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Abstract

Zero sequence (ZS) characteristics of transformers are of great importance in some
circumstances including unbalanced and DC biased operations. Any unbalanced condition in
the voltage supplying a transformer or in the load to be supplied can result in ZS currents
assuming that at least one of the windings is Y-connected and grounded. An example of DC
biasing conditions is a transformer subjected to geo-magnetically induced current (GIC)
because of geo-magnetic disturbances of the earth’s magnetic field due to solar activities. In
the case of 3-phase, 3-legged transformers, the ZS flux takes the path off the core including
the oil gaps, structural steels and the tank walls.

The tank is made from mild steel, which is several hundred times more magnetically
permeable than the oil. This means that the tank’s presence will disturb the flux distribution
in the oil gap depending on its relative proximity to the active part. The flux reaching the
wall will enter and exit through continuously distributed points making it complicated to
determine the wall’s effective height and thickness. In addition, the losses in the tank may
increase the temperature and thus affect the electric conductivity of the tank steel, leading to
a negative feedback on the losses and positive feedback on the magnetic penetration depth.

Although there have been extensive advancements in the core and the windings modeling,
the off-core flux path has not been properly represented in the dual circuit models of 3-
phase, 3-legged power transformers. Differences between the ZS impedances seen from
different windings of a transformer, as reported in the experimental results, have not been
considered in the models presented so far. As repeatedly reported in the literature, there has
been a lack of information on the electromagnetic properties of the tank steel including the
electric conductivity and magnetic characteristics. As mentioned, the temperature rise in the
tank affects both the ZS impedance and the losses; however, thermal models presented in the
literature primarily address the oil and the winding temperature rises with much less focus on
the tank. Furthermore, considerations on the tank design such as the use of magnetic shunts,
magnetic shields, and choosing from plain and corrugated walls that influence the off-core
flux path, have not been discussed properly in the previous works. In cases when the tank
losses are not of interest, the tank can be represented with proper boundary conditions.
Which of the flux-normal or flux-tangential boundary conditions is more accurate in the
representation of the tank has also not been discussed in the previous research works.

The main contribution of the current PhD thesis is to address the abovementioned
challenges and research gaps in the off-core flux path modeling. The thesis has introduced an
electromagnetic/thermal model for the off-core flux path. The electromagnetic model
consists of linear inductances (representing the oil gap) and non-linear R-L branches
(representing the tank). The non-linear branches are Cauer-like equivalent circuits obtained
from finite difference approximation of the magnetic diffusion equation. The thermal model
is based on the thermal network method assuming that the temperature drop across the tank
thickness is negligible. Hence, the tank is considered as a thermal node connected to non-
linear thermal resistances representing convective and radiative heat transfer from the tank.
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All the equations governing the electromagnetic and thermal equivalent circuits are
implemented in MATLAB-SIMULINK. However, to simulate target applications including
transformers under unbalanced conditions and transformers subjected to the GIC, the
equivalent circuits are drawn in ATPDraw and are solved with the EMTP-ATP program.

Difficulties in the calculation of the model parameters are discussed in detail using finite
element analysis (FEA) of simple 2D models of the off-core flux path. The FEA provides an
advantage that the different parameters can be thoroughly studied without influence from
unknown factors. For example, the temperature impact may not be considered adequately
when studying the model parameters based only on experimental results. In addition, the
significance of the tank walls, cover and bottom as well as the temperature can be separately
studied under controlled case studies. As investigated in the thesis, the wall and bottom are
significant for the off-core flux path; however, the cover can be neglected when its distance
to the core is large and typically more than 2.5 times the distance from the wall to the core.
At high off-core flux, when the wall becomes magnetically saturated, the open-circuit ZS
impedance starts decreasing due to the reduction in the magnetic permeability. However, the
temperature rise in the wall will affect the electric resistivity, thus having an increasing
impact on the impedance. In some cases such as the corrugated walls (where the wall
resistance is relatively higher than the plain walls), the temperature impact may keep the
open-circuit ZS impedance almost constant.

It is shown that the effective tank height, the wall thickness and electric conductivity and
the linear inductances (representing the oil gap) need to be tuned in order to reproduce the
impedance and losses measured on a 3-phase 3-legged 300 kVA sample transformer. These
tuning factors are identified by fitting the circuital model to either test or FEM results. As
demonstrated in the thesis, there is no need to re-tune the parameters when the temperature
of the tank elements varies in a practical range as observed in the actual operations.

Characterization of the electromagnetic properties of the tank steel in terms of the
magnetization curves and the losses is performed using extensive magnetic measurements as
a part of the PhD work. As discussed in the thesis, classical eddy current loss is the dominant
component for the tank steels thicker than 4 mm. However, the excess losses must also be
considered in the thinner walls, which are normally used in corrugated tank walls.

In cases the tank losses are not of interest, and in order to reduce the model complexity,
lossless variations of the proposed model can be used. In the lossless variations, the tank is
excluded and proper boundary conditions are set instead. As investigated, the corrugated
walls as well as the walls equipped with magnetic shunts can be assumed as a flux-normal
boundary condition. The plain walls as well as the walls equipped with magnetic shields can
be assumed as a flux-tangential boundary condition. The bottom as a base of transformer is
made from relatively thick steel that can be considered as a flux-tangential boundary
condition.

The difference between ZS impedances seen from HV and LV depends on the behavior of
the tank walls. As discussed in the thesis, the ZS impedance difference can be small in
corrugated walls as well as walls equipped with magnetic shunts, but it is large for plain
walls and even larger in cases where the walls are equipped with magnetic shields.
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Chapter 1 Introduction

Chapter 1

Introduction

1.1 Motivations

Transformers experience different mechanical, electrical and thermal stresses during
normal operations as well as abnormal undesirable conditions in their lifetime. Appropriate
modeling of transformers is essential in order to

- optimize transformer design against the stresses they experience during the lifetime;
- simulate the consequences of undesirable conditions prior to their occurrence and
consider proper measures of protections.

Three-phase power transformers are basically designed to operate with symmetrical 3-
phase voltages applied to the primary windings and 3-phase symmetrical load connected to
the secondary windings [1] [2]. With this design principle, the magnetic flux is supposed to
be confined in the core as a high magnetically permeable material at no-load condition, and
in the leakage channel between primary and secondary windings at loading condition.
However, there is always some fringing flux taking off-core paths beyond the outermost
winding through the oil-gap and the tank walls. This so-called off-core flux is considerably
higher in 3-legged core design as well as when symmetry assumptions for the voltage
applied (primary side) or the load supplied (secondary side) are no longer valid.

Both the primary-side voltage unbalanced and the secondary-side load unbalanced
conditions can result in zero sequence (ZS) currents, which are equal in magnitude and
synchronized, if there is a return electric path for them that can be provided through
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grounded Y-connected windings. The ZS flux generated due to the ZS currents in each leg of
the core has the same amplitude and direction. Hence, the flux does not complete its path
inside the 3-legged core and is forced to flow outside through the off-core path. The off-core
flux has undesired thermal effects on the transformers due to the losses in the metallic parts
of the path including the tie bars, core clamps and the tank walls that must be taken into
consideration in the ZS modeling.

Besides this, physical location of the winding (that can be inner or outer winding) driving
the ZS current as well as magnetic coupling between the phases through the tank walls affect
the off-core flux, which complicates the modeling of transformers from the ZS point of view.

It is worth mentioning that asymmetric earth faults (such as single line to earth fault)
occurring on either primary or load sides, are of extreme cases of primary-side or secondary-
side unbalanced conditions, respectively. In order to obtain a reasonably accurate calculation
results for transformers under the earth faults, a proper electromagnetic/thermal
representation of the off-core flux path is of great importance.

In addition, the off-core flux can be induced from a secondary (normally unwanted)
voltage source connected to either winding. An example of this situation is Geo-
magnetically Induced Current (GIC) from a Geo-Magnetic Disturbances (GMD) [3] [4] [5]
[6] [7]. GMD is basically due to the highly energetic charged particles ejected from the sun’s
activity (which is called Coronal Mass Ejection CME) traveling in the surrounding space.
This jet of plasma hits the earth and can distort the earth’s magnetic field. This fluctuations
of the earth’s magnetic field is a slow phenomenon; however, the time varying nature will
induce electric potential on the earth’s surface (and any manmade loop of conductors such as
electric transmission lines). The electric potential difference between two locations on the
earth’s surface causes a near-DC current that is so-called GIC. GIC varies up to hundreds of
amps and has relatively low frequency typically in the order of 0.1 Hz to 0.001 Hz [7].

GIC affects systems in the regions near to the earth’s magnetic poles (higher latitude
countries) and follows the 22-year solar cycle with peaks once during the 11-year half cycle
[8] [9]. GIC will flow into the transmission lines through the grounded points of Y-
connected transformer windings. The magnitude of the GIC depends on the magnitude of the
induced surface electric potential, the orientation of the transmission line and the DC
(resistive network) characteristics of the power system. It has been repeatedly reported that
the transformers are the most vulnerable equipment in a power system subjected to GIC.

GIC will affect transformer operation, as explained in the following.

1. The quasi-DC current of GIC will generate DC flux in the core. The magnitude of the
DC flux depends on the GIC magnitude and the reluctance of the DC flux path. Since the
GIC is in the same direction at the all phases, the DC flux path is in fact the same as the ZS
flux path.

2. The DC flux will be superimposed to the AC flux causing an offset of the main flux.

3. Shifting the main flux on the magnetization characteristics, the core is saturated in the
half cycle of the frequency. As an example, only a few Amps of GIC in 5-legged cores can
easily lead to half cycle saturation due to the low reluctance of ZS flux path.
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4. Half cycle saturation causes number of issues, including:

a) Flux leak into the tank. Although all core types see some degree of flux leakage
into the off-core paths (including the tank), this may be an issue in 3-legged 3-
phase cores where ZS flux path is not completed in the core.

b) Reactive power loss increases. Due to the saturation in the core, the magnetization
current increases considerably (hundreds of times the normal magnetizing current).

¢) Harmonics injected into the network increase. Highly distorted magnetization
current due to half cycle saturation causes a significant amount of harmonics.

The flux leak may lead to the metallic parts heating up, such as tie bars, core clamps and
the tank walls [7]. The duration of the GIC and the thermal time constant are key factors in
the heating and the overall temperature rise [3] [7] [10] [11].

Reactive power loss leads to voltage instability in the power network due to the lack of
reactive power generation [3]- [12].

Harmonics injected may lead to the windings extra heating, incorrect operation of
protection systems, interference in operation of reactive power compensators (SVCs and
capacitor banks) and finally voltage and angle instability in the power system [3] [13] [14].

The overheating in the tank walls and the other structural parts such as tie bars and the
core clamps may not be considered as a risk of potential thermal danger during GICs as
reported in [15], [16], [17] and [18]. However, as concluded in [19], “it is important to
recognize that identifying a transformer in this study as being at risk of potential thermal
damage does not suggest a high probability of immediate failure. Rather, it signals that the
transformer may be at risk of possible thermal damage and that further analysis is needed
using information that is specific to a given transformer and system”.

It is worth mentioning that if the GIC is combined with an unbalanced condition, the heat
generated in the tank walls and the structural parts will no longer be negligible.

Furthermore, even if the heating of the tank walls (and other metallic parts) does not pose
a threat to transformer failure, it would influence the off-core inductance, reactive power
consumed and magnetizing current drawn [ 14] [20].

Simulation of transformers subjected to the GIC and investigation of the consequences
require an accurate electromagnetic and thermal representation of the off-core flux paths.

There has been a tremendous volume of research performed and papers published on
transformer modeling, from developing new ideas to modifying and improving existing
models. The models developed can be categorized into two large groups of black box and
white box models. The black box models consider the transformer responses at the terminals
and are more suitable for high frequency transients. The white box models are in fact
physical models based on the transformer structure requiring design information and
material properties. The white box models are more suitable for low frequency transients
(including the asymmetrical operation and DC biased situation) where better representation
of the topology and the non-linear magnetization characteristics of the core and the tank
walls are of great significance. The details of the white box models depend on the area of
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applicability, varying from simple equivalent circuits to rather complex circuital and
numerical models.

The previous attempts in the white box modeling have covered different aspects of
transformers including the core magnetization and losses, the multi-windings’ arrangement
and losses, leakage inductance and capacitive coupling between the windings and the core.

The varieties of topologically correct dual circuit models of transformers are of the most
recent advances. In these models, the core equivalent circuit is obtained from the flux paths
using duality transformation. Each flux path is represented with an inductor in its simplest
lossless form, and with a ladder R-L circuit (with saturable/hysteretic characteristics) in the
most complex and loss included form. As an advantage of the topologically correct core dual
electric circuit, the magnetic losses can be represented in the correct location.

Both the core and the winding sections of such dual circuits have been improved
substantially in the representation of the electromagnetic behavior of transformers as well as
their parameters identification methods, as reviewed in Chapter 2. Examples of such
improvements include a hybrid dual circuit model, dynamic hysteresis models to represent
the core branches, topologically correct eddy current models of the windings, considerations
on the multi-winding cases, etc.

Despite of the advancements in the core and the winding sections, the off-core flux paths
beyond the outermost winding including the tank walls have not been sufficiently considered
in previous works. Additionally, a proper thermal model of the tank walls coupled to the
electromagnetic equivalent circuit is also missing in the literature.

1.2 Scope of work

In order to improve the existing dual circuit models in terms of zero sequence
characteristics and the off-core flux path representation, the emphasis of this PhD work is
put on the following aspects.

e The ZS modeling of 3-phase 3-legged transformers

Open-circuit zero-sequence (OC-ZS) and Short-circuit zero-sequence (SC-ZS)
characteristics of 3-phase 3-legged transformers (without magnetic shields or shunts)
are addressed in the thesis. Since the off-core magnetic path is the only return path of
the ZS flux, the ZS modeling can be reduced to the off-core flux path modeling.
Discussions on the differences between the ZS impedances seen from different
windings are highlighted through the equivalent circuit developed in the thesis.

e Developing an equivalent circuit for the off-core flux paths

Using the duality principle, a topologically correct electric equivalent circuit is
proposed for the off-core flux paths including the tank walls, bottom and cover. The
parameters of the circuit are described, and calculation approaches are presented.

The metallic parts including the tie-bars and the core clamps as well as magnetic
shunts and magnetic shields are out of scope in the modeling.
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e Thermal modeling of the tank walls

In order to investigate the heat transfer capability of the tank walls during unbalanced
conditions, a thermal equivalent circuit for the tank with non-linear convective and
radiative thermal resistances is proposed that is coupled to the electric equivalent
circuit.

e Magnetic characterization of the tank steel

As a part of the research work, the magnetic properties of sample steels, which are
used in the transformer tank, are measured in terms of the B-H characteristics and
magnetic losses. In addition, different mechanisms of the dynamic losses including
classical eddy current and excess losses are investigated on the steels considered.

e Applications

As applications of the off-core path model proposed in this thesis, two main situations
are considered where the ZS characteristic of transformers is of importance, which are
as follows:

o Transformers subjected to GIC during geomagnetic disturbances
o Transformers under asymmetrical operation/faults

1.3 Research context

This PhD work is a part of a larger co-operative project (between electrical utilities, TSOs,
industry, and the Research Council of Norway) entitled ‘Electromagnetic Transients in
Future Power Systems’, which was a “Knowledge-building project with user involvement”
(KMB) in the terminology of the Research Council of Norway. The focus of the KMB
project was put on the development of computational tools and procedures covering several
key components that were considered to be essential in the future power systems, including
power transformers, cables, circuit breakers and instrument transformers.

The present PhD work falls under ‘Non-linear and hysteretic transformer modeling’ sub-
project (of the KMB project) where the original objective was to enhance the modeling of
power transformers for the simulation of low-frequency transient in EMTP-type simulation
tools. A dual circuit model of transformers including its different variants was considered for
further improvements in terms of non-linear and hysteretic core model as well as zero
sequence and the off-core flux paths modeling. The latter is the topic of this PhD work.

1.4 Thesis structure

The thesis is structured in eight chapters as stated in the following:
Chapter 1 Introduction

Zero sequence modeling of transformers and its importance in power system analysis are
reviewed in this chapter. The scope of this current work and the structure of the thesis with a
summary of publications resulted from the research work are given in this introductory
chapter.
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Chapter 2 Background

This chapter reviews the literature with respect to the previous attempts in zero sequence
modeling of the transformers. In addition, the motivations for further works on the topic are
presented and discussed.

Chapter 3 Modeling of the off-core flux path

The model proposed for the off-core flux path is presented in this chapter. This model
includes electric and thermal equivalent circuits, which are coupled through the losses
generated in the wall. The electric circuit is topologically correct, as obtained from the
magnetic circuit of the off-core flux paths using duality transformation.

Chapter 4 Tests and measurements

The electric and magnetic measurements performed on the steel specimens of the tank
walls are presented in this chapter. It then provides with the results of ZS impedance tests
performed on sample transformers, which are used for benchmarking of the model presented
in Chapter 3.

Chapter 5 Evaluation and discussion on the parameters

This chapter presents evaluations and discussions on the model parameters through simple
2D-FEM simulations. A number of tuning factors are introduced in order to fit the model to
the FEM simulation results. These tuning factors are of key importance, which result from
describing the wall with one-dimensional magnetic diffusion equation.

Chapter 6 Benchmarking of the off-core model

The model described and discussed in the previous chapters is used to be benchmarked by
a sample transformer, which is fully experimentally identified in terms of zero sequence
impedances and losses, as presented in Chapter 4.

Chapter 7 Applications

This chapter presents the use of the off-core model in the simulation of two main
applications targeted in this thesis including transformers subjected to DC biasing, and
transformers operation under unbalanced conditions.

The impact of the off-core flux paths on the consequences of a GIC event is discussed
through the simulation results (in terms of harmonics, reactive power consumption, losses,
and magnetizing currents) of a sample transformer.

In addition, unbalanced operation of transformers with a detailed model for the off-core
flux path is studied through the simulation results of a sample transformer; considering two
unbalanced situations for the primary and secondary sides.

Chapter 8 Conclusions and future works

This chapter concludes the research work performed in this thesis, highlighting important
results of the simulations and discussions.

It follows with suggestions for the future works that can further improve the model in
terms of the calculation of parameters and extension of the model.
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1.5 List of publications

List of papers presenting the results of this work including conference and journal papers
are as follows:

¢ Conference proceedings

1. Abbas Lotfi, Hans Kr. Haidalen, N. Chiesa, E. Rahimpour, ‘Calculation of Off-core
Inductances in dual-circuit model of transformer’, Power System Computational
Conference (PSCC), 2014, Wroclaw, Poland.

This paper presents a calculation approach based on 2D-FEM for the off-core inductances
assuming that the tank steel has linear magnetic properties. The approach proposed can be
used for calculation of linear inductances representing the oil gap between the active part and
the tank. Reducing the computational burden of the 3D-FEM by means of equivalent 2D-
FEM analysis has been excluded from the scope of the work; thus, the method of calculation
discussed in this paper is not included in the current thesis. However, the approach based on
3D-FEM for calculation of the off-core inductance, which was used to verify the results
obtained from adopting a 2D-FEM based approach, is presented in the current PhD thesis.

My contribution to the aforementioned paper includes:

- Making 3D-FEM based model of a 300 kVA 3-phase, 3-legged transformer
(as a case object) and doing simulations to obtain inductance matrix

- Implementing the required routine and code in MATLAB to calculate the off-
core inductance from the inductance matrix obtained from 3D-FEA

- Making 2D-FEM based models of the case object to be used in calculation of
the off-core inductance

- Implementing the required routine and code in MATLAB to calculate the off-
core inductance using the simulation results of 2D-FEM
2. N. Chiesa, Abbas Lotfi, Hans Kr. Heidalen, B. Mork, @. Rui, T. Ohnstad, ‘Five leg
transformer model for GIC studies’, International Power System Transient
conference (IPST), 2013, Vancouver, Canada.

The main purpose of this paper is to study the GIC impact on 5-legged 3-phase
transformers in terms of reactive power losses, magnetizing current and its harmonics as well
as the false operation of the protection relays. The transformer is simulated with the use of a
hybrid transformer model where the off-core inductance is considered with a linear inductor.
The sensitivity of the results to the off-core inductance is studied. As the results show, the
off-core inductance has an influence on the reactive power consumed and maximum
magnetizing current.

My contribution to this paper includes:

- Making a 3D-FEM model for a 5-legged 3-phase transformer used as the case
object of the paper
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- Implementing the required routine and code in MATLAB to calculate the off-
core inductance using the simulation results of 3D-FEM

e Journal Papers

1. Abbas Lotfi, Hans Kr. Heidalen, N. Chiesa, ‘Effect of DC biasing in 3-legged 3-
phase transformers taking detailed model of off-core path into account’, Electric
Power System Research, Vol. 138, 2016.

This paper presents the detailed off-core path model as proposed in this thesis (excluding
the thermal model of the tank) for simulating of a 3-phase, 3-legged transformer subjected to
GIC (based on Chapters 3 and 7 of the current thesis). In addition, a comparison is made
between the presented model and a simpler model with only a single linear inductor.

My contribution to this paper includes:

- Making a 3D-FEM based model of a 300 kVA 3-phase, 3-legged transformer
(case object) and doing simulations to obtain the inductance matrix

- Implementing the required routine and code in MATLAB to calculate the off-
core inductance using the inductance matrix obtained from 3D-FEA

- Implementing the proposed dual circuit model of the case object including a
detailed off-core flux path model in ATPDraw and doing the simulations
2. Abbas Lotfi, Hans Kr. Heidalen, E. Agheb, A. Nysveen, ‘Characterization of the

magnetic losses in the transformer tank’, IEEE Trans. Magnetics, Vol. 52, Issue 5,
2015.

This paper presents a version of Chapter 4 of the current thesis including magnetic
measurements performed on the tank steel samples. Different loss mechanisms are studied
through experimental and calculations results.

My contribution to this paper includes:

- Performing electric and magnetic measurements on the tank steel samples
using the measurement system of MPG 100D, AC-DC and a single-sheet
tester specifically designed for the flat and thick (up to 6 mm) samples

- Implementing the required routine and code in MATLAB/SIMULINK to
calculate the classical and excess losses
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Chapter 2

Background

2.1 Method of symmetrical components

In order to analyze transformers in unbalanced operations, the traditional method of
symmetrical components with phase sequence characteristics of 3-phase transformers is used
[21] [1]. In this concept, three single-phase equivalent circuits of positive sequence (PS),
negative sequence (NS) and zero sequence (ZS) are identified that are interconnected for a
specific unbalanced situation [22]. Using symmetrical equivalent circuits (constructed with
symmetrical impedances), symmetrical components of voltages and currents are calculated,
from which the actual phase currents and voltages can be obtained. Based on the flux paths
of each phase sequence, PS and NS impedances are equal but differ from ZS impedances.
The single-phase equivalent circuits based on the symmetrical impedances as seen from the
windings are the simplest low frequency models of transformers.

