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ABSTRACT

Wth increasing electrical stresses and further "tightening" of the construction of high
vol tage apparatus nondestructive tests like the partial discharge neasurement are an im
portant help for producer and user.

Limts for pd-values are based mainly on experience during the last 30 years with radio
influence voltage (RIv) nmeasurenents in nv and w debandmeasurenents of the apparent
charge in pc¢. Even when follow ng standards, possible errors w th RIV measurements

are higher than with wideband measurenents of apparent charge. Errors can be kept

in both cases within + 3 dB, and should even for an earlier stage of pd measurements be
smal | er than + 104B.

Exact know edge of the data of conparable neasurements is essential, therefore calibra-
tion and calibration standards are necessary.

RESUVE
Avec 1'augmentation des contraintes électriques ainsi que |a rationalisation des cons-
tructions des appareils utilises en HT., |es essais non destructifs come |es mesures

de décharges partielles sont d'un inportant secours pour l'utilisateur COmMMe pour |e
fabricant.

Les limitesde d&charges partielles sont surtout basées K aprds 30 années d'expfrience,
sur |les nesures de perturbations radio&lectriques et sur |es mesures en bande |arge
en pc. Les erreurs possibles peuvent &tre plus inportantes avec |es mesures de per-
turbations radioélectriques =~ méme en appliquant |es spécifications données = qu'avec
les erreurs en pc., Les erreurs peuvent é&tre conprises dans |es deux cas dans une tolé-
rance de + 3dB et devral ent néanmoins &tre plus petites que + 10dB pour des mesures
antérieures.

Les connai ssances exactes des donnges conparabl es sont essentielles, donec 1'étalonnage
et 1'étalon SOnNt nécessaire.

ZUSAMVENFASSUNG

Mit zunehmenden el ektrischen Beanspruchungen und konpakteren Konstruktionen der Hoch-
spannungsapparate i st eine zerstérungsfreie Priifung W e di e Tei |l ent| adungsnessung ei ne
wichtlge Hilfe fir Hersteller und Beniltzer.

Die zullissigen Grenzwerte fir Teilentladungswerte gehen hauptsdchlich auf Erfahrungsn
der vergangenen 30 Jahre mt stdrspannungsmessungen in pV und Breftbandmessungen in pC
zuriick. Fehl er k&nnen bei der pv-Messung hdher sein = selbst bei Anwendung vorhandener
Vorschriften = als beti der pC-Messung. Fehler kénnen in beiden F4llen i nnerhal b + 3dB
gehal t en werden, sie sollten aber selbst fiir weiter zuriickliegende Messungen kleiner
als + 10 4B sein.

Genaue Kenntnir aller paten von zu vergleichenden Messungen ist wesentlich, deshalb
rind E chung und El chnormale unbedingt ndtig.
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1. | NTRODUCTI ON

For a long time, the safest neans for
checking the elctrical Insulation of
hi gh voltage equipnent before putting it
into service was to apply severe test
nmet hods using test voltages which were
high conpared with the operating volta-
ges, and of long duration. Wak points
in the insulation cause in nobst cases a
compl ete breakdown. Sometimes however
the quality of the insulation is reduced
by the test, so that breakdown occurs
perhaps after only several years of ope-
ration. In spite of the low electrical
stresses and the large safety margins
in those days, this already presented
difficulties for the designer, but now
adays the problem is much nore severe.
The need to econonise in electrical
equi prent and systems and to reduce
costs for reasons of conpetition com
pels the producer to increase electri-
cal stresses and tighten construction
to the point, where the safety factor
issmall butstill adequate to guarantee
satisfactory operation. This raises
not only the problem which tests should
be applied, but furthernore by what
nmet hods danege caused by a test can be
reveal ed. Such a nondestructive check
of the insulation is the partial dis-
charge ({pd) measurenment, when applied
before and after a test voltage.

