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Abstract — Space weather driven by solar activity can induce geomagnetic disturbances at the Earth's
surface that can affect power transmission systems. Variations in the geomagnetic field result in
geomagnetically induced currents that can enter the system through its grounding connections, saturate
transformers and lead to system instability and possibly collapse. This study analyzes the impact of extreme
space weather on the northern part of the European power transmission grid for different transformer designs
to understand its vulnerability in case of an extreme event. The behavior of the system was analyzed in its
operational mode during a severe geomagnetic storm, and mitigation measures, like line compensation,
were also considered. These measures change the topology of the system, thus varying the path of
geomagnetically induced currents and inducing a local imbalance in the voltage stability superimposed on
the grid operational flow. Our analysis shows that the North European power transmission system is fairly
robust against extreme space weather events. When considering transformers more vulnerable to
geomagnetic storms, only few episodes of instability were found in correspondence with an existing voltage
instability due to the underlying system load. The presence of mitigation measures limited the areas of the
network in which bus voltage instabilities arise with respect to the system in which mitigation measures are

absent.

1 Introduction

Space weather driven by solar activity can cause serious
impacts on power transmission systems. Geomagnetic
disturbances (GMD) triggered by solar activity can lead to
variations in the geomagnetic field (Boteler, 2001). As
expressed by Faraday’s law of induction, perturbations of
the geomagnetic field to the ground level induce a geoelectric
field at the earth’s surface which, in turn, causes geomagneti-
cally induced currents (GICs) (Bernabeu, 2013) to enter
through the grounding connections of the high voltage
transmission grids and flow throughout the system. This can
lead to power grid instabilities and even grid collapse.

The root cause of the problem is associated with power
system transformers. GICs are quasi-DC currents and, when
injected into the power grid, they can drive a power transformer
into half-cycle saturation, increasing the reactive power
consumed by the transformer, injecting even and odd harmonics
into the system, and potentially generating hotspots in the
structural components. These effects may present themselves
alone or combined and may result in system-wide disturbances
or, eventually, in blackouts (JASON, 2011; NERC, 2012). Two
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well-known episodes of power grid collapse related to a GMD
are the Hydro-Quebec blackout in March 1989 (Bolduc, 2002)
and a blackout in Sweden in 2003 (Wik et al., 2008).

GIC flows are a function of several parameters which
include: geomagnetic latitude, system topology (e.g. line
length and orientation), line resistance, transformer type, and
geoelectric field magnitude and orientation (NERC, 2012).
For instance, the effects of geomagnetic storms are often
confined to high magnetic latitudes. In case of extreme
storms, also lower latitudes can be affected but less so than in
high-latitude areas. Line length and line orientation are two
fundamental topological parameters of the power network
that directly influence the GIC magnitude in the system. The
longer the transmission line and the closer the alignment of
the line orientation and the geoelectric field, the higher will be
the current induced in the network. Line resistance also
influences GIC magnitude in the system: high-voltage lines,
which usually have a lower resistance than low-voltage lines,
allow important amounts of GIC to flow throughout the
system. Transformer design is also a major determinant in
understanding the vulnerability of the power grid, as some
types are more susceptible to damage than others. Three-
phase transformers, for instance, have been found to be less
vulnerable than single-phase transformers when subjected to
the same levels of GIC.
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Fig. 1. Representation of geolectric field values during a 100-year GMD calculated for high latitudes and low conductivity soil. The maximum
intensity of the geoelectric field is |E| =20 km/V. Data of the time series and details can be found in Pulkkinen et al. (2012).

