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A Comparative Analysis of Partial Discharge
in 13 Combined Insulation Structures
of 11 Materials Used in Cast-Resin
Dry-Type Transformers

Muzaffer Erdogan

Abstract— Partial discharge (PD) in cast-resin dry-type
transformers (CRDTs) is an important issue that needs
to be overcome. In this study, PD in insulation materials
used in CRDT windings is investigated. Four types of sam-
ples are prepared using 11 different types of materials,
including epoxy resin, three-ply glued polyester insulation,
prepreg insulation, glass fiber mesh, polyester adhesive
tape, polyester film, polyimide film, rectangular conductors
with polyester insulation, round conductors with polyester
insulation, round conductors with enamel insulation, and
foil conductors without insulation, and subjected to PD
measurements. The samples are placed into a mold for resin
casting that is similar to those used to fabricate large cast-
resin windings, and the material behavior is tested. PD mea-
surements are carried out in the high-voltage laboratory of
the BEST Transformer Company. The measured data are
used as inputs to models of the samples that are simulated
using finite element analysis software to determine the PD
inception electric field. The PD patterns of the samples are
compared with well-known PD patterns in the literature.
Finally, a comparative analysis of the materials is performed,
and strong and weak materials against PD are identified.
The results of this study show that laminated insulation
materials or fiberglass meshes, both with epoxy resin, which
have PD inception at a mean value of 3.4 kV/mm of electric
field intensity, are more susceptible to PD than the other
insulation materials investigated. In contrast, insulated con-
ductors or nonlaminated polyester or polyimide films, all
with epoxy resin, which have PD inception above a mean
value of 5.3 kV/mm of electric field intensity, are robust to PD.

Index Terms— Cast-resin dry-type transformers (CRDTSs),
electric field simulation, insulation materials, partial
discharge (PD), PD pattern.

I. INTRODUCTION

SCARCITY of natural resources has resulted in a rapid
increase in energy requirements and an increase in the
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demand for efficient energy transfer. It is efficient to transfer
electrical energy at a medium voltage (MV) in close proximity
to the actual location of energy consumption. However, extra
precaution and safety measures are required in highly popu-
lated areas. Furthermore, it is safer to use a cast-resin dry-
type transformer (CRDT) than to use oil-based insulation and
cooling media for energy delivery at a distribution network.
In addition, dry-type transformers do not require maintenance
because of a solid construction [1].

A CRDT winding structure consists of conductors sepa-
rated by polyester-based laminated insulation, where groups
of conductors are wrapped in resin-impregnated fiberglass
mesh, and all the materials are encapsulated in an epoxy
resin. However, partial discharge (PD) is a critical issue for
CRDTs because of the solid winding structure. Voids that
form within the insulation of the winding may be harmful and
cause insulation failure [2]. In addition, cracks in the epoxy
resin or delamination of insulation can occur inside the CRDT
windings due to the different thermal expansion coefficients of
the materials used [3]. To minimize the occurrence of PD in
CRDT, the insulation materials used in the winding should be
investigated.

A. Related Studies

Many PD studies on various winding and insulation types
can be found in the literature. The PD inception voltage of an
enamel conductor was investigated for twisted round conduc-
tor pairs and parallel-plate conductors with different insulation
thicknesses and gaps [4]. The minimum PD inception voltage
was obtained using a well-defined insulation thickness and
a gap between conductors. Ozaki et al. [5] studied enamel
conductors with different nanofillers and thicknesses. The
high shearing force of the kneading process and a nanofiller
content of up to 10 pbw were found to improve the break-
down time and flexibility of the insulation. Polymer materials
with nanofillers were found to decrease the susceptibility to
PD compared with polymers with microfillers [6]. Besides,
the addition of titanium dioxide (TiO;) into the low-density
polyethylene (LPDE) matrix was found to decrease the PD
activity compared with pure LPDE [7]. PD and surface
tracking of LPDE with nanofillers of silicon dioxide (SiO,),
TiO, and TiO,@Si0, have also been investigated [8]. The
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best results were obtained using TiO, @SiO, with a 0.6%
filler loading. Zhao et al. [9] performed experiments on epoxy
resin and layer insulation materials, such as Nomex paper,
dacron/mylar/dacron (DMD) material, polyester, and poly-
imide, to determine the surface PD and surface flashover
at different high-frequency source voltages. Increasing the
frequency was found to decrease the flashover voltage and
affect the surface discharge inception. An artificial cavity was
created within layers of Nomex paper and PD was mea-
sured [10]. With increasing voltage, the number of PD events
and the magnitude of PD increased, the phase distribution
broadened, and the phase of initial discharge moved forward.
Moranda et al. [11] measured and compared the PD levels
of Nomex paper and cellulose paper with different moisture
contents in an oil cup. The PD inception voltage decreased
significantly with increasing moisture. Florkowski et al. [12]
investigated the change in the surface resistance after aging
materials, such as cable insulating paper, epoxy-impregnated
paper, machine insulation polyester film saturated with epoxy
resin, and mica saturated with epoxy resin. Decreasing the
surface resistance resulted in an increase in the inception
voltage on the void surfaces after an aging period. The
change in the dielectric properties of epoxy resin-impregnated
paper was investigated from the initial stage of PD to the
near-breakdown stage, and deterioration of the samples was
explained [13]. Song et al. [14] analyzed that low temper-
atures increase charge trapping in a glass-fiber-reinforced
epoxy resin, along with inducing excessive conduction and
structural damage. Wang ef al. [15] studied the aging of a
fiberglass-reinforced epoxy resin at 130 °C for up to 32 days
and found that PD after thermal aging causes a higher degree
of molecular chain fracture than thermal aging or PD alone.

