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ABSTRACT Geomagnetically induced current (GIC) has been a significant concern for the electrical power
grid in high latitudes for decades. Its origin starts in the Sun; during extreme space weather, the magnetic field
of the Earth varies rapidly. This variation induces electric fields at the Earth’s surface and leads to GICs in
manmade technologies. Power systems are the most affected by this induced current, which causes half-cycle
saturation of power transformers and other issues. Understanding the behaviours and chain effects of this
phenomenon is the key consideration in modelling the hazards to technological systems from space weather.
In this paper, a comprehensive review of space weather, geomagnetic disturbances (GMDs) and GICs and
their impacts on the power systems in both high and mid-low latitude regions is presented. Additionally,
we highlight the most commonly used methods to model and calculate geoelectric fields at the Earth’s surface
and GIC in the power systems with respect to DC and AC analysis. In addition, we have classified the
GIC effects on the different power system components. Moreover, the possible solutions and mitigation
techniques to eliminate or reduce these effects based on different GIC blocking devices are reviewed in this
work. This work provides researchers and power system operators a shortcut road path to understanding GIC

phenomena, modelling and calculations, effects, and mitigation of these effects.

INDEX TERMS Geomagnetic disturbance, power system, geomagnetically induced currents.

I. INTRODUCTION

Activities on the Sun, such as solar flares, coronal mass
ejections (CMEs) and prominences, cause strong space
weather and solar storms or geomagnetic disturbances
(GMD) [1]-[4]. When these storms, or CMEs, strike the
Earth, the magnetic field of the Earth, which provides natural
protection against the fast-moving plasma, is compressed.
The existing electric charges in the ionosphere and magne-
tosphere fluctuate and are enhanced, and new charges are
formed. In the polar regions, these charged particles travel
down through the lines of the magnetic fields and produce
an aurora. The impact of this complicated interaction results
in varying the magnetic field on the ground rapidly. Due
to this variation, a geoelectric field is induced on the sur-
face of the Earth, and it causes a geomagnetically induced
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current (GIC) [S]-[8]. This GIC is a very low-frequency
quasi-dc current (less than 1 Hz) with typical amplitudes
of 10-15 A and up to 300 A peak current for 1-2 min that
flows along conductors and modern technological infrastruc-
ture, such as communication systems [9]-[22], oil and gas
pipelines [23]-[30] and power transmission lines [31]-[39].

Power transmission systems are the most affected tech-
nological conductor systems among those impacted by a
GIC [29], [40], and the first recorded GIC effects on
such a system was in America on the 24" of March
1940 [18], [39]-[42]. There is much evidence and docu-
mentation on the GIC effects on power systems around
the world [34], [40], [43]-[46]. The most widely known
example of GIC effects on the power system is the col-
lapse of the Hydro Quebec power transmission system
on 13™ March 1989 in Canada, which was the result of a
strong geomagnetic storm. The impact of this storm on
the power systems in North America was larger than that
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reported in other systems altogether at all times [47]-[49].
This GMD caused wide blackouts and left approximately
six million people without electricity for 9 hours in Quebec
Province and both sides of the United State-Canada border,
and 61,800 MW load power was lost. Half of the Canadian
economy located in this province was affected by this black-
out. On the United States (US) side, the generator step-up
(GSU) transformer at the Salem Nuclear Plant was damaged
due to half-cycle saturation, which resulted in heating, and
it was taken out of service in Salem, New Jersey [2], [39],
[40], [50]-[53].

A few other failures of power transmission systems due
geomagnetic storms have been reported from the early 2000s,
such as a failure of power transmission systems in New
Zealand on 6" November 2001 [54]; the most recent storm
example is the Halloween magnetic storm that occurred
from 29t September to 2nd October 2003, which resulted
in high GIC values being detected in several transformers
across countries in Europe and around the world. GMDs were
observed in the British Isles and in the Scottish Power Net-
work [55]. In Sweden, a GMD struck the high voltage (HV)
transmission system in the Southern Province in Malmo and
caused protection to disconnect a 130 kV line due to harmon-
ics and blackout, which left approximately 50,000 people in
the dark for approximately 1 hour. A high GIC value of 330 A
was observed at the neutral grounded point of the transform-
ers, which resulted in that failure [29], [43], [53], [56]-[58].
As a consequence of the abovementioned effects, a large
number of studies associated with GIC have been performed
around the world by researchers in high latitude regions;
many of them were conducted in North America, for exam-
ple [40], [44], [59]-[68]. In Finland, studies [69], [70] have
developed the basic modelling technique of calculating GICs
in power grids, and several studies have been performed on
GIC effects on the Finish HV power system [71]-[74] and
the natural gas pipeline [75]-[77]. In the United Kingdom
(UK), a comparative study of a large event with real-time
observations from the UK and Finland has been performed
in [55], [78], in which researchers modelled GIC during the
extreme storm of October 2003. For Sweden, a study [43]
considered the most extreme GIC events observed in Swe-
den in July 1982 and October 2003, and [79] performed a
statistical study of GIC in South Sweden, Norway [80], Ire-
land [5], [81], and Russia [82]. Many studies have shown that
the power systems in high latitude regions are mostly affected
by GIC due to geomagnetic storms [3], [51], [56], [83]-[86].

It was considered by early researchers that the GIC
problems only related to HV power systems located
in high-latitude regions near the poles. In contrast to
this concept, GICs were detected in several power sys-
tems in mid-low latitude countries, for example, South
Africa [87], Spain [88] and New Zealand [54]. How-
ever, the 2003 GMD event has received attention and
especially motivated GIC analysis in mid-low latitude coun-
tries, and as a result, many studies have been conducted,
for example, on Argentina [89], Czech Republic [90], New
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Zealand [91]-[94], Brazil [95]-[97], South Africa [98], [99],
China [100]-[102], Japan [103], [104], Kenya [105], Aus-
tralia [106]-[108], continental analysis of Europe [56],
Spain [88], [109], Switzerland [110], Greece [111],
Namibia [112],Uruguay [113], Austria [114], Ethiopia [115],
[116], South Korea [117], Italy [118], and Mexico [119].
In high-latitude countries, the induced geoelectric field in
the east-west direction is remarkable. Therefore, higher GIC
values are generated in eastward transmission lines. However,
in mid-low-latitude countries, the geoelectric field can be
larger in the northward direction rather than eastward, and
GMDs can cause GIC in transmission lines in both eastward
and northward directions [102]. Furthermore, large quasi-DC
currents in power lines can also be induced by the detonation
of nuclear bombs at an altitude of 30 km above the Earth’s
surface or higher, which commonly known as a High-altitude
Nuclear Electro-Magnetic Pulse (HEMP). The gamma par-
ticles are spread over a wide area by such a detonation and
collide with air molecules. These collisions result in ioniza-
tion of the atmospheric layer and create an electromagnetic
signal that might interact with electrical power networks and
lead to GIC [120], [121].

Several reviews regarding GMD and GIC effects and
modelling of power systems have been performed by other
researchers [22], [39], [46], [122]-[125]. However, much
significant information has been neglected, and none of the
studies have covered the phenomenon in a comprehensive
manner. For example, in [22], brief information has been
presented regarding GIC effects, modelling and blocking
devices. In [39], a book chapter has been presented and
has mostly focused on only the extreme GICs and their
impacts on the different technological systems. In [46], only a
review on the challenges in understanding the risks of GIC to
national power grids has been presented. The study in [122]
focused only on the calculation part of the surface electric and
magnetic fields and on GICs in ground-based technological
systems; and additional consideration is that this review work
was conducted a long time ago, and much recent information
has been missed. The study in [123] focused only on mod-
elling the induced geoelectric and geomagnetic fields with
respect to GICs. In [124], the researchers mostly focused
on modelling and simulation of GIC in the power system.
In [125], the work is focused on GICs and space weather with
respect to research in Austria.