Two types of ZS impedances are distinguished as magnetizing (termed as Open Circuit
Zero Sequence OC-ZS impedance) and short circuit (termed as Short Circuit Zero Sequence
SC-ZS impedance) impedances. Winding connections and core construction determine ZS
impedances [2]. From the winding perspective, Y-connected winding with grounded neutral
point can only carry a ZS current that returns through the ground conductor. D- and Y-
connected (with no grounded neutral point) windings lead to an open circuit in the lines.
However, the ZS current can circulate in the D-connected windings when there is a ZS
driving voltage induced from the other winding [1]. In this case, the D-connected winding is
in fact a short circuit from the ZS point of view.
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From the core perspective, 5-legged core design provides a return path for the ZS flux in
the core through the outer legs leading to a low reluctance and thus high magnetizing ZS
impedance in the same range as magnetizing PS impedance.

There is no such return path in the 3-legged core design, where the ZS flux path is closed
through the off-core paths. Hence, the reluctance is relatively higher, leading to lower
magnetizing ZS impedance [1] [2]. Since the off-core flux path involves the tank walls,
considerations on the tank wall design including magnetic shunts and magnetic shields will
also affect the magnetizing ZS impedances [1]. Magnetic shunts are made of core steel
laminations that provide a low reluctance path bypassing the tank walls. Magnetic shields are
made of electric conductors such as copper that can be considered as a one turn winding
encompassing all three phases. The current induced in the shield by the resultant off-core
flux will balance the amp-turn and the flux will be confined between the excited windings
and the shield.

In the ZS impedance test setup, the terminals of the windings from which the test is
performed (either HV or LV where possible) are connected together (common connection
point CCP) and a single-phase voltage is applied between the CCP and the neutral point.
Measuring the current at the common point, the impedance is calculated [23] [24]. It must be
noted that the ZS test voltage level should be controlled to prevent any temperature rise in
the metallic parts and the tank from exceeding the maximum permissible values, particularly
in a 3-legged core design. This ensures no thermal issues in the insulations of transformers
during the ZS tests. Considerations of transformers with different vector groups as well as
the influence of the tertiary D-connected winding on the ZS impedance measurements are
discussed in [25], [26], [27] [28], [29], [30], [31], and [32].

Calculation and evaluation of ZS impedances, as used in the method of symmetrical
components, have been the topic of many papers published in journals, conference
proceedings and technical reports. As investigated, numerical methods have been the most
useful approaches in the calculation of ZS impedances. The validity of the finite element
method (FEM) was investigated in [33] (3D-FEM), [34] (2D- and 3D-FEM) and [35] (2D-
FEM) as compared to measurements. In [36], [37] and [38], 2D-FEM model of transformers
and reactors including the tank was built for ZS analysis in terms of impedance calculation
and heating analysis in the walls.

In addition, estimation approaches for ZS impedance determination based on the extensive
test results have been presented and discussed in the literature [2] [25] [39].

Discrepancies in the ZS impedances seen from different sides of a transformer due to the
arrangement of the windings and thus different flux paths are comprehensively addressed in
[40] [39] [41].

Generally speaking, models of transformers based on the method of symmetrical
components are the most beneficial for use in system-level analysis. However, the
calculation of ZS impedances is complex and requires numerical methods. These models
normally include linear ZS impedances resulting from the tests report or the calculations at
one single point of excitation and ambient condition. Therefore, they are not topologically

10



Chapter 2 Background

correct and some important issues such as magnetic coupling between the phases and the
tanks, actual location of the losses in the electric equivalent circuit, effect of temperature and
the non-linearity of the ZS flux paths are missing, which leads to a loss of accuracy.

As suggested in the literature, equivalent circuits based on topologically correct
representation of the magnetic structure of transformers are the most suitable models for low
frequency transient studies including unbalanced operations and non-linear behaviors [42]
[43] [44] [45]. Figure 2.1 depicts a dual circuit model for 3-phase 3-legged 2-winding
transformers where the black boxes represent the core legs and yokes, linear inductances of
Lcr represents the gap between the innermost winding and the core, Ly represents the
leakage channel between the two windings, and Logt.core the off-core flux paths.

Using a dual circuit similar to Figure 2.1 with a proper representation of the off-core flux
path, ZS characteristics of transformer can be studied for different situations of windings
connections and arrangements. The following section reviews dual circuit models in the
literature, with an emphasis on the off-core flux path representation.

Inner Winding Outer Winding

Leakage
Inductance

Figure 2.1 Topologically correct equivalent circuit of 3-phase 3-legged transformers based on duality
transformation

2.2 Dual circuit model of transformer, the off-core flux path

Dual circuit models have had extensive development from the first ideas [46] [47] [48] to
the advanced variations presented in the recent years [49] [50] [51]. Key research works in
topology-based transformer modeling published before 2005 are reviewed in [44].

Overviewing those works shows that the off-core flux path is introduced as a non-linear
branch; however, to simplify the models based on the intended applications it is either
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neglected or represented as a linear inductor (which is normally identified through the OC-
ZS impedance test) [52] [45] [53] [54] [55] [56] [57] [58].

In the papers published since 2005, different aspects of the dual circuit models are
extensively improved as briefly summarized in the following:

Hybrid transformer model is introduced by B. Mork, et al. in the two-part paper [59]
and [60] that was later implemented in ATPDraw and called XFMR [61]. The model
consists of a short-circuit network (that includes winding resistances and inverse
leakage inductances detailed in [62] and [63]) connected to the topologically correct
core dual circuit through fictitious infinitely thin windings at the surface of the core
legs. The frequency dependent resistances are described with Foster circuits. The
capacitive effects are described with a capacitance matrix at the windings terminals.
Further developments are performed on the core and the short-circuit sections, as
presented in [64] and [65]. The off-core path is considered to be as a linear inductor in
this model without taking into account the tank. Furthermore, the off-core inductor is
connected to the innermost fictitious windings at the core surface instead of its true
place, the outermost windings.

To overcome the numerical instability issue caused by negative inductance in the
equivalent circuit of the 3-winding transformers, a circuit derived from the principle
of duality is presented in [66].

A dual reversible single phase transformer model is presented in [67] where the off-
core flux path is first introduced with a non-linear inductor; however, the circuit is
later simplified in the paper and unified with the non-linear inductor of the yoke.

A duality-based model of 3-phase transformer including eddy current effects in the
windings is presented in [68]. The off-core flux path is considered imprecisely with
linear and non-linear inductors for both the tank walls and the oil gaps, and there is no
attempt to detail them.

The paper [69] presents an interesting approach in the representation of the zero
sequence characteristic of 3-legged, 3-phase transformers in the recent years. The
model is based on the magnetic circuit of the transformer where each flux path is
represented with proper linear reluctances for leakage channels and non-linear
reluctances for the core and tank wall. The off-core path consists of three components;
the leakage off-core reluctance representing the gap between the active part and the
tank wall, the reluctance linking the core to the wall, as well as the tank wall. The first
two are linear reluctances and the last is non-linear. It is assumed that the flux
enters/exits the wall through single points and flows in the vertical direction. The tank
wall is considered as being a belt of steel encompassing the active part. In the
magnetic formulation of the wall, a static hysteresis model [70] is used to relate flux
density (B) to flux intensity (H) in each subdivision of the wall thickness. The off-
core model inputs include magnetic/electric characteristics and dimensions of the tank
steel. The linear inductances are estimated through fitting the model to the given OC-
ZS impedance test results.
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The tank losses, temperature influence of the wall, the precise effect of the multiple
flux entrance points, the tank cover and bottom potential effects are not discussed in
the presented model.

Further development of this model to include the magnetic shunts is presented in [71].

e The model presented in the two-part paper [72] and [73] introduces a detailed model
of off-core flux path including the tank, the oil gap, structural parts and the magnetic
shunts for different types of transformers. Interesting discussions are presented
regarding the equivalent flux-current characteristics of the off-core path at high
saturation condition as well as normal operation. The flux fringing when approaching
the walls is explained and analytical calculations are given to include them in the
linear inductors of the oil gaps.

In order to ease the estimation of parameters, a simplified version of this complex off-
core network is used later in the paper where the walls, the cover and the bottom are
merged and represented with a non-linear inductor in parallel to a non-linear
resistance and a linear inductor. This leads to missing of the topologically true
features of the tank model and loss of accuracy when the walls, bottom and cover
have different electric, magnetic or thermal properties. Furthermore, the magnetic
coupling between the phases through the walls encompassing the active part is
neglected. The temperature influence is not taken into account in the presented model,
which could affect the losses and the ZS impedance, particularly at higher excitations.
This may lead to an inaccuracy when simulating situations other than the test results,
which are used for the model identification. Although the fringing of the linking air
flux when approaching the tank walls has been comprehensively discussed, the
formulas developed for the effective length and effective area of the oil gap are based
on infinite magnetic permeability for the wall without considering the effect of the
wall’s electric conductivity in the flux distribution. It must be noted that the magnetic
permeability and electric conductivity of the tank steel both influence the flux fringing
near the wall.

It is concluded that the curve of the ZS impedance versus voltage at lower voltages is
primarily due to the structural metallic parts that saturate at noticeably lower
excitations. This should be carefully considered and should be extended to all
transformers. As will be shown in this thesis, even with no structural steels like tie-
bars and the core clamps, the ZS impedance is given a similar peaked shape
(increasing at lower and decreasing at higher voltages), which is due to the field
dependent magnetic characteristics of the tank steel at lower voltages.

e Complementary guidelines are given in [50] on the off-core flux path modeling,
paying special attention to the tank effects based on the major works of [69], [72] and
[73]. The discrepancies in the conclusion on the significance of the tank and the
structural steels in ZS characteristics of transformers are addressed. Some other issues
such as the need for testing of the models in terms of the zero sequence losses and the
models adequacy at the higher frequencies are also discussed.
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2.3 Thermal modeling of the tank walls

A comprehensive overview on thermal modeling of power transformers can be found in
the CIGRE technical brochure 659 [74] and in the review paper of [75]. A thermal network
model is one of the widely used approaches in the thermal analysis of transformers where a
thermal equivalent circuit is built with lumped elements corresponding to the heat transfer
paths. This concept is based on the thermal-electrical analogy, namely resistors representing
the thermal resistance, capacitors representing the thermal capacitance, voltage sources
representing the temperature, and current sources representing the heat sources (losses). The
complexity of the models depends on the intended application and the tank is not separately
considered in most dynamic thermal models such as hot spot temperature and top oil
temperature models [75].

In a few thermal circuit models, the tank is considered as being a thermal node connected
to the either sides through linear thermal resistances [76] [77]. However, the losses generated
in the tank walls as well as the coupling of heat transfer problem to the electromagnetic
problem are not considered.

2.4 Research gaps in the off-core flux path models

As explained, only two major works have been presented in representation of the off-core
flux path [69] [72] and further investigations are still required to bridge the following gaps in
the existing models.

» Zero sequence losses in 3-legged 3-phase transformers
Although it is repeatedly mentioned that the losses in the tank (and other metallic
parts) are of importance, this is not properly considered in the dual circuit models
yet.

» Differences between the ZS impedances as seen from different windings of a
transformer and its potential influence on the dual circuit parameters are not
considered in the past works.

» In the papers reviewed, there has been a lack of data regarding the electromagnetic
properties of the tank steel necessitating comprehensive magnetic tests on typical
tank steels.

» Thermal effects of the tank walls in the ZS characteristics of transformers and their
modeling considerations are lacking in previous research.

» Influence of tank wall design such as plain walls and corrugated walls on the ZS
characteristics of transformers is not properly discussed in the literature.

» How to consider the walls as a boundary condition if it is decided to skip the walls
in the modeling process? How close is the behavior of the tank walls to the flux-
tangential boundary condition or to the flux-normal boundary condition?

The model presented in this PhD thesis is a development of the model proposed in [69] in
order to address the issues listed above.
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Chapter 3

Modeling of the off-core flux path

3.1 Electromagnetic modeling

Since ZS flux does not have a return path inside the core, it leaves the core and returns via
the tank and the non-magnetic oil gap. Figure 3.1-a shows the physical structure of these off-
core flux paths. The magnetic circuit of the physical paths and its electric dual are shown in
Figure 3.1-b and Figure 3.1-c where the magnetic reluctances R; through Rs with their
electric duals of the inductors L; through Ls represent the paths P; through Ps. The non-
linear branches representing the tank wall, cover and bottom are composed of Cauer-like
ladder circuits that will be developed in the following sub-sections.

The tank encompassing the active part is magnetically coupled to the windings. This is
considered in Figure 3.1-c with ideal transformers (with turn ratio of one) connecting each
tank element to the linear inductors of the oil gap.

Figure 3.2 shows the overall model (of a 3-legged transformer) where the off-core
equivalent circuit is added to the conventional dual circuit of the windings and the core. As
can be seen, the tank wall is coupled to the phases and connected in delta (this also applies
the tank cover and bottom). To make the figure readable, the circuit of cover and bottom is
not shown. In the overall circuit, the Lcp represents the gap between the innermost winding
and the core leg and the Ly represents the leakage inductance between two windings. The
core branches shown with black boxes can be modeled with varieties of parallel R-L
equivalent circuits or more complex hysteretic inductor [78] [70].
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Figure 3.2 Overall dual circuit model of a 3-phase, 3-legged transformer including the off-core flux
path model
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3.1.1 Electrical equivalent circuit of the tank wall

Considering the wall as a base study, a Cauer-like equivalent circuit is developed to
represent the tank steel of the wall replacing the black box in Figure 3.1-c. The bottom and
cover will have similar circuits obtained in the same fashion. The voltage v, induced in the
wall is considered as being the electric input driving the current i; considered as to be the
electric output of the circuit (see Figure 3.2).

Assuming that the flux enters and exits the tank walls through single points and flows in
one direction, the magnetic diffusion equation is reduced to one dimension, as stated in (3.1)
[79]. To obtain the equivalent circuit, this one-dimensional form of magnetic diffusion
equation is solved using finite difference method. Figure 3.3 shows the tank wall and the
coordinate system used to formulate the equations. The electric (£;) and magnetic fields (H;)
are attenuated along the x-axis from inner to outer surfaces.

0%H 0B
a2~ %o G-D

where o is the conductivity and x is the penetration direction of H (magnetic flux intensity),
and B is the magnetic flux density.
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Figure 3.3 Electric and magnetic field orientation assumed for the tank walls

The wall thickness (t;) is discretized into (n — 1) layers in which the flux density is
uniformly distributed. Relation of H and B in each internal layer is described by (3.2) using
second-order central difference for the space derivative [69].

dB; _ Hi_1—2Hj+Hiy; . _
E—T,l—z,....,n—l (32)

where B; and H; are respectively the magnetic flux density and flux intensity at layer i, and
Ax is the thickness of each layer (Ax = %). Using the Neumann boundary condition at the
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inner surface, the electric (E;) and magnetic (H,) fields can be expressed by (3.3).

oH, H\-H,
oE,=- 1=
1 ox Ax

- H, = (6AX)E, + H (3.3)
1 1 2

where H, is the magnetic field at layer 2. Using the relation E; = v; /NI, it follows:
H1 =N_ltvt+H2 (34)

where [, is the length of the current path (as an example, for the wall of plain type, it is equal
to the wall circumference), v; is the voltage induced in the tank and N is the turn number of
the winding from which the tank is seen.

In the same fashion as used for E;, the electric field at the outer surface (E,) can be
expressed by:

OHn _ Hn-1—Hn

dx Ax (-5

oE, = —

Moreover, E,, can be associated with the flux beyond the tank wall through (3.6) [69]:

=190 _ 1 d (hebn) _ 1 he (dHn

nT o dt _ztdt([{m)_zt[{m(dt) (3.6)
where ¢, is the flux beyond the tank and Ry is the reluctance of that flux path given by
classical equation of Ro¢ = h/pot:l; [69] whereas y, is the magnetic permeability of free
space.

Substituting (3.5) in (3.6), the other boundary equation is obtained as (3.7).

T = T (Hyoy — Hy) (3.7)

dt oAx h

Based on the equations given above, an equivalent circuit can be realized to be used in
EMTP-like programs. Starting with i; = H; - h;/N for each discretized layer, (3.4) can be re-
written as circuital form:

Nzlt
oglAxhg

(iy =) = R(iy — i) (3.8)

VUt

where i; = i, is the current induced in the wall. It is explicit that R = N2l,/(oAxh,) is the
electric resistance of each layer referred to the side of the winding excited. (3.8) can be
realized by a circuit, as shown in Figure 3.4-a.

Multiplying both sides of (3.2) by [, - Ax and doing some manipulation, the flux of each
layer can be expressed as follows:
% lyAx

da; N2, . .
dat = oAx? (Hi_l - 2Hi + Hi"'l) - E = an';lt (li_l - Zli + li+1) (3.9)

= R(ij_q — 2i; + ij41)

Realization of the flux ¢; with an inductor, giving the voltage notation of e; and e;,; to
the nodes of inductors and assuming that R is connected between each node and the circuit
common node, (3.9) can be re-written as:
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e =R(ij—y — 1) —R(; — ij41) = €; — €j4y (3.10)

An equivalent circuit synthesized from (3.9) and (3.11) is shown in Figure 3.4-b. The A — i
characteristic of the non-linear inductances is expressed by:

A= N Db fou G i) (3.11)

where fzy describes the relationship between B and H.

Finally, multiplying both sides of (3.7) by h;, the circuital relation of (3.12) is obtained
which is realized by the circuit shown in Figure 3.4-c.

et = o iy — i) = Loc 52 = Ry = i) (3.12)

where L, is corresponding to Ro;.

Connecting all sub-circuits together, the equivalent circuit of the tank wall is obtained as
shown in Figure 3.5.

The tank cover and bottom will have similar equivalent circuit with, however, different
dimensional parameters and material properties.

12 dA vdt in- ] in

i
L 1,1 ei - i z,+1
+ %

Figure 3.4 Realizatlon of: a) inner b) rmddle, and c) outer layer of the discretized tank wall

Vi R R R R < Lot

Figure 3.5 Detailed equivalent circuit of the tank elements
3.1.2 Implementation of the tank model in MATLAB-SIMULINK

The model of the tank wall stated in 3.1.1 is implemented in MATLAB-SIMULINK as
explained in the following (see Figure 3.6). SIMULINK as a graphical environment for time
domain simulation of dynamic systems enables rapid construction of multi-discipline
models. It provides an easy-to-present advantage using the blocks building up the model and
the signals flow paths. All input parameters and non-linear characteristics can be called from
an m-file to SIMULINK environment that makes the sensitivity analysis to be as easy as
scripting approaches.
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1. As previously explained, the v; is the voltage induced in the tank which drives the
current i, in the tank, both referred to the winding excited.

2. The voltage v; is an electric input and the current i; (as well as time derivative of i;:
di;/dt) is an electric output of the model. In addition, distribution of the magnetic
flux density (Bdis) and flux intensity (Hdis) across the wall are of magnetic outputs
(Figure 3.6-a).

3. The first layer block diagram and how the inputs and outputs are connected to the
rest parameters are shown in Figure 3.6-b and Figure 3.6-f.

4. Block diagrams of the last layer with the respective equation implementation are
shown in Figure 3.6-c and Figure 3.6-e.

5. Implementation of (3.2) for the inner layers is shown in Figure 3.6-d. The look-up
table relating B and H contains the single-value B-H normal curve of the wall steel.

Heis = H_distribution
Bdis
VI vt B_distribution ]
it lif]
ditdt [ditdt]
Tank Model

a) The model block, inputs and outputs

Wi

First Layer

[ R Se—
H1) >—p duidt

b) The first layer and connection points

ht/N

¥

=

Bn [B26]

Last Layer
¢) The last layer, inputs and outputs
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Figure 3.6 Implementation of the discretized model of the tank in MATLAB-SIMULINK, ‘sigma’ is
the tank steel conductivity denoted with o in the formulations

3.1.3 Excess losses

The equivalent circuit in Figure 3.5 is developed from a Maxwell equation assuming that
the magnetic material is homogeneous containing no grains or magnetic domains. The loss
calculated from this equivalent circuit so-called classical eddy current loss is normally lower
than the measured value even if an accurate hysteresis model is used to relate B and H in the
formulations. The difference between the measured loss and calculated classical eddy current
loss is called excess loss (anomalous loss) [80] [81] [82].
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The magnetic field corresponding to the excess losses can be expressed by (3.13) [83]
[70].

ag|%3
Hexe = 9(B) |5 (3.13)

where H,, is the magnetic field representing the excess losses, g(B) is the fitting parameter
that is a function of magnetic flux density. The g(B) can be determined from the magnetic
measurements as presented in Section 4.1.4.
In a macroscopic perspective, space average magnetic flux density (B,) is used in (3.13)
instead of pointwise B. The B, is related to the voltage v, through (3.14).
_ 1
@ Nigh,

dBg V¢
[v,dt - = wun (3.14)

Using (3.13) and (3.14), it follows:

By
Hg exc = (Ng,fht))o.s |ve ] (3.15)

where H, . is the macroscopic magnetic field of excess losses that can be related to its
N
hy

fexe = g'(B)|v|"? (3.16)

electric dual (igxc) through Hy oy = — lexc. Substituting in (3.15), follows that:

’ h 03 Bq
where g'(B,) = (N_ltt) %.

The equation (3.16) can be realized with a non-linear resistance at the terminal of the
equivalent circuit, as shown in Figure 3.7-a. The equations (3.14) and (3.16) are
implemented in MATLAB-SIMULINK as shown in Figure 3.7-b. The classical eddy current
is denoted with i.;, excess current with i,,. and the total current becomes i; = iy + igxc-
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b) Implemented in MATLAB-SIMULINK
Figure 3.7 Equivalent circuit of the tank wall including the excess losses model

3.2 Thermal modeling

As repeatedly discussed in previous sections, higher the off-core flux, greater the voltage,
which is induced in the wall driving a large amount of current into the wall. This generates
Joule losses that can lead to considerable temperature rises in the tank steel. This
temperature can easily reach beyond 100 C in power transformers [84] [85]. As a result of
such high temperatures, the electric conductivity of the tank steel decreases dramatically
compared to the cold condition influencing the magnetic behavior of the wall in terms of
flux penetration depth and losses. This necessitates thermal modeling of the tank walls, as
presented in the following section.

3.2.1 Thermal equivalent circuit

Figure 3.8 illustrates the heat transfer from the plain wall where P; is the heat generated in
the wall due to the Joule losses. Since the heat P; is not distributed uniformly in the wall, the
temperature may vary from the inner to outer surface. However, the Biot number, which is
defined as the ratio of heat convection from the wall surface to the heat conduction through
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the wall, is normally very small due to relatively high convective heat transfer coefficient at
both inner and outer surfaces, high thermal conductivity of the steel and small characteristic
length of the wall [86]. The characteristic length is defined as ratio of the volume to the area
normal to the heat transfer direction. For the plates (like the tank walls), this is equal to the
plate thickness. The temperature difference across the plate thickness can be neglected for
the Biot numbers less than 0.1 (which is normally the case for the tank walls) [87]. This
means that the wall can be considered as a thermal node.

As an example, for a wall with characteristic length of 3 mm, the convective heat transfer
coefficient of 5 W/(m”K) and thermal conductivity of 43 W/(m.K), the Biot number

becomes 3.5x107.

