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Abstract: The article presents a method of determining dielectric losses that occur in insulating ma-
terials in a power transformer. These losses depend mainly on the electric field stress, pulsation,
dielectric loss coefficient, and electrical permittivity of insulating materials. These losses were de-
termined by integrating an expression describing unit losses. The determined dielectric losses were
compared with the total losses of the transformer. It turned out that dielectric losses are a fraction
of a percent of the total losses. The influence of the electrical permittivity of the insulating liquid
and paper insulation on the value of dielectric losses was investigated. This influence was ambigu-
ous, which is characteristic of stratified systems made of materials with different permittivity. An
analysis of the influence of the dielectric loss coefficient tan(delta) on the value of dielectric losses
in the transformer was carried out. The impact of this coefficient on the amount of dielectric losses
turned out to be directly proportional.

Keywords: dielectric losses; power transformer; electrical permittivity; tan(delta); electric insulation
system

1. Introduction

The reliable operation of the power system determines the reliability of the energy
supply to its customers [1,2]. This system is becoming more and more exploited over the
years, which is the result of insufficient investment in its modernization [3]. This applies
to both transmission lines (overhead lines, cables) and high-voltage substations [4]. On
the other hand, the power reserve is decreasing. Both of these phenomena encourage op-
erators to use the power system very prudently. This should be understood as taking into
account many technical factors that, in the recent past, have not been taken into account
to the same extent as today.

Certainly, one of such factors is the operating temperature of many devices included
in the power system. In recent years, temperature has become the cause of threats in the
supply of electricity in the summer [5]. This phenomenon has not been observed in pre-
vious years. This has to do with the increase in ambient temperature, caused by the in-
creasingly noticeable greenhouse effect. On the other hand, this should be associated with
an increasing demand for electricity in the summer, which is the result of an increase in
the number of air conditioners [6].

One of the most important elements of the power system is the power transformer.
This is evidenced by both its function in the system and the cost of its replacement [7].
The reliable operation of the transformer is conditioned by meeting many requirements.
One of them is to maintain a sufficiently low operating temperature. Too-high tempera-
tures can lead to many negative effects [5]. The temperature of the transformer depends
on many factors, such as heat sources in the transformer, which are, among other things,
the result of losses [8].

In the literature, it is possible to find many articles on dielectric losses or losses in
electric power transformers. Unfortunately, the presented research results do not concern
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dielectric losses in transformers together. For example, in [9], the authors describe only
the dielectric losses of traditional (mineral oil) and new insulation liquids (such as esters).
They explain which kind of liquid will be characterized by higher dielectric losses, but
they do not mention what devices they mean. A similar situation can be seen in a previous
paper [10], which is focused on dielectric losses in epoxy polymer and functionally filled
silicone rubber (f-SiR) materials. The presented research results concern the dependence
of dielectric losses on the electric field stress E. The article does not present dielectric losses
in paper or other liquids, and the authors do not determine the dielectric losses in the
transformer. Furthermore, the authors of [11] present the results of research that refers
only to materials. The authors present various dielectric properties of esters, including
tan(delta), which is responsible for the value of dielectric losses. In [12], the authors pre-
sent results referring to particle layers, employing conductive transition metal nitrides as
a proposition of alternative materials for photovoltaic applications in order to decrease
losses compared to metal nanostructures. They explain different dielectric properties,
such as dielectriclosses, but they do not present the value of dielectric losses in any electric
power device. In [13-15], the authors studied dielectric losses but the results presented
refer to an electric power cable. What is more, the articles present dielectric losses in solid
insulation, mainly in XLPE, not in paper or other liquids. Another study [16] presents the
results of investigations into the losses in an electric power transformer, but the mentioned
losses refer to the transformer core, not dielectric losses in the insulation system.