Therefore, a comprehensive review GIC effects, modelling
and mitigation on an electrical power system is presented in
this work; this paper is divided into the following sections.
In the second section, the overview of space weather and
its chain phenomena that lead to GICs, starting from the
Sun to the Earth, is presented, which includes an overview
of sunspots, solar flares, CMEs, solar wind, interplanetary
magnetic field, magnetosphere and ionosphere. In the third
section, an overview of the theoretical basis of GIC calcula-
tion steps is presented. A review of the related steps includes
the geophysical aspect, such as the geomagnetic field and
its measurement techniques based on observatories, Earth

VOLUME 8, 2020



Z. M. K. Abda et al.: Review of GIC Effects on Electrical Power System: Principles and Theory

IEEE Access

conductivity and geoelectric field calculations at the Earth’s
surface, which are presented in separate subsections.

In addition, in the geoelectric field calculations, the deriva-
tions of different techniques, such as the plane wave method,
spherical elementary current system (SECS) method, com-
plex image method (CIM) and Boteler and Pirjola method
(2016) are presented. In the fourth section, the GIC cal-
culation from the engineering perspective is introduced.
It includes the DC equivalent models’ conversion of different
power system components, such as the induced electric field
in the transmission lines, power transformers, shunt and series
devices, ground resistance and neighbouring networks. The
conversion of these DC models is significant to be considered
and understood for GIC calculations in power systems based
on DC analysis since GIC is quasi-dc current. Additionally,
we include a review of different methods for GIC calculations
on the power system nodes and components based on DC
analysis, such as the Lehtinen-Pirjola (LP) method, with
support for the derivations. Moreover, a review of simula-
tion tools that can be used to calculate GIC and monitoring
techniques is presented in separate subsections. In the fifth
section, the classification of GIC effects of the different
power system components is reviewed. This review includes
the effects on transformers, generators, protective relaying
and Static Var Compensator (SVC). In the sixth section,
areview of different GIC mitigation systems based on passive
and active blocking devices is presented. Finally, the seventh
section is the conclusion and perspectives of this paper. This
work presents very effective information and understanding
to researchers in this area of study.

Il. SPACE WEATHER

Space weather refers to physical conditions in the solar inte-
rior, in the solar atmosphere, in the solar wind, and in the
Earth’s magnetosphere, ionosphere, and thermosphere that
can impact the performance and reliability of ground-based
and space-borne technologies. The Sun constantly ejects
particles and radiation in all directions in the form of the
solar wind, solar flares, and coronal mass ejections (CMEs).
These particles and energy propagate into the Solar system
from these events and interact with the upper atmosphere
and magnetosphere of the Earth, leading to GICs in man-
made technologies. The occurrence of solar coronal holes,
solar flares, and CME:s is closely associated with the solar
cycle, which is approximately 11 years. This cycle is mea-
sured by a number of active regions on the surface of the
Sun. These active regions (or sunspots) are magnetically
complex, transient regions that can remain up to several
months [57], [81], [126]-[128]. Fig. 1 illustrates the space
weather chain that leads to GMDs. These phenomena will be
discussed in detail in the next sections.

A. SUNSPOTS

Sunspots are transient phenomena on the Sun’s photosphere
that provide the first indications of solar eruption possibility,
which could lead to a geomagnetic storm on Earth. They are
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FIGURE 1. Space weather chain steps from the Sun to the ground.

cooler, darker areas than the surrounding areas on the visible
solar disk due to reduced temperature caused by intense
magnetic activity and magnetic field flux concentrations on
the Sun, which are not fully understood. These magnetic
fields are powerful in that they prevent some of the heat from
reaching the surface of the Sun. However, the temperature
of the sunspot is still very hot, approximately 6,500 degrees
Fahrenheit.

Sunspots usually appear in pairs of opposite magnetic
polarities and can be very large, with a diameter up to
50,0000 km, and individual sunspots might continue for a
few days to months [129]. When the energy in the interior
of the Sun is released from sunspots, solar flares and CMEs
will erupt into interplanetary space, and it is important to note
that not all sunspots give rise to eruptive solar activity or are
accompanied with CMEs. The Sun’s rotation takes approxi-
mately 27 days to complete at the equator. The sunspots and
corona holes can persist for several rotations of the Sun before
dissipating. The magnetic field of the Sun goes through a
solar cycle, called the 11-year solar cycle. The magnetic field
of the Sun is completely flipped almost every 11 years, which
means that the north pole and south pole of the Sun switch
places and then take another 11 years or so to flip back their
places again, and near the end of each cycle, the solar activity
increases [81], [111].

B. SOLAR FLARES

Solar flares are sudden, rapid, and intense variations in bright-
ness, which can be seen on the Sun and are the most powerful
explosions in the solar system. A massive amount of energy
(up to 10% J) will be released from the interior of the Sun
in the form of radiation in a relatively short amount of time
(a few minutes) [81]. Solar flares occur when the energy in
the interior of the Sun is released from sunspots due to mag-
netic reconnection on the solar surface, and they accelerate
electrons into the atmosphere of the Sun, as mentioned in
the previous section. Solar flares are classified by increasing
energy as B, M, C, M, and the largest X, as measured by the
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Geostationary Operational Environmental Satellite (GOES),
based on the peak X-ray flux. The released radiation from a
very intense solar flare can ionize the upper atmosphere of the
Earth, which contributes to the ionosphere [130]. These vari-
ations in the ionosphere result in changing the magnetic field
at the Earth’s surface and cause GMDs and the disruption of
radio-based communications on Earth.

Solar flares are often accompanied by, or are precursors to,
CMEs [129], [131], [132].

C. CMEs

A CME is a spectacular giant cloud of plasma that car-
ries billions of tons of coronal material and embedded
frozen-in-flux magnetic field lines blown away from the Sun
during long-duration, strong solar flares (M and X-class)
and filament eruptions at speeds that range from slower
than 250 kilometres per second (km/s) to almost 3000 km/s,
and they are many times the size of the Earth. Addition-
ally, even some B- or C-class solar flares can erupt CMEs,
but these rarely occur. Unlike solar wind, the Sun does not
eject CMEs uniformly in all directions. Another factor that
results in CMEs is the duration of a solar flare. Depending
on the eruption’s location, the blast cloud could be fully or
partially Earth-directed, or could instead miss the Earth. The
fastest Earth-directed CMEs can arrive at Earth in as little
as 15-18 hours or more and are the most likely to impact
Earth’s magnetosphere, causing geomagnetic storm phenom-
ena or GMDs with vivid auroral displays. The slower CMEs
might take several days to arrive at Earth [133]. A north-
ward oriented CME has a lesser effect than a southward
oriented CME. The GMD is the consequence of nonlin-
ear chaotic and complex activities, including the Sun, the
interplanetary space, and the magnetosphere and ionosphere
of the Earth. Since CMEs cause the most intense GICs,
it is important to observe them and understand and analyse
some significant parameters, such as their size, speed, and
direction.

These parameters are observed, to determine any
Earth-impact probability, by many orbital satellites, such
as the Deep Space Climate Observatory (DSCOVR), the
GOES, the Solar Dynamic Observatory (SDO), identical
pair satellites (STEREO) co-orbiting with the earth around
the Sun, and more. Additionally, a coronagraph is per-
formed by the National Aeronautics and Space Administra-
tion (NASA) Solar and Heliospheric Observatory (SOHO).
Based on the National Oceanic and Atmospheric Admin-
istration (NOAA) space weather scale, geomagnetic storms
are classified into five levels. The space weather prediction
centre (SWPC) forecasters predict levels of geomagnetics
in a 3-day forecast based on discussion and analysis of
CMEs [4], [81], [127], [129]. In addition, machine learning
techniques are another promising opportunity for predicting
coronal mass ejections on the Sun and related GMDs [134].
However, these prediction techniques have a challenge, which
is that with the current data, the revolution of the current
data science movement has not been fully embraced, perhaps
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because space physicists remain sceptical of the gains that
could be achievable with machine learning [135].

