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Abstract Partial discharge (PD) is a widespread phenomenon instigated in power transformer (PT) insulation systems. PDs are
triggered by voids that vary in size and position within the PT insulation. The electrical characteristics of those damaging, PD-
causing cavities must be well understood, to accelerate the development of advanced PD detection techniques. Thus, the impact of
varying the radius and position of spherical air voids on the characteristics of PDs in PTs is examined using a 3D finite element
analysis (FEA) model designed in COMSOL Multiphysics. The spherical voids are positioned between two windings ofa 512 kV,
three-phase (3¢) PT. The peak electric field (EF) and aggregate energy in the FEA model are used in conjunction with laboratory
measurements of the apparent discharge magnitude, for detailed analysis of Polyethylene Terephthalate Glycol (PET-G) based
cylindrical voids with different heights. Simulations demonstrate that the inception of PD activity in the PT model occurs for
spherical voids with a radius exceeding 1 mm. Furthermore, the most severe PDs occur within the press-board insulation, adjacent
to the uppermost part of the innermost windings. Experiments demonstrate that a significant increase in PD activity was observed
for PET-G based cylindrical voids with heights exceeding 1 mm.

Index Terms—Dielectric breakdown, high-voltage techniques, insulation, partial discharges, power transformer

I. INTRODUCTION

A. Background and Motivation

AILURES of power transformer (PT) insulation may oc-

cur due to faults and defects in the PT, such as partial dis-
charges (PDs), oxidation deposits, corrosion deposits, starting
faults, and arcing faults, etc. [1]. PDs are common faults pre-
sent in PTs and are a sign of insulation degradation [2]. PDs
occur in insulating materials such as PT oil and pressboard
insulation [3]. A survey of 972 PTs showed that out of all
faulty PTs, 21% were diagnosed with PD activities [1]. Pre-
dicting faults is imperative for electric utilities since it helps
extend their assets’ operational lifetime. Moreover, the global
market for asset condition monitoring is projected to grow to
$5.2 billion by 2029 [4], hence, employing PD detection is
key to ensuring reliable condition monitoring [5], avoiding
unexpected shutdowns [6], and saving replacement and
maintenance costs.

PD activity is initiated by the presence of air voids in PT
oil-impregnated paper insulation. PD activity is associated
with key characteristics such as discharge pulses, ultrasonic
emissions, radio frequency emissions, inception voltage, pro-
gressive insulation degradation, and energy dissipation [7] —
[11]. In [12], the authors investigated PT insulation in the
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presence of PDs by analyzing the breakdown characteristics
of eco-friendly oil. In [13], the authors investigated the fiber
Bragg grating sensors’ application for PD monitoring in an
oil-filled power transformer, discussing the advantages and
disadvantages of the different methods of PD detection. In
[14], the authors investigated the effect of adding inter-har-
monic components to the fundamental frequency, for the de-
tection and analysis of PDs. In [15] — [17], the authors devel-
oped antenna sensors, notably, the Hilbert fractal antenna and
wideband antenna arrays for PD detection and localization. In
[18], the author investigated the impact of heat-induced aging
on oil-impregnated PT paper until breakdown, while concur-
rently analyzing the PD characteristics. The findings indicate
that as the oil-impregnated paper undergoes thermal aging,
both the quantity and intensity of PD events increase. Dielec-
tric spectroscopy was conducted on the samples prior to and
following PD aging, and the outcomes were employed to elu-
cidate the evolution of PD behavior over time [18].

In [19], the author sought to correlate the PD and streamer
features in three PT fluids subjected to AC voltage stress. The
associations between PD and streamer attributes demon-
strated that identical apparent charge values might signify dis-
tinct degrees of streamer progression within the insulation
material, contingent on the consistency of the electric field
(EF). This suggests that the interpretation of PD measurement
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Fig. 1. Wireframe view of the PT FEA model and the spherical air void
geometry.

outcomes should consider both the EF uniformity (PD loca-
tion) and the type of liquid.