The article analytically determines the dielectric losses of a 220/110 kV electric power
transformer, which occur in its insulation system (paper-oil). The authors compared the
determined dielectric losses to total losses. The influence of electrical permittivity of the
paper and electrical insulating liquid on the value of dielectric losses was investigated.
The wide range of electrical permittivity used by the paper corresponded to the permit-
tivity of cellulose and aramid paper. The wide range of electrical permittivity used by the
electrical insulating liquid followed from the permittivity of mineral oil, synthetic ester,
and natural ester. The authors also analyzed the effect of the dielectric loss coefficient
tan(delta) on dielectric losses.

2. Heat Sources in the Transformer
2.1. Types of Losses in the Transformer

According to the most common division, losses in the transformer are divided into
losses of the load losses APiad and no-load losses AProoad. Load losses account for more
than 80% and no-load losses for up to 20% of the total losses [5]. Load losses occur pri-
marily in the transformer windings and are referred to as losses in copper. They consist
of fundamental losses APrund and additional losses APaddit. No-load losses occur mainly in
the transformer core and are often called iron losses. They consist of magnetic losses AP-
magn, losses in the primary winding, and dielectric losses APaiei [5].

2.2. Load Losses

Load losses of the transformer APuad, occurring primarily in its windings, are divided
into fundamental and additional losses. Fundamental losses APrund represent the losses in
the windings, assuming that direct current flows through them. Additional losses APaddit
are the difference between losses separated due to the flow of alternating current in the
windings and fundamental losses. Fundamental losses are the result of the flow of current
through windings of a certain resistance (Joule-Lenz losses). The cause of additional
losses is eddy currents generated by the scattering stream [8]. The latter is generated in
the windings, but also in other elements of the transformer, such as the tank, beams, and
winding pressing structures [17]. From a practical point of view, the total value of the load
losses, that is the sum of both types of losses, expressed in the following Equation [18], is
interesting:



Energies 2022, 15, 993

3 of 14

APioad = Kaddit - m - Roc - 112 (1)

where kaddit is the average coefficient of additional losses (1.10+1.33), m is the number of
phases, Roc is the equivalent DC resistance referred to as the primary side, and Ii is the
current on the primary side.

Based on relationship Equation (1), it was found that the load losses depend on the
resistance of the windings, current, and the coefficient of additional losses.

2.3. No-Load Losses

No-load losses of the transformer include magnetic losses APmagn, losses in the pri-
mary winding, and dielectric losses APaicl.

Magnetic losses of APmagn occur as a result of variable magnetic flux in the trans-
former core. Their causes are magnetic hysteresis and eddy currents [17]. The parameter
that best describes these phenomena is lossiness, which refers to the amount of losses (in
watts) generated in 1 kg of sheet metal at a frequency of 50 Hz. Typically, lossiness is given
for induction equal to 1 T (p1) or 1.5 T (p1s).

The hysteresis losses APnyst are proportional to the surface area of the magnetic hys-
teresis loop in the transformer core. The narrower the loop, the lower the hysteresis losses
[19]. These losses are described by the following relationship [18]:

APhysi=a - (£/100) - (Bm)? - Gs @)

where APnyst is the hysteresis losses, a is the coefficient depending on the type of sheet (a
=1.2+2.0), f is the frequency, Bm is the maximum value of induction, and Gs is the weight
of the sheet.

Hysteresis losses depend on the type and thickness of the sheet (a factor) and on the
magnetic induction Bm [20,21]. The concept of the type of sheet should be understood as
both the chemical composition of the material from which the sheet is made and the tech-
nology of its thermal and mechanical treatment [18].

Losses caused by eddy currents APec should be treated as a result of the initial load
of the transformer, the recipient of which is its core with a certain resistance value. So
regardless of whether the transformer is loaded or not, these losses will always occur. The
following is a relationship that describes the value of these losses [18]:

APec=Db - ((dst/SOO) . (ka/lOO) . Bm)2 - Gs (3)

where APe. is the losses caused by eddy currents, W, b is the coefficient depending on the
type of sheet metal (b = 1.7+1.8), dst is the sheet thickness, m, f is the frequency, Hz, o« is
the shape factor of the primary voltage curve, Bm is the maximum value of induction, T,
and Gs is the sheet weight, kg.