B. Motivation

MYV windings control the lifespan of a dry-type transformer.
These windings consist of conductors and many insulation
materials that determine the insulation level in terms of PD
and breakdown. The PD and breakdown properties of a single
material or a combination of materials used in dry-type and oil-
type transformers were evaluated in the aforementioned stud-
ies [4], [5], [9], [10], [11], [12], [14], [15]; however, sufficient
information was not obtained to improve the insulation design
of complex cast-resin winding. This study is motivated by the
lack of studies in the literature on comparing combinations of
materials used in cast-resin windings with similar structures.

C. Contributions

The objective of this study is to investigate insulation
materials for cast-resin windings to obtain PD behavior in
compliance with standards [16], [17]. PD behavior is inves-
tigated for a combination of conductor insulation, polymer
insulation, and resin materials, which are the most commonly
used insulation materials in cast-resin windings.

D. Organization

The remainder of this article is organized as follows.
In Section II, sample preparation is detailed. In Section III,

©

Fig. 1. Sample preparation. (a) Electrode dimensions. (b) Casting bucket
with electrodes. (c) Cast samples.

a PD measurement system is presented, including a detailed
description of all the components. In Section IV, details of a
simulation of the electric field in the samples are presented.
To classify the PD patterns obtained in this study, similar
patterns identified in the literature are given in Section V.
In Section VI, the test results and finite element analyses
for the electric field are presented. Finally, a discussion and
concluding remarks are presented in Sections VII and VIII,
respectively.

[I. PREPARATION OF SAMPLES

To investigate the PD states encountered in the components
of a CRDT winding, samples are cast using aluminum elec-
trodes placed in a steel bucket as a mold, as shown in Fig. 1.
The diameter of the cylindrical aluminum electrodes is 24 mm,
with a chamfer of 5 mm, as shown in Fig. 1(a). The bucket
has eight holes through which four types of samples, labeled
from A to D, are placed on the bucket walls, as shown in
Fig. 1(b). The distances between the electrodes are adjusted
by inserting aluminum spacers behind the main electrodes.
Samples comprising electrodes, insulation materials, and con-
ductors are prepared. Each mold is placed in a casting oven
and maintained under vacuum for 2 h before starting the
casting process. A mix is prepared using a mass ratio of epoxy
(CY5538), hardener (HY 5571), and silica of 100:100:360
and subjected to vacuum degassing. Samples are cast under
a vacuum to ensure no air bubbles remain. Then, the samples
are cured for gelification at 80 °C for 8 h and for postcuring
at 130 °C for 12 h, similar to the winding curing process.
At the end of the curing process, the samples are demolded
and prepared for testing, as shown in Fig. 1(c).

A detailed description of the materials used for sample
preparation is given in Table I. These materials are used in
actual cast-resin windings and are used for mass production
of the BEST Transformer Company.
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TABLE |
MATERIALS USED FOR SAMPLE PREPARATION
Code  Material Width/Dia  Thickness  Insulation structure
R Epoxy resin Casting material, Type: Huntsman CY 5538 - HY 5571 - silica, €-: 4.3
Cl Conductor with insulation 5.5 1.8 Polyester, fiberglass string, varnish (thickness: 0.2), e: 4.2
C2 Conductor with insulation — @2.1 Polyester, fiberglass string, varnish (thickness: 0.2), e,: 4.2
C3 Conductor with insulation 2.1 Enamel (thickness: 0.05), €,: 4.3
C4 Conductor 40 0.5 Without insulation, €,: NA
L1 Insulation 0.31 Three-ply polyester film with glue, €-: 3.2
L2 Insulation 0.18 Three-ply polyester film with semi-cured resin, €,: 3.2
L3 Insulation 2.5 Fiberglass mesh with resin, ¢,: 4.4
L4 Insulation 0.05 Polyester adhesive tape, €-: 3.2
L5 Insulation 0.05 Polyester film, €,: 3.2
L6 Insulation 0.05 Polyimide film, e,: 3.4
*Dimensions are in mm.
TABLE I
CONFIGURATIONS OF TYPE-1 SAMPLES
No Material d(mm)
TA R 8.48
1B R 8.8
1C R 8.93
1D R 9.22
2A R 2
— - 2B R 3
S ..Epo)fy resin 2C R 4
Volt Vol 2D R p
otage| ko ctrode Electrode | 2129¢ 4A R 5
terminal terminal 6A R 4.1
(b) ©

Fig. 2. Type-1 sample. (a) Bare conductors at the tapping area of a
CRDT winding. (b) Sample before casting. (c) Diagram of the sample.

