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ABSTRACT

COST OPTIMIZATION OF OIL TYPE DISTRIBUTION TRANSFORMER
USING MULTI-OBJECTIVE GENETIC ALGORITHM

TELLI, SIMAY

M.Sc. in Electrical and Electronics Engineering

Supervisor: Prof. Dr. Ires ISKENDER
September 2023, 95 pages

As technology advances, the need for the energy sector and electrical machines
has increased. The usage of transformer, which is one of the electrical machines that
converts AC electrical energy to another AC electrical energy at a fixed frequency, by
electromagnetic induction, has become widespread.

Transformers help transmit and distribute electrical energy from power plants
to final consumers. During this transmission, power losses and voltage changes can
occur in electrical energy. Therefore, by increasing the voltage, the current must be
decreased. It is aimed to reduce the losses by keeping the current at a low level. Thus,
the current is reduced to transmit power over long distances and the transformer is
used to increase the voltage. To improve the operational performance of transformers,
a lot of research and study have been done. Over time, more studies have been
conducted using the optimization strategy.

Yzn connected transformers have gained importance day by day due to reasons
such as effective power transmission, reduction of harmonics, protection of the
components of the power system from overloading.

In this thesis, a 3-phase, 25 kVA, Yzn connected oil-type distribution

transformer; It is aimed to reach the minimum cost by reducing the losses and weight.



For this purpose, the design parameters of the transformer will be optimized with the
Multi-Objective Genetic Algorithm method using the MATLAB program. Increasing
the design parameter to be optimized is important to evaluate many conditions
simultaneously. Therefore, it was decided to optimize five parameters in this study.
Transformer design will be done with the help of optimum parameters obtained by this
method. Transformer design parameters that lead to optimum cost will be recorded.
While designing the transformer, the boundary conditions specified in the specification
were taken into account, so that no value was exceeded.

The transformer developed using the Multi-Objective Genetic Algorithm
optimization approach yields the best results when compared to the results of the
transformer designed using experimental methods with the same attributes.

The modeling of the transformer obtained as a result of the optimization was
made with the ANSYS Maxwell program. The results obtained using Finite Element

Method (FEM) analysis were also supported.

Keywords: Transformer Design, Loss, Multi-Objective Genetic Algorithm, Cost

Optimization



OZET

YAGLI TiP DAGITIM TRANSFORMATORUNUN COK AMACLI
GENETIK ALGORITMA iLE MALIYET OPTIMIiZASYONU

TELLI, SIMAY
Elektrik-Elektronik Miihendisligi Yiiksek Lisans

Danisman: Prof. Dr. ires ISKENDER
Eyliil 2023, 95 sayfa

Teknoloji ilerledik¢e enerji sektoriine ve elektrik makinelerine duyulan ihtiyag
artmistir. AC elektrik enerjisini, baska bir AC elektrik enerjisine sabit bir frekans
degerinde elektromanyetik indiiksiyon yolu ile doniistiiren elektrik makinelerinden
olan transformatdriin kullanimi yaygilagmistir.

Transformatorler, elektrik enerjisinin  santrallerden nihai tiiketicilere
iletilmesine ve dagitilmasina yardimet olur. Bu aktarim boyunca elektrik enerjisinde
giic kayiplari, gerilim degisimleri meydana gelebilmektedir. Bu nedenle voltajin
yiikseltilerek akimin azaltilmasi gerekir. Akim diisiik bir seviyede tutularak kayiplarin
azaltilmasi amagclanir. Boylelikle, uzun mesafelere gii¢ iletimi i¢in akim diistiriiliir ve
voltaj1 yiikseltmek i¢in de transformator kullanilir. Transformatorlerin ¢alisma
performansini iyilestirmek icin bir¢ok arastirma ve c¢alisma yapilmistir. Zamanla,
optimizasyon stratejisi kullanilarak daha fazla ¢alisma yapilmistir.

Gli¢ aktariminin etkin bir sekilde saglanmasi, harmoniklerin azaltilmasi, gii¢
sistemini olusturan bilesenlerin asir1 yiiklemeden korunmasi gibi sebeplerden dolay1
Yzn bagli transformatorler giin gegtikce dnem kazanmistir.

Bu tezde, 3 fazli, 25 kVA, Yzn bagintili yagh tip bir dagitim
transformatoriiniin; kayiplarini ve agirligini azaltarak, minimum maliyete ulastirilmasi

amaglanmaktadir. Bu amac¢ kapsaminda MATLAB programi kullanilarak Cok Amagh

Vi



Genetik Algoritma yontemi ile transformatoriin tasarim parametreleri optimize
edilecektir. Optimize edilecek tasarim parametresinin artmasi bir¢ok kosulu ayn1 anda
degerlendirmek i¢in 6nemlidir. Bu yiizden bu ¢aligmada bes adet parametre optimize
edilmesine karar verilmistir. Bu yontem ile elde edilen optimum parametreler
yardimiyla transformator tasarimi yapilacaktir. Optimum maliyete ulastiran
transformatér tasarim parametreleri kaydedilecektir. Transformatdr —tasarimi
yapilirken sartnamede belirtilen sinir sartlar1 dikkate alinmistir ve béylece herhangi bir
degerde asim gozlenmemistir.

Cok Amachh Genetik Algoritma optimizasyon yaklasimi kullanilarak
gelistirilen transformatdr, ayn1 6zniteliklere sahip deneysel yontemler kullanilarak
tasarlanan transformatoriin sonuglarina kiyasla en iyi sonuglar1 vermektedir.

Optimizasyon sonucu elde edilen transformatoriin modellemesi ANSYS
Maxwell programi ile yapilmistir. Sonlu Elemanlar Yontemi (SEY) analizi kullanarak

da elde edilen sonuglar desteklenmistir.

Anahtar Kelimeler: Transformatér Tasarimi, Kayiplar, Cok Amacgh Genetik

Algoritma, Maliyet Optimizasyonu
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CHAPTER |

INTRODUCTION

1.1. AIM AND OBJECTIVES

Transformer design is the process of choosing a transformer's physical
characteristics, material composition, and number of turns in order to achieve the
necessary voltage and current ratings for a given application.