Losses in the primary winding are related to the flow of the no-load current. These
losses represent the losses in copper of the primary winding in the no-load state. The no-
load current is very small, and although the resulting losses are proportional to its square,
their value is negligible.

Dielectric losses APdgiel occur in the insulation of the transformer. They consist of
losses caused by partial discharges and polarization phenomena. These losses, compared
to other types of losses, are relatively small [17,22,23].

The most common places of partial discharges are paper insulation, electrical insu-
lating liquid, culvert surface, and metal elements of the transformer that are under volt-
age. Such places may be characterized by insufficient electrical strength, which is the re-
sult of the insulation aging processes, or too-high values of electric field strength, which
is the result of the occurrence of sharp edges of metal parts [24-28]. Losses caused by
partial discharges are very small and their value usually does not exceed 1 W. The value
of these losses depends on many factors, such as transformer voltage, temperature, degree
of contamination of the surface of bushing insulators, degree of aging of insulation mate-
rials, and level of moisture in both paper insulation and insulating liquid. The higher the
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transformer voltage, the greater the intensity of partial discharges. With the increase in
temperature, the bubble effect can occur, which can generate partial discharges. This is
due to the much lower electrical strength of the bubbles compared to the strength of the
oil. The soiled surface of bushing insulators may be the place where partial discharges are
generated, which is associated with a decrease in the surface resistance of these insulators.
The increase in moisture of paper insulation significantly reduces the resistivity of the
paper, which can be a source of partial discharges.

Losses caused by polarization phenomena occur in the entire volume of transformer
insulation, i.e., in paper insulation and electrical insulating liquid. For this reason, they
outweigh the losses caused by partial discharges. Therefore, in the remainder of the work,
polarization losses are called dielectric losses for simplicity. These losses depend mainly
on electrical permittivity, pulsation, the dielectric loss coefficient, and, above all, on elec-
tric field stress, which is a function of, among others, voltage [29].

To sum up, it was found that the amount of no-load losses is influenced by the type
and thickness of the sheet, the voltage that determines the value of magnetic induction
(eddy current, hysteresis losses), and the value of electric field stress (dielectric losses,
including polarization losses).

3. Polarization Losses in Transformer
3.1. Fundamentals of Polarization Losses

The analysis of losses, described in detail in the following subsections, contains many
simplifications, because the author’s intention was not to accurately calculate the value of
dielectric losses, but only to estimate them in relation to the total losses and to analyze the
impact of electrical permittivity and the dielectric loss coefficient of insulating materials
on the value of dielectric losses.

The dielectric losses occurring in the insulation depend on many factors, such as elec-
tric field stress E, pulsation w, the electrical permittivity of the insulating material ¢, and
its dielectric loss coefficient tan(delta), as shown below [18]:

Apaiel = E2 - @ - € - tan(delta) 4)

where Apudie is the unit dielectric losses in the insulating material, E is the electric field
stress, w is the pulsation, ¢ is the absolute electrical permittivity of the insulating material
(g = &0 - &r, eo—absolute electrical permittivity of vacuum equal to 8.85-102 F-m-1, er—rel-
ative electrical permittivity of the insulating material), and tan(delta) is the coefficient of
dielectric losses of the insulating material.

Equation (4) describes the unit losses Apadic expressed in watts per cubic meter. In
order to determine the total dielectric losses (measured in watts) in the transformer insu-
lation (taking into account the fact that the insulation has approximately the shape of a
cylinder), the unit losses should be “added together” in the V volume, that is, the integral
should be determined [18]:

APdgiel = [[v(Apdiel)-dr-dep-dz )

where APui is the dielectric losses in the insulating material, V is the insulation volume, r
is the cylinder radius, ¢ is the angle, and z is the height of the cylinder. After substitution
in Equation (5) of the relationship describing the unit dielectric losses (Equation (4)), the
final expression describing the dielectric losses in the transformer is obtained [18]:

