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ABSTRACT Urban power transmission and distribution rely on safe operation of vast network of power
cables. Majority cable insulation defects can result in partial discharge (PD), which is therefore a degradation
mechanism as well as a good indicator of cable insulation condition. Previously published PD models,
however, failed to help quantitatively evaluate the insulation condition, or they fail to help differentiate those
in between the conditions which are safe to operate from those which may need urgent testing or inspection.
PD mechanisms in power cables are reviewed first in this paper. Then a novel model which is based on F
distribution is proposed aiming to classify the PD activities which may be associated with different level
of degradation. This is based on previous reports that PD activities manifests differently when the levels
of degradation of the defect site(s) progress. After that, the features and effects of the model are presented
with a case study, and the model is verified by analyzing the waveform similarities. Finally, the nature of
the model is compared with the abc-model and the dipole model, demonstrating that proposed model can
uniquely recognize the three stages of PD defect development.

INDEX TERMS Cable insulation, condition monitoring, partial discharges, abc-model, dipole model.

I. INTRODUCTION

Electric power transmission and distribution rely on vast net-
works of high voltage (HV) and medium voltage (MV) cables
for power delivery [1]. Power cables are subject to electri-
cal, thermal, mechanical, and environmental stresses, which
result in insulation degradation or defects constantly when
in service. In condition monitoring, partial discharge (PD)
measurement has been used extensively to assess the condi-
tion of insulating material. Through modeling the discharge
process, a better understanding of the PD phenomena and the
mechanism may be attained to guide the maintenance and
repair of the cable assets [2].

PD events in dielectric materials can be regarded as a
process in which energy bursts out in the form of pulses.
A discharge source can be considered as containing an elec-
tromagnetic wave source and an ultrasonic wave source. The
characteristics of PD events are related to the applied voltage,
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load current, and ambient temperature of the cable insulation.
In practical measurements, very good conditions or very
poor conditions of cable insulation are easily determined
by several indicators of PD events, while the assessment of
intermediate states between the two extreme conditions is
difficult [3]-[5]. Previously published PD methods can be
divided into three categories:

a) Phase resolved analysis method [6]. This method relies
on the phase relationship between PD signals and the test
voltage signals that are quantified as the discharge magni-
tude g, the phase angle ¢ (or discharge time), and the dis-
charge density n, acquired over selected time intervals. The
prevalent PD measurement methods, phase-resolved partial
discharge (PRPD) map and ¢ — ¢ — n map analysis, were
based on this principle and mainly used in offline testing.

b) Time domain analysis method [7]. This type of method
mainly displays the real discharge waveform with respect to
the magnitude g and time ¢, which is more intuitive than the
phase analysis method due to the correlation of the defect
characteristics and the shape of the PD signal waveform.
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c) Defect analysis method [8], [9]. This kind of method
mainly focuses on the relationship between the PD charges
and the test voltage. The abc-model [8], based on classical
circuit theory, can only explain the PD process qualitatively.
The apparent discharge amount in the model is much smaller
than the amount of actual discharge. The dipole model is
based on the electromagnetic field principle and obeys the gas
discharge theory. The PD discharge magnitude in the dipole
model [9] is equal to the amount of apparent discharge, and
the quantitative relationship between the PD magnitude and
the inception voltage can be deduced. However, interpretation
of the results was reportedly limited by the defect location and
cable size.

The above-described models only considered the rela-
tionship between PD events and discharge-inducing factors
(various defects). They all ignored the process of discharge
initiation and development. Consequently, the proposed PD
methods may only indicate whether the condition of a cable
insulation is good, operable or not, while the conditions
between the two extreme conditions remain impossible to
evaluate. In this paper, the characteristics of electric cur-
rent associated with the PD process are summarized and
analyzed, and a stage model of the PD current based on
F distribution is proposed. The model can identify the
three stages of PD development based on the current wave-
form, thereby helping to diagnose the degree of insulation
defects.

