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Abstract

Geomagnetically Induced Currents (GICs) are the result of rapid variations in
the Earth’s geomagnetic field and of the finite Earth’s conductivity. Along grounded
conducting structures such as transmission power networks, GICs can flow and, for
extreme events, can be a threat to the power system normal operation. For this
reason, interest in modeling GICs has been growing. This thesis work consists both
in simulating the shield wire effects on GICs models and in assembling and installing
a GIC measuring instrument at a power grid substation.

Shield wires can carry GICs similarly to power transmission lines. A simple
equivalent circuit model that considered the effect of resistances and induced electro-
motive forces (emf) along the shield wires was derived. This model is an extension
of an already studied model that consider only shield wire resistances. Tests were
done using synthetic parameters and also realistic parameters from two Portuguese
transmission lines. Results show that for some cases, it is important to consider
shield wires and if the equivalent circuit is used, the induced emf must be taken
into consideration. In addition, when increasing the complexity of the circuit model
by connecting more power transmission lines to a substation, the equivalent circuit
presented in this thesis has a higher accuracy than the equivalent circuit that neglects
the induced emf.

GIC measurements should be taken in order to validate predicted values from
GIC models. This thesis also encompasses the task of assembling and installing a
measuring system to monitor GICs in the neutral of a given transformer. The system
relies on a Hall effect current sensor and it was built over a Raspberry Pi 4 with a high
resolution digitizer (24-bits). Preliminary tests in laboratory show a measurement
precision of 0.056A. The system was installed at Paraimo Substation from REN and
it is operational to collect data having already registered some candidate events for
GICs in addition to the expected diurnal modulation due to temperature variations.

Keywords: Space Weather; Geomagnetically Induced Currents; Power Trans-
mission Grid; Shield Wires; DC monitoring system;
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Resumo

As Correntes Geomagneticamente Induzidas (GICs) são o resultado de variações
rápidas no campo geomagnético terrestre e da condutividade finita da Terra. Ao
longo de estruturas condutoras aterradas, como as redes de transporte de energia
elétrica, as GICs podem fluir e, para tempestades geomagnéticas intensas, podem
ser uma ameaça ao regular fornecimento de energia. Por esta razão, o interesse na
modelação das GICs tem vindo a crescer. O trabalho desta dissertação consiste em
simular o efeito dos cabos de guarda em modelos de GICs e na montagem e instalação
de um instrumento de medição de GICs numa subestação da rede elétrica.

Os cabos de guarda podem transportar GICs tal como as linhas de transmissão
de energia. Um circuito equivalente simples que considera o efeito das resistências e
das forças eletromotrizes induzidas (fem) ao longo dos cabos de guarda foi concebido.
Este modelo é uma extensão de um modelo já estudado que considerava apenas as
resistências dos cabos de guarda. Foram realizados testes usando parâmetros teóricos
e também parâmetros reais de duas linhas de transmissão da rede elétrica nacional.
Os resultados mostram que, para alguns casos, é importante considerar os cabos de
guarda e, se for utilizado o circuito equivalente, a fem induzida deve ser considerada.
Além disso, ao aumentar a complexidade do modelo de circuito adicionando mais
linhas de transmissão de energia a uma subestação, o circuito equivalente apresentado
nesta dissertação tem uma precisão maior do que o circuito equivalente que despreza
a fem induzida.

Para validar os valores previstos nos modelos, é importante fazer medições de
GICs. Esta dissertação também abrange a tarefa de construir e instalar um sistema
de medição para monitorização de GICs no neutro de um determinado transformador.
O sistema consiste num sensor de corrente de efeito Hall e foi constrúıdo sobre uma
Raspberry Pi 4 com um conversor analógico-digital de alta resolução (24 bits). Os
testes preliminares em laboratório mostram uma precisão de medição de 0.056A. O
sistema foi instalado na Subestação de Paraimo da REN e está operacional a recolher
dados já tendo registado alguns eventos candidatos a GICs para além da expectável
modulação diurna devida às variações de temperatura.

Palavras-Chave: Meteorologia Espacial; Correntes Geomagneticamente Induz-
idas; Rede de transmissão de energia; Cabos de guarda; Sistema de monitorização
DC
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REN Redes Energéticas Nacionais, SGPS, S.A.

RNT National Transmission Grid
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1.1 Motivation

Nowadays, society is strongly dependent on the supply of electricity. Even short
interruptions may cause substantial losses for both supplier and customer, hence the
operator of the transmission system has the responsibility to ensure security and reli-
ability of the power transmission grid. There are some factors that may compromise
the proper operation of the electrical transmission network, such as human activity
and natural phenomena, in particular space weather events.

Space weather describes the variations in the space environment between the Sun
and the Earth, which can have impact in systems and technologies in orbit and on
Earth. During extreme space weather, the Earth’s geomagnetic field varies rapidly
and these episodes of perturbation are called Geomagnetic Storms or Geomagnetic
Disturbances (GMD). As a result, there are induced electric fields in the Earth, which
can drive currents in man-made grounded infrastructures such as transmission power
systems. These currents are called Geomagnetically Induced Currents (GICs).

In transmission power systems, GICs can be measured when flowing through
the transformer neutral which is connected to the ground. GICs have a very low
frequency (∼1mHz-1Hz) compared to power lines frequency currents (50Hz). The
presence of these quasi-DC currents causes additional stress to the transformers, in
the form of half-cycle saturation, which may lead to transformer heating, generation
of harmonics and increased reactive power consumption. These effects tend to shorten
the operational lifetime of transformers and in some cases to provoke their failure
leading to power blackouts.

Due to this hazard to power systems, it is important to predict and prevent the
flow of high GICs in the transmission network by creating good models. In order to
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improve models, the most relevant parameters need to be identified and precise values
need to be used. Finally, the models need to be validated against GIC measurements.

1.2 Goals

It is increasingly important to understand the parameters that influence the most
the models used to calculate GICs and also to validate the same models with direct
measurements of GICs. For this reason, the aim of this study is twofold:

• Study of the effect of the shield wires on the modeling of GICs in Portuguese
power network.

• Design of an instrument to monitor GICs in the transformer neutrals in order
to be installed in a Portuguese substation.

The two goals are outlined below:

The calculation of GICs in the power network depends on different parameters
that must be considered, as the distribution of ground conductivity, laterally and in
depth and the characteristics of the different components of the equivalent electric
circuit. These include the values of the different resistances, the types of transformers
and also the transmission path for the GICs, i.e., the network topology. Shield wires,
which are protective cables of power transmission lines from atmospheric storms as
lightning, represent possible paths for GIC currents. In the first part of this study
the influence of shield wires on GICs in power systems is modeled. Then, tests are
done using realistic values for the circuit parameters provided by the Portuguese high
voltage power network company (REN - Redes Energéticas Nacionais, SGPS, S.A.).

There has been a recently published study that produced GIC simulations for
the South of Portugal (Alves Ribeiro et al., 2021). Until the summer of 2021 there
were no direct records of GICs in the electrical transmission network to validate this
model. The present thesis work also encompasses the task of producing a measuring
instrument to monitor GICs in the neutral of a given transformer. This instrument
measures quasi-DC currents using a Hall current sensor, with high resolution. It
is targeted to operate remotely over a time interval of several months while being
minimally invasive to the power transformer. Laboratory testes are carried out before
installing the instrument in a Portuguese substation.

1.3 The MAG-GIC Project

This thesis work has been done in the framework of the MAG-GIC project.
The MAG-GIC Project (Geomagnetically induced currents in Portugal mainland,
PTDC/CTAGEO/31744/2017) is the first initiative to evaluate the geomagnetic haz-
ard to power systems in Portugal mainland. This proposal covers the whole chain
of physical processes and related observational and analytical methods linking the
geomagnetic field variability to final effects at high voltage power grids and modeling
of GIC source currents.

2
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The MAG-GIC Project is a very interdisciplinary project requiring a collaborative
study of different domains: geophysics (geomagnetic driving fields, magnetotelluric
measurements), engineering/physics (instrumentation, telemetry and remote sensing,
power grid characteristics, estimation of GICs) and physics/maths (modeling, data
analysis). Therefore, different research units are involved (see section 1.4).

A better knowledge of the Portuguese territory underground conductivity and a
realistic assessment of the hazard to the power transmission network during geomag-
netic storms are expected through this project. In the end, general recommendations
for a more robust infrastructure will also be outlined.

1.4 Research Team

The subject of GICs is highly interdisciplinar, since it requires to deal with con-
cepts from Space Physics, Geomagnetism, Applied Physics and Geophysics as well
as with Instrumentation. Because of this, the present master thesis work was only
possible to carry out in the framework of a collaboration between the two Research
Centers introduced below.

CITEUC

The Center for Earth and Space Research of the University of Coimbra (CITEUC1)
is a research unit dedicated to the study of Earth and Space Sciences. It has two
research groups: Earth Dynamics and Solar System Sciences.

• The Earth Dynamics group studies the Earth’s structure and the processes that
occur inside it, crustal evolution and the History of Geosciences.

• The Solar System Sciences group studies the Sun-Earth interactions, focusing
on solar physics, celestial mechanics, minor bodies of the solar system, and
planetary geology.

CITEUC is housed at the Geophysical and Astronomical Observatory of Univer-
sity of Coimbra (OGAUC). This Observatory is responsible for the only magnetic
observatory of Portugal, with IAGA code COI, using different magnetometers that
have been monitoring the time-varying geomagnetic field since 1866.

CITEUC is funded by National Funds through FCT - Foundation for Science
and Technology (Projects UID/00611/2020 and UIDP/00611/2020) and FEDER -
European Regional Development Fund through COMPETE 2020 Operational Pro-
gram Competitiveness and Internationalization (project: POCI-01-0145-FEDER-
006922).

LIBPhys-UC

LIBPhys-UC is the UC pole of the Laboratory for Instrumentation, Biomedical
Engineering and Radiation Physics (LIBPhys) formed by researchers from the Uni-
versities of NOVA of Lisbon, Coimbra, and Lisbon. LIBPhys is dedicated to research

1http://citeuc.pt/
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in the areas of atomic, molecular, nuclear physics, electronic and industrial automa-
tion, instrumentation with applications to analytical methods, radiation detection,
and biomedical engineering.

LIBPhys-UC 2 is funded by National Funds through FCT (project UID UIDB/
04559/2021) and several COMPETE 2020 Operational European Regional Develop-
ment Fund projects. Its activities are centered on the Physics Department of the
University of Coimbra.

1.5 Structure of the thesis

The physical processes relating the Sun activity with GICs, as well as the main
factors contributing to GICs and the methods to compute and measure them, are
explained in Chapter 2.

The study of the effect of the shield wires on the modeling of GICs is presented
in Chapter 3. A new equivalent circuit model is proposed and it is validated with
real data from the Portuguese power network.

In Chapter 4 is proposed a GIC measuring instrument to measure quasi-DC cur-
rents that flow through the transformer neutrals in order to be installed in a Por-
tuguese substation. Description of the process of choosing measuring equipment
used in this dissertation will also be discussed. Furthermore, the system integration
is described as well as laboratory tests.

The choice of the substation and of the transformer to install the sensor is ex-
plained in Chapter 5. Afterwards, the instrument installation procedure is described
and first measurements are shown.

Chapter 6 summarizes the findings from Chapters 3, 4 and 5 and identifies inter-
esting related problems to consider in future work.

2http://libphys.pt/
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Geomagnetically Induced
Currents

Contents
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2.1 State of the Art

2.1.1 GICs all over the world

GICs are more intense and can cause more damage on power systems located
at high-latitude, in which geomagnetic storms are the largest and the most frequent
(Astafyeva et al., 2015). In particular, higher-voltage networks can be seriously
damaged due to longer line sections and lower line resistances (Zheng et al., 2013).

The first geomagnetic storm which had a remarkable effect on a modern power
system was on March 24th, 1940. There were several consequences reported regard-
ing this storm, for example power system disturbances, numerous voltage dips and
tripped transformers in the US and Canada and also telephone and telegraph systems
failures in US and Norway (Boteler, 1998).

The iconic example of the overwhelming effect of GICs on electrical transmission
networks occurred on March 13th, 1989. It was the largest geomagnetic storm ever
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measured. The worst effect of this storm was for Hydro-Québec network where
the system collapsed in 92 seconds and around 9 million people were left without
electricity. This blackout lasted around 9 hours for most places and the total amount
of cost was estimated to have been 13.2 million USD (Mac Manus et al., 2017b;
Rodger et al., 2020; Bolduc, 2002).

The Halloween Solar Storm, which happened on October 2003, was also an intense
space weather event, largely studied. Satellites were affected by solar activity, flights
at higher latitudes were rerouted all over the world, transformers were triggered
leading to blackouts in southern Sweden (Pulkkinen et al., 2005) and thermal damage
on transformers in Southern Africa (Gaunt and Coetzee, 2007) was documented.
The loss of the Japanese ADEOS-2 spacecraft with a value of 640 million USD was
assumed to be a consequence of this solar storm (National Weather Service, 2004).

The St. Patrick’s Day storm in March 2015 was the strongest for the past 15 years.
In New Zealand, magnetometers recorded significant variations on the geomagnetic
field and there were measured GIC amplitudes of dozens of Amperes on a transformer
(Rodger et al., 2020; Astafyeva et al., 2015). There is also a study of the ionospheric
response to this geomagnetic storm in Astafyeva et al. (2015), where a hemispheric
asymmetry was observed, phenomenon that normally occurs due to seasonal factors
at solstices. Because this geomagnetic storm occurred at equinox, there’s a strong
conviction this hemispheric asymmetry could be due to geomagnetic storm.

