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Abstract

Geomagnetically Induced Currents (GIC) are the ground effect of a complicated space

weather chain that originates in the sun. During a GIC event, the quasi dc crurent

that enters the transformers through the grounded neutral can cârÉe severe half cycle

saturation in the iron core. This results in increased reactive power consumption

and generation of significant levels of harmonic currents. A severe GIC event in 1989

catrsed a complete blackout in ihe Hydro-Quebec system, and it shows how I'ulnerable

a power system can be.

There have been many simulation studies carried out to model the efiects of GIC

in power systems using electromagnetic transient simulation programmes. Many of

these attempts have used curve fitting techniques to model the hysteresis characte¡-

istics of power transformers. However, the correct representation of the hysteresis,

inchrding the long term remanence and recoil loops is important, since the source of

the harmonic generation is the transformer itself. Therefore, the main objective of

this work is to develop a simulation model of a power transformer that represents

hysteresis characteristics incÌuding long term temanence and recoii loops. Further,

the nerv model is used in simulation studies to analyse the effects of GIC in â power

system.

The new model is based on the Jiles Atherton (JA) theory of ferromagnetic hys-

teresis. The eddy current effects are also incorpotated into the same model, so that

the simulated B-H loop is frequency dependent. The new modeÌ is implemented using

the transient simulation software PSCAD/ENITDC, and it is validated by comparing



simulation results \¡¡ìth recorded waveforms. A good agreement is achieved between

the simrlated and recorded waveforms.

Effects of GiC on å, power system are anal¡'7sd using a simulation model of a

power system. Simulation studies show that a transient simulation carried out to

model a GIC event requires not only the magnitude of the quasi dc current, but also

its hìstory with respect to any particular point of intetest. Further, simulation studies

demonstrate that it is important to accurately model the remanence effects ofthe iron

core of power transformers.
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Chapter 1

Introduction

Geomagnetically induced cutrents (GIC) a,re the ground effect of a compÌicated space

we¿ther chain that originates in the sun. The efiects of GIC on a technological system

were frrst observed by W. H. Barlow in the wires of an electric telegraph system in 1847

lll. Since then, the effects on long conductors such as electrical power transmission

lines, telephone cables, and buried pipe lines have attracted much attention because

of various problems caused by GIC 12] [3]. In 1940, W. F. Davidson presented an

account of the influence of a magnetic storm on power systems [a]. This was the first

reported case of power system disturbances linked to a geomagnetic storm in North

America. This provides a summary of data on the inluence on por¡,¡er systems of the

magnetic storm of Nlarch 24, 1940. The basic information has been obtained from 22

utilities in Canada and the United States of America.

The flow of GIC through power transformers has been the root cause of operational

and equipment problems in power systems during a geomagnetic disturbance or a

geomagnetic storm- There have been many reported cases of transformer failures,

relay maloperations, increased reactive poq¡er consumption, and many adverse effects

on generâtors, static var compensators (SVC), and communication systems fb][6]. The
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impact of GIC on the power industry had a greater level of conce¡n when virtually

all of the Hydro-Quebec power system plunged into clarkness in 1989 f7l.

This Chapter briefly describes how this complicated space weather chain is orig-

inated in the srn, and how it could afiect the earth and power systems. Fig.l.1

summarizes the sequence of events associated with this phenomenon l8]. This dis-

crÌssion also considers the vulnerability of a po\¡/er system to GIC and how this may

lead to a catastrophic system collapse. Further, the mathematical modelling of a GIC

event is discrissed with an emphasis on electromagnetic transient simulation studies

carried out on a power system.

Act¡v¡ty of the Sun

Plopagat¡on of the Solar W¡nd

Geoelectric f ield at the Earth's
s urface

Nþtw ork
conf igurations

GIC in technological systenE

FfoblerrE in systens due to

Figure 1.1: Space weather chain



1. Introdnction

1.1 Solar Phenomena

1.1.1 Background

The sun's corona, the outermost layer of the solar atmosphere, is continuously emit-

ting charged particles consisting of protons and electrons into interplanetaty space.

The outrvard flux of solar particles and magnetic fields blown away from the sun is

called the solar wind. Typically solar wind velocities are 300 to 1000 km/s and bring

the particles to the earth several days after they are ejected from the sun. The solar

wind is affected by three categoties of solar phenomena; namely] sola,r flaresl, corona

hoÌes2, and disappearing fllaments3. It has been observed that the velocity and the

charge clensity of the solar wind increases during periods of solar activity. The sun

goes through cycles of high and low å,ctivity that repeat approximately every 11 years.

The number of dark spots on the sun, called sunspots, marks this variation [g]- 111].

Common scales used to indicate the levels of geomagnetic activity are the A and

K indices. The K index is a 3-horrly quasi-logarithmic local index of geomagnetic

activity relative to an assumed quiet-day curve for the recording site. The values range

from 0 to 9. The storm of Nlarch 13, 1989 that caused the Hydro Quebec outage,

was a K-9 storm. The A index is a daily index of geomagnetic activity derived as

the average of the eight 3-hourly indices. In addition, the Ap and Kp indices are

obtained by averaging the A and K indices from a group of observatories distributed

around the world. Fig.l.2 shows the variation ofthe sunspot number, which is a daily
1 Solar .fløres'. A sudden eruption of energy on the visible surface of the sun lasting mirrutes to

hours, fron which ¡adiation and particles are emitted.
2 Corona holes: An extended region of the corona, exceptionally Ìow in derxifi' and associated with

unipolar photospheric regions. Photosphere is the lor¡,'est layer of the solar atmosphere; corresponds
to the sola-r surface vie$'ed in white light.

3 Disappeari,ng fiIaments: A rapid disappea.lance of a sol¿r filament (timescale of minutes to
hours). A fllament is a mass of gas suspended over the photosphere by magnetic fields and seen as
da¡k lines th¡eaded over the solar disk.
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index of sunspot activity observed from 1930 to 1990. In addition, the cycle of the

number of geornagnetic storm distrubed days per year provides vital information on

the potential of GIC effects on po\¡¡er systems. This cycle usually lags the peak of

the sunspot cycle by three to five years (Fig.t.2). Fig.1.3 shows the progression of

the current solar cycle (f23) updated by the Space Environment Center (SEC), in

Boulder Colorado, USA.

I.L2 Interaction with the earth

Interaction of solar wind with the earth has been observed in the form of aurorae fot

many centuries. However the complex mechanism was not rlæll understood until the

arrival of the space age, when sâtellites with scientific instruments began to aid the

study of the interplanetaty space surrounding the earth.

In 1930, Chapman and Fer¡aro described a new theory of magnetic storms by

assuming a 'neutral ionized stream of particles' from the sun (i.e. solar wind) 112].

However, the solar wincl is magnetized, therefore this magnetization complicates the

interaction with the earth. In 1961, a mechanism by which the magnetized solar wind

intera¿ts with the magnetosphere4 rvas first proposed by Dungey ll3]. This model

has laid the foundation for most of the research work in this field. The following

description briefly summarizes a snapshot of this complex phenomena, that is usu-

ally affected by the dynamic nature of the solar wind and its interaction with the

magnetosphere.

a Magnetosplrcre'. The pressure of the solar wind compresses the earth,s magnetic field on the
sunlit side (day side) of earth a¡rd drags the the oight side of the earth to form a comet-shÊ.ped
cavity called the magnetosphere,
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Number ol
Gêomagnst¡c

Disturbêd
Days / Year

Áp¿25

Figure 1.2: Variation of the solar cycle and number of geomagletic disturbed days
per year (Source: Kappenman et al., "Cycte 22: Geomagnetic Storm Threats to powel
Systems", Power Engineering Revierv, pp. 3-5, @ 1991 IEEE)
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The earth is protected from energetic pa.rticles and radiation in the solar wind

by the terrestrial magnetic shielcl. Ntlost of these energetic particles are deflected

around the earth by the magnetosphere, except for two small regions on the sunlit

side. When the magnetic field of the sun passes the earth, the solar magnetic field and

the earth's magnetic field are connected along the boundary of the magnetosphere

(magnetopause) in a process known as reconnection 113]. The factors that control

the rate of reconnection of the two fields are not understood completely, however

a southward component of the interplanetary field ís critical to enable reconnection

with the magnetosphere. This merging occurs at its best when the soÌar magnetic

field is directed torvards the south 114].

The magnetic reconnection across the boundary of the magnetosphere provides

a pathv/ay for the solar rvind particles to enter into the magnetosphere. Durìng this

process, interaction of the reconnected magnetic field and the solar rvind plasma

causes separation of chârges, which is similar to a magnetohydrodynamic generator.

The resulting electric field and earth's magnetic field affect the motion ofthe electrons

and protons, and establishes a complex connection between the magnetoparße and

the ionospheles. Meanwhile, the motion of protons is impeded by the higher density

of particles in the lower ionosphere (about 100 km above the ground), and hence due

to mobility of electrons over protons, a flow of electrons along the auroral oval6 called

the electrojet can be observed 111].

The au¡ora borealis is the visrial evidence of an electrojet in the northern hemi-

sphere. The auroral lights occur when the incoming electron beams collide energet-

icalÌy u'ith the ionosphere, exciting or ionizing atoms. These excited and ionized

s lonosphere: The region of the earth's upper atmosphere contàining a small percentage of free
elect¡ons and ions produced by photoionization.

6 Auroral oual: An oval band a¡ound each geornagnetic pole I'hich is the ìocus of an aurora.
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atoms emit radiation over a wide spectrai range, as excited ions jump into lower

energy states as they combine with free electronsT [10][11].

1.1.3 Geomagnetic Induction

During intense solar activity, an extremely large electrojet current in the lower iono-

sphere could affect the magnetic field measured at the srrface of the earth. The

transient magnetic variations caused by the increase or decrease, or a rapid move-

ment ofthe electrojet, are known as geomagnetic stotms or geomagnetic disturbances-

During geomagnetic storms, a portion of the earth could experience a time varying

magnetic field, and electric flelds are induced in the earth by these magnetic fle1d

variations. These can have values up to 6 V/km depending on the severity of the ge-

omagnetic storm ard the conductivity of the earths 111][15]. The resulting potential

difference between two points is called the 'earth surface potential' (ESP).

L.2 Effects on Poïv'er Svstems

Druing a geomagnetic storm the ESP acts as a voltage source applied between the

grounded neutrals of wye connected transformers or auto transformers that may be

located at opposite ends of a long transmission line. The resulting flow of current

between the neutrals is cailed geomagnetically induced current (GIC) (Fig.1.4). The

variation of the waveform of ÐSP is usually in the order of minutes and hence GiC has

a fiequency of a few millihertz and appears as quasi-dc in comparison to the normal

power system frequencies. The storms containing these transients can last for hours,

7 AurorøI emiss,ions: The commonest is a whitish-green light \Ã'itlì a t avelenth of bb7.Z nanome-
ters, which is emitted by oxygen. A pink emission comes from nitrogen.

sWhen the earth's resistivity is greater, the currelt returns deeper in the ea,rth, and the loop size
and the induction is greater
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Figure 1.4: ESP between grounded Y connected transformers and the resultant GIC
in the transmission lines.

thus relatively small magnitudes could create problems in a power system.

Geomagnetically Induced Current enters the t¡ansformer through the grounded

neutral and if the zero seqllence reluctance of the transformer is low, then the flow

of this current in the transformer winding biases the operâting point of the magneti-

zation characteristics to one side. Since the peak ac flu,x in the power transformer is

designed to be close to the knee of the magnetization characteristic, this bi¿s causes

the transformer to enter the saturation region in the half cycle in which the ac causes

a flux in the same direction as the bias. This effect is known as the half cycle sâtura-

tion of a transformer, and it is the source of nearly âll of the operating and equipment

problems experienced during a GIC event.

Because of the half-cycÌe saturation, the transfo¡mer draws a large asymmetrical

exciting current which results in increased reactive powet consumption as well as the

generation of significant levels of harmonìc currents [5][16]-[18]. Fig.1.5 shows wave-

forms of magnetizing current when a t¡ansformer is excited under rated conditions;
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(a) without GIC, and (b) with GIC, in which the presence of GIC has caused half

cycle saturation. The severity of half cycle saturation determines the nature of the

waveform of an asymmetrical magnetizing current.

10
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Figure 1.5: Tlansformer magnetizing current; (a) without GIC; (b) with GIC, under-
going half cycle saturation

There have been many reported cases of undesirable effects on power systems

during GIC events. Some of the most significant effects are described below.

r \faloperation of relays due to distorted waveshapes. This undesired opetâtion

can be of tlrree types; i.e. detection of a non-existent fault, failu¡e to detect a

fault, or failure to detect a fault in an adequate time. Reference 16] has provided

10
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a detailed review of protection relay maloperations that have been related to

geomagnetic disturbances during the 1989 - 1992 period.

r Overloading of capacitor banks and static vå,r compensâtors (SVC) due to signif-

icant harmonic currents and possible tripping of protection due to over loading.

The system collapse of Hydro-Quebec was triggered by the loss of static var

compensators [7].

¡ Large reactive power consumptions causing intolerable voltage depressions; this

was first reported in 1940 [ ].

r Severely stressed operation of power transformers. A large mrmber of power

transformer failures have been attributed to GIC events [6].

o Overloading of fllters on the ac side of HVDC converter terminals and the

interaction of ac/dc harmonics in the presence of GIC 119].

. Excessive localized heating and mechânical vibrations due to positive and neg-

ative sequence harmonic currents in the generators [20].

In addition to the disruption of the power transmission network, solar phenomena

can inte¡fere ivith utility communication systems as well.

1.3 Vulnerability of Power Systems

GIC are a problem in high geomagnetic latitude âreas in Canada, parts of USA, and

some Nordic countries. TypicalÌy these are the areas in which magnetic storms are

the largest and the most frequent. Factors increasing the vulnerability of the power

system that are in the regions a.ffected by geomagnetic disturbances include;

t1
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¡ transmission lines of interconnected systenrs spanning longer distances,

¡ transmission of higher levels of power over longer distances that require voltage

support using câpacitôr banks or static vât compensators, and

¡ use of single phase units in three phase extra high voltage (EHV) po$'er trans-

former banks, that are more susceptible to GIC than the three phase units

[5]1211.

Presently, the North American power transmission networks consist of long trans-

mission lines that span thousands of kilometers. In addition, bulk power transfer

within large power pools have become a daily routine in the electricity market. There-

fore, an earth surface potential of a few voÌts per kilometer could cause a large flow

of GIC and poses a threat to the security and the stability of the electrical power

system.

In addition, vulnerability of a power system to geomagnetic distrrbances is in-

creased \¡¡hen the system is more heavily loaded. Increasing power demand and in-

dustry deregulation have both led to porver systems being operated closer to their

limits making them more vulnerable to outside disturbances. A distinctive feature

of GIC effects on power systems is that the problems occur simultaneously or many

parts of the system. This is contrary to other types of power system probÌems, i.e.

lighting strikes or equipment failures, which are more localized.

1.3.1 Vulnerability of Power Transformers

Extra High Voltage (EHV) systems with grounded wye transformer banks provide

conducting paths for GIC. However, difierent core and r¡,inding configutations respond

difierently to satruation caused by GIC. Therefore, the susceptibility of single phase

12
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banks and three phase transformers have been categorized in the order of decreasing

sensitivity as follows [6] f21l;

1. Single phase, shell or core form design

2a. Three phase shell form design

Three phase core form, five 1eg core design

Three phase core form, three leg core design

I.3.2 A system collapse: Hydro-Quebec

The complete blackout of Hydro-Quebec system during the GIC event of Ma¡ch 13,

1989 gives an example of how vulnerable a power system can be. Hydro-Quebec's

735 kV transmission lines span about 1000 km between the load centres and major

generation centres. This systern with long transmission lines depends on static var

compensâtors and synchronous condensers for stability.

Just befo¡e the event, the system load was 21,500 MW, with exports totalling

1950 MW. The bulk of the power transfer was through the 735 kV transmission

network. At the inception of the effects of this storm, a high content of harmonic

voltages and currents had been observed in part of the network (La Grande network).

This was followed by a high voltage asymmetry that reached about 15%. Within

less than a minute, seven static vâr compensators on line in the La Grande network

had tripped one after the other. With loss of the stâtic var compensators, a sudden

voltage drop was recorded (0.2 pu) and, as a result, 5 transmission lines carrying

9450 NIW to Nlontreal tripped out. This resulted in a rapid drop in frequency at

load centre substations. At this stage, automâtic under frequency load-shedding

controls functioned, but these controls were not designed for a recovery from a loss of

13
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generâtion equivalent to about half of the system load. Therefore the rest of the grid

collapsed in less than a minute [7]. During this event, extensive damage to several

transformers, thyristor and capacitor bânl<s was also reported from Hydro-Quebec ând

many other utilities across Canada and USA. The aftermath of this event triggered

many studies to model the GiC phenomenon and its efiects on power systems.

Another area of rapid development was in the area of storm forecasting using

advanced satellites. Facilities for real time monitoring for alerts and warnings have

become available. With the present technology, a space explorere could alert the onset

of a severe geomagnetic storm about one hour in advance [22]123].

L.4 Modelling a GIC Event

Historical records of GIC events have shown the potential for disastrous effects on

power systems. However, every solar event does not produce a geomagnetic distur-

bance on the earth, and therefore it makes forecasting of the impact of GIC events

very difficult. Thus va¡ious studies have been carried out to analyze this phenomenon,

and hence to predict the worst case scenario during an event. In general, modelling

of a GIC event can be classifled into two categories.

1. Computation of the earth-sruface potential (ESP), that involves the consider-

ation of the complex interaction between the solar phenomena and the earth,s

magnetic fleld. This can be described as a geophysical problem.

2. Computation of GIC in à power system and its effects due to the earth surface

potential. This can be described as an electrical engineering problem.

slf the distance is just right, about 4 times the distance to the moon or 1/100 the distarce to the
sun, a spacecraft will need just one yea.r to go around the sun, and hence it v¡ill keep its position
between the sutr arìd the earth. That position is known as the Lagrangian Point L1, named after
the French mathematician r¡'ho pointed it out, Joseph Louis Lagrange.

T4
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In the first category, the calculation of the earth surface potential has been carried

out using mathematical models with varying degree of complexities [15]124]l2b]. An

of these models have made several assumptions, such as the interaction with the

magnetosphere, the form of the auroral electrojet, conductivity of the earth, and

form of the electric flcld erc.

The second câtegory involves the analysis of a power system during a GIC event.

It describes the vulnerability of a system for a given GIC, and the possible effects

that may be experienced. Even q'ith the present technology, these studies are ex-

tremely important as the advanced alerts and warnings leave about an hour for any

precautionary measures to be taken.

The effect of GIC on a. power system can be analyzed using electromagnetic tran-

sient simulation programmes and power system stability analysis programmes. These

studies will reveal the vulnerability of a power system to GIC, such as the efiect of

increased reactive power demand, voltage stability, sensitivity of the protective relays

and other equiprnent etc. The results of these studies are being used as the basis

of determining the steps to be taken to mitigate the efiects of GIC and recommend

guidelines to be followed during an event by the system operators. Utilities and power

pools have developed both general system guidelines and specific operating procedures

that may be unique to their particuÌar situations. These operating guidelines may be

designed to protect a specific equipment from damage, or to protect the security of

the power system a,s a whole.

These guidelines are usually based on simulation studies ca¡ried out to predict

the worst case scenario during a GIC event, that may be based on historical data or

the maximum predicted values. Thus electromagnetic transient simulation studies of

GIC events are very useful in this endeavor.

l5
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I.4.I Electromagnetic Transient Simulation of a GIC Event

In order to model the GIC phenomenon in an electromagnetic transient simulation

programme) the modelling of iron core non-linearities of the power transformer is im-

portant since the source of harmonic generation is the transformer itself. Therefore,

¿ transient simulation stucly to analyze the eflects of GIC on power systems requires

accurate representation of the magnetizing characteristics of transformers. The pres-

ence of GIC causes haÌf cycle saturation of the iron core, and hence modelling of

the waveform of magnetizing current requires taking the shape of the B-H loop into

account.

In addition, the correct representation of the hysteresis is important so that it

handles long term remanence and recoil loops i171. Thìs is due to the fact that the

extent of the half cycle saturation depends on the history of the state of the magnetic

core. Hence an accurate representation of the status of the magnetic core cannot be

modelled without taking the history into account.

1.5 Objectives of this dissertation

A general difrculty in modelling the magnetization curves of ferromagnets arises due

to the possibility of having a large number of magnetizations depending on the history

of a sample. Therefore in order to characterize the material behaviour, a model has to

include not only the major loop, brit also the associated curves such as minor loops.

During the past decade a considerable effort has been devoted to the development

of simulation models of power transformers [26]-130]. These models contain a wide

range of modelling details of the iron core of the transformer with varying degree

of complexities. Many of these attempts are crrve flts, which ignore the underlying

physics of the material behaviou¡. In short time simulations, these piecewise linear

ltr
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soiutions of saturation can give the impression ihat they handle remanence because

the system time constants maintain the magnetization over several hundreds of mil-

liseconds. However, over time sc¿les of seconds the flux will decay to zero- Hence, the

need exists for a transient simulation model of a power transformer for use in GIC

studies, that accurately reptesents the magnetizing characteristics, including the long

term remanence and recoil loops of the iron core.

Objectives

The main objective is to develop a new transformer model, and to use that in simu-

lation studies to analyse the effects of GIC on â. po\¡/er system. This can be divided

into the following tasks.