D. SOLAR WIND

The Sun ejects a continuous stream of plasma in the form
of solar wind in all directions. This plasma gas consists
mostly of electrons and protons, with some other ions, and is
caused by the extremely high temperature of the atmosphere
of the solar corona base, known as coronal holes. This corona
plasma is low beta, high conductivity, and it is heated to
approximately 1 — 2 million Kelvin, by processes that are
still not fully understood [136]. It contains a strong embedded
magnetic field and has pressure that is much higher than
the pressure of interstellar space, and as a result, it expands
and radiates outward, accelerating particles into the solar
system and interacts with the Earth’s environment through
interplanetary space [129]. The speed of this solar wind
differs according to the location of origin. The slow solar
wind comes from closed magnetic fields areas of the Sun
with speeds of 300-500 km/s, and a temperature of ~105 K.
The fast speed solar wind comes from open field lines of
coronal holes with a typical speed of 750 km/s up to several
thousand km~!, and a temperature of 8 x 10° K. The solar
wind is usually reduced to ~ 450 km~! by the time it reaches
one astronomical unit (AU). In addition, the solar wind has a
pressure that is usually in the range of 1-6 nano pascals (nPa)
((1-6) x107 N/m?) at 1 AU, although it can be out of that
range, and both the slow and fast solar wind can be interrupted
by CME:s [8], [137]-[139].

E. INTERPLANETARY MAGNETIC FIELD

The Sun has a magnetic field structure called the interplane-
tary magnetic field (IMF) or the Heliospheric magnetic field
(HMF). This magnetic field is carried into an Archimedean
spiral (named the Parker spiral) [140], [141] and interplane-
tary space by solar wind due to the rotation of the Sun. The
magnetic field lines in the corona around the solar equator are
closed, which constrains the released plasma. However, the
magnetic field lines are open at the lower and higher latitudes
and are radially directed outwards. These open field lines
are separated from the northern and southern hemispheres
by a current sheet, and as we have explained in the previous
section, the polarities of the Sun’s magnetic field are flipped
with each solar cycle). With the interplanetary magnetic field
vector component, which is opposite and antiparallel to the
Southward magnetic field of the Earth, a physical process
(known as magnetic reconnection) occurs on the magne-
topause’s dayside, where the solar wind energy is transferred
into the magnetosphere of the Earth, and due to this recon-
nection, the magnetic energy of the particles is converted
to kinetic energy, thermal energy, and particle acceleration.
This reconnection can also occur at higher latitudes when the
solar winds affect the Earth with an IMF from the North.
In terms of the available geomagnetic field at the Earth’s
surface or Earth’s magnetic field, it is the magnetic force field
that outspreads from the interior of the Earth into space and
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results from overlapping magnetic fields from a number of
various sources, which include the internal magnetic field of
the Earth and many current systems in the atmosphere and
outside the atmosphere. The charge’s movement (molten iron
and nickel) in the Earth’s core helps to maintain the internal
magnetic field of the Earth. This magnetic field varies slowly
over time in case of an absence of any external forces on
it, and therefore, by itself, it does not contribute GIC; mag-
netic variations cause this phenomenon due to the interaction
between the magnetosphere and the Sun [81], [136], [142].

F. MAGNETOSPHERE

The Earth’s magnetosphere is defined as the spatial domain
of the magnetic field lines that are linked to the Earth, and
it extends above the Earth’s ionosphere asymmetrically into
space. The magnetosphere’s border is located where the mag-
netic pressure of the Earth balances with the pressure of
the solar wind. The nightside hemisphere of the magneto-
sphere is called the magnetotail; it is weakened, elongated
with open magnetic field lines, and comprises plasma with
ion temperatures up to 5 x 10”7 K. There are two toroidal
regions within the magnetosphere that have trapped plasma,
called the Van Allen belts. The closest belt comprises mostly
ions and MeV protons, and the outer belt is mostly elec-
trons with 100 keV energies. The densities of these belts
increase during geomagnetic events such as impacts of CMEs
on the magnetosphere of the Earth [143], [144]. They can
affect satellites in the form of increased drag. Additionally,
a number of electrical current systems are composed from
the atmosphere and magnetosphere of the Earth due to the
motion of charged particles. One of these main current sys-
tems is located between 10,000 and 60,000 km in altitude
and is caused by the longitudinal drift of particles known
as the equatorial ring current. Another current system in the
magnetosphere flows at the dayside magnetopause, and its
tail is in the nightside magnetosphere, which is known as
the Chapman-Ferraro currents [81], [145], [146]. The mag-
netosphere of the Earth has been measured since the 1960s
by spacecraft instrumentation [147], and much of the data of
these spacecraft is publicly available from NASA [148].

G. IONOSPHERE

The ionosphere is the ionized part of the upper atmosphere
of the Earth, between approximately 60 km to 1,000 km
in altitude. In this region, atoms and molecules are ionized
by Extreme Ultraviolet (EUV) and solar X-ray radiation
from the Sun, creating a layer of electrons. This ionized
part plays an important role in reflecting and modify the
radio waves used for navigation and communication sys-
tems. Additionally, cosmic rays and charged particles can
contribute to the ionosphere due to the ionizing effect. During
the 11-year solar cycle, the amount of energy changes at EUV
and X-ray wavelengths in such a way that the ionosphere
density varies. Some layers are created within the ionosphere
due to solar radiation spectral variability and the different
constituents’ densities in the atmosphere; these are called
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FIGURE 2. Flowchart of the GIC calculation, including geophysical and
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the D, E, and F layers. Since the solar irradiance causes the
largest amount of ionization, the dayside of the earth and
the pole pointing toward the Sun have much more ioniza-
tion than the night side of the earth and pole pointing away
from the Sun. With increasing altitude, the densities of the
ions increase and decrease. The behaviour of the charged
particles at high ionospheric altitudes is weakly affected by
collisions, and hence, they almost exclusively move through
magnetic flux lines. At lower ionospheric altitude in the range
of 90-150 km from the surface, the neutral particle density is
high, which results in a significant number of collisions. The
good conductivity layer in different directions is positioned
near 100 km [81], [146], [148]-[150].

Ill. THEORETICAL BASIS OF GIC CALCULATIONS:
GEOPHYSICAL PART

The GIC calculation is divided into two major parts. The
first part is the geophysical part, which is a response to
the geoelectric field on the Earth’s surface to given geo-
magnetic disturbance data and the conductivity structure of
the Earth. These disturbances arise from ionospheric and
magnetospheric currents and can be recorded at geomag-
netic observatories and available satellites in space. Whereas
the geoelectric field can be obtained by calculation, the
geophysical part is totally independent of the technological
system. The second part is the electrical engineering part,
and the geoelectric field drives GIC in power grids, which
can be calculated by using different available software and
network theory-based simple DC network models (see Fig. 2)
[56], [151]. In this section, a review of the geophysical part,
including the geoelectric field calculation methods at the
Earth’s surface, is presented.

A. GEOMAGNETIC FIELD

The first step of the geophysical part is measuring or
reconstructing the geomagnetic field at the Earth’s sur-
face. There are various ways to measure magnetic fields
since 1835 different countries have set up their permanent
magnetic observatories to monitor and measure the local and
global geomagnetic field. In these observatories, the magnetic
field of the Earth is recorded continuously and accurately
with a time resolution of one minute or less. The observatory
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sites must be magnetically clean and continue to be clean for
the predictable future. Most of these sites were set up in the
Northern hemisphere and Europe. There are different types
of magnetometers, and variometers [152] are used in these
sites, such as the search-coil magnetometer, an illustration
of the search-coil design, flux-gate magnetometer, optically
pumped magnetometer, nuclear-precision magnetometer, and
hall-effect magnetometer. The recorded data from these sites
are used to contribute to the magnetic field of the Earth
globally and to determine ionospheric equivalent currents
using the SECS method [4], [153], [154]. The magnetic
field is measured from observatories in three dimensions,
as illustrated in Fig. 3. The magnetic field strength pointing
in the North and East geographic location is measured by the
horizontal Bx and By components. However, it is possible to
attempt to forecast the geomagnetic field at the Earth’s sur-
face directly from solar wind data [123]. The magnetic data
from geomagnetic observatories are used to compute the geo-
electric field. Currently, the long-term observatory networks
produce the complements and excellent global distribution
data from monitoring the geomagnetic field by satellite [155].
In addition, there are many high-quality long-term geoelectric
field measurement observatories that have been installed in
different countries around the world [4].