Samples are prepared to investigate various locations in
cast-resin windings that are subjected to high potential dif-
ferences. First, the tapping area in a cast-resin winding is
considered. For voltage regulation, conductors are placed at
a specific number of turns of the winding and connected
to bolts before casting. The potential difference between the
taps can increase up to 7.5 kV. These tap conductors are
bare, there is no extra insulation material between conductors,
as shown in Fig. 2(a), and an epoxy resin fills all the available
space during casting. Type-1 samples are prepared with the
aforementioned structure. The casting bucket only contains
electrodes separated by a distance of d, as shown in Fig. 2(b),
and the resin mix is cast. A diagram of a Type-1 sample is
presented in Fig. 2(c).

The configurations of Type-1 samples are given in Table II,
along with the distances between the electrodes. The samples
are prepared following the specifications given in this table.
Four samples are prepared for each casting in the bucket. The
number of the sample label indicates the casting order, and the
letter of the sample number indicates the location of the sample
in the bucket, as shown in the No column of Table II. After
casting Type-1 samples, Samples 4A and 6A are reproduced
similar to the previous samples to check whether the casting
quality is the same as for casting orders 1 and 2.

Uninsulated foil conductors are widely used in the MV
windings of cast-resin transformers in the power range of

(a)

‘ .dins. quxyresin

Voltage

Voltage d
terminal Electrode H Electrode terminal

Layer insulation
©

Fig. 3. Type-2 sample. (a) Winding with a foil conductor. (b) Sample
before casting. (c) Diagram of the sample.

630-4000 kVA in the BEST Transformer Company. The
conductors range from 30 to 200 mm in width and from
0.2 to 2.5 mm in thickness. An MV winding with an unin-
sulated foil-type conductor with layer insulation is shown in
Fig. 3(a). A layer of insulation larger than the conductor width
is placed between turns, and the space between adjacent disks
is filled during casting. A high-voltage potential difference of
up to 2 kV occurs in the insulation between the disks. Type-
2 samples have a similar structure and consist of a pair of
electrodes wrapped by insulation materials, such as polyester
film, polyimide film, three-ply polyester, three-ply prepreg
polyester, fiber adhesive tape, and fiberglass mesh, as shown
in Fig. 3(b). The distance d between the electrodes and the
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TABLE IlI TABLE IV
MATERIAL CONFIGURATIONS OF TYPE-2 SAMPLES MATERIAL CONFIGURATIONS OF TYPE-3 SAMPLES

No Material  d(mm)  d;,s(mm) No Material d(mm)

3B R+L3 15 10 3A R+CIT 10

4B R+L1 15 0 3C R+C2 10

4C R+L1+L4 16 0 3D R+C3 10

4D R+L2 15 0 8C R+Cl1 10

5C R+L1 6 0 8D R+C3 10

6B R+L5 8.8 4

6D R+L6 9 4

8A R+L3 15 10

8B R+L1 10 0

9A R+L1 8 0

9B R+L1 7 0

10A R+L3 7 0

11A  R+L1+L4 10 0

11B R+L1+14 10 0
(2)
: Layer insulation
otaoo| A e otase

(a)

L g, -Epoxy resin|voitage

Voltagel-'* s A
terminal § L terminal
Electrodﬂ_'v . - Eecﬁode

= .Invsul.at.ed.cond.u‘cto.r‘
(b) (©

Type-3 sample. (a) Winding with an enamel-insulated round

[NRRGRIIAY AN

Fig. 4.
conductor. (b) Sample before casting. (c) Diagram of the sample.

distance dj,s between the insulation materials are set during
sample preparation, as shown in Fig. 3(c).

The configurations of Type-2 samples are given in Table III,
along with the distances between the conductor components
and between the insulation materials. The electrodes are com-
pletely wrapped in insulation, where dj,s equals O mm. In this
case, small holes are made in the insulation materials to ensure
resin filling between the electrodes and insulation materials.