The arounts of partial discharges,
the changes of these anounts during
tests that can be tolerated for safe
operation, and the values which shall
be established as pd-linmts at operating
vol tage nmust be based on the experience
in partial discharge behaviour of high
vol tage equiprment during the last thir-
ty years. This experience includes un-
certainties in the nmeasuring methods
and of the measurenent accuracies. In
order to receive conparable results of
pd- measurements for the various makes of
high voltage equipnent, it is necessary
to standardi ze neasuring circuits, nea-
suring quantities, nmeasuring instru-
ments, and calibrating methods. In the
past thirty years all these parameters
have been changed or inproved respec-
tively and were settled finally 1968 in
the |1EC recomendations Publication No.
270 "Partial discharge measurments”(1l).
Up to that time the radio influence
voltage (RIV) in pv had been prescribed
by mpst national standards as the nea-
suring quantity. But IEC No. 270 re-
commends beside some other measuring
quantities the "apparent charge" in
pi cocoul onbs, and does not accept RIV
anynore = except as a nere |ndication.
In order to make full use of all
pV-measurements up to now, uV-values
nust therefore be transferred to pico-
coulonbs. This is done by either ap-
plying afactor of e.g. 1,0 (see 4.)
generally or by performng parallel

nmeasurenents in uv and in pc for every
type of test sanple, thus deternining
its individual conversion factor. Con-
sidering the variety of existing nea-
suring circuits and calibrating me-
thods, and the accuracy of RIV-measure-
nments, the latter nethod appears to be
nore reliable. But as the nethod of pa-
rallel measurements in pv and in pC 1S
applicable only as an exception, the
accuracy of different pd-nmeasuring me-
thods is discussed in the followi ng pa-
ragraphs.

CGenerally it nust be kept in mnd,
that the actual discharge quantity neu-
tralised in a void or gap can be neasu-
red only in very special cases; in fact
partial discharges in a test object re-
sult for the test object as a whole in
a voltage drop and change of charge
(=the apparent charge) causing tran-
sients in the measuring circuit,
which are detected by the neasuring
Instrunents. The nmeasured quantity
is much smaller than the actual dis-
charge quantity in nost cases and may
be different for different termnals
of the test sanple. This latter pro-
perty is used for locating partial dis-
charges in high voltage equipnent (2),
but is not discussed here.

2. THE RADI O | NFLUENCE VOLTAGE (RIV)
MEASUREMENT (nv)

2.1. RIV-METERS

When partial discharge neasurenents
were started on a wide scale in the
1940's, only sensitive radio noise nmeters
were generally available. As there was
practically no alternative, they were
used in USA for partial discharge neasu-
rements al so, according to the early NEMA
standard (3), which was revised in 1964
(4).

Two principal types of RIV-neters were
devel oped, nanely the American and the
CISPR radio noise neter (5). They Indicate
a "weighted" voltage, which neans, that
the reading of the meter for an inpulse
(remaining unchanged in size and shape)
increases with its repetition rate. But
the relative increase of the meter reading
is different according to the two stan-
dards: this means e.g. for an increase of
the nunber of discharges per half cycle of
a 50 Hz sine wave from one to 10, that the
reading of an US RIV-neter increases
c.30%, that of a CISPR RIV-neter ¢.70%.
The CISPR reading dependance on the repe-
tition rate is adapted to the sensitivity
of the human ear. This dependance on re-
petition rate night be in some cases the
same one as for a damage done to electri-
cal Insulation, but rather unlikely in
general .

The accuracy of the RIV-neters varies
between + 1,5 dB (c. + 18% and + 3 dB



(+ 35 %), the difference between readings
al the lower or at the upper portion of
the scale may be up to 2 dB, when changing
from one range to another. Conparison
measurements wth various instruments sho-
wed in general rather good agreenent, when
PC-pul ses or sine waves were applied (6,7).

The dependance of RIV-neters on the pul-
se repetition rate can be instead of nax.
+ 6 dB (according to CISPR) 8 to 12 dB (6)
for some instruments (related to 1 pulse
per half cycle). Wth many different ins-
truments in use (and out of use again) in
the past thirty years, the maxinum diffe-
rence between Instrument readings for the
same input, just caused by the errors of
these instruments, thus could be ¢.12 4B
(+ 3 makes 6, and additional dependance
on repetition rate 12-6 = 6), correspon-
ding to a factor of 4 between the extrem
readings - the maxinmum error being c.9 dB
(factor of c¢.3 fertoo high val ues).

