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ABSTRACT

The aim of this paper is to give an overview on partial dis-
charges at dc voltage. A model is presented which describes
the stochastic discharge process. The model is experimentally
verified for internal discharges and for corona in air. In addi-
tion, the classification of discharge patterns is discussed. The
3-dimensional histogram describing the number of discharges
depending on the discharge magnitude and on the time to the
successive discharge is suggested to be used as a base for dis-
charge recognition at dc voltage. Experimental proof is pre-
sented to show the strength of this approach.

1. INTRODUCTION

HE destructive character of partial discharges (PD)
Tis well known. There is much knowledge about how
to detect and evaluate characteristic discharge parame-
ters at ac voltage. There is little published work on PD
measurement at dc voltage. The majority of the mea-
surements presented in the literature were carried out
on simple sample configurations [1-7]. A few researchers
report measurements on real industrial objects [8-12].
There is, however, a lack of knowledge in interpreting
the measured data.

The stochastic properties of PD phenomena were re-
viewed by Van Brunt [13]. He discussed the basic phys-
ical mechanisms of discharge initiation and growth, in-
cluding the stochastic behavior of corona in gases, and
discharges that occur in liquid media and in the presence
of solid dielectric interfaces.

PD in solid insulation (internal discharges) develop
within voids or cracks that contain gas, or along the sur-
faces at gas-solid interfaces. One of the first studies on
dc internal PD is reported by Roger and Skipper [14].
They calculated the discharge repetition rate assuming
the residual voltage across the discharging void V; after
discharge occurrence to be negligible compared to the ig-
nition voltage V; of a discharge. If the residual voltage
becomes larger, the discharge frequency increases. The
dissipated energy increases as well but does not exceed
twice the energy dissipated if ¥, = 0 [15]. Shihab (5]

proved experimentally that there is a direct relation be-
tween the discharge frequency and the conductivity of
the dielectric material. The study of the physical dis-
charge mechanism in voids led to the introduction of the
term ‘Townsend-like’ discharge and ‘streamer-like’ dis-
charge by Devins [1]. Based on experimental and theo-
retical investigations, Fromm and Morshuis [16] conclud-
ed that the discharge mechanism in small voids is mainly
Townsend-like.

In the following, the measurement of PD is discussed.
A model is presented which describes the stochastic dis-
charge process. The model is verified experimentally for
internal discharges and for corona in air. The classifica-
tion of discharge patterns is discussed in the last Section.

discharge measurement evaluation

@b Y

Figure 1.
Flowchart for the conventional discharge detection.

2. MEASUREMENT OF dc PD

PD are usually detected by integrating the displace-
ment current in the leads of the test object. The mea-
sured value is the discharge magnitude, expressed in units
of pC.

Three basic quantities (see Figure 1) can be measured:
the discharge magnitude g;, the time of discharge occur-
rence t;, and the instantaneous voltage across the test
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Table 1.
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List of symbols.

Emt'n

K. | kurtosis
Sk | skewness

tr | time lag
1L | mean time lag
tr | recovery time

minimal breakdown field strength
AE | excess field at discharge ignition

V; | ignition voltage across a void
V. | residual voltage across a void

q | discharge magnitude

¢ | phase angle of the discharge event

g; | discharge magnitude of the i-th discharge
t; | time of occurrence of the -th discharge
@i | phase angle of the :-th discharge event

tgr | mean recovery time
tri | the time lag of the i-th discharge
tr,i | the recovery time caused by the i-th discharge
At | time separation between consecutive discharges

Atpre | time to the previous discharge
Atpre | mean time to the previous discharge
Atyuc | time to the successive discharge
E,uc mean time to the successive discharge
Atyeesy | time between the i-th discharge and its predecessor
Atyye(iy | time between the i-th discharge and its successor
H(g, ) | number of discharges depending on g and ¢
H(g, Atsuc) | number of discharges depending on ¢ and At
H(q) | number of discharges depending on ¢
H(At,uc) | number of discharges depending on At,uc

RS

Field strength sm

Time
Figure 2.
The electric field strength at the discharge location.

object V(t;). These basic quantities are related to the
occurrence of a single discharge.