B. EARTH CONDUCTIVITY

The second step to calculating the geoelectric at the Earth’s
surface, which plays a critical role in the amplitudes of the
GICs in man-made conductors and power systems, is by esti-
mating the Earth’s impedances [4]. The surface impedance is
dependent on the conductivity structure of the Earth below
the power systems, and the geomagnetic field penetration
into the crust of the Earth is determined by the frequency
of the geomagnetic field variations and the ground conduc-
tivity. The Earth’s conductivity is another factor that is nec-
essary to compute since it is involved in the induced field;
this induced field is very dependent on the location. Dif-
ferent Earth materials have different values of conductivity
and resistivity. The GIC values are higher in regions and
countries where the geology is overall more resistive [156].
There are few models to measure the Earth’s conductivity,
such as the one-dimensional (1D) [157], [158] or layer cake
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conductivity model, two-dimensional (2D) layer conductivity
model, and three-dimensional (3D) [159] layer conductiv-
ity model; in addition, empirical 3D Earth impedances and
interstation transfer functions can be used [160]-[162]. A
1D layered model is the simplest and most commonly used
method for modelling the Earth’s conductivity variations with
depth, for geoelectric field calculations [56], [163]-[166].
A 1D impedance tensor provides a sensible approximation
in many conditions. However, it ignores lateral variations in
conductivity. In reality, conductivity structures are rarely one-
dimensional; for example, within the power network there
could be different geological regions, such a land/sea bound-
ary (i.e., coastline) or different rock structures of different
compositions. This circumstance could cause a 1D model to
break down due to the interface between the two conductivity
structures and a large difference in the conductivity, which
has a large enhancement in the geoelectric field. In this case,
2D or 3D can provide more accurate results [ 163]. In addition,
the 3D model provides a closer correlation between the scien-
tific models and measured data of GICs [46]. There is a vari-
ety of transfer functions that can be used in Magnetotelluric
(MT), and the most common MT impedance tensors (Z) for
1D, 2D, and 3D models are presented in equations (1-3),
respectively [81].

() =u(25)G) o
Ey)  po\—Zy O By
(2)=u(5)E) o
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&)-wEZ2)E) o
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C. GEOELECTRIC FIELD AT THE EARTH'’S SURFACE
The geoelectric field calculation at the Earth’s surface is the
main step towards calculating the induced voltage source
across the transmission lines due to the geomagnetic field.
There are many available methods for calculating the geo-
electric field, and these methods will be described in this
section. The first mathematical expression was derived in
1940 by McNish [42], to calculate the electrical field of
the Earth using the formula in equation (4). This model is
incomplete because the Earth’s conductivity, which affects
the geoelectric field size, was neglected.

P 4
Y

where E is the induced electric field, A is a potential magnetic
vector of the flowing auroral line current in the atmosphere,
and t is the time. In 1966, Kellogg calculated the Earth’s
electric field from Maxwell’s equations, as in [112], [167]:

VXE=—-—— 5
x a7 (&)

where B is the magnetic field. In this method, the con-
ductivity of the ground is assumed to be uniform and to
represent the magnetic field, and a plane downward prop-
agating wave is used. Equation (5) is also known as the
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Maxwell-Faraday equation [8], [168], [169]. A mathematical
relationship between variations in the magnetic field of the
Earth and the induced electric field was derived by Albertson
and Van Baelen [170]. However, the most commonly used
methods for calculating the electric field on the Earth’s sur-
face and is the plane wave method, CIM, SECS, which is
introduced and validated in 1997 by Amm, and the Boteler
& Pirjola method.

The plane-wave method assumes a plane-wave over the
surface of the earth that vertically propagates downward in the
z-direction into the earth with a layered or uniform conductiv-
ity structure. This structure contains horizontal layers with a
thickness (d) and conductivity (o), which can be represented
inusinga 1D [39], [77], [96], [122], [129], [158], [171]-[173]
layered uniform earth model, and the conductivity varies with
depth. Each layer is assumed to be isotropic and homoge-
neous and infinitely extended in the X, y, and z directions,
northward, eastward, and downward, respectively. The skin
depth (§) at a low frequency is related to the GIC and can
approach 1000 km, and it is dependent on the angular fre-
quency (w), the magnetic permeability (1), and the conduc-
tivity (o), as described in equation (6) [117].

2
§=— (6)
[BY0hes

It is common in physics to set the magnetic permeability
1 to the free-space value (ug) for most of the materials of
the Earth. The surface impedance Z(w) is dependent on the
conductivity structure of the Earth below the electrical power
system, and the frequencies required for the calculations of
the surface impedance are obtained from the geomagnetic
field and a 1D layered Earth model. The frequencies range
from 0 Hz to 8.3 mHz, which are based on 1-minute geo-
magnetism sample intervals. The Earth’s surface impedance

is described in equation (7):

. .
zwbu%g=ﬁ$i ™

After the magnetic data is given and the total impedance Z
(w) is found, the surface geoelectric field E can be calculated
by transforming equation (7) to

VA

Ex @) = 22 B (w) ®)
140
Z

E @) = 2 B (w) ©
140

where Ex(w) is the northward geoelectric field (V/m), Ey(w)
is the eastward geoelectric field (V/m) produced by the geo-
magnetic disturbances on the Earth’s surface, which lead
to GIC in electrical power grids, Bx(w) is the northward
geomagnetic field intensity (A/m), By(w) is the Eastward
geomagnetic field intensity (A/m), and pg is the magnetic
permeability of free space. The calculation of the surface
impedance can be obtained by using recursive relations to
transmission line theory in an analogous manner, where each
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FIGURE 4. Electric field estimation from magnetic field data in the
frequency domain.

layer is differentiated by its propagation constant.

For the bottom layer, the surface impedance is described in
equation (11), where there are no reflections.

7, = 10K
kn

To calculate the reflection coefficient seen by the layer
above, equation (12) is used.

(11)

1 - knﬂ
SRRy

The impedance at the top surface of that layer then can be
calculated by using equation (12).

1=y o= 2kndn
n-e (13)
ki (1 + ry - = 2kndn)

Zn=j~w~uo(

where o), is the conductivity of layer n (2-m)~ 1), and r,
is the thickness of layer n (m). The size of the induced
geoelectric fields due to a geomagnetic disturbance is depen-
dent on the electrical conductivities of the different regions
within the Earth. Usually, the geoelectric field spectral value
E(w) is obtained by multiplication of the magnetic field
spectral value in the frequency domain and by the surface
impedance value (and divided by o) as presented in the
above equations, and a Fast Fourier Transform (FFT) is used
to transform the obtained magnetic field data B(w) from the
observatories from the time domain to the frequency domain.
Then, the inverse Fourier transform is employed to obtain the
value of a geoelectric field in the time domain E(¢) for both
northward (Ex) and eastward (Ey) components (see Fig. 4).
It is important to note that this method has been extensively
used in GIC studies with extreme geomagnetic storm events.
In addition, it has been used for surface geoelectric field
response studies on the basis of a hypothetical simulation of
an extreme Carrington-type event [6], [29], [39], [113], [117],
[149], [174].

The SECS method is another widely used technique, which
was introduced by Amm [175] and Amm and Viljanen [153]
and was extensively demonstrated by Pulkkinen et al. [176] to
calculate the geomagnetic field variations and the geoelectric
field at each point in a power grid that covers the area under
study. Two SECS types were introduced by Amm: one type
is divefgence-free (DF) (jdt.e1), and the other type is curl-free
(CF) (jet.e1), as illustrated in equations (14) and (15), respec-
tively [56], [157], [177].

Gt (7) = 220 coi (2 e, (14)
MA\") = g, O\ 7))
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0’=0|(pole) 0’=0|(pole)

FIGURE 5. Two-dimensional CF and DF SECS adapted from Amm and
Viljanen [154].

= -\ Io,cf 19_/ 15
Jefel \ 7 = IR, cot 5 e (15)

where R; is the ionosphere radius, and /o df is the

cf
divergence-free and curl-free elementary systems scaling fac-

tors. Both of the above formulas are assumed to be in a
spherical coordinate system (r/, %', ¢), with unit vectors
(eri, €y, e(/p) oriented such that the North Pole is in the ele-
mentary system’s centre at ¢’ = 0, as presented in Fig. 5.

