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Abstract 
 
Geomagnetic disturbances that result from solar activities can affect 

technological systems such as power networks. They may cause DC currents in 
power networks and saturation of the core in power transformers that leads to 
destruction in the transformer performance. This phenomena result in 
unwanted influences on power transformers and the power system. Very 
asymmetric magnetization current, increasing losses and creation of hot spots 
in the core, in the windings, and the metallic structural parts are adverse effects 
that occur in transformers. Also, increasing demand of reactive power and 
malfunction of protective relays menaces the power network stability. 
Damages in large power transformers and blackouts in networks have occurred 
due to this phenomenon. 

Hence, studies regarding this subject have taken the attention of 
researchers during the last decades. However, a gap of a comprehensive 
analysis still remains. Thus, the main aim of this project is to reach to a deep 
understanding of the phenomena and to come up with a solution for a decrease 
of the undesired effects of GIC. 

Achieving this goal requires an improvement of the electromagnetic 
models of transformers which include a hysteresis model, numerical 
techniques, and transient analysis.  

In this project, a new algorithm for digital measurement of the magnetic 
materials is developed and implemented. It enhances the abilities of accurate 
measurements and an improved hysteresis model has been worked out. Also, a 
novel differential scalar hysteresis model is suggested that easily can be 
implemented in numerical methods. Two and three dimensional finite element 
models of various core types of power transformers are created to study the 
effect of DC magnetization on transformers. In order to enhance the numerical 
tools for analysis of low frequency transients related to power transformers and 
the network, a novel topological based time step transformer model has been 
outlined. The model can employ a detailed magnetic circuit and consider 
nonlinearity, hysteresis and eddy current effects of power transformers. 
Furthermore, the proposed model can be used in the design process of 
transformers and even extend other application such as analysis of electrical 
machines. 

The numerical and experimental studies in this project lead to 
understanding the mechanism that a geomantic disturbance affects power 
transformers and networks. The revealed results conclude with proposals for 
mitigation strategies against these phenomena. 

Keywords: transformer, hysteresis, DC magnetization, GMD, GICs, 
FEM, reluctance network method, low frequency transients, core losses, 
winding losses, eddy current losses. 



 
 

Sammanfattning 
 
Geomagnetiska störningar till följd av solaktivitet kan påverka tekniska 

system som exempelvis elektriska transmissionsnät. De kan leda till likströmar 
i elnätet och förorsaka mättning av kärnan i krafttransformatorer, vilken ger en 
kraftig försämring av transformatorns funktion. Några av de oönskade 
effekterna på en transformator är den mycket asymmetriska 
magnetiseringsströmen ökade förluster samt s.k. hot-spots med lokalt höga 
temperaturer i kärna, lindning och strukturella konstruktionsdetaljer. Dessutom 
påverkas elnätet med ökande reaktivt effektbehov, störningar i funktionen hos 
skyddsreläer och allmänt försämrad stabilitet i nätet. Fenomenet har historiskt 
lett till omfattande elavbrott och skador på stora krafttransformatorer. 

Därför har studier på området rönt stor uppmärksamhet under de senaste 
decennierna. Det råder dock fortfarande en brist på övergripande förståelse. 
Huvudsyftet med detta projekt är att uppnå en djupare förståelse av fenomenet 
och att komma fram till en lösning för att minska likströmmens oönskade 
konsekvenser. 

För att uppnå detta mål krävs en förbättring av existerande 
elektromagnetiska transformatormodeller, inklusive en hysteresismodell, 
numeriska metoder samt och transientanalys. 

Inom projektet utvecklas och implementeras en ny metod för digital 
uppmätning av magnetiska materials egenskaper. Metoden förbättrar 
mätnoggrannheten och leder till en förbättrad hysteresismodell. En annan 
konsekvens är också all en ny differentiell, skalär hysteresismodell lätt kunnat 
implementeras numeriskt. Två- och tredimensionella finita elementmodeller 
har använts för att studera effekterna av likströmsmagnetisering av 
transformatorer. För att förbättra den numeriska precisionen i de verktyg som 
används för studier av lågfrekventa transienter i transformatorer och nät 
föreslås en ny topologisk, tidsstegande transformatormodell. Modellen kan i 
detalj beskriva en magnetisk krets och tar hänsyn till icke-linjäritet, hysteresis 
och virvelströmseffekter i krafttransformatorer. Modellen kan även användas 
inom industrin som ett led i transformatorberäkningsprocessen och kan av en 
utvidgas till andra områden, som exempelvis analys av elektriska maskiner. 

De numeriska och experimentella studierna i det här projektet leder till 
en ökad förståelse för hur en geomagnetisk störning påverkar transformatorer 
och elnät. Avslutningsvis föreslås några strategier för att minska inverkan av 
dessa fenomen. 

Nyckelord: transformator, hysteresis, DC, likströmsmagnetisering, 
GMD, GIC, FEM, reluktansnätverksmodell, lågfrekventa transienter, 
kärnförluster, lindningsförluster, virvelströmsförluster. 
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Chapter1 

1 Background 
1.1 Introduction  

 
The existence of superimposed DC currents in power networks may 

saturate power transformers and cause considerable adverse effects on power 
transformers and power networks [1] [2] [3]. The main source of DC currents 
is geomagnetically induced currents, GICs, which can be created by interaction 
between solar storms and the earth’s magnetic field. This is called geomagnetic 
disturbance, GMD, [4]. The frequencies of these currents are very low and 
they are quasi-DC [1]. Countries close to the earth’s poles such as Sweden, 
Norway, Canada and Russia are more vulnerable to GICs. Also, using High 
Voltage DC transmission (HVDC), which is growing in the world, can create a 
source of DC magnetization for power transformers in the network [5] [6]. 

DC currents can be injected in three phase transformers or banks of 
single phase transformers with a neutral point of grounded star-connected 
windings, and cause the transformer core to be saturated during one of the half 
cycles of each supply voltage period [1]. It is notable that a small DC current, 
due to the number of winding turns, can create a huge MMF inside the core. 
This phenomenon has several adverse effects on the performance of power 
transformers, such as increasing core and winding losses, stray losses in tank 
and metallic constructions and noise levels [1] [7] [8]. 

The duration of GICs can be in the order of several minutes to several 
hours. The value of the DC current can reach few hundred amperes [1]. 
Consequently, permanent damage or at least reduced lifetime due to 
overheating can occur in power transformers [9]. From the viewpoint of the 
power grid, the existence of GICs primarily involves a risk of voltage collapse 
due to imbalances in the need for reactive compensation, resulting in serious 
voltage drops [10]. Also, DC magnetization causes the creation of odd and 
even harmonics in the power system [11] [12]. These harmonics cause an 
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increase of the stray losses inside the transformers and also incorrect tripping 
of relays in power generators and capacitive filter banks [13].  

Several researches have performed investigations of the DC 
magnetization phenomenon and its effects on power transformers and power 
networks [1]- [14]. However, a comprehensive study where appropriate 
models of transformers are used is considered to be missing. 

1.2 Aims of the project  
The main aim of this project is to investigate the influence of DC 

magnetization on power transformers and the power network and reach to 
strategies to mitigate its adverse effects. To achieve this goal it is necessary to 
perform several tasks in the field of material modelling, measurement, 
transformer modelling and studying the interaction of transformer and power 
networks.  

The main goals and expected tasks and achievements of the current 
work can be summarized as follows: 

- Develop a proper hysteresis model to fulfil the requirement of the 
project. 

- Establish a measurement setup in order to study core magnetic 
materials, obtain hysteresis model parameters and verify the models. 

- Create appropriate two and three dimensional nonlinear finite element 
models of various types of power transformers to study and understand 
how the DC magnetization functions. 

- Propose the methods for loss calculation in power transformers during 
a GIC event. 

- Develop a comprehensive electromagnetic model of transformers for 
study the low frequency transients due to interaction between 
transformers and the power system. 

- Propose the mitigation study against the effect of GICs. 

1.3 Outline of thesis  
The thesis is structured as follows: 

- Chapter 2 gives a brief description of the theory of transformers and 
their structures. There are various transformer types and designs, but in 
this chapter the emphasis is on the modern core-type power 
transformers. 

- Chapter 3 is dedicated to measurement methods and challenges in the 
magnetic characterization of ferromagnetic materials. Since 
appropriate core modelling is essential for a comprehensive 
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electromagnetic model of power transformers, the measurements are 
necessary for developing and verifying material models. The chapter 
begins with general information about the measurement of magnetic 
properties of materials and continues by presenting the new control 
algorithm that is developed in this work. The algorithm is developed 
by the author of this thesis and is implemented in NI LabVIEW by Dr. 
Andreas Krings. The new method has considerable advantages in the 
measurement of the static properties of the magnetic materials. 

- Chapter 4 presents the new differential scalar hysteresis model that is 
suggested by the author. The model is based on the classical Preisach 
theory of hysteresis. However, with its differential nature it inherits the 
advantages of differential models such as the Jiles-Atherton model. 
The verification of the model has been done by measurements of the 
transformer core materials.  

- Chapter 5 introduces the method of numerical modelling of power 
transformers by using the finite element method. Also, calculation 
methods for core losses, winding losses and stray eddy current losses 
in the structural parts are explained.  

- Chapter 6 presents a valuable conceptual review of transformer low 
frequency models. Then, a new developed time step topological based 
model of transformers is introduced. The model can consider 
nonlinearity, hysteresis, and eddy current effects on electromagnetic 
transients of power transformers.  

- Chapter 7 studies the events that happen during a GIC events for 
power transformer and power network. Also, the differences between 
core types and winding connections are investigated. A comprehensive 
analysis of asymmetric magnetization current and its harmonic 
spectrum is presented. Also, the effects of GICs on reactive power 
demand, voltage drop, and protection system are discussed.  

- Chapter 8 is dedicated to effect of GIC events on over-heating of 
power transformers. The methods are suggested to calculate the losses 
when a GIC happen. 

- Chapter 9 comes up with mitigation strategies for reducing the ill-
effect of geomagnetic disturbances. 

- Finally, Chapter 10 contains a summary of the works that have been 
done in this project and the suggested future works.  
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Chapter 2 

2 Basics of power transformers 
2.1 Introduction 

The enormous demand of energy is growing steadily due to industrial 
development and the increasing world population. This fact and environmental 
issues have heightened the importance of the production and transmission of 
electrical energy as a green and clear one. Nowadays, the majority of the 
electrical energy consumed is produced in power plants. This energy is mainly 
produced and transmitted in AC three phase systems. An efficient transmission 
system is required to change the voltage level along it. 

Power transformers are electrical devices that transmit the AC power 
based on the principle of induction [15]. They are employed in the power 
network to increase or decrease the voltage level with the same frequency. 
Figure  2-1 shows the schematic view of the electricity system from production 
to consumption [16].   
 

Power 
Plant

Step-up
Transformer

Step-down
Transformer

Distribution
Substation

Distribution 
transformer

Final 
Customer

Transmission lines

 
Figure  2-1: The schematic view of electric system from production to 

consumption. 

Since the voltage level from the power plant to the distribution system 
changes several times, the aggregate of the installed power of the transformers 
usually is about 8 to 10 times the capacity of generators in the power plants. 
Therefore, power transformers are one of the most vital components of the 
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power network. They are usually expected to work for more than 30 years 
[17]. Hence aspects regarding power transformers including design, 
manufacture, protection, modelling, maintenance and diagnostics have 
substantial importance and have always been in the field of research interest 
[16].  

This chapter begins with a brief explanation of the principles and theory 
of transformer working and then continues by introducing the structure of 
modern power transformers. A short description of various types of power 
transformers and their applications are given afterwards.  

2.2 Theory of transformer function 
 Basic principle  2.2.1

A transformer is an electrical device that functions based on the 
induction principle. A simple transformer consists of two or more separate 
windings surrounding a common closed magnetic core which conducts the 
flux. Consider the simple transformer depicted in Figure  2-2. Faraday’s law 
and Ampere’s law can explain how a transformer works.  

 

V

Laminated 
Iron Core

I1
N1 

1 1 2 2N I N I ϕ− = ℜ

I2

Lo
ad

ϕ

1
1 1

dV N
dt
ϕ

= 2
2 2

dV N
dt
ϕ

=

N2 

 
Figure  2-2: The principle of transformer working. 

When a time-varying voltage is applied to the primary winding, it forces 
a flux to pass through it according to Faraday’s law: 

0

1 1 1 0( ) ( ) ( )
t

t

t V t dt tλ λ= +∫                                                                                  2-1 
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, where λ and V are the linkage flux and induction voltage of the winding, 
respectively. 

Since the core has a very high permeability compared with the 
surrounding air, the main part of the flux passes completely through the core 
which is called common flux. However, a small part of the flux passes through 
the air during its closed path. This flux is called leakage flux or stray flux. The 
time-varying linkage flux passes also through the secondary winding, and 
again, based on Faraday’s law, a time-varying voltage is induced across it. 

2
2

( )( ) d tV t
dt
λ

=                                                                                                  2-2  

Ampere’s law in the integral form says that: 

.NI H dl=∑ ∫                                                                                               2-3 

, where N, and I are number of turns and current of the windings, respectively, 
and H is the magnetic field 

Therefore, if the secondary winding is open-circuit, only a current will 
pass through the primary winding that is proportional to the integration of the 
magnetic field along the closed path in the core. This current is called 
magnetization current. In fact, this is a current that is needed to make enough 
magnetomotive force, MMF, in the core to create flux regarding applied 
voltage. Hence, it is clear that the required current depends on the permeability 
of the material along the closed path. 

In the case that the secondary winding is connected to a load, it will 
carry a current, which is called load current. Thus, according to Eq. 2-3, a 
proportional load current will pass through the primary winding. In this way, 
the power is transmitted through the transformer based on the induction 
principle. 

The core and the windings are perfect in an ideal transformer. In a 
perfect core the permeability is extremely high such that there is no leakage 
flux and the MMF required for magnetizing is zero. Also, resistivity in a 
perfect conductor is zero, which means that there is no resistive voltage drop 
along it. These conditions imply that the ideal transformer is lossless. By 
applying these assumptions the relation of the voltages and currents of the 
windings can be obtained as:    

2 2

1 1

V N
V N

=                                                                                                                      2-4 

2 1

1 2

I N
I N
=                                                                                                            2-5 

Therefore: 
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1 1 2 2 1 2V I V I S S= ⇒ =                                                                                       2-6 
In other words, the power is transmitted through an ideal transformer 

without any change. However, in practice, there is no such thing as a perfect 
core and windings. In order to derive a realistic electromagnetic model of 
transformers, the non-ideal properties of the core and winding and the effects 
of leakage flux should be taken into account. With respect to the core, 
nonlinearity, hysteretic properties, frequency dependent losses and core 
structure should be considered. For windings, frequency dependent losses, 
inductances, and capacitances are important. Of course, based on the aim and 
frequency range of the modelling, a suitable simplification can be 
implemented.  

2.2.1.1 Losses in power transformers 
According to routine tests of power transformers that are determined in 

the standards, the losses are classified into no-load and load losses [16]. No-
load losses are measured when one winding is supplied with rated voltage and 
the other windings form open circuits. These losses always cause dissipation of 
energy whenever the transformer is connected to the network or not. Load 
losses or short-circuit losses are the active power absorbed by the transformer 
while carrying rated currents in the windings [18]. During this test, the high 
voltage winding is short-circuited, which result in a drastic reduction of the 
core losses.  

However, the sources of the losses in transformers are core losses, 
winding losses, stray losses in metallic structural parts and insulation losses. 
Of these, the insulation losses are usually negligible in comparison with the 
others, especially under power frequency operation. The core losses create no-
load losses and the load losses come from aggregation of the winding losses 
with the stray eddy current losses [16]. 

2.3 Transformer structure 
 Introduction 2.3.1

In detail, a power transformer has a complex structure with several 
components that can be listed as follows [19]: 

- Tank 
- Core 
- Windings and insulation systems 
- Leads and terminal arrangements 
- Tap changer 
- Bushing and current transformers 
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- Insulating oil and oil-preservation means 
- Cooling system 
- Other structural parts 
- Protective equipment 
In a common power transformer two or more separate concentric 

windings are wound on a limb of the magnetic core for each phase. The core, 
windings, metallic parts and tank are the components that can play a role in an 
electromagnetic analysis. They are therefore described in more detail in the 
following sections.  

 Core 2.3.2

The core is the heart of the power transformer. It creates a closed 
magnetic circuit with low reluctance in order to carry the linkage flux among 
the windings. The quality of the core plays an important role in the 
performance of transformers. Volts-per-turn, magnetization current and no-
load losses are directly related to the design, material and building quality of 
the core [16]. Furthermore, low frequency transients in power transformers, 
such as inrush current occur due to the nonlinear and hysteretic properties of 
the core materials. 

The core is stacked by a lamination of thin electrical steel sheets with a 
thickness of about 0.3 mm or less, which are coated with a very thin layer of 
insulation material with thickness of about 10-20 µm. This prevents large eddy 
current paths in the cross-section of the core [17].  

With the development and on-going research nowadays, core materials 
are being improved and better core-building technologies are being used. In the 
beginning of transformer manufacturing, core materials have inherent high 
losses and magnetizing currents. The addition of silicon to about 4 to 5% can 
improve the performance significantly, because it can reduce eddy losses and 
the ageing effects. The important stages of core material development are: 
oriented, hot-rolled grain-oriented (HRGO), cold-rolled grain-oriented 
(CRGO), and high permeability cold-rolled grain-oriented (Hi-B), and laser 
scribed [16]. Figure  2-3 illustrates the progress of core materials during recent 
decades. 
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Figure  2-3: Core material progress along years. 

Today, the materials used in power transformers are grain-oriented, 
which means that the magnetic properties are much better in the rolling 
direction than in other directions. 

The core is made up two parts; limbs and yokes. Limbs are surrounded 
by windings and yokes connect the limbs together to complete the path of the 
flux. The place where limbs and yokes meet each other is called the core joint. 
The most common joint in modern power transformers is a mitred joint with a 
45º cutting angle. Overlap length, number of steps and number of sheets per 
layer are the parameters of overlapping. According to the number of steps 
there are two types of core joints; overlap and step-lap. In the step-lap method, 
the number of steps is more than one and using up to five or seven steps is 
common [17]. Figure  2-4 shows cross sections of overlap and step lap joints. 
The quality of joints can affect the performance of the core.  

Since the core limbs are surrounded by cylindrical windings, the circular 
cross-section of the core is ideal for the best utilization of space. However, to 
make a circular core with lamination of thin electrical steel demands a lot of 
time and labour, which increases the cost and time of manufacturing 
drastically. In practice, the core is given a stepped cross-section which 
approximates a circular one [20], as shown in Figure  2-5. 
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                Overlap joints                                Step-lap joint with two steps 
 

Figure  2-4: Overlap and step-lap joints. 

Oil channel

Lamination steel

 
 

Figure  2-5: Core cross section. 

 Winding 2.3.3

Two main methods are utilized for winding the coils; layer winding and 
disk winding. In both of them the coil is cylindrical and the overall cross-
section is rectangular. Figure  2-6 sketches these. Helical winding is another 
type, which is disk winding with two turns per disk. Each type has advantages 
that make it suitable and efficient in certain applications. The choice between 
them is made based on how well they function in respect of ease of cooling, 
ability to withstand over-voltages, mechanical strength under short-circuit 
stress and economical design [20]. 

An insulated copper conductor with rectangular cross-section is used in 
windings of power transformers. Usually the conductor is subdivided with 
smaller strands in order to reduce the eddy current losses. In the case of 
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employing a parallel conductor, they should be transposed along the winding 
to cancel loop voltages induced by stray flux. Otherwise, these voltages create 
circular currents, which impose extra losses. Continuously Transposed Cable 
(CTC) is used in the case of high power high current windings [16]. 

 
Figure  2-6. Disk winding and layer winding. 

 Structural components 2.3.4

Apart from the core and windings, tank, core clamps, and protective 
shunts are the structural parts that can be taken into account from 
electromagnetic scope.  

The tank of power transformer is a container for the active part that is 
immersed in oil. The overall shape of it is rectangular cubic that is made of soft 
magnetic steel with a thickness of about a few centimetres. The tank is 
designed to carry out several tasks regarding mechanical, acoustic, thermal, 
transportation, electrical and electromagnetic aspects [17].  

From the electromagnetic view point, especially with increasing rating 
and currents, the tank should minimize the stray fields out of transformer and 
eddy currents inside the tank. Eddy currents due to stray fields result in stray 
losses in the tank walls. In large power transformer, shielding is used to 
prevent stray fields in the tank wall. The shielding is done by mounting the 
laminations of copper or high permeable material on the inner side of the tank 
wall that are so-called protective shunt [16]. 

Some structural parts are used to keep the core and windings firm during 
normal and short-circuit mechanical forces. Core clamps, tie plates (also called 
flitch plates), and tie rods, are examples of these structural component. They 
usually made from structural steels.  
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2.4 Transformer types 
Power transformers are designed to manage the voltage level, power 

rating and application. Also, sometimes considerations of transportation and 
installation affect the design. Therefore, they can be classified with regard to 
each aspect. In this section, the classification is based on the construction of 
the core and windings [16]. 

 Shell-form and core-form 2.4.1

From the construction type of the core and windings, the power 
transformer can be classified into core-form and shell-form [5]. In core-form 
transformers the windings are wrapped around the core with a cylindrical 
shape. However, in the shell-form design, the core is stacked around the 
windings that generally have a flat or oval shape and are called pancake 
windings. Figure  2-7 shows a three phase shell-form power transformer. 

 

 
Figure  2-7: Shell-form three phase transformer. 

The core-form design is widely used in power transformers. The reason 
is probably its better performance under short-circuit stresses [17]. In this 
work, only core-form transformers are in the field of study. 

 Single phase vs. three phase 2.4.2

Providing a transformer for a three-phase system can be done in two 
ways; using one three-phase unit or a bank of three single-phase transformers. 
In the three-phase units there is magnetic coupling between phases while in a 
bank the transformers are magnetically independent. Each method has certain 
advantages over the other. The three-phase unit is more economical and costs 
around 15% less than a bank of three single-phase transformers and occupies 
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less space [16]. However, sometimes it is impossible to transport large three-
phase power transformer units to the site and it is easier to transport three 
single-phase transformers. Another advantage of using a bank of three single-
phase transformers is that, if one unit of the bank becomes out of order, then 
the bank can be run as an open delta connection. For these reasons, a bank of 
single-phase transformers is preferred for high power and high voltage units. 

 Types of core 2.4.3

Single-phase power transformers are usually made with two, three or 
four limbs, as sketched in Figure  2-8. For two limbs there is no return limb and 
the cross-section of the yoke is the same as the limb. With three limbs and four 
limbs there are two return limbs. The return limbs are not surrounded by any 
windings and their task is to create a closed path for the flux. The cross-section 
of the yokes and the return limbs are a little bit more than half of the main 
limbs. As a result, the height of the transformer is decreased in comparison 
with the two limb version. On the other hand, in two limb and four limb cores, 
there are two limbs that are surrounded by windings. The connections of the 
windings of these limbs are parallel, which means the capability of carrying 
current is duplicated. As a result, for the same winding and the same voltage 
level the power of the transformer is two times greater. Therefore, the choice 
between these three types of core is based on the power and height limits 
regarding transportation. Three-phase transformers have two types of cores; 
three-limb and five-limb, as illustrated in Figure  2-9 and Figure  2-10. In these 
cores there are three limbs that are surrounded by windings. Hence, in a three-
limb core, if at a time the algebraic summation of linkage fluxes in the phases 
is not equal to zero, a part of the flux has to close the path in air. The five-limb 
core is used for large power transformers in order to decrease the height, stray 
fluxes and consequent eddy current losses. 
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                 Single phase two-limb                               Single phase three-limb 
 

 
Single phase four-limb 

Figure  2-8: Core types of single phase power transformers. 

                    
 

Figure  2-9: Three phase three-limb core. 
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Figure  2-10: three phase five-limb core. 

 Autotransformers 2.4.4

Autotransformers are types of transformers in which the primary and 
secondary windings have a common part and they are electrically connected at 
that common point [19]. This means that the power is transmitted using both 
galvanic and inductive methods. Reduced size and optimum use of materials 
are the advantages of these transformers. However, their low short circuit 
impedance and the direct connection of low voltage and high voltage windings 
prevent their widespread use in the network. They are more appropriate for 
applications where the voltage ratio is not so big and it is required to change 
the voltage level in small steps. 

 Special transformers 2.4.5

Rectifier Transformers, converter transformers for HVDC, furnace 
transformers and phase shifting transformers are special kinds of transformers 
that are used in networks and industry. Although their main principle is the 
same as normal power transformers, their specific requirements and 
applications require special designs [21]. 

 
 
 
 
 



 

 

 

Chapter3 

3 On the measurement of the 
macroscopic magnetic 
properties of magnetic 
materials 
3.1 Introduction 

Today, magnetic materials are widely used in equipment which is 
essential for modern life. They have broad applications, from the generation 
and conversion of electrical energy to telecommunication, biomedical and 
information technology [22] [23]. Various types of magnetic materials exist. 
One classification divides them into soft and hard magnetic materials. Another 
one groups them as diamagnetic, paramagnetic and ferromagnetic [24]. In this 
work the focus is on soft ferromagnetic materials that are used in transformer 
cores. 

The measurement of their properties is required in production, research, 
development, modelling and commerce [23]. They have magnetic, electric and 
mechanical properties. Besides, they also have microscopic and macroscopic 
properties. Therefore, in accordance with the aim of measurement and type of 
materials, special techniques have been developed and standardization has 
been introduced [22]. 

Regarding the scope of this work, the macroscopic magnetic 
characterizations of soft magnetic materials that are used in the core of modern 
power transformers are in the field of interest. The nonlinear and hysteretic 
properties of core materials have the most significant effect on the transient 
behaviour of power transformers in the low frequency range [25] [26]. 
Therefore, optimum design and appropriate electromagnetic modelling of 
transformers demands a good understanding of magnetic material behaviour. 
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Measurements of magnetic material properties, especially for high flux 
densities and under DC biases, are vital parts of this project. They are also 
necessary for the verification and improvement of hysteresis models. 

The control algorithm is the most important part of such a measurement 
system. Since the tested materials have nonlinear properties, in order to 
achieve the desired flux density waveforms, control of the injected current is 
necessary [27]. Therefore a control algorithm based on local linearization has 
been developed in this work. The proposed method controls the time rate of 
flux density. The algorithm functions very well for efficient demagnetization 
processes, measurement of anhysteretic curves, first-order reversal curves and 
any desired static hysteresis trajectory. Also, magnetization including a DC 
component is possible. The method is independent of small DC offsets of the 
current amplifier which exist in practice and usually affect the measurements. 
The developed method has several advantages in comparison with former ones 
[27] [28] [29]. 

This chapter is dedicated to measurement techniques with emphasis on 
static properties. The principles of the measurement, definition of basic curves 
and properties and difficulties of measurement are described. Eventually, the 
newly developed control algorithm in this project is implemented in a digital 
measurement system. 

 What are the magnetic properties of materials 3.1.1

Magnetization, M, magnetic polarization, J, magnetic field intensity, H 
and magnetic induction or magnetic flux density, B, are the main magnetic 
quantities. From the viewpoint of electrical engineering, the magnetic 
characterization of a material determines how the magnetic polarization, J, 
changes with respect to the magnetic field intensity, H, under a certain 
conditions. In fact, in ferromagnetic materials these macroscopic quantities are 
the result of an extremely complex sequence of microscopic processes. 
However, in the measurement the macroscopic outcomes are of interest. In the 
classical electromagnetic theory of continuous media, the magnetic field 
vector, H, is defined by this equation [23]: 

0
ejµ

 
∇× − = ∇× = 

 

B M H                                                                           3-1 

, where ej  is external current density. Thus: 

0 0µ µ= +B H M                                                                                               3-2 
, where B is the magnetic induction vector in the material, M is the 
magnetization vector. The Eq.  3-1 shows that the magnetic field H is directly 
generated by the external current. Also from Eq.  3-2 it is clear that B consists 



 

 

Principle of measurement               19 

of two contributions; one from the magnetic field and the other from the 
magnetization. The second term is defined as the magnetic polarization vector, 
J [23]. Therefore, Eq.  3-2 can be re-written as:  

0µ= +B H J                                                                                                    3-3 
In the above equations, the B and J are in Tesla and H and M are in 

A/m.  
In most ferromagnetic magnetic materials, the term of 0µ H  is 

negligible in the interested range of H. As a result B can be assumed to be 
equal to J. Thus, one can say that the characterization of ferromagnetic 
materials basically implies the determination of the constitutive law of B(H).  

For a ferromagnetic material the relation of applied H and the magnetic 
induction is very complex and depends on the history of the material and the 
rate of magnetization. Therefore, the changing of B caused by certain changes 
of H reveals special information about the intrinsic material properties.  

3.2 Principle of measurement 
Several techniques have been developed for the measurement of 

magnetic material properties that each of them is suitable for a special 
application. These methods, such as fluxmeteric techniques and magnetometric 
techniques, are used for measurement of magnetic properties. Other methods 
like force techniques, magneto-optical techniques and magnetostrictive 
techniques are employed for measuring other properties of the magnetic 
materials. The details of these methods are elaborated in [23] [22] [24].  

In the measurement of magnetic properties, there are two main tasks. 
One is how to generate the desired B or H field, the other is how to measure 
these quantities. Thus, among the above mentioned methods, the fluxmeteric 
technique is considered in this work. In this method, the magnetic quantities of 
B and H are linked with electrical quantities of V and I, respectively. This 
method is founded on Faraday’s law and Ampere’s law. The principle of the 
measurement setup is depicted in Figure  3-1. 

In this method the test specimen is a closed magnetic circuit that is 
linked with two coils. The test sample is magnetized by the magnetomotive 
force, MMF, which is generated by the injected current through one of the 
coils. That coil is called the exciting coil and is connected to the power supply. 
The other coil, employed for the measurement of the induced flux inside the 
sample, is called the voltage coil. 
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Figure  3-1: The principle of measurement by fluxmeteric method. 

The assumption is that the magnetic fields and the flux densities are 
uniform along the mean path length and inside the voltage coil, respectively. 
Therefore, the relation between the injected current and the magnetic field is 
obtained according to Ampere’s law by: 

m

NIH
l

=                                                                                                            3-4 

, where NI  is the ampere-turn of the excitation winding and ml  is the mean 
path length. 

Since the voltage coil is open circuit, there is no current passing through 
it. This means that the measured voltage across it is a pure inductive voltage. 
So, based on Faraday’s law, the flux density, B, can be obtained by time 
integration of that voltage. Therefore: 

0

0
1( ) ( ) ( )

t

t

B t V t dt B t
NA

= +∫                                                                           3-5 

, where V is the induced voltage and NA is the multiplication of the number of 
turns in the voltage coil, N, with the cross section of sample, A.  

During the magnetization process of materials, one part of the energy is 
stored and one part of it is dissipated. The summation of areas of hysteresis 
loops comprising minor loops in a complete cycle is equal to the losses per 
cycle per unit of volume. This can be calculated by [22]: 

W H dB= ⋅∫                                                                                                   3-6 

, where W is the loss per cycle. 
The trend to create a closed loop test sample and the linked coils has led 

to the development and standardization of several test methods. The most 
reputable ones are the Epstein frame test method and the single sheet test 
method that are described in detail in [30] and [31], respectively. Both of them 
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have advantages and disadvantages. However, the Epstein frame method has 
greater traceability and reproducibility. A comparison between the methods 
and discussions regarding the challenges that each one deals with is presented 
in [32]. 

The Epstein test method is more accepted in the testing of transformer 
core materials [32]. Hence, this method is chosen for the measurements that 
have been performed in this work.  

Today’s evolution in digital technology, its advantages in acquiring and 
recording data and also its ability to implement complex control algorithms, 
have resulted in extensive control and measurement systems [22] [27].Thus, a 
digital measurement system is used in this work. 

