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ABSTRACT

This report describes three techniques un'der development at
the National Institute of Standards and Technology (NIST) to
measure the properties of partial discharges (PD). These mea-
surements are useful in providing new insight into the mech-
anisms that influence or control PD behavior and in affording
a means of locating PD activity in cables. The first is con-
cerned with an advanced, real-time PD measurement system
that allows a ‘comnplete’ characterization of the stochastic prop-
erties of PD. With this system it is possible to measure a set
of conditional PD pulse amplitude and pulse-time separation
distributions from which memory effects characteristic of the
discharge phenomena can be quantified and interpreted. Ex-
amples of results obtained for pulsating negative corona dis-
charges in gases are shown. The second technique allows PD
location in cables using time-domain reflectometry with appro-
priate statistical analysis. With the third technique discussed
here, simultaneous measurements are made of the optical and
electrical characteristics of PD in liquid dielectrics using fast
photography combined with broad-band, low-noise pulse cur-
rent measurements. This method provides a detailed descrip-
tion of the temporal and spatial development of PD in highly
nonuniform field configurations. Examples of results are shown
for the case of PD in hexanes when a dc voltage is applied to
a point-rod electrode gap.
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1. INTRODUCTION

ARTIAL-DISCHARGE (PD) measutements have long

been recognized as an important part of quality con-
trol for HV apparatus. There ig also increasing interest in
the use of PD measurement as a diagnostic tool for assess-
ing insulation performance and integrity when subjected
to electrical and mechanical stress, The measurement of
PD has been applied to a wide range of electrical appara-
tus including rotating machines, power transformers, and
both low- and HV cables [1].

The PD phenomenon under consideration here is a self-
quenching discharge that is localized in regions of high
electrical stress within insulating systems. The high-
stress regions might, for example, be associated with voids
or ‘trees’ in solid dielectrics, metal particles or sharp
points on either solid conductors or insulators, or the
presence of interfaces between different types of insulat-
ing or conducting media. PD is self-quenching because
surface or space charge produced during the discharge
generally accumulates at the discharge site and reduces
the magnitude of the local electric-field to a level insuffi-
clent to sustain the discharge.

Because of its self-quenching nature, the PD phenom-
enon is inherently pulsating and will manifest itself as
current pulses in the external circuit. PD aclivity occurs
in regions tkat are at least partially in the gas phase such
as occlusions in solids or ‘bubbles’ formed by vaporiza-
tion of a liqguid. The PD phenomenon that occur around
conductors in air or other gases is often referred to as
corona. It should be noted that corona discharges can,
undcr some conditions, exhibit a non-pulsating character-
1stic for de voltages that is associated with the formation
of a steady glow region {2,3]. Because this type of coro-
na discharge is steady and therefore nol sell quenching,
it does not fit into the category of PD phenomena under
consideration here.

PD can be observed by electrical, optical, or acoustical
measurements that detect and record pulses. The deter-
mination of PD pulse characteristics has been the subject
of numerous investigations [4]. Techniques have been de-
veloped to measure such parameters as mean pulse ampli-
tude and repetition rate {5], pulse-height distribution [6-
8], pulse shapes [9), correlation of pulse amplitude with
phase of an ac voltage [10-12], and correlation between
optical, electrical, or acoustical pulses. Because of the
complex, stochastic nature of PD phenomena, the results
of such measurements have often been difficult, if not
impossible, to interpret in terms of meaningful physical
models. The measurement schemes discussed here ate, in
some sense, extensions of techniques previously used and
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provide refined information on the statistical characleris-
tics of PD pulses. It may be possible to gain additional
insight into the physical bases of the phenomena from
the additional information acquired by these new mea-
surements.

This paper discusses three advanced measurement tech-
niques Lhat have been developed at the National Institute
of Standards and Technology (NIST). The first is 2 nov-
el approach for obtaining information about the inherent
memory effects associated with PD phenomena and is dis-
cussed in Section 2. The second technique employs sta-
tistical analysis of PD pulses detected in a cable to locate
discharge sites, and is discussed in Section 3. Finally, in
Section 4, a measurement technique is described that al-
lows (ast photography of PD in liquids and simultaneous
broad-band detection of PD current pulses.
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Figure 1.

Diagrammatic representation of the murked ran-
dom point process corresponding to the Trichel-
pulsc discharge phenomenon. The At, ure pulse
time separations and the ¢, are pulse amplitudes.

2. MEASUREMENT OF
STOCHASTIC PROPERTIES

2.1 BASIC CONSIDERATIONS

) D phenomena fit into a category of stochastic pro-
cessez for which memory effects play an important
role. The existence ol memory is an inherent proper-
ty of PD phenomena because the occurrence of a dis-
charge pulse is associated with the formation of residual
1on space charge, surface charges, and metastable excit-
ed species that often can affect the initiation and growth
of subsequent discharge pulses. As mentioned above, Lhe
pulsating characteristic of PD in various types of insulat-
ing media can be attributed to effects of space or surface
charges. When the accumulation of discharge-generated
space or surface charge causes the field to fall below a lev-
el sufficient to sustain the discharge, it ceases. Another
PD pulse will not occur at this site until the local field
is restored such as can result from charge migration or
changes in applied voltage.
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Figure 2.