Based on this GIC recorded events in the past and understanding that GIC can
lead to network operational problems and blackouts, research on this field has been
increasing and involving both geophysics and engineers for the past years. Besides
all independent research all over the world, some dedicated research groups can be
outlined:

• NERC: The North American Electric Reliability Corporation is a non-profit
international regulatory authority for United States, Canada and a small part
of Mexico whose mission is to assure the reduction of risks to the reliability and
security of the grid. NERC was one of the first to consider GMD as a serious
hazard to power industry.

• EURISGIC: In 2011, the European Risk from Geomagnetically Induced Cur-
rents project was founded by European Union with the main purpose of pro-
ducing the first European real-time prototype forecast service of GIC in power
systems, based on solar wind observations and comprehensive simulations of
the Earth’s magnetosphere. They provide this information to public through
the website eurisgic.org.

• IEEE Guide: The IEEE created a guide (IEEE C57.163-2015) to specify the
capability of power transformer under geomagnetic disturbances.

• CIGRE Working Group: The International Council on Large Electric Sys-
tems is a non-profit association which main goal is to collaborate with experts
all over the world to discuss future developments and transfer knowledge on
power system industry, recently creating a group to study the effect of geomag-
netic storms in power grids.

6
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2.1.2 GIC studies in Portugal

Despite Portugal being a mid-latitude country, the Portuguese power network can
suffer from the hazardous effect of GICs. It has been studied and observed effects,
more or less severe, of GICs in other mid-latitude countries such as Spain, China,
Japan and South Africa (Torta et al., 2014, 2017; Choi et al., 2015; Liu et al., 2009;
Bernhardi et al., 2008b; Nakamura et al., 2018).

Regarding the study and measurement of GICs in power systems, Portugal is
starting to take its first steps compared to other countries such as New Zealand, China
and Canada (Rodger et al., 2020; Mac Manus et al., 2017a; Boteler, 1998). Until the
summer of 2021 there were no direct record of GICs in the electrical transmission
network. The existing records concern the driving geomagnetic storm signal B(t), at
the geomagnetic observatory of Coimbra (COI) using different magnetometers that
have been monitoring the time-varying geomagnetic field since 1866. All this data is
save in the SPINLab laboratory providing the most recent data that allow interested
people to monitor the conditions of Space Weather. Although this observatory is the
only one in Portuguese territory, San Pablo-Toledo (SPT) magnetic observatory, in
Spain, is relatively close to COI (∼ 400 km) (Alves Ribeiro et al., 2021).

Figures 2.1 and 2.2 represent the geomagnetic field horizontal components Bx and
By during two storm events: the historical storm on the October 31st - November 2nd,
1903 and the St Patrick storm on the March 17th, 2015. Bx represents the geomag-
netic field component with the direction North-South (positive towards North) and
By represents the geomagnetic field component with the direction East-West (posit-
ive towards East). The values are shown for every minute. In the case of the 1903
storm, this sampling was obtained from digitizing the magnetogram registration, on
photographic paper.

Figure 2.1: Magnetic field components Bx and By at COI during geomagnetic
storm in October 1903. From the OGAUC server: https://spinlab.ogauc.pt.
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Figure 2.2: Magnetic field components recorded at COI during St. Patrick’s Day
storm (March 2015). From the OGAUC server: https://spinlab.ogauc.pt.

The first space weather event that was documented in Portuguese newspapers,
was from the geomagnetic storm of October 1903. This geomagnetic storm affected
significantly a number of communication networks in both mid-latitude Iberian coun-
tries. A review of this event is documented in Ribeiro et al. (2016). The telegraph
communication network was practically interrupted from 09h30 UT to 21h00 UT
and the cause of this failure was the flow of GICs in the telegraphic lines. A point
of interest in this study is the possibility of confirming the origin of these commu-
nication failures through measurements of the geomagnetic field variations that are
available at COI and San Fernando (SFS). Later, measurements of the observatories
of Colaba (CLA), Cuajimalpa (CUA) and Zi-ka-wei (ZKW) were also analyzed in
order to provide further information on this space weather event (Hayakawa et al.,
2020) (Figure 2.3) .

Figure 2.3: The plot shows the magnetic disturbance (curve D0, very close to the
field Bx curve) at stations of COI, CLA, CUA, and ZKW during the 1903 Oct. 30 -

Nov. 2 event. From Hayakawa et al. (2020)
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Also related to this geomagnetic storm, the newspaper article ”Record of the
great magnetic storm of October 31th, 1903, at Ponta Delgada, Azores” (Chaves,
1904) was published. The occurrence of Aurorae Borealis at the time of that event
was also recorded, at lower latitudes than usual (see Figure 2.4).

Figure 2.4: Auroral visibility between October 30th and November 1st, 1903. In
blue is represented COI, CLA, CUA and ZKW stations. From Hayakawa et al.

(2020).

Concerning GIC modeling, the first results for the estimation of GICs over the
southern area of the Portuguese power transmission network have been published
recently (Alves Ribeiro et al., 2021). This study used a conductivity model for the
earth underneath the Portuguese south region, taking into account the proximity
to the ocean (higher conductivity values). From there, and using geomagnetic data
from the COI observatory, the induced geoelectric field was computed for the most
intense storms during the year 2015 of solar cycle 24. The study above mentioned
has been done with the collaboration of REN, that provided the grid parameters
as transmission lines, transformer winding resistances and grounding resistances, as
well as information on the type and number of transformers in each substation. This
information is crucial to obtain more accurate GIC estimations.
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2.2 Geomagnetic Storms and Induced Electric Field

Certain events of solar activity can represent a significant risk for modern society
so heavily dependent on power supply. With the exponential increase in the use of
power consuming technologies, it is increasingly important to realize the potential
hazard in the impact of solar storms.

2.2.1 Origin of geomagnetic storms

The Sun constantly emits particles and electromagnetic radiation in all directions,
in the form of solar flares, coronal mass ejections (CMEs) and solar wind (Pulkkinen
et al., 2017; Blake, 2017). Solar flares are sudden and intense explosions on the Sun’s
surface caused by changes in its magnetic field. These explosions release high levels
of energy, in the form of electromagnetic radiation and particles at high speeds. Solar
flares are often accompanied by CMEs. A CME is a giant cloud of plasma, many
times the size of the Earth, that carries billions of tons of coronal material from the
Sun to very large distances. The direction of the CMEs is not uniform. Depending
on the blast direction, it can miss the Earth or arrive to Earth in less then 20 hours
(Vourlidas et al., 2017). The solar wind is the continuously streaming of plasma
ejected by the Sun in all directions. This gas consists of electrons and protons that
leave the Sun gravitational attraction thanks to high temperature of the atmosphere
of the solar corona base.

Figure 2.5: Representation of solar activity and Earth environment (adapted from
NOAA (2019)).

CMEs are the most important drivers of space weather phenomena. When these
particles and the magnetic field they carry along reach the Earth environment, they
interact with the magnetosphere (Rothwell and McIlwain, 1960). The Earth’s mag-
netosphere is defined as the region where the dominant magnetic field is the magnetic
field of Earth, rather than the magnetic field of interplanetary space. The size of the
magnetosphere is continuously changing as the Earth’s magnetic field is hitted by the
solar wind (Milan et al., 2017). To clarify, the Earth’s magnetic field is also called
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geomagnetic field and it is the magnetic field that extends from the Earth’s interior
out until the boundary of the magnetosphere. This magnetic field is generated by
electric currents due to motion of convection currents in the Earth’s liquid outer core.

A Geomagnetic Storm usually occurs when a strong solar wind reaches the mag-
netosphere. There is periodicity in the solar activity called solar cycle, which is
typically about 11 years long (Hathaway, 2015). Although large storms can occur
over time (Hayakawa et al., 2020), greater solar activity is expected during the max-
imum of solar cycle. The last maximum of solar cycle was in 2015 during cycle 24.
Figure 2.6 shows a visual effect of a geomagnetic storm: Aurorae Borealis.

Figure 2.6: Impact of a cloud of plasma on the Earth’s magnetosphere - Aurorae
Borealis (from NASA (2016)).

2.2.2 Storm-induced electric fields

Geomagnetic storms (or geomagnetic disturbances) can represent a hazard to the
normal daily lives of the Earth’s population because of induced currents in grounded
technological infrastructures.

According to the Faraday’s law, when there is a rapid change in the magnetic field,
there is also an associated electric field induced in a conducting medium permeated
by magnetic field lines. This is the case for the Earth. The electric field (E) induced
in the Earth is particularly strong on the surface. It allows electric currents to flow
on ground man-made facilities, such as power systems (Boteler and Pirjola, 2017),
gas pipelines (Pulkkinen et al., 2001) and railway systems (Boteler, 2020).

The mechanism of conversion of magnetic field energy into sources of electromot-
ive force can be explained according to Romer (1982). In his paper, he studies and
discusses Faraday’s law in a multiply connected region. A topological space is called
simply connected if every closed path in that space can be continuously shrunk to a
point while preserving all its points inside that region. If that doesn’t happen, the
region is multiply connected (Figure 2.7).
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Figure 2.7: Illustration of a simply connected region (left side) and multiply
connected regions (right side).

Figure 2.8 represents the circuit studied by the author. He considered a very long
solenoid perpendicular to the plane in the Figure, carrying a varying current. The
solenoid is surrounded by a circuit with two resistors (resistance values R1 and R2)
and two identical voltmeters (readings V1 and V2).

Figure 2.8: Circuit presented in Romer (1982) to study Faraday’s law in a
multiply connected region.

Briefly describing the circuit, there is a magnetic field produced inside of the
solenoid because of the varying current on it. Outside the solenoid and near the coil,
the magnetic field can be considered zero because of the long length of the solenoid.
After introducing this circuit, the author questions the values of V1 and V2 and
sustains that V1 is always different from V2 although they are connected to the same
points. Measurements carried out by the author confirm this.

The reason the values are different is because there is an induced electromotive
force (emf) in the path through the resistors generated by the time-varying magnetic
field. This phenomenon can be easily explained by Faraday’s law (equation 2.1) and
Stokes’ Theorem (equation 2.2).

∇×E = −∂
~B

∂t
(2.1)∫∫

S
(∇×E) · dS =

∮
C

E · dr (2.2)

By Faraday’s law, in points where there is a varying magnetic field,∇×E is not
zero. This means that ∇× E is everywhere null except within the interior of the
solenoid.

Stokes’ theorem says that the line integral of a vector field over a closed path is
equal to the flux of its curl through the enclosed surface bounded by the same path.
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In this case, if we take the path through the resistors there will be a non-zero line
integral of the electric field (an electromotive force, emf) because ∇× E isn’t null
in the region enclosed by that path (in spite of ∇× E = 0 at all points along the
path). In fact, only in a simply connected region can we associate ∇× E = 0 to a
conservative field. Although the resistors are in a region where ∇× E is null, this
region is not simply connected.

In the case of the Earth, it is always permeated by geomagnetic field lines, that
change at the time of geomagnetic storms. Faraday’s law given by equation 2.1 then
explains an induced electric field. Since the Earth is an electrical conductor with a
certain conductivity, currents are induced that, by themselves, also contribute to the
changing magnetic field. In the end, geomagnetic field variations during geomagnetic
storms induce an electric field on the Earth’s surface, to which the conductivity of
the Earth is also important. From the time-varying magnetic field and a model of
electrical conductivity for the Earth, the induced electric field on the surface can be
computed (Boteler and Pirjola, 2017; Blake, 2017). If there are conductors connected
to the ground, currents can flow on ground man-made technologies as shown in the
Figure 2.9. The induced electromotive force between points A and B is obtained
through

emf =

∫ B

A
E · dr (2.3)

where E is the induced electric field. Note that the integral gives in practice the
same result if the chosen path is along the Earth’s surface or along the phase line at
altitude H (Boteler and Pirjola, 2017).

Figure 2.9: Representation of the electrical transmission system showing the path
where the GICs flow. Adapted from Cardoso et al. (2019).

13



CHAPTER 2. GEOMAGNETICALLY INDUCED CURRENTS

2.3 GIC main effects on the Electric Power Line Infra-
structure

Electric power transmission grid, oil and gas pipelines, phone cables and railway
systems are some examples where GICs are driven because they are infrastructures
with long conductors and grounding connections (Pirjola, 2000). In the case of the
electric power system, GICs flow to and from the ground through the winding neutral
of power transformers because they are connected to the ground (Figure 2.9).

When flowing in the electrical transmission network, GICs can be considered
quasi-DC current (∼ 1mHz - 1Hz) compared to the 50Hz current in the transmission
lines (Boteler and Pirjola, 2017). As a result, several power system devices such
as generators, protective relays, capacitor banks, overhead line conductors, blocking
devices and transformers are forced to operate under conditions outside their original
specifications (Abda et al., 2020; Halbedl, 2019):

• Generators: Normally, generators are not directly affected by GIC due to the
isolated connection between the generator and the power system. However,
generators are exposed to harmonics in the electric current, resulting both in
increased mechanical vibrations and in increased generator heating due to oscil-
lating rotor flux. Retaining rings and wedges are examples of rotor components
susceptible to damage due to rotor heating.

• Capacitor banks: Capacitor banks, which are a combination of numerous
capacitors of similar rating to collect electrical energy, are generally used for
Reactive Power Compensation. Reactive power is the portion of electricity
that helps establish and sustain the electric and magnetic fields required by AC
equipment, such as transformers and generators. Management of this reactive
power to improve the performance of those AC systems is called Reactive Power
Compensation. GICs can affect capacitors banks with harmonic over-currents
generated during half-cycle saturation and resonance is also possible to occur
too.

• Overhead line conductors: A DC exposure on overhead line conductors
can lead to temperature rise and in turn, increase line sag, i. e. the vertical
difference in level between points of support (pylons) and the lowest point of
the conductor. (Halbedl, 2019).

• Transformers: A DC component of current circulating in power transformers
produces half-cycle saturation (Bolduc and Aubin, 1978) leading to thermal
losses, undesired tripping and mechanical vibration.