If the shape of the voltage applied to the test ob-
ject is known, the number of basic quantities can be re-
duced. At ac the voltage is given by V(t;) = V sin(wt;) =
V sin(g;). Usually the phase angle ; is recorded instead
of t; and V(). At dc the voltage is constant and the
number of basic quantities reduces to the discharge mag-
nitude g;, and the time of discharge occurrence ¢;.

The discharge phenomena have a stochastic nature, so

Field strength §“1

sz i
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fﬁ"fv '/ tmﬁ) Time
Figure 3.

The relationship between the time lag ¢, the re-

covery time tg and the time to the previous and

successive discharge.

that during the measurement a large set of basic quan-
tities can be recorded. One of the problems of measur-
ing PD is to reduce the large amount of basic quantities
to a few deduced quantities, sufficient for an evaluation
(Figure 1). At ac voltage most systems today measure
the H(q, y) histogram (number of discharges depending
on the discharge magnitude ¢ and on the phase angle
) or one of its derivatives. For dc voltage there is no
generally accepted standard yet. In the literature differ-
ent data displays are used. Among these are the time
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functions of the discharge frequency [5] and the apparent
discharge current [17], the distribution functions for the
discharge magnitude [4,5,18], time [2,19], conditioned
distributions [20], or the 3-dimensional H(gq, At,,.) dis-
tribution [21, 22].

Examples of other displays are the discharge frequency
as a function of the discharge magnitude [4,9,22] and the
discharge signal as recorded on a strip chard recorder {23].

In order to study all these possible deduced quantities,
a measurement system as described in [2] was used. The
basic quantities discharge magnitude ¢; and the time of
discharge occurrence t; were recorded in the memory of a
personal computer. Specially developed software enables
the on-line display of different deduced quantities.

3. THE TIME LAG/RECOVERY
MODEL

In order to cause a discharge, two conditions must be
fulfilled.

The electric field at the location where the discharge
starts, must exceed the minimal breakdown field strength
Emin ( Figure 2), and a starting electron must be present.
Waiting for this electron results in a time lag ¢z of the
discharge ignition. Duringtz, the field increases to a value
above the minimal field, so that the discharge ignites
at an excess field AE (Figure 2). The field increase in
Figures 2 and 3 is simplified to be linear, whereas it must
be assumed to be nonlinear in general. However, for the
proposed model the time dependence of the field increase
is not important.

The occurrence of PD causes accumulation of charge
near the discharge location. This leads to a drop of the
local field strength below the minimal breakdown field
strength E,,in, so that the discharge extinguishes. In
order to reach again the minimal breakdown field the re-
covery time tg is required (Figure 2). The model is based
on the assumption that time lag tr, the discharge mag-
nitude ¢ and the recovery time tg are mutually related.

g = fi(tr) (1)

tr = f1(q)

tr = fa(q) @
In order to make statistical considerations the following
symbols are used. The discharge occurring at ¢; has a
time lag £ ; and affects the recovery time t5; (Figure 3).
The predecessor of the discharge at t; occurred at Lpre(i)s
the successor occurs at t,u.(;). The time between the

discharge at ¢; and its predecessor is At,,.(;). The time
between the discharge at ¢; and its successor is Aty e(s)-

Further it is assumed that the discharge magnitude
does not depend on the previous discharge as will be
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verified in the experimental Section. The independence
means that a discharge does not ‘remember’ the mag-
nitude of the previous discharge and does not influence
the magnitude of the successive discharge. Therefore the
mean time lag of the successors of n arbitrarily chosen

elements of a set of discharges is equal to the mean time
lag of all discharges.

1o —
; ZtL,suc(i) =tL (3)
j=1

Similarly, the mean recovery time of the predecessor of n
arbitrarily chosen elements of a set of discharges is equal
to the mean recovery time of all discharges.

1 ¢ _
'7: Ztﬂ,pre(i) =1R (4)
i=1

The time to the previous discharge is the sum of the time
lag (which determines the discharge magnitude) and the
recovery time of the previous discharge (Figure 3).

Atpre(i) = tRpre(i) T 2L, (5)

Similarly, the time to the successive discharge is the sum
of the recovery time and the time lag of the successive
discharge.