Il. PD MECHANISMS IN POWER CABLES

PD events can occur in gaseous, liquid, and solid insulating
materials. According to the IEC 60270 standard [10], PD
is a partial dielectric breakdown of the insulating material
between two conductors. A prerequisite of the PD process
in an insulation cavity is the initial free electrons. Usually
generated near the cathode, the electrons help excite the
electron avalanche while propagating to the anode and induce
the discharge. When a PD event occurs in a cavity, which
is regarded as a short gap, there are various forms of gap
discharges. A discharge in a short gap is essentially Townsend
discharge, if it requires free electrons emitted by the cathode
to maintain the discharge [11]. Rapid discharge with the
characteristics of fast rise time and large discharge magni-
tude was deemed as streamer discharge in several references.
However, this view only considered the similarity of this kind
of spark discharge and long gap streamer discharge, while
their principles are different. Streamer discharge, in contrast
to Townsend discharge, is associated with the photoionization
process in the air gap and does not need the cathode to emit
free electrons [12].

There is a minimum breakdown voltage V,4schen, Which is
known as the PD inception voltage (PDIV), in the process
from the generation of initial free electrons to the occurrence
of PD in an insulation defect. The PDIV is related to the
type, composition, temperature, and pressure of the gas in
the defect cavity. Reference [13] presented the Paschen curve
of gaps of different sizes, and provided the breakdown field
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FIGURE 1. Schematic diagram of the PD mechanism in cable insulation.

strength of the air gap required under certain pressure and
size.
The breakdown voltage of a certain volume of gas can be
expressed by Paschen’s law, as in (1):
a-p-d

1% LAY i 1
Paschen b+ 1[1([) - d) ( )

where d represents the diameter of the air gap, p represents
the pressure of the gas, a and b are constants depending on
the gas type.

PD is a rapid, transient process, which is the result
of dipoles created by charge carriers of opposite polarity
deposited on the internal surface of an insulating cavity [14],
as in Figure 1. These charges generate an electrostatic Pois-
son field. The polarity of the electric field is opposite to
the polarity of the Laplace field generated by the applied
voltage. The ionization of the gas molecules in the cavity
quenches suddenly, and the process may only last a few
nanoseconds [15].

Taking the number of n; neutral particles as an example,
PD occurs when the number of ionized neutral gas particles
exceeds a critical value. In the process, each neutral particle
releases a single electron and a positive ion. The energy
required for the displacement of the electron to the cavity
wall by the electric field Coulomb force is given as in (2)
[15], where E; is the field strength corresponding to PDIV.
According to the principle of potential energy doing work,
W; can also be expressed in (3). Therefore, the amount of PD
charges can be obtained from the PDIV and the corresponding
field strength, as in (4). Where my is the dipole moment
generated by the dipole, e is the charge of the electron, and
d. is the diameter of the cavity.

Wi=mn;-e-E;-d; )
Wi=gqc-Vi 3)
E; E;
qc=n,~-e-dc-7;=md-7; @

When a PD event occurs in a cavity with a distance r, from
the center, as in Figure 2, the relationship between the PD
inception field strength and the corresponding applied PDIV
is given in (5). Where k. is the electric field enhancement
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FIGURE 2. Schematic diagram of partial discharge in a hollow cavity of a
coaxial insulator.

coefficient, which can be obtained from (6). For a piece of
cross-linked polyethylene (XLPE) insulating material with a
relative dielectric constant of 2.3, the value of k. is 1.23.

E; 1
— =k — 5)
Vi re - In(rg/ri)
3e,
ke = 6
*= Troe (6)

lIl. PD DEVELOPMENT PROCESS IN POWER CABLES

A large number of research results on PD mechanism anal-
ysis, testing, modeling and simulation have been published,
and PD measurements have also been used as condition indi-
cators in many standards [3], [4], [9], [17]. The assessment
of the criticality of PD defect site(s) are still inconclusive
though. There have been no mathematical models represent-
ing the discharge process using gas discharge theory, and
with the plasma theory the parameters of gas reaction that the
model required cannot be easily obtained. By studying the
vast amount of published PD research results, in this paper
it is summarized that the PD development process in the
insulation of power cables may be divided into three stages
as in Figure 3.