The design of a transformer involves a lot of specifics, including the choice of
the transformer's components, the number of turns calculated, the size of the
conductors, the size of the magnetic circuit, and the choice of the insulation material.
During the design process, various factors such as efficiency, reliability, size, weight,
cost, and suitability of operating conditions of the transformer are taken into
consideration. Transformer design is an important engineering discipline used in
power transmission and distribution systems, industrial power applications, medical
devices, electronic devices, and many other fields. The transformer is designed with a
focus on minimizing the copper and iron weights, short-circuit impedance, load and
no-load losses, heat generated in the transformer, and transformer cost. Many methods
have been developed for this purpose.

In this thesis, information about what the transformer is, it’s working principle,
usage areas and accessories are given in the “Chapter Il — Transformer” section.

The relevant formulas for the transformer's design are presented in "Chapter 111
- Electrical Design of Oil Type Distribution Transformer". These formulas have been
used to study the transformer's mathematical modeling.

In the “Chapter IV — Numerical Methodology” section, the Multi-Objective
Genetic Algorithm method, which is a type of optimization used in transformer design,
is explained in detail. Finally, it has been shown that the results of the parameters and

cost optimization, which is the main goal, are provided in the optimization used.



1.2. LITERATURE SURVEY

In the literature, many studies have been carried out to reach the optimal
transformer design for different purposes. The parameters that will determine the
transformer design, design purpose and results can be determined by optimization
studies. Transformer design optimization has been developed by specifying many
metaheuristic algorithm methods. In some studies, the optimization outputs were
supported by the analysis results.

Tosun [1] conducted a study on weight optimization of a 1500 VA dry type
transformer in 2012. The determining factor of the designed transformer in terms of
cost is the weight of the transformer. Therefore, Taboo Search Algorithm has been
used to reach the optimum weight without reducing the efficiency of the transformer.
The iron cross section conformity factor and current density, which are transformer
variables, are optimized using this approach, which also extracts the transformer's
mathematical model. Accordingly, the weight of the transformer has been reduced by
nearly 20%.

In 2017, Alhan [2] used five modern metaheuristic optimization algorithms as
a solution to transformer design optimization (TDO) problems. Artificial Bee Colony
(ABC), Competitive-Adaptive, Back-Tracking Search (BSA), Cuckoo Search (CS),
and Flower Pollination Algorithm (FPA) are some examples of these algorithms. He
categorized the algorithms for theoretical and practical TDO using these methods and
compared them to one another. These optimization studies aim to maximize efficiency,
maximize rated power, minimize total cost, minimize the weight and cost of the active
component of the transformer, minimize the main material and production cost.

In 2022, Akdag [3] used the Firefly Algorithm to optimize the current density
(s) and iron cross section conformity factor (C) of the oil type, delta-star connected,
50 kVA, 34.5/0.4 kV transformer, lowering the transformer's weight and, in turn, its
cost. As a result of the parameters he optimized using MATLAB, the weight of the

transformer he designed decreased by 11%.



The volume of the oil-filled transformer is optimized using the Firefly
Algorithm, one of the heuristic methods [4]. Parameters such as height, surface area
width and length, depth of the transformer were optimized using genetic algorithm and
firefly algorithms.

By utilizing the Tree Seed Algorithm, Simulation Annealing, and Particle
Swarm Algorithm techniques, the transformer's efficiency is intended to be increased
[5]. In order to maximize efficiency, the iron section conformity factor and the current
densities of the 3-phase, 100 kKVA dry type transformer were tuned within the study's
parameters.

Celebi used a genetic algorithm to conduct a study on the cost optimization of
a 1.5 kVA dry type transformer. The weight and efficiency outcomes of the
transformer were studied by optimizing two different mutation settings, random and
limit mutation [6].

Smolka [7] enhanced the heat dissipation and losses of the transformer in 2011
by using a genetic algorithm to optimize the cooling channels and HV-LV coil widths.
The results were supported using the CFD-EMAG model.

[8] employs the Direct Search, Differential Evolution, Heat Treatment
Algorithm (Simulated Annealing-SA), and Random Search to reduce costs while
taking into account variables like magnetic flux density, primary-secondary winding
dimensions, secondary current density, and gap between primary-secondary winding
of three-phase oil-type distribution transformer. An electromagnetic study for losses,
short-circuit impedance, and forces based on finite elements was carried out in order
to assess the design parameters established by the approaches used.

Cost optimization is done in [9] by taking into account the costs associated with
purchasing, operating, maintaining, insuring, and depreciating distribution
transformers as well as MV-LV lines. Comparisons were made between the outcomes
of the Simulated Annealing (SA) and Genetic Algorithm (GA) optimization
techniques.

Hernandez [10] researched Multi-Objective Optimization to determine the
ideal core and winding parameters for a three-phase power transformer. It is aimed to
minimize losses, copper and core weights by using NSGA-III. Results have been
validated with FEA.

Multi-Objective Optimization problems fall under the category of global

problems that are encountered in many different domains of industry, engineering, and
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science. In order to deal with these issues, multi-objective optimization techniques
have been created. The Multi-Objective Artificial Bee Colony method (MOABC),
which is used to solve engineering problems in [11], was used to choose the single-
phase transformer configuration parameters. By doing this, the error rate between the
expected and real parameters is decreased.

The GA, PSO, and ABC design methodologies were used in [12] to create a
cast resin transformer. The outcomes of the various optimization techniques were
compared. PSO has been shown to be the best method for cast resin dry-type
transformer design.

In [13], Bozkurt optimization algorithm (Gray Wolf Optimization-GWO),
which was applied for the first time as a transformer optimization method, was used.
The goal is a power transformer's overall production costs and power loss expenses
have to be kept to a minimum. In the study, four alternative techniques of design
optimization were used. The GWO method was found to be successful when the results
of the many applicable procedures were compared.

To reduce the weight of the 200 MVA oil type transformer to the minimum,
Soldoozy [14] used the Tree Pruning Method. Considering the design variables
determined by optimization, the transformer was simulated with FEM. Supported by
test results, this method is presented for evaluation.

In addition to the optimization algorithms used in transformer design, the finite
element method has also been added to the studies. The use of FEM in transformer
design has become widespread. The maximum temperature points for various dry-type
transformer winding types as well as the maximum temperature points for expressed
dry-type transformers are described in [15].

[16] has studied the thermal response of a 10 kVA dry type transformer with
H-class insulation at various temperatures. The maximum temperature point of the
transformer was obtained and analyzed using its thermal model.

