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ABSTRACT This paper presents a practical approach to reduce the size of medium-frequency, medium-
voltage dry-type transformers through the innovative use of semiconductive screening. The proposed method
minimizes the required air gaps, a critical aspect of dry-type transformer design, particularly for medium-
frequency applications. Analytical approaches and Finite Element Method (FEM) simulations in COMSOL
are used to demonstrate how to achieve a uniform electric field distribution within the transformers. Ex-
perimental investigations by means of partial discharge measurement on a prototype epoxy-based stress
cone termination with a semiconductive shield are conducted. The results demonstrate the potential for
this method to enhance transformer performance and provide a foundation for further advancements in

medium-frequency transformer design.

INDEX TERMS Dry-type transformer, epoxy resin, medium-frequency, medium-voltage, partial discharge,

semiconductive screening.

I. INTRODUCTION

Dry-type transformers offer several advantages over oil-
immersed transformers, such as reduced fire hazards, minimal
maintenance requirements due to the absence of oil, lower op-
erational costs, and minimized environmental risks associated
with oil leakage. Their robust design also provides high me-
chanical strength against short circuit forces. These features
make dry-type transformers particularly suitable for densely
populated or environmentally sensitive areas. However, the
design of the insulation system of a dry-type transformer and
the prevention of partial discharges (PDs) are challenging,
particularly in high-voltage, medium-frequency applications
(1], [2].

One of the key advantages of dry-type transformers in
medium-frequency Solid-State Transformer (SST) applica-
tions lies in their structural design properties, which help
reduce frequency-related losses. In oil-type transformers, the

presence of a metallic tank becomes a critical factor affecting
energy efficiency at higher frequencies. Increasing frequency
raises stray losses, primarily due to eddy currents in the tank.
These eddy currents, induced in the conductive material of
the tank, cause extra heat, reducing overall efficiency and
potentially leading to overheating issues. In contrast, dry-
type transformers inherently avoid these frequency-induced
stray losses by lacking an oil tank, a key advantage in
medium-frequency SST applications. Without a conductive
tank, the formation of eddy currents and stray losses are
significantly reduced, resulting in more efficient operation in
higher-frequency environments.

The insulation in a dry-type transformer consists of solid
materials such as epoxy resins and several air gaps between
primary and secondary, windings and core, and between
phases. The primary purpose of these gaps is to provide elec-
trical insulation and to prevent dielectric breakdown between

© 2026 The Authors. This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/
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TABLE 1. The Geometrical Information of Several Dry-Type Power 50 Hz
Transformers

LV-  HV-

P! VHVZ V/.V: rcm'es rr m.an4 I l'limF l‘//!‘:yn4 Core LV

Gap  Gap

kVA  kV \Y mm mm mm mm mm mm
160 6 400 975 101 128.5 165 35 36.5

250 6 400 975 101 128.5 165 35 36.5
300 132 220 1047 110 1354 170 54 346
315 11 433 1055 110 1354 170 4.5 34.6
400 10 400 1055 110 1354 170 45 34.6
500 11 433 1235 127 154.5 190 35 355
630 10.8 400 1235 127 154.5 190 35 355
750 11 415 1245 128 158.3 195 3.5 36.7
800 6 400 1245 128 1583 195 35 36.7
1000 10.8 400 121 124.5 158.8 195 35 36.2
1250 10.8 400 130 136.5 1734 215 6.5 41.6
1500 11 415 142 146.5 198.7 235 45 36.3
1600 10.8 400 142 146.5 198.7 235 45 36.3
2000 10 400 1458 149 2022 240 32 37.8
2500 6 400 1625 166 217.1 260 35 429
3150 6 400 1625 166 217.1 260 3.5 429

! P: rating power.

2V and Vi the rating voltage of the HV and LV windings,
respectively.

3 Feore: the radius of the core.

* rvm and g the inner radius of insulation of LV and 1TV
windings, respectively.
% Fovisou: the outer radius of LV winding.

the HV and LV windings and between the windings and the
core. The gap size depends on the voltage level and the di-
electric strength of the surrounding medium (air). Moreover,
adequate gaps facilitate cooling and heat dissipation. Since
dry-type transformers rely on natural or forced air cooling,
appropriate spacing is essential to ensure a proper heat trans-
fer. The window gaps must maintain mechanical stability
and withstand vibrations or movements during operation and
transportation. Table 1 summarizes the dimensional informa-
tion of several dry-type power 50 Hz transformers and shows
thermal and mechanical factors influencing the gap between
the low-voltage (LV) winding and the core. Nevertheless,
thermal and insulation considerations are critical for the gap
between high-voltage (HV) and low-voltage (LV) windings.
The transformers summarized in Table 1 represent practical
dry-type, line-frequency units widely used in industrial and
renewable energy applications. These data points are included
to provide realistic reference values for insulation dimensions,
rather than experimental or downscaled prototypes.

Utilizing semiconductor screens to encapsulate conductors
and the insulation system is a well-known practice in the
field of high-voltage (HV) and extremely high-voltage (EHV)
cable technologies [3]. This approach typically involves triple
extrusion, where insulation and semiconductive layers are
extruded around the conductor in a single operation. After
extrusion, the conductor is covered with a semiconductive
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layer, an insulation layer, and another semiconductive layer
around the insulation. This configuration ensures a robustly
bonded interface between the conductor and the dielectric,
and addressing potential issues that might arise during ther-
mal cycling, such as separating the insulation layer from the
conductor or the metallic screen and forming gaps. These gaps
can lead to electric field enhancement, partial discharge initia-
tion, and eventually, cable failure. Additionally, this method
prevents the intensification of electric field strength in the
insulation region next to the conductor and metallic screen,
which can occur due to the stranded structure of the conductor
and the metallic screen and the presence of sharp edges on
these metallic surfaces [4].

The semiconductive material, which shares a base compo-
sition similar to the insulation, plays a crucial role in this
context. During the thermal cycling process, the compatibil-
ity of material properties between the semiconductive layer
and the insulation minimizes the likelihood of gap forma-
tion between these layers. Any gap between the conductor
and the semiconductive layer poses no danger, as both the
semiconductive layer and the conductor maintain the same
voltage, thus ensuring a close to zero electric field in these
gaps, eliminating the possibility of partial discharge initiation.