Transformers with a 36-kV voltage winding and less
than 2.5 MVAs are produced using the enamel or
fiberglass-insulated round and rectangular conductors that are
used in BEST Transformer Company. The conductors are
used in an MV winding with a low current rating, and layer
insulation is not required because of the winding structure.
The winding can be separated into internal groups, as shown in
Fig. 4(a), and the potential difference between the groups can
reach up to 10 kV depending on the design. Type-3 samples
have a similar structure and are prepared using insulated
conductors. Electrodes are only used to keep the conductors
inside the bucket. The conductors are wrapped around the
electrodes, as shown in Fig. 4(b), maintaining a small gap
d, as shown in Fig. 4(c). The distance between electrodes is
larger than d to eliminate the electrode effect. The conductor
leads are placed outside the bucket to apply the test voltage.

terminall terminal

Electrode ‘,Eboxi/ resin {Electrode

Insulated conductor
(©

Fig.5. Type-4 sample. (a) Cast-resin winding with an insulated conductor
and layer insulation. (b) Sample before casting. (c) Diagram of the
sample.

The configurations of Type-3 samples are given in Table IV,
along with the distances between the conductor components.

Layer-type MV windings with many subwindings are often
used to produce CRDTs above 4 MVA in the BEST Trans-
former Company. The conductors are insulated, and the insu-
lation materials are used to separate the conductor layers,
as shown in Fig. 5(a). A Type-4 sample is prepared to analyze
this structure. Two conductor layers are wound around the
electrodes to position the insulation material between the
electrodes, as shown in Fig. 5(b). The conductor leads are
placed outside the bucket to apply the test voltage. The
distance d between the conductors is set, and the insulation
material is placed between the conductor layers at a distance
dins, as shown in Fig. 5(c).

The configurations of Type-4 samples are given in Table V,
along with the distances between the conductor components
and between the insulation materials.

[1l. PD MEASUREMENT SYSTEM

A PD measurement system is set up according to IEC
60270, where one test setup is shown in Fig. 6(a) and schema-
tized in Fig. 6(b). In the diagram, U, Z, C,, Cy, CD, CC,
and MI denote the test voltage, filter, test sample, coupling
capacitor, coupling device, connecting cable, and measurement
instrument, respectively. PD measurements are carried out in
the high-voltage laboratory of the BEST Transformer Com-
pany. The laboratory walls are surrounded by a Faraday cage.
The voltage source is a single-phase high-voltage transformer
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TABLE V
MATERIAL CONFIGURATIONS OF TYPE-4 SAMPLES

No Material d(mm)  d;,s(mm)
5A  R+CI+LI 13 3
5B R+Cl1+L3 5 0
5D R+Cl1+L3 10 0
6C  R+C4+L5 9 4
7A  R+C4+L5 10 5
7B R+C4+L5 10 5
9C R+CIl+L1 6 0
9D R+Cl+L1 10 0
10D R+C4+L6 9 4
11C  R+C1+4L3 6 0
11D R+Cl1+L1 5 0

Fig. 6. PD measurement system. (a) Test setup. (b) Schematized of the
PD measurement system.

supplying voltages up to 36 kV without internal PD. Cy
has a capacitance of 1 nF at a 100-kV insulation level.
PD measurements are carried out using a CPL542 as the CD
and an MPD600 PD analyzer as the MI, both of which are
manufactured by Omicron [18]. Each test setup is calibrated
with a 10-pC PD signal before performing measurements.
The background noise of the laboratory is less than 5 pC.
Each sample (C,) is connected to the measurement equipment
parallel to Cy, as shown in Fig. 6. During the tests, the applied
voltage is increased from 0.9 to 36 kV in 100-V steps per
second. All the PD measurements are recorded by the software
of the PD system to facilitate detailed analysis.

IV. SIMULATION OF THE ELECTRIC FIELDS OF SAMPLES

Each sample has a different gap or material configuration.
A comparative analysis of PD in the samples can be performed
in terms of the electric field of PD inception. Therefore,
finite element analysis software is used to model the electric
fields of all the samples, as shown in Fig. 7. Finite element
analysis divides the solution area into small triangles, which
are voltage-distributed areas linearly, to minimize the energy
in the solution area. When potential difference V is applied
to electrodes, the energy w stored in the insulation medium
region U between electrodes is given as [19]

w = l/ € |grad(V)|2dU. (1)
2 Ju

PD inception voltage (Viyc) is applied to one electrode or
conductor, and the other electrode or conductor is grounded.
An axisymmetric model is used because the samples have
a symmetrical structure. The solver precision in the finite
element software is chosen as 1078, A triangular mesh with
approximately 5000 nodes is used. The dielectric constants of
the insulation materials are given in Table I.

layer insulation
layer insulation

Lelectrode

Lelectrode
Lelectrode
epoxy
Lelectrode

(a) ‘ (b)

insulation
nductor insulation

insulation

5, conductor insulation

conductor insulation
tor insulation

jayer insulation
layer insulation

J
T

.

i

aepoxy
28pOxy

(© ()

