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A B S T R A C T

Geomagnetic storms are widely recognized to affect and threaten technological
systems on the Earth’s surface. Geomagnetically induced currents (GICs) result
from the geoelectric field induced in the Earth’s conductive subsurface under
conditions of intense geomagnetic disturbance (GMD) and, when in contact with
grounded power systems, have the potential to generate harmonics that can lead to
transformer failure and damage other components of the grid. GICs have been an
important research topic in various countries for decades, especially in countries
located at high latitudes. In recent years, however, it has been shown that GICs pose
a threat also to mid-latitude countries. In the case of Germany, a comprehensive
overview of how the GICs may affect the power grid is not yet fully developed.

In this context, this study aims to model the GICs in the German high-voltage
transmission grid, which is the part of the power system mainly affected by these
currents. The GIC calculations are generally divided into two parts: the geophysical
part, which aims at estimating the induced geoelectric field from the GMD input,
and the engineering part, which is related to the calculation of the current flowing
in the electric grid based on the estimated geoelectric field.

The network modeling (engineering part) is the focus of this study. In the first
part of this investigation, the calculation of the GICs is performed for a section of
the power grid in northwestern Germany for a time period in February 2016. The
modeling results are then compared to transformer neutral point measurements
from a substation located in the same grid section and time period. The measure-
ments are also used to calculate coefficients that describe the network and allow
the fitted model to be applied. The developed model allows the calculation of the
GICs for different power grids in any time period.

In order to develop the network model, publicly available sources are used to
obtain the electrical properties of the grid. For the cases where no public information
is available, assumptions based on the literature have been adopted. In the second
part of this work, the model is applied to the 2003 Halloween Storm to calculate the
GICs on the grid section for an extreme spatial weather event.

The results indicate a good outcome for the GIC modeling with the available
parameters and the approach employed. However, updated measurements would
help to increase the reliability of the modeling, as well as more detailed information
about the network topology since it greatly influences the GICs flowing into the
grid.
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1
I N T R O D U C T I O N

1.1 the german power grid and space weather

The electric power industry, as known today, was first established by Thomas A.
Edison as he inaugurated the first known electricity generating station, Pearl Street
Station in New York City in 1882. The station was responsible for supplying 110 V
incandescent lighting to 59 customers over a 2.5 square kilometer area, totaling a
load of 30 kW, provided at that time by direct current (DC) generators (Glover et al.,
2022).

The power industry experienced significant growth in the following years, as
did the need for electricity, and so there was an increase in loads and transmission
distances. The expansion was, however, limited by voltage-related challenges, as
there were large voltage drops along the transmission lines, as well as power losses.
The development of the first practical transformer by William Stanley in 1885, along
with the alternating current (AC) system, changed the way power was transmitted,
as it enabled the changing of the voltage level in order to transmit power with a
lower current. The advantages of AC and polyphase systems were soon recognized
and spread. In 1891 Germany brought its first three-phase line into operation,
capable of carrying power at 12 kV over 179 km (Glover et al., 2022).

Nowadays, the German transmission network comprises a total length of about
35,000 kilometers, including extra-high voltage lines up to 220 kV and 380 kV. Most
power lines work with AC, although new transmission lines using high-voltage
direct current (HVDC) are planned to be completed by 2025 to link northern and
southern Germany. Four transmission system operators (TSOs) are responsible for
keeping the grid safe and stable: Amprion, TenneT, TransnetBW, 50Hertz. Each
of them operates the network in different areas across the country (Appunn and
Russell, 2021). The map in Figure 1.1 indicates the area of operation for each of the
four TSOs.

With the growing demand for electricity and the importance of a reliable supply,
there has been an increasing need to consider renewable sources for energy gener-
ation. Germany plans to reduce its dependence on fossil fuels, thereby reducing
CO2 emissions while phasing out nuclear power plants. The program known as
Energiewende has been implemented in recent years and aims to have 65% of the
country’s total demand supplied by renewable energy sources by 2050. In 2021,
Germany had a total net public electricity generation of 495 TWh, of which about
46% came from renewable sources – 22.6% from wind power (on-shore and off-
shore) (Appunn, 2021). One of the challenges encountered during this process
is the extensive distance between the main load centers, located mainly in the
southern and western parts of the country, and the on-shore and offshore wind
generation resources, located mainly in the north. A significant improvement of the
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1.1 the german power grid and space weather 2

Figure 1.1: Map of Germany divided by regions of operation for the four TSOs (McLloyd,
2020).

existing transmission infrastructure has been necessary to successfully implement
the Energiewende (Schönleber et al., 2020).

Along with the modifications to the power grid, new challenges arise. It is then
necessary to draw attention to different aspects of the network since the system
must be able to respond to problems that could compromise its operation. Power
failures have negative consequences and can have large economic impacts; therefore,
possible threats must be anticipated and considered when building the grid.

Although the structure itself is a crucial aspect to consider when it comes to the
reliability and safety of the power grid, many of the components of the network are
exposed to the weather. Therefore, weather conditions have the potential to impact
the supply of electricity. Severe storms, strong winds, lightning, heavy snow, and
high temperatures are examples of weather changes that can be responsible for
producing faults in grid systems, which can lead to undesirable consequences on a
large scale and affect the power supply (Ward, 2013).

In addition to the typical weather changes, the disturbances related to space
weather, which refers to the conditions in space between the Sun and Earth that vary
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continuously, also need to be considered. Among the disturbances, geomagnetic
storms can pose a significant threat to the power grid system. Geomagnetic storms
describe a global, characteristic disturbance of the Earth’s magnetic field in response
to solar eruptions transmitted through interplanetary space by the solar wind. These
disturbances have the potential to generate geomagnetically induced currents (GICs),
which are quasi-DC and flow through any ground-based, elongated, and electrically
conducting parts of critical infrastructure, such as overhead lines, pipelines, and
railways, and can cause disruptions and damage to these systems (Gonzalez et al.,
1994).

It is recognized that the power grid is the most critical structure affected by GICs,
mainly because today’s society is highly dependent on it. The study of GICs is of
great complexity, especially considering the interdisciplinary nature of the topic
as it involves understanding solar physics, space weather, geophysics, and power
engineering (Gannon, Swidinsky, and Xu, 2019). The risk assessment of GICs on
the power grid can be divided into three parts: the hazard, the grid exposure, and
the grid vulnerability (Ngwira and Pulkkinen, 2019). The first is related to the
induced geoelectric field, as higher values of the induced geoelectric field lead to a
higher GIC hazard. The electric field depends on the intensity and orientation of the
geomagnetic disturbance and the ground conductivity structure. The conductivity
structure varies according to the local geology, while the intensity and orientation
of the geomagnetic disturbance are associated with space weather conditions. Large
geomagnetic disturbances are typically observed at high latitudes, making the
geoelectric field larger in areas near the auroral zone (Molinski, 2002).

The exposure of the grid depends on the network’s characteristics, mainly related
to the lines and the grounded components. The voltage level also has an impact, as
does the length of the lines and their orientation. The vulnerability of the grid is
related to the capability of the grid to cope with additional DC currents. DC currents
mainly affect transformers due to half-cycle saturation and have the potential to
create harmonics, which can be harmful to grid operation. According to Beltle,
Schühle, and Tenbohlen, 2017, a DC current of 100 mA is already enough to produce
saturation in transformers.

Over time, there have been several occasions when geomagnetic storms have
caused damage to power network infrastructures. One of the most widely known
occurred in 1989 in Quebec, where GICs caused a 9-hour blackout (Winter, 2019).
As it was believed that GICs would only affect countries near the poles, past studies
focused on high latitudes. However, recent events (e.g., the 2003 Halloween storm)
have increased the attention to other regions, and it was found that geomagnetic
storms could have effects at much lower latitudes. Investigations have been con-
ducted at mid and low latitudes (e.g., Bailey et al., 2017), and it has been proven
that not only high-latitude countries are at risk of GICs, as previously thought, but
also lower latitudes can be significantly impacted by high geomagnetic activity.

Space weather has attracted the attention of international entities and govern-
ments. In the US, the National Science and Technology Council (NSTC), through
the National Space Weather Strategy and Action Plan, has developed strategies to
act on activities to improve the country’s preparedness for space weather events
(Council, 2019). In addition, the Space Weather Prediction Center (SWPC) of the
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National and Atmospheric Administration (NOAA) provides products that describe
the space environment, such as the geomagnetic activity forecast for the next three
days and near real-time electric field mapping for the United States (SWPC, 2023).
In Europe, the Space Weather Services Network (SWE) from the European Space
Agency (ESA) created the Geomagnetic Conditions Expert Service Centre (G-ESC),
which develops products related to geomagnetic field variations and already pro-
vides relevant information for the assessment of the GIC in different countries (not
yet in Germany; ESA, 2023).

The hazard that GICs may pose to the German power grid is still unclear, as not
many studies have been conducted in this region. Thus, it is of great importance
to investigate the impacts that extreme spatial weather events could have on the
German power transmission network. The Institute for Solar-Terrestrial Physics (SO)
is engaged in space weather research, with the aim to protect national infrastructures
and support impacted sectors based on reliable, accurate, and timely observations
and forecasts (DLR, 2023). This master’s thesis was written in the framework of the
research conducted at the group Effects on technological systems, which is part of
the Department for Space Weather Impacts (WWE) and investigates relevant effects
of space weather on technical infrastructure.