The most affected component is the transformer, so it will be better discussed
below.

2.3.1 Transformers

In order to understand the impact of GICs in the transformers, their main func-
tionality will be presented, as well as the most familiar types of transformers and the
consequences of DC current saturation on them.
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2.3.1.1 Principle of Transformers

The transformer consists of a magnetic circuit with an iron core and a winding
(in an autotransformer), or two or more coupled windings for inducing mutual coup-
ling between circuits. The iron core is composed of a ferromagnetic material with
high magnetic permeability; it is permeable to a time-varying magnetic flux (Φ) and
concentrates magnetic field lines, therefore promoting the magnetic coupling between
the two windings.

Figure 2.10: Basic construction of a single-phase two-winding transformer
(adapted from Halbedl (2019)), i.e., galvanically isolated.

Figure 2.10 shows a simple representation of a two-winding transformer. The
current I1, created by the time-varying voltage source U1, generates a magnetic flux
through the first winding with N1 turns, and produces a varying magnetic flux in
the transformer’s core (changing Φ). This magnetic flux is driven by the magnetizing
current (Im) into the core. Finally, the alternating flux induces a voltage U2 in the
second winding with N2 turns, also around the same core.

The two voltages are related through U1
U2

= N1
N2

, showing how the transformer can
vary the voltage level between two lines. This process may occur without a metallic
(conductive) connection between the two circuits.

2.3.1.2 Types of Transformers

A single-phase two-winding transformer is nothing more than what Figure 2.10
shows: a primary and a secondary winding around the same magnetic core. Modern
electrical systems are almost exclusively three-phase systems having, in most cases,
three-phase two-winding transformers to convert voltages.

In three-phase two-winding transformers, the primary and the secondary have
three phases. The most common ways to connect them are the Y and the ∆ con-
figurations. In the Y configuration, the three phase wires are connected like a star
and there is a further neutral wire. In the ∆ configuration, the three phase wires are
connected one after the other, as in a triangle, and there is no neutral wire. The two
most common ways to connect the primary and secondary are the Y-Y and the ∆-Y
configurations (Figure 2.11 a) and b)).

There is other type of transformer that must be introduced: the autotransformer
(Figure 2.11 c) ). Unlike the previous examples of two sets of phase wires electrically
isolated one from the other, an autotransformer has only one single winding set. This
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winding set has two end terminals and one or more terminals at intermediate points
having a portion shared by both the primary and secondary circuits.

Figure 2.11: Representation of different types of transformers: a) Y-Y
transformer; b) ∆-Y transformer; c) autotransformer. Adapted from Torta et al.

(2014).

For GICs studies, transformers with connection to the ground, such as Y-connected
winding, are the most interesting types of transformers because currents can flow to
the transmission system by them (Boteler Pirjola and Pirjola, 2014; Koen and Gaunt,
2003).

2.3.2 DC current saturation

In practice, the direct consequence of GICs is the production of half-cycle satur-
ation of transformer cores (Rodger et al., 2020; Zawawi et al., 2020). This can be
explained by Figure 2.12 which shows how to get the magnetizing current Im (ordin-
ate axis) from the magnetic flux Φ (abscissa axis), in the transformer core, through
the magnetization curve characteristic.

Figure 2.12: Simplified scheme of transformer magnetization: normal operation
on the left and positive half-cycle saturation on the right. From Halbedl (2019).
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On the left of this figure, the normal working principle of the transformer is
represented. The AC magnetic flux operates in the linear range of the magnetization
curve, where the maximum peak values are close to the knee point. If the transformer
iron core did not saturate, the magnetizing current, generated by the flux, would
be sinusoidal in shape and in phase with the flux. But because of transformers
are operating near the knee point, some degrees of saturation already exists. As a
consequence, the magnetizing current is symmetrical, but cannot be sinusoidal due
to magnetization curve non-linearity, having presence of odd harmonics (Mari, 2020).

Resolving the magnetizing current wave into a series of component sine curves, it
is equivalent to a sine wave of a fundamental frequency and a series of odd harmonics,
with the third harmonic being the most dominant. Figure 2.13 shows the magnetizing
current constituted by fundamental and third harmonic.

Figure 2.13: Magnetizing current wave composed by a fundamental and third
harmonic. From Mari (2020).

Although this type of saturation leading to odd harmonics is not desirable, it is
a standard consideration for electrical engineers. In fact, power engineers typically
design systems to avoid the production and impact of odd-order harmonics.

The right side of Figure 2.12 shows the saturated condition of transformer op-
eration where an additional DC component on the transformer windings causes an
offset to the AC flux density in the magnetic core. As Figure 2.12 shows, the trans-
former core saturates in only one direction, such that the magnetizing current spike
appears only once per cycle for only one polarity. This type of saturation is termed
asymmetric saturation or “half-cycle” saturation resulting in not only odd but also
even harmonics (Rodger et al., 2020).

Some consequences of half-saturation of the transformer are now listed and briefly
explained as well as some examples of damaged transformers are shown in Figures
2.14 and 2.15.
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Thermal Losses and overheating

The flux that does not follow through the iron core of the transformer is called
the leakage flux. As it is expected, the larger the magnetizing current, the greater
the leakage flux outside the core. As a consequence, there is a increase of eddy
current losses in the windings and structural parts (Girgis et al., 2012; Molinski,
2002). Locally, hot spots can occur in those parts and lead to transformer failure.

Reactive Power Consumption

As mentioned before, the reactive power is the portion of electricity that helps
establish and sustain the electric and magnetic fields required by AC equipment,
such as transformers. When a transformer faces half-cycle saturation, the reactive
power consumption increases. This causes a decrease in system voltage and therefore
problems in voltage stability (Albertson et al., 1979).

Undesired tripping

As a result of generated harmonics, the protective relays can trip due to false
operation. As a consequence, there can be a loss of power generation and simultan-
eously the line frequency will rise and the load flow will change in the network. In
worst scenario, it can lead to power blackouts.

Mechanical Vibration - Noise

Another consequence of harmonics is the increase in mechanical vibrations and
noise. The sound power of the transformer rises sharply.

Figure 2.14: Damaged transformer owned by the Public Service Electric and Gas
Company of New Jersey damaged by the March 13-14th, 1989 geomagnetic storm.

From Marusek (2007).
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Figure 2.15: Windings of Eskom transformers, Southern Africa, presumed
damaged by the geomagnetic storm on the October 29th, 2003. From Bernhardi

et al. (2008a).

As explained above, all those harmful effects make it important to study the
effect of geomagnetic storms in the power systems and understand the hazard that it
represents for the normal operation of the electrical network, so essential to human
daily life.

2.4 GIC mitigation on Power Transmission Network

Since GICs can represent a hazard to energy transmission network, the study of
this space weather phenomenon on power systems is required. Therefore, there are
different fields and steps to be considered.

The first step is related with GIC sources forecasting, which consists in solar
activity studies and predictions. The main goal is modeling the magnetic field of
interplanetary space in association with CMEs to compute its fluctuations (Schatten
et al., 1969).

The second step is to study the interaction of CME plasma with the Earth’s
magnetosphere, in particular how this originates GMDs. The third step consists
in predicting the flow of high GICs in the transmission network, starting with the
calculation of induced electric field up to GIC modeling on the energy transport
network. The validation of these models is made with GIC measurements (fourth
step).

Finally, the fifth step is related with hazard prevention. It is necessary to under-
stand how to reduce the risk to the electrical network when it is prone to high GICs.
In UK, Oughton et al. (2019) started to study the risk for the socioeconomic impact
of electricity infrastructure failure due to space weather and showed that the costs
associated with power systems failure can reach very high values (billions USD).

The study of this thesis focuses on the third and fourth points, so they will be
better discussed in the next sections.

2.4.1 Modeling of GICs

In order to have a model that allows a calculation of GICs as close to reality
as possible, it is necessary to consider several parameters implicated in their gener-
ating mechanism. These parameters belong to two separate fields: Geophysics and
Engineering (see Figure 2.16).
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Figure 2.16: Flowchart of the GIC calculation, including Geophysics and
Engineering contributions.

Regarding the contribution from Geophysics, the first step is to measure the
geomagnetic field near the Earth’s surface, either with permanent magnetic obser-
vatories to monitor and measure the local geomagnetic field (Thomson, 2014) or
satellite missions to monitor the global field distribution. The second step is to cal-
culate the induced electric field, for which an Earth’s conductivity model is needed.
These models are very dependent on the type of geological materials that compose
the Earth. For example, in regions where geomaterials are overall more resistive, the
induced electric field at the Earth’s surface tends to be stronger. The model used
to calculate the electric field can be one-dimensional (1D), two-dimensional (2D) or
three-dimensional (3D). 1D layered model is the simplest and most commonly used
model. However 2D and 3D models can provide more accurate results because they
consider lateral variations, as e.g. proximity to the coast, and not only the variation
with depth (Simpson and Bahr, 2005; Blake, 2017). The induced electric field E(t)
is computed from the GMD field B(t) and the Earth’s conductivity model, through
equation 2.4 (see Alves Ribeiro et al. (2021); Torta et al. (2014)) where the calcu-
lation is first made in the Fourier space (frequency ω) and then the inverse Fourier
transform is applied.

E(ω) =
1

µ0
Z(ω)B(ω) (2.4)

In this equation, Z is the impedance tensor which relates the electric and magnetic
fields at a certain location on the Earth’s surface. It has information about the
resistivity of the ground as well as the dimensionality and direction of those fields.
µ0 is the magnetic permeability of free space.

Knowing the induced electric field on the Earth’s surface, the third step is to
know the necessary power network parameters to be able to calculate the value of
GICs in the power transmission elements. In order to have a good representing model
of the power network, it is necessary to know:
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• Location of each substation, that is, the coordinates of the sites where
transformers are located and grounding nodes exist.

• Transformers specifications, for example, type of transformers, number of
units of each type, winding resistances and connection of each transformer to
different voltage levels.

• Characteristics of the possible paths for GICs (transmission line and
shield wires) such as the voltage level for the transmission line, the line imped-
ance and line length for both transmission line and shield wires (see chapter
3).

• Grounding resistance at each substation

Once the induced field was calculated in each point and the location of power
lines is given, the induced emf along each line can be computed. These emf are
equivalent to a DC voltage sources connected in series along the transmission lines
located between substations and along the shield wires between pylons.

Finally, GICs (I) are obtained by solving the matrix equation 2.5 (see Boteler,
David (2014); Lehtinen and Pirjola (1985)):

I = (1 + YZ)−1J (2.5)

where 1 is the unit matrix, Y is the network admittance matrix, Z is the grounding
impedance matrix including the substations’ grounding resistances of the system and
J incorporates the induced voltages between substations.

2.4.2 Measurement of GICs

Measurement of GICs can be done using direct or indirect methods.

• Direct method: measurement of electric currents directly on the line con-
necting the transformer neutral to the ground;

• Indirect method: measurement of the differences in the magnetic field closer
and farther away from the power lines.

Figure 2.17: Hall effect
sensors.

Figure 2.18: Harmonic
distortion sensor.

Direct measurements can be done with a Hall effect sensor (examples on Figure
2.17). A Hall effect sensor is a type of sensor which measures near DC magnetic field
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having an output voltage proportional to the strength of the field (more information
in chapter 4). There are studies in different countries that use a Hall effect sensor to
measure GICs as is the case in Brazil (Barbosa, Cleiton et al., 2015), Austria (Bailey
et al., 2018), Ireland (Blake et al., 2016) and New Zealand (Rodger et al., 2020),
others use Hall effect probe or clamp like UK (Hübert et al., 2020), Korea (Choi
et al., 2015) and Japan (Nakamura et al., 2018).

GICs can also be measured using the differential magnetometer method (DMM)
(Hübert et al., 2020). This method consists in measuring the magnetic field in two
different points (see Figure 2.19). The first measurement point (P1) is located directly
under the power line and detects magnetic field caused by both the GIC and the
natural fluctuations in the geomagnetic field. The second measurement point (P2)
is placed away from any electric power transmission line and is used as reference
which records mainly the natural fluctuation in the geomagnetic field. The difference
between the two measurements and a model for the variation of GIC signal with
distance, give an estimate of the magnetic field only due to the GIC.

New Zealand is the country that does the most monitoring of GICs. Besides
having Hall effect sensors (LEM LT500 or LT505 types, see chapter 4) installed
in 60 transformers in 22 substations (data from November 2018), they also have 3
magnetometers and a Schneider PowerLogic ION8800 meter (Figure 2.18) installed
in each substation to measure the harmonic distribution caused by transformer core
saturation (see section 2.3.2) (Rodger et al., 2020).

Figure 2.19: Magnetometer setup for differential magnetometer method. From
Matandirotya et al. (2015).

Muchinapaya et al. (2018) recently published a paper in which the design of a
low-cost system to monitor GICs in transformers neutrals is presented . He suggested
a simple system with a Hall effect sensor, a band pass filter, a temperature sensor
and a microcontroller. The temperature sensor is used because Hall effect sensors
are sensitive to temperature variations (Cholakova et al., 2012) and it is important
to calibrate the system. Analogue signals from Hall effect sensors need to be filtered
to remove unwanted signals with lower or higher frequency. So a bandpass filter is
used. Then, there’s a microcontroller that handles data from the sensors to end users.
Some specifications are also important for the system performance as flash memory,
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power consumption, operation temperature and clock speed. Lastly, the data storage
is made by a memory card. In Chapter 4, the measuring device that was developed
during this thesis will be presented.

2.5 National Power Transmission Network

Nowadays, electricity is generated through different energy sources such as natural
gas, potential energy of water, kinetic energy of winds, fuel oil, sun and biomass. The
number of generators in Portugal mainland have been increasing for the past years
with the increasing interest in renewable sources.