 Practical challenges of the measurements 3.2.1

The measurement of soft magnetic materials shows some challenges as 
encountering practical problems regarding measurement sensors and providing 
the excitation current. Since the input of digital data acquisition systems should 
be voltage signals in a certain range (usually between ±1V ±10V), all the 
measurement sensors should provide a voltage proportional to the measured 
signals in their outputs. The problem of noise needs consideration, especially 
when the measurement signal is very low. In order to prevent aliasing errors, 
the sampling frequency, according to Nyquist’s theory [33], should be at least 
two times the highest frequency that it is intended to measure. 

Digitally recorded data usually needs some signal processing and de-
noising. These processes can be done offline; however, when the measured 
data is required as an input of the control systems, the processes should be 
performed in real-time. This task depends on the digital system characteristics, 
and also the complexity of these processes might cause some difficulty and 
require special consideration in the implementation of the control systems. 
Also, the safety conditions and prevention of the creation of grounding loops 
should be taken into account in the connection of the digital system and the 
power circuits. 

To achieve the goal of higher precision in the digital measurements of 
analogue signals, the range of the output voltage of the sensors must be as 
close as possible to the input range of the data acquisition card. That voltage 
should be proportional to the real quantity that is measured by the sensor. The 
variation of the magnetic field, from the low flux density region to the 
saturation region, is very big for soft magnetic materials. However, the 
precision of the measurements in both areas is important. Especially, the 
problem of environmental noise increases when the signals are smaller. 
Therefore, the selection of a sensor that is accurate enough in the range of the 
measuring current and frequency is very important. In our experience, a high 
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accuracy shunt resistor for this application is better than a Hall Effect sensor or 
a clamped current sensor since it can function easily from DC to several kHz.   

There are two options regarding integration of the induced voltage from 
a voltage coil to obtain the flux density: an analogue integrator or a digital 
integrator. A high accuracy digital integration demands a high sampling rate 
according to the measurement frequency and it is necessary to use filtering and 
other signal processing procedures. Analogue integration, however, can be 
done by using RC or RL circuits. The analogue integration usually needs to be 
amplified before connection to the digital data acquisition device, especially 
for low frequency measurements. The circuit of the analogue integrator is 
shown in Figure  3-2. 

Vin Vout

 
Figure  3-2: The circuit of analogue integrator. 

 
The noise problem is a challenge in the flux density measurement. Even 

with only very small noise in the voltage signal, its integration with time still 
results in a significant error. Therefore, for noise cancellation a digital 
calibration method is employed. In this method at first when there is no input 
signal the average slope of the recoded flux density is calculated. It can be 
done by recording the flux density at two instances with an interval of a few 
seconds. The ratio between the flux variation and interval time gives the 
average slop. Then, at the next time step, a growing signal with the same slope 
is subtracted from the measured signal of the flux density.  

The power supply could be a controllable voltage or current power 
supply with a control signal. Also, in higher precision power supplies the 
existence of a small DC offset in the output is unavoidable. Since the voltage 
offset can saturate the sample after a while, a controllable current source was 
preferred in the measurement systems. However, the current offset in the 
output of the current source is a reason for error and causes unwanted 
magnetization. In [27] a transformer between the power supply and the test 
frame is used to remove this offset. However, this method has limitations for 
DC measurements. This can also be composite with a signal that is generated 



 

 

Principle of measurement               23 

for the control of the amplifier. The proposed algorithm in this work is not 
sensitive to the current offset. 

As required by the standards [30] [31], and also for research purposes, a 
controlled magnetization process is necessary for the measurement.  

Figure  3-3 shows a measured hysteresis loop with at a very low 
frequency (50 mHz) sinusoidal magnetization current and a corresponding 
loop obtained by use of the controlled magnetization rate method. 

 
Figure  3-3. Comparison between measured static hysteresis loop with different 

methods. 
 

It is obvious from Figure  3-3 that even with very low frequency 
excitation with current the dynamic effects appear and make the loop wider 
than the real static one. It happens mainly in the highly permeable region; there 
a small change of H corresponds to a fast change of B. 

 Control algorithms 3.2.2

The ability to make accurate measurements of symmetric and 
asymmetric static hysteresis loops, initial magnetization curves, anhysteretic 
curves and first-order reversal curves is very important for understanding the 
behaviour of the magnetic materials and for obtaining the parameters used in 
hysteresis models. 
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For accurate, reliable and efficient measurements of the above 
mentioned properties, a controlled magnetizing process is required. The rate of 
magnetization should be as low as possible, such that dynamic effects become 
negligible. 

Because of the nonlinearity of the magnetic materials, a closed loop 
control must be used in the measurement system. However, there exists no 
general method for control of closed loops in magnetization studies [27]. 

In conventional analogue systems a negative feedback is used to obtain 
the desired magnetization waveform. However, due to the limitations of 
analogue feedback, this method does not work properly in the case of high flux 
densities or high permeability magnetic materials [27].  

Due to the progress in digital control and great capabilities regarding 
programming, recording and creating user interface software, most of the new 
measurement systems are based on digital technology. Thus, in the previous 
works [27] [28] [29], some methods are proposed for digital control systems in 
order to magnetize the material by a desired periodic flux density waveform. 
The main concept in these methods is to modify the magnetization current 
waveform iteratively for each period until a desirable magnetic flux density 
waveform is reached. In practice, the correction is carried out off-line between 
two iterations. 

Although these methods are suitable for measurements in the power 
frequency range and for high frequency application, they have serious 
limitations that make them inappropriate for quasi-static (very low frequency) 
applications. The methods are very time-consuming at low frequencies, e.g., 
several hours in the range of 0.5 Hz [27], which can also cause measurement 
error of the flux density, as mentioned in  3.2.1. Besides, they only work for 
periodic flux density waveforms. Therefore, they are not applicable for the 
demagnetization process and anhysteretic curve measurements with a 
controlled flux density waveform. Furthermore, they are restricted to peak flux 
density values up to only 90% of saturation [27]. Measurement with DC 
magnetization is not possible in the iteration-based method.  

In this work, we introduce a novel control algorithm that has been 
developed and implemented for static measurements. In the next section the 
method will be described in detail.    

For measurement at power frequency and higher harmonics with 
sinusoidal flux density waveform, the method that is presented in [28] [29] can 
be implemented.  



 

 

The developed measurement system               25 

3.3  The developed measurement system  
A novel open loop control algorithm is developed and implemented in a 

digital measurement system in this work. The method works based on control 
of the magnetic flux density and functions perfectly for the quasi-static 
measurement. The new measurement system is established in the magnetic 
laboratory of the electrical engineering school of KTH in collaboration with 
Dr. Andreas Krings, former PhD student at KTH in the department of electrical 
energy conversion.  

 Test setup  3.3.1

The control algorithm described later is implemented on a National 
Instruments CompactRIO system consisting of a Power PC (NI-9022) running 
the LabVIEW real time operating system (RT System) and an FPGA (NI-
9114) for controlling the I/O modules. A block diagram of the measurement 
setup is shown in Figure  3-4. 

Test 
sample 

Fluxmeter

Control 
Unit

Epstein frame

Controllable 

Power Supply

Shunt resistor

CompactRIO
A/D & D/A

Control Signal

Current 
Signal

Flux Signal

 
Figure  3-4: The block diagram of the measurement setup. 

 
The main power supply is a controllable current source, AE Techron 

7224 power amplifier, which is controlled by an input voltage signal. The 
proposed control algorithm that is implemented in LabVIEW determines the 
input voltage that is fed into the power supply. The voltage is generated by an 
analogue output channel of a National Instruments DAQ card. The current is 
measured over a high precision shunt resistor of 1.2 Ohm connected in series 
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with the excitation winding and the amplifier. The flux density is determined 
by a Lakeshore 480 Fluxmeter, which integrates the voltage of the 
measurement winding. The measured signals are used as the input of the 
control algorithm. 

 Control Algorithm  3.3.2

3.3.2.1 Initial calibration 
As mentioned before, an integration of the voltage is required to obtain 

the magnetic flux density. However, in fact we only can get the change of the 
magnetic flux density from the time instant when the integration is started. It 
means that to obtain the value of flux density, a reference point is necessary 
since the current situation of the material depends on the past history. Thus, the 
reference point should be independent of the history. Such a point could be the 
origin or the saturation point. The origin point is reachable after performing the 
demagnetization process [23] and at that point B and H are equal to zero and 
the magnetization of all domains compensate each other. Nevertheless, at 
saturation points all domains are oriented in the same direction. The saturation 
point method is employed in this work to achieve the value of the flux density. 
If the magnetic field, Hs, takes the material to the saturation region the 
magnetic flux density would be Bs. In that case by applying –Hs, due to the 
symmetry properties, the material goes to the saturation region in the opposite 
direction and the flux density would be –Bs in turn.  

The employed algorithm works based on this fact. First, a sinusoidal 
current with very low frequency in the order of 0.05 Hz is applied to the 
material. The amplitude of the current should be enough to take the material to 
saturation at the peak points. Hence, the real value of the flux density, realB , 
can be calculated by: 

max, min,

2
meas meas

real meas

B B
B B

+
= +                                                                   3-7 

, where measB , max,measB and min,measB  are the measured flux from the 
fluxmeter, measured flux at maximum H and measured flux at minimum H, 
respectively.  
Figure  3-5 depicts the calibration process. It should be noted that the fluxmeter 
is calibrated before starting the measurement.  



 

 

The developed measurement system               27 

 
Figure  3-5: Initial calibration  process of the measured flux density. 

3.3.2.2 Core system 
A novel algorithm based on the local linearization concept is developed 

and implemented in this work. The main idea is to change the excitation 
current in each time step which causes to the desired change in the magnetic 
flux density. So, by having control on the time rate of flux density any desired 
waveform can be applied to the test sample. This idea can function very well 
for the quasi-static measurements where the absolute value of the rate of flux 
density is small enough such that the dynamic effects can be ignored. In this 
case a very small and constant absolute value for the reference time rate of the 
flux density can be chosen. The upward and downward hysteresis trajectory 
can be generated by controlling the sign of the reference rate. 

 The magnetization trajectory can be assumed linear if a small change 
happens in the flux density. Therefore, if the dH/dB of the test sample is 
known at the current working point, the demand regarding dH to reach a 
desired dB easily can be calculated. Hence, with the time step of ∆t one has: 

1 ( )i ref
i

dB HH t
dt B+

∆
∆ ⋅ ⋅∆

∆


                                                                            3-8 

, where i is the step number and (dB/dt)ref is the desired time rate of the 
magnetic flux density. The (∆H/∆B), is obtained from the measurement at the 
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end of each step. Therefore, the required magnetic field for the next time step 
is calculated by: 

 

1 1i i iH H H+ += + ∆                                                                                                      3-9 

The input signal of the amplifier is proportional to the magnetic field. 
For the first few steps, the change of the magnetic field is constant and very 
small. These steps are necessary to initiate the control system by providing the 
value of (dH/dB) for the next steps. This period is called the transition period. 
This procedure continues for the next time steps. We call the algorithm Local 
Linearization of the Magnetization (LLM). The block diagram of the LLM 
algorithm is depicted in Figure  3-6. 
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Figure  3-6: The block diagram of the proposed algorithm. 

 
This method has several advantages over other digital control methods 

[27]- [29], especially in the measurement of static properties. Its benefits can 
be expressed as follows: 

- It can control the flux density rate with an extremely low rate of 
magnetization. 

- It is not sensitive to small offsets of the power supply. 
- It can be used in creating the desired hysteresis trajectories. 
- The demagnetization process and the measurement of anhysteretic 

points become efficient.  
Implementation of this method involves several complex considerations 

in practice. The condition during the initialization of the algorithm, the 
selection of the increment between successive time steps, and the calculation 
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of dH/dB at each time step play important roles regarding the stability and 
efficiency of the method.  

In the currently implemented work the absolute value of reference dB/dt 
can be determined by the user.  

As mentioned before, noise is always excited in measured signals. 
Therefore, estimation of dH/dB is a tricky task. The time step for calculation of 
dH/dB should be big enough for the absolute value of dB to increase until the 
noise can no longer affect the calculations. This means the time step of the 
control system can be much longer than the sampling time of the DAQ. This 
issue is illustrated in Figure  3-7. 

The transition time, using constant or adaptive time steps and the 
numerical method for calculation of dB/dH are things that in the future can be 
modified to improve the LLM approach.  

 Graphical User Interface GUI 3.3.3

Figure 3-8 shows the Graphical User Interface (GUI) of the 
implemented algorithm in LabVIEW. This GUI gives the possibility to the user 
to set the parameters, adjust the frame properties, and control the process of the 
measurement and save the measured data. Dedicated subroutines are available 
for demagnetization, measurement of anhysteretic points and the first order 
reversal curves.  

 
Figure  3-7: The effect of noise and selection of proper time step.  
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Figure  3-8: The GUI of the implemented algorithm in LabVIEW. 

 Examples of applications 3.3.4

The implementation of the proposed method and tests with several 
samples has demonstrated its great features for static measurements. Figure  3-9 
shows a number of measured symmetric hysteresis loops. In Figure  3-10 the 
static hysteresis loop with a DC bias is illustrated. In Figure  3-11 -Figure  3-14 
the measured loops and flux and magnetic field waveforms of a 
demagnetization process are presented.  
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Figure  3-9: Symmetric static hysteresis loops. 

 
Figure  3-10: Hysteresis loop with DC bias. 
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Figure  3-11: Hysteresis loops during the demagnetization process. 

 
Figure  3-12: Zoomed demagnetization process around origin. 
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Figure  3-13: Flux density waveform during demagnetization. 

 
Figure  3-14: Magnetic field waveform during demagnetization. 

3.3.4.1 Measurement of anhysteretic curves   
The anhysteretic curve of a ferromagnetic material constitutes the 

“ideal” magnetization curve of the material if it were perfect, in the sense that 
it has no defects or other deficiencies that hinder the magnetization and 
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demagnetization process. To create accurate models that describe the magnetic 
hysteresis originated by the above mentioned causes, it is of great value to be 
able to distinguish between the intrinsic magnetization of the material itself 
and the magnetization effects that are caused by structural conditions and 
defects. In other words the anhysteretic curve shows the thermodynamic 
equilibrium state of ferromagnetic materials [34]. This “ideal” so-called 
anhysteretic curve plays a vital role in the well-known hysteresis models such 
as the Jiles-Atherton [35] and Bergqvist lag model [36]. 

There are two conventional methods to reach a point on the anhysteretic 
curve of a magnetic material. The aim of the procedures of the methods is 
leading the material state to a thermodynamic equilibrium. The non-electrical 
method is called thermal demagnetization (TD). In this method the material is 
heated above Curie point and then is cooled slowly while a DC field applied to 
it [34]. The difficulty of process is the drawback of the TD.  

The electrical method is called alternating magnetic field method 
(AFM). In this method an alternating magnetic field with decreasing amplitude 
is applied to the material together with a DC bias. After gradually diminished 
the alternating field only the DC bias field remains and the reached B-H point 
is a one point on the anhysteretic curve. The amplitude of alternating field at 
the beginning should be high enough to saturate the materials. The purpose of 
this process is to wipe out the pervious magnetic history of the material [34]. 
Hence, the anhysteretic curve is a single valued function of the applied bias 
DC field in AFM, the frequency of the alternating field and the decaying time 
are important factors. Since the dynamic effects should not affect the process, 
the magnetization peak also should decrease very slowly towards zero.  

The H-field and B-field during measurement of a point on the 
anhysteretic with a H bias of 10 A/m are shown in  

Figure  3-15 and Figure  3-16, respectively. In the most of the 
measurement process the magnetization does not change considerably. 
However, there is a fast decay near the final point. For making the final decay 
happen slowly, the decay time will increase considerably such that one can 
require around one hour to reach the final points [36]. So, it is not an efficient 
method to solve the problem. In addition to the time consuming measurement, 
the possibility of error due to the measurement of the flux density increases, 
because the noise of the voltage signal is integrated with respect to time, which 
leads to a cumulative error.  
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Figure  3-15: H-field during measurement of an anhysteretic point with 10 

(A/m) DC bias of H by using AFM. 

 
Figure  3-16: B-field during measurement of an anhysteretic point with 10 

(A/m) DC bias of H by using AFM. 
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In this work the described control algorithm is used to keep the absolute value 
of the time rate of flux density constant.  This rate is chosen very low, in the 
order of 0.5 T/s, to remove the dynamic effects of hysteresis. The applied 
waveform is a decreasing flux density waveform around a DC flux density 
instead of a DC magnetic field. We call this method the controlled flux density 
method (CFM). 

One example of a hysteresis trajectory, applied B-field, and 
corresponding H-field, to obtain a point on the anhysteretic curve by CEM 
with a DC bias of 0.4 T is shown in Figure  3-17, Figure  3-18, and Figure  3-19, 
respectively.  

 
Figure  3-17: Hysteresis loops during measurement of anhysteretic point with 

0.4 T DC offset of B by using the new method. 
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Figure  3-18: B-field during measurement of the anhysteretic point with 0.4 T 

DC offset of B by using the new method. 

 
Figure  3-19: H-field during measurement of anhysteretic point with 0.4 T DC 

offset of B by using the new method. 
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It can be seen that the measurement time decrease to a few minutes and 
the rate of change of flux density is under control.  

Figure  3-20 and Figure  3-21 show the measured anhysteretic curve by 
CEM with major loop and initial magnetization curve, respectively. 

Figure  3-22 compares the anhysteretic curves measured by AFM and 
CFM. The comparison between them reveals that the curve measured by CFM 
is steeper than measured curve by AFM. It can also be seen in [34] that the 
curve obtained by TM is also steeper than the AFM one. As a result one can 
conclude that CFM is more accurate and efficient than AFM among the 
electrical methods for the measurements of the anhysteretic magnetization 
curves. Thus, the developed LLM algorithm and CFM methods can be 
employed for deeper studies regarding the characterization of anhystertic curve 
and material modelling.  

 

 

Figure  3-20: Anhysteretic curve with major hysteresis loop. 
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Figure  3-21: Anhysteretic curve with initial magnetization curve. 
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Figure  3-22: Comparison between the measured anhysteretic curves by AFM 

and CFM.  
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Chapter4  

4  Hysteresis Modeling 
4.1 Introduction  

The magnetization is proportional to the applied magnetic field in linear 
materials such as air. In contrast, there is complex relationship between these 
quantities for ferromagnetic materials. Any point of (B, H) can be traversed in 
a trajectory that is related to the past history of the material [23]. This is 
because of a property that is called hysteresis. Therefore, the relation between 
the flux density and the magnetic field for ferromagnetic materials is history-
dependent [37]. In other words, these materials have a memory of past events. 
In fact, this behaviour is the result of an extremely complex set of microscopic 
processes such as domain wall motion, domain structure rearrangement and 
rotation of magnetic moments [23].  However, obtaining the relation between 
the macroscopic quantities is of interest for electrical engineering applications. 

Therefore, the aim of a hysteresis model is to predict how the 
magnetization, magnetic polarization and the magnetic flux density change 
with the applied magnetic field H. However, as mentioned in section  3.1.1, 
magnetization M, magnetic polarization J and magnetic flux density B have a 
simple relationship with each other. This means that if one of them is known 
the others can be calculated easily by: 

0 0 0B H M H Jµ µ µ= + = +                                                                          4-1 
Hence, one can say that hysteresis modelling is the determination of the 

constitutive law of M (H), J (H) or B (H).  Over the years, different hysteresis 
models for different applications have been suggested and modified. Some 
good reviews of these can be found in [36]- [38]. 

Based on Bertotti’s theory [39], the hysteresis trajectories can be 
decomposed into static and dynamic components. The dynamic component is 
created due to eddy currents depending on the rate of magnetization. This part 
can be formulated by solving Maxwell’s equations [39]. The static component 
is rate-independent and carries the hysteretic properties. In fact, the main task 
of a hysteresis model is to model the static component.  
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Also, the hysteresis models can be grouped into scalar hysteresis and 
vector hysteresis models [36] [37]. In a scalar model the input and output of 
the model are scalar variables, while they are vectors for vector hysteresis 
models. The models can be established based on the physical interpretation of 
the phenomena or they can be based on pure mathematical fitting on 
experimental data [36] also some models are combination of these methods. 
Depending on the purposes of the analysis, some models may perform better 
than others. For example, in order to investigate the effect of temperature or 
stress on a material, the Jiles-Atherton model seems to be suitable. However, 
for vector hysteresis modelling, the Bergqvist lag model and other play 
operator based models may be more appropriate [36]. 

Accurate electromagnetic analysis of devices comprising magnetic 
materials such as transformers and electrical machines requires an appropriate 
hysteresis model. An ideal model for analysis of electromagnetic transient 
phenomena such as inrush currents, ferroresonance and DC magnetization that 
deal with complex hysteresis trajectories must fulfil the following features: 
- Accurate prediction of the hysteresis trajectory in symmetric and 

asymmetric minor loops and in the saturated region.  
- The B field should be the input and H field the output of the model.  
- The model should be based on a direct mathematical relationship and not 

on a composite algorithm. 
- It should be possible to estimate the model parameters from minimal and 

easily accessible measurement data. 
- Fast, and not memory-consuming.  

The Jiles-Atherton (J-A) model, because of its differential nature, is easy 
to implement, but its accuracy in predicting minor loops is not adequately good 
[38]. Among the current models, the Preisach based models are widely 
recognized as the best for modelling static scalar hysteresis, especially for 
accurate prediction of minor loops [37]. However, among the features of the 
ideal model mentioned above, the classic Preisach only has the first one. Thus, 
over the years, researchers and engineers have attempted to find solutions to 
improve this model for practical usage. 

In this work, a new differential scalar static hysteresis model is extracted 
from Preisach theory. This model can cover the advantages of both the 
differential models such as J-A and Preisach based models, while avoiding 
their disadvantages. The experimental verification proves promising 
performance of this model.  

Thus, in this chapter a brief description of the J-A, Preisach, and 
Bergqvist lag models is presented. Then the new developed model and its 
practical implementation are introduced. 
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 J-A Model 4.1.1

The original Jiles-Atherton theory was first introduced in 1984 [35] in 
order to describe scalar hysteresis and it has been further refined and 
investigated by several researchers [40] [41]. In this model, which is based on 
the physics of domain wall motion, the magnetization of ferromagnetic 
materials, M, is decomposed into its reversible Mrev and irreversible Mirr 
components: 

irr revM M M= +                                                                                               4-2 
The reversible component is approximately proportional to the 

difference between the anhysteretic, Man, and the irreversible magnetization: 
( )rev an irrM c M M= −                                                                                      4-3 

, where c is a material constant.  
The effective magnetic field, He that is experienced by individual 

magnetic moments is equal to: 
eH H Mα= +                                                                                                  4-4 

, where α is a constant that represents inter-domain couplings.  
According to the equality of the supplied energy with the summation of 

stored and dissipated energy, it can be shown that: 
irr an irr

e

dM M M
dH kη

−
=                                                                                        4-5 

, where η  is a directional parameter that is equal to +1 if dH/dt> 0 or is equal 
to −1 if dH/dt < 0. However, k is a material parameter that depends on pinning 
sites in the material. Thus, bigger k results in bigger hysteresis losses. This 
parameter can be estimated as a constant, though it can vary with current M 
and H in the more general model. Then Eq.  4-5 can be rearranged as: 

( )
an irr

irr
an irr

M MdM dH
k M Mη α

−
=

− −
                                                                  4-6 

Therefore by substituting Eq. 4˗6 in derivative form of Eq.  4-3, the 
relation between magnetization and the magnetic field can be written as: 

(1 )
( )
an irr an

an irr

dM M M dMc c
dH k M M dHη α

−
= − +

− −
                                                 4-7 

The anhysteretic magnetization is given by the Langevin function as: 

(coth )e
an s

e

HM M
H
α

α
= −                                                                              4-8 
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, where MS is the saturation magnetization. However, this approximation is not 
valid for all materials [36], especially for oriented steels that are used in 
transformer cores.  

Although the J-A model is a well-known model that is implemented in 
the finite element method [42] and electrical circuit simulation software such 
as EMTP [43], it has some problems and difficulties in practice. 

The inherent problem is that the minor loops in general are not closed 
and the accuracy of the prediction of a complex hysteresis trajectory is not 
satisfying [36]. A modification has been proposed in [44] to get over this 
problem. But this makes the model very complicated. Also, in [41] an inverse 
model of J-A is suggested, but it is based on approximation of the anhysteretic 
magnetization according to Eq.  4-8. 

Although the parameters of the model have physical meaning, they 
should be obtained from measurement data. So far, several methodologies have 
been used regarding efficient estimation of the parameters. The performance of 
the model is very dependent on the accuracy of the estimated parameters. Also, 
in [45] it is shown that the parameters can change with the magnetic field.   

 Preisach Model 4.1.2

The Preisach model originally was introduced by Z. Preisach in 1935 
[46]. It was a physical model for ferromagnetic hysteresis, but its application 
was extended to mechanics and superconductivity [36]. The model has been 
widely modified over the years by researchers [37]. The model was presented 
in purely mathematical form and a representation theorem of it was derived in 
[37]. The model has also been extended to vector hysteresis modelling [37]. In 
this section, the Preisach model for static rate-independent scalar hysteresis is 
considered.  

The classical Preisach model describes magnetic materials by using a 
high number of hysteresis elements or hysteresis operators that also are called 
relay operators or thermostat hysteresis operators [36]. A hysteresis operator is 
depicted in Figure  4-1. Each operator is characterized by its upper and lower 
switching fields. If the magnetic field becomes greater than the upper 
switching field or less than the lower switching field, the element will be 
assumed as a positive state or negative state, respectively. The element, 
however, keeps its state when H is between the lower and upper switching 
fields. The magnetization of the element is MS or –MS in the positive and 
negative state, respectively. The total magnetization is equal to the summation 
of the magnetization of all elements. 
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Figure  4-1: Hysteresis element of the Preisach model. 

In mathematical language the classical Preisach theory can be expressed 
by: 

( ) ( , ) ( )M H H d dαβα β
µ α β γ α β

>
= ∫∫                                                         4-9 

, where µ(α,β) is the distribution function or weight function and γαβ(H) 
describes the state of the hysteresis element (MS or –MS). Mathematically, 
γαβ(H) can be expressed as: 

s

s

M H H
M H H

previous state H H H

α

αβ β

β α

γ
 + >
= − <
 < <

                                                         4-10 

, when it is assumed that: 

max maxH H H Hβ α− < < < +                                                                          4-11 
, where Hmax is the magnetic field density related to the maximum 
magnetization, Mmax, in the major hysteresis loop.  
The main advantage of the model is its accuracy in predicting the hysteresis 
trajectory even for asymmetric minor loops and complex trajectories. 
However, practical implementation of the model for the finite element method 
and circuit simulation software involves serious difficulties that can be listed 
as follows:     

 
a) The determination of the distribution function needs a large amount of 

experimental data. 
b) The numerical evaluation of the double integral requires a large 

amount of time and memory. 
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c) The determination of the state of each hysteresis element requires the 
use of a composite algorithm instead of a mathematical expression. 

d) In the model the input is H and output M, while the inverse model is 
required. 

Over the years researchers have tried to solve or present practical 
methods for overcoming these problems. The main approach to modifying the 
classic method has been based on the “Everett” function [37] [47]. This 
method uses a graphical approach to the Preisach model, and converts the 
double integration into a summation of several Everett functions. In fact, the 
Everett function is a weighted integration in the triangular region of the 
Preisach diagram.  

Determination of this function needs several first order reversal curves. 
Researchers have worked on determining the Everett function, together with 
the development of algorithms in order to implement this method [37]. 
However, because of the need for experimental data that are not easy to obtain, 
the absence of a direct mathematical function and obstacles to invert the 
model, there still exists no “ideal” model as mentioned earlier. The recent 
works regarding the parameter estimation of the Preisach model by using 
symmetrical minor loops and its implementation is presented in [48]. 

 Bergqvist lag model 4.1.3

The Bergqvist lag model is introduced originally in [36] by Dr. Anders 
Bergqvist, former PhD student at KTH. This model can be used for modelling 
vector hysteresis. The concept of the model is based on the assumption that 
deviation from the ideal anhysteretic curve happens due to the pinning effects 
of the magnetic domains [49]. It is similar to the idea introduced in Jiles- 
Atherton model.  

Since a magnetic martial consists of several domains with different 
magnetizations, the total magnetization is a result of the magnetization of all 
domains. Hence, in the Bergqvist model the total magnetization of the material 
is obtained by a weighted sum of the individual magnetization of the elements 
that are called pseudo particles. In fact, a pseudo particle is a volume fraction 
that represents the entire domains that have the same magnetization.  

The relation between the effective magnetic field of a pseudo particle, 
Hp, and the resultant magnetization, Mp, is determined by the anhysteretic 
curve. In other word: 

( )p an pM M H=                                                                                                       4-12 
, where Man is the describing function of the anhysteretic curve. The key point 
in the model is to determine of the relation between the applied magnetic field, 
H, and the magnetic field of the pseudo particle, Hp. It means that the applied 
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magnetic field, H, is related to the magnetization of the pseudo particle through 
the Hp. This relation is determined by introducing a linear play operator that is 
depicted in Figure  4-2: 

( )pH P H=

k+ Hk−

2k

( )P H H k= −

( )P H H k= +

 
Figure  4-2: The play operator of the Bergqvist lag model, k is the pinning 

strength. 

Considering the pinning strength as k, and the two parallel lines that 
have interception with the H axis at H=±k as shown in Figure  4-2. It is obvious 
that the horizontal distance between the lines is equal to (2k). Consider the 
working point of the material on the right slant line. With increased H, Hp 
increases on the line. However, if H decreases Hp does not decrease 
immediately. The working point then has to move by (2k) on a horizontal line 
to reach the left slant line. Then a decrease of H leads to a decrease of Hp on 
that line. If H increases again it will go a similar horizontal line to reach the 
right slant line. It is clear that during the transitions on the horizontal lines, Hp 
and, in turn, Mp do not change. Therefore, the hysteretic property is 
implemented by the play operator in this way and if the pinning strength is 
equal to zero the result will be an ideal anhysteretic curve. A play operator can 
be expressed mathematically as: 
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0 ( ) ( )( ) 0
1 ( )

0 ( ) ( )( ) 0
1 ( )

P H k H P H kdP H for dH
H P H kdH

P H k H P H kdP H for dH
H P H kdH

− ≤ < +
= > = +

− ≤ < +
= > = +

                     4-13 

 
The Bergqvist model in discrete form can be stated as: 

,
1 1

( ) ( ) ( ( ))
m m

an an p i i an i
i i

M cM H M H w M P H
= =

= + = ⋅∑ ∑                              4-14 

, where i indicates the ith pseudo particle and, wi and Pi are weight and play 
operator functions related to it, respectively. The first term represents the 
reversible part of the magnetization when c is a constant [49]. More 
information regarding the model can be found in [36] [49]. Ribbenfjärd and 
Engdahl improved the model in [49] by adding more parameters to it. Also, 
Bormann has suggested a modified play operator that directly considers the 
reversible magnetization part [49]. 

The model is easy to implement in discrete format and it can easily be 
extended for vector hysteresis modelling. However, the parameter estimation 
of the model needs several measurement data. Also, accurate estimation of the 
anhystertic curve is a vital part of the model. In addition, the original model 
needs more improvement to be able to predict arbitrary hysteresis trajectories 
with the same accuracy as the Preisach model. Also, the current model uses H 
as input. An inverse model, however, can be introduced by redefining the 
original model. 

4.2 Differential approach of scalar hysteresis 

For modelling static scalar hysteresis a novel differential approach based 
on the classical Preisach theory is developed in this work. The model can 
predict hysteresis as accurate as the classic Preisach model. Furthermore, it has 
significant benefits. It can be easily inverted and has a simple algorithm; also, 
the data required for the model can be restricted to a set of first order reversal 
curves, FORCs. Moreover, the required experimental data can be minimized 
still further by using proposed methods for estimation of the FORCs that are 
introduced in this project. Also, the approach for implementation of the 
hysteresis model in developed transformer model is described in section  6.3. 