There is significant difficulty in reproducing the exact con-
ditions initiating PD activity. It is therefore imperative to
study the EF characteristics of PD inception instigated by
voids in PT insulation using FEA and merging it with other
measured attributes. The benefit of the FEA simulation of
PD-causing voids is demonstrated in its ability to model the
phenomenon while providing the freedom to evaluate physi-
cal quantities that could not be measured. This enhances the
understanding of how voids influence various physical quan-
tities of interest. The advantage of using EF in PD assessment
is the availability of a known benchmark to compare against,
the dielectric breakdown strength of air and the insulation it-
self. This nullifies the stochastic nature of PDs, as there is al-
ways uncertainty in assessing an asset’s condition using alter-
native methods, such as ultrasonic acoustic emissions. This
concept was previously used for high voltage (HV) XLPE ca-
bles in [20] —[22], where the authors investigated the relation
between different void sizes, void positions, and PD activity.
It was found that the EF distribution was an effective measure
of an asset’s condition, and the void position created a larger
disturbance in the field distribution compared to the void size.
The investigation does not include a detailed analysis of the
total energy content within the air void, requiring an integra-
tion operator. Moreover, the fields in the PT follow a different
distribution, requiring a study utilizing a PT’s geometry. The
simulations presented in this work reveal the unique proper-
ties of air voids submerged in oil-impregnated PT paper.
Moreover, several experiments have been conducted to quan-
tify the detriment of PD activity on PET-G insulation. There-
fore, this paper investigates the effect of a spherical shaped
void position and size on PD inception in PT insulation and
addresses the acquired mathematical models for key param-
eters while incorporating practical HV tests of cylindrical
shaped voids in PET-G insulation.

B. Contributions
The proposed solution offers a comprehensive study of the

2
TABLE I
POWER TRANSFORMER SPECIFICATIONS

Parameter Symbol Value Unit
Core relative permeability re 1200 none
Oil relative permittivity €oil 2.1 none
AL O; paper relative permittivity Epaper 35 none
Density of soft iron Dr. 7900 kg/m?
Stacking factor K; 0.95 none
Window space factor Ky 0.16 none

Primary voltage V, 512 kV

Secondary voltage Vs 132 kv

EF, energy, and apparent discharge magnitude. Pattern anal-
ysis was performed on charge-voltage-phase (Q-V-¢) data,
and extensive statistical analysis was performed for PD fin-
gerprinting. Prior work was related to the frequency content
of the collected signals, increasing the set of useful features
for the classification of void size and PD intensity. Two-di-
mensional (2D) vector analysis and one-dimensional (1D)
scalar analysis were performed on the EF distributions of the
void, enhancing the feature set. The collection of attributes
analyzed in this paper paves the way for a novel, comprehen-
sive system for PD analysis.

The main contributions of this paper are as follows.

1) The relation amongst energy, apparent discharge magni-
tude, and EF as PD intensity and location varies is re-
vealed, and its effect on PD inception in HV PT insula-
tion and PET-G insulation is studied.

2) A three-dimensional (3D) finite element model for ana-
lyzing the physical characteristics of PDs in PTs is built,
to overcome the difficulty of measuring the EF physi-
cally.

3) Pattern analysis on charge-voltage-phase signatures
from PET-G insulation, coupled with Fourier and statis-
tical analysis is performed, for improvements in PD fin-
gerprinting.

4) 2D vector and 1D scalar fields are analyzed, to consider
PD events in a non-uniform EF distribution inside the
cavity.

C. Paper Outline

The paper is organized as follows. Section II provides the
3D finite element analysis (FEA) model of the PT, and the
accompanying vector and scalar analysis of the defects. Sec-
tion III reveals the relation amongst void energy, apparent
discharge magnitude, and peak EF intensity as void size and
location vary. Pattern analysis on Q-V-¢ signatures is also
coupled with Fourier and statistical analysis. Section IV con-
cludes the paper.

IT. POWER TRANSFORMER FINITE ELEMENT ANALYSIS
MODEL, VECTOR, AND SCALAR ANALYSIS

In this section, the simulation procedure of a 3D PT FEA
geometry is presented, and rated specifications, along with
results of some spatial plots of key vector fields and scalar
quantities involving the defect are analyzed in detail.