APgiel = [lv E2w-¢-tan(delta)-dr-dep-dz (6)

3.2. Components of Dielectric Losses

The following describes how to select the values of individual components in Equa-
tion (6) in order to calculate the dielectric losses AP (Table 1). Attention was paid to
which of these components depend on the geometric dimensions of the transformer (r, ¢,
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z) and on the temperature, which is characterized by a certain distribution. In the case of
paper insulation, the properties of cellulose paper impregnated with mineral oil were
used. For the electrical insulating liquid, the properties of mineral oil were used. Such a
choice was justified by the fact that these materials are still the most frequently used in
transformer insulation systems.

Table 1. Values of the components in Equation (6) used to calculate the dielectric losses.

Parameter Unit Value
frequency entry 1 Hz 50
pulsation s 314.2
relative electrical permittivity of paper ér.paper - 4.4
paper dielectric loss coefficient tan(delta)paper - 0.05
relative electrical permittivity of oil &r.oi - 2.3
oil dielectric loss coefficient tan(delta)oi - 0.01

The pulsation w in the entire volume of the transformer insulation is the same, equal
to 314.2 s-1 (w =2-7f, f =50 Hz) and independent both of the geometric dimensions of the
transformer (r, ¢, z) and of its temperature.

Electrical permittivity and the dielectric loss coefficient tan(delta) of insulating mate-
rials (paper, electrical insulating liquid), although they do not depend on the geometric
dimensions of the transformer (1, ¢, z), do depend on the temperature.

Through the paper insulation, due to its small thickness (0.7+1.3 mm), almost the
same temperature occurs. Along the height of the transformer, the temperature rises ex-
ponentially [30]. The relationships between ¢, tan(delta), and temperature are also expo-
nential [5]. For the above reasons, when selecting ¢ and tan(delta), values corresponding
to the average temperature value in paper insulation (T = 60 °C) were used: &r.paper = 4.4
and tan(delta)paper = 0.05 [31-34].

In the case of electrical insulating liquid, there is a very large temperature drop at the
surface of the paper insulation and a slightly smaller one at the surface of the tank. How-
ever, the decrease was observed at a length of only a few millimeters, which in comparison
with the space between the paper insulation and the tank filled with liquid seems to be
possible to omit. Along the height of the transformer, as in the case of paper insulation,
the temperature distribution is exponential. Thus, it was assumed that the relationships
between electrical permittivity ¢, the coefficient of dielectric losses tan(delta), and temper-
ature are also exponential. Therefore, when selecting € and tan(delta), it was decided to
use values corresponding to the average temperature value (T = 40 °C) of the insulating
liquid: &roit = 2.3 and tan(delta)oit = 0.01 [35—40].

The last analyzed component of Equation (6) is the electric field stress E. This inten-
sity in paper insulation and the electrical insulating liquid depends on many factors, such
as the geometric dimensions of the insulation system first of all, the electrical permittivity
of electrical insulating materials, and the voltage. This intensity also depends to some ex-
tent on the temperature, taking into account some effect of temperature on the electrical
permittivity of insulating materials. The distribution of this intensity in the transformer
insulation was very simply compared to the distribution of intensity between three con-
centric rollers (Figure 1), between which there is paper insulation and electrical insulating
liquid.
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paper insulation

insulating liquid
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Figure 1. Transformer insulation model, Ri—cylinder radius reflecting windings and core, R2— R1 =
paper insulation thickness, Rs — Rz = space filled with electrical insulating liquid.

The distribution of electric field stress between two concentric cylinders is described
by the Equation:

_ v
) 7

where U is the voltage, x is the distance from the center of the cylinder, r <x <R, Ris the
radius of the larger cylinder, and r is the radius of the smaller cylinder.

