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ABSTRACT Partial discharge (PD) as one of well-known signatures of defects in the insulation system of
high voltage equipment has been studied over eight decades. It is of a great interest to power grid operators
and owners to identify and distinguish local weak spots in insulation system of the key components of
power system by using the obtained PD information to make timely decision thus to avoid any unexpected
failures in the system. This article reviews the research progress of PD in high voltage apparatus, including
motors and generators, cables, transformers and gas insulated equipment, with attempts to assess the
severity of different types of PD initiating defects as well as key PD features that can be selected for
classifying defects. Experimental and on-site test results for each type of discharge and defect associated
are summarized and discussed. Also, development of these defects during operation of equipment caused
by changes in physical and chemical parameters of defect and/or insulation, and its impact on phase-
resolved PD pattern variation are thoroughly explained. It is expected that this paper can provide a
comprehensive guideline for PD data analysis of available PD information extracted by conventional PD

acquisition instruments for both engineers and asset managers of high voltage apparatus.

INDEX TERMS Partial Discharge (PD), high voltage motor, power cable, power transformer, GIS, GIL.

I. INTRODUCTION

Decision making on the needs of maintenance, replacement
or repairing of a high voltage apparatus so as to avoid
costly unplanned loss of operation due to premature failure
of insulation remains a challenging issue that demands
proper condition assessment of the electrical insulation of
various components in service. Depending on the
equipment and type of insulation system used in its design
configuration, cost of the in-service actions could be
significantly higher for utilities. Therefore, there is a dire
need of timely identification of defect and life-time
estimation based on the severity of defect.

Partial discharge (PD) as one of the well-known signatures
of the presence of defects in insulation system has been
extensively investigated over eight decades. Researchers
have been focusing on the correlations between the detected
PD signatures and type of defect, intensity of electrical
stress, location of defect and insulation remaining life-time
estimation. Nonetheless, available expert knowledge and
techniques are not accurate and sufficient for reliable
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assessing of insulation condition and, upon which, the
corresponding decisions making.

However, extensive investigations on PD patterns for
different types of defects by researchers over generations
provide well-defined features of patterns which can be
summarized and utilized to distinguish the defects without
requiring complicated feature extraction and data
processing techniques. Aim of this paper is to present a
sufficient summary of major findings in existing types of
defects in high voltage equipment and their corresponding
phase-resolved PD (PRPD) patterns, and illustrate the
impact of other parameters on changes in patterns. Section
2 presents different types of defects introduced for this
equipment as well as the impact of PD activities initiated by
these defects on insulation system performance and lifetime
of equipment in service. Section 3 delineates categorized
PD patterns corresponding to the introduced defects.
Experimental and on-site test results obtained by the
different research groups for the defects are shown and
discussed; and key recognized PD patterns for each case are
introduced. This work can be as a useful reference and
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guideline for insulation system diagnosis for PD pattern
data analysis recorded by available PD acquisition and

measuring instruments.
Il. INFLUENCE OF PDs ON HV APPARATUS
A. HV MOTORS AND GENERATORS

HV motors and generators generally refer to rotating
machine with a rated voltage higher than or equal to 1000
V. During the operation, the insulation suffers from
electrical and mechanical stresses which could damage the
machine and cause in some cases an inestimable economic
loss to the electricity production and power systems. In
most cases, the insulation failures are caused by aging of
stator windings. The stator winding insulation is affected by
heat, electrical, mechanical and environmental aging during
the operation, which generate defects that support the PDs
and in turn accelerate the aging rate. The most common
type of PDs that occur in stator windings are internal
discharge, slot discharge, corona discharge, phase-to-phase
discharge, and spark discharge [1,2].

1) INTERNAL DEFECTS

Internal defects are generated by air gaps in the main wall
insulation of the stator windings during the manufacturing
process to initiate the internal discharges which cause
further damage to the insulation. Most of the generators and
motors experience internal discharge inside the main wall
insulation of stator windings at their rated voltage. The
epoxy mica insulation has been manufactured as the main
wall insulation, which can withstand the normal internal
discharge activity for more than 40 years while maintaining
excellent electrical properties [3]. Therefore, the internal
PD does not attract much of the attention due to the less
damage compared with other types of PDs. However, in
case of large internal voids, the amplitude of internal PDs
sometimes could reach a level which may overcome the
PDs caused by other harmful PD sources. Also, due to an
uneven size distribution of the internal air gaps, the related
internal PD frequency can reach a wide band range which
may cause troubles in the identification of PD types during
online monitoring process. Meanwhile, it has been reported
that in some cases, the internal PD causes abnormal
destructive forces, sometimes resulting in delamination of
the inter-turn insulation and the main insulation [4]. Figure
1 shows the stator bars from a 6kV motor after 20 years of
service with serious damage observable in the main wall
insulation, which is due to internal PDs [5]. )
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FIGURE 1. Stator windings aged for a long time due to internal
discharge [5].

2) SLOT DEFECTS

The slot defect occurs due to the discharges in the air gap
between the stator core slot and the main wall insulation of
the stator coils and/or bars [6]. The aging of the insulation
layer prevents normal heat conduction, which increases the
local temperature of winding, intensifies slot discharge
activity, and ultimately shortens the operation lifetime of
the machine. Figure 2 shows the damage of the stator
winding surface due to the slot discharges [7,[10,[13,14].
The consequences of the slot discharges in the defect
location are summarized as follows:

® The loose stator bars in the core slots could take place
due to the vibration during operation. This case is usually
caused by an improper installation but may also be due to
years of insulation shrinkage during material and thermal
aging. If a bar begins to vibrate, the movement of the bar
wears the slot conductive coating and the main wall
insulation and initiates the PD inside the air gap, which
results in depositing iron oxide powder in the depression of
the insulating surface [7]. Figure 2(a) shows the deposition of
the oxidized powder after a stator winding of an 8 kV air-
cooled generator was aged for 1200h due to the slot
discharge at 16 kV AC voltage. Figure 2(b) shows that the
semi-conductive layer in the straight portion has been
severely worn, and the surface has visible signs of aging due
to vibration and wear.

(@) (b)
Figure 2. (a) Deposition of oxidized powder caused by slot
discharge[10]. (b) A slot coil damaged to vibration abrasion[13].

® In the case that the conductive coating is isolated from
the grounded core by the air gaps due to vibration or
unsuitable installation, the conductive coating cannot be
effectively grounded and thereby discharges would occur
inside these air gaps. Insulation aging caused by slot
discharge oxidizes dielectric surface, which in turn affects
the process of the slot discharge [8]. Another case is the
poor contacting of the gap conductive coating, forming a
non-conductive local area. Under high pressure operation, a
discharge occurs between the bar and the core. The
damaged area of the coating becomes larger over time, and
the intensity of PD increases. In addition, slot discharge
produces ozone, which in turn causes nitric acid to damage
the motor [9].

Studies regarding influencing factors on slot discharges,
including temperature, humidity, gap distance and abrasion
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have been conducted worldwide, which can be reviewed in
Figure 3.
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Figure 3. (a) K. Wu designed slot discharge experimental platform [15].
(b) Discharge model designed by M. Léveaque [9-12]. (c) C. Li designed
slot discharge experimental platform [13]. (d) A. Kang designed slot
discharge experimental platform [16]. (e)Tank discharge experimental
platform designed by T. Joyo [17].
3) DEFECT IN SLOT EXIT
This type of defect at the junction of the semiconductor
coating and the stress grading paints at the end of stator
windings initiates corona discharge [14]. At the exit end of
the stator winding, the electric field distribution is
extremely uneven. Under the action of the volumetric
capacitance, the current distribution per volume unit is
uneven, and the air gap is more prone to corona discharge
where the electric field is higher. The deposition of iron
oxide white powder in the gap at the joint have been
determined as the source of such PD, which can be visually
inspected (Figure 4). Such PD does not develop into a more
severe spark discharge because of the blocking of the
insulating medium. However, it is more likely to occur at
the air gap at the exit end of the stator winding which is
stronger than the corona discharge between the stator
winding and core because of extremely uneven electric
field distribution at the exit end of }_he stator winding.
e i

brasion
Ymmh

Figure 4. (a) Corona discharge at the slot outlet causes single phase
ground fault on a 10kV three-phase asynchronous motor [18]; (b) Marks
of corona discharge at the slot exit of a 2000kW/6kV high voltage motor

[5].
4) INTER-PHASE DEFECTS

This type of defect occurs between two stator bars and/or
coils or neighboring winding surfaces in high-voltage
motors [9]. The copper core inside the stator winding has an
induced potential to ground, which is transferred to the
insulating surface by a capacitive effect. When the potential
difference of the adjacent winding insulation surface is
sufficiently large and the field strength generated by the
electric potential exceeds the breakdown field strength of
the air gap, the gas molecules are ionized to generate an
electron avalanche, which finally leads to PD between
phases. Such discharge decreases the insulation properties
and also produces a white powder on the insulation surface.
To avoid such PD, sufficient air gap must be left between
the stator and the windings during installing the windings.
Figure 5 shows photographs of the fault after bar-to-bar
discharge. Experimental model of bar-to-bar discharge can
be found in [3],[16][17].