In [17], a Shell-type single-phase distribution transformer is optimized for total
cost of ownership, low mass, minimal total losses, and minimal transformer material
cost using transformer design software. Properties such as voltage levels, transformer
connection types are given as input data. This study involved the design and testing of
a 25 kVA, primary voltage is 13.200 Grd Y/7.620 V, secondary voltage is 240/120 V,
oil-filled, single phase distribution transformer. Process measurements have been used

to evaluate and validate the optimized outcomes in the transformer design.
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In [18], he saw that the winding temperatures of a distribution transformer with
the Finite Element method gave very close results to the real ones. It is possible to
utilize this approach as a design tool for improving the performance and altering
transformers.

The combined thermal, liquid flow, and electromagnetic numerical analysis of
a medium power dry-type transformer was studied [19] in order to look at the losses
in the coils and core. In this multidisciplinary work, a 3-dimensional dry-type
transformer geometric model was produced with the use of CFD, taking the
temperature constraints into consideration. Numerical analyses were conducted using
a mathematical model that was generated in order to investigate the transformer's
construction and operation. Based on the local distribution of wall heat fluxes, the
average heat transfer coefficients of all transformer elements used throughout the study
were computed. It can be employed in analyses that do not account for air flow because
of this.

1.3. AIM OF THESIS

As seen in the studies in the literature, design variables are common in oil
immersed or dry type transformers. The transformer was subsequently designed after
five parameters, along from the iron cross section conformity factor and current
density, were optimized using a Multi-Objective Genetic Algorithm in the MATLAB
environment. It is aimed to reach the optimum level of cost without decreasing the
efficiency of the designed oil-type transformer. Transformer weight, which is one of
the most cost-determining factors, has also been minimized. In Ansys simulation
studies, the parameters determined as a result of the optimization were checked and
transformer losses and voltages were shown. While optimization studies were carried
out with limited variables in previous studies, within the scope of this thesis, multiple
parameters were examined simultaneously and the factors affecting the transformer
design were determined. The significance of the transformer active, tank, oil weights,
transformer losses, and magnetic flux value at which the transformer operates was also

noted while attempting to lower the transformer's cost.



CHAPTER II

TRANSFORMERS

2.1. HISTORY OF TRANSFORMERS

Transformers are necessary electromagnetic device for the distribution and
transmission of electrical energy. Transformers enable the conversion of electrical
energy from high voltage levels to low voltage levels. It is a static tool that is used to
move electrical power between circuits. In order to use electrical energy safely and
effectively, transformers are crucial.

The history of the transformer is connected with the emergence of
electromagnetic field theories and the widespread use of alternating current.

Michael Faraday's discovery of electromagnetic induction in the 1830s served
as the foundation for the first transformers. However, these transformers are not like
modern transformers used today.

In 1831, the first practical induction coil was invented by the American
scientist Joseph Henry. An induction coil is a device based on the electromagnetic
induction principle, used to demonstrate the inducing effect of electromagnetic fields.
It was developed by many different people.

One of the devices that created the greatest electric current of the 1836 period
was developed by Nicholas Callan. This device is known today as the “Callan Coil”.
The Callan coil was used to convert low voltages to high voltages. Its working
principle is explained by electromagnetic induction. In 1876, the American scientist
Zénobe Théophile Gramme invented the first induction coil. These coils can be
considered as the precursors of transformers. The work of Nicholas Callan and Zénobe
Théophile Gramme set the stage for the transformer.

The first transformer was built in the middle of the 19th century for the
generation and distribution of electrical power. The modern design and production of

the transformer has been realized with the contribution of many different people and
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organizations. These include names such as Nikola Tesla, George Westinghouse and
Lucien Gaulard.

In 1876, Nikola Tesla developed the first prototypes of the modern transformer.
In 1885, Tesla invented the transformer that enables the conversion of magnetic fields
into electrical energy and patented the AC (alternating current) transformer device.
This patent made it possible to transmit electrical energy over longer distances and
contributed to the spread of AC electrical systems. In addition to power transmission,
great potential has been presented for many applications such as lighting and
telecommunications. Transformers are a crucial component of AC power systems,
which were developed in part because to Tesla.

The creation and adoption of AC electrical systems were significantly aided by
George Westinghouse. By using Tesla's AC transformer device, Westinghouse has
facilitated the distribution of electrical energy and created a more efficient system.
Transformers developed by George Westinghouse were used in the first large-scale
AC power system, opened in New York in 1882.

Lucien Gaulard, on the other hand, developed the first prototype of the AC
transformer device in 1881. Gaulard's design made possible the production of high
voltage transformers and made the distribution of electrical energy more efficient.

In 1891, Mikhail Dolivo-Dobrovolsky worked on the development of three-
phase AC systems and designed the first three-phase AC generator.

As a result, the invention and development of the transformer device has been
realized with the contribution of many different people and organizations. These
contributions enabled him to achieve the modern design of the transformer, which is
an indispensable electromagnetic device for the distribution and transmission of

electrical energy.

2.2. STRUCTURE OF TRANSFORMERS

Due to the changing and developing technological advances, the need for the
energy sector and electrical machines is increased. Electrical machines, which form
the keystone of energy conversion, are divided into 3 among themselves. Electric
machines known as generators transform mechanical energy into electrical energy.
Motors are the machinery that transform electrical energy into mechanical energy. A
transformer is an electrical device that changes one type of AC electrical energy into

another type of AC electrical energy.



Transformers are static devices that use electromagnetic induction to transmit
electrical energy between electrical circuits at a constant frequency. These electrical
devices, which are used to adjust the desired voltage and current values at the chosen
power, have no moving parts. Therefore, friction and wind losses are not mentioned
in transformers.

Transformers are made up of two windings (coils) with a shared magnetic core
and a mutual inductance that are isolated from one another. They are referred to as
primary and secondary windings. The transformer's primary winding is the input
winding. The alternating voltage source or the mains are connected to the primary
winding. The transformer's secondary winding, which is connected to the load, serves
as the transformer's output winding. In the low voltage area, loads are supplied by the

secondary winding. The transformer's architecture is displayed in Figure 1.

/ Flux

Primary Core Secondary
winding winding

Figure 1: Structure of Transformer

2.2.1. Core of Transformers

The core of a transformer is a fundamental part that stores and transmits
magnetic energy.

The material of the cores affects the characteristics of the transformer such as
efficiency, dimensions, power capacity and operating frequency.

In the cores of the first transformers, iron cores or steel plates were used to
direct the magnetic field. However, these materials caused magnetic losses and
reduced the efficiency of the transformer.