Figure 3.9 shows a thermal equivalent circuit for the model of Figure 3.8. The quantity T;
represents the convective thermal resistance to the oil. The T,. and T,, represent the
convective and radiative thermal resistances to the ambient. The 8,;;, B4, and P, together
with physical properties of the air, oil and the wall steel are considered as inputs. The oil
temperature can be further calculated from a detailed thermal model including the winding
and core losses that is out of scope of this thesis. In this thesis, the oil temperature is
considered constant as an average of top-oil and bottom-oil temperatures for the wall thermal
model, as bottom-oil temperature for the bottom thermal model, and top-oil temperature for
the cover thermal model. The thermal resistances are non-linear, temperature dependent as
will be further discussed in 3.3.2.

goil Hamb

A
*

P:

Figure 3.8 Heat transfer through the wall, the 8,;; and 8,,,,5are the oil and ambient temperatures
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Figure 3.9 Thermal equivalent circuit of the wall

The circuit of Figure 3.9 can be implemented in MATLAB-SIMULINK, as shown in
Figure 3.10 (that is based on nodal heat conservative equation), where the look-up tables
contain the heat transfer characteristics as curves of the oil-wall and the air-wall temperature
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Chapter 3 Modeling of the off-core flux path

differences versus the heat dissipated due to the convection and the radiation mechanism.
Calculation approaches of these thermal characteristics are stated in Section 3.2.2.

The presented thermal model is also appropriate for use for the corrugated walls as well.
The impact of the corrugation is primarily on the thermal resistances due to the extension of
the wall surface facilitating the heat transfer to the ambient.

There is a two-way coupling between the thermal circuit (Figure 3.9) and the electric
equivalent circuit (Figure 3.7) through the wall losses (P;) and the wall temperature (6;) as
explained in the following:

1. The circuits start with an initial ; which is calculated with P, = 0 assumption. This
initial value is set in the integrator block as seen in Figure 3.10 (Right).

2. Once P; is generated in the wall, 6, starts increasing, which is used to update the wall
steel conductivity.

3. The electric and thermal circuits run simultaneously and the temperature, losses and
electric conductivity of the wall are updated at each time step of simulation.

A67 QOE!COHV
1D T(u)
5
901’1
90:‘4‘[ AG-Qump
10 T(u)
O—
’ Gamb 91; i gumb
& P
Thermal Model ¢ O T()
(D,

Pt

Figure 3.10 Implementation of thermal model in MATLAB-SIMULINK, Left: the overall block,
Right: the governing equations implementation inside the Thermal Model block

3.2.2 Calculation approach of the thermal characteristics

3.2.2.1 Convective heat transfer

The focus of the thermal model introduced in Section 3.2.1 is only on the heat transfer
from the wall to both the internal and external sides. Only natural convection is considered
for the wall regardless of the oil cooling system, since:

e For small and medium power transformers, there is no forced cooling system for both
internal (the oil) and external coolants (the air).

e For large power transformers, the cooling of the oil is an independent process where
the oil is pumped out of the tank and is cooled off through external radiators. The
influence of the external cooling system is considered in the oil temperature, which is
considered as an input in the wall thermal model.
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Chapter 3 Modeling of the off-core flux path

Figure 3.11 provides an illustration of heat transfer from the wall surface due to
convection. The wall temperature 8; drops down to the fluid temperature 6y dissipating Q
amount of heat as described with (3.17).

Q = heonpAAE 3.17)

where h.,,y, 1S the convective heat transfer coefficient, A is the area normal to the heat flow
and A@ is the temperature difference of the wall and the fluid (8, — 65).

or

Q (heat)

Fluid

Figure 3.11 Convection heat transfer from the wall surface

The convective heat transfer coefficient is a function of many different parameters
including the fluid physical and thermodynamic properties (which are calculated at 8, =

6:+6 .
tTf ) as well as the flow type (laminar or turbulent).
To determine h,,,, empirical correlation between dimensionless numbers of Nusselt

number (Nu) and Rayleigh number Ra (defined as multiplication of Prandtl number (Pr)
and Grashof number (G1)) is used.

The Nusselt number is the ratio of convective to conductive heat transfer across the wall
surface defined with (3.18) [86].

Ny = feonere (3.18)

where L. is the characteristic length, k is the thermal conductivity of the fluid. For vertical
plates, the L. is equal to the plate height. For the horizontal plates, the L is calculated as
(Plate area)/(Plate perimeter).

The Prandtl number describes the relationships between momentum diffusivity and
thermal diffusivity defined with (3.19) [86].

pr =122 (3.19)

where ¢, is the specific heat, k is thermal conductivity, y is kinematic viscosity, p is the
density of the fluid.

The Grashof number is the ratio of the buoyancy to viscous force acting on a fluid defined
with (3.20) [86].
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Chapter 3 Modeling of the off-core flux path

A
Gr = Bgy"z L2 (3.20)

where f is the coefficient of thermal expansion of the fluid and g is acceleration due to the
earth’s gravity.

There are different empirical correlations for vertical, horizontal and parallel walls in
different fluid flow regimes. The walls can be in the form of either plain or corrugated
vertical walls; however, the bottom and cover are considered as horizontal plates.

e Vertical wall

For vertical walls with laminar flow regime, the Nusslet number can be expressed by
(3.21) [86]. As previously mentioned, the Ra is defined as Gr - Pr.

Nuy = 0.678Ra®?5(—=—)0% (3.21)

where Nuy, denotes the Nusselt number for vertical wall. Once the Nuy, is calculated with
(3.21), the convective heat transfer coefficient is obtained by using (3.18).
e Corrugated vertical wall

For corrugated walls, the correlation between the Nusselt number (Nug) and the Rayleigh
number (Ray) is expressed by (3.22) [88] [89].

24\2 1 2
Nus = [(R_as) + (0.59Ra50'25) 17 (3.22)
083 — . . .
whereas Rag = %, Lg is defined as LS—C and S is the distance between the fins. Once

. . . . . . h s
Nug is calculated, the convection coefficient (Reorr cony) 18 Obtained with Nuy = ===,

The extra area due to the fins can be considered in the factor of (1 + 2H,) where H, = %

and Hy is the fin height. Multiplying (1+2Hs) heorr cony by the wall area under the fins and
temperature difference, the convective heat transferred from the fins is calculated. The wall
area under the fins is (ny — 4)SL. where n; is total number of fins on 4 sides of the walls.

e Horizontal plate

Correlation between the Nusselt number and the Rayleigh number for horizontal plate is
expressed by (3.23) for upward-facing, and with (3.24) for downward-facing convection
[90].

Nuy, = 0.54Ra’® (3.23)

Nuggyn = 0.27Ra’? (3.24)

where Nuy,;,, and Nug,y, are the Nusselt numbers in upward and downward convections,

respectively.
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Chapter 3 Modeling of the off-core flux path

The outer surface of the bottom and inner surface of the cover are of downward-facing
convection type. In contrast to this, the inner surface of the bottom and outer surface of the
cover are of upward-facing convection type.

Once the Nusselt number is calculated with either (3.23) or (3.24), the convective heat
transfer coefficient is calculated with (3.18) using appropriate characteristic length.

The convection coefficient varies with temperature since the physical thermal parameters
of the coolant fluid are temperature dependent. It can be represented with an exponential

function such as aA@”, and, the heat transferred can be expressed as:
Qcony = alB? - A-AG =a-A-NAGP*? (3.25)

As an example, Figure 3.12 shows the Ay, calculated with (3.21) and the fitted to aA6”
(a = 1.87, b = 0.23) for the air-cooled vertical wall with a height of 0.4 m. The air physical
properties are calculated at the mean temperature of 6,, as given in Appendix 1.
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Figure 3.12 Heat transfer coefficient for vertical wall cooled-off with air-natural convection

3.2.2.2 Radiative heat transfer

Radiative heat transfer is an energy exchange between surfaces having different
temperatures through electromagnetic waves.

The radiation is more important when temperature difference between surfaces is
sufficiently high and the medium in between is sufficiently transparent. In the oil-immersed
transformers, the radiation within the tank can be neglected; however, from the outer
surfaces of the tank, it can be significant as calculated with the following formulas.

o Plain wall
The heat transferred from the plain wall by the radiation is expressed by (3.26) [86].
Qraa =6'0-B'A'(Tt4

~ Tetmp) (3.26)

where € is the emissivity of the tank surface and oy is the Stefan-Boltzman’s constant

(5.7% 10°® W/m’K*) T, and Ty, are the tank wall and ambient absolute temperatures in K.

Expanding the term (T — T.,.;), (3.26) can be re-written as:
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Qrga = €05 A" (Tt2 + Témb)(Tt + Tamb)(Tt - Tamb) (3.27)

Defining the radiative heat transfer coefficient as h, = € - 05 - (th + chmb)(Tt + Tamp)>
the above equation can be re-written as:

Qrqq = hy - A- A0 (3.28)
The emissivity € depends on the surface paint color and polishing, and is in the range of 0

to 1. For tanks and radiators painted with gray color, the emissivity is assumed 0.95 [91].

o Corrugated wall

When the wall is of corrugated type, the reflections from the inner surfaces of the fins
influence the radiation heat transfer from the wall that is considered in a parameter, i.c. the
so-called ‘view factor’ denoted as Ff_g,, and calculated with (3.29) [92].

1
2H(1+Ls2)2-1
Fpogupr = 1 = =20 ). (3:29)
2HsLs+(1+Ls")2—-1

where Hg and Lg are defined under the (3.22).
The heat emitted from each radiator (Q;,) is then calculated with (3.30) [93] [94].

(1+2H)
inn = 0p ﬁ S Lc(Tt4 - T;mb)

€ Ff_surr

(3.30)

. i L . 142H3) (T3 +T2mp ) (Te+T
from which the radiative coefficient is obtained as h;. ¢, = L1 S)I(_Et “"fb)( e Tamb)

€ Fr_surr

Multiplying the Qf;, by (ns — 4) (or multiplying the h, f;, by wall area under the fins and
temperature difference), gives total heat emitted from the wall fins.
As an example, Figure 3.12 shows a typical h, as a function of A8 for Ty, =

20 °C (293 K) and € = 0.95. The curve is well fitted to an exponential function of ae?2? (a
and b are fitting parameters) with a = 5.475 and b = 0.0049.
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Figure 3.13 Radiation heat transfer coefficient, markings: calculated values, dashed trace: fitted by
aeP28 with parameters a = 5.475 and b = 0.0049.
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3.2.2.3 Thermal capacitance of the wall steel

Thermal capacitance of the tank steel is calculated with (3.31) [86].

Ce=pe-cp-Vol; 3.31)
where p; is the steel density, ¢, is the specific heat capacity and Vol; is the steel volume.
3.2.2.4 Calculation of initial temperature of the wall

As can be seen in Figure 3.10, there is an integrator through which the wall temperature is
computed. Initial condition of this integrator is in fact the initial temperature of the tank that
can be calculated through a nonlinear equation of (3.32), which is obtained from Figure 3.9
at steady state assuming that the heat generated in the wall is zero (P, = 0).

Qoilmm, (6 — Oou) + Qambconv (0 — Oamp) + Qambmd (6: — Oamp) =0 (3.32)

where Qoi1,,,, Tepresents convective heat transfer from the oil to the wall, Qgmyp,,,, and
Qamp,,, Trepresent, respectively, convective and radiative heat transfer from the wall to

ambient. Each of these terms is stated with graphs as a function of temperature differences as
presented in Sections 3.2.2.1 and 3.2.2.2.

Equation (3.32) is solved iteratively for 8; when 6,;;, 8,,, and the heat transfer graphs
(Qoitzony> Qambeonys Qamb, ) are given as inputs. Figure 3.14 shows an implementation of
this equation in MATLAB-SIMULINK.

(-
gﬂil AH’Qambnom
7D 1)
Qoil g, ~ A0
1D T()
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AO-Qgmp ad t
7D 1) ﬂ

Figure 3.14 Computation of initial wall temperature based on oil and ambient temperature inputs
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Chapter 4

Tests and measurements

4.1 Electric and magnetic measurements on tank steel

Three typical steels, which are used in transformer tank, with thicknesses of 1.25 mm, 4
mm and 6 mm, are selected as shown in Figure 4.1. All samples are 50 mm width and 150
mm length. The 1.25 mm thick steel is identified by the manufacturer code of DCO1 (cold-
rolled) and two others are of Laser Plus 250C (hot-rolled) corresponding to standard codes of
ST1203 (DIN 1623) and S235J2C (EN 10025-2), respectively [95] [96].

Figure 4.1 Specimens of the tank steels with thicknesses of 1.25 mm (Left), 4 mm (Middle) and 6
mm (Right)

31



Chapter 4 Tests and measurements

Both DC and AC measurements are performed on these samples by means of a
commercial measuring system, namely MPG 100D, AC-DC [97] and using a single-sheet
tester (SST), which has been specially ordered from Brockhaus Measurements to design and
build for a 50150 mm sample dimension complying with IEC 404-3 (see Figure 4.2) [98].
Both primary and secondary windings have 150 turns. The frequency in the quasi-DC
measurements is about 0.125 Hz, thus ensuring minor skin effects in the thick samples.
Figure 4.3 and Figure 4.4 show static and dynamic (at 50 Hz) hysteresis loops at various
excitations for the 1.25 mm and 4 mm thick samples, respectively. As can be seen, the
hysteresis loops become wider due to the dynamic losses including classical eddy current
and excess losses. Figure 4.5 shows the B-H normal curves. The initial part of the B-H
characteristics is more realistically represented by means of the normal curve rather than the
anhysteretic curve. Since the magnetic flux involving the tank walls varies in a wide range
from very low to high values, the normal curve is a proper representation of the tank steel.
Insufficient capability of anhysteretic curve in reproducing open-circuit zero sequence
impedance particularly at lower excitations is also shown in [69].

b)
Figure 4.2 The equipment used for the measurements: a) the tester MPG 100D, and b) the SST
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Figure 4.3 Hysteresis loops: Left: static, Right: dynamic (50 Hz), for the 1.25 mm thick sample
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Figure 4.4 Hysteresis loops, Left: static, Right: dynamic (50 Hz) for the 4 mm thick sample
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Figure 4.5 Magnetic normal curves, Left: the 1.25 mm thick sample, Right: the 4 mm thick sample

4.1.1 DC energy losses

Figure 4.6 shows the major static hysteresis loops measured for the 1.25 mm and 4 mm
samples. As can be seen, the coercive force (H,) of the thicker material is about twice that of
the thinner one; however, the residual flux (B,) is identical for both samples. The energy

losses of hysteresis corresponding to the static hysteresis loops at different inductions are

shown in Figure 4.7.

In order to characterize the hysteresis loss, the classical formula of E = K, BJ, with

constant K, and induction-dependent exponent (n) is examined. Through using a non-linear

least square method, the best fit is obtained when the exponent n is a third-degree
polynomial expression of a + bB,, +cB,, + dB,,, as shown in Figure 4.7. The fitting
parameters obtained for the samples are given in Table 4.1.

Table 4.1 Fitting parameters of the hysteresis losses function

Sample / Coefficients Ky, a b c d
1.25 mm 83.3 1.8 | -2.1 | 2.8 | -09
4 mm 1422 | 1.81 | -1.1 | 1.14 | -0.31
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Figure 4.6 Static hysteresis loops of the 1.25 mm (dashed trace) and the 4 mm (solid trace) samples
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Figure 4.7 Energy losses corresponding to static hysteresis loops, measured values and fitted curves
4.1.2 Dynamic losses

In order to investigate the dynamic losses, three frequencies of 50 Hz, 100 Hz and 150 Hz
are chosen and the losses are measured for the 1.25 mm and 4 mm samples. The AC
measurements of the sample of 6 mm thickness were only performed at 50 Hz, because the
heat generated would become very high, thus exceeding the equipment limits at higher
frequencies. Major hysteresis loops for the 4 mm sample at different frequencies are shown
in Figure 4.8. The total magnetic losses (comprising hysteresis, classical eddy current and
excess losses) versus maximum flux density for the 1.25 mm and 4 mm samples are shown
in Figure 4.9. As can be seen, the losses in the 1.25 mm sample are much lower than that of
the 4 mm thick sample, which is primarily due to higher eddy currents in thicker materials.

It must be noted that the x-axis in Figure 4.9 includes the peak values of the space average
flux density across the thickness of the samples, which is corresponding to the voltage
induced in the secondary coil of the SST.

Using the hysteresis energies from static measurements (see Figure 4.7) and multiplying
by frequency, hysteresis losses are calculated. The accuracy of this approach is confirmed in
[99], where a magneto-dynamic hysteresis model was used to simulate magnetic losses.
Subtracting the hysteresis losses from the total losses, the dynamic losses can be separated as

den = Pyt — Phys~
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Figure 4.10 shows the ratio of the dynamic losses to the total losses, as explained below.

1.

As expected, the ratio is higher for the thicker samples due to higher eddy currents. It
reduces from 95% and 90% at higher inductions to about 80% and 70% at induction
0.22 T for the samples of, respectively, 6 mm and 4 mm thickness. Through these
results, it is possible to assume that the hysteresis losses can be neglected without
making significant errors.

The ratio is relatively lower for the 1.25 mm thick sample. It reduces from 70% at
higher inductions to about 15% at 0.1 T. This means that the hysteresis phenomenon
has the same degree of significance as the dynamic losses in the thinner tank walls at
lower inductions. It must be noted that the flux is assumed axial along the long side
of the samples neglecting the flux bending at the ends. In the actual tank walls, the
flux enters through multiple points into the wall, then flows axially. The eddy current
losses at the entrance area are not seen in the measurements due to the structure of the
SST as well as in the presented calculations in which the axial flux flow is the main
assumption. Therefore, the dynamic losses part of the total losses is expected to be
higher than those shown in Figure 4.10. In addition, the total losses are not even
considerable at low inductions (where the hysteresis phenomenon is more significant)
let alone the dynamic losses. Hence, it does not problematical to disregard the
hysteresis losses.

At lower inductions below 0.22 T for the 4 mm and 6 mm samples and below 0.1 T
for the 1.25 mm sample, the ratio starts increasing again despite of the decreasing
trend. This behavior can be explained with the initial lower permeability resulting in
deeper flux penetration at lower inductions. This leads to an increase in the eddy
currents and consequently in the losses.

The loss ratio curve is flattened at higher inductions. This means that the rate of rise
of the losses (mainly eddy current losses) is adversely affected by another factor,
which appears at higher losses. This factor is in fact the temperature in the samples
that increases with the losses. The temperature rise has a negative feedback on the
conductivity (it reduces with temperature). The lower the conductivity, the lower the
resulting losses. That is because the rate of rise of the losses continually decreases
with induction increase.

In order to investigate the thermal influence of the losses, the temperature of the
specimens is also recorded during the measurements. The temperature reaches beyond 100
°C at 150 Hz for the 4 mm sample due to the considerable losses at such a frequency.
Figure 4.11 shows the temperature graph versus the maximum flux density for each sample.
This temperature data will be used for correction of the conductivity in the calculation of the
eddy current losses.
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Figure 4.11 Temperature of the specimens during magnetic measurements, Left: for the 1.25 mm
sample Right: for the 4 mm sample

4.1.3 Electrical conductivity measurements

To measure the conductivity, DC currents of 20 A, 30 A, 40 A and 50 A are injected into
the samples at an ambient temperature of 20 °C. In order to prevent the end effects and to
ensure that the current is distributed evenly across the thicknesses of the samples, the voltage
drop is measured at the middle between two points with 6 mm distance. The measurement
setup is illustrated in Figure 4.12 (Left). Plotting the voltage versus current, the Volt-Amp
(V-]) characteristic of each steel sample is obtained. Fitting this characteristic to the linear
relation of V = al + b, the resistance (a) and the voltage offset (b) are identified. As an
example, Figure 4.12 (Right) shows the V-I characteristic for the 4 mm sample. The fitting
parameters are: a = 4.56e-5 Q and b = —7.67¢-5 V. Once the resistance is obtained, the
conductivity can be calculated using the formula length/(c-Area) resulting in 6410 kS/m for
the 4 mm and 5820 kS/m for the 1.25 mm samples. Using the same approach at different
ambient temperatures (the measurement setup is put in the oven, which provides uniform
ambient temperature), the conductivity temperature coefficient (at 20 °C (a,()) is obtained as
0.0084 °C™" and 0.0065 °C™" for the 1.25 mm and 4 mm samples, respectively.

2,5
e 0  Measured 0|
! 2,2 . )
! - --- Fitted e
= 1,9 e
/O’
E 16 - .-
&
g 1,3 o”
S e
> 1,04 .-
V measured &
0,7 .
I injected 19 24 29 34 39 44 49
- Current [A]

Figure 4.12 Conductivity measurement, Right: test setup, Left: V-I characteristics measured for the 4
mm thick sample
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4.1.4 Analytical formula for excess losses

This section presents a formula for calculation of the excess losses at the steady state for
the 1.25 mm and 4 mm samples. The formulas are obtained by fitting into the simulation
results presented in the previous section. Figure 4.13 shows the excess losses calculated for
the 1.25 mm and 4 mm samples at the three frequencies of 50 Hz, 100 Hz and 150 Hz.

Since the temperature and the skin effect play important roles in the losses, the
conventional expression of kB;} (in which k and n are constant parameters) is not sufficient
to represent the losses as a function of induction, as illustrated by the green dashed lines in
Figure 4.13.

The best fitting is obtained with a modified equation expressed in (4.1).

P = kB/(1 + aB,, + bB%) 4.1

where k, n, a and b are fitting parameters and P, is the excess loss.

Good fitting capability of (4.1) can be seen in Figure 4.13 where the fitted curve is plotted
as solid-blue lines. The fitting parameters are presented in Table 4.2. As can be seen, the
parameter b is not frequency dependent, but the rest parameters change with frequency.
Performing the measurements at higher frequencies was not practically possible due to high
temperature generated by the losses, and hence, there would not be enough data to
investigate frequency dependency of the parameters.