This paper examines the application of semiconductive
screening to the windings of a medium-voltage dry-type trans-
former. In contrast to the approaches reported in [5], [6],
which employ separate XLPE-insulated cables for winding
construction, the proposed method applies semiconductive
screens to the entire winding structure, encompassing both
the conductors and the cast-resin insulation. Although reduc-
ing air gaps through winding encapsulation can contribute
to size reduction in dry-type transformers in general, this
effect becomes particularly pronounced in medium-frequency
transformers (MFTs). MFTs, which are key components in
solid-state transformer (SST) systems, are inherently designed
for compact magnetic structures. Their achievable size, how-
ever, is primarily limited by insulation constraints and thermal
management considerations [7]. Dry-type MFTs offer a more
straightforward and less complex alternative compared to
oil-insulated MFTs. Grid-connected MFTs must withstand
voltage tests, such as acceptance criteria of IEC 60076-3 [8]
and IEC 60076-11 [9], regarding their types. Considering
that the larger gaps cancel the main advantage of a compact
SST, this paper presents a novel technique, semiconductive
screening, which helps reduce the dry-type MFTs’ overall
size. Encapsulating the windings of a dry-type transformer
also offers additional benefits, such as enhancing safety and
mitigating electromagnetic interference (EMI) issues.

To tackle stray losses in medium-frequency SST applica-
tions, semiconductive screening offers a practical and effec-
tive solution, particularly in dry-type transformer designs. In
oil-immersed transformers, a metallic tank naturally contains
the electric field and enables termination grading via bushings.
However, in dry-type transformers, the absence of such an
enclosure allows the electric field to extend beyond the epoxy
insulation, increasing the risk of surface discharge.
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The proposed semiconductive screen serves a similar field-
containment function, but with the added advantage of signif-
icantly reduced eddy current losses. Unlike metallic tanks, the
semiconductive screen have limited conductivity, which mini-
mizes the formation of eddy currents even at higher switching
frequencies. Furthermore, the screen’s minimal thickness fur-
ther suppresses the eddy current generation. These combined
properties — low conductivity and small thickness — ensure
that any induced currents are weak and contribute negligibly
to overall stray losses. As a result, semiconductive screening
provides a compact and efficient means of controlling electric
field boundaries while mitigating frequency-related losses in
MFTs [10], [11].

Field grading and insulation design in SST applications are
the subject of several studies [12], [13], [14], [15], [16], [17],
[18]. Ref. [12] details the development and testing of two
MEFT prototypes for use in a three-phase Dual-Active Bridge
(DAB3) DC-DC converter system. These transformers are
designed to connect offshore wind farms to medium-voltage
grids. The first prototype (MFT 1) required additional in-
ductors to achieve the needed series inductance. The second
prototype (MFT 2) integrated this inductance within the same
core using a stacked winding configuration, eliminating the
need for extra inductors. MFT 2 also featured high-voltage
secondary windings insulated with semiconductive and cast
resin materials, ensuring compatibility with +25 kV medium-
voltage applications.

Ref. [13] focuses on the electrical shielding of medium-
voltage, medium-frequency transformers subjected to high
dv/dt PWM voltages. It investigates the distribution of elec-
tric fields in the insulation, at the surface, and in the air
for a specific MV/MF transformer. The study emphasizes
the design of an effective shield to reduce the electric field
without increasing losses. The shielding strategies employ
semiconductive and resistive materials to manage the in-
sulation challenges posed by high voltage and frequency
applications, ensuring better performance and reliability of
the transformers. Ref. [14] addresses the insulation design for
high-frequency transformers in medium-voltage, air-cooled,
silicon carbide (SiC)-enabled solid-state transformers. It pro-
poses an insulation system integrating polymer and inorganic
materials to balance high dielectric strength and thermal con-
ductivity. This system, designed to be partial-discharge-free,
demonstrates an insulation level of £95kV and an effective
thermal conductivity approximately 2-3 times higher than
similar polymer materials, making it suitable for high-voltage
and high-frequency applications. In [15], the authors present
a study on the internal electric field shielding structure for
high-voltage windings in medium-voltage, high-frequency
transformers. They introduce a shielding layer incorporating
low resistivity semiconductive (LSC) material and copper foil
to optimize electric field distribution and enhance insulation
reliability. This approach aims to reduce the peak internal
electric field, thereby lowering the risk of partial discharge,
and is validated with a prototype transformer that successfully
passes insulation tests.
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FIGURE 1. The impact of proposed method: (a) The dimensions of a 50
kW, 1 kHz MFT before applying the proposed method; (b) Similar
transformer after applying the proposed method. The transformer’s
dimensions shrink due to smaller gaps (clearances) are needed; (c) The
comparison between the overall volume of two transformers.

The subject of [16] is an improved high-voltage winding in-
ternal shielding structure for medium-voltage high-frequency
transformers, focusing on reducing eddy losses. It proposes
a new structure using semiconductive materials and copper
foil, designed to minimize eddy current losses while maintain-
ing effective electric field shielding. Ref. [17] focuses on the
design of a high-frequency transformer with medium-voltage
insulation for a resonant converter in solid-state transformers.
It presents an innovative approach to insulation, using semi-
conductive materials to enhance electric field distribution,
reduce peak internal electric fields, and lower partial discharge
risks. Ref. [18] presents a planar structure high-frequency
transformer design for medium-voltage applications, focusing
on insulation and shielding techniques. It utilizes modular
PCB boards for high-voltage side windings, where a coated
semiconductive shielding layer confines the high electric field
within the PCB insulation.

While previous studies have explored various field grad-
ing techniques and shielding strategies in medium-frequency
transformer designs, many have focused either on planar insu-
lation layouts or cable-based windings. However, comprehen-
sive methods that integrate semiconductive screening directly
within the epoxy-based winding encapsulation for dry-type
medium-voltage transformers are lacking. The present pa-
per builds upon established principles from HV/EHV cable
technology and adapts them to transformer windings into
medium-frequency solid-state applications, with the aim of
improving insulation compactness and PD performance with-
out compromising thermal dissipation or mechanical integrity.