(2 (W)

Figure 5. (a) Bar-to-bar discharge between stator coils of different
phases of the motor(26kv )[19]; (b)bar-to-bar discharge between stator
bars of 10kV motors [18].

5) SPARK EROSION

The vibration of the stator bars is the key initiation of spark
discharge [21]. During normal operation, a loop current
passes radially through the core lamination and moves
axially along the back of the stator core to the bar [22]. As
the bar vibrates, the conductive coating on the surface of
the bar will be separated from the core. The induction
current loop in the semi-conducting layer on the surface of
the bar is cut off and an arc is generated at the same time,
eventually forming a spark discharge which destroys the
main insulation very effectively. Compared to other types
of discharge, spark discharges have more released energy
and are more destructive to insulation. It is reported that it
takes about 5 years from the occurrence of spark discharge
to insulation failure [14]. A typical feature of spark
discharge is the presence of dust and significant pitting after
insulation layer degradation. Figure 6 shows a typical
generator stator bar, having been in operation for ten years
and suffering from the spark discharge and a stator bar
surface damaged by vibration sparking [23]. Simulated
vibration spark discharge needs to meet two conditions: the
presence of current in the semi-conductive layer on the
surface of the bar, and vibration [24].
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Figure 6. (a) The fault scene of the spark discharge after the stator bar
near the neutral point of the winding is removed, (b) Borescope images
of the side of a stator bar surface damaged by vibration sparking [23].
B. HV CABLES AND ACCESSORIES

The main cable insulation, terminals, and joints are
vulnerable segments of a high voltage cable to different
types of PDs which have been studied widely over the past
half-century. Depending on the discharge location, they can
be categorized as corona, surface or internal discharges.
Defects can be introduced during the process of
manufacturing, transporting or assembling the power cables
to induce electrical stress and PD. Also mechanical stresses
(such as bending, tension, compression, vibration), thermal
stresses (such as high current carrying condition and joule
heating), and environmental stresses (such as moisture,
chemicals, radiation) can result in oxidation, chemical
decomposition, water and electrical trees, and space charge
in the insulation [25][26]. Moreover, different types of
defects have different aging stages as well as propagation
speed along the insulation which should be distinguished
based on the obtained PD patterns. Different kinds of
discharges in cable system have been illustrated in this
section and corresponding PRPD pattern features have been
discussed in section 3.2.

1) METALLIC PROTRUSION IN AIR

Protrusion defects in high voltage conductors adjacent to
the air occur in transmission lines, switchboards,
switchgears, and cable terminations where gas ionization
due to the high electric field gradient initiates corona
discharge. Generally, this type of discharge occurring in
cable terminations are less harmful since discharge ionizes
the air without interacting with cable insulation. Also, other
reasons for the initiation of corona discharge are improper
corona rings and connectors with protruding bolts [27].
However, this kind of discharge can be easily initiated and
detected pattern be mixed with the patterns corresponding
to the other type of severe defects.

2) SURFACE DEGRADATION

Dielectric surface damages are one of the major causes of
insulation failure which are initiated by localized surface
discharges and extends to the creepage discharges,
flashovers and final breakdown of insulators and gas/solid
interfaces in power system apparatus. It specially happens
where outer insulation layer of the cable is damaged and/or
where the screen is removed from insulation at cable joints
and terminations. Ionized conductive path of discharge on
the surface degrades the insulation which can be observed
as carbonized track. Figure 7 shows an example of surface

discharge initiated carbonized paths on the cable surface
due to two main possible reasons: void between the joint
insulation and the central conductor due to inadequate heat
shrink, or excessive carving [28].

the penetration track

Figure 7. carbonization inside the cable termination (left) [28],
penetration track on the cable joint (right) [29].

In [27], different reasons for surface discharge in a hollow
core cable termination have been described. Contaminants
on the inner surface of the termination especially around the
stress cone with higher electric field, and the moisture on
the inner surface at temperatures lower than dew point can
facilitate initiation of surface discharge. Long air gaps
between insulation parts especially in cable splices and
plug-in terminations, poor polishing of the outer
semiconductor required for concave transition to the
insulation and air gaps in this area can lead to the surface
discharge.
3) INTERNAL DEFECTS

Internal discharge happens inside the insulation and is
non-observable and more difficult to be detected and
localized than other type of discharges. Different types of
defects inside the insulation can initiate internal discharge
as shown in Figure 8. Since each of these defects has its
own specific PD patterns, the cause and consequence of the
major defect types are separately explained.

De-lamination
Screen interruption

Water tree .
Contaminant

Cavity
Electrical tree

Protrusion Crack
Figure 8. Different types of possible defect inside the insulation [30].

3.1) CAVITIES

Cavities are well-known type of internal defects which are
created between the conductor and insulation (electrode
bounded) or inside the insulation (insulation bounded).
Intensified electric field inside these gas-filled voids due to
difference in permittivity of gas and insulation material
initiates internal discharges in these localized spots.
Intensity of discharge and degree of risk depend on the size,
shape, location of void, chemical compounds inside of gas
and void wall, and voltage across the insulation (Figure 9).
We have already studied impacts of these parameters on
intensity of internal discharges using the proposed model
for different aging stages and experimental results [31-33].
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Figure 9. Schematic illustration of void inside the insulation (left) [31],
experimental void model between EPR layers using steel ball (right)
[33].

3.2) ELECTRICAL AND WATER TREES
One of main routes to cause failure of cable insulation is
conductive electrical trees (ETs) initiated from where
electric field intensifies around void wall, protrusions and
cracks. Occurrence of PD within the developing tree
branches lead to progression of tracks along the insulation.
Shape of the formed trees hinges on the electric field
intensity and permittivity of insulation material which is
categorized into three groups as shown in Figure 10.

P

Figure 10. Possible ET shapes: (a) stagnated tree, (b) branch-like tree,
(c) bush-like tree [34].

Stagnated tree is a dense branch tree restrained by
insulation. ET can be initiated by an electrical stress such as
over-voltage transients in the form of branch or bush like
trees; however, bush-like tree can be converted into branch-
like tree and lead to the ground electrode before final
breakdown. In [35], it is shown that temperature and
voltage level have significant impact on the progression of
ETs in XLPE. Both branch-like and bush-like trees have
been observed at lower voltages, while branch like trees
were dominant type of tree forms at higher voltages. These
trees are initiated earlier at higher temperatures but slower
tree development at lower voltage at higher temperatures
within the range of reported temperatures (50-90°C).
Rationale behind this observation has not been thoroughly
understood and delineated.

Presence of moisture inside the insulation around
intensified electric field areas results in water trees (WTs)
which have relatively slower propagation rate. Transient
over-voltages can transform the WTs into ETs (Figure
11(a)), or ETs to WTs in the rare cases for service-aged
cables (Figure 11(b, c))

()

(b) (©)
Figure 11. (a) Initiation of ET due to enhanced field around WT in XLPE
[37], development of WT from ETs in XLPE observed by: (b) CCD
camera, (c) low-powered optical microscope [38].

3.3) PROTRUSION, DELAMINATION AND
CONTAMINANTS

Protrusions are one type of imperfection in cable system in
the form of sharp points on high voltage conductor or
ground sheath which can disrupt locally uniform electric
field distribution and generate PD in intensified electric
field regions. Those defects produced in joints or
terminations and surrounded by air are less destructive, and
generate corona discharges [39] in the air, while protrusions
located on the conductor shield or insulator shield can
degrade the insulation strength and generate electrical trees.
Delamination in cable splices and plug-ins can be a reason
of surface discharge as explained before. Also,
delamination of semiconducting screens caused by rough
handling while installation can be a source of internal
discharge and further treeing inside the insulation
[37[40,41]. Contaminants and cracks as impurities inside
the insulation can intensify the electric field locally and
initiate treeing process and cause further degradation of
insulation.