System for mcasuring pulse-amplilude and time-separalion distributions. In this diagram, the rele-

vant components are identified as follows: MCA -

multicharnc! analyzer; TAC - time-to-amplitude

converter; SCA - single channel enalyzer; DDG - digital delay generalor; A - amplifier; G - gate; and
S - switch. Additional details about the individual circuits used can be found in [13].

Because of memory effects, correlations may exist
among successive discharge pulses and measurement of
these correlations can provide useful information on the
nature of PD phenomena. Recognition of this fact mo-
livated the development of a system al NIST to extracl
information about memory effects. The first version of
this system is described in recent publications {13, 14]
and has been applied to an investigation of the stochastic
behavior of Trichel pulse, negative-corona discharges in
elecironegative gases [14,15) and dielectric barrier type
discharges in air [16,39]. A modified version has recently
been developed that allows investigation of mermory
propagation in ac-generated PD phenomena (17]

[L is convenient Lo represent the PD phenomenon as a
random point process {18] in which each pulse is identified
by a time t,, and is ‘marked’ with a particular property, in
this case the pulse amplilude g, as indicated in Figure 1.
The stochastic process is thus defined by the set of or-
dered pairs {q,,¢;}x, 7 =1,2,3,..., k. Because of mem-
ory eflects, g, and ¢, can depend on the set {q,,2;}n_1,
of all previous events, where j = 1,2,...,n— L. The pro-
cess can also be defined by the sct {qy, g5, Ab, o1}k, J =
2,3,...,k, where AL, _y = {; —¢; ¢, which is more appro-
priale to this discussion since it is the time separations
belween pulses Lhal are either measured or specified by
the measurement process. T'he pulse amplilude was cho-

sen as the relevant mark because it is a measure of dis-
charge intensity. In defining the point process, one could
also consider other marks such as the pulse.shape param-
eters.

[[ memory is important in the PD process, the variables
Gn, Dbn,gn_y and Al,_, associated with adjacent events
may not be independent. For example, the amplitude ¢,
may depend on the time separation At, _;. Indeed, this
s found to be the case for Trichel-pulse discharges |14,
19]. The dependence of At, on g, or Al,_, is an indica-
tion of the influence of residuals from the previous pulse
in either enhancing or retarding the initiation of the sub-
sequent pulse. Likewise, the dependence g, on \i,_; or
Gn_1 18 an indjcakion of the influence of residuals from the
previous pulse on the growth of the subsequent pulse.

Because of these dependencies, the unconditional pulse-
amplitude and pulse time-separation distributions, po(ga)
and po(Al,) respectively, are not independent. If, for ex-
ample, an external, radiation source is used to help ini-
tiate PD, po(&¢,) will change with the intensity of Lhis
source since the probability of discharge pulse initiation
changes with intensity. The changes in po(Aén) will then
be reflected in po(gn) il ¢, depends on Atl,_;. Resulls
from measurements of only one distribulion, po(g.) or
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po(At.,), as are obtained with most conventional D mea-
surement systems, will be difficult to interpret \f memory
effects are significant.

The ability to detect correlations among successive
discharge pulses 1s a valuable diagnostic that could be
incorporated into existing PD measurement systems ei-
ther by implementation of filtering techniques similar to
those described here, ot by off-line analysis of record-
ed data. The system described below allows ‘real-time’
measurement of a set of conditional pulse-amplitude and
pulse-time-separation distributions, namely pi(galgn-1);
pl(QnI,Atn-—j)v 2L Pl(Atnle)h € = gn or Aly_y; and
pa(gn}Din_i, €), € = gn-1 0r At,_3. These distributions
are defined, for example, such that p)(gn|At._;)dg. is
the probability that the nth pulse has an amplitude in the
range qn Lo gn + dq. il it is separated from the previous
pulse by a fized time At,,_,. The definition of the second-
order condition distribution, p2(gn|Btn_1,gn-1)dgn, Is
the same but with both At,,_, and gn.1 fixed.

By comparison of the measured conditional and uncon-
ditional pulse-height and time-separation distributions
it is possible to infer immediately whether or not two
variables ate correlated and therefore dependent. If it
is found, for example, that pi(gn|Atn-1) # po(gn) lor
at leasl some allowed values of g, and for all allowed
Aty -y such that po(Aln-y) £ 0, then g, and At,_, are
dependent variables. Similarly, il pa(gn|Atn_1,qn-1) #
pi(gn|Ata_y) for allowed g,_4, then a dependence must
exisl belween ¢, and ¢, at a fixed At,_,. One can
also use the measured conditional distributions to com-
pute correlation coefficients that provide a quantitative
measure of the extent to which any two variables in Lhe
set {q1, qn, Aln_,}, ate correlated.

Measurement of ineaningful conditional distributions
requires that the PD process be slationary, or at least
quasi-stationary. If external factors that aflect PD be-
havior, such as the size of a void, or the electron emission
propertics of a surface, change during the measurement,
the data obtained for conditional distributions could give
false indications of possible correlations. The extent to
which external faclors are important is perhaps hest re-
vealed by measurements of the unconditional distribu-
tions po(g.) and po{At,), which can be performed rela-
tively more quickly than the measurements of conditional
distributions. The Trichel-pulse corona discharge con-
sidered below is an example of a PD phenomenon that
is sufficiently stationary to allow measurcment of all the
conditional distributions for which the system is designed.