Since a prerequisite of the PD process in an insulation
cavity is the initial free electrons generated near the cathode.
The initiation and progress to solid insulation breakdowns
regarded as mainly including the following five main stages
in this paper: A) directional movement of electrons; B) poly-
mer oxidation or ion impact degradation; C) pitting corrosion;
D) tree growth; and E) breakdown. The process of tree growth
is not considered in this paper due to its short duration from
growth to breakdown. Rather the paper will focus on whether
the directional movement of electrons can be self-sustained.
The first three of the five main stages (Stage A, B, and C)
are the research objects of the paper. In Stage A, the PD
activity will disappear immediately if the degree of insulation
degradation is insignificant so that the directional movement
of the electrons cannot self-sustained. Several international
standards [3], [4], [9], [17] used parameters to define the
standard waveform of PD pulses, as shown in Figure 4.
PD activities in Stage A, characterized by a steep wave front
and short duration, was also commonly regarded as a single
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FIGURE 3. Schematic diagram of the cable partial discharge in stages
with indication of the three main stages.
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FIGURE 4. The typical waveform of the partial discharge in Stage A.

PD pulse. For a given discharge gap, the magnitude of a single
discharge is approximately constant.

Highly oxidized products are produced during discharges:
0O, O3, and 03, if oxygen is involved in the reaction. Hydro-
gen, carbon monoxide, methane, and carbon dioxide are
produced due to chemical reactions in the gas phase, and
these products can react with polymer-free radicals to form
acids. These acids are conductive, and it is speculated that
they reduce the voltage across the void and help quench
the discharge [20], [21]. The initially air-filled voids could
be uniformly oxidized within a layer of several picometers
thickness [22]. The bombardment of nitrogen ions will further
aggravate the deterioration of the insulation when all the
oxygen is consumed, then the discharge enters into Stage B.
A typical waveform of this stage is shown in Figure 5.

The discharge process in Stage B is longer than Stage A,
and the formation of the discharge is a slow process. The
rise time of pulses in Stage B can be hundreds of times of
that in Stage A. Contrary to the streamer-like pulse discharge
in Stage A, the magnitude distribution of Townsend-like
discharges in Stage B is wider. The discharge process in
Stage B may be accompanied by the formation of oxalic
acid crystals [9], [23], which tend to grow with continued
discharge activity which then leads to Stage C.
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FIGURE 5. The typical waveform of the partial discharge in Stage B.
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FIGURE 6. The typical waveform of the partial discharge in Stage C.

PD activities in Stage C may be characterized by a small
pulse height, high repetition rate, and up to several discharges
per microsecond [24]. The rise time of the discharge in
Stage C is comparable to that of in Stage A, but the decay
time is much longer, as in Figure 6. Discharges in Stage C
lead to localized micro ablation of the dielectric.

IV. A F DISTRIBUTION BASED MODEL FOR
CLASSIFICATION OF 3 STAGES

OF PD ACTIVITIES

In order to unify the current characteristics of the above three
stages in one model, the F distribution is proposed to fit their
waveforms. The F distribution is the sampling distribution of
the ratio of two independent random variables that obey the
chi-square distribution divided by their degrees of freedom.
Let X = x%(n1), Y = x*(n2), X and Y are independent
of each other. Then F = (X /n1)/ (Y /n1) is said to obey the
degrees of freedom n| and n, of the F' distribution, denoted as
F(ny, n2). The probability density function of the F distribu-
tion is provided in (7). The PD waveform of Stage A has many
similarities with the F distribution. First of all, the PD current
in Stage A can be written in the mathematical form of F
distribution, for example, the discharge current waveform i(z)
obeys the F distribution with degrees of freedom of 12 and 6,
ie. i(t) = F (12,6). In terms of the physical mechanism,
the PD current in Stage A has the equation of the electron
motion formed from the first electron directional motion, and
can be regarded as a combination of multiple normal random
variables (electrons) as well. Stage B and Stage C can be
regarded as the superposition of multiple Stage A, the specific
waveform depends on the way and amount of superposition.
The development of a PD process means the increase the
number of discharges and change in the discharge waveforms,
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TABLE 1. Comparison of the PD in Stage A and F distribution.