Table 4.2 Coefficients of the Excess Loss found by fitting

Frequency | Sample thickness k n a b
4 mm 2,0 49 -1,24 0,45
150H > > > 5
SOHz 1,25 mm 7.6 23 | 09 0,3
4 mm 0,19 7,67 | -1,28 0,45
100 Hz 1,25 mm 35 | 27 | 09 03
4 mm 0,01 8,75 | -1,32 045
50 Hz 1,25 mm 1| 28 | 09 0.3
200 140 = :
x  Excess Losses ’ x xcess losses ,
160 Fitted 1 150 Hz, 1209 Fitted | 10 Hz y
= - - - - Fitted 2 5100 - - - - Fitted2 /
= 120
2
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Figure 4.13 Excess losses for the 4 mm samples (Left) and the 1.25 mm sample (Right) - ‘Fitted 1 is
based on Py, = kBR/(1 + aB,, + bB}), ‘Fitted 2’ is based on P,,, = kB}
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4.1.5 Characterization of the dynamic losses

To reproduce the losses, a simple model of the SST unit is considered to comprise an
exciting winding wrapped around the steel sample assuming that no leakage flux exits [100].
The model is implemented in MATLAB-SIMULINK using the numerical approach
presented in Chapter 3, Section 3.1. Assuming the functions of B and H symmetric about the

plane passing the half thickness, the one-dimensional magnetic diffusion equation is solved

Specimen thickness
2

layers of this model are as expressed in (4.2) and (4.3), respectively [101].

in the segment of [0, ]. The boundary conditions set to the first and last

dB| _ 8Hy-TH|-Hy | 3(n-1)

@ ol Na ve(?) (4.2)
2(H_,-H,

dB, _ ( Mz 'n) 4.3)

dt olx

where v,(¢) is the voltage applied to the excitation winding, N(=150) is the number of turns,

A(=50%150x10"°m?) is the cross section of the steel sample normal to the flux flow direction.
Figure 4.13 shows the block diagrams of the model. As can be seen, maximum values of the
average flux density (B,,) are used as a breakpoint to the look-up table Temp — B,,,, which
includes temperature as a function of maximum flux density from the measurements, see
Figure 4.11. The temperature obtained from the look-up table is fed back to correct the
conductivity at each time step of the simulations. The average losses are calculated using

equation % ) tt+ v (t) - iy (t)dt where T is the period and i, is the current that can be i,

itexc and i; for classical eddy current loss, excess loss and total losses, respectively.
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e Model of the classical eddy losses

based on the approach presented in
Haisp Section 3.1.1 with boundary
[t i conditions described in (4.2) and

» _@ 4.3)
e ‘SigmaT’ is the conductivity

corrected by the temperature

vy is the voltage applied to the
excited

e i is the classical eddy current

| SigmaT] SigmaT

o

Bdiz b

Clasical Eddy Current Loss

e Model of excess losses based on the
[vt] vt approach presented in Section 3.1.3
) e ‘gp’ is the excess losses coefficient
iexc [itexc] . . . .

that is tuned during simulations

0.22 g8 e v, is the voltage applied to the
winding excited
Excess Loss ® i,y is the excess current

e The classical eddy current adds to
the excess current resulting in the
total magnetization current

e Space average flux density based on
(3.14)

1_,|>_,< The gain block is ————
V] s [Ba] * ¢ gam Dblock 18 Nx50x150x107°

where N =150 (turn number of the
excitation winding)

e The block ‘Peak finder’ finds the

1D Tl peaks of the Space average flux

@—’Signal in  Peak Value [Hi H- density

e The look-up table describes the

temperature versus the maximum
Peak finder Temp-Bm induction given in Figure 4.11

M—b x e ‘Sigma20’ is the conductivity of the

samples at 20 'C

e ‘SigmaT’ is the conductivity
corrected by temperature

e ‘Alfa20’ is the conductivity
temperature coefficient ay, given in
Section 4.1.3

Figure 4.14 Simple model of the SST for reproducing the measured dynamic losses
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Figure 4.15 shows the distribution of magnetic flux density across the half thickness of the
4 mm sample illustrating how the flux is penetrating into the steel. The red solid trace is the
average flux density across the sample thickness.

2

Mid layer

Flux density [T]
(=}

15 L e
2 Surface layer / AT TN
0,28 0,285 0,29 0.295

Time [s]

Figure 4.15 Distribution of the flux density across the half thickness of the 4 mm sample at frequency
50 Hz, black solid trace is the average flux density (B,) across the sample thickness

Figure 4.16 and Figure 4.17 show the classical eddy current losses versus the B, as
calculated for the 4 mm and 1.25 mm samples at 50 Hz, 100 Hz and 150 Hz. In order to see
the impact of temperature, the classical eddy current losses are calculated with and without
temperature correction at 150 Hz. As can be seen in Figure 4.16, if the conductivity
correction was not considered, the eddy current losses would become even greater than the
total dynamic losses, which cannot be correct. The temperature is of high significance at
higher inductions and frequencies demonstrating the importance of the temperature
correction, and thus, the thermal modeling of the tank walls.

It is worth mentioning that the temperature has negligible impact on the hysteresis energy
losses when the maximum induction (B,;) is maintained constant [102].

Flux density, Bm [T]

Figure 4.16 Classical eddy current losses calculated for the 4 mm sample, markings are the total
dynamic losses from the measurement, dashed trace is the losses with no conductivity temperature
correction, solid trace is the eddy current losses with the conductivity corrected by temperature
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Figure 4.17 Classical eddy current losses calculated for the 1.25 mm sample, blue-markings are the
total dynamic losses measured; green-dashed trace is the losses with no conductivity temperature
correction; red-solid trace is the eddy current losses with the conductivity corrected by temperature
As explained in chapter 3, the excess losses coefficient gB is a function of flux density. In
the simulations, this coefficient is considered to be as a tuning parameter to fit the calculated
total losses to the measured values. Figure 4.18 shows the total losses calculated for the 1.25
mm sample with different gB at the frequency 50 Hz. As can be seen, it varies from 0.05 at
lower inductions to 0.22 at higher inductions to fit the calculations to the measurement. The
gB versus B, can be fitted by a second-degree polynomial expression of aB2, + bB,, + c
using the method of least squares. The fitting result is shown in Figure 4.19 and the fitting

0,25

0,5 0,75 1 125 15

Flux density, Bm [T]

parameters identified are given in Table 4.3.

Total dynamic losses

Figure 4.18 Total dynamic losses of the 1.25 mm sample at 50 Hz, blue-markings are the measured

losses

Excess loss coefficient

Figure 4.19 Excess losses coefficient as a function flux density for the 1.25 mm sample at 50 Hz, red-

[W/kg]
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markings are from simulation results, blue-dashed line is the fitted by aB2, + bBy, + ¢
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Repeating the calculations with the induction dependent gB, see Figure 4.19, the losses
are calculated as shown in Figure 4.19 for the 1.25 mm sample. The classical eddy current
losses together with the excess losses are also shown in Figure 4.19.

)
& 25 o
2 P4
S 20 v
O — P
= e [~
g §15 | Eddy current losses o .-
) -7
_Sa_.lo T D/Q, _- -
£ 5 ,o,eje,r// \
[ _go= BT Excess losses
0 P0= T T T T

02 04 06 08 1 1,2 14 1,6 1,8
Flux density [T]

Figure 4.20 The total dynamic losses, measured against the simulated losses components of the 1.25
mm sample at 50 Hz, blue-markings are the measured and the red-dashed trace is the simulated

In the same fashion, the excess losses coefficient is obtained for the 4 mm sample, as
shown in Figure 4.21 (Left). It can be fitted by expression aB?, with the fitting parameters
given in Table 4.3. Using this induction dependent coefficient, the losses are calculated as
shown in Figure 4.21 (Right).

= 03 A A 200 - /@
= / Jod
20,25 - ) o .~
2 X =150
5 02 - x,’ i B
S / = &
S 0,15 X/ 2,100 - o
§ 0,1 - X’ 2 'eflEddy current lossep
2 ¢ g 50 - o
9] PRge —
80,05 {__- oo prcess
xcess losses .-

= ; ‘ ‘ ‘ 0 e C ‘ A ‘

1 1,2 14 1,6 18 0,3 0,6 0,9 1,2 1,5 1,8

Flux density, Bm [T] Flux density, Bm [T]

Figure 4.21 Left: The excess losses coefficient gB as a function of induction where red-markings are
simulated and blue-dashed is the fitted, Right: Total dynamic losses, blue-markings are the measured
and the red-dashed trace is the simulated for the 4 mm sample at 50 Hz

Table 4.3 Fitting parameters for excess losses coefficients

Sample / Coefficients a b c

1.25mm  aB? + bB,, +c 0.014 0.084 | 0.026
4mm  aB} 0.023 | 4.31 -

As can be seen in Figure 4.20 and Figure 4.21 Right, the excess losses have a relatively
larger part of the total dynamic losses for the 1.25 mm sample. It means that the excess
losses must be considered in the modeling of the tank walls as thick as 1.25 mm. However,
the excess losses are negligible for the 4 mm sample at inductions less than 1.4 T. It starts to
appear at inductions over 1.4 T and increases up to 13.9% of the total dynamic losses at
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induction 1.8 T. It means that it is possible to ignore the excess losses for the tank walls with
thicknesses of 4 mm and above, which is normally the case for large power transformers.

4.1.6 Temperature impact on the conductivity

The electric conductivity of the wall steel is temperature dependent, which can be
expressed as (4.4):

1

R 44
7T T+ axn(6, —20)° 4

where a,, is the temperature coefficient at 20 °C, o is the conductivity at temperature 6,
and oy is the conductivity at 20 °C.

Figure 4.22 shows the conductivity versus temperature for both 1.25 mm and 4 mm
samples. As can be seen, the conductivity can reduce to 4044 kS/m and 3314 kS/m for the 4
mm thick and 1.25 mm thick steels, respectively, when temperature reaches 110 °C.

- The 4 mm sample
= 0y = 6410 kS/m

- —
—_—
—_——
—_———

4 : The 1.25 mm sample
35 0, = 5820 kS/m
3 T T T T T T T T T
20 30 40 50 60 70 80 90 100 110
Temperature [°C]

Conductivity [MS/m]

Figure 4.22 Wall steel conductivity as a function of temperature
4.1.7 The wall corrugation impact on the conductivity

The path of the current induced in the corrugated walls can become much longer than that
of a plain wall, as shown in Figure 4.23. In this case, the length of the current path can still
be kept equal to the tank circumference, but the surplus length due to the fins can be
considered in the electric conductivity of the wall steel, as expressed in (4.5).

le

o' = o 4.5)
leff

where o* is the conductivity of the equivalent plain wall, ¢ is the conductivity of the wall
steel, lorr is the effective length of the wall calculated with [ + I where [ is the
circumference of the tank and [ is the total length of the fins.

The ¢ can be calculated with (4.6):

where n; is the number of fins and H is the fin height.
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As an example, for [ =2880 mm, ny = 44 and Hf =120 mm, the I is calculated as 10560

! 2880
£ =_———=(.2143. For
legr  2880+10560

conductivity o = 5820 kS/m, o~ is calculated as 0.2143x5820 =~ 1247 kS/m. This can be as
low as 710 kS/m when the wall temperature increases up to 110 °C. Such a low conductivity
can considerably reduce the current induced in the wall and consequently the losses.

mm. The corrugation factor of conductivity becomes

--> The path of the induced current

Figure 4.23 The corrugated tank wall, the path of current induced in the wall

4.2 Zero sequence impedance tests on Unit 1 and Unit 2

In order to verify the off-core path model developed in Chapter 3, two 3-phase
transformers of 300 kVA (termed Unit 1 from now onwards) and 5 MVA (termed Unit 2
from now onwards) with 3-legged core construction are considered. Table 4.4 summarizes
the main characteristics of these units. In order to perform the ZS impedance test, the
terminals of the windings to be excited connect together and single-phase test voltage is
applied between the common point of terminals and the ground terminal, as shown in
Figure 4.24 [23]. Measuring the current at the common point (Iy), the impedance per phase

can be calculated with Z, = 3 X 11/_0 In addition to the impedance, the total losses are also
0

measured at the common point of connection. Using both the impedance and the losses, the
parameters of the off-core model are identified, as illustrated in Chapter 6.

Unit 1 is the main test object for verifying the model developed in this thesis. Zero-
sequence impedance test results of Unit 1 including OC-ZS and SC-ZS impedances are
available for both LV and HV sides. The OC-ZS tests at the LV side (among other tests)
were performed as a Master’s thesis work and presented in [103]. The HV side
measurements are performed as a part of this PhD work. The impedance and the losses
measured on Unit 1 versus the voltage applied are plotted in Figure 4.25. It is worth
mentioning that the wall thermal time constant plays an important role when considering the
impact of the temperature rise in the test results. The thermal time constant is principally
determined by the heat transfer capability of the wall. For the corrugated walls, the heat can
be easily transferred to the ambient because of the extended outer surface of the wall (the
fins). As will be shown in Section 6.1.2, the wall time constant of Unit 1 is in the range of
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few minutes (about 2.5 minutes), which is sufficiently short to be seen in the test results of

Unit 1.

The ZS impedance of Unit 2 is measured from the LV side as 0.55 Q where the delta
connected HV windings provides a short-circuited path for the induced zero sequence
currents [33]. Temperature dependency of the off-core impedance does not influence the test
results noticeably since the off-core flux path is bypassed by a D-connected, HV winding.
This Unit will only be used in Section 5.1 where the properties of the model linear

inductances are discussed.

Table 4.4 Characteristics of the sample transformers

Unit 1 Unit 2
Power 300 kVA 5000 kVA
Vector group Yn-Yn 0, D-y, 11 D-y, 11
. HV (Y).: 11.43 kV, HV (D): 33 KV
Voltage ratings HV(D): 6.6 kV LV (Y): 63 kV
LV: 0.235kV -
Current ratin HV (Y): 152 A HV (D): 875 A
£ LV:737 A LV (Y): 4582 A
Cooling ONAN ONAN
Wall type/thickness Corrugated/1.25 mm Plain/6 mm
HV winding resistance 2.5 Q/phase 1.5 Q/phase
LV winding resistance 0.0009 Q/phase 0.013 Q/phase

Terminals: Excited

Test current (Iy)

Test Voltage (V)

Terminals: OC

Ground Terminals
a) Test circuit for OC-ZS impedance

Terminals: Excited Terminals: SC

Test current (1) :?

Test Voltage (V) -

Ground Terminals
b) Test circuit for SC-ZS impedance

Figure 4.24 Test circuits for zero-sequence impedance measurements [23]
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Figure 4.25 OC-ZS impedance and losses of Unit 1 measured at the LV side (Right) and HV side
(Left)

To easily compare OC-ZS inductances seen from each side, HV side measurements are
referred to the LV side (using the turns ratio) and plotted in the same figure as the LV side
measurements, as shown in Figure 4.26.

In addition, SC-ZS impedance is also measured from the HV side of Unit 1 at different
voltages, as shown in Figure 4.27.

0,48

0,43

Inductance [mH]

0,38
/

0,33 ‘ ‘ T : :
6 11 16 21 26 31 36
Current [A]

Figure 4.26 OC-ZS inductance seen from the LV side (solid trace) and HV side (referred to LV and
shown as dashed trace) of Unit 1

20,0

17,5 A

12,5
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Figure 4.27 SC-ZS impedance seen from the HV side (LV short-circuited) - Unit 1
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Chapter 5

Evaluations and discussion on the parameters

5.1 Parameters of the oil gaps (Linear inductances)

As discussed in Chapter 3, there are two sets of branches in the equivalent circuit of the
off-core flux path (see Figure 5.1). The first set includes linear inductances corresponding to
the oil gap between the active part and the tank walls. A calculation approach of these linear
inductances is presented in this section based on the 3D-FEM method. This 3D model
consists of the windings and the core; the inner surfaces of the tank walls are considered as
the model boundary. As explained in the following sections, through the use of a set of flux-
tangential and flux-normal boundary conditions, the linear inductances are calculated.

L3
Y
L1 L2
—rn YV
Wall Cover Bottom

e HEEHE

Figure 5.1 The off-core equivalent circuit
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5.1.1 Calculation of L,

L, represents the parallel flux path between the winding excited and the wall’s inner
surfaces. In order to calculate this parameter, flux-tangential boundary conditions are set to
the tank’s inner surfaces, meaning that the flux cannot penetrate in the tank. This is
equivalent to a non-magnetic material with infinite electric conductivity (and thus, infinitely
large eddy currents induced) and zero magnetic permeability (infinitely high reluctance
path). As a result, all the tank branches in the circuit of Figure 5.1 can be considered short-
circuit and the inductance seen from the terminal becomes L.

5.1.2 Calculation of L,, L;, Ly and Ls

Table 5.1 introduces different simulation cases where each corresponds to a set of flux-
normal and flux-tangential boundary conditions applied to the tank’s inner surfaces.
Table 5.1 also includes the case for calculating L, as explained in Section 5.1.1. The flux-
normal boundary condition implies full flux penetration with no magnetic reluctance and no
eddy currents induced. This is equivalent to a material with zero electric conductivity and
infinite magnetic permeability resulting in an open-circuit tank branch in the equivalent
circuit of Figure 5.1.

Table 5.1 Calculation formulas of linear inductances

Boundary condition Terminal inductance from the
Wall Cover Bottom equivalent circuit, Figure 5.1
Case 1 Normal Normal Normal Lt; =L; + (L3 + Ls)||(Ly + Ly)
Case 2 Tangential | Tangential | Tangential | Ly, = L,
Case 3 Normal Tangential | Tangential | Lt3 = L; + Ly]||Ls
Case 4 Normal Tangential Normal Lty =L; + (L3 + Ls)||L,
Case 5 Normal Normal Tangential | Lts = L; + (L, + Lg)||Ls

Solving the circuit of Figure 5.1 for each simulation case given in Table 5.1, a set of
equations relating the unknowns L; ... Ls to the terminal inductances (Lt ; where i is the case
number) are obtained. The linear inductances are obtained by solving the set of equations,
once the terminal inductances are calculated (by means of 3D-FEM for each simulation case,
as stated in Section 5.1.3).

5.1.3 Calculation of the terminal inductances (L7 ;) using 3D-FEM

In 3-legged core transformers, the reluctance of the core (legs and yokes) is negligible
compared to the reluctance of the off-core flux path. Thus, the OC-ZS inductances seen from
the windings are in fact equal to the terminal off-core inductances (L ;).

In order to calculate the Lt ;, a 3D-FEM model of the transformer with five variations are
made corresponding to the five cases introduced in Table 5.1. The core is considered as a
linear anisotropic material with relative permeability of 50000 in the flux flow direction
whereas it is 100 in the other directions (this value is not significant as long as the off-core
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flux path is of concern). Since the tank is excluded from the FEM model and the eddy
currents’ effect on the core is not considered, static formulation of magnetic potential is
sufficient for inductance calculations. The inductance matrix of the windings is calculated

_ [EHV]3><3 [Liy.v]
using the energy method and is expressed by L=| _—
[Liv.nv]

3x3

L
3x3 [ LV]3><3 66

[Lyy]sxs is the sub-matrix of three HV windings, [Lyy—1y]3x3 and [Lyy_gy]3+3 are the sub-
matrices of the mutual inductances between HV and LV windings and [L;y]sx3 is the sub-

, where

matrix of the LV windings.

The OC-ZS inductance seen from HV is calculated using only the sub-matrix [Lyy]3x3
since the LV side is open. The HV voltages (V) and currents (I) can be expressed by

(5.1).
VHV = Z1~1V : DI_HV - DI_HV = fHV : VHV (5.1)

. . — = . . . = -1
where D is the time derivation operator, and Iy is the reverse inductance matrix (= Ly, ).

When the HV windings are connected together at the terminals and excited with a single-
phase voltage of V;, the current of the " HV winding (Iy ;) can be written as:

Dlyy; =T Vo + TEY - Vo + I§ Vo » =4 = L + 18 + 1§ (5.2)

where Fiﬁ-{vis the (i,j)th element of [Tyy]3.3. As be seen in (5.2), the OC-ZS inverse

inductance of the i HV winding is equal to 3 _, [} and thus:
= Qe i)™, i=1.3 (5.3)

where L7V} is the terminal inductance of the off-core path seen from the i"HV winding.

Using the same approach for the sub-matrix [L;y]sx3, the terminal off-core inductance
seen from /" LV winding (L*V ;) is expressed by:

Vo= )™, i=1.3 (5.4
where I} is the (i,j)" element of [I}y]3x3.

5.1.4 Considerations on the off-core terminal inductances

Using the approach stated in Section 5.1.3, the terminal off-core inductances are calculated
for the transformers Unit 1 and Unit 2 introduced in Chapter 4, Section 4.2.

All the FEM simulations are performed by means of ANSYS Maxwell [104]. In the
simulations, automatic adaptive meshing is used to refine the elements’ size in each pass of
running until the energy error becomes less than 0.05%. Table 5.2 shows the energy errors
obtained for each of the simulation cases. Figure 5.2 shows the model geometry and the
meshing quality as performed for Unit 2.
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Table 5.2 Energy error obtained in 3D-FEM simulations

Energy error % Delta Energy error %
Unit 1 Unit 2 Unit 1 Unit 2
Case 1 9.1e-3 23e-3 4e-3 11e-3
Case 2 32.6e-3 1.7¢-3 13e-3 1.0e-3
Case 3 9.8e-3 11.5¢-3 3.4e-3 9.4e-3
Case 4 20.0e-3 16.8e-3 6.7¢-3 14.8¢-3
Case 5 21.6e-3 12.1e-3 10.0e-3 1.6e-3

Figure 5.2 Left: 3D model of Unit 2, Right: the meshing of the model

Table 5.3 shows the calculation results seen from HV and LV sides. For ease of
comparison of the differences, LV side values are referred to the HV side, as shown in the
parentheses. As can be seen, there is a little difference between the inductances of Case 1
and Case 4 as well as Case 3 and Case 5 for both units. For each pair, only the cover has
opposite boundary conditions (see Table 5.1). Having almost the same inductance for the
abovementioned pairs of the cases implies that the cover is not of significance in the terminal
off-core inductances whether the tank is highly magnetically permeable (flux-normal
boundary condition) or reluctant (flux-tangential boundary condition). This is because of the
large oil-gap between the core top and the cover. As a result, the cover can be excluded from
consideration without making any significant errors. However, comparing the values of Case
1 and Case 5 as well as Case 3 and Case 4, large discrepancies are seen in the off-core
terminal inductances. In each pair of these cases, only the bottom has opposite boundary
conditions, thus implying that the tank bottom cannot be ignored.

Another interesting observation is the relative differences between the off-core terminal
inductances seen from LV and HV sides for each simulation case, as calculated with (5.5).

LLVp i(referred to HV)—LH v
LH 14
Ti

E;%= Ll %100 (5.5)

Figure 5.3 shows the relative differences in percentage for each simulation case. As can be
seen, the only meaningful difference between HV and LV values is that of Case 2 where the
entire tank is set to a flux-tangential boundary condition. In the remaining cases, the off-core
inductances are almost identical with an error less than 3.7% for Unit 1 and 1.26% for Unit
2.
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Table 5.3 The off-core terminal inductances

Lt; [mH] Unit 1 Unit 2
Case 1 HV 1395.0 2524.4
LV 0.61 (1427.7) 31.0 (2555.8)
Case 2 HV 172.7 420.75
LV 0.094 (221.5) 6.7 (554.8)
Case 3 HV 1020.8 1536.0
LV | 0.447 (1058.6) 19.0 (1566.5)
Case 4 HV 1392.7 2362.2
LV 0.6 (1434.5) 29.0 (2391.0)
Case 5 HV 1030.0 1612.1
LV | 0.450 (1066.0) 19.8 (1632.4)

m Unit 1
m Unit 2

Case 1 Case 2 Case 3 Case4 Case 5

Figure 5.3 The relative difference (%) between the off-core inductances seen from HV and LV sides

To understand the relative differences, the flux distribution in each simulation case can be
informative, as shown in Figure 5.4 for Unit 1. As can be seen, the flux return path in Case 2
mainly includes the channel beyond the winding excited parallel to the wall. This gap for LV
(the inner) winding is wider than that for the HV (the outer) winding, and thus, the respective
inductance is larger. For the remaining cases, the off-core inductance is mainly determined
by the horizontal path from the core to the wall, less influenced by the path parallel to the
wall. This flux path is not particularly dependent to the radial location and thickness of the
excited winding. However, the winding height may have an impact on these flux paths. The
HV and LV windings have approximately similar heights in both Unit 1 and Unit 2. Hence,
it is expected that HV and LV side off-core inductances (adjusted by turns ratio) will be
similar for the all cases except for Case 2. It is worth mentioning that the transformer
windings are normally designed to have approximately identical magnetic heights in order to
control the electromagnetic forces, particularly in large power transformers. Therefore,
neglecting the height difference of the windings, the flux paths for Cases 1, 3, 4 and 5, and
thus, the inductances, are roughly similar.