The differential approach is based on the concept that if the slope of the 
tangent line in the current working point on the hysteresis trajectory is known 
for upward and downward movement, then for a very small given change of 
the magnetic field the change of the magnetic flux density will be achieved and 
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vice versa. This approach has two main consequences.  The first is that the 
problem changes from finding a relation between a given value of the magnetic 
field, H, and the resultant flux density, B, to finding dB/dH at each point. The 
second one is that the model can easily work with either H or B as the input. 

Consider an upward movement in the hysteresis trajectory due to an 
increase of applied magnetic field by dH. Then, according to the Preisach 
theory, the corresponding increase in the flux density dB and also dB/dH are 
proportional to the number of elements that satisfy two conditions; their upper 
switching fields are between H and H+dH, and their states were negative 
before the movement. Mathematically, it can be stated as 

(2 ) ( ) 0sdB M k dn H for dHα α= × × >                                                 4-15 
In a similar way          

(2 M ) ( ) 0sdB k dn H for dHβ β= × × <                                              4-16 
, where nα and nβ are the numbers of the upper and lower switching fields at H, 
respectively. kα and kβ are non-dimensional coefficients between zero and one, 
the value of them depends on the history of the material. 

Now, for more clear explanation of the magnetization process, consider 
the trajectory that is depicted in Figure  4-3. Consider the negative saturation 
point as the start point. During the first move the magnetic field increases up to 
Ha, and then it decreases to Hb in the second move when Hb<Ha. Again H 
increases toward Ha during the third move. In the fourth move H keeps 
increasing to the positive saturation point. The magnetization during this 
trajectory can be described by using five sets of Preisach elements. The set 1 
represents all elements that have their upper switching fields less than Hb. The 
set 2 stands for all the elements that have their upper switching field greater 
than Hb while their lower switching fields are less than Ha. The set 3 represents 
all elements that have both switching fields between Hb and Ha. In this way the 
set 4 corresponds to all elements that have their upper switching fields above 
Ha while their lower switching fields are less than Ha.  Finally, the set 5 
represents all elements with their lower switching fields greater than Ha. 
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Figure  4-3: Magnetization trajectory. 

At the starting point H has its extreme value on the negative side. This 
implies that all of the hysteresis elements are in their negative state. This 
situation is depicted in Figure  4-4. 
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Figure  4-4: The state of magnetization at the negative saturation. 

Consider the first move when H increases from -Hmax to Ha. 
Consequently, the states of the sets 1, 2 and 3 change from negative to positive 
while the others keep their previous negative state. During this move, dB/dH 
has been proportional to dnα(H)/dH. In other words kα is equal to one. 
Figure  4-5 shows the state of the material at the end of the first move. 
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Figure  4-5: The state of magnetization at the end of 1st move. 

During the second move H decreases from Ha to Hb such that Ha>Hb. 
During this move, dH is less than zero. Therefore, the changes of the elements 
will take place from their positive state to negative state by traversing their 
lower switching fields. However, the elements with their switching fields 
greater than Ha, like in set 4 and 5, are still in their negative states and no 
changes will occur to them. Therefore, only the elements with lower and upper 
switching fields within the interval Ha and Hb, like those in set 3, change their 
state during this move and dB/dH has been proportional to a fraction of 
dnβ(H)/dH with kβ less than one. In other words, the dB/dH is proportional to 
the number of elements with their lower switching fields between H and H˗dH 
when their upper switching fields are between H and Ha.  

Figure  4-6 depicts the changes of magnetization at the end of the second 
move. 
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Figure  4-6: The state of magnetization at the end of 2nd t move. 

The third move is performed when H increases from Hb to Ha again. 
During this move, dH is greater than zero. Therefore, the changes will take 
place from negative state to positive state by traversing the upper switching 
fields. Nevertheless, the elements with their lower switching fields less than 
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Hb, like in set 1 and 2, are in their positive states and no changes will occur to 
them. Therefore, only the elements with lower and upper switching fields 
within the interval Hb and Ha, like the elements in set 3, will change their state 
during this move, and dB/dH has been proportional to a fraction of dnα(H)/dH 
with kα less than one. In other words, dB/dH is proportional to the number of 
elements which have their upper switching fields between H and H+dH when 
their lower switching fields are between H and Hb. Figure  4-7 illustrates the 
change of magnetization in the third move. At the end of this path, the states of 
the elements return to the same states as in the end of the first move and this 
can also be found by comparison of Figure  4-5 and Figure  4-7. 
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Figure  4-7: The state of magnetization at the end of 3rd t move. 

Eventually, H increases from Ha to +Hmax during the fourth move. In 
fact, this move is a continuation of the first move. For that reason, after 
finishing the third move and closing the minor loop, the state of the material 
returns to the state at the end of the first move.  

The described magnetization process reveals some results that can be 
extracted from the Preisach theory of hysteresis. As it is seen in the second and 
third move only the elements represented by set 3 play role in the change of 
the magnetization. It can be generalized to the conclusion that two upwards or 
downwards hysteresis trajectories are parallel with each other when their last 
reversal points are located on the same line perpendicular to the H  axis. 
Therefore, the upward first order reversal curve with reversal point of (Hr,Br) is 
parallel with any upward hysteresis trajectory that their reversal points located 
on the vertical line H=Hr. A similar conclusion is valid for downward 
trajectories and first order reversal curves.  

Also, minor loops become closed and after closing a minor loop no 
effect from it remains in the memory of the material any more. Figure  4-8 
shows the state of magnetization at the end of Fourth move. 
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Figure  4-8: The state of magnetization at the end of 4th move. 

According to these results a differential model of the hysteresis based on 
the Preisach theory can be developed. Hence, the proposed model can be 
described by the following expression:  

( , ) 0

( , ) 0

r

r

dH f H H dH
dB
dH g H H dH
dB

= ∀ >

= ∀ <
                                                                  4-17 

, where Hr is the last reversal point. The functions f and g are the derivatives of 
the upward and downward first order reversal curves with corresponding 
reversal points, respectively. The golden rule is that after closing a minor loop 
the two reversal points corresponding to that loop will be omitted from the list 
of active reversal points. The memory of the materials is then restricted to the 
last reversal point of last unclosed magnetization loop. The congruency 
property [36] [37] and the coinciding of the initial magnetization curve on 
summits of the symmetric minor loops can be justified by this model.  

However, in most cases related to electromagnetic transients in power 
systems that deal with magnetic materials such as inrush current, DC 
magnetization and ferroresonance, there is a need for a hysteresis model with B 
as input and H as output. Thanks to the differential nature of the introduced 
model the inverse model can easily be obtained as:  

( , ) 0

( , ) 0

r

r

dB F H H dH
dH
dB G H H dH
dH

= ∀ >

= ∀ <
                                                                  4-18 

 
, where F and G are inverse functions of f and g.  
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Therefore, if one has a magnetization waveform and knows the initial 
conditions the magnetic field waveform can be obtained. The rule regarding 
the last reversal point for the inverse model is the same as mentioned earlier.  

The model is suitable for implementation in time step electromagnetic 
transient programs as EMTPs. Also, it can predict arbitrary hysteresis 
trajectories. The effect of residual flux can be taken into account by setting a 
proper initial condition for the model.  

Determination of the first order reversal curves is essential to establish 
the model. It is possible to use a set of measured reversal curves, FORCs, and 
employ interpolation techniques to estimate all other required FORCs. 
However, this requires a set of measurement data that is not usually available.  

An approach is introduced in [50] and further modified and improved by 
[51] [52] to estimate minor loops based on the major hysteresis loop. The 
method introduced [51] [52], can be used for prediction of the FORCs. 
However, they use rather complicated functions that include coefficients that 
are obtained by fitting techniques. Therefore, more measurement data is 
required to estimate the coefficients. 

In this work, we propose three methods for estimation of FORCs that 
only require the major hysteresis loop as input. So, the required data is 
diminished to the major hysteresis loop, which is usually available and easy to 
measure. The presented methods are evaluated and verified with experimental 
measurements on several grain oriented (GO) and non-oriented (NO) magnetic 
steels. As a result, the implementation of the differential hysteresis model 
becomes possible and its advantages can be demonstrated.  

4.2.1.1 Function estimation and validation 
Thanks to symmetry in the hysteresis properties the relation between f 

and g can be stated as: 
( , ) ( , )r rg H H f H H= − −                                                                                 4-19 

Therefore, if one of these functions is determined the model can be 
established.  
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Figure  4-9: Major hysteresis loop with a FORC. 

As it is shown in Figure  4-9, SMaj and Sr are the upward branch of the 
major hysteresis loop, and the upward FORC with reversal point of (Hr,Br), 
respectively. For a given magnetic field, D is the vertical distance between SMaj 
and Sr. Consider a positive change dH of H , the corresponding increase of flux 
density dBSr on Sr then is equal to:  

r MajS SdB dB dD= +                                                                                            4-20 

, where 
MajSB  is the change of the flux density on SMaj, and dD is the change of 

D. Therefore, the function f corresponding to the Sr can be written as follows: 
Maj Majr S SS dB dD dBdB dDf

dH dH dH dH

+
= = = +                                                           4-21 

The Eq.  4-21can be re-formulated as: 
Maj Maj

Maj

S S

S

dB dBdDf
dH dB dH

= + ⋅                                                                               4-22 

Thus, 
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S

dB dDf
dH dB

 
 = +
 
 

                                                                                    4-23 

So, if D is obtained as a function of flux density on SMaj and the reversal 
point, then f is determined. So, the goal is to find function P such that: 

( , )
MajS rD P B H=                                                                                               4-24 

We know that D is equal to Dr for the flux density , Majr SB corresponding 

to the reversal point on SMaj, and it becomes zero in positive saturation, Bs. Dr is 
the vertical distance between downward and upward branches of the major 
loop for a given reversal magnetic field, Hr. Therefore it can be written as: 

( )r rD Q H=                                                                                                      4-25 
, where the function Q is known when the major hysteresis loop is given. Also, 

, Majr SB is directly related to Hr as: 

, ( )
Majr S r r rB B D W H= − =                                                                            4-26 

, where W is a function describing the upward branch of the major loop, SMaj. 
We use these facts to estimate P. 

If a linear decrease from the reversal point to the saturation is assumed 
for D, we will have: 

( )( , ) ( )
( )Maj Maj

r
S r s S

s r

Q HD P B H B B
B W H

= = −
−

                                                    4-27 

Therefore, D is stated based on major loop and the reversal point. 
However, measurements reveal that P is not a linear function of 

MajSB . A 

linear estimation of it can cause some error. Furthermore, the linear function is 
only valid up to the saturation. After saturation P should be zero while linear P 
implies negative values that are not correct. Therefore, according to the 
measurements a Gaussian function is proposed for estimation of P as follows:

2( ( ))
( , ) ( ) S rMaj

Maj

k B W H
S r rD P B H Q H e

− −
= = ×                                                   4-28 

, where 

2

5
( ( ))s r

k
B W H

=
−

                                                                                       4-29 

This selected value of k in Eq.  4-29 implies that the exponential function 
of Eq.  4-28 tends to zero at saturation. The linear and Gaussian methods for 
estimation of P are applied for several GO and NO magnetic steels. The results 
show that they work very well for Hr less than zero, but for Hr near zero and 
above, they encounter problems for accurate prediction of FORCs. The results 
of FORCs calculation based on the linear and Gaussian methods are illustrated 
in Figure  4-10 and Figure  4-11, respectively. For Hr greater than zero the 
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upward FORCs predicted by the linear method exceed the major loop, and in 
the case of the Gaussian method, FORCs have some fluctuation while a 
monotonic behaviour is expected. Nevertheless, they can work accurately for 
modelling of the symmetric loops but not for arbitrary hysteresis trajectories 
that have reversal points with Hr greater than zero. Moreover, the results prove 
that the Gaussian method has better performance than the linear. The Eq.  4-27 
and  4-28 are used in Eq.  4-23 for obtaining the function f, and Figure  4-12 and 
Figure  4-13 demonstrate examples of symmetric loops that have been obtained 
by the introduced differential hysteresis model, where FORCs have been 
estimated by the above two approaches. 

 
Figure  4-10: Upward FORCs predicted by the linear method. 
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Figure  4-11: Upward FORCs predicted by the Gaussian method.  

 

Figure  4-12: Symmetric hysteresis loops predicted by the linear method. 
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Figure  4-13: Symmetric hysteresis loops predicted by the Gaussian method. 

 Because of the mentioned problems concerning the previous methods 
we introduce another approach and call it the “Gate Method”, GM. Consider 
the vertical line begins from a point with flux density of 

MajSB on the upward 

branch of the major loop and ends on the downward branch of the major loop. 
As it is shown in Figure  4-9, that vertical slot between downward and upward 
branches of the major loop can be assumed as a gate that all upward FORCs 
that have reversal point on the left side of this vertical line should pass through 
it. Also, it is known that an upward FORC with smaller Hr always is located 
under all other upward FORCs with bigger Hr at a given vertical gate. So, 
consider n and m as the numbers of FORCs from the negative saturation point, 
˗Bs, up to the reversal point and the gate, respectively. With assumption of a 
uniform distribution of FORCs along the gate, the respective FORC will locate 
in n/m of the gate size. This ratio can be estimated by the ratio between the 
vertical distances of reversal point and the corresponding point of the gate on 
the downward branch of the major loop from the negative saturation. 
Therefore, based on this approach P can be stated as:  

(H ) ( ) ( B )( , ) (B )
(B ) ( B )Maj Maj

Maj Maj

r r s
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S S s

W Q HD P B H E
B E
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, where ( )
MajSE B is the gate size at 

MajSB that is easily available when the major 

loop is given. This approach guarantees that the FORCs are monotonic and do 
not cross each other and the major loop.  

Examples of comparisons of the prediction of FORCs, symmetric 
hysteresis loops and an arbitrary hysteresis trajectory by using the GM with 
measured results is shown in  

Figure  4-14, Figure  4-15, and Figure  4-16, respectively. The results 
demonstrate that the GM has promising accuracy for modelling symmetric, 
non-symmetric hysteresis loops, and generally for arbitrary hysteresis 
trajectories.  

 
Figure  4-14: Upward FORCs predicted by the GM. 
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Figure  4-15: Symmetric hysteresis loops predicted by the GM. 

 

Figure  4-16: Arbitrary hysteresis trajectory predicted by the GM. 
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Chapter 5 

5 Numerical modelling and 
calculation of power 
transformers 
5.1 Introduction  

The effect of GICs on power transformers are investigated in a lot of 
research works based on theoretical and numerical methods. However, the fact 
is the lack of an adequate numerical simulation is felt among them. Over the 
years, analytical and numerical methods have been developed, modified and 
improved for electromagnetic calculation of power transformers [21]. The 
calculation speed and accuracy are the main aspects in which the methods have 
been improved. Due to complexity of the transformer structure, it is required to 
develop specific calculation tools for each purpose. Although the numerical 
method and computer software and hardware have greater progresses in the 
recent decades, it is not possible to have detailed model of transformers. As a 
result, the modelling has some simplification and also sometimes the 
numerical methods should be combined with analytical approaches in the post-
processing stage for obtaining the desired results. 

Most of the developed tools for electromagnetic calculations are 
dedicated for normal working conditions. However, half cycle saturation of the 
core and asymmetric magnetization current change the working condition of 
the transformers. Therefore, some assumptions and simplifications that are 
perfectly acceptable under the normal condition will not be valid during a GIC 
event. Also, conventional calculation tools function based on harmonic 
analysis, while a transient analysis is required for calculations in the case of 
GIC. 

The most important concern regarding power transformers in a GIC 
event is overheating and creation of hot-spots. The possible hot-spots can 
cause direct permanent damage or can carbonize the cellulose insulation in 
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vicinity area and decrease the life time of the transformers. Therefore, 
calculation of losses including core losses, winding losses, and stray eddy 
current losses in the metallic structural parts under GIC condition are required 
to evaluate a transformer subjected to GIC.  

Thus, one goal of this work is to develop proper methods for calculation 
of mentioned losses with adequate accuracy. For a thermal analysis the average 
power loss in a cycle is needed and the output results of the loss calculation 
tools are used in the thermal analysis tools. Therefore, it is attempted to 
suggest methods for adapting the conventional loss calculation tools in order to 
estimate the losses under a GIC event. The benefit of this approach is that 
existing routines can be used for evaluation of the transformers.    

Finding such methods requires understanding how the DC 
magnetization affects the losses in the transformer. For reaching this goal 2D 
and 3D finite element models of transformers are employed. In this chapter, 
first the general approaches for modelling different components of transformer 
and coupling with a circuit are described. Then, the loss calculation trends and 
their challenges are discussed. The modelling explained in this chapter is used 
to get results that are presented in the following chapters. 

5.2 Finite element modelling 
The finite element method, FEM, is a powerful tool for solving the 

electromagnetic equations [53] [54]. In recent decades, FEM has been widely 
used for modelling of transformers. The method is used to calculate core losses 
[55], magnetization current [56], stray losses [57] [58], leakage reactance [59], 
calculation of lumped model parameters [60] and electromagnetic forces [61]. 
However, the huge demand of computer time and memory is its main 
restriction. Hence, it is usually employed for research and validation purposes 
instead of the design process.  

Transformers have a complex three dimensional geometry in general 
[21]. It is reasonable to simplify the model for certain purpose of modelling as 
much as possible. For the magnetic modelling of power transformers the 
insulation parts can be considered as air and only considering windings, core 
and metallic part would be important. Also, the complete model of the 
mentioned parts with details is not possible in practice and the model should be 
adapted according to expected goals and requirements of the simulation. 

The program OPERA by Vector Fields [62] is employed for the 
modelling in this work, and all models are created by parametric scripts that 
allow changing the geometry and other parameters easily.   
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 Geometry and Symmetry 5.2.1

Generally, a transformer has a three dimensional geometry. So, an 
accurate simulation requires 3D modelling. The required component to be 
considered in the 3D model depends on the simulation purpose. Using 
symmetry is one way to reduce the computation load. The symmetries are 
applied for modelling the fraction of the actual geometry by setting proper 
normal and parallel boundary conditions on the model’s external boundaries 
[54]. Figure  5-1- Figure  5-4 show the models of various types of transformers 
with applied symmetry.  

Another approach that considerably reduces the number of mesh 
elements is using 2D geometry. It can be done for some applications. A 2D 
model uses axial either planar symmetry. It is assumed that the desired 
quantity does not change in azimuthal and vertical direction to the plane, for 
axial and planar models, respectively. Although this assumption might not be 
completely correct in the case of electromagnetic modelling of power 
transformers, the obtained results can be extended for 3D geometry. This can 
be done by using some assumptions and techniques based on some facts 
regarding the problem. These methods lead to results with enough accuracy for 
some purposes [21]. Choosing a proper 2D model and setting correct boundary 
conditions are essential for an appropriate 2D modelling for a specific purpose. 
Nevertheless, in some cases for achieving the accurate results using the 3D 
model is inevitable.  

Examples of 2D axial and 2D planar models are demonstrated in 
Figure  5-6 and Figure  5-7, respectively. 

Therefore, the selection of geometry of the model depends on the 
problem properties and the modelling goals. 
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Figure  5-1: Three phase three limb transformer model with 1/4 symmetry. 

 
Figure  5-2: Three phase five limb transformer model with 1/4 symmetry. 
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Figure  5-3: Single phase two limb transformer model with 1/8 symmetry. 

 
Figure  5-4: Single phase three limb transformer model with 1/8 symmetry. 
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Figure  5-5: Single phase four limb transformer with 1/8 symmetry. 
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Figure  5-6: An example of 2D model with axial symmetry. 

 
Figure  5-7: An example of a 2D planar model of a five-limb core power transformer. 
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 Core model 5.2.2

As described in section  2.3.2, the core is made of very thin laminations 
of electrical steels with overlapping in the joint regions. In practice, due to the 
huge amount of required elements, solving a finite element problem for such 
geometry is infeasible. Fortunately, there are some facts that justify a 
simplification of the core model. The first is that at the frequency range of this 
study the skin depth of the core material is much greater than the thickness of 
the lamination. This means that the effect of eddy currents on the overall flux 
density distributions can be ignored. The second is that most of modern power 
transformers are made with step-lap joints with a few steps. Our study shows 
that the performance of those joints would be good enough to approximate 
them as ideal joints. Therefore, the core geometry in the model consists of 
packets of limbs and yokes with ideal joints without air-gap between sheets. 
For instance, the core model of a three phase three limb transformer is shown 
in Figure  5-8. 

 
 

Figure  5-8: Core model of three phase three limb power transformer in the 

finite element method 

For the core material the conductivity is set to zero, since the eddy 
current effects are ignored as mentioned before. The tensor of permeability is 
used for the core materials as: 
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The relative permeability can be determined by a B-H curve that is 
different for each direction. It means that nonlinearity and anisotropy of the 
materials are taken into account. The hysteresis properties can be neglected 
where problem deals with deep saturation. Also, the software constraints do 
not allow consideration of the hysteresis. However, the hysteresis losses are 
considered in the post-processing stages for the core loss calculation 
procedure.  

 Winding model 5.2.3

In practice, windings comprise multi-turn conductors. Each conductor, 
in turn, consists of parallel strands. The cross section area and the shape of 
strands are designed to avoid non-uniform current density distribution due to 
eddy currents. Nevertheless, because of the frequency range considered in this 
study, one can assume that the current density has a uniform distribution on the 
overall cross section of the winding, and its eddy currents do not influence the 
overall leakage flux distribution. Therefore, the winding can be considered as a 
solid cylindrical object with a uniform current density distribution in it. 

Therefore, the conductivity and relative permeability of the winding 
material are set to zero and one, respectively. Nevertheless, the total resistance 
of the winding, number of turns and filling factor should be determined where 
the FEM model is connected to the external circuit through windings.  

 Tank and structural part model 5.2.4

The tank geometry is considered to be an empty rectangular box. For the 
simulations else than stray loss calculations, the material is assumed to have 
constant relative permeability between 500-1000 and no electrical 
conductivity. Taking into account the eddy currents inside the tank demands a 
drastic increase of the number of elements, which could lead to a very heavy 
computational load. The other structural parts such as core clamps, flitch 
plates, and protective shunts also can be model with simplified geometry as a 
cube.  

Where the stray loss calculation is desired especial trend should be 
employed is setting the structural part properties that is well-known as surface 
impedance method and described later in section  5.3.3. 
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 Loading the model 5.2.5

Loading of the model is done by determination of the current of 
windings. This task can be carried out in two ways. The first is applying pre-
defined current to the windings. In that case the resultant magnetic field is 
desired and usually is proper for static or harmonic analysis. However, in the 
second approach, the winding currents are also unknown quantities of the 
problem, and the transformer is connected to an external electrical circuit. In 
this case, the FEM domain is coupled to the circuit through windings, and the 
injected current to the FEM domain is calculated by solving the coupled 
equations. Usually, commercial FEM software use especial subroutines to 
fulfil this task. This approach usually is required for time-transient simulations. 
The connections of a three phase transformer to an external circuits for 
modelling of the transformer under GIC conditions are sketched in Figure  5-9. 
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Figure  5-9: An example of External circuit coupled with three phase 

transformers. 

5.2.5.1 Soft start energization 
There is a transient phenomenon during the energization of RL circuits 

with an AC voltage [11]. This transient, which is damped through the 
resistance of the circuit, typically takes several cycles to decay. Therefore, in 
time-dependent finite element analyses it wastes a lot of time and 
computational effort to reach the steady state condition that is in the field of 
interest. In this work a soft-start energization is developed for omission of this 
transient. The soft-start process takes less than a quarter of a cycle and after 
that the real voltages are applied. The idea of soft-start process is to provide 
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the linkage flux in each phase as the same as the steady state linkage flux 
corresponding to the applied phase voltage at the first moment, Vstart.  

The relation between the linkage flux, λ, and the induction voltage, V, is 
determined by Faraday’s law: 

0

0( ) ( )
t

t

t V t dtλ λ= +∫
                                                                                      5-2  

In a power system under steady state conditions the linkage flux of each 
limb crosses zero at the turning point (maximum or minimum) of the phase 
induction voltage and according to this reference point, the linkage flux 
corresponding with Vstart , λstart , is calculated by using Eq.  5-2: 

2

max

max

1
2

start
start

V V
f V

βλ
π

 
= −  

                                                                           5-3 
, where Vmax and f are the maximum and frequency of the sinusoidal induction 
voltage, respectively. β determines the sign of λstart . It can accept the value of 
+1 or -1 depends on the angle of the induction voltage at the first moment. If 
the induction voltage increases after Vstart, it is -1. Otherwise it will be +1. 

Therefore, the linear applied voltage to the windings during soft-start 
energization to reach the value of λstart  could be: 

2

max

max

(t) 1 0.5
2

start
s start

start

t V VV t V
T f V

β
π

   = − −                                               5-4 
, where Tstart and ts are the duration of the soft-start period, and time step of the 
simulation, respectively.  

Figure  5-10 and Figure  5-11 show the magnetization currents of a three-
phase transformer with the soft-start energization method and corresponding 
applied voltages, respectively. 
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Figure  5-10: Magnetization currents of a three-phase transformer with the soft-

start energization. 

 
Figure  5-11: Applied voltages with soft-start energization. 
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5.3 Electromagnetic calculations  
 Core losses 5.3.1

Calculation of the core losses is one of challenging tasks in transformer 
design. The first reason is the complicated relationship between core losses and 
the flux density waveform, and the second is to find the spatial flux density 
distribution over the time. Core material properties determine the relation 
between flux density waveform and resultant losses. However, the applied 
voltage, core design, and material properties specify the flux density 
distribution. Due to the three dimensional core geometry and nonlinear 
behavior of the core materials a complex numerical method is required to 
fulfill this task. 

Therefore, usually experimental methods are employed by manufactures 
for calculation of the core losses. Although these methods can lead to 
acceptable results in design of the transformers, they only work for normal 
operating conditions. During a GIC event, the core experiences a special 
condition. Therefore, a numerical calculation method is required. Since the 
loss creation mechanism in the magnetic materials is rather complicated, a 
direct extraction of the losses from a FEM analysis is not possible.  

Therefore, the idea is to divide the calculation process in two steps. The 
first step is obtaining the flux density waveform inside the core by using a 
nonlinear FEM modelling. Then, in the second step, the loss of each point of 
the core is calculated by using the relationship between the flux density 
waveform and core losses. The total loss is achieved by integration of losses 
over the whole volume of the core.  

5.3.1.1 Flux density distribution 
Finding the flux density distribution inside the core is a challenging 

electromagnetic task. Since, this calculation demands a three dimensional, 
time-transient, circuit-coupling, and nonlinear analysis. However, some 
techniques can be used to reduce the computational effort.  

One approach can be used for single phase transformers. In this 
technique, the circuit coupling is omitted from the model, and time-transient 
analysis is substituted with a set of static simulations. The idea is to find the 
relationship between the magnetization current, winding linkage flux, and the 
spatial flux distribution. For this purpose, different currents from zero up to the 
current that completely saturates the core are applied to the excitation winding 
in separate static nonlinear analyses. The linkage flux and the resultant spatial 
flux density distribution are saved in each simulation. The steps between 
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applied current can be different according to the saturation level. For instance, 
when the core is saturated the step size can be increased.  

Therefore, for an applied voltage to the transformer, the linkage flux 
waveform is known by using Faraday’s law. The relation between the linkage 
flux and the spatial flux distribution can be calculated by applying 
interpolation techniques on the saved results. 

The other method for reducing the computation effort is using the planar 
2D method. In this way, a time-transient analysis is performed in a 2D planar 
model that only considers the main core packet. The effect of package design 
is considered in the post-processing stage by using the assumption that the flux 
density in the core does not have a component in the perpendicular direction to 
the laminations and it not varyes in that direction. More detail about this 
method can be found in [63].     

5.3.1.2 Loss separation theory 
According to a suggested hypothesis regarding loss separation theory 

[39], core losses in laminated steels, Pt, consist of three components: static 
hysteresis losses, Ph, classic eddy current losses, Pe, and excess eddy current 
losses, Pexc: 

exceht PPPP ++=                                                                                           5-5 
Static hysteresis losses represent the area of the hysteresis cycle when 

the rate of the change of flux density respect to time is extremely low. They 
result from the behaviour at a microscopic scale of the magnetic structure of 
the material. The hysteresis energy loss, Ph, is independent of the 
magnetization rate. However, it depends on magnetic flux density waveform. 
As described in Chapter  4, there are several models and algorithms for 
predicting a hysteresis trajectory and calculating static hysteresis losses. 
However, in addition to the fact that these models have some intrinsic 
restrictions, they need a relatively heavy computational process, while the only 
the area of the hysteresis loop is desired in this calculation not the hysteresis 
trajectory. Also, using such methods where in a three dimensional FEM model 
can includes tens of thousands of core elements is practically impossible. 

 Hence, the estimation of the average power losses, by using faster and 
simpler ways that have enough accuracy is needed. For symmetric static 
hysteresis loops, the relation between maximum flux density and hysteresis 
loss per unit mass, Ph, can be described by:  
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                                                   5-6 

, where Bmax is the maximum flux density for symmetric hysteresis loops, Kh, 
a, b and c are constant coefficients, and f is the main frequency. In regions with 
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flux densities higher than the maximum flux density of the major loop, 
Bmax>Bmax,major , the hysteresis loop trajectory is reversible [64]. Therefore, the 
loop area of that region is considered zero.  

   The variation of magnetic flux in conductive media causes induction 
of eddy currents perpendicular to the flux direction. These currents create 
ohmic losses in laminated steels.  

The instantaneous classical eddy current loss per unit mass, Pe(t), for the 
range of frequency of this work, can be calculated as [65]: 

2
21 1(t)

12e
dBP d
dt

σ
ρ

 =  
 

                                                                                5-7 

, where σ is the conductivity, and d and ρ are the thickness and density of 
laminated steel, respectively. 

The total core losses are greater than the summation of hysteresis and 
classic eddy current losses. This gap is called excess losses that are result of 
local eddy currents created by domain wall motion subjected to a varying 
magnetic flux. From Bertotti’s statistical theory of losses, the instantaneous 
excess power loss per unit mass, Pexc(t), which provides for a wide class of 
materials [65], can be stated as: 

1.5

( )ext ext
dBP t K
dt

=                                                                                          5-8 

, where Kexc is the excess loss coefficient. Therefore, the total power loss for an 
arbitrary flux density waveform can be obtained by:     
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The classical eddy current losses are calculated by using the material 
characteristics of electrical steel. The coefficients of hysteresis and excess 
losses can be extracted from data of core losses with sinusoidal excitation for 
at least two different frequencies and four different magnetic flux densities less 
than the maximum flux density of the major magnetization loop. Such data 
usually exists in datasheets from steel manufacturers or can easily be 
measured. The total losses for a sinusoidal flux density waveform, Psin, can be 
obtained by:  

5151
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, where  

ρ
πσ
6

22dKe =                                                                                                 5-11 

,and Kexc can be obtained from each pair of core losses with the same flux 
density at different frequencies. When having Ke and Kexc, the hysteresis losses 
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can be estimated based on core loss data. The coefficients of hysteresis losses 
are then obtained from the hysteresis losses in four different flux densities, by 
solving the linear equation system, below: 
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                 5-12 

 Winding losses 5.3.2

Two mechanisms create losses in transformer windings. The first one is 
ohmic losses that are direct results of passing current through a 
resistive/conductive domain. The second one is related to ohmic losses due to 
eddy currents. Eddy currents are induced in a conductive domain when time 
varying fluxes pass through it. It is be demonstrated in [21] that usually 
transformer conductors are chosen in dimensions such that the impact of 
induced eddy currents on the leakage flux distribution is ignorable. Therefore, 
for the frequency range where this assumption remains correct, one can say the 
leakage fluxes are created directly by winding currents and have same phase. 
In contrast, the eddy currents are in the same phase with the derivative of the 
leakage fluxes. Thus, the winding currents and induced eddy currents are 
perpendicular to each other. This fact allows us to separate the losses due to 
the mentioned mechanisms. Therefore, the winding losses are the summation 
of ohmic losses due to effective DC current (rms value of currents) that is 
known as DC losses, and ohmic losses due to induced eddy currents. 