1. Development of the new model.

r Develop a new simulation model of a power transformer for use in electromag-

netic transient simulation studies. The new model will address the requirements

of carrying out a GIC study, such âs an accuate representation of hysteresis

characteristics that includes recoil loops and long term remanence. In a typical

transformer model, it is usually possible to initialize the remanence, however it

requires outside intervention whereas the new model presented here will do it

automatically.

r Develop an algorithm to incorporate this new model into an electromagnetic

transient simulation programme such as ÐlViTP, PSCAD/EMTDC. This enables

the nerv model to be used along with existing models such as transmission line

models to carry out svstem studies.

17
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r Develop a methodology to determine the parameters of the model to reptesent

a given transformer using measured and name plate data.

r Validate the new model by comparing simulation results with recorded wave-

forms.

2. GIC studies using the new model.

¡ Model a section of a power system using an electromagnetic transient simulation

programme.

o Validate the simulation model by cornparing simulation results with recorded

data. This involves proper initialization of the simulation model to represent

the conditions of the actual svstem.

r Determine the sensitivity of the simulation results to (a) the remanent flux in

the core, (b) the history of the quasi dc current, and (c) the parameters in the

simulation model of a power system.

1.6 Overview of this dissertation

This dissertation consists of six Chapters. Chapter 2 describes the development of

the new transformer model. A mathematical model based on the physics of ferromag-

netism is used as the basis to represent the magnetization characteristics of the trans-

former. Eddy current efiects are àlso incorporated into the same model, so that the

simulated B-H loop exhibits frequency dependency. This discussion presents the the-

ory behind this model and describes how it is incorporated into a transient simulation

model of a power transformer. The new model is implemented with PSCAD/EIVÍTDC

18
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to show how this model could be incorporated into an existing model of an electro-

magnetic transient simulation progrâmme.

Chapter 3 focuses on the validation ofthe new model, where the simulation results

are compared with laboratory recordings. A good agreement is achieved between

recorded and simulated data.

Once the simulation modeÌ is validated, simulation studies are carried out to

analyze a GIC event using the new transformer model. A power system simulation

model of X{anitoba Hydro's Dorsey substation and the 500 kV transmission line from

Dorse¡ Nlanitoba to Forbes and Chisago in Minnesota is considered for this study.

Effects of GIC on this long transmission line dates back to 1980 [31]. However,

with the introduction of series compensation, the present vulnerability of this tine

could be considered as low. Meanwhile, in the absence of recent recordings during

a GIC event, simulation studies ca.rried out in reference [17] and 132] are used as

the basis of this analysis. The GIC event of 5¿À October 1g93 was considered for

validating a recorded event using the new transformer model. Chapter 4 desc¡ibes

the comparisons carried out using the recorded waveforms of this event.

Chapter 5 focuses on determining the sensitivity of the simulation results to the

remanent flux in the core, and to the history of the quasi-dc clrrent. In addition, the

sensitivity of the simulation to parameter variation in the model of the power system

is also considered.

Finally, Chapter 6 presents general conclusions on the work presented in this

dissertation highlighting the major contributions.

19



Chapter 2

A New Transformer Model for

GIC Studies

Development of a new transient simulation model of a po\Ã¡er transformer for use in

GIC studies is presented in this chapter. A mathematical model based on the physics

of ferromagnetism is used as the basis of this model to represent the magnetization

characteristics of the iron core of a transformer.

2.L Background

There have been numerous approaches to modelling ferromagnetic hysteresis loops

in simulation models of power transformers. A bibliographic review of the hysteresis

models presented during the past three decades is given in reference 133]. Many of

these attempts are cllrve flts, which ignore the underlying physics of the material

behavioru. At the other extreme, micromagnetic methods consider all known ener-

gies on a very small scale and flnd the domain con-figuration that gives the minimum

energy. In general intermediate solutions models, which can relate micro-structural
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parameters to the macroscopic responses of the material to outside fields are more

suitable for time domain simulations 134]. Four magnetization models are norÀ¡ con-

sidered as classical. They are the Stoner-Wolhfarth model, the Jiles-Atherton model,

the Globus model, and the Preisach model. The methods each model uses to simulate

the magnetization mechanisms, their advantages and disadvantages are discussed in

reference 134].

A hysteresis model based on the Jiles-Atherion (JA) phenomenological model of

a ferromagnetic material 135] is presented here. This has been used in reference [36]

in the simulation of current transformers, and it has been shown that the hysteresis

model based on the JA theory accurately represents the long term remanence and

recoil loops in the transformer cores.

There exists a wide variety of representations for hysteresis and eddy current losses

in transformer models used for power system transient studies. The most commonly

used method to represent losses is to add a shunt resistance across one winding as in

reference [29]. A frequency dependent resistance mâtrix is used in reference [37] to

model the effects produced by eddy currents. A different approach is used in reference

127], where the relationship between an equivalent eddy current fleld and the rate of

change of flux density has been experimentally obtained to represent losses in crurent

transformers. In the new model, we have extended the hysteresis model based on

the JA theory to incorporâ,te the effects of classical eddy current loss and excess or

anomalous loss [38]- la0l .

In the present study, the winding capacitance is neglected, because the GIC phe-

nomenâ studied are of low frequency. Thus, the transformer core model presented

in reference [30] was used as the basis of this work. The simulation model of a sin-

gle phase two winding transformer is considered in section 2.2 to describe how a

27
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typical transformer model is implemented in an electromagnetic transient simulation

programme. In addition, its representation of saturation is described to show ho¡¡-

the new hysteresis model can be incorporated into an existing model. Ðven though

this discussion focuses on a single phase two winding transformer, this algorithm is

capable of representing the hysteresis characteristics of a multi-limb, multi-winding

transformer model in an electromagnetic transient simulation programme.

A brief description of the Jiles - Atherton phenomenological model of a ferro-

magnetic material is presented in section 2.3. The hysteresis model based on the

JA theory is extended in section 2.4 to incorporate the eddy current effects, and

section 2.5 describes the simulation algorithm of the new t¡ansformer ûodel that is

implemented in the electromagnetic transient simulatior program trMTDC.

2.2 Review of the tansformer Core Model

A brief review of the transformer core model described in reference [30] is presented

in this section, and it also explains ho¡¡, the new hysteresis model is incorporated into

this core moclel.

The co¡e modeÌ of a single phase two winding transformer uses the magnetic circuit

shown in Fig.2.1. The two windings of the transformer are drawn on separate limbs

of the core for clarity whereas, in reality, both windings are wound on the same limb.

The magnetic equivalent circuit of the transformer is given in Fig.2.2.

The branches of the magnetic equivalent circuit represent the assumed paths of

flux, i.e. the transforme¡ winding limbs (@, and þ,), the leakage (@, and @^), and

the yokes (@5). The two winding transformer has two MMtr' soruces, l[i1 (f) and

-n/2i2 (f) to represent individual windings. P1 and P2 represent the permeance of the

transformer winding limbs, and P5 represents the permeance ofthe transformer yokes.

:¿



2. A New Transformer Model for GIC Studies

fo,

Fìgrue 2.1: Single phase two winding transformer flux paths

Figure 2.2: Nlagnetic equivalent circuit for a single phase two winding transformer
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P3 and Pa repÌesent the permeances of the leakage paths.

In an electromagnetic transient simulation program, the representation of a trans-

former begins with the calculation of the transformer inductance matrix (L). In
this model, the transformer inductance matrix has been derived using the magnetic

equivalent circuit in Fig.2.2. The following section describes how the transformer

inductance matrì-x (L) is calculated using this magnetic equivalent circuit.

2.2.L Calculation of the transformer inductance matrix

The transformer inductance matrir is calculated based on the magnetic equivalent

circuit of a given transformer. The description of the single phase two u'inding trans-

former presentecl in the previous section is considered to describe the calculation of

the inductance matrix (L).

It is assumed that the total length of core surrounded by windings (l-) has a

rmiform cross-sectional areà Au. It is also assumed that the upper and Ìower yokes

have the same length (lo)and cross-sectional area (,4r). Both yokes are represented

by a single equivalent branch of length 13 :21a, and area A3: Ao.

The branch node connection matrix 1,4] describes the sum ofthe flux at each node,

i.e. the total flux at each node must add up to zerc (2.1- 2.3). Therefore) this rep-

resentation includes information about the configuration of the core of transformers;

i.e. single phase, three phase three limb, or three phase flve limb transformers.

at node 1, ó,-ór- ds : 0

atnode2, -ór-löz+ós-óq : 0

(2.1)

(2.2)

These equations can be represented as in (2.3), where [,4] is the branch node

24
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connection matrix, and @ is the vector of branch flux.

1,4'ó

where lA]'
0-1 0

1 1 -1

-1
0

I

-1

ót

ó"

ós

ót

óo

0 (2.3)

(2.4)

ó: (2 5)

The MMF across each branch of the circuit is written in the vector form as in

(2.6), where 0 is the vector of branch MMFs, [l/] is a diagonal matrix containing the

number of turns in each winding, lÃ] is a diagonal matrix containing the reluctance

in each branch and d is the vector ofthe branch flux. The MMF across each branch

(d¿) of the magnetic equivalent circuit is shown in Fig.2.3.

d:[¡i/]i-lRló (2 6)
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-'1

Figure 2.3: Branch MMFs

In addition, the vector of nodal MMF (e".d") is ¡elated to the vector of branch

MMF (0) as in (2.7).

lAle..o. :

where 0noo" :

e:

0 noa.t

0,."o""

(2.7)

(2.8)

01

02

g"

0a

05

(2.e)
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Then (2.6) can be rewritten as in (2.10) where lP] is the b¡anch permeance matrix

and, using these relationships, the transformer admittance matrix and the magnitudes

of the cu¡rent injected can be calculated as follows.

ó : [P) ([¡/]i - e) (2.i0)

(2.11)

(2.r2)

(2.13)

lAlró : i,4.lrlPll¡/li -lAlrlPl 0{_;¿

NluÌtiplying (2.13) by l,4l gives;

o : l,4l"lPl[/¿]i-[A]"lPl [A]0no¿,

0..¿. : (tÁl'lpl l.4l)-1 t.Al"tpll¡¿li

0 - lAl (lAf' lpl l.4l)-' tÁl"lpl i¡¿li

>ubstiruting (2.14) in (2.t0) gives;

(2.14)

ó

where [M]

(2.15)

(2.16)

lMll¡/li

tpl - l],ll,{l (1,41'tpl l,4l)-1 l,{l"tpl

The vector of branch fllo (d) is partitioned into the set thât contains the branches

associated with eâch transformer winding as some of the elements in the vector of

winding current i are zero. Therefore (2.15) becomes (2.20), where @", is the vector

containing the winding flu-x (2.17), i,, is the vector containing the winding current

(2.18), l¡/,,] is a diagonal matrlx of winding turns (2.19), and [M""]2*2 is a square
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permeance matrix

[^å,] :

(2.17)

(2.18)

(2.te)

Thus the transformer inductance mâtrix is obtained as in (2.21). Similarly, the

transformer admittance matrix (Y,") is calculated from the transformer inductance

mâtrlï, yss : ff, where Aú is the time step and L is the transformer inductance

matrix (2.22).

ó"" :

d,, : [M""]l¡/""1i",

L : [¡r""][M""]l^{,,1

Y,, : + fl¡¿,,llø,,lt^r"l)-'

lï'"
I ,"'

Lu-
",1¡ñol

o ¡¿, 1.J

(2.20)

(2.21)

(2.22)

A further development to this transformer model has been presented [41], in which

the necessity to input detailed core data such as the length (l) and the cross-sectional

area (,4) of each limb, and the actual mrmber of turns (-n/) in each winding has been

eliminated. In this method, instead of calculating the transformer inductance matrix

using the actual values of N, A, and l, an equivalent inductance matrix is calculated

by fixing the value of ly', and calculating the appropriate values of A and l, such

that the original inductance matri:r is obtained. In order to illustrate this method

let us consider two inductors, L1 and L2 given in Fig.2.4. The peïmeânce P1 of the
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inductor -L1 is different from the petmeance Pr of the inductor -L2 because of the

different mrmber of trÌrns (l/r and l/2), different cross sectional areas (,41 arLd A2),

and different lengths (11 and l2). Hou.ever, the tvr.o inductors can exhibìt the same

inductance if the both inductors have the same values for the product of ly'-A and

the ratio of + (2.25 - 2.27). Thus, in this representation, the mrmber of truns have

been assigned the values of the primary and secondary winding voÌtâges and the

corresponding values of ,4 and I are calculated appropriately.

tþ)la)

L2

if ¡úA1

and ¡/t
h

then Ll

^¡N?P, - tt N.,4, 1-!
L1

^rN?P": t, N^A"':f
I2

NrAt

¡/,
1
I2

L,

(2.23)

(2.24)

(2.25)

(2.26)

(2.27)

Figure 2.4: Nlatched Inductors

ÍD1 
-

2.2.2 Existing model

The representation of saturation in a transformer model of EMTDC is considered

to show how a typical transient simuìation programme implements saturation [41].

A detailed review of this model was presented in the previous section. The same

model is considered as an example in the following section to describe how the Jiles
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-Atherton theory is incorporated into a power transformer model of a typical transient

simuiation programme.

In this model, saturation is represented with a current source connected across

each winding as in Fig.2.5. The current source representation is used since it does

not involve change to and inversion of the subsystem matrix during saturation [42].

Meanwhile, a piece-wise linearly interpolated B-H characteristic curve has been used

to model saturation in the transformer core (Fig.2.6).

!K-e ,R,

Figure 2.5: Representation of saturation in EMTDC

The simulation algorithm begins with calcr ation of the winding-limb flu-xes (@u)

using the winding voltâges (o¿), where i, : I .. number of windings. The fluxes in

each branch, and the flux densities (8") of winding limbs and the yoke are calcuÌated

using the calculated values of the flu-x (ón). The differential permeability (t"a.i¡,) atd

the magnetic field strength (Il) of the branches that represent the iron core are

calculated using the piece.rÃ¡ise linearly interpolated B-H curve at the flu_x density

B" (2.28). Then the permeance of these branches is calculated to update the branch

30
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H,X¿

Figure 2.6: Saturation curve of the existing model

permeance matrix P (2.29). F\rrthermore

B¡-u"n¡ - 

- 

-l:ro
I,Lat¡¡

^ Ó' ^ þ¡A¡
17¡[¡ L,

(2.28)

(2.2s)

In addition, matrix lM""] is updated, and finally þ, and (1M""][lrr""])-1 are multi-

plied to obtain i". Thus, the magnitudes of the current injected for the present time

step are calculated as in (2.30). The elements of is contain the magnitudes of the

current injected across each winding (2.18). In an n winding transformer, i" contains

the magnitudes of the n current sources, that are injected actoss the corresponding

u'indings.

i, - d"(M""N,,)-l

31

(2.30)



2. A New Transformer Model for GIC Shñies

2.2.3 The new model : Incorporating the JA Theory

The aim of this work is to develop an improved transformer model to be used in GIC

studies. The piece-wise linear representation of saturation does not properly represent

the increased levels of harmonic crrrent when the transformer undergoes half cycle

saturation. In addition, this representation does not model the long term remanence

and ¡ecoi1 loops in the core.

The new model presented here uses the Jiles - Atherton theory of a ferromagnetic

material to represent the hysteresis characteristics of the transformer core. Instead

of using a piece-wise linea"r'ly interpolated curve to model the B-H characteristics, we

have incorporated the differential equations described in the JA theory to model the

hysteresis characteristics of the transformer core.

The saturation model described in the previous section uses a piece-rvise linear

B-H characteristic to calculate the differential permeability (Þa¡) and magnetic field

strength (I1") ofihe branches that represent the iron core. In the new model, values of

these variables are calculated using the JA theory. This is followed by the calculation

of branch MMFs and branch permeances. Then the simulation algorithm continues

to follow the main algorithm of the existing model, where the transformer inductance

matrix is calculated using (2.21). Similarlv, the transformer admittance matrix can be

calculated using (2.22), and the magnitude of the currents injected is calculated using

(2.30). Therefore an interface between the JA theory and the existing transformer

model is established.

A brief review of the Jiles-Atherton theory is presented in the following section.

This also describes the basis of the two difierential equations used in this simulation

model. The simulation model based on these equations is extended in section 2.4 to

incorporate eddy curent effects, and section 2.5 describes the simulation algorithm

òz
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that was outlined in this section.

2.3 Jiles - Atherton Theory

The Jiles Atherton (JA) theory is as an attempt to create a quantitative model

of hysteresis based on a macromagnetic formulation. The model describes isotropic

polycrystalline materials (multi-domain grains) with domain wall motion as the major

magnetization process. If the grains are randomly oriented in space it is known as

an isotropic mate¡ial. The more common case is when the crystals have a preferred

orientation, known as anisotropy.

Considering the domain wall motion, two differential equations have been derived.

They represent the irreversible differential susceptibility and reversible differential

susceptibility. The solution of the two difierential equations, combined with an ap-

propriate choice of function for the anhysteretic magnetization, leads to a normal

sigmoid shaped hysteresis curve [35].

2.3.I Background

If a specimen of iron or steel is subjected to a magnetic field that is increased from

zero to L higher value and then decreased again, it was observed that the plot of flu-x

density, also known as nagnetic induction (B) vs magnetic field strength (H) will

not retrace the original curve. This phenomenon was named hysteresis by Ewing in

1881 [43]. This was one of the flrst attempts to explain ferromagnetic phenomena in

terms of forces between atoms. Assuming each atom r¡¡ã,s a permanent magnet free to

rotate in any direction, he described how the orientation of the various magnets, with

respect to the field and to each other, u'as entirely due to mutual magnetic forces

144)[45].

JÓ
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Some years after Ewing's work, one of the most important advances in the un-

derstanding of ferromagnetism was made by Weiss in 1907 [46]. This theory was

based on the earlier work of Ampere, Weber and Ewing, in which Weiss suggested

the existence of magnetic domains in ferromagnets. He also established that (a)

atomic moments were in permanent existence, (b) the atomic moments were ordered

(aÌigned) even in the demagretized state, (c) it was the domains that were randomly

oriented in the demagnetized state, and (d) the magnetization process consisted of

reorienting the domains so that either more domains were aligned with the field, or

the volume of domains aligned with the field was greater than the volume of domains

aligned against the field. Subsequent studies have confirmed that the magnetization

of a ferromagnetic material is changed by a change in the direction of magnetization

of the domain (domain rotation) or a change in the volume of the domain (moving

boundary) [47] l48l [49].

The boundary between domains is not sharp on an atomic scale. A transition

layer separates adjacent domains magnetized in different directions. Therefore, two

domains can have magnetic moments in different directions on eitheï side of the

domain boundary, urith the transition region in which the magnetic moments realign

between the domains belonging to neither domain (Fig.2.7)[a7]. This transition layer

is named after Bloch, who was the first person to study the nature of this layer in

1932.

The changes in magnetization arising from the application of a magnetic field

to a ferromagnetic material can be either reversibÌe or irreversible depending on the

domain process involved. A reversible change occurs when the magnetization returns

to its original value on the removal of a magnetic fieÌd. In ferromagnetic materials

this usually occurs during smaìl increments of the freld. Nlore often. both reversible
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Figure 2.7: Alignment of individual magnetic moments within a 1800 domain wall

and irreversible changes occur, so that on the removal of the field, the magnetization

does not return to its initial value. Thus rmder these conditions, hysteresìs is observed

if the field is cyclic.

2.3.2 Hysteresis and reiated properties

A numbe¡ of magnetic properties of the material characterize the general features of

the hysteresis loop. It has been observed that ifa specimen ofiron or steel is subjected

to cold rvorking, the hysteresis loss and the coercivity increase. In addition, the intro-

duction of other non-magnetic elements to iron, such as carbon in making steel, also

increases the hysteresis loss and coercivity. Therefore, it appears that imperfections

in the material cause an increase in the energy lost during the magnetization process

in the form of an internal friction. Another mechanism which gives rise to hysteresis

is caused by magnetocrystalline anisot¡opyfaT], i.e., a crystaÌ is characterized by the
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Figure 2.8: (a) Major loop; (b) Anhysteretic magnetization curve.

periodic ã,rrangement of its elements (atoms, ions) in space. The anisotropy energy

tends to make the magnetization of domain line up along certain crystallographic

axes.

Based on the hypothesis that the imperfections cause hysteresis, if the material

was free of all the imperfections it would be hysteresis ftee (ignoring the anisotropic ef-

fects). Then the magnetic induction would be a single valued function of the magnetic

freld called the anhysteretic magnetization curve (Fig.2.Sb) la8]. The magnetization

would be reversible, thus each point on the anhysteretic curve corresponds to the

domain configuration that gives the lowest possible energy (globâl minimum) for a

given external fre1d.
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Parameter Characterization

The coercive force is one of the most sensitive properties of ferromagnetic materials

that can be controlled. Therefore the width of the loop across the .É1 axis, (which is

twice the coercivity f1.) is an independent pârâmeter since this can be altered during

manufacturing process. In addition, the saturation magnetization defines the upper

limit to the magnetization that can be achieved. The height ofthe curve along the B

axis (remanence B¡) is also an independent parameter. The orientation of the entire

hysteresis curve, that is the slope of the clüve at the coercive point, can be changed

independently of the other parameters. In addition, hysteresis loss and the initial

permeability may also be independent parameters.