The study of the effects of GIC flow in a power
transmission system also needs to include an analysis of the
behavior of the system following GIC injection. For instance,
using first principles, Boteler (2014) proposes an efficient
method for simulating the GIC produced in a power system
during a major GMD. The method is based on power system
analysis and Boteler presents how the methods normally used
for AC modelling can be adapted to model the quasi-DC GICs.
Albertson et al. (1981) carried out load-flow studies in the
presence of GIC in the northern United States and Canada.
Their results clearly show serious voltage drops and real and
reactive power flow changes during a GMD. As a
consequence, they propose GIC mitigation measures in
particular for power systems that are susceptible to GIC due
to their location and network topology. Bernabeu (2013)
presents the methodology used by Dominion Virgina Power to
model GIC. Using an extreme 100-year geoelectric field
scenario as baseline, the impact of topology changes in the
analyzed power grid was investigated to identify critical
locations and weaknesses in the system with a view to updating
operational procedures and GIC mitigation strategies. Studies
using the electromagnetic transient approach for understanding
the impact of a GMD were carried out by Gerin-Lajoie et al.
(2013, 2014). They focus on transformer response resulting
from the injection of GICs and propose a set of simulation case
studies to illustrate the impact of GICs on voltage regulation in
the presence of transformer saturation. Walling and Khan
(1991) present a detailed study of the characteristics of
transformer excitation currents during GMD. They show that
transformer core type is an important characteristic in
determining how a transformer will respond to GIC insertion
while transformer-winding air-core impedance has only a
moderate impact.

In this paper, we present a study of the behavior of the
North European power transmission grid with different
transformer configurations subjected to an extreme space
weather event. Following a preliminary study (Piccinelli and
Krausmann, 2015), we extend the analysis to a more detailed

model of the power system, considering line compensation as
an example of an existing mitigation strategy against voltage
drops in the AC regime.

2 Methodology

Calculation of the GICs throughout power systems
involves the evaluation of the geoelectric field and the
calculation of the induced currents at nodes and lines of the
system. These two tasks can be carried out separately.
Additionally, the behavior of the power system following a
severe geomagnetic storm needs to be modeled. This entails
the evaluation of the power system in its operational mode in
the AC regime during an extreme space weather event.

Power transmission grids are large-scale systems in which
each transformer experiences different levels of GIC during
space weather events. In order to describe the impact of a GMD
on the system, we propose a hybrid approach. For describing
the backbone structure of the grid we use the network-theory
approach, which delineates the topology of the grid as a graph
in which nodes represent stations of the system linked by edges
representing the transmission lines (Pagani and Aiello, 2013).
Physical properties and flow models are added in the modeling
of the network to allow a detailed and technical representation
of the grid. Finally, functional relationships, linking GICs to
the reactive power in the system, model the behavior and the
stress caused by GICs on the system components (Dong et al.,
2001). This is further discussed in Section 2.4.

2.1 Extreme GMD scenario

In studying the impact of extreme space weather on the
power grid, we adopt the GMD scenario proposed by
Pulkkinen et al. (2012). The Pulkkinen et al. (2012) model is
a benchmark of extreme events which are defined as the
maximum 100-year amplitude of the 10-second resolution
horizontal geoelectric field obtained as linear extrapolation
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Fig. 2. The northern portion of the European high voltage power grid includes 400 kV (red), 300-330kV (yellow) and 200-220kV (green)
transmission lines (schematic adapted from ENTSOE' (2015)). The black dots are substations.

of 13 years of geomagnetic-field recording. Key parameters
for the evaluation of the modelled geoelectric field are: (1)
ground conductivity, (2) geomagnetic latitude, and (3)
temporal and spatial scales of extreme geoelectric fields.
Pulkkinen et al. (2012) generated four extreme scenarios as
a function of two extreme ground conductivities (low and
high conductivity), and the location of the power system
with respect to a defined geomagnetic latitude threshold at
around 50-55° (high latitudes above the threshold and low
latitudes below the threshold). High latitude scenarios (high
latitude/low conductivity and high latitude/high conductiv-
ity) show a larger magnitude, by a factor of ten, of the
associated geoelectric field |E| with respect to the low
latitude scenarios. For the same latitude, the