9.500e+006 : >1.000e+007
9.000e+006 : 9.500e+006
8.500e+006 : 9.000e+006
8.000e+006 : 8.500e+006
7.500e+006 : 8.000e+006
7.000e+006 : 7.500e+006
6.500e+006 : 7.000e+006
6.000e+006 : 6.500e+006
5.500e+006 : 6.000e+006
5.000e+006 : 5.500e+006
4.500e+006 ; 5.000e+006
4.000e+006 : 4.500e+006
3.500e+006 : 4.000e+006
3.000e+006 : 3.500e+006
2.500e+006 : 3.000e+006
2.000e+006 : 2.500e+006
1.500e+006 : 2.000e+006
1.000e+006 : 1.500e+006
5.000e+005 : 1.000e+006
<0.000e+000 : 5.000e+005

ensity Plot: |E|, V/m

(e)

Fig. 7. FEM analysis of samples. (a) Electrodes: Type-1. (b) Electrodes
with layer insulation: Type-2. (c) Conductor insulation: Type-3. (d) Con-
ductors with layer insulation: Type-4. (e) Legend of simulation fields.

o

In the Type-1 sample, only epoxy resin is used as an
insulation material. Therefore, the maximum electric field in
the epoxy resin is determined, as shown in Fig. 7(a). The
electric field in the layer insulation is analyzed for the model
of the Type-2 sample, as shown in Fig. 7(b), and the electric
field in the conductor insulation is analyzed for the model of
the Type-3 sample, as shown in Fig. 7(c). The electric fields
in both the conductor insulation and the layer insulation are
investigated for the model of the Type-4 sample, as shown in
Fig. 7(d).

V. PD PATTERNS IDENTIFIED IN THE LITERATURE

PD occurrence depends on many factors, such as the
position, shape, and size of a void; the presence of floating
conductor in the insulation materials; and the occurrence of
a bad connection or corona. The recorded PD events show a
unique pattern for each type of PD source [20], which can
be used to identify the type of PD [21]. The PD source can
be identified based on 16, 8, and 14 types of PD patterns
presented in [20], [22], and [23], respectively. However, only
four types of PD patterns are recorded during our experiments
and discussed in this section. The PD results of the samples
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Conductor

Conductor

A h—

© (d)

Fig. 8. Typical PD patterns [22], [23]. (a) Pattern-1: Direct contact
between a void and an electrode. (b) Pattern-2: A void that does not
contact an electrode. (c) Pattern-3: Bad contact. (d) Pattern-4: Corona.

are comparatively analyzed in Section VI using the typical PD
patterns as shown in Fig. 8.

A void in the insulation medium is in direct contact with
an electrode (Pattern-1) as shown in Fig. 8(a). Low-density
high-amplitude PDs are observed at one-half of the voltage
cycle, and high-density low-amplitude PDs are observed at
the other half of the voltage cycle. For this type of PD, the
ratio of the PD amplitudes between the half-cycles is at least
three. If a void occurs near the electrode where the voltage is
applied, low-density, high-amplitude PD events occur during
the positive voltage cycle [22].

A void exists in the insulation medium that is not in contact
with an electrode (Pattern-2) as shown in Fig. 8(b). Similar
PD amplitudes and densities can be observed for both the
half-cycles of the applied voltage; however, a ratio of up to
3:1 for the PD amplitudes in two half-cycles is normal [22].

Bad or loose contact of joint points between metallic
connections of the test setup causes external PD events to
occur outside the insulation medium, as shown in Fig. 8(c)
(Pattern-3). PD with constant amplitude is recorded at the
zero-crossing of the cycle. No PD is detected at the peak of
the voltage cycle.

Fig. 8(d) shows a PD pattern for the corona at the sharp
edge of the conductor component (Pattern-4). PD events occur
externally in air, outside the solid insulation medium. The
occurrence of PD in the negative half of the voltage phase
indicates that there is a sharp edge on an electrode to which
voltage is applied. The occurrence of PD in the positive half
of the voltage phase indicates that there is a sharp edge on
the ground side. PD occurs only at one-half the peak of the
voltage cycle [22].

VI. RESULTS

The results of the PD measurements and simulations for
the samples are presented in this section, including the PD
patterns.