2.2 MEASUREMENT SYSTEM

Modifications of the system originally described by
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Van Brunt and Kulkarni [13] have been made to:

i.allow direct measurement of the distributions
P1(qnlAta ), 7> 2and pa(gn|Ditn-1, Dta_2);
2.eliminate intermediate pulse errors associated with mea-
surement of the p,; distributions;

3. and reduce background associated with accidental sam-
pling of the tails of discharge pulses.

A diagram of the measurement system is shown in Fig-
ure 2. This system may be configured to measure any
of the indicated distributions by appropriate positioning
of the switches (S1-85). Data from all measurement con-
figurations are accumulated by a 256-channel, computer-
controlled multi-channel analyzer (MCA).

The system was first applied to an investigation of the
stochastic behavior of negative corona (Trichel pulses)
generated using a point-plane electrode gap configura-
tion in electronegative gas mixtures {2]. The test gap
is indicated in Figure 2. The corona-discharge current
pulses are detected electrically using a preamplifier (A1)
connected to an impedance Z that is in series with the
discharge gap. The detected pulses are then sent to a
variable gain amplifier (A2) before being routed to the
appropriate circuit path. For measurement of pp(g,), the
discharge pulses rom A2 are fed directly to the MCA
through gate G3, which is kept open by proper position-
ing of S4.

The distribution pg(Aln) is measured by sending the
pulses {from A2 Lo a pulse sorter used to trigger two time-
to-amplitude converters (TACL and TAC2). The time-to-
amplitude converters generate output pulses of amplitude
proportional to the time between PD pulses. The outputs
ol TAC! and TAC? are fed to the MCA through gate
G2 by appropriate positioning of $3. As shown in [13],
this arrangement permits the recording of every seguen-
tial time interval, provided all time separations exceed
the TAC reset time of 50 us.

The measurement of py(gn|Ain_1) requires use of a
logic-controlled digital-delay generator (DDG) to restrict
the transfer of pulses from A2 to the MCA to a narrow
preselected time interval At,_; + 8(Atn-))/2 for which
Aln_y > §(Atay). To measure py(gnl|Bin_1,9n-1), @
single-channel analyzer (SCA1) is insetted between A2
and the input to the DDG time-interval control logic cir-
cuit by proper positionings of 51 and S5. The SCAl
restricts triggerting of the DDG to pulses having ampli-
tudes within the selected range ¢, - 1£6(gn—1)/2 for which
@n-1 > 8(gn-1). To insure, in the case of p, measure-
ments, that the time-interval control logic properly in-
hibits the opening of G3 if intermediate pulses occur be-
fore the selected time window, it i3 necessary to modify
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Measured unconditional and conditional dis-
charge pulse-amplitude distributions po(gn),
;:1(q“|Atn_1), and p2(qn|Atn_1,ga—1) for the
indicated fixed velues for Atfn.y and gm_:.
The distributions have been normalized to the
maxims.

the circuit previously described by adding the amplifier
A3 with input at f. This amplifier is identical to that de-
fined by transistor T in Figure 2 of [13]. In the present
configuration, the input f is connected directly to the
delay 7, of Figure 2 ([13]), which has, in turn, been dis-

connected from T3.

Unlike the system previously described [13], the present

system allows direct measurement of p2(gnlAt, 1, Atn_2).

For measurement of this distribution, the switches S{ and
S5 are positioned so thal Lhe input to SCAL is derived
from TACI1. The time interval measured by TACI is re-
stricted by SCA1 Lo lie within a narrow range At,_> +
8(At,._2)/2 for triggering the DDG, which, in turn, de-
fines Al,_y.
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By the indicated positionings of switches S, S2, and
S5, it is possible to measure the conditional pulse Lime-
separation distributions py(Atn]Ata_1) and py{Atalg.).
For measurement of py(Atn|Atn-1), the output of TACI
is fed to the input of the single-channel analyzer SCA?2
and thus defines At,_, and triggers TAC3 for measure-
ment of the next time interval At,. In the case of the
p1{Atnlg,) measurement, SCAZ2 is connected directly to
amplificr A2 thereby used to define g¢y,.

The present system also differs from that previously
described in that the py(ga|Atn_;) logic circuit now con-
tains a pulse counter that can be set for any 7 > 2. By
adjustment of the delays inherent to the time-interval
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Measured unconditional and conditional dis-
charge pulse-time-separation distributions

po(Atn), pr(Dtafgn), and pi(Atn|Ata_y) for the
indicated fixed values for ¢, and At,_,. The
distributions have becen normalized to the areas
under the curves.

control logic and with minor adjustments in the shape
of the gate pulse from this circuit, it has been possible to
largely eliminate the background problem illustrated by
Figure 5 of {13}.