5.3.2.1 DC Losses 
For these losses a uniform distribution of current density is assumed on 

conductor cross sections. Therefore, DC losses DCP  can easily be calculated 
as: 

DC DC rmsP R I=                                                                                                   5-13 
, where DCR and rmsI are DC resistance and effective DC value of winding 
current, respectively. More information regarding calculation of these 
parameters can be found in [21]. 

5.3.2.2 Eddy current losses 
The time varying flux density causes to a time varying electric field 

according to the Faraday’s law. In turn, these electric fields create a current 
flow in a conductive domain. As a result an ohmic loss will be generated in the 
domain on proportion to the square of the current density. These losses are 
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known as eddy current losses and can be calculated properly by solving 
Maxwell’s equations.  

Consider a rectangular conductor as shown in Figure  5-12. The 
conductor is subjected to external leakage fluxes that are in y direction. The 
assumption is flux density does not change in z and y directions. In other word, 
it changes only in x direction. 0B is the value of flux density on the right and 
left boundaries of the conductor in Figure  5-12. 
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Figure  5-12: Rectangular conductor subjected to a time-varying external 

leakage fluxes. 

According to the Maxwell equations:  
H J Eσ∇× = =
  

                                                                                             5-14 
Applying the Curl operator on both sides of Eq.  5-12 5-14 results in: 

2 dBH H E
dt

σ σ −∇ +∇ ∇ ⋅ = ∇× = − 



  

                                                            5-15 

Since 0H∇ =


 , we will have: 

2 dBH
dt

σ∇ =




                                                                                                    5-16 
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With the assumption that the fields are only in the y direction, and 
considering B Hµ= , Eq.  5-16 can be reduced to: 

2

2

( ) ( )y yd B x dB x
dx dt

σµ=                                                                                       5-17 

Eq.  5-17 in can be stated in frequency domain as: 
2
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ωσµ=                                                                                     5-18 

Solving the differential Eq.  5-18 and considering the boundary condition 
at / 2x d= ± , give the flux density distribution in the width of the conductor 
as: 
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, where d  is known as skin depth and it is determined by: 
2d

ωµσ
=                                                                                                      5-20 

As it is indicated in Eq.  5-20, skin depth is related to material properties 
and the frequency of applied field. It does not depend on geometry of the 
conductive domain. Conceptually, the fields or current density decreases 
exponentially to 1/e of its amplitude on the surface of a semi-infinite conductor 
when the distance from the surface is equal to the skin depth. It means the 
fields practically cannot penetrate more than two times of skin depth in a semi-
infinite conductor. 

Using Eq.  5-14, and considering that the magnetic field only change in x 
direction, the current density distribution can be obtained by: 
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In this case the loss per unit volume can be calculated as: 
/2
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Therefore by substituting Eq.  5-21 in Eq.  5-22 we can obtain: 
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                                                                 5-23 

When d d<< the Eq.  5-23 can be simplified to: 
2 2 2

24
mB dP σ ω

=                                                                                                5-24 

, where ω  is angular frequency and, mB is maximum value of the sinusoidal 
magnetic flux density on the boundaries of the conductor. The assumption that 
leads to obtain Eq.  5-24 can be true for transformer windings at power 
frequency and until several higher harmonics [21]. Figure  5-13 shows the 
accuracy of the Eq.  5-24 in comparison with accurate solution of Eq.  5-23. In 
transformers usually the width of a single conductor is about 20% of the skin 
depth in power frequencies. Therefore, according to Figure  5-13, in the 
frequency that the skin depth and the thickness become equal the error of 
Eq.  5-24 is less than 4% and it is quite acceptable. Since the skin depth is 
inversly proportional to the square root of frequency, the power loss estimation 
of Eq.  5-24 is still valid until the 25th harmonic for conventional conductors 
that are used in power transformers. Therefore, this estimation is quite 
satisfactory for low frequency transients of power transformers.  

 
Figure  5-13: The accuracy of the low frequency formula for eddy current 

calculation. 

Transformer windings, especially at the end winding areas are subjected 
to radial fluxes. A similar trend can be gone for calculation of eddy current 
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losses due to the radial fluxes. Just in Eq.  5-23 and Eq.  5-24, the width of the 
conductor is substituted by its height. It is interesting to notice that in this 
problem the total losses can be obtained by adding the axial and radial eddy 
current losses that are calculated separately. The reason is in the symmetry of 
the problem. Both axial and radial eddy currents are perpendicular to the 
winding cross section and have the same phase angle. But due to symmetry the 
summation of the products of the axial and radial eddy current densities is 
zero. Thus, although the separation of the axial and radial losses is not possible 
at each point, it can be done for the average power in the volume. 
Mathematically, this argument can be shown as: 

2
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According to the symmetry in geometry and boundary conditions: 
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Also, the results of FEM simulations prove this conclusion. A single 
copper conductor with dimension 2mm-6mm is modeled in 2D planar FEM 
software. A tangential flux density equal to 0.01T applied in the axial and 
radial boundaries separately and then both together. These results are given in 
Table  5-1. Also, current density distributions are shown for 50 Hz simulation 
in Figure  5-14 to Figure  5-15. 
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Table  5-1 

The FEM simulation results for calculation of radial and axial eddy currents in 

a rectangular conductor 

Frq 
 

(Hz) 

Radial Losses By 
FEM (Watt/m3) 

Axial 
Losses 

By FEM 
(Watt/m3) 

Summation of axial 
and radial (Watt/m3) 

Combined Axial and 
Radial in FEM 
(Watt/m3) 

50 882 99 981.45 981 
200 12730 1578 14308 14307 
400 38770 6268 45038 45057 
800 80291 24717 1.0500e5 1.0500e5 
1600 1.16006e5 92568 2.08574e5 2.08574e5 
2000 1.2663e5 1.38051e5 2.6468e5 2.6468e5 

 

 
Figure  5-14: surface current density due to radial flux. 
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Figure  5-15: surface current density due to axial flux. 

 

 
Figure  5-16: norm of surface current density due to combined radial and axial 

flux. 

5.3.2.3 Calculation of losses in transformer windings 
So far, the eddy current loss calculations based on an analytical method 

in one single conductor have been presented. However, these calculations are 
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based on the flux density on the boundaries of each single conductor. 
Therefore, one can say the problem of calculation of winding losses in 
transformers is the problem of finding the flux density distribution in the space 
of the windings. It is obvious that the leakage flux density distribution depends 
on whole magnetic circuit of the transformer and the winding currents. The 
flux profile could be different in various conditions. Some analytical methods 
such as Rabins’s method are used for leakage flux calculation [66] [67]. 
However, this method and other analytical methods have simplified 
assumptions that can lead to error in the geometry and working conditions such 
that the assumptions are not satisfied.  

In this work we employed the axial symmetric 2D FEM method for 
leakage flux calculations. As is reported in [21] this model can have very good 
accuracy due to the axial symmetry of the windings. In a 2D model the effect 
of leakage flux of other windings is ignored but it cannot lead to a considerable 
error practically. More discussion regarding the 2D and 3D model for 
calculation of winding losses is given in [68], but the 2D model is suitable for 
this work. Because we want to study the behavior of the winding during a GIC 
event, that very accurate loss calculation is not the aim of this study. 

The windings can be modeled in different level of details in FEM. It is 
clear that modeling with consideration of the every single conductor and the 
insulation distance between them could be very accurate. However, it is very 
complicated and needs the design data in detail. Furthermore, solving such 
problem in FEM is difficult and time-consuming in practice. On the other hand 
it cannot lead to big differences in results if the windings are modeled as 
blocks with uniform distribution of current density. Therefore, in this work, 
windings are considered as blocks with uniform current density distribution. 
After obtaining the leakage flux distribution, the losses can be calculated by 
using Eq.  5-24 in the post processing stage. 

Also, in [69], we have presented a method for direct calculation of 
losses in foil winding transformers by 2D FEM. The suggested technique 
permits to use FEM for eddy losses calculation with acceptable speed. It is 
possible to use similar approach for power transformers if the winding details 
are available.  

 Stray eddy current loss in structural parts 5.3.3

Expect for the parts that are required for the magnetic and electric 
performance of power transformers, the structural parts fulfil the mechanical 
demands. The tank is necessary to contain the oil-immersed active part. 
Furthermore, due to high electromagnetic forces under short-circuit conditions 
(between 100-900 times greater than in normal operations), some elements are 
needed to keep the core and windings mechanically stable. Core clamps, 
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vertical tie plates (flitch plates) and bolts mainly have this function, and 
usually they are made of structural steels.  

The time-varying incident leakage flux on the surface of metallic 
structural parts induces eddy currents in them. The flowing currents in the 
conductive media generate ohmic losses in them. These losses increase with 
increasing power of the transformer. These so-called stray losses can reach up 
to 20% of the total load losses under rated load condition. As a result they 
increase the load losses, and moreover they might create hot spots in contact 
points with insulation materials that can decrease the effective life time of 
transformers. Therefore, these losses should properly be taken into account in 
the design process, especially for high-power transformers. Also, measures like 
putting protective shunts are used to reduce the stray losses. The shunts can be 
made of laminated high permeable core steel or conductive material such as 
copper plates. The designers should select a suitable method to control the 
losses and avoid unacceptable hot spots. It should be taken in mind that a 
created change in the magnetic circuit by changing geometry and design, using 
shunts or different materials might affect the total leakage flux profile and 
thereby influence the losses in all other parts. 

Generally speaking, accurate calculation of stray eddy current losses is a 
very demanding electromagnetic task, because power transformers have 
complicated and non-symmetric geometry that includes nonlinear materials. 
Furthermore, it is a time dependent electromagnetic problem. In other words, 
the Maxwell’s equations that describe the interaction between the electric and 
magnetic field should be solved.  

Due to the complex geometry of transformers analytical methods have 
limitations and need several simplifications [21]. To obtain flux distribution 
and to consider the reaction magnetic field caused eddy currents by analytical 
methods due to the complex geometry of the transformers is very difficult. 
Thus, these methods cannot be adequate in today’s computational environment 
that demands an optimum design and a decrease of overdesigns as much as 
possible. Thanks to developed advanced 3D numerical methods and progresses 
in computational hardware and software, performing complex calculations is 
possible today. Nevertheless, even when using these tools considerable CPU-
time is required and therefore they are not practical in the design process. 
Hence, simplifications and employment of faster methods, by using the 
knowledge about leakage flux and loss behaviour is necessary. Some tools use 
hybrid methods for faster calculation. A review and comparison between 
calculation methods for stray losses in transformers are presented in [4, 5]. In a 
time-harmonic analysis, a method that is called “surface boundary method” 
can be employed for materials with very small skin depths. In this method the 
assumption is that the fields and losses are concentrated on the surface of the 
component. In this case the ratio between the tangential component of electric 
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field, tE , and the tangential component of magnetic field, Ht, on the surface of 
material is equal to the surface impedance, Zs, which is obtained for linear 
materials by: 

1(1 j)t
s

t

EZ
H σd

= = +                                                                                     5-28 

, where d , and σ , are skin depth and conductivity of the material. The skin 
depth is calculated by using Eq.  5-20: 

In FEM, the surfaces of such materials are covered by special elements 
that represent the surface boundary condition. After solving the magnetic 
equations the corresponding losses can be calculated as follows: 

2

4 t
surface

fP H dsπ µ
σ

= ∫                                                                                5-29 

Magnetic steel with high permeability and high conductivity at 50Hz 
and higher frequencies is proper for this method.  Tank and core clamps are 
usually made by magnetic steel. Therefore, by applying this method the 
number of mesh elements and running time decrease appreciably. However, 
for other materials with a relatively bigger skin depth such as aluminium, 
copper and stainless steel this method cannot be used. The normal mesh 
elements with a size smaller than the skin depth should be used for these 
materials. Then, the losses are obtained by calculation of the eddy currents.  
More details about the surface boundary method and its application for stray 
losses in transformers can be found in [21] [70] [71]. 
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Chapter6 

6 Transformer model for low 
frequency transients 
6.1 Introduction 

The electromagnetic modelling of power transformers are widely used 
for the analysis of transients that occur due to interaction between transformers 
and the power system. Also it is used for calculation of the winding currents 
under different conditions such as short-circuit, switching, and inrush. These 
currents can be employed by other design tools for calculation of forces and 
doing thermal analysis. The required accuracy and complexity of the model 
depends on the targeted goals of the study. The frequency range is an 
important factor that determines the level of details of the model. For example 
for low frequency analysis the windings can be modelled as solid cylinders 
with a uniform current distribution, and the winding capacitances can be 
ignored, while the core properties and geometry are essential to be taken into 
account [72]. On the other hand, with increasing frequency it is required to 
model each turn separately and even the capacitances between individual turns 
are important to be considered, while the core can be assumed linear and its 
topology is not taken into account. The classification of transient phenomena 
and corresponding frequency ranges are proposed in [73] as: 

- 5Hz to 1 kHz: slow transients. 
- Power frequency up to 10 kHz: switching transients. 
- 10 kHz up to 1MHz: fast transients. 
- 100 kHz to 50 MHz: very fast transients. 

The scope of this study regarding DC magnetization of power 
transformers is in the range of slow transients. Proper consideration of the 
transformer core is therefore essential to achieve an accurate model [26]. Also, 
the model should have the capability to be coupled with external electrical 
circuits that influence the transient phenomena of the transformer.   
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As mentioned before, although the finite element method is very 
powerful in solving electromagnetic problems, it demands a lot of CPU time 
and memory that make it unsuitable for practical transient analysis. It is 
usually employed for understanding of occurring phenomena and for 
validation of other calculation methods. During the last decades with 
progresses in computer hardware, software, and numerical methods, a lot of 
efforts have put on the development of a low-frequency transient model of 
transformer [74]. The models are aimed at to be able to be implemented in 
electromagnetic transient programs, EMTPs [75]. 

Although each developed model can be useful in certain applications, 
there is no comprehensive electromagnetic model available yet.  

Developing a transformer model for low frequency transient studies that 
possesses the following features was one of the aims of this work: 

- The topology and material properties of the core (nonlinearity, 
saturation and hysteresis) should be considered. 

- Losses and eddy current effects in the transformer should be 
considered. 

- Be able to connect to external electrical circuit. 
- Give the flux and loss distribution pattern inside transformer. 
- Be implementable in the electromagnetic transient programs, EMTPs. 

Therefore, a model in this work is proposed that allows all above 
considerations. To understand the developed model at first a review of the 
available models is presented. The review gives a good insight of low 
frequency modelling with a conceptual classification of the models. Then, the 
developed model is elaborated. After that the model implementation and its 
validation are presented.  

6.2 Review of low frequency transient 
models of transformers 

Low frequency transient models are usually used for power flow studies, 
short-circuit transients, over-voltage switching transients, and transients due to 
deep saturation such as during inrush, ferroresonance, and DC magnetizations. 
The aspects of which low frequency models can be assessed can be 
summarized as follows:   

- Consideration of core material nonlinearity, and hysteretic 
properties. 

- The method by which the magnetic circuit can be coupled to an 
electric circuit. 

- The number of windings and phases that can be taken into account.  
- What are the required data and methods for parameter calculation. 
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- Access to the flux distribution inside the transformer.  
- Performance and accuracy for deep saturation cases. 
- The short circuit properties of the model. 
- Modelling of core losses; static hysteresis, time/frequency 

dependent losses. 
- Modeling of winding losses; DC and eddy currents. 
- Modeling of tank and metal parts with their corresponding eddy 

current losses. 
- How detailed the model is. 
- Ability to consider capacitive effects. 
Over the years a lot of models have been introduced in the literature. 

Some of them are aimed at narrow applications and some other claim that are 
more general. However, conceptually they can be classified into three main 
groups; terminal based or matrix models, topology based models, and hybrid 
models. The main idea behind each model, their advantages and disadvantages 
will be explained. Also, some important models of each group are investigated 
in more detail. 

 Terminal based models 6.2.1

In these category of transformer models the voltage across and the 
currents through the winding terminals are desired. The transformer is 
considered as a black box and only the equations that describe the relation 
between voltages and currents of the windings are required. These models can 
be implemented mathematically as a matrix either by using circuit elements 
such as self and mutual inductances, ideal transformers and resistances. 
Usually, these models are good for linear and short circuit studies. Also, model 
parameters can be obtained from short circuit tests of transformers. The matrix 
model [76] or the BCTRAN model [75]implemented in EMTP software is one 
good example of such an approach. 

6.2.1.1 Matrix model or BCTRAN 
In this approach the transformers are described by using the impedance, 

Z, or admittance, Y, matrix. It means the relation between the voltage vector, V, 
and the current vector, I, of windings are described by a n by n complex matrix 
in the frequency domain, where n is the number of windings.  

In impedance approach: 
1 1 1( )n n n n n n n n nV Z I R j L Iω× × × × × ×= = +                                                              6-1 

, where R and L are the resistance and inductance matrix of the windings, 
respectively. In fact they are real and imaginary parts of the impedance matrix, 
Z. In the time domain Eq.  6-1 can be written as follows: 
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1 1 1n n n n n n n
dV R I L I
dt× × × × ×= +                                                                             6-2 

This method was proposed for the first time in [66] and has then been 
followed by others. R is a diagonal matrix that represents the winding losses 
and L is matrix of self and mutual inductances. The model considers the 
coupling between windings and phases, but does not consider the core and 
winding topologies. Because of the existence of a high permeable core in 
transformer structure, the values of elements of L matrix are very big and close 
together. This fact may result in problems in the numerical calculations. It can 
lead to an ill-conditioned matrix when the inverse matrix is required. Also, the 
leakage inductances that are important parameters in short circuit studies might 
be missing in the calculations [74]. A similar problem happens for obtaining 
the Z matrix from measurement results when excitation tests are required. In 
this method a winding is excited by an applied voltage while other windings 
remain open circuit, the relation between the induced voltages in other 
windings and the excitation current gives the elements of the Z matrix. Since 
the excitation currents due to the high permeable core are quite low the 
obtained Z matrix elements are very big and have nearly the same magnitude.  

This problem can adequately be solved by subtracting of a big value 
from all elements of the L matrix [74]. This solution is equal to a direct use of 
leakage inductances concept [77] when the core is assumed to have infinite 
permeability. In other words, the magnetization current is ignored in this 
approach. The equation between voltages and currents in the frequency domain 
can be written as  

1 1n n n nI Y V× × ×=                                                                                                   6-3 
The short circuit tests give the elements of the Y matrix directly. In that 

case one winding is excited while the other windings are short circuited. 
Therefore, the relations between the voltage of the excitation winding and the 
short circuit currents in the others determine the elements of the Y matrix. 
Since the resistance of windings are quite low, one can say that the Y matrix is 
the inverse of the leakage inductance matrix. Eq.  6-3 in the time domain can be 
written as: 

{ } { }1 1 1( ) ( ) ( ) ( )n n n n n n nI t real Y V imag Y V t dtω ω ω× × × × ×= − ∫                          6-4 

Eq.  6-4 can be implemented in EMTPs with a step by step integration 
method [75]. 

The matrix approach is suitable for linear and short circuit studies at a 
certain frequency. Multi-winding and multi-phase transformers can be 
modelled by this approach. The coupling between the transformer model and 
the electrical circuit is quite easy. 
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The core and transformer topology is not properly taken into account in 
these methods. As a result they are not suitable for the transient analysis where 
the core and its nonlinear behaviour play important role. They cannot give any 
information about flux distribution profiles inside the transformers. Time 
dependent eddy current losses are not considered in this method. 

 Topology based models 6.2.2

In contrast to terminal based models, topology based models are based 
on the magnetic circuit of the transformer. In these models the geometry and 
topology of the transformer are taken into account. Generally, there are two 
main steps in making the model. The first is to create a magnetic equivalent 
circuit of the transformer. This can be done by using an analogy between 
quantities and constitutive laws in the magnetic and electric domains. The 
second step is to couple the magnetic circuit to an external electrical circuit. In 
other words, this step is to set up a relation between the currents and voltages 
of the windings with the magnetomotive forces, MMFs, and linkage fluxes in 
the magnetic circuit. Usually there is not considerable difference of the first 
step between most available models for creating the equivalent magnetic 
circuit. However, the method to couple it to the electric circuit shows 
significant differences between the models. According to the employed 
approaches for this purpose the models can be categorize as duality based, and 
geometric.  

In this section, we first describe the concept of the magnetic equivalent 
circuit and then review the most important proposed models, the theoretical 
concepts behind them and their properties. Also, there is another topology 
based model that it is not actually coupled to an electrical circuit. But, the 
windings current assumed as input data for the model and the output are the 
leakage flux distribution and associated losses. This model works based on a 
distributed magnetic circuit and it is called the distributed reluctance network 
method, DRNM. This approach also is reviewed later in this section. 

6.2.2.1 The conventional reluctance network method 
The magnetic equivalent circuit, MEC, also is called reluctance network 

method, RNM. In fact the reluctance network concept is used to generate the 
magnetic circuit of electromagnetic devices. It is an approach of 
electromagnetic analysis of devices comprising magnetic materials such as 
transformers, electrical machines and actuators. The history of it returns to the 
beginning of the 20th century when it was used as the principal tool in 
electromagnetic machine design [78] [79]. 
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This approach is based on the analogy between magnetic and electric 
quantities and constitutive laws. Table  6-1 shows the analogy in the magnetic 
and electric domains. 

Table  6-1 

Analogy between magnetic circuits and electrical circuits 

Magnetic  Electric 
Name Symbol Unit Name Symbol Unit 

Magnetomotive 
Force (MMF) 

F H dl= ⋅∫
 

A-turn 
Electromotive 
force (EMF) or 

voltage 

V E dl= ⋅∫
 

V 

Magnetic field H  A/m Electric field E  V/m 
Magnetic flux ϕ  Wb Electric current I  A 
Magnetic flux 

density B  T Current density J  A/m2 

Reluctance ℜ  1/H Resistance R  ohm 
Permanence P  H Conductance G  S 

Hopkinson’s law F ϕ= ℜ   Ohm’s law V RI=   

Permeability 
B
H

µ =
 

H/m Conductivity 
J
E

σ =
 

S/m 

  
Hence, a flux path in the magnetic domain can be represented by 

elements that are called reluctances. In fact, the reluctance, ℜ , can be 
regarded as a flux tube with a value equal to the ratio of the magnetomotive 
force drop across the tube and the flux that passes through it and it is 
corresponds to a resistor in electric circuits. Thus, it can be calculated by: 

1 l
Aµ

ℜ =                                                                                                           6-5 

, where µ, l and A are permeability, length and cross section area of the tube, 
respectively. A flux tube is illustrated in Figure  6-1.  

 A
FluxFlux

l
Aµ

ℜ =

µ

l

 
Figure  6-1: A flux tube and corresponding reluctance. 

Voltage and current are force and flow variables in an electric circuit, 
respectively. In a similar way as seen in Table  6-1 the magnetomotive force 
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and the magnetic flux are force and flow variable in a magnetic circuit, 
respectively. Therefore, the force source in the magnetic circuit is the 
magnetomotive force, and its value is equivalent to the electric currents that 
pass through the windings, multiplied by the number of turns. Likewise, the 
flow source in the magnetic circuit is the flux source and its value is equivalent 
to integration of induction voltage across the winding divided by the number of 
turns. Thus, the magnetic circuit relates with the electric circuit in this way. 

The key activity in building a reluctance network is to find pre-defined 
flux tubes. Hence, it is clear that the accuracy of the magnetic equivalent 
circuit is highly related to accuracy of the assumptions that are made to 
determine the flux tubes. When a high permeable magnetic core exists in a 
device, determination of the flux tubes is more accurate. However, in the case 
of deep saturation or in domains without a high permeable core the set up a 
network with acceptable accuracy is a challenging task. Of course, the 
application and the goal of the modelling determine the acceptance criteria.  

According to the materials that are filled a flux tube, the reluctance 
element can be linear, nonlinear, and hysteretic. In the conventional method, 
reluctances are regarded as lossless elements. The approach for considering 
losses is described in section  6.3.3.3. However, most of the topologically based 
models use the conventional approach. More information regarding the 
concept of the reluctance network method can be found in [80] [72]. 

Figure  6-2 illustrates a conventional lumped magnetic equivalent circuit 
of a three phase three winding, five-limb core type transformer. wiℑ is an MMF 

or linkage flux source of ith winding in each phase. wiℜ is related to the leakage 
flux channel between ith winding with next innermost winding or the core 
surface. 0ℜ represents the zero-sequence flux paths. limbℜ , and yokeℜ  model 
the nonlinear/hysteretic properties of core limbs and yokes, respectively.The 
lumped magnetic circuit for other core type transformers can be obtained in a 
similar way. More detail about building such MECs can be found in [72]. 
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Figure  6-2: conventional lumped magnetic equivalent circuit of a three phase 

three winding, five-limb core type. 

6.2.2.2 Duality based models 
In this method the magnetic circuit is converted to an equivalent electric 

circuit that can directly be connected to an external electrical circuit. This 
approach is based on duality between electric and magnetic circuits. The 
method is introduced and formulated by Cherry in [81]. However, it is 
mathematically proven that it is only applicable for planar magnetic circuits 
with not more than three windings with leakage flux coupling [81]. This 
approach is therefore limited to three-winding transformers and cannot be 
applied for general multi-winding transformers. The approach is employed and 
improved by others later in [82] [83] [73]. In [84] , a method is suggested for 
utilizing it in non-planar magnetic circuits, but this approach is rather 
complicated. Practical applications of that method for transformers are 
presented in [72]. 

In this method, each reluctance element in the magnetic circuit is 
substituted with an inductor. In the case of nonlinear reluctances the inductor 
would be nonlinear. A magnetomotive force in MEC is converted to a two port 
ideal transformer in a such way that one side of it is connected to the dual 
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circuit and the other side is connected directly to the external electrical circuit. 
Series connections in the magnetic circuit are converted to parallel connections 
in the dual electric circuit and in a similar way the parallel connections in the 
magnetic circuits is converted to a series connections. In general, a node in the 
magnetic circuit should convert to a mesh/loop in the corresponding dual 
electric circuits. All dual inductors are assumed to have the same number of 
turns. The turn ratios between windings are then corrected by turn ratios of 
ideal transformers. The general rules and more examples regarding duality 
transformation and derivation of a dual circuit can be found in [72]. 

Figure  6-3 shows dual electric circuit derived from the MEC of the five-
limb transformer given in Figure  6-2.  

A good and recent example of the models in this category is the model 
presented by N. Chesia [72] for calculation of inrush current in power 
transformers. 

The model is based on a lumped magnetic equivalent circuit of power 
transformers and the principle of duality. The nonlinearity of core is 
considered in this model. Also, a method for implementation of Jiles-Atherton 
hysteresis model is described in [72]. The core losses are considered by using a 
resistance parallel to the inductors corresponding to the core branches. The 
winding losses are modelled by using series resistance connected to the 
windings. The capacitance between windings can be externally connected to 
the dual-circuit leads. The parameters of the model can be obtained from 
routine test data or geometry. However, the model inherits the intrinsic 
limitations of the duality approach. The model cannot be extended to a detailed 
transformer model or to a winding arrangement that has more than three 
leakage coupled windings. In three phase transformers it is assumed that there 
is no leakage coupling between the windings in different core limbs. 
Therefore, modelling of three phase transformers with a maximum, three 
windings per limb becomes possible by the duality method. 
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limbL

leakage, w1L leakage, w 2L leakage, w 3L

Terminal, w1 Terminal, w2 Terminal, w3

zero sequenceL −

return yokeL − limbreturnL −

limbL

leakage, w1L leakage, w 2L leakage, w 3L

Terminal, w1 Terminal, w2 Terminal, w3

zero sequenceL −

return yokeL − limbreturnL −

limbL

leakage, w1L leakage, w 2L

Terminal, w1 Terminal, w2 Terminal, w3

zero sequenceL −

return yokeL − limbreturnL −

leakage, w 3L

YokeL

YokeL

 
Figure  6-3: Dual electric circuit of the MEC given in Figure  6-2. 
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6.2.2.3 Geometric models 
In contrast to models based on the duality principle, geometric models 

use an inductance matrix in order to couple between magnetic and electric 
circuits. However, the inductance matrix is calculated based on core topology 
and uses incremental permeability of core elements. When a nonlinear core 
exists, the inductance matrix should be updated at each time step. Also, the 
magnetic and electric parts of the transformer model are decoupled. This 
concept is presented in [85] [86] [87]. The existent models of this approach are 
based on a lumped equivalent magnetic circuit. However, in principle they 
have potential to deal with more detailed magnetic circuits for better 
consideration of leakage fluxes. Some models that are based on this concept 
are presented in [85] [88] [89]. Unified magnetic equivalent circuit model, 
UMEC, that is implemented in PSCAD software also use the similar idea. This 
model will be reviewed later. 

6.2.2.3.1 Unified magnetic equivalent circuit (UMEC) 
Another approach for coupling a magnetic circuit to an external electric 

circuit has been suggested in [89] [90]. The method that is called unified 
magnetic equivalent circuit, UMEC, introduces a transformer model for time-
step transient analysis. The idea of the UMEC approach is to use magnetic 
circuits to derive a Norton equivalent circuit interface. Then, this circuit can 
connect to the external circuit.  

In this method a linearization is performed for the relationship between 
the winding current and the flux passing through it, at each time step. This is 
done based on the incremental permeability concept. Then by utilization of 
trapezoidal integration a multi-port Norton equivalent is obtained from the 
magnetic circuit. This equivalent circuit describes the relation between the 
winding currents and voltages at the current time step. Mathematically, it can 
be written as follows:     

1 1 , 1n n n n s nI T V I× × × ×= +                                                                                       6-6 
, where T is a symmetric, non-diagonal matrix that couples windings together. 
Is is a vector of equivalent Norton current sources. T, and Is should be updated 
for each time step by using a linearized equivalent magnetic circuit. A Norton 
equivalent of a single phase transformers is shown in Figure  6-4. 
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Figure  6-4: Equivalent Norton circuit of UMEC model for a single phase 

windings transformer. 

Theoretically this model can be applied for more detailed magnetic 
circuits and for multi-winding multi-phase transformers. Also, it can consider 
nonlinearity of core materials. 

Winding losses and core losses are taken into account by two equivalent 
linear resistances connected in series and parallel at the terminal of the 
windings, respectively. This approach might lead to a non-accurate loss 
modelling [72]. Also, it cannot give the core loss distributions in limbs, yokes 
and return limbs.  

A commercial model based on the UMEC approach is implemented in 
PSCAD software. The model is compared with other models in commercial 
software regarding calculation of inrush current waveform in [91]. The results 
show that the implemented model might lead to promising results. However, 
theoretically the concept of the model allows modifying and improving to get 
more accurate results.  

6.2.2.4 Distributed reluctance network method 
The distributed reluctance network method, DRNM, is introduced and 

developed by Turowski in [92] [80]. The approach is aimed for fast three-
dimensional calculation of leakage fields and localization of the corresponding 
hot spots in power transformers. The core is considered with infinite permeable 
magnetic material in this model. It uses a three-dimensional reluctance 
network that consists of lumped MMFs within intertwining’s gap, 
conventional reluctances for non-conductive domains, and complex 
reluctances for conducting parts. The eddy current reaction of metallic 
structural parts such as tank and core clamps and their associated losses are 
taken into account in the model by using the complex reluctance idea.  
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Figure  6-5: An example of 3D DRNM for quarter of a three phase three-limb 

transformer [80]. 