C. HY TRANSFORMERS

Power transformers are known as one of the most important
equipment in power system with high maintenance cost
[42]. Prior experience indicates that PD will not lead to
severe insulation damage temporarily, but in a long time, it
can gradually develop, and result in more serious insulation
failures [43]. It has been known that the aging of insulating
materials caused by consistent PDs often would be the
result of long-term discharge process with lower intensity
rather than intense discharges and short-term aging [44-45].
It is observed that discharge frequency and the total
discharge volume are at a very low level in the initial
period, both of them grow slowly with the development of
PD, afterwards, PD enters a rapid and irreversible
development stage, with the further development of
discharge, which finally results in breakdown [46].

In the paper insulated HV transformers, PDs begin at small
pinholes penetrating the paper windings that are adjacent to
the electrical conductor or outer sheath. As PD activity
progresses, the repetitive discharges eventually lead to
permanent chemical changes within the paper layers and
impregnating dielectric fluid. Over time, partially
conducting carbonized trees are formed. Sustained PD can
lead to erosion of solid insulation and final breakdown [47].
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In practice, it is usually preferred to allow a HV transformer
to run under a PD level below 100 pC. However, it is
suggested that its operation should be stopped when the PD
level is over 100 pC to prevent further failure [44].

1) METALLIC PROTRUSION

Existing metallic parts on high voltage parts inside the oil
of transformer or protrusions can generate corona-like
discharges inside the oil similar to the discharge type
discussed in other high voltage equipment for air [50].
Consequently, the dielectric strength of the oil gradually
reduces, leading to plausible failure of the transformer [42].
Not only the shape and length of protrusion can affect the
intensity of the discharge, but also the temperature, water
content and other parameters of insulating oil can have
significant impact on insulation strength and lifetime [51-
53]. This kind of discharge is implemented in experimental
platform using the needle-electrode configuration
embedded in the oil (e.g. in [52]).

2) CAVITIES

Gas-filled cavities in solid electric insulation of
transformers especially imperfectly impregnated paper
caused by bad manufacturing process or ageing, besides air
bubbles in oil resulted from nonlaminar oil flow or
turbulent flow. Regarding the solid insulation, Kraft paper
is extensively used in the insulation system of oil-filled
power transformers. The dielectric properties of Kraft paper
can be degraded if there is a void within the paper resulting
from discharges inside the void through changing the
dielectric strength of paper [54-56]. In addition, oil
impregnated pressboard (OIP) is used widely as an
insulation barrier in transformers. However, it has
hygroscopic property and can absorb the moisture and
deteriorate insulation property of OIP resulting from
reduction of PD inception voltage (PDIV) for air-filled
cavities. The reason of PDIV reduction is due to the
increase in relative permittivity of OIP, ratio of permittivity
of OIP to gas, and the electric field inside the cavity [57-
[59]. Therefore, the effect of moisture on PD characteristics
of OIP is an important factor in insulation diagnosis and
reliability analysis of a transformer [59]. Shiota et al. have
investigated the behavior of bubbles in the oil and the effect
of bubble size [60]. Also, Niasar et al. have shown bubble
elongation and separation processes as given in Figure 12.

Figure 12. elongation and separation of introduced bubbles inside the
Nytro 10XN transformer-oil [61].

3) SURFACE DIGRADATION
The interface between solid and liquid insulation such as
pressboard (or paper) and oil is often considered as a

relatively vulnerable part of transformer insulation since
lower electrical stress along the surface would be more
harmful than the electrical stress across the insulation bulk
[62].

For oil-paper insulation, although oil strength is relatively
lower than the paper, the interface of oil-solid is more
susceptible to degradation than oil [64,65]. Failure due to
surface discharge in power transformers in service has been
reported in [44,66]. There are many kinds of interfaces in
HV transformers including the spacer between the winding
layers, winding screen, insulating cylinder, and pressboard
barriers between phases. The characteristics of surface PD
mostly depend on the shape of the electrodes [67]. When
the local electric field is increased by degradations like
moisture, dielectric degradation, or winding deformation,
discharge may occur along the paper interface. Initially, the
discharge along the oil-paper interface would be in the form
of PD. Sustained PD causes unrecoverable tracks and
carbonized areas on the pressboard surface [68,69]. This
kind of dielectric degradation can lead to flashover along
the surfaces, winding short-circuit, and even bushing
explosion [44]. Figure 13 shows a surface tracking form on
the pressboard surface inside the oil. There are substantial
differences between different insulating fluids being used to
fill HV transformers regarding the average PD levels.
Mineral oil is accounted for the lowest PD levels compared
to ester fluids. The highest PD values have been reported
for the pressboard impregnated by synthetic ester
surrounded by natural ester [72].

front side back side

(b)

Figure 13. (a) Tree-shaped discharge tracks on the: the pressboard
barrier in a scrapped transformer [70], (b) two pressboards impregnated
in MIDEL 7131 [69].

D. GAS INSULATED EQUIPMENT

Sulfur hexafluoride gas (SFs) was introduced as the most
promising insulating media in high voltage apparatus about
half a century ago [74]. Although SFs insulated equipment
is compact and well insulated, the high field strength inside
enclosure makes it more sensitive to perturbations in
presence of defects and contaminants which can be either
insulating or metallic particles. These defects - especially
the metallic particles - can intensify local electric field and
result in PDs and lead to failure of the equipment. The
installation cost and required maintenance time for this type
pf equipment are higher than conventional high voltage
components. Therefore, PD detection and defect
identification with reliable methods and high fidelity
sensors during the service are essential.
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As can be seen in Figure 14 in a CIGRE report (WG
33/23.12 [75]), possibility of poor contact including flowed
load current through contacts and failures due to shields and
bad electrostatic contacts is 29%. Protrusions and particles
over HV conductor, and particles and foreign objects cover
25% of dielectric failures in service.

current carrying
contacts electrostatic
1% contacts

18%

Shields and

Moisture

Bulk insulation of
spacers
10%

Protrusions/
Not related to Particles on HV
i 5%
Insulation

8%

Insul. Co- Particles &
ordination of foreign bodies
disconnectors 20%

Figure 14. Statisti;sl) Aof occurring different type of defects in GIS
equipment [76].

1) FREE-MOVING METALLIC PARTICLES

This type of defect can be created through rubbing of
different metallic parts during assembling, operation or
installation and observed in different forms such as metal
powders, flakes or large size solid particles [77]. Typical
experimental model for this defect has been shown in

Figure 15.
=

HYV Conductor

Included tiny
metallic particles
Figure 15. Experimental models used for free-moving particle [78,79].
They can provide conductive local path and localized
arcing which, in turn, would decrease the dielectric strength
between high voltage conductor and outer enclosure.
Factors like number of free particles, their size and shape,
location (in vicinity of high/low field gradient) represent
severity of PD pulses and their detectability [79]. The
behavior of floating metals inside the GIS is similar to the
corona discharge, in which case charges will accumulate at
the sharp spots of the particle and PD would happen due to
the electric field enhancement [80].

2) METALLIC PROTRUSION

This kind of defects formed during protruding parts like
high voltage conductor generate high localized field around
their sharp tips and most of time induce stable PDs even in
applied rated voltage. Extreme electric field during
overvoltage operation or fast transient overvoltage incidents
can cause fast gas ionization. Some smaller defects can be
harmless in the long-run and will be ablated unlike bigger
particles [79]. Figure 16 shows typical models used for this
defect.

9

HYV Conductor
| Copper wire

Figure 16. Experimental models used for metallic protrusion [78,79].
This defect has been modeled in some studies based on
Finite Difference Time Domain (FDTD) [80]. Impact of the
polarity on possibility of PD initiation has been described in
[80].

3) GAP/VOID IN THE SPACER

This type of defect represents the internal bubbles of
impurities of epoxy resin on the basin-type insulator formed
during the manufacturing process or external due to
chemical decomposition of gas in presence of discharges
between loose connection of insulator and HV conductor.
Internal defects will gradually deteriorate insulator and are
difficult to detect. Also, mechanical vibration in a long-
term operation would make loose connection between
spacer and HV conductor in which local PDs can weaken
insulation strength and result in major failure of gas-
insulated equipment [77,79]. Figure 17 shows commonly
used models for this defect.