In the 1890s, nickel-iron alloys were discovered as a more efficient material
for transformer cores. These alloys allowed the production of transformers with higher
efficiency as they minimized magnetic losses.
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The use of silicon materials with a structure that enhances the material
resistance and lowers the eddy currents created in the transformer started in the 1930s
with the development of ferromagnetic materials [20]. These materials allow better
orientation of the magnetic flux and reduce magnetic losses. In particular, silicon steel
sheets have become one of the most widely used materials in transformer cores.

The following list of silicon steel varieties is presented to the market in

chronological order:

. Hi-B

o Mechanically scribed
o Laser scribed

o Non-oriented

o Cold-rolled grain oriented (CRGO)
o Hot-rolled grain oriented (HRGO)

The first three kinds of materials are enhanced versions of the CRGO class. For
the CRGO grades, the saturation flux density has largely remained constant at or near
2.0 Tesla, but the more advanced manufacturing techniques and technologies have led
to appreciable advancements in the watts/kg and volt-amperes/kg characteristics in the
rolling direction [21].

In the 1970s, amorphous metals were discovered as magnetic core materials.
Amorphous metals operate with less magnetic loss than conventional nickel-iron
alloys. Thus, amorphous metals provide higher efficiency. When compared to CRGO
grades, the usage of amorphous steel materials significantly reduces core loss, by a
factor of 60-70%. Its usage is restricted to transformers with lower ratings since
handling this brittle material requires highly advanced production methods [21]. Since
CRGO is a more easily shaped and cut material, it allows transformers to be produced
in different sizes and shapes. CRGO is considered an important material for
transformer cores. Today, it is utilized extensively in the transmission and distribution
of power.

To control the course of the magnetic flux in transformers, the geometry of the
core is crucial. The transformer's core creates a loop when the magnetic flux flows
through it, and this magnetic flux induces voltage in the secondary winding of the

transformer.



The distribution of the magnetic field as it is created is influenced by the
transformer's core, which is a crucial structural component. Thus, it can reduce or
increase the magnetic losses. An ideal core geometry is optimized to maximize
magnetic flux and minimize magnetic losses.

Round cores in transformer are a type of core designed to best direct the
magnetic flux and reduce magnetic losses. The round core offers high efficiency, less

vibration and less noise.

2.2.2. Winding of Transformers

Another fundamental part of transformer design is the windings. The
transformer windings are an important component that carries the main current where
energy conversion takes place. Depending on the transformer connection group, the
number of windings in a phase may vary. A transformer can have two or more
windings. Electrical energy can be converted using these windings from one voltage
or current level to another.

The primary and secondary windings of the transformer are separated. The
transformer receives energy through its input windings, or primary windings. The
transformer's output windings, where the energy exits, are called secondary windings.

Insulating materials are often used to insulate the magnetic field between
transformer windings. These materials may include rigid insulators such as plastic or
fiberglass, and flexible insulators such as paper or plastic film. Also, in some cases, an
insulating material can be placed between the windings to isolate them from each
other. The most common conductors used in transformers are copper and aluminum.
The differences between copper and aluminum can be evaluated under the headings of
conductivity, strength, density and cost.

1. Conductivity: Copper is a conductor with higher conductivity than aluminum. By
using a thinner copper wire, the same current carried by the aluminum wire can be
carried in this way. Thus, transformer windings are more compact and less material is
used.

2. Strength: It is the resistance of a material to deformation or breakage. Depending
on the material's properties, composition, and temperature. Aluminum has a lower
strength than copper. This requires thicker aluminum wires in a transformer of the

same power level.
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3. Density: Copper has a higher density than aluminum. This allows copper wires of
the same weight to be shorter and more winding to be wound.
4. Cost: Aluminum is a cheaper conductor than copper. Therefore, transformers made
using aluminum wires are less costly than transformers designed using copper wires.
As a result, when choosing between copper and aluminum conductors, factors
such as current density, number of windings, power requirement and cost should be
considered. Copper wires provide higher performance. However, the disadvantage of
using copper conductor; It makes transformers heavier and makes transformer costs

more expensive. Aluminum wires are associated with lower cost and lighter weight.

2.2.3. Losses of Transformers

Transformers are static electricity machines. Therefore, friction and wind
losses are not mentioned in transformers.
Transformer losses affect the efficiency of the transformer and cause increased cost.
Therefore, while designing the transformer, optimization processes are carried out to
minimize losses. No-load losses and load losses are two different ways that

transformer losses can happen.

2.2.3.1. Load Losses

They are the losses caused by the current in the windings of the transformer.
Also known as I2R Losses or Copper Losses. These losses happen in the transformer's
high current-passing areas. Copper losses may differ depending on the transformer's

nominal power.

2.2.3.2. No-Load Losses

In the transformer's magnetic circuits, these losses take place. Iron loss or core
loss are other names for it. It occurs when a change in magnetic flux occurs. Core
losses; Also known as additional losses, they consist of leakage and dielectric losses
as well as hysteresis caused by the material, eddy current loss caused by the core's
structure, and hysteresis due to the material [22]. These losses vary depending on the

material and design choices of the transformer.
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2.2.3.2.1. Hysteresis Losses

It is the energy loss that occurs as a result of the magnetic core material being
exposed to magnetic field changes caused by frictional motion. When a magnetic field
is applied, the magnetic core material becomes magnetically saturated. Because of this,
it takes the material some time to regain magnetic saturation after a change in the
magnetic field. During this process, losses occur in the core and this is called hysteresis
loss. In ferromagnetic materials like iron or steel, the hysteresis losses are proportional
to the region that the B-H curve encloses [22].

The magnetic characteristics of the magnetic core material are described by the
B-H curve. The material is subjected to variations in the magnetic field, and the
relationship between magnetic flux and magnetic field is measured in order to
understand these qualities. These measurements lead to the appearance of the B-H

curve. In Figure 2, it is displayed.

B Flux Density
™ a
-7 Satuaration
Retentivity .
— (b P
+
7
I3
Coerdivity L T
-H — o @ H
Magnetizing Force Magnetizing Force
in opposite direction
e
_d :
Saturation -B Flux density
in opposite direction in opposite direction

Figure 2: B-H Curve

H denotes the magnetic field intensity, while B represents the magnetic flux
density. It is not possible to completely eliminate the loss of hysteresis. However, to
reduce it, the volume and temperature of the core material can be reduced.
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2.2.3.2.2. Eddy-Current Losses

Eddy currents are circular magnetic currents that cause energy loss in the
magnetic core. Faraday's law of induction explains that an electric current forms inside
conductors as a result of a changing magnetic field.