The National Transmission Grid (RNT) is the system which connects the gen-
erators to consumption centers and ensures a balance between energy supply and
demand. The electricity transmission entity in Portugal that operates RNT is REN
- Redes Energéticas Nacionais, SGPS, S.A., under a concession agreement with the
Portuguese state. The RNT delivery points feed the distribution network that sup-
plies most final consumers.

According to 2020 data, REN has 9,036 km of lines and 68 substations all over
the country (see appendix B.1). The extra high voltage grid is composed by 400 kV,
220 kV and 150 kV grid lines:

• 400 kV grid lines mainly run north to south near the coast from Alto Lindoso
power station in the north to Algarve, and west to east, where they interconnect
with the Spanish grid.

• 220 kV lines run between Lisbon and Oporto, diagonally between Miranda do
Douro and Coimbra, along the River Douro and in Beira Interior.

• 150 kV lines were the first lines in the RNT (since 1951).

Figures 2.20 and 2.21 are photographs of the Paraimo substation, which has 400,
220 and 60 kV lines. Figure 2.22 is a photograph of a transformer in that substation.
The first instrument for measuring GICs will be installed in this substation (see
chapter 5).

Figure 2.20: Area of Paraimo
substation referring to 60 kV lines.

Figure 2.21: Area of Paraimo
substation referring to 400 kV lines.
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Figure 2.22: Power transformer at Paraimo substation.

REN is also in charge of the transportation of gas in pipelines of approximately
1375 km, mostly on the coast of Portugal (see appendix B.2). Although the effect of
GICs in pipelines can be computed (Viljanen, 1989; Viljanen et al., 2006; Pulkkinen
et al., 2001), it is outside the scope of this thesis.

In the framework of the MAG-GIC project, the study of GICs in the national
power network started for the south region of Portugal. This was due to the existence
of a simple 3D conductivity model for the South of Portugal and the fact that there
exist only two voltage levels of the transmission network (150 kV and 400 kV).
Transmission lines between substations have lengths from 850m to 97km, in this
region (Alves Ribeiro et al., 2021).

Figure 2.23: Portuguese south region network (Alves Ribeiro et al., 2021).
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REN provided the network information essential for GIC modeling, as location
of each substation and its grounding resistances (see Figure 2.23), characteristics of
transformers in each substation and transmission line resistances. In chapter 3, both
transmission lines between SSN (Sines) and SFA (Ferreira do Alentejo) and between
SPM (Palmela) and SB (Setúbal) are used as case-studies.

With the most recent progress in the simulations of GICs in the whole Portuguese
network, it is already possible to analyze which substations are more susceptible
to high GICs. This simulation was also important to conclude about the order of
magnitude of GICs in Portuguese territory. As stated in Alves Ribeiro et al. (2021)
regarding the southern region of Portugal, also in the central and northern regions it
is not expected GICs above 10A.

Figure 2.24: GIC estimated values for each Portuguese substation during St.
Patrick Storm (Alves Ribeiro et al., communication at IAGA2021).

Figure 2.24 shows one of the results of preliminary simulations including all sub-
stations of the national power grid (Alves Ribeiro et al., communication at IAGA2021)
during St. Patrick Storm in 2015. Note that the northern region has higher GICs
than the southern region. One of the reasons is that in the northern region the
granites predominate, while in the South there are more sedimentary rocks. Granite
is typically more resistive than sediments so GICs tend to flow more easily into the
power transmission grid in these regions. Taking this into consideration and con-
sidering that transmission lines at the highest 400kV voltage level have lower line

25



CHAPTER 2. GEOMAGNETICALLY INDUCED CURRENTS

resistances, Paraimo substation (SPI, denomination given by REN) was chosen to
install the GIC measuring system.

Figure 2.25 shows the variations of the magnetic field measured by COI magneto-
meter and a magnitude proportional to the GIC module at Paraimo Substation also
during St. Patrick Storm.
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Figure 2.25: Magnetic field variations recorded at COI and GIC estimations at
Paraimo Substation also during St. Patrick Storm. Credits due to F. Pinheiro.
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Chapter 3

Effect of Shield Wires on
computed GICs
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3.1 Power networks with shield wires

Transmission power grids are protected by overhead shield wires, which main
purpose is to protect the phase lines from atmospheric storms such as lightning
strikes (Figure 3.1).

There are different types of shield wire connections to the substation and to
pylons. According to Liu et al. (2020) the scenarios more commonly found are

• shield wires connected to the ground at each pylon as well as at substations at
the end of the transmission line.
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• shield wires connected to the ground at each substation, but not directly con-
nected to the ground at each pylon.

• shield wires connected to the ground at each pylon, but not directly connected
to the ground at each substation.

Likewise power transmission lines, shield wires can carry GICs because they are
extended grounded conductors and so represent an extra path.

Figure 3.1: Power network with shield wires. Credits due to J.A. Ribeiro.

In the Portuguese power system network, shield wires are connected to the ground
at each pylon and at each substation (first case above).

3.2 Elementary circuit model for power lines with shield
wires

The large majority of GIC studies do not consider shield wires as a parameter in
the models, neither for the induced geoelectric field along these conductors nor for
their resistances. Nonetheless, Meliopoulos et al. (1994) carried out a study using
the nodal analysis method, where the network model integrated besides a single
transmission line and the nonlinear magnetization of transformer cores, also a shield
wire connecting the two substations. They concluded that using shield wires could
lead to significant differences in the calculation of GIC intensity, but did not study
the effect of shield wires separately. Also Pirjola (2007), he modeled the influence of
shield wires in the calculation of the induced voltage sources. He concluded that, for
long lines, the distortion in the induced voltage due to shield wires was of the order of
magnitude of the uncertainty due to the limited knowledge on the geophysical induced
field itself and needed not be considered. More recently, Liu et al. (2020) showed that
shield wires influence GIC calculation by changing the effective grounding resistance
of the substations and sustained that neglecting shield wires lead to an error higher
than 10%.

Liu et al. (2020) suggested a simple circuit model as a first approach to analyze
the effect of shield wires on GICs in power systems (Figure 3.2). The meaning of the
parameters used is explained in Table 3.1. This circuit consists of two substations
and one transmission line as well as one shield wire between them. The shield wire
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is grounded at each pylon and at both substations. Regarding the transmission line,
the three phases are treated as one in the equivalent circuit, whose resistance (RL)
is one-third of that of a single phase, and carrying a GIC (IL) three times larger
than that flowing in a single phase (Meliopoulos et al., 1994). The reason why there
are only resistances in the equivalent circuit, leaving out power system inductance
and capacitance is because GICs are considered a quasi-DC current and the flow
of these currents can be determined by resistances only (Bernhardi et al., 2008b).
The electric field induced in the Earth ( ~E) by geomagnetic storms is at the origin of
induced voltages along the grounded network (VL and Vi in Figure 3.2).

Figure 3.2: Elementary circuit model to analyze the effect of shield wires on GICs
through the transformers.

NA and NB neutral points at two substations

RSA and RSB grounding resistances of substations

RTA and RTB resistances of transformers at the substations

RL
resistance of the transmission line

between two substations

RW1, RW2, ..., RWn
resistances of the shield wire

within each span length

RG1, RG2, ..., RG(n−1) footing resistances of the pylons

~E induced geoelectric field

VL
induced voltage source

along the transmission line

V1, V2, ..., Vn
induced voltage sources

along each shield wire span

Table 3.1: Parameters values used in Figure 3.2.
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3.2.1 Derivation of the circuit matrix equations

Applying a mesh current analysis to the circuit in Figure 3.2, the matrix equation
of the circuit can be written. This allows to calculate the value of GIC in transformer
neutrals (current that will pass through resistances RTA and RTB) without doing
any approximation or simplification in the circuit. By analyzing the elements of the
matrix, it further allows to generalize to a circuit of arbitrary number of shield wire
spans.

To derive the matrix equation, the following loops are considered:

• Loop 0: mesh which includes the transmission line and all the shield wire
ladders.

• Loop 1: mesh which includes the first shield wire ladder, the footing resistance
of the first pylon and the grounding resistance of the left substation.

• Loop 2: mesh which includes the second shield wire ladder and the footing
resistances of the first and second pylons.

• Loop n: mesh which includes the last shield wire ladder, the footing resistance
of the last pylon and the grounding resistance of the right substation.

The equation which relates all currents and the equations of each loop follows:

ISA + IG1 + IG2 + ...+ IG(n−1) = ISB (3.1a)

IG(n−1) = ISB − ISA − IG1 − IG2 − ...− IG(n−2) (3.1b)

Loop 0:

−(RL +RTA +RTB)IL + VL

+RW1(−IL + ISA)− V1
+RW2(−IL + ISA + IG1)− V2

+...

+RWn(−IL + ISA + IG1 + IG2 + ...+ IG(n−1))− Vn = 0

(3.2)

Loop 1: RW1(−IL + ISA)−RG1IG1 +RSAISA = V1 (3.3)

Loop 2: RW2(−IL + ISA + IG1)−RG2IG2 +RG1IG1 = V2 (3.4)

Loop n:
RWn(−IL + ISA + IG1 + IG2 + ...+ IG(n−1))

+RSBISB +RG(n−1)IG(n−1) = Vn
(3.5)
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Note, as a particularity of this circuit with induced voltage sources, that VL and
Vi are not all independent and the following relation applies: VL =

∑n
i=1 Vi.

Rearranging the above equations, a general matrix equation can be written, with
which is possible to calculate all currents in the circuit:

[A][I] = [V ] (3.6)

with A, I and V in appendix A.

The GIC currents are then obtained by solving numerically

[I] = [A]−1[V ] (3.7)

In order to check for the accuracy of the derived matrix equation, tests were done
using LTSpice. This is a high performance simulation software, schematic capture
and waveform viewer with models to facilitate simulation of analog circuits. It also
includes macromodels for a wide range of devices such as switching amplifiers and
regulators.

3.3 Equivalent circuit with only shield wire resistances

The circuit in Figure 3.2 can be very complex and computationally heavy, for a
very large number of shield wire spans. So, an interesting procedure would be to try
to simplify this circuit and get a faster way to calculate GICs in that circuit model.

3.3.1 The model in Liu et al. (2020)

Figure 3.3 represents the simplified model adopted by Liu et al. (2020), where
shield wire and grounded pylons (Figure 3.4) are treated as an equivalent parallel
resistance Req, which changes the effective ground resistance of the substation. This
model does not take into account the equivalent voltage sources of the geoelectric
field within each span length (Vi).

Figure 3.3: Equivalent circuit model considering only resistances along shield
wires.
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Figure 3.4: Shield wire and grounded pylons circuit.

The steps to get this simplified circuit follow. Assuming that in the ladder circuit
model of Figure 3.4 :

RW1 = RW2 = ... = RWn = RW (3.8)

RG1 = RG2 = ... = RGn−1 = RG (3.9)

and grouping the resistances as shown in the Figure 3.5, the equivalent resistance of
the ladder circuit can be expressed as

Reqi = RW +
Req(i−1) ×RG

Req(i−1) +RG
(3.10)

Figure 3.5: Grouping RW and RG resistances.

Figure 3.6 shows the variation of the equivalent resistance of the ladder circuit
(Reqi) with the number i of ladder steps.
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Figure 3.6: Equivalent resistance Reqi of the ladder circuit for increasing ladder
size.

From Figure 3.6 it can be seen that Reqi is converged, in all cases, after the 30th

ladder step. Assuming that RW << RG (as is usual the case in transmission power
lines), then the converged value is given by:

Req =
RW

2
+
√
RW ×RG (3.11)

Req is connected in parallel to each substation grounding resistance, changing it

to R′S =
RS ·Req
RS+Req

. The resulting GIC current in the transmission line as well as in the

transformers (IL) and through the substations grounding resistances (ISA and ISB)
is then:

IL =
VL

RL +RTA +RTB +R′SA +R′SB
(3.12)

ISA = IL ·
Req

Req +RSA
(3.13)

ISB = IL ·
Req

Req +RSB
(3.14)

3.4 Derivation of the equivalent circuit including storm-
induced emfs

As explained in section 3.2.1, the effect of storm-induced emfs can be explicitly
included in the estimation of GICs in simple circuits as that of Figure 3.2, using
the matrix equation. However, such matrix equations lead to large time consuming
computations when the number of shield wire spans is large. Based on the study by
Liu et al. (2020), the next step in this study was to derive an equivalent circuit as
simple as that in Figure 3.3, but now considering both resistance and induced voltage
sources along each shield wire span (Figure 3.7). It is comparable with Figure 3.3
however, it additionally includes the effect of the induced voltage source along each
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shield wire span. Note that the polarity of the voltage source terminal connected to
one and the other substations’ neutral points is symmetric. With this simple circuit,
the heavy computational task of modeling the shield wire system explicitly may be
bypassed.

Figure 3.7: Equivalent circuit model considering the resistances and the induced
voltage sources along shield wires.

The method used to derive values for Veq and Req in the circuit of Figure 3.7 will
be explained in the next subsections.

3.4.1 Recursive equations

From the side of substation A, the circuit connected to RSA is a group of resist-
ances and voltage sources arranged in ladders (Figure 3.8) with n loops in total.

Figure 3.8: Circuit connected to RSA.

Figure 3.8 shows the shield wire circuit to be simplified. Starting with the farmost
step of the ladder circuit from the left substation connecting point (A) in the ladder,
the one which includes RSB, Thevenin’s theorem can be applied (Figure 3.9 left) to
get an equivalent circuit as shown in Figure 3.9 (right).
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Figure 3.9: Left) first step of the ladder circuit; Right) Thevenin equivalent of the
first ladder step.