In the present measurement system, the pulse detection
circuil conditions are similar to those described in [13] so
that the measured discharge-pulse amplitude is propor-

tional to the net charge transported in the discharge given
by

oo

[ (1)

— OO0

Q=

where i,,(¢) is the instantaneous discharge current at time
¢ for the nth pulse. Given the impulse response h(f — ')
of the detection circuit (defined here mainly by the fAlter
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Measured unconditional and conditional dis-
charge pulse-amplitude distributions po(ga),

P1(gn{Atn_2), 2nd pi(gnlgn-1) for the indicated
fixed values for At,_2 and ¢n—y. The distribu-
tions have been normalized to the areas under
the curves.

characteristics of Z and Al), the observed pulse signal is
given by
(

w(®= [ @) he-c)ar (2)
The impulse response in the present measurement system
has a width, w, of ~ {.5 us whereas the intrinsic width w,
of a typical Trichel pulse is known [9] to be on the order

10 to 50ns. Therefore the condition wy >» w, allows the
approximation

in (8) = QL6 (L —tn) (3)
where 6(t — i, ) is the Dirac deita function. Using this in
Equation (2) gives

gn (1) = QuA(t — tn) (4)

This means that the shapes of the observed Trichel pulses
in the present experiment are governed primarily by the
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shape of A(t —{.) and thus the maximum of g/ (t), denot-
ed here by g, i8 directly proportional te Q. Therefore,
g~ can be expressed in units of charge, and in the present
case, it 18 convenient to use pC. The method for calibrat-
ing the pulse-height measurements in terms of charge is
the same as described previously {8].

2.3 EXAMPLES OF RESULTS FROM
INVESTIGATION OF TRICHEL
PULSES

The Trichel-pulse discharge |20] was selected for ini-
tia) test of the meagurement concept because its proper-
ties are reasonably well understood [22-25] and it can be
easily generated and controlled in a simple point-plane
gap. With socme care, the Trichel-pulse discharge can be
maintained in 2 stable condition for relatively long pe-
riods of time. The phenomenon s shown [14] to be a
clear example of a non-Markovian, marked random point
proceas in which memory effects play an important role.
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Strong correlations are found to exist among the ampli-
tudes and time separations of successive discharge puises,
which can be interpreted in terms of the influences of ion
space charge and metastable species from previous pulscs
on the initiation and growth of subsequent pulses.

As an example of the richness of information that can
be extracted with the present measurement system, re-
sults obtained for self-sustained Trichel pulses in a neon-
oxygen gas mixture are shown in Figures 3 to 7. Data for
the different sets of distributions were obtained at dif-
ferent times so that the cathode surface conditions that
apply, for example, to the results in Figure 3 differ slight-
ly from those that apply to Figure 4. This accounts for
the difference in pa(gn) shown in these two Figures. A de-
tailed interpretation of the results presented here would
go beyond the scope of this report. However, salient fea-
tures ol the data and certain important conclusions that
can be derived therefrom should be noted. A more com-
plete discussion of the physical bases for the stochastic
behavior of the Trichel-pulse phenomenon has been given
by Van Brunt and Kulkarni [14].

The fact that the second-order conditional distribu-
tions, p2, differ from the corresponding first-order distri-
butions, py, which in turn differ from the corresponding
unconditional distributions, po, indicates unequivocally
that the set of variables {Atn, gn, Abn 1, qa-1, Aln_2, -}
associated with adjacent pulses are not independent. For
example, it ig seen from Figures 3 and 4 that ¢, bhas
a strong positive dependence on Atf,_;. This depen-
dence can be related to the influence of negative-ion space
charge from previous pulses in suppressing the magni-
tude of the electric field at the cathode when the next
pulse develops. It is also seen from Figure 3 that the
amplitude g, of a pulse can be either positively or nega-
tively dependent on the amplitude of the previous pulse.
The sign of this dependence can be explained in terms
of the competing effects of negative-ion space charge and
metastable species in respectively retarding or enhancing
the growth of the next pulse. The negative dependence of
Al on ¢, (and At,_,) implied by the conditional time-
separation distributions shown in Figure 5 can be under-
stood in terms of the influence of metastable species from
Lhe previous pulse in enhancing the probability for initiat-
ing the next pulse by ejecting electrons from the cathode
surface during field-assisted quenching.

Because of the correlations among the amplitudes and
time separations of successive pulses, the distributions
shown in Figures 3 to 5 are all related. It can be shown,
for example, from the law of probabilities that po(gn),
po(At,), and pi(gn|At.-) are related by the integral
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cxpression
(e <)
polan) = [ po(8ta-1)01 (anl b0 )d(Bta-s)  (5)
0

and that the distributions po{gn), po(Atn), P1{(gn|Ata_1),
pi(Atnlen), and p2(gnlgn—_1, Atn_) are related by

po(Atn_l)pl (QH|Atn—‘-) -

o

/PO(QH—I)PI (Btaylgn-1) P2 (gnlgn_1, Atn_1) dgn -y
)
(6)

Equation (5) indicates that if g,, is dependent on A, _;,
then any externally-induced change in the time-interval
distribution, po(At,), will necessarily change the ampli-
tude distribution, pe(ga}.

Since, as secn [rom Lhe data in Figures 4, 6, and 7, the
profiles for pa(qnldtn_1, Aln_3) and for pi(gn|At,_5),
7 = 2,3,4 do nol match Lhe profile for po(gn), it can
be stated that g, depends on At,_,,7 > 1, and there-
fore, the process is one for which memory extends back
in time beyond the most recenl event, i.e., the process
is non-Markovian. This observation is consistent with re-
sults reported in the recent work of Steiner {19]. It can, in
fact, be shown [14] that, because of the relatively strong
dependence of ¢, on both Af,_; and g._}, 1t is possible
for memory to propagate indefinitely back in Ltime. Re-
cent measurements [16,39] in our laboratory have shown
that, for Trichel pulse discharges, additional memory as-
sociated with the deposition of surface charge on an in-
sulating surface occurs when a thin circular dielectric is
placed on the planar anode surface in the point-plane dis-
charge gap. The existence of memory eflects associated
with charging of insulated surfaces has also been verified
for ac-generated PD [17].