The energy loss that results from the magnetic flux's varied route as it passes
between the air gaps in the magnetic core and the core's material. It happens as a result
of shifting magnetic flux and field. Eddy current causes heat or kinetic energy losses
due to resistance. Thin plates are used in transformers to prevent heat that will occur

due to eddy losses. It is shown in Figure 3.
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Figure 3: Eddy Current Diagram

The following factors affect the eddy current's size:
o Frequency of supply source
o The flux density
o The thickness of the lamination
o The resistance of current route

o The magnitude of the Eddy Current

2.2.3.2.3. Leakage and Dielectric Losses
When creating the transformer core, further losses take place. Mechanical
tensions, flux density harmonics, the presence of connections, air gaps, and mechanical

stressors all contribute to these losses [22]. The leakage currents between the coils and
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in the transformer's insulating materials are to blame for the stray losses. Dielectric
losses, on the other hand, are the polarization-induced energy loss of the insulating
materials of the transformer. These losses can reduce efficiency especially in high

frequency transformers.

2.2.4. Transformers Connection Types
In three-phase transformers, winding connection groups can be grouped as star,

delta and zigzag connections.

2.2.4.1. Star Connection

The most commonly used connection type in three-phase power systems is Star
connection. It can be applied to both primary and secondary winding of transformer.
The input ends of the windings, U, V, and W, are subjected to a 3-phase voltage, while
the output ends, X, Y, and Z, are short-circuited. Totally in reverse; Star connections
can be made by short-circuiting the U, V, and W terminals and applying voltage to the
X, Y, and Z terminals. The neutral or star point is the name for the joining point. This
type of connection can be used to control the power factor and voltage regulation of
the transformer.

Due to the 120-degree phase difference between the windings, the line voltage
in a star connection is three times the phase voltage. Phase current and line current are

equivalent. Figure 4 displays a diagram of a star's connections.

- .\'" or 0—-—4 V’

Figure 4: Phasor Diagram of Star Connection

14



2.2.4.2. Delta Connection

In order to make a delta connection in the transformer, the input end of each
phase winding is combined with the output end of the other winding. Both the
transformer's primary winding and secondary winding go through the same process.
The phase windings are connected to one another in a closed circuit. There is no neutral
line in the delta connection. Therefore, the neutral line is used in undesirable places.

A greater voltage difference between the phases occurs than with a star
connection because the primary and secondary windings are connected in a delta.
Therefore, delta connection is generally preferred in high voltage applications.

The delta connection shape is shown in Figure 5. The line current is three times

the phase current in a delta connection. Phase and line voltage are same.

Figure 5: Phasor Diagram of Delta Connection

2.2.4.3. Zig-Zag Connection

A Zig-Zag transformer is a special purpose three-phase transformer with a
zigzag or "star connection" winding connection. The Zig-Zag transformer's primary
function is to offer a low leakage reactance that will allow the zero components to take
over in the event of a failure [23]. Unbalanced loads and ground faults in the power
system are the main causes of zero-sequence currents. In order to enhance the flow of
zero sequence currents and triplet harmonics, Zig-Zag transformers also reduce
leakage reactance. Leakage reactance is one of the Zig-Zag transformer's most crucial
variables as a result.

There are two coils in each phase of the Zig-Zag connection. However, in order
to eliminate the mismatched voltages, they are coiled in the opposite directions. 3-

phase transformers have 3 primary windings with Zig-Zag connection and 6 identical
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secondary windings. Zig-Zag connection of transformer phasor diagram is indicated
in Figure 6.
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Figure 6: Phasor Diagram of Yzn Connection

2.2.4.3.1. Zig-Zag Connection Advantages

The Zig-Zag transformer contains certain characteristics of both delta and star
connections, as well as both connections' benefits. The main advantages of the Zig-
Zag connection can be listed as follows
o Harmonics are attenuated and eliminated by the Zig-Zag transformer [36].
Due to the reverse connection of the winding coils in Zig-Zag windings, the harmonic
voltages existing in the system can be cancelled to some extent.
o In a power system, the third, ninth, fifteenth, and twenty-first harmonic currents
can be captured using a Zig-Zag transformer. In order to reduce the negative impacts
of triple harmonic, Zig-Zag transformers are placed close to loads that produce larger
triple harmonic currents [37].
o The Zig-Zag transformer also prevents the voltage growth in faultless phases.
It prevents voltage increase by preventing one phase from being overloaded in case of

unbalanced load.
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o Zig-Zag transformers provide a practical way to ground the electrical system.
[38]
Zig-Zag transformers have low internal winding impedance, which makes grounding

more efficient.

2.2.4.3.2. Zig-Zag Connection Disadvantages

o Since the structure of Zig-Zag connection is more complex than star and delta
connections, it may be over costing.

o Zig-Zag connection has lower voltage regulation. Voltage regulation is less

effective than star and delta connections.

2.3. WORKING PRINCIPLE OF TRANSFORMERS
The electromagnetic induction theory, provided an explanation by Faraday's
law of electromagnetic induction, underlies the operation of transformers. The
transformer's primary winding is linked to the AC power source. A magnetic field is
produced by the alternating current flowing through the transformer's primary winding
when an AC voltage is supplied to it. The transformer core, which is made of a
magnetic substance, is traversed by this magnetic field. The secondary winding is
included in the circuit that the generated magnetic field completes in the iron core. An
emf is produced by the change in the magnetic field when the secondary winding is
exposed to it. This induction voltage induces a secondary winding current that travels
to the transformer’s output. To transmit power to the load attached to the secondary, a
voltage is induced in the secondary winding. As a result, the power is moved via
electromagnetic induction from the primary circuit to the secondary circuit.
There is no energy loss in ideal transformers. Input power and output power
are equal. The ratio of the voltage induced in the transformer's primary winding (V;)
to the voltage induced in its secondary winding (V) is equal to the ratio of the number
of windings because the magnetic flux cross section in transformers is constant. In
Equation 2.1 gives the definition of this:
i _ M

= 2.1
oW, (2.1)

N; and N, are the primary and secondary winding numbers, respectively, in the

formula. The Equation that is 2.2 below illustrates the link between the amount of
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current flowing through the transformer's primary and secondary windings and the
number of windings.
L N
—=— 2.2
LN, (2.2)
The primary winding's current is denoted by I;in the formula, whereas the secondary

winding's current is denoted by I,.