In order to further explore the sensitivity of the off-core inductances to radial location and
thickness of the windings, simple 2D-FEM models of Unit | are simulated. The first model
includes only LV winding, and the inductance is calculated for different variations where the
winding is displaced radially by 100% towards the wall, as shown in Figure 5.5. The results
for each simulation case are shown in Figure 5.6. As can be seen, all the cases except for
Case 2 are almost independent of the winding radial displacement. Moreover, the inductance
of Case 2 decreases with distance because the flux return path parallel to the wall becomes
narrower.
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Figure 5.4 Flux lines for each simulation case and excitation side
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Figure 5.5 The FEM model for investigating radial displacement of the winding
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Figure 5.6 The results for radially displaced winding simulations (Figure 5.5)

The second model considers the influence of the winding thickness on the off-core
inductance. Figure 5.7 shows the model where the thickness is increased by 200% from its
original value. As can be seen in the results shown in Figure 5.8, the inductance except for
Case 2 remains approximately constant in comparison to the thickness of the winding. The
inductance for Case 2 has larger change versus the thickness. In fact, the flux return path
parallel to the wall (and consequently, the off-core inductance) decreases with increasing
thickness.

Thickness iricrease

Core

S mmmmmmm— e ————

[
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Figure 5.7 The model used for studying the winding thickness
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Figure 5.8 The off-core inductance versus winding thickness for each simulation case
5.1.5 Considerations on the off-core inductances - Case 2

As discussed, the off-core inductance for Case 2 seen from LV side is relatively larger
than that seen from HV due to the wider off-core flux gap as seen in Figure 5.9. Here, the
difference between these two off-core inductances is not equal to the leakage inductance as
defined based on PS flux (denoted with L;y in the overall equivalent circuit shown in
Figure 3.2). This is basically because the leakage PS flux path is different from that of the
off-core leakage paths in terms of path width and length.

Gap difference
> =
! o
I . .
1 1 1
S
1 1
© H
S
@)
bl « Gap for HV
—
- - Gap for LV

Figure 5.9 The flux paths for LV and HV sides in Case 2 and their geometrical difference

Considering the numerical results from Table 5.3, the inductance difference of Case 2 is
48.8 mH and 134.05 mH for Unit 1 and Unit 2, respectively. As explained above, it is
smaller than the PS leakage inductances of 50 mH and 150 mH for Unit 1 and Unit 2,
respectively. In the overall equivalent circuit shown in Figure 3.2, the off-core circuit is
connected to the HV winding. This means that the LLVI , should be equal to LHVT‘ >+ Ly
but this is not the case according to the explanations given above. To correct this deviation,
L;y and LHVT, , are magnetically coupled through a mutual inductance of M, as illustrated in

Figure 5.10. This mutual inductance is calculated with (5.6) [105].
1
MZE(LLH‘FLHVTJ—LLVTJ) (56)
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Figure 5.10 The off-core circuit improved for Case 2
5.1.6 Impact of the tank presence

5.1.6.1 Impact of the wall

The boundary conditions of flux-tangential and flux-normal as used for calculation of the
off-core terminal inductances are two extreme states of the actual tank steel. As a matter of
fact, the tank neither behaves as flux-tangential nor flux-normal boundary conditions. Using
the model shown in Figure 5.5 with the cover and the bottom set to flux-tangential and the
wall to impedance boundary conditions (in which the magnetic relative permeability and
electric conductivity can be set), sensitivity of the inductance to the magnetic relative
permeability and electric conductivity is studied. The winding location and the wall distance
to the winding are considered to be the same as to LV winding of Unit 1. The results are
shown in Figure 5.11, where the x-axis is the relative permeability in logarithmic scale
varying from 1 to 50000. As can be seen, the wall with low electric conductivity and high
magnetic permeability behaves as a flux-normal boundary condition. In contrast to this, the
wall with high electric conductivity and low magnetic permeability behaves as a flux-
tangential boundary condition. Examples of these two extreme states are the walls equipped
with magnetic shunts and magnetic shields that are used to keep the flux away from the tank
walls.

The magnetic shunts are constructed from laminated electric steel similar to the core
material having high permeability and very low conductivity. Since these shunts are formed
from laminated sheets in the flow direction of magnetic flux, the induced current is confined
to each lamination and thus, it does not encompass the active part. It means that the tank
walls equipped with shunts can be considered as flux-normal boundary condition. This can
be seen in Figure 5.11, where the off-core inductance for the wall conductivity 67 (=0.1 kS/m
that is as low as semi-conductive materials) reaches to that for the wall set to flux-normal
boundary condition at magnetic relative permeability higher than ~100.

The magnetic shields are of good electric conductors with relative permeability of 1,
which is normally copper. Despite of the magnetic shunts, the shield provides a closed path
for the induced current and acts like a one-turn winding encompassing the active part. The
opposite amp-turn induced in this one-turn conductor forces the flux confined between the
shield and the winding excited. This is similar to the wall set to a flux-tangential boundary
condition. This can be seen in Figure 5.11 where the off-core inductance for the wall
conductivity o; (=56 MS/m the same as of copper) reaches to that for the wall set to a flux-
tangential boundary condition at magnetic relative permeability lower than ~1000 (which is
applicable to the tank steels made of mild steels).
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For electric conductivity ranged between o, (as of copper) and 67 (as of semi-conductors),
the wall behaves between two limits of flux-tangential and flux-normal boundary conditions.
It should be noted that the tank steel is magnetically non-linear with magnetic permeability
varying from low values at the initial and saturation regions to high values at the linear
region of B-H characteristics. Therefore, the wall behavior oscillates between flux-normal
and flux-tangential boundary conditions as ZS flux varies in a wide range.

1000

- - - - Wall: flux-normal

200 - --- Wall: flux-tangential

600

400

Inductance [uH]

200

0 ‘ ‘ ‘ ‘
1 10 100 1000 10000
Relative permeability, pr

Figure 5.11 The off-core inductance (reference to model Figure 5.5 with the wall set to impedance
boundary condition as well as the bottom and cover to flux-tangential boundary condition) versus the
wall relative permeability at different wall electric conductivity (6,>0, ...>67)

Two important aspects must be pointed out with respect to the tank conductivity. The First
concerns with the tank temperature rise caused by the heat generated in the windings and the
core at normal operation of transformers as well as joule losses in the tank resulting from the
current induced by the off-core flux. This current can be high in the case of large zero

sequence flux leading to high temperature in the tank, and consequently to low electric
conductivity.

Second note concerns with corrugations of the tank wall. As discussed in Section 4.1.7, the
corrugation has an increasing effect on the wall resistance that can be considered in an
equivalent conductivity denoted with o* (using equation (4.5)).

Table 5.4 and Table 5.5 provide a summary of the electric conductivity of the two steels of
4 mm and 1.25 mm thickness (introduced in Chapter 4) at three different temperatures;
20 C, 50C and 110 C. For the 1.25 mm thick sample, equivalent values are provided for

the wall construction of Unit 1 designed with 44 fins of 120 mm height and circumference
length of 2880 mm.

Using the values provided in Table 5.4 and Table 5.5, the off-core inductance is plotted
versus the wall magnetic permeability, as shown in Figure 5.12. As can be seen, the

inductance curve shifts slightly up (this applies for both plain and corrugated wall types) due
to the temperature impact on the conductivity.

Table 5.4 Summary of electric conductivity for the 4 mm thick steel sample

Thickness gat20C oat50C ogat110C
kS/m kS/m kS/m
4 mm 6410 5222 4044
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Table 5.5 Summary of electric conductivity for the 1.25 mm thick steel sample

Thickness oat20C o at20C o at50C c*at110C
kS/m kS/m kS/m kS/m
1.25 mm 5820 1247 996 710
1000 — — — Wall: flux-normal
800 —— 6410 kS/m .
ol — —-5222kS/m | Plain
2 600 ---- 4044 kS/m
§ ——— 1247kS/m
S 400 ——-996 kS/m | Corrugated
é’ ---- 710 kS/m
S 200 — — — Wall: flux-tangential
0 - T

1 10 100 1000 10000
Relative permeability, pur

Figure 5.12 The off-core inductance (reference to model Figure 5.5 with the wall set to impedance
boundary condition as well as the bottom and cover to flux-tangential boundary condition) versus
relative permeability for the tank steel conductivity at different temperatures (reference to Table 5.4
and Table 5.5)

In order to investigate the effect of the Core-Wall distance, variations of the simulations
are performed with different relative Core-Wall distance (ratio.,) defined as ds/(Core
height-Winding height); see Figure 5.13 Left. As can be seen in the results shown in
Figure 5.13 Right (obtained for the conductivity 6410 kS/m as an example, similarly shaped
curves are obtained for other conductivity), the off-core inductance curve is less dependent
of permeability when the ratio,,, increases. There are two distinguished sides in the curves,
the high permeability side where the inductance is increasing with the ratio., and the low
permeability side where the inductance is decreasing with an increase in the ratio,. To
understand this behavior, the off-core inductances of upper limit (the wall set to flux-normal
boundary condition) and lower limit (the wall set to flux-tangential boundary condition) are
plotted versus ratio,,, as shown in Figure 5.14. As can be seen:

1. The wall boundary condition at larger ratio., is less significant, since both curves
converge at an ultimate inductance of 288.6 mH.

2. For the wall set to flux-normal boundary condition, the off-core inductance is higher
than the convergent value and decreases with ratio.

3. For the wall set to flux-tangential boundary condition, the off-core inductance is
lower than the convergent value and increases with ratio,,,.

Based on the above results, the wall at higher permeability behaves similar to flux-normal
boundary condition as the off-core inductance is decreasing with the ratio,,, for both cases.
There is a similar resemblance between the wall at lower permeability and flux-tangential
boundary condition. As a result, the permeability of the wall corresponding to the convergent
inductance can be assumed as a transition point from tangential-like (low permeability side)
to normal-like (high permeability side) behavior.
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Table 5.6 provides the transition permeability for the wall conductivity of both plain and
corrugated types at temperatures 20 C and 110 C, and at different ratio.,. As can be seen, the
transition permeability is smaller for the wall of low conductivity than that of high
conductivity. In other words, the plain tank walls having higher conductivity can be assumed
as flux-tangential boundary condition even at rather high magnetic permeability. In contrast
to this, the walls of corrugated type with lower effective conductivity behave like a flux-
normal boundary condition at low magnetic permeability (this occurs at much lower
permeability when the wall temperature rises up to its typical values during the operations).
In addition to the conductivity, the transition permeability decreases with ratio,,,. This can be
explained by the fact that the circulating current induced in the wall is lower at farther walls,

resulting in easier flux penetration. This means that the wall is more similar in nature to the
flux-normal condition.

; 1000 S—
' High permeability side- ~ ; RN
:_ Core height %‘ 800 - // ratio,.,,
'3 600 {
g L bili idi \ O3
Winding height £ 400 {Low permeability side \
o s _ -
= "g e
(3 = (200 ,
~ — —_ -
0 ————+— ‘ : :
1 10 100 1000 10000
—_Core-walljdistance (ds) Relative permeability,pr

Figure 5.13 Left: definition of ratio.,, defined as ds/(Core height-Winding height), Right: the off-core
inductance versus the wall permeability at different tank wideness ratios,
FALIO 1y [<FALI0 3 <FALi0 ., 5<ratio .4 (at a sample conductivity of 6410 kS/m)

1000
= 800 o
el Upper limit inductance
8 600 -
=) converged at 288.6 uH
S 400 -
= =
= 200 -
Lower limit inductance
0 ‘ ‘ ‘
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ratio,,,
Figure 5.14 Upper (wall is set to flux-normal boundary condition) and lower (wall is set to flux-

tangential boundary condition) limit inductances versus of ratio,, defined as ds/(Core height-Winding
height)
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Table 5.6 Transition relative permeability from tangential-like to normal-like wall

ratio.,,
K transtion 0.3 04 0.5 0.8
5= 6410 kS/m 3254 316,6 3112 3052
o = 4044 kS/m 198.5 192,8 189,3 185,5
o* = 1247 kS/m 613 59,3 58,3 57,2
o* = 710 kS/m 24.0 34,7 33,8 32,8

5.1.6.2 Impact of the tank cover

As discussed in Section 5.1.4, the cover does not affect the terminal off-core inductances
of Unit 1, since the cover is far above the core top. However, in some designs the winding
leads are taken out through the wall, thus resulting in a small distance between the core top
and the cover.

In order to investigate the sensitivity of the off-core inductance to Core-Cover distance,
variations of the pairs [Case 1, Case 4] and [Case 3, Case 5] with different distance ratios
between Core-Core and Core-Wall are simulated. In each pair, only the cover has different
boundary conditions (see Table 5.1). Figure 5.15 shows the model and results (as the off-
core inductance) where the x-axis is the ratio as defined above. As can be seen, the
inductances of pairs [Case 1, Case 4] and [Case 3, Case 5] are convergent at the ratio of 2.5
meaning that the cover becomes insignificant at ratios beyond this point. Repeating the
simulations for Unit 2, the same ratio of 2.5 is obtained at the convergent point.

] 1,5
1 5
: I Core-Cover distance 14 -
1
e % 1,3 4
Core-Wall distance "y 1.2 1
) % L1 1
15} § 1
O 5
£ 09 { Case3
0,8 T T T T T - - -
01 04 07 1 13 1,6 19 22 25
— Distance ratio of Core-Cover to Core-Wall

Figure 5.15 The off-core inductance at various Core-Cover relative gap

5.1.6.3 Impact of the tank bottom

To investigate the impact of the tank bottom, the wall is first set to the flux-normal and the
bottom to the impedance boundary conditions. As can be seen in Figure 5.16, the bottom
behaves between two extremes of flux-tangential and flux-normal conditions for relative
magnetic permeability varying from 100 to 3000, which are more practical for structural
steels. The wall is then considered to be more realistic by setting it to the impedance
boundary condition. Variations of the model are simulated with different magnetic
permeability and electric conductivity of the wall at two relative Core-Wall distances of
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ratio.,~0.3 and ratio.,~0.8 (as defined in 5.1.6.1). As can be seen in the results shown in
Figure 5.17, the bottom is less significant at lower wall magnetic permeability, higher wall
conductivity, and smaller ratio, as defined above. In other words, when the wall behaves in a
similar manner to a flux-tangential boundary condition, the bottom is not significant. This is
the case for the corrugated walls and the walls with magnetic shunts. Conversely, the bottom
is of higher impact when the wall conductivity is lower, the wall magnetic permeability is
higher, and the ratio is larger. It can be realized that the walls behaving like a flux-normal
boundary condition, which is the case for the plain walls and the walls with magnetic
shields, mean that the bottom has a high impact.

1,2 1 — — — Bottom=Normal Boundary
E 1’:? | o=6410 kS/m
81 (;5 << | T Bottom=Tangential Boundary
g b
g 1
2 0,95
=)
s 09 T T T T

1 10 100 1000 10000

Relative permeability, pr

Figure 5.16 The off-core inductance as a function of relative permeability of the bottom at a sample
conductivity of 6410 kS/m; the wall is set to normal boundary condition
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Figure 5.17 The off-core inductance as a function of the wall’s relative permeability, g, is the wall
conductivity, the bottom relative permeability is 200 (red-dashed trace) and 1000 (blue-solid trace),
ratio.,=0.3 (Left) and ratio.,~0.8 (Right).

5.2 Parameters of the tank model

Considering the equivalent circuit for each tank element, a number of new parameters
including wall heights (%), wall lengths (/,), wall thickness (t;) and electric conductivity (o)
of the tank steel are added to the existing parameter lists, the linear inductances.

It should be noted that the linear inductances calculated in Section 5.1 using flux-
tangential and flux-normal boundary conditions instead of the actual tank walls need to be
tuned when non-linear tank walls are involved. This is primarily due to the fact that the flux
does not enter the wall through a single point. In Figure 5.18 illustrating a simplified flux
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flow into the wall (in reality, the flux entrance points are continuously distributed),
reluctance of each flux path towards the wall is denoted with R; and the wall section between
two flux-entering points by Z;. When the wall has zero reluctance, the equivalent reluctance
of the path towards the wall becomes parallel. However, when Z; is not zero, the wall
sections are also involved and an equivalent linear reluctance representing the paths towards
the wall is no longer in parallel connection. In an equivalent circuit of such a complex
structure, all the parameters including the wall height, thickness and conductivity as well as
the linear inductances as calculated with extreme boundary conditions must be tuned by
fitting the circuit to a given impedance and losses (resulting from FEA or tests) seen from
the exited winding. The distribution of flux entering points depends on Core-Wall distance
and electromagnetic properties of the wall steel. Core-Wall distance is a structural parameter
dependent on the voltage level. However, the wall conductivity may vary during different
operational conditions due to its temperature dependency. Therefore, once the tuning factors
are obtained using the wall conductivity at a specific temperature, it must be checked to
determine if it is still a valid tuning factor within a practical variation of temperature in the
wall. A practical variation of the tank temperature can be assumed from 20°C to 110C [84].

B,

Loy

R___ | %
R, Z

—————

Flux enters and exits

through several points o _,

D R—

————

Wall
Figure 5.18 Flux enters and exits through several points

5.2.1 Considerations on the wall parameters

To investigate the capability of the off-core equivalent circuit as presented in Chapter 3 in
reproducing the impedance and the losses, a simple 2D model as shown in Figure 5.19 is
considered. The wall steel is modeled with the non-linear B-H curve as measured (the
normal curve) for the 4 mm sample and electric conductivity of 6410 kS/m. The dimensions
of the core and windings are the same as of Unit 1. The model is simulated by using 2D-
FEM in transient formulation and the impedance and losses are calculated for verifying the
equivalent circuit.

The equivalent circuit of this model is shown in Figure 5.20. Since the cover and bottom
are set to a tangential boundary condition, the linear network can be reduced to only two
linear inductances denoted with L; and L,. Using the approach presented in Section 5.1.2,
two linear inductances (seen from LV winding) are calculated for two variations with
ratio.,~0.3 (based on original dimension of Unit 1) and ratio.,=0.4 (~60% wider than Unit
1) as shown in Table 5.7.
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Table 5.7 Linear inductances for different variations of the model shown in Figure 5.19

Variations ratioe, L, L,

Based on Unit 1 0.3 75.9 uH 838.8 pH
~60% wider than Unit 1 0.4 188.0 uH 245.3 uH

Flux-tangential boundary k:/

\ LV HV

condition

Core
Tank Wall

Figure 5.19 Simple 2D model including the wall as non-linear steel

Oil gap equivalent circuit Tank wall equivalent circuit
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Figure 5.20 The off-core equivalent circuit of the model shown in Figure 5.19

The governing equations of this circuit are stated in (5.7) and (5.8).
Ve =V, — Ryiy — L; == (5.7)

where Vg, iy and Ry are the voltage, current and resistance of the winding excited. V; is the
circuit input and the rest are outputs.

1 !
LS=Lt+Z/12—>LS=Lt+Zthdt

(5.8)
where 1, is the flux linkage of L, and thus A, = [V, dt (see Figure 5.20).
Using the time derivative of (5.8), it follows:
dis _ dip | 1ddy _ dis _ dic 1
o at L, at ar dt+L2Vt (5.9)

The relation of V; and i; is described with the model presented in Chapter 3, Section 3.1.1.

An implementation of these equations together with the tank model in MATLAB-
SIMULINK is shown in Figure 5.21.
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Figure 5.21 Implementing of the circuital equations of Figure 5.20 in MATLAB-SIMULINK

The results for Variation 1 are shown in Figure 5.22 and Figure 5.23 together with the
results from the equivalent circuit. As can be seen, a specific wall height such as 0.57 m can
be found at which both impedance and the losses calculated are fitted to the FEM results.
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Figure 5.22 Impedance seen from LV side, ratio.,~=0.3, the wall conductivity: 6410 kS/m
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Figure 5.23 Losses seen from LV side, ratio.,=0.3, the wall conductivity: 6410 kS/m
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Using the same wall parameters, the FEM results can be reproduced for the wall

conductivity reduced due to temperature rise up to 110°C (see Table 5.4), as shown in
Figure 5.24 and Figure 5.25.

Upon further reduction in the conductivity (that can be due to the corrugation), the circuit
parameters will need to be tuned again. As examples, the conductivities of 996 kS/m and 710
kS/m (see Table 5.5) are chosen in the further simulations and the results are shown in
Figure 5.26 and Figure 5.27. As can be seen, the wall height must change to 0.7 m and the
inductance L, must increase by a factor of 1.15 in order to fit to the FEM results. Once the

circuit is tuned for the wall conductivity of 996 kS/m, it will be valid for the conductivity of
710 kS/m.

0,25 s 4044 kS/m
0 ] 2 5222 kS/m
= % 6410 kS/m
el ———a
9 0,15 - Bl -TaT -~
goIs] 2% S ey A
£ ¢ .
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go
0,05 - - .
0 10 20 30

Voltage [V]

Figure 5.24 Impedance seen from LV side, ratio.,~=0.3, red markings: from FEM, dashed traces:
from equivalent circuit results with h,= 0.57 m at different wall conductivity
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Figure 5.25 Losses seen from LV side, ratio,,~0.3, red markings: from FEM, dashed traces: from
equivalent circuit results with h,= 0.57 m at different wall conductivity
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Figure 5.26 Impedance seen from LV side, ratio.,~=0.3, red markings: from FEM, dashed trace: from
equivalent circuit results with h;= 0.7 m and L, is increased by a factor of 1.15
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Figure 5.27 Losses seen from LV side, ratio.,~0.3, red markings: from FEM, dashed trace: from
equivalent circuit results with h;= 0.7 m and L, is increased by a factor of 1.15

Figure 5.28 shows the impedance and the losses versus input voltage for the second
variation (see Table 5.7) considering a wall conductivity of 6410 kS/m that illustrates a good
fitting capability to the FEM results with h, = 0.65 m and a factor of 1.15 for L,.

Figure 5.29 shows a sensitivity analysis of the impedance and losses on the wall
conductivity at voltage 30 V using the circuit with the parameters h; = 0.65 m and the factor
of 1.15 for L, as identified for the wall conductivity 6410 kS/m. As can be seen, both
impedance and losses start slowly, deviating from the FEM results at a conductivity of
around 4000 kS/m, which is below the conductivity variation range due to operational
temperature rise of the tank (ranged from 6410 kS/m at 20 C to 4044 kS/m at 110 C).

As a conclusion to this section, an off-core circuit tuned for conductivity at a given
temperature will still be valid for higher temperatures (in a practical range for the
transformer tank) and there is no need for re-tuning.
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Figure 5.28 The impedance and losses (LV side) at wall conductivity of 6410 kS/m, wider variation,
red markings: from FEM, dashed trace: from equivalent circuit results with h,=0.65 m and L,

increased by a factor of 1.15
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Figure 5.29 The impedance and losses (LV side) as function of wall conductivity, wider variation at
voltage 30 V, red markings: from FEM, black-dashed trace: from equivalent circuit results with h;, =
0.65 m and L, increased by a factor of 1.15

Tuning factors of the wall height (h;) and the inductance (L;) are denoted with Ky and K,
respectively. The Ky and Ky are defined as factors of, respectively, mechanical height of the
wall (which is 1085 mm for the simulated model) and the inductance L, (calculated with the
approach stated in Section 5.1.2). Table 5.8 summarizes these factors identified for different
variations of the model shown in Figure 5.18.