2.4 LIMITATIONS AND EXTENSIONS
OF THE TECHNIQUE

[t should be realized that the system, as shown in Fig-
ure 2, has certain limitations. First, it is designed lo
operate with dc voltages. Second, as discussed in [13], it
cannot give reliable measurements of certain condition-
al distributions il the time separations between events
become shorter than either the TAC reset time or the
MCA analog-to-digital conversion time. Third, it can-
not be applied to nonstationary phenomena that deift on
a time acale comparable to the time required to acquire
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statistically significant data. Fourth, it can only measure
one distribution at any given time. Fifth, independent of
the problems associated with timing in either the TAC or
MCA, the ability to resolve pulses is limited by the width
of the impulse response and therefore the band-width of
the detector. Because of this limitation, it could not, for
example, be applied to investigate bursts of closely spaced
PD pulses, which, as shown below, occur in liquids and
are known to occur in the positive corona of some elec-
tronegative gases like SF¢ (8).

The restriction to dc voltages can be overcome by in-
corporating a phase marker such as a zero-crossing sensor
to identify the phase associated with any given pulse time
separation. The system has, in fact, been recently mod-
ified to allow measurement of conditional distributions
restricted to specific phase intervals {L7]). For example,
it now allows measurement of the phase-conditioned dis-
tributions, pi(q:(¢:) | Ad;), where ¢; iz the amplitude of
any PD pulse that occurs with phase ¢; contained in the
specified interval Ag;. Thia type of distribution has been
considered recently by others [11,12]. However, in addi-
tion to this distribution, our system is capable of mea-
suring many others in which phase is apecified and from
which effects of memory propagation can be assessed.
These include the distributions pi(gi(A¢T) | Q(AST))
and pl(g{flt { Q(A¢lt)), where ¢, and ¢, are respective-
ly the amplitude and phase of the first pulse to occur in
either the positive or negative half-cycle specified respec-
tively by the phase intervals A¢F or A¢; and

Qadt) = a,(6F)  of € ag} (7)

1s the total charge associated with all PD pulses occurring
within phase interval Aq&li of the preceding hall-cycle.
Preliminary dala obtained on these distributions for di-
¢electric barner discharges at frequencies from 60 to 200 Hz
show that the charge deposited on a diclectric surface by
PD during one half-cycle significant!y affect the onsel and
development of PD during the subsequent hall-cycle.

Limitations on minimum time separations can be over-
corne in principle by using prerecorded data that can be
obtained with fast-transient digitizers. However, if pre-
recorded data are to be used, it may be prefcrable to de-
termine the conditional distributions with computer soft-
ware rather than with the hardware presented here. [t
should be emphasized that an important advantage of the
hardware approach described here is that the conditional
distributions can be measured and viewed in real {ime.
This is an advantage not only because it gives an imme-
diate visualization of the results while data are record-
ed, but because it overcomes the problem of having to
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store enormous quantities of data required to determine
conditional distributions by the software approach. For
example, some of the second-order conditional distribu-
tions shown in Figures 3 and 4 required x 10 min of data
acquisition time in order to obtain acceptable statistics.
This means that data on all but a very small fraction
of the discharge events that occurred in this ten rminute
period were discarded by the filtering procedure. Using
the software approach, all the pulses that occurred during
that time would have to be stored, which means that for
the data shown more than 10° pairs of numbers would
have to be acquired just to determine one distribution.

If the PD phenomenon is, or can become, nonstation-
ary, then an independent method may be needed to deter-
mine Lhe extent to which it is nonstationary. A periodic
check of the unconditional pulse amplitude and/or time
separalion distribution will, in some cases, provide an in-
dication of deviations from stationary behavior.

In the case of multiple PD discharge sites, an ambiguity
can occur in the interpretation of data from measurement
of conditional distributions, particularly if the discharges
from the different sites occur with nearly equal intensi-
ty. The measurement scheme discussed here works best
if there is only one site at which PD discharges are be-
ing generated with an intensity that is significantly above
the background PD level. The existence of pronounced
correlations among successive PD pulses would, in fact,
indicate that the discharges are occurring at one, or a
limited number of sites. The determination of this fact
might be important in some diagnostic applications.

Finally, it should be pointed out that the present sys-
tem could be modified to allow a more efficient use of
the available data. One could, for example, use multiple
MCA’s in parallel to measure more than one distribution
simultanecusly.

3. LOCATION OF PARTIAL
DISCHARGES IN CABLES

OW-VOLTAGE cables, in contrast with those designed

for HV service, are not free from PD under moder-
ate overvoltage conditions. Therefore, the occurrence of
a PD at an incipient defect must be differentiated from
a large background of PD thal occur along the length of
cable. The methods [26] described in this Section allow
discharge sites associated with insulation breaches to be
located with high efficiency. To demonstrate the utili-
ty of these methods, three representative types of cables
having artificially introduced defects were subjected to
tesl; in each case the decfects were successfully located.