geoelectric-field magnitude |E| changes by a factor of five
when passing from low to high conductivity. Therefore,
latitude plays a predominant role compared to conductivity
for the magnitude of the geoelectric field. Since the North
European power transmission system is located above the
geomagnetic threshold, we will apply the scenario from
Pulkkinen et al. (2012) which refers to high latitudes (above
the aforementioned geomagnetic threshold) and resistive
soil, and which constitutes a worst-case scenario. For the
purpose of this study we will refer to this scenario as
Scenario A. Figure 1 summarizes the intensity of the
geoelectric field during a severe geomagnetic storm with
peak amplitude of | E| =20 V/km. Data of the time series and
details can be found in Pulkkinen et al. (2012).

Page 3 of 12



R. Piccinelli and E. Krausmann: J. Space Weather Space Clim. 2018, 8, A03

The model proposed by Pulkkinen et al. (2012) is derived
with reference to Canadian soil conductivity models. Usually,
ground models derived for a specific geographical region
cannot simply be applied to geomagnetic observations of
different geographical areas. However, Pulkkinen et al. (2012)
state that in the absence of nearby conductivity anomalies, the
same magnetospheric current will to a good approximation
generate similar total magnetic variations even if ground
conductivity structures are different.

In our case, Scenario A was applied to studying the impact
of a GMD on the North European region, since the highest
geoelectric field intensity ever recorded in Sweden was
|E|=20km/V in the 1920s (Pirjola, 1983).

2.2 GIC assessment

For the assessment of GICs we follow the procedure
proposed by Lehtinen and Pirjola (1985). A power grid is a
discrete grounded system with n nodes, also called earthing
points. GICs, I°, are then calculated according to:

I = (U+Y"Z) ¢ (1)

where U is the n X n unit matrix, and Y” and Z° are the n x n
network admittance matrix and » x n earthing impedance
matrix, respectively. The off-diagonal element of the network
admittance matrix Y" is defined as the inverse of the conductor
line resistance between nodes i and j, R;/" :

=i (#)) (2)

and the diagonal element is defined as the sum of the inverse of
the line resistances between node i and the adjacent nodes j

: 3)

Y" = —
un n
Rii

J#i

The elements of the n x 1 column matrix of the “perfect-
earthing” current J” are defined by:

J=350 @

J#Ei
Vi
y
Vi= [E-ds (6)
S

The conductor line from node i to node j is denoted as s;;
and E is the geoelectric field. Thus Vj; is the voltage affecting
the line N jie

2.3 The power transmission system

The network model base for our study was the map of the
interconnected network of Northern Europe provided by the

Table 1. Nodes numbering and location.

Nodes Country
From node 1 to node 64 Finland
From node 65 to node 215 Sweden
From node 216 to node 341 Norway

From node 342 to node 347 East Denmark

European Network of Transmission System Operators for
Electricity (ENTSOE' (2015)). We considered the northern
synchronous area of the grid, which comprises Finland,
Sweden, Norway and the east of Denmark. Since high voltage
lines are more susceptible to GMD, the system includes only
line voltage levels above 200 kV (Fig. 2). Line orientations and
lengths are important parameters. We therefore built our model
by mapping each transmission line connecting two substations
as piecewise lines instead of one straight line to account for
local line orientation effects.

The following information and assumptions were used for
the power system:

— the network is composed of 347 nodes and 469 lines.
Table 1 summarizes the numbering of nodes and the
countries they belong to;

— we included all substations and lines with voltages equal to
or above 200kV: 200-220kV, 300-330kV and 400kV.
High voltage direct current connections are not taken into
account;

— when dealing with earthing impedance, it should be
considered that individual stations may influence GIC
values at the stations closest to them. If power grids are
considered as a whole, it was shown by Pirjola (2008a) that
when all stations are far enough from each other, the
mutual earthing impedance can be ignored. Since in our
model of the transmission power system the shortest
distances of lines are as high as 20 km, we can omit the
mutual earthing impedance;

— values assumed for the line resistances per unit length were
0.008 O /km for 400kV lines (Elovaara, 2007; Pirjola,
2008b), and 0.022 Q)/km for 220 kV and 300-330kV lines
(Norway) (Viljanen et al., 2012).