A. Three-Dimensional Power Transformer Finite Element
Model

The spatial distribution of the EF describes the conditions
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Fig. 2. Scalar and vector electric fields along a plane intersecting the air
cavity. The electric field distribution is evaluated along the blue-colored 2D
cut plane shown in Fig. 1.
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Fig. 3. Variation in EF norm along a cut line intersecting the spherical air
cavity for different cavity radii. The EF norm is evaluated along the yellow
colored 1D cut line shown in Fig. 1.

that occur during PD inception. The focus of the following
discussion is the electrical aspect of the PT, providing details
on quantities such as charge, EF, and energy. The faults in a
three-phase (3¢) two-winding PT are modeled using FEA
software. Table I shows the most prominent parameters de-
fining the PT’s geometric and electric properties. Fig. 1 illus-
trates a wireframe 3D view of the regions of a 3¢ HV PT’s
geometry that is in close proximity to the spherical void stud-
ied in this paper. The PT components shown in Fig. 1 include
the transformer core, outer windings, inner windings, and the
oil-impregnated paper insulation. Each phase consists of a
pair of concentric windings, an inner winding rated at 132
kV, and an outer winding rated at 512 kV. Fig. 1 also shows
a close-up of the red spherical void embedded between the
two windings of the leftmost phase of the PT. The distance
between the center of the spherical void and the inner wind-
ing is 1.08 cm. When changing the void position, the void

remains the same size but is shifted along the magenta trace.
A custom mesh was used, with a maximum element size,
minimum element size, maximum element growth rate, and
curvature factor of 8.4 cm, 0.003 cm, 1.3 (unitless), and 0.2
(unitless), respectively. A suitable maximum mesh element
size of 8.4 cm allows for a reasonable simulation time, while
a minimum mesh element size of 0.003 cm ensures that the
mesh fineness within the void’s vicinity is sufficient to re-
solve the electric fields correctly. The maximum mesh ele-
ment growth rate has been tuned to 1.3 to prevent large dis-
crepancies between the volumes of adjacent tetrahedral mesh
elements, and the curvature factor was tuned to 0.2 to prevent
coils from rendering incorrectly during modeling.

B. Scalar and Vector Field Analysis of Air Voids in Oil-
Impregnated Transformer Paper

To evaluate the damaging effect of air pockets on a PT
insulation’s field distribution, 2D plots of the EF are ob-
tained, revealing regions of severe electrical stress within the
spherical void. All the quantities shown in the 2D plots are
evaluated along the blue surface of Fig. 1. A plot of the EF
vector field within the spherical void’s vicinity is shown in
Fig. 2. The flux density is consistent for the majority of the
regions surrounding the spherical void, with a noticeable de-
crease in the flux density below the void, due to the attenua-
tion of the field strength. Peak flux density occurs within the
void, a hotspot for PD events. This is due to the lower per-
mittivity of the void, causing higher local and inhomogene-
ous field line concentrations, exceeding the dielectric
strength of the surrounding material, leading to insulation
degradation and breakdown. To identify the EF intensity and
direction, a scalar-vector plot group is displayed in Fig. 2. It
is observed that some fields outside the spherical void have
the propensity to assume a direction tangent to the void’s
contour, and there is an increasing concentration of field vec-
tors within the void relative to its surroundings, confirming
the large electrical stresses present from voids. The heatmap
shows a nonuniform orientation of electric field vectors and
high stresses in the regions of Fig. 2 within, above, and below
the spherical air void (outlined in white). The vector field and
heatmap results in Fig. 2 are based on an evaluation of the
FEA model along the blue cut plane, as shown in Fig. 1.

C. Effect of Cavity Size on the Electric Field Distribution

To illustrate the effect of cavity size on the EF distribution
along one dimension, the EF norm was obtained for a family
of cutline plots, each representing a certain spherical void ra-
dius, as seen in Fig. 3. The cutline is defined as the yellow
curve intersecting the red void in Fig. 1. Seven spherical
voids, with radii {1 mm, 1.5 mm, 2 mm, 2.5 mm, 3 mm, 3.5
mm, 4 mm} are investigated, revealing relations not ob-
served in the 2D heatmaps. This range of void radii was se-
lected since it was found that PD activity is initiated for
spherical voids with a radius exceeding | mm. The EF norm
within all voids is larger than the surrounding paper insula-
tion, and an increase in the central EF norm at an arc length
of 1 cm is observed as the spherical void radius increases.
The arclength is defined as the Euclidean distance between a
point that lies on the cutline and the endpoint of the cutline.
This is a side effect of the spike in electrical field value
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Fig. 4. Aggregate electrical energy in spherical air void vs radii.
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Fig. 5. Peak EF norm in spherical air void vs void radii.

caused by the surface area of the larger void. The 4 mm
spherical void exhibits the highest EF intensity, with a peak
EF norm of 2.4 MV/m, less than the 3 MV/m threshold re-
quired for the inception of PD activity [25].