Van Brunt et al.: Recent Advances in Partial Discharge Measurement

The approach is similar to that previously considered by
others [4,27,28].

3.1 BASIC PRINCIPLES

If voltages exceeding the PD threshold are applied to
a cable, PD can occur along the entire length of a cable.
Therefore, methods must be developed that are sensitive
to the location of the discharge and the level of aclivity
at’each site.

[t is reasonable to assume that, in the absence of de-
fects, PD sites are uniformly distributed over the length
of cabtle, and that PD at different sites are not correlated
in time. The discharges Lhus define a marked, random
point process that asymptotically resembles Poisson shot
noise [18,19], with pulses emanating from all positions
along the cable.

If it 18 further assumed that the pulse amplitudes at
each site are gamma-distributed (26] with the parameters
of the probability density being independently and identi-
cally distributed, then the probability density for a pulse
of amplitude ¢ will have the form

polg) = /P:(qll.w)Po(Z)PO(w)dzdw ()

1,w

p2(qlz, w)is a conditional probability density of the charge
at a single site, po(2) is the probability density of dis-
charge sites and pg(w) is the probability density of the
parameter w which controls the most probable discharge
amplitude at a site. Superposition of these infinitesi-
mal processes yields a well behaved, unimodal probability
density po(q)-
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Figure 8.

Block dizgram of partial discharge detection and

recording apparatus.

Significant deviation from the behavior defined by Equa-
tion (8) may be used to identify defects siles. The el-
fects of defects may be included by adding terms in which
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Histogram of delay times between the two ma-
jot pulses ir each event of a 5000 elemenl record
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po(w) 1s replaced by pj(w|z), where w depends on z and

is highly localized to particular points z,. For this case,
Equation (8) is rewritten as

polg) = Pr(z # 2.) / pa(al 2, )po(z)po(w)dz dw

+ “ - Pr(z ¢'2‘)] (9)
N
Z/P?(lenw)pj(wlz,)Pr(z = z;)dw

where | — Pr(z # 2,) is the probability that 2 PD is from
one of the N defect sites namely at the zth site.

The measurement concept has merit if the PD behav-
ior at the defects differs substantially from that due to
the normal background of PD in the cable. If a flaw is
detectable, a histogram of the diacharge locations will ex-
hibit a sharp peak. Furthermore, the sensitivity to PD at
defects can be enhanced by pulse-height discrimination,
so that only anomalously large PD are detected. In prac-
tice, there will be naturally occurring, apparent PD sites
that are not associated with laws but cause variations in
the expected background count rates. In fact two such lo-
cations can be ydentified with the ends of the cable whete
reflections of the PD signals can occur.

3.2 EXPERIMENTAL APPARATUS

The experimental apparatus, shown in block diagram
form in Figure 8, consists of a HV system, a coupling
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arcuit and instrumentation that allow acquisition and
analysis of broadband PD waveforms. HV is provided by
a 60 Hz transformer wilth appropriate noise filtering.

The cable under test is connected to the measurement
system through a coaxially mounted 1 nF capacitor, the
first element in a high-pass filter having a lower cutofl
frequency of 30kHz and a 10002 input impedance. For
the purposes of this study, threshold is defined as that
voltage for which one PD pulse is detected per second.
Initial tests yielded PD amplitudes > 10 pC at the thresh-
old voltage, and thus an input attenpuator and protective
circuitry were added. The protective circuit limits the in-
put sensitivity to 1 pC and the bandwidth of the system
to = 10 MHz. A variable attenuator is included between
the input preamplifier and the gain block to provide am-
plitude scaling and prevent saturation of the amplifier.

PD pulses are recorded on a digital oscilloscope and
transferred to a computer for mass storage and process-
ing. The oscilloscope used for this study has an 8-bi
digitizer and a sampling rate of 10%samples/s. Typical-
ly, 5000 waveforms ate collected during each test. Data
collection can be completed in only a few seconds, how-
ever, voltage is typically applied for 8 minutes since the
HV system is not computer controlled and time is need-
ed to archive the data. A computer with only moderate
computational power is used and all signal processing is
performed off line.

3.3 MEASUREMENTS

Two fundamental estimates are made (rom each record-
ed waveform: the charge, and the location of the PTD). The
method used to estimate the charge is described by Stein-
er and Weeks (29] and has been shown to be more accu-
rate than the usual peak value measurement. The tech-
nique derives a pulse energy from the measured wavelorm
and estimates the total charge from the energy. The PD
waveform is assumed to be similar to a calibration pulse,
generated by applying a fast-rise step voltage of known
amplitude through a known capacitance to the cable un-
der test. Inclusion of the effects of cable attenuation in
the charge estimate were not deemed necessary for this
study.

When a PD occurs, two pulses, which travel along the
cable in opposite directions, are generated. One pulse
proceeds toward the detector and arrives at time ¢;. The
second pulse is reflected from the open circuit, back to-
ward the detector, and arrives at time £5. Thus the loca-
tion of the discharge relative to the open cable end, {, is
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given by
| = v(t; - t]_)
2
where v is the velocity of propagation.