1.2 objectives and structure of the thesis

This study aims to model the GICs in the German power grid, and for this purpose,
a case study in 2016 is considered. In this case study, GICs are calculated at the
neutral of transformers for a grid section in the north-western part of Germany; the
results are then compared to measurements published on Schühle and Tenbohlen,
2020. After that, the model is applied to calculate the GICs in the same power
grid section for the Halloween Storm in 2003, and the results are compared to the
GIC modeled using the system parameters determined from the measurements
(modeling based on Pulkkinen, Pirjola, and Viljanen, 2007).

In order to be able to model GICs, it is necessary to understand the characteristics
of the power grid. Therefore, Chapter 2 describes the power grid in the context of
GIC modeling, including transmission lines and transformers as the most relevant
components for this subject. Chapter 3 then presents an overview of space weather
and how it affects the power grid, including examples of important extreme space
weather events. Chapter 4 details the procedure used to model GICs, starting from
the geoelectric variations caused on Earth by a geomagnetic storm and reaching
down to the computation of the GIC at the neutral of transformers in the power grid.
Finally, the grid section modeling is described in Chapter 5, with details on which
parameters were considered. The results of the 2016 case study and the Halloween
Storm are also presented in this chapter and further discussed in Chapter 6. The
conclusions of the work are drawn in Chapter 7.



2
P O W E R G R I D D E S C R I P T I O N

A good understanding of the power grid and of the most important aspects to
consider when calculating GICs is essential in order to be able to model the GIC
originated by a geoelectric field. In this regard, this Chapter presents an overview
of the parameters required for modeling the power grid in the context of GIC
calculation, starting by describing the transmission lines, transformers, and their
equivalent circuits. Given the importance of transformers for GIC analysis, their
magnetization characteristic and the impact that a DC current represents for their
operation are also discussed, along with the different types of winding connections
considered for GIC modeling. Finally, the derivation of the YBUS matrix is performed,
which is a matrix that characterizes the power system and facilitates the calculation
of voltages and currents at any point of the grid.

The electric power system network is designed to transfer electrical energy from
generation centers to the final consumers. It can be divided into three main sectors:
generation, transmission and distribution (Fang et al., 2012). Figure 2.1 exemplifies
a typical electric power system.

Figure 2.1: Electric power system (U.S.-Canada Power System Outage Task Force, 2004).

Electricity is generated in power plants, usually at voltage levels between 11 kV
and 33 kV. As power plants are often located far from consumers, electrical power
may need to travel long distances, in some cases up to hundreds (or even thousands)
of kilometers, and, as a consequence, a large amount of energy is likely to be lost
due to heat dissipation through the conductors (Singh, 2008).

In order to minimize energy loss during the transmission process, step-up trans-
formers are used to increase the voltage level, enabling transmission to be carried
out at high and extra high voltages, typically ranging from 110 kV-1000 kV. Closer
to the consumption centers are substations with step-down transformers, lowering
the voltage levels to be appropriate for use by industrial, commercial, or residential
customers (Alcayde-Garcia et al., 2022).

When it comes to geomagnetic storms and the resulting GICs, previous studies
have proven that higher voltages are more susceptible to these disturbances, as

5



2.1 transmission lines 6

high-voltage lines have smaller resistances (based on Ohm’s law; see Eq. 4.3; Zheng
et al., 2014). For this reason, this work focuses on the transmission power grid,
specifically at voltage levels of 200 kV and above. The following section presents a
description of transmission lines.

2.1 transmission lines

Transmission lines can carry alternating or direct current and consist of overhead or
underground lines. The transmission system worldwide is, even so, predominantly
composed of overhead lines, which are most commonly AC and three-phase.
Overhead transmission lines comprise conductors, insulators, support structures,
and shield wires (Glover et al., 2022).

The fundamental parameters for modeling a transmission line are series resistance,
series inductance, shunt capacitance, and shunt conductance. Each parameter
accounts for a different effect on the line when electrical power is flowing, and
depending on the purpose of the modeling, it is possible to neglect one or more
effects (Glover et al., 2022).

The physical operation of a transmission line changes depending on its length,
so the representation of the circuit differs in terms of whether the line is short,
medium or long. Typically, medium-length lines range from 25 to 250 km and can
be represented by the so-called nominal π circuit, as in Figure 2.2.

Figure 2.2: Nominal π circuit. Adapted from Glover et al., 2022.

The parameters represented in Figure 2.2 refer to the total series impedance and
the total shunt admittance (Z and Y, respectively). VS and IS are the sending-end
voltage and current, and VR and IR are the receiving-end voltage and current
(Glover et al., 2022).

The total series impedance and total shunt admittance can be described as
Z = (R+ jωL)l [Ω] and Y = (G + jωC)l [S], where R, L, G and C are the resistance,
inductance, conductance and capacitance, respectively. l is the line length and
ω = 2π f is the angular frequency for the power system nominal frequency f (50

Hz in Europe; Glover et al., 2022).
For overhead lines, the shunt conductance (G) is normally neglected. Moreover,

as the main objective of this work is the modeling of the GICs, which are considered
quasi-DC, only the DC components of the system are of interest, so L and C are also
neglected. Thus, for the purpose of calculating GICs, the total shunt admittance
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can be ignored, and a transmission line can be represented by its total series
resistance (R) (Zheng et al., 2014). The next section presents a description of power
transformers, including the most relevant aspects when modeling GICs.

2.2 transformers

Transformers are static devices constructed by two or more windings and a common
magnetic core, usually made of iron or steel. They are essential components for
the efficient operation of the power grid, due to their mechanism of transferring
electrical power from one circuit to another without modifying the frequency while
changing voltage and current levels (Allan and Moore, 2004).

The operation of a transformer works on the basis of Faraday’s law of induction,
which states that a time-varying magnetic flux linked with a circuit will induce a
voltage in the circuit proportional to the rate of change of flux (Witulski, 1993).

Figure 2.3 represents a single-phase two-winding transformer, where N1 and N2

are the number of turns in the primary and secondary windings, while E1 and E2

are the voltages across the windings (Glover et al., 2022). When an AC voltage is
applied to the primary winding terminals, a current (I1) will flow through it and
produce a varying flux in the magnetic circuit. The flux then induces a voltage in
the secondary winding, which results in a current (I2) that flows in the secondary
winding when a load is connected to its terminals, forming a closed path (Witulski,
1993).

Figure 2.3: Two-winding power transformer. Adapted from Daniels, 1976.

The basic relations for an ideal single-phase two-winding transformer can be
written as

E1

E2
=

N1

N2
(2.1)

and

I1

I2
=

N2

N1
. (2.2)
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It is assumed that ideal transformers have no core losses or losses in the wind-
ings, zero core reluctance and no leakage flux (Glover et al., 2022). For a better
understanding of the operation of power transformers and how they are included
in the power grid, the following sections provide a circuit representation of the
single-phase two-winding transformer, the magnetization characteristic curve of
transformers, and the three-phase connections most relevant to GIC modeling.

2.2.1 Equivalent circuit

In practice, the process of transferring power through a transformer is not lossless
and the corresponding losses need to be considered. Figure 2.4 illustrates the
equivalent circuit of a practical two-winding transformer. E1 and E2 refer to the
voltages across the primary and secondary windings, respectively, while V1 and V2

are the voltages at the primary and secondary terminals of the transformer. I1 and
I2 correspond to the currents at the primary and secondary terminals.

Figure 2.4: Equivalent circuit of two-winding power transformer (Glover et al., 2022).

The windings of a transformer have resistances, which correspond to the Joule
heating losses and are represented in series with the windings as R1 and R2. The
magnetic flux in practice exists not only within the core. Instead, each of the
windings has a flux component, known as the leakage flux, that is not connected
to the other. The leakage flux is represented by the reactances X1 and X2, which
account for the reactive power losses (Glover et al., 2022).

Hysteresis and eddy current losses are present in the core and are represented by
the conductance Gc, which carries the core loss current (Ic). In addition, reactive
power is needed to magnetize the core and is represented by the susceptance Bm,
which is associated with the magnetization current (Im). Both Gc and Bm together
will form the shunt branch, in which the exciting current (Ie) flows (Glover et al.,
2022).

The exciting current is typically very small compared to the rated current of
the transformer, so the shunt branch is often dropped out. Thus, a transformer
can be represented only by the resistance and reactance of the series windings.



2.2 transformers 9

Considering that only the DC components are of concern for GIC studies, only the
real part, i.e., the resistance, is considered.

2.2.2 Magnetization Characteristic

The magnetization curve (B-H) represents the relationship between the magnetic
flux density B and the magnetizing force H, which is given by B = µH for ideal
transformers, where µ is the core permeability. In order to minimize the losses in
the transformer core, ferromagnetic materials with high permeability are used. In
practice, the B-H relation is non-linear and multivalued and changes according to
the material. The black curve in Figure 2.5 illustrates the B-H curve. The curve can
be divided into three parts: the linear, knee, and saturation regions. A well-designed
transformer is built to operate in the knee region (see point A1 in Figure 2.5; Glover
et al., 2022).