The equivalent resistance in the Thevenin equivalent circuit (Req1) is the resist-
ance seen in the load with the source in short circuit, that is,

Req1 = RG(n−1)//(RWn +RSB) =
RG(n−1) · (RWn +RSB)

RG(n−1) +RWn +RSB
(3.15)

And the equivalent voltage (Veq1) (the voltage seen in the load with the circuit
open) is obtained by multiplying the load RG(n−1) by the current in the isolated loop,

Veq1 = Vn ·
RG(n−1)

RG(n−1) +RWn +RSB
(3.16)

Adding the contiguous ladder step to the first Thevenin’s equivalent circuit, the
circuit in Figure 3.10 (left) is obtained. Then, the Thevenin’s theorem is applied
again Figure 3.10 (right).

Figure 3.10: Left) first and second steps of the ladder circuit; Right)Thevenin
equivalent of the first two ladder steps.

The equivalent resistance of Thevenin Req2 is similarly obtained as Req1:

Req2 = RG(n−2)//(RW (n−1) +Req1) =
RG(n−2) · (RW (n−1) +Req1)

RG(n−2) +RWn−1 +Req1
(3.17)

To calculate the equivalent voltage Veq2, first it is necessary to obtain the current
i in the closed loop shown in 3.10 (left):
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i =
(Vn−1 + Veq1)

RG(n−2) +RW (n−1) +Req1
(3.18)

With this expression, Veq2 can be also obtained.

Veq2 = (Vn−1 + Veq1) ·
RG(n−2)

RG(n−2) +RW (n−1) +Req1
(3.19)

Adding more ladder steps, one at a time, the same procedure leads to expressions
for the Thevenin resistances and voltage sources that are identical to 3.17 and 3.19.
As they can show, to compute values at a given ladder step i requires knowledge of
values computed in step i-1. The general recursive equations are the following:

Reqi = RG(n−i)//(RW (n−i+1) +Req(i−1)) =
RG(n−i) · (RW (n−i+1) +Req(i−1))

RG(n−i) +RW (n−i+1) +Req(i−1)
(3.20)

Veqi = (V(n−i+1) + Veq(i−1)) ·
RG(n−i)

RG(n−i) +RW (n−i+1) +Req(i−1)
(3.21)

These equations allow to compute resistance and voltage source equivalents from
iteration number 2 to n-1. This last equivalent will be added in parallel with RSA,
having in mind that it is important to keep the RSA branch as a distinct branch, in
order to calculate the current which passes through the grounding resistance of the
substation.

Figure 3.11: Left) last step of the ladder circuit; Right) Thevenin equivalent of n
steps of the ladder circuit.

ReqA = Reqn = Req(n−1) +RW1 (3.22)

VeqA = Veqn = Veq(n−1) + V1 (3.23)

3.4.2 Behavior of recursive sequences

The equations derived above take a simpler form if the following simplification is
applied

RW1 = RW2 = ... = RWn = RW

RG1 = RG2 = ... = RGn−1 = RG
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V1 = V2 = ... = Vn = V

Simplifying equations 3.15, 3.16, 3.20 and 3.21, yields

Req1 = (RW +RSB) · RG

RG +RW +RSB
(3.24)

Veq1 = V · RG

RG +RW +RSB
(3.25)

Reqi = (RW +Req(i−1)) ·
RG

RG +RW +Req(i−1)
(3.26)

Veqi = (V + Veq(i−1)) ·
RG

RG +RW +Req(i−1)
(3.27)

The sequence values that represent the Thevenin equivalent resistance and voltage
source for increasing number i of ladder steps are plotted in Figure 3.12, with RSB,
RW , RG and V as the only parameters that need to be defined. It can be seen that
Reqi as well as Veqi approach an asymptotic value after a large enough number of
steps.

Figure 3.12: Reqi and Veqi of the ladder circuit for increasing number of ladder
steps. V=0.5 V and different values of RW and RG.
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3.4.3 Asymptotic expressions

From Figure 3.12, Reqi reaches a stable value when i is large enough. The plateau
value depends on the combination of parameters and tends to be higher for higher
RW and higher RG. As can also be seen, the number of steps to reach the asymp-
tote depends on the parameters RW and RG: the smaller (RW /RG), the slower the
convergence.

In the asymptotic regime, Req(i−1) ∼ Reqi = Rasy. Using this approximation in
the recursive equation for the equivalent resistance (equation 3.26), it yields

Rasy =
RG · (RW +Rasy)

RG +RW +Rasy
(3.28)

This gives a quadratic equation and a solution:

Rasy = −RW

2
+

1

2

√
R2

W + 4RW ·RG (3.29)

Because in general RW � RG, R2
W in equation 3.29 can be neglected and the

following expression for Rasy is obtained

Rasy = −RW

2
+
√
RW ·RG (3.30)

Figure 3.12 also shows the dependence of Veqi on the increasing order of the ladder
step i. It can be seen that Veqi approaches a stable value within ∼ 30 ladder steps, at
most. The rate at which the asymptote is reached depends again on the parameters
RW and RG: the smaller (RW /RG), the slower the convergence. As to the plateau
value, it is higher for higher RG/RW , but also for higher induced emf V (not shown
in Figure 3.12).

For large iteration i, Veqi reaches a stable value where Veq(i−1) ∼ Veqi = Vasy.
Using this approximation in equation 3.27, then

Vasy = (Vasy + V ) · RG

RG +RW +Rasy
(3.31)

Solving the equation in order to Vasy, it can be obtained

Vasy = V · RG

RW +Rasy
(3.32)

and finally, replacing the Rasy result from equation 3.30, the final expression for the
converged value of the equivalent voltage source is obtained.

Vasy = V · RG
RW
2 +

√
RW ·RG

(3.33)

To check for the accuracy of the derived asymptotic expressions, relative differ-
ences between the predicted values from equations 3.30 and 3.33 and values from
equations 3.26 and 3.27, respectively, were computed using i=90 to reach the asymp-
totic limit. Results are shown in Table 3.2.

For the test parameters, it stands out that the obtained asymptotic expressions
represent very closely the behavior of the corresponding recursive sequences when
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i ≥ 90. In fact, the approximation for i = 30 is also very good, with errors below 2%.
Also note that the approximation is so much better as the approximation RW << RG

is valid.

RG

(Ω)

RW

(Ω)

V

(V )

Veqi

(V )

Vasy

(V )

error

(%)

Reqi

(Ω)

Rasy

(Ω)

error

(%)

30

1.11
0.05 0.2361 0.2371 0.4210

5.2422 5.2156 0.5079
0.1 0.4723 0.4743 0.4210

0.31
0.05 0.4675 0.4681 0.1235

2.8985 2.8946 0.1358
0.1 0.9350 0.9361 0.1235

10 1.11
0.05 0.1271 0.1286 1.1812

2.8226 2.7767 1.6265
0.1 0.2542 0.2572 1.1812

Table 3.2: Veqi and Reqi values obtained from equations 3.26 and 3.27 with n=90
and the Vasy and Rasy obtained from equations 3.30 and 3.33 for different values of
RW , RG and V. The resistance and voltage errors are calculated with the following

equations error(%) =
|Rasy−Reqi|

Rasy
and error(%) =

|Vasy−Veqi|
Vasy

, respectively, using
i=90.

3.4.4 Equivalent shield-wire circuit at each substation

A very practical outcome of the asymptotic behavior of the recursive sequences
is that expressions 3.30 and 3.33 can be used to characterize the Thevenin equivalent
to the shield wire system, as long as the line lengths are large enough and the shield
wire ladder parameters RG and RW , as well as the induced voltage source V , are
homogeneous along the line.

Using the asymptotic expressions 3.30 and 3.33 in equations 3.22 and 3.23, the
following equations for the equivalent parameters in Figure 3.7 are finally obtained:

Req =
RW

2
+
√
RW ·RG (3.34)

Veq = V ·

[
RG

RW
2 +

√
RW ·RG

+ 1

]
(3.35)

As in the equivalent circuit with only shield wire resistances (Figure 3.3), equa-
tions for IL and ISA (as for ISB) were obtained for the circuit in Figure 3.7. Req

and Veq are connected in parallel to each substation grounding resistance. So R′S =
RSReq
RS+Req

and V ′ = Veq · RS
RS+Req

can be written and allow to characterize the equivalent
circuit to connect to each substation.

IL =
VL − V ′B − V ′A

R′SA +R′SB +RL +RTA +RTB
(3.36)
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ISA =
Veq + IL ·Req

RSA +Req
(3.37)

ISB =
Veq + IL ·Req

RSB +Req
(3.38)

Note that in the case V=0, the above 3.36 to 3.38 equations give exactly the same
results 3.12 to 3.14 from Liu et al. (2020).

In the following section, it will be discussed in which conditions the equivalent
circuit in Figure 3.7, with the parameters derived above, may be used in practice.
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3.5 Application using real values from the Portuguese
power network

The next step of this study was to apply both equivalent circuits (Liu’s et al.
and the circuit derived in this study) to real lines with real parameters and discuss
possible improvements for the modeling of GICs. Therefore a briefly characterization
of two lines in the Portuguese power network follows as well as the application of both
equivalent circuit models to those two lines.

3.5.1 Characterization of the case-study lines

The national transmission system operator - REN - has provided relevant inform-
ation for testing this study with realistic values from the Portuguese power network.
Having access to this information is important to make it clear which range of val-
ues is usual in the Portuguese energy transmission network. Indeed, the use of very
accurate real values is not required because this particular line does not exist alone
but connected to a large number of other lines.

REN provided information of two different size lines: the line between Ferreira do
Alentejo and Sines called LFA.SN, which has a voltage level of 400kV, and the much
shorter line between Palmela and Setúbal called LPM.SB1, which has a voltage level
of 150kV (see Figure 3.13). The characterization of both lines follows.

Figure 3.13: Location of the two lines that will be studied in this thesis.
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LFA.SN line: Ferreira do Alentejo - Sines

The line between Ferreira do Alentejo and Sines (LFA.SN), which has 170 pylons,
is shown in Figure 3.14 and characterized by the parameter values shown in Table
3.3.

On June 22th, 2015 occurred a geomagnetic storm for which the estimated induced
voltage source between the neutral points A and B was 7.0V (considering the ground
conductivity model in Alves Ribeiro et al. (2021)). Then we use this value for VL.

Line length (L) 59970 m

RL 6.07 Ω

RTA 0.80 Ω

RTB 0.35 Ω

RSA 0.10 Ω

RSB 0.12 Ω

RWi 0.126 Ω

RGi 5.2 Ω

Table 3.3: Line length and resistance values for the line between Ferreira do
Alentejo (substation A) and Sines (substation B).

Figure 3.14: Location and RGi values for each pylon i in LFA.SN line.

Knowing the values in Table 3.3, the RGi value for each pylon (see Figure 3.14)
as well as the distance di (in meters) between consecutive pylons, all parameters of
interest were calculated through the following equations.

Vi = VL ·
di
L

(3.39)
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RWi = RW ·
di

350
(3.40)

RW = 0.1258Ω is the resistance of 350 m of shield wire, for the material in use.
Then Vi and RWi are the emf and wire resistance for each shield wire span. It is
assumed that the electric field induced is uniform along the line.

LPM.SB1 line: Palmela - Setúbal

The line between Palmela and Setúbal (LPM.SB1), which has 13 pylons, is char-
acterized by the values that are shown in Table 3.4 and Figure 3.15. For the same
June 22th, 2015 storm, the estimated value for VL was 1.0V.

Line length (L) 4793.5 m

RL 0.289 Ω

RTA 0.049 Ω

RTB 0.049 Ω

RSA 0.10 Ω

RSB 0.10 Ω

RWi 0.122 Ω

RGi 3.5 Ω

Table 3.4: Line length and resistance values for the line between Palmela
(substation A) and Setúbal (substation B).

Figure 3.15: Location and RGi values for each pylon i in LPM.SB1 line.

As in the previous line, the equivalent voltage sources along each shield wire span
due to the induced geoelectric field (Vi) and the RWi values can be calculated through
equation 3.39 and 3.40.
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3.5.2 Testing both equivalent circuit models

These two lines were used as case studies to test both equivalent circuits: the
Liu et al circuit and the circuit derived in this study. Table 3.5 shows all IL, ISA
and ISB values calculated from different circuit models: (1) the complete (or true)
circuit (Figure 3.2); (2) the circuit without shield wires; (3) the equivalent circuit
with only resistance along shield wires (1st equivalent circuit, Figure 3.3) and (4) the
equivalent circuit with both resistance and emfs along shield wires (2nd equivalent
circuit, Figure 3.7). In the last two cases, RW and RG are mathematical averages of

all RWi and RGi values. Errors were obtained through error(%) = |Ic−Ie|
Ic

where Ic
is the current calculated from the complete circuit and Ie is the current calculated
through other circuits.

LPM.SB1 error LFA.SN error

IL (A)

complete circuit 1.603 - 0.939 -

without shield wires 1.704 6.32 % 0.941 0.18 %

1st equivalent circuit 1.778 10.93 % 0.944 0.50 %

2nd equivalent circuit 1.596 0.428 % 0.935 0.412 %

ISA (A)

complete circuit 1.819 - 0.883 -

without shield wires 1.704 6.30 % 0.941 6.54 %

1st equivalent circuit 1.560 14.22 % 0.847 4.11 %

2nd equivalent circuit 1.912 5.134 % 1.132 28.17 %

ISB (A)

complete circuit 1.869 - 1.080 -

without shield wires 1.704 8.82 % 0.941 12.85 %

1st equivalent circuit 1.560 16.52 % 0.830 23.13 %

2nd equivalent circuit 1.912 2.308 % 1.109 2.742 %

Table 3.5: IL, ISA and ISB values for LPM.SB1 and LFA.SN lines calculated with
the complete circuit, with the circuit without shield wires, with the equivalent
circuit with only shield wire resistances (1st equivalent circuit) and with the

equivalent circuit with both shield wire resistances and emfs (2nd equivalent circuit).
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Figure 3.16: Graphical scheme of the values in Table 3.5

From this Figure, LPM.SB1 line presents higher current values than LFA.SN line
due to lower RT values (an order of magnitude lower). The decrease in the total line
resistance compensates for the decrease in VL.