At:uc(i) =tRr:i+ tL,Juc(i) (6)
Let us consider n discharges. From Equation (5) the
mean time to the previous discharge is
n

—_— 1
Atpre = -T_L- Z(tR,pre(i) + tL,i) (7)
j=1

Let us further assume that all n (not necessary consec-
utive) discharges are of the same discharge magnitude
¢; = q. Then Equation (1) leads to t;; = tz(g), so that
Equation (7) can be rewritten as

— R
Atpfl(q) = tL(q) + _T; Z(tR,Pre(i) (8)
j=1

As mentioned above, the successive discharges are not
correlated, so that the predecessors (with the recovery
time tp,pre(i)) Of the discharges of the magnitude g; can
be assumed as arbitrary chosen. Then Equation (4) and
(8) lead to

Atyre(q) = tr(q) +2r (9)
The time to the successor is, analogously,

Atyuc(q) =tr(g) +1z

Consequently, the model predicts a mean time interval
between discharges that is different for previous and suc-
cessive discharges for a fixed magnitude gq.

(10)
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Results for the discharge measurements. (a), (b), (c) negative needle at Vo = 6.5 kV; (d), (e), (f)
positive needle at V; = 8 kV. Discharge magnitude histogram: (a), (d). Mean discharge magnitude
as function of the discharge magnitude: (b), (¢) Mean time to the previous discharge EP,., and mean
time to the successive discharge At,y. as function of the discharge magnitude: (c), (f).

In order to verify the model, the measured discharge
data set is divided into subsets with a constant discharge
magnitude. The mean time to the successor and to the
predecessor can be evaluated for each discharge magni-
tude. The calculated values are plotted in a ¢ — Atyuc
diagram and a ¢ — At,,. diagram. If the two diagrams
show a continuous relation between the discharge magni-
tude and the mean time to the successor, and a continu-
ous relation between discharge magnitude and the mean

time to the predecessor, the model as developed above is
realistic.

4. EXPERIMENTAL
4.1. CORONA DISCHARGES

Corona discharges were generated in front of a needle
electrode. The distance between the HV needle and the
ground electrode is very large (> 0.5 m) compared to
the needle radius (= 40 pm). The statistical behavior



IEEE Transactions on Dielectrics and Electrical Insulation

is discussed for negative corona measured at 6.5 kV and
for positive corona measured at 8 kV, which is 15 to
20% above inception voltage. The distributions of the
discharge magnitude for negative and positive corona are
shown in Figures 4(a) and (d) respectively.

The average magnitude of the successive discharge as
a function of the discharge magnitude for negative and
positive corona is shown in Figures 4 (b) and (e) respec-
tively. The average magnitude of the successive discharge
does not depend on the discharge magnitude which sup-
ports one of the assumptions of the time lag/recovery
model. The average time to the predecessor Z_t-p,., and
to the successor At,,, . as a function of the discharge mag-
nitude are shown for negative corona in Figure 4(c) and
for positive corona in Figure 4(f).
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Discharge magnitude [pC]
Figure 5.

The density function of the discharge magnitude
(internal discharges, test voltage 20 kV, sensitiv-
ity 1.5 pC).

4.1.1. NEGATIVE CORONA

Equation (9) and Figure 4(c) lead to the conclusion
that an enlarged discharge magnitude is caused by an
prolonged time lag. Such behavior is expected, because a
prolonged time lag leads to a discharge ignition at higher
field strength which in its turn causes a larger discharge
magnitude, because more space charge is required to ex-
tinguish the discharge process.

Equation (10) and Figure 4(c) lead to the conclusion
that an enlarged discharge magnitude causes a shorter
recovery time. Such a behavior can be explained as fol-
lows. The dependence of the recovery time tg on ¢ is
determined by two competing effects.

First, the field reduction as a result of ion space charge
generated by the previous discharge. In course of time
the space charge disappears, again causing an increase of
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the field strength. A larger discharge magnitude is ac-
companied by a larger space charge, so that the recovery
time tg (necessary to reach again the minimal breakdown
field strength E,n) will increase.

Second, the ionization coefficient is enhanced in the
gas volume where the next discharge develops, caused
by the metastable species generated by the previous dis-
charge [13]. The enhanced ionization coefficient causes
a decrease of the minimum breakdown field strength, so
that a smaller recovery time is required in order to reach
again the minimum breakdown field strength.