Figure 2.5: Magnetization core behavior. The black curve is the magnetization curve (B-H).
The curves in red represent normal operation, while the curves in blue show
the changes in the case of a superimposed DC current (IDC; Beltle, Schühle, and
Tenbohlen, 2017).

In the case of an additional DC current being injected into the transformer, a
direct magnetic force is generated as a consequence of Ampere’s law. The presence
of this additional magnetic force results in a shift of the working point of the
transformer along the magnetic characteristic curve (point A2 in Figure 2.5). A
constant magnetic flux ϕDC is then generated (Beltle, Schühle, and Tenbohlen, 2017).
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When an alternating magnetic flux ϕAC produced by an alternating voltage
already exists in the transformer, the constant and alternating fluxes superimpose,
and saturation occurs. Once the core is saturated, its material becomes inefficient,
and the coil behaves like a coil of air. As a consequence, the magnetizing current
increases rapidly. As the DC only brings the operating point to saturation for a half-
cycle of the period, this effect is known as half-cycle saturation. Small DC currents
in the range of 100 mA can already trigger it (Beltle, Schühle, and Tenbohlen, 2017).

2.2.3 Three-phase connections

There are four ways of connecting the windings of a three-phase transformer: Y-Y
(Wye-Wye), Y-∆ (Wye-Delta), ∆-Y (Delta-Wye) and ∆-∆ (Delta-Delta) (Glover et al.,
2022). The Wye connection has a neutral point (N), which is the symmetry point and
may or may not be grounded. When grounded, the connection is called GWye, as in
grounded-wye. Grounding is done through the effective grounding resistance (RG),
which is the equivalent resistance in series of the substation’s grounding resistance
and the transformer’s neutral resistance, if one exists (Shetye and Overbye, 2019).

For GIC calculations, all grounded connections need to be considered. The
GWye-GWye type transformers are widely used in transmission systems. The
grounding of the neutral is usually included for safety purposes. Also relevant is
the autotransformer. In this type of configuration, the two windings are connected
in series such that they are coupled both electrically and magnetically. Figure 2.6
shows the different winding connections for three-phase transformers considered
for GIC modeling (Shetye and Overbye, 2019).

Delta-Wye connections are typically present in generator step-up transformers.
They have the advantage of trapping the third harmonic magnetizing current within
the delta winding, which is generated when the transformer core operates in the
saturated region of the B-H curve (Glover et al., 2022). GICs do not flow on the
delta side of these transformers, since they are not grounded. For the same reason,
delta-delta transformers are not considered for GIC modeling, as their configuration
has no neutral point (Shetye and Overbye, 2019).

2.3 admittance matrix YBU S

Sparsing techniques are widely employed to solve the power flow problem for
power systems. To simplify the solution, large systems are usually described as a
network of admittances, using the nodal admittance matrix (YBUS), which consists
of a matrix of size NxN for a system with N buses, where bus has the same meaning
as node (Boteler and Pirjola, 2017).

Admittance is the inverse of the impedance, Y = 1
Z . The diagonal elements of

the YBUS contain the so-called self-admittances, which correspond to the sum of
all admittances connected to one bus k. The off-diagonal elements are called the
mutual admittances, which are the negative of the admittances between two nodes
k and n. The elements of the matrix can then be calculated as,
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Figure 2.6: Winding connections for three-phase transformers, where HV stands for high-
voltage and LV for low-voltage. From top to bottom: Delta-GWye, GWye-GWye
and GWye autotransformer. Adapted from Torta, Marsal, and Quintana, 2014.

Ykk = yk + ∑N
n=1 ykn n ̸= k

Ykn = −ykn

(2.3)

Here the lowercase y’s represent the admittances connected to each bus, in order
to distinguish them from the matrix components, represented by the uppercase
y’s. The YBUS matrix is usually very sparse, due to the fact that in large systems
many buses are not connected to each other. The voltage at each bus can thus be
determined by applying nodal analysis, using Kirchhoff’s current law (KCL) and
Ohm’s law as follows,
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Y11 Y12 Y13 · · · Y1N

Y21 Y22 Y23 · · · Y2N
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...

...
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. . .
...

YN1 YN2 YN3 · · · YNN





V10

V20

V30
...

VN0


=



I1

I2

I3
...

IN


(2.4)

or,

V = Y−1
BUS I. (2.5)

In order to use the above equations for determining the voltages at each bus, all
power sources present in the power system need to be expressed in the form of
current sources. Such that, the source of current injected at each bus, that is, the
variables of the current vector on the right-hand side of the equation 2.4, are known.
Once the voltages at each bus are determined, the current flowing through any
component of the network can be found.

This Chapter has presented an overview of the power grid and the components
relevant for the calculation of GICs. In this context, the power network can be
modeled using the equivalent circuit for transmission lines and transformers. Due
to the quasi-CD nature of the GICs, only the real part of each component is
considered; therefore, the final network will contain only resistances and energy
sources. The energy sources come from the geomagnetic storms and are included in
the model in the form of injected currents, and thus YBUS can be used to calculate
the voltage at all nodes. Finally, after the voltages are known, the GIC derived from
the GMDs can be computed for any point in the network on the basis of Ohm’s law.

The next Chapter will introduce space weather and elaborate on how GICs arise
on Earth due to geomagnetic storms, as well as their possible impacts on the power
grid. More details regarding the grid modeling and calculation of GICs can be
found in Chapter 4.



3
G E O G M A G N E T I C A L LY I N D U C E D C U R R E N T S ( G I C S )

This chapter addresses space weather and describes how solar activity reaches
Earth, creating geomagnetic disturbances and subsequently GICs on grounded
systems, including electrical power systems. Factors that influence and increase
the susceptibility of GICs with high magnitudes are highlighted. In the following
sections, the effects that GICs potentially cause on the power grid infrastructure are
described and the most extreme space weather events known to have occurred to
date are outlined.

Space weather is concerned with the changes constantly occurring in the space
environment between the Sun and the Earth. Charged particles are emitted by the
sun, forming the solar wind, which carries these particles toward Earth (Gonzalez
et al., 1994). Upon reaching the Earth, an exchange of energy and momentum
takes place between the solar wind and the coupled magnetosphere-ionosphere
system. Following a solar eruption, in which this exchange is sporadically enhanced
causing a characteristic distortion of Earth’s magnetic field. This geomagnetic
disturbance (GMD) is known as a geomagnetic storm (Gonzalez et al., 1994). The
global field distortion is equivalent to the appearance of intense, large-scale electric
currents in the magnetosphere-ionosphere system, whose presence is imprinted
in the temporal variation of the ground-based magnetic field. A geoelectric field
will also be induced, as states Faraday’s law of induction. When the electric field is
induced nearby ground-based, conducting technological networks, geomagnetically
induced currents (GICs) will flow. Figure 3.1 shows the space weather chain, starting
with the solar activity and ending with GICs. Some examples of the affected
ground-based networks are: electric power systems, gas and oil pipelines, railway
equipment and telecommunication cables (Bothmer and Daglis, 2007).

GICs are considered quasi-DC, as their frequencies are very small (≤ 1 Hz) com-
pared to the grid nominal frequency (50 Hz). They are driven by induced voltages
on the transmission lines and flow through the grounded neutrals of transformers
present in power systems (Molinski, 2002). Figure 3.2 illustrates the flow of GICs in a
three-phase power system. The main factors that influence the modeling of the GIC
are the geoelectric field and the characteristics of the power system. The geoelectric
field on the Earth’s surface depends on the ground magnetic field variations (dB/dt)
and the subsurface conductivity structure (Pulkkinen, Pirjola, and Viljanen, 2007).

The susceptibility to GICs is variable depending on geographic location. Initially,
studies on GICs used to focus on high-latitude regions, due to the greater geomag-
netic variations present in the vicinity of the auroral oval. In recent years, interest in
studying the impacts of GICs in mid- and low-latitude regions has increased, as it
is now acknowledged that these regions may also be threatened as the auroral oval
expands equatorward during geomagnetic storms (Bailey et al., 2017). Furthermore,
as stated above, not only the geomagnetic variation impacts the magnitude of GICs.
For instance, coastal areas are highly susceptible to GICs due to the difference in
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Ac�vity of the Sun

Propaga�on of the Solar Wind

Magnetospheric processes

Ionospheric processes

Problems in systems due to GIC

Earth‘s structure

Geoelectric field at the Earth‘s surface

GIC in technological systems

Network configura�on

Figure 3.1: GIC chain (Pirjola, 2000). The steps in red are covered by this work.

Figure 3.2: GIC flow in a three-phase power system (Molinski, 2002).

resistance between the ocean and the land, so that the induced current coming from
the ocean encounters greater resistance when entering the land (Molinski, 2002).
The electrical conductivity structure is an important factor in the calculation of GICs,
as it affects the induced geoelectric field so that low ground conductivity increases
the potential for higher GICs (Kelbert, 2019, Bailey et al., 2017). The geology of the
region influences the resistivity of the Earth (reciprocal of conductivity), which can
be obtained from Earth conductivity models. Figure 3.3 shows the EURHOM model,
which is a cell-based, 1-D representation of the electrical conductivity distribution
in Europe, created for the purpose of assessing the risk of geoelectric induction
that may affect the electrical grid and communication systems (A. Ádám, 2012).
The section covering Germany consists of 12 cells, each containing 2 to 6 horizontal
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layers. The thickness of the layers ranges from 0.9 to 190 km and they cover a depth
of 12 to 202 km. The layer resistivities range from 0.5 to 10,000 Ωm.