When using the circuit model without shield wire on LPM.SB1 line, errors are
above 6% (6.32%, 6.30% and 8.82%, respectively). Errors are also significant when
using the equivalent circuit model with only shield wire resistances, i. e., errors above
10% (10.93%, 14.22% and 16.52%, respectively). However, if the equivalent circuit
model with both shield wire resistances and emfs were used, errors are below 6%
(0.43%, 5.13% and 2.31%, respectively). In short, and for the LPM.SB1 line, using
the 2nd equivalent circuit represents an improvement not only compared to neglecting
shield wires, but also compared to using the 1st equivalent circuit to model the shield
wires effect.

For the LFA.SN line, the error of using either the circuit model without shield
wires, or the equivalent circuit model with only shield wire resistances or the equi-
valent circuit model with both shield wire resistances and emfs in the current flowing
through the transformer is below 1%. The current through the grounding resistance
RSA at substation A presents an higher error when using the equivalent circuit model
with both shield wire resistances and emfs. The current through RSB at the substa-
tion B presents an higher error when using the equivalent circuit model with only
shield wire resistances. Higher errors associated to the current through RSA must be
clarified.
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3.5.3 Discussion

The different reasons that could justify those errors are (1) the consequence of
using mean values from scattered resistance values; (2) the small size of the LPM.SB1
line; the 13 pylons may not satisfy the asymptotic condition of the expressions used
or (3) the consequence of not considering the equivalent voltage source in each shield
wire ladders (Vi), in the case of the equivalent circuit model with only shield wire
resistances. The examination of these simplifications one by one follows, to prove the
direct influence of the use of emfs along the shield wires in the LPM.SB1 line and
also to find explanations for the ISA and ISB errors in the LFA.SN line.

1. RWi and RGi highly scattered:
Both models consider RWi and RGi have fixed values and for that mean values
are computed (RW and RG).

LPM.SB1 line

RG σ2RG RW σ2RW

3.5 Ω 5.1 Ω 0.122 Ω 0.002 Ω

LFA.SN line

RG σ2RG RW σ2RW

5.2 Ω 60.2 Ω 0.126 Ω 0.001 Ω

Table 3.6: Mean and variance values for RGi and RWi of both lines.

Table 3.6 shows that RGi values are very scattered because have high variance,
being the LFA.SN line the most influenced. In fact, Figure 3.14 presents a wide
range of values.

To measure this specific error, the values of the complete circuit can be com-
pared with the same circuit but replacing the individual values of RGi and RWi

for their means, RG and RW (Table 3.7).

LPM.SB1 line

IL ISA ISB

0.4 % 3.7 % 0.9 %

LFA.SN line

IL ISA ISB

0.4 % 28.0 % 2.6 %

Table 3.7: Error associated from using mean values instead of real values
in the complete circuit for both lines.

As RGi and RWi values in LPM.SB1 line are not very dispersed, low errors
were predictable. On the other hand, LFA.SN line presents a higher error for
ISA, just as we see in Table 3.5. This suggests that RGi values are more far
from the mean near substation A and for that reason, the use of average values
along the line instead of real values is influencing the ISA calculation.

2. Reqi and Veqi asymptotic limits:
In the case of the smaller line (LPM.SB1), a relevant question is whether the
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asymptotic limit has already been reached. This can be easily tested by con-
firming if n=13 pylons is a sufficient number of pylons to achieve the converged
value in Reqi (equations 3.10 or 3.26) and in Veqi (equation 3.27). Calculating
Req(i=13) and Veq(i=13), all deviations are less than 3%.

3. Vi not considered:
In the case of the equivalent circuit model with only shield wire resistances,
the induced voltage source in the shield wire ladder (Vi) was neglected and the
implications of this simplification can also be tested by comparing the complete
circuit with the same circuit but with Vi = 0. The errors follow.

LPM.SB1 line

IL ISA ISB

12.2 % 17.6 % 17.6 %

LFA.SN line

IL ISA ISB

0.8 % 25.1 % 25.1 %

Table 3.8: Errors due to neglecting Vi in the complete circuit
for both lines.

Here, results are very interesting. Not only there are errors associated with ISA
and ISB but also with IL which is the current of interest (since it flows through
the transformer windings). In LPM.SB1 line, the IL error calculated is 12.2%
which can not be neglected.

To conclude, the errors in Table 3.5 can be explained, considering the reasons
mentioned above. Regarding LPM.SB1 line, it can be confirmed that the errors
of using the equivalent circuit with only shield wire resistances is only due to not
considering the emfs along shield wires. When using the equivalent circuit with both
shield wire resistances and emfs, errors are negligible. In the case of the LFA.SN line,
IL errors from using both equivalent circuits are negligible. In the case of the ISB,
the error is also associated to when emfs are neglect. As for the ISA error associated
to the use of the equivalent circuit with both shield wire resistances and emfs is due
to the use of RG and RW mean values.

Thus, it was confirmed that, in the case of lines of the Portuguese power network
where the line size is not very high, ignoring the induced voltage source is incorrect
and leads to significant errors. On the other hand, in the case of large dispersion
of RG values, the equivalent circuits are probably not a better solution compared to
neglecting shield wires.
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3.6 Towards more complex circuits

In a real power transmission network, a substation neutral point has multiple
lines connected to it. For this reason, the model presented in the previous section was
tested including more lines connected to the neutral point and also more transformers
in the model. The main purpose of this extra analyses is to understand what happens
to the value of estimated GICs when adding more lines to the circuit.

The first step towards a higher degree of complexity was to consider a two-line
model (2-line-model) with three transformers and two phase lines connecting them
(Figure 3.17). The transformer A has both lines connected to it and Figure 3.18
represents the corresponding equivalent circuit.

Figure 3.17: Circuit model with two phase lines and three transformers
(2-line-model).

Figure 3.18: Equivalent circuit concerning circuit in Figure 3.17.

The second model was a three-line model with also three transformers, each of
them having two phase lines connected to them, as in a triangle. Figure 3.19 repres-
ents this circuit and the corresponding equivalent is in Figure 3.20 (4-3-line-model).
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Figure 3.19: Circuit model with three phase lines and three transformers
(4-3-line-model).

Figure 3.20: Equivalent circuit concerning circuit in Figure 3.19.
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Finally, the last circuit model studied was also a three phase line model with all
lines connected to transformer A as in a star configuration (?-3-line-model).

Figure 3.21: Circuit model with three phase lines and three transformers
(?-3-line-model).
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Figure 3.22: Equivalent circuit concerning circuit in Figure 3.21.

Table 3.9 shows all parameters used in all network models in this section.

RL 0.289 Ω

RTA = RTB = RTC = RTD 0.049 Ω

RSA = RSB = RSC = RSD 0.10 Ω

RG 3.0 ± 2.0 Ω

VL 1.0 V

di 350 ± 100 m

n 13

Table 3.9: Network parameters used in this section.
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Single-line-model 2-line-model

ITA error ITA error

Complete circuit 1.6027 - 2.5824 -

Without shield wires 1.7036 6.30% 2.7174 5.23 %

Equivalent circuit with only Req 1.7778 10.93 % 2.9311 13.50 %

Equivalent circuit with Req and Veq 1.5959 0.42 % 2.5509 1.22 %

Table 3.10: ITA values in the single-line model and two-line model. Errors are
calculated comparing with the complete circuit.

4-3-line-model ?-3-line-model

ITA error ITA error

Complete circuit 2.6884 - 3.2526 -

Without shield wires 2.7174 2.99 % 3.3898 4.09 %

Equivalent circuit with only Req 2.9686 12.51 % 3.8191 17.27 %

Equivalent circuit with Req and Veq 2.5939 1.69 % 3.1973 1.82 %

Table 3.11: ITA values in the 4-3-line-model and ?-3-line-model. Errors are
calculated comparing with the complete circuit.

Figure 3.23: Graphical scheme of the values in Tables 3.10 and 3.11
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With these circuits and preliminary tests, it is possible to conclude:

• As the number of lines connected to the transformer increases, the GICs also
increase (1.60A-2.58A-3.25A);

• As the number of lines connected to the transformer increases, the error associ-
ated by using the equivalent circuit with only shield wire resistances increases
(11%-13%-17%);

• The error for using the circuit model without shield wires remains approxim-
ately constant;

• In the case of 2 lines connected to the transformer, there is not much difference
whether the other two transformers are also connected by a line (4-3-line-
model) or not (2-line-model);
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Chapter 4

Development of GIC
measurement instrumentation
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4.1 Introduction

Given the different assumptions taken for the calculations, GIC estimated results
are not enough to conclude on the magnitude of GICs flowing in the network. Thus,
measurements should be taken in order to validate predicted GIC values. The first
instrumental system for GIC measurements on the Portuguese transmission network
is discussed in this chapter as well as its performance analysis in laboratory.

The system developed during this thesis is the follow-up of an already started
prototype (see Cardoso et al. (2019)). This chapter presents the main components
of a prototype system design to continuously measure GICs.
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4.2 Requirements Analysis

The first step in designing a GIC measurement system is to clarify and list all
requirements and restrictions, as is done in Table 4.1.

Starting with the input data type, this system has to measure an analogue signal
proportional to a quasi-DC current flowing in the transformer neutral and convert it
to digital data. An user interface would be convenient too, like a dashboard showing
the real-time acquired data and with the possibility of doing simple data processing
or downloading selected data to a file.

The functionality of this system is to measure an analogue signal, convert it to
a digital signal with an ADC converter, apply some signal filtering and save this
information in a database. This database should be locally or remotely reachable by
interested parts. Because GICs are quasi-DC currents (see chapter 2.3), even if the
sampling frequency is of the order of kHz, it can be downsampled to 1Hz.

The current must be measured with a non-invasive sensor for the power trans-
mission network. To this end, it is preferable that the cable be enclosed by the
sensor, without the need to disconnect the neutral cable from the ground. In this
way, it will be easier to make the system mobile, by making it easy to disassemble
for maintenance or move to another transformer.

Concerning the system’s performance, it has to measure a range from ±1mA up
to ±50A and it should guarantee a precision of at least tenths of amperes because
the magnitude will be below 10A, most of the time.

Since this system will be built to acquire data in a continuous mode for sev-
eral months, power consumption should be provided from local supply (230V 50Hz)
instead of a battery.

Functional requirements

Ability to measure a quasi-DC current and save that information

in a database to be accessed later at any time

Non-functional requirements

Performance Accessibility

Input currents from 1mA up to 50A Easy and quick installation

Precision of tenths of amperes on the transformer

Sampling frequency of 1Hz Remote access to measured data

Security Usability

Remote access only Simple interface with access

by authorized users to the measured data

Power Storage Capacity

Local Power Supply 230V 50Hz Several months

Space

40mm cable entry hole diameter

Table 4.1: System requirements.
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There are some physical constraints that have to be clarified, such as the cable
diameter and exterior restrictions such as the presence of other cables or structures
around. By contacting the Portuguese operator REN, it was possible to find out that
the standard diameter of the cable used for the transformers’ neutrals is 40mm.

Lastly, the system must be weatherproof, ideally with IP65 enclosure specifica-
tions. It was decided that a protective cover could be done on site and it was decided
to open some ventilation vents (active and passive) to guarantee proper cooling of
the electronic and sensing elements.

4.3 Architecture

4.3.1 Sensing

The main component of the system is the current sensor because it will most
directly influence the sensitivity of the entire system. The sensitivity of the sensor
is defined as the ratio between the variation range of the output quantity and the
variation range of the input quantity.

As it was said before, the sensor shouldn’t be invasive to the power grid, thus
a Hall effect sensor is the best choice. A Hall effect sensor is a current transducer
that measures a certain magnetic field nearby, having an output voltage directly
proportional to the strength of the field. Figure 4.1 shows a scheme of how an open
loop Hall effect sensor works. A primary current IP flowing through a wire induces
a magnetic field (B) in the sensor core according to Biot-Savart law. This magnetic
field is concentrated by a magnetic core and is proportional to IP . The core has a
gap cut through it and a Hall generator is used to sense the magnetic flux density in
the gap. In this Hall generator, there is a control current (IC) applied. The presence
of a magnetic field, perpendicular to the direction of the current, deflects the charge
carries, producing a difference in electric potential (VH) between the two sides of the
Hall generator. This signal is then amplified and the output signal of the sensor is
VOUT .

Figure 4.1: Conversion of the primary current IP into an output voltage VOUT in
an open loop Hall effect sensor. From LEM Components Brochure.

From the arrangement described above and from LEM Components Brochure,
the following equation is verified:

VH =
K

d
· Ic ·B + VOH (4.1)
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where K is the Hall constant of the conducting material, d is the thickness of the
sheet, and VOH is the offset voltage of the Hall generator, i.e., the output voltage of
the Hall generator in the absence of an external field. Such an arrangement is referred
to as a Hall generator and the product K/d · IC is generally referred to as the Hall
generator sensitivity. Both sensitivity and offset voltage are usually temperature
dependent.

Looking at the sensor as a whole, i. e., considering the Hall generator and the
amplifier, the output voltage (VOUT ) is given by equation:

VOUT = αIP + VO (4.2)

where α is the sensor sensibility, VO is the sensor offset voltage.

The Hall effect sensor chosen was an Open Loop Current Transducer HOP 1000-
SB from LEM (see Figure 4.2 and Table 4.2 for main specifications). The main
reason for this choice was the 40 mm height of the rectangular hole, essential for the
transformer’s neutral cable to fit. Another determinant reason was being a split-core
sensor, which means that the sensor will embrace the neutral cable with no need to
disconnect it from the ground. The only downside of the sensor is its wide dynamic
range, i. e., its input nominal current is between 0 and 1000A, which is a much wider
range than what is expected to measure. As a matter of fact, most sensors with
lower dynamic range have too small hole dimensions, so they are non-viable for this
project.

