have been performed to provide

insight inte the inception conditions and measurable PD am-

plitudle [7]. A series of PD measurements were performed on

20

ac OWTS

50 Hz 1086 Hz
Dafoct Uine PD Uine PD
(k] [pC] (kY] bCl
Bad Contact -
hatween
Semican and 2.6 25 3 30
the Stress
Cone
Bad | T T
Adjustment of
tha Strass 15 20 13 40
Cono
Internal I Y R
Cavities 13 150 14 70

Fig, A2 Comparison of PD magnitudes and inception voltages oliained
for the same intesnal defects in cable accessories by different charging
voltages: SO Hz (ac) power frequency and oscillating wave voltages of
inGo Hz

ac OWTS
Test Voltage 50 Hz 220 Hz
f2kv (A | 450pC 500pC
(B) 370 pG 480 pC
(C) 500 pC 650 pC
18KV (A) | 850pC 950 p0
(B} 700 pC 250 pG
©) 770 pC 900 pC

Fig, 13 Comparison of PI magnitiedes measuved nsing 50 Hz (ac)
poreer frequency, and oscillating wave voltages of 220 11z applied on
three 3235 or fong S8 RV mass power cables: (A), (B), and (C)at 12 kY
and 16 &V two voltage levels

realistic internal defects made in 6 kV plastic insulated cable
accessories. [n particular, the same samples have been ener-
gized with initially 50 Hz and then again using 1066 Hz oscil-
lating wave volrages. In Fig. 12, results of inception voltages
and measurable in [pCY[nC) P13 levels are summarized.

[n Fig. 13, a comparison of PI) magnitudes measured at
two voltage levels an three cable samples is shown. Using
both methods, the inception of discharges was detecred at
the following voltages: sample (A): 6 kV; sample (B): 3 kV;
sample (C): § kV,

It follows from these figures that in comparison with 50
Hz (ac) the PD level as well as the PD inception voltages are
in the same range. As a result, vaking into account the sto-
chastic behavior of internal discharges no significant differ-
ence has been observed.

PD Location Mapping

itis known thata local presence of discharges in a cable see-
tion or in cable accessories indicates possible defect, e.g.,
mounting defect, local insulation degradation. Therelore, in
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Fig, 14 PO location mapping wade win the basis of PI) measurements
using vscillating wave charging (25 tintes) of a 840 m lang, 17-year-old
10 RV papertoi! power cable
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Fig. 15 PDAocation mapping made on the basis of PIY measurements
wsing S0 Hz ac energizing (15 minntes) of a 840 mlong, 17-year-old 10
RV paperioil power cable

Table |. Measuring Results from Three 10 k¥ Paper/Qil Power Sections
Votage | Measured PD [pC]
v} Cable a Gable b Cable ¢
0.3 Uy - 1500
Phase U 05Uy 1400 2500 3600
Un 2900 2000 4000
0.3 g - - 1500
Phase ¥ 0.5t 1400 2500 3300
thy 3000 3000 4500
03 - - 1700
Phase' W 0.5Up 1600 2500 3300
Un 2500 3000 4100

the case that the PD inception voltage, the detectable PDY mag-
nitudes as well as phase-resolved PD patterns can be a symip-
tom for deviation of insulation conditions of a particular cable
section, sensitive location of discharging sites is important.
Tor this purpose as mentioned in the previous text, scveral PD
pulses ave analyzed as travelling waves for their reflections. As
aresulta PD location mapping can be made, showing the PD
amplitudes or intensity m function of the cable length and the
location of cable accessorics {Figs, 14 and 15).

In Figs. 14 and 15, PD location mappings are shown,
which have been obtained nsing both methods applied ro the
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same 840 m-long 10 kV cable section, Tt follows from these
figures that, using both mechods, the same discharge sites are
ignited producing similar PP magnitudes. In particular, both
the ac 50 Hz energizing as well as the oscillating wave charg-
ing indicates in the joint located at 150 m PD discharge activ-
ity of 4000 pC, which is much higher than elsewhere in the
cable scction.

Unless in this particular jeing a deviating P behavior has
been found, to judge the seviousuess of the source of these
discharges for the insulation condition of this particular ca-
ble, further investigation of discharging defects in these type
of accessories is necessary,

Field Experiences

Baged on three examples from field measurements several
relevant aspects relazed to P diagnostics of medivm-volt-
age power cables are discussed here [12,13].