III. PARTIAL DISCHARGE PATTERN ANALYSIS BASED ON
VOID SIZE AND POSITION

To facilitate a more accurate condition monitoring system,
the relation among void energy, apparent discharge magni-
tude, and peak EF intensity as a function of void size and
location is derived from experiments and FEA modeling.
Pattern analysis on Q-V-¢ signatures is coupled with Fourier
and statistical methods for a more robust feature set.

A. Modelling the Effect of Void Size on Partial Discharge
Activities
Air voids are a source of concern in PTs, as they seed PD
activities. Voids of different sizes exist within the PT’s insu-
lation system, indicating various stages of deterioration. It is
essential to have a reference on the level of EF inhomogene-
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ity caused by voids of different sizes, to accurately bench-
mark the stages of insulation aging effectively. Fig. 4 shows
the correlation between the electrical energy content of a
spherical void and its radius, computed by performing a vol-
umetric integral of the energy density within the spherical
void, expressed as [26]

E=J”U(x,y,z)dxdydz, )

xXyz
where £ is the total electrical energy content of the void in J,
and U is the energy density in J/m?, evaluated by solving for
(2), the energy density at a certain point in space, where ¢ is

the insulation material’s permittivity, and Ey is the electric
field.

U=—¢E, @)
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It was determined that the equation of best fit was a cubic
function, represented by the continuous curve of Fig. 4. The
fitness of the obtained curves is based on the coefficient of
determination, or R? metric, which is the square of the corre-
lation coefficient [27].

The model fits well with the discrete simulated values,
with an R? metric of 0.9999. The R? metric approaches unity
due to the spherically symmetric energy distribution of all
spherical voids, creating a direct relation with the cube of the
radius. The peak EF norm refers to the highest magnitude of
the EF stress within a void and is directly related to the stress
experienced by the insulation material surrounding the void.
It provides insights into the performance of insulation sys-
tems during high stress. Fig. 5 is a graph of the peak EF norm
within the spherical voids as a function of their radii, gener-
ated by utilizing a feature in COMSOL Multiphysics known
as the derived values feature. The derived values feature
[28], allows for the evaluation of the maximum value of any
dependent field quantity, such as the electric field norm (the
electric field amplitude), within a subset of the three-dimen-
sional space. In this case, the derived values feature in COM-
SOL is used to obtain the maximum electric field instigated
in the voids. The maximum values of the electric field norm
are directly obtained from the solution dataset, determining
the severity of PD occurrence within the dielectric material.
It is demonstrated that the rate of increase of the EF norm is
always positive and is greater for smaller radii compared to
larger radii. The logarithmic function fits very well, captur-
ing both rates of change, as seen in Fig. 5. The R? value was
found to be 0.9865 + 1E-5. It can be deduced that PD activity
is likely to ensue with spherical voids whose radii are larger
than 1 mm, attributed to the increased quantity of electric
field lines intersecting the void, and the curvature of the flux
lines from the air-oil interface.

TABLE II
INCREASE IN PEAK APPARENT DISCHARGE MAGNITUDE FOR CYLINDRI-
CAL VOIDS AT DIFFERENT HEIGHTS.

Height In- Positive Peak Apparent Negative Peak Apparent

crease Discharge Magnitude (-)  Discharge Magnitude (-)
1 —2mm 8.18 6.23
2 = 3 mm 141 1.72
3 - 4mm 1.93 1.92
4 — 5 mm 0.71 0.54
5 — 6 mm 440 6.01
TABLE III
STATISTICAL FINGERPRINTS OF THE CYLINDRICAL VOIDS AT DIFFER-
ENT HEIGHTS.
Height Variance (-) Skewness (-) Kurtosis (-)
1 mm 5618.565 0.067 27.060
2 mm 57889.974 -5.270 131.907
3 mm 79844.688 —1.689 150.155
4 mm 207651.468 0.336 720.150
5 mm 222316.451 -2.49 181.819
6 mm 5575909.86 —1.553 362.661