WML .

Va Ny L '
Vlll ES Vzlz (24‘)
Sl = SZ (25)

When the Equation 2.3 and Equation 2.4 mentioned above are combined, an ideal
transformer with no power loss is achieved. This situation is shown in Equation 2.5.
Faraday's law states Equation 2.6;

N do
Ldt
A magnetic field is produced when an AC voltage is applied to the transformer's

& = (2.6)

primary winding. The magnetic flux (®) in the core and the quantity of primary
windings both affect the electromotive force (e,) induced in the primary winding. The
magnetic field that will be produced by the current brought on by the change in
magnetic flux will be balanced by the magnetic field that the current induces in the
opposite direction. This situation is explained by Lenz's Law.

According to the Equation 2.7, a perfect transformer core has no leakage flux, thus the
flux & there connects all of the secondary windings and generates an e.m.f. [24].

dd
82 = Nz% (27)

The flux as a function of time is described by the Equation 2.8, if the waveforms of

the applied voltage and flux are sinusoidal [25]. Equation 2.9 shows the angular

velocity equation. The scalar measure of the temporal rate of change of a sinusoidal
wave is known as angular velocity, also called as angular frequency.

®(t) = Py sinwt (2.8)

w = 2nf (2.9)

The flux's peak value is denoted by @,, . The voltage induced in the secondary

winding of the transformer is found as shown in Equation 2.10. The rms value of this

voltage is given in Equation 2.11.
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dd(t)

&(t) = N, T Nyw®,, cos wt = Np2nf @, cos wt (2.10)
dd(t) 2m
Erms = Np— = = 5 FNy @i = 4.44f Ny Dy (2.11)

A, specified in Equation 2.12 shows the core area. The following values are found for

the core's peak flux density:

k
By = == (2.12)

As a result, Equation 2.13 represents the final form of the secondary winding's rms
value formula.
21

erms = 7= fNoBy A, = 4.44fN,B, A, (2.13)

2.4. USAGE AREAS OF TRANSFORMERS

The use of transformers is critical for electrical power distribution. The
development of transformers is an important milestone for electric power distribution
and industrial production. Today, transformers transport electrical energy from high-
voltage lines to homes and are used as power supplies for electronic devices. By
minimizing the energy loss between the electrical energy producing point and the

utilization point, transformers aid in the transmission and distribution of energy [26].
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Figure 7: Transmission lines

Transmission lines are essential for the effective and dependable delivery of
electricity to customers because they allow for the distribution of power across great
distances and the satisfaction of regional energy needs. The steps of production,

distribution and transmission of electrical energy can be seen in Figure 7.
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Step-up transformers are used to boost the electrical energy generated in power
plants so that it may travel further down transmission lines. In Turkey, high voltage
levels are determined to be 380 kV, 154 kV, and 66 kV, whereas medium voltage
levels are 6.3 kV, 15 kV, and 33 kV. However, due to significant power losses, 66 kV
at high voltage, 6.3 kV, and 15 kV at medium voltage have been eliminated. Energy
transmission lines are connected to substations. The voltage level is changed to 33 kV
and connected to the load points in the city's electricity distribution network with the
use of step-down transformers in the substations.

In distribution networks, the 33kV voltage level is reduced to 0.4 or 0.231 kV
low voltage level in order for the energy to reach the consumers. Therefore, power loss
and voltage change occur in electrical energy from power plants to the end user. While
the voltage is increasing in order to keep the power of the system constant; As the
current decreases, or as the current increases, the voltage must decrease. In order to
ensure a healthy energy transfer, the voltage must be increased and the current must
be reduced. The purpose of keeping the current at a low level; is to reduce losses. To
transmit power over long distances, the current is reduced and a transformer is used to
increase the voltage. While electrical energy is transmitted with high voltage in the
most efficient way, it is used and produced at low voltages.

2.5. CLASSIFICATION OF TRANSFORMERS
Transformers can be classified differently according to various characteristics.
They are differentiated according to their function, structural features, intended use, or

various other factors. This classification can be done as follows.

2.5.1. According to Usage Purposes
According to their intended use, transformers can be listed as follows:

o Power Transformers: These are high voltage transformers. They convert high-
voltage electrical energy from large power plants into lower-voltage electrical energy
and give it to distribution lines in cities. They are also used to operate large machinery
and equipment used in industrial facilities.

o Distribution Transformers: These are transformers operating at lower voltages.
They are especially used in electricity distribution systems in cities. These

transformers convert electrical energy to lower voltages, making it usable in industrial
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facilities and homes. They usually have a medium voltage or low voltage
classification.

o Measurement transformers: They are used for current and voltage
measurements.

o Auto Transformers: Auto transformers are adjusting to the secondary voltage
level.

2.5.2. According to Cooling Types

A four-letter code is used to identify oil-immersed transformers in accordance
with the cooling method. The internal cooling medium in contact with the windings is
expressed by the first letter. The internal cooling medium's circulation system is
designated by the second letter. The external cooling medium is designated by the
third letter. The circulation system for an external cooling medium is designated by
the fourth letter. For instance, this cooling method would be coded as ONAN (Qil
Natural Air Natural) if the internal cooling medium were mineral oil, which circulates
by natural flow, and the external cooling medium were air, which circulates by natural
convection. Naturally air-cooled transformers are more commonly used due to their
low cost and simple design. However, their efficiency may decrease in hot weather.
While oil-cooled transformers are preferred because of their high reliability, they can
be more expensive because they require maintenance. Each of this classification offers
advantages and disadvantages for different application areas and requirements.
Different cooling techniques are employed in power transformers, such as forced air
circulation with fans, oil circulation with pumps, or a combination of the two.
Consequently, the following cooling techniques are available: [39]
o ONAN Oil Natural Air Natural
o ONAF Oil Natural Air Forced
o OFAN Oil Forced Air Natural
o OFAF Oil Forced Air Forced

In natural air cooled transformers, natural air is used for cooling. By providing
sufficient air circulation around the transformer, it is aimed to dissipate and cool the
heat. In oil cooled transformers, a specially designed oil is used for heat dissipation.

Transformers are housed in an oil-filled tank. The oil absorbs and cools the high
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temperature coming to the windings of the transformer. The large heat capacity of the
oil helps to regulate the transformer's temperature.