In that sense, although space weather events are the primary source of GICs and
pose a threat to power systems and other technological systems on Earth, it is not
just the strength of a geomagnetic storm that determines the GIC risk. In the next
section it is discussed how GICs affect the power grid systems.

Figure 3.3: Depth-integrated conductivity (surface down to 8 km) in Germany according to
EURHOM 1D model. Figure provided by L. Pick (DLR).

3.1 gic effects on power systems

As previously discussed in section 2.2.2, an additional DC current within the
transformer moves its operating point to the saturation region during the positive
AC cycle (Fig. 2.5). The magnetizing current is thus increased, the leakage flux
outside the core is raised, and larger eddy currents appear in the core structure.
The exciting current, which was assumed to be negligible compared to the rated
current of the transformer, becomes much larger, and can reach up to hundreds
of amperes depending on the magnitude of the GIC. Transformers can present
hot spot temperatures in their windings and structural steel parts as a result. The
effect can be cumulative if the transformer is exposed to GICs for a long period of
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time, such as hours or days, so that the life time of the transformer is reduced and
insulation loss occurs, which could lead to transformer failure.

Once the magnetizing current becomes asymmetric, harmonics are produced.
Harmonics refer to sinusoidal currents with a frequency that is an integer multiple
of the fundamental frequency of the system (Singh, 2007). The addition of such
currents into the system results in a non-sinusoidal current flowing and, thus, the
distortion of the voltage signal. The presence of harmonic currents in transformers
also increases their mechanical vibrations, raising their noise level.

A further disturbance that can be triggered by harmonics is the false operation
of protection relays. The protection system is designed to detect fault conditions
in order to disconnect the affected equipment from the grid and prevent it from
producing greater damage. The presence of harmonics generated by GMD events,
however, can result in the incorrect operation of protection relays, and grid com-
ponents such as transformers, shunt capacitor banks, and static var compensators
(SVCs). Removing such equipment from the grid can result in grid overload and
can have a chain of tripping events as a reaction, ultimately leading to voltage
instability.

Moreover, the reactive power demand in the system is increased with the higher
magnetization current, and therefore the system voltage decreases, which can result
in voltage instability. In extreme cases, a system collapse may follow, leading to a
blackout.

The effects of GICs on the power grid are further detailed in section 2.4.2 of
Halbedl, 2019. As discussed above, GMD events can lead to a cascading chain of
problems, which can be summarized as: harmonics added to the system; hot spots in
transformers, with permanent damage in the worst cases; unwanted relay tripping;
increased reactive power demand; voltage instability; and unbalanced network,
possibly resulting in a collapse of the entire system under severe conditions (Pirjola,
2007). The next section presents some of the known geomagnetic storms that are
recognized to have affected the power grid in different countries woldwide.

3.2 space weather events

The first record of an extreme space weather event dates back to 1847, when the
Carrington event occurred, resulting in GICs that caused disruptions to telegraph
systems around the world. In Brussels, communication was unavailable for hours,
while in Australia, a telegraph could transmit without batteries. In the northeastern
US, sparks and fires were reported (Winter, 2019). Auroras could be seen at such low
latitude as Colombia (Cárdenas, Sánchez, and Domínguez, 2015). The Carrington
event was the most severe geomagnetic storm known so far and occurred at a time
when technological systems like today’s did not exist. Serving as a benchmark for
space weather events, severe impacts on the electrical grid are expected should a
"Carrington-like" storm were to occur today.

The Great Railway Storm occurred in May 1921, when other technological systems
besides telegraph networks already existed, such as telephone and cable systems,
so the effects of the GICs were more significant. In the USA, wire transmission
could not take place for a day and a half. The storm caused fires at different railway
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stations. In Europe, effects were also observed: a fire occurred at a telegraph station
in Sweden, and in the UK, telephone and telegraph lines were interrupted (Winter,
2019).

The Hydro-Quebece 1989 outage is one of the most widely recognized storms,
which had a major impact on power grids. The presence of GICs lead to harmonics
generated by saturated transformers, which caused the tripping of SVCs. The
absence of these devices from the electrical structure lead to system instability and
large voltage fluctuations in the grid occurred, causing the tripping of five lines.
The consequence was the loss of 9450 MW of generation and a 9-hour blackout
across Quebec. Transformers in different other parts of Canada and the US also
suffered overheating (Winter, 2019).

Thereafter, another widely recognized event followed, the Halloween Storm,
which occurred from October 29 to 31, 2003. Among the many impacts caused
on different technological systems, it is estimated that the blackouts resulted in
economic losses of about 0.5 million US dollars. The GICs triggered a large-scale
one-hour blackout in the Malmö region of southern Sweden, which interrupted the
power supply to around 50,000 people (Pulkkinen et al., 2005). GIC effects were
also observed in Scotland and as far as South Africa (Winter, 2019).

The storms cited above are the most extremes events known. In addition, other
events were also reported. In March 1991, a storm caused the tripping of nine lines
and one transformer in Sweden, while GICs of up to 130 A were recorded in the
US. In November 1991, another high-voltage line tripped in Sweden due to a storm
and GICs exceeding 40 A were observed in transformers in Japan (Wik et al., 2009,
Kappenman, 2003). In April 2000, a transformer in Sweden experienced the highest
GIC ever measured, about 300 A (Wik et al., 2009). In March 2001, a capacitor
bank was triggered as a consequence of the storm in New York (Kappenman, 2003).
Those are some examples of GICs recorded, between many events already observed.
Although it seems that extreme events are not something usual, it is important to
understand the impacts and the vulnerability of power transmission systems to
such events.

This Chapter presented the chain of GICs that starts on the Sun and ends on
Earth, with GICs flowing into technological systems. The problems that GICs
may introduce to the power system were detailed and, in addition, extreme space
weather events that have occurred in the past and an overview of the impact they
caused on the operation of power grids in different regions of the world were
pointed out.



4
G I C M O D E L I N G

This Chapter presents the network modeling that supports the calculation of the
GICs considering the induced electric field as the starting point. The equations and
details required for calculating voltages and currents in a power system with the
presence of GMDs are presented, and finally, the GIC flowing in a 4-bus power
system is calculated as an example.

4.1 network modeling

The connection of the transmission lines to the Earth’s surface through the neutral
points of transformers creates a loop where GICs flow, as shown in Figure 3.2. As
Faraday’s law states, the electric field integrated around the loop is related to the
magnetic flux through it. Common misconceptions about the generation of GICs
include the belief that the GICs are derived from this integration. In fact, the rate of
change of magnetic flux is minimal for the GIC frequencies, and it is not sufficient
to produce the GICs already observed. Thus, the integral around the loop is often
zero, which does not mean there is no induction. This shows, in reality, that the
magnitude and direction of the electric field in the transmission line is the same as
that of the electric field along the surface of the Earth (Figure 4.1; see Boteler and
Pirjola, 2017).

When a geomagnetic disturbance occurs, electric currents flow in the Earth, and
its resistance causes a loss of energy, which is accompanied by an IR voltage drop.
An induced electromotive force (EMF) on both the Earth and the power lines will be
generated by the electric field. For a uniform or layered Earth, the induced EMF in
the Earth and the IR voltage drop cancel each other out, so there will be no potential
gradients in the Earth and, therefore, no potential difference between the power
system grounding points. In the end, only the induced EMF on the transmission
lines will remain (Figure 4.1), which behaves as an additional voltage source on the
power grid and drives the GIC (Boteler and Pirjola, 2017).

Thus, to model the GIC acting on a power grid, the geoelectric field induced by
the geomagnetic disturbances will be added to the grid as DC voltage sources in
series with the transmission lines. The DC voltage acting on a transmission line can
be calculated by integrating the electric field over the path of the line as,

V =
∫

R
E⃗l · d⃗l (4.1)

where E⃗l and d⃗l are the vector geoelectric field and the vector incremental line
segment along the geographic route of the line (R), respectively (Horton et al., 2012).

For a uniform electric field, it is not necessary to execute the integral and Equation
4.1 simplifies to

18
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Figure 4.1: Geomagnetic induction in power systems (Boteler and Pirjola, 2017).

V = ExLx + EyLy, (4.2)

where Ex and Ey denote the northward and the eastward electric field in V/m,
and Lx and Ly are the northward and the eastward line length in m (Horton et al.,
2012).

In reality, however, the electric field is non-uniform. Nevertheless, it is still
possible to use equation 4.2 if the line is divided into small segments and the
electric field over each segment is assumed to be uniform. The sum of the induced
voltage calculated for each segment will then give the induced voltage over the line
(Shetye and Overbye, 2019).

For the network modeling, the reactive impedances are neglected, due to the
quasi-DC nature of the GICs, as already mentioned in Chapter 2. Following that,
the transmission line and transformer circuit representation in Figures 2.2, 2.4 and
2.6 can be replaced by the DC equivalents in Figure 4.2 for the GIC modeling. The
three-phase system is assumed to be balanced, and therefore the power grid can be
modeled as a single-phase system by dividing the three-phase resistances by three
(Boteler and Pirjola, 2017).