It is shown in [93] that the model has promising accuracy and speed in 
stray loss calculation of the structural parts of the transformer. However, it is 
not developed for winding loss calculations. Furthermore, the presented model 
cannot be coupled with external circuits and cannot consider the nonlinearity 
of the core materials. In other word, the current model works well under load 
or short-circuit conditions when the winding currents are known and the core is 
in the linear region.  

 Hybrid 6.2.3

The main concept of hybrid models is to improve the leakage inductance 
approach by taking into account the topology and the nonlinearity of the core. 
It is done by connecting an equivalent circuit of the core obtained via the 
duality principle to the leakage inductance model. The approach is based on 
the assumption that the core inductances are much greater than the leakage 
inductances. In other words, the linkage flux closes itself through the core and 
the leakage inductance is not affected by core permeability. However, it should 
be noticed that this assumption does not remain valid when the core is deeply 
saturated. Therefore, the core and leakage inductances are modelled separately 
and are connected together through their terminals.   
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The concept of this approach is applicable by imagination of a fictitious 
winding with zero thickness that is placed on the surface of the core limb. 
Thus, the fictitious winding is taken into account in the leakage inductance 
matrix calculations. Then, an equivalent electric circuit of the core and 
fictitious windings is extracted by applying the duality principle. Finally, the 
leakage inductance model and the core equivalent electric model are connected 
together through the terminals of the fictitious windings. The topology and 
nonlinearly of the core are considered in the core dual circuit, and leakage 
inductances between windings can properly be modelled and calculated with 
the leakage inductance model. Therefore, this approach allows modelling, 
multi-winding multi-phase transformers. 

Several models have been proposed based on this concept over the years 
[77] [94] [95]. The hybrid model presented by Mork [95] is exactly based on 
described approach. The TOPMAG model that is implemented in the 
commercial software EMTP-RV is based on the hybrid approach described in 
[96]. The core losses and flux distribution in each core part can be calculated 
by using this model. The differences between the hybrid models are usually 
referred to the implementation method, and the consideration of losses.  

6.2.3.1  Saturable transformer component (STC) 
The Saturable transformer component model, STC, or T-model [76] [97] 

is a well-known model for single phase transformers. The model that is 
represented in  

Figure  6-6 for a single phase two winding transformer can be 
categorized as a hybrid model. The core is represented by a magnetization 
branch that is connected in parallel with the primary winding. The branch 
consists of a nonlinear inductor paralleled with a nonlinear resistor that are 
modelling core nonlinearity and losses, respectively. The leakage inductances 
are divided between two windings. This separation does not have physical 
meaning [98]. The ohmic losses of windings can be considered by one series 
resistance for each winding. This model cannot be used for a transformer with 
more than three windings, and shows some instability in EMTP models. Also, 
modelling a three phase transformer with magnetic coupling between phases is 
not possible with this approach. 

1r 1L

mLmr

2r2L

 
Figure  6-6 STC model for a single phase two winding transformer. 
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More discussion and improvements regarding this model can be found 
in [99] [100] [101]. 

6.2.3.2 Mohseni’s matrix model 
H. Mohseni has proposed a time-step nodal inverse inductance matrix 

model for describing transformers in [102]. The approach uses the hybrid 
model concept. The nonlinear inductances related to the core shall in the model 
be updated at each time step. 

 The advantage of this approach is the direct computation of the inverse 
of the inductance matrix, which avoids the numerical problem regarding the 
inversion of an ill-conditioned matrix. Also, it can be applicable for multi-
winding multi-phase transformers. The winding losses are considered by series 
resistances connected to each winding terminals. However, the core losses are 
not taken into account in the presented model. Furthermore, the model 
possesses the limitation of hybrid models for accurate modelling of 
transformers under deep saturation conditions. 

6.2.3.3 Leon and Semlyen model 
De Leon and Semlyen have presented a more comprehensive 

transformer model [77]. The presented model consists of a set of state 
equations that are solved by using the trapezoidal rule of integration. It allows 
obtaining an equivalent Norton circuit of the transformer to be connected 
through its terminals to an external circuit in an electromagnetic transients 
program.   

Conceptually, their model is a hybrid model that is enhanced by 
considering frequency dependent winding and core losses. It helps the model 
stay valid in a higher range of frequency. The model uses the Foster and Cauer 
equivalent circuits for modelling frequency dependence losses of the windings 
and the core, respectively. The details regarding the parameter estimation for 
these equivalent circuits can be found in [77]. The model also considers 
winding capacitances. However, the model does not take into account the 
hysteresis effect and the idea to combine a hysteresis model with the Cauer 
circuit makes it very complicated. Also, the effect of radial fluxes is not 
included in the winding loss modelling. Besides, an ampere-turn balance 
condition is assumed for modelling eddy current losses in the windings, that is 
not valid for transients such as for inrush current. 

 Summery and discussion 6.2.4

The judgment about the mentioned models mostly depends on the 
application and user. In each model there are simplifications that do not allow 
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considering it as a comprehensive model. However, each model would be very 
efficient in the certain application that the model aimed for it. For example, the 
STC model since it is simple and easy implementable would be very useful for 
power flow analysis or simple transient simulation of single phase 
transformers. Also, the required data for this model can be simply obtained 
from nameplate data or routine test results. In such applications using more 
accurate but complicated models does not make sense. 

In this work, we consider transformer models from the view point of a 
designer. It means we assume that the geometry and design data are accessible.  
Also, we are interested to find what transient phenomena happen inside the 
transformer due to the interaction between the transformer and the power 
system in the low frequency range. In other words, we are looking for a 
comprehensive electromagnetic model that is fast and accurate enough for the 
design process. In fact, it is expected to develop a model as a good substitute 
for numerical methods such as FEM and can be fast enough for using in circuit 
simulation.  

Therefore, the matrix models are not suitable in this work. They are 
linear and do not consider the transformer topology. Also, hybrid models due 
to their simplified assumption regarding separation of core and leakage 
inductances will not remain accurate under deep saturation conditions.  

Conceptually, the topology based models could be a good option. 
However, the accuracy of the models principally depends on the accuracy of 
the magnetic equivalent circuit that the model is based on it. The duality 
approach has limitations regarding the number of windings. Increasing the 
number of reluctances is directly transferred to the equivalent circuit and 
makes the model heavy and very complicated.  The idea of the UMEC model 
is interesting and allows using more detailed equivalent magnetic circuits. 
Furthermore, the complexities of the magnetic circuit will not transmit to the 
interface connected to the external electric circuit. However, it is not good for 
taking into account the core losses and winding losses. Theoretically, the 
concept of the model allows more improvement and considering hysteresis 
properties, but these features are not applied yet. The distributed reluctance 
network model is a very detailed topological model. However, the available 
approach works for linear core and has not the possibility to be coupled with 
the external circuit.  

Proper modelling of the leakage flux and core behaviour under deep 
saturation is essential for accurate simulation of transient phenomena such as 
inrush currents and DC magnetizations. Hysteresis modelling becomes 
important during re-energization of power transformers when there is a 
residual flux.     

Considering losses is very important in the decaying transient 
phenomena. The winding losses are not only dependent on frequency, but are 
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also dependent on the leakage flux profile. In addition, the core losses vary 
depending on the flux distribution, flux waveform and its time derivative. 
However, so far none of the presented models can adequately deal with the 
mentioned matters.  

Moreover, except for DRNM, the tank, metallic structural parts and 
related losses are not seen in any of the mentioned models.  

Therefore, in the next section we introduce a time step approach that 
allows considering all mentioned features. The complexity of the model can be 
adapted according to the actual application.  

6.3 Time step Topological Model (TTM) 
Although there is no comprehensive transformer model for low 

frequency electromagnetic transient simulation, we aim to use the advantages 
and ideas of previously developed models and combine them together with 
innovative ideas to reach a new transformer model.  

A desired comprehensive model for low frequency transient analysis 
should have the following capabilities: 

- Coupling with external electrical circuit. 
- Considering multi-winding, multi-phase device.  
- Considering core nonlinearity, deep saturation, hysteresis and residual 

core flux. 
- Considering core dynamic losses including classic and excess eddy 

current losses. 
- Considering winding losses including DC losses and eddy current 

losses. 
- Considering tank and other metallic structural parts and related eddy 

current losses. 
In order to fulfil the mentioned requirements a new method for 

modelling of power transformers is developed in this work. Actually, the 
method can be used not only for transformers, but also for other 
electromagnetic device such as electrical motors, generators and actuators. In 
fact, we have created a platform on which all above features can be 
implemented to the extent given by the aim and application. Therefore, the 
model includes basic features that can be extended to consider more complex 
phenomena.  

The model is built for discrete, time step, transient analysis. It means the 
model should be coupled with an external circuit that it is solved step by step 
in the time domain, and the values of required quantities are given at discrete 
instants of time. In such an analysis, the value of the quantities at the time 
between these discrete time moments can be obtained by using interpolation 
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methods. In fact, this approach is the basis of electromagnetic transient 
programs, EMTP.  

 The model concept and its governing idea 6.3.1

The model is founded based on the idea of converting the hysteretic and 
nonlinear relationship between electromagnetic quantities to a linear time 
variable relationship. In other word, we assume the transformer at each time 
step is a linear system when the changes in the electromagnetic quantities 
remain small enough. However, the characteristics of this linear system are 
modified for each time step. Therefore, it can be seen that proper time step and 
initial conditions are vital ingredients in this approach. 

The model consists of two blocks; a magnetic equivalent circuit, MEC, 
and an interface circuit, IC, for connection of the model to external electrical 
circuits. These blocks communicate with each other through exchange of 
parameters at each time step. This interface consists of electric elements that 
are connected to the external circuits via winding terminals. The values of the 
interface elements at each time step are determined based on the state of the 
magnetic equivalent circuit. Thus, the electric circuit is solved by using 
conventional methods of analysis of electrical circuits [103]. Afterward, the 
calculated voltages across the interface terminals are transferred to the 
magnetic equivalent circuit to find the new state of it. In this way, the 
parameters of the interface for the next time step are extracted based on the 
new state of the magnetic equivalent circuit. This process continues and the 
transient analysis is performed. 

 Therefore, the complexity of the magnetic circuit does not transfer to 
the interface. In other word, the magnetic circuit is decupled from the 
equivalent circuit of the transformer that is connected to the external electrical 
circuit. The number of interface elements only depends on the number of 
windings in the model. Nevertheless, the complexity of the equivalent 
magnetic circuit is related to the purpose of the modelling. Using lumped or 
distributed reluctance networks, considering hysteresis or a simple B-H curve, 
and taking into account the dynamic losses are determined by the application 
of the simulations.  

Figure  6-7 schematically illustrates the concept of the TTM approach. 
The basic concept of the model is described in this section. The construction of 
the model and its implementation are elaborated. 
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Figure  6-7: Schematically illustration of the TTM concept. 

 Interface circuit 6.3.2

For solving the electrical circuit equations the constitutive equation of 
each circuit element must be known. The constitutive equations describe the 
relationship between the voltages across and currents passing through a circuit 
element. A transformer is connected to an electrical circuit through its 
windings. Therefore, the relation between the current and voltage vectors of 
the windings should be known. 

Let’s consider that the linkage flux vector of the windings, λ , is known 
at the time moment, t, and the magnetic equivalent circuit consists of linear 
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reluctances and independent magnetomotive forces or flux sources. Hence, the 
current vector of the windings, I, can be obtained by using the equation below: 

1 1n n n nI λ× × ×= Γ                                                                                                  6-7 
, where Γ  is a n by n matrix that relates the currents of each winding to the 
linkage fluxes of the corresponding winding and also the other windings. 
Assume that at time, t0, the current vector, I0, the voltage vector, V0, and 
linkage flux vector, 0λ , are known. Therefore, the current vector at the next 
time step, t, after a time interval t∆  can be written as: 

0I Iλ= Γ ∆ +                                                                                                   6-8 
The relation between the linkage flux vector and the inductive voltage 

vector of the windings according to integral form of Faraday’s law can be 
written as: 

0

0( ) ( )
t

t

t V t dtλ λ= +∫                                                                                           6-9 

Note that the Eq.  6-8 is correct when we assume that the positive 
direction of the linkage flux (current source in MEC), is from negative to 
positive poles of the magnetomotive force (voltage source in MEC). Otherwise 
the right hand side of  6-8 should be multiplied by (˗1). Therefore, according to 
trapezoidal integration rule we have: 

0 0( ) ( ( ) )
2
tt V t Vλ λ λ ∆

∆ = − = +                                                                   6-10 

Hence by substituting Eq.  6-10 in Eq.  6-8 the current vector of windings 
is related to the inductive voltage vector of winding at time, t, by: 

0 0( ) ( )
2 2
t tI t V t V I∆ ∆

= Γ + Γ +                                                                     6-11 

The Eq.  6-11 can be interpreted as an equivalent interface circuit. Each 
winding can be modeled as parallel combination of a resistor, R, a dependent 
current source, Id, and, an independent current source, Is as illustrated in 
Figure  6-8.  
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Figure  6-8: the equivalent circuit of a winding in the interface circuit. 

The values of each element in Figure  6-8 associated to the kth winding 
are obtained from Eq.  6-11 as: 

1( ( , ))
2
tR k k −∆

= Γ                                                                                          6-12  

0 0
1

( ,1) ( , ) ( ,1)
2

n

s
i

tI I k k i V k
=

∆
= + Γ∑                                                               6-13 

1

( , ) ( , )
n

d
i
i k

I k i V k i
=
≠

= Γ∑                                                                                    6-14 

As it is seen the resistance R is related to the kth winding itself, the 
dependent current source, Id, determines how the winding is coupled to other 
windings, and the independent current source keeps the memory of the 
previous time step with the property of an energy storing element as an 
inductor. The value of the interface circuit parameters for circuit analysis at 
time, t, are calculated based on the state of electrical circuit and magnetic 
circuit at previous time step. As it is formulated in Eq.  6-12 and Eq.  6-14 they 
are obtained from the value of Γ  matrix elements, currents and voltages from 
the previous time step and the time interval t∆ .  

An example of the suggested approach for modelling of a single phase 
two winding transformer is illustrated in Figure  6-9 where for time t0: 

0 011 12

0 021 22

( ) ( )
( ) ( )

LV LV

HV HV

i t t
i t t

λ
λ

Γ Γ    
=    Γ Γ    

                                                               6-15 
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                                  6-16 

Note that the static linear and nonlinear magnetic properties of the 
magnetic equivalent circuit and dynamic eddy current effects in the core, 
windings, and structural parts can be considered by using the introduced 
interface. In fact, they are taken into account in calculation ofΓ . The details 
are described in the next sections. Also, the DC resistance of the windings can 
be modelled as a series resistor connected to the winding terminals. 

The resultant inductive voltages at time, t, from solving the electrical 
circuit equations, are used to calculate the λ∆  vector by using Eq.  6-10. The 
λ∆  vector is applied to the magnetic equivalent circuit to find the new state of 

it at time, t. Afterwards, the Γ  matrix is calculated for time t by solving the 
magnetic circuit equations and this solution is used to find the interface circuit 
parameters for the next time step. Thus, the procedure can be repeated for the 
next steps. 

However, it should be noticed that we assume that the selected time step 
is small enough that the linear magnetic circuit assumption remains valid. 
Therefore, it should be checked at each time step. If the criteria are satisfied we 
can continue to the next step, otherwise a smaller time step should be chosen. 
The change in winding currents from the previous time step, t0, to the new time 
step, t, can be calculated by two ways. The first one is a result of solving 
electrical network equations at time, t. The second one is to apply the λ∆  
obtained from Eq.  6-10 at time t, to the magnetic equivalent circuit that it has 
kept its state from the previous time step to calculate the winding currents at 
time, t. Comparison between the currents obtained from these two mentioned 
methods is a good way to check the validity of the linearity assumption. 
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Figure  6-9: (a) geometry of a single phase two winding transformer, (b) a 

lumped magnetic equivalent circuit, (c) interface circuit 
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6.3.2.1 Calculation of interface circuit parameters and update state 
of circuit 

The Γ  matrix and the voltages and currents of the windings from 
previous time step are required to calculate of parameters of the interface 
circuit for the next time step. The voltages and current can easily be kept from 
previous time step. However, the Γ  matrix should be calculated based on the 
equivalent magnetic circuit. The relation between the winding current vector 
and the linkage flux vector is presented in Eq.  6-10. Therefore, considering the 
linear equivalent of the magnetic circuit it can be written as: 

1 1n n n nI λ× × ×∆ = Γ ⋅∆                                                                                          6-17 
So, only the relation between changes in the current and linkage flux 

vectors matters in Eq.  6-17. Hence according to the superposition principle in 
linear circuits all independent sources that are not related to the windings can 
be omitted from the magnetic equivalent circuit. As a result the elements of the 
matrix Γ  can be calculated by using set of linear analyses. In each analysis, a 
linkage flux, kλ , is applied to the kth  winding and the linkage fluxes of other 
windings are set to zero i.e. one can consider them as open circuits. Then, the 
magnetic circuit is solved and the magnetomotive forces corresponding to the 
windings are obtained. These magnetomotive forces are translated to winding 
currents by diving them with the winding number of turns. Thus, the kth column 
of the Γ  matrix is calculated by: 

1, 2,..,i
ik

k

I i n
λ

Γ = =                                                                                   6-18 

Therefore, Γ  matrix elements can be calculated by n linear analyses. 
Consequently, the parameters for the circuit interface are calculated by using 
Eq.  6-12 to Eq.  6-14. 

 Solving magnetic equivalent circuit equations 6.3.3

Conventional equivalent magnetic circuits are built based on reluctance 
network methods. Such a network consists of linear elements, and also 
nonlinear or hysteretic elements associated with the core. The windings are 
considered as sources in the equivalent network. They can be modelled with 
voltage sources as MMF sources or with current sources as linkage flux 
sources. The common method for solving such nonlinear circuits is employing 
an iteration method like Newton-Raphson. To avoid a nonlinear solution and 
its related problems, we introduce a linearization method with a step by step 
solving process in this work. According to this method, at each working point 
each nonlinear element is substituted by equivalent linear elements. So, the 
circuit equations are solved by using linear circuit analysis methods. The 
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changes should be small enough for the linearity assumption to remain valid. 
The states of the nonlinear elements are updated based on their material 
models in the next step. 

Moreover, this step by step method allows us to consider the dynamic 
effects of eddy currents is the magnetic circuits. These aspects and the 
algorithm for solving nonlinear magnetic circuit equations are described in this 
section.  

Note that we assume that the magnetic equivalent circuit of the 
transformer is given. In this work, the focus is on a method for solving 
magnetic equivalent circuit equations when considering the nonlinearity, 
hysteresis and eddy currents. Building lumped and distributed magnetic 
equivalent circuits of transformers are discussed in [72] and [80], respectively. 
Nevertheless, the methods can be further improved and accomplished. This is a 
task that is considered as a future work of this project. 

6.3.3.1 Linearization of the nonlinear and hysteretic elements 
It is assumed that the flux density, B, and field intensity, H, have 

uniform distribution inside each reluctance element. Consider that the state of a 
reluctance element in the network is given. It means the working point of the 
reluctance material (B,H) and its derivative, dB/dH, at that point are known. 
Therefore, for a very small change of B, dB, the behavior of material can be 
determined by a line that passes through the working point with slope equal to 
dB/dH. In other words, the equivalent line is a tangent to the B-H trajectory at 
the working point. For a very small change of B, according to the analogy with 
an electrical circuit, the nonlinear reluctance can be replaced with a linear 
reluctance series with a MMF source. The values of the linear reluctance,ℜ , 
and corresponding MMF source, ℑ , can be calculated as follows: 

1(dB/ dH) l
A

−ℜ =                                                                                          6-19 

0H lℑ = ⋅                                                                                                        6-20 
, where l and A are length and cross sectional area of the reluctance element, 
respectively and H0 is intersection point of the tangent line with the magnetic 
field axis.  

Figure  6-10 depicts the presented concept. The approach can be applied 
for nonlinear B-H curves and for hysteresis curves in a similar way. 
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Figure  6-10: Linearization concept. 

Now, consider the states of all reluctance elements are known in the 
network. Therefore, the network can be linearized by using the described 
method. The aim is to obtain the new state of the reluctances if there is a 
change in the linkage flux or MMF sources at the next step. For doing this, we 
calculate the corresponding changes that happen in flux passing through each 
reluctances, , and the MMF drop across them, , and convert them to 
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the corresponding changes in flux density, B∆ , and the magnetic field, H∆ , 
by: 

B
A
ϕ∆

∆ =                                                                                                        6-21 

and, 

H
l
∆Θ

∆ =                                                                                                      6-22 

 Appling B∆ either H∆ to the material model gives the new states of 
each reluctance at the new working point. It depends on the material model 
whether one uses B either H as input. Note that the states of each reluctance 
are preserved from the previous step.  Therefore, the new linear model can be 
calculated based on current sates of the reluctances.  

Thanks to superposition principle in linear circuits, the linearization 
process and the linear circuit can be simplified. Since the changes of the 
quantities are desired, all independent sources can be removed from the circuit 
by short circuiting the MMF sources and disconnecting the flux sources. Then, 
the value of input sources are set to their corresponding changes instead of 
their real values. In that case, ϕ∆  and ∆Θ  of each reluctance element are 
directly obtained by solving the network equations. Therefore, there is no need 
of the series MMF sources in the linear equivalents of the nonlinear 
reluctances. Then, only the derivatives of the B-H trajectory at working points 
are required for building the equivalent linear circuits. 

This process can be repeated for the next steps. Then, the nonlinear 
solution is converted to a linear one in each individual time step. This approach 
eliminates the drawbacks with a large number of iteration and the convergence 
problems associated with common methods for solving nonlinear circuit 
equations. Since, it functions faster and more reliable it is easier to implement.   

The linear assumption should remain valid in each step, otherwise the 
step is divided into smaller steps and procedure is repeated again. The linear 
assumption can be checked by calculation of the errors for the each reluctance 
element. The change of flux density, MECB∆ , and the change of the magnetic 

field, MECH∆ , are calculated by solving the linearized magnetic equivalent 
circuit equations for each element. Thus, if the input to the material model is B, 
the error can be calculated by this way: 

100MEC

Mat

Herror
H

∆
= ×

∆
                                                                                  6-23 

, where MatH∆  is the change of the magnetic field obtained by the original 
material model. The criterion of the linearity assumption can be determined by 
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the norm of all errors or the maximum error. The criterion should be less than a 
certain value, ε. Dividing the step to smaller and smaller ones is continued 
until the criterion is satisfied. A more efficient, accurate and faster algorithm 
can be achieved by performing improvements by the step division method, 
adaptive stepping, determination of the linearity criteria, and choosing a 
suitable value of ε. The flowchart of the algorithm is depicted in Figure  6-11. 
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Figure  6-11: The flowchart of solving transient nonlinear reluctance network. 

6.3.3.2 Material Model 
The magnetic materials have a hysteretic characteristic, which means the 

state of the material does not only depend on the current situation, but it also 
depends on how the material has reached to that situation. The hysteresis 
models are discussed in  Chapter.  4. In the presented algorithm the magnetic 
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equivalent circuit is decoupled from the material model. Therefore, in principle 
any hysteresis model can be used as the material model. However, since dB/dH 
at the working point is used for the linearization process described in 
section  6.3.3.1, the differential hysteresis models are more suitable for using in 
this algorithm. Hence, the developed differential Preisach hysteresis model that 
is introduced in  4.2 is a very good choice for this purpose. The model is 
accurate, simple for numerical implementation, and can use either B or H as 
input. 

Nevertheless, modelling of hysteresis is not essential in all cases and the 
simple B-H curve model is then enough to achieve good accuracy in 
modelling. The B-H curve can be used as set of (B,H) points or as an analytical 
formula. Discussion and comparison between analytical formulas for 
estimation of the B-H curve and their accuracy can be found in [104] [105].  

6.3.3.3 Modeling eddy current effect 
Time-varying magnetic flux creates eddy currents inside the conductive 

domains. The eddy currents generate ohmic losses, and also a reaction field 
that oppose the original field according to Lenz's law. When considering a 
reluctance in a conductor domain, the solution of Maxwell’s equations shows 
that the eddy currents are proportional to the time derivative of the average 
magnetic flux density, dB/dt, [54]. Thus, the resultant reaction field is also 
proportional to dB/dt. Therefore, the eddy current effects can be modelled by a 
dependent magnetomotive force with a value proportional to dB/dt that 
opposes the original flux. By using the analogy between magnetic and electric 
circuits, we notice that the behaviour of the magnetomotive force is similar to 
an inductor in electrical circuits. In fact, an inductor in the electrical circuit 
creates a voltage proportional to the time derivative of the current passing 
through it, and in a direction that opposes the current. Therefore, the effect of 
eddy currents can be modelled in a magnetic circuit by using an inductor.  

It should be noticed that the effect of eddy losses that happen inside the 
magnetic circuit is manifested to the connected electric circuit by using this 
concept. For understanding this, consider a simple linear lossless inductor 
connected to a sinusoidal voltage source and its magnetic equivalent circuit as 
shown in Figure  6-12. 
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Figure  6-12: (a) linear lossless inductor, (b) MEC of the inductor. 

The magnetic equivalent circuit comprises a linear reluctance and a 
MMF source. Since the inductor current is proportional to MMF, they are in 
phase. However, the voltage of the inductor is proportional to the time 
derivative of the linkage flux, and then it shows a 90 degrees phase shift. There 
is only a linear reluctance in this magnetic circuit. Therefore, the MMF and the 
flux are in phase together. As a result the current and voltage of the inductor 
will have a 90 degrees phase shift that leads to zero dissipated average power. 
Now, consider the eddy current effect with an eddy current inductor in the 
magnetic circuit that is demonstrated in Figure  6-13. Thus, the MMF and the 
flux are not in phase anymore. Consequently, the phase difference between the 
corresponding voltage and current is not 90 degrees that means a non-zero 
dissipated average power. Therefore, the eddy current losses are manifested to 
the electric circuit by using such a magnetic equivalent circuit. 

In the next sections, it is explained how to use this concept for taking 
into account the eddy current effects of the core, tank and windings in the 
introduced TTM model. 
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Figure  6-13: (a) linear inductor with losses, (b) MEC of the inductor. 

6.3.3.3.1 Modeling eddy currents in the core materials 
According to the Bertotti’s theory [39], the magnetic field inside a 

magnetic material can be divided in a static and a dynamic parts. The static 
part is obtained by using static hysteresis models and depends on the magnetic 
flux density and the memory of the material. The dynamic part consists of the 
classical and excess eddy currents that are formulated in [39] and depends on 
the rate of the flux density. As a result, the total magnetic field inside magnetic 
materials can be stated as follows: 

( ) ( ) ( )( ) static e exc
dB t dB t dB tH t H K K sign

dt dt dt
 = + +  
 

                                      6-24 

, where H is the magnetic field, B is the magnetic flux density. The first term 
on the right hand side of the Eq.  6-24 is related to the static hysteresis, and the 
second and third terms are associated with the classical and excess eddy 
currents, respectively. Hstatic is obtained from the magnetic field of the static 
hysteresis. Ke and Kexc are the coefficients of the classical eddy currents and the 
excess eddy currents. 

6.3.3.3.1.1 Classical eddy currents 
According to Eq.  6-24, the magnetic field due to the classical eddy 

current is proportional to the rate of the flux density. Therefore, by using the 
backward Euler method in the discrete form, the magnetic field at ith time step, 

i
eH , is obtained as: 

1i i
i

e e
B BH K

t

−−
=

∆
                                                                                        6-25 
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The Eq.  6-25 can be rewritten as: 

1 2
i i

eH K B K= −                                                                                              6-2
6 
, where  
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                                                                                                 6-27 

According to Eq.  6-26 the effect of classical eddy currents can be 
modelled with a MMF source series with a linear reluctance. As already 
mentioned in section  6.3.3.1, since the changes at each step are desired in this 
approach, the MMF source will not have any effect in our calculation. 
Therefore, the eddy current can be modelled only with a linear reluctance of 

eℜ that according to Eq. 6-28: 

1
1

e e
l lK K
A t A

ℜ = =
∆

                                                                                   6-28 

Note that the value of the linear reluctance depends on the value of the time 
step.  

6.3.3.3.1.2 Excess eddy currents 
In the term of excess eddy currents, according to Eq.  6-24 there is a 

nonlinear relation between the rate of the flux density and the magnetic field. 
Considering this nonlinearity makes the model complicated that requires 
employment of an iterative method like the Newton-Raphson approach at each 
step. A magnetic equivalent circuit can include several nonlinear core elements 
that lead to a considerable demand of computation effort. However, for time 
steps that are small enough the nonlinear relation between the rate of the flux 
density and the magnetic field can be replaced by a line that can be obtained 
from the first order Taylor expansion of the last term in Eq. 6-24 as shown in 
Figure  6-14. 
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Figure  6-14 Taylor expansion of the magnetic field due to excess eddy currents. 
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It can be seen from Eq.  6-29 that a similar approach as classic eddy 
currents can be used for taking into account the excess eddy currents. 
Therefore, the effect of excess eddy current is modelled with a linear 
reluctance of excℜ  according to Eq.  6-30:  

1

1 1

( )2
exc exci

lK
t AdB t

dt

−
ℜ =

∆
×

                                                                  6-30 

Hence, excℜ  should be updated at each time step based of the selected 
time step and time derivative of the flux density at the previous step.  

It should be noticed that the linearity assumptions for both the static 
hysteresis and the excess eddy currents should be checked at each time step. 
This can be included in the check linearity assumption block in the flowchart 
of Figure  6-11. If it is not satisfied according to the determined criteria, a 
smaller time step should be chosen. The criteria can be determined in similar 
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way as presented in section  6.3.3.1 by comparison between the change of the 
magnetic field obtained from solving the linear magnetic circuit equations with 
the one calculated when including the third term related to the excess eddy 
current in Eq.  6-24.  

The lamination of the core is implicitly taken into account in this 
approach. Actually, uniform flux distribution is assumed in a reluctance 
element of the core. It means that due to lamination of the core, eddy currents 
do not impact the overall flux distribution in the core reluctance. This could be 
corrected when the model deals with low frequency transients.  

6.3.3.3.2 Modeling winding eddy current 
The modelling of winding eddy current losses is more challenging. The 

eddy current losses in the windings are created due to the time varying leakage 
flux in the winding areas. The dimension and alignment of the conductors are 
very important regarding the eddy current effects of the windings. As already 
mentioned, none of the so far introduced transformer models can consider the 
effect of flux distribution pattern in the eddy current losses of windings. For 
example, an unbalanced condition in ampere-turns of the windings leads to a 
considerable increase in the radial eddy current losses. This cannot be seen by 
using the current transformer models. 

Solving the Maxwell’s equations can result in a relationship between the 
magnetic field, H, and time derivative of magnetic flux density, dB/dt, similar 
to the classical eddy currents for core lamination. Modelling such phenomena 
in TTM needs to have a detailed magnetic equivalent circuit that have 
reluctances for modelling axial and radial leakage flux in the windings area. 
Thus, in principle the eddy currents in winding areas can be modelled with a 
linear reluctance in a similar way as presented in section  6.3.3.3.1.1. 

However, in contrast to the core, it is rather dubious to assume a uniform 
flux distribution in winding reluctances. The reason is that the magnetomotive 
force changes continuously along the windings. Therefore, depending on how 
detailed is the equivalent magnetic circuit, some simplifying assumption and 
averaging method should be employed to derive a relation that relates the time 
derivative of the average flux density and the reaction magnetic field due to 
eddy currents in a winding reluctance. Also, the derived relationship should be 
valid in the range of the modelling frequencies. For the higher frequencies, 
approaches such as Cauer and Foster equivalent circuit, can be applied in the 
magnetic equivalent circuits. This is not the aim of this thesis but it can be 
done in the future works related to the model. 