Support insulator

Elgu;ge] 17. Experimental models used for gap or void in the spacer
4)’ INSULATOR CONTAMINATION

As mentioned before, floating metallic particles can be
produced in different steps before or after erection of
equipment. These free particles can move inside the gas
insulation and sit over the insulator. Accumulation of
charges over some of the fixed particles, or higher potential
gradient across the particles due to mechanical vibration
under electrostatic force can trigger localized surface
discharges, which in turn would decompose high
electronegative chemical components from surface and/or
deteriorate insulator and/or cause surface tree and flashover
on the surface of insulator [77,79]. Typical experimental
model for this defect has been shown in Figure 18.

T -
| HV conductor

=" N
Figure 18. Experimental models used for metallic contamination defect
on the insulator [78,79].
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5) GAS IMPURITY

Presence of any kind of gases especially water vapor
mixed with main insulation (SFs) can deteriorate the
performance of insulation and will divert the uniform
electric field and increase the possibility of PD occurrence
in localized high electric field regions. Because of
persistent discharges, recombination of impurities and SFg
can produce more active and toxic components involved in
faster degradation of insulation such as low-fluoride sulfide
byproducts (SFi, SFs;, SF,, S;Fip), and SO,, SOF, and
SO.F, [81-83]. Generally, the dissolved-gas sensors are
used to detect these impurities which is not the focus of this
paper. Therefore, this type of defect is not presented in the
next section.

Also, CIGRE working group D1.03 [76] has summarized
the main features of different types of defects inside the
GIS (given in Table I) which shows the floating particles
can have higher PD magnitude.

TABLEI
SENSITIVITY OF PD MEASUREMENT FOR DIFFERENT DEFECTS INSIDE THE
GIS [76].
Critical defect Detectable
; length of
Type of defect Length Apparent charge | defect at U,
[1num] ace.to IEC 60270 [rm]
Moving particle 3-5 2-10pC 3-5
i .t W
kbihonsals around 1 1-2pC 3-4
conductor
Profrusion on enclosure 4-6 2pC 10-15
Particle on insulation 1-2 about 0.5 pC 3-10
Void 3-4 {dia) 1-2pC 2-3

Overall, Since the replacement and maintenance time in
gas-insulated equipment is relatively higher than other high
voltage equipment, knowing the type of detected discharge
signals is crucial in condition monitoring of these
components. Risk assessment procedure is needed to decide
whether the HV component can operate in normal condition
without any possible failure or not. Severity of each defect
should be evaluated based on reliable identification and
evaluation technique. Risk of possible failure for different
kind of defects and criticality range have been discussed in
[88] and categorized accordingly in Figure 26.

Ill. PD PATTERN IDENTIFICATION

The PRPD patterns refer to a two-dimensional or three-
dimensional pattern representation that describes the
trajectory, frequency and phase relationship of PD signals
over a period of time. These patterns represent cumulative
PD information extracted for a specific time period and can
include information about source, type, intensity of PDs.
Extensive studies have already been carried out to introduce
these patterns corresponding to different type of PD
sources. Aim of this section is to summarize these research
studies and discuss the main PD features which can indicate
the occurrence of different PD types in different high
voltage equipment.

A. HV MOTORS AND GENERATORS

PD testing has firstly been used as a method to determine
the insulation condition of the stator windings of rotating
electrical machines in the 1940s [89-91]. However, how to
accurately identify the characteristics of different
discharges from PD signals has become the key point in
this field [92-94]. Stone proposed four separate separation
methods for reducing the false identification of discharge
pattern [95]. He believed that it is prudent to use separate
algorithms for separating signals [96]. Contin showed that
the PRPD recognition procedure based on shape analysis
should be regulated to specific insulation techniques [97].
This section categorizes and analyzes five types of
discharges recognized in high voltage motors and
generators.

1) INTERNAL DEFECTS

The internal PD activity is characterized by the
symmetry of the maximum amplitude and the number of
discharge pulses which appeared in opposite polarities [98].
Hudon et al. conducted on-line monitoring of internal
discharges on a 13.8kV generator. In addition, they used the
stator winding of the generator for off-line testing in the
laboratory. It was observed that the PD activity usually
starts at several thousand volts below the nominal voltage
[3,99]. It can be seen in Figure 19 that PRPD results
obtained in both offline and online measurements for
internal discharge are almost the same. Their data show that
the maximum amplitude of internal PD in off-line
experiment is higher than that in on-line experiment.
Normally, when the main insulation of the stator coil
degrades, the amplitude of the internal discharge will
decrease until it stabilizes at a lower constant level. This
also proves that the minimum amplitude of internal
discharge is allowed in a generator in service.

e

Relative amplitude unit
Relative amplitude unit

ol ok »ﬁm«._ _m.._J

Phase (degree) Phase (degree)

a b
Figure 19. PRPD p(at)tern of internal discharge activit(y)for a: (a) single
stator coil (8kV) without artificial defect in the laboratory, (b) 30
MVA/13.8kV generator under operation [3].

Also, Kim et al. conducted offline and online
experiments on the main insulation of seven 6kV motors in
service [100-102]. Figure 20 shows another example of the
PRPD pattern of internal discharge. The discharge amount
and the discharge phase of the positive and negative half
cycles are symmetrical
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Figure 20. Internal discharge PRPD pattern from a large 6.6kV motor in
off-line experiment [102].

Li et al. put a width-adjustable stator core slot model on
the 10kV winding. First, they applied 6 kV voltage to the
winding for 1 hour, and then recorded internal discharge
PRPD pattern at 3-10 kV [5]. The measured PRPD
fingerprint is shown in Figure 21. The maximum magnitude
of the internal discharge is within a certain voltage range,
and increases with the applied voltage; however, the
maximum value is not high and finally stabilizes at a level
below 1500 pC. In addition, the discharge density increases
as the voltage increases, and the discharge fingerprint
moves to the left, but the PRPD fingerprint shape does not
change. e

Y

\

(a) 3kV (b) 10kV
Figure 21. PRPD pattern of internal discharge at different voltages
tested off-line in a factory [5].

2) SLOT DEFECTs

The PRPD pattern of slot discharge is quite different
from the internal discharge. There is a significant
asymmetry in the discharge count and discharge amplitude
on the positive and negative half cycles. Because oxidation
of the steel surface due to the PD repetition increases the
availability of the electrons during the positive voltage half-
cycle and leads a transition from a small number of PDs
with large amplitude to a high repetition of smaller pulses
[103]. In addition, a typical PRPD of slot discharge features
a very steep slope at the beginning of the discharge pattern
in the negative half cycle of the AC voltage in a form of
triangular [104], same as the pattern in Figure 22. The part
marked by the dotted line in the negative half cycle
resembles a triangle mixed with noises.

857

nc]

Figure 22. On-line PRPD pattern of ;::)t dischal:ﬁgﬂtle activi;;; in a generator
of 630 MW at 18 kV with mica-epoxy insulation, operated for 15 years
[105].

Many parameters affect the mechanism of slot PD, such
as temperature, humidity, gap size, mechanical vibration
and insulation aging, which have been investigated by other
researchers [106-108]. In addition, different types of
stresses (such as electricity, heat, and mechanical) have an
effect on discharge process, but more experiments are

needed to distinguish the PRPD pattern changes of the slot
discharge under different stresses [11[12,105].
2.1) PRPD VARIATION WITH VOLTAGES

Joyo et al. [17] made a SOmm diameter conical defect
in the insulation of the stator bar of the 20kV generator,
with a depth of about 76% of its thickness. The slot PD was
measured at a voltage level of 10.5 kV and 18.5 kV at room
temperature (Figure 23). Also, Li et al. [13] used a 10 kV
motor stator bar with an insulation thickness of 2.03 mm
and artificially reduced insulation layer thickness of
0.2mm[13]. The slot PD was measured at a voltage of 4 kV
and 10kV at room temperature (Figure 24). They all found
that the shape of PRPD pattern of slot discharge changes
from a triangle to a quadrilateral as the voltage increases.
At the same time, the change also occurs in the phase that
PRPD pattern of the negative half cycle moves to the left.