2.2. CALIBRATION OF THE MEASURING G RQU T
BY VOLTAGE COVPAR SON

The NEMA standard 1940 (3) prescribes
a selfcontained calibrating signal-source
for the calibration of the neasuring ins-
trument, but not necessarily a calibra-
tion of the measuring circuit as a whole.
The transferfunction between high fre-
quency voltage input at the high voltage
aﬁparat us under test and the reading of
the instrument is checked only with the
conpensated circuit, but not with the or-
dinary circuit: tw curves show the error
due to stray capacitances of the test
object. This procedure seened to be jus-
tified by the high capacitance of the
coupling capacitor with not less than
2500 pF. In the conpensated circuit
however a radio frequency source is aﬁ-
plied across the test object and so the
ratio determned by which the readings are
to be multiplied. The 1964 NEMA standard
substituted the 2500 pr of the coupling
capacitor by 1000 pr, the 600 ohm of the
measuring |npedance by 150 ohm and chan-
ged the time constant of the detector
(charging/discharging time) from 10/600ms
to 1/600ms. (CISPR RI V-neter: 1/160ms).
As Harrold and Dakin point out, It was
hoped when introducing the new standard,
that these changes would conpensate each
other roughly, and that therefore exis-
ting corona test limts would not have
to be changed: which is about valid for
apparatus with a capacitance between 100
and 500 pr, as the values remained si-
mlar, but not for transformers wth
capaci tances between 300 and 5000 prF,
where the values approximately doubled
at low pulse repetition rate, coning to
better agreement with Increasing pulse
repetition rate (7).

At the application of NEMA standards,
but with CSPR Instruments and error of up
to e.g. 6 aB (factor of c.2) conpared with

the results of a NEMA-instrument coul d
arise, and so simulate a better circuit
RIV-factor: the NEMA instrument for it-
self has a high inpedance, so that the
current distribution in the neasuring
circuit is not affected, if the instru-
ment is connected either to the coaxial
cable leading to its measuring iaﬂedance
Zm or to the object under test, ereas a
CISPR-instrument with its low inpedance
shifts the current distribution when
being connected once to the neasuring
point at high voltage and then to the ob-
ject under test with the radio frequency
generator. Therefore during the calibra-
tion of a NEMA circuit with a CISPR ins-
trunent: two Instruments should be used
simul taneously, or an equival ent inpedan-
ce inserted alternately.

It is often supposed, that the anmount
of the neasuring Inpedance influences di-
rectlz the uv-measurement. This is true
for the reading of the instrument. But
with calibration according to NEMA With
voltage conparison this reading is cor-
rected by the circuit RIV-factor, which
is the ratio of the reading of the ins-
trument to the voltage input at the test
sanple. Therefore the calculated "true"
value is independent of the anount of
measuring inpedance.

as the reading of RIV-neters is depen-
dant on the repetition rate of partia
discharges, the frequency of the test
voltage is of influence too. Wth higher
frequency the number of discharge/s is
directly increased, assuming the sane
nunber of discharges/cycle.

The following table gives the approxi-
mate factors for some sanples- of pulses
Fer hal f period referring to 50 H as
, 0!

H; Pulses per 1 > 4 8

lhal f period
50 l,o 1,6 |,0 1,0
100 1,25 1,2 1,11 1,1
150 1,38 1,26 1,17 1,14

As the table shows, the higher the
pul se repetiton rate per half cycle, the
lower is the influence of the frequency
of the test voltage.

2.3. CALIBRATION OF THE MEASURING C R-
CUT BY COWARTSON OF CURRENTS

Instead of calibration by voltage com
parison at the test sanple and at the nea-
suring inpedance according to NEMA (see
2.2.), the German VDE Standards (8) use
a radio frequency current of constant a-
mount as partial discharge calibrator.
This current is produced either by a
series connection of a sine wave gene-
rator with ¢.50 pF or by a pul se calibra=-
tor and is applied to the nmeasuring cir-
cuit in parallel to the test sanple. It
is nmeasured once directly by inserting a



measuring inpedance in series to the cur-
rent source and onceby inserting the
same neasuring inpedance in series to the
coupling capacitor (or to the test sanple
instead). The circuit RV factor may vary
with the kind of radio frequency genera-
tor (-if it gives the same results groun-
ded or not grounded-), the length of the
coaxial cable (if used at all), the way
of connecting this coaxial cable to the
series capacitor, to the measuring inpe-
dance and finally to the test object it-
self: a spread of 6 dB (factor of 2 bet-
ween mininum and maxi mum seens to be not
unusual , although c.10 dB can be found
too. But e.g. 8 or 16 uv as result of the
partial discharge test neans for an in-
strument transformer the essential diffe-
rence of being accepted or of beeing re-
jected respectively. Conmpared with a ra-
dio frequency generator the pulse cali-
brator seems to be |less problematical In
application (see 2.4.).