Table 5.8 Tuning factors of the circuit parameters of the model shown in Figure 5.19

Model Conductivity Ky Ky
6410 kS/m 0.53 1.00

ratio.,=0.3 996 kS/m 0.65 1.15
710 kS/m 0.65 1.15

ratio.,=0.4 6410 kS/m 0.60 1.15

5.2.2 Considerations on the bottom parameters

As illustrated in Section 5.1.6.3, the bottom behaves between two extreme states of flux-
tangential and flux-normal boundary conditions. This influence is further studied with a
simple 2D model, which includes the bottom with 4 mm thickness, as shown in Figure 5.30.
The B-H curve of the bottom is that of the 4 mm sample presented in Chapter 4. The
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impedance and losses seen from LV winding are calculated for two variations with different
ratio.,. The conductivity of the bottom and the wall are considered 6410 kS/m (as a plain
plate at 20°C) and 996 kS/m (as a corrugated wall at 50 C), respectively.

Flux-tangential
boundary condition |

\ LV HV

Core

«——————————

Figure 5.30 The simple 2D model including the bottom

Once the terminal off-core inductances for the model variations of Figure 5.30 (seen from
LV winding) are calculated (see Table 5.9) the linear inductances of the off-core equivalent
circuit are obtained (using the approach presented in Section 5.1.2) as listed in Table 5.10.

Since the cover is set to flux-tangential boundary condition, L4 is bypassed in the overall
equivalent circuit and only L, remains, which connects in parallel to the wall, as illustrated
in Figure 5.31 (an implementation of this circuit in MATLAB-SIMULINK is presented in
Appendix 2).

Table 5.9 Off-core inductances seen from LV side of the model in Figure 5.32

Variation 1 Variation 2

L [wH] ratio.,=0.3 ratio..,, =0.8
Case 1 1213.7 740.4
Case 2 75.9 211.9
Case 3 914.7 404.7
Case 4 1204.0 659.3
Case 5 919.5 418.3

Table 5.10 Linear inductances of the off-core equivalent circuit

Linear Variation 1 Variation 2
inductances [uH] ratio.,~0.3 ratiog,, =0.8
L1 75.9 211.9
L2 2238.1 882.9
L3 1342.6 246.6
L4 34.5 383.5
L5 933.01 660.4
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Figure 5.31 Equivalent circuit of the model shown in Figure 5.30, the cover is short-circuited due to
the tangential boundary condition

Figure 5.32 and Figure 5.33 show the impedance and the losses calculated where the red
markings show the results of FEM simulations and the blue dashed traces are from the
equivalent circuit (Figure 5.31). In order to consider the multiple flux entrance points to the
wall and bottom and fit the equivalent circuit to the results from FEM simulations, the tuning
factors of the height (Kpy), the linear inductance (Kp) and the conductivity (Ks) are found, as
given in Table 5.11. The Kg is defined as a proportional factor of the actual conductivity of
the wall/bottom. Both the wall and the bottom have the same factors of Kg and Ky, while all
the linear inductances have the same factor of K.
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Figure 5.32 The off-core impedance (Left) and losses (Right) as a function of voltage, the model of
Figure 5.30 - Variation 1 (see Table 5.9)
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Figure 5.33 The off-core impedance (Left) and losses (Right) as a function of voltage, the model of
Figure 5.30 - Variation 2 (see Table 5.9)
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Table 5.11 The tuning factors of the equivalent circuit parameters

Model Ks Ky Ky
Variation 1

(ratio,~0.3) ! 078 16
Variation 2 055 13 23

(ratio.,=0.8)

To compare the results, the impedance and the losses of the models shown in Figure 5.19
(only the wall considered) and Figure 5.30 (the bottom also included) are plotted in
Figure 5.34 through Figure 5.37. As can be seen, the bottom’s presence leads to an increase
in the losses in both variations. The off-core impedance is less sensitive to the bottom’s
presence at smaller ratio., where the wall is dominant. However, the bottom has a stronger
influence when ratio., increases and the wall behaves more as flux-normal than flux-
tangential boundary condition. These observations are expected as discussed in
Section 5.1.6.3.

The tank bottom is a base plate of transformers and is normally much thicker than the
walls. The impact of the bottom thickness is also seen in the simulation results where the
bottom is considered with a thickness of 10 mm. The bottom thickness generally has an
increasing impact on the losses and a decreasing impact on the off-core impedance. The
impact on the losses is not considerable at high wall conductivity (which is similar to the
flux-tangential condition) and small ratio.,. On the contrary, the impact on the off-core
impedance is observable at low wall conductivity (which is similar to the flux-normal
condition) and large ratio.,,.
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Figure 5.34 The tank bottom’s influence on the off-core impedance and the losses for Variation 1,
electric conductivity of 996 kS/m for Wall and 6410 kS/m for Bottom, dashed trace: Bottom
thickness is 4 mm, solid trace: Bottom thickness is 10 mm, dotted-dashed trace: no Bottom

71



Chapter 5 Evaluations and discussion on the parameters

0,25 1000
— 800
S op =
3 £ 600
(=] 72}

s 2
° . 2 400
8015 { == S
E // 200
1 0
0 5 10 15 20 25 30
Voltage [V] Voltage [V]

Figure 5.35 The tank bottom’s influence on the off-core impedance and losses for Variation 2,
electric conductivity of 996 kS/m for Wall and 6410 kS/m for Bottom, dashed trace: Bottom
thickness 4 mm, solid trace: Bottom thickness 10 mm, dotted-dashed trace: no Bottom
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Figure 5.36 The tank bottom’s influence on the off-core impedance and losses for Variation 1,

electric conductivity of 6410 kS/m for both Wall and Bottom, dashed trace: Bottom thickness 4 mm,
solid trace: Bottom thickness 10 mm, dotted-dashed trace: no Bottom
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Figure 5.37 The tank bottom influence on the off-core impedance and losses for Variation 2, electric
conductivity of 6410 kS/m for both Wall and Bottom, dashed trace: Bottom thickness 4 mm, solid
trace: Bottom thickness 10 mm, dotted-dashed trace: no Bottom

72



Chapter 5 Evaluations and discussion on the parameters

5.2.3 Temperature impact

As discussed, the parameters identified for the off-core path model can be considered
temperature independent. Hence, the thermal model of the tank wall (presented in Chapter 3,
Section 3.2) can be coupled to the circuit of Figure 5.31 (implemented in MATLAB-
SIMULINK as presented in Appendix 2, using tuning factors given in Table 5.11 for
variation 1, ratio.,~0.3) in order to investigate the impact of the tank temperature rise on the
impedances and losses. It is assumed that the wall is of plain type (not corrugated) and the
electric conductivity at 20 °C is 6410 km/S. Both heat transfer mechanisms of convection
and radiation (with emissivity=0.95) from the wall are taken into account where temperature
dependency of the thermal parameters is considered as well. The convection coefficients of
the air and the transformer oil as well as equivalent radiation coefficient from the outer
surface of the wall are shown in Figure 5.38. These coefficients are calculated at ambient
temperature of 20 °C and oil average temperature of 55 °C with the equations stated in
Appendix 1.
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Figure 5.38 Hear transfer coefficient of Left: Ambient air convection coefficient (solid curve),
Radiation from Wall outer surface (dashed curve) Right: Transformer oil convection coefficient

0,20 1,4
1,2 1
G 0,15 - = 10
% 20,8
g 172}
2 0.10 §00
g =04 -
02 -
0,05 ; ; ; ; ; ; 0.0 : ‘ : : : :
0 5 10 15 20 25 30 0 5 10 15 20 25 30
Voltage [V] Voltage [V]

Figure 5.39 The off-core impedance and losses of the model Figure 5.19, ratio.,=0.3 taking the
thermal model into calculation, solid trace: no thermal model included, dashed trace: Oil temperature
is 55 °C, dotted-dashed: Oil temperature is 30 °C
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Figure 5.39 shows the simulation results in terms of impedance and losses seen from the
LV winding at steady state condition and at two different oil temperatures of 30 °C and 55
°C. As can be seen, the impedance is increasing with the oil temperature. The rate of
increase is higher at higher voltages, since the temperature rise in the wall is higher due to
the relatively higher losses. However, the increase in resistance due to temperature rise
causes a decrease in the wall losses compared to the case where no-thermal model is used.

Figure 5.40 shows dynamic response of the wall temperature at the input voltage of 30 V.
It takes about 11.4 and 10.5 minutes to reach the wall steady state temperature (99%) at input
oil temperatures of 30 °C and 55 °C, respectively. Since the thermal resistances are non-
linear, the thermal time constant is thus temperature dependent.

Considering the wall with the conductivity of 996 kS/m (resembling the corrugated walls),
the impedance and losses are those shown in Figure 5.41. The length of the wall considered
for calculation of heat transfer from the outer surface is corrected with a factor of
6410(kS/m)/996(kS/m) in order to take the surplus surface due to the corrugation into
account. As can be seen, the impedance becomes flatter at higher voltages and the losses
decrease faster than of the plain wall due to the temperature rise.
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Figure 5.40 Dynamic response of Wall temperature at Voltage of 30 V and Oil temperature of 55 °C
(dashed trace) and 30 °C (solid trace)
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Figure 5.41 The off-core impedance and losses for the model Figure 5.19, ratio.,~=0.3 with Wall
conductivity of 996 kS/m, solid trace: no thermal model included, dashed trace: thermal model
included with Oil and Air temperature of 55 °C and 20 °C, respectively
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5.3 Winding radial position: impact on the off-core inductance

As shown in Figure 5.6, the off-core inductance for the cases where the wall is set to a
flux-normal boundary condition does not change to any great extent with radial displacement
of the winding. On the contrary, the inductance is sensitive to the radial displacement when
the wall is set to a flux-tangential boundary condition. To investigate this sensitivity for
realistic tank walls, the model of Figure 5.5 is simulated again wherein the wall is set to the
impedance boundary condition. The simulations are performed with the wall relative
permeability of 20 and 1000 and the conductivity of 996 kS/m and 6410 kS/m.

The inductance of the displaced winding normalized to the inductance at the original
position (0%) as a function of radial relative displacement is shown in Figure 5.42. As can be
seen, it is more sensitive to the radial displacement at lower permeability and higher
conductivity. It could be expected since the wall with low permeability and high
conductivity resembles the flux-tangential boundary condition.

1,2
14 Normal boundary condition

0.8 - —> 1,=1000
0.6 -
04 T

0,2 - Tangential boundary condition -~

Relative inductance

0 \ \ \ \
0 20 40 60 80 100

Displacement [%]

Figure 5.42 Relative inductance of the displaced winding based on inductance at dx = 0, for the wall
conductivity of 996 kS/m (dashed trace) and 6410 kS/m (solid trace)

It can be interpreted that the rate of change of the off-core inductance versus radial
displacement is larger for the plain walls (and the walls equipped with magnetic shield) than
for the corrugated walls (and the walls equipped with magnetic shunts).

Based on the above explanation, it can be expected that the difference between HV and
LV side off-core inductances (assuming that both have equal magnetic heights) is larger at
lower excitations where the magnetic permeability is lower. This difference becomes smaller
when the excitation increases because the magnetic working point moves towards the linear
part of the B-H characteristics leading to higher permeability. It is worth mentioning that, the
resistivity increase, due to the temperature rise at higher excitations, will also affect the off-
core inductance difference.

Radial displacement can also influence the transition permeability, which is a turning point
where the tank behavior changes from being as flux-tangential to flux-normal boundary
conditions (see Section 5.1.6.1). As can be seen in Figure 5.43, the converged inductance for
the same model as used in Section 5.1.6.1 where the excited winding is radially displaced by
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50% towards the wall becomes 254.0 uH, which is ~12% smaller than the case of no-
displaced winding (288.6 uH). In fact, shifting the winding towards the wall will not
influence the upper limit inductance, as shown in Figure 5.6 (Case 3), but has a decreasing
impact on the lower limit inductance due to narrower gap between the excited winding and
the wall. Hence, two graphs will meet at lower inductance and larger ratio,.

1000
'E: 800 1 \Upper limit inductance
S 600
El Converged at 254.0 uH
S 400 |
=1
E \
~ 200 -
Lower limit inductance
0 \ \ \
0,2 12 22 3,2

ratio,.,,

Figure 5.43 Upper (wall is set to flux-normal boundary condition) and lower (wall is set to flux-
tangential boundary condition) limit inductances versus of ratio,, defined as ds/(Core height-Winding
height) for the case where the excited winding is radially shifted by 50% towards the wall
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Chapter 6

Benchmarking of the off-core model of Unit 1

6.1 OC-ZS characteristics

In order to verify the off-core model in representing actual transformers, the open circuit
zero sequence impedance measured from HV and LV side of Unit 1 is used. First, lossless
variations of the off-core model are considered where the tank branches are excluded and
replaced with flux-normal and flux-tangential boundary conditions. These variations are
introduced as simulations cases 1 through 5 in Table 5.1.

With the lossless variations, the following questions are answered:

1. Which of the simulation cases introduced in Table 5.1 is the most proper
approximation for representing the actual off-core path of transformers?

2. Which tank elements are significant and must be considered in the complete
model?

6.1.1 Lossless variations

Considering simulation cases of Table 5.1 as varieties of lossless models, the off-core
inductances calculated for each are compared with the measurements from LV as well as HV
sides of Unit 1. Figure 6.1 shows OC-ZS inductance measured from LV side versus phase
voltage compared to the inductances obtained for each simulation case. As can be seen:

1. the inductance is much larger than that of Case 2 meaning that the tank does not
behave as flux-tangential boundary condition at all.
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2. the inductance is slightly lower than those of Case 3 and Case 5 at voltages lower
than 1.8 V (that is ~1.4%); however, it becomes larger at voltages beyond that.

3. at higher voltages, the inductance tends to be almost constant with a small
decreasing rate.

Since the tank wall of Unit 1 is of the corrugated type, the effective resistivity of the wall
is much higher, as explained in Section 5.1.6.1. Accordingly, the transition permeability is
expected to be low as it is less than 60 (see Table 5.6) for the corrugated wall at temperature
207C. It is even lower for higher temperatures. This means that the wall resemblance to the
flux-normal boundary condition takes place at a lower voltage (as low as 1.3%). However, at
very low voltages, the flux density in the wall is too small, shifting the wall magnetic
working point to the initial region of the B-H characteristics. Hence, the tank steel shifts to
the low permeability region (see Figure 5.13) where the wall is similar to the flux-tangential
boundary condition, and the inductance becomes closer to that of Case 2. At higher voltages,
additional influence of the temperature rise on the conductivity can reduce the induced
current leading to easier penetration of the flux. Hence, the wall influence approaches the
flux-normal condition. This may also explain almost constant inductance where the wall is
magnetically saturated but the off-core inductance is not decreasing as expected.

Similar observations can be made for the measurements from HV side as compared to the
inductances of the lossless models shown in Figure 6.2. As can be seen, the measured
inductance crosses the lines of Case 3 and Case 5 at the voltage 1.5% (about 100 V) that is
approximately similar to that measured from LV side.
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Figure 6.1 Off-core inductances of the lossless models in comparison to the OC-ZS inductance
measured at the LV-side of Unit 1
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Figure 6.2 Off-core inductances of the lossless models in comparison to the OC-ZS inductance
measured at the HV-side of Unit 1

6.1.2 The complete model
The complete model also includes the tank branches. As concluded in Section 6.1.1 the
wall and the bottom of Unit 1 must be taken into account.

Linear inductances are calculated with the approach presented in Sections 5.1.1 and 5.1.2
as shown in Table 6.1. Since Core-Cover distance is sufficiently large to not influence the
off-core impedance and losses (resulted in a small Ly), it is excluded from the modeling.

Table 6.1 Linear inductances of the off-core path for Unit 1

Inductance Seen from LV Seen from HV
[mH] [mH]
L, 0.0935 172.7
L, 1.53 2016.3
L; 0.4625 1463.3
Ly 1.00E-05 49.8
Ls 0.0303 1594.2

Table 6.2 summarizes physical and structural data to be used in the model identification.

The thickness (t,), number (ny), fin spacing (S) and height of fins (Hy), the wall height (h;)
and circumference () are simply obtained from the tank dimensions. The effective length
of the wall (l.ff) is calculated with 2nghs + I (as clarified in 4.1.7).

The flux path in the bottom is denoted with hp (see Figure 5.30) and is calculated with
(6.1) as the dimensions are illustrated in Figure 6.3. This figure also shows the average path
for the current induced (Iz) in the bottom. The length of the current path is calculated with
(6.2) where the path at both short ends is approximated by half circles with a radius of

1 (BW+BS)
2 2 7
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hy = Bw*Bs (6.1

lB = 4BL—L +

8

TL'(Bw+Bs) (6'2)
4

where B;_; is the leg-leg distance, Bs and By, are the distance of the outer leg to the tank
short side and long side, respectively.

The OC-ZS impedance and the losses measured from LV and HV side will be used for
verifying of the model.

Table 6.2 Physical and structural data of Unit 1 to be used in the modeling of off-core flux path

Thickness Fins Height Length Conductivity
ny—ad 1:=2880 -
- — — c~ mm 020= 5820 kS/m
Wall tg=125mm | Hy=120 mm h=1085 mm Lopp=13440 mm | cy=0.0084 oC !
5=60 mm
_ _ _ 070~ 6410 kS/m
Bottom tp=4 mm NA hp=190.6 mm lp =1484.7 mm 2g=0.0065 °C !
Active part

Bottom

By, =200 mm

———————————————————————————

T ™S [nduced current average path, lp
1
1

<+—>
B;_; =300 mm Bs =162.5 mm

Figure 6.3 An illustration of bottom dimension and average path of the induced current

The following considerations are made in the simulations:

1.

Since the wall of Unit 1 is of corrugated type, the equivalent conductivity ¢* taking
account the corrugation length is 1247 kS/m at 20 °C using (4.5).

The ambient air temperature is set to 20 °C.

The top and bottom oil temperature is assumed to be 20 °C (the same as the
ambient) because the transformer had not been loaded before the tests. Since the oil
heat capacity is large, any temperature rise in the oil due to the heat generated in
the wall is neglected.

Separate thermal models are used for the wall (corrugated vertical wall) and the
bottom (Horizontal plate). As stated in Section 3.2.2, the characteristic length of
the wall and the bottom are 1085 mm (the wall height) and 139.6 mm
(Area/Perimeter), respectively. Figure 6.4 shows an illustration of the wall and the
bottom stating which heat transfer mechanism is used for the surfaces.

The wall area at the corners is considered as plain plate and both convection and
radiation of plain vertical wall are used for them. The total length of this area is
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calculated with (I, — (nf — 4)S) where (ny —4)S is the total length of the wall
under the fins. Using the dimensions in Table 6.2, the length of areas under the fins
and the corners become 2400 mm and 250 mm, respectively.

6. Figure 6.5 and Figure 6.6 show the heat transfer coefficients of the tank surfaces
using the equations stated in Table 6.3.

7. The physical parameters of the air and the oil are described in Appendix 1.

8. The equivalent circuit of Figure 5.33 is used for the simulations. As concluded in
Chapter 4, Section 4.1.4, the excess losses of the 1.25 mm sample are considerable,
and this is thus taken into account in the simulations. However, the bottom is of 4
mm steel and the excess losses are neglected. The excess losses coefficient for the
1.25 mm steel, denoted with gp, is field dependent as described in Table 4.2.

9. Implementation of the circuit in MATLAB-Simulink is presented in Appendix 2.

10. Thermal capacitances are calculated with pg;cy, o:Vsr Where pg, ¢, s and Vg are,
respectively, the steel density, the specific heat capacitance and the volume. For the
tank of Unit 1, pg=7111 kg/m’, ¢, ;=490 Ws/kg°C and Vols=0.0172 m’ for the
wall and 0.0015 m’ for the bottom. The volumes are calculated using the
dimensions given in Table 6.2.

Using the tuning factors stated in Table 6.4, which are obtained by trial and error, the
model fits to the measurements at the steady state, as shown in Figure 6.7. Figure 6.8 shows
the wall and the bottom temperatures. As can be seen, thermal time constant of the wall is
much lower than that of the bottom because of easier heat transfer from the wall rather than
the bottom. This is important, because the duration of the geomagnetic disturbances with
high magnitudes of GIC is in the range of minutes (some references mention to 5 minutes
[16]), which is comparable with the thermal time constant calculated for the tank wall of
Unit 1. This means that the wall will respond to such events quickly, despite of the
discussions in the literature [15] [17]. With the average oil temperature of 55C (to be used
for the wall inner ambient) and bottom oil temperature of 40 C (to be used for the bottom
inner ambient) resembling the full load condition, the OC-ZS impedance and the losses will
become those as shown in Figure 6.9. As can be seen, the difference is not considerable for
this transformer. The reason is the good heat transfer capability of the wall (see Figure 6.5
and Figure 6.6) that prevents the temperature rise to a high extent. For large power
transformers where the radiators are located outside, the walls have poorer heat transfer
capability rather than corrugated walls that results in a relatively higher temperature rise in
the wall.

Using the linear inductances for the HV side given in Table 6.1, a new set of tuning factors
is obtained (see Table 6.4) to fit the simulations results to the measurements from HV side,
as shown in Figure 6.10. As a matter of fact, the winding distance to the wall influences the
flux entering/exiting points to/from the wall and concentration of the flux lines at the wall
inner surface, resulting in different tuning factors.
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Figure 6.4 Heat transfer of each surface of the wall and the bottom

Table 6.3 Heat transfer equations used for different surfaces of the tank

Tank Surface Heat transfer mechanism Equation Parameters
Wall (inner surface) Convection-Vertical 3.21) L, = 1085 mm
Convection L, =1085 mm
Plain vertical (at the edges) -
e G2D) g = teoyg
Corrugated vertical (under the (3.22) s
fins) H.= Hy =2
Wall (outer surface) s
Radiation o,
. . Ly ===18.1
Plain vertical (at the edges) (3.27) s
Corrugated vertical (under the (3.30) H = % =2
fins)
Bottom (inner Convection (Area/Perimeter)
surface) Upward-facing (3.23) L, =139.6 mm
Bottom (outer Convection (Area/Perimeter)
surface) Downward-facing (3.24) L, =139.6 mm
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Figure 6.5 Heat transfer coefficients of the wall, Left: Outer surface, Right: Inner surface
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Figure 6.6 Heat transfer coefficients of the bottom, solid trace: Inner surface, dashed trace: Outer
surface

Table 6.4 Tuning factors resulting from fitting to measurements of LV and HV sides
(Reference to Figure 6.7 and Figure 6.10)

Ks Ky Ky K
Tuning factor . . Linear Tank
& (Conductivity) | (Tank height) in d(uc tances) thi(ckness)
LV side 0.5 0.4 0.88 2.5
HV side 1.5 0.9 1.5 2.5
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Figure 6.7 The model results in terms of the off-core impedance (Left) and losses (Right), LV side
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Figure 6.8 Temperature of the wall (Right) and the bottom (Left), LV side
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Figure 6.9 Influence of the oil temperature on calculated impedance and losses - LV side, the oil
average temperature equals to 20 °C for both wall and bottom thermal models (solid traces), the oil
average temperature is 55 °C for the wall thermal model and the bottom oil temperature is 40 °C for
the bottom thermal model (dashed curve)
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Figure 6.10 The model results in terms of the off-core impedance (Left) and losses (Right), HV side
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6.2 SC-ZS characteristics

In order to verify the SC-ZS characteristics for the overall equivalent circuit (as presented
in Chapter 3), SC-ZS inductances calculated from the overall equivalent circuit
(see Appendix 3) is verified with the values obtained with 3D-FEM (see Appendix 3).