The PD in Stage A F distribution
Electronic Random variable X
Current Probability density function (PDF)

Discharge magnitude Cumulative distribution function (CDF)

Four parameters: ¢,, t4, t,, In Two parameters ny, n,

which also correspond to the increase of the freedom degree
in the F distribution. Specifically, the comparison of a PD in
Stage A and the F distribution is demonstrated in Table 1,
the comparison of PD in each of the three stages is given in

Table 2.
ny
r nitng\ (nr\ 2 L3
2 n

f(x,n,m) = n "y nix wme x>0

r (—) F(—) 1+

2 2 n
0 ,x<0
@)

For PD activities in Stage A, as in Table 1, the integral
of the current over time is the discharge magnitude, which
is a fixed value P. with assumption of no change in size
of defect site(s). For the F distribution, the integral of the
probability density function over the chosen variable is the
distribution function, and the whole integral value is 1. For
the PD in Stage A, the current is assumed to be due to electron
movement, the charge of a single electron is constant, and the
integral of the current over time is the discharge magnitude.

The waveform of the PD in each of the three stages has
its unique characteristics, as presented in Table 2. The main
feature of the waveform in Stage A is that it appears in the
form of a single pulse, and one F distribution function can fit
the waveform. The waveform in Stage B presents the form
of multiple discharge superposition, which is formed by the
N (N >>1) number superposition of F distribution functions.
The waveform in Stage C is in the form of several (N > 1)
single pulses reversed along the y axis.

V. CASE STUDY AND MODEL COMPARISON

A. CASE STUDY

The structure and size parameters of a medium-voltage
single-core XLPE cable selected in the case study of this
article are listed in Table 3 and Figure 7, respectively. The
defect location and size parameters involved in the calculation
are listed in Table 4.

From the Paschen curve of air, a can be taken as
365 (V-cm™!-Torr~!) and b as 1.18 (cm™!-Torr™!) in a dry
environment at room temperature. The result is shown in
Figure 8. At 0.836 Torr-cm, the minimum breakdown volt-
age across the gap, assuming air as the content in the gap,
is 305.3 V.
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TABLE 2. Comparison of PD in the three stages.

TABLE 4. Parameters of XLPE cable defect and material.

The superposition

Features of the number N of F

Three stages of

PD waveform distribution
Stage A Single pulse N=1
Stage B Multiple discharge N>>1
Stage C Reverse pulse N>1

Defect

Core conductor
Inner semiconductor

XLPE

Outer semiconductor

Metallic sheath

Outer jacket

FIGURE 7. Construction of single-core XLPE cable.

TABLE 3. Parameters of XLPE cable.

Core material Copper (Cu)
Insulation material XLPE
Protective layer material Copper (Cu)
External insulation material Polyvinyl chloride (PVC)
Cable core wire cross-sectional area 500 mm?
Insulation thickness 8 mm
Protective layer thickness 0.1 mm
Total diameter 40 mm

In the case of considering the development of discharge
process, the discharge current is the derivative of the dis-
charge magnitude and is also a function of time. In this paper,
electrons are mainly assumed as carriers, and the distribution
of electrons in insulation defects is used to simulate each
discharge stage (Stage A, Stage B, and Stage C), and the
corresponding current waveforms are calculated based on the
above models. As shown in Figure 7, the two-dimensional
cross-section of the defect is a circle with a diameter of
0.1 mm, and the center of the defect circle is 14.32 mm away
from the core conductor. The defect is directly subjected to a
direct current stress, and the corresponding cathode becomes
the course of electron emission, which corresponds to the
lower half of the defect in the simulation.

In the simulation with the determined structure and given
voltage level of the cable, the electrical stress in the defect is
relatively fixed, and the time of the partial discharge process
is very short relative to the duration it takes for the macro-
scopic electrical stress to change. Therefore, the change of the
macroscopic electrical stress can be ignored. According to the
gas discharge theory, the discharge process of the tiny air gap
mainly corresponds to the directional movement of carriers.
In the case the typical current waveform in the discharge
stage is basically determined, the electron distributions of the
defect in each stage can be simulated by using the current
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Insulation outer radius 7,=20.62 mm
The inner radius of the insulation r;=12.62 mm
Defect location r.=14.32 mm
Defect diameter d.=0.1 mm
XLPE relative permittivity £ =23
The critical value of the ionization number of _1n8
gas molecules =10
Reference temperature 20°C
Loading 100 %
350 ¢
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FIGURE 8. Paschen curve in dry air at room temperature.

waveform in the model. In this example, for the PDs in
stage A, it is assumed that only one pulse is induced each
time. Compared with the power frequency cycle, the duration
of a single partial discharge is very short compared with
the duration between PD pulses, so it can be assumed that
the electrical stress on the defect does not change with time
during the discharge. The discharge current in Stage A obeys
the F distribution with 12 and 6 degrees of freedom, the
electron distribution corresponding to the formation of stable
discharge is shown in Fig. 9(a), and the discharge current i(¢)
is F(12,6), as in Figure 9(b), where the x axis corresponds
to the time, in ns, and the y axis corresponds to the current i,
in mA.