The distribution of electric field stress in the case of coaxial cylinders, layered in se-
ries, as in the described case of transformer insulation, which consists of paper insulation
and electrical insulating liquid, is expressed by the Equations:

U
Epaper(r) =
paper R R
. . In (R_i) N In (R_z) (8)
paper Epaper €oil
U
Egi(r) =
R R
), @ 0
oil €paper €oil

where Epaper is the electric field stress in paper insulation, between Ri and Re, Eoi is the
electric field stress in the insulating liquid, between Rz and Rs3, epaper is the absolute electri-
cal permittivity of paper insulation, and i is the absolute electrical permittivity of the
insulating liquid.

An example of the electric field stress distribution E is shown in Figure 2. With an
increasing radius 1, the values of the stress E clearly decrease, which is characteristic of
the distributions of electric field stress in concentric cylinder systems. In paper insulation,
the values of E are lower compared to the stress E in the electrical insulating liquid, which
is typical for layered-in-series cylinders, with layers differing in electrical permittivity. In
the layer with higher permittivity (paper insulation — erpaper = 4.4), the stress E is lower,
and in the layer with lower permittivity (electrical insulating liquid — eron = 2.3), it is
higher. The maximum values of the stress E in each layer will be described in detail in the
next subchapter.
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Figure 2. Electric field stress E inside the transformer insulation between the winding and the tank
(paper insulation: 0.70+0.75 m, electrical insulating liquid: 0.75+1.50 m, U =220 kV).

Based on the presented analysis, it was found that the electric field stress E depends
on the radius of the cylinder r, and therefore on the geometric dimensions of the trans-
former. For this reason, it is not possible to substitute one intensity value to Equation (7)
describing the dielectric losses APdicl. The stress E does not depend on the value of the
angle ¢ and the height H of the cylinder. According to Equations (8) and (9), it was found
that the electric field stress E also depends on the electrical permittivity of the insulating
material e.

3.3. Determination of Dielectric Losses

Based on the selection of the component values of dielectric losses, performed in sub-
chapter 3.2, it was found that the pulsation w has the same value in the entire volume of
transformer insulation. A simplifying assumption has been made that the values of elec-
trical permittivity epaper and eoil are also the same, but, respectively, in the entire volume of
paper insulation and in the electrical insulating liquid. The same assumption applies to
the dielectric loss coefficient tan(delta) of both insulating materials. The electric field stress
E depends on the radius r and on the electrical permittivity of the insulating material, as
illustrated in Figure 2. Dielectric losses APdier Will consist of two parts: Losses in paper
insulation and losses in the electrical insulating liquid.

After transforming Equation (5), an expression describing dielectric losses in the
transformer was obtained:

APyie) = fff Appaperdrd(pdz+fff Apyjdrdedz (10)

Vpaper Voil

where Vpaper is the paper insulation volume, Appaper is the unit dielectric losses in paper
insulation, Voi is the volume of electrical insulating liquid, and Apoi is the unit dielectric
losses in the electrical insulating liquid. After substituting Equation (6) into Equation (10),
the following expression was obtained:

APgiel = fff Epz)aper " O " Epaper * tan(delta) paperdrdedz + fff B2 @ €oit - (11)
Vpaper Voil
- tan(delta); drdedz
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After substituting the relationships describing the electric field stress, (8) and (9), into
Equation (11), the following Equation was obtained:

UZ
7" W Epaper ”
In (&) In (&)
2. 02 Rl RZ
I " €5aper c + .
APdiel = paper oil
Vpaper - tan(delta) paper drdedz +
(12)
U2
i
Ry Rs
Voil 5 5 In (Rl) In (Rz)
- & - + .
€paper €oil

- tan (delta),;drdedz

The integration of the right side of Equation (12) in the V region described in the
cylindrical coordinates r € (R1,Rz2), ¢ € (0,27), z € (0,H) in the case of paper insulation (r €
(R2,Rs), the others as above—electrical insulating liquid) led to a Equation describing the
dielectric losses:

R, — Rl) U? - w - tan(delta) paper + 2 - H

SRS ) @)Y
+

spaper €oil

APgiel = (

€paper

(13)