The second effect obviously dominates the measured
data and leads to a decreased recovery time tg for an in-
creased discharge magnitude. This behavior is in agree-
ment with the results reported by Van Brunt [13].

4.1.2. POSITIVE CORONA

For positive corona the picture is not as clear as for
negative corona. Two regions can be distinguished: Re-
gion 1 for discharges < 44 pC and region 2 for discharges
> 44 pC (see Figure 4(f)).

In region 2 the mean time to the previous discharge
Z?,,,., increases for an increased magnitﬂe whereas the
mean time to the successive discharge At,,. decreases.
The explanation might be similar to that for negative
corona. The dependence of the recovery time tg on g is
determined by the two competing effects (field reduction,
and enhancement of the ionization coefficient). The sec-
ond effect obviously dominates within region 2 and leads
to the decreased At,. for an increased discharge magni-
tude.

4 - --';'r.'n'-“'..-

0 4 8 12 16 20
Discharge magnitude [pC]

Figure 6.
The mean magnitude of the successor as a func-
tion of the discharge magnitude (internal dis-
charges, test voltage 20 kV, sensitivity 1.5 pC).

In region 1 the time to the previous discharég _A—t,,,.e
and the mean time to the successive discharge At,, are
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no function of the discharge magnitude (Figure 4(f)). To-
gether with the Equation (9) and (10) two conclusions are
drawn.

First, the recovery time tg is no function of the dis-
charge magnitude g. Such behavior can be explained by
the compensation of the same two competing effects (as
in negative corona).

Second, the time lag t; does not determine the dis-
charge magnitude g. In order explain this, more investi-
gations are required.
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Figure 7.

The time to the previous discharge as a function
of the discharge magnitude (internal discharges,
test voltage 20 kV, sensitivity 1.5 pC).
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Figure 8.
The time to the successive discharge as a function

of the discharge magnitude (internal discharges,
test voltage 20 kV, sensitivity 1.5 pC).

4.2. INTERNAL PD

As reported in [22,24] the proposed time lag/recovery
model can be used for the description of internal PD as
well, if the whole void is discharging. This is almost

Fromm: Partial Discharges at dc Voltages

true for Townsend-like discharges {25]. The measure-
ments were made on sandwich-type samples (3 polyeth-
ylene foils, each 0.1 mm thick; the middle foil has a 6
mm diameter hole).

The measured density function of the discharge mag-
nitude at 20 kV is shown in Figure 5. In agreement with
the results of other workers, [1,5] the density is maximal
for the smallest measured discharges.

The average magnitude of the successive discharge as a
function of the discharge magnitude is shown in Figure 6.
The average magnitude of the successive discharge does
not depend on the discharge magnitude which supports
one of the assumptions, the time lag/recovery model is
based on.

The mean times to the predecessor and successor at
different discharge magnitudes are shown in Figures 7
and 8, respectively. If one assumes that {;, — 0 and
tgr — 0 for ¢ — 0 then with the Equation (9) and (10)
the mean time lag and the mean recovery time can be
determined by extrapolation

Btpre(g=0) = Tx (11)

Esuc(q = 0) = g (12)

For small discharge magnitudes, there is an almost lin-
ear relationship between gq, E,uc(q) and Ep”(q). Us-
ing linear extrapolation, the values At,,.(g = 0) and
Zzp,.e(q = 0) can be determined (Figures 7 and 8). The
mean time lag and the mean recovery time are obtained
to be tg ~ 50 ms, and t; ~ 45 ms. Further the relations
tr = fi(q) and t, = f2(q) [ms/pC] can be reconstructed
to be (see Figures 7 and 8)

tr = f1(q) = 2¢

q= ff(t[,) ~ 0.5 (13)

tr = fa(q) ~ 4q

For large discharge magnitudes in Figures 6, 7 and 8, a
rather large scatter is observed. The reasons therefore
might be as follows.

(14)

1. The small density for large discharge magnitude leads
to a small number of events per charge interval (Fig-
ure 5). The calculation of a mean value of a few events
only leads to a larger scatter.

2. Time-resolved measurements have shown that stream-
er-like discharges have a larger magnitude than Town-
send-like discharges [1,24]. The model is based on
discharging of the complete void surface, which is ap-
proximately true for Townsend-like discharges, but not
for streamer-like ones [25].
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Figure 9.
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The ac discharge process: (a) time function with
discharge magnitude g; and phase angle ¢ as
basic quantities; (b) the H(q, ) distribution as
characteristic discharge function (corona in oil
measured with a conventional detector [37]).