The surface current density J () in cylindrical coordinates
is

1
Qnr)

where I is the amplitude of any surface current density, &
is the height in cylindrical coordinates, r is the cylindrical
coordinates of the Earth’s surface in the xy plane, and ey is
the unit vector in the direction ¢.

r=q/x2+y? (17)

Hence, the induced electric field due to one element at the
surface of the Earth is derived as follows:

iopol V12 +h: —h

J(r) = (16)

E = 18
4 r ‘ (18)
The magnetic field is
ol h r
B=—(1—- —— —_— 19
4m(< m) ot e 19

where 1, is the Earth permeability, w is the angular fre-
quency, and Z is vertically downward axis points.

In the CIM is a simple and approximate method for com-
puting the produced electric fields by the auroral electrojet,
considering the electrojet to be a line current at an altitude
of 100 km. This method was originally suggested by Wait and
Spies [178], [179] and has been extensively used to inves-
tigative the produced fields by conductors near the surface
of the Earth [180]; it is also widely used for engineering
purposes, such as modelling a typical ionospheric event and
the electrojet, and its applicability to GIC studies recently
has been demonstrated and emphasized [32], [123], [165],
[181]-[183]. In this method, the Earth’s effect is approx-
imated by assuming the ground to be a perfect conductor
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FIGURE 6. Geomagnetic induction in the loop ABCD.

at a complex depth that depends on the frequency and the
real conductivity structure of the Earth, and it is considered
to be very fast and accurate. However, if applied to power
systems located away from the auroral regions, it could result
in inaccuracies, since it assumes that the magnetic and electric
fields on the surface of the Earth are caused by auroral
electrojets [184].

In the Boteler & Pirjola [165] method, the calculation of
the geoelectric is described in the following simple case.

According to Faraday’s law of induction, the variation
in the magnetic field with respect to time in a conductive
medium induces an electric field, as presented in equa-
tion (20). The value of this induced electric field depends on
the variation rate of the magnetic field.

do 20
€=-— (20)

where @ is the magnetic flux, considering the loop ABCD in
Fig. 6, where AB is a power line with length L. We consider
that the AD, DC, and CB loop expand vertically to infinity,
as represented by the dashed line in Fig. 6. The surface
magnetic field within the loop ABCD has the value By, which
weakens with the depth (z).

B = Bye Vs (21)

The complex skin depth (§), with consideration of the
uniform Earth conductivity (o), is equal to the following:
8= ! (22)
Viwhoo

The magnetic flux of the loop ABCD can be determined by
integrating equation (21) from O to infinity for the depth z and
multiplying by the length L:

o)
o = / BdzL = §BoL (23)
0

Substituting equation (23) into equation (20), we can
obtain

dd .
= Edl = -2~ — _jwsByL (24)
ABCD dt

If the electric field at an infinite depth is equal to zero,
and there is no electric field along the sides AD or CB in the
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FIGURE 7. Required grid data for GIC calculations and modelling.

horizontal direction, then the integrated electric field along
the side AB is equal to EpL.

75 Edl = EoL = —jwSByL 25)
ABCD

Dividing both sides of equation (25) by L gives the electric
field amplitude at the Earth’ s surface, which is equal to the
following:

Eo = —jwéBy (26)

IV. THEORETICAL BASIS OF THE GIC CALCULATION:
ENGINEERING PART

The engineering part includes the GIC calculation in the
power grid. Since the GIC has a very low-frequency range
from a power systems viewpoint, it can be treated as DC, and
a single DC model of the power network can be considered
to calculate the GIC. Additionally, the GIC can be calculated
based on the AC analysis by using simulation tools. There are
some power grid parameter data that are required for both the
AC and DC analysis, which have the most significant impact
on the value of GIC, such as the data on the transformers,
transmission lines, generators, substation coordination, and
shunt devices, as illustrated in Fig. 7. In this section, a review
of equivalent DC model calculations of different power sys-
tem components and GIC calculation methods in the power
grid is presented.

A. EQUIVALENT VOLTAGE SOURCE ON THE
TRANSMISSION LINE

We already reviewed in the previous sections the horizontal
geoelectric field calculation techniques at the Earth’s surface.
The existence of the transmission lines does not impact this
induced field in the ground. The same induced field is expe-
rienced in the transmission line and ground since they are
sufficiently close to each other [163], [185]. The effects of
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FIGURE 8. GIC flow into transformers, a: two windings, b: three windings,
and c: auto.

(a) (b) (c)

FIGURE 9. A DC equivalent circuit of transformers, two windings, b: three
windings, and c: auto. Here, R, , is the dc resistance of the grounded wye
winding at the low voltage (LV) side, R, is the dc resistance of the
grounded wye winding at the HV side, Rs and R represent the series and
common winding resistances of the autotransformer, respectively, X is the
lower voltage side with respect to the primary side of an autotransformer,
Rg is the grounding resistance of the substation, Vj; and Vj are the
induced voltage sources along the transmission lines between the nodes,
and R;; and Ry are the DC resistances of the transmission lines.

this field on a power system are equivalent to a DC voltage
source’s set connected in series along the transmission lines
located between substations (see Figs. 8 and 9). This voltage
source’s value is the integral of the electric field along the
line, as presented in equation (27).

V= y{ Eodl (27)

where E is the geoelectrio field (V/km) along the transmis-
sion line, and dl is the incremental length of the line seg-
ment with the direction. If the geoelectric fields are assumed
to be uniform over the power system network, then the
geographic locations of the substations (endpoints of trans-
mission lines) are significant to consider regardless of the
routing twists and turns. Thus, equation 27 can be simpli-
fied to equation 28 by considering the x and y coordinates
of both E and L with the path independence of the inte-
gral [1], [56], [151], [186]-[189].

Vi=EoL =E,L, +E,L, (28)

where L is the length of the transmission line (km), Ex
is a northward geoelectric field (V/m), Ey is an eastward
geoelectric field (V/m), L, is the northward line distance
(m), and Ly is the eastward line distance (m). In the case of
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FIGURE 10. Equivalent circuit of the power network a: when ignoring the neighbouring power network, b: DC
equivalent circuit of the neighbouring power network based on the second option, c: the neighbouring power
network when Ry, = R;, and d: the neighbouring power line with multiple sections.

considering the non-uniform geoelectric field, equation (27)
is applied. The value of the integrated DC voltage source
connected into a transmission line can also be calculated
using equation (28) [67].

Vi (1) = \/E,%TE}Z * [ % cos(6 (1)) (29)
6 (t) = 6L — Oger (30)
1= e+ 3D
1, = 111.2(Lat; — Lat)) (32)

l, =111.2 (Longl - Long2)
sin(90° — 0.5(Lat; + Laty)) (33)

where [ represents the geographical distance between the
two terminal substations of the transmission line, and
0r and Oggr is the angle of the geoelectric field vector
and transmission line with respect to the x-axis, respec-
tively. The global positioning system (GPS) measurement
is necessary to obtain the latitudes and longitudes of the
substations, to obtain an accurate distance between them.
A GPS that uses the WGS84 model is precise and is
recommended [163], [186], [190]-[192]. In the case of a
single line DC model consideration of the power system,
the induced geoelectric field will be presented as a single
DC voltage source connected along the transmission line
(see Figs. 9, 10, and 11).

B. EQUIVALENT DC MODEL OF THE TRANSFORMERS

The DC equivalent model of the power transformers is the
most significant in the GIC calculation based on DC analysis,
since it provides most of the connections to Earth (grounding)
in the power systems and different transformer configura-
tions can produce different heating impacts within the trans-
formers. For the GIC calculation, only windings that have
physical connections to the ground, such as grounded wye
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connections, are considered, since they provide the GIC flow
path. Windings without a physical connection to ground and
mutual coupling windings, such as delta and ungrounded wye
windings, are excluded. In addition, delta windings that are
available in generator step-up transformers and three wind-
ings transformers (if applicable) are excluded, since they do
not provide a GIC flow path. The diagrams of a two-winding
transformer, three-winding transformer, and autotransformer
and their DC equivalent models’ conversion are presented in
Figs. 8 and 9 [163], [187], [193], [194].