A. Samples Containing Only Epoxy Resin (Type-1)

Table VI shows that no PD is recorded for all the Type-1
samples and maximum electric field in the epoxy medium

TABLE VI
ANALYSIS RESULTS OF TYPE-1 SAMPLES
Sample  Voltageypto(kV) PD Egim (kKV/mm)

1A 30 None 4.35
1B 30 None 4.305
1C 30 None 4.23
1D 30 None 4
2A 20 None 10
2B 20 None 6.85
2C 20 None 5.3
2D 20 None 4.37
4A 25 None 5.6
6A 30 None 7.89

for test voltages up to 30 kV. Although it is impossible in
practice to prepare a resin mix that is completely bubble-
free, voids may be sufficiently small that the amplitude of
the resulting PD events is not detectable by the measurement
system. To determine the maximum void size, Sample 6A
is sliced and observed under a microscope. Many voids less
than 8 um in the insulation medium are found in the slice
of Sample 6A. This result indicates that the pure resin mix
produces undetectable PD events for electric fields up to
10 kV/mm, as shown in Table VI. However, the PD-free limit
of the resin mix is accepted as 7.89 kV/mm for Type-2,
Type-3, and Type-4 simulation evaluation, which is the second
highest result, to strengthen this finding. As a result, only
the electric field in the conductor and layer insulation is
analyzed for Types-2—4 samples in Section VII. All the electric
fields discussed below occur in the interior of the conductor
insulation and layer insulation of the samples.

B. Samples With Layer Insulation (Type-2)

The recorded PD patterns of the Type-2 samples are shown
in Fig. 9.

Fig. 9(a) shows two types of recorded PD patterns for
Sample 3B. A PD pattern (red colored) similar to Pattern-3
is observed at the zero-crossing of the applied voltage.
In addition, a low-density high-amplitude PD (blue colored)
at the positive cycle and high-density low-amplitude PD (blue
colored) at the negative cycle are recorded that are similar to
Pattern-1.

Samples 4B and 4C exhibit PDs with similar shapes to that
of Pattern-1, as shown in Fig. 9(b) and (c).

Fig. 9(d) shows that breakdown occurs during the mea-
surement of Sample 4D at 29.53 kV for an electric field of
3.45 kV/mm. The sample is sliced to determine the reason for
the breakdown. The preimpregnated layer insulation is found
to be glued to the electrodes, which has prevented the resin
from flowing into the gap between the electrodes.

Two different types of PD patterns are recorded for Sample
5C. The first PD pattern (blue colored) that is recorded has
a high magnitude at the first half-cycle and a low magnitude
at the second half-cycle similar to Pattern-1, and the second
PD pattern (orange colored) is a corona discharge pattern
(Pattern-4) at the peak point of the negative cycle, as shown
in Fig. 9(e).

Samples 8B and 11B show PDs with shapes similar to that
of Pattern-1, as shown in Fig. 9(f) and (j).
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Fig. 9. PD patterns of Type-2 samples. (a) PD for Sample 3B (Patterns-1
and 3). (b) PD for Sample 4B (Pattern-1). (c) PD for Sample 4C
(Pattern-1). (d) PD for Sample 4D (Breakdown). (e) PD for Sample 5C
(Patterns-1 and 4). (f) PD for Sample 8B (Pattern-1). (g) PD for Sample
9A (Pattern-2). (h) PD for Sample 9B (Pattern-2). (i) PD for Sample 11A
(Pattern-2). (j) PD for Sample 11B (Pattern-1).

The PD patterns of Samples 9A, 9B, and 11A have similar
magnitudes and densities at both the half-cycles of the applied
voltage and are similar to Pattern-2.

No PD event is recorded for Samples 6B, 6D, 8A, and
10A for electric fields up to 3.55, 3.32, 2.75, and 3.4 kV/mm,
respectively.

The analysis results for the Type-2 samples are presented in
Table VII, where Viyc, PDmax, and Eg, denote the measured
PD inception voltage, the measured maximum PD magnitude
at Viy, and the maximum electric field intensity finding from
the simulation study at Vj,., respectively. During the test, the

TABLE VI
ANALYSIS RESULTS FOR TYPE-2 SAMPLES

Sample Vi (kV)  PDimaz (pC)  PD pattern  Egjpp, (KV/mm)
3B 30.53 3400 Pattern-1 2.8
3B 25.02 154 Pattern-3 -
4B 25.04 2400 Pattern-1 2.92
4C 25.24 1600 Pattern-1 2.99
4D 29.53 4452 Breakdown 3.45
5C 21.28 738 Pattern-1 3.18
5C 22.05 25 Pattern-4 -
6B 30 None None up to 3.55
6D 30 None None up to 3.32
8A 36 None None up to 2.75
8B 33 10 Pattern-1 3.7
9A 23.84 10.22 Pattern-2 3.34
9B 33.55 17.23 Pattern-2 4.85
10A 36 None None up to 3.4
11A 31.59 5.6 Pattern-2 4.07
11B 36 17.9 Pattern-1 4.4

applied voltage is increased by 100-V steps per second, and
the magnitude of the initial voltage of the PD is taken as Vjy.

For Patterns-3 and 4, the electric field cannot be simulated
because the sources of these patterns lie outside the insulation
materials.

C. Samples With Conductors (Type-3)

The recorded PD patterns of the Type-3 samples are shown
in Fig. 10.