The main contributions of the present study are as follows:

® A novel implementation of semiconductive screening

for encapsulated windings in medium-voltage, medium-
frequency dry-type transformers,

VOLUME 7, 2026
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(a) (b)

FIGURE 2. (a) Two concentric cylinders representing the windings, (b) gaps
filled with different materials.

® Analytical and FEM-based modeling of electric field dis-
tribution considering mixed air-epoxy insulation media,

® A detailed design and fabrication method for stress
cone-based field grading, compatible with the proposed
screening technique,

e Experimental verification via partial discharge measure-
ments demonstrates a significant PD reduction from 46.1
pC to 2.2 pC, validating the effectiveness of the proposed
approach.

Fig. 1 shows the impact of applying the proposed method
on the dimensions and overall volume of a 50 kW, 1 kHz
MEFT for green hydrogen production. Applying the proposed
method results in smaller transformer and lesser environmen-
tal footprints and cost.

The rest of the present paper is organized as follows: The
electric field calculation is detailed in Section II. Section III
conducts the partial discharge and surface flashover in trans-
formers. Section IV explains the field grading methods and
describes the proposed approach. FEM simulation is provided
in Section V, and in Section VI, experimental results are
detailed. Finally, Section VII concludes the paper.

II. THE ELECTRIC FIELD IN A DRY-TYPE TRANSFORMER
This section first introduces an analytically tractable electric-
field model to establish baseline radial stress levels in dry-type
transformer insulation. The limitations of this idealized for-
mulation are then explicitly addressed by considering local
electric-field enhancement effects arising from practical geo-
metrical irregularities.

The windings of a dry-type transformer can be assumed
as cylinders to avoid complexity. While actual transformer
windings can be rectangular in shape, the cylindrical approxi-
mation used in this study provides a simplified yet sufficiently
accurate representation for analytical calculation of radial
electric fields. This assumption is common in preliminary
insulation analysis and enables closed-form expressions that
offer intuitive insights. The electric field between the cylinders
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shown in Fig. 2(a) can be derived as follows:
Vi—Va

rln 22
I

E =

(1

where V; and V, are the voltage of the inner and outer
cylinders, respectively, and r; and r, are the radiuses of the
cylinders. The maximum electric field, E,,,, can be calculated
as follows:

Vi—W,
r ln%

2

Emax =

However, the gap between windings is usually filled by
different materials, such as epoxy resin and air, as shown in
Fig. 2(b). Thus (1) is rewritten as follows:

Vi =V
E; = - i=1,2 3)

[ PO 5 R U TN ]
re; [81 In " + = In rz]

where ¢ is the relative permittivity. In a typical transformer,
the low-voltage (LV) winding is placed near the core, and the
high-voltage (HV) winding is placed over the LV winding.
Each winding is covered with epoxy resin from both the inner
and outer sides. Therefore, the problem is to calculate the
electric field in the gaps and inside the epoxy resins, as shown
in Fig. 3. Therefore, the field calculation problem for the
LV-Core gape is as follows:

E = 0ty —®

re; [ 1 In I'LVepoxy_in + 1 n er{n. ]
TLVepoxy_in

€0 Teore Eepoxy
where Vv is the voltage of LV winding, r7vepoxy_in is the inner
radius of the LV epoxy, rcor 1s the radius of core, rry j, is the
inner radius of the LV winding, &y is the permittivity of air,
and &0y 18 the permittivity of epoxy resin. Note that the core
is grounded; thus, its voltage is zero. Similarly, the electric
field in the HV-LV gap can be calculated as follows:

£ = Viv — Vay 5
i= 1 I'LVepoxy_out + 1 n "HVepoxy_in ( )
re; [ 591’0)‘}1’ 7] L\;_out ) €0 FLVepoxy_out i|
+ ln HV_in
Eepoxy FYHVepoxy_in

where Vpyy is the voltage of HV winding, ry o is the outer
radius of the LV winding, 7gvepoxy_in 1S the inner radius of
HV epoxy, and rgy i, is the inner radius of HV winding.
Therefore, the LV-Core and HV-LV gaps can be calculated
from (4) and (5), respectively.

The derived field expression provides an estimate of the
maximum radial field stress between conductors, which is
directly related to the onset of partial discharges in solid
insulation. While the above equations provide insight into
the radial electric field in idealized concentric geometries,
practical transformer windings exhibit more complex field
behavior. Local electric field enhancements often occur due
to geometric discontinuities such as bolt protrusions, cast-
ing seams, and surface roughness. As illustrated in Fig. 4,
even simple features like a semi-cylindrical or semi-spherical
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I‘CUI‘L’
‘ =
v

8)

LV-Core \LV /4 HV-LV ?{V /
gap gap

(c) Epoxy resin Epoxy resin

Core

FIGURE 3. Structural overview and field configuration of a dry-type
medium-voltage transformer. (a) Photograph of a three-phase cast-resin
transformer, (b) cross-sectional schematic of winding geometry and gap
definitions, highlighting critical insulation paths between core, low-voltage
(Lv), and high-voltage (HV) windings, (c) radial electric field configuration
and material composition, including air gaps and epoxy-encapsulated
winding sections. The labelled parameters correspond to those listed in
Table 1 and are used in the analytical and FEM models.
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(a) (©)

FIGURE 4. Electric field enhancement due to geometrical protrusions and
surface irregularities: (a) A semi-cylindrical seam or welding joint doubles
the local electric field to approximately 2E,, (b) a semi-spherical feature,
such as a bolt head or droplet, can triple the field to 3E,, (c) micro-scale
field enhancement at sharp tips or protrusions, where the local field is
amplified by a factor of g, defined by geometry as g ~ 2+h/(w/2). These
effects demonstrate how small-scale features can significantly increase
the risk of partial discharge and surface flashover, even under moderate
background field conditions.

bump can increase the local field intensity by a factor of 2 to
3. Micro-protrusions can produce even greater amplification,
with field enhancement factors f exceeding 40 in extreme
cases. These localized effects can push the electric field be-
yond 1.5 MV/mm, even when the average field remains below
40 kV/mm [19].