If a GIC blocking device is connected, its impedance will
be added between the windings and the equivalent ground
resistance. The per-unit positive sequence equivalent resis-
tance Ryy is calculated considering the winding resistances
at both the LV and HV sides, as presented in the following
equations:

Ryt + n*Rua

34
Zon (34)

Ryr =
Here, n is the transformer turn ratio, and Zp is the base
impedance on the HV side of the transformer. In case, the
actual winding data is unavailable, the HV winding resis-
tance is calculated based on equation (34), assuming that the
referred values of the winding resistances at both sides are
approximately equal.
1
Ry1 = 2 “RuL - Zph (35)
In autotransformers, the series winding provides a connec-
tion between the LV and HV buses, and the neutral point is
connected to the LV bus through the common (shunt) wind-
ing. At this location, there is no direct connection between
the neutral point and HV bus, and the dc equivalent cir-
cuit of an autotransformer is presented in Fig. 9c. The R;
and R, resistances in the Figure can be calculated by using
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FIGURE 11. Simple three-bus power network with the induced
geoelectric field.

equations (36) and (37), respectively.

1

R; = E “Rux - Zpn (36)
1 Ryx-Z

R. = - HX l;h (37)
2 (n—-1

C. SHUNT AND SERIES DEVICES

In general, the bulk power systems use shunt and series
elements, such as capacitors and reactors, to help control the
system voltage, to re-direct the power flow and to improve
the system stability. The series and shunt capacitors present
a very high impedance to the flow of GIC [164]. Therefore,
for the GIC analysis, they are excluded from the system by
removing the line from the model completely, or in the case
of a series capacitor, it can be included in the model by adding
a very large resistance (e.g., 1 M€2) in series with the line dc
resistance. On the other hand, shunt reactors present a low
impedance to the GIC flow path and consequently must be
included in the analysis. The dc model of a grounded-wye
shunt reactor is similar to that of a grounded wye winding
of a GSU. The values for the dc winding resistance can
be estimated using an assumed X /R ratio in case they are
unknown [163], [187].

D. GROUND RESISTANCE
The ground resistance is important to include in the GIC
calculation and analysis, and we note that each substation
contains only a single ground resistance with a specified
value, and it is connected to a common neutral bus with Rg
as the resistance to remote locations of the substation ground
grid, as illustrated in Figs. 8 and 9 [187]. The number of
grounded wye transformer windings located in the substation
determines the number of connections linked to the neutral
bus. For the GIC calculation, the sum of the ground resis-
tances, transformers windings equivalents and shunt reactors
is calculated, and it is represented as one resistance

for each substation; it is connected to transmission lines in
parallel (see Fig. 11).

E. NEIGHBOURING NETWORK
To perform an accurate GIC effects analysis, the neighbour-
ing power network must be accounted for. The dc

equivalent circuit of the neighbouring power systems can
be calculated by using Thevenin’s theorem. There are few
options to address the neighbouring power systems during the
GIC calculations based on DC analysis (see Fig. 10). These
choices will be reviewed in this subsection.
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The first option is to ignore the neighbouring power net-
work or leave its connection as an open circuit, as presented
in Fig. 10a. This approach considers the simplest and most
commonly used method because it requires the least infor-
mation related to the neighbouring grid. Since there is no dc
equivalent circuit for this approach, the Thevenin resistance
(Rs) is equal to infinity, and the Thevenin voltage (Vy,) is
equal to zero [195]. In the second option, the dc equivalent
circuit of the neighbouring power network is represented as
the transmission line connected to the first substation using
grounded resistance (see Fig. 10b). In this case, the dc equiv-
alent circuit includes the combined resistance of the line and
the substation, Ry, = Rr + Rs, and Vy,, which equals the
induced voltage V. The third option is that the dc equivalent
circuit of the neighbouring power network is represented as
an infinitely long line, and when Ry, >> Rg, Ry, can be consid-
ered to be equal to Ry, and Vy, equals the induced voltage Vp,
(see Fig. 10c). For long neighbouring power lines with sub-
station resistances Rg and line resistances Ry, as illustrated
in Fig. 10d, the end section’s Thevenin equivalent values are
Vin = Vi and Ry, = Rs + R; when connecting this section
to the next section, and the new Thevenin equivalent circuit
is calculated based on equations (38) and (39).

Rp + 2Rs
Vi =V, ——— 38
th L{RL+RS} (33)
RL+2RS}
Ry =R { ——— 39
th L{RL+RS ( )

If R > Ry, then Vy;, =~ Vi and Ry, =~ Ry. In the case
in which this approach is used as a connection to another
section, the calculations are repeated, and the same param-
eters of the Thevenin equivalent circuit are obtained.

F. GIC CALCULATION IN A POWER GRID
The DC resistances, which are explained in the previous
subsection, are used to build a power network with electric
field sources that represent geoelectric fields and drive the
GIC in each branch of the network. There are several methods
for calculating the GIC in a bulk power system, such as the LP
method NAM method and MIM method [113], [191], [196].
The LP method considers the most common method for GIC
calculations in the power network, which was developed by
Lehtinen and Pirjola in Finland in the 1980s. It is basically
like NAM but somewhat more general. The three-bus network
in Fig. 9 is simplified and used to illustrate this method,
as presented in Fig. 11 [129].

where R;, R; and Ry represent the resistances at each
substation, which include the transformer winding resistance
and the substation grounding resistance, R;; and Rj; represent
the transmission line resistance between the substations, and
Vij and Vj represent the induced electric fields connected
in series along the transmission lines. To simplify a power
network in a single-phase equivalent circuit of all of the
components, the resistances of each phase in each component
in the circuit are assumed to be equal [69], [188], [197]. Using
Norton’s theorem, the resistance R;; with the induced electric
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FIGURE 12. Current equivalent based on Norton’s theorem.

field source connected to the transmission line L;; is converted
to the admittance of the line y;; in parallel with an equivalent
current source i;;, as presented in Fig. 12, and the parameters
of y;; and i;; are defined in the following equations.

V‘.
iy = =2 (40)
1
= — 41
Yij R; (41)

Substituting equation (41) in equation (40), the line current
ijj due to the induced electric field V;; in L;; can be given as
follows:

iij = Vij)’ij (42)

Vij is calculated by using equations (27-29), as we mentioned
earlier. Using Kirchhoff’s law for the current, the sum of the
total current at node i is derived as follows:

=) ii=— iy (43)

where N is the total number of nodes, and the current in line
ij is written as follows:

iij = Vijyij + yij(vi — vj) 44)

After the common term yj; is factorized, equation (44) will
be written as

i = yij [Vii + (vi = )] (45)

Substituting equation (45) into equation (43) yields the
following:

N
ij=— Zyji[Vg/ + (Vi - \{,')] (46)

The node voltages are equal to zero by assuming that the
ground path from each node has zero resistance. Thus, the
current in the branches will have the same value as the current
sources, which makes the total value of the current sources
be the same as the current flow to the ground. According to
Kirchhoff’s’ current law, this relationship can be written in
equation (47).

N
JE==) Vi #J (47)
j=1
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Substituting equation (47) into equation (46) yields:
N
i=Jf =Y (vi—vy) yyi #J (48)
j=1

By expanding equation (48), we have
N N
i =Jf =Y vivii+ Y vivi #J (49)
j=1 j=1

By the first and second summation in equation (49), the
diagonal elements of a network admittance matrix and the
dependence of the current i; on all of the other voltages will
be represented in equations (34) and (35), respectively.