The main process of discharges in Stage B is only polymer
oxidation/ion shock degradation. In this example, stage B was
composed of 64 discharge pulses superimposed. The electron
distribution in the defect is shown in Fig. 10(a), and the
discharge current is shown in Fig. 10(b). Due to the large
number of discharges set by the simulation, relatively the
peak of the waveform or the flat area in the middle of the
waveform is longer.

Stage C is the stage where the discharge is more unsta-
ble, the physical process is pitting, tree growth is about to
occur. The discharge waveform in Stage C also has its unique
characteristics. Its reverse waveform in y-axis is similar to the
current pulse of PDs in Stage A. The electron distribution in
this stage is shown in Fig. 11(a), and the discharge current is
shown in Fig. 11(b).

In waveform identification, the discharge stages can be
distinguished first. If the waveform is in the form of a single
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FIGURE 9. (a) The electron distribution at Stage A. (b) The simulation
curve of PD current at Stage A.

pulse, use the F distribution function to fit the current wave-
form to obtain the fitting function F{(n1, ny) and confidence
of the waveform. If the confidence level is high, the obtained
current is considered to be the partial discharge current in
Stage A. If the waveform envelope of the waveform in the
analysis interval is always at a position greater than 0, and
the fitting function conforms to the superposition feature of
multiple F distributions, the obtained current is considered to
be the partial discharge current in Stage B. If the reverse of
the y-axis of the waveform has the form of a single pulse, use
the F distribution function to fit the current waveform (the
reverse of the y-axis) to obtain the fitting function F3(n3, ns)
and confidence of the waveform. If the confidence level is
high, the obtained current wave is considered to be the partial
discharge current in Stage C.

B. MODEL VALIDATION

As mentioned in section III, the typical waveforms of the par-
tial discharges in the three stages were presented in Fig. 4~6,
which have been directly or indirectly validated in previous
studies [3], [4], [9], [17], [20]-[24]. Therefore, the valida-
tion of the model is realized by comparing the waveform
similarity of the three stages. Firstly, the key characteristics
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FIGURE 10. (a) The electron distribution at Stage B. (b) The simulation
curve of PD current at Stage B.

of the waveforms of each stage needs to be compared. The
waveform of Stage A is mainly a single pulse, the waveform
of Stage B is longer than the first stage and has an obvious
plateau in the middle, and the waveform of Stage C contains
several inverse pulses in series. It can be seen that the simu-
lation results are consistent with previous studies in terms of
key features.

In order to determine the similarity between the waveforms
more specifically from the perspective of geometric features,
the cosine similarity [25] is adopted here. The cosine similar-
ity measures the similarity between two vectors by calculat-
ing the cosine value of the angle between the two vector inner
product spaces, and its expression is shown in (8).

Z (xiv yl)
=l (8)

2 [Ne 2
in Zyi
i=1 "\ i=i

Among them, n is the number of sampling points of vari-
ablesx = [x1,x2,...,X,],y = [¥1, Y2, ..., y»] under considera-
tion. When cos(6) = -1, it means that directions of the overall
change in x and y are completely opposite, and the similarity
is the most negative. When cos(d) = 1, it means that the
directions of overall change in the two variables is exactly the
same, and the similarity is the strongest. When the absolute

cos(f) =
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FIGURE 11. (a) The electron distribution at Stage C. (b) The simulation
curve of PD current at Stage C.

value of cos(f) is close to 0, it means that the difference
between the two variables is large, and the similarity is weak.

In the case study, the cosine similarities of the three stage
waveforms are 0.9969, 0.8025, 0.9228, respectively. They are
all greater than 0.8, which means the overall similarity of the
waveforms calculated by the model is relatively high, and the
results are relatively credible. Then the waveforms of each
stage for the F distribution of 5 groups of different parameters
have been simulated, and the similarity results can be shown
in Table 5.