6.3.3.3.3 Modeling eddy currents in tank and other structural parts  
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Turowski in [80], has presented a distributed reluctance network 
method. His method is based on linear harmonic analysis and takes into 
account the eddy current losses in the transformer tank and other metal parts. 
For this purpose a reluctance element with a complex value is introduced. The 
work is based the assumption that the thickness of the tank is at least three 
times the skin depth. The background electromagnetic theory regarding 
derivation of the equivalent reluctance is elaborated in [80]. The complex 
reluctance,  , can be stated as: 

( ) ( )jω ω ω=ℜ + ℵ                                                                               6-31 
, where ℜ and ℵare the constant related to real and imaginary part of the 
complex reluctance, respectively.  

Since the complex reluctance depends of square root of the frequency 
converting it to the time domain is a tricky task. So, two solutions are proposed 
in this thesis. The first is considering a working frequency, 0f  for simulation 
and calculate the complex reluctance for that frequency that it can be written 
as: 

0 0f fjω=ℜ + ℵ                                                                                            6-32 

So, The relationship between the magnetomotive force drop,Θ , and the 
flux passes through the reluctance, ϕ , in time domain can be written as: 

0 0f f
d
dt
ϕϕΘ =ℜ +ℵ                                                                                       6-33 

Thus, a similar approach as used in section  6.3.3.3.1.1 can be employed 
and the equivalent reluctance of a tank element for each time step is obtained 
by: 

0 0

1
t f ft

ℜ =ℜ + ℵ
∆

                                                                                         6-34 

However, the suggested method can have acceptable accuracy since the 
purpose of the model is for low frequency transients. Also, the importance of 
the mentioned simplification is not so big as to have a considerable effect on 
the final transient results. 

The second solution for more advanced simulations is to model the 
frequency dependent behaviour of the complex reluctance with a network of 
constant valued reluctances and inductors in the magnetic circuit domain. The 
concept of the Cauer and Foster circuits then can be used. Then it is possible to 
extract a linear reluctance for a tank element like that given in Eq.  6-34. 
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 Practical Implementation and validation 6.3.4

The model that is suggested in this work can deal with a detailed 
magnetic equivalent circuit as well as a lumped magnetic circuit. It can work 
for a linear, nonlinear and hysteretic core. The model has capability to consider 
effects of eddy currents in the core, windings and the transformer tank in the 
time domain.  

In fact, we developed a comprehensive model for analysis of low 
frequency electromagnetic transients of transformers. The model can be 
simplified in some parts or become more detailed in other parts depending on 
the purpose of the modelling. For example, consider the calculation of core 
losses under no-load condition and non-sinusoidal applied voltage. Thus, the 
windings and air can be modelled with lumped reluctances, but for the core a 
detailed model can be used and even the core joints can be taken into account 
as proposed in [106]. In that case the eddy currents and hysteresis model in the 
core should be considered. However, in the applications related to deep 
saturations, a good model for leakage fluxes is required, while a nonlinear B-H 
curve model can be adequate for modelling core materials. 

The validation of the model should be considered from two different 
aspects. Since the model is new itself, one validation is to implement the 
model and check its ability to provide the expected results under different 
working conditions. This can prove the principle of the model. From this point 
of view, the results of the model can be compared with already verified 
models. The other aspect for validation is to compare the generated result of 
the model with measurement results from real transformers. In that case the 
accuracy of the derived magnetic circuit from the geometry data and the 
material models can have higher impacts. Since in this work the focus was on 
the developing of a new model, evaluation of the model principle is more 
important. The improvement of the model can be performed by developing 
methods for accurate and efficient calculation of its parameters. The real 
measurements can be used in that stage for validation of suggested methods. 

The proposed model is implemented in Matlab Simulink by using the 
Simscape language. However, generally it can be implemented in other 
commercial electromagnetic transients programs (EMTP). Single phase, three 
phase three limb and three phase five limb transformers have been modeled. 
The magnetic equivalent circuit is based on a lumped reluctance network. The 
models are examined under normal load and no-load conditions, and also with 
transients such as inrush current and DC magnetization. The performance of 
the model is compared with results of a 2D transient FEM model. The obtained 
results demonstrated that the principle of the introduced model is correct.  
Some examples of the modelling and validation results are shown in 
Figure  6-15 and Figure  6-16. 
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Therefore, the model can be employed as a comprehensive 
electromagnetic model by commercial EMTP software, transformer 
companies, and power system people that are interested in low frequency 
electromagnetic transients due to transformers. 

 

 
Figure  6-15: comparison of the measured and calculated magnetization currents 

of a three phase three limb model transformer with Wye connection. 
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Figure  6-16: Calculated inrush currents of a three phase five-limb transformer. 

 
Figure  6-17: Calculated magnetization current due a GIC in a single phase 

transformers. 
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Chapter7 

7 Transformer and power system 
interaction during a GIC event 
7.1 Introduction 

Geomagnetically induced currents, GICs, are quasi-DC currents that 
flow in electrical network due to a geomagnetic disturbance GMD. They 
traverse to transformers through the grounded neutral point of a star 
connection and close their path through transformer windings, transmission 
lines, and ground. A typical network for description of the phenomenon is 
illustrated in Figure  7-1.  
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Figure  7-1. Symbolic network for description of GIC event. 

 
As explained in many papers [1]- [14], the DC current saturates the core 

of transformer within a half cycle and causes an asymmetric magnetization 
current. The transformers usually are designed in a way that the core is 
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magnetized between the positive and negative knee points of its magnetization 
curve for the rated symmetric linkage flux. In fact, the DC current induces a 
DC offset in the core flux, which forces the core magnetization over the knee 
point in one of the half periods of the power cycle. As a result the required 
magnetization current dramatically increases during the period when the core 
is magnetized over the knee point. A famous diagram that is referred to in 
many studies in order to explain this phenomenon is shown in Figure  7-2. 
Let’s define a parameter that we want to use in continuation of this thesis. If 
one considers a voltage cycle as 360 degrees, the angle corresponding to the 
time duration when the core flux exceeds the knee point to reach its maximum 
is called saturation angle, α. In other words, the core is under saturation for 
twice the saturation angle. This concept is also illustrated in Figure  7-2.  

λ
λ∆

Knee point

2α
2α

I

Time

Time

Knee point

 
Figure  7-2. A very simple illustration of the effect of DC magnetization on the 

magnetization current. 

However, what happens during a GIC events is not as simple as 
mentioned above. In fact, there are transient phenomena due to the interaction 
between the transformers and the power network before reaching the 
mentioned steady state condition of a GIC event. Also, the transformer type 
and network parameters play an important role in the transient and steady state 
behaviour. A deep understanding of the phenomenon is essential to predict its 
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adverse effects and develop proper mitigation methods for protection of 
transformers and the power system.  

In this chapter, first an intuitive description of the events that occur for 
leading to the described steady state condition is presented. Then the effect of 
the network parameters, transformer type, and connections are investigated. 
Afterward, a comprehensive study of the steady state magnetization current 
and its characterization are presented. The chapter is ended with a study of the 
effect of the phenomena regarding the reactive power demand and the power 
system protection. The effects of GICs on power transformer are studied in 
Chapter  8 in detail. 2D and 3D finite element models, the developed TTM 
model, the UMEC model in PSCAD, and experimental studies are used to 
obtain the results and their confirmation in this chapter. Thus, different 
modelling approaches are used to verify the obtained conclusions and 
interpretations of the phenomena.  

7.2 What happens during a GICs event  
 Solar activity and Induced DC voltage 7.2.1

A GMD begins from the solar activities on the sun surface that are so-
called coronal mass ejections, CMEs. In fact, CMEs are eruptions of charged 
particles that travel to the earth within 15 hours to 4 days and cause solar 
storms near the earth. The mass of CMEs can reach up to billion tons with 
temperatures higher than one million Kelvins. As a result of the complex 
interactions between the CMEs and the magnetosphere-ionosphere system of 
the earth, the charged particles near to the earth are diverted and create current 
layers that are known as electrojects. An electrojet is located about 100 km 
above the ground with a length of 600 km and a width of 450 km carrying a 
few thousand kA current. The electrojet varies in time with a frequency of 1-
100 mHz. Figure  7-3 (adopted from NASA) illustrates these phenomena. In 
fact, the interaction between the CMEs and the earth is a very complicated 
physical phenomenon. As a result, the impact of this geomagnetic event on the 
earth highly depends on the latitude. Even the axial tilt of the earth axis and the 
season can be important regarding the sensitivity to a GMD. Studies prove that 
the high latitude regions such as Scandinavian countries, North-America, 
Russia and South Africa are more vulnerable against GMDs. However, in the 
case of a severe GMD also low latitude regions can be influenced. Solar 
activities are periodic phenomena with an 11 years cycle.  The chance of 
occurrence of strong GMDs is about 200 days during each cycle, while it is 
four days for extreme GMDs. 
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As a result of electrojet a flux passes near the ground with a quasi-DC 
variation. The rate of change of this geo-magnetic flux density is in order of 
few nT per minute.  

 

CME
Magnetosphere

Ionosphere

Cusps of  
earth’s 

magnetic field

 
 
Figure  7-3: illustration of ejection of CME from sun and interaction with earth 

magnetosphere-ionosphere. 

When this flux passes through a closed loop of conductors it causes an 
induced quasi-DC voltage, according to Faraday’s law. This loop can consist 
of ground, grounded star-connected windings of transformers, and 
transmission lines, as illustrated in Figure  7-1. Therefore, it is obvious that 
longer transmission lines create a bigger loop and trap more flux, leading to 
higher induced voltage. The induced electric field, depending on the type and 
strength of the phenomenon, can be between 1 and several V/km and can last 
for a few minutes to a few hours.  

 Establish GIC  7.2.2

Consider a single phase step-up generator transformer in a three phase 
bank of transformers. The low voltage side, LV, is connected to an AC 
generator and the high voltage side, HV, is connected to the grid through the 
transmission line ended with a step-down grounded transformer. The grounded 
neutral point allows creating a loop at the HV side comprising the HV 
winding, transmission line, the equivalent impedance of the network referred 
to the HV side of the step-down transformer. This simple situation is shown in 
Figure  7-4, where Rdc1 and Rdc2 represent the equivalent DC resistances in the 
generator side and the network side, respectively. The DC voltage source 
stands for the total induced quasi-DC electric field at the network side. 
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Figure  7-4: Schematic view of a single phase step-up transformer subjected to a 

geomagnetic induced DC voltage 

For a better understanding of the function of the induced DC voltage, 
let’s assume that the AC voltage is zero and transformer is in a no-load state. 
That means the equivalent network impedance is simply a series resistor-
inductance branch related to the HV winding of the step-down transformer. 
Therefore, a voltage drop across the HV winding of the generator transformer, 
VHV, is equal to VDC-RI, where VDC, R and I are the induced DC voltage, the 
total resistance and the current flowing in the HV loop, respectively. Thus, 
according to Faradays’ law the linkage flux of HV winding, λ, will increase as: 

0

( )
t

DCV RI t dtλ∆ = −∫                                                                                      7-1  

To attain such a linkage flux in the winding a proper magnetomotive 
force (MMF) is required. It means that a current should flow through the 
windings in the loop. The amount of the required current depends on the 
corresponding magnetic circuit. In linear region of the core with high 
permeability the required magnetization current is very low. However, when 
the core is saturated the demand increases drastically.  It is clear from Eq.  7-1 
that if there is no resistance in the loop, the flux will keep increasing. 
Nevertheless, there is some resistance consisting of the transmission lines, 
windings and earths. Therefore, the increase of the flux continues until the 
corresponding current reaches the level where the total resistive voltage drop 
in the loop becomes equal to induced DC voltage. At that moment, a DC 
current flows in the circuit. This DC current is equal to the DC voltage divided 
by the total DC resistance in the loop. The final value of this DC current is 
what one calls the geomagnetically induced current, GIC, and can be 
calculated as: 
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2

DC

dc

VGIC
R

=                                                                                                     7-2 

 Therefore, one can say that the final amount of the GIC is determined 
by the induced DC voltage and the total DC resistance in the loop.    

However, there is a tricky point here. In fact the procedure to reach the 
final value of GIC is similar to what happens in a RL circuit when a DC 
voltage is connected to it. However, L is not constant for the case of GIC. 
Also, the current of the loop can keep a constant value for a while before 
reaching the final value of the GIC. It can be explained in this way. The quasi-
DC induced voltage can be considered as an AC voltage source with a very 
low frequency, as it is in reality. This means that the LV and HV windings are 
coupled through the core, like the coupling that we have in an AC transformer 
under normal operation. Thus, a quasi-DC voltage is induced in the LV side. In 
that case the corresponding L of the transformer is the leakage inductance and 
the resistance of the LV side is transferred to the HV side by the square of the 
turn ratio. As a result the resistive voltage drop can be equal to the DC voltage 
for a current less than the final GIC. From the electromagnetic point of view, 
the innermost winding creates a MMF that opposes the low frequency flux that 
causes it. Thus, the linkage flux of the core will not increase during this period 
that we call as the first equilibrium. The DC currents flow in the windings but 
the core is not saturated during the first equilibrium.  

Then the saturation of the core begins with this mechanism that will be 
described in the next section. When the core reaches saturation, the HV side 
starts to decouple from the LV side. Thus, the LV resistance will not be 
transferred to the HV side anymore. Consequently, the resistive voltage drop 
decreases and the flux in the core increase again according to Eq.  7-1. As a 
result the corresponding magnetization current also increases until to reach the 
final equilibrium point that GIC is established according to first equilibrium. 
Such behaviour is shown in Figure  7-5. It is clear that the duration of each 
period depends on the transformer and the network parameters. 

Reports from real measurement of GIC reveal that the DC current 
changes with time [107] [108]. Usually moderate GICs that are in the order of 
a few tens of amperes per phase can last from several minutes to a few hours. 
High level GICs in the order of a few hundred amperes per phase with duration 
of a few minutes can happen among moderate GICs. In [107] [108] a moderate 
GIC with duration of 30min followed by a high level GIC for 2min and 
repetition of this pattern is suggested to assess the thermal behaviour of power 
transformers under a GIC condition. A sample of the GIC current trend during 
a GMD event is illustrated in Figure  7-6. 
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Figure  7-5: AC voltage at LV side is equal to zero and DC voltage applied to 

the HV side. 

 
Figure  7-6: A sample of the GIC current trend during a GMD event (adapted 

from [109]) 
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With increasing length of transmission lines the induced DC voltage 
increase for a given induced electric field. On the other hand, the resistance of 
the line also increases. Therefore, for short distances the GIC current increase 
with increase of the line length. However, for longer lines the GIC level does 
not change considerably with increase of the length. Typical values for the DC 
resistance for transmission lines and ground connection are given in Table  7-1 
from [110] for the US network. Generally, for a given length of a transmission 
line the network with higher voltage levels subjected to the higher GICs [110]. 

 
Table  7-1 

Typical parameters of the power transmission network of US 

System Voltage 
(kV) 

DC resistance of 
Transformer (ohm) 

Ground resistance 
(ohm) 

DC resistance of 
transmission line 

(ohm/km) 
230 0.692 0.375 0.064 
345 0.356 0.667 0.037 
500 0.195 0.125 0.013 
735 0.159 0.258 0.011 

 Saturation of core 7.2.3

The saturation of the core happens if the final value of the GIC is big 
enough to bring the core over the knee point of the BH curve. Since the high 
voltage windings have high number of turns, even small DC currents can be 
enough to saturate the core. 

The saturation starts before reaching the final value of the GIC. If the 
resistive voltage drop and the geomagnetic induced DC voltage reach 
equilibrium when the core still is its linear area, the linkage flux will not 
change any more due to the voltage drop across the winding. During this 
period the current at the LV side is almost proportional to the HV current with 
consideration of the turn ratio. Notice that the HV current in that moment can 
be much higher than the amount that is needed for saturation of the core. 
However, it is similar to load currents under normal working conditions. The 
effective magnetization current is very low, since the MMF of the HV winding 
is compensated by the MMF of the LV current. Nevertheless, after equilibrium 
the flux does not change and the magnetic coupling between windings does not 
exist anymore. It means that the LV current should disappear. As long as the 
LV current declines the difference between the generated MMFs of the 
windings increase and the flux increases and the core is put in saturation 
region. At the same time the HV current increases to reach the final GIC level. 
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The point is that the flux cannot change immediately in an inductor. 
Likewise a RL circuit, there is a time constant for disappearance of the LV 
current which is proportional to the circuit inductance and inversely 
proportional to the circuit resistance. In this case the circuit inductance is the 
inductance of the LV winding of transformer in addition to the other series 
inductances in the LV side loop and the resistance is the total DC resistance in 
the same loop. As a result before saturation the core this time constant is very 
big since the core is very permeable and the LV inductance can be in order of a 
couple of henry in power transformers and the required time for saturation can 
be in order of several minutes. However, as soon as the core reaches the 
saturation area the inductance of the LV winding, and consequently the time 
constant decrease drastically. Thus, the LV current vanishes and the HV 
current attains the final GIC level and the core flux stays constant with a value 
over the knee point.  

Figure  7-5 also illustrates an example of this phenomenon for a single 
phase transformer. The currents are referred to the LV side. Nevertheless, if 
the resistive voltage drop cannot compensate the induced DC voltage before 
the flux reaches to the knee point, the duration of the first equilibrium will be 
zero and the core directly saturates by the induced DC voltage. 

It should be noticed that during the saturation period, a considerable DC 
current can flow in the HV loop, but this does not mean that the core is 
saturated.  

 Asymmetric magnetization current and flux DC offset 7.2.4

Now, consider that we also have an AC applied voltage at the LV side as 
is shown in Figure  7-1. The amplitude of the AC voltage is in the range such 
that the core works in its linear region. Due to the geomagnetic phenomena and 
corresponding induced DC voltage the core goes to saturation in a way that 
already is described. When the AC flux is added to the DC flux, the core is 
driven with an asymmetric flux that exceeds the knee point in one of the half 
cycles that lead to an asymmetric magnetization current. However, in the 
saturation region above the knee point, a small increase of the flux requires a 
very big increase of the magnetization current. As a result, the amplitude of the 
magnetization current becomes very high in one half cycle and decreases a 
little in the other half cycle. In this chapter for easier description of the 
phenomenon we assume the following: the saturation happens for positive 
linkage flux and the AC current due to the load is zero (no-load condition). 
Figure  7-7 compares magnetization currents with and without GIC for a 
transformer.  
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Figure  7-7 Effect of GICs on the magnetization current of a single-phase power 

transformers. 

For a typical core material where the absolute value of the permeability 
above the knee point still is much higher than air, the incremental permeability 
is close to air. It means that for a small change of the flux linkage a very big 
change of the magnetization current is required.  

In practice two mechanisms do not permit the flux to exceed a certain 
level. The first is resistive voltage drop that is present in near to the voltage 
zero crossing, and the second is inductive voltage drop that decrease the 
amplitude of the voltage.  

Let’s start with the first mechanism. The linkage flux is obtained by 
integration of the inductive voltage across the winding. The AC voltage creates 
the AC flux, but it should be noticed that the change of the linkage flux is 
important not the absolute value of it. Thus, the maximum linkage flux 
happens at the voltage zero crossing. The resistive voltage drop due to the high 
value of the magnetization current chops the inductive voltage near to zero 
crossing and prevents the linkage flux to go higher than certain value. It means 
that the expected shifted AC linkage flux is chopped when it exceeds a certain 
level. Once the voltage becomes negative the flux begins to decrease, but this 
time it can go all the way down. Assume a positive change of the linkage flux, 
Δλ+, from minimum to maximum, and a negative, change of the linkage flux, 
Δλ-, from maximum to minimum. It this case, |Δλ-| have been bigger than |Δλ+|, 
while under normal condition they are equal. As a result, this time the expected 
maximum value of the linkage flux, without considering the resistive voltage 
drop, would be less than in the previous cycle. In other words, the mean value 
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of linkage flux is decreased. If the maximum value of the linkage flux again 
exceeds the certain limit, the chopping process is repeated and the mean value 
goes down again. This damping process can iterate during several cycles to 
reach equilibrium. Under that condition the mean value of the linkage flux is 
the DC bias due to the GIC. It is clear that the upper limit of the linkage flux is 
independent of the AC voltage level in practice. Therefore, lower AC voltage 
leads to higher DC offset of the flux linkage. 

The other mechanism is inductive voltage drop. The fundamental 
component of the magnetization current is 90 degrees lagging regarding the 
voltage. Therefore, this current can create voltage drop over the inductances in 
the LV loop that is in phase with the applied voltage. Consequently, with 
increasing the magnetization level this inductive voltage drop decreases the 
voltage across the LV winding. And in turn, the maximum value of the linkage 
decreases. This maximum value depends on the parameters of the network and 
transformer.  

As it was mentioned, when the linkage flux goes down to reach its 
minimum value, the core returns to the linear region. Therefore, the LV current 
should create a MMF to compensate the MMF of the GIC in the HV winding. 
Hence, the minimum value of the current of the LV side is almost equal to the 
GIC referred to the LV side i.e. GIC multiply by the number of turns of the HV 
winding divided by the number of turns of the LV winding. It should be 
noticed when the GIC and AC voltage are in the same side this minimum is 
almost the amplitude of the normal magnetization current that it is usually 
ignorable respect to the GIC.  

Furthermore, under the steady state condition for the case of the step-up 
transformer that the AC and GIC voltage are located at the different sides the 
time average of the LV current should be zero. The reason is there is no DC 
source at the side of the AC voltage. On the other hand, when the AC and GIC 
are at the same side this average value should be equal to the GIC. 

Therefore, in general if one considers the magnetization current as the 
algebraic summation of the winding currents that are referred to one side, the 
average value of it is equal to the value of GIC referred to the same side. 

Usually the GIC current can saturate the core when there is no AC 
applied voltage. But when an AC applied voltage is added, it does not mean 
that the DC bias of linkage flux is the DC flux that is created with DC current 
without the AC voltage. If fact, this DC offset is much less than that value. The 
linkage flux should increase up to a level such that the area of the 
corresponding magnetization spike becomes equal to the value of GIC referred 
to the same winding.  
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 Effect of delta winding connection 7.2.5

A delta winding either as a low voltage winding or a tertiary winding 
can act as short-circuit for a DC induced voltage. The algebraic summation of 
the positive-sequence balanced AC voltage in the loop of a delta winding is 
zero. However, a zero sequence induced voltage can cause a circulating current 
in this loop. The resistance of the delta windings is very low. Let’s consider the 
situation that the delta winding is the innermost winding. Then the assumption 
of it as a short-circuit for DC voltage means that this winding connection will 
not permit the DC flux to pass through the core limbs, by generation of 
opposite MMF produced by circulating current. As a result, the major part of 
the DC flux passes through the air gap between the windings. Therefore, the 
required MMF for increasing the flux becomes higher since its path is closed 
through the air. As a result it would be possible to reach the equilibrium 
between the induced DC voltage and the resistive voltage drop. In that 
moment, the DC flux will not change and the comparative slow declining 
process of the circulating current that substantially leads to the core saturation 
commences. However, as explained in  7.2.2, it happens gradually. The 
winding resistor is in the order of milliohms, while the inductance is in order 
of a few henrys. It means a time constant in the range of several minutes. 
Eventually, after expiration of the transient period the magnetization current of 
each phase would be the same for both delta and wye connections. 

The results represent when the transformer is supplied with wye 
connection at AC side the saturation time in less than half a sec. However, 
Figure  7-8 shows the effect of a delta connection on the saturation time. As it 
is seen after about 100 sec it still is in the first equilibrium condition. Thus, 
GIC current is flowing without occurrence of the saturation in the core. 

Our study demonstrates that the time constant is related to the winding 
resistance and it decreases with an increase of that resistance.  

Hence, it is a significant outcome of the study for mitigation of the GIC 
effects. Since, the induced DC voltage can change its direction before 
saturation happens. As a result the saturation and its consequences will not 
occur.  
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Figure  7-8: effect of delta winding. 

 Difference between core designs 7.2.6

The process to reach the GIC current and also the final value of the 
GICs do not depend on the core structure. However, the resultant 
magnetizations are highly affected by the core design. The simulation results 
demonstrate that single phase transformers are more sensitive to GICs. The 
various core types, comprising two-limb, three-limb and four-limb, show 
similar behaviour. The reason is that the DC current easily can saturate the 
core in single phase transformers. In contrast, a three-phase three-limb 
transformer is very resistant against GIC. This is because of the structure of the 
core. DC currents compensate the effect of each other’s in the main limbs and 
connecting yokes. As a result the core doesn’t saturate easily and consequently 
it is not so affected by GIC. Nevertheless, three-phase five limb transformers 
behave more similarly to single phase transformers. Although DC currents 
compensate their effects of each other in the main limbs and their connecting 
yokes, they enhance each other to saturate the return limbs. That’s way their 
behaviour is similar to single phase ones.  

Figure  7-9 to Figure  7-13 show the magnetic flux density distribution in 
various core types of single and three phase power transformers due to a low 
level GIC.  

 

10
-4

10
-3

10
-2

10
-1

10
0

10
1

10
2

-40

-20

0

20

40

60

80

100

120

Time(s)

C
ur

re
nt

 (A
)

 

 

HV phase current
LV phase current



 

 
 

140                    Chapter7. Transformer and power system interaction 
during a GIC event 

Figure  7-14 also shows the magnetic flux distribution of a three phase 
three limb power transformer for a high level GIC. 

This conclusion can be explained in another way. In single phase 
transformers, the path of the zero sequence fluxes are the same as the positive 
sequence and it is closed through the core. It has been mentioned that the zero 
sequence reluctance is very low. As a result it can be easily saturated with the 
currents bigger than the magnetization current corresponding to the knee point. 
In three phase three-limb transformer, these two paths are different. The zero 
sequence flux has to pass through the air. Consequently, the zero sequence 
reluctances are very high and a very high current is required to saturate the 
core. Hence, in contrast to single phase transformers after the decline of the 
induced currents of the other side, the remaining GICs cannot saturate the core. 
Thus, the resultant effects of saturation will not happen. 

In three phase five-limb transformers, although these paths are different, 
both are closed through the core. Thus, they can be saturated by low values of 
DC currents. Generally, the flux distribution in a five-limb core is rather 
complicated and the magnetization current waveform is different in shape and 
amplitude for the middle limb and the side limbs. This is elaborated more in 
section  7.3.2. 
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Figure  7-9: Flux distribution due to a very low level GIC in a core of a single 

phase two limb power transformer. 

 



 

 

What happens during a GICs event               141 

1.7 T

0.0 T

1.6 T

1.4 T

1.2 T

1.0 T

0.8 T

0.6 T

0.4 T

0.2 T

 
Figure  7-10: Flux distribution due to a very low level GIC in a core of a single 

phase three limb power transformer. 
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Figure  7-11: Flux distribution due to a very low level GIC in a core of a single 

phase four limb power transformer. 
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Figure  7-12: Flux distribution due to a low level GIC in a core of a three phase 

five limb power transformer. 
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Figure  7-13: Flux distribution due to a low level GIC in a core of a three phase 
three limb power transformer. 
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Figure  7-14: Flux distribution due to a high value GIC in a core of a three phase 
three limb power transformer. 

 
It should be noticed that if the magnetic tank of a three phase three-limb 

transformer is designed in a way that the air distance to the core is small, there 
is a chance that the tank acts like the return limbs for zero-sequence fluxes. If it 
happens the limbs of the three-limb core saturate since the zero-sequence 
reluctances are reduced.  

7.3 Magnetization currents and 
harmonics 

 Single phase transformers 7.3.1

The magnetization current of single phase transformers has a one spike 
during a voltage cycle. In this section, the characteristic of it under the steady 
state condition of a GIC event is of interest. The saturation angle, peak value, 
and the harmonic contents can be important for the calculation of winding and 
stray losses inside transformer. Also, the amplitude of the main harmonic is 
used to estimate the reactive power absorption during a GIC event. The 
magnetization currents of a single-phase three-limb core and their frequency 
spectrum for different levels of GICs are illustrated in  

Figure  7-15 - Figure  7-17, respectively. The results are obtained from 
transient FEM simulations. The transformer is considered as a step up 24/230 
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kV transformer. The AC voltage is applied from the LV side and the GIC 
current is applied on the HV side. The frequency spectrum is normalized to the 
peak of the fundamental harmonic of each magnetization current.  

 
Figure  7-15: LV currents due to different level of GICs on the HV side. 

 
Figure  7-16: Frequency spectrum of the LV current for different value of GICs 

normalized to their fundamental harmonics. 
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As was mentioned before, in steady state conditions the DC component 
of the LV current is zero when the AC voltage and the GIC are at different 
sides. These results show that the minimum value of the LV current is almost 
equal to the referred value of the GIC in the LV side. The saturation angle 
increases with increase of the GIC level. The frequency spectrum reveals 
interesting facts regarding the magnetization current due to a GIC. As is seen, 
the even harmonics are absent without GIC. However, when transformer is 
subjected to a GIC, both odd and even harmonics appear in the spectrum. Low 
level GICs with smaller saturation angle contain higher harmonics, while for 
high level GICs with higher saturation angle the damping of higher harmonics 
occurs faster. Furthermore, the frequency spectrum normalized to the GIC 
referred to the LV side is shown in Figure  7-17. It reveals that the amplitude of 
the fundamental component is almost twice the GIC referred to the LV side 
that is valuable information regarding the estimation of the reactive power 
absorption.  

 
Figure  7-17: Frequency spectrum of the LV current for different value of GICs 

normalized to referred GICs to the LV side. 

Figure  7-18 compares the magnetization currents due to a 20 A GIC for 
90%, 100%, and 110% of the applied rated voltage. It demonstrates that for an 
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results in an increase of the peak of the spike. This was expected since the area 
under the spike is related to the GIC level and should not change, thus if the 
base of the spike becomes smaller its height should increase.  

Thanks to the simple flux path in the core of single phase transformers, 
an analytical approach can be presented to estimate the properties of the 
magnetization current due to GIC. Consider, after the knee point there is a 
linear relationship between change of the magnetization current and the 
linkage flux. In practice it is possible to ignore the magnetization current under 
the knee point with respect to the spike current. It is the same as to assume an 
ideal core before the linkage flux corresponds to the knee point. Consequently, 
the magnetization current can be estimated by an analytical equation as 
follows: 

1( ( ) )
( )

0
kk k

mag
L t

I t
elswhere

λ λλ λ− > −
= 


                                                          7-3 

 

 
Figure  7-18: the effect of the applied AC voltage on the amplitude and 

saturation angle of the magnetization current for a given GIC. 

, where λ, and λk are the linkage flux of the winding, and the linkage flux 
correspond to the knee point, respectively. Lk is the slop of the straight line that 
determines the relation between I and λ, for λ> λk. The concept is depicted in 
Figure  7-2. 
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Consider that Imag is the pure magnetization current. It means that for 
obtaining the LV current in the case of the step up transformer the referred 
GIC current to the LV side should add to Imag as already described.  

If λ(t)=λm cos(ωt) without GIC, the Eq.  7-3 can be rewritten in the form 
of: 

1( ( t) ( ))
( )

0
k m m

mag

tL cos cos
I t

elswhere
α ω αλ ω λ α− − < < + −

= 


                     7-4 

, where α is the saturation angle. Note that the increase of the linkage 
flux above the knee point, Δλk, can be calculated by: 

cos( )k mλ λ α∆ =                                                                                              7-5 
, and the DC offset of the linkage flux, λDC, is equal to: 

DC k m kλ λ λ λ= − + ∆                                                                                        7-6 
We know that the average value of Imag should be equal to the GIC 

current referred to the AC side. Therefore, the integration of the Eq.  7-4 results 
in: 

, . (sin( ) cos( ))GIC ref
k

m

I
L α α α

λ π
−

=                                                                  7-7 

Notice that the saturation angle, α, is in radians in Eq.  7-7. Thus, for a 
given GIC current, the properties of the magnetization current can be obtained 
from Eq.  7-7 and  7-4. Then, according to Eq.  7-4 the amplitude of the 
magnetization current can be calculated as: 

[ ]1
,

(1 cos( ))1 cos( )
(sin( ) cos( ))peak k m GIC refI L Iπ αλ α

α α α
− −

= − =
−

                            7-8 

 
Figure  7-19 shows the ration of the Ipeak and referred value of GIC per 

phase respect to the saturation angle according to Eq.  7-8. 
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Figure  7-19: the relation between ratio of the peak to the average of magnetization 

current respect to the saturation angle. 
 