The above description has highlighted some of the most important parameters

that characterize the generai features of the hysteresis 1oop. However, there is no

general form of hysteresis loop for ferromagnetic materials. There does exist a shape

of hysteresis loop that occurs frequently in practice, which is known as the 'sigmoid'

shape Fig.2.Ba. The Jiles Atherton theory describes a hysteresis model that generates

the famiiiar sigmoid shaped hysteresis loops by considering impedances to domain \Ã'all

motion caused by pinning sites encountered by the domain walls as they move. [35].

2.3.3 Review of the mathematical model

The Jiles - Atherton theory describes the relationship between the magnetization, M,

and the magnetic field intensity, f1, for the core material. The flux density B, also

called the magnetic induction, consists of two contributions. The magnetic induction

in free space (¡;oI1), and the contribution to the induction from the magnetization of

a material (¡r,6,41). The relatìonship between the flux density B, M and H is given by

¿l
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(2.31), where .B is in Tesla and "FI and MI are in Amperes per meter

B-pn(M+H) (2.31)

Considering the domain wall motion, two differential equations have been derived

in the Jiles - Athetton theory. These represent the irreversible and reversible mag-

netization processes. The anhysteretic magnetization curve is derived using a mean

fleld approach, in which the magnetization of any domain is coupled to the magnetic

field intensity, 11, and the bulk magnetization, M. The solution of the two differen-

tial equations, combined with an appropriate choice of function for the anhysteretic

magnetization, leads to a normal sigmoid shaped hysteresis curve [35].

The basis of this model is the fact that the anhysteretic magnetization is the low-

est energy state of domain configuration. Thus, for a given fleld, if the magnetization

M is greater than the anhysteretic magnetization Mon, then the domain walls will

experience a force which tends to reduce the magnetization. Similarly, if the magne-

tization M is less than the anhysteretic magnetization Mon, then the domain walls

rvill experience a force v¡hich tends to increase the magnetization [35].

Irreversible Magnetization

The change in energy of a ferromagnet could be considered as a change in the mag-

netization or as a hysteresis loss. In the case where there is no hysteresis loss, the

magnetization follows the anhysteretic atrve, Mon. In general the changes in the ir-

reversible magnetization can be expressed as in (2.32). This shows that the rate of

change of magletization with the field is proportìonal to the displacement from the

lThe magnetic polarization or irtensity of magletization (f ) is a related quantity used in the
Kennelly convention with units of Tesla, whereas the Sommerfeld system of units uses magnetization
(M) with tnits of Af m. Therefo¡e I - þoM.
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anhysteretic M""(H.) - Mb,(H") l35l

dM¿,,

dH"

Reversible Magnetization

The reversible magnetization reduces the difference between the prevailing irreversible

magnetization, M*,, and the anhysteretic magnetizatiot., M"., at the given freld

strength. This can be expressed as in (2.33) [35].

(2.32)

(2.33)

(2.34)

Mreu : c(M".-Mi,,)
dM,", ,dM"" dM,,,
dH -' dH dH

The coefrcient c reptesents the reversible wall motion. This can be calculated from

the ratio of the initial normal susceptibility to the initial anhysteretic snsceptibility.

Total Magnetization

The total magnetization is an addition of the reversible and irreversible magnetiza-

tions. The JA theory describes an expression for the change in the total magnetization

with the fiela (ff) using the anhysteretic magnetization curve of the material.

The anhysteretic magnetization M". at a given fleld H, represents the global

minimum energy state where -FI" is the effective freld (2.35). The a is the mean

field parameter which represents interdomain coupling. The anhysteretic magneti-

zation Mo, can be expressed in the form as in (2.36), where M"o¡ is the saturation

M""(H.) - Mn,(H")

- a[M".(H.) - Mu,,(H.)]
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magnetization and / is an arbitrary function of the effective field [35].

H": H +aM

M"": M*t f (H")

The function / must have the following properties.

(2.35)

(2.36)

(2.37)

(2.38)

(2.3e)

(2.40)

(2.4r)

lim f(f/-)H"-O" ' -

)tu r@)
dM".
dH"

:0
1

> 0 for all 11.

The function given in (2.a0) has been used in [36] in the simulation of current

transformers, where a'a" and a. are constânts. The same function is used to rep-

resent the anhysteretic characteristic of the core of the power transformer model, on

the basis that the characteristics of the material is likely to be the same, i.e. grain

oriented silicon steel. This function satisfles the conditions given in (2.37)-(2.39),

provided that ay, a3 > 0 and a2 ) a1

rn ^Í 
o1 H"-H!

-'!an - "'"otãjizH._jE
dM,, 

^,1 
aro3-2oJHe-(a2- o1)H!

dlL "'""t ---jr, o¡"-j,$-

The change in the total magnetization with field can be expressed as in (2.42).

This can be expressed in terms of ffi as in (2.a3) . The parameters c, a and Æ are

constants for the material being used and á tâkes the value 1 or -1 based on the sign

of ff . fhe parameter k represents the coercivity.
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The function ffi in ç2.+S¡ can ta.ke some non-physical solutions when the magnetic

field is reduced from the tip of the loop, when the magnetization M¿,, is below the

anhysteretic M" in t,he first quadrant or above the anhysteretic in the third quadrant.

Under these circumstances, the domain q¡alls remain pinned on the defect sites and

hence ff : 0. Therefore this function takes a modifred form when the (M,, - M)6

becomes negative, as in (2.aa) 136l[50].

dM
,lH

dM
dH

dM
dH-

(2.42)

(2.43)

(2.44)

_ d,M¿,, _ dM,uo

dH dH
^ d^fdn 1 M"" M. dH" 'T !!--ãtif;;=tr')

f or oll 1M", - M)ó > 0

- d^1""

1- acffli f or all (M,.- M)6 <0

The nev¡ transformer model uses the above equations to model the hysteresis

characteristics of the iron-core. Therefore this representation properly represents

the long term remanence, recoil loops and the hysteresis losses. This model can be

extended to inchrde the eddy current efiects as described in the following section.

2.4 Core Loss

One of the most important parameters of a magnetic mate¡ial used in ac applications

is its losses. There are two forms of losses which occur in a transformer core. They

are the hysteresis loss and eddy current loss. Hysteresis arises due to domain wall

motion in the mate¡ial. Eddy currents are induced in transformer core laminations

by an alternating flu-r in the core and the losses arising from these eddy currents are

frequency dependent 135]138]. The modelling of eddy current loss in a laminated iron
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core is at least as important as modelling of hysteresis, as the eddy current losses are

signiflcantly greater than the hysteresis losses in a core material 151].

This section describes how the eddy current losses are incorporated into a sim-

ulation model of a transformer based on the Jiles-Atherton theory of ferromagnetic

hysteresis. The hysteresis model presented in the previous section is extended to

incorporate the effects of classical eddy current loss and excess or anomalous loss

[38] [40].

2.4.1" Background

The area of the hysteresis loop has an important physicaì meaning. It represents

the amount of energy transfo¡med into heat during one cycle of magnetization as

given in (2.45), where P is the power Ìoss per unit volume and / is the frequency of

magnetization. If the area of the loop is measu¡ed on the same specimen fo¡ different

magnetization frequencies /, a substantial increase in the area and change in the

shape of the ìoop can be observed with increasing /.

(2.45)

The most important advancement in understanding of losses in a ferromagnetic ma-

terial dates back to the 1940s. During this period, it was generally recognized that

the domains exist in an magnetized material and, when a magnetic field is applied,

the change in the magnetization takes place by movement of boundaries between do-

mains. Hou'ever the shapes of domains, the ways in which the boundaries form and

move with field and stress was frrst established experimentally by WilÌiams, Bozorth,

and Shockley in 19a9 [52]153]. Since then a1l attempts to deal with the physical origin

P
j :t'na"
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of magnetic losses have taken domain wall motion explicitly ìnto account.

The loss for a single moving wall was experimentally evahrated with a single do-

main boundary in a crystal of silicon iron by Williams, Shockley, and Kittei l5a]. The

results showed that the total losses in a ferromagnetic mate¡ial are often several times

greater than the eddy current and hysteresis losses calculated assuming a uniform and

isotropic permeability. It was also reported that the difference between calculated and

measured Ìosses, which was known as the 'eddy crurent anomaly', could in principle

be accounted for if the domain structure of the magnetic mâ,teriaÌ was considered in

the calculation of losses.

Pry - Bean calculated energy losses from eddy cutrents for magnetic sheet mate-

rials with a simpÌe domain configuration 155]. Since then, this model has served as

the foundation for most of the work in this fleld.

2.4.2 Loss separation

The concept of loss separation describes the total power loss at a given magnetizing

frequency âs in (2.46), rl,here the total losses are divided into three parts, P¡"0", P"¡"

and P.,". P¡r" is the hysteresis loss and P.¿, is known as the classicaÌ eddy current loss

that is calculated assriming a uniform magnetization. When the calculated values of

hysteresis and classical eddy current losses are added, their sum is signifrcantly less

than the measured losses. This difierence is known as the excess or anomalous losses

(P*.)

With a sinusoidal excitation, P"¿, takes the general form as in (2.47), where / is

the frequency, D is the thickness of the laminations, B_u* is the peak flux density, p

is the resistivity and k, is a constant [38]156] [57].
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Figure 2.9: Comparison of loss for a grain-oriented steel

Excess Loss

Excess loss arises due to the fact that any ferromagnetic mate¡ial is made up of self-

satruated domains, thus the microscopic magnetic flux pattern in the material is not

smooth and contimrous as assumed in calculating the classical eddy current losses.

Nlagnetization proceeds by a movement of domain boundaries and, if the domains

are relatively Ìarge, the eddy currents induced in the neighbourhood of the moving

boundaríes will differ from the simple classical pattern assumed [38] l3g][b4.
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2.4.3 Incorporating Losses

In the transformer modeÌ proposed here, the JA model is used to represent the hys-

teresis characteristics of the core and hence it properly reptesents the hysteresis loss

of a transformer core. We have extended this model to incorporate the effects of

classìcal eddy current and excess losses as described below.

The total magnetic fie1d intensity, H¡6¡, càr. be expressed as in (2.48), where _É16r,¿

is calcrrlated with the JA model and, the sum of I1"¿, and H.". is added to represent

the eddy current effects 158][59].

Htot: Hnu"t * H.L" I Ho. (2.48)

The instantaneous power loss per unit vohtme due to classical eddy currents is

proportional to the rate of change of magnetization 160]. This can be expressed as in

(2.49), where W"¿, is the energy lost per cycle per unit volume, B is the flu-x density,

D is the thickness ofthe laminations, p is the resistivity ancl B is a constant (þ - 6 for

laminations)[40]. In ou modeÌ, ,ä.¿" represents a magnetic field intensity equivalent

to the classical eddy current losses. Equation (2.50) represents the energy lost due to

classical eddy currents per cycle per unit volume. From (2.45) and (2.49) ìt is clear

that the energy lost due to classical eddy currents per cycle per unit volume can be

represented in the model with an equivalent magnetic fleld proportional to ff. In

our model, È1"¿" represents a magnetic fie1d intensity equivalent to the classical eddy

current losses. Therefore H"¡" in (2.48) can be expressed as I1"¿, : Àr# where Àr is
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a constant,

dWa"

dt

Wa"

#(#)'
f ##*

(2.4s)

(2.50)

(2.5r)

(2.52)

The instantaneous excess pov.er loss can be expressed as in (2.51), where G is a

constant, ,9 is the cross sectional area of laminations and, 11o is a parameter repre-

senting the internal potential experienced by domain walls [40]161]. Equation (2.52)

represents the excess losses per cycle per unit vohrme. From (2.45) and (2.4g) it is

clear that this energy loss can be represented by an equivalent magnetic fle1d propor-

tional to (#)å Thus H.,. in (2.48) can be expresse d as H",.- kd#)+ u,here kz is

a constant.

dw"""
d,t

/ GSH"\ä ¡ ¿n¡i
\. , / l"/
f eÐ'(#)""w"". :

Therefore in time domain simulations, the total magnetic fleld intensity H¡6¡ cã,t1

be expressed as in (2.53), where the values of constants k1 and k2 are tuned to simulate

the core loss of the transformer at power frequencies. The initial values of lc1 and k2

are calculated using (2.49) and (2.51), respectiveÌy. The k1 and Æ2 are tuned to

simulate the core loss at power frequencies using measured data. (See Appendix A.)

Then
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Htot : Hnu"t (2.53)

The following section describes the new simulation algorithm, that incorporates

all the equations described so far.

2.5 Simulation Model

2.5.7 The existing model

The existing model considered is based on the core model presented in section 2.2. A

single phase two winding transformer model was shown in Fig.2.1, and its magnetic

equivaÌent circuit was shown in Fig.2.2. In this magnetic equivalent circriit, branches

1 and 2 represent transformer winding limbs.

The simulation algorithm of the existing transformer model begins with the cal-

culation of the flrx in each branch in the magnetic equivalent circuit that contains a

winding, i..e. branches 1 and 2 (2.55).

**,#."(#)t
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ü"-
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u'here z
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ui"*
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Af

ö?'o + Löo Q.54)

,.ra t (ui"' : uitdl *x: (2.bb)\2)N,
1. 2 ; for single phase two winding transformer

present value of flr¡x in the i¿à branch

vahre of flux in the ith branch in previous time step

incremental flux in the present time step

present value of voltage in the ri¿à winding

value of voltage in the i¿à winding in previous time step

Number of turns in the ¿¿à winding

time step

Then the flu-x density of branches 1 and 2 are calcr ated from (2.56). If the flux

densìty ]B,l is greater than go and smaller than 96, then the piece-wise ìinear segment

that corresponds to this flux density determines the differential permeability of the

core. This piece-wise linear segment in the satu¡ation curve can be described rvith

the points (no,yo) and (z¡,y6). Once the magnitude of the differential permeability

Q"on¡") ¡, fornd, the magnetic field strength (11¿) is calculated using B¿ and pon¡..

t) ó7'-
Area

(2.56)

(2.57)

(2.58)

(2.5s)

1r Y"

þa¿h

Hi

- t) / ^,

_ Ab-u"
rb-ra
B,-a"

þ*Íu
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Using these values, the nerv value of the branch permeance (.Q) is updated, where l¿

is the length of the branch i.

n9¡
t7 ,L;

(2.60)

The present value of the l¡ranch M M Fs are used in the calculation of the flu-x in the

leakage paths, i.e. branches 3 and 4 shown in Fig.2.2. ,À1. is the number of turns in

the rirÀ winding, i¿ is the current in the i¿h winding.

þ¡+z: (N¿i¿ - H¡Ln) * P¡+z (2.61)

This is followed by the calculation of flux in the yoke, i.e. branch 5 in Fig.2.2;

ós: ót - þs (2.62)

Once the magnitude of the flux in yoke is known, this value is substituted in (2.56)

- (2.60), and hence the new value of the branch permeance (P5) is found. Therefore,

at this stage, the branch permeance matrix has been updated with the new vâlues

for the present time step. Then the simulation algorithm contimres to follow the

main algorithm, where the transformer inductance matrir is calculated usìng (2.21).

Similarly, the transformer admittance matrix can be calculated using (2.22), and the

magnitudes of the current injected are calculated using (2.30). These new values of

the current are injected across each winding.
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2. A New Ilansformer Model for GIC Studies

2.5.2 The new model

In the simr ation algorithm discussed in the previous section, the transformer model

uses the slope of the B-H curve (pror) to update the branch permeance matrix, and

the transformer inductance matrix, and hence to calculate the magnitudes of the

current injected. However, the slope of the M -H loop described in the JA model is

related to the slope of the B-H loop. Equation (2.31) is reprodriced here as (2.63),

which by taking the derivative with respect to fI, gives (2.65).

l)

dB
dH

l-ta¿Í

(2.63)

(2.64)

(2.65)

¡to(M + H)

/dM \,"\**r)

^(*rry 
*r)

Hence, the NI-H relationship given in the JA theory, that describes 
dHdM 

(2.43)

can be used for this prirpose. Therefore during each time step, the slope of the

NI-H loop is used in the process of updating the branch petmeance matrix. Thus,

the new hysteresis model is incorporated into the simulation algorithm of the power

transformer as described below.

During each time step, the transformer model calculates the flux (/o) and the

incremental flu-x (Aþo) in winding limbs as in (2.55). The input to the hysteresis

model are the flux (þr), and the incremental flrx (Â/o) of the winding Ìimbs, and

the yoke. For each magnetic branch under consideration, the increment in H¡ (A,H,)

and the increment in M¿ (LM¿) are estimated using A/o as in (2.66) and (2.68)

respectively. Using the estimates of Ail¿ and LM¡, the new vahres of M¿ and H¡ are

rrpdated as in (2.69) and (2.70). Ho¡¿, ànd Mo¡¿, ã,1p, the 11¿ and M¿ values during the
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2. A New'lÌansformer Model for GIC Studies

previous time step. The parameter ó¿, which indicates the direction the magnetization

is obtained from (2.71).

LH¿

LMo

I AH,^"-., wherel0lS<1)
LÓ¡

Apo

-------- - ^H;A l-to

H¿¿n I AH¡

Ma¿, I LM¿

si.gn(LH¿) : si.qn(Ló,)

(2.66)

(2.67)

(2.68)

(2.6s)

(2.70)

(2.71)

Hi

M¿

6i

Using the values obtained from (2.69), (2.70) and (2.71), the current value of ff
is calculated using (2.43). A numerical iterative method is used to reduce the error

in the calculated value of ff bv varying Q.

ln order to incorporate losses, the magnitude of I1¿ that is calculated in (2.6g)

is modified using (2.53). Therefore, the efiects of excess and anomalous losses are

added to this expression, as described in section 2.4.3. Finally the calculated f1r,¿,

value is rrsed to flnd the branch MMF¿, and the branch permeance P.. This process is

repeåted for all the branches in the equivalent circuit which represent a u'inding or a

yoke. At this stage, the branch permeance matrix is updated with the new values for

the present time step. Then the simulation algorithm continues to follow the main

algorithm in the existing model. The transformer inductance matrix is calculated

using (2.21), followed by the calculation of the transformer admittance matrix using

(2.22), and the magnitudes of the cürrent injected using (2.30). Finally, the new

values of the current are injected across each winding.
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2.6 Summary

This chapter described how the Jiles Atherton theory of ferromagnetic hysteresis is

incorporated into an electromagnetic transient simulation model of a powet trans-

former. A brief review of an existing model rvas presented to show how a typical

transformer model represents saturation, and also to identify a methodology to in-

terface the existing model with the JA theory. This was followed by a review of the

JA theory, that descrìbed the two differential equations on which the neu' model is

based.

Having incorporated the JA theory to represent the hysteresis characteristics ofthe

core, the simulation model was extended to include the effects of eddy currents. An

expression for excess and anomalous losses wâs added. Therefore, when the simulation

algorithm determines the magnitude of the crurent injected across each winding, the

eddy current efects are taken into account. Therefore, this approach becomes useful

in the simulation of multi-winding transformers) such as three phase three limb or

three phase five limb etc.

PSCAD/ENITDC was considered as an example to show how this model cor d

be implemented in an electromagnetic transient simulation software pâckage. This

enables the new model to be used along with the existing models for other power

system eìements such âs transmission line models based on traveÌling waves etc., to

carry out system studies.



Chapter 3

Validation of the New Model

Simulation results are compared with laboratory recordings to validate the model. A

series of tests were carried out using a 3kVA, 115V/2300V, 60Hz single phase distribu-

tion transformer. In order to simulate the B-H characteristics of this test transformer

in EMTDC, the parameters of the new model were determined as described below.

3.1 Determination of Parameters

In order to simr ate the magnetizing characteristics of a transformer with the new

model, the following parameters a.re required;

1. Parameters of the hysteresis model.

r The anhysteretìc function has three constants a1,a2, and a3 as in (2.40).

. M,ot, the saturation magnetization is a constant for a given material.

r a represents interdomain coupling, and it is used in determining the effec-

tive fleld H. in (2.35)

o fr represents the coercivity, and hence determines the hysteresis loss (2.32).
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r c determines the reversible component of magnetization as described in

(2.33).

2a. Parameters of the eddy current representation.

r The expression given in (2.53) has two constants kt and kz that determine

the contributions from excess and anomalous losses.

2b. Pa.rameters that inte¡face the new model with EMTDC. This requires either,

¡ the cross sectional area (A)) length of each limb (l), and number of turns

in each winding (l/),

OT,

r if the actrial values of the cross sectional ârea (,4), ìength of each limb

(l), and number of turns in each winding (/ú) are not known, then an

equivalent inductance matrix can be used to represent the transformer.

(See Appendlx A.)

In a simulation model, the parameters of the flrst category depend on the proper-

ties ofthe co¡e material, whereas the parameters ofthe second category are dependent

on the properties of the core material and the design of the transformer. These param-

eters \¡,¡ere determined such that the simulated saturation characteristics (V^"11,,"")

closely matches the measured values.

3.1.1 Parameters for the hvsteresis moclel

The numerical determination of the pa.rameters for the anhysteretic magnetization

curve from experimental measurements has been presented in [50]. This process has
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3. Validation of the New Model

Table 3. mâterial M4Prrmarv dàtâ. tor the izaï on curve: col
H""¡"" (Alm) r.7 3.0 10.5 16 28 36 52

8".n"" Q) 0.80 1.00 1.20 t.40 1.49 I . ¡t-) L,)9 r.64

been adopted in [36] to calculate parameters for the current transformer model. The

same methodology was used to derive the parameters for the power transformer model

presented here.