B. Modelling the Effect of Void Position on Partial Dis-
charge Activities

As the insulation condition worsens, voids get larger due
to increased gas buildup from the decomposition of trans-
former oil [29], further deteriorating the insulation’s perfor-
mance. It may also be the case that PD activity is noticed
irregularly as a void migrates within the PT’s tank to regions
with high EFs. It is essential that the damaging effect of a
void’s position in a region of concern, such as between the
windings of a transformer [5], is probed. Fig. 6 shows the
total electrical energy within a spherical void (r = 1 mm) as
a function of the void’s position. The figure was generated
by shifting the position of the spherical void along the ma-
genta-colored trace of Fig. 1 and integrating the energy den-
sity within the void for each shift value. The spherical void
is surrounded by a non-homogenous material, the oil-im-
pregnated PT paper. This causes the void to undergo a cyclic
behavior as its membrane is surrounded by materials of al-
ternating permittivity. For every shift of 0.5 cm in the —x or
+x direction, a changing percentage of the void’s volume is
surrounded by the PT paper insulation. For every 2 cm shift
towards one of the windings, the spherical void ends up be-
ing surrounded by the same material composition, causing a
regular pattern to form. The pattern was identified as a family
of quadratic functions whose y-intercept was strongly influ-
enced by the surrounding material. To visualize this pattern,
the data points in Fig. 6 are partitioned into four categories,
based on the material composition of the insulation adjacent
to the corresponding air void’s boundary. Each category is
fit with a quadratic function, and each fit is labelled with a
color corresponding to the insulation material surrounding
the void. The exact composition of the surrounding material
is discussed in the following text.

Fig. 7 is a plot of the peak EF norm in the spherical void
for various void positions. The strong dependency of the
peak EF norm on the surrounding material’s composition is
shown. The peak EF generally increases when the void is
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Fig. 9. Histogram of apparent discharge magnitudes for cylindrical voids
with heights of (a) 1, (b) 2, (c) 3, (d) 4, (¢) 5, and (f) 6 mm.

fully submerged in the oil between the transformer paper lay-
ers, as indicated by the red trace of Fig. 7. On the other hand,
the peak EF norm generally decreases as the void is posi-
tioned within the paper insulation layer, as indicated by the
green trace of Fig. 7. This is a direct consequence of the
lower relative permittivity of PT oil (2.1) when compared to
the relative permittivity of PT paper insulation (3.5). The
peak EF values between the paper insulation and oil, as
shown by the indigo and cyan curves, have varying intensi-
ties, as seen in Fig. 7. The curves are best modeled by four
quadratic functions. Moreover, it was observed that peak EFs
occurred near the inner and outer windings of the PT, at shift
values of 0 cm and 10 cm, respectively. This is attributed to
the increase of flux lines cutting the spherical void’s surface
area when the void approaches the windings. Peak EF values
of 3.37+0.1 MV/m were found near the innermost winding,
sufficient to initiate PDs. This proves the importance of
having flawless PT paper insulation adjacent to the
transformer windings.

C. Fingerprinting Using Statistical, Spectral, and
Charge-voltage-phase Signatures

To guarantee the prompt classification of air voids, finger-
printing techniques utilizing a diverse set of features must be
used. The following will demonstrate the utilization of Q-V-
¢ patterns for fingerprinting. Cylindrical voids were created
with a 3D printer using a Polyethylene Terephthalate Glycol
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Fig. 10. Fourier Transform of the LDS-6 system’s temporal discharge sig-
nals for cylindrical voids with heights of (a) 1 and 2 mm, (b) 3 and 4 mm,
and (c¢) 5 and 6 mm.

(PET-G) filament. The experimental setup consists of a pos-
itive disc-shaped electrode with a radius of 15 mm and a flat
ground electrode. A 20 kV RMS source was supplied at the
positive electrode, 1 minute for each cylindrical void height.
The cylindrical cavity diameter was set to 8 mm, and the cav-
ity height was adjusted from 1 mm to 6 mm. The cylindrical
cavities reside inside the green cylinders of Fig. 8. Cylinders
were used, due to the difficulty in creating flawless spherical
voids of sub-1 mm radius. 20 pC was used to calibrate the
setup, using an LDC-5 calibrator producing a pulse train of
charges. The external circuitry [30] powering the device un-
der test (DUT) and cavity is shown. Time-domain discharge
signals were collected using an LDS-6 PD measurement sys-
tem.