Fig. 10(a) and (b) show a low-density high-amplitude PD
(blue colored) at the positive cycle and a high-density low-
amplitude PD (blue colored) at the negative cycle similar
to Pattern-1 for Samples 3A and 3C. On the other hand,
Fig. 10(e) shows a high-density low-amplitude PD at the
positive cycle and a low-density high-amplitude PD at the
negative cycle similar to Pattern-1 for Sample 8D. These
patterns show that voids are closed to the voltage applied
conductor in Samples 3A and 3C and closed to the grounded
conductor in Sample 8D.

Fig. 10(b) shows that the PD pattern (orange colored) for
Sample 3C has a shape similar to the corona of Pattern-4 at
the negative peak voltage.

The PD pattern (red colored) of Samples 3A, 3C, and 3D
exhibits a zero-crossing of the applied voltage, similar to
Pattern-3. Unlike Pattern-3, the maximum PD magnitude does
not remain constant as the phase angle varies. However, the
PD events start at the same time, where all the PD events
shown in red color are considered to result from the same PD
source.

The PD pattern of Samples 8C has similar magnitudes and
densities at both the half-cycles of the applied voltage and is
similar to Pattern-2 as shown in Fig. 10(d).

The analysis results for the Type-3 samples are presented
in Table VIIL

D. Samples With Conductor and Layer
Insulation (Type-4)

The recorded PD patterns of the Type-4 samples are shown
in Fig. 11. No PD event is recorded for Sample 6C for electric
fields up to 11 kV/mm.
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Fig. 10. PD patterns of Type-3 samples. (a) PD for Sample 3A (Patterns-
1 and 3). (b) PD for Sample 3C (Patterns-1, 3, and 4). (c) PD for Sample
3D (Pattern-3). (d) PD for Sample 8C (Pattern-2). (e) PD for Sample 8D

(Pattern-1).

TABLE VI
ANALYSIS RESULTS FOR TYPE-3 SAMPLES

Sample Vi, (kV)  PDpar (pC) PD pattern  Egjp, (kKV/mm)

3A 28.7 1504 Pattern-1 7.5

3A 29.02 120 Pattern-3 -

3C 26.8 1650 Pattern-1 54

3C 24.77 152 Pattern-3 -

3C 27.36 30 Pattern-4 -

3D 25.57 158 Pattern-3 -

8C 33.54 35 Pattern-2 7.154

8D 31.64 8.36 Pattern-1 6.37
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The PD patterns for all other samples have similar mag-
nitudes and densities at both the half-cycles of the applied
voltage and are similar to Pattern-2. However, an additional
pattern is recorded for Sample SA that is similar to Pattern-1,
which is shown in pink color in Fig. 11(a).

The analysis results for the Type-4 samples are presented
in Table IX, where ! and 2 denote the electric fields in the
conductor insulation and fiberglass mesh, respectively. The
electrical field of conductor insulation for samples containing
conductor C4, which is a noninsulated conductor, is shown as
NA in the table.

VII. DISCUSSION

PD source causing Patterns-1 and 2 during tests is due to the
void in the insulation material. Bad contact or corona patterns
are related to test setups, and PD sources of these situations
are unknown positions outside the samples. Therefore, only

® )

Fig. 11.  PD patterns of Type-4 samples. (a) PD for Sample 5A
(Patterns-1 and 2). (b) PD for Sample 5B (Pattern-2). (c) PD for Sample
5D (Pattern-2). (d) PD for Sample 7A (Pattern-2). (e) PD for Sample
7B (Pattern-2). (f) PD for Sample 9C (Pattern-2). (g) PD for Sample 9D
(Pattern-2). (h) PD for Sample 10D (Pattern-2). (i) PD for Sample 11C
(Pattern-2). (j) PD for Sample 11D (Pattern-2).

the results associated with Patterns-1 and 2 are discussed in
this section.

The insulation material results are presented in a group of
L1-L4, L3, and L5-L6 which are used in a similar location
in MV windings of the CRDT.

Fig. 12 shows that the samples containing L1 layer insula-
tion have the lowest PD inception electric field. L1 shows sim-
ilar characteristics for electric fields from 2.36 to 4.85 kV/mm
for all the samples. This result could be attributed to the
three-ply structure of L1. The L1 layers are attached with glue,
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TABLE IX
ANALYSIS RESULTS FOR TYPE-4 SAMPLES