N

Yi= i #J (50)
i=1

Yi = —yyi #J (51)

Substituting equations (50) and (51) into equation (49),
we obtain

N
i =Jf =) Y} (52)
j=1

Equation (52) can be written in matrix form for all of the
nodes, as follows:

(] = 1= [¥][v]] (53)
where [I¢] is the column matrix of the nodal currents, [J¢]
is the column matrix of the current sources, and [V/] is the
column matrix of the nodal voltages at each node. These
voltages can be derived as the product of the nodal current and
the earthing impedance matrix [Z¢], as given in equation (53):

V] =[z1[r°] (54)
Substituting equation (54) into equation (53), will obtain
[ =[] =[] 12 ] 69
Re-arranging [/¢] in equation (55) will get:
] =[] an+ [¥] [z (56)

where [1] is a unit matrix. The current in each node [/¢]
can be computed by multiplying [J¢] with the inverse of
([11 + [Y/1[Z°]), as given in equation (56):

[1°] = (11 + [Yj] [Ze])_l [7¢] (57)

where [/¢] also represents the flow of the GIC through the
node to the ground. With the application of the superposition
principle, the induced electric field in the power network is
decomposed into the northern and eastern component, and
[J€] in equation (56) will be calculated twice:

N

) =— Y E()yyyi #J (58)
j=1
N

Gy == EQ)yyi #J (59)
j=1
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where J f(x) and Jﬁy) are the total values of the current sources
at a node due to the eastern and northern components of the
induced electric fields, respectively. Therefore, the resulting
nodal current due to the induced electric field will be written
as follows:

] = (n+[v/] z) "' 2]
F(+ [Yf] 2] [J;] (60)

For an electric field of 1 V/km in both the eastern and
northern components for node i, we have the following:

ai = (1+ [¥] [z 5] ©61)
b=+ V] [z)7" [5] (62)

where a and b are the nodal currents that correspond to
the 1 V/km induced electric fields at the eastern and northern
directions. Thus, equation (60) can be re-written as

[I¢] = [ai] Ex + [b;] E, (63)

where Ey and E, represent the induced electric fields
in the northern and eastern directions, respectively.
Equations (61) and (62) are fixed parameters for a specific
power network. Thus, equation (63) can be used to calculate
the nodal currents once the a and b network parameters are
calculated [56], [191], [197]. The NAM method has been
developed for the load flow calculations. Boteler and Pirjola
compared the NAM and the LP methods and found that they
were mathematically equivalent [197]. The reactive power
consumption at the normal exciting current without GIC is
calculated from the following equation [198], [199]:

0=3U;-1 (64)

where U; and I; are the voltage and fundamental harmonic
values of the magnetization current in each phase, respec-
tively. The reactive power consumption of the transformers
under the GIC condition is calculated by using equation (88).

Ocic =k -l + 0 (65)

where k is the Mvar/ampere scaling factor, which depends on
the transformer core type, as given in Table 3 [198], [200], /.5
is the effective value of the GICs flowing in the transformer
windings, which is dependent on the transformer type [201].

The effective GIC calculation for the two winding trans-
formers is presented in equation (66) [201].

Nh+D
Iqﬁ = ‘T (66)
- N> - %)

where I, I, Vi, Va, N1, and N, are the currents, voltages
and numbers of turns of the primary and secondary windings
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TABLE 1. List of k-factor data used for different core types of
transformers [200].

Core Design Cores K-factor
Single Phase (Three separate cores) 1 1.18
Three Phase, shell form -1 0.33
Three Phase, 3-legged, core form 3 0.29
Three Phase, 5-legged, core form 5 0.66
Three Phase, 7-legged, core form 7 0.66
Determined K-factor Based on base kV of Transformer Windings

Windings Highest Voltage K-factor
Unknown core, <= 200 kV 0.6
Unknown core, > 200 kV and <= 400 kV 0.6
Unknown core, > 400 kV 1.1

of the transformer, respectively. The effective GIC calcula-
tion for two winding autotransformers is presented in equa-
tion (68).

N — DI +1

L = | = (68)
N + N, \%

N=sthe A (69)
N, %)

where I, I., Ny, and N, are the currents and number of turns
of the series and common windings of the autotransformer,
respectively. The effective GIC calculation for the three wind-
ing transformers is presented in equation (70).

Nizlegi2 + 13
ly = | ————— 70
eff Nis (70)
N Vi
N3 =—=— (71)
N3 V3
Nph + 1
Lfr12 = “Nn (72)
N Vi
Np=—=— 73
=7 =y, (73)

where I3, V3, and N3 are the current, voltage, and number of
turns of the third winding of the transformer, respectively.
In addition to the previously reviewed methods, there are
several commercial simulation software and calculation tools
that are used to calculate the GIC in a power system, such
as the PowerWorld Simulator, GE PSLF, and Siemens PTI
PSS/E. One of the advantages of the PowerWorld Simula-
tor and PSSE software is that they provide a GIC analysis
tool as an integrated part of the power flow analysis, which
can be performed in the program. The module provides the
user the ability to apply different geoelectric fields, such as
uniform, non-uniform, benchmark, and local hotspots, with
varying values of up to 20 V/km with storm directions from
(0-360°), in the system for GIC analysis. Additionally, there
are many software systems available to model power systems
and GIC studies, especially for harmonic analysis [124] in
the time-domain, such as the Alternative Transient Program
(ATP), the Electromagnetic Transients Program (EMTP), and
Power System Computer-Aided Software (PSCAD/EMTDC)
and in the frequency-domain, such as OpenDSS, Electrical
Transient Analyzer Program (ETAP), DIgSILENT, Siemens
SINCAL, and others.
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Monitor Problem Source ]\ Geomagnetic indices based on geophysical data

Measuring the GIC on the power lines
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Measuring the GIC at the neutrals of power transformers

Monitor Effects

O

]\ Harmonic distortion or abnormal reactive power flow

FIGURE 13. Classification of GMD monitoring techniques.

G. MONITOR GMD EVENTS

The GMD events can be monitored through three basic meth-
ods, as illustrated in Fig. 13 [202].

V. GIC EFFECTS ON THE POWER SYSTEM

As we mentioned earlier, the power grids might be the most
critical technological systems that are susceptible to these
harmful GIC impacts due to their long transmission lines.
Large GIC amplitudes can cause a serious problem to the
sustainability, reliability, and availability of electrical energy,
which has triggered substantial interest from researchers
globally [39].

A. EFFECT ON TRANSFORMERS

The voltage level is changed several times from a power plant
to the distribution system, and as a result, the total power
capacity of the installed transformers is usually approxi-
mately 8 to 10 times the capacity of the power plant genera-
tors. Therefore, the power transformers are considered to be
one of the most vital components in the power systems [203].
These transformers, which are connected by transmission
lines and are designed to work with AC currents, are the
most strongly affected by the GIC. This induced current
enters from the neutral ground point of the star-connected
transformer windings and equally divides the flows among
the three phases to the transmission lines [204], [205]. When
the GIC flows through the transformer windings, a DC mag-
netic flux will be generated in the core, whose magnitude
depends on the magnitude of the GIC flow. This generated
flux is superimposed on the AC flux in such a way that
the asymmetrical saturation occurs in the magnetic cores
of the transformers at half-cycle saturation (see Fig. 14).
Thus, the transformers draw an extremely large and asym-
metrical exciting distorted current, which is rich in even and
odd harmonics [2], [113], [114], [165], [191], [206], [207].
These harmonics can trigger the relays improperly, overheat-
ing the generators and transformer’s windings and cores,
which causes unstable operations of the power system
and might result in long-term damage of the system’s
components. Additionally, higher-order harmonics will be
generated, which leads to tripping the SVC and shunt capac-
itors. These effects could turn into catastrophic failures
(i.e., permanent damage, blackouts, and more) if they per-
sist for a few minutes, similar to what occurred due to
the 1989 storms [100], [113], [185], [193], [205], [206],
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FIGURE 14. A magnetizing current of a power transformer during
half-cycle saturation [209].

[208], as we mentioned previously, or highly abnormal oper-
ations due to severe half-cycle saturations can persist for
extended periods on the order of minutes or hours. As is
reported, the flow of even a small GIC value (10A or less)
will cause a half-cycle saturation in a large power transformer.
In addition, the vulnerability of the transformers is extremely
dependent [202].

Moreover, during half-cycle saturation, the flux is no
longer contained within the transformer core. It will travel
through adjacent paths, which might contain core clamping
structures or the transformer tank. This stray flux gener-
ates eddy currents. These currents are converted to heat or
hotspots that could then form and severely damage the paper
winding insulation, producing combustion and gassing of the
transformer oil [193], such as what occurred in the South
African generator transformer [46] due to the 2003 storm.
Furthermore, the reactive power loss is created due to lag-
ging the exciting current system voltage by 90 degrees. The
reactive power loss is very small under normal conditions.
However, with a saturated core of the transformers, the con-
sumption of the reactive power critically increases.