Due to the unfavorable mechanical properties of trans-
former paper, it was realized that creating artificial voids that
mimic voids found in aged oil-impregnated transformer pa-
per was not suitable. Alternatively, 3D-printed PET-G based
voids were utilized, ensuring results involving samples of the
same size provided consistent degradation data. The relative
permittivity of the PET-G inclusions used in the experi-
mental validation falls within the 3 — 3.4 range, which is
close to the power transformer paper insulation’s permittiv-
ity of 3.5. To further improve the efficacy of the results and
avoid the distortions found during fabricating voids using a
3D printer, cylindrical voids were used in place of spherical
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Fig. 11. Apparent discharge magnitude vs voltage scatter plots for cylindri-
cal voids with heights of (a) 1, (b) 2, (c) 3, (d) 4, (e) 5, and (f) 6 mm.
voids. Since electric fields are strongly polarized along the z
direction, scaling the height of the cylinders parallel to the
field lines captures the main degradation mechanism found
in the simulations, caused by strong z-direction polarization
of the EF which is observed in Fig. 2. This simplifies the ex-
perimental setup by enabling the use of an anisotropically
scaled cylindrical void rather than an isotropically scaled
spherical void, bypassing fabrication issues that jeopardize
the efficacy of the results. An anisotropically scaled cylindri-
cal inclusion captures the trends observed in an isotopically
scaled spherical inclusion effectively since the electric fields
in both cases are predominantly polarized in the z-direction.
1) Fingerprinting Using Statistical Signatures

The peak apparent discharge magnitude for the sample
with no void is very small, with a slight increase once a cy-
lindrical void with a height of 1 mm is introduced. Results in
Table II indicate that a substantial increase in observed dis-
charge activity occurs as the cylindrical void height increases
from 1 mm to 2 mm, with an increase in peak positive and
negative apparent discharge magnitudes by 6.23 and 8.18
times, respectively, as shown in Table II. The abrupt increase
in the peak apparent discharge magnitude presents a surge in
PD activity, a strong indicator of exceeding the dielectric
strength of the sample under test. Moreover, the increases in
peak apparent discharge magnitudes as the cylindrical void
height increases from 1 mm to 2 mm is higher than all sub-
sequent increases in height.
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Fig. 12. Apparent discharge magnitude vs phase scatter plots for cylindrical
voids with heights of (a) 1, (b) 2, (¢) 3, (d) 4, (e) 5, and (f) 6 mm.

Fig. 9 shows histograms of PD levels in Coulombs for cy-
lindrical voids of different heights, revealing the change in
PD distribution as the insulation degrades. The discharge dis-
tribution in Fig. 9 (a) for the cylindrical void with a height of
1 mm is relatively symmetric, while a significant loss of
symmetry is observed for the 2 mm cylindrical void in Fig. 9
(b), due to a substantial increase in PD activity. Some of the
larger voids deviate more from the normal distribution by ex-
hibiting varying levels of skewness, kurtosis, and variance,
as listed in Table III. Asymmetry in the charge distributions
is a consequence of the dissimilarity between the positive
and negative half cycles. This dissimilarity stems from the
higher mobility of electrons relative to holes, a result of the
electron’s lower mass. Moreover, the variance increases sig-
nificantly as the cylindrical void’s height increases, attribut-
able to the increase in the concentration of high-magnitude
PDs, as shown in Figs. 9 (e) and (f). The deviation in the
discharge magnitudes from the origin, as shown in Fig. 9 (f),
is a consequence of the increase in the concentration of high-
magnitude PDs. The strongly skewed distributions in Fig. 9
are observed to be leaning toward positive charges, con-
firmed by the skewness values of the 2, 3, 5, and 6 mm cy-
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Fig. 13. PD signal received by an antenna vs a CC-TEV sensor for 1 power
cycle.
lindrical voids found in Table III. The kurtosis values of Ta-
ble III illustrate that the charge content of PDs is primarily
populated in the tail regions of the distributions, as the cen-
tral area is primarily populated by noise.

2) Fingerprinting Using Spectral Signatures

The frequency spectrum of a signal indicates important
properties that cannot be resolved in the time domain. For
instance, the energy content of the fundamental 60 Hz fre-
quency component may be used for comparisons, or the ratio
of two or more frequency components for different signals
might reveal more information about the fault severity.