(R3 - R2> U? - - tan (delta); - 2w+ H

R ) mE)
Foil Epaper + €oil

After substituting the relevant data into Equation (13), the value of dielectric losses
in paper insulation and the electrical insulating liquid AP4iet was obtained. Dielectric losses
were estimated on the basis of technical data of 220/110 kV transformers (see Table 2). A
voltage value U of 220 kV was assumed. The radius R1 was equal to 0.70 m, which more
or less corresponds to the radius of the core with windings. The radius Rz was equal to
0.75 m, which corresponds to the volume of paper insulation (about 2.1 m?). The radius Rs
was equal to 1.50 m, which coincides with the actual width of the transformer (about 3 m).
Such data correspond to a volume of electrical insulating liquid equal to about 47.7 md.
The ratio of the volume of paper insulation to the volume of liquid was 0.043 (4.3%). The
accepted volumes of paper insulation and the electrical insulating liquid and the ratio of
these volumes are typical for 220/110 kV transformers [41]. Paper insulation with a vol-
ume of 2.1 m? represented all types of solid insulation in the transformer, and therefore
both the winding insulation and main insulation. The highest value of the electric field
stress E in paper insulation (for Ri) with the accepted data was equal to 2.25 kV-cm™, and
in the electrical insulating liquid (for R2) it was 4.00 kV-cm™, as illustrated in Figure 2.
These are typical stress values found in power transformers. A height H equal to 9 m was
assumed, which corresponds to three times the height of the transformer (the height of
the transformer equal to 3 m x 3 phases).

Table 2. Technical data of selected 220/110 kV transformers used to estimate dielectric losses [41].

Parameter Unit  Value
voltage kv 220
radius Ry, corresponding to the core radius m 0.70
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radius Re, corresponding to the core radius with paper insulation m 0.75
volume of paper insulation m? 21

radius Rs, corresponding to the width of transformer m 1.50
volume of electrical insulating liquid m? 47.7

ratio of the volume of paper insulation to the volume of liquid % 43
highest value of the electric field stress E in paper insulation kV.-em? 225

highest value of the electric field stress E in electrical insulation liquid kV-em™  4.00
height of the transformer (3 x 3 phases) m 9

The results of the estimated calculations were as follows: Losses in paper insulation
APpaper amounted to 82 W, and losses in the electrical insulating liquid APoi were 219 W.
The value of dielectric losses in the insulation of the transformer APdiet was, therefore,
equal to 301 W.

4. Results and Discussion
4.1. Comparison of Polarization Losses with Total Losses of the Transformer

This subchapter compares dielectric losses with losses in the windings and trans-
former core. Dielectric losses (301 W) were determined on the basis of estimated calcula-
tions made in earlier subchapters. Total losses (in the windings and core) were estimated
in two ways.

The first way is to use the data on the transformer’s nameplate. Based on many years
of experience gained during diagnostics tests on dozens of transformers, the author as-
sumed a value equal to 200 kW. Dielectric losses were found to account for approximately
0.15% of the total losses.

The second way is to determine the total losses using the same transformer model
that was used to calculate the dielectric losses (Figure 1). The side area S of the core with
windings, with a radius R: of 0.70 m and a height H of 9 m, is 39.6 m2. A heat flux density
on the surface S (surface heat load) of 2500 W-m2 was assumed [17]. This means that the
total losses are equal to about 98.91 kW. Thus, dielectric losses APdiet account for 0.30% of
total losses. It should be noted that the surface of the windings in a real transformer is
much larger and does not correspond to the side surface of the cylinder with the radius
Ri. This means that the total losses significantly exceed the calculated value of 98.91 kW.
Thus, the value of dielectric losses APdiel is much less than 0.30% of the total losses and is
closer to 0.15%.