Anhysteretic Magnetization Curve

Parameters that represent the anhysteretic magnetization cutve a,re dependent on the

core material. Therefore, in order to derive parameters for the test transformer, a

measured B-H characteristic is required. The measrued B-H characteristic ofthe core

material NI4 was used in this analysis (See Table 3.1) [62]. This is a typical core

material used in manufacturing distribution transformers.

This calcuiation involves the determination of the three constants ¿1) d2, and ¿s in

(2.40) and a. Typically M""¡ is I.7le6 A/m for iron (Table a.1 of la9]). If the values

ofthe a and ArI 
""¿ 

are known, then the determination 01 a1.,a2 and a3 is a constrained

optimization problem of minimizing the error between the reference anhysteretic char-

acteristic and the model. Thus, an initial value of a is assumed. The initial value of

a is selected by comparing the magnetization cu¡ve of the core material M4 with a

known curve such as the anhysteretic magnetization curve of the current transformer

core mate¡ial used in 136] as in Fig.3.1. The variation of the anhysteretic magnetiza-

tion curves with a is discussed in [35]. if the a value is increased, the magnitude of

the anhysteretic magnetization (M"") for a given efiective field (ø.) also increases.

Therefore, it can be expected that the a vaÌue of the core materiaÌ NI4 is less than the

a value of the current transformer material, i.e. 1.32e-5. The¡efore an initial vahre
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Table 3.2: Parameters for the Modeì Based on the Core Material M4

of 1.0e-6 is assumed for a. Using this initial guess of a, a numerical iterative routine

of least squares estimation was used and the a with the minimum error was chosen.

The parameters a1, o,2 and a3 for this a are given in Table 3.2.

Figure 3.1: Comparison of the magnetization curves: core material of CTs and the
core material NtI4.

Determination of parameters k and c

The value of k can be calculated considering its relationship with 11". The general

relationship between k and H" can be expressed if the difierential susceptibility at

the coercive point Xh" is known. In general X'a" : X!^"* denotes the differential

susceptibility around the coercive point, which in the model is always the maximum

value observed a¡ound the hysteresis loop [50]. Thus fr can be found using (3.1), if

f-
fn
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Table 3.3: Determination of pa.rameters À and cm
| 8 Aln | 37+e3 | 0.1 | 8.e6e-6 Alm 

I

H., c, a and ¡lo are known. The values of H. and Xl,* are found from the reference

B - H Ioop of the core material NI4, and are given in Table 3.3.

. M,"(H") I

I-c I
I

(3.1)
xl^"" _ c ,tM""(H")
1-. |-c dH

The value of c can be calculated fiom the ratio of the initial normal susceptibility

Xl*: (#) ,:o, o-o to the initial anhysteretic susceptibility Xl .: (W) *=0. ¡r:o[50]

Hou'ever this method could not be used due to lack of data. Typical vahres of c for

several iron core materials are given in 150]. Thus the value of c is set to 0.1. The

same value has been used in the current transformer models in [35]. The magnitudes

of k and c used in this simulation model ã,re given in TabÌe 3.3.

3.1.2 Parameters for a given transformer

The parameters derived in the previous section are the basis of the hysteresis model.

However, in order to simulate the measured magnetizing current, the hysteresis model

has to be ìnterfaced with the existing model in ENITDC. This involves the need to

input detailed core data such as the length (l) and the cross-sectional area (,4) of each

lìmb, and the actual mrmber of turns (}r') in each winding so that the transformer is

properly represented with its inductance matrix, as discussed in section 2.2.

If the actual core dimensions and the number of tutns are known, the model can

be readily implemented with ENiITDC. Meanwhile, there are two constants in (2.b3),

that represent the effects of the excess and anomalous loss. The values of these two
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constants k1 and A2 can be determined such that the total power loss measu.red at

rated conditions are simulated in the model.

However, if the actual core dimensions and the number of turns âre not known.

interfacing of this model with EMTDC can be achieved by determining an equivalent

indrrctance matrix as described in section 2.2.1, where (2.25) - (2.27) have shown the

relationship between the length (l) and the cross-sectional area (A) of each limb, and

the actual number of turns (,n/) in each winding.

The actual number of turns in the windings are not commonly available. Therefore

the mrmber of turns, ,n/r and À,¡2, ate set equal to the rated voltage of the windings

(2.26). Then the magnitude of -4 is calculated by assuming a peak operating flux

density (B-o,) of 1.6 - 1.7 T at the ¡ated conditions, so that the actual value of the

product of 1r',4 is matched by the product of /y'Á used in the simulation model. (See

Appendix A.)

Once the parameters of the anhysteretic magnetization curve, the magnitude of

the cross sectional area, and the mrmber of turns in each winding are determined, it

remains to determine ihe Ìength of the winding limb, I , and the constants À1 and È2

used in (2.53). However, all three parâmeters affect the wavefotm of the simulated

magnetizing current, and hence the magnitude of the rms value of the magnetizing

current and the open circuit core losses. Therefore, the length of the winding limb,

I ,and the constants Iq and k2 in (2.53) are tuned such that the correct magnitude

of the magnetizing current and ihe power loss are simr ated at the rated conditions.

The calculated vahres are given in Table 3.4. At this stage the measured sâtruation

characte¡istic (V^" / 1,,"") and the simulated characteristic can be compared. The

slope of the anhysteretic curve in the saturation region and the width of the B-H loop

in the shoulder region may be slightly modified to match the particular characteristics
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Table 3.4: ansformer

of a given transformer [36].

3.2 Comparisons with Recorded'Waveforms

Simulation results for open circuit tests on a single phase two winding transformer

model are compared with test results. Simulations were carried out u'ith the electro-

magnetic transient program PSCAD/EMTDC.

The single-phase two-winding model used has a current source âcross each winding

to represent the satruation. In the new model, the eddy current effects are also incor-

porated into the same algorithm. Thus, the calculated value ofthe satu¡ation current

injected across each winding also contains the effects of eddy currents (Fig.3.2a).

115V/2300V

Figure 3.2: Simulation models; (a)
resistor representing losses.

(b)

with the new algorithm, (b) with

59
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3.2.I Comparisons : Open Circuit tests at 60 Hz

Figure 3.3 shows the comparison of the simulated waveform and the recorded wave-

form at the rated voìtage and ftequency. Figure 3.4 shows the comparison of the flux

density (B) versus crurent (I) curve for the same conditions. A close comparison is

seen bet¡¡,een the simulation and the recorded waveforms. Figures 3.5 and 3.6 show

the comparison of the magnetizing crrrent at 0.9 pu and 1.1 pu voltages respectively,

and the remaining comparisons are presented in Appendix B. A slight difierence is

seen between the measured and the simulated waveforms, which can be due to a slight

mismatch in the simulated B-H ioop.

0.15 0.'f 6

Figure 3.3: Nfagnetizing current at the rated conditions
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Figure 3.4: Flu-x density (B) vs Magnetizing current (I) at 60 Hz



3. Validation of the New ModeL

0.5

0.4

0.3

0.2

3 or
CôE"
d -01

-0.2

-0.3

-0.4

-0.5

2

4

d) \'r

=o -o.s

-1

- t.5
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Simulations were âlso carried out to compaxe the new model with â more com-

monly used approach of representing eddy current losses using a shunt resistor as

shown in Fig.(3.2b). In this'resistor model', hysteresis cha¡acteristics are represented

by the JA theory, and the eddy current effects are represented with an external re-

sistor connected across the terminals. The magnitude of this resistor is calcuiated to

match the measrued core loss at the nominal frequency.

0.9

0.8

^07g

= 0.6

0.5

0.4

0.3 '0.85 0.9 0.95 1.05 f .15 1.2
v {pu)

Figure 3.7: lVlagnetizing current at difierent excitation voltages at 60 Hz

Figure 3.7 shou's the variation of the rms magnetizing current for different exci-

tation voltages. The percentage error in the rms value of the magnetizing current

proclrrced by the new model is -1.0% at the rated conditions. A maximum error of

5.4% is produced by the new model at 0.9 pu voltage whereas the resistor model pro-

duced only 1.2%. The variation of the core loss (active power) is shown in Fig.3.8a.

The parameters of the new model were tuned so that an accurate representation is

obtained at the rated conditions. Thus the minimum error is seen at the rated con-

ditions i.e. 2.0%. A maximum error of i3.5% is produced by the new model at 0.g

OJ
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pu voltage whereas, the resistor model produced 11.3%. The variation of the reactive

power consumption shows a closer match than does the variation of the active power

(Fig.3.8b).

The representation of hysteresis is common for the two models discussed, and

hence any mismatch in the simulated B-H loop could afiect the accrracy of both

models. The variation of the phase angle of the fundamental component of the mag-

netizing current, and the power factor are shown in Fig.3.9a and Fig.3.9b respectively.

These flgures explain the differences seen in the active power and reactive power con-

sumption simulated by the new model. For example, at 1.0 pu, the magnitude of

the phase angÌes of simulated and the recorded waveforms are 46.20 and 47.70 respec-

tively (phase difference 1.50). This represents a 0.69 and 0.67 in power factors (3%

error). However at 1.1 pu this phase difference increases to 2.60. The resulting power

factors are 0.46 and 0.50 respectively (-8.0% error). With an -9.OVa error in the power

factor and a -4.0V0 error in the fundamental component of current, the total power

loss simrrlated has an error greater than I2%. The phase angle error and hence the

error in the power factor can be attributed to a mismatch in the simulated B-H loop

and B-H loop of the core material.

All of the above comparisons show that the resistor model produces a closer match

than does the new model. This is due to the fact that the magnitude of the core loss

resistor in the resistor model rÃ'as calculated at 60 Hz and ail of the comparisons

s'ere carried out at the same frequency. However, the eddy current effects included

in the new model are capable of representing the frequency dependency of the B-H

characteristics, and the following comparisons show that it is important to model

these effects accurately.

b4
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v (pu)

Figure 3.8: Comparison of the active power, and the reactive power at 60Hz
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3.2.2 Comparisons at different frequencies

A series of open circuit tests rÀ'ere carried out at different frequencies (25 - 60 Hz).

A separately excited dc motor was used to drive a three phase generator to obtain

a variable frequency, variable voltage supply. Details of the test system are given in

Appendlx B. The frequency of the generator voltage was adjusted using the dc motor,

and the generated voltage was adjusted so that a constant f , thus a constant flux

level is maintained in the core. Fig.3.10 shows the comparison of the simulated B-H

loops produced with the new model at different excitation frequencies. It shows that

the q'idth of the B-H loop increases as the frequency is increased.

Figure 3.10: B-H loops at different frequencies

Fig.3.11a shows the compa.rison of the core loss at different frequencies. A ma,xi-

mum eüor of -5.6% is produced by the new model at 25 Hz whereas the resistor model

showed signiflcant deviations with the mÐ.imum error of -24.4% at 25 Hz. Similar

observations can be made with the variation of core loss per cycle for frequencies 2b
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Figure 3.11: Comparison of the core loss, and the core loss per cvcle at different
frequencies

Hz - 100 Hz (Fig.3.1ib) and2SHz - 360H2 (Fig.3.11c). Fig.3.12a and Fig.3.12b

show the comparison of the magnetizing current, and the fundamental component of

the magnetizing current at different frequencies.

These compa.risons show that the resistor model may catrse signiflcant errors as the

frequency is decreased. The same trend can be seen when the frequency is increased

(70 - 360H2). This range could not be verified due to the lack of recorded data.

However. Fig.3.11b shows that the new model has a slope much closer to the measrired

cu¡ve. Also previous work in this area has indicated a linear va¡iation in this region

= 
i?

-€ Measured
¡ New model
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Figure 3.12: Comparison of the magnetizing current (1,-*) and the fundamental
component of I, 

"n 
at difie¡ent frequencies

138][39]. This conflrms that the new model is capable of simulating the magnetizing

current and the power losses more accurately than does the commonly used approach

of a shunt resistor. In addition, it highlights the importance of modeling the frequency

dependency ofthe B-H loop. The comparisons at 25Hz are presented in Figs.3.13 and

3.L4.
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3.3 Comparisons with an Existing Model

3.3.1 Open circuit test: magnetizing current

Simulation resuÌts of open circuit tests carried out with the new model and the existing

transformer model in EMTDC are compared. The existing model has a piece-wÍse

linear cruve to represent saturation in the core- A brief overview of this model rvas

given in section 2.2.2. This is considered as an example to show the major differences

seen in the simulated waveforms of magnetizing current obtained ¡vith the new model

against a typical piece-wise linear representation of satruation.

Input to the existing model are the open circuit normal magnetizing curve with

excitation voltage in pu and the rms value of the magnetizing crurent as â percentâge

of the rated current. This model does not represent eddy current efiects, therefore

¿ln external resistor was connected to include losses. These parameters were chosen

such that the rms value of the magnetizing current, and the core loss were accurateÌy

represented at the rated conditions, which was the basis of this compa,rison.

Figs.3.15a and b show the comparison of the waveform of magnetizing current

obtained with the ne;w model and the existing model. The waveforms of voltage were

considered as the bâsis of aligling the tv¡o waveforms. This allows us to compare the

phase differences ìn the sìmulated waveforms of magnetizing current.

The waveform obtained with the new model has already been compared with

the mcasured waveform ìn Fig.3.3. Waveforms in Fig.3.15b shou' that the piece-

wise linear representation does not properly match the shape and magnitude of the

recorded waveform.
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Figure 3.15: Comparison of the waveform of magnetizing current obtained wiih; (a)
new model, (b) existing model

3.3.2 Remanence cases

During short time simulations, piecewise linear solutions of saturation can give the

impression that they handle remanence becâuse the system time constants maintain

the magnetization over several hundrecls of milliseconds. However, over time scales of

seconds the flu-x decays to zero. It has been shown in reference [36] thai the hysteresis

model based on the JA theory accurately represents the long term remanence and

recoil loops in the transformer cores. Simulations were carried out to demonstrate

this effect, however these simulations could not be verified with recordings due to the

limitations in the laboratory test system.

0.5

(a)
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Simulations were carried out with the existing modeÌ where; (a) a resistive load

of 0.01 pu is connected, (b) a resistive load of 1.0 pu is connected at the secondary

terminals. The simulated system consists of a single phase source connected to the

transformer through a single phase breaker. Fig.3.16 shows the simulated waveform

of flu-x obtained when the breaker was opened. A resistive load was attached to the

transformer so that it leaves maximum temânence flux in the core â,t the time of

opening the breaker. The comparison shows that the flr¡-x in the co¡e decays to zero

after a small time duration with the existing model. This duration is dependent on

the system time constant as shown in Fig.3.16 (a) and (b). In the existing model, the

output rvaveform of flux density has been normalized to obtain a peak flu-x density of

1 pu.. whereas the output of the new model plots the flu-x density in Tesla.

The same simr ation was carried out with the new model. When the breaker was

opened, flu-x in the core gradually decays and then remains at the remanent flu-x level

as in Fig.3.17 (around -1.0 T even beyond 60 seconds). Therefore this comparison

shows that a hysteresis model based on the JA theory properly represents the long

term remanence in the core, whereas a piece.v/ise linea,r representation with no hys-

teresis rvould faiÌ to maintain the remanent flu-x beyond several hundred milliseconds.

This simulation scheme was also used to simulate minor loops under small ac

excitation. Fig.3.18 shows the simulation results of different kinds of hysteresis loops,

such as a symmetrical minor loop and an asymmetrical minor loop.
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Figure 3.16: Waveform of flux density (normalized) obtained with the existing model
rvhen the breaker was opened.

Figrue 3.17: Waveform of flu-x density obtained with the new model when the breaker
was opened.
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Figure 3.18: Simulation results: Different kinds of hysteresis loops
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3. Validation of the New Model

3.3.3 Inrush cases

The recorded waveforms of inmsh current obtained using the 3kVA, 115V, 2300V,

60Hz single phase distribution transformer are compared ¡¡¡ith simulation results. In

the laboratory test system, the low voltage winding of the transformer was energized

from the demagnetized core condition by applying the rated voltage at 60H2. The

simulations are initialised by closely reproducing the point-on-wave of the recorded

waveforms of voltage- Figures 3.19-3.21 show the comparison of the recorded wave-

forms, and the simulated waveforms obtained using the new model. Simulation results

closely match the recorded waveforms.
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Figure 3.19: huush cases: Waveform of current; (a) Measured; (b) New modeì
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(b) rìme (s)

Figrire 3.20: Innrsh cases: Waveform of current; (a) Measured; (b) New model

0.16 0.18

Figure 3.21: Inrush cases: Waveform of current; (a) Nleasured; (b) New model
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g

0.1

(a)

0.1

(b)

Figrre 3.22: Inrush case considered in Fig.3.19a: Waveform of current; (a) New
modet; (b) Existing model.

The inrush condition shown in Fig.3.19a wâs also simulated using the existing

model. Fig.3.22 shows the comparison of the simulated waveforms obtained with the

new model and the existing model. Since the waveform obtained with the new model

has already been compared with the measured waveform in Fig.3.1g, rvaveforms in

Fig.3.22 show that the píece-wise linear representation does not properly match the

shape and magnitude of the recorded waveform.

Simulations were also carried out to analyse the inrush current during the re-

closrue of a circuit breaker. The simulation cases described in the previous section

(section 3.3.2) were considered for this analysis. During the first case, the breaker

wa,s reclosed after 180 ms. Fig.3.23 shows the waveform of curtent and the waveform

of flrx (normalized) obtained with the existing modei. Fig.3.24 shows the waveforms

of currert and flu-x density obtained with the new model. When the breaker was
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3. Validation of the. New l.[odel

reclosed, the waveform of cur¡ent obtained with the existing model has a lower peak

value, however it has the cha¡acteristics of a t¡ansformer inrush. The difference in

the peak values is due to a decrease in the level of flux in the core at the time of

reclosìng.

In the second case, the breaker was reclosed after 1.0 s. Fig.3.25 shows the wave-

form of current and the waveform of flu-x (normalized) obtained with the existing

mode, \Ãlhereas Fig.3.26 shows the \Ãraveforms of crrrent and flrx density obtained

with the new model. Comparison of waveforms of current shov/ thât the existing

model does not represent an inrush during the reclosrÌre. This is due to the fact that

the remanent flux has decayed to zero, and therefore the reclosure appears â,s ener-

gizing the transformer f¡om the demagnetized core condition. \{eanwhile, the new

model hâs retained the remanent flux in the core, therefore a fairly signiflcant inrush

can be seen. These restrlts are consistent with the observations made in the previous

section.
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Figure 3.23: Inrush cases: Existing model with the breaker re-closed after 180ms.
(a)Waveform of current; (b)Waveform of flux (normalized)
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Figure 3.24: Inrush cases: New model with the breaker re-closed after 180ms.
(a)Waveform of crurent; (b)Waveform of flux density
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{

Figure 3.25: Inrush cases: Existing model with the breaker re-closed after 1.0s.
(a)Waveform of current; (b)Waveform of flu-t (normalized)

Figrue 3.26: Inrush cases: New model with the b¡eaker re-closed ¿fter 1.0s.
(a)Waveform of current; (b)Waveform of flrx density.
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3.4 Summary

This Chapter focused on the validation of the new model using recorded waveforms.

A series of tests were carried out using a 3 kVA, 1i5 V I 2300 V, 60 Hz single phase

distribution transformer. Simulation resuÌts for open circuit tests on a single phase

two q,inding transformer model are compared with test results. Simulation results

are in good agreement with recorded waveforms. MeanwhiÌe, comparisons carried out

at different frequencies of excitation have highlighted the importance of modeling the

frequency dependency of the B-H loop.

Simulations were carried o11t to compare the simr ated waveforms obtained with

the new model against an existing transformer model, that has a piece-wise linear rep-

resentâtion of saturation. Simulation results also show that the new model represents

long term remanence and recoil loops in the core, wheteas a piece-wise linear model

fails io maintain the remanent flu-x beyond several hundred milliseconds, depending

on circuit tìme constants.

Simulation results were also compared with the recorded waveforms of inrush

current. A good agreement is seen between the simulated and recorded waveforms.
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Chapter 4

GIC Studies: Comparisons

The simulation study of a GIC event involves dc superimposed on the normaÌ ac

excitation of a power system. Hence, these studies are usually based on the injection

of rneasured or predicted values of quasi-dc current into the simulation model of power

transformers. This is followed by the analysis of the efiects of GIC on the simulated

power system.

Validation of a simulation model using measured data allows to adjust the sim-

ulation model to correspond to actual conditions. The measured data and recorded

waveforms captured during a GIC event may inchrde the waveforms o¡ the harmonic

content of the current in transmission lines and the current at the neutral of power

transformers. These data can be obtained from the SUNBURST recorders installed

at different locations. SUNBURST is the name given to the monitoring system that

was installed to collect data on the characteristics and effects of GIC in substatìons

and generating stations across North America 163]. In addition to the GIC data, the

porver flou' in transmission lines and system bus voltages across the network, before

and during the event, are also essential for valid¿tions.

During the past decade, there have been numerous studies ca,rried out to analyse
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the effects of GIC on power systems, where the simulation results have been compared

with measured data for validations. Most of these studies have used a piecewise linear

representation to model the saturation characteristics of a transformer 164] 165] 166]. A

curve fitting technique that represent the hysteresis effects has been used in references

117] I32]. A GIC study involving a large power system that consists of over 2000 buses

has been carried out using a standard load flow programme, where a flnite element

programme has been used to determine the earth surface potential 167][68].

The simulation results presented in chapter 3 have shown that the new transformer

model developed in chapter 2 properly represents the magnetizing characteristics of

a transformer, that includes the long term remanence and recoil loops. Therefore,

the new model can be considered as an excellent candidate for the analysis of the

effects of GIC on a power system. The following description focuses on anâlysing å,

GIC event in a power system, that includes the comparison of simulation results with

recorded waveforms to validate the simulation model.