Different Insulation Conditions

Measurements discussed in this example ace performed
on three 10 kV paper/oil power cable sections:

e 3-core 240 mm* Al cable section of 840 m, dating from

1982;
o 3-core 95 mm? Cu cable scction of 775 m, dating from
1963;
e 3-core 240 mm? Al cable scetion of 4823 m, dating from
1993,
The P measurement results from the three cable sections
are rellected in Table 1, This comparison of P inception
conditions and P> amplitudes shows that in each of the cable
sections different processes occn:
¢ unless at Uy cables a and b show the same PD magnitudes,
at ¥4 Uy cable b shows much ligher P than cable a;

¢ cable ¢ shows in comparison to cables a and b at all voltages

much higher PD magniwdes,

This small comparison may indicate thar unless negligible
differences in P> magnitudes as observed at U various deg-
radation processes are going on in all the three cable sec-
tions, Figure 16 shows the PD mappings as made for all three
cables investigated. The mappings are obtained from several
1) measurements at oscillating voltages up to 2 U,

According to [14], the use of higher frequencies at 27U,
should not influence the destructiveness of the test proce-
dure than at 50/60 [z ac cnergizing method. On the con-
trary, it has been shown in [14,15] that the breakdown at
oscillating voltages are up to rwo fimes higher compared to
50/60H.,

The upper cvaluation clearly shows PIY activity on differ-
ent joints {black squares) of a cable section. lor example,
there is & concentration of PL at ¢he cable joint of 150
from the measuring place, with amplicudes up to 4000 pCin
all three phases. The cable jointat 00 m shows a PD concen-
tration with P amplitndes up ta 3500 pC, but mainly in the
red phases.

The second evaluation shows that PD concenteations can
also occur on a logation between two joints, in the paper/oil
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Fig. 16 PO mapping from measurements on three 10 RV paper ol
power cables (black squares ave the locations of the cable joints):

a) PO concentration located on the cable joints

b P concentraiion in cable insulation

¢} na elear PIY concentration

cable insulation. In this case, a clear concentration of PD is
located at 175 m from the measuring place, between the ca-
ble joints at 105 and 200 m. The network documentation re-
veals that at this location, the cable runs through a pipeline
nnder a motorway.

The third D mapping of Fig. 16 shows that a clear con-
centration of PD) in the cable section is notalways the case. A
number of PD pulses is measured in the three phases, but
they all come from different locations in the cable section,

[t follows from the comparisen that degradation process
ofajoint or local damage of cable insularion or even the insu-
lation degradation of the whole cable section shows at 1),
comparable PD magnitudes, The combination of these val-
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PD
Dataction

PD Signal Detection

Fig. 17 Dute to the attenuation of PD signals, PD prises from the oppo-
site than the remote side are better detectable as the pulses on the re-
mote side in long length power cable sections, PIY located al A give very
satall veflections, in contrast to PD located at B

Iig. 18 Resnlt from measurements on a 4823 wi fong 10V paperfoif
pouer cable:

a) test voliage of 120 Iy

by PO signals measured on 50 YV Querpeen side

e} PI) pattern measpured on Velserbroek side

ues with the PD inception conditions and determination of
discharge sites provides additional information for condi-
tion evaluation,

Nevertheless, at this moment ne statements can be made
about the criticality of these defects, bucitis known that PL>
concentrations are more harmiul than discharges in the
whole length of the cable without concentrations. To obtain
this information more systematic on-site tests are necessary
on similar cables as well as laboratory investigation on ser-
vice aged cable samples and accessories.
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Fig, 19 PD mappings obtained from measurement on the both sides of a
4823 m long 10 RV power cable seciians. PL in the opposite half from
the mreasuving side could be detected, Mapping a) was obtained from
mreasuremenis on side A and mapping b) from ineasurementson side B

Table II. Measuring resufts from a 50 KV power cabla from 1953
Ugp phasa U phase ¥ phaso W
5k 150pC 200 pC 150pC

12k 3800 400 pC 400 pC

2K 800 pC 80O pC; 850 pC

PD Pattern Analysis for Long-Length Cables

It is known that due to accenuation of PD signals, the de-
tection and location of discharges in long-length cables (=
dlem) is difficult, In particular, pulses coming from the oppo-
stte of the remote end are better detectable than those com-
ing from the remote side {see Fig. 17).

To discuss this problem, measurements are performed on
a 3-core 240 mm? Al cable section dating from 1993, Total
length of this paperfoil cable section is 4823 m. Mcasure-
ments on this cable section are perforimed on both sides. Fig-
ure 18 shows the measurement results from the two sides of
the cable section (b and ¢) at a test voltage of 9 kV,,, (a.). In-
ception voltage, PD levels, and PIY pacterns are similar for
both measuring sides.