(10)

A matched filter whose shape approximates a PD pulse
18 applied to the recorded waveform. In effect, an assumed
pulse is cross-correlated with the recorded waveform, and
the time delay between the two largest pulses 1s convert.-
ed to a location. This method has two limitations: The
two Jargest pulses within a record may be from distinct
discharge sites, thus a false location is determined. In
most cases, however, false signals tend to be randomly
distributed along the cable length. The second limita-
tion is associated with the existence of a blind spot in the
cable. When the arrival times of the direct and reflect-
ed pulses are nearly the same it is difficult to differenti-
ate between a single pulse and two closely spaced pulses.
Without extensive signal processing, these sites all ap-
pear to be near the end of the cable, in eflect creating a
blind spot.

3.4 TEST RESULTS

The measurement technique was tested using represen-
tative 600V class cables. These cables may be grouped
into three calegories: shielded cables, unshietlded multi-
conductor cables, and unshielded single conductor cables.
The following samples were used in a series of experi-
ments:

1. An unaged, unshielded, two-conductor, #14 AWG,
600V class, neoprene jackeied cable of the same type
used for control cabling in nuclear power plants.

2. An unaged, 509, coaxial cable of the same type used
for instrumentation cabling in nuclear power plants.

3. An aged, unshielded, 15 conductor, #18 AWG cable
of the same type used for instrumentation cabling in
nuclear power plants.

No cxperiments were conducted on unshielded single-con-
ductor cables since this technique requires that the cable
have some transmission line properties; a single conduc-
tor, in the absence of a ground plane, does not.

Tests were performed on a 100 m length of unaged,
twa-conductor cable with defects introduced at three lo-
cations. A small portion of the jacket was removed and
the insulation was carefully pierced through to the con-
ductor using a #60 twist drill at two of the locations,
and a razor knife was used to slit the insulation at the
third. The PD threshold for the cable was 4500V and
measurements were made at voltages levels 10, 20, and
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40% above threshold. Representative data from Lhese
tests are shown in Figure 9. The data plotted in Figure 9
are obtained for a relatively low trigger level, consequent-
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Schemalic diagram of the experimental appara-
tus used for simuttaneous {ast photography and
current measurements.

ly background PD are dominant. Note that the PD are
reasonably evenly distributed along the length of the ca-
ble, which lends support to Lhe model presented above.
Sensitivily to PD at a damage site may be enhanced by
increasing the trigger level, as s the case for the data plot-
ted in Figure 10. The damage sites were found using the
delay values that correspond to the peaks in the charge
histograms shown in Figure 10; each of the damage sites
was correctly identified.

Similar measurements were made on a 20 m length of
coaxial cable with damage inflicted by slightly abrading
the shield. The PD threshold was 5200 V. The PD acliv-
ity at the damage site was much greater than that of the
background and the delect was immediately identified.
Similar results were obtained for a 12 m length of aged
multiconductor cable with a defect created in the cable
by cutting the insulation on one of the 15 conductors.
The PD threshold voltage for this cable was 2300V, As
in the previous case, the PD activity at the damage site
was much greater than the background and the location
of the defect was readily identified.

4. MEASUREMENT OF
PARTIAL DISCHARGE IN
LIQUIDS

METHODS are described here that allow simultaneous
measurement of PD current and fast photography
of the discharge. Such data allow detailed description
of the temporal and spatial development of the PD and
provide a basis for evaluation of models for the initiation
of the discharge. To demonstrate these methods, exper-
imental results obtained during a study of hexanes [35]
are briefly discussed. A non-uniform field geometry was
emnployed for these measurements and cavitation associ-
aled with PD at a negative point was photographed using
shadowgraphic methods.
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Photographic and optical studics [30-33] have estab-
lished a clear correspondence between current emitied
from a negative point electrode, which is typically ob-
served as a burst of fast discharge pulses, and cavita-
tion at the electrode. Further study of these effects may
prove useful in jdentifying the conditions that lead to the
initiation of PD and electrical breakdown in dielectric
liquids. The PD phenomena examined here bear strong
resemblance to the initial growth of negative streamers.
Electric breakdown of dielectrics liquid is preceded by
characteristic prebreakdown phenomena: the growth of a
streamer in the liquid. An analysis of streamer growth
presented by Watson and Chadband [34) shows the ini-
tial growth of negative streamers to be consistent with
the propagation of a cavity within the liquid.

4.1 EXPERIMENTAL APPARATUS

The experimental apparatus is shown schematically in
Figure 11. The test gap consists of a steel needle and
stainless steel rod separated by 3.2 mm. The rod electrode
is 6.4 mm in diameter and has a hemisphere of the same
diameter at its tip. The radius of the needle tipis ~ | pm,
and the apex angle is approximately 30°. The electrodes
are enclosed within a brass cell and are immersed in (he
test liquid.

High-resolution images of the PD are obtained by
mounting a microscope objective within the cell. This
configuration provides optical resolution of < 2um at
200x magnification. A continuous wave argon laser is
used to iHuminate the region near the tip of the needle:
light is scattered from the laser beamn as the cavity grows
and an image of the PD may be recorded photographi-
cally. In the present study, a fast-framing camera is used
to photograph the PD, thus a record of the spatial and
ternporal devclopment of the PD is obtained. The image-
preserving optical delay [32, 36], noted in Figure 11, off-
sets the camera trigger delay and allows the framing se-
quence to begin much closer to, and, for same frame in-
tervals, before the current waveform. Use of the optical
delay has an additional benefit: Since, near the thresh-
old for PD activity, discharges occur infrequently, ordi-
nary photographic methods are ineffective in captluring
the discharge. Use of the optical delay, however, allows
the camera to be triggered by the discharge current and
thus provides a highly efficient method for photographing
PD.