Sharp edges, common features in transformers particularly
within their cores, can enhance the electric field considerably
(Fig. 5). The electric field intensity around these sharp edges
can be determined using the method of conformal transforma-
tion. This approach provides a mathematical framework for
analyzing electric field dynamics in areas with sharp edges
[20]. However, with the advancements in numerical meth-
ods and Finite Element Method (FEM) simulations, it has
become more advantageous to employ FEM for calculating
non-uniform electric fields. In this paper, FEM simulations
are utilized wherever necessary to enhance the precision and
efficacy of electric field calculations.

Thermal considerations determine the LV-Core gap if the
LV voltage is too low. However, the HV-LV gap must be
designed to satisfy insulation coordination and thermal con-
siderations. Adding more thickness to the epoxy resin is not a
good practice since it decreases the gap and causes less heat
transfer. The electric field in the air gap is stronger than the
same parameter inside an isolation material, which has higher
relative permittivity. Let material 1 be the epoxy resin that is
used to build the winding insulation, and material 2 is air. The
homogenous electric field is defined as follows:

E=- (©)

where V and d are the applied voltage and distance, respec-
tively. An adequate minimum air gap must be considered to
keep the electric field below a certain level. Let us assume
Epp is the maximum acceptable electric field strength in the
air to avoid partial discharge (PD). Then, the minimum size of
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FIGURE 5. Sharp edges in different magnetic cores: (a) and (b) electrical
steel 50 Hz core, (c) amorphous core, and (d) ferrite core.

the air gap can be calculated as follows:

E
V—ﬂxtis

& (7)

dair - EPD

where V is the applied voltage, ¢, is the relative permittivity
of the insulation (epoxy resin), and #; is the thickness of the
insulation.

While the above equations provide insight into the ra-
dial electric field in idealized concentric geometries, they
intentionally represent a lower-bound estimate of electric-
field stress. In practical transformer windings, local geometric
discontinuities introduce strong field non-uniformities that
dominate partial-discharge inception. These analytical consid-
erations motivate the need to control both global and local
electric-field stress, which directly governs partial discharge
inception and surface flashover behavior discussed in the fol-
lowing section.

1Il. PARTIAL DISCHARGES AND SURFACE FLASHOVER IN
TRANSFORMERS

As shown in Section II, even moderate average electric-field
levels can result in critical local overstress due to geometrical
irregularities, making partial discharge and surface flashover
the dominant insulation-limiting mechanisms in dry-type
transformers.
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FIGURE 6. Oscilloscope response patterns of different types of partial
discharge (PD). The blue waveform shows the phase of the applied AC
voltage, while the red pulses indicate detected PD events. These
phase-resolved patterns are commonly used to identify and classify the
source of discharges: (a) Corona discharge on a high-voltage electrode,
(b) corona discharge on a grounded electrode, (c) internal discharge in a
void, (d) surface discharge, (e) combined surface and internal discharges,
(f) progressive discharges with increasing intensity. These patterns are
used to interpret PD test results and assess insulation behavior under
different conditions.

Understanding and controlling partial discharges and sur-
face flashover is essential, as these phenomena determine
the electrical clearance requirements in transformer design.
Reducing their occurrence enables more compact insula-
tion design. Partial discharges (PDs) and surface flashover
events are often the limiting factors in determining insulation
clearances in dry-type transformers. The required distances
between conductors, or between conductors and grounded
components, are primarily dictated by the electric field in-
tensity that initiates these effects. Therefore, mitigation of
PDs and surface discharges enables more compact insulation
design, which directly contributes to transformer miniaturiza-
tion.

A. PARTIAL DISCHARGES

Partial Discharge (PD) in transformers is a critical phe-
nomenon that refers to localized electrical discharges within
the insulation system of the high-voltage electrical equipment
[21], [22], [23], [24], [25], [26]. These discharges can happen
when the insulation is weak or damaged, leading to gradual
deterioration. The importance of mitigating PDs lies in their
potential to cause insulation failure, resulting in costly down-
time, hazardous working conditions, and reduced equipment
lifespan. Early detection and management of PDs are crucial
for ensuring the reliability and safety of power systems [27].
Analyzing the PD requires knowledge about PD patterns. Var-
ious patterns of PD are summarized in Fig. 6 [21], [28], [29].
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The primary cause of partial discharge (PD) in transformers
is the presence of sharp edges, particularly around the core.
These edges act as stress concentrators, significantly enhanc-
ing local electric fields and initiating PD. This phenomenon
is most noticeable when geometric irregularities, like those of
the core, disrupt the uniformity of the electric field distribu-
tion. In 50 Hz transformers, using electrical steel sheets often
results in sharp edges, which can be a significant source of
PD difficulties. On the other hand, in medium-frequency or
high-frequency transformers, the ferrite cores and cores made
from amorphous strips tend to have sharp edges, similarly
giving rise to challenges associated with PD (Fig. 5).

An additional challenge in medium-frequency or high-
frequency transformers arises from the necessity of using litz
wires to mitigate copper loss at higher frequencies. How-
ever, this approach introduces a new problem: PD occurring
between two adjacent litz wires due to the presence of air
bubbles trapped in litz wire strands. Moreover, due to the
complex shape of the litz wire, the impregnating medium,
such as the epoxy resin, may not stick very well to each other,
and even during thermal cycles, different thermal expansion
coefficients between the two might cause separation and for-
mation of cavities which causes PDs and long term aging and
failure. As a solution, [15] proposes using internal electric
field shielding, which has effectively mitigated the possibility
of the formation of PD.

Besides the factors mentioned above, other elements also
influence the presence of PD in transformers. Among these,
the presence of air bubbles in the epoxy resin during the
casting process is particularly critical. A meticulous casting
procedure is essential to guarantee the absence of air bubbles
within the epoxy, involving precise step-by-step pre-heating,
pre-degassing, mixing, casting, degassing, curing, and cool-
ing, each of which must be conducted with precision to
minimize the risk of PD.