SC-ZS inductance seen from the outer winding differs from the inductance seen from the
inner winding. This can be explained through the circuit as shown in Figure 6.11 (only phase
A is included for readability). For example, if ZS voltage is applied to the inner winding (LV
side) with outer winding short-circuited, the outer winding resistance connects parallel to the
off-core circuit neglecting the yoke’s effects. Since the winding resistance is much smaller
than the off-core impedance, it could be claimed that the off-core path impedance is by-
passed with the resistance of the winding. As a result, the SC-ZS impedance seen from the
inner winding equals (slightly higher) the SC-PS impedance. In contrast to this, when the
outer winding is exciting and the inner winding is short-circuited, the off-core circuit
connects parallel to the series impedance of the leakage inductance and the inner winding
resistance, as shown in Figure 6.12. The off-core impedance is much larger than the series
impedance, meaning that the SC-ZS impedance seen from outer winding is slightly smaller
than SC-PS impedance. This explains why SC-ZS impedance is smaller than SC-PS
impedance in transformers with Yxn-d vector group [40] (An approach for calculation of SC-
PS inductance using the inductance matrix obtained from 3D-FEM is presented in Appendix
3).

Inner Winding Outer Winding —

Leakdge / T\—g \ Yoke

Inductance

Leg A

1 Tank Wall
Off-core path (seen from LV )\

Figure 6.11 Illustration of SC-ZS impedance seen from LV, the off-core path connects parallel to the
HV winding resistance (colored red)

Table 6.5 includes SC-ZS impedances seen from the LV and HV sides for Unit 1 obtained
from the equivalent circuit for the five simulation cases, as introduced in Table 5.1. SC-PS
impedance seen from LV and HV sides are, respectively, 7.4 mQ and 17.4 Q for Unit 1. As
can be seen, SC-ZS impedance seen from LV side (HV short-circuited) equals SC-PS
impedance for all the cases. However, HV side values (LV short-circuited) are slightly
smaller than SC-PS impedances due to the influence of the off-core inductances, as
explained earlier in this section. This influence is more visible for Case 2 because the off-
core inductance is much smaller than the other cases (see Table 5.3). As a matter of fact, the
walls with flux-tangential boundary condition is similar to a short-circuited turn and the
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inductance seen from HV equals the parallel connection of leakage inductances between
HV-LV and HV-Wall. The results from the equivalent circuit have good agreement with the
results obtained directly from 3D-FEM as presented in Table 6.6 demonstrating the
adequacy of the circuit model in representing SC-ZS characteristics.

Inner Winding ~ Outer Wmdlng —

Liﬁ >3 w%

Inductance

‘lTank Wall
Off-core path (seen from HV )\ e : /

Figure 6.12 Illustration of SC-ZS impedance seen from HV, the off-core path connects parallel to
series impedance of the leakage inductance and the LV winding resistance (colored red).

As stated in Chapter 5, the tank walls act between two extreme states (due to non-linear
behavior of the wall steel) of flux-tangential and flux-normal boundary conditions and hence
SC-ZS impedance will be non-linear to some extent. Using the detailed wall model presented
in Chapter 5, SC-ZS impedances seen from the HV side (LV short-circuited) - both
calculated and measured - are shown in Figure 6.13. As can be seen, the impedance is
slightly voltage dependent at lower voltages, but tends towards the impedance of Case 1 (in
which the tank walls are set to the flux-normal boundary condition). When the LV side is
short-circuited, the wall is magnetized at relatively low and medium flux densities where the
magnetic working point remains in the linear region of the B-H curve. This, together with
relatively high resistance of the corrugated walls, leads to a behavior resembling flux-normal
boundary condition. At very low voltages, the working point moves to the initial region of
the B-H curve leading to the inductance (permeability) reduction. However, this may be
different in transformers with plain walls where the wall resistance is much lower and, thus,
the wall magnetic behavior may approach to the flux-tangential boundary condition.

Table 6.5 SC-ZS impedance calculated with the equivalent circuit for Unit 1

Unit 1 LV short-circuited HV short-circuited

Z[Q] L [mH] R [Q] Z Q] L [uH] R [Q]
Case 1 16.8 51.6 4.5 7.4E-03 22.6 1.96E-03
Case 2 134 41.0 3.7 7.4E-03 22.8 1.95E-03
Case 3 16.6 50.9 44 7.4E-03 22.6 1.96E-03
Case 4 16.8 51.6 4.5 7.4E-03 22.6 1.96E-03
Case 5 16.6 50.9 4.4 7.4E-03 22.6 1.96E-03
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Table 6.6 Comparison of SC-ZS inductances calculated with 3D-FEM and equivalent circuit

Unit 1
Simulation Cases LV Short-circuited HV Short-circuited

[mH] [1H]

| Equivalent Circuit 51.6 22.6
3D-FEM 51.1 22.5

5 Equivalent Circuit 41.0 22.8
3D-FEM 41.1 22.7

3 Equivalent Circuit 50.9 22.6
3D-FEM 51.1 22.5

4 Equivalent Circuit 51.6 22.6
3D-FEM 51.2 22.5

s Equivalent Circuit 50.9 22.6
3D-FEM 51.1 22.5

| Casel
T e
— *
S 16
§ —— Calculation-Equivalent circuit
< i
B 15 + Measurement
2,
g 14 -
- Case 2
13 : : : —
0 1 2 3 4

Voltage [pu]

Figure 6.13 SC-ZS impedance seen from HV side (LV short-circuited) - Unit 1
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Chapter 7

Applications

7.1 DC biased operation of transformers

As stated in Chapter 1, Section 1.2.1, to analyze DC biased transformers, it is necessary to
include a sufficiently detailed model for the off-core flux path. This is of great importance
for 3-legged cores where the off-core path is the only way that the flux closes its loop.
However, the cores of the 5-legged type also need a proper representation of the off-core
path when the outer legs saturate and the flux flowing off the core increases [14].

7.1.1 The wall magnetization - AC excitation with DC offset

In order to analyze the wall magnetization under DC biasing, the wall model presented in
Chapter 3, Section 3.3, is used in a simple test circuit, as illustrated in Figure 7.1. The AC is
a voltage source representing the power network with a frequency of 50 Hz and the DC
represents any source driving DC current into the transformer winding such as GIC. The
GIC has a very slow nature with a frequency range of 0.0001 Hz to 1 Hz (to be the period in
the range of seconds to hours) [106]. Most researchers have considered GIC to be as a step
function, which drives the DC current through the neutral point of windings.

In the following simulations, a step voltage is used to represent the driving source of the
GIC. The wall is considered with a height of 1.0 m, thickness of 4.0 mm and with the same
length as the wall circumference of Unit 1, which is 2.88 m.

89



Chapter 7 Applications

Figure 7.2 through Figure 7.4 show the simulation results including the magnetization
current, eddy current induced in the wall inner surface and the losses for the wall
conductivity of 6410 kS/m. The AC excitation has been tuned in such a way that the
maximum flux density at the inner surface of the wall (denoted with By, in the figures)
becomes 0.1 T (Figure 7.3) and 1 T (Figure 7.2). As can be seen in the results:

1. Only the magnetizing current contains a DC component, whereas the eddy currents
induced are free from this at steady state, as seen in the Figure 7.2 and Figure 7.3.

2. The losses increase with GIC in general; however, it is less effective at lower flux
densities, as seen in Figure 7.4 (Left).

3. The flux generated by GIC does not induce any voltage, and thus, any current, due
to its stationary nature (at steady state). Accordingly, no losses in the wall are
generated by GIC itself. However, DC (at steady state) combined with AC flux
shifts the AC flux on the B-H curve that causes an increase in the losses.

In order to investigate the impact of time varying nature of GIC, the simulations at B,=1 T
and GIC=20 A are repeated. In this simulation, a sinusoidal voltage source (with an
amplitude of 20 A) is used to represent the GIC source (instead of the step voltage source in
Figure 7.1) that is positively shifted to give a DC component of 20 A at frequencies of 1 Hz,
0.5 Hz and 0.1 Hz. As can be seen in Figure 7.4 (Right), frequency sweep from 0 Hz to 1 HZ
has almost no significant influence (less than 2%) in the losses.

is R
> s Vw
yiw
AC @ Wall model
DC ——

iw
nr..ﬂ + 1w '
NS + - i_wall

AC divedt
0.1
H_dist 4..
- Rs .

e 641083 [ Sig_W Hdist

B_dist

Conductivity
Wall Model Bdist

Figure 7.1 The circuit (top) considered for DC magnetization of the wall and its implementation
(bottom) in MATLAB-SIMULINK
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Figure 7.2 Wall magnetization current (Left), Wall eddy current induced - Inner surface (Right) at
B,=1 T, GIC=15 A, Conductivity=6410 kS/m
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Figure 7.3 Wall magnetization current (Left), Wall eddy current induced - Inner surface (Right) at
B,,=0.1 T and GIC = 15 A, Conductivity = 6410 kS/m

80 80
—e—GIC=10 A
60 - —a—GIC=20 A 60 -
z —%—GIC=30 A S
8 40 | ——GIC=50 A 5 40 -
3 2 —.————— -—————— —
]
~ 20 =20
0 - T - 0 T T -
0 0,5 1 0 0,25 0,5 0,75 1
Bm [T] Frequency [Hz]

Figure 7.4 Wall losses at different GIC and B,, amplitudes (Left). Variation of the losses at different
GIC frequencies when GIC is considered as a sinusoidal voltage source with an amplitude of 20 A
positively shifted to give a DC component of 20 A, and B,,=1 T (Right)

91



Chapter 7 Applications

As a conclusion to this section:

1. The AC off-core flux in the wall is the key when GIC occurs. The DC flux that is
not generating any losses in the wall by itself, however, influences the AC losses
by shifting the magnetic working point on the B-H curve of the wall steel.

2. The time varying nature of GIC (with frequency as low as 1 Hz and below) does
not influence the losses significantly.

3. When the wall losses can be neglected, it is possible to eliminate the tank branches
from the model (except for the tank equipped with magnetic shields) and replace
them with open-circuits (that means the tank behaves like a flux-normal boundary
condition). This is mainly because the magnetic penetration depth is significantly
larger than the wall thickness at such low frequency of GIC, and the wall
reluctance against the oil-gap reluctance is negligible. The off-core inductance to
be used in the overall model is therefore the inductance as calculated for Case 1
(see Table 5.1).

7.1.2 Simulation of Unit 1 subjected to GIC

Operation of Unit 1 under GIC event is studied using the model tuned in Chapter 6.
Figure 7.6 shows the simulation circuit where the load ZL is supplied through the
transformer Unit 1 at the HV side. The LV side is connected to the network with stiff voltage
source. The transformer is loaded at 70% with Z;=10+jw1.97. The Rg is a negligible
resistive series source impedance of 20 mQ. To represent the GIC, a DC voltage source is
applied between the ground and the neutral point of the HV winding.

Figure 7.5 System topology used in the simulations

The transformer is represented by the overall model shown in Figure 7.8 with the
following considerations.

o Since the magnetizing current gets high orders of harmonics with high magnitudes when
the transformer is subjected to GIC, an accurate estimation of winding losses at higher
frequencies is necessary. The primary side (that is LV winding) consists of one layer of
21 turns. The DC resistance (Rpy pc) of the winding is equal to 0.00082 Q that is
modified with (7.1) to include the AC effects [107].

Ry ac = Ruy pc - Real (u . (coth(u) - %tanh(u) + %n,z tanh (%))) (7.1)

where Ryy 4 is the ac resistance of the LV winding and u = (1 + j) %, a is the diameter

of the winding conductor, § =./2/0.Uow (Whereas o,,: the copper -electric
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conductivity = 58 MS/m, ,: free space magnetic permeability, w: angular frequency) is
the magnetic penetration depth in copper, and n; is the number of layers = 1.

The equation (7.1) is realized through a Foster series circuit consisting of one R-L cell,
as shown in Figure 7.6 (Left). The parameters are identified as 0.00082 Q, 0.00356 Q
and 2.0x10" H for Riy pc, Rs1 and Ly, respectively. Figure 7.6 (Left) shows fitting
quality of the identified Foster circuit in representing (7.1).

0,004
o from (7.1)
R, § 0,003 4 [---- from Foster circuit pp;"
RLV DC 8 do
| g 0,002 ¢
RZ 4
17} 0',
- é’ 0,001 { ______ o- -0-0000° ~
sl
0 ‘ ‘
1 10 100 1000
Frequency [Hz]

Figure 7.6 Left: Foster equivalent circuit, Right: AC resistance of the LV winding vs. frequency

e Non-linear branch of the main legs and yokes is modeled by means of a parallel R-L
circuit with constant resistance and non-linear inductance representing the core losses
and the magnetization characteristics of the core, respectively. Parameters of the core
are estimated by fitting to the no-load test results, as discussed in [61] [64] [108].
Figure 7.7 shows the magnetization characteristics of the leg and the yoke. The losses
equivalent resistances are 101.3 Q and 103.5 Q for the leg and the yoke, respectively.

1

Losses B 081, ----mmmmmmmm T
= —
o 0.6 1
éﬂ A Leg
= 0.4 1 ---- Yoke
5 02

. =
A-Ni 0 : :
0 250 500 750
Magnetomotive force [At]

Figure 7.7 Left: Core equivalent circuit, Right: Magnetization characteristics of the core (Unit 1)

e [eakage inductance (Lpy) between the windings is obtained from short circuit test as
23.3 uH [61]. The inductance Lic between the innermost winding and the core leg is
estimated as one third of leakage inductance (=7.8 uH) [61].

e The off-core equivalent circuit presented in Chapter 6, Section 6.1.2, which is tuned for
the HV side, is used to represent the DC flux path outside the core.
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Figure 7.8 The dual circuit model implemented in ATPDraw for GIC simulations
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As concluded in Section 7.1.1, the walls resemble the flux-normal boundary condition for
the DC flux. Hence, the DC current should not see the tuning factors of the linear
inductances or the calculated flux will be underestimated. Since all the linear inductances are
tuned by the same factor, dividing the DC source by this factor will compensate its effect. In
the following simulations, the GIC/Ky is thus applied to the intended transformer. In
addition, it is applied as a step function with a slow rise time of 3 s preventing high
frequency transients.

Figure 7.9 shows the magnetizing currents at different GIC levels. As can be seen, the half
cycle saturation of the core results in a considerable increase in the half cycle of the
magnetizing current. Figure 7.10 shows the effective values of the magnetizing currents
versus the GIC levels.
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Figure 7.9 Magnetizing current at different levels of GIC
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Figure 7.10 The effective (rms) values of magnetizing current as a function of GIC levels

Highly distorted magnetizing current (see Figure 7.9) results in a large amount of
harmonics injected to the network. Figure 7.11 shows the harmonic content of the
magnetizing current normalized by the main component (50 Hz) for the GIC=10 A and
GIC=100 A at the neutral point. As can be seen, both even and odd harmonics exit in the
frequency spectrum of the magnetizing current that should be taken into account in
protection relays setting.

The voltage and current induced in the wall are shown in Figure 7.12. As can be seen, with
fully symmetrical network voltages, there is no zero sequence voltage and thus no
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considerable voltage (and then current) induced in the walls. The losses due to such
inductions in the walls are negligible even at a GIC of 100 A.

mGIC=10 A mGIC=100 A

0,6 1

0.4

Harmonics/1st harmonic

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

Harmonics order

Figure 7.11 Harmonic content of the transformer magnetizing current
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Figure 7.12 Distribution of voltage (Bottom) and current (Top) induced in the walls at GIC=100 A

Figure 7.13 compares the currents induced in the innermost layer of the wall and the
bottom at GIC=100 A. As can be seen, the bottom has a considerable contribution that
cannot be neglected in the modeling of the tank.

The magnetizing currents of the wall and the bottom are also shown in Figure 7.14. As can
be seen, the DC magnetizing current is the major component as expected. Moreover, it can
be observed that both have the DC values superimposed on the AC currents.

In addition to the time domain waveforms, the frequency content of the wall currents is
also informative. Figure 7.15 shows the frequency spectrum of the wall magnetizing
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(flowing through the first non-linear inductor in the equivalent circuit) and eddy currents in
the first (innermost) layer of the wall discretized up to 20™ harmonic. As can be seen, the
eddy currents flowing through the walls only include the zero sequence harmonics consisting
of 3rd, 6‘h, 9‘h, etc. However, the wall magnetizing current includes a dominant DC
component, which is far larger than the AC components. These results are expected, since:

- the wall is encompassing all three phases meaning that the voltages induced by each
phase summed up and due to 3-phase symmetry are cancelled out leaving only zero
sequence harmonics. It must be noted that the geometrical symmetry of the transformer
from the off-core flux path point of view can influence this result. In other words, if
the tank distance to the outer phases is different, the off-core linear inductances will be
different for each phase, thus resulting in asymmetric voltages induced in the walls.
Hence, the positive sequence frequencies will also exist in the induced wall current.

- the DC flux does not induce any voltage in the wall and thus, the current, which
generates the losses in the walls, has no DC component.

- the DC magnetizing currents flowing through the non-linear inductors are responsible
for the DC flux in the tank. The magnitude of the DC current is far larger than the AC
components due to the GIC in the secondary winding.
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Figure 7.13 The wall and the bottom magnetizing current - Innermost layer at GIC=100 A
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Figure 7.14 The current induced in the wall and bottom - Innermost layer at GIC=100 A

In contrast to the wall and the bottom currents, the currents in the linear inductors linked to
each phase include the fundamental frequency (50 Hz) in addition to the higher frequencies
as can be seen in Figure 7.16. As explained, the harmonics other than third multiples are of
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positive sequence quantities that are cancelled out in the tank (walls and bottoms). The DC
component is not shown in the bar diagrams of Figure 7.16, emphasizing the AC
components.
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Figure 7.15 Frequency spectrum of the wall magnetizing (Blue bars) and eddy currents (Red
bars) in the innermost layer, GIC=100 A

It is worth noting that the core clamping and the tie bars can be considered in parallel to
the linear inductors of the L;, L, and Ls. In fact, these metallic parts are magnetically in
series with the oil gaps. It can be concluded that the heating effect during GIC events due to
the flux in the tie bars and the core clamp may be potentially more significant than in the
tank walls. Investigation of the losses in these parts and considering them in the circuital
modeling is, however, out of scope of this PhD work.

250

[
(=3
(=]
1
(%)
(=)
1

150 -

[
(=]
I

Current L1 [A]
=
[==R

1234567 89101112 123456 789101112
Harmonics order Harmonics order

Current L2 [A]
S

(=]
1
(=)
!

Figure 7.16 Currents of the inductors L; (Left) and L, (Right)

The reactive power consumption of Unit 1 during GIC events is shown in Figure 7.17 as a
function of GIC level. A linearly relationship between the reactive power consumption and
GIC is repeatedly reported in the literature. In order to see the effect of the tank in the overall
reactive power seen from LV side, the lossless model of Case 3, which is the closest to the
test results as shown in Section 6.1.1, is also simulated and the results are shown in
Figure 7.17 with the dashed trace. As can be seen, the reactive power is overestimated when
the lossless model is used compared to the results from the complete model.

There is similar behavior for the magnetizing current, active and apparent power seen from
LV side as shown in Figure 7.18, Figure 7.19 and Figure 7.20. As shown in Figure 7.20, the
apparent power is exceeding the rated power at approximately GIC=65 A using the complete
model, while it is estimated to occur at GIC=55 A when using the lossless model.
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Figure 7.17 Reactive power of Unit 1 versus GIC
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Figure 7.19 Active power seen from LV side versus GIC
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Figure 7.20 Apparent power seen from LV side at different GIC levels
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7.2 Unbalanced operation of 3-phase transformers

Asymmetrical operation of transformers occurs in two cases:

1. Primary-side voltage unbalance
This condition occurs when the 3-phase voltage applied to the primary side is not
symmetrical. This means that there is a ZS component of voltage, which drives the
ZS current resulting in the ZS flux.

2. Secondary-side load unbalance
This condition occurs when the load connected to the secondary side of transformer
is not symmetrical meaning that the load impedance of the phases differs from one
another resulting in ZS loading of the transformer. In this case, a ZS current source

can represent the unbalanced load.

Depending on which winding, the inner or the outer, is driving the ZS current, the ZS flux
path is different as shown in Figure 7.21. As can be seen, when the inner winding supplies
the ZS current, the ZS flux path includes the core in series with the leakage channel parallel
to the off-core path. The ZS flux path is different when the outer winding supplies the ZS
current. In this case, it includes the off-core path in series to the leakage channel parallel to
the core. In both cases, the flux in the leakage channel depends on the electric impedance of
the other (than the one excited with the ZS voltage/current) winding. The lower the
impedance, the higher the flux in the leakage channel will be. This impedance can be either
the load impedance (for the primary-side voltage unbalance) or the network equivalent
impedance at the primary side (for the secondary-side load unbalance). These different flux
paths depending on the ZS excited side explains different ZS impedances measured from HV
and LV sides, as also discussed in Section 6.2.

The ZS excited The ZS excited
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Figure 7.21 The ZS flux path depending on which winding drives the ZS current, Left: Inner winding
supplies the ZS current, Right: Outer winding supplies the ZS current

The dual circuit model consisting of a detailed off-core path equivalent circuit, introduced
in this thesis, can conveniently represent the different ZS excitation cases. As an example,
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Table 7.1 illustrates the cases where the LV (inner winding) is the primary and the HV (outer
winding) is the secondary with the steady state equations of the ZS impedances. The same
symbols are used for both impedances in order to prevent complications caused by the
overuse of symbols; however, they are referred to the side, which is excited.

The first row shows the primary side voltage unbalance (LV side) situation where the load
impedance is connected to the off-core impedance in parallel, then in series with the leakage
and network common point impedance (Zs). The impedance Zs:1cakage 1S €qual to Zg+Z cakage
where Zj cakage includes the winding resistance plus leakage inductance.

The second row shows the secondary side load unbalance (HV side) situation where the
zero sequence load current (Ip) sees Zs+Z cakage in parallel to Zosr.core as the transformer zero
sequence impedance.