-30 -30
E-40 E-40
g g
=50 :g-SO E
?;-so % -60 -
53
3 . s B
70 S-70
2-80 2-80 -
-90 — -90 ‘ !
0 90 180 270 360 0 90 180 270 360

Phase[deg.] Phase[deg.]
Figure 23. PRPD pattern of slot discharge measured at 10.5kV (left) and
18.5kV (right) using the experimental model shown in Figure 3(e) [17].

10kV

Figure 24. PRPD paia;n of slot discharge meast]:;d at 4kV (left) and
10kV using the experiment platform shown in Figure 3(d) [13].
2.2) PRPD VARIATION WITH AGING

Levesque et al. found that the aging of the insulating
surface also affects the PRPD fingerprint. During aging,
thermal effect on the surface increases the surface
conductivity of the insulating material. As the insulating
surface ages due to discharge, the number of discharges
with higher magnitudes in the PRPD pattern decreases, and
the number pulses with low amplitude increases[103]. Joyo
et al. [17] using the experimental platform shown in Figure
3(e), and Li et al. [13] using the platform given in Figure
3(c) showed the effect of insulation wear on PRPD pattern
of the slot discharge. Their results show that the different
wearing on the stator bar insulation might lead to different
PRPD patterns (Figure 25). Also, It was found that the
initial discharge phase of the positive and negative
discharge pulses shifts to the left as the aging wear
increases, and the phase shift decreases as the wear aging
develops deeper (Figure 26).
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Figure 25. PRPD pattern of cone-shaped defect with different wearing
level on the stator bar insulation at 12.1kV voltage (left 30%, right 76%)
using the experimental model shown in Figure 3(e) [17].

-

o

of aging wear 0.2mm (left)jand0.4mm (right) [13].
2.3) PRPD PATTERN VARIATION WITH TEMPERATURE
AND HUMIDITY

Some related studies show that temperature and
humidity have certain effects on the slot discharge [110-
111]. Levesque et al [108] using the experimental platform
shown in Figure 3(b), studied the impact of temperature (at
28 °C and 85 °C) and different humidity levels (at 5, 9 and
13 g/m?) on slot discharge pattern results. They found that
the activity of slot discharge increases with temperature
because the electron ionization effect in the gap is enhanced
and the air density is reduced to generate more discharges
as the thermal energy increases (Figure 27). In addition, the
humidity in the air causes a general decrease in the activity
of slot PD (Figure 28), mainly due to the electronegativity
of the water molecules, which capture the free-moving
electrons and suppress the development of discharge [113-

114].
+165 +16.5
[nC] [nC] |
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Figure 27. PRPD pattern of measured slot PDs at 8kV and 9 g/m3 before

insulation aging (left 28°C, right 85°C) in a laboratory experiment [108].
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Figure 28. PRPD pattern of measured slot PDs at 8kV and 85°C after
230h insulation aging (left 9 g/m3, right 13g/m3) in a laboratory
experiment [108].
2.4) PRPD VARIATION WITH VIBRATION

Other researchers have confirmed through experiments
that the vibration will affect the slots PD results. Wu's

experimental platform is given in Figure 3(a). He measured
PD characteristics under the condition of 50Hz and 100Hz
vibration at different voltages [115]. It is found that the PD
pattern changed obviously with the frequency of vibration,
and the PD magnitude is closely related to the gap length,
while the larger PDs occur in a longer gap. When the
frequency of vibration reaches a certain level, it will affect
the PD activity. It can be seen in Figure 29 that the higher
the vibration frequency, the larger the discharge amplitude
and discharge density[15,115].
T 1%

N\ o kongth
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(a) 100Hz (b) 50Hz
Figure 29. PD patterns at two vibration frequencies and lead phase of
180 deg and the applied voltage is 6 kV [15,115].
3) DEFECT IN SLOT EXIT

The discharge amplitude of the corona discharge
generated at the end of stator winding on the positive and
negative half cycles is as asymmetric as the PRPD pattern
of the slot discharge and both number and magnitude of
positive discharges are greater than the negative discharge
[116].When the corona activity is strong, the asymmetry of
the maximum amplitude tends to disappear whether the
voltage is increased or the insulation is more deteriorated
[3]. However, even if the PRPD patterns of the positive and
negative half cycles are almost symmetrical, the number of
positive and negative discharge pulses are not the same
(Figure 30). Noting that the six vertical spikes with a 60°
pitch in Figure 30(b) are not PDs but alternating phase of
excitation current.
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Figure 30. (a) corona discharge PRPD pattern measured in an off-line
experiment at the junction of the 13.8kV stator winding coating, (b)
corona discharge PRPD pattern on a 680 MVA/24 kV turbine generator
with six exciter pulses during normal operation [3].

Li et al. studied the effects of external conditions
(humidity and acidity and alkalinity) on corona discharge. It
was found that corona discharge did not occur in an acidic
environment with a relative humidity of 40%, as shown in
Figure 31(a). In a neutral or alkaline environment, it can be
seen in Figure 31(b, c) that the discharge amount and the
number of discharges of the negative half cycle are
significantly larger than the positive half cycle, which is a

10
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typical PRPD pattern of corona discharge. Figure 31(b, d)
shows the PD signal measured with a relative humidity of
40% and 60% in a neutral environment. It can be seen that
the discharges of the positive and negative half cycles are
similarly symmetrical, indicating that corona discharge
does not occur. It was then concluded that the acid gas
environment can effectively suppress the occurrence of
corona discharge, and the higher the humidity ratio, the less
likely corona discharge to occur [113]. Kang et al. studied
the effect of relative temperature on corona discharge,
where the effect of temperature on corona discharges was
confirmed [16].

() (C))
Figure 31. PRPD pattern of: (a) acid environment and (b) neutral
environment with relative humidity of 40% under 6kV; PRPD pattern of:
(c) alkaline environment with relative humidity of 40% and (d) neutral
environment with relative humidity of 60% under 6kV tested off-line in
the factory [5].
4) INTER-PHASE DEFECTS

Inter-phase PDs often occur at the ends of the two
stator windings and may occur between bars of different
phases or between high-voltage bars and neutral bars of the
same phase. There is an almost constant discharge
amplitude on each of the positive and negative half cycles
in PRPD pattern of bar-to-bar discharge. The number and
amount of bar-to-bar discharge increase with increasing
voltage. The negative discharge of the positive half-cycle is
always higher than the positive discharge of the negative
half-cycle and the negative discharge phase width is always
narrower than the positive discharge phase width. However,
it is relatively indistinguishable because it is often mixed
with other PD signals [3[109,116]. Also, the PRPD pattern
of bar-to-bar discharge is more obvious with the increase of
voltage, but it can also be accompanied by the activity of
corona discharge, as shown in Figure 32 reported by Hudon
et al. Another example of bar-to-bar discharge measured on
a running generator (120 MVA / 13.8 kV) is given in
Figure 32(b). There are two bar-to-bar discharge sources in
PRPD pattern, which are elongated shape and parallel to the
coordinate axis, and the amplitude of the PD is relatively
stable. In addition, bar-to-bar discharges may exist
simultaneously with surface tracking.

L;IQQL

() (b)

Figure 32. (a) PRPD pattern of bar-to-bar discharge at 20kV measured in
an off-line experiment, (b) PRPD pattern of bar-to-bar discharge
measured on a 120 MVA /13.8 kV generator in an off-line experiment [3].

Li et al. used the stator bars of a 10kV motor to
conduct the bar-to-bar discharge experiments at 9kV and
15kV [5,18]. They found that the bar-to-bar PRPD patterns
will gradually move from the positive half cycle to the
negative half cycle under power frequency voltage (Figure
33). This phenomenon is related to the movement of
accumulated charge on the surface of the insulating
medium.

(@) (b)
Figure 33. (a) PRPD pattern of bar-to-bar discharge at 9kV on a 10kV HV
motor, (b) PRPD pattern of bar-to-bar discharge at 15kV on a 10kV HV
motor tested off-line in a factory [5].

Both the offline bar-to-bar discharge experiment
conducted by Hudon and the online experiment by Li have
vertically concentrated discharges in PRPD pattern. The
reason for this phenomenon is mainly due to dust or other
contamination on the insulating surface, which cause
surface tracking.