There are different approaches for solving the GIC flow model problem: the
Nodal Admittance Matrix (NAM) method, the Lehtinen-Pirjola technique (Lehtinen
and Pirjola), the Mesh Impedance Matrix (MIM) method and the Bus Admittance
Matrix (BAM) are examples. Circuit analysis and Ohm’s and Kirchhoff’s laws are
the basis of all methods (Marsal et al., 2022).

In this work, the NAM method is adopted. The YBUS matrix and nodal analysis
equations are then formulated considering only the DC components (see equation
2.4), so that YBUS contains only conductance values. Another difference from the
usual YBUS matrix is that the neutral resistances of the substations need to be
included in the problem. Thus, for a system with N buses and S substations with
GWye-GWye transformers, the matrix will be of size MxM, where M = N + S. The
result is the matrix called G, as for conductance matrix (Shetye and Overbye, 2019).

The next step is to include the calculated DC voltage sources to the grid. The
Norton equivalent current sources can be calculated as
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Figure 4.3: GIC induction in a power grid with two voltage levels, one represented in black
and the other in grey (Halbedl, 2019).

these represent the starting point for grid problems generated by GMDs. The GIC
can then be found as

GICt = GtVt, (4.5)

where Gt and Vt are the conductance of the substation neutral and the voltage at
the transformer neutral point.

If the electric field can be assumed spatially constant in the analyzed area, it is
also possible to express the GIC at node t as a linear combination of the electric
field components

GICt = atEx,t + btEy,t, (4.6)

with the (unknown) coefficients a and b encapsulating the properties of trans-
formers and power lines as well as the geometry of the network relevant to node t,
given in units of A · km/V (Viljanen and Pirjola, 1994). When GIC measurements
are available in the neutral of a transformer and the analyzed grid area is not conti-
nental, it is possible to neglect the curvature of the Earth and use plane geometry
to calculate the coefficients (Torta, Marsal, and Quintana, 2014;Viljanen et al., 2012).
Thus, a and b can be determined using least squares fitting. In case the configuration
of the electric grid changes, the calculated coefficients are no longer valid and need
to be recalculated (Albert et al., 2022).

4.2 4-bus example

For the purpose of illustrating how the GIC calculation works, the 4-bus circuit in
Figure 4.4 is considered.

It is assumed that an uniform electric field of 1 V/km is induced along the lines
and that the two lines have a length of 100 km. For the parameters of the lines
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(a)

(b)

(c)

Figure 4.4: 4-bus system example. (a) is the one-line diagram. (b) and (c) consist of the
system circuit representation, the first includes the induced voltages and the
latter has the equivalent current sources.

and transformers, the standard values of Halbedl, 2019 and Hörsch et al., 2018 are
considered, which are presented in Table 4.1. The line between buses 1 and 2 is
assumed to be 380 kV, while the line between buses 3 and 4 is 220 kV.

So, in that way, the DC voltages to be added in the lines would be equal to
V12 = V34 = 1 V

km × 100 km = 100 V. The resistances of the lines are RL12 = 0.03 Ω
km ×

100 km = 3 Ω and RL34 = 0.06 Ω
km × 100 km = 6 Ω and the Norton equivalent

currents can be calculated as j12 = 100 V
3 Ω = 33.33 A and j34 = 100 V

6 Ω = 16.67 A. The
winding resistances of transformers depend on the voltage level , so RW1 = RW2 =

0.2 Ω and RW3 = RW4 = 0.06 Ω. The grounding resistance is the same (RG = 0.2 Ω)
for the three substations.
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Table 4.1: Standard parameters for power network components.

Voltage level

[kV]

Line resistance (RL)

[Ω/km per phase]

Winding resistance (RW)

[Ω per phase]

Substation

grounding resistance

(RG) [Ω]

220 0.06 0.06 0.2

380 0.03 0.2 0.2

Since there is one trafo GWye-GWye, one additional bus should be added to its
neutral. This is the bus named "5", which can be seen in Figure 4.4 (b) and (c).

Then, the matrix of conductances is constructed following Eq. 2.3,

G =



1
RW1+RG

+ 1
RL12

− 1
RL12

0 0 0

− 1
RL12

1
RL12

+ 1
RW2

0 0 − 1
RW2

0 0 1
RW3

+ 1
RL34

− 1
RL34

− 1
RW3

0 0 − 1
RL34

1
RL34

+ 1
RW4+RG

0

0 − 1
RW2

− 1
RW3

0 1
RW2

+ 1
RG

+ 1
RW3



=



2.8333 −0.3333 0 0 0

−0.3333 5.3333 0 0 −5

0 0 16.8333 −0.1667 −16.6667

0 0 −0.1667 4.0128 0

0 −5 −16.6667 0 26.6667


(4.7)

and the IIN J vector is

IIN J =



−j12

j12

−j34

j34

0


=



−33.33

33.33

−16.67

16.67

0


(4.8)

Using Eq. 4.4 gives the voltage at the nodes as,

Vn =



−10.8660

7.6312

1.2279

4.2052

2.1983


V (4.9)
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So, the GIC at the neutral of the Wye-Wye transformer can be calculated as,

GIC =
2.1983

0.2
= 10.9970 A (4.10)

The positive current means it is going into node 5. The result was verified with
MATLAB Simulink.

In this Chapter, the equations for calculating the GICs flowing in an power grid
have been derived from the geoelectric field that is generated by the geomagnetic ac-
tivity. The YBUS matrix was modified into the G matrix to include all the resistances
necessary for the GIC calculation, including the grounding resistance of substations.
The calculation of the GIC at the neutral of a transformer was illustrated using
a 4-bus system, including 3 transformers and 2 transmission lines. The derived
equations are used for the GIC modeling in this work, which will be presented in
the next Chapter, and can be applied to any power system.
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because at the Earth’s surface, the air acts as an electric insulator, so there is no
electric field component in the Z direction. The EURHOM conductivity model was
used to calculate the surface impedances based on the plane-wave method, which
yields the electric field from the fundamental equation of magnetotellurics. The
modeled electric field (Ex, Ey) along the power lines of interest (see below) was
provided by L. Pick (DLR) in the form of time series for specific time periods and
used as input for the calculation of the GICs (blue part of Figure 5.1).

For modeling GICs in the German power grid, a section of the power transmission
network located in the northwestern part of Germany was chosen for analysis. The
motivation for this choice is that a study has already been carried out in this region
(Schühle and Tenbohlen, 2020), in which GICs were modeled, and the DC current
was measured at the neutral of two transformers. The results can thus be compared,
and the reliability of the method implemented in this work can be tested. Figure
5.2 shows the selected power grid section. The neutral of substation C was chosen
as the point of interest for the GIC calculation as it satisfies the requirement that all
its connections are known (Schühle and Tenbohlen, 2020).

Figure 5.2: Power grid section with substations and transmission lines connections. Figure
provided by L. Pick (DLR).

For the data acquisition in Schühle and Tenbohlen, 2020, the DC current at the
neutral point of a GWye-GWye transformer at substation C was measured. The
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measurement device relies on closed hall effect current sensors and can measure AC
and DC currents in the range of ± 20 A. The recorded DC current has a cadence of
1 minute. The device was attached by linking one connector to the star point outlet
of a transformer using a manual grounding rod and the other to the grounded
system (Beltle, Schühle, and Tenbohlen, 2017).

As for the power grid characteristics, Table 5.1 presents the data required for
calculating GICs. The German transmission operators (TSOs) publish part of their
network’s data, the so-called Static Network Model, which contains information
about the length, connections, and electrical properties of power lines and trans-
formers for the German power grid (JAO, 2022). The geographic location (latitude
and longitude) of the substations was obtained from OpenStreetMap.

Table 5.1: Data requirement for the network modeling.

Substation Transformer Transmission line

name primary and secondary winding resistance resistance

bus connections grounding resistance bus connections

geographic coordinates connection type geographic coordinates

nominal voltage nominal voltage

length

Nevertheless, not all the parameters required for modeling the GICs are known;
therefore, some parameters must be assumed. For the substation grounding re-
sistance and the winding resistances not present in the Static Network Model,
the values in Table 4.1 are considered in addition to the provided actual line
lengths. The distance between the substations (Lx and Ly) was calculated based on
the geographic coordinates. Tables containing the information for the substations
and transmission lines used for the grid configuration in Figure 5.2, as well as a
schematic circuit diagram, are presented in the Appendix section.

5.1 case study in 2016

At first, the GIC was calculated for the same time period (February 2016) as in
Schühle and Tenbohlen, 2020 for comparison of the results. Figure 5.3 shows the
location of all the geomagnetic observatories considered in this study for acquiring
the magnetic field data, including the location of the substation of interest (C). For
the case study in 2016, the BFO, DOU, NGK, and WNG observatories were taken
into account, so the same data used in Schühle and Tenbohlen, 2020 was applied.
The following section will consider the other observatories illustrated in Figure 5.3.
More detailed information about the observatories can be found in the Appendix
section. The magnetic field in X and Y directions at each observatory is shown
in Figure 5.4. For the GIC calculation, it is relevant to know the variability of the
magnetic field and, for this reason, Bx - Bx and By - By (where Bx and By refer to
the mean over the time series) are considered. Figure 5.5 presents the modeled
electric field at substations C, F and L. It is noticeable that the electric field does not
differ much at the different substations so that the curves overlap, except for minor
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differences in the peaks that can barely be seen if the electric fields for the different
substations are plotted together. A shift (+2 for substation F and +4 for substation
L) has been performed to make the electric field at the different substations visible.
The most intense geomagnetic variations occur within the first two days, observed
in Figure 5.4, which reflects in the peaks observable in Figure 5.5.