Table 7.1 Zero sequence current path for loaded transformer, the HV (outer winding) side is
considered secondary connected to the load, and LV side (inner winding) is considered primary
connected to the network through Zg

Circuit diagram ZS Impedance

Steady state
Inner Winding ~ Outer Winding
LV, HV] / 7N\
Leg A - AW
i % Ve
VO* Z_load / _\\
LLH | _
/ ZO_(Zload ”Zoff—core)+ZS+leakage
Lo A VOV ke | | (all impedan ferred t
Inductance | ~~~ mpe L;CS.ZI'C reierred to
\ Py side)
~|Tank Wall Lor
\ : i 4
N “\ ~_"7

Inner Winding ~ Outer Winding ,

-4 £ w»}

Ledkdge

Yoke ZOZ(ZSHeakage Il Zoff-core)

Inductance (all impedances are referred to
HV side)
1 Tank Wall

Considering Unit 1, each term of the equations given in Table 7.1 can be calculated as
follows:

1. If the unit is loaded with rated power of 300 kVA at the HV side with rated voltage

of 11430 kV, a load impedance of B2 200000 =435.5 Q magnitude per phase is needed.

Referring to the LV side with turn’s ratio squared (48.67), it becomes 0.184 Q.
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2. As presented in Chapter 5, Section 5.4, the Zogt.core Of Unit 1 varies from 0.13 Q to
0.16 Q from the LV side, and between 200 Q and 400 Q from HV side.

3. The impedance Zgiicakage has a magnitude of 0.0074 Q (Ruv+jXrcakage referred to
LV) seen from LV side, and 17.52 Q (Rpy+jXrtcakage referred to HV) seen from HV
side.

As can be seen, Zjp,q (0.184 Q) and Zygr.core (0.13-0.16 Q) are comparable in magnitude
meaning that the zero sequence current is equally shared between the load and the off-core
inductance.

However, from the load side (the HV), Zsiicakage a0d Zofrcore are 17.52 Q and 200 Q
(varying up to 400 Q), respectively. Therefore, the off-core is easily bypassed, resulting in
lesser current to the off-core branch.

7.2.1 Unbalanced simulation of Unit 1

To investigate the explanations given above with time domain simulations, the model
introduced and developed in Chapter 3 and Chapter 5 is run with voltage unbalance as well
as load unbalance condition. As illustrated in Figure 7.22, the overall model of the
transformer Unit 1 is implemented in ATPdraw. As discussed in Chapter 5, only the wall and
the bottom are taken into account since the cover has no impact on the results. The off-core
path parameters are those as presented in Chapter 5, Section 5.4. The LV winding is the
primary connected to the voltage source and the HV winding is the secondary connected to
the load. Non-linear branches of the legs and yokes, leakage inductance (Lpy) and core-inner
winding inductance (Li¢) are identified through using no-load and short circuit test results
[103] [108]. The R, and Ry are neutral resistances of the windings and Ry is the load neutral
resistance, which have relatively small values of 1 uQ. Two unbalanced situations are
examined with, first single phase to ground short circuit at the primary side, and, second with
single phase to ground short circuit at the secondary side as extreme scenarios of two
unbalance situations. The currents flowing through the neutral resistances (LV and HV
windings) as well as through the off-core circuit (Current of L;) are considered as outputs.
Figure 7.23 shows the results for the first scenario, with single phase to ground fault at the
transformer LV terminal. Zero sequence phase currents are obtained with equations of

Iy_Primary :%, Ip_Secondary :% X48.667 where 48.667, I Ry and I R, are the
HV/LV turns ratio, HV side neutral current and LV side neutral current, respectively.

As can be seen, the zero sequence current flowing through the secondary side is much
lower than that of the off-core path as could be expected from the previously provided
explanations in Section 7.2.

Figure 7.24 shows the results for the load side single phase to ground fault where phase A
is short-circuited at time 0.5 s. As can be seen, the situation is like load side zero sequence
excitation where the phase zero sequence current of the secondary side is larger than that of
the primary side. As expected from Table 7.1, the off-core path current is much lower than
the phase zero sequence current of primary winding meaning that the off-core path is
bypassed by the leakage channel and primary winding resistance.
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Figure 7.22 The model of Unit 1 implemented in ATPDraw - Only the wall and the bottom are
considered since the cover has no impact (as discussed in Chapter 5)
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Figure 7.23 Single phase to ground short circuit at the primary side, I, Primary (green dotted-
dashed) and I;, Secondary (red-dashed) compared to the off-core path current (blue solid)

In addition to these two extreme scenarios, two more scenarios with single-phase half-
load impedance (load impedance of a phase is halved) and half voltage (voltage of a phase is
halved) are also considered. Figure 7.25 and Figure 7.26 show the results including zero
sequence phase-currents of primary and secondary sides as well as off-core path currents. As
can be seen, the half-voltage scenario at the primary side results in higher off-core current
than half-load scenario at the secondary side.

As a conclusion of this section, it is again emphasized that the off-core flux can be
considerable when the primary side voltage unbalance occurs as well as when asymmetrical
high impedance short circuit occurs at the load side. For such situations, the detailed model
of the tank is of great importance when the tank flux and its impacts on the ZS impedance
and the losses in the walls are of interest.
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Figure 7.24 Single phase to ground fault at the secondary side, I, Primary (green dotted-dashed)
and I, Secondary (red-dashed) compared to the off-core path current (blue solid)
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blue)

105



Chapter 7 Applications

106



Chapter 8 Conclusions and future works

Chapter 8

Conclusions and future works

8.1 Conclusion

A topologically correct equivalent circuit is proposed for the off-core flux path using the
duality principle. The tank walls, cover and bottom are realized in the modeling as a non-
linear R-L ladder circuit, obtained from the finite difference approximation of the one-
dimensional magnetic diffusion equation. The tank sections are connected to the basic
equivalent circuit of the transformer (including the core and the windings) with linear
inductors representing the oil gaps between the tank and the active part.

Due to the duality feature of the equivalent circuit, the losses of the tank including the
wall, the bottom and the cover are modeled in their topologically correct areas. The
differences between the ZS impedances seen from different windings are explored at
different conditions in terms of magnetic permeability and electric conductivity of the tank.
As discussed in the thesis, the impedance difference is negligible when the wall behaves like
a flux-normal boundary condition (as it is the case for the walls of corrugated kind or
equipped with magnetic shunts). This difference is relatively larger when the wall behaves
like a flux-tangential boundary condition (as it is the case for the walls of plain kind or
equipped with magnetic shield).

In addition, the thermal effect of the heat generated in the tank is taken into consideration
by means of a thermal equivalent circuit. In this thermal model, the tank is considered as a
thermal node (no temperature difference between inner and outer sides) connected to the oil
and ambient nodes with constant temperatures through non-linear thermal resistances.
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There is a set of unknowns to be identified including linear inductances of the oil gaps,
dimensional parameters of the tank, electromagnetic/thermal properties of the tank steel and
the coolant mediums (the oil and the air) as well as thermal resistances and capacitances. The
calculation approaches of the parameters with comprehensive discussions are presented, as
detailed in Chapter 5.

In order to identify the electromagnetic properties of the tank steel, extensive magnetic
measurements are performed to identify the B-H characteristics (normal curve and hysteresis
loops), hysteresis losses, dynamic losses and frequency dependency of each loss
mechanisms. The electric conductivity and the temperature coefficients are also measured on
the tank steel samples. Further analysis is performed on the measurement results to
characterize different loss mechanisms including hysteresis, classical eddy current and
excess losses.

The model proposed is implemented in MATLAB-SIMULINK and successfully used to
reproduce the OC-ZS and the SC-ZS impedances of the 3-phase, 3-legged transformer under
study, termed Unit 1 in this thesis.

As applications of the proposed model, transformers under DC biasing as well as under
unbalanced voltage and load conditions are studied.

In the following, a summary of the conclusions for each part the work is provided.
a) Electric equivalent circuit of the off-core flux path

1. The linear inductances of the off-core circuit are calculated using 3D-FEM with extreme
boundary conditions on the walls. For this purpose, five simulation cases are defined
based on flux-normal and flux-tangential boundary conditions set on the different tank
elements (the wall, the cover and the bottom) as detailed in Chapter 3.

2. The tank walls are preliminarily considered with impedance boundary condition to
investigate the effect of the walls magnetic permeability and electric conductivity in the
terminal off-core inductances. This is compared with the results obtained from the
calculations in which the walls are set to extreme boundary condition, as used for
computing the linear inductances.

e As the simulations show, the tank with high magnetic permeability and low electric
conductivity behaves like a flux-normal boundary condition. The wall equipped with
the magnetic shunts is the design closest to this condition.

e In contrast, the tank with low magnetic permeability and high electric conductivity
behaves like a flux-tangential boundary condition. The wall equipped with the
magnetic shields is the design closest to this condition.

3. The walls of corrugated type have larger electric resistance compared to the walls of plain
type and this affects the magnetic flux penetration depth.

4. In cases where the tank losses are not of interest, the lossless variations of the proposed
model, where the tank is removed and the model is set to the proper boundary conditions
(either flux-normal or flux-tangential), can be used instead of the complete model. In such
circumstances:
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e The walls of corrugated type and the walls equipped with the magnetic shunts can be
replaced by a flux-normal boundary condition due to relatively lower effective
electric conductivity.

e The walls of plain type and the walls equipped with the magnetic shields can be
replaced by a flux-tangential boundary condition due to relatively higher electric
conductivity.

. To fit the off-core model to the measurements, the linear inductances (calculated with

extreme boundary conditions on the tank), the tank steel conductivity and the height of
the tank must be tuned by proper factors. This is principally a result of the assumption
that the flux enters/leaves the tank through single points.

. The tank’s influence on the off-core flux path depends on its relative distance to the active

part. The cover is normally far from the core (the winding leads are taken out from the
cover) and thus less significant in the off-core flux path. From the simulations of the
transformer studied in this thesis, when the ratio between the core-cover distance and the
core-wall distance is larger than 2.5, the cover can be neglected. The walls are normally
optimized to be relatively close to the active part. The bottom is always right under the
core, and thus cannot be neglected.

. SC-ZS impedance is much lower than the SC-PS impedance when the wall behaves in a

similar way to flux-normal boundary condition (as the case for the wall with magnetic
shunts and the wall of corrugated type).

. SC-ZS impedance is slightly lower than the SC-PS impedance when the wall behaves in a

similar way to flux-tangential boundary condition (as the case for the wall with magnetic
shields and the plain wall).

. The SC-ZS impedance seen from the inner winding is smaller than that seen from the

outer winding due to the off-core impedance. This difference is relatively larger when the
wall behaves in a similar way to flux-tangential boundary condition.

b) Thermal equivalent circuit of the tank walls

1.

In cases concerning the large off-core flux, the losses in the tank may cause high
temperatures such that the electromagnetic behavior changes considerably. The thermal
circuit proposed in this thesis can be used to predict the temperature rise and be fed back
to correct the electric conductivity of the tank steel and then calculate the losses.

. The temperature rise causes a decrease in the losses and an increase in the impedance.

This can explain why the ZS impedance becomes flatter at higher excitations while it is
expected to reduce due to lower permeability at the saturation region of the tank steel.

. The inner surface of the tank is considered with convection heat transfer coefficients for

the vertical walls and the horizontal plates of the cover and the bottom.

. The outer surface of the tank is considered with both convection and radiation heat

transfer coefficients for the vertical walls (plain and corrugated) and horizontal plates of
the cover and the bottom.

. As shown in the simulations, the thermal time constant of the wall and the bottom are

different; it is much lower for the wall than the bottom due to easier heat transfer from the
wall.
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6. Thermal effects on the tank steel may not be significant in the corrugated walls due to the

casier heat transfer from the outer surfaces. However, in the plain walls, it may be more
effective since the oil cooling radiators are normally installed beyond the walls.

¢) Magnetic measurements on the tank steel specimen

1.

The ratio between the hysteresis losses and the dynamic losses is notably small in thick
steels (while the opposite is the case in the much thinner core laminations) especially at
higher excitations. Therefore, the hysteresis can be neglected in electromagnetic modeling
of the tank.

. Since the tank walls are magnetized at wide ranges of flux density, the non-linear

behavior of the B-H curve at the initial region as well as the saturation region must be
taken into account. For this purpose, the single-value normal B-H curve can be used.

. The classical eddy current losses are the major part of the dynamic losses in the tank

walls thicker than of 4 mm. This means that the excess losses can be easily neglected in
large power transformers where the walls are of 6 mm or thicker steel plates. However,
the excess losses can be comparable to the classical eddy current losses in the steel plates
as thin as 1.25 mm. Such thin walls are common in distribution transformers.

. Temperature rises have a significant influence on the classical eddy current losses of thick

specimens.

d) Simulation of transformers subjected to GIC

1.

The walls act like a flux-normal boundary condition for the DC flux. Thus, no voltage is
induced in the walls and no losses generated.

. The off-core AC flux in the wall is the key when GIC occurs. This influences the AC

losses by shifting the magnetic working point on its magnetic B-H curve.

. The time varying nature of GIC does not influence the losses in the wall.
. The model proposed for the off-core flux path is tuned to reproduce the ZS test results

measured at power frequency. The GIC is a near DC current, meaning that the current
induced is so small that the wall under such near DC excitation can resemble a wall with a
small electric conductivity. In other words, the wall behaves like a flux-normal boundary
condition at such low frequency. Hence, the tuning factors of the linear inductances (Kp),
which are used for the wall under AC excitation at power frequency, are no longer
applicable. To consider this fact, GIC must be divided by the K to ensure that the DC
flux is shared correctly between the linear inductances.

. As can be seen in the GIC simulations, the voltage and currents induced in the tank have

only third multiplied harmonics, which are of zero sequence kinds. It means that the
power frequency flux that leaks from the core during the GIC does not appear in the tank
walls. This may reduce the losses in the walls to high extent.

. The power frequency off-core flux can appear in the off-core linear inductances. The

metallic parts of tie-bars and core clamps can be represented with non-linear resistors
parallel to the L;, L, and L;. Hence, the losses in these parts due to the power frequency
off-core flux (and thus, the temperature rise) can be increased considerably during the
GIC event.
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7. Although the losses in the tank walls can be negligible, the tank can influence the reactive

power losses and the magnetizing currents during the GIC events.

e) Simulation of transformers under asymmetrical operation

1.

Two asymmetrical operations are distinguished as primary-side voltage unbalance and

secondary-side load unbalance conditions based on the ZS flux path.

. In the primary-side voltage unbalance condition, the load impedance affects the flux
flowing in the off-core path.

. If the unbalance condition is on the inner winding side, the ZS flux path includes the off-
core paths in parallel to the leakage channel.

. If the unbalance condition is on the outer winding side, the ZS flux path includes the off-

core paths in series to the leakage channel.

8.2 Future works

The model presented in this thesis can be further studied for future works with the
following considerations:

L.

IL.

III.

Iv.

Calculation of the tuning factors

As presented in this thesis, all the tuning factors are estimated through the fitting to the
zero sequence impedance and losses measurements. In the case of lacking such
extended zero sequence measurements, the tuning factors must be estimated through
numerical simulations of the transformer such as 3D-FEM simulations, as shown for
the simple 2D examples in this thesis.

It would be useful if analytical formulas could be obtained for the tuning factors
through sensitivity analysis of the 3D-FEM simulations.

Benchmarking of the thermal model

To this purpose, the temperature of the tank walls as well as top and bottom oil
temperatures should be measured during zero sequence tests. This temperature data
can be used in addition to the impedance and losses to verify the overall model.

Verifying the overall model with GIC measurements

Having a 3-legged transformer of simple design with plain tank walls and two
windings, DC response of the transformer can be measured/obtained in terms of
magnetizing current, reactive power consumption, core and winding losses,
temperatures in the oil and ambient nodes as well as in the tank walls. Such
comprehensive measurements can be used for wverifying the overall
electromagnetic/thermal model presented in this thesis.

Inclusion of the tie-bars and the core clamping in the modeling

As presented in the thesis, the tie-bars and the core clamping parts see the power
frequency off-core flux that leaks from the core during the GIC event. Thus, the losses
increase is potentially higher in those parts. As a further development of the proposed
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model, these metallic parts can be considered in the modeling process as non-linear
branch parallel to the linear inductances of L;, as shown in Figure 8.1.

Inclusion of the magnetic shunts and magnetic shields

Another important issue especially in large power transformers concerns the magnetic
shunts and the magnetic shields that can be added to the off-core equivalent circuit, as
shown in Figure 8.1.

As concluded in the thesis, the shield acts like the flux-tangential boundary condition
forcing the magnetic flux in the gap between the winding excited and the wall
(represented with L;). Thus, the shield can be considered as a resistance connected in
parallel to the wall branch through an ideal transformer with turn ratio of one.

In contrast to this, the shunts act like the flux-normal boundary condition sharing the
magnetic flux with the wall. Thus, it can be considered as a non-linear branch
connected in series to the wall.
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b) The magnetic shield and the core clamp/tie-bars added to the presented off-core model

Figure 8.1 Future developments of the off-core model proposed in the thesis to include the core
clamps, tie bars, magnetic shields and magnetic shunts
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Appendix 1

In the following formulas, 6 is temperature in °C and p is the atmospheric pressure in
mmHg [109] [110] [74].

Air physical properties:
1.  Density [kg/m3]
(1.2722 — 0.0049175 8 + 0.000019709 82 — 0.00000004382 93)(7%)

2. Kinematic viscosity [m/s?]

(0.000013373 + 0.000000086408 6 + 0.00000000010711 92)(%)

3. Thermal expansion coefficient [1/ °C]
0.0036581 — 0.00001427 & + 0.000000059234 62 — 0.00000000013609 63
4.  Thermal conductivity [W/m °C]
0.024465 + 0.000076664 8 — 0.000000024834 §2
5. Specific heat capacity [Ws/kg °C]
1006 + 0.05 0
Oil physical properties:
1.  Density
1098.72 — 0.712 0

2. Kinetic viscosity

0.08467 — 0.00046 + 5x 107 §2
3. Thermal expansion coefficient
0.00086

4.  Thermal conductivity

0.1509 — 7.101 x 10™ 8
5. Specific heat capacity
807.163 + 3.56
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Appendix 2

The equivalent circuit of the off-core path when only the wall and the bottom are
considered is shown in Figure A2.1. The black boxes are the wall and the bottom models,
which are discussed in detail in Chapter 3, Section 3.3. This circuit is coupled to the thermal
equations through the losses in the wall and the bottom with the approach presented in
Chapter 3, Section 3.4.

sy I}\V}V\/ Li Ls VB

v Syiz iy mVis
Vs The Wall | Ls The Bottom
I

Figure A2.1 Circuit diagram of the off-core path with only the wall and the bottom included

From the circuit topology, it can be written as:

Vy = Vs — Ryl — L1 52 (A2.1)
v =1y — Ly G2 +55) (A2.2)
vy = Ls %2 (A2.3)
vy = Ly 52 (A2.4)
ig =l + i+ i+ is (A2.5)
dis _ diy | diy | dip | dis (A2.6)

dat dat dt dat dat

Substituting (A2.3) in (A2.2) results in:

vB dig L3 dig
vg =, — L (— —)—>(1 —)v =v, —L;— -
B w 3 Ls + dt + Ls B w 3 dt
., Ls _  Lsly | dip
Vg = (L5+L3)vw (L5+L3) dt (A2.7)

Substituting (A2.6) and (A2.5) in (A2.1) and using (A2.3) and (A2.4), it follows:

. 1 . 1 di v, dip |, vp
Uy = Vg _Rw(lw +ZfUW+ ip +L—5f1}3) _L](d_:t”+L_‘:+?+E) (A28)
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Figure A2.2 shows the implementation of this equation in MATLAB-SIMULINK. The
currents i, and ig are obtained through the wall and the bottom models, as shown in Figure
A2.3-a and Figure A2.3-c. The thermal model is shown in Figure A2.3-b and Figure A2.3-d.

As can be seen, the power losses in the wall and the bottom are calculated with formula
20 : 20

ftH " D + idt and f:+ -

voltage, that are used as inputs for thermal models. The total losses of the circuit are also

t+20us

vp * igdt where 20 ps is the fundamental period of the 50 Hz

calculated with |, v+ igdt.

t

Figure A2.2 Implementation of (A2.8) in MATLAB-SIMULINK
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Figure A2.3 Implementation of the circuit Figure A2.1 together with thermal equations in MATLAB-

SIMULINK
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I. Calculation of SC-ZS inductance using 3D-FEM

The inductance matrix of the windings is calculated with 3D-FEM and expressed with

_ [ Eavlyg [EHV»LV]3X3 . ) . i =
L= — — (see Section 5.1.3). Using the inverse matrix L™* =T, the
[LLV-HV]3><3 [LLV]3><3 6x6

current of the excited phases can be expressed by following equations.

The HV side excited with V; and the LV side is short-circuited:

DI; =T Vo + - Vg +TIiz-Vy— FSOC’HVJ =+ + 05 i=1.3 (A3.1)
Using the same method for the excited LV side, it follows:

Tty = Tia +Tis + T, 0 = 4.6 (A3.2)

where T}y, is the element of /™ row and K™ column of the T, I; is the current of the /™ winding,
FSOC'HVJ and FSOC,Lv_i (of phase i) are the inverse SC-ZS inductance seen from HV and from LV
sides, respectively.

II.  Calculation of SC-ZS impedance using the equivalent circuit

The SC-ZS impedance is calculated for each simulation of Case 1 through Case 5 with the
equations given in Table A3.1. In these cases, the off-core inductances are linear, and the
input inductance can be analytically obtained. All the parameters are referred to the exciting
side. When the non-linear models of the tank walls are included, the overall circuits of
Figure 6.11 and Figure 6.12 are used for calculation of the SC-ZS impedance and losses.
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Table A3. 1 Calculation of the SC-ZS inductance for the lossless models

Equivalent circuit

Equation

Inner Winding ~ Outer Winding

LV] HVJ

Ruv
LV ‘

2
(LLVT,i_LLH)R’HV

p
w?(LY p i=Lin)*+R ny

0 _
Lscrvi = Lon +

wZ(LLVT_i_LLH)zR’HV

RYcLvi = Ry +
sc,LV,i LV 2
= (LY o —Lim)*+R v
LH LYWri-Lin !
2
Imer Windi 10 @2 LV g Ly g WY A L)+ LY R Ly
nner Winding Outer Winding scHVi — Py 3
’ W?(LHY 4L g)*+R'
v . @AY +Lin) LV
RLv 0
‘ RSC,HVl
HV §
L HV,
b L™ ? (WY (WY A LL)DR Ly =1V LR )
p
(LAY 1+ L) +R 1y
III.  Calculation of SC-PS inductance using 3D-FEM

current of the winding i at HV side is:

DI;=Y% T Vi,i=1.3

. . . - L
Using the reverse inductance matrix T' = L1 = [Lavlsa

-1

Lyy-1v]3~
[HVLV]33 ,the

N[Lw-nvlss [Liv]sx 6%6

(A3.3)

Having symmetrical three-phase voltage applied to HV side (V; +V, +V;=0->V, +
V3 = —=V;) and short circuit at LV side (V; = Vs =V, =0), the current of phase 1 is

expressed as:

DI =Ty -V = (T + T13) - Vy = Teopy,y = Iy — (M2 +13)

(A3.4)

On the same way, Ig v, = Dy — (Ty + Dy3) and T gy 3 = T3z — (T3 + T3).

For the LV side PS inductances, following the same approach:

Toerva = Taa — (Tus + Tue)
Teerv,s = Iss — (Ts4 + Ts6)

Toerve = Tee — (Tes + Tea)

(A3.5)
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