Specifications

Series LEM HOP 1000-SB

Primary Nominal RMS Current (RMS(IP )) 1000A

Output Voltage (VOUT ) ±4V

Supply Voltage (VS) ±12− 15V

Current Consumption (IC) ≤ 20mA

Accuracy ≤ ±2%

Electrical Offset Voltage (VOE) ≤ ±20mV

Magnetic Offset Voltage (VOM ) ≤ ±20mV

Op. Temperature −10C/70C

Temperature variation of VO ≤ ±25mV

Rectangular hole size 104× 40mm

Table 4.2: Current Transducer HOP 1000-SB specifications.
Total offset voltage VO = VOE + VOM .
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Figure 4.2: Current Transducer HOP 1000-SB.

Since the sensor takes bipolar measurements, the maximum variation amplitude
is 2000A and the output signal is ±4V for the 2 directions of the current, therefore
the sensitivity of the sensor (α value in equation 4.2) is, directly from factory spe-
cifications, 4 mV/A . In the following, it will be shown that laboratory tests give a
very close value.

4.3.2 Data Acquisition

In order to quantify the signal measured by the Hall effect sensor, an input channel
in the ADC with a channel width larger than the sensor’s sensitivity is required.
Generally, an N-bit ADC has a resolution (channel width) of:

VOUTLSB =
∆VOUT

2N − 1
(V/bit) (4.3)

IPLSB =
∆IP

2N − 1
(A/bit) (4.4)

with ∆VOUT = 8V and ∆IP = 2000A, LSB is the Least Significant Bit.
Since currents above 10A are not expected, the choice of ADC channel width

resolution should be at least one order of magnitude below the sensor’s sensitivity
(see Table 4.3). Given this criterion, 16 bits of resolution is the minimum required.
Note that this is a theoretical analysis and is performed on a noiseless scenario. To
minimize noise, the ADC should make a minimum sampling rate on the order of 1000
samples per second, to average the input signal on the order of 103.

N-bit ADC (bits) VOUTLSB (mV/bitLSB) IPLSB (A/bitLSB)

8 31.13 7.78

10 7.80 1.95

12 1.95 0.49

16 0.12 0.031

18 0.031 0.00763

24 0.00048 0.000119

Table 4.3: Output signal and nominal current resolutions values for different N-bit
ADC of an acquisition channel.
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The best solution found was to use a Raspberry Pi 4 Model B with a high resol-
ution 24-bit digitizer shield. This configuration is more useful than Arduino because
it allows more processing (C or Python), network or wireless connectivity, local in-
terface, but above all it allows memory expansion to microSD card to make storage
for long periods, as required. Another powerful feature of the Raspberry Pi is the
row of GPIO (general-purpose input/output) pins along the top edge of the board
that permit an easily connection to an ADC module.

Raspberry Pi unit (see Figure 4.3 and Table 4.5 for main specifications) has 4 GB
of memory and has also a micro-SD card slot for data storage as well as for loading
operating system. This modular networked platform allows easy Python scripting
along with a group of easily interfaceable web services (see section 4.4).

The ADC module used (see Figure 4.4 and Table 4.6 for main specifications)
is a Waveshare AD/DA 24 bits Raspberry piggyback module. It is based on an
ADS1256 8-channel converter with resolution around 120µA/bit. According to the
ADC specifications, the full-scale input voltage is±5V (bipolar) with a programmable
gain of 1 (PGA = 1) (Table 4.4) with a Vref = 2.5V. Although better resolutions are
achieved with higher gains, especially if the current to be measured is very small, it
was chosen to work with PGA=1 to guarantee full-scale for the “worst” case of 1000
A primary current range.

PGA setting Full-scale input voltage (VREF=2.5V)

1 ±5V

2 ±2.5V

4 ±1.25V

8 ±0.625V

16 ±312.5mV

32 ±156.25mV

64 ±78.125mV

Table 4.4: Full-Scale Input Voltage vs PGA Setting.

The data rate (samples per second) of this ADC and is given by Equation 4.5.

DataRate =
fCLKIN

256

1

Num Ave
(4.5)

where Num Ave is the number of averages per sample and fCLKIN is the data rate
frequency. With a data rate frequency of 7.68MHz, it is possible to make 3000
averages for each sample and have a data rate of 10 samples per second for the 8
channels. Consequently, each channel collects data every 1.25 seconds which means
a 0.8Hz data rate (within the frequency range of the GICs).
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Raspberry Pi 4 Model B

Figure 4.3: Raspberry Pi 4
Model B.

Specifications

Supply Voltage 2.7− 5.5V

Consumption 3.0A

Memory 4 GB

Ambient Operating

Temperature
0− 50◦C

Table 4.5: Raspberry Pi 4 Model B
specifications.

High-Precision AD/DA DAQ Module

Figure 4.4: High-Precision
AD/DA DAQ Module.

Specifications

Supply Voltage 3.3 or 5 V

Component ADS ADS1256

Resolution 24 bits

Number of channels 8

Sensitivity 120 µA/bit

Table 4.6: High-Precision AD/DA DAQ
Module specifications.

4.3.3 Casing

All electric components must be protected from ambient weather and signific-
ant temperature variations so using IP65 (or higher) specifications for the casing is
the best choice. IP (or ’Ingress Protection’) ratings are international standards to
define levels of sealing effectiveness of electrical casings against intrusion from external
bodies. In this case, the most appropriate IP ratings are 65 and 66 which offer full
protection against dust and other particles and protection against medium-pressure
water jets.

4.3.4 Control System

As the current sensor is sensitive to temperature variations, a continuous tem-
perature monitoring was integrated, even with the system inside an insulated casing.
By having a continuous record of the system temperature, it is easy to make a tem-
perature correction of the signal. A TMP36 temperature sensor is used, which has a
scale factor of 10mV/◦C and a power supply of 2.7− 5.5V DC.

In addition to temperature monitoring, it was included an active ventilation
to prevent overheating of the casings. For these cases, active fans (MC32909 and
RDM8025SA) are used.
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4.4 Logical Structure

4.4.1 Data Acquisition control and Storage

Raspberry Pi 4 is able to run a Python 3.7 scripting with the instructions to data
acquisition and storage. Data is continuously stored to an InfluxDB streaming time
series database locally. In this first prototype, the data is saved in a local database
and obtained through a micro SD card. Furthermore, a remote connection to the
Raspberry Pi is guaranteed.

Python scripting

The script used is an open-source Python code under the PiPyADC library 1.
This code provides access to GPIO and other IO functions on the Raspberry Pi,
allowing access to the GPIO pins and consequently to the signals of the Waveshare
AD/DA channels.

In this script, the data rate is set to 10 samples per second, and the Hall effect
sensor signal as the temperature signal are read and written into a local database
(pseudo-code follows).

Algorithm 1 PiPyADC

1: ads ← Initialize ADC object with specified PGA, fCLKIN , data rate and VREF

values
2: while True do
3: raw channels← read input channels
4: voltages← convert raw channels data in voltage values
5: time← current time in milliseconds
6: saveInflux← save data in the local database (voltages, time)
7: end while

InfluxDB

InfluxDB is an open-source Time Series Database (TSDB), a database which was
developed especially for time series. It means that it optimizes the data for time,
and comes with several features to keep the more demanding databases small. This
database is optimized for fast, high-availability storage and retrieval of time series
data in fields such as Operations Monitoring and Internet of Things sensor data. It
provides a similar SQL language, listening on port 8086.

Remote connection - TeamViewer

TeamViewer is a free, fast and safe remote management tool with easy imple-
mentation in Raspberry Pi. Setting an ID and password on the Raspberry Pi, it
is possible to access it remotely as long as it is connected to the internet. For this
purpose, the system also has a mobile internet router.

1https://github.com/ul-gh/PiPyADC
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4.4.2 Data Visualization

4.4.2.1 Grafana

A commonly used combination is Grafana with InfluxDB (see Figure 4.5 for an
example). Grafana is a web application for data visualization through graphical
primitives and uses InfluxDB as data source. As InfluxDB supports a huge amount
of reads and writes, it is possible to generate graphs in real time and keep a history
of years, as well as query old data without causing too much load on the server.

Figure 4.5: Example of Grafana dashboard graphs.

4.5 System Integration

Once all components were chosen, the next step was to integrate everything into
a single functional system. The system consists in 2 casings: the first has the sensor
and the data acquisition setup and the second has all the power supplies needed to
power the first casing and the mobile router (see Figure 4.6).

Figure 4.6: System diagram.

Casing 1

This casing has all main components: the Hall effect sensor, the Raspberry Pi
with the 24-bit digitizer shield, the temperature sensor and the power supply board
along with an active fan (Figure 4.7).
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Figure 4.7: Inside view of the system.

Having in mind that the system will embrace the transformer’s neutral, some
required 3D pieces were printed to improve components stability. In order to immob-
ilize the transformer’s cable inside the hole of the Hall effect sensor, two removable
pieces were printed with the shape of the cable (see Figure 4.8). Another considered
detail taken into account was minimizing the probability of water entering from the
upper hole of the casing, therefore further PLA2 3D elements were designed and built
in order to totally embrace the cable. Finally, more 3D PLA elements were printed
to fix the Hall effect sensor, the Raspberry Pi module and the power supply board to
the casing. In the end, all wires were connected to the power supply board, except
for the signal and ground wires from the Hall effect sensor which were intertwined
and connected directly to the Raspberry Pi, in order to cancel external magnetic
disturbances.

Figure 4.8: 3D printed pieces to embrace the neutral cable. Black cylinder
imitates neutral cable.

Figure 4.9 shows the front and rear views of this casing. In the rear view, there
is a ventilation grid, the connection to the system power supply cable as well as the
hole to the transformer’s cable passing through. In the front view, there is a hole for
the same cable to pass through and 3D printed pieces to embrace it.

2Polylactic Acid Polymer, one of the most popular materials used in 3D printing.
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Figure 4.9: Left) front and Right) rear views of the system.
Black cylinder imitates neutral cable.

Casing 2

The second casing has all sources needed to power the system, a second fan
for active ventilation and a mobile router for Raspberry Pi communications (Figure
4.10). It is composed by three sources and one DC converter.

Figure 4.10: Inside view of the power supply casing.
The mobile router locates at the casing cover.

1. Power-one HB5-3/OVP-A: a DC source with 5V 3.0A output to power the
Raspberry Pi, the temperature sensor, the fan for casing 1 (MC32909) and the
mobile router.

2. MPM-30-15ST : two DC sources with 15V output to power Hall effect sensor
(±15V ) with a output current of 2A.

3. NMXD0512SO : a DC converter from 5V to 12V to power the second fan for
casing 2 (RDM8025SA).
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The two first sources are switched sources. These sources have lower ripple which
means less noise and greater stability in the output signal of the system.

Figure 4.11: Outside view of the power supply casing.

4.6 Test performance analysis

4.6.1 Offset behavior

One of the most important parameters of the Hall effect sensor is the offset voltage
(VO in equation 4.2). The offset voltage is the output potential difference in the ab-
sence of an external magnetic field. In order to test the behavior and stability of
the sensor offset, a signal was acquired without currents flowing through the sensor.
Figure 4.12 represents the voltage offset measured by the system at constant temper-
ature equal to 22.5°C. Its average value is -1.4648mV and has a standard deviation
of 0.2392mV.

Figure 4.12: Offset level.
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4.6.2 Calibrated nominal current tests

In order to calibrate the system, a testing setup was mounted in the laboratory
(Figure 4.13). Controlled current between 0 A and 20 A passed in a cable through the
sensor. As it was said in section 2 , it is not excepted that the sensor will experiment
currents above 10 A. The system response over time is plotted in Figure 4.14.

Figure 4.13: Setup for system calibration in laboratory.

Figure 4.14: Output voltage in the presence of current passing through the sensor.

Figure 4.15 shows the relation between the output voltage and the test current
that was flowing through the system.

It also shows the fitting function that corresponds to the calibration line:

y = 4.247x− 1.648 (4.6)

where x is the value of the current in A and y is the value of the voltage in mV.
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Figure 4.15: Calibration line graphic at room temperature (23ºC).

The value of R-square for this fitting is 1.00 which means a very good linearity
approximation. The value of 4.247mV/A is the calibration coefficient and the value
-1.648 mV is the ordinate at the origin that corresponds to the sensor offset voltage,
VO, at temperature 23ºC. Note that this offset value, taken from the linear regression
to the data, is relatively close to the value -1.4648mV, that was measured in section
4.6.1 for a fixed temperature of 22.5ºC. The offset estimated in this section takes
into account a wider range of measuring conditions (currents and temperatures),
and because of that it was the value chosen for the offset correction. Checking
the sensor datasheet, this value is less than the maximum offset value guaranteed
by the manufacturer (±40mV ) (see Table 4.2). As to the experimental calibration
coefficient 4.247 mV/A, this is a more precise value for the sensitivity than given
previously (section 4.3.1) based simply on the sensor manufacturer specifications.

4.6.3 Temperature influence

Another relevant factor in Hall effect sensors is the temperature (Cholakova et al.,
2012). The calibration coefficient and the output offset voltage are temperature de-
pendent and it is important to understand if the system casing is sufficient to prevent
high temperature variations and what effect do they have on sensor performance.

A test setup was designed to test the dependence of the measurement system on
ambient temperature variations. The system was thermally stressed and then allowed
to cool to room temperature. The temperature was measured by the temperature
sensor (Figure 4.16).