The measured discharge repetition is much larger than
that reported for practical test objects [8]. The residu-
al voltage after discharge occurrence for Townsend-like
discharges is very close to the ignition voltage [25]. This
causes a small recovery time leading to the measured
large discharge repetition. In the reported practical cas-
es the low measured repetition rate may have been caused
by the fact that the Townsend-like discharges (which
have a very small magnitude) have not been registered
or that only streamer-like discharges did occur.

5. CLASSIFICATION OF dc PD

The time lag/recovery model was developed to de-
scribe the discharge behavior of defects with a single dis-
charge site. It can be used to study discharge properties
based on statistical measurements. However, for practi-
cal classification purposes it should not be used, because
its applicability is restricted to a few special cases.

For the classification of PD a more general approach is
made. The main principle of discharge diagnostics is the
following. PD occurring in the test object is measured
and a ‘finger print’ can be derived for the defect generat-
ing the discharges. By comparing the finger print of an
unknown defect with the finger prints of known defects,
the unknown defect may be recognized.

5.1. ac DISCHARGE DIAGNOSTICS

The recognition and classification of PD has first been
developed at ac voltage [26]. For each single discharge the
discharge magnitude g and the phase angle ¢ can be mea-
sured. These quantities are named ‘basic quantities’. As
has been mentioned above, a finger print for the discharg-
ing defect is derived out of the measured basic quantities.
In the beginning the discharge pulses where displayed su-
perimposed on the cycle of the test voltage. The optical
image was used as finger print [26]. An expert was re-
quired to relate the finger prints (characteristic discharge
patterns) to certain types of defects. The availability of
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computers and the development of classification proce-
dures made automated discharge classification and recog-
nition possible. Therefore characteristic parameters are
calculated from the measured data. These characteristic
parameters, the finger print, are stored in a data bank.
By comparing the characteristic parameters of an un-
known defect with the parameters in the data bank the
recognition of the unknown defect may be possible. For
ac the following approaches are known to the author.

One group of classification procedures is based on 2-
dimensional histograms, for instance the phase angle his-
togram or the discharge magnitude histogram. Charac-
teristic parameters for instance skewness and kurtosis are
used [27-29] to describe the shape of the measured distri-
butions. These characteristic parameters can be stored
in a data base. The classification is made by compar-
ing the measured characteristic parameters with those
stored in the data base. In order to compare the charac-
teristic parameters, different mathematical procedures,
for instance neural networks [28,29] or the centour score
method [30,31] are reported.

Another group of classification procedures is based on
the 3-dimensional discharge magnitude-phase histogram
H(q,p). Characteristic parameters are used to describe
the histogram H(g, ). For instance the surface of the
H(q, ) histogram was described with fractal features
such as fractal dimension and lacunarity [32]. The fractal
dimension can be used as a measure of the surface rough-
ness and the lacunarity is used as a measure of the dense-
ness of a fractal surface [33,34]. These fractal features
were further used as characteristic parameters. Another
approach is reported in [35,36], where the 3-dimensional
discharge magnitude-phase histogram H (g, ¢) is directly
used as a set of characteristic parameter. The classifica-
tion is made by neural networks 35, 36].

Qv
N 4
L 1 " ll 20 @ w9
4 ar time ylpq‘m ap l%“,a
-
(@) (b)  H(g 4z,
Figure 10.

The dc discharge process: (a) time function with
discharge magnitude ¢; and time of occurrence ¢;
as basic quantities; (b) the H(q, At,uc) distribu-
tion as characteristic discharge function {corona
in oil).

All the 2-dimensional distributions used in the first
group can be derived from the 3-dimensional discharge
magnitude-phase histogram H(g, p). Therefore it can be
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Figure 11.

H(gq, Atsuc) histogram for corona in oil at 70 kV
(needle radius 35 pm).

stated that for ac, most of the known characteristic pa-
rameters can be derived from the 3-dimensional discharge
magnitude-phase histogram H(g, ¢), see Figure 9.