4.L A Recorded GIC Event

Simulation studies carried out in reference [17] and [32] had compared simulation

results with recorded data of a GIC event. These studies have been carried out using

recordings from the SUNBURST recorder at the Dorsey converter station, and a

power system model of the Dorsey substation and the 500 kV transmission line from

Dorsey, Nlanitoba to Forbes and Chisago in À4innesota.

The SUNBURST recorder is no longer available â,t Dorsey, and in the absence of

more recent recordings during a GIC event at this location, GIC studies carried out in

reference 117] and [32] were used as the basis of the analysis presented here. There are

two recorded GIC events compa,red in reference [32]. The event in 1g93, which is the
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more recent recording, was chosen for this analysis as reference [32] presents suficient

information about this event along with the recorded waveforms. The description of

this GIC event is as follows.

"On the 5¿à October 1993, the SUNBURST recorder at the Dorsey substation

took a snapshot of the 500 kV line voltage and the current of the secondary side of

the current and voltage transformers. The time of the recording was 04.59 GNIT and

the corresponding GIC in the transformer neutral was 30 A. The power flow out of

Dorsey was -53.2 MW and -137.1 Mvar. The power flow out of Forbes was -100.1

MW and -34.8 Mvar" [32].

4.2 Description of the System

The 500 kV transmission line system connects three utility companies as shown in

Fig.4.1. The northern section of the system is 528 km long and it connects Manitoba

Hydro's Dorsey HVDC Converter station to Ðxcel Energy's Forbes substation. The

southern section of the system is 220 km long and it connects Forbes substation to

Itlinnesota Power's Chisago substation. The simulated circuit is shown in Appendix

C, Fig.C.1.

Three phase shunt reactors with sizes 225 Mvar, 300 Nlvar and 150 Mvar are

installed at the Dorsey, Forbes and Chisago substations respectively. Neutral reactors

with sizes 425 Q, 325 Q, and 1250 f,) are located in Dorsey, Forbes and Chisago

respectively. The Dorsey-Forbes section of the transmission line is transposed at 4

locations and Forbes-Chisago section is transposed at 3 locations.

The autotransformer at Dorsey consists of three single phase units and each sep-

arate rmit is a two winding transformer. The windings are connected to form a

230/500146 kV three phase unit with the 230 kV and 500 kV windings connected
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Figure 4.1: Dorsey, Forbes, and Chisago 500 kV network

as an autotransformer. The 230 kV and 500 kV windings âre star connected and

grounded whereas the 46 kV winding is connected as a delta winding. The trans-

former is râted for 720 N{VA without cooling and 1200 N,{VA with cooling. The

autotransformer at Forbes is similar with the exception that the tertiary winding is

rated for only 13.8 kV. At the Dorsey Substation, filters are connected on the 230 kV

side to minimize the harmonics introduced by the HVDC converter station. There

is also a delta connected bank of capacitors of 15.3 pF each connected to the 46 kV

85



4. GIC Studies: Comparisons

tertiary u'inding.

Fig.4.2a shows the recorded waveforms of three phase cuüents in the 500 kV line

at Dorsey. Fig.4.2b sho¡¡,s the harmonic content of the line currents, where a high

content of 2'd, 3'd, 4th , and 5¿à harmonics can be seen.

v

168, 166.4, and 166.7) Phase A
Phâse B

s67
Harmonic

t1

Figure 4.2: (a) Recorded waveform of current in the 500 kV line at Dorsey; (b)
Harmonic content of this waveform.

The following section describes how this system could be represented in an elec-

tromagnetic transient simulation programme to analyze a GIC event_
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4.3 Modelling a GIC Event in an Electromagnetic TYansient

Simulation Programme

The transient simulation software PSCAD/EMTDC is considered as an example to

describe details ofthe features that are essential to be modelled. Since the new model

has already been incorporated into this software package as described in Chapters 2

and 3, the power system under consideration can be represented using the existing

models such as transmission line models, source models etc. Several assumptions were

made in the modelling, sometimes due to lack of data and sometimes to make the

system simpler.

4.3.1 TYansformers

A simulation study aimed at analysing the effects of GIC in a porÃ/er system requires

accurate representation of magnetizing characteristics of power transformers. Thus

in this study, the 230/500146 kV , 240 IVIVA transformers at Dorsey and Forbes sub-

stations were represented with the new model. Meanwhile, measured data such as

wavefo¡ms of the magnetizing currents, B-H loop of the core, and core dimensions

were not available to derive the parameters. Therefore, open circuit test results, and

name plate data were used to derive the parameters, so that the transformer is rep-

resented with an equivalent inductance matrix (Appendtx C). The B-H data given in

Table 3.1 were used as the basis of this calculation. This is based on the assumption

that the core material is likely to be the same; i.e. grain oriented silicon steel. A peak

operating flux density of 1.65 T was assumed.

Once the parametets of the anhysteretic magnetization crrve are calculated, the

eddy curent effects can be incorporated by calculating the constants kr and frz in
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(2.53). These constants were introduced as part of the expressions derived in section

2.4.3, where the efiects of classical eddy current losses and excess losses were consid-

ered. In addition, the length of the co¡e liml:. (2.27) can be determined to simulate the

measured rms magnetizing current and the measured power loss at rated conditions.

Using these calculated values, the magnitudes of open-circuit V-I characteristics are

found and compared with the measured data. The slope of the anhysteretic curve in

the saturation region u,as slightly adjusted to closely match the measured character-

istics. Fig.4.3 shows the measured V-I characteristics of the transformers at Dorsey

compared with the simulated V-I curve, and Fig.4.4 shor¡/s the simulated hysteresis

loop at the rated conditions.

I
l

6

Figure 4.3: V-I characteristics of the 2301500146 kV, 240 MVA single phase trans-
former

The q'inding resistânces of transformers were represented with external resistors

as they are important in a GIC stiidy l5]. This is due to the fact that, druing haÌf

cycle saturation, the dc component in the magnetizing clurent causes a voÌtage drop

across the resistances that eventually leads to an equilibrium in saturation when the
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,I

Figure 4.4: Simulated hysteresis loop at the rated conditions

voltage drop becomes equal to the dc bias that carmes haÌf cycle saturation [65].

The autotransformets at Forbes substation are similar to the autotransformets at

Dorsey, with the exception that the tertiary ¡¡'inding is rated for 13.8 kV at Forbes,

whereas it is 46 kV at Dorsey. Therefore, in the absence of measured V-I charac-

teristics, it was assumed that the transformer at Forbes follows the same saturation

characteristics as that of the Dorsev transformer.

4.3.2 Injecting GIC

GIC are quasi-dc cuttents that have â very slow variation in foequency. Severe GIC

events can persist for several hours and can occur for several days in succession.

However, a high magnitude of GIC with one pola.rity usually lasts for a few minutes

before changing polariiy [69].

If a uniform electric field is assumed during a GIC event, the resulting current

can be represented with driving voltage sources that can be connected between the
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grounded neutrals with a flnite resistance to the remote end as in [32][68]170]. Gen-

erally each soÌlrce can be modelled as either a Thevenin voltage source behind the

neutral grounding resistance or a Norton current source in parallel with the neutral

grounding resistance [5].

However, quite often this assumption does not correspond to actual conditions.

This is due to the fact that the electric field produced at the earth's surface will have

a maximum directly underneath the electrojet current and the magnitude will decay

with increasing distance on either side. Considering a network of four substations

[25] has shown that a source connected in the transmission line is more suitable for

modelling GIC with a non uniform electric field.

Fig.4.5 shows an assumed network of four substations . It has been assumed that

the transmission lines AB and CD run in a north - south direction and lines AD and

BC run in an east - west direction, with each line being 100 km long having identical

characteristics and grounding impedance. Assuming a non uniform electric field, it

has been assumed that the electric fie1d along lines BC and AD are 4.9 V/km and

3.2 V/km respectively. This can be represented either with a soutce connected in

the transmission line (Fig.4.5a) or with a source connected at the grounding node

(Fig.a.5b). Hou'ever, due to the natrue of the electric fields, soutces connected at the

grounding nodes also produces an electric field of 1.7 V/km along the line BA, that is

not consistent with ihe electric frelds produced by the electrojet. Therefore, in order

to represent a non uniform electric field produced by the electrojet current duing a

GIC event, a source connected in the transmission line should be used.

In these simuÌation studies, a voltage source was connected in the transmission

iine between Dorsey and Forbes forcing a GIC to flow into the t¡ansformer neutral at

Dorsey and to go through the northern section of the transmission line frnally leaving
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I32ov Jo"
(b)

Figure 4.5: Nlodelling GIC due to a realistic fleld; (a) using a voltage source in the
transmission line; (b) using a voltage source at the grounding point.

the system at Forbes transformer neutral. Meanwhile, a voltage source connected

at the neutral of the transformer would have produced similar results, since the net-

work considered has only three substations, thât axe connected by two transmission

lines. However, a voltage source connected in the transmission line is suitable for any

netr¡/ork configuration, and hence this representation was used.

It was aÌso assumed that the electric field between Forbes and Chisago is negligible

compaled with that between Dorsey and Forbes. This is due to the fact that the

northern section of the 500 kV line is much longer in length and it is closer to the

north pole giving rise to a higher electric field than in the southern section. In
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addition, field measurements have also shown that it is more likely to have an electric

fleld in the east - west (tr - W) direction rather than the north - south (N - S) direction

[71]172]. Meanwhile, the northern section of the line runs in a north west - south east

(NW - SÐ) direction whereas the southern section runs mainly in north - south (N - S)

direction. Therefore it is reasonable to assume an electric fleld between the northern

section (Dorsey - Forbes) and assume that the electric field in the southern section

between Forbes and Chisago is negligible.

4.3.3 System Model

Modelling of transmission lines plays an important role in studying the effects of GIC

in a power system. The transmission lines can be modeled using a travelling wave

model in an electromagnetic transient simulation progtâmme. Since the simulations

were carried out with PSCAD/ÐNITDC, transmission lines were represented using

the frequency dependent phase model. The phase domain frequency dependent model

represents all the frequency dependent effects of a transmission line using a frequency

dependent modal transformation matrix [73] 174].

One section of the line was represented in two segments and it was assumed that

the lines were ideally transposed. For example, the transmission line between the

Dorsey and Forbes substations v,/as represented with two segments. This representa-

tion $¡âs adopted so that the source of the quasi-dc voltage source can be connected in

series r¡,ith the transmission line. In addition, the ground wires were eliminated dur-

ing the initialization of the transmission line model. This is due to the fact that the

ground wire will carry a;n extremely small portion of GIC, and usually the ptesence

of tower footing resistance further limits the current entering a grounded wire.

The model of Dorsey substation consists of the three phase autotransformer, line

92



4. GIC Studies: Compañsons

reactors, ac side filters of the HVDC converter station, and an equivalent source rep-

resenting the 230 kV system. The actual description of this event does not clearly

indicate further information about the statru of each component. Therefore simula-

tion studies carried out in reference [32] u,ere considered as the basis for initialization

of simulations. The Forbes substation was represented with the three phase auto-

transformer, line reactors, and an equivalent sorrce to represent the 230 kV system.

The Chisago subsystem was represented as a 500 kV source with an internal induc-

tance, although, in reality, transformers and reactors are present.

Once the system model is properly represented, the initial conditions can be ad-

justed so that the recorded power flow is simulated. This is achieved by performing

a load flow analysis on the system under consideration using a load flow ptogramme.

The load flow study provides the power flow data. The same load flow information

is also used to obtain the network equivalents at the required nodes of the network ,

so that the transient simulation can be initialized.

4.4 Comparisons

Based on the description provided for this event in reference [32], a ma-rìmum dc

neutral current of 30 A has been observed during this event. However, a comparison

of the magnitudes of dc neutral current shown in Fig.4.2b indicates that the total dc

neutral current at the instant when the waveform was recorded was 18.75 A. Hence it

is clear that the recordings have been taken when the neutral current was not at the

maximum. Therefore, this recording must have been taken during an instant when

the dc current ¡¡.as either increasing or decreasing. Without any prior knowledge

about the history of the waveform of quasi-dc neutral current and the state of the

transformer core, a demagnetized core was assumed as the initial condition.
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In addition, in the absence of the recorded values or a predicted variation of quasi-

dc current, the simulation was carried out by considering a constant dc current of

18.75 A at the neutral. Comparison of the waveform current in phase A of the 500

kV line and its harmonic content are shown in Figs.4.6 and 4.7 respectively. The

magnitrrdes of Íhe 2"d,3rd and 5rà harmonics are significantly higher in the measured

waveform, v/hereas the 8¿à and 11¿â harmonics are higher in the simulated waveform.

In addition, it wa¡ observed that the reactive power consllmption of the transformer

has increased frorn 2.5 Nlvars to 10 Mvars due to half cycie saturation.

I
e .01

Figure 4.6: Comparison of the waveform of current in the 500 kV line ; (a) measrued,
(b) simrlated rvith a constant neutral dc current of 18.75 A

The same si¡mrlation was carried out with a constant dc neutral current of 30 A

to analyze the waveforms under maximum neutral dc current reported. Comparison

of the u'aveform of currents and the harmonic contents of the recorded and simulated

¡¡'aveforms are shown in Figs.4.S and 4.9 respectively. The harmonic content of the

measured waveform and the simulated waveform shows a significant difference in the
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Figure 4.7: Harmonic content of the waveforms of current shown in Fig. .6; (a)
Measured, (b) Simulated

magnitudes of the 5¿h, 8¿à and 11rà harmonics. In addition, the simr ated waveform

shows more distortions than does the recorded waveform. These distortions can be

attributed to an increased magnetizing current drawn by the transformer during half

cycle saturation. The simulated hysteresis loop in Fig.4.10 shows the extent of half

cycle saturation undergone in the core of the phase A transformer. Meanwhile, with

an increased level of saturation in the core due to a higher neutral dc current, the

reactive power consumption has increased from 2.5 Mvars to 14 Mva¡s.

Phase B
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Figure 4.8: Waveform of current in the 500 kV line - phase A; measured and simulated
waveforms
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Figrire 4.9: Harmonic content of the waveform of current shown in Fig.4.B; (a) Mea-
sured; (b) Simulated
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4.5 Summary

The focus of this discr.rssion was to shorv the effects of GIC on a power system, and to

show how a recorded GIC event could be modelled using an electromagnetic transient

simulation programme for validations and further analysis. The details of the power

system modeÌ and its features that are essential to be modelled to represent a GIC

event were presented. (Also see Appendix C.)

It is clear that in order to facilitate a direct comparison with the recorded data and

waveforms, the simulation model should properly represent the conditions that may

have prevailecl at the instant when the recording was taken. The simulatiot studies

carried out confirmed that the new transformer model represents the effects of half

cycle saturation that the core undergoes in the presence of GIC. However, simulations

carried orit with dc neutral currents of 18.75 A and 30 A respectively, showed that

some discrepancies exist between the measured and simulated waveforms.

Nfeanwhile, the initialization of a simulation model has a direct efiect on the

simulation results. Therefore, it is likely that the initial conditions assumed during

these simulation studies may have contributed towards the discrepancies seen between

the measured and simulated waveforms.

The following assumptions may have afiected the simulation results;

r Initial conditions of the transformer model, which was represented with a d+.

magnetized coreì insteâd of considering remanent flu-x (if any) in the core.

r Representing GIC with a constant dc current, instead of consideritrg the actual

variation of the quasi-dc current.

In addition, the initiaÌ values of the network equivalents, especiaþ the bus volt-

ages, have an effect on the flux in the transformers. However, the initialization of the
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4. GIC Studies: Comparisons

transformer model itself becomes more important during a GIC study, as the state of

the magnetic core directly depends on its initial conditions. This is because the core

of the transformer can have remanent flux as a result of the status of the magnetic

core prìor to this event under consideration.

In the absence of a recorded waveform of the quasi-dc current, a constant mag-

nitude had to be assumed to represent the efiects of GiC. However, a constant dc

current in the neutral may not represent the actual conditions, as the history and

present variation of the actual quasi-dc current has an efiect on state of the core at

a particular point of interest. In general, any particular change in the status of the

magnetic core, which can be due to rem¿nent flr¡-x in the core, or history of the quasi-

dc current, could directly affect the harmonic content of the waveform of current and

the increase in reactive power consumption in the transformer.

Therefore, the sensitivity of the simulation results to the initiai conditions needs

to be further investigated to identify how important these effects are. The folÌowing

chapter focuses on ca,rrying out a sensitivity analysis to consider the dependency of

the simulated rt,aveforms on the initial conditions of the t¡ansformer model, quasi-dc

current, and the simulation model of the power system.
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Chapter 5

GIC Studies: Sensitivity Analysis

Comparìsons of a GIC event carried out in the previous chapter suggested that the

initial conditions assumed may have caused the discrepancy between the simulated

and recorded waveforms. However, the recorded data for this event provide waveforms

of crrrent in the transmission lines during a short time interval, and do not provide

additional information about the waveform of the quasi-dc current or the status of

the entire net¡¡'ork prior to the recordings. Therefore, the effects of remanent flux in

the t¡ansformel core, and the history of the quasi-dc current on the simulation results

cannot be determined. Thus, it becomes an extremely difficult task to ensure that

the simulation conditions closely match the conditions at the time of the recording.

Hence fi:rther validations could not be carried out for this event.

Therefore, this chapter focuses on analysing the sensitivity of the waveforms of

the simulated current to the history of the quasi-dc current, and the remanent flux

in the transformer core. These simulation studies show that;

¡ An electromagnetic transient simulation carried out to model a GIC event re-

quires not only the magnitude of the quasi-dc cùrrent, but also its history with
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5. GIC Studies: Sensitivity Analysis

respect to any particr ar point of interest.

¡ If a constant neutral dc current is assumed instead of using an actual or a

predicted variation of a quasi-dc current, the simulation case may not represent

the worst case scenario of thai point of interest.

This sensitivity study is also extended to analyse the effects of the magnetization

characteristics of the transformer model, and the details of the power system model

used. Therefore, this was aimed at identifying the important parameters that are

required for a proper ìnitialization of a simulation case, so that it closely matches the

actual conditions that may have prevailed.

5.1- History of the Quasi-dc Current

The waveform of the quasi-dc current depends on the complex space weather cycle,

its interaction with the earth, and the complex nature of a power system. Thus, the

variation of this current cannot be approximated with a simple variation such as a low

frequency sinusoid etc. Therefore, a recent recording of a waveform of quasi-dc neutral

current obtained fiom the recorder at the Grand Rapids substation was considered

for further analysis. However, these simulation studies do not attempt to simulate

the conditions that may have prevailed on 5'à October 1993 since they are not known.

In addition, a direct comparison cannot be carried out with the simulation results

presented in this section and the recorded waveforms of current in the 500 kV line

shown in Fig.4.2, due to the same reâsons.

Initially a portion of the recording was considered due to the difficulties in sim-

ulating a GIC event that spans several hours. The EMTDC simulation scherne was

modifled to inject the recorded variation of the neutral dc current. These waveforms
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5. GIC Studies: Sensitivity Analysis

were recorded on 15¿â July 2000 at the Grand Rapids substation. Initially a demag-

netized core was assumed before applying the quasi-dc current given in Fig.5.1, which

has a peak vahre of 38 A. This waveform will be referred to as a recorded variation

with a 38 A peak in this discussion. In order to analyze the efiect ofthe history ofthe

Figure 5.1: Waveform of a recorded neutral dc current considered; (38 A peak)

quasi-dc current, the simulated rvaveforms of crurent in the 500 kV line are compared

when the total neutral dc current is 20 A, and 30 A respectively. The snapshots

taken at points 1 and 5 in Fig.5.1 show the status of the simulated system when the

neutral dc current is 20 A. Similarly, snapshots taken at points 2 and 4 in Fig.5.1 are

considered when the neutral dc current is 30 A. These simulation results are presented

to show the effect of the history of the quasi-dc current on the simulated wavefo¡ms.

Fig.5.2a shows the wavefo¡m of the line current when the neutral dc current is

620
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Figure 5.2: (a) Comparison of waveforms of current in the 500 kV line when the dc
current was 2 and 4 in Fig.5.1; (b) Magnetizing current of the phase A transformer;
(c) Harmonic contents of the waveforms shown in (a)

304. This comparison considers two snapshots taken at points 2 and 4 in Fig.5.1, with

the second snapshot being taken after 20 seconds. Fig.5.2b shows the magnetizing

current of the phase A transformer at the Dorsey substation. A slight phase shift

was introduced to display difierences in the two waveforms. During this interval the

neutral dc current has experienced the peak value of 38 A. It is seen that even if the

waveforms of cwrent in the transmission line âre very similar, the peak value of the

waveform of magnetizing cur¡ent at point 4 is sLightly higher than the peak value
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5. GIC Studies: Sensitivity Analysis

at point 2 (Fig.5.2b). Fig.5.2c sho¡vs the harmonic content of the two waveforms,

in which the magnitude of the fundamental component (i66.5 A) was not shown to

improve clarity. A slight increase in the magnitude at point 4 is due to the increase in

the level of saturation in the core compared to point 2. Since both points chosen lie

closer to the peak vahre (point 3), the effect of history at point 4 can be considered

insignificant to the waveforms of current in this simulation. However, this efiect

becomes more significant as the points of interest move away from the peak value.