March/April 2000 — Vol. 16, No. 2

Fig, 200 Sine resembling D patterat in the negative half of the power
frequency cycle, measuved on five 30 BV paperimass power cables; lo-
cation of the PD pulses was not possible

Fig, 21 Sine resentbling PD pattern in the positive balfof the power fre-
quency eycle twith bigh peaks, meastved on g 2080 st fong 50 RV porwer
cable. The lacation of the high D signals can he deterntined

Location of the detected PD signals can be made for those
pulses originating from P1) sources on the opposite half of the
cable section from the measuring side. Figure 19 a shows the
mapping of locared PD from the 50 kV Overveen side, the
mapping from the Velserbroek side is reflected in Fig, 19 b,

As shown in this examplc, a combination of D measure-
ments on buth sides, combined with PD inceprion voltage,
PD magnitudes, and patterns can support PD diagnostics of
long-length power cables.

Location of Discharge Sites in Combination
with PD Patferns

This example handles the measurements performed on
six 1-core 120 mm? 50 kV mass power cable, three with a
length of 3235 m, the other three with a length of 2080 m,
The measuring results from OWTS of one of the cables is re-
flected in Table IT {other cables show same results). The cable
was measured with OW'T'S up to 22 kV,,.. 'Ihe table shows a
slight growth of PD amplitude as voltages increase,

A notable fact from the performed measurement is that
with five of the six cables, no particular location of the mea-
sured D activities, as shown in examples 1 and 2, could be
determined, Fipure 20 shows the measured PP patterns with
OWTS from these power cables. The PD shows a sinc-re-
sembling patrern.
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Bascd on this fact and that PD magnitudes are in the low
range the PD activity originates from the totat length of the
cable, caused by degradation of the insulatton material dur-
ing the 435 years of exploitation.

In one of the six measured cables, it was possible 1o locate
the discharges. Figure 21 shows the measured PD pattern from
this power cable, Here, the sine-resembling pattern is visible
too, but also high PD signals are towering above the pattern.
From these high PD peaks, the location can be determined. An
overview of the located PD is shown in Fig. 22, A concentration
of PD is located at 153 m from the measnring side.

Summary

e Stressing cables with oscillating waves pravides ignition
conditions for partial dischacges chat are similar o 50 Hy
AC cnergizing conditions, In this way the P inceprinn
voltage, PD magnitudes as well as the phasc-resolved PD
patterns are representative for discharging defecrs. Morg-
over, hased on the traveling wave principle particutar dis-
charge sites can be traced back, As a result, it can be
concluded that OWTS isa practical and conveniene solution
for on-site PD diagnosis of medivm-voltage power cables.

e With regard to using OWTS as diagnostic tonls for af-
ter-laying tests or maintenance purposes of MV cable nei-
works, several aspects are af importance. Discharges
detected in a cable section can be related to different inanla-
tion condlitions:
¢ clischarging in a particular cable aceessory;

& discharye sites in the cable insulation;
¢ discharging of the cables insulation without particular
dischacge site.

o 'The detection of discharges in a cable is not sufficienr to
judge the sericusness of the discharge seurce for the insnla-
tion condition of a particular cable or an accessory, For this
purpose detailed mvestigation of discharging defeces in a
type of insulation is necessary:

¢ analysis of PI) inception conditions, PT) magnitndes and
phase-resolved PL patterns;

o ageing and degradation effects in the insulation and their
muanifesting by partial discharges.

¢ Verifying these results on systematic feedback from on-site
tests, the OWTS method as a compact and nondestructive
tool can become an indispensable tool for diagnosis sup-
port- and condition-based maintenance of medinm-voltage
power cable systems.
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Further Research

The goal for clectricity utilitics is to abtain a sensitive deter-
mination of the insulation condition af the medium-voltage
power cable network. To build up a cable diagnostic, a system-
atic approach is necessary. Therefore, high-risk cable sections
in the network should be identified and PD measurements on
these cable scertons performed. In particular three steps should
be taken to develop a condition based diagnostics:

1. From the measurements, systematic information should
he obtained on typical PD behaviors for different cable see-
tions. This information contains the inception conditions of
the PD {inception voltage, P magnitude, cable temperature),
the phase resolved patterns of the measured PD signals, and
furthermore the location of the PD in the cable system (cable
insutlation, cable joints, ar cable terminations).

2. Evaluation of important degradation processes in ser-
vice of power cablesshould be made by identification of rele-
vant parameters to indicate the condition of the cable. By
developing a database, evaluations of the systematic mea-
surements are simplified.

3. Finally, the implementation of diagnostics and knowledge
rules for dilferent insnlation materials feable insulation, accesso-
ricsy should be made and the application in the field checked.
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