Data on power grids are usually not publicly available due
to security reasons. Consequently, data for our model of the
North European power transmission grid were inferred from
open source information:

— The system has a total installed capacity of 43 000 MW
(Enipedia’, 2016; ENTSOE', 2015);

— To model the system in a situation of highest load request,
the total load considered consumption during winter time.

' ENTSOE, European Network of Transmission System Operators for
Electricity 2015, https://www.entsoe.eu/map
% Enipedia, 2016, http://enipedia.tudelft.nl
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A load profile with a peak value of 35000 MW was
considered (SVK?, 2016; Fingrid*, 2016; Statkraft’, 2016;
Energinet®, 2016) and assigned to load busses of the
network proportionally to the population density;

— The transmission grid has some series compensated lines
(Fig. 3): by insertion of capacitors, GICs cannot flow
across compensated lines and thus, their propagation
through the system is limited. Line compensation was
taken into account for the eight longest lines of the Swedish
grid, traversing 62° of geographic latitude, and for the two
lines connecting Finland and Sweden (Arnborg, personal
communication; Elovaara, 2005). In the absence of public
information on the number of transformers per substation,
we reasonably assumed for the purpose of this study that
each node has a transformer. We also assumed that all
transformers of the network are core type, present the same
characteristics and that their earthing resistance is equal to
0.28 Q) (Pirjola, 2008a).

2.4 Transformer behavior

High voltage transformers are particularly sensitive to
GICs. Quasi-DC current flows through the transformer
windings, causing transformer saturation and increasing
leakage fluxes in the transformers (Dong et al., 2001).
Consequences of transformer saturation are an increase in the
reactive power demand in the system, which may cause a
reactive power imbalance and voltage instability for the entire
system (ES), and the generation of harmonic currents that can
induce protection relays to actuate incorrectly, thereby
triggering unnecessary tripping and leading to system collapse.
Increased leakage flux can cause hot spots in the metallic parts
of the transformer and deterioration of the organic insulation
material. In the following, we concentrate on transformer
saturation and its impact on the voltage stability of the system.
The transformers are assumed to saturate instantaneously
which is a conservative assumption. The effect of GIC on
transformer insulation degradation is not considered because it
requires data that are not easily available.

Several studies assume a linear transformer behavior
during GIC saturation (Dong, 2002; Overbye et al., 2012). The
increase in reactive power consumption due to saturation
caused by GICs is proportional to a coefficient K1 that depends
on the characteristics of the transformer core design (Dong,
2002). Table 2 gives an overview of the coefficient values for
different types of transformer design.

The North European power grid has only core type
transformers (Arnborg, personal communication), so we will
consider only the three-phase, three-legged and three-phase,
five-legged transformer cases in Table 2. The increase of
reactive power Q drawn by the transformer is estimated using
the following equation (Dong, 2002):

3SVK, Svenska Kraftnit 2016, http://www.svk.se/en/
4 Fingrid 2016, http://www.fingrid.fi/en/

5 Statkraft 2016, http://www.statkraft.com/

S Energinet 2016, http://www.energinet.dk/EN/

Table 2. K coefficients for different types of transformer core design
(Dong, 2002).

K1 (Mvar/A)" Transformer core design

1.18 Single phase

0.33
0.29
0.66

Three-phase shell form
Three-phase, three-legged, core form
Three-phase, five-legged, core form

" Volt-ampere reactive (var) is a unit by which reactive power is
expressed in an AC electric power system.

Q=KIT+Q (7)

where I is the nx 1 column vector of the GIC currents
calculated using equation (1) and Qg is the # x 1 column vector
of reactive power consumption given from the normal exciting
current at nodes.