Figs.5.3a shows the compârison of the line currents when the neutral dc crurent is

20 A at points 1 and 5. This comparison considers two snapshots taken 100 seconds

apart. Fig.5.3b shoq¡s the magnetizing current of the phase A transformer at the

Dorsey substation. The waveforms are not completely aligned, which makes it easier

to distinguish the two. A considerable increase in the peak value of the magnetizing

current at point 5 is due to a higher extent of satuation than at point 1. The

harmonic content of the two waveforms highlights the difference between the two

waveforms of line current as in Fig.5.3c. Generally these effects are dependent on

the nature of the waveform of quasi-dc cutrent, that includes the peak vahre, and

the time duration between the two snapshots considered. Therefore, this comparison

shows that the history of quasi-dc cutrent can significantly affect the extent of the

saturation in the transformer core, and hence the simulated waveforms of current.

Table 5.1 shorvs the increase in reactive power demand (Á,Q) observed in the

transformers at the Dorsey substation. The simulation results show that the increase

in reactive power demand is dependent on the history of the quasi-dc cürent. This

is consistent with the observations made previously, when the harmonic content of

the rvaveforms of current were compared. Therefore it is clear that the history of

the state of the magnetic core directly affects the harmonic content of the simulated
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Figure 5.3: (a) Waveform of current in the 500 kV line when the dc current was at 1
and 5 in Fig.5.1; (b) Nlagnetizing current of the phase A transformer; (c) Harmonic
content of the waveforms shown in (a).
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current a38A
Points il Fis.5.1 1 (20 A1 , (3rJ A1 3 (38 A peak) 4 (30 Al) :) (20 AJ
AQ 8.0 MVar 11.8 MVar 14.4 NIVar 12.0 MVar 8.4 MVar

Table 5.1: Increase in reactive power demand (AQ) observed with the recording of a
dc that has

Table 5.2: Increase in reactive power demand (AQ) observed with the recording of a
quasi dc current that hasnt that has a 65 A

l'ornts in ¡'i9.5.4 la (20 Al 65 A peak 5t) (20 Al
LL) 4.2 MVar 25.0 MVar 8.4 NIVar

waveforms of current, and the increase in reactive power demand in the transformers.

In order to analyze the dependency of the nature of quasi-dc current on this

analysis, a different portion of this recording given in Fig.5.4 rvas considered. This

variation has a higher peak value (65 A), and a higher rate of change in the waveform.

Similar to the previous comparisons, simulated waveforms of current in the 500 kV

line are compared when the neuttal dc crrrent is 20 A, that is points la and 5b

in Fi9.5.4. Fig.5.5a shows waveforms of current, and Fig.5.5b shows the s'aveform

of magnetizing current at points la and 5b respectively. A slight phase shift was

int¡oduced to display the differences. The harmonic content of the two waveforms of

line current are compared in Fig.5.5c. In addition, Table 5.2 shows the magnitudes

of the increased reactive power demand of the transformers at the Dorsey substation.

These comparisons conflrm the observations made with the previous waveform of

neutral dc cunent.

Comparisons carried out so far have considered wâveforms of neutral dc current

obtained from two difierent segments of the recording. In the meanwhile, a direct

comparison of the simulation results obtained with the tu.o waveforms also provide

some interesting observations. The waveform of neutral dc current in Fig.5.1 has a

peak value of 38 A, and contains several minor peaks, v/hereâs the waveform in Fig.5.4
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5. GIC Studies: Sensitivity Analvsis

has a peak value of 65 A with one major peak, and a higher rate of change. The fol-

lowing comparisons consider the simulated waveforms obtained with the two neutral

dc current variations, when the cu¡rent is either increasing at 20 A or decreasing at

20 A respectively.

I wìth 38 A peak
wìth 65 A

'10

\4
o

2

0
11 12
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Figure 5.6: Comparison of the harmonic contents when the neutral dc current was;
(a) 20 A and increasing; (b) 20 A and decreasing

Fig.5.6a shows the comparison of the harmonic contents when the neutral dc cur-

rent is increasing ât 20 A, that is, snapshots taken at point 1 in Fig.5.1 and point

1a in Fig.5.4. Similarly, Fig.5.6b shows the comparison of the harmonic contents

when the neutral dc current is decreasing at 20 A, that is, poínt 5 in Fig.5.1 and

point 5b in Fig.5.4. Compa"risons in Fig.5.6a shows a significant difference in the
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harmonic content of the simulated waveforms. Both simulations were initialized as-

suming â demagnetized core, and the harmonic contents are compared at the same

magnitude of neutral dc current. Therefore, it is clear that the rate of change of dc

current has affected the extent of saturation, and hence the harmonic content of the

waveform of simulated current. Nleanwhile, compa,risons in Fig.5.6b are shown for

the completeness of this analysis. That is, when the neutral dc current is decreasing

at 20 A. During the trvo simulation cases under consideratÍon, transformer cores have

undergone different extents of saturation due to two peak currents (38 A and 6b A

respectively). Since then, these have been experiencing a gradual reduction in the

extent of saturation due to the nature of the dc bias. In addition, similar efiects

can be expected in the transformers at the Forbes substation. Comparison of the

harmonic contents show that both the peak value, and the rate of change of the dc

current have affected the extent of saturation, as seen in the two waveforms when the

neutral dc current is decreasing at 20 A. That is, at point 5 in Fig.b.l which has a

peak value of 38 A, and at point 5b in Fig.5.4 which has a peak value of 6b A.

The foregoing discussion has shoq'n the dependency of the simulated wavefo¡ms

of current on the history of the quasi-dc current. However, if a recorded waveform or

a predicted variation of the quasi-dc current is not known, a constant dc current may

be used to simulate the effects of GIC in a power system. The following comparisons

analyse the sensitivity of this assumption on the simulated waveforms. These com-

parisons shou' that if a constant dc crrrent is assumed instead of using a measured

or a predicted variation of quasi-dc current, this may not represent the worst case

scenario of that event.

This discussion considers a comparison previously presented in the Chapter 4.

A simulation was carried out with a constant neutral dc current of 18.7b A. and its
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simulation results were shown in Figs.4.6 and 4.7 respectively. During this simulation,

a constant neutral dc cru¡ent had to be assumed due to lack of knowledge of the past

v¿riation of the quasi-dc current.

Nleanwhile, simulation results presented in this chapter have considered two seg-

ments of a recorded quasi-dc current. Therefore, a direct comparison can be carried

otrt by considering the three simulation cases at the same level of dc crurent. That is;

(1) a simulation carried out by assuming a constant dc current of 18.75 A (Fig.4.7),

(2) simulation results obtained at the same dc current, when the reco¡ded vâriation

with a 38 A peak is considered, and (3) simutation results obtained at the same dc

current, when the recorded variation with a 65 A peak is considered. When a con-

stant dc current was applied, the simulation was extended for a longer duration, so

that the transformer is fully saturated for the given dc bias.

Fig.5.7 shows the comparison of the harmonic content of current in phase A of the

500 kV line obtained u'ith, (a) a constant dc cu¡rent of 18.75 A, and a snapshot taken

at the same current when the recorded variation with a 38 A peak is considered,

(b) a constant dc current of 18.75 A, and a snapshot taken at the same current

when recorded variation with a 65 A peak is considered. In both cases, simr ation

results obtained with the recorded variation has shown a higher extent of saturation

in the core. This is due to the fact that the history of the state of the magnetic core

determines its present status. Hence a higher peak current in the recorded variations

have affected the status of the magnetic core at the instance when simuÌation results

are compared.

In addition, simulations were also carried out to consider the sensitivity of rep-

resenting GIC with a constant dc current, when it is used to simulate the peaJr dc

cutrent. Simulations carried out by applying a constant dc current of 38 A and 6b
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Figure 5.7: Harmonic content in the phase A current obtaìned with a constant neutral
dc current and recorded variations; (a) recorded variation with a 38 A peak, (b)
recorded variation with a 65 A peak

A are compared with the snapshots taken at the peak dc crrrent when the recorded

variations of 38 A peak and 65 A peak are considered. Fig.5.8 shows the harmonic

content of the waveform of current obtained with (a) a constant dc current of 38 A,

and the recorded variation with a 38 A peak, (b) a constant dc current of 6b A, and

the recorded variation with a 65 A peak. This comparison shows that if the point

of interest is the maximum, a simulation carried out with a constant dc current may

represent the same conditions as with a recorded variation of quasi-dc current.

Nleanwhile, alÌ three simulations have assumed a demagnetized core as the initial

conditions, and hence any effects of remanent flrx have been ignored. Therefore,

these comparisons show that a constant dc current representation of GIC may not

represent the worst case scenario, unless that point of interest has the ma-ximum dc
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Figure 5.8: Simulation results obtained with a constant dc current, and recordings
at the maximum (a) 38 A constant dc and the 38 A variation at the peak; (b) 65 A
constant dc and the 65 A variation at the peâk.

current, and the effects of remanence are not considered.

The presence of remanent flux in the core is expected to affect the simulations sig-

nificantly. Hence, the following section focuses on establishing the effects of remanent

flu-x on the simulated waveforms of current.

Remanent flux in the core

Comparisons presented in this chapter so far have assumed a demagnetized core as

the initial conditíon before applying a recorded variation of neutral dc current into the

simulation model. However, a GIC event could last fo¡ a few hours with a significant

intensity, and sometimes the entire duration of activity could be of the order of a few

days. Therefore the effect of this total quasi-dc variation col d affect the remanent

t1.2
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flrx in the core. Although it is extremely difficult to carry out a transient simulation

to consider effects that span several hours, the sensitivity of the remanent flux is

considered in the following comparison to show its efiect on the waveforms.

Therefore, in order to analyze the effect of the history of the magnetic core (rema-

nence efiects), a seven minute segment of the recorded current prior to the variation

with a 38 A peak (Fig.5.1) was considered. The entire variation considered is shown

in Fig.5.9. The later portion of this waveform contains the waveform previously con-

sidered in Fig.5.1 for this analysis, indicated with a dotted line and labeled'without

history'. Therefore, direct comparisons can be carried out to analyze the effect of the

history of the waveform on the simulated waveforms.

Fig.5.10 shows the comparison of the waveforms of current in the 500 kV line when

the neutral dc current is point 1 in Fig.5.1 (without history) and point 1 in Fig.5.9

(with history). A slight phase shift was introduced to clearly show the difference

between the two waveforms. The waveform simulated assuming a demagnetized core

as the initial conditions has a higher peak value. This is due to the fact that when the

history is considered, the transformer core undergoes saturation during the opposite

half cycle (in the opposite direction ) due to the negative peak of the neutral dc

clurent. Nleanwhile, Fig.5.11 shows the B-H loop a.fter 420 seconds of simulation

time, when the history is considered. This marks the beginning of the portion that

¡vas considered previously without the history. Therefore, this B-H loop shows the

initial conditions of the magnetic core when the history of the neutral dc current is

considered. Afterwards, the core undergoes half cycle satutation druing the opposite

half cycÌe due to the nature of the dc current applied. Therefore, when the effect of

history is ignored, the simulation is initialized assuming a demagnetized core whereas

when the history is considered, the core has some temanent flu-x before undergoing
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H(A./m)

Figure 5.11: The B-H loop after 420 s of simulation using the waveform in Fig.5.g

the variation of dc current with a 38 A peak. Thus, comparisons show the effect of

the remanent flu,x on the simulated wavefo¡m of current, in which the peak value and

the harmonic content are difierent. Meanwhile, when the simulation reaches the peak

value at point 3, the effect of the initial condition diminishes due to the duration,

and magnitude of the neutral dc current. Therefore the u'aveforms obtained with and

without history shou's a very close comparison. However, this observation does not

conclude that the effect of remanent flrx becomes insigniflcant beyond the peak value

of a given neutral dc current. Because, the remanent flu-x cor d be in the opposite

half cycle with respect to the dc bias considered in the present interval, however its
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magnitude could be significantly higher than what was experienced in this simulation.

Then the extent of half cycle saturation experienced with the same variation could

be signifrcantly lower than the values observed in this analysis. On the other hand,

the remanent flrix could be in the same direction as the dc bia"s caused by GIC. In

such situations, if the remanent flux is signiflcantly higher, the present variation could

further saturate the core far beyond the extent projected by the case initialized with

a demagnetized core.

Meanrvhile, in addition to the effects of the history of the quasi-dc current, and

remanence, the magnetizing characteristics of the transfo¡mer model, and the simula-

tion model of the power system cor d aiso affect the simulation results. The following

sections focuses on analysing the sensitivity of ihese models on the simrilation results.

5.2 Simulation Model of a tansformer

5.2-I Parameters for a given transformer

Power transformers are usually manufactured with difierent varieties of grain oriented

silicon steeÌ, and have a typical peak operating flrx density of 1.60 - 1.70 T. In a

simulation model, these conditions can be accurately represented if dimensions of the

core and number of tuns in each winding are available. In addition, further ver-

ifications can be carried out by comparing the simulated and recorded waveforms.

Holl'ever, if the core dimensions, mrmber of turns, and recorded waveforms are not

a\'âilable, a typical peak operating flu-x density can be assumed, and the transformer

can be represented with an equivalent inductance matrix (Appendlx A). The sensi-

tivity of this assumption for the simulated waveforms of current in the 500 kV line is

considered in this section.
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Figure 5.12: Simulated B - H loops obtained, assuming different peak operating flux
densities

Fig.5.12 shows the simulated B-H loops considered, which have peak operating

flux densities of 1.60 T, 1.65 T, and 1.70 T respectively. The harmonic content

of the simulated waveforms of current in the 500 kV line are analysed consideïing

these characteristics. Fig.5.13 shows that an increase in the peak operating flu-x

density results in an increase in the ha¡monic content of the simulated waveform.

Since al1 three comparisons were ca¡ried out with the same magnitude of GlC, these

transformers have experienced the same bias. However, the different peak operating

flux densities assumed have caused the state of the magnetic core to be difierent when

the ¡vaveforms are compared. This is reflected in the magnitudes of each harmonic
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shown in Fig.5.13

Figure 5.13: Harmonic content of the waveform of 500 kV line current obtained ¡¡,ith
B-H loops shown in Fig.5.12

5.2.2 Parameters of the B-H model

A three phase transformer bank that consists of three single phase units may not show

identical characteristics. This could be due to slight deviations in the manufacturing

process ot due to ageing. Therefore power transformers with the same name plate

rating could have slightly difierent magnetizing characteristics. The measured normal

magnetizing characteristics (V,-, vs I,-") of three autotransformers at Dorsey show

simiiar deviations in the shoulder region. Therefore simulations u.ere carried out

considering two characteristic cruves to analyse how sensitive this variation would be.

Parameters that represent the hysteresis and eddy cur¡ent effects were recalculated to

represent the second characteristic (Table 5.3). Fig.5.14a shows the simulated normaÌ

Peak opel-a{ing flu density 1.60 T
Peak opeÉtins nq density 1.65 T
Peak ooeiåtind ntD( densitv 1.7o _r
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Table 5.3: Parameters of the new model that represent the magnetizing Curve 1 and
Curve 2

Descriotion (l k Al A2 Ar 4_ L-
Curve 1

Curve 2

1 .0e-6
1.0e-6

4. 96e-6
4.94e-6 227

236
303 621

2.27
2.27

3.93
4.01

magnetizing ctrrves, and Fig.5.14b sho\Ã's the wâveforms of crurent in the 500 kV line

obtained with the two characteristics. The waveforms of line current are slightly

phase shifted for display purposes. This comparison sho\¡/s that even if the measured

curves àre not identical, a slight deviation in the measrred V - I characteristic does

not affect the waveform of simulated line crurent during half cycle saturation. This

is due to the fact that a slight deviation in the shouÌder region does not affect the

extent of saturation that a core experiences. HoìMever, some negligible differences can

be seen in the two waveforms, which are generally insignifrcant to the results of any

GIC analysis. Therefore, this observation confirms that even if the three single phase

transformers are not identical, if the normal magnetizing curves are close enough,

these can be simulated with a single characteristic cruve.

However, ifthe normal magnetizing curves are signiflcântly difierent as in Fig.5.15,

this considerably affects the waveform of the simulated line current. Comparison of

the simulated waveforms of curent in the 500 kV line obtained with two significantly

difierent characteristics is shown in Fig.5.16. This comparison also shows the sensi-

tivity of the waveform of current to the shape of the hysteresis loop, particularly in

the saturation regior. A significant difference can be seen in the magnitudes of the 8¿à

- 12¿â harmonics. These two characteristics âre reptesented in simulation models by

properly tuning the parameters of the JA model, mainly the slope of the anhysteretic

function in t he satrualion region.

The anhysteretic curve determines the general shape of the hysteresis loop, and
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Figure 5.14: (a) Simulated normal magnetizing curves; (b) waveform of current in
the 500 kV line obtained with two magnetizing characteristics

Table 5.4: Pa¡ameters of the new model that represent the magnetizing Curve 1 and
Curve 3

Description a k 0,1 A2 AB A- Lu
Uurve I
Curve 3
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7.27e-6
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hence the permeability of the core and the extent of satiuation for a given flrr-x density.

Therefore the comparisons given in Figs. 5.14 and 5.16 show the sensitivity of the

simulated waveform of current to the parameters of the anhysteretic curve.

In this simulation model, the total magnetization losses are determined by the

width of the B-H loop. If the width of the B-H loop is increased, the total simulated

power loss is increased. However, analysis of the harmonic content of the open cir-

cuit magnetizing current shows that a change in the width of the B-H loop affects

the fundamental component only. Similar observations were made with simulations

carried out in the presence of GIC.

5.2.3 Comparisons with the existing model

This section focuses on comparing the simuiation results obtained using the existing

model, whìch was described in section 2.2.2, and the new model developed. The

existing model uses a piece-wise linear curve to tepresent saturâ,tion. Therefore,

these comparisons allow us to analyse the sensitivity of the simulation results to a

B-H model and a piece-wise linear saturation model.

The recorded variation of quasi dc current, that has a 6b A peak (Fig.b.4), was

considered for this analysis. Simulation results are compared when the total dc neutral

crurent is either increasing at 20 A, or decreasing at 20 A. Simulation results obtained

ivith the ne$¡ model under the influence of this recorded quasi dc current are already

presented in section 5.1: Fig.5.5. Nleanwhile, Fig.5.17 shows the comparison of the

harmonic content obtained with the new model, and the existing model, (a) when

the current is increasing ât 20 A, and (b) when the current is decreasing at 20 A

respectively- These comparisons show that the harmonic contents produced by the

two models can be signiflcantly different, and these changes ca¡r be attributed to the
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model

O

o
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11 12

Harmon¡c

Figure 5.17: Comparison of the harmonic content obtained using the new model and
the existing model; (a) when the neutral current is increasing at 20 A; (b) when the
neutral current is decreasing at 20 A.

natue of their representation of magnetizing characteristics. In addition, Table 5.5

shou's the comparison of the increased teâctive power demand observed. It is seen

that the existing model sho\¡/s a higher reactive power demand over the new model.

This leaves us with two interesting observations.

1. The new model has shown a higher harmonic content in Fig.5.17.

2. The existing model, however, has shown a higher increase in reactive power

demand under the same conditions.

It is clear that if an iron core experiences a higher state of saturation, it causes a

higher content of ha¡monics in the simulated waveforms. Therefore, simulation resuÌts

7

(a)
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Table 5.5: Increase in reactive power demand (AQ) observed with the new model,
and the existing model

Points in Fie.5.4 ra (20 A1) 5b 120 Al
New model 4.2 MVar 8.4 MVar
Exlsting model 5.2 Nl Var 10.8 NIVar

in Fig.5.17 indicates that the new model has experienced a higher extent of saturation

than does the existing model. This can be due to tv,¡o teâsons. The permeabiÌity of the

core changes significantly in the satu¡ation region. In the new model, the permeability

is governed by the shape of the anhysteretic magnetization curve and the magnitude

of the saturation magnetization (M,"r), *hereas in the existing model this is entirely

dependent on the slope ofthe piece-wise linear curve. Therefore, the input data (that

is, the 7.-, t,s 1,-" curve in the existing model) can afiect the simulation results

signiflcantly. In addition, the efiects of remanent flux could also cause the new model

to indicate a different state of the magnetic core than does the existing model.

Nleanwhile, the increase in reactive power demand is closely tied to the magnitude,

and the phase angle of the fundamental component of the magnetizing current. If the

correct shape of the hysteresis loop is represented in the model, it closely reproduces

the phase angle of the magnetizing current, whereas a piece.wise linear representation

always shows a current that lags the voltage by 90o. Therefore, this discrepancy in

modelling the phase angle will have contributed to the difierence seen in the reac-

tive power demand shown by the two models. Hence, it is seen that a piece-wise

linear representation models a higher reactive power demand and a loì¡/er extent o{

saturation due to the inherent natue of this representation.
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5.3 Simulation Model of the Power System

The simulation model of a power system consists of several components such as elec-

trical substations and transmission lines that are as important as the model of a

power transformer in simuiating a GIC event. Therefore, the sensitivity to some of

the key parameters in these models is considered in this section.