B. SURFACE FLASHOVER
Surface flashover occurs along the improperly designed termi-
nation. Applying a coating to the conductors and increasing
the distance between them does not necessarily mitigate all
risks associated with the insulation system of a dry-type trans-
former. Surface discharges occur when the applied voltage
surpasses a certain threshold, leading to an intensified electric
field caused by these initial discharges. This intensified field
becomes adequate to initiate the propagation of discharge.
A series of such discharges eventually triggers a surface
flashover along the entire length of a winding, occurring at
lower voltage levels compared to other types of electrical
breakdowns [30], [31]. Therefore, proper termination is nec-
essary to avoid flashover. Fig. 7 illustrates a surface flashover
incident, where, due to improper termination, a flashover oc-
curred over a considerable distance from the high voltage
point to the grounded core.

Understanding the conditions under which PDs and
flashovers initiate helps define the motivation for implement-
ing field control techniques, such as semiconductive screening
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FIGURE 7. (a) Surface flashover through long distance between HV and
the core, (b) the surface flashover captured in the lab over long distance
during a test.

and stress cone shaping, which are detailed in the subsequent
sections.

IV. FIELD GRADING METHODS

Although electrode-based field grading slightly increases the
volume at the winding terminations, it enables a significant
overall reduction in insulation distances by mitigating electric
field stress, which in turn supports transformer miniaturiza-
tion.

Several methods are available to enhance electric field
distribution, including electrode grading, epsilon grading,
condenser grading, and resistive grading, as depicted in Fig. 8
[32], [33]. Among these, electrode grading is often preferred
due to its numerous advantages. This method enables pre-
cise control over electric field distribution by shaping the
electrodes to achieve a more uniform field. This uniformity
reduces peak electric field strength and lessens the risk of
dielectric breakdown, particularly at points of natural field
intensification, such as sharp corners or edges. Electrode
grading’s efficiency also lies in its minimal material require-
ments, contrasting with epsilon grading, which depends on
dielectrics with specific permittivity, or resistive and con-
denser grading that requires additional components to act as
resistance or capacitance. Simply reshaping existing electrode
designs is material-efficient and versatile, applicable across
various components and systems, from high-voltage transmis-
sion lines to transformers and capacitors. This versatility often
translates into cost-effectiveness, avoiding the expense of
adding extra components. In addition, the manufacturing costs
are generally lower, and the likelihood of defects is reduced
since the process involves modifying existing designs rather
than introducing new elements. Graded electrodes, designed
appropriately, are less likely to degrade compared to resistive
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FIGURE 8. Field grading methods in practice [30]: (a) Electrode grading
using stress cone, (b) condenser bushing using floating foils (the length of
the foils is graded in such a way that the capacitances between foils are
constant). These layers are not directly connected to ground or high
voltage but achieve a voltage gradient passively through capacitive
coupling, (c) resistive grading in the stator of a HV machine under AC
conditions, where R represents dielectric loss and C the capacitive
coupling between conductive parts. This model reflects the dominance of
displacement current at operating frequencies and avoids overestimating
leakage current, and (d) epsilon grading in a cable termination [31].

or capacitive elements, leading to extended service life and
reduced maintenance. Importantly, electrode grading focuses
on design rather than incorporating dissipative components,
contributing to more energy-efficient operations. Therefore,
this study opts for an electrode grading method based on a
stress cone for further explanation.

Bushings are crucial for insulating and supporting high-
voltage conductors. However, due to design complexities and
material properties, they face notable limitations in medium-
frequency applications. A vital issue is capacitance and
impedance matching. Transformer bushings inherently have
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capacitance, which at higher frequencies causes reactance,
disrupting impedance matching connected circuits. This issue
becomes more severe as frequency increases, leading to inef-
ficiencies and signal distortions, necessitating careful design
considerations for effective medium-frequency performance.

Material limitations further limit the transformer bushings
for higher frequencies. Standard materials like porcelain or
resin-impregnated paper may not effectively withstand the
stress of higher frequencies. Their electrical properties can
change at such frequencies, leading to decreased reliability
and a shorter lifespan. Moreover, bushings are subject to
Frequency-Dependent Loss Factors, where insulation mate-
rials’ loss factors increase at higher frequencies, causing in-
efficiencies and overheating risks. This necessitates choosing
materials that can endure the demands of medium-frequency
applications.

Additionally, manufacturing tolerances become important
at higher frequencies. The production process must achieve
acceptable tolerances, as even minor imperfections signifi-
cantly impact performance at these frequencies. This pre-
cision requirement heightens both the complexity and cost
of producing bushings for medium-frequency applications,
leading to a substantial challenge in design and manufac-
turing. The present study employs electrode field grading as
the preferred method for addressing the electric field dis-
tribution challenges in transformer bushings, particularly in
medium-frequency environments, due to its efficiency, mate-
rial economy, and adaptability across various applications.

A. ELECTRODE FIELD GRADING USING STRESS CONE

The primary purpose of field grading is to prevent excessive
electric field strengths that can lead to breakdowns or fail-
ures in insulation materials. In high-voltage systems, sharp
edges or points can create areas of high electric field strength,
which can cause partial discharges or even complete insula-
tion breakdown [21], [32].

Field grading is often achieved using materials with specific
electrical properties or by shaping the conductors and insu-
lating materials to distribute the electric field more evenly.
For example, grading rings, made of conductive or semi-
conductive materials, are often placed around high-voltage
equipment to smooth out the electric field. Proper design for
field grading involves understanding the electric field distribu-
tion under various conditions, selecting appropriate materials,
and shaping components to minimize areas of high electric
field concentration. The primary challenge encountered in
previous attempts to employ semiconductive screening for the
encapsulation of MFT windings lies in the effective manage-
ment of the electric field. When a semiconductive shield is
positioned around a high-voltage conductor coated with epoxy
resin, it neutralizes the electric field in the surrounding air.
Nevertheless, a significant concern arises at the shield’s end,
where the electric field may intensify to hazardous levels, po-
tentially leading to partial discharge (PD) or, in severe cases,
electrical breakdown. However, as shown in Fig. 9, proper
termination can mitigate this challenge significantly.
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FIGURE 9. Conceptual comparison of electric field behavior at transformer
winding terminations: (a) No screening — large gap and uncontrolled
electric field (E + 0) between winding and core, (b) the high electric field
concentration at the edge of the semiconductive screen termination
without proper grading, leading to discharge risk, (c) electric field
mitigation using a stress cone structure. The field is smoothly graded,
reducing the risk of breakdown and enabling more compact insulation
design. Although the air gap increases the local electric field strength due
to its lower permittivity, it is intentionally included to enable cooling and
heat dissipation between the HV and LV windings. The field grading design
ensures that PD-free operation is still maintained.