5) SPARK EROSION

Vibrational sparking occurs anywhere in the slot
winding [6]. H. You et al studied the regularity of the
PRPD pattern of spark discharge with insulation aging time.
Figure 34 shows a three-dimensional spark discharge PRPD
pattern. The spark discharge PRPD pattern is characterized
by asymmetric pattern. The number of average discharge
amplitude of positive half-cycle discharges are always
higher than the negative half-cycle. Its main discharge
energy is concentrated around 90° of the positive half-cycle
and 270° of the negative half-cycle [24]. Spark discharge is
more intense and more destructive than other discharges,
causing serious insulation damage in a short period of time.

ancow

(@) ®
Figure 34. (a) Aging time - phase - number of discharges; (b) Aging time
- phase - maximum discharge amplitude tested in the laboratory [24].

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI
10.1109/ACCESS.2021.3082858, IEEE Access

IEEE Access

Multidisciplinary : Rapid Review i Open Access Journal

B. HV CABLES AND ACCESSORIES

Defect identification has been studied for several
decades using PD patterns and features for power cables.
Each type of PDs introduced in section 2.2 for this
equipment has their own specific characteristics and PD
features which can be used for cable condition assessment
before any serious damage to insulation of cable and
possible failure. Also, continuous monitoring of PD
behavior can represent the degree of risk and intensity of
PD progression in cable system. However, lack of
knowledge about the location of PD source, insufficient
sensitivity of measuring sensors to detect PD pulses with
low magnitudes from small defects or aged defective cable
insulation, as well as the presence of more than one PD
sources make it difficult to determine PD source type,
intensity, mutual impact of PD sources, and cable lifetime.
In this section attributes of PD initiated by different PD
sources have been summarized based on the well-known
phase-resolved PD patterns.

1) METALLIC PROTRUSION IN AIR

discharges initiated by these protrusions can be
initiated in all high voltage power electric components and
have the similar PD pattern indication. They occur on the
peak of the voltage and are detected on the negative half
cycle of PD pattern when source of discharge is on the high
voltage terminal. PD pattern is concentrated on the positive
side when the source is on the ground side [27]. As
mentioned before, this type of discharge does not threaten
the cable insulation and accessory. However, inception
voltage of this discharge generally is lower than other type
of discharges and has to be recognized and segregated from
the more harmful types of discharges. Figure 35 shows two
different patterns identified as corona discharge.
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Figﬁre 35. Corona discharge PD pattern in a laboratory experiment
given in [27] (left) and [117] (right).
2) SURFACE DEGRADATION

The surface defect is formed and intensified by high
current density and higher discharge amplitudes in the
range of 100 to 1000 pC and occurs after the zero crossing
of applied voltage [27]. Unsymmetrical distribution of PDs
in positive and negative half-cycles is commonly recorded
PRPD pattern which depends on surface defect geometry
and electric field magnitude and distribution (Table II)
[27[118-120].

TABLE II
DIFFERENT TYPES OF GEOMETRIES FOR SURFACE DISCHARGE SOURCE.

2. Edge to edge
electrodes over
the EPR film [ ] (9]
(8kV) ~EPR

3. Rod to ring
electrodes over
the EPR film
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electrodes over
the EPR film
(4.1kV)
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3) INTERNAL DEFECTS

Two major types of defects can be defined as the
source of internal discharge: cavities and trees. Defects
such as protrusion, contaminants can be the cause of
electrical and water treeing inside the insulation due to
intensifying the electric field in a local spot. Also, degraded
wall of cavities in aged insulation can initiate electrical
trees which can represent more complicated situation for
discharge type identification.
3.1) CAVITIES

PD activity inside the cavities of an insulation depends
on many parameters which can have significant impact on
measured PD pulses and cumulative patterns. These
parameters are insulation parameters (such as permittivity,
conductivity, and temperature), geometrical parameters of
the cavities (such as size, location, shape), internal void
parameters (such as pressure, temperature, chemical
compounds of enclosed gas), and applied voltage source
parameters (such as amplitude, frequency, waveform).
Aging and continuation of PD can dramatically affect
internal parameters as well as the shape and size of the void
overtime. These parameters have been explained in [31-32]
using the proposed model and discussed and compared with
experimental results presented in other research works.

Temperature of insulation can affect thermal extension
factor, conductivity and permittivity of insulation, gas
pressure inside the void and breakdown voltage, probability
of PD occurrence and residual voltage which have been
considered in proposed 3-capacitors model [32]. Figure 36
shows that the rise of the temperature can expand the
pattern in both cycles and decrease the repetition rate which
have been verified by experimental results in [121].

Also, higher average of PD apparent charge and
number of PD pulses for the cavities close to high voltage
conductor are implied by Figure 37.
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bounded obtained from the simulation model [118].
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Figure 37. Influence of cavity size and location on average PD charge
and number of PDs obtained from the simulation model [32].

Different types of PD patterns can be observed for a
cavity overtime due to physical and chemical changes
inside the void arising from degradation process. Increase
of surface conductivity, gas dissociation inside the void and
production of electronegative gases, pressure and humidity
variation, chemical reactions on the surface will happen
during the aging process [122-124]. Pattern transformation
from turtle-like to rabbit-ear like and then to bulgy have
been defined and simulated based on physical and chemical
changes in [31]. Similar results for these three stages have
been reported in different research works as shown in Table
1.

TABLE III
PATTERN TRENDS DURING AGING PROCESS.
Stage 1 Stage 2 Stage 3

[31]

condition of insulation and vulnerability to internal trees
can be evaluated by detecting the PD pulses.

Zhu et al. have presented ET growth inside the XLPE
at 70°C and 90°C for one hour which shows rapid growth
in first minute of the test and then continuous increase with
lower rate [125]. Also, tree length at higher insulation
temperature is higher as shown in Figure 38.

0.7 1 0 T T

Length (mm)

0 6(‘)0 12‘00 18‘00 24‘00 3(;00 Bém
Time (s)

Figure 38. Electrical tree development over test time at 70°C and 90°C

tested on the laboratory model [125].

Extracted PRPD patterns during the test for 20 seconds
shows that PD magnitude remains constant for last two
recorded data sets (2800s and 3600s). PD number increases
until the 1800s and then starts to decrease (Figure 39).

Chen et al. have investigated PD behavior of two main
types of ETs, i.e. branch-like and bush-like trees, by
tracking the main PD parameters (maximum magnitude of
apparent charge, Qmax, pulse repetition, N, and the
discharge power, P) in XLPE insulation using the
embedded needle electrode at different voltage levels [34],
as shown in Figure 40. They have illustrated how more
densely m}zr?ked tructire i%_ofs'nrrr'\ed at hicher voltaces.
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3.2) ELECTRICAL AND WATER TREES

As discussed in section 2.2.3, ETs and WTs are ignited
by overvoltage and initial conductive branch can provide
enough free electrons around the tips to generate PDs.
Although physical and chemical processes during treeing
phenomenon have not been thoroughly understood,
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Figure 39. PRPD pattern during ET growth at 90°C [125].
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Figure 40. PD characteristics of branch like tree at 11kV (left), and bush-
like tree at 15kV from the laboratory experiments (right) [34].

Du et al. have examined influence of temperature of
HV and ground electrode as well as temperature gradient on
the development of ETs and PD characteristics [126]. As
shown in Figure 41, by increasing the temperature gradient,
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PD magnitude increases, while at higher temperature of HV
electrode, PDs with lower magnitude are observed.

~ 20 ~ 20 = A0
400
0 %, N M Bt A
TR — ==
400 (an) (b1) 1)
> — )
E 30 A 30 4+30
§ ‘,‘L‘, g
%- » - N m % i
g , jﬂ - A
-400
a (a2) 3 (b2) ¢ (€2) .
N A - ¥ A G A
- 60 : +30 . +60
0 SR &— m
v g
-400 %
(a3) (b3) - (c3) ;
0 90 180 270 O 90 180 270 0 90 180 270

Phase(Deg)
(a) HV side 30°C (b) HV side 60°C (c) HV side 90°C
Figure 41. PRPD patterns at different HV electrode temperature and
temperature gradients at 5 min obtained from an experimental model.

C. HY TRANSFORMERS

The PD pulse amplitude and its phase position are the
most commonly measured parameters to use in PD as
diagnostic techniques for transformers. The PD pulse
amplitude is used as an index to the quality of the insulation
under test whereas the phase information is used to identify
the type of PD [46[127-128]. The waveform characteristics
can be used as the basis for distinguishing types of
discharge source [46]. Statistical analysis techniques
sometimes are employed to monitor the changes of the PD
features (e.g. the PD pulse magnitude, repetition rate, and
power spectrum) in 2-D models. Focus of this section is to
present the main features of PRPD patterns in order to
identify the PD source and severity of the defect.