Figure 5.3: INTERMAGNET observatories and substation C (in black). Data source: INTER-
MAGNET, 2023.

Figure 5.6 shows the modeled GIC – or simulated GIC (GIC_s) – and the mea-
surements (GIC_m) for the studied period of time. Comparing both curves, it is
possible to see that the GIC calculated has much smaller values than the measure-
ments, which is possibly related to the unknown parameters. Other values from the
literature were then used for RG. Table 5.2 presents the maximum absolute values
calculated for the GIC over the considered time period, together with the mean and
median, considering different values for the grounding resistances. It is possible
to see that using RG = 0.1 Ω instead of RG = 0.2 Ω for all grounding resistances
results in a GIC of higher magnitude. In all cases, the maximum value occurs at
18:28 on 2016-02-18.

From Table 5.2, it is possible to see that increasing RG by 150% decreases the
maximum GIC by approximately 32.55% (32.94% for the mean and 32.80% for the
median) while decreasing RG by 50% increases the maximum GIC by approximately
24.14% (24.66% for the mean and 24.43% for the median).

An attempt was made to decrease RG further in order to see if there is a value
for which the modeled GIC would come close to the measured curve. Non-realistic
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Figure 5.4: Horizontal magnetic field at the four considered INTERMAGNET observatories
for the 2016 time period.

values were used, and from Table 5.3, it is possible to see that by continuing to
decrease the RG value, the GIC calculated stops increasing and becomes almost
constant.

From Figure 5.7, it is possible to see that, even for a non-realistic extreme value
of RG = 0.00001 Ω, the curve for the calculated GIC remains notably different from
the measurement curve. This means that other parameters need to be checked, in
addition to the substation grounding resistance.

Observing the line resistances and winding resistances taken from the TSO data,
it is not explicit that the values are per phase. In that sense, if the values refer to the
three-phase system, they must be divided by three for the one-phase modeling. By
doing so and assuming RG = 0.1 Ω, the result is the curve in Figure 5.8.

Furthermore, it was observed that the distances calculated between the substa-
tions are smaller than the line lengths given by the Static Model from the TSO,
which makes sense given that the distance calculation based on geographic points
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Figure 5.5: Electric field for the 2016 time period at substations C, F and L.

Table 5.2: Maximum, mean and median for absolute GIC calculated for the considered time
period and different grounding resistances.

|GIC| [A]

RG [Ω] Max Mean Median

0.1 0.2980 0.0228 0.0145

0.2 0.2400 0.0183 0.0116

0.5 0.1619 0.0123 0.0078

measured 1.1147 0.0820 0.0664
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Figure 5.6: GIC at the neutral point of substation C. The measurements are shown in black
(GIC_m) and the pink curve corresponds to the simulated GIC (GIC_s).

Table 5.3: Maximum, mean and median for absolute GIC calculated for the considered time
period and different grounding resistances.

|GIC| [A]

RG [Ω] Max Mean Median

0.01 0.39693 0.03058 0.01935

0.001 0.41178 0.03176 0.02009

0.0001 0.41334 0.03188 0.02017

0.00001 0.41349 0.03189 0.02017

measured 1.1147 0.0820 0.0664

does not consider the routing twists and turns of the lines. The distance values
(Lx and Ly) were then adjusted proportionally to be in accordance with the values
provided by the TSO, as the calculation of the induced voltage directly depends
on the line length (Eq. 4.2) and this affects the amplitudes of the calculated GIC.
This step can be performed since the grid section does not cover such a large area
that the curvature of the Earth needs to be accounted for (the longest transmission
line has a length of about 100 km). Therefore, for this case, the Earth is treated as a
plane for calculating the new adjusted distances Lx and Ly.

After the changes, the result is shown in Figure 5.9. It is possible to observe that
the GIC calculated presents amplitudes considerably higher than in Figures 5.6
and 5.8, and closer to the measurements. Table 5.4 shows how much each step –
changing the resistance of the lines and the line lengths – affects the maximum
value of GIC calculated. The changes were performed for each of the considered
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Figure 5.7: GIC at the neutral point of substation C with RG = 0.00001. The measurements
are shown in black (GIC_m) and the pink curve corresponds to the simulated
GIC (GIC_s).

Figure 5.8: GIC at the neutral point of substation C with RG = 0.1 Ω and RW and RL from
TSO divided by three. The measurements are shown in black (GIC_m) and the
pink curve corresponds to the simulated GIC (GIC_s).

RG, and the result shows that as the grounding resistance decreases, the effect of
changing the other parameters increases. It is also observed that the effect of the
variation of the two parameters simultaneously does not correspond to the sum of
the individual effects.

The model that results in the curve in Figure 5.9 is adopted as the final model and
the result for the original configuration so that the grounding resistance RG = 0.1
Ω is assumed, as well as the line resistances and transformer winding resistances
provided by the TSO divided by three and the line lengths corrected by the factor
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L/Lcalc (L corresponds to the line length provided by the TSO and Lcalc is the
distance between two substations calculated based on the geographic coordinates).

Table 5.4: Increase provoked in the GIC median value by changing the resistance and/or
the length of the lines. In relation to parameters considered in Figure 5.6.

RG

0.1 0.2 0.5

parameter changed multiplying factor GIC median increase (%)

R lines 1/3 72.12 62.71 51.82

line lengths L/Lcalc 40.49 38.81 35.22

R and line lengths - 139.30 120.96 98.99

Figure 5.9: GIC at the neutral point of substation C with RG = 0.1 Ω, RW and RL from TSO
divided by three and line lengths corrected by factor L/Lcalc. The measurements
are shown in black (GIC_m) and the pink curve corresponds to the simulated
GIC (GIC_s).

By looking at the grid area studied in Schühle and Tenbohlen, 2020, it can be
seen that the grid configuration they analyze is not the same as the one derived
from the TSO data at the time when this study is being conducted (Figure 5.2).
Considering that the network topology greatly influences the calculation of GICs, it
is also valuable to simulate scenarios in which the configuration is closer to how it
was when the measurements were carried out.

In this context, two different scenarios were considered. The first (test 1) examines
the same grid configuration as in Schühle and Tenbohlen, 2020. The second (test 2)
comprises the current configuration (as in the TSO Static Model) with an additional
transmission line observed in the test 1 configuration, which is connected between
substations C and H. The last configuration was considered given that an additional
line connected to substation C would have a direct impact on the GIC calculated at
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its neutral point, since the presence of the line would contribute to an additional
current source derived from the GMDs (Eq. 4.2 and 4.3), which would be summed
to the current injected into this substation. For both tests, the additional lines were
accounted for at voltage levels of 220 kV and 380 kV. Figures 5.10 and 5.11 illustrate
the two tested grid configurations.

Figure 5.10: Schematic diagram for choosen grid section - test 1. Figure provided by L. Pick
(DLR).

The curves presented in the upper part of Figures 5.12 and 5.13 show the modeling
result for both test configurations together with the measured curve. The curves at
the bottom of Figures 5.12 and 5.13 represent the difference between the modeled
GIC and the original configuration (curve in Figure 5.9). It is visible that the
difference is not significant, being slightly larger for test 2.

Table 5.5 displays how the peak, mean, and median of the calculated GIC’s abso-
lute value vary with the grid configuration modification. For the grid parameters
considered and the configurations tested, there are no significant variations in the
results.

The GIC was also calculated for other substations in the studied network area
(Figure 5.2). For this, only the substations with all the connected lines presented
here were taken into account, as the results are valid only for them. Figure 5.14

shows the results. The GIC is not calculated for substations with transformers
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Figure 5.11: Schematic diagram for choosen grid section - test 2. Figure provided by L. Pick
(DLR).

Table 5.5: Increase provoked in the peak, mean and median of absolute GIC calculated by
changing the configuration of the grid. It is assumed that RG = 0.1 Ω and all
resistances from the TSO data are divided by 3.

|GIC| increase (%)

peak mean median

test 1 -4.81 -5.59 -5.33

test 2 4.51 2.97 2.57

assumed to have a delta side, since the presence of GICs at those substations is
mitigated by the delta connection, avoiding the flow of harmonic currents into
the transmission system. From Figure 5.14, it is possible to notice that the higher
GIC amplitudes arise in the neutral of substation F, which are not as large as the
GIC at substation C. Table 5.6 presents the maximum, mean and median of the
absolute GIC values, including substation C for comparison. The GIC amplitudes
at substations D, E and L are much less significant, showing that substations C and
F are more susceptible to geomagnetic activity.
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Figure 5.12: GIC at substation C for test 1.