A broadband transimpedance amplifier [37] is connect-
ed directly to the needle electrode and the current wave.
form is recorded on a digital oscilloscope. The ampli-
fier has a bandwidth of 35MHz, an equivalent noise
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of 30nArms, and an estimated charge sensitivity of <
0.7fC. The amplifier gain is 10°V/A. The rod electrode
is connected to a HV dc power supply, and, for the re.
sults presented here, 15.5kV is applied. A 10 MQ) series
resistor is included to limit the current in the event of
breakdown. The filter circuit shown in the Figure is pro-
vided to reduce pickup of power supply noise.
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Figure 12.

PD record. The current waveform and the inte-
grated charge arc shown {ogether with {rame pho-
tographs of the point cathode. These data are ob-
tained for an applied potential of 15.5kV in hex-
anes. The frame interval and exposure times are
512 and 102 ns respectively. The [rame sequence
is indicated in the photograph.

4.2 PARTIAL DISCHARGE RECORDS

An example of a PD is shown in Figure 12. The current
waveform and the integrated current are plotted in the
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vpper pancls and the associated multi-frame pholograph
is shown below. The frame interval and exposure times
are 512 and 102 ns respectively, and the {rame sequence is
indicated ip the Figure. The frame exposures, determined
from the camera monitor puise and an accurate measure-
ment of the {rame interval, are shown together wilth the
current waveform. The interference rings appearing in
the photographs are an artifact of the coherence of the
laser light and should be disregarded.

The dynamical behavior of these structures is particu-
larly intriguing. During its liletime, Lhe cavity Rrsl grows
in size, then detaches {rom the needle, and finally breaks
apart and collapses, moving away from the tip as it col-
lapses. Although a greal deal of variability is observed
in the detailed growth, common patterns are observed.
The structure appears to be approximately spherical atl
inception and may grow by stable expansion, as is shown
in Figure 12, or by the growth in amplitude of instabili-
ties in the cavity wall. Upon close examination, evidence
for the onset of instabilities may be seen in Figure 12.

The PD current waveform is relevant to describing the
conditions at the initiation of the discharge. Consislent
with earlier work [30,31,37,38), fast PD pulses are seen
to occur during the growth of the cavity. 1t was fucther
noted during this study that a continuous current occurs
near the initiation of the waveform in a large fraction of
the recorded waveforms: the data shown in Figure 12 is
representative of this behavior., Motion of space charge
trapped in the liquid due to the expansion of Lhe cavi-
ty would give tise to a continuous current. Additionally,
whereas the amplitude of the latter pulses tends to grow
monotonically and appears to correlate with the size of
the cavity at a given instant, the first two pulses were
frequently o comparable amplitude. Indeed, PD were
observed that consisted of only a double-pulse structure.
$ingle current pulses were also detected; however, no ev-
idence of cavity growth could be seen in the associated
photographs.

The frame photographs may be used, for example, to
estimate the average rate of expansion of the cavity and,
therefore, the effective pressure within the cavity. Such
an estimate yields pressures on the order of 0.4 MPa [35].
The required pressure may be provided by electrical dis-
charges within the cavity and the subsequent heating of
the vapor within the cavity and the surrounding liquid,
and by electrostatic forces. The form of the cavity, how-
ever, suggests that the forces acting on the liquid are
highly directional, and thus thal the gas dynamic pres.
surc 1s of limiled importance. This cbservation may lend
support to the results of Watson and Chadband {34] who
argue that electrostatic forces play a predominant role in
driving the expansion of the cavity.
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5. SUMMARY

His paper has described three different PD measure-
Tmcnt techniques developed al NIST. The first s a
novel approach for obtaining information about the in-
herent memory eflects associated with the stochastic be-
havior of PD phenomena. 1t is shown that determinations
of Lhe correlations among successive discharge pulses can
provide valuable supplementary information about the
physical mechanisms of PD, and such information will
be quite useful for diagnostic purposes in practical ap-
plications. The second Lechnique concerns the detection
of PD along a cable and offers a method for assessing
the likelihood of a fault due to an incipient defect, such
as a breach of the insulation that would remain unde-
tected under normal operating conditions. The method
described here may be readily adapted to process man-
ufacture, to ensurc the gquality and reliability of critical
components, and to the assessment of complex electrical
systems in-situ.

With the third measurement technique described here,
highly resolved photographs of the initiation of PD in lig-
uids can be obtained. Such photographs show, for exam-
ple, tbat the discharge cavity growth at a negative point
in hexanes is nonisotropic, which suggests that electro-
static forces are of primary importance in driving its ex-
pansion. The onset of instabilities in the cavity wall is
suggested. The optical observations are correlated with
sirnultaneous fast electrical measurements of the PD cur-
rent pulses. The current pulses are seen to occur inter-
mittently during growth of the cavity and appear to be
correlated in amplitude with the size of the cavity.
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