3 Results

Given a fixed geophysical scenario, GIC flow is a function
of the system topology and is determined by line lengths, line
orientation and degree of connection. Traditionally, power
lines are represented as straight lines joining two substations.
This assumption is correct, to a first approximation, especially
when the geoelectric field |E| is assumed to be spatially
uniform across the power network. The voltage that drives the
GICs throughout the system is calculated as the integral of the
geoelectric field along the transmission lines (Eq. (6)), and the
integration of a spatially uniform field does not depend on the
path chosen. However, this approximation ignores that line
paths between two nodes locally vary their orientation with
respect to the direction of the straight line connecting the same
nodes which results in an increase of the considered line
lengths. For example, if we consider the 400kV part of the
Scandinavian power grid (Fig. 2, red lines) as being composed
of straight lines between nodes, the total line length is
17716km, a value reduced by 12.3% if compared to the
20217km calculated considering piecewise lines. Conse-
quently, in the straight line approximation, resistance values of
lines are lower. This does not affect the calculation of voltages
but changes the values of the admittance matrix and hence of
GICs. In this study we considered piecewise lines for a more
realistic representation of the grid topology.

The North European trfansmission network features long
transmission lines mainly oriented in the north-south direction,
as can be seen in Figure 2. Transmission lines have an average
length of 64.35km, except for eight lines located in Sweden
which are the longest of the system with a length greater than
280 km. Long lines are needed since large Swedish power plants
are located far from the substations they need to supply. We
extended a previous study (Piccinelli and Krausmann, 2015) by
considering the detailed transmission power grid proposed by
ENTSOE' (2015) as a reference. GICs at nodes and lines are
represented in Figures 4 and 5, respectively (blue bars). Since we
are interested in extreme space weather, GIC values are
calculated for the electric field peak intensity |E| =20 V/km.
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Fig. 3. The northern portion of the European high voltage power grid with node numbering and location, and indication of the compensated lines
(black). Two compensated lines connect Finland to Sweden, eight compensated lines are located in the central part of Sweden.

Observations show that although rare, GIC amplitudes of
several hundreds of Amperes and geoelectric field magnitudes
of the order of 10 V/km are possible (Pulkkinen et al., 2008).
The largest GIC measured in the Finnish power system was as
high as 201 A (on March 24, 1991) (Pirjola et al., 2003).
Probably the largest measured GIC ever reported is 320 A in
the Swedish power grid during the geomagnetic storm in April
2000 (Erinmez et al., 2002). Our GIC calculations are
consistent with these values.In general, long lines are
compensated by means of capacitors in order to increase
power transfer capability as well as improving voltage
stability. From a GIC point of view, compensation separates
the network into smaller isolated networks because direct
current cannot flow through compensated lines. This
effectively comes down to removing lines from the network.
GIC intensities in smaller networks may dramatically change

at nodes and through lines in the proximity of the removed
links, as can be seen in Figures 4 and 5 (red bars), respectively.

The North European power system has capacitors on the
two 400kV lines connecting Sweden and Finland (Elovaara,
2005). Together with the compensation on the eight long lines
crossing Sweden, they split the system into two separated
subsystems: Finland and a macro region consisting of Sweden,
Norway and East Denmark. Removing the compensated lines,
Figure 4 shows that the increase of the difference in GIC
intensity at nodes does not directly involve nodes at the ends of
the removed links (i.e., nodes 41 and 54 in Fig. 3), but mainly
occurs at nodes connected only with one link to the system (so-
called dangling bonds) (i.e., nodes 51 and nodes 64). These
nodes are mainly located in the northern part of Finland
(Fig. 3). The effect of compensation on GIC at nodes is a local
increase of GIC values.
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Figure 5 shows how GIC flowing through lines is a process
that is not local but involves the entire topology of the network.
GIC effects spread through the entire network, including nodes
that are far from the removed lines. Transmission lines,
especially the longest ones, undergo a high increase in GIC
flow. The effect of compensation is delocalized when
considering GICs flowing through lines. Figure 5 shows that
compensation reduces the flow in the involved lines but does
not prevent high GIC flows in the neighboring lines and also
throughout the system.