Fig. 10 shows the Fourier Transform (FT) [31] of signal /'
(1), measured for each cylindrical void height. The spectral
content of the signals is mainly harmonics of the fundamen-
tal frequency (60 Hz), with significant energy up to the 15"
harmonic. As the cylindrically shaped void’s height in-
creases, the number of spectral lines that can be resolved
from the noise floor generally increases, due to the increase
in PD activity. Fig. 10 shows that the 1, 2, 3,4, 5, and 6 mm
cylindrical voids possess 3, 6, 8, 10, 4, and 10 spectral lines,
respectively. The cylindrical void with a height of 5 mm
seems to be the anomaly, since the number of spectral lines
decreased, instead of increasing. This may be due to 3D
printer fabrication errors, such as stringing, causing strings
of PET-G filament to occupy the void, instead of air. Regard-
less, a consistent increase in the apparent discharge magni-
tude at the fundamental 60 Hz frequency is observed as the
cylindrical void height increases, while a less direct correla-
tion was observed for the harmonics. The increase in the am-
plitude at 60 Hz for larger voids is due to the increase in PD
activity and the quantity of charge being transferred each cy-
cle. It is concluded that an increase in the magnitude of the
60 Hz frequency component indicates advanced stages of PT
insulation degradation better than the harmonics after the
second order. This signifies that the 60 Hz frequency com-
ponent can be used as a metric for insulation degradation and
the level at which voids compromises the health of the insu-
lation system.

3) Fingerprinting Using Charge-voltage-phase Signa-
tures

Fig. 11 shows six scatter plots of the apparent discharge
magnitude vs voltage for the cylindrical voids with heights

of 1 mm — 6 mm. The four quadrants are separated using red
lines, and regions of low PD activity are highlighted in yel-
low. The x-axis range is from —28.28 kV to 28.28 kV for all
voids. Strong symmetry is observed in Fig. 11 (a), Fig. 11
(c), and Fig. 11 (f), while an increase in PD activity in the
cyan region of Fig. 11 (d) is observed. In the yellow quad-
rants, a minority of negative PDs occur during the positive
half cycle, and a minority of positive PDs occur during the
negative half cycle, and PD charge polarity tends to obey the
phase angle. The PDs occurring outside their half-cycle ex-
hibit a hysteresis-like delay behavior as the charge polarity
remains matching the previous half-cycle even during the in-
itial stages of the current half-cycle. The proportion of PD
activity in the shaded region relative to the unshaded region
decreases as the cylindrical void’s height increases. The dis-
tribution of PDs in the upper right quadrant is similar for all
void heights, but the PDs for the 6 mm cylindrical void in
Fig. 11 (f) are more elevated from the horizontal red line. All
the aforementioned details form the basis for the Q-V PD
fingerprint discussed previously.

The Phase Resolved Partial Discharge (PRPD) method is
a well-renowned method that reveals the electrical phase an-
gles that PDs most frequently occur in, and the apparent dis-
charge magnitudes of the PD activity at that phase angle [21]
— [23]. The analysis of PD behavior within the PT insulation
system, in light of the provided six PRPD plots, is shown in
Fig. 12, revealing compelling insights into the insulation
condition and the relationship between PD and cylindrical
void height ranging from 1 mm to 6 mm. The PRPD patterns
observed in Fig. 12, were obtained by applying a source volt-
age of 20 kV RMS on the PET-G samples for approximately
3600 cycles. These PRPD patterns not only highlight the
concentration of internal discharges at specific phase angle
ranges, such as 0 to 100 degrees, and 150 to 270 degrees, but
also introduce a critical dimension to the analysis, as they
reveal the increase in occurrence and intensity of PDs for all
phase angles. The occurrence and severity of PD activity are
the ideal indicators of insulation degradation.

The observation of void size-dependent trends within
these PRPD patterns is particularly noteworthy. As the
height of the cylindrical void increases, the behavior and dis-
tribution of PDs evolves. Smaller cylindrical voids (1 to 2
mm height) may exhibit a scattering of discharges across var-
ious phase angles, suggesting localized, but less pronounced,
electrical stress concentrations. In contrast, larger cylindrical
voids (3 to 6 mm height) tend to manifest as more concen-
trated clusters of discharges within narrower phase angle
ranges, indicating heightened EF stress at specific points
within the PT insulation. These patterns imply that void size
plays a crucial role in shaping PD behavior, with larger voids
causing more severe insulation defects and discharges.