B. EFFECT ON THE GENERATORS

Since most of the generators commonly are connected to
A-Y GSU transformers, the GIC is blocked to flow into
their winding. However, they are still exposed to voltage
unbalances and harmonics caused by half-cycle saturation in
the primary circuit if there is GIC presence in the secondary
wye circuit. The positive sequence harmonics might cause
mechanical vibrations, and even the harmonics might cause
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extreme heating, in the end rings of the rotor. The generator
protection relays, such as conventional negative-sequence,
are designed to respond to an imbalance in the fundamental
frequency. During the GIC events, they might work improp-
erly or not at all in response to harmonic currents. When a
generator is tripped by the relay, the reliability of the power
network would be decreased and would lead to a whole
system blackout in the worst scenario [205], [210], [211].

C. EFFECT ON PROTECTIVE RELAYING

Protective relays are used in all parts of power systems [212].
Electronic relays measure the current peak values and are
the most sensitive to harmonics. Many reactive power com-
pensators and shunt capacitor banks for voltage control in a
power system are protected and grounded against unbalance
with neutral overcurrent relays. During geomagnetic storms,
these banks are prone to false trips since the capacitor exhibits
low impedance to harmonics, which add to the severity of
the impact. During the March 1989 geomagnetic storm, there
was an unusually large number of false trips, and there was
some equipment damage due to the half-cycle saturation of
power transformers, as a result of GIC. The peak measuring
relays’ settings can be increased to accommodate the higher
harmonics during GIC conditions. This strategy helps to
reduce the risk of false trips. However, the concern remains
that this event will degrade the protection [202], [205]. The
summary chart of the GIC effects on the different power
system components is presented in Fig. 15.

V1. GIC BLOCKING DEVICES

Different types of mitigation methods have been devel-
oped by researchers to block/partially block or mitigate GIC
flow into the power system, such as series resistors, series
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capacitors, resonant converters and DC blocking motors.
These devices will be reviewed, including their design con-
cepts, advantages and limitations. As a general goal, an ideal
blocking device should add no complications to the normal
ac system operation and should block all GIC. It should not
cause problems to the system performance, such as concerns
about strength and flexibility, a substantive increase in the
stress to any system component and degradation of the sys-
tem’s operation reliability. This device should be reliable
during different conditions, such as normal and abnormal
steady-state conditions, system faults and transient overvolt-
age contingencies, and it should be required to perform con-
tinuous operations in the power system [2], [213]. There are
two design concept types for the GIC blocking devices: active
and passive. In the active devices, an auxiliary winding on the
transformer tertiary closed-delta winding that is connected to
an adjustable current source is used [214], [215].
Additionally, active devices can be attached in the neutral
of the transformer to cancel the GIC directly or to be placed
in the line [216]. The current source of active devices can
be controlled to generate a reverse magnetomotive force or
a reverse DC, which can cancel the magnetomotive force
generated by the flow of GIC through the HV windings
or counteract the GIC. This compensating winding must be
equal in magnitude and opposite in sign to the induced field
of the GIC [217], [218]. While in passive devices, series linear
capacitors or linear resistors are used to block or suppress the
GIC flow. A series capacitor connected to a transmission line
is one of the most common passive devices that can effec-
tively block the GIC flow in the transmission system. How-
ever, this technique is not feasible because of the costs of HV
capacitors, and it is complicated in autotransformers appli-
cations since they provide different GIC flow paths through
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the series and common windings, while the series windings
provide connections between the HV and LV buses, as we
mentioned in the previous section (see Fig. 8c) [218], [219].
Thus, a series capacitor in a transmission line will block
GIC in one voltage side, while it will allow the flow of GIC
on another side. Passively, the more common and attractive
solutions are by installing DC blocking resistors or capacitors
on the neutral ground points of the wye windings transform-
ers and autotransformers [102], [205], [218], [220], [221].
These devices are connected in series with the substation
ground resistance, as illustrated in Figs. 8 and 9. The resistor
blocking device connected to the neutral of the transformers
will minimize the GIC flow, reduce the system’s complexity,
and reduce the fault current [2].

However, it would not be totally blocked [63], [205],
[214]. Additionally, the neutral connected capacitor has been
used to block stray current from single-ended HVDC trans-
mission [62]. Great care must be considered in the design
of neutral blocking capacitors, to avoid these capacitors
from causing problems in the operation of the power sys-
tem [218]. This blocking capacitor can cause issues with
insulation co-ordination, relaying, resonance and ferroreso-
nance [121], [222] and it can be expensive [223]. In addi-
tion, when using the neutral connected capacitor to block
GIC, any nearby line-to-ground faults can develop transient
overvoltage that causes the surge protection devices (SPDs)
related to the blocking device to fail. These problems are
typically avoided by connecting large capacitors to support
fault current, applying voltage limiting schemes such as a
varistor, spark gap [220], [224], or thyristor switch [62],
through bypassing the capacitor to discharge the neutral
capacitance or interrupting the protection circuit [223], which
would increase the cost and add complexity and bulkiness
to the neutral solutions as well [2]. Moreover, many other
research studies have been conducted to avoid or eliminate
the problems mentioned above. For example, in [120], the
design, construction, and testing of a neutral connected series
capacitive GIC blocking device based on sensor control are
presented, and the electronic control automatically connects
the blocking device to the neutral grounded wye of the
transformer.

In [222], the authors have presented a neutral switching
circuit that comprises of a gate-turn-off (GTO) switch that
connects and disconnects the neutral point of the transformer
banks’ wye windings to the ground. In [2], [225], mitiga-
tion methods based on ground resisters controlled by an
insulated-gate bipolar transistor (IGBT) with a PI controller
and fuzzy logic controller are proposed to suppress the GIC
flow to the wye windings of the transformer. In [226], a
mitigation method is proposed that uses a look-up table
to control the ground resistance to block the GIC. This
method requires training since the values of the look-up
table are based on simulations for a specific system [215].
In [121], a GIC blocking device based on a converter and
active filter control circuit is proposed. This control circuit
is integrated with a series capacitor device that is connected
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between neutral point-of-power transformers and ground.
Furthermore, in [101], [189], [227]-[229], mitigation of GIC
effects based on operational methods are presented. In [189],
an optimal placement technique of GIC blocking devices to
minimize the cost of these devices is proposed. In [227],
the GIC blocking devices placement problem is formulated
based on analytically quantifying the related reactive power
losses. This work demonstrates that the effects of the blocking
device substantially affect the local transformers. In [228],
an algorithm based on linear sensitivity analysis to find the
best switching strategy for the minimum reactive loss is
presented. In [101] and [229], optimal placement techniques
for GIC blocking devices based on a multi-population genetic
algorithm (MPGA) and a simulated annealing (SA) algorithm
are proposed.

VII. CONCLUSION

The study and enhanced understanding of GIC phenomena
is the key to advancing the awareness of its effects and
behaviour on the whole power system. In this review work,
we have summarized the chain of GIC events starting from
the Sun to the ground technological infostructures on Earth,
and we provided the most common techniques to calculate
GIC on power systems in separate stages. The presented
historical events are clear examples of the impacts and severe
GMDs on electrical power systems, and even the flow of
even a small GIC value will cause a half-cycle of saturation
in a large power transformer. We can note that from this
review, the severity of GIC is not limited to power systems in
high-latitude countries. Moreover, it can also cause problems
in mid-low latitude regions. Additionally, the GIC value is
strongly dependent on the network topology, transformer
types, geoelectric field orientation and resistances, which
have a strong influence on the GIC generated by the geoelec-
tric field. The result is that the GIC value and severity are
different from one system to another, even within the same
region. In addition, we can note that similar GIC effects can
be caused by nuclear detonation at a high altitude above the
Earth’s surface, which can affect any nearby power systems
around the world. Therefore, the severity of GIC is not limited
to only solar activity and high-latitude regions. Finally, from
the review of GIC blocking devices, we can summarize that
these devices have several issues, and they can be costly
if great care is not considered. Strongly undesirable issues
and costs can be incurred if they are installed without GIC
analysis on the power system.
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