Sample Vi, (kV)  PDmaz (pC) PD pattern Egim (KV/mm)
5A 29.5 192 Pattern- 2(blue) 5.057& 2.52
5A 31.2 112 Pattern-1(pink) 5.05' & 2.52
5B 21.42 185 Pattern-2 747" & 4.492
5D 20.5 52 Pattern-2 447" & 2,512
6C 30 None None NA! & up to 112
TA 12.24 19.08 Pattern-2 NA! & 4.622
7B 10.97 31.76 Pattern-2 NA! & 3.992
9C 25.34 13.87 Pattern-2 6.51" & 3.592
9D 23.19 7.6 Pattern-2 4.65' & 2.36%
10D 13.66 60.07 Pattern-2 NA! & 5.252
11C 24.95 18.36 Pattern-2 722 & 4.362
11D 18.88 27.61 Pattern-2 5.77" & 3.322
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L1-(50)  m———
L1-(11D)  e——
= L1-(4B) m——
T3] R —
s 11-(9C)
é L1-(9B)
ERREEY
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LIHLA(40)  a——
L1+L4-(11B)
L1+14-(11A)
2 25 3 35 4 4.5 5

Electric Field Intensity (kv/mm)

Fig. 12. Electric field intensity in L1 and L1 + L4 insulation materials.
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Fig. 13. Electric field intensity in L3 insulation materials.

which may not be uniformly distributed between each layer.
Any space without glue may cause PD, or a high electric field
may delaminate the material at the point where the glue is
weakly attached.

The electric fields are similar for the samples containing
L1 and L1 + L4. Therefore, the L4 polyester tape does not
appear to have a significant effect on the results.

Fig. 13 shows that the inception electric field of PD differs
among the L3 samples. This result may be attributed to
the material structure. L3 is woven with fiberglass strings
into a shape with large rectangular holes, followed by resin
impregnation and curing. Voids are introduced into L3 during
production. The resin may not fill some voids during casting
of the winding containing L3, and these voids may cause PD.

L5 and L6 are one-ply insulation films. Recorded PD events
start at 3.99 kV/mm of the electric field which is higher than
other insulation materials as shown in Fig. 14.
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PD:none
L5-(6B) s PD:none
L5-(7B)  o—

L5-(7A)  eo—

Insulation Material

L6-(ED) s PD:nONE
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Electric Field Intensity (kvV/mm)

Fig. 14. Electric field intensity in L5 and L6 insulation materials.
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Fig. 15. Electric field intensity in conductor insulations.
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Fig. 16. Summary of electric field intensity for material groups.

Fig. 15 shows that the insulated conductors have a higher
PD inception electric field than the insulation materials. The
conductors are covered by a polyester film, followed by wrap-
ping with fiberglass strings, varnishing, and drying. Enamel
insulation is applied to conductors under a vacuum. These
processes prevent the formation of large voids in the vicinity
of the metallic components of the conductor and may increase
the inception electric field for PD.

A box graph of each material group is given in Fig. 16 for
general view.

In this study, voids or cracks are not modeled. The size and
location of voids cannot be known during the design stage.
In addition, the electric field in these voids or cracks may be
higher than the insulation medium. But designers may limit
the electric field in the desired insulation material following
this study not to have PD in equipment.

These results are based on the quality of the casting oven
and used materials in the BEST Transformer Company and
may differ in other facilities which do not have good casting
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ovens or materials. In addition, the background noise of the
measurement system with a voltage source can reach 3 pC of
the PD level. The mentioned results are obtained with up to
3 pC of background noise, and any PD event less than 3 pC
is ignored.

VIIl. CONCLUSION

In this study, PD is measured for 40 samples that are
fabricated with four different insulation structures correspond-
ing to the MV winding of the CRDT made by the BEST
Transformer Company. All the samples are tested, and finite
element software is used to simulate models of these samples.
Eleven different types of materials, such as epoxy resin,
three-ply insulation, fiberglass mesh, polyester film, polyimide
film, enamel, and fiberglass insulated round and rectangular
conductors, are used to fabricate the four types of samples.
The PD inception voltage and PD inception electric field of
all the samples are obtained. The following conclusions are
drawn from the results of the study.

1) A pure resin mix that is not combined with other
insulation materials does not contain voids that cause
PD detectable by a PD measurement system.

2) Most of the recorded PD pattern types are Pattern-1.
The high electric field in the vicinity of the electrode
or conductor may result in delamination of the insula-
tion material or conductor insulation very close to the
conductor. In addition, an air bubble may be trapped
between the conductor part and the insulation material
during resin casting depending on the surface roughness
of a material.

3) PD inception occurs for electric fields from 2.36 to
4.85 kV/mm in three-ply laminated insulation materials
inside a cast-resin block.

4) Fiberglass meshes have various inception electric fields
because of the quality of the production process.

5) Insulated conductors have a very high PD inception
electric field because of the production process of these
conductors.

6) Insulated conductors and epoxy resin are reliable mate-
rials. However, the maximum electric field in a winding
should not exceed 2.99 kV/mm for three-ply glued
insulation material or 2.7 kV/mm for fiberglass meshes
to stay on the 75% safe side to ensure the transformer
is PD-free. The susceptibility to PD can be improved
using one-ply polyester or polyimide materials instead
of three-ply materials.

Future work will focus on the PD behavior of those mate-
rials after aging.
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