4.2. The Influence of Electrical Permittivity of Paper and Electrical Insulating Liquid on
Dielectric Losses in the Transformer

The electrical permittivity of insulating materials, used as transformer insulation, has
an indirect effect on the value of dielectric losses. This permittivity, according to Equation
(11), determines only the distribution of the electric field stress E in paper and oil. Table 3
shows the ranges of relative electrical permittivity of the most commonly used paper (cel-
lulose, aramid) and electrical insulating liquid (mineral oil, synthetic ester, natural ester).
These ranges were used to analyze the effect of permittivity on dielectric losses.

Table 3. Relative electrical permittivity of insulating materials used in power transformer, for T =
25 °C [30-40].

Material Value
impregnated cellulose paper 2.2+4.4
impregnated aramid paper 2.9+3.8
mineral oil 2.1+2.3
synthetic esters 3.2+3.3

natural ester 2.9+3.3
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Table 4 and Figure 3 show the value of dielectric losses in the selected transformer
depending on the permittivity of the paper and electrical insulating liquid used. The range
of electrical permittivity of the paper was 2.2 to 4.4. In contrast, the permittivity range of
the liquid was 2.1 to 3.3. The ranges of electrical permittivity were selected on the basis of
the data provided in Table 2. As you can see, with an increase in the electrical permittivity
of the paper, for a constant value of the permittivity of the electrical insulating liquid, the
dielectric losses decrease. However, with an increase in the electrical permittivity of the
electrical insulating liquid, the dielectric losses in the transformer increase, for a constant
value of the permittivity of the paper. The most favorable case occurred for the lowest
value of liquid permittivity and the highest permittivity of paper—271 W. The least favor-
able case occurred for the lowest permittivity of paper and the highest permittivity of
liquids—546 W.

Table 4. Dielectric losses in the selected transformer depending on the electrical permittivity of pa-
per and the electrical insulating liquid used.

Dielectric Relative Electrical Permittivity of Paper
Losses[W] 22 24 26 28 30 32 34 36 38 40 42 44

21 311 305 299 295 291 287 283 280 278 275 273 271
22 329 323 317 312 307 303 300 29 293 291 288 286
23 348 341 335 329 324 320 316 312 309 306 304 301
24 367 359 353 347 341 337 333 329 325 322 319 317
25 386 378 371 364 359 354 349 345 342 338 335 332
26 405 397 389 382 376 371 366 362 358 354 351 348
27 425 416 408 401 394 389 384 379 375 371 367 364
2.8 444 435 426 419 412 406 401 396 391 387 384 380
29 464 454 445 438 431 424 418 413 408 404 400 396
3.0 485 474 465 456 449 442 436 431 426 421 417 413
3.1 505 494 484 475 468 460 454 448 443 438 434 429
32 525 514 504 494 486 479 472 466 460 455 451 446
33 546 534 523 514 505 497 490 484 478 473 468 463

Relative electrical permittivity of electrical
insulating liquid

An increase in the electrical permittivity of paper insulation, with a constant value of
the permittivity of the liquid, causes a decrease in the electric field stress in paper insula-
tion and an increase in the intensity in the liquid. This is a typical situation for insulating
systems stratified in series, consisting of materials with different electrical permittivity.
As mentioned, in this case, the dielectric losses decrease. This is due to the fact that the
decrease in the electric field stress in the paper is much greater than the increase in the
intensity in the electrical insulating liquid.

A similar situation occurs when the electrical permittivity of liquid increases, with a
constant permittivity of the paper. Then, the electric field stress in the paper increases, and
the intensity in the liquid decreases. The increase in intensity in the paper is much greater
than the decrease in intensity in the liquid. As a consequence, the dielectric losses in the
transformer increase significantly.
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Figure 3. Dielectric losses in the selected transformer depending on the electrical permittivity of
used paper and the electrical insulating liquid (legend corresponds to relative electrical permittivity
of the paper).

The influence of the electrical permittivity of individual insulation materials on the
value of dielectric losses in the transformer is not unambiguous. This effect should be re-
lated to the electric field stress in the individual insulation materials. Based on the calcu-
lations carried out, it can be concluded that the electrical permittivity of paper insulation,
relative to the electrical permittivity of the liquid, has a key impact on the value of dielec-
tric losses. The greater the permittivity of paper insulation, the lower the electric field
stress in the paper, which affects the decrease in dielectric losses throughout the trans-
former.