We extend the analysis to the entire 72-hour duration of
the simulated GMD. Since GICs of both signs contribute to
the saturation of transformers, we consider the absolute

values of GICs flowing through each node or line and we
sum over the entire time interval. We then distinguish
between the sum of the absolute values of GICs calculated
considering the compensation of lines which cause the
system to separate into two subsystems (SS) and the
absolute values of GICs for the ES with no compensation
(Bernabeu, 2013):

AGIC(7) = [Z abs(GICss(1)) — > abs(GICgs(1))]  (8)

The difference is shown in Figures 6 and 7 for GIC flow
through nodes and lines, respectively.
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It should be noted that the portion of the grid that shows
big differences in GIC values corresponds to nodes whose
identification number is around 50 (Fig. 6). These nodes are
located mainly in Finland and are represented in Figure §:
the dimension and colors of the circles around them give the
difference of the total GIC flow (AGIC). The red circles
identify the nodes with the highest level of AGIC. It can be
seen that the nodes with the highest level of difference of the
total GIC flow do not coincide with the end nodes of the
removed links. Indeed, the biggest differences are seen at
nodes near the removed links, i.e., nodes 48 and 50, and at
peripheral nodes of the Finnish system, i.e., nodes 45, 56, 61
and 64. The separation of the network into two sub-
networks has the effect of increasing GIC intensities at
nodes of the Finnish grid with a low degree of connection or
in the presence of dangling bonds, like node 64 or 45. For
the nodes of the remaining network system (Sweden,
Norway and East Denmark), the effect is confined to nodes

in an area close to that of the line removal, i.e. nodes 73, 78,
81 and 82.

For the subsystem composed of Sweden, with compensat-
ed lines, Norway and East Denmark, the effects of the
compensation spread through the ES. The diminished number
of lines results in a lower path of integration for the geoelectric
field and causes GICs to diffuse throughout the ES (Fig. 7).

When a GMD induces currents in a system, the primary effect
of GICs is saturation of transformers and an increase in reactive
power consumption for the system. We considered transformers
with either five or three limbs. In three-limb transformers, the
change in flux due to GIC is smaller than for five-limb
transformers (Girgis et al., 2012). Our simulations show no
voltage instabilities for the system when all transformers are
three-limbed. Few cases of voltage instabilities were found (Tab.
3) when the system has only five-limb transformers (Fig. 9).

Figure 9 shows bus voltage values during the episodes of
grid collapse. Voltage instabilities occur when voltage values
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Fig. 8. Difference of the total GIC flow at nodes (AGIC) of the system (green and red circles) for the entire duration of the GMD. Red circles
shows the nodes with highest values in AGIC. The eight compensated lines are added in black.

Table 3. Magnitudes of |E| and time during the GMD (Fig. 1)
causing the grid collapse.

|E|(V/km) Time (h)
Case 1 6.0 19
Case 2 6.9 19.5
Case 3 9.5 22.5
Case 4 15.8 44

at nodes exceed the range 0.95-1.05 p.u. In our simulations,
these instabilities appear to be mainly concentrated in a limited
part of the network. The involved buses are located in the
northern part of Finland and between Finland and Sweden
(Figs. 3 and 8) and involve mainly the nodes neighboring the
removed link between the two countries. These same nodes
already show a “critical” voltage value during operational
mode in the absence of GMD (Fig. 9, base case). Comparing
the behavior of the system with or without compensation
during the four collapse events, it can be seen that in the
absence of compensation, the system shows diffuse voltage

instabilities: in cases 1 and 2, buses with the voltage exceeding
the stability values are close to node 50 (Fig. 10). In cases 3 and
4, there is an increase in the number of nodes with voltage
values outside the stable range and their distribution extends to
a broad portion of the grid (Fig. 10).