These analytical estimations would be more realistic where the GIC 
level is moderate and above it. However, some general conclusions can be 
extracted from these equations. Figure  7-20 shows the harmonic contents of 
the waveform of the magnetization current that are normalized to the DC 
values with respect to the saturation angle. Usually the saturation angle is less 
than 40 degrees, or as it is claimed in [108], is between 18-30 degrees in 
practice, it is observed that in this range the fundamental harmonic of the 
magnetization current is roughly twice the DC component that is directly 
related to the GIC. This can be a very important result for estimation of the 
reactive power consumption that is discussed in  section. 7.4. The accuracy of 
this conclusion is proven by simulation results discussed before in this section. 
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Figure  7-20: the change of harmonic components of the asymmetric 

magnetization current respect to the saturation angle. 

 Three-phase transformers 7.3.2

Three-limb and five-limb core three-phase transformers are modelled by 
FEM. For having a comparison between the magnetization current due to GIC 
between three-phase and single phase transformers, the main limb cross 
section, window size, number of turns, and voltage per turn is considered as 
the same as the modelled single-phase one in Section  7.3.1. Then, three levels 
GIC per phase, 10A, 20A and 50A are injected to the HV windings and the 
currents of the LV windings which are connected to the AC source are 
extracted. The transformer is under no-load condition so as only to see the 
effect of GIC on the magnetization currents. The currents are phase currents 
and associated to the steady state condition. Hence, wye or delta connections 
do not affect the obtained results in this section. 

As it was expected, simulation results prove that even 50A GIC per 
phase does not affect the LV currents of the three phase three-limb 
transformers, while lower GIC levels considerably influence similar single-
phase bank and three phase five-limb transformers. Therefore, the 
magnetization current of five-limb cores is of interest. 
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The flux distribution between the different branches of a five-limb core 
during a cycle is rather complicated. As a result, the magnetization current 
waveforms are distinctive from the single phase ones. Thus, when core 
saturation happens due to GICs the distribution of flux over time becomes 
more complex. Although both zero and positive sequence fluxes are closed 
inside the core, they have different paths. The return branches are the paths for 
the zero sequence fluxes.  

Figure  7-21 shows a cross section of a five-limb core. Figure  7-22 to 
Figure  7-25 illustrate the average flux density in the different branches of the 
modelled five-limb core for zero, 10A, 20A and 50A GIC per phase. The 
directions and locations of these fluxes are as demonstrated in Figure  7-21.     
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,r Rightφ

 
Figure  7-21: five limb core 

 
Figure  7-22: average flux densities of different branches of the five limb core 

without GIC 
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Figure  7-23: average flux densities of different branches of the five limb 

core with 10 A per phase GIC 

 
Figure  7-24: average flux densities of different branches of the five limb core 

with 20 A per phase GIC 
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Figure  7-25: average flux densities of different branches of the five limb core 

with 50 A per phase GIC 
 
The results show an interesting behaviour of the flux distribution in the 

modelled five-limb core. While the flux in the main limbs just have DC offset, 
the waveform of the flux in the yokes and return limbs change totally. The 
yokes that connect the main limbs cross the knee point in both positive and 
negative directions. In contrast, the amplitude of the fluxes in the return 
braches decrease and in the same time experience a DC offset about twice that 
of the main limbs. It is seen that the difference between the fluxes due to 
different level of GIC is not so obvious, while as will soon be shown the 
magnetization currents have considerable difference. Also, it can be seen that 
different branches saturate at different moments. In other words, when one 
branch is in deep saturation, other branches can be in the linear region or less 
saturated. 

The behaviour of flux distribution causes to a double-shoulder 
magnetization waveform in the phase currents.  

Figure  7-26 to Figure  7-29 illustrate the phase currents of the LV side 
when the injected GIC to the HV side is 0A, 10A, 20A, and 50A per phase 
respectively. These results reveal that in contrast the phase current associated 
with side limbs that show mirror symmetry with each other the middle limb 
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current is different from them. The current of the side limb has two peaks. The 
higher peak is mostly related to the saturation of the return branch and the 
lower peak is mostly related to the saturation of the main limb itself. The 
higher peak happens at the moment when the flux of the side limb coincides in 
the flux of the middle limb and the flux of the corresponding return branch has 
its maximum in the same direction of the DC flux. The lower peak occurs at 
the maximum of the flux of side limb in the direction as the DC flux. Hence, 
the two peaks of the double shoulder current waveform corresponding to the 
side limb have 60 degrees phase difference. However, regarding the middle 
limb it has two identical peaks that have mirror symmetry with each other. 
These peaks happen in the intersection points of the flux of the middle limb 
with the flux of the return limbs. Therefore, these peaks have 120 degrees 
phase difference to each other. In addition, it is noticeable that each peak 
coincide with the smaller peak of the corresponding side limb, a smaller peak 
can be observed related to the peak of the flux in the middle limb for high level 
GICs.  

A thing that can be observed is that the bigger saturation angle regarding 
the spikes in the five-limb transformers in comparison with saturation angles 
of single phase transformers. The saturation angle of each spike of the middle 
limb is about 45 degrees and for the higher spike of the side limbs depend on 
the GIC level is between 30 to 60 degrees. Wider saturation angle and double-
shoulder waveform imply lower peak current in comparison with 
corresponding single phase one. These facts can be used for estimation of 
some properties of the magnetization current without performing a simulation.  

 
Figure  7-26: No-load currents of the LV side of a three-phase five-limb 

transformer without GIC 
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Figure  7-27: No-load currents of the LV side of three-phase five-limb 

transformer with 10A GIC per phase. 

 
Figure  7-28: No-load currents of the LV side of a three-phase five-limb 

transformer with 20A GIC per phase. 
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Figure  7-29: No-load currents of the LV side of a three-phase five-limb 

transformer with 50A GIC per phase. 
 
Harmonic analysis can indicate additional valuable information 

regarding the magnetization currents of five-limb transformers. As was 
expected, the average current of each phase at the LV side is zero, while the 
minimum current is equal to the referred GIC to the LV side. However, the 
average current when the GIC and AC voltage are in the same side is equal to 
the GIC. In other words, one can generally say that the average current of the 
asymmetric current waveform is equal to the GIC current referred to that side.  

The harmonic spectrums normalized to the fundamental harmonic and to 
the referred GIC for the current of the side limb and middle limb are shown in  

Figure  7-30 to Figure  7-33. From a comparison of the magnetization 
current without GIC, it is clear that the normally absent even harmonics appear 
when a GIC exist. Furthermore, fast decay of the harmonic content can be 
seen. In the current associated to the side limb the triple harmonic shows a 
lower value, while for the middle limb it has rather considerable value, 
especially the third harmonic. 

Normalized harmonic contents to the referred GIC show that for 
moderate level GICs the first harmonic of the side limb currents is about 1.6 
times of the GIC, while this ratio is about 1 for the current of the middle limb. 
These values decrease about 20% in the case of the high level GICs. 
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Figure  7-30: Frequency spectrum of the phase current corresponding to the side 

limbs normalized to the fundamental harmonic. 

 
Figure  7-31: Frequency spectrum of the phase current corresponding to the 

middle limbs normalized to the fundamental harmonic. 
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 Figure  7-32: Frequency spectrum of the phase current corresponding to the side 

limbs normalized to the fundamental referred GIC current. 

 
Figure  7-33: Frequency spectrum of the phase current corresponding to the middle 

limbs normalized to the fundamental referred GIC current. 
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The analytical estimation of the magnetization currents similar to the 
work that have been done for single phase transformers is rather difficult for 
five-limb cores due to their complex flux distribution manner. However, by 
considering some simplification a rough prediction of some important 
characteristics of them is possible without any simulation. The important result 
of this approach can be summarizing as follows.  

The amplitude of the spike for the middle limb and the lower spike of 
the side limbs are about three times of the referred GIC current. This is about 
3.4 for the higher spike of the side limbs. The first harmonic of the current of 
the middle limb is about the referred GIC current, while it is about 1.6 times 
the GIC for the side limbs. This number decreases in the case of a high level 
GIC. 

7.4 Reactive power absorption and voltage 
stability  

Reactive power balance is necessary for the stability of a power 
network. If the active power supplies the energy for performing actual works, 
the reactive power is needed for keeping the voltage level and to move active 
power through to transmission lines to the final consumers. Apparatus such as 
transformers and transmission lines have inductive characteristic that is 
reluctant to allow the current to pass through. In other word, they consume 
reactive power. Hence, an equivalent reactive power should be produced by 
the generators or the system capacitance to maintain the voltage level. If this 
balance is disordered by an increase of the reactive power absorption, the 
voltage will drop. The change of the power system voltage should always be 
kept in the range of ±5% of its rated value. The reduction of the voltage level 
can lead to tripping of the generation units and decrease of the produced 
reactive power by shunt capacitances [111]. Therefore, inability to compensate 
for the reactive power absorption causes voltage drop that leads to a decrease 
of the capacity to produce the required reactive power. Eventually, this vicious 
cycle results in a voltage collapse that can cause huge financial consequences 
of the power system. Therefore, an accurate prediction and monitoring of the 
reactive power demand is essential for being able to compensate it and save the 
network. 

During normal conditions the reactive power absorption of the 
transformer is related to the leakage inductances between windings. The 
magnetization current is then very small and for power transformers it is about 
0.001 pu. Thus, the reactive power due to the magnetization current is about 
0.001 of the apparent power of the transformer. However, high amplitude 
asymmetric magnetization current during a GIC event can cause a considerable 
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increase in reactive power demand of the transformers. It should be noticed 
that when GIC occurs it can affect all transformers in a large geographical 
area. Today the power systems are interconnected, the increase of demand is 
associated with a summation of all increases of reactive power of all 
transformers. In this section the amount of this increase is evaluated. Also, the 
voltage reduction in the system due to GIC can decrease the dynamic and 
transient stability margins. As a result the system becomes more vulnerable to 
any possible disturbance that can happen in the grid.  

To calculate reactive power, Q, according to its definition [112] one 
should find the average value of the product of the current and the voltage 
lagged by 90: 

2

0

1 ( ) ( )
2 2

Q V t I t d t
π π ω

π
 = − 
 ∫                                                                    7-9 

 In the calculation of the reactive power absorption of transformers due 
to GIC, we assume a sinusoidal applied voltage. As a result only the 
fundamental harmonic of the magnetization current becomes important. The 
reason is that the other harmonic content are orthogonal to the voltage and the 
resultant average would be zero. Since the fundamental component of the 
magnetization current is inductive, it lags by 90 degrees the applied voltage. 
Consequently, the increase of reactive power demand due to a GIC event, 
QGIC, is obtained by: 

1,3GIC rms rmsQ V I=                                                                                            7-10 
, where Vrms, and I1,rms are the effective values of the voltage and fundamental 
harmonic of the magnetization current in each phase, respectively. The 
procedure of calculation of QGIC, is to obtain the magnetization current through 
transformer modelling in a transient FEM or EMTP program and then find the 
fundamental component by using FFT techniques.  Finally, one should use 
Eq.  7-10. However, it can be difficult task to estimate QGIC, and requires 
information of the transformer’s constraction. 

However, a very important conclusion achieved from the analytical 
estimation of the magnetization current for single phase transformers in 
section  7.3.1 can help to estimation of QGIC based only on the GIC level. It is 
found that the maximum value of the fundamental component of Imag is about 
twice GIC referred to the AC voltage side for saturation angle less than 40 
degrees. As a result, if the GIC level per phase is expressed by its p.u value, 
IGIC, p.u, that is obtained by dividing the GIC to the value of the base current, 
QGIC  can be written as:  

, ,2GIC rms pu GIC pu TQ V I S=                                                                              7-11 



 

 
 

160                    Chapter7. Transformer and power system interaction 
during a GIC event 

, where ST is the rated apparent power of the bank of single-phase transformers. 
Moreover, the linear relation between GIC and the QGIC is an obvious 
consequence governed by Eq.  7-11. 

Three-phase three limb transformers will not have noticeable increase in 
reactive power absorption. Also, the reactive power absorption for a five-limb 
three phase transformer is less than a single phase bank for a given GIC per 
phase. The reactive power of the middle limb phase is less than others. Based 
on the result obtained in section  7.3.2 , the reactive power of a five-limb three-
phase transformer can be estimated as: 

, , , ,
(1.6 1.6 1)

3 2GIC rms pu GIC pu T rms pu GIC pu TQ V I S V I S+ +
= ≈                                7-12 

The reactive power obtained from Eq.  7-12 can decrease about 20% for 
a high level GIC. Generally, one can say that the reactive power demand of 
five-limb transformer is about 70% of a single-phase bank under similar 
condition.  

7.5 Power system relaying and protection 
Power network protection system aspects should be reconsidered 

regarding GMD. Although a comprehensive study of the power system 
protection regarding GIC is not in the scope of this project, the possible 
problems that can occur are discussed in this section. 

The primary impact of a geomagnetic disturbance for the power grid is 
the creation of quasi-DC currents in the grounded loops. The secondary effect 
is asymmetric high amplitude magnetization currents of power transformers 
due to GIC that contains odd and even harmonics. Generally, GIC problems 
for the protection system can be evaluated regarding two aspects as follows: 

- Direct damage of power system apparatuses 
- Wrong relay tripping 

As it is seen in section  7.3, both odd and even harmonics exist in the 
magnetization current of power transformers due to a GIC event. Generators, 
shunt capacitors, and transformers themselves are vulnerable to overheating 
and damage due to these harmonics. 

Usually generators are connected to the network through a delta-wye 
step-up transformer. Thanks to the delta winding at the generator side, the DC 
and triple harmonics of the winding currents are not injected to the generator. 
However, the second and fourth harmonics can flow in the stator windings and 
in turn induce currents in the rotor circuit. Overheating of the rotor surface and 
arcing damage of the rotor slot wedges are possible consequences of these 
harmonics. Also, the effect of the fourth harmonic in form of mechanical 
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vibration of the generator should be taken into account. The available 
protection relaying for such generators might not be adequate in this situation. 

Shunt capacitors are installed in the power grid for producing reactive 
power and providing power factor correction. They constitute low impedance 
elements that are susceptible to higher harmonics that cause overheating of 
them, can lead to premature failure or even make them explode. 

The effect of GIC regarding creation of possible overheating and hot 
spots inside transformers will be discussed in detail in chapter  8.   

The relay setting of power systems is based on the analysis of the 
voltage and current signals. These evaluation procedures are usually based on 
the harmonic content or the sequence order of the signals. It can be 
mathematically shown that the fundamental, second harmonic, and the third 
harmonics are in positive, negative and zero sequences, respectively. This 
trend is repeated for the other harmonics. Thus, triple harmonics have zero 
sequence, fourth harmonic has positive sequence and fifth harmonic has 
negative sequence and so on. Therefore, the harmonic content due to GIC can 
cause wrong relay tripping.  

Today digital relays are employed for protection of power system 
apparatus. The algorithms and settings that are used in these relays might be 
sensitive to harmonics and relays can falsely react. It can happen for shunt 
capacitor banks, filters and static reactive power compensator components. As 
a result the capacity of reactive power generation in power system decrease 
during a GIC event the demand increases. The effect of higher harmonics in 
the protection of shunt capacitors is discussed in [113]. Also, neutral over-
current relays can sense a large zero sequence current due to GIC and triple 
harmonics of the magnetization currents. The possible influence of GIC on 
over-current protection of transmission lines is studied in [114]. 

Besides of the discussed effects of geomagnetic disturbances on power 
system protection, it can disturb the protection mechanism in two other ways 
that require more studies. The first is the possible problem of the current zero 
crossing for the circuit breakers if breaking the current is required during a 
GIC event. The other issue is disturbance of the communication system due to 
GMD. Today some protection schemes use wireless communication. 
Therefore, GMD can disorder the protection of power system also in this way. 

7.6 Experimental Study 
Experimental studies for understanding the effect of DC magnetization 

due to GICs on power transformers show several difficulties in performing the 
test and extracting the result. The creation of DC current, having a strong AC 
voltage, getting proper under test transformer, and the measurement sensors 
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are the challenges in this kind of study. Practical tests on real power 
transformers reported in [112] and [115] that have been done in power network 
and laboratory environment, respectively. Although these tests provide some 
evidence from the consequents of a GIC event, it is very difficult to extend the 
results and extract general rules. Since, the tests have been done on certain 
transformers, and under certain test conditions. Also, in such measurement it is 
not possible to separate the losses. Thus, thermal sensors are used to get some 
clue regarding the loss distribution inside the transformers. Therefore, 
experimental studies can be used to verify modelling results and general 
conclusions can be obtained from modelling and simulations. Since the GIC 
problem is turned to a concern for network owners, the need for a standard test 
procedure, which is not available now, is identified. 

AC voltage over a DC voltage source can create a problem for the DC 
source. Therefore, in order to avoid this, a certain test setup is used that is 
called “back to back” connection. This method is used in [112] and [115]. 
Also, this technique avoids the injection of the DC current into other parts of 
the test network. This method requires two identical transformers. The primary 
sides are in parallel together and connected to a same AC source, while the 
secondary sides are parallel together with a polarity arrangement such that the 
algebraic summation of the induced AC voltages in the loop of secondary 
windings is zero. It means the AC voltages are the same on the secondary of 
the both transformers and oppose each other. This is similar to create no load 
condition for the transformers fed with an AC voltage. The DC source is 
connected between neutral points of the secondary windings. Thus, the DC 
current injected to the transformers are in opposite direction, while the applied 
AC voltage is the same for both. In this way the arrangement causes a benefit 
of this laboratory test setup. Since in that case the saturation happens in 
different half-cycles for each transformer, the even harmonics of the 
magnetization currents cancel out each other of the current that is drawn from 
the AC source. As a result the AC voltage is less distorted.  

In this test, the rather large reactive power drawn from the AC source 
can create problems for the AC generator in the laboratory. Also, it can lead to 
a voltage drop in the line between the AC source and transformers. 

For verifying the conclusions obtained from modelling, we have 
performed some real measurements on downscaled transformers. These 
measurements have been done in the high voltage laboratory of the University 
of Tehran. 

 Test setup and procedure 7.6.1

Two downscaled identical 15 kVA educational transformers are 
employed in the test. They are dry-type, three-phase, three-limb, core-type 
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transformers. The advantage of these test transformers is that their winding 
leads are accessible. Therefore, it is possible to easily create any connection. 
Hence, we could use them as single-phase three-limb transformers by open the 
windings of the side limbs. 

The test transformers and the test circuit are shown in Figure  7-34 and 
Figure  7-35, respectively. Different DC currents are created by using a 12 V 
car battery and a variable resistor as is seen in Figure  7-35. The AC voltage is 
supplied through the laboratory network and a variable transformer. The 
currents and voltages are recorded by a digital to analogue converter, DAC, 
card. Before each measurement, the transformer core is demagnetized by a 
gradually decreasing AC voltage starting from the saturation voltage level. 
Then the desired AC voltage is applied to the transformers. The battery is 
added to the circuit by closing a switch at desired moment. The measurements 
have been done for different voltages and injected DC currents. 

 

 
Figure  7-34: Under test transformers. 
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Figure  7-35: Measurement circuit of a back to back connection. 

Also, there was a possibility to perform measurement with a three phase 
Wye-Wye connection. The measurement circuit is similar to the described one. 
The only difference is that the AC voltage source is three phase and the battery 
and series resistor are connected between neutral points of the transformers.   

 Results and discussions 7.6.2

The experimental laboratory results verified the interpretations and 
conclusions about the behaviour of transformers under a GIC event.  

Figure  7-36 and Figure  7-37 illustrate the current and voltage of the AC 
side of one of transformers during the test, respectively. The described process 
in section  7.2 to reach the steady state asymmetric current can be recognized in 
the test results. Also, Figure  7-38 and Figure  7-39 show the current and voltage 
in the steady state condition, respectively. The zero crossing resistive voltage 
drops is clearly seen in Figure  7-39. 

As it was expected the three-phase transformer is very resistive against 
the GIC current. Different DC currents were applied to the three phase 
transformer. However any considerable change in the magnetization current 
was not observed. The phase currents of AC sides for a GIC current equal to 
20A are shown in Figure  7-40. 
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Figure  7-36: Excitation current of the AC side winding before and after 

applying DC voltage. 

 
Figure  7-37 Voltage across the AC side winding before and after applying DC 

voltage. 
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Figure  7-38: Excitation current of the AC side in the steady state condition. 

 
Figure  7-39: Voltage across the AC side in the steady state condition. 
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Figure  7-40: Excitation currents of the AC side windings for the  three-phase three-

limb transformer  before and after applying DC voltage 
 
Figure  7-41 and Figure  7-42 illustrates the current and voltage of the 

transformer in the single-phase mode before GIC and in the steady state after 
GIC. Reactive power calculation shows about 10 times increase after GIC.   
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Figure  7-41: Voltage and current of the AC side without DC current. 

 
Figure  7-42: Voltage and current of the AC side with DC offset.
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Chapter8 

8 Effect of GIC on power 
transformers 
8.1 Introduction 

Generally, the losses in transformer are grouped into no-load losses, and 
load losses. The no-load losses are related to the core and the linkage fluxes 
determine these. However, the load losses are related to the windings and 
metallic structural parts and winding currents and resultant leakage fluxes 
determine them. 

A GIC event can affect linkage flux, winding currents, and leakage flux. 
As a result a GIC event can cause over-heating in internal parts of the 
transformers by causing the losses or local losses to increase.   

The DC offset created in the linkage flux changes the normal flux 
density waveforms inside the core. Consequently, the hysteresis losses and 
eddy current losses in the core increase.  

Transformers are designed to work within the high permeability region 
of the core material. As a result the required magnetization current for driving 
the core is very low (usually 0.0005-0.001 pu). Thanks to those small 
magnetization currents, the ampere-turn balance condition is satisfied under 
normal load operation. However, a GIC event can disorder the balance in the 
winding currents due to resultant high amplitude asymmetric magnetization 
currents. The peak of the magnetization currents can even reach the rated 
current under GIC condition.  

In this chapter the mechanism of the increasing the losses due to GICs in 
core, windings, and metallic structural parts are investigated.  

Since GIC can happen with different levels and the transformers can 
have a variety of designs, a general conclusion that is valid for all cases is not 
possible. Nevertheless, we propose some calculation techniques that allow the 
designers to get an acceptable estimation of the losses under DC magnetization 
by employing their conventional loss calculation tools. It allows them to 
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perform thermal analysis as usual and evaluate the transformer capacity in the 
case of given GIC current.  

8.2 Core loss 
The finding of the flux density distribution in the core should be 

performed by employment of a proper numerical technique. 
However in the post processing stage for calculation of loss distribution 

due to GIC, one faces asymmetrical flux density waveforms that cause 
asymmetrical minor loops like as shown in Figure  8-1.  

 
Figure  8-1: The sample of asymmetric hysteresis loop that is caused by GIC. 

The idea is to estimate the area of those asymmetrical loops by a 
combination of symmetrical ones. For instance, according to Figure  8-2, the 
static hysteresis loss due to asymmetric minor loop, Ph, can be estimated as: 

1 2 2 1 2 2
1 2 2

2 2( ) ( )
2 2 2h

S S S S S SP S S f S f f f+ − +
= + = + = +                              8-1 

Then 
1 2, ,0.5 0.5h h B h BP P P= +                                                                                        8-2 

A similar approach can be applied when the reversal point is above zero.   
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Figure  8-2: The idea for estimation of area of asymmetric loop with 

combination of symmetric ones. 

Figure  8-3 shows increase of core losses of different design of core due 
to DC offset of the average flux density. Without DC offset the average flux 
density changes between positive and negative knee point. It is seen the 
different core designs follow the same behaviour regarding the increase of core 
losses. In practice, the DC offset equal to 0.7 T correspond to a saturation 
angle of more than 40 degrees that can happen in severe GIC cases. As a 
result, one can say that the increase of core losses due to GICs hardly can 
exceed the 50% of the rated value. But consider that we usually talk about a 
rated value where the maximum flux density is close to the knee point. Also, 
our study shows that using better core material that has higher permeability in 
the saturation area leads to a higher DC flux offset to provide the 
magnetization current with an average value equal to the GIC current. 
Therefore, better core materials, despite their lower losses under normal 
conditions, experience a higher increase of the losses under the same GIC 
condition. 
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Figure  8-3: Relationship between DC offset and core loss increasing for various 

core types. 

Also, studies on the loss contribution reveal an interesting behaviour. As 
it can be seen in Figure  8-4, at the beginning with an increase of the DC offset 
only the static hysteresis losses increase, while the change in the eddy current 
losses are ignorable. However, with an increase of the DC offset the increase 
of hysteresis losses decline, while the eddy current losses begin to increase. 
This behaviour can be interpreted by understanding the mechanism of losses 
and flux distribution in the core.  

Hysteresis losses depend on the waveform of the flux densities. By 
crossing the knee point these losses show considerable increase in comparison 
with the losses associated with flux densities between knee points. However, 
an increase of the flux density to more than the maximum saturation level of 
the core due to its reversible behaviour does not create hysteresis losses.  

On the other hand, the eddy current losses are dependent on the rate of 
flux density. Thus, a DC offset in the flux density waveform does not lead to 
increase of these losses. The fluxes prefer to close their loop through low 
reluctance paths. Thus, the shorter paths have privilege and take more flux than 
longer paths. However, when approaching saturation, the permeability of 
shorter paths decreases and their reluctances increase. As a result all paths 
show almost the same reluctances and a uniform spatial flux density 
distribution occurs in the core. However, with increasing flux offset the 
permeability of longer paths decreases and again these paths have higher 
reluctance rather than shorter paths. Thus, the shorter paths carry more flux 
again. Therefore, DC offset not only shifts the flux density waveform, but it 
changes the wave-shape. So, the increase of the eddy currents is result of this 
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behaviour. Comparison between flux density waveforms illustrated in 
Figure  8-5 to Figure  8-7 proves the mentioned interpretation.  

 
Figure  8-4: Contribution of losses respect to DC offset for 2limb transformer. 

 
Figure  8-5: Flux density waveforms for some points of 2limb core without DC 

offset. 
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Figure  8-6: Flux density waveforms for some points of 2limb core with 0.4T 

DC offset in average flux density. 

 
Figure  8-7: Flux density waveforms for some points of 2limb core with 0.6T 

DC offset in average flux density 
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8.3 Winding losses 
DC currents that are injected in the transformer windings cause 

saturation of the core and create asymmetric high value magnetization 
currents. The increase of winding losses is one important results of this 
phenomenon. The saturation of the core changes the magnetic circuit of the 
transformer and leads to an increase of leakage fluxes. Besides the 
magnetization current contains higher harmonics and creates an unbalanced 
magnetomotive force, MMF. Hence, in order to understand the phenomena, the 
effects of each factor that can play role regarding the increase of the winding 
losses have been studied separately. To realize the impact of each factor helps 
in proposing a method for estimation of the winding losses during a GIC event. 
The results of this study help to propose a method for estimation of the 
winding losses during a GIC event, and furthermore lightens the way to 
mitigate the adverse effects of the phenomena. 

Therefore the effect of core saturation, higher harmonics, and 
unbalanced MMF are investigated in this section. The obtained results lead to 
introduce a method for calculation of winding losses in the case of GIC by 
using conventional design tools.  

The simulations have been done by linear axisymmetric 2D FEM 
models. The windings are considered as blocks with uniform applied current 
densities. The losses are calculated in the post-processing stage with the 
leakage flux distribution obtained from FEM simulations by using the loss 
calculation method explained in section  5.3.2. 

 Effect of Core saturation 8.3.1

For study of the effect of core saturation, rated load currents are applied 
in transformer windings when the core permeability is varied in each 
simulation. The obtained results are illustrated in Figure  8-8.  

It can be seen that for core relative permeabilities greater than a few tens 
there is no significant effect on winding losses. However, in the case of 
extreme deep saturation the relative permeability can fall down to a very small 
value. As is evident in Figure  8-8 the axial eddy current losses decrease in both 
windings, while the radial eddy current losses decrease in one winding and 
increase in another one. Also, the change of radial eddy losses is much higher 
than axial eddy losses. As is expected, the DC losses are not affected by core 
permeability since they only depend on winding current and not leakage 
fluxes. The radial eddy losses have the main impact on changing the total 
winding losses for very deep saturation. It can lead to an increase or a decrease 
of the losses depending on the topology/geometry of the windings and core.  
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Thus, one can say that core permeability only matters for winding losses 
for cases with very deep saturation. Also, it mainly affects the radial eddy 
current losses. It can cause increases or decreases losses based on winding 
geometry and arrangements.  

 
Figure  8-8: The effect of core permeability on winding losses 

 Effect of higher harmonics 8.3.2

The rated load currents are applied to the transformer windings at 
different frequencies. The obtained results of the losses are shown in 
Figure  8-9. 

The increase of frequency does not change the overall leakage flux 
distribution in windings. Therefore, the eddy current losses can be predicted by 
using the formula obtained from solving Maxwell’s equations. Figure  8-9 
shows how the losses increase for higher harmonics. In the beginning it is 
proportional to the square of the frequency, however at higher harmonics when 
the skin depth becomes smaller than the conductor dimensions it tends to be 
proportional to the square root of the frequency. 

The results prove that the higher harmonic contents can have a 
magnifying effect on the increase of winding losses.   
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Figure  8-9: The effect of frequency on winding losses 

 Effect of unbalanced current 8.3.3

An unbalanced magnetization current can increase both the DC and the 
eddy current losses. The unbalanced current increases the rms value of the 
current in the winding that it passes through. As a result the DC losses in that 
winding will increase. This increment depends on the amplitude and the phase 
angle of the unbalanced current.  

Moreover, the unbalanced current can lead to a significant increase in 
eddy current losses in both windings. As it is mentioned, the MMF of the 
unbalanced current can disorder the MMF balance of the windings. Therefore, 
the leakage flux distribution will change in the space where the windings are 
located.  

This causes a considerable increase of the radial leakage fluxes. As a 
result the radial eddy current losses increase dramatically. Figure  8-10 
compares the magnetic field distribution in active part when rated currents are 
applied to both windings and when the rated current only is applied to the LV 
winding. Figure  8-11 shows the simulation results when currents with different 
amplitudes and in phase with the LV load current are added such that there will 
be an unbalanced MMF. 
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Figure  8-10: Magnetic field distribution; Left: balanced MMF when the rated 

currents applied to both windings, Right: Unbalanced MMF when the rated current 

only applied to LV winding and HV is open circuit.  

 
Figure  8-11: The effect of unbalanced MMF on winding losses. 
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 Effect of the asymmetric magnetization current due GIC 8.3.4

As it is achieved from previous studies, both higher harmonic contents 
and unbalanced currents can affect the winding losses substantially.  The core 
saturation only can affect the winding losses in cases with very deep 
saturation. In this section the winding losses are calculated when the 
asymmetric magnetization current due to GIC is drawn from the LV winding 
and the corresponding GIC current is injected to the LV winding. The LV 
winding is decomposed to its harmonic contents. The loss calculations have 
been done for each harmonic and the losses are summed up at the end. 

The simulation has been done for two cases; rated load condition and 
no-load condition. Figure  8-12 shows the results for the load current case and 
Figure  8-13 compares the eddy current losses for the load and no-load cases. 
The illustrated simulation results are related to the saturation angle of 40 
degrees and the peak to peak value of the magnetization current is varied up to 
the rated load current. The lower saturation angle with the same peak current 
creates higher losses due to its higher harmonic contents. 