Table 5.6: GIC at the neutral of substations C, D, E, F and L.

|GIC| [A]

Substation Max Mean Median

C 0.7121 0.0548 0.0346

D 0.0710 0.0051 0.0031

E 0.1764 0.0133 0.0084

F 0.3203 0.3203 0.0137

L 0.0977 0.0059 0.0037

Furthermore, the fact that measurements at the neutral of substation C are
available enables the calculation of the parameters a and b from Eq. 4.6, thus
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Figure 5.13: GIC at substation C for test 2.

it can be used to model GICs at different time periods. The parameters were
determined using least squares fitting, resulting in a = −65.49283055 A · km/V and
b = −14.73410508 A · km/V, which are meant to describe the network configuration.
Figure 5.15 shows the results of the GIC calculated based on Eq. 4.6, together with
the measurements and the modeled GIC. It can be seen that, for this case scenario,
the fitting does not have a good performance as a modeling approach, and the
model used before performed better.

5.2 2003 halloween storm

Further investigation was conducted to evaluate the GICs in the studied grid
area under an extreme space weather event. For this purpose, the Halloween
storm of 2003 was selected. Figure 5.16 shows the magnetic field based on the
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INTERMAGNET data from the observatories BDV, BFE, CLF, DOU, FUR, NGK,
and WNG. Figure 5.17 presents the derived electric field at three substations.

Figure 5.16: Horizontal magnetic field at the seven considered INTERMAGNET observato-
ries during the Halloween Storm.

The GIC was calculated at the neutral point of substation C, with the result
shown in Figure 5.18. The amplitudes reach over 10 A. Figure 5.19 presents the
GICs modeled for substations D, E, F, and L. The behavior is the same as in the
2016 period, with the highest amplitudes (after GIC calculated at substation C) in
the neutral of substation F and the lowest amplitudes calculated for substation L, as
expected since the network topology remains the same. However, it is evident that
the GMD affects the calculated current and dramatically increases the amplitudes
so that even at substation L, the GIC reaches up to 1 A, which is close to the highest
GIC amplitude for substation F in the 2016 case study.

Eq. 4.6 was applied here again for calculating the GIC at substation C based on
the parameters a and b determined before. By employing the electric field displayed
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Figure 5.17: Electric field 2003 Halloween Storm in substations C, F and L.

in Figure 5.17 in Equation 4.6, the fitted model results in the blue curve presented
in Figure 5.20.

From the analysis of Figure 5.20, it is evident that the blue curve follows a
similar shape compared to the original model (pink), but with smaller amplitudes.
The calculated parameters consider the grid in 2016, when the measurement was
performed, and it is likely that the grid was different back in 2003. Therefore,
updated measurements would be necessary for the fitted model to reflect the
characteristics of today’s grid, so the modeling based on Eq. 4.6 would be applicable
today.

This chapter presented the results of the GIC modeling on a section of the power
transmission grid in the northwestern part of Germany, including 15 substations
and transmission lines at 220 kV and 380 kV. The results demonstrate how the
network model and its electrical parameters affect the resulting GIC flowing in
the neutral of the grounded transformers and how an increase of the geomagnetic
activity results in much larger GICs for the same power grid. Furthermore, the
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Figure 5.20: GIC at substation C for the 2003 Halloween Storm including the fitted model.

this work, accounting for the network and employing the NAM method, has shown
a much better performance than the fit modeling based on Eq. 4.6.
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Although the 2016 measurements covered a period of low geomagnetic activity,
it was still possible to observe the presence of GICs in the transformer neutral.
It is noticeable, however, that some of the peaks present in the measurements
(between days 23 and 25) are not in the modeled curve, and it is likely that this
additional current is coming from other DC sources. The original measurements
had an offset (Schühle and Tenbohlen, 2020), which confirms the presence of DC
sources unrelated to geomagnetic activity. Previous studies have investigated other
DC sources and stated that they might originate from railway networks (Albert et al.,
2022) and cathodic corrosion protection systems (Beltle, Schühle, and Tenbohlen,
2017). The GIC modeled in this work confirms that although these additional DC
sources exist, geomagnetic activity is the main source for the measured DC currents
in the transformer neutral.

The results also show that the grid topology plays a significant role in the GICs
flowing in the grid. Regarding the sensitivity of the GICs to grid configuration and
parameters, Table 5.4 indicates that line resistance is the parameter that affects the
modeled GIC the most, with consideration of the parameters investigated in this
work. Furthermore, it has been shown that the grounding resistance significantly
contributes to the calculated GIC.

The influence of the network topology on the GICs is reinforced by comparing
the results of Figure 5.14 and Table 5.6 with the electric field in Figure 5.5, since
although the electric field does not show substantial variations between substations,
the amplitudes of the GICs, on the contrary, have significant changes. The shape of
the curves remains the same for the GICs at the different substations, following the
electric field variations. The current flows in the opposite direction at substations D
and F, compared to the GIC at the other substations.

It is also important to note that an additional variant plays a crucial role when
modeling GICs: the geoelectric field derived from the geomagnetic field and used as
input for the network modeling is modeled and can also be a source of inaccuracy
for the final result. Furthermore, substation resistances are unknown for most
substations, as are transformer connections (autotransformers were not considered
either), and it is not known which transformers are grounded. As previously pointed
out, these are essential parameters that directly affect the calculated GICs, and
accurate data is necessary to achieve the best and most reliable network modeling.

Concerning the occurrence of geomagnetic storms, it is evident that the geomag-
netic and geoelectric fields experienced during the Halloween Storm are much
stronger than during the studied period of 2016. The consequence is that for the
same modeled grid, the GICs reach much higher magnitudes (more than 10 A in
the neutral of transformer C). The magnitudes, however, are not as high as that
calculated in Bailey et al., 2022, where GICs reach up to 30 A in the Austrian power
grid, which like Germany, is located in mid-latitude. It is important to note here that
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the section of the grid studied lies in a region of relatively high soil conductivity
(see Figure 3.3), which is itself a factor contributing to lower GICs. In this regard, if
the scenarios studied here were performed in a region of lower conductivity, for
example, in far southern Germany, GICs of higher amplitudes might be expected.

Therefore, it is of great value to evaluate the effects of geomagnetic storms in
different areas of the German grid, as well as to consider larger grid sections.
Further analysis would be necessary to investigate the impacts that GICs could
have on the German power grid and to assess their risks.
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C O N C L U S I O N

This work was motivated by the lack of studies to date that provide a comprehensive
understanding of the risk that GICs pose to the German high-voltage transmission
network as a whole. In this context, the work carried out here is intended to serve
as the first step towards assessing the hazard that extreme space weather events
may represent to the German power grid. Comparing the modeling results to the
measurements, it is noticeable that the model gives a good approach to reality, as
even with the missing information, it reflects similar behavior and amplitudes close
to the measurements. However, an analysis of the modeling results emphasizes the
importance of having detailed information about the power grid characteristics.
At the moment, winding resistances for all transformers, substation grounding
resistances, the type of connection of the transformers, and how many and which
transformers are grounded in the considered grid section are unknown. As expected,
the line lengths have a significant influence on the results. How winding resistances
and transformer types affect the results was not tested here and may be investigated
in future work.

Comparing the GICs calculated for the Halloween storm and the GICs of the
2016 period, it is observed that during an extreme space weather event, the GICs
are much higher. However, there is still the need to clarify how high the DC current
in the transformer would need to be for them to cause problems in the German
power grid. It is clear that geomagnetic storms are not restricted to a small area. On
the contrary, they have a wide range, which means that GICs would not be limited
to the area of the analyzed grid. In this sense, a further investigation of the German
transmission network as a whole is necessary in order to understand the potential
impacts of GMDs. It is also relevant to investigate how expanding the section of the
analyzed network would affect the results.

Three factors determine whether the GIC will be high. The first is related to
the geomagnetic location. Germany is a mid-latitude country, so variations in the
geomagnetic field are not as high as near the poles. The second factor is related to
the subsurface conductivity structure. Given that GICs are higher in areas where
the ground conductivity is low, as this leads to higher geoelectric fields, it is of
great interest to investigate power grids in different areas of Germany (e.g., in
south-west Germany), as the section of the power grid investigated in this study
is located in a region of relatively high conductivity. The third factor is the length
of the transmission lines. It is worth noting that the longest line considered in this
study has a length of 104 km (see Table A.2 in the Appendix section), which is
relatively small compared to other transmission lines. The longest transmission
line in Germany is about 230 km long (according to the Static Model). In addition,
the line orientation also needs to be considered, as the GICs are larger when the
line is aligned with the orientation of the geoelectric field. The model built for this
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study could be used to calculate GICs for different power grids and different time
periods.

Furthermore, in this work, only the DC representation of the grid components
has been considered, which allows the calculation of GICs, but does not enable the
analysis of how the calculated GICs would affect the power grid. For a complete
analysis, the entire AC model needs to be considered, including the reactance of
the power grid components, so that the full YBUS can be computed and power
flow calculations can be performed. This step would be necessary for further
investigations into how the GICs would impact the reactive losses and voltage
stability of the system.

Finally, new measurements would be necessary to have a more reliable model
by means of the fitting coefficients. It is also important to observe that if the grid
configuration changes, the calculated coefficients are no longer valid, which means
that new measurements would be needed every time there is a modification in the
grid configuration to keep this modeling approach reliable.
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Table A.1: INTERMAGNETIC observatories. Data source: INTERMAGNET, 2023.