A stress cone in a cable terminal is an excellent example
of electrode grading, as shown in Fig. 10. The cable field is
gradually reduced to prevent field concentrations and to create
an even potential distribution over the external insulator. The
shape of the stress cone is optimized by keeping the potential
gradient along the interface AP/Ax constant. The curve can
be designed as follows [21]:

In(R/r) )

K(l_
E; In(y/r)

where E; is the tangential field, and R and r are shown in
Fig. 10. E; is selected to maintain a maximum of 0.5 kV/mm
at nominal voltage [21]. Mechanically, R must remain within
the boundaries of the epoxy casting and available space. An

®)

X =
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| ety
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FIGURE 10. (a) The cross-sectional schematic of stress cone, (b) the 3D
view of the stress cone, (c) the stress cone used in experiments (the
semiconductive paint is applied).

initial approximation of 2r < R < 3r is used in practice, and
then refined using FEM simulations to verify field distribu-
tion and ensure safe operation under medium-frequency stress
conditions. The stress cone for field grading is applied for the
field treatment at the end of the semiconductive screen in the
present study.

The stress cone geometry was selected to ensure a smooth
transition of the electric field from the high-voltage winding to
the grounded surrounding structure. The cone angle and elec-
trode extension length were chosen based on iterative FEM
simulations to reduce field peaks and maintain electric field
strength below 0.5 kV/mm in the surrounding air and inter-
face regions. The dimensions also satisfy minimum clearance
requirements outlined in IEC 60076-11 [9]. This configuration
ensures effective field grading while maintaining compactness
suitable for dry-type MFT designs.

The combination of the upper stress cone and the surround-
ing field control ring increases the effective creepage distance
and provides smoother field gradients. This integrated ap-
proach enables compliance with IEC 60076-11 [9] insulation
requirements within a compact geometry. Although stress
cones are traditionally used in MV cable terminations, their
application in MFTs addresses similar field enhancement is-
sues at winding terminations, particularly in compact dry-type
designs where sharp edges and limited air clearances increase
the risk of partial discharges.

B. SEMICONDUCTIVE SCREENING

To reduce the electric field inside the gaps, semiconductive
screening is performed to provide a semiconductive surface
around the windings. This surface encapsulates the electric
field; therefore, the electric field in the gap is zero (Egyp =
0 kV/mm). Semiconductive materials are preferred over con-
ductive shields to enhance the system’s efficiency. This choice
is crucial to mitigate additional losses of the conductive shield.
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TABLE 2. Characteristics of Semiconductive Compound

Conductive . ..
Base compound filler Ratio Conductivity
Butyl Acetate, Ethyl Graphite 5.23 x10° S/m
Acetate, Neopentyl powder 85:15 (at 20C, for typical

Glycol thickness = 100 pm)”
* A fine-brush application method was adopted to deposit the
semiconductive layer with a controlled minimum thickness of about 100
um. Experimental evaluation showed that this thickness was sufficient
to suppress partial discharges without introducing significant local loss
mechanisms.

The presence of eddy currents induced by the magnetic field
can lead to unwanted extra loss and heat generation, which can
be effectively addressed using semiconductive materials. The
stickiness of the semiconductive screen to the epoxy resin is
essential, as any looseness or the presence of air bubbles can
result in localized areas of high electric field strength. Strict
adherence ensures uniform distribution of the electric field
and prevents potential complications from inconsistencies in
the bonding.

The composition of the semiconductive compound in-
cludes two parts. Part one is a blend of Butyl Ac-
etate (CH3CO,(CH;)3CH3), Ethyl Acetate(C4HgO,), and
Neopentyl Glycol (C5H120,), which is commercially avail-
able and used for different purposes such as adhesives and
coatings. Part two is graphite powder to provide conductiv-
ity. The mixture is 85:15 weight-wise. This balanced mixture
ensures optimal conductivity and stability. The semiconduc-
tive compound exhibits excellent adhesion to various epoxy
resins and has robust conductivity. This versatility and high
performance make it an ideal choice for applications requiring
reliable electrical conductivity and strong bonding properties.
Fig. 11 shows the semiconductive screen, and Table 2 sum-
marizes its characteristics. The compound is commercially
available in adhesive and nail polish formulations, and in
this study, it was applied manually using a small brush to
ensure uniform coverage and strong adhesion to the epoxy
resin.

V. FEM SIMULATIONS AND MODEL DEFINITION

The finite-element simulations presented in this section were
performed using COMSOL Multiphysics to reproduce the ex-
perimental stress cone configuration under realistic insulation
and boundary conditions. A two-dimensional axisymmetric
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FIGURE 12. Electric field simulation results at the stress cone termination
(a) without semiconductive shield, (b) with semiconductive shield but no
proper termination, and (c) with both semiconductive shield and optimized

stress cone termination. The semiconductive layer significantly reduces the
electric field concentration in the air gap and on the epoxy surface.

model was employed, which is appropriate for the rotationally
symmetric geometry of the stress cone and enables accurate
evaluation of electric field distribution with reduced computa-
tional complexity.