2.5.3. According to Isolation Types

o Dry Type Transformers: It is a kind of transformer used in high voltage and
power transmission by using the natural insulation property of air without using liquid
insulation. They can be preferred in industrial facilities, hospitals, shopping malls,
office buildings, subway lines. High-strength insulating materials are used to cover the
windings of the dry-type transformer. These materials protect the high voltage
windings inside the transformer against external influences and increase their
insulating properties. No oil or other liquid is used as the transformer is cooled by
natural ventilation. It has advantageous compared to oil type transformers in terms of
environmental friendliness, no risk of oil leakage, less maintenance, and high safety.
However, they are larger in size than liquid insulated transformer. Consequently, the
area where they will be located needs to be larger.

o Oil Immersed Transformers: This types of transformers are widely used in high
voltage and power applications. The oil immersion method provides isolation and
cooling of the transformer windings. The transformer windings are immersed in oil
and the oil covers the windings. This duty of oil increases the insulation of the
windings and acts as cooling by absorbing the heat of the windings.

Oil-immersed transformers are reliably used in power systems where high voltages
and currents are handled. This type of transformer is used in power stations and
industrial plants. However, the fact that oil is a dangerous substance that can cause
environmental pollution creates a disadvantage for this type of transformer. Therefore,
the use of oil-immersed transformers should be done by considering environmental
risks and safety precautions.

Oil immersed type transformers are also divided into two categories as
distribution and power transformers. In higher voltage transmission networks, power
transformers are utilized for step-up or step-down applications [27]. Power
transformers are rated above 200MVA. As explained under 2.5.3, distribution
transformers operate at lower voltages compared to power transformers. Therefore, it
is used for the final connection in low voltage distribution networks. There are some

advantages to use oil immersed type transformers.
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o High Efficiency: Since oil is an excellent insulator and coolant, it enables the
transformer to operate with high efficiency. Oil improves performance by dissipating
the heat generated by the transformer.

o Low Maintenance: Oil immersed transformers do not require much
maintenance. Therefore, it is the most suitable option for remote locations or hard-to-
reach areas. At the same time, oil helps protect the transformer from moisture and dust.
Thus, the need for maintenance is reduced.

o Long life: The oil in oil-immersed transformers can extend the life of the
transformer as it helps to prevent the transformer's insulator from deteriorating.
Therefore, oil-immersed transformers can be used for many years, even in harsh
environments.

o High Reliability: Oil immersed transformers are very safe. Because oil protects
the transformer from damage and overheating. This makes it an ideal option for critical
applications that require uninterrupted operation.

o Low Noise Levels: Oil-immersed transformers produce less noise than dry-type
transformers. This is an important factor in applications where noise levels must be
kept to a minimum.

o High Voltage Levels: Oil immersed transformers can handle higher voltage
levels than other transformers. It is therefore suitable for high voltage applications such
as power transmission and distribution.

Transformer cooling systems are crucial to the effective operation of the
transformer. Because transformers operate at high power and this causes heating. The
cooling systems of the transformer are divided into two as radiator and wave wall. The
main difference between the two systems is the design of the cooling surfaces.

In distribution transformers, corrugated walls are often used up to 4000 kVA
(the transformer's power). Due to their elastic structure, which expands as the
temperature rises, corrugated walls are employed for both heat transfer and oil
absorption [27]. The corrugated wall system consists of a series of corrugated metal
sheets placed around the transformer. These corrugates allow air to circulate freely
around the transformer and allow heat to be dissipated more quickly. The corrugated
walls increase the surface area of the transformer, providing more cooling and helping
to achieve higher efficiency. Figure 8 shows the corrugated structure of the

transformer.
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Figure 8: Tank with Corrugated Wall

The radiator system, on the other hand, consists of a series of metal plates to
which pipes are attached to the side or above the transformer. These pipes allow the
coolant to circulate and carry the heat of the transformer outside. The radiator system
is designed to increase the cooling performance of the transformer. The size of the
radiators varies according to the power of the transformers and the cooling
requirement. Larger transformers usually have larger radiators. Fans are used to cool
the radiators in cases where even the radiators are insufficient. Tank with Radiator is

shown in Figure 9.

Figure 9: Tank with Radiator
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2.6. TRANSFORMER ACCESSORIES

There are many equipment that will enable the transformer to work. These
equipment are shown in Figure 10.

High Voltage Bushings prevent the electric current from high voltage lines
from entering the transformer by overcoming the protection shield of the transformer.
The most crucial transformer accessories are bushings and the tap changer (off-circuit
or on-load) [21].

Transformer tap changers are a mechanism used to adjust the output voltage of
transformers to different voltage levels. It provides an output voltage suitable for
variable load conditions by adjusting the output voltage on the main coils of the
transformer to different stages. On the high voltage side of the transformer, it is often
installed in the main coils.

Grounding points in transformers; It is used to ground the electrostatic charge
on the surface of transformers.

The pressure valve controls the internal pressure of the transformer and releases
high pressures. When a predetermined pressure level is reached, the pressure valve
opens and helps to control the pressure. It can also be used as a discharge point for
gases and vapors that may occur due to temperature changes in the transformer. As a
result, it stops the liquid oil inside the transformer from oxidizing and getting dirty.

An accessory that enables controlling the oil level in transformers is the oil
level indicator. Typically, the transformer's side or bottom will host the indicator for
the transformer's oil level. There are minimum and maximum level markings to check
if the oil is at the correct level. In this way, the oil level of the transformer is controlled
and oil is added when necessary, ensuring that the transformer operates in a healthy

way.
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Figure 10: Transformer Accessories
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CHAPTER 111