4.3. The Influence of the Dielectric Loss Coefficient tan(delta) of Paper Insulation and Electrical
Insulating Liquid on Dielectric Losses in the Transformer

The influence of the coefficient of dielectric losses tan(delta) of both paper insulation
and electrical insulating liquid on dielectric losses in the transformer is unambiguous,
which results from Equation (4). An increase in the tan(delta) coefficient of both electrical
insulating materials results in an increase in dielectric losses.

Table 5 and Figure 4 show the values of dielectric losses in the selected transformer
depending on the tan(delta) coefficient of paper and liquid. The range of the values of the
tan(delta) coefficient of the paper can be very wide. It depends mainly on the technical
condition of the paper (mainly dampness) and the degree of its aging [42,43]. For this
reason, the range of the tan(delta) coefficient of the paper, taken for the calculation of
losses, was 0.0001 to 1.0000. On the other hand, the range of values of the dielectric loss
coefficient of the insulating liquid is already much smaller. The range adopted for the
calculation was 0.001 to 0.020.
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Table 5. Dielectric losses in the selected transformer depending on the dielectric loss coefficient
tan(delta) of the paper and the electrical insulating liquid.

Dielectric Loss Coefficient

Dielectric L
telectric Losses tan(delta) of Paper

APaiet [W]
0.0001 0.0010 0.0100 0.1000 1.0000
Dielectric loss 0.001 22 24 38 186 1 660
coefficient tan(delta) of 0.005 110 11 126 273 1747
the electrical insulating 0.010 219 221 236 383 1857
liquid 0.015 329 331 345 493 1967
0.020 439 440 455 602 2076

As might be expected, as the dielectric loss coefficient of both insulating materials
increases, the dielectric losses in the transformer increase, too. The smallest losses (22 W)
were determined for the smallest values of the dielectric loss coefficient of the paper and
liquid. In turn, the largest dielectric losses (2076 W) occurred for the largest values of the
tan(delta) coefficient of the paper and liquid. As we can see, the coefficient of dielectric
losses tan(delta) of the paper and electrical insulating liquid has a significant impact on
the value of dielectric losses. These losses can increase from a dozen watts to several thou-
sand watts.
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Figure 4. Dielectric losses in the selected transformer depending on the dielectric loss coefficient
tan(delta) of the paper and the electrical insulating liquid (legend corresponds to the dielectric loss
coefficient tan(delta) of the paper).

5. Conclusions

The determined dielectric losses in the case of the analyzed and studied transformer,
for typical values of electrical permittivity and the dielectric loss coefficient, were 82 W
(losses in paper insulation) and 219 W (losses in electrical insulating liquid). As you can
see, most of the dielectric losses occurred in the electrical insulating liquid, which is due
to the larger volume of the liquid compared to the volume of paper insulation. In total,
the value of dielectric losses was equal to 301 W.

The value of dielectric losses is a fraction of a percent of total losses. Regardless of
how total losses are determined, the value of dielectric losses ranges from 0.15% to 0.30%.

The electrical permittivity of paper insulation and the electrical insulating liquid has
an ambiguous effect on the value of dielectric losses in the transformer. This effect should



Energies 2022, 15, 993 13 of 14

be related to the electric field stress in individual insulating materials, which depends on
the ratio of electrical permittivity of these materials. The electrical permittivity of paper
insulation has a key impact on the value of dielectric losses. With the increase in the elec-
trical permittivity of paper insulation, the electric field stress in this insulation decreases,
which results in a decrease in dielectric losses throughout the transformer.

The dielectric loss coefficient tan(delta) has a significant impact on the dielectric
losses in the transformer. An increase in the tan(delta) coefficient of both paper insulation
and the electrical insulating liquid causes an increase in dielectric losses. Dielectric losses
can increase by up to two orders of magnitude.
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