Accurately solving complex electric field calculations is
important, but it is complex for field grading problems. The
Finite Element Method (FEM), COMSOL Multiphysics soft-
ware in the present study, is employed to examine the impact
of the semiconductive screening and proper termination of the
transformer. A COMSOL 2D axis-symmetrical simulation is
performed in the present study to analyze the effect of semi-
conductive screening on field grading. The setup includes an
electrode, part of a high-voltage cable encapsulated in epoxy
resin. A grounded plate electrode is placed to represent the
influence of a core adjacent to the high-voltage electrode.
Without the semiconductive screen, the simulation reveals an
alarmingly high electric field strength in the air gap between
the epoxy resin and the grounded electrode.

In contrast, introducing a semiconductive screen on the
cone reduces the electric field strength in this gap to nearly
zero, as illustrated in Fig. 12(a) and (b). However, with-
out proper termination, the electric field can be significantly
higher on top of the epoxy resin. Proper termination can miti-
gate the intensity of the electric field, as depicted in Fig. 12(b)
and (c). These results clearly demonstrate the optimization
effect of the semiconductive shield in reducing local field
enhancements at the stress cone termination.

The stress cone and screening configuration were designed
to replicate real dry-type MFT insulation geometries and meet
IEC 60076-11 [9] voltage test requirements. In the simulation,
the inner electrode was energized at 22.75 kVrms, while the
grounded plate represented the transformer core potential. The
outer surface of the semiconductive screen was assigned zero
potential to simulate electrical grounding. Material proper-
ties were defined as follows: the epoxy resin with a relative
permittivity of 3.5 and the surrounding air with a relative per-
mittivity of 1. These conditions replicate the actual insulation
environment observed in the laboratory tests. These boundary
conditions and material properties were selected to directly
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correspond to the laboratory test configuration used for par-
tial discharge measurements, ensuring consistency between
numerical and experimental results.

The setup ensures a representative field distribution while
remaining suitable for laboratory PD measurement. Future
developments of the test campaign will include thermal cy-
cling, long-duration PD endurance testing, and evaluation on
a complete transformer system. While the present prototype
focuses on epoxy cast insulation around the windings and
terminations, future work may incorporate layered film insula-
tion (e.g., polyimide) to study combined inter-turn and global
field behavior.

VI. EXPERIMENTAL RESULTS
The experimental design presented in this section is intended
as a focused proof-of-concept study to evaluate the effective-
ness of semiconductive screening and stress cone—based field
grading under controlled and repeatable conditions. The test
object geometry, material selection, and voltage levels were
chosen to represent critical insulation interfaces in dry-type
medium-frequency transformers while remaining compatible
with standardized partial discharge measurement procedures.
Although the applied test voltage follows a 50 Hz si-
nusoidal waveform in compliance with IEC standards, the
evaluated insulation interfaces and field grading mechanisms
are independent of the excitation waveform and therefore
relevant as a baseline for subsequent studies under converter-
driven voltage stress.

A. STRESS CONE PREPARATION

The epoxy casting process was performed in a vacuum oven
under carefully controlled thermal and pressure conditions to
eliminate air voids. This procedure replicates industrial cast-
ing methods and was refined in the lab over several years to
ensure void-free insulation. The highest voltage for the equip-
ment for the transformer is 17.5 kV,ns. Therefore, the stress
cone for the field grading is designed to handle an applied
test voltage of 22.75 kV s regarding IEC 60076-11 during
the partial discharge measurement. The test is fulfilled if the
maximum level of PD is 10 pC or less [9]. This voltage level
is consistent with IEC 60076-11 requirements for dry-type
transformers and corresponds to typical voltage stress condi-
tions in medium-voltage SST applications. The minimum air
clearance from the HV terminal to the grounded screen edge
was 28 mm, and the creepage distance along the epoxy surface
was over 50 mm.

The cone is made of a two-part epoxy resin called CY225-
HY?225, which is common in transformer manufacturing. The
manufacturing process for the stress cone is meticulously de-
signed and executed in the following steps:

1) 3D Printing of the Cone: Initially, the cone is crafted
using a 3D printer, utilizing Polylactic Acid (PLA) for
its construction. This step ensures high accuracy in the
cone’s dimensions and shape.

2) Creation of a Silicon Rubber Mold: Utilizing the 3D
printed cone, a mold is cast from silicon rubber. This
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FIGURE 13. (a) The degassing procedure inside the vacuum oven, (b) the
3D printed cone, the silicon rubber mold, and the casted stress cone.

mold is vital for accurately replicating the shape and
dimensions of the cone in subsequent stages. The sil-
icone mold used to shape the epoxy stress cone was
fabricated using a commercially available silicone rub-
ber compound, chosen for its mechanical flexibility and
compatibility with the epoxy curing temperature.

3) Preparation of Cable and Electrode Assembly: The ca-
ble and electrode are carefully positioned within the
silicon rubber mold. This setup is then prepared for the
next step - the casting of the epoxy resin.

4) Epoxy Resin Preparation: The epoxy resin is accurately
mixed, pre-heated, and pre-degassed using a vacuum
oven. This preparation is necessary to ensure the resin’s
optimal flow and adhesion properties.

5) Casting and Degassing of Epoxy Resin: The prepared
epoxy resin is then cast into the mold. Following the
casting, a degassing process is employed to eliminate
any trapped air bubbles, ensuring the integrity and elec-
trical properties of the molded component.

6) Curing of Epoxy Resin: Once cast, the epoxy resin is
heated to its curing temperature, maintained at 140°C.
This step is vital for achieving the desired mechanical
strength and electrical insulation properties.

7) Mold Removal and Semiconductive Screening: The
mold is carefully removed after the resin has cured. Sub-
sequently, the semiconductive screen is applied. This
final step is pivotal in enhancing the final product’s
electric field grading capabilities.

Each step in this procedure is essential for achieving the
desired characteristics and performance of the stress cone in
its application. Fig. 13 shows details of the stress cone prepa-
ration process. To ensure consistency and eliminate internal
voids, the epoxy was mixed and degassed under vacuum be-
fore casting and was subjected to additional degassing after
pouring. All samples were visually inspected and tested for
partial discharge activity to confirm the absence of air bubbles
or void-related insulation defects. The semiconductive screen
was applied after curing using a controlled brush-coating tech-
nique, ensuring uniform coverage across all samples.