5.3.1 TYansmission Lines

A transmission line model may be represented using a travelling wave model such

as the frequency dependent phase model la2l. In order to define the transmission

line, parameters such as tower dimensions, conductor data, and earth resistivity are

required. Simulations carried out in [32] had considered details of the transmission

lines from Dorsey - Forbes and Forbes - Chisago to represent them in the simulation

model. The two sections of transmission line had used earth resistivities of 65 Om

and 125 Om respectively. In order to analyse the sensitivity to the earth resistivity,

the entire line was simulated with 10 Íìm or 100 f)m respectively. Both simulations

showed negligible differences in the harmonic content. SimiÌar observations were made

in [75] where zero sequence crurents in ac lines caused by transients in an adjacent dc

line was analysed. Results of this study have shown that it is important to include

the earth resist,ivity in a simulation model, however the variation of magtritudes from

10 Qm to 1000 Om does not affect the waveforms significantly. These observations

are consistent rvith the sensitivity studies ca¡ried out in our study. In both situations,

the phenomena studied are of low ftequency which has a higher depth of penetration,

and hence the efiect of earth resistivity becomes minimal. The simulation study has

also confrrmed that the transmission lines can be adequately represented with the

data made available by uTiìities.
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5.3.2 Substations

The neutral grounding resistance is an important featrue that is required to be rep-

resented in an electrical substation. If the measu¡ed data are not available, typical

values may be used. Simulations carried out with low neutral grounding resistances

such as 0.3 f), 0.5 f¿ at each substation showed that the change in the neutral ground-

ing resistance does not affect the simulated waveforms, as long as the magnitude of

the source voltage is adjusted to drive the same current. However, if the magnitude

of the neutraÌ grounding resistance is high enough, the magnitude of the peak flrx

density in the core could be affected. This is due to the efiect of an increased po-

tential at the transformer neutral as a result of a higher resistance. As a result of

the higher potential at the neutral, the time taken for the transformer to reach the

fully saturated state under the influence of a constant neutral dc current is also de-

creased. These efiects were observed during simulations, when the neutral grounding

resistance was increased from 0.5 Q to 1.0 0 and 3.0 f) respectively.

In addition, a simuiation model may contain several equivalent source models to

represent the rest of the network. These network equivalents are also useful in initial-

izing the load florv. The sensitivity to the initial conditions ofthe network equivalents

were analysed considering the parameters ofthe local substation (Dorsey) and remote

substation (Forbes) respectively. The simulation model of the Dorsey substation takes

a more complicated form due to the presence of ac side fllters at the converter sta-

tion. It was observed that the extent of satutation and the increased reactive power

consumption are closely tied to the bus voltage, and hence any signifrcant diflerence

in the bus voitage could affect the simulated waveforms. Therefore, this confirmed

the importance of proper initialization of a si¡nulation model to closely represent the

power flow and bus voll ages.
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5.4 Summary

The sensitivity analysis presented in this chapter shorved that the history of thc quasi-

dc current, and the remanent flu-x in the transformer core could affect the simr ated

waveforms significantly. The simulation resuÌts confirmed that an electromagnetic

transient simulation carried out to model a GIC event requires not only the magnitude

of the quasi-dc current, but also its history with respect to any particular point of

interest. In addition, if a constant neutraÌ dc current is assumed instead of using

an actual or a predicted variation of a quasi-dc current, the simulation case may not

represent the worst case scenario of that point of interest, unless that point of interest

has the maximrm dc current, and the effect of remanence is ignored. Nfeanwhile,

simuÌations carried out to analyse the effects of remanence showed that the presence

of remanent flu-x in the core could significantly aflect the simulated waveforms. The

remanent flux considered in this analysis was not large enough to afiect the simuÌated

t'aveforms at the peak value of the quasldc current. However, depending on the

level of remanent flux in the core, and the nature of the quasi-dc clurent, it is likely

that a higher level of remanence couid afiect the simulation results even beyond the

peak value.

Simulations v¡ere also carried out to analyse the sensitivity ofthe parameters in the

transformer model and the simulation model of the power system. It was shown that

the magnetizing characteristics of the transformer model could have some effect on

the simulation results, depending on the parameters chosen to represent them in the

model. The sensitivity of the simulation results to a B-H model and a piece-wise linear

såturation model was analysed by comparing the simulation results obtained using

the new model and the existing model. This study has also analysed the adequate

representation, and the ìnitialization, of the simulation model of the power system.

L2g



Chapter 6

Conclusions

6.1 General Conclusions

Development of an improved transformer model for use in electromagnetic transient

simulations has been investigated in this dissertation. F\rrther, the effects of Geo-

magnetically Induced Currents (GIC) on a power system has been investigated using

the new model. The foÌlowing description summarizes the major goals accomplished

in this dissertation.

In Chapter 2, an overview of an existing transformer model was presented to show

how the Jiles Atherton theory of ferromagnetic hysteresis is incorporated to represent

the hysteresis characteristics of the iron core. The new model accurately represents

hysteresis characteristics that include recoil loops and long term rema,nence. The sim-

ulation model was also extended to include the effects of eddy currents. An expression

for excess and anomalous losses was incorporated. Therefore when the simulation al-

gorithm determines the magnitude of cu¡rent injected across each winding, the eddy

current effects are taken into account. This approach is useful in the simulation of

multi-winding transformers, such as three phase three limb or three phase five limb
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etc., whereas the commonly used approach would represent Ìosses at the terminals

with three resistors. PSCAD/EIVITDC was considered as an example to shorv how

this model could be implemented in an electromagnetic transient simulation softwa¡e

package. This allowed rÉ to use the new model along with existing models such as

the frequency dependent transmission line models to carry out system studies.

In Chapter 3, simulation results of open circuit tests, and waveforms of inrush

current for a single phase t\¡/o winding transformer model were compared with test

restrlts. Simulation results are in good agreement with recorded waveforms. Compar-

isons carried out at different frequencies of excitation have highlighted the importance

of modeling the frequency dependency of the B-H loop. Simulations were also carried

out to compare the simulated waveforms obtained ¡¡.ith the new model against an

existing transformer model that has a piece-wise linear representation of saturation.

Simulation results show that the new model properly represents long term remanence

in the core, whereas a piece-wise linear modeÌ fails to maintain the remanent flux

beyond several hundred milliseconds.

In Chapter 4, a simulation model of a power system was consideted to analyse the

effects of GIC in a power system. Simulation results were compared with recorded

waveforms to validate the simulation model. Although these simulation results shov/ed

general characteristics of the recorded waveforms) it did not closely match some of

the harmonics seen in the recordings. Therefore, at this stage it was reasonable to

examine whether the information provided for this recording rvas adequate to simulate

the actual conditions.

A sensitivity study carried out in Chapter 5 showed that the history of the quasi-dc

current, and remanent flu-x in the co¡e could affect the simulated waveforms signifl-

cantly. The simuÌation studies showed that an eÌectromagnetic transient sirnulation
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carried out to model a GIC event requires not only the magnitude of the quasi-dc cur-

rent, but also its history with respect to any pa.rticular point of interest. In addition,

if a constant neutral dc current is assumed instead of using an actual ol a predicted

variation of a quasi-dc current, the simulation case may not represent the worst case

scenario of that point of interest. This analysis has further highlighted the need for

proper initialization of the simulation model of the power system, to represent the

actual conditions that may have prevailed at the time of the recording.

Therefore, based on the simulation studies carried out in Chapters 4 and 5, and

considering previous work in this area, the following may be described as the major

steps in carrying out a GIC study of a power system using an electromagnetic transient

simulation programme.

r \{odelling the pou'er system. This involves an assessment of the vulnerability

of a power system considering the geophysical data and the confrguration of the

network, to identify an area that needs to be modelled.

r Collection of data for a GIC event. This include the recordings or predicted

variations of quasi-dc current, and adequate information on the state of the

power system to represent that in a simulation model.

¡ Initialization of the simuÌation model. Simulation studies have shown that the

initial conditions could signiflcantly affect the outcome of a simulation case.

Thus, initial conditions must closely represent the actual conditions that may

have prevailed.

r32



6. Conclusions

Modelling a po\Á¡er system

A section of a large transmission network that is vulnerable to GIC may be represented

in detail to analyse the effects of GIC on that power system. Historical data indicates

that high geomagnetic latitude areas in Canada, parts of USA, and some Nordic

countries are more vulnerable. Becarrse of that, many studies have been carried out

to analyse the effects of GIC in these areas. Most studies have concentrated on looking

at the vulnerability of the buÌk power transmission network, which in turn determines

the security, and the stability of the power system under the in-fluence of GIC.

For example, simulation studies carried out in [32], which was the basis of analysis

in Chapter 4, had considered the 500 kV transmission line in the Manitoba Hydro

network. A similar study has been carried out in [64], where the effects of GIC

in the BC Hydro 500 kV system were analysed. Meanwhile, even if the focus of a

study is to analyse the efiects on the 500 kV transmission network, efiects of the

power transformers, and transmission lines in the lower voltage networksr such as the

230 kV network, may have to be considered. The simulation studies carried out have

shown that the waveforms of current and voltage in the 230 kV bus could be distorted

due to the half cycle sa,tulation of the power t¡ansformers.

Therefore, the presence of long transmission lines, their orientation, and geophys-

ical conditions at difierent sites etc., at difierent voltage levels have to be considered

in identifying the section of a power system that requires detailed modelÌing. In

addition, the core conflguation of the power transformer (single phase banks, three

phase three limb etc.), and their winding configruations also have to be considered.

Once the network has been identified, a detailed model of this power system can be

represented as described in section 4.3.
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Collection of data

Simulation results presented in the previous chapters have shown that the simulated

rvaveform of current is dependent on the history ofthe quasi-dc neutral current. Field

measurements carrie<l out during GIC events have shown that there could be large

scale differences in the magnetic and electric flelds measured at different recording

sites spread over a large area [7L]172). These difierences can be attributed to the

distance between the sites and the electrojet, and differences in the local geology. In

addition, if the simultaneity of measured samples are considered, it is likely that the

maximum recorded GIC may not have occurred simultaneously across ail the sites

176]. Therefore, a simulation carried out to validate a GIC event requires the actual

variation of qriasi-dc current to be considered to properly represent conditions that

may have prevailed at the time of the recording. This becomes more important as

the simulated waveforms of crurent are dependent on the variation of the quasi-dc

current in the neutral.

In addition, the core of the transformer can have remanent flux as a result of the

status of the magnetic core prior to this event under consideration. If the core of the

transformer has remanent flu-x, it also affects the extent of satruation experienced. In

general, any particular change in the status of the magnetic core, which can be due

to remanent flux in the core, or history of the quasi-dc current, could directly afiect

the harmonic content of the waveform of curtent and the inc¡ease in reactive power

consumption in the transformer.

Therefore, collection of data during a GIC event must address the above require.

ments. If a SUNBURST recorder is used for monitoring GIC, it provìdes the details

of current in the t¡ansmission lines and at the neutral of the power transformer.

Nleanwhile, if a detailed model o{ electrojet is used to predict the electric field at
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the surface of the earth, this paves the way for the calculation of GIC driven by this

electric field in a network.

In addition, the power flow in the transmission lines and voltage at the system

buses are also needed to closely reptesent the conditions in the actual system. Fur-

ther, the simulated power system intends to represent a snapshot of the system at a

particular point of interest, hence the status of each substation has to be accounted

for. For example, if a substation has capacitor banks or fllter banì<s, as in Dorsey,

the status of each component needs to be taken into account.

Initial conditions

Simulation studies cârried out to analyze the effects of GIC on a poweï system may

involve validation of a GIC event using measured data as well the prediction of the

worst case scenario using the estimated values of electric frelds and GIC. Meanwhile,

initialization of a simulation model could significantly affect the outcome of a simu-

lation case. The initial values of the netr¡/ork equivalents, especially the bus voltages,

have an eflect on the flu-x in the transformers. However, the initialization of the

transformer model itself becomes more importânt during a GIC study, as the state

of the magnetic core directly depends on its initial conditions. It is usually possible

to initialize remanence in a typical transformer model, however it requires outside

intervention whereas the new transformer model will do it atrtomatically. Therefore,

the availability of a recorded variation or the estimated values of the quasi-dc neutral

current becomes useful in this endeavour.

Usually GIC events cân last for several hours. A simulation study, however, may

focus on the maximum reported dc current in the neutral o¡ focus on a specific event

that may have happened. If an analysis considers the instant where the maximum dc
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current was reported, it is lìkely that the initialization of the transformer assuming

a demagnetized co¡e would have negligible effects on the simulation results, provided

that the duration of the dc current is long enough to reach the fully saturated state,

and the level of remanent flu-x (if any) is fairly small so that it does not affect the

overall extent of the satuation. Similarly, if the network under consideration expe-

riences the maximum dc current simultaneously across the network, a constant dc

current may be used in the simulation for the same reasons.

However, if different points ir a network do not experience the peâk dc current

simultaneously, it requires proper consideration of the recorded variation or the pre-

dicted vahres of quasi-dc current. Similar consideration is required if a simuÌation

study is carried out to analyze a specific recorded event. In such situations, the re-

manent flux in the transformer core can be initialized by considering a portion of the

variation of dc curent prior to the point of interest.

6.2 Contributions

The main contributions of the wo¡k ptesented in this dissertation are as follows.

¡ It has developed a new simulation model of â powet transformer for use in

electromagnetic transient simuÌation studies by;

1. Incorporating the Jiles Atherton theory of ferromagnetic hysteresis to rep-

resent the hysteresis characteristics of the iron core of the transformer,

2. Incorporating the eddy clrrrent efiects in the same model, so that the

simulated B-H loop is frequency dependent.

It has developed an algorithm to incorporate this new model into an existing

transformer model of an electromagnetic ttansient simu-lation programme.
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¡ It has developed a methodology to determine parameters for the model to rep-

resent the magnetization characteristics of a given transformer.

¡ It has validated the new model by comparing simulation results with recorded

rvaveforms to confirm the suitability of the new model for electromagnetic tran-

sient simrrlations-

o It has analysed the effects of GIC using a simulation model of a porÀ,er system

in an electromagnetic transient simulation progràmme. Simulation results were

compared with recorded waveforms for validations.

r A sensitivity study was carried out to show the effects of the history of the

quasi-dc current and remanent flrx in the core on simulation results.

These contributions have led to the following publications;

r W. Chandrasena, P. G. Mclaren, U. D. Annakkage, and R. P. Jayasinghe, "An

Improved Low Flequency Transformer NlodeÌ for Use in GIC Studies", accepted

for publicati.on in the IEEE Transacti,ons on Power Deltuery, paper TPWRD-

00354-2002. This paper was also presented at ihe IÐEE Power Engineering

Society General Nleeting, Toronto, July 2003.

o W. Chandrasena, P. G. Mcl,aren, U. D. Annakkage, and R. P. Jayasinghe,

"Nfodeling the Effects of Geomagnetically Induced Currents (GIC) in a Power

System", the IEEE Transact'ions on Power Deliuery, in preparation.

r W. Chandrasena, P. G. Mclaren, U. D. Annakkage, and R. P. Jayasinghe,

"Nlodeling GIC trflects on Power Systems: The Need to Model Nlagnetic Sta-

tus of Ttansformers", in proceedings of the IEEE Bologna Power Tech 2003,

Bologna, Italy, June 23-26, 2003.
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o W. Chandrasena, P. G. Mclaren, U. D. Annakkage, R. P. Jayasinghe, D.

Muthumuni, and Ð. Dirks, "Simulation of Hysteresis and Eddy Current Ðf-

fects in a Power Tlansformet", 'in proceedtngs of International Conference on

Power Systems Trans'ients - IPST 2003, New Orleans, USA, 2003.

¡ W. Chandrasena, P. G. Mclaren, U. D. Annakkage, R. P. Jayasinghe, and

E. Dirks "Simulation of Eddy Current Efiects in Tlansformers", in proceed-

ings of the IEEE Canadian Conference on Electri,cal and Computer Engi,neering

(CCECE), Winnipeg, Canada, vol. 1, pp. 122 - 126,2002.

6.3 Suggestions for future research

The work presented in this dissertation has focused on developing an improved power

transformer model for use in electromagnetic transient simulations. The mathemati-

cal model developed in Chapter 2 was incorporated into an existing transformer model

in PSCAD/EMTDC. Although the validations were carried out with a single-phase

two-winding model, this algorithm is capable of simulating multi-limb, multi-winding

transformers. Therefore this algorithm can be extended to three-phase three-limb,

and three-phase frvelimb models. Furthel, simulation results can be compared with

recorded waveforms to validate such models.

The efiects of GIC on a power system was analysed in Chapters 4 and 5. The sim-

ulation studies have identified a number of impoltant recordings, and measurements,

which include long term recordings with snapshots of current at regular intervals.

These are required to ensure that a simulation model closely represents the actual

conditions. The same information is required if predicted values are considered. These

suggestion will be useful in validating a simulation model in future studies. With the

availability of accurate models of current transformers [:O][ZZ]-IB0], and the power
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transformer model developed, the future studies could also focus on investigating the

problems associated with power system protection. In generâl, once the vulnerabil-

ity of a power system is determined, simulation studies can focus on mitigating the

effects of GIC in a power system.

Although the new model developed was used in studying the efiects of GIC in a

power system, this model could also be used in electromagnetic transient simulation

studies that require an accurate representation of magnetization characteristics of

the iron core such as in ferroresonance studies and switching studies where the new

model could signifrcantly improve the accuracy. In addition, comparative studies can

be carried out to quantifi' advantages and provide recommendations for future studies

using the new model, and to compare the simulation time with the existing models.
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Appendix A

Determination of Parameters

This appendix focuses on describing how the parameters are determined to represent

a given magnetizing characteristic using the new model. Validations carried out in

Chapter 3 were based on laboratory tests carried out using aIISY 12300 V, 60 Hz, 3

kVA single phase distribution transformer. During laboratory tests, the waveform of

magnetizing current at different voltages, and at dìflerent frequencies were record.ed.

In addition, the open circuit normaÌ magnetizing curve, and the core loss were also

rleasured.

The calculation of parameters for the hysteresis model was already discussed in

section 3.1.1. However, a brief review of this process is presented here for the com-

pleteness ofthis discussion. Further, it also desc¡ibes how the new model is interfaced

with ENITDC by calculating the parameters for a given transformer.

Hysteresis model

Tlre anhysteretic magnetization (M",) at a given field (¡1.) represents the global

minimum energy state. The function given in (2.a0) is used to represent the anhys-
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A. Determination of Parameters

teretic magnetization curve, and its siope is given in (2.aI). These two expressions

are reproduced below in (-A'.1), and (4.2) respectively.

a1 H"rH!
"'sor oa + ozH" -l HZ

dM., 
^,t 

ata3 I 2ojHe 1- lo2 - a1)H!
d H. - "'*' \at - az?" + H2J

(,{.1)

(A 2)

c M"o¡,lhe saturation magnetization is a constant for a given material. A typical

value of M"o¿ for iron is used in this calculation. That is 1.71e6 A/m (Table 4.1

of lael).

r The anhysteretic function has three constânts û1,a2, ãrrd a3 in (4.1). In addi-

tion, since the slope of the anhysteretic curve is greater than or equaÌ to zero

for ali ,t/" (+íi: > 0), the three constants, û1, a2, and ø3 should be greater than

zero and az 2 at.

r o represents interdomain coupling, and it is used in determining effective field

11" in (2.35). That is, H": H +aM.

If the valrres of the a and M"o¿ are known, then the determination of oq, a2 ànd a3

is a constrained optimization probÌem of minimizing the error between the reference

anhysteretic characteristic ¿rnd the model. The initial value of a can be assr:Lned by

comparing the magnetization curve of the core material M4 with a known curve such

as the anhysteretic magnetization curve of the core material of cutrent trarsformers

used in 136] (as in Fig.3.1). Generally, when a is increased, it increases the slope ofthe

B-H loop at the H axis. Therefore, based on the comparison of the two chatacteristics,

an initial value of 1.0e-6 is assumed for a.
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A. D etermination of Parameters

A measured B-H loop of a core material, is used to obtain B o,¡o"u s H on¡o" data

for the anhysteretic curve. It is assumed that the curve that symmetrically intersects

the measured B-H loop reptesents the values of Bon¡o"us H¿n¡o" ct)ryê, A measured

B-H loop of the core material NI4 is used in determining the values of this curve,

which are given in Table 3.1. During the calculation, these values are converted to

represent a normalized anhysteretic curve as in (4.3) - (4.6). Then, the initial guess

of a was used in a numerical iterative routine of least squares estimation to determine

the three constants a1,{r2 àrrd a3.

from B

M

Mnonnalìzed.

H"

: po(M + H)
1)

l.to

M
M 

"o,

-- H +dM

(A.3)

(A 4)

(A.5)

(A.6)

Once the parameters of the anhysteretic curve are found, the magnitudes of c

and k are calculated. The value of c can be calculated from the ratio of the initial

normal srrsceptibility Xi, : (#) *=r,o. o to the initial anhysteretic susceptibility

X|. : (rytr) n:0, ¡r:0t501. However this method could not be used due to lack of

data. Typical vaÌues of c for some iron core materials are given in [50]. Thus value

of c is set to 0.1. The same vahre has been used in the current transformer models

in [35], and has sho¡¡'n that small changes in c have negligible efiect on the simulated

B-H loop.

The value of fr can be calculated using (3.1). which is reproduced beÌow as (4.7).

The general relationship between k and H. can be expressed if the differential sus-
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A. Determination of Parameters

ceptibility at the coercive point Xlr. is known. In general y'u" - y'*u* denote the

differential susceptibility around the coercive point, which in the model is always the

maximum value observed around the hysteresis loop [50]. The values of 11. and ¡1,,.

obtained from the reference .B - 11 loop of the core material M4 162], and are gìven

in Table 3.3.

t'. M."(H"\ I

l-c I

L
x!^^" _ c dM"-(H")

I-c dE

(A.7)

Eddy Current effects and the interface with EMTDC

Once the parameters of the hysteresis model are determined, the model can be inter-

faced with the existing model. This can be achieved by one of the following methods;

1. If the core dimensions such as the length (l) and the cross-sectional alea (,4)

of each limb, and the actual number of turns (,n/) in each winding are known,

then the model can be readily interfaced with EMTDC.