1) METALLIC PROTRUSION

Previous studies regarding this type of defect indicate
that a smaller number of PDs are detected as pressure or
temperature of oil increases, while moisture has the
opposite impact on the number of PDs. Also, PD number
decreases when the oil ages which makes the insulation
condition assessment much more difficult [129]. In
[[43],[52],[130]], the impact of viscosity and oil type on the
PD count and charge have been investigated. Negative and
positive corona have different inception voltage and PD
characteristics such as the number and magnitude of PDs.
Figure 42 shows two PRPD patterns for needle-plane
configuration embedded inside two different types of oils
recorded by other research groups.
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Figure 42. protruding defect consist of isosceles triangle copper plate
and insulating plate layer in the oil [43] (left), needle-plane configuration
embedded in NYTRO 10XN oil [52] (right).

Impact of oil temperature and humidity on PD
inception voltage for specific needle-plane configuration
inside the oil given in [52] is shown in Figure 43.
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Figure 43. PD inception voltage versus: temperature (left), humidity
(right) using an experimental model [47].

2) CAVITIES

This defect is identified by the clouds of PD pulses
which sweep upward forming arcs on the phase-resolved
plot. This pattern indicates distributed gas voids in the oil-
paper insulation [131-132]. In addition, the discharges only
on one-half cycle are usually attributed to the external
sources. When the PD pattern on the positive-half cycle is a
mirror image of the negative-half cycle of the applied
voltage, it is called symmetrical. This can be a reason that
the dielectric materials at either side of the defect
generating discharge are the same, or similar. Therefore,
there is a high possibility that PDs are happening at a void
in the oil-paper insulation. On the other hand, the PD
pattern would probably be different on the positive and
negative-half cycles if the materials at either side of the
defect differ [131].

The results from the PD measurement show that the
influence of relative humidity on Kraft paper. The PD
magnitude of aged pressboard drops to the lower value
compared to the new pressboard (see Figure 44), which can
indicate the effect of conductivity on the discharge
mechanism [54,133].
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Figure 44. PRPD patterns of internal PDs tested in the laboratory for
(left): new pressboard and (right): aged oil impregnated pressboard of
power transformer[54].
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3b
Figure 45. Typical PD pattern in OIP obtained in the laboratory, a: zero
gap (between needle and pressboard laid on the ground electrode), b:
10mm gap. 1, 2 and 3 are 3.7%, 4.3% & >5% moisture content
respectively [59].

In Figure 45, the effect of different air gaps as well as
oil moisture level on PRPD patterns of the oil impregnated
papers are shown. The PD patterns for different level of
moisture contents indicate similar trend in phase of
occurrence of PD event with respect to the applied power
frequency voltage [59].

3) SURFACE DIGRADATION

The creepage discharge on the surface of pressboard
(PB) is usually more evident at smaller phase angles and
the promotion of negative discharges would be more than
positive ones [44,134]. It is noteworthy to mention that
because of the hydrostatic pressure influence on the surface
discharge of oil-paper insulation, its characteristic can be
different in high altitude from other places. Additionally, it
has been shown that increase of hydrostatic pressure can
reduce the PD charge amplitude to a very low value under
normal operating conditions; on the other hand, it can result
in significant increase of the maximum PD charge
amplitude whereas the local electric field is overbalanced
due to arising defect, so that PD identification would be
easier in this case. In addition, the PD repetition rate
decreases considerably when the hydrostatic pressure is
increased. Thus, it can be useful to protect the oil-paper
interface under a normal operating condition of HV
transformers [44]. Figure 46 shows an experimental model
to generate creepage discharge over the cardboard sample
between the electrodes and corresponding PRPD pattern.

UHF signal

180 )
Phase angle (degree)
Figure 46. Surface discharge PRPD pattern (left) and experimental
model (right) using a cardboard along the electric field direction and a
copper sheet with the edge of the plate [43].

Yi and Wang have conducted a research on creepage
discharge evolution over the impregnated pressboard by
recording the surface tracking, PRPD patterns and
discharge current signals. Different kinds of insulating
liquids, synthetic ester MIDEL 7131, natural ester FR3 and
mineral oil Nytro Gemini X, were used in their experiment
[69]. They obtained and explained different stages in the
process of surface tracking. Figure 47 shows the evolution
of PRPD pattern at difference stages of creepage discharge
on the pressboard in MIDEL 7131.
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Figure 47. Evolution of PRPD pattern at different stages of surface

tracking recorded at 43kV using an experimental needle-pressboard-

ground model [69].

D. GAS INSULATED EQUIPMENT

Different types of PD sensors has been introduced and
employed in gas-insulated equipment in order to have
higher detection accuracy of assorted type of PDs, because
repair or replace each compartment of this equipment are
time-consuming, and highly reliable preventive measures
are critical. Aim of this section is to illustrate the key
features of PRPD patterns measured by these sensors from
different PD sources inside the gas-insulated equipment.

1) FREE-MOVING METALLIC PARTICLES

Metallic particles can freely move inside the
compartment of the GIS and/or lift off toward the HV
conductor. Since their movement depends on particles size,
weight and electrostatic force, PD pattern should be
evaluated at different stages (e.g. Figure 48). PD pattern of
measured signal can discriminate between moving and
jumping stages at different applied voltages [135]. When
electric field inside the enclosure is higher enough to
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overcome gravity force and weight of particles, they will
jump from enclosure toward the HV conductor which
intensifies discharges around the conductor. During this
transition from jumping to the dancing mode, PRPD pattern
does not show any clear changes and are not stable; also,
PDs are distributed around zero crossing which goes toward
the first half of positive and negative cycle of voltage in
PRPD pattern and forms more symmetrical pattern (Figure
49). When metallic particles approach and attach HV
conductor, PDs ignite with higher intensity at the positive
and negative half cycles and reach to the stable and
symmetrical condition around the peak of voltage
waveform (shuffling) [87,136].

q[V] v
|41 6

(c)
Figure 48. Extracted patterns for different conditions of 15mm free-
moving particles using UHF couplers on the GIS on site: (a) shuffling,
(b) dancing, (c) jumping [87].

Aeninom " 20 |
1
. o Il ‘ ‘
I gl 00 A0 o8 AT (]
Copper | fo (T |l
@ | g VLY [
ly N 2 -
Avminum = e vt
HV electrode 10
®) cs
, 8
Aluminium ball 005 0 70 %
Ground electrode LU ?
" U(V) W()

(c)

Y,

Figure 49. Flouting particle model and corresponding PRPD: (a) sphere
diameter 1mm (10kV HV electrode) and concave ground electrode[137],
(b) HV ball electrode with 44mm diameter and half hollow sphere ground
electrode 120mm [79], (c) flat metal washer with the diameter of 33mm
suspended by insulation tape in real 220kV GIS [138].

Also, Ju Tang et. al. has presented PD development
trend for this defect as shown in Figure 50.
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Figure 50. Change of the PD pattern with voltage rising for floating
particles inside a simulated GIS in the laboratory [139].

2) METALLIC PROTRUSION

In this kind of defect, due to space -charge
accumulation around the tip of protrusion and non-uniform
electric field, negative corona discharges are detected
around 270° in PRPD pattern for protrusion on the HV
conductor. If the voltage is gradually increased, PDs in
positive polarity are incepted with higher magnitude around
90° and intensity for both polarities with respect to other
defects. Secondary electron emission plays major role in
consistent occurrence of negative corona discharge.
Positive charges accumulated around cathode enhance local
electric field and cause higher number of electron
avalanches at the same time [136]. Xian-Jun Shao in [136]
and Ju Tang in [139] have shown progression of patterns
for this defect with voltage rising as shown in Figures 51
and 52.
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Figure 51. change in PRPD pattern for different voltages above

inception voltage for metallic protrusion defect [136].
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Figure 52. PRPD patterns for metal protrusion model on HV conductor

inside a simulated GIS in the laboratory [139]
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The tip shape of protrusion has significant impact on
PD development process. For round shape, PD inception
voltage and breakdown voltage are closer and late detection
can lead fast failure in system; however, in sharp
protrusion, depending on length of defect, more stable PDs
can be recognized earlier because the inception and
breakdown voltage are noticeably different. No direct
correlation between PD magnitude and defect length has
been reported [76]. The protrusion shape factor has been
discussed in another research work. Results show that, for a
tip with small curvature radius, local electric field and its
gradient is higher, which results in local PDs at lower
voltages [140]. As shown in Figure 53, for sharper
protrusion, positive and negative PD patterns are observed
at lower voltages with higher magnitude and intensity for
negative half-cycle.