B. PARTIAL DISCHARGE MEASUREMENT FOR THE STRESS
CONE

The partial discharge (PD) measurement in the present study
is conducted using the criteria of IEC 60270 [34] and IEC
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FIGURE 14. The PD measurement setup: (a) The block diagram, (b) the
laboratory setup.

TABLE 3. PD Measurement Setup Characteristics

Component Manufacturer Type
HV step-up transformer Haefely TEOS 0.5/200 kV 100 kVA
Coupling capacitor Haefely 1062 pF 100 kV
Measuring device Hubbell DDX-9101

60076-11 [9]. The experimental setup, illustrated in Fig. 14,
consisted of six key components: an HV step-up transformer,
the test object, a filter, a coupling capacitor, a coupling device,
and a measuring device. The setup components are listed in
Table 3. The background noise of the test setup was measured
to be less than 0.8 pC, ensuring the accuracy of the PD mea-
surements. The results of the PD measurements are presented
in Fig. 15. These figures compare the PD behavior of the stress
cone under two different conditions: (a) without semiconduc-
tive screening and (b) with semiconductive screening applied.
The schematic diagrams represent the test setup for both
cases, highlighting the addition of the semiconductive screen
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TABLE 4. PD Measurement Results

Max Applied Max PD Test Noise
Voltage Level Time Level
(KVims) (18] (s) (9]
No Semi. Con. Paint 17.5kV 46.1 250 08
Semi. Con. Pant 25kV 22 360 '

in the configuration (Fig. 15(b)). The upper plots present the
Partial Discharge (PD) activity over time, showing a signifi-
cant reduction in PD magnitude and occurrence after applying
the semiconductive screen.

The Phase Resolved Partial Discharge (PRPD) plots display
the phase angle of the applied voltage (0-360°) on the hori-
zontal axis, the PD magnitude in pico-Coulombs (pC) on the
vertical axis, and the density of discharge events represented
by a color bar.

In the absence of semiconductive screening, as shown in
Fig. 15(a), significant PD activity is observed, with discharge
events concentrated around the high-field regions near the
voltage peaks. The test object acts as a floating electrode, re-
sulting in localized field enhancements and higher PD activity,
with a maximum PD magnitude exceeding 46.1 pC. A consid-
erable number of events fall within the range of 10-40 pC.

In contrast, Fig. 15(b) demonstrates the PD performance
after applying semiconductive screening to the stress cone.
The screening effectively reduces the localized field con-
centrations, significantly lowering the overall PD activity.
No discharge events exceeding 2.2 pC were recorded during
the tests, reflecting a considerable improvement in insulation
performance. The results indicate that the semiconductive
screening ensures a more uniform electric field distribution,
thus mitigating PD and enhancing the reliability of the in-
sulation system. The observed reduction in PD levels aligns
with the design goals for medium- and high-voltage insulation
systems, ensuring long-term operational reliability.

The PD measurement results are summarized in Table 4.
The applied voltage and test time differ between the two cases
due to the presence or absence of semiconductive screen-
ing. For the configuration without semiconductive paint, the
applied voltage was set considerably lower than the recom-
mended value of 25 kV s, as significant PD activity caused
the saturation of the PD detector amplifier. In contrast, after
the application of the semiconductive paint, the PD activity
was significantly suppressed. This allowed the test voltage to
reach the recommended value (25 kV,s) and extend the test
time (360 s). The maximum PD level and the number of PD
incidents were significantly lower, demonstrating the effec-
tiveness of semiconductive screening in improving insulation
performance.

This direct comparison highlights the effectiveness of semi-
conductive screening in reducing partial discharge activity and
supports the practical necessity of the proposed method.
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FIGURE 15. Partial discharge (PD) measurement results for the stress cone: (a) Without semiconductive screening, showing significant PD activity and
localized field enhancements, (b) with semiconductive screening, demonstrating reduced PD activity and improved electric field uniformity. The upper
plots illustrate PD over time and the lower plots show the phase-resolved partial discharge (PRPD) patterns.

While the present study focuses on short-duration partial
discharge measurements under standardized 50 Hz exci-
tation, the proposed screening and termination concept is
intended for medium-frequency applications. Future exper-
imental work will therefore include thermal cycling, long-
duration PD endurance testing, and evaluation under repetitive
voltage stress. In addition, implementation on a complete
dry-type MFT prototype will be investigated to assess system-
level performance and long-term reliability.

VII. CONCLUSION

This study presented a practical and experimentally validated
approach for partial discharge (PD) mitigation in medium-
voltage, medium-frequency dry-type transformers using semi-
conductive screening combined with stress-cone-based field
grading. Drawing on established principles from high-voltage
cable technology, the proposed method was adapted to epoxy-
encapsulated transformer windings to enable more compact
insulation design while maintaining reliable electric field con-
trol.

Analytical calculations and finite-element simulations were
used to investigate electric field distribution in both ideal-
ized and non-uniform geometries, highlighting the role of
geometric discontinuities in local field enhancement and PD
inception. Based on these insights, a stress cone termina-
tion with integrated semiconductive screening was designed
and fabricated. Experimental partial discharge measurements
demonstrated a significant improvement in insulation perfor-
mance, with the maximum PD magnitude reduced from 46.1
pC at 17.5 kVrms to 2.2 pC at 25 kVrms for the same encap-
sulated structure when semiconductive screening was applied.
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All partial discharge measurements were performed under
standard 50 Hz sinusoidal excitation in accordance with IEC
60270 and IEC 60076-11. Although this waveform does not
replicate the high dv/dt rectangular voltages typically en-
countered in solid-state transformer applications, it provides
a standardized and repeatable reference for insulation qualifi-
cation and enables clear assessment of the effectiveness of the
proposed field grading approach.

Future work will extend the present study toward more
realistic operating conditions, including partial discharge and
aging investigations under repetitive pulse voltages and rect-
angular waveforms representative of power-electronic con-
verters. Additional developments will include long-term ther-
mal cycling, endurance testing, and implementation of the
proposed screening concept in a full-scale dry-type medium-
frequency transformer to assess system-level performance and
long-term reliability.
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