It can be seen that in the comparison of the F distribution
waveform similarity of the five group parameters, (n; = 12,
ny = 6) has the highest overall similarity.

C. MODEL COMPARISON
At present, partial discharge models based on defect analysis
are mainly divided into models based on equivalent circuits
and models based on electric dipoles. Here, the abc model and
the electric dipole model are selected as the typical models,
which are compared and analyzed with the model proposed
in this paper.

In the abc model, the cable with defects is equivalent to a
series-parallel structure of a capacitance, and the change of
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TABLE 5. The similarity results for the f distribution of 5 groups of
different parameters.

F(m, ny) Stage A Stage B Stage C
=8, n=4 0.9950 0.7833 0.9194
m=5, ;=5 0.9768 0.7816 0.9136
=10, n;=5 0.9969 0.7828 0.9203
m=12, n;=6 0.9969 0.8025 0.9228

nm=15, n,=10 0.9744 0.7902 0.9134

the equivalent capacitance parameters is used to simulate the
degree of defects. As shown in Fig. 12(a), the capacitance of
the part without defects in the cable insulation is represented
by C,, and C//, the part containing void defects is represented
by capacitance C,, and the parts at both side of the void are
represented by capacitance C, and C; respectively. In the
equivalent circuit, as shown in Fig. 12(b), the total capaci-
tance with C, and C,/ being added in parallel is represented
by C,, and the total capacitance including C; and C;’ is
represented by Cj. The voltage applied across the insulation
isrepresented by V,;. When the air gap in the insulation breaks
down, the voltage across the capacitor C. changes by AV,
and the internal discharge is given in (9).

C,-Cp
. =AVe | Co + —— 9
qc C<L+Ca+cb> ()
C,-Cp
=AV,.-C, = — - AV, 10
9a a a C,+Cp c (10)

In (9), the PD charges of the abc model mainly depends on
the unpredictable factors Cp, and C,. Therefore, (10) is often
used instead of (9) in practical applications. However, the
discharge loop and the series loop of the equivalent capacitor
are not in the same loop. According to the voltage division
relationship in the circuit, the value of g, will be larger
than ¢,.

In the electric dipole model, the PD charges can be pre-
sented in (4), and basic idea was expressed in section II.
The calculation results in the case study and the specific
characteristics can be shown in Table 6.

The abc-model is based on classical circuit theory, but can
only explain the PD process qualitatively. And the apparent
discharge magnitude is smaller than the actual discharge
amount in the model. The dipole model is based on the
electromagnetic field principle and obeys the gas discharge
theory. The PD magnitude in this model is equal to the
apparent discharge magnitude, and the quantitative relation-
ship between the PD magnitude and the discharge starting
voltage can be deduced, but the explanation of results may
be impossible without knowing the defect location and cable
size. However, these two models are directly derived from
theory and can hardly be verified in engineering practice;
and the models themselves rely too much on the location of
defects and cable size, and do not consider the development
of partial discharge process. The model proposed in this
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FIGURE 12. (a) Schematic diagram of the of the abc model. (b) The
equivalent circuit of the abc model.

TABLE 6. Comparison among three PD models.

Considerations in Models abc dipole  This paper
Discharge magnitude (pC) 40.71 46.65 46.65
Apparent discharge x Y
Different stages of PD x x \
Electron distribution x x

paper can display the electron distribution form and discharge
current waveform in typical defects of three stages of partial
discharge development, and is functionally superior to the
previous two models, in terms of practical applications.

VI. CONCLUSION

In this paper, the mechanism of PD development process in
power cables is summarized and analyzed. A revised model
based on F distribution is proposed with consideration of the
three different stages in the PD development process, which
is able to reveal the criticality of the cable insulation deterio-
ration. Specifically, there are the following conclusions:

1Y)

2)
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The model proposed in this paper can effectively sim-
ulate the three stages of PD development, which is
related to the degree of insulation deterioration.

The waveforms of each stage for the F distribution of
5 groups of different parameters have been simulated,
the results indicate that F-distribution with degrees of
freedom n; = 12, np = 6 for the PD simulation is with
the best similarity.

3) The model proposed in this paper can display the

electron distribution and the PD current waveform in
typical defects of three stages of the PD development,
and is functionally superior to the abc model and the
dipole model.
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