As is evident in Figure  8-12, the radial eddy current losses paly the main 
role in increasing winding losses during a GIC event. It is interesting to 
compare the radial eddy current losses for load and no-load conditions. It can 
be seen in Figure  8-13 that the load currents does not have considerable effect 
of the radial eddy current losses especially when the amplitude of the 
magnetization current increases. 

 
Figure  8-12: The effect of asymmetric magnetization current on winding losses. 
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Figure  8-13: The effect of asymmetric magnetization current on the eddy 
current losses; comparison between the load and non-load cases.  

 Loss distribution 8.3.5

During a GIC event the hot spots can be more harmful than the overall 
loss increase. Hence, it is good to investigate the distribution of losses in the 
windings. The results show that the top and bottom windings can have loss 
densities several times greater than the average loss density in the windings. It 
means that the losses in the hot pot areas can increase several times greater 
than the overall increase of losses. This point should be carefully considered in 
the transformer evaluation regarding GIC. Figure  8-14 to Figure  8-16 and 
Figure  8-17 to Figure  8-18 shows the loss distribution for the case of 100 A 
GIC and 40 degrees saturation angle and rated load condition, respectively.  
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Figure  8-14: Total current loss distribution for 100 A GIC and 40 degrees 

saturation angle. 

 
Figure  8-15: Axial eddy current loss distribution for 100 A GIC and 40 degrees 

saturation angle. 
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Figure  8-16: Radial eddy current loss distribution for 100 A GIC and 40 

degrees saturation angle. 

 
Figure  8-17: Total loss distribution for rated load. 
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Figure  8-18: Axial eddy current loss distribution for rated load. 

 
Figure  8-19: Radial eddy current loss distribution for rated load. 
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 Calculation of winding losses due to GIC 8.3.6

The main aim of the calculation of winding losses due to a GIC event is 
to evaluate the temperature rise in it. It is clear that an accurate method for 
calculation of winding losses due to a GIC event is to add the obtained 
asymmetric magnetization current to the load currents and perform a transient 
analysis. However, designers usually utilize some specific calculation tools in 
their design procedure. These tools usually are based on harmonic analysis. 
Also, the tools usually are connected together in a way that the output of one is 
used as input to one other. For example, the result of a winding loss calculation 
program is transferred to a thermal analysis tool. 

Therefore, it is valuable to suggest a simple estimation method with 
acceptable accuracy that can be applicable into the normal design tools. Note 
the fact that GIC currents are not under our control make it quite acceptable to 
introduce some approximations. 

The achieved results from the previous studies help to estimate the 
winding losses during a GIC event by use of a harmonic analysis instead of a 
transient one. According to the demonstrated results in Figure  8-12 and 
Figure  8-13, one approximation for losses due to a GIC event is summation of 
load losses under normal condition and losses due to asymmetric 
magnetization current under no-load condition. Calculation of winding losses 
under normal load condition is considered as a routine task. However, it is 
possible to estimate the losses due to asymmetric magnetization current with 
harmonic analysis. One way is to decompose the magnetization current into its 
harmonic contents. In this case the losses can be obtained by summation of 
losses of all harmonic contents. This approach is, however, requires several 
analyses.  

For single phase transformers the estimation can be done with only one 
harmonic analysis. As it is shown in section  7.3.1 the spike of the 
magnetization current can be estimated by using a half cycle of a sinusoidal 
waveform with frequency of, fα , that is calculated by: 

2 pf fα
π
α

=                                                                                                       8-3  

Where, pf  is the power frequency, and α  is the saturation angle in 
radians. Therefore, the average power losses due to an asymmetric 
magnetization current can be calculated by the following steps: 

1- Set a proper core permeability. 
2- Apply a current with amplitude of the magnetization current, maxI . 

3- Set frequency of solver to fα . 
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4- Calculate the average power, Pα . 

5- Calculation of losses in the half cycle, 
2
P
f
α

α

. 

6- Calculate the average power for power frequency, 
2 p
PP f
f
α

α

= . 

For moderate and high value GIC events usually the magnetization 
current has its main spike when the incremental relative permeability of the 
core is near to 1 similar to air. It happens for flux densities greater than 2 T. 
However, even under such deep saturation condition the relative permeability 
of core, coreµ , can remain in the order of a few tens. It can then be approximate 
in this way: 

0 0 0 0

0 0

1 1 (2 B) 1 2 1 B

1 2 1 21

core
B
H H H H H

H H

µ
µ µ µ µ

µ µ

+ ∆ ∆
= = = +

∆ ∆ ∆

= +
∆ ∆





                                       8-4 

Due to saturation H at 2 T is ignorable in comparison with H∆ . 
Therefore, for example if H∆ is equal to 4000 A/m the coreµ  will be around 
40. 

If we use a linear model the correction of power in step 6 can be 
performed on the applied current amplitude in step2, and the resultant average 
power in the electromagnetic simulation can be used in the thermal analysis 
directly. For this purpose the amplitude of applied current should be set to 

max 2
pf

I
fα

such that step 4 and 5 can be omitted. 

This approach of separation of the magnetization current and load 
currents for loss calculation is not correct theoretically. Nevertheless, taking 
into account that the eddy current losses due to the magnetization current are 
dominant, it can be practically acceptable especially for high level GICs.  

8.4 Stray loss 
During a GIC event in a fraction of one cycle the core goes to saturation. 

Although the existing DC current cannot create eddy current losses, it can 
saturate the protective magnetic shunts. Saturation in the core and shunt 
changes the magnetic circuit of transformer. In addition, a considerable 
increase of the magnetization current enhanced by harmonic components 
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destroys the Ampere-turn balance condition. In other word, GIC causes an 
unbalanced ampere-turn condition and adds higher harmonics. Hence, the 
factors that can influence the stray losses are saturation of core, saturation of 
magnetic shunts, ampere-turn unbalanced, and higher harmonic contents. 

It is clear that the straightforward method for calculation of eddy current 
losses of structural parts in the case of GIC, without ignoring and 
simplification, is to perform a three dimensional, nonlinear, and transient 
analysis. However, such analysis is very difficult and demands high 
computational efforts and time. In other word, they are practically impossible. 
The reason is that they require very small mesh size in comparison with the 
whole model dimensions. For accurate calculation of eddy current losses, the 
mesh size in FEM should be less than the skin depth. For transformer structural 
materials at power frequency the skin depth is in the range of millimeters and it 
decreases for higher frequencies. While the dimensions of power transformers 
are in the range of a few meters. Our experience shows that the calculated eddy 
current losses are sensitive to meshing quality. It means that an accurate model 
requires a huge amount of mesh elements. Furthermore, due to the fast change 
of the magnetization current during the period when the core is saturation, the 
time step should be selected small enough. Adding a nonlinear solver for each 
time step makes such analysis impossible in practice. Therefore, 
simplifications of these methods are necessary in this study.  

Hence, two models are used for the investigation of the effects of GIC. 
The first model is a 2D model with axial symmetry as shown in Figure  5-6. 
According to the definition of the leakage flux, the flux passes through the air 
in a part of its closed path, this model is proper for studying leakage flux and 
calculation of the short circuit impedance of transformers.  

The structural parts do not have an axial symmetry like the windings. 
Therefore, using this model for calculation of eddy current losses in these parts 
will not result in accurate values of the losses. However, thanks to faster 
computational time it can help to understand the effect of each factor and allow 
us to perform nonlinear and transient analyses. The core main limb, windings, 
clamps, shunt and tank are considered in this model. The mesh size for the 
structural parts is set less than the skin depth. The material properties are set 
according the requirements of each analysis.  

The second model is a 3D model of a transformer comprising the 
structural parts as shown in Figure  8-20. The model is linear and the analysis is 
time- harmonic. The surface boundary method is used for the eddy current loss 
calculation. This model helps us to take into account the effect of geometry. 

In both models the windings are considered as blocks with a uniform 
current density distribution. In this study, the dimensions of a real 260MVA 
single phase four-limb core are used for both 2D and 3D models. 
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Figure  8-20: 3D Model of a single phase transformer with structural parts (Tank 

and shunts are not shown in this Figure). 

 Effect of Core Saturation 8.4.1

As it is known, one of the main effects of GICs is to saturate the core in 
one of the half cycles of the AC voltage. Due to the saturation, the magnetic 
permeability of the core changes and, in turns, the magnetic circuit and leakage 
flux distribution differ. Therefore, the resultant stray eddy current losses will 
be different.  

Figure  8-21 shows the effect of core permeability on stray losses in the 
core clamp and tank wall of the simulated power transformer in the 2D FEM 
model. In these simulations the rated currents are applied to the transformer 
windings and the reference is losses for linear core with relative permeability 
of 20000. These results reveal two noticeable facts that illuminate the way of 
modeling for stray loss calculations. The first one is that when the relative core 
permeability is more than a few hundreds no significant change in the losses is 
observed, but a decrease below this value cause a substantial increase. The 
second is that the influence depends on the location and the shape of the 
structural elements. Hence, it is not possible to extract a general rule for the 
losses. Also, as it is shown in Figure  8-21, the losses in the clamp decrease 
within a certain range of the core permeability. Also, the 3D analyses support 
the conclusion as shown in Figure  8-22. 
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Figure  8-21: The effect of core permeability on stray eddy current losses by 2D 

model. 

 
Figure  8-22: The effect of core permeability on stray eddy current losses for 

different structural component obtained from a 3D model. 
 

 Effect of saturation of magnetic shunt 8.4.2

DC currents injected into transformer windings cannot create eddy 
losses themselves. However, there is a risk that they saturate the protective 
magnetic shunts in the case of a very high DC current. The saturation of shunts 
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allows more incident flux to reach the tank surface. So, an increase the losses 
in the tank is an obvious result of this. Furthermore, variation of shunt material 
properties change the magnetic circuit and leakage flux distribution. Therefore, 
it can also have impact on the losses on other structural elements. The effect of 
shunt permeability on the losses of the tank wall and the core clamp is shown 
in Figure  8-23. Similar to previous study for core permeability, the windings 
are loaded with rated current and the reference is the condition when the shunts 
have relative permeability equal to 20000. 

 
Figure  8-23: The effect of shunt permeability on stray eddy current losses by 

2D model. 

 Effect of higher harmonics 8.4.3

The drawn magnetization current from network during GIC events 
consists of higher harmonics with noticeable amplitude. In addition to the 
increase of higher frequency content, these harmonics exist only in one side of 
the transformer (low voltage either high voltage) and this unbalanced current 
intensifies its effect on the increase of losses. At first we only focus on the 
effect of frequency and then the effect of unbalanced currents will be 
investigated. The simulations have been performed with rated load and linear 
materials. Figure  8-24 shows the resultant losses for different frequencies in 
the tank wall and core clamp. As it is illustrated in Figure  8-24, the losses 
increase for higher frequencies, but the trend is different for each component. 
The reason is that including eddy current effects in the electromagnetic 
modeling is equal to adding magnetic inductances to the equivalent magnetic 
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circuit as discussed in section  6.3.3.3. As a result, the values of the magnetic 
inductances are depending on the frequency. This means that the magnetic 
circuit will be different for each frequency. Therefore, for a complex magnetic 
component like a power transformer, it would be very difficult to predict the 
losses for higher harmonics based on the losses obtained at power frequency. 
The performed 3D simulations also prove this conclusion as shown in 
Figure  8-25.  

 
Figure  8-24: The effect of frequency on stray eddy current losses by 2D model. 
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Figure  8-25: The effect of frequency on stray eddy current losses for different 

structural component by 3D model. 

 Effect of unbalanced current 8.4.4

According to this study, the major effect that contributes to an increase 
of stray losses during a GIC event is unbalances in the winding currents. Under 
Ampere- turn balance condition the magnetomotive forces, MMFs, of the 
windings are in opposite directions and attempt to cancel out the stray field of 
each other. However, the gap between them causes an incomplete cancelation 
that results in stray fields and losses. When, an unbalanced current exists the 
field created by it will not be compensated with other MMF sources and it is 
clear that this leads to a higher losses. Radial fluxes increase when an 
unbalanced condition is created. To study the effect of this, the unbalanced 
currents of different amplitudes are added to the load current. They are applied 
with zero and 90 degrees phase shift relative the load current. In fact, the 
unbalanced currents represent the main harmonic of the magnetization 
currents. If the load is pure resistive (pf=1), the unbalanced currents will show 
90 degrees shift and if it is pure inductive (pf=1), the currents are in phase. 
Figure  8-26 reveals the significant effect of the unbalanced currents for both 
cases. It increases the losses considerably. Also, obtained results from 3D 
simulations validate this behavior of unbalanced currents.  
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It should be noticed that the presented results in this section are based on 
linear material. The reason is the aim of study in this section is to see the effect 
of the unbalanced current in respect to load current under ampere-turn balance 
condition. If a nonlinear model is used the value of the current, and not only 
the ratio, influence the results. However, considering the nonlinearity of the 
structural components indicates that the saturation effect helps to decrease the 
stray losses in them for high the incident field. It occurs since decreasing 
permeability due to saturation leads to an increase the skin depth and decreases 
the eddy current losses proportional to the square root of the permeability 
according to Eq.  5-22. Nevertheless, it does not change the fact that the 
unbalanced current shows the most important impact on the stray eddy current 
losses.  

 
Figure  8-26: The effect of unbalanced current on stray eddy current losses from 

2D model. 

 Calculation of stray eddy losses due to GIC 8.4.5

As already mentioned, the importance of stray loss calculation concerns 
the estimation of the temperature rise in the component which determines the 
load capacity of the transformer. The available practical calculation tools 
works for harmonic analysis. These include numerical methods like 2D/3D 
FEM, 3D RNM and also experimental and analytical methods or their 
combinations as hybrid methods. Thus, we should develop a method to 
estimate losses during a GIC event by using a harmonic analysis. 
Understanding the role of the factors that can influence the stray eddy current 
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losses from mentioned studies and using some facts regarding the 
magnetization current during a GIC event, help us to come up with a feasible 
method.  

Since the temperature is important we need to estimate time average 
losses. The instantaneous losses do not matter in these calculations. 
Furthermore, the level of GIC cannot be controlled. Hence, some estimation 
and simplification are acceptable. A GIC event can be grouped in two kinds. 
Moderate GIC is an event that can continue for several minutes up to several 
hours. The GICs in this case are in the range of a few tens of Amperes. 
However, very high intense GICs in order of some hundreds amperes last just 
for few minutes.  

In both cases, the losses that are created due to unbalanced 
magnetization current are high enough such that the normal load currents can 
be ignored in the calculations. Figure  8-27 shows losses from 3D simulations 
with and without consideration of load current when those unbalanced currents 
exist. The results demonstrate that this assumption is quit acceptable and does 
not impact the accuracy of the calculations, especially for substantial GICs. 

Therefore, one method to estimate the stray losses due to a GIC event is 
to calculate the harmonic components of the magnetization currents and apply 
them separately. The total losses are obtained by summation of losses due each 
harmonic component. However, there is a simplification in this method. If the 
nonlinear properties of the structural material are considered, using the 
superposition rule for harmonic components is not valid anymore since the 
problem deals with a nonlinear system. Moreover, the core permeability 
changes in a fraction of the voltage cycle and its effect could not be taken into 
account on losses by using the harmonic decomposition method.  

Another approach that can be applied for single phase transformers is 
similar to one presented in section  8.3.6. This method can lead to more 
accurate results for the case of single phase transformers. However, due to 
complicated behaviour of the five-limb three phase transformers under CIC, it 
is not feasible to apply similar method for them. Nevertheless, according to the 
results presented in section  7.3, one can expect that the effect of GIC on five-
limb transformers is less than on single phase ones under a similar conditions.  
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Figure  8-27: The stray eddy current losses due to unbalanced current with and 

without consideration of rated load currents. 

 Stray loss distribution due to GIC 8.4.6

So far, the presented results focus on the value of losses due to a GIC 
event. However, study of the loss distribution in the tank and other metal parts 
are necessary to recognize vulnerable hot spot areas. Figure  8-28 to 
Figure  8-27 shows the loss distribution due to a GIC in different structural 
parts of a single phase four-limb power transformer. These simulations reveal 
that the structural parts surrounded by windings such as flitch plates, core 
surface and areas of clamps near to the windings are more prone to have hot 
spots. Also, Figure  8-33 illustrates the location of the components that the loss 
distribution is shown on them.  
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Figure  8-28: Loss distribution on core surface due to eddy current stray losses. 

 
Figure  8-29: Loss distribution on one of upper clamps due to eddy current stray 

losses. 

 
Figure  8-30: Loss distribution on one half of tank bottom surface due to eddy 

current stray losses (the lower edge in the figure is connected to the tank wall). 
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Figure  8-31: Loss distribution on flitch plate due to eddy current stray losses. 

 
Figure  8-32  Loss distribution on tank wall surface due to eddy current stray 

losses. 
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Figure  8-33: the location of the components that the loss distribution is shown 

on them. 
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Chapter9 

9 Mitigation methods 
9.1 Introduction 

Figure  9-1 illustrates the chain of events that eventually lead to adverse 
consequents of a GMD event. The effect of geomagnetic disturbance due to 
solar storms was reported for the first time in September 1859, when telegraph 
system was failed all over North America and Europe [116]. Two significant 
GMD effects on power equipment are recorded in the recent decades [117] 
[118]. The blackout on March 13th 1989 in Quebec province in Canada was 
result of a cascade of failures that began by tripping of a reactive power 
compensator capacitor due to a GMD event. In this event, about 6 million 
people were left without electricity for more than 9 hours. Moreover, about 
two hundreds other events related to GMD are reported from North America. 
The most famous one is severe failure of a step-up generator transformer at the 
Salem nuclear power plant. A recent event was on October 30 2003. A 20-30 
minute blackout was reported in Malmö in Sweden that affected more than 
50 000 people. This event also started from a wrong relay tripping due to the 
third harmonic generated by asymmetric magnetization of a transformer. Also, 
at the same time damages in several transformers in South-Africa were 
reported.  

The adverse consequents and the big damage of GMD increase with 
growing of technological equipment and power networks. With increase of 
dependency of the modern society to technological infrastructures such as 
electrical power networks the threat of GMD is accelerated. Therefore, the 
importance of mitigation measures against it increases. Based on the study that 
has been done in this project regarding the understanding of the phenomena, 
mitigation strategies are introduced and discussed in this chapter. However, 
more research and development works are required to propose practical 
mitigation devices and strategies.  
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Figure  9-1: chain of events during a GMD event. 

9.2 Principle of mitigation strategies 
As is seen in Figure  9-1 a chain of events occur and may eventually 

results to an undesired effect on the power system and its components during a 
GMD. Therefore, any measure that can cut the chain before reaching its final 
step will help to prevent or mitigate the adverse effects of it.  

It is obvious that an impact on solar activity or interaction of solar 
storms with the earth’s magnetic field is not possible. Therefore, mitigation 
measures can be applied after the stage when the DC voltage has been induced 
in the closed loop of transformer windings, ground, and transmission lines. 
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Hence, the strategies regarding mitigation can be classified in three categories 
as follows:       

1. Prevention of creation of quasi-DC GICs or reduction of them. 
2. Prevention of transformer core from saturation. 
3. Prevention of power system components and protection system 

from the effects of the asymmetric magnetization current. 

9.3 Mitigation methods 
 DC blocking strategy 9.3.1

The available methods of the first category can be divided into line-
connected and neutral DC blocking methods. In the on-line methods DC 
blocking devices are connected in series in the transmission lines. The most 
important and efficient devices that can have DC blocking function are series 
capacitance. However, they are very expensive component that in principle are 
installed in the power grid for other purpose such as improvement of the 
energy transmission capacity and to compensate the reactive power demand. 
Since GMD happen in a large geographical area installation of series 
capacitance for every transmission line is not economically possible. The load 
currents should pass through the line-connected DC blocking devices and their 
insulation level should be high as the line voltage. In addition, they should be 
installed for each line separately.  

Thus, the concept of the neutral DC blocking can be a solution. The 
GICs are injected from grounded neutral points to the transformer windings. 
Therefore, if a device prevents DC currents from the neutral point, the GIC and 
its consequent effects will not occur. Under normal condition only unbalanced 
currents flow from the neutral point and its voltage level is very low. Usually, 
transformers are grounded through solid ground that has very low impedance. 
Grounding provides several benefits in the economical design of the power 
system and has an essential role in protection of it. 

Although a neutral blocking device can be useful to protect the system 
and transformers against GICs, it should not disturb the main tasks of neutral 
grounding and pose problems that influence transformer safety under other 
disturbances in the power system. A ground connection should tolerate about 
200A AC current due to unbalanced load currents for a long time, and short-
circuit current up to several tens of kA for a few power cycles. The other issue 
is the basic insulation level, BIL, of the neutral point. A neutral DC blocking 
device should not lead to an overvoltage in the neutral point. These are the 
challenges regarding the features of a proper neutral DC blocking device. The 
concept of such device uses a capacitor to block or a resistor to reduce the DC 
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currents. Todays, there are commercial devices for this purpose [119]. These 
devices usually comprised of parallel branches and a control system that is 
used to switch between them. There is a branch for DC blocking that is 
selected if a GIC event is recognized. This branch can be capacitive or 
resistive. There is another branch for normal operation that is usually providing 
a very low impedance path. The other branch is for protection of the device 
from over-voltages that can be created due to over currents in the neutral 
connection. For example, this can happen when a short-circuit ground fault and 
a GIC event occur simultaneously. A schematic view of such devices is 
illustrated in Figure  9-2. 

  

 
 

Figure  9-2: Schematic view of available DC blocking devices. 

Although the manufacturers of such devices claim that their solution can 
mitigate the GICs, two aspects need more study and investigation. The first is 
that the decision making for switching between solid ground and DC blocking 
branches is based on processing of the current signals. Thus, the method that 
algorithm that recognizes GICs and its decision making procedure can be 
further evaluated and even modified or improved. The second issue is to study 
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the effect of such grounding system on other phenomena that can happen in 
power system such as ground faults, ferroresonance, transient over-voltages, 
lightning and etc. 

 Anti-saturation strategy 9.3.2

Following the GICs in a power network itself cannot be very 
problematic. However, the saturation of transformer cores and the resultant 
asymmetric magnetization current create the most ill-effects. Hence, if the core 
is prevented from saturation the GIC effects can be mitigate considerably.  

According to the study that has been done in this work three methods 
can be suggested for this purpose. The first strategy is to use three-phase three-
limb units. Due to very high reluctance paths for zero-sequence fluxes, even 
high level GICs hardly can saturate the core in this type of transformers. But, 
in the design of these transformers the tank should have enough distance from 
the core for the reason described in section  7.2.6.  

The second method is to use a delta winding connection. As it is shown 
in section  7.2.5 delta connection can postpone the saturation in core for several 
minutes. Since the GIC currents might change direction or amplitude in this 
time the chance of core saturation and its consequents can decrease 
significantly. 

The third approach is to prevent saturation with compensation of the 
MMF of GICs. It can be done by putting an additional winding in each phase 
and inject a proper DC current in them to prevent the core from saturation. In 
fact, this method performs the function of the delta winding artificially.  

So far there is no industrial application of the third approach. The 
challenges of this method can be listed as follows: 

- The effect of AC induced current and voltage on the additional 
compensator winding and DC compensation device. 

- The power supply that provide the injected current. 
- The control algorithm for detection of GICs and inject a proper 

current. 
- Electrical, thermal and mechanical consideration of the additional 

windings. 
The additional winding should be design in a way that it does not affect the 
normal operation of the transformers. Also, the power supply should be 
controllable. It should be considered that how much AC current is allowed 
to pass through the compensation power supply. If a high number of turns 
is considered for the compensator winding the required DC current 
decrease, but the induced AC voltage on it can be problematic. On the other 
hand, with a low number of turns a huge compensation current is needed 
for the high level GICs. 
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One way to apply such idea is using open-delta connection of windings 
and connected to a DC supply voltage series with a resistor and a switch. This 
concept is illustrated in Figure  9-3. 

Phase A

Phase B

Phase C

 
Figure  9-3: The idea of DC compensation by using additional open-delta 

connection. 

The advantage of this connection is in the case of balance three phase 
AC voltages the AC voltage across DC compensation circuit is zero and the 
problem of AC circulating current is omitted. 

Another approach is using compensation winding in each phase and 
applying a rectifier switching. This idea is depicted in Figure  9-4. In that case 
there in no need to an additional DC source. The required compensating DC 
current is produced by rectifying the induced AC voltage through a current 
limiting impedance. 
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Figure  9-4: The idea of DC compensation by using rectifier switching.  

 Device and system protection strategy 9.3.3

If finally GIC happens and the transformers are saturated, still some 
measures can be performed for the reduction of the adverse effect of the 
phenomenon. 

The study of the effect of GICs in this work showed that if a given GIC 
saturates the transformer core, the resultant magnetization current is not very 
sensitive to the dimensions of the transformer and its rated voltage and current 
level. Consequently, the effect of a certain GICs on the over-heating of 
windings and metallic structural parts, and also on the reactive power demand 
can be lower for a higher value of the rated current. 

Wrong relay tripping is one consequence of the asymmetric 
magnetization current that can lead to instability of the power network. 
Therefore, a reconsideration of the relay setting and signal processing 
algorithms in digital relays can help to make the network safer against GICs. 

Prediction of reactive power demand due to GICs, and providing the 
sources to a compensate it or to reduce other reactive loads can help to keep 
the reactive power balance in the network. 
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Chapter10 

10 Accomplished and future 
works 

In this chapter a summary is made of the most important works that have 
been done in this project. These works can be improved further and some 
presented models and methods can also be employed in other areas. Therefore, 
suggestions are given for improvement of the presented works and to extend 
their applications.   

10.1 Measurement of magnetic materials 
A novel open-loop algorithm for control of the magnetization of 

magnetic material is introduced and practically implemented in a digital 
measurement system. The algorithm is based on the local linearization method 
and it is called LLM. The established measurement system is very suitable for 
measuring the static properties of the magnetic materials while applying the 
desired magnetic flux density waveform. It can be used to perform an efficient 
demagnetization process, obtaining symmetric and non-symmetric hysteresis 
loops, measuring the first order reversal curves and other magnetic material 
properties such as virgin and anhysteretic curves. Especially the developed 
method is faster and more accurate than conventional methods for measuring 
anhysteretic curves. 

The quasi-static hysteresis models and theories can be verified and 
developed by the suggested measurement techniques. Such measurements can 
be used for examination of the explanation of the quasi-static behaviour of 
magnetic materials that are based on the physical theories such as 
thermodynamic and quantum mechanics. This work can be extended in the 
future for measuring the magnetic material properties at higher frequencies. It 
can be useful for study the dynamic effects of the magnetic materials and, 
verification and improvement of the dynamic hysteresis models. 
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10.2 Hysteresis Modeling 
In this work a novel differential hysteresis model is introduced based on 

classical Preisach theory. The model is possible to invert and easy to 
implement that makes it suitable for using in a reluctance network method, and 
implementations in time step electromagnetic transient programs as EMTPs, 
and FEM.  

Three methods for prediction of FORCs and estimation of functions of 
the model are introduced. These methods only require the major hysteresis 
loop as input data and predict the FORCs by simple mathematical procedures.  
As a result, the differential Preisach model can be easily implemented. 
Measurement results for several grain oriented GO and non-oriented NO 
magnetic steels clearly demonstrates the ability and potential of the suggested 
model together with the presented FORCs prediction approaches. Therefore 
the model constitutes a viable alternative to other differential hysteresis 
modelling approaches as the Jiles-Atherton model. 

This work can continue with improvement of the methods for estimation 
of the model functions. Accurate analytical formula describing the major 
hysteresis loop can be used to create a differential model based on analytical 
functions. Development of the model to be more precise and easy 
implementable in numerical electromagnetic analyses is an important goal for 
future works regarding the model. In addition, the extension of the model for 
the vector hysteresis modelling can be considered as a valuable improvement. 

10.3 Power transformer low frequency 
modelling 

There is variety of electromagnetic models of transformers to study low 
frequency transients. A conceptual classification of them was presented in this 
thesis. Furthermore, a new developed topology based model was introduced. 
This model is suitable for time step analysis and can consider nonlinearity, 
hysteresis and eddy current effects. The other advantage of the so-called TTM 
model is its connection to external electric circuits. Although the magnetic 
circuit can be very detailed, the external circuit only sees the equivalent 
interface of it. In other words, the complexity of the magnetic circuit is not 
transferred to the electrical circuit. Comparison with FEM results demonstrates 
that the concept of the model works as it is expected. 

The model requires a proper magnetic circuit. Developing the procedure 
for building a proper magnetic circuit from geometry and material data 
according to the aim of modelling is an essential work for practical utilizing of 
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the TTM. Using adaptive time stepping is another issue that can make the 
model faster and more numerically stable. Moreover, derivation of more 
accurate time domain formula for considering the eddy current effects can 
extend the model capabilities to a higher range of frequencies.  

The presented model has potential to be employed in an iterative design 
process of transformers. Numerical calculation of core losses, magnetization 
currents, and stray losses in structural parts, and short-circuit studies by using 
FEM model could be accurate but is very time consuming. The presented 
method can be a good substitute for FEM that can give enough results in a 
reasonable time. Moreover, the application of this approach can be extended to 
analysis and modelling of electrical machines. 

As mentioned before, the proposed method creates a platform for 
fulfilling the ambitions of a comprehensive electromagnetic model of power 
transformers. Nevertheless, this approach needs to be developed and 
completed to bring the full potential into practice.   

Therefore, the following tasks are suggested as future works related to 
the introduced model: 

- Build a proper distributed reluctance network model based on 
transformer geometry. 

- Derive more accurate formula for considering the eddy currents in 
windings and tank. 

- Use an intelligent method for selection of time steps. 
- Coupling the model to a time step thermal model. 
- Extension of the model to other electromagnetic machines such as 

electric motors, generators and actuators. 
 

10.4 Effects of GICs on power 
transformer and power system 

The phenomenon related to GIC was studied with FEM, a low frequency 
circuit model of power transformers, and experimental tests in this project. As 
a result an intuitive description about what happen during a GIC event for 
power transformer was presented. Also, a comprehensive analysis regarding 
magnetization current and its harmonic spectrum has been performed. Then, 
the effects of the asymmetric magnetization current on reactive power demand, 
voltage drop, and power network protection system were explained. Moreover, 
the effect of transformer core design and winding connections were 
investigated in this work. 

The impacts of GICs on heating of transformer components are studied. 
The mechanisms that GICs lead to increase of losses were described. In 
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addition, some methods were introduced to loss calculation tools for GIC 
conditions. This is very valuable for transformer designers that can use their 
conventional tools for calculations under GIC conditions. 

After understanding how GIC can affect power transformers and the 
power systems, a sensitivity study of the power system can be done to analyse 
its reliability against GIC. It can help to find which measures are necessary to 
protect the network against a GIC event. Also, the algorithm of different 
protection relays can be reconsidered and adapted to this phenomenon.  
 

10.5 Mitigation methods 
Based on the chain of the events that leads to the ill-effects of GICs 

three type of mitigation strategies were proposed. Also, some practical ideas 
that can be used to apply those strategies were suggested. 

However, other techniques and devices can be invented to execute the 
mitigation strategies in future. Study of the function of mitigation devices 
under normal condition and also other disturbances in power system is 
necessary for practical usage of them in power networks. Furthermore, finding 
the best location for installation of mitigation devices is another issue that 
needs further studies. 

The suggested method regarding the calculation of the losses inside 
power transformers help to examine the thermal condition of them during a 
GIC event. Also, the new designs and materials applied for enchantment of 
withstand of transformers against GICs can be evaluated by using these 
calculation tools. Thus, to change in materials and designs to improve the 
capability of transformers can be performed as a future work of this project. 
Using the combination of the magnetic and non-magnetic steels for the 
structural parts, or varying the distance between the tank and the active part are 
examples of possible changes in the transformer design.  
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