ELECTRICAL DESIGN OF OIL TYPE DISTRIBUTION TRANSFORMERS

Electrical power distribution networks frequently employ oil-type distribution
transformers. The primary and secondary windings, as well as the magnetic core, make
up the structure of these transformers. Due to its high permeability, the magnetic core
concentrates the magnetic flux. As a result, the magnetic field inside the winding is
increased. The windings modify the voltage while converting the magnetic flux.
Transformer oil insulates the magnetic core and winding structure and acts as a cooling
agent. Oil-type transformers have advantages such as high efficiency, low losses, long
life, reliability, easy maintenance and low cost, as well as some disadvantages. As an
example of these disadvantages; oil leakage and high temperatures may present a risk
of burns. For this reason, oil-free or less oily transformer designs have been directed.
The electrical design of oil-filled distribution transformers depends on factors such as
transformer capacity, voltage ratio, current density, losses and insulation properties.
The capacity of the transformer is usually expressed in volt-ampere (VA) or kilovolt-
ampere (kVVA) units. The transformer's primary and secondary coil voltage and current
levels determine its capacity. The ratio between primary and secondary voltage is
known as the transformer's voltage ratio. This voltage ratio carries out the voltage
conversion process and establishes the transformer's working voltage. One element
that affects the transformer's primary current carrying capacity is the current density.
The size, shape, and height of the transformer are all impacted by the current density.
The losses of the transformer have an important place in terms of the efficiency and
performance of the transformer. It is collected under two headings as copper and iron
losses. Copper losses are due to their resistance in the windings inside the transformer.
The movement of the magnetic flux in the magnetic core is what causes iron losses.
The transformer’s dependability and endurance depend heavily on its insulating
qualities. Insulation materials protect against insulation voltages and isolate the

transformer’s magnetic core, windings and oil.
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The electrical design of oil-type distribution transformers should meet the
objectives such as high efficiency, low loss, optimum weight, minimum cost, long life.
In order to achieve these goals, many factors such as sizing of the transformer,
selection of materials, winding shape, cooling method, insulation systems must be
considered. Transformers must be built to specific load specifications, including high
efficiency, vector group and phase displacement for power systems, operating
voltages, temperature conditions, and VA rating [28]. With respect to the transformer
kinds that the designers have created, the economic cost should be taken into account.
Without compromising the quality of the transformer, it is expected that the
transformer cost will be minimized to meet the desired specifications. Additionally,
the following factors should be taken into account when designing:

o Reduce the transformer's load and no-load losses as much as possible.
o Take into account the transformer's regular operating temperature to prevent
overheating, which could shorten the transformer's lifespan [28].
o To prevent saturation, take into account the operating flux density [28].
o Pay closer attention to the operating frequency, particularly with high
frequency transformers [28].
Input parameters determined for the emergence of electrical and mechanical properties
in transformer design can be listed as follows:
v Power
v Voltage level
» High voltage
» Low voltage
Conductor type
Connection group
Tank type
Short circuit voltage impedance

Maximum ambient temperature

AN N N N IR

Transformer losses
» No Load loss
» Load loss
4 Transformer weight

» Primary and secondary winding weights

28



» Core weight

Y

Tank weight
» Weight of oil used

An equation set that describes the properties of the transformer makes up the
mathematical model of an oil-filled distribution transformer. These equations explain
various properties of the transformer such as voltage, current, power loss, magnetic
flux, number of turns. The electrical design of the transformer's active component,
which accounts for the needs stated in the specification, comes first in the design
process. Tank design is made by taking into consideration losses of the transformer.

This study consists of a 3-phase, Yznll, 25 kVA, 33/0.4 kV two-winding, oil-
filled distribution transformer design. The transformer design starts with the design of
the active part consisting of the core diameter, area, step widths and thicknesses of the
transformer, the low voltage and high voltage windings' total number of turns, the low
and high voltage winding section, the current densities of the conductors used. In this
study, transformer heating is neglected. The transformer tank design is completed
according to the results obtained in the active part and transformer losses.

The design specification of the subjected transformer is shown in Table 1.

Table 1: Transformer requirements

Technical Specifications Values
Power (KVA) 25
Frequency (Hz) 50

Cooling System ONAN
Primary Voltage (V) 33000
Secondary Voltage (V) 400

Vector Group Yznll

Off circuit taps on HV +2,-3 X 4.54 % steps
Ambient Temperature (°C) 40

Top Oil Temperature Rise (°C) 60

Average Winding Temperature Rise (°C) | 65

HV BIL (Basic Insulation Level) (kV) 170

AC Test Voltage (kV) 70

No Load Loss Max (W) 81

Load Loss Max (W) 660

Short Circuit Impedance 4.5% + 10%

3.1. MATHEMATICAL MODELING OF TRANSFORMERS CONNECTION
Based on the transformer's current and voltage values at a specific power level,
the transformer design stage is chosen. Calculations are made based on the

transformer's connection type to determine the current and voltage values in the
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primary and secondary windings. The transformer that is the subject of this thesis has
a Yzn-shaped connecting group. With the aid of the following calculations and in
accordance with the phasor diagram in Figure 11, the phase and line currents and
voltages of the 25 kVA, Yzn connected distribution transformer studied within the
scope of the thesis were determined. The voltage and current values found are filled as
shown in Table 2.

H2 W, &
X0 X3
0
W W, A
H1 H3
W,
H1 H2 X1 H3
U 1V IWIN 2U 2v 2W2N
0 0 0 Q 0 (0] O O
" jw, p DW, p Wy
O [ I
X1 x2 X3
c#;w‘, q j Ws d iws
0 0 d
X0 L
T; Pw. d DW q 3w
[ P D8 D9
" “ ¥ Yo Z4(uviAB)

Figure 11: Vector Diagram of Yzn Connection

The transformer created for the thesis has a star-connected HV side. The power
value is calculated in KVA and the voltage value is calculated in kV. In star connection,
the line voltage is root three times the phase voltage. In other words, as in Equation
3.1, phase voltage is the line voltage divided by root three.

4 l
Vivpn = % (3.1)
Line current is found as in Equation 3.2
: _ 5x1000 3.2)
HVIl \/g x VHV” .

In star connections, line current and phase current are equal to each other as expressed

in Equation 3.3.
Iyypn = Iuvu (3.3)
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The LV side of the transformer is Zig-Zag connected. The formulas for Zig-Zag

relations are as following equations. First of all, the line current of secondary side is
found as Equation 3.4.

Ly = S x 1000

V3 X Vi

Phase current and line current are equal each other just like in star connection. This is

(3.4)

shown in Equation 3.5.

Iypn = Ivu (3.5)
Line voltage in Zig-Zag connection is the vector sum of the two voltages which are
120° out of phase. Line voltage found as Equation 3.6. The zig and zag voltages
specified in Equation 3.7 are found as in Equation 3.8 and Equation 3.9.

Vivu = V3 X Vivpn (3.6)

Vivpn = V3 x zig voltage = V3 x zag voltage (3.7)
nr 4 _ Vi

Zig winding voltage = o (3.8)
Vivu

Zag winding voltage = (3.9)

3

Table 2: Line, Phase Voltage and Current of Transformer

Description LV HV min. HV rated HV max.
Line Voltage V;; 400 V 28500 33000 36000
Phase Voltage Vy,, 230.94V 16454 19052 20784
Line Current I;; 36.08 A