OI,

2. If the actual val.ues of core dimensions (l and ,4) of each limb and mrmber of

truns (-À/) in each winding are not known, the existing model uses an equiv-

alent inductance matrix representâtion to model the transformer in ENITDC.

Therefore this method can be adopted if the actual values are not kno\¡/n.

In addition, there are two constants in (2.53), that represent ihe effects of excess

and anomalous loss. Therefore, irrespective of the method in which the inductance

matrix is determined, the vaÌues of these two constants ,k1 and À2 need to determined

such that the total power loss measured at rated conditions are simulated in the

model.
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A. Determination of Parameters

The actual number of turns in the windings, and core dimensions are usually not

available. Therefore, this discussion focuses on determining the parameters using the

second method. In the existing model, the number of turns /y'1 and 1/2 are set equal

to the rated voltage of the windings (2.26). In addition, the existing modeÌ uses

a unity cross sectional area by scaling the entire piece-wise linear curve. However,

since the JA theory is based on the physics of ferromagnetic hysteresis, the range

of values used in the nerv model must correspond to the actual values. Therefore, a

peak operating flux density (B-",) was assumed, which is typically 1.6 - 1.7 T at

the rated conditions.

In order to represent the test transformer, a peak flu-x density of 1.65 T is assumed.

Then, the cross sectional area .4 is determined such that the actual value of the

product of l/,4 is matched by the product of 1y',4 used in the simulation modeÌ as in

(A.e) - (A.10).

from l :

since -ly'

substituting values;,4

d,tl¡
N * : \/2 Vl: Nrór",*

A - J2lvl
NaBo.ox

lV (units kV)

1rã x 1000

2xrx60*1.65

(A 8)

(A e)

(A.10)

The eddy current efiects are represented using the expression given in (2.53),

reproduced below as (4.11).

*0,#.o(#)tHøt -- Hna"t
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A. Determination of Parameters

The initiaÌ values of the two constants in this expression are calculated using

(2.50), and (2.52) respectively.

ftom 12.50) Æ,

where D

D2
:___:
'¿plJ

thickness of laminations

resistivity

a constant (ß - 6 for laminations)

(4.12)

p:

Typical commercially available electrical steels a¡e low carbon, silicon-iron, or

silicon-alumimrm-iron alloys containing up to 3.5% silicon, and only a small amount

of alumìmrm. In addition, the electrical resistivity in 0.m at 250C can be represented

as in (A'.13). This equation is based on the average line drawn through many test

points obtained on commercial grades of electrical steels of various compositions,

published by the American Society for Testing and Materials [81]. Therefore, based

on this information, a typical value of 0.48x 10-6 Q.m is considered in this calculation,

which approximately represents a 3% silicon content.

p : 0.1325 x 10-6 + 0.113 x (percent siÌicon * percent aluminum) x 10-6 f).m

(A.13)

Meanwhile, the thickness of laminations (D) iypically varies between 0.18 mm to

0.35 mm [82]. A 0.30 mm thickness was assumed in this calculation, as manufacturers

data sheets suggest a range between 0.27 mm and 0.35 mm for the core materials i\{3

- Nf5.

Therefore, substituting these values in (,A..12) gives;
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A. D etermination of Paramete¡s

, (0.3e-3)2
'"rinil,dr 2 x0.4ge_6 x6

: 15.6e-3

Similarly, from (2.52);

T^

u'here G

(4.14)

e-

TJ

a constant; 0.1356 139]

cross sectional area of laminations

represents the internal potential experienced by domain walls

resìstivitv

11, is 0.15 Afm for graìn oriented silicon steel (3% SiFe) 139]. S is the cross sec-

tional area of laminations. This requires the width, and the thickness of laminations

in meters. The thickness has already been used in the calculatiort of k1n-,",.,. However,

the width of laminations depends on the design of the transforme¡ and its capacity

etc. Therefore, the initial vaÌue of kz (kz,-,,.,",) is calcuÌated without taking the width

of laminations into consideration. However, this does not cause any significant errors,

as both the k1,.*,", aûd k2.-n,", àre tuned along with the length of the winding limb

(l) to ensure that the simulation results closely match the recorded data.

In addition, the existing model has a current source that injects the 'linea¡ com-

ponent' of the saturation current. The magnitude of this source is based on the

initial slope of the piece-wise linear curve rsed. Even if the JA model represents
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A. Determination of Parameters

the hysteresis characteristics in the new model, this linear current component cannot

be removed completely, as it is an integral part of the existing model. However, the

magnitude of this source can be reduced to a very sma1l value. In addition, the tuning

of parameters also compensates for any discrepancies that may have been caused by

this additional current component.

, (GDH.\' i
\p/ \.

t Ë/]Ë

0.1356x0.3e-3x0.1
0.48e-6

u)*

Therefore, once the initìal values of kr and ,b2 are formd, these values, and the

length of the winding limb l, are tuned so that the correct magnitude of the mag-

netizing current and pou'er loss are simulated at the rated conditions. In addition,

if the open circuit normal magnetizing cu¡ve is available, these measrued values can

be compared with the simuÌation results. If the simulation results do not closely

match the measured data, the parameters that represent the anhysteretic curve need

to be modified. This can be achieved by extrapolating the values and by changing

the permeability represented by these extrapolated values in the saturation region.

Meanwhile, if the parameters of the anhysteretic curve are re-calculated, the proce-

dure described above needs to be folÌowed to ensure that the rest of the parameters

a,re appropriately determined.

The iteration histories corresponding to the tuning of parameters are given in

Table -A.1. Initially the length of the winding limb, I : 1.0 is assumed. In addition,

the initial values of k1 and ,b2 calculated above are considered. A simulation of an

open circuit test is carried out using these initial values. This is followed by the

determination of the error function (.f",,o,), which contains the percentage errors of
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A. Determination of Paranrcters

A leralion histories corresponding lo the tumn
# k1 t^tl2 gJ.stP! gJsr!9r 2JSEP!

1 1.0 15.6e 3.565 eiu3.86 ðUJ,Y oJ.ð ei38

0.839 10.6e- 2.428 ta? n7 575.8 52.6

J 0.810 6.5e 1.488 116.9 388.9 47.0
4 0.791 3.6e tJ.721 '¿.oó4

ameters

the simulated core loss and the rms value of the magnetizing current;

. I P^"""","¿ - P",*¿r¿,lf I I--'** - I",-,t.,^,llJ",-,: | --------¡r------- ixruu-I t Ixruu (À.rr)
L rm¡os¿¡ed I L tmeosur"d I

This is followed by the determination of the sensitivity of the error function with

l, Æ1, and fr2 respectively, and tuning of these parameters untii the error is minimized.

After three iterations, the simulated rms vahre of the magnetizing current showed

an error less than IVo , and the simulated core loss produced an error less than 2%.

Therefore, iterations were terminâted at this point, and the tuned parameters were

considered as the bâsis for further simulations carried out to represent different test

conditions.

The laboratory tests carried out with the test transformer provided waveforms

of magnetizing current, measrued data at (a) difierent excitation voltages at,60 Hz,

and (b) different frequencies, while maintaining a constant I ratio. Therefore, when

the parameters for the laboratory test transformer are determined, this process did

not limit itself to the rated conditions. The tuned values obtained at the rated

conditions were used in simuiation studies to compate the waveforms and analyse

any discrepancies, at difierent frequencies, and excitation voltages. This is followed

byfurthertuningofl,kl, andfr2. The parâmeters given in Table ,A.2 shows parameters

obtained (a) by tuning the parameters considering the measu¡ed data at the rated

Table
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A. Determination of Parameters

Iable 4.2: Parameters determlned using ditterent measr.lled data for tun
Description k1 k2

(a) Considering the measurements at rated conditiors
lb) Considerins the measurements at difierent V and f

0.791
0.7t7

3.6e-3 0.72
0.79

condition as the basis, (b) by tuning the parameters considering the measured data

at difierent voltages and frequencies as the b¿sis. The simulated waveforms obtained

with these pârâmeters are given in Fig.A.1

0.3

0.6

0.2

Figure 4.1: Simulated waveforms obta,ined using the parameters given in Table 4.2

Summary

The foregoing discussion \¡/âs focused on describing how the parameters were calcu-

lated to represent a given transformer using the nerv model in E\iITDC. The labora-

tory test transformer was considered as an example to describe the procedure followed.

A similar process rÃ/as followed to determine the parameters that represent the 230

kV/ 500 kV/ 46 kV auto transformers considered in Chapters 4 and 5. During this
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A. D etermination of Parameters

process, open circuit test results, and the measured normal magrretizing curve were

used as the basis of tuning l, k1, and À2.

It is expected that the measured data such as the open circuit test ¡esults and

normal magnetizing curve are available, so that the core loss and the permeability

in ihe shoulder region are adequately represented in the simulation model. Mean-

while, the function that was considered to represent the anhysteretic curve is more

appropriate for the magnetizing characteristics of grain oriented electrical steel. A

different function may have to be used for different core materials, such as High-

Permeability Grain Oriented Electrical Steel, Laser-Scribed High-Permeability Ðlec-

trical Sr.eel. amorphous mctal INÍETCLRS@; "r".
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Appendix B

Comparisons with recorded

waveforrns

Details of the laboratory test system, and the comparisons carried out with recorded

waveforms are presented in this appendlx.

Laboratory test system

A separately excited dc motor was used to drive a three phase synchronous generå,tor

to obtain a variable voÌtage, variable frequency ac supply (Fig.B.1). The field crurent

of the synchronous generator was va¡ied to control the magnitude of voltage (lzrl),

and the field of the dc motor was varied to control the frequency (/). Whenever the

frequency was changed, a constant ] ratio was maintained, so that a constant flux is

maintained in the core.
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B. Comparisons with recorded waveforms

Figure 8.1: Laboratory Tesi System



B. Comparisons with recorded waveforms

Details of the laboratory test system are;

1. Transformer

o 3 kVA, ll5 V I 2300 V, 60 Hz single phase distribution transformer.

o N,Ieasured data at the rated conditions are: Core lossl : 33.8 W: rms vahre

of the magnetizing current : 0.48 A.

2. Synch ronor rs general or

¡ Three phase, 3 kVA, 208 V,1800 rpm.

¡ Field circuit 120 V dc. 1.25 A.

3- DC motor

o 2.5 kW, 110 V, 20 A, 1750 rpm.

o Field circuit 110 V, i.5 A.

Comparisons with recorded data

A series of tests carried out in the laboratory coveted â range of voltages and fre-

quencies. Ðach recorded waveform was compared with a simulated waveform. Some

of the comparisons carried out with recorded data are already presented in section

3.2.1. This include the waveforms at 0.9 pu, 1.0 pu, and 1.1 pu voltages at 60 Hz.

In addition, in section 3.2.2, a comparison carried out at 25 Hz was presented. The

following consists of the comparisons which are not presented in Chapter 3.

lwhen the eddy currerrt efiects are represented with an external resistor in the simulation uodel
(calted the 'resistor model') as in section 3.2, an erternal resistance of R"¿¿o :548 O refe¡¡ed to
115V rvinding was used.
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B. Comparisons with recorded wave.forms
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Figure 8.2: Nlagnetizing current compared at 0.92 pu voltage, 60 Hz

Figure 8.3: Xilagnetizing cunent compated at 0.94 pu voltage, 60 Hz

165

-02

,0.4

-06



B. Compañsons with recorded waveforms
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Figure 8.4: Nlagnetizing current compared at 0.96 pu voltage, 60 Hz
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Figure 8.5: Magnetizing cuÌrent compared at 0.98 pu voltage, 60 Hz
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Figure 8.6: Nlagnetizing current compared at 1.02 pu voltage, 60 Hz
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Figure 8.7: Nlagnetizing current compared at 1.04 pu voltage, 60 Hz

to/

-0.5

,1

,'1.5



B. Comparisons with recorded wavelorms
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Figure B.8: N4agnetizing crurent compared at 1.06 pu voltage, 60 Hz
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Simulatio¡



B. Comparisons with recorded waveforms
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F igure 8.10: Nlagnetizing current compared at 1.12 pu voltage, 60 Hz
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Figure 8.11: Nlagnetizing current compared at 1.14 pu voltage, 60 Hz
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Figure B.12: Magnetizing crurent compared at 30 Hz.
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Figure 8.13: i\4agnetizing current compared at 35 Hz.
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Figure 8.14: Magnetizing current compared at 40 Hz.
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Figure 8.15: I,Iagnetizing crurent compared at 45 Hz.
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B. Comparisons with recorded waveforms
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Figrre 8.16: Magnetizing current compared at 50 Hz.

Figrne 8.17: Nlagnetizing current compared at 55 Hz.
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Appendix C

Simulation model of the power

system: Parameters

Parameters of the sìmulation model of the power system considered in Chapters 4 and

5 are presented in this appendix. This consists of a number of individual models such

as the simulation model of a power transformer, a transmission line, and a three phase

source etc. In order to represent a por¡ver system using these models, a large nrmber

of parameters and data are required. The following presents how each individual

model is represented in PSCAD/EMTDC. A single line diagram of the Dorsey-Forbes-

Chisago system is shorvn in Fig.C.1. The simr ation model considered is based on

the work carried out in [32].

Power transformer model

The 23015001a6 kV, 240 \rlVA auto transformers at Dorsey and Forbes substations

are represented with the new model. The new model is based on the existing singÌe

phase three winding UMÐC model in ENITDC la2].

rfð



C. Simulation model of the power system: Parameters

I'*l'1".1

Figrue C.1: Single line diagram of Dorsey - Forbes - Chisago system
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C. Simulation model of the power system: Pa¡ameters

The following data are required as input parameters;

1. Configuration

Description of the transformer Dorsey Forbes

Rated MVA IMVAI 240 240

Voltage rating of the winding # IlkV) 132.8 132.8

Voltage rating of the winding # 2lkvl 46 13.8

Voltâge rating of the winding # 3lkvl 288.67 288.67

Resistâ.nce of winding f 1 l0l 0.015 0.015

Resistânce of winding f 3 l0] 0.2r9 0.2t9

Base frequency (112) 60 60

Model saturation? 'Yes' 'Yes'

Tap changer rvinding 'None' 'None'

2. Saturation Curve

The existing model uses a piece-wise linearly interpolated cruve to represent sat-

uration. The following information is required under this menu;

e Magnetizing Current at Rated Voltage: This is used only if core saturâ,tion is

disabled. Therefore it is not required for our simulations.

o Enable Saturation (.Enoð) mrnt be set to 1, to enable core sâturation. Even if

'Yes'has been selected in the section 'Configuration', this parameter needs to

be enabled to represent saturation.

o Data points in the V us 1 curve are entered, with current (1) as a % of Rated

Current, and voltage (i/) in pu. The existing model has provided provisions

fo¡ 10 data points. Hor¡/ever) in our implementation the frrst data point is
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C. Simulation model of the power svstem: Pa¡ameters

used, as these values are considered in determining the magnitude of the 'linear

component' of the current source. The data points are chosen such that the

injected 'linear component' of current has a negligible efiect on the simulated

waveforms. Point (X2,Y2) is made (0,0), because if 0.0 vahre is entered, PSCAD

will ignore all points following the 0.0.

Description of the saturation curve

Ntlagnetizing current ât the rated voitage tla

Enable saturâtion 1.0

Point X1; Current as a Vc of the rated current 4.0e'5

Point Y1: Voltage in pu 0.5

Point X2: Current as a % of the râted current 0.0

Point Y2: Voltage in pu 0.0

3. Core aspect ratios

The core aspect râtios are useft1l if the equivalent inductance matrix representation

is used.

. Ratio of the length of yoke (lr) to the length of winding liinb (l-)

- Iu ntr1f 
---v.tJ1,,,

. Rå,tio of the area of yoke (,4r) to the area of winding limb (A-)

4..1.^:----L:1.0" a
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C. Simulation model of the power svstem: Parameters

Nlodifications to the existing model

In additìon to the default parameters described above, the following parameters are

required in the new model.

o In order to enter the value of the cross sectional area (A*) and the length of

the winding limb (1,,), a new section was added to the component definition of

the existing model. If the actual values are not known, the tuned parameters

can be entered using this memr. In the absence of actual values, the values of

A- and l- are tuned as described in Appendlr A.

¡ A ner¡ section was added to enter the leakage reactances of the three windings.

Parameters for the new B-H model

Determination of parameters for the new B-H model was described in Appendlx A. In

this discussion, a 3 kVA, 115 V/2300 V, 60 Hz single phase distribution transformer

was considered as an example. The same procedure was fo11ov¡ed to determine the

parameters that represent the magnetizing characteristics of the 230/500/46 kV, 240

X{VA auto transformers at Dorsey and Forbes substations. The open circuit test

results and measured normal magnetizing curves are considered to tr.Lne some of the

palameters, as explained in the Appendix A. There are three normal magnetizing

curves considered in Chapters 4 and 5. The Curves 1 and 2 are shown in Fig.5.14a,

and Curves 1 and 3 are shown in Fig.5.15. The parameters determined to represent

the three magnetizing characteristics are given in Table C.1.
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C. Simulation model of the power system: Parameters

Table C.1: Parameters for the new model that represent the magnetizing curves 1, 2,

Descriptìon (\. k A1 tj2 a3 Æ1 k2 A- L-
Curvc 1 1.0e- 6 4.9tie-6 ¿JO 10.3e-3 0.528 2.27 3.93

Curve 2 1.0e- 6 4.94e-6 227 303 621 9.80e- 3 0.498 2.27 4.O7

Curve 3 3.0e- 6 7.27e-6 tt 9rì 2643 9274 10.2e-3 0.518 2.27

Transmission line model

The 500 kV transmission network connects three utility companies. The flrsi section

is 528 km long, and it connects Dorsey converter station to Forbes substation. The

second section is 220 km long, and it connects Forbes substation to Chisago substa-

tion. Each section was represented using the frequency dependent (phase) model in

E\,ITDC l42l[74].

Details of the tower confìgurations, tlpes of conductors etc., can be obtained from

data sheets. Fig.C.2 shows the graphical overview of the transmission line nodel, that

represents the 528 km long line from Dorsey to Forbes (called Line 1). and Fig.C.3

shows the graphical ovelview of the transmission line model, tha,t represents the 220

km long line from Forbes to Chisago (called Line 2)

1. Geometric data

Description Line 1 Line 2

Height of lowest conductors (Measured at Tower) lm] 28.956 30.48

Vertical distance of centre conductor above outer conductor lm] 9.692 nla

Horizontal spacing between phases fm] 6.706 9.756

Relative X position of tower certre on righi of way lml 0 0

Shult conductance lmhos/ml l.0e-10 1.0e- 10

Is this circuit ideally transposed 'Yes' 'Yes'

How many ground rvires 2 2
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Figure C.2: To'¡'er data for the 528 km long line: Line 1
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C. Simulation model of the power system: Parameters

Description Line 1 Line 2

Conductor name 'Chukar' 'Bunting'

Conductor râdius lm] L755e-2 1.6535e-2

Conductor dc resistance [O/Àm] 0.04486 0.0489

Conductor sag fm] 12.2 75.24

Number of sub-conductors in a bundle J :l

Bundle configuration symmetrical symmetrical

Bundle spacing lm] 0.457 At.457

2. Conductor data

3. Ground wire data

4. Ground resistivitv

Description Line l Line 2

Ground resistivity lO.rn] 65 100

Substations

The foilowing describes the parameters used in modelling the Dorsey, Forbes, and

Chisago substations respectively.

Description Line 1 Line 2

Ground wire name (HSS: High Strength Steel) 7/16',HSS r /2" HSS

Ground rvire radius lm] 0.5486e-2 0.5486e-2

Ground rvire dc resistance lQ/km] 2.81 2.865

Sag for all ground wires 7.6 12.Lg2

Height of ground rvires above lowest conductor fm] 16.7 10.668

Spacing betrveen ground wires lm] 10.2 21.336
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1. Source equivalents

2. Filter banks at Dorsey

Description Dorsey Forbes Chisago

Base \{VA (3 phase) [MVA] 720 720 645

Base Voltage (L-L, rms) [,k7] 230 230 500

Base frequency l1lz] 60 60 60

Source impedance type (P"llL)+L (Rl lL)+L L

Positive sequelce R (parallel) lf)] 5.79 9.85 nlà

Positive sequence L (parallel) 111] 1.13e-2 1.85e-2 nlà

Positive sequence L (series)lII] 1.81e-2 it. t f,L z 0.727

Source Values for exterral control

Voltage [Å,V] 206 7

Phase ldegl -0.525 0 t.J

Frequency lãz] 60 60 60

Description R tf¿l L IH] C |"Fl

Filter bank 1 l(R//L)+Cl bð.ð 9.49e-4 14.0

Bi-pole 2 - 11 lR+L+Cl 1.08 1.43e-2 4.r0

Bi-poìe2-13[R+L+C] 1.27 7.43e-2 2.90
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C. Simulation model of the power system: Patameters

3. Line reactors

Description Dorsey Forbes

Shunt reactor

R (series) iOl 65.8 8.05

L (series) 
f 
1/l 1.08 2.21

Neutral reactor

R (series) ff)l 5.22 4.56

L (series) lfll 1.13 0.862

R (parallel) lQ] 8000 11000
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