In contrast to the calibration of the
measuring circuit by voltage conparison
(see 2.2.), the anount of nmeasuring im
pedance influences the result directly,
al though not exactly proportionally. As
long as the whole current of the radio
frequency generator (or pulse generator)
passes the neasuring inpedance (direct
series connection), the Instrunent rea-
ding corresponds directly to the change
of the neasuring inpedance. But if the
measuring inpedance is in series to the
coupling capacitor (or test sample in-
stead), the whole current distribution
of the nmeasuring circuit is shifted by
a change of the neasuring |npedance and
therefore the current through the neasu-
ring inpedance itself too. The deviation
will be relatively small though, and the
circuit RIV-factor will change only
little. But the instrument reading in-
creases with increasing neasuring inpe-
dance, so that the calculated "true" va-
lue increases too. Therefore RIV~-measu-
rement with calibration by current com
parison is dependant on the amount of
measuring inmpedance.

The circuit RV factor itself is fre-
quency dependant, but in a different way
as the circuit RV factor found by cali-
bration by voltage conparison, as once
the currenti s kept constant and once the
vol tage respectively in these two me-
thods. This means, that only a specific
amount of measuring inpedance at a speci-
fic radio frequency gives the sane pd-
results as received by neasurenents with
calibration by voltage conparison and
150 ohm

2.4. CALIBRATION OF THE MEASURING ClIR-
CUT BY A PULSE CALI BRATOR.

The pulse calibrator (9, 10) recom
mended by CIGRE facilitates the calibra-
ting procedure also for RIV neasuring

circuits, as its application is very sim
ple. It leads to the sane results as the
correct application of a radio frequency
sine wave generator, but |eaves |ess
chances for errors. For this reason the
partial discharge standard for instrument
transformers (11) of the Swiss Electro-
technical Association recomends oOnly the
pul se calibrator for RIV-nmeasurenents as
well as for PC neasurenents. To facilita-
te conparisons of Rl V-neasurenents fur-
theron only one neasuring inpedance for
Rl V-neasurenents, namely 150 ohm is per-
mtted (see 2.3. last section). Besides,
the direct conparison of uv with pC-va-
lues is established.

2.5. SURVEY OF POSSIBLE ERRORS AND DE-
VIATIONS FOR PD- MEASUREMENTS WHEN
USING RIV-MEASURING CIRCUITS.

see :

Accuracy of nmodern RIV-
instrunments + 2dB (2.1.)

former ones + 3dB T
Influence of repetition
rate on former instruments
up to + 6dB (2.1.)
NEMA 1964 standards
agai nst 1940 up to + 6dB  (2.2.)
NEMA standards with ClSPR
instruments up to ~s+ 6dB 0 (2.2.)

Testfrequency of 150 Hz
instead of 50 Hz + 3dB (2.2.)

VDE standards with sine
wave generator by unlucky
choi ce of connections c. + 3dB (2.3.)

VDE 60 ohm agai nst NEMA
150 ohm - 8dB (2.3.)

Certainly these errors were partly
conpensated by not calibrating at all
(in former times), or by choosing mea-
suring frequencies with low response to
pd's, or by a nore or less lucky choice
of radio frequency generator arrangenent
(e.g. standing waves).

So the spread of pd-nmeasurements during
the last thirty years when applying
standards in good trust should be |ess
than approximately + 10dB of the true
values. Certainly this range is much
snmaller in all those cases, in which pd-
measurenents were performed continuously
through the years with long series of

hi gh voltage apparatus by means of one
stable method or by several nethods, the
relations of which to each other were
known.

3. THE MEASUREMENT OF APPARENT CHARGE
(pC)
3.1. PARTIAL DI SCHARGE DETECTORS.

As already mentioned (see l.), only
in special cases it is possible to mea-




sure the actual charges being dischar-
ged and neutralized In a partial dis-
charge. In fact only the resultant
changes of voltage or charge on the test
object as a whole can be deternined.