Observatory Latitude Longitude Name Country

BDV 49.08 14.02 Budkov Czech Republic

BFE 55.63 11.67 Brorfelde Denmark

BFO 48.33 8.33 Black Forest Germany

CLF 48.03 2.26 Chambon-la-Foret France

DOU 50.10 4.60 Dourbes Belgium

FUR 48.17 11.28 Furstenfeldbruck Germany

NGK 52.07 12.68 Niemegk Germany

WNG 53.73 9.05 Wingst Germany

Table A.2: Transmission line data referring to Figure 5.6.
Substation

from

Substation

to

Bus

from

Bus

to

Latitude

from

Longitude

from

Latitude

to

Longitude

to

Voltage

[kV]

Resistance

[ohm]

L

[km]

Lcalc

[km]

Lx

[km]

Ly

[km]

J L 15 17 8.32 52.07 8.10 52.26 220 2.230 30 26.485 22.050 14.639

L D 17 7 8.10 52.26 8.31 52.35 220 1.611 21 16.628 9.056 13.932

F A 11 1 7.03 52.20 7.31 52.48 220 0.005 0 35.742 30.446 18.666

H I 13 14 7.61 51.90 7.63 51.92 220 0.209 4 3.389 2.802 1.908

E C 8 4 7.75 52.29 7.89 52.28 220 1.181 13 9.784 1.332 9.695

O A 22 1 7.06 51.70 7.31 52.48 220 3.294 66 88.416 86.759 16.892

L C 17 4 8.10 52.26 7.89 52.28 220 0.505 19 14.761 1.385 14.694

H M 13 19 7.61 51.90 7.71 51.68 220 1.655 28 25.729 24.757 7.024

A C 2 5 7.31 52.48 7.89 52.28 380 1.650 61 45.307 22.229 39.568

E C 9 5 7.75 52.29 7.89 52.28 380 0.343 13 9.784 1.332 9.695

F A 10 2 7.03 52.20 7.31 52.48 380 1.372 47 35.743 30.446 18.666

F O 10 23 7.03 52.20 7.06 51.70 380 1.890 64 56.342 56.313 1.805

A B 2 3 7.31 52.48 7.28 52.75 380 1.304 47 30.897 30.823 2.127

A D 2 6 7.31 52.48 8.31 52.35 380 2.034 75 69.550 14.558 68.109

D C 6 5 8.31 52.35 7.89 52.28 380 1.690 62 29.635 7.671 28.647

D C 7 4 8.31 52.35 7.89 52.28 220 3.361 62 29.635 7.671 28.647

O A 23 2 7.06 51.70 7.31 52.48 380 1.784 61 88.416 86.759 16.892

D L 7 17 8.31 52.35 8.10 52.26 220 1.610 21 16.628 9.056 13.932

A N 2 21 7.31 52.48 7.28 52.32 380 0.571 19 17.585 17.458 2.112

G N 12 21 7.55 51.97 7.28 52.32 380 1.491 51 42.952 38.858 18.230

G K 12 16 7.55 51.97 7.98 51.67 380 1.656 57 44.661 33.039 30.149

L C 18 5 8.10 52.26 7.89 52.28 380 0.495 19 14.761 1.385 14.694

A M 2 20 7.31 52.48 7.71 51.68 380 2.891 104 93.162 89.046 27.630
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Table A.3: Substation data referring to Figure 5.6.

Station_ID Trafo Type Latitude Longitude Bus1 Bus2
Voltage V1

[kV]

Voltage V2

[kV]

Resistance Rw1

[Ω per phase]

Resistance Rw2

[Ω per phase]

Resistance RG

[Ω]

A GY-GY 52.48 7.31 1 2 220 380 0.229 0.20 0.20

B d-GY 52.75 7.28 - 3 220 380 0.06 0.20 0.20

C GY-GY 52.28 7.89 4 5 220 380 0.229 0.20 0.20

D GY-GY 52.35 8.31 6 7 380 220 0.331 0.06 0.20

E GY-GY 52.29 7.75 8 9 220 380 0.06 0.20 0.20

F GY-GY 52.20 7.03 10 11 380 220 0.131 0.06 0.20

G d-GY 51.97 7.55 - 12 220 380 0.06 0.20 0.20

H GY-d 51.90 7.61 13 - 220 380 0.06 0.20 0.20

I GY-d 51.92 7.63 14 - 220 380 0.06 0.20 0.20

J GY-d 52.07 8.32 15 - 220 380 0.06 0.20 0.20

K d-GY 51.67 7.98 - 16 220 380 0.06 0.20 0.20

L GY-GY 52.26 8.10 17 18 220 380 0.06 0.20 0.20

M GY-GY 51.68 7.71 19 20 220 380 0.117 0.20 0.20

N d-GY 52.32 7.29 - 21 220 380 0.06 0.20 0.20

O GY-GY 51.70 7.06 22 23 220 380 0.06 0.20 0.20

Table A.4: Transmission line referring to Figure 5.9
Substation

from

Substation

to

Bus

from

Bus

to

Latitude

from

Longitude

from

Latitude

to

Longitude

to

Voltage

[kV]

Resistance

[ohm]

L

[km]

Lcalc

[km]
L/Lcalc

Lx_new

[km]

Ly_new

[km]

J L 15 17 8.32 52.07 8.10 52.26 220 0.743 30 26.485 1.133 24.976 16.582

L D 17 7 8.10 52.26 8.31 52.35 220 0.537 21 16.628 1.263 11.438 17.596

F A 11 1 7.03 52.20 7.31 52.48 220 0.002 0 35.742 0.000 0.000 0.000

H I 13 14 7.61 51.90 7.63 51.92 220 0.070 4 3.389 1.180 3.306 2.251

E C 8 4 7.75 52.29 7.89 52.28 220 0.394 13 9.784 1.329 1.770 12.881

O A 22 1 7.06 51.70 7.31 52.48 220 1.098 66 88.416 0.746 64.763 12.610

L C 17 4 8.10 52.26 7.89 52.28 220 0.168 19 14.761 1.287 1.783 18.913

H M 13 19 7.61 51.90 7.71 51.68 220 0.552 28 25.729 1.088 26.942 7.644

A C 2 5 7.31 52.48 7.89 52.28 380 0.550 61 45.307 1.346 29.929 53.273

E C 9 5 7.75 52.29 7.89 52.28 380 0.114 13 9.784 1.329 1.770 12.881

F A 10 2 7.03 52.20 7.31 52.48 380 0.457 47 35.743 1.315 40.035 24.546

F O 10 23 7.03 52.20 7.06 51.70 380 0.630 64 56.342 1.136 63.968 2.051

A B 2 3 7.31 52.48 7.28 52.75 380 0.435 47 30.897 1.521 46.888 3.235

A D 2 6 7.31 52.48 8.31 52.35 380 0.678 75 69.550 1.078 15.699 73.447

D C 6 5 8.31 52.35 7.89 52.28 380 0.563 62 29.635 2.092 16.049 59.933

D C 7 4 8.31 52.35 7.89 52.28 220 1.120 62 29.635 2.092 16.049 59.933

O A 23 2 7.06 51.70 7.31 52.48 380 0.595 61 88.416 0.690 59.856 11.654

D L 7 17 8.31 52.35 8.10 52.26 220 0.537 21 16.628 1.263 11.438 17.596

A N 2 21 7.31 52.48 7.28 52.32 380 0.190 19 17.585 1.080 18.863 2.282

G N 12 21 7.55 51.97 7.28 52.32 380 0.497 51 42.952 1.187 46.138 21.646

G K 12 16 7.55 51.97 7.98 51.67 380 0.552 57 44.661 1.276 42.167 38.479

L C 18 5 8.10 52.26 7.89 52.28 380 0.165 19 14.761 1.287 1.783 18.913

A M 2 20 7.31 52.48 7.71 51.68 380 0.964 104 93.162 1.116 99.405 30.845
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Table A.5: Substation data referring to Figure 5.9.

Station_ID Trafo Type Latitude Longitude Bus1 Bus2
Voltage V1

[kV]

Voltage V2

[kV]

Resistance Rw1

[Ω per phase]

Resistance Rw2

[Ω per phase]

Resistance RG

[Ω]

A GY-GY 52.48 7.31 1 2 220 380 0.0763 0.20 0.20

B d-GY 52.75 7.28 - 3 220 380 0.06 0.20 0.20

C GY-GY 52.28 7.89 4 5 220 380 0.0763 0.20 0.20

D GY-GY 52.35 8.31 6 7 380 220 0.110 0.06 0.20

E GY-GY 52.29 7.75 8 9 220 380 0.06 0.20 0.20

F GY-GY 52.20 7.03 10 11 380 220 0.044 0.06 0.20

G d-GY 51.97 7.55 - 12 220 380 0.06 0.20 0.20

H GY-d 51.90 7.61 13 - 220 380 0.06 0.20 0.20

I GY-d 51.92 7.63 14 - 220 380 0.06 0.20 0.20

J GY-d 52.07 8.32 15 - 220 380 0.06 0.20 0.20

K d-GY 51.67 7.98 - 16 220 380 0.06 0.20 0.20

L GY-GY 52.26 8.10 17 18 220 380 0.06 0.20 0.20

M GY-GY 51.68 7.71 19 20 220 380 0.039 0.20 0.20

N d-GY 52.32 7.29 - 21 220 380 0.06 0.20 0.20

O GY-GY 51.70 7.06 22 23 220 380 0.06 0.20 0.20
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