Additionally, the Hall effect sensor offset as a function of the temperature was
plotted (Figure 4.17). The fitting linear function is also represented and is given by
the equation 4.7:

y = 0.144x− 5.157 (4.7)

where x is the temperature value in °C and y is the sensor offset voltage value in
mV. Note that at room temperature, a value is retrieved which is in agreement
with equation 4.6. The value of R-square for this fitting is 0.65 which means a
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low linearity approximation. This is a low value because the temperature reading
by the temperature sensor is not the temperature sensed by the Hall effect sensor
derived from dense and protective sensor encapsulation. The value of 0.144mV/°C
is the temperature variation rate for VO. According to the sensor datasheet, the
manufacturer guarantees a maximum of ±25mV in temperature variation at the offset
value. Since the ambient operating temperature range of the sensor is between -10°C
and 70°C, the maximum value of temperature variation of the offset, according to the
laboratory tests, is 10.08mV (0.144mV/°C × 70°C), about one half the manufacturer
specifications.

No hysteresis was observed and since only ambient variations will be considered
(far less demanding than the apparatus hereby described) it was decided to ignore
the cooling gradient sign. Note that the dependence of the calibration coefficient on
the temperature was not obtained.

Figure 4.16: Offset behavior in the presence of temperature variations.

Figure 4.17: Voltage dependence varying temperature.
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4.7 Final comments

4.7.1 The sensor performance parameters

A GIC measurement system was proposed in this chapter fitted in 2 casings. The
first casing has the sensor and the data acquisition setup and the second has all the
power supplies needed to power the first casing and the mobile internet router. All
component integration was designed to minimize installation time and effort at the
substation.

With this system, it will be possible to measure currents flowing through the cable
neutral of the transformer. The Hall effect sensor of the system has a sensitivity of
4 mV/A, which was more precisely determined to be 4.247 mV/A.

The output data sorting from this system is the measured current calculated from
equation 4.8:

Current(A) =
V oltage(mV ) + 1.648

4.247
(4.8)

The offset behavior of the system was characterized with a standard deviation of
0.2392mV, which once converted to current, is equal to 0.056A. This value represents
the precision of the system in a laboratory environment.

In this first prototype, the temperature correction will not be done a priory and
so it will be something to take into account after having data in the field to better
discuss this question.

Future work will be to decrease the dynamic range and consequently improve the
system’s sensitivity. In addition, data transfer must be autonomous via email or by
continuously uploading acquired data to a remote database server.

4.7.2 Possible improvement of the Hall effect sensor

As it was said before, the main reason for choosing the Open Loop Current
Transducer HOP 1000-SB from LEM was its 40 mm height of the rectangular hole,
essential for the transformer’s neutral cable to fit. Because of this, the dynamic range
is much larger than necessary. In fact, sensors with smaller dynamic range almost
always have small hole dimensions.

So what if a Hall sensor with smaller dynamic range and chosen dimensions for the
hole was built?

In fact, it is possible to build a Hall effect sensor by choosing its dimensions and
the Hall sensing element. Dewi et al. (2016) developed a DC current sensor by using
the Hall effect. The SS49E (Honeywell) magnetoresistive sensor was employed to
sense the magnetic field from the field concentrator (see Figure 4.18).
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Figure 4.18: Design of current measurement using Hall effect sensor.

Gillet and Friedrich (2019) detail some factors that influence the efficiency of a
concentrator of the current sensing system such as the core material and dimensions,
the air gap and the core geometry.

In an attempt to put this idea into practice, an experiment was carried out with
the sensor used for measuring GICs, the LEM HOP 1000 SB Hall sensor. Looking
at its datasheet, the two Hall elements are positioned on top of the sensor, meaning
that the bottom must be just a core of ferromagnetic material. So, this one can be
replaced by other ferromagnetic material with other dimensions. Clearly, the sensor
calibration is lost due to the change of the dimensions and probably the ferromagnetic
material too. Three ferrite bars (Ferroxcube, 2008) were used to close the magnetic
field path and then 3D pieces were printed to encapsulate them (see Figure 4.19).

Figure 4.19: Photograph of the built Hall effect sensor. Three ferrite bars were
used to close the bottom part of the field concentrator in order to increase hole

space.

Current was made to flow in a conductor through with this new field concentrator
and its calibration was plotted in Figure 4.20 along with the calibration of the original
sensor.
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Figure 4.20: Calibration lines of both sensors.

Comparing both slopes, the built sensor has almost twice the sensitivity of the
original sensor. This is an interesting result since the original sensor has the dynamic
range too high, which decreases sensitivity. However, this is no longer a calibrated
sensor and usage should always be preceded by a proper calibration procedure.

To conclude, for the future, the difficulty of finding a Hall sensor with a sufficiently
large hole and with a smaller dynamic range, in the order of tens of amps, can be
overcome by building a Hall sensor from scratch.
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Chapter 5

Installation of the GIC
measuring instrument

Contents

5.1 Pilot Installation at the Paraimo Substation (SPI) . . . . 73

5.2 First measurements on the transformer’s neutral . . . . . 77

5.3 Preliminary interpretation . . . . . . . . . . . . . . . . . . . 78

5.1 Pilot Installation at the Paraimo Substation (SPI)

In section 2.5, the rationale leading to the choice of the Paraimo substation to
install the pilot system of the sensor prototype, was explained.

The Paraimo Substation is located in the Coast/Center part of Portugal (see
Figure 5.1) . It is connected to more than one 400kV transmission lines, represented
by red lines, and also 220kV and 60kV transmission lines represented by blue and
green lines, respectively.

Figure 5.1: Location of Paraimo Substation and the substations connected to it.
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Paraimo Substation has two 400kV–60kV power transformers (TRF4 and TRF6)
and one 400kV–220kV autotransformer (AT3). Although all three are in the same
substation, they have different characteristics (mainly winding resistance values) so,
more simulations were carried out to understand which transformer is more suscept-
ible to GICs (Alves Ribeiro et al., personal communication). The decision was to
install the system on the TRF6 transformer neutral cable.

Figure 5.2: Simulation of GICs in Paraimo substation transformers under a severe
geomagnetic storm (1V/km). AT3 is the autotransformer represented by both

common and series neutrals, TRF4 and TRF6 are the transformers represented by
their high voltage neutrals and the shunt resistor, connecting the LV bus to the

ground. Credits due to J. Alves Ribeiro.

The system was installed at the TRF6 power transformer which is a 400kV to
60kV transformer (see Figure 5.3). TRF6 has two different neutral cables, one refers
to the 400kV and the other one refers to the 60kV. The system was installed in the
first one because resistances are lower along the transmission lines at this voltage
level which means higher GICs are expected.

The installation and fixing of both casings were carried out with the support of the
local REN team. The power supply casing (Casing 2) was simply fixed to the nearby
support pole using mounting profiles. On the other hand, the sensor casing (Casing
1) had a more complex installation process. Both Hall effect sensor and 3D printed
pieces were disassembled to enclose the neutral cable and adjust it conveniently. In
the end, the neutral cable was tight to the system. Figure 5.4 shows both casings
installed and Figure 5.5 shows more details.

After assembling all components of the system, the data acquisition was initialized
via remote connection and remote access to the signal was successfully obtained via
the mobile router.
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Figure 5.3: TRF6 power transformer. On the left, collaborators from REN
working on the neutral cable of the transformer where the GIC measurement

system was installed.

Figure 5.4: Casing 2 installed above and casing 1 installed below with a
protection from direct rain and Sun radiation.
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Figure 5.5: Details of both casings in the field (top photos: Casing 1; bottom;
Casing 2).
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5.2 First measurements on the transformer’s neutral

The access to the measured signal is made remotely (see section 4.4) as well as
save data in a spreadsheet file and export it.

In Figure 5.6 is represented the measured data between September 4th and 7th

and in Figure 5.7 is represented the measured data on September 9th. The blue line
is the measured current and the orange line is the measured temperature.

Figure 5.6: Current and temperature measured data during the first days
after installing the GIC measurement system.

Figure 5.7: Current and temperature measured data, with two distinct peaks, on
September 9th.

The sensor signal recorded and shown in Figure 5.7 between 02:00am and 08:00am,
presents an average offset of -0.1123A and a standard deviation equal to 0.0601A.
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5.3 Preliminary interpretation

From Figure 5.6, it can be seen that the current signal shows a temperature
dependency. This dependency can be explained either by a temperature dependency
of the electronic system or by the daily quiet variation of the geomagnetic field, i. e.,
smooth cyclic variation of the geomagnetic field in the absence of larger geomagnetic
disturbances.

It is also clear that there is a deviation from the horizontal zero line, although
this current data has already an offset correction. This suggests that the system has
a different offset in the field, compared to laboratory conditions. As to the sensor
precision in the field, it is very close to that observed in the laboratory.

From Figure 5.7, the temperature variation is very small. Nonetheless, two current
peaks appear (one positive and the other negative), which could be due to GIC events.
There is a peak of about 0.6A above baseline at 1:00 am and other one of about 0.2A
below baseline at 10:00am. Therefore, the following steps were to understand if the
system was measuring GICs or not.

Figure 5.8: K index at COI between September 7th and 9th where higher values
were registered at the beginning of September 8th. From the OGAUC server:

https://spinlab.ogauc.pt.

Figure 5.8 shows the K index at COI between September 7th and 9th. To clarify,
K index is a proxy used to characterize the magnitude of geomagnetic storms. From
this Figure, it is clear that there was a geomagnetic disturbance in the geomagnetic
field, at the beginning of September 8th, which could have led to the induction of
electric field B in the Earth and consequently there could be currents flowing in the
transformer neutral.
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Figure 5.9: Rate of variation of the geomagnetic field, dB/dt, computed from the
magnetic field B measured by the magnetometer at COI (see chapter 2.1.2). From

the OGAUC server: https://spinlab.ogauc.pt.

The rate of variation of the geomagnetic field measured by the magnetometer at
COI shows the effect of the geomagnetic storm in Portugal mainland, through the
signal dB/dt which is more directly related with possible induced GICs. Figure 5.9
shows a rapid magnetic field time variation at the beginning of September 8th as well
as a less pronounced but with larger duration disturbance at midday of the same day.

Furthermore, other countries, like Finland, have also measured disturbances in
the GIC measurement systems they have installed (see eurisgic.org).
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Chapter 6

Conclusion

The effect of shield wires on computed GICs can be studied using an elementary
circuit model for power lines with shield wires. An equivalent circuit model with both
shield wire resistances and emfs induced along the shield wire lines was proposed in
this thesis. This approach is new compared with other studies of this problem, that
neglect the contribution of the emfs on the shield wires.

The national transmission system operator (REN) provided relevant information
from two Portuguese power transmission lines in order to be used as case studies.
The conclusion of this first part of the study was that the equivalent circuit model
presented in this thesis has a higher accuracy than both the equivalent circuit model
previously proposed for transmission grids with shield wires, and the circuit model
without shield wires, for shorter lines (usual in Portuguese network). To be able
to evaluate these accuracies, there was also the need to solve the complete circuit
equations, which was done both solving numerically the circuit matrix equations and
also using LTSpice free simulation software. Errors go down from 6.32% (without
shield wires) and 10.92% (the equivalent circuit model without induced emfs) to
0.428%. Beyond this, scattered values can influence the current in the substations
but may not influence the value of GICs. Lastly, when increasing the complexity
of the circuit model by adding more power transmission lines to a substation node,
the value of GICs increases. If the equivalent circuit model with only shield wire
resistances is used, the error increases when adding more power transmission lines to
a node. On the other hand, the equivalent circuit with both shield wire resistance
and emfs presents a very high accuracy.

GIC estimated values may not be accurate because there are many parameters
and models involved in GIC calculations. So, a prototype GICs measuring system
was designed, assembled and installed in a Portuguese substation in order to get ob-
servational constraints for estimated GICs values in the national power network. This
system consists of a Hall effect sensor with a sensitivity of 4.247mV/A, a Raspberry
Pi 4 Model B platform with a high resolution digitizer (24 bit resolution) expansion
board (Waveshare AD/DA) for data recording. This data is stored in a local data-
base and data can be downloaded through a remote connection. Laboratory tests
shows an offset deviation of -0.388A with standard deviation of 0.056A.

The system was successfully installed at Paraimo substation from REN and it is
currently fully operational. This system will be the workbench for future develop-
ments and tests envisaging a multi-system GICs monitoring network in Portuguese
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power substations. First measurements shows an offset deviation of -0.112A with
standard deviation of 0.060A, i. e., measurements with slightly greater accuracy and
similar precision. Nevertheless, this preliminary data revealed not only the expected
diurnal modulation (temperature dependent), but also some current oscillations, that
are strong candidates to GIC events.

6.1 Future work

The work in this thesis has the potential to be continued and improved in several
points:

1. Influence of each input parameter on the proposed equivalent circuit

Perform sensitivity tests with different power grid parameters (RL, RG, RW ,
RT , RS) and different geomagnetic storm intensities (VL, Vi) in the equival-
ent circuit model where both shield wire resistances and emfs are taken into
account.

2. Second generation of the GIC measuring system

Development of a Hall effect based sensor optimized for recording GICs (op-
timized sensitivity to the expected range of GICs) and with the mechanical
contingencies involved. In this new generation, the system will be design to
daily send data via email or to continuously upload acquired data to a re-
mote database server. It will also be interesting to include an RTC (Real time
clock) and/or a GPS module for time synchronization when more systems are
installed.

3. Effect of GICs on Power Transformers

Integrate a more in-depth study of the effect of GICs on power transformers to
mitigate their impact before rising to a certain threatening level.

4. Portuguese natural gas pipeline network

GICs flow not only in power networks but also in gas pipelines because they are
grounded conductors too. One step further will be to study the feasibility of
extending this kind of study to GICs modeling and measuring in the Portuguese
natural gas pipeline network.
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APPENDIX B. PORTUGUESE GRID MAPS

Appendix B

Portuguese Grid Maps

B.1 Portuguese High Level Transmission Power Grid

Figure B.1: Map of the Portuguese High Level Transmission Power Grid.
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B.2 Portuguese Pipeline Grid

Figure B.2: Map of the Portuguese Pipeline Grid
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