Rl V-instrunents neasure the voltage
drop caused by a pd just within a narrow
frequency band transforming it by a

wei ghting circuit according to the sen-
sitivity of the human ear. Broad band
partial discharge detectors neasure the
maxi mum peak values of apparent charges
within one half cycle of the industrial
frequency. This gives results nore in-
dependent of the frequency behaviour of
test object and measuring circuit. Such
instruments are available on the market
for the measurement of the apparent
charge according to IEC 270 and have an
accuracy of c. + 1dB. As the reading of
nost instruments can be adjusted to the
pC-input value at the test object during
calibration, a separate calculation of
the transfer factor is not necessary in
nmost cases.

3.2. CALIBRATION OF THE MEASURI NG Cl R-
CUT BY A PULSE CALITBRATOR

The shape of discharge pulses is far
from a pure sinewave of any frequency,
al thouth discharges may cause travel-
ling waves similar to sinewaves. There-
fore CIGRE recommends pul se generators
(see 2.4.) for calibration of pd-measu-
ring circuits. The application of these
calibrators is less problematical for
everyday neasurenments in a test plant,
than radio frequency generators. Despi-
te that straycapacitances cannot be dis-
regarded and the connections should the-
refore be as short as possible. At the
biginning of " apparent charge " nea-
surements only neasuring instruments
with built in calibrators were used.
These calibrators inserted the pulses
just at the input of the coaxial cable
(comng from the testobject) into the
measuring instrument. The transferfac-~
tor was calculated. However checking
these cal culated amunts suggested then
a direct calibration by inserting the
calibrating pulses across the terninals
of the test sample. Therefore it is
essential for the comparison of pd-
testresults to be aware of the method
of calibration. If only the internal
calibrator is applied = possibly even
without "calculating" a transfer beha-
viour -, an error of + 10dB (factor of
3) is not unusual, which neans that the
recorded values are only 1/3 of those
found after direct calibration. The
pul se calibrators thenselves available on
the market shoul d be accurate within
+ 14B.

CGenerally it nust always be ascertained,

if the test circuit is discharge free, so
that measured di scharges do not cone from
other elenents of the circuit. This nust

be checked especially In cases, where the
test object has a high capacitance conpa-
red with the other elements, because dis-
charges from a low capacitance are recor-
ded much more sensitively than those from
the testobject (6). After the calibration
across the test sanple, the transfer be-

havi our of pd's conming from small capaci-
tances in the circuit should be checked.

The accuracy of instruments and pul se
calibrators is + 1dB each; if the pul se
calibrator is applied at Its = 1dB to the
instrument at its + 1dB point, but the
latter changes during measurement to its
- 1dB point, then the whole error is
- 3dB. The accuracy of a correctly cali-
brated circuit then is + 3dB.

3.3. SURVEY OF POSSIBLE ERRORS FOR DI S
CHARGE MEASUREMENTS WHEN MEASURI NG
THE APPARENT CHARGE W TH WIDEBAND

| NSTRUMENTS.
see !

Accuracy of wideband

partial discharge de-

tectors + 1dB (3.1.)
Accuracy of pulse

calibrator + 148 (3.2.)
Resultant  accuracy + 3dB (3.2.)

Measurenents from the past w thout ca-
libration across the test object and just
calculated transfer function may have an
error of e.g. + 10dB.

4. RELATI ONSHI P BETWEEN pV_and pC.

For the conversion of pv to pCit is
necessary to know. the type of high vol-
tage apparatus under test, the neasuring
instrument, the neasuring circuit and the
applied standard, the frequency of the
tert'voltage, the radio frequency for the
RIVemeagurement and the nmethod of cali-
bration (radio frequency generator or
pul se calibrator, voltage- or current
conmparison). The ampunt of neasuring im
pedance is especially inportant, if the
current conparison nmethod was used (see
2.3.).

IEC 270 (1) recommends a conversion
factor for pC/pV of 1 (using a measuring
i mpedance of 150 ohn), which was adopted
also by the Swiss standards for instru-
ment transformers (11). (7) gives for
transformers a margin dependent of the
pd-location and the capacitive network
of the transformer from about 0,2 to 60,
with an average from 0,25 to 5, and for
other high voltage apparatus like
switchgear, lightning arresters,
bushings c. 1 (neasuring inpedance 150
ohm) (12) gives 2,6 pC/pV for 100 pul -
ses/s and a neasuring inpedance of 60
ohm For the actual reading in nv (w-
thout correction by the circuit RV fac-

5
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