PD Charge (pC)

W om0 @M M5

Phase (degreel)
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Figure 53. PRPD pattern for different applied voltages and protrusion
defect sizes with a length of 6mm and radius of: (a) 0.5mm, (b) 0.25mm
inside an experimental 550kV GIS chamber [140].

3) GAP/VOID IN THE SPACER

PDs generated in the gap between the spacer and the
metal conductor are not stable and have been distributed at
the second half partition of positive and negative half-
cycles. PD repetition rate and magnitude range are higher
but average magnitude of discharges are much lower. Space
charges are accumulated in the vicinity of insulator which
causes electric field distortion in the air gap [79]. Maximum
electric field is concentrated in the gap and inception
voltage mainly depends on gap size, insulator property and
applied voltage.

That PRPD pattern changes with respect to voltage
level higher than inception voltage has been given in [139]
for electrode gap defect as shown in Figure 54. These
results confirmed abovementioned explanations about PD
magnitudes and repetition rates reported by other works.
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Figure 54. Change of the PD pattern with voltage rise for electrode gap
defect [139].
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Since magnitude of discharges for internal voids inside
the insulator are much smaller, they might not be that
dangerous for many years and will gradually deteriorate
insulator during the aging process. Therefore, insulator void
is assumed as medium risk defect in gas-insulated
equipment unlike the protrusion which shows higher risk of
failure [141]. Also, “rabbit ear” 2D pattern distribution as a
signature of internal void has been reported in some works.
When voltage increases, total internal electric field in the
void during polarity reversal increases which in turn, results
in higher magnitude of ear formed for each half-cycle as
shown in Figure 55 [142].
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Figure 55. PRPD pattern at inception voltage (left), and higher voltage
level (right) [139].

Also, multi-ear PRPD pattern has been shown in [143]
for extracted UHF signals of an insulating spacer having
multiple internal voids at higher voltage levels above

inception voltage as shown in Figure 56.
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Figure 56. PRPD pattern results of on-site tests from a 550kV GIS
insulating spacer with multiple internal voids at different voltage levels:
(a) 220kV (inception voltage), (b) 382kV, and (c) 740kV [142].

4) INSULATOR CONTAMINATION

For an insulator contaminated mainly by metallic
particles, PD pulses would generate electrical branches on
the spacer surface in which these surface discharges would
have significant degradation consequences on the insulator.
This type of PD is not stable and PRPD pattern shows
lower repetition rate with relatively high average amplitude.
Moreover, PDs are concentrated around peak of voltage
waveform with a lower distribution toward second and
fourth quadrants of the phase angle of the applied voltage
[79]. PD patterns presented in different works show
relatively symmetrical distribution for positive and negative
half-cycles in this defect (Figure 57). Also, Ju Tang in
[139] has depicted pattern changes with voltage rise as
shown in Figure 58.
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Figure 57. Typical PRPD patterns for contaminated insulator from the

experimental models reported in: (a) [79], (b) [78], (c) [143], and (d) [144].
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IV. CONCLUSION AND OUTLOOK
A. SUMMARY

The high voltage PD measurement is one of the
powerful diagnostic methods for insulation systems of
different high voltage equipment. Comprehensive studies
have been conducted on assessing the operating condition
of high voltage equipment based on detected and measured
PD data from defects as the PD sources in order to take
every precaution to avoid the failure. We think that
advances in PD data acquisition sensors have provided a
great understanding of the existence and severity of
different defects based on PRPD patterns which can be
abridged, and the key features, signatures, similarities, and
differences to be summarized and discussed. Summarized
information can not only facilitate the engineering decision-
making process before involving in sophisticated data
analysis techniques but also highlight the main needs of
further feature extraction and post-processing of available
data in order to obtain further information as much as
possible. Having this thought in mind, we have categorized
and introduced commonly observed defects in high voltage
equipment and their effects on normal operation and
lifetime of these key components in section 2. Then, we
have presented a summary of PRPD results reported by the
researchers for each type of defect. In order to verify the
consistency of the results, obtained PD pattern results by
experimental models and on-site measurements have been
given and illustrated in section 3. Also, the main features of
these patterns for different types of defects categorized in
this section have been summarized in TABLE IV.

TABLE IV
SUMMARIZED MAJOR FEATURES AND SIGNATURES OF PRPD PATTERNS OBTAINED FOR DIFFERENT TYPES OF DEFECTS OBSERVED IN
EACH HIGH VOLTAGE EQUIPMENT (HC: HALF CYCLE)

High Voltage equipment Type of Defect PRPD Pattern Signature
Internal Symmetry of the maximum amplitude and number of PDs in both HCs
Slot Asym.metric; higher negative half pattern with a possible shape of triangle or
quadrilateral
Slof exit Asymmetry in the pattern peak magnitude or number of PDs detected for both

Motors and generators

HCs (higher possibility of higher PD magnitudes in negative half cycle)

Inter-phase

Higher magnitude and narrower pattern for negative HC, possibly mixed with
other PD source patterns like corona at higher voltages

Spark erosion

Asymmetric pattern; more intense PDs for this defect than others;
concentrated around the voltage peaks with higher magnitude in positive HC

Cables and Accessories

Metallic protrusion

Pattern forms in one of HCs

Surface degradation

Unsymmetric patterns formed after the zero crossing of voltage; strong
dependency on the defect geometry on the surface

Internal (cavities)

Relatively symmetric for both HCs; turtle- or rabbit-like patterns depending
on the aging stage

Internal (trees)

Asymmetric patterns in terms of the shape, intensity or peak

Transformers

Metallic protrusion

Pattern forms in one HC, or significant higher PDs in one of HCs

Cavities

Generally, symmetric patterns are formed in HCs

Surface degradation

Asymmetry in each HC unlike the patterns described to cavities

Gas-insulated equipment

Free-moving metallic particles

Unstable pattern; generally symmetric with a peak between zero crossing of
the voltage to the peak of voltage in each HC

Metallic protrusion

Concentration of PDs with higher magnitude at the voltage peaks; starting
from negative HC at 270° and then initiated at positive peak at 90°

Gap/void in the spacer

Patterns for both HCs formed generally at the second and fourth quadrants

Insulator contamination

Unstable patterns with low repetition rate and possible high average
amplitude, concentrated around peaks toward the second and fourth quadrants
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B. OUTLOOK

Previous studies on PD patterns arising from the
different PD sources in each high voltage equipment as well
as the effect of different parameters such as pressure,
temperature, humidity, location, geometry of defect provide
reasonably good consistency of the PD characteristics. The
significant impact of aging at each stage on PD patterns has
been reported for specific types of defects which are
subjected to physical and chemical changes over time.
Important to note that the novel feature extraction and
classification techniques have been adopted in the last
decade and provide further information about the PD source
and type which have not been introduced and discussed in
this review. Despite the available knowledge and
techniques for condition assessment of electrical equipment
based on PD data, the following issues need to be
considered in the future works:
® The presence of multi-PD sources as a highly possible
case should be further studied. Identification of PD sources
and separation of the patterns have not been successfully
done using the available techniques. Sources with lower
intensity due to less sensitivity of the sensors or attenuation
of signals detected far from the PD source location cannot
be detected and/or identified in this case.

e Utilizing sensors with high sensitivity is not always the
best option, especially for on-site measurements.
Environmental noises or unwanted signals and pulses from
the grid can easily pollute the PD pulses, especially for PDs
with low intensity due to the nature of the source. Robust
denoising techniques are needed.

® The location of the PD source is not known in the real
measurements. Multiple PD sensors are usually used to
locate the sources, especially in cables and gas-insulated
equipment. Although strategies and different
implementations have been suggested to this end, their
accuracy and efficiency have been confined to the specific
system and arrangement.

e In some equipment, different types of sensors are used for
condition assessment (e.g. gas-insulated equipment). A
central decision-making technique needs to be established
to correlate the data received from different types of
Sensors.

® One of the main reasons for extracting the PD data is for
life expectancy. Although PD patterns can provide
somehow the condition and aging stage of the insulation
system, they cannot determine the life-time of a power
component without continuously monitoring the PD
behavior and extracted patterns.
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