5.2. dc DISCHARGE DIAGNOSTICS

At dc, no approach to classify and recognize discharge
defects is known to the author. The basic quantities
which can be measured for each single discharge are the
discharge magnitude g; and the time of occurrence i;.

If for ac all known classification procedures can be
based on the 3-dimensional discharge magnitude-phase
histogram H(q, ¢), then the classification for dc should
be based on a 3-dimensional distribution as well. This
distribution must contain the discharge magnitude as one
parameter and an additional time parameter (similar to
the phase ¢ has been used for ac). The author sug-
gests the use of the H(g, At,y.) histogram as a base for
classification and recognition procedures at dc voltage
(see Figure 10). Because of the mathematical similarity
of H(g, ) and H(g, At,yc), all knowledge gained for ac
discharge pattern recognition (based on H(g, ¢)) can be
applied for the recognition of PD pattern at dc voltage
based on H(gq, Atsyc).

In [22] the 3-dimensional H(q, At,y.) histogram has
been found to be characteristic for specific types of dis-
charges (see Figures 11 to 13). That means that dc dis-
charge classification and recognition should be possible.
Based on the H(g, At,y.) histograms an expert could vis-
ibly recognize some defects. For instance, for corona in
air a very narrow peak is characteristic (Figure 12). For
internal discharges (Figures 13) the maximum density is
registered for the smallest measured discharges.

In order to automate, the classification must be based
on a set of characteristic parameters. Automated classi-
fication is made by comparing the characteristic param-
eters of known defects with those of unknown defects.
Similar to the ac case, there are the following possibili-
ties.
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H(q, Atsuc) histogram for corona in air at 8 kV
(needle radius 40 um).
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H(q, Atsuc) histogram for internal discharges in
polyethylene (sample height 0.6 mm, void diam-
eter 10 mm, void height 0.2 mm).

The 3-dimensional H(q, At,,,.) histogram could be used
as a set of characteristic parameters and stored in a data-
base. For the classification neural networks could be used
as is reported for ac in [35,36]. Fractal features could be
used as characteristic parameters to describe the surface
of the 3-dimensional H(g, At,y.) histogram as reported
in [21].

Some 2-dimensional histograms such as discharge mag-
nitude histogram H(q) or the time separation histogram
H(At,y.) can be derived from the H(q, At,.) histogram.
Skewness S; and kurtosis K, could be used as char-
acteristic parameters to describe the shape of these 2-
dimensional histograms as reported for ac in [27-29]. The
differences in the 3-dimensional histogram (Figures 11 to
13) lead to differences in the derived 2-dimensional his-
tograms as well (Figures 14 to 16). The classification
and recognition should not just be based on a single 2-
dimensional histogram. For instance, the values of K,
and S of the magnitude histogram for corona in air (Fig-
ure 14(a)) and corona in oil (Figure 15(a)) do not differ
very much. But there are clear differences of the S and
K, values.for the time separation histogram of both de-



IEEE Transactions on Dielectrics and Electrical Insulation

fects Figures 14 (b) and 15 (b). The presence of a ripple
on the dc test voltage can affect the distribution of the
time separation [2] (Figure 16) which can influence the

result of recognition.
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Figure 14.

(a) The discharge magnitude histogram H(g) and
(b) the time separation histogram H(At) for
corona in air (Vo =T kV).
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Figure 15.

(a) The discharge magnitude histogram (b) and
the time separation histogram H(At) for corona
in oil (Vo = 70 kV).
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Figure 16.

(a) Histogram of the discharge magnitude (b)
and of the discharge separations for internal dis-
charges (hs = 0.3 mm, hy = 0.1 mm, dy = 6
mm, Vo = 20 kV). The oscillation in (b) is caused
by an ac ripple on the dc test voltage [2].

6. CONCLUSIONS

1. An overview on dc PD is given.

2. The time lag/recovery model was developed to de-
scribe the discharge behavior of defects with a single dis-
charge site. It can be used to study physical discharge
properties based on statistical measurements. It has been
shown to be applicable for corona discharges in air and

for internal partial discharges.

3. The classification of partial discharges at dc is sug-

gested to be based on the 3-dimensional histogram
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H(g, Atyyc). All classification methods developed for ac.
may be used at dc as well if the classification is based on
the H(q, Atsy.) distribution.
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