To translate these findings into actionable insights, simu-
lations were conducted to correlate cylindrical void sizes
with specific PD behavior and defect locations, which is
among the main contributions of this paper. By analyzing the
Q-V-¢ data comprehensively, PT operators can make in-
formed decisions about maintenance scheduling and repair
priorities based on the void/defect severity within the PT in-
sulation. Continuous monitoring and data analysis remain es-
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sential for tracking changes in Q-V-¢ data over time and en-
suring the long-term reliability and safety of electrical sys-
tems. This holistic approach, incorporating both phase anal-
ysis and void size considerations through experimentation
and FEA simulations, underscores the significance of de-
tailed Q-V-¢ analysis in managing and mitigating potential
PT insulation issues. Consequently, this compendious study
portrays the potential of the proposed simulation model to
become an accurate digital twin model for evaluating differ-
ent defect types and severities within the PT insulation sys-
tem, driving down maintenance and testing costs, providing
a better understanding of the innate insulation behavior in the
presence of defects, and enhancing the reliability and stabil-
ity of the power equipment present in the grid.
4) Comparison Between LDS-6, Antenna, and CC-TEV
Measurements for Void Size Fingerprinting

A comparison between the charge-based LDS-6 measure-
ment method utilized for Figs. 11 and 12 and two popular PD
measurement methods, the ultrahigh-frequency antenna-
based method, and the transient earth voltage capacitive cou-
pler (CC-TEV) method is performed. This probes the effec-
tiveness of the aforementioned methods in linking void size
and PD activity. Fig. 13 compares the PD signal captured us-
ing an antenna [32] to a CC-TEV sensor over one cycle,
measured using an oscilloscope in peak-to-peak mode. It can
be observed that both the antenna and CC-TEV sensors ex-
hibit similar fingerprints over the power cycle, both success-
fully detecting PDs with similar magnitudes. However, the
noise level for the antenna is higher than the CC-TEV, due
to interference from external noise sources. Moreover, the
CC-TEV sensor detected more peaks than the antenna sen-
sor, with a better signal to noise ratio. When comparing Figs.
11 and 12 (in coulombs) to the CC-TEV results from Fig. 13
(in volts), it is evident that the LDS-6 provides significantly
more detailed discharge patterns. Although the antenna and
CC-TEV are more convenient for use in the field, sensitive
systems measuring the apparent discharge magnitude of PDs
provide results more suitable for verifying simulations of the
effect of void size on PD activity. Moreover, an increase in
the peak EF of voids in simulations can be better associated
with an increase in the apparent discharge magnitude due to
an increase in void size.

IV. CONCLUSION

This study was performed to analyze the effect of different
air-filled void sizes and positions on the characteristics of
PDsina 512 kV 3-phase PT. A 3D FEA model was proposed
and built in COMSOL Multiphysics to study the behavior of
spherical PD-producing voids in detail. The distortion in the
scalar and vector fields in areas adjacent to the void were ex-
amined, and the phenomenon behind such distortions were
inspected. The study focused on critical parameters such as
the peak EF and aggregate energy of spherical PD-causing
voids of various radii and positions in conjunction with la-
boratory measurements of PD inception voltage and peak ap-
parent discharge magnitude of cylindrical PD-causing voids
of different heights, for detailed time domain and frequency
domain analysis. Mathematical models characterizing the
peak EF and aggregate electrical energy were derived from

the FEA model. The analysis of the peak apparent discharge
magnitude involved utilizing Q-V-¢ fingerprinting, to obtain
better correlations between the simulated quantities and
measured quantities. To further enhance the analysis pre-
sented in this work, statistical studies were performed to re-
late the stochastic nature of experimentally obtained PD data
to simulated data. The following summarizes the main find-
ings and presents recommendations for future work.

o Results illustrated that the inception of PD activity occurs
for cylindrical voids with a height exceeding 1 mm and
spherical voids with a radius exceeding 1 mm, indicating
the damage of small air voids on surrounding insulation.

e It is essential that power transformer designers consider
the threshold size of voids that lead to PDs in their designs.

e It is recommended that the temporal behavior of clusters
of voids in close proximity are analyzed, as they can dis-
rupt the uniformity of the EF in the transformer paper.

e It was also found that voids adjacent to the two windings
of the PT were most susceptible to PDs. This suggests that
the innermost and outermost transformer paper layers are
subject to the greatest aging stresses.

e It is recommended that the effect of utilizing different
types of insulation for the innermost and outermost trans-
former paper insulation layers are investigated. Insulation
materials with high absorption capacity of transformer oil
are an ideal solution for preventing voids.

There are no clinical implications of the work presented in
this paper.
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