The reactive power consumption due to the effects of
transformer saturation and harmonics superimposes an
additional strain in a system that already experiences
fluctuations in voltage stability due to AC power flow
constraints which eventually leads to system collapse.
Reactive power losses in lines during GMD events corre-
sponding to voltage collapse events do not differ significantly
from the base case, when GMD are absent (Fig. 11).

4 Discussion and conclusion

The purpose of this study was to provide an understanding
of the vulnerability of parts of the North European power
transmission grid to extreme space weather events during its
operational mode. We utilized an extreme 100-year scenario as
the triggering space weather event. Although extreme, the

Page 9 of 12



R. Piccinelli and E. Krausmann: J. Space Weather Space Clim. 2018, 8, A03

5 \
o Base Case
o Case 1
4 Case 2 .
— o Case 3
; 5 Case 4
(0]
[o)]
8
©°
> 2
(2} o
> o
m
56 o ®
0 R °
0 5 100 150 200 250 300 350

Node

Fig. 9. Bus voltages at nodes when the system operates with no GMD (base case) and at four different time steps when the GMD causes voltage
instabilities. These instabilities arise when voltage values at nodes are outside the voltage range 0.95-1.05 p.u. (per-unit). Here, the per-unit
(p.u.) system expresses the bus voltage as a fraction of the nominal voltage.

Case 1
1.5 T T T T T T
S5
£ 1
[0]
jo)]
I |
o
> 0.5f ]
2 &
@ 8 O non compensate system
g O compensated system
O 1 1 L Il l L
0 50 100 150 200 250 300 350
Node
Case 3
35 T T T T 0 T
O non compensated system
30 o B
—_ O compensated systm
>
a 25+ :
o 20} ]
g o
o 15¢ 4
>
é 10 o 7
5 - 4
0

50 100 150 200 250 300 éSO
Node

o=

Case 2
1.5 T T T T T :
5
e_'/ 1 2
(0]
[o)]
2
o
>
! 0.5¢ R
o oo O non compensated system
© compensated system
0 1 Il Il 1 Il L
0 50 100 150 200 250 300 350
Node
Case 4
60 . L T T

O non compensated system
50 compensated system

20+ @ @ & |

Bus Voltage (p.u.)
w
o

10+ e
@
0, PO “?,‘“Q‘:b“

ok e T ——
0 50 100

150 200 250 300 350
Node

Fig. 10. Comparison of the bus voltages between the non-compensated system (blue circles) and the compensated system during the four cases

of voltage instabilities identified in Table 3.

associated geoelectric field peak magnitude of |E| =20 V/km
was already recorded in Sweden in the 1920s. The model of the
North European power grid was built using open source data,
so it necessarily is a simplified model but it can be enhanced
should more detailed information be made available.

When considering GICs triggered by GMD in a power
grid, the topology of the grid used for GIC and power flow
calculation is wusually assumed identical. Nevertheless,
compensation distributed throughout the network prevents
GICs from flowing along compensated lines, thus changing the
topology of the network in which GICs arise. Compensated

lines in Finland and Sweden divide the Nordic power grids into
two separated subsystems from a GIC point of view: Finland
and a sub-network composed of Sweden, Norway and East
Denmark. Removing the eight longest Swedish lines does not
completely disconnect the subsystems in Sweden.

GICs are spread throughout the grid by means of
transmission lines. The change in the topology of the network
entails a change in the GIC values calculated for lines and
nodes. Removed lines cause an increase in GIC values at the
nodes surrounding the end nodes of compensated lines and
some nodes at the end of dangling bonds: these are the nodes
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Fig. 11. Reactive losses for the lines when the systems operates with no GMD (base case, blue asterisks) and at four different time steps when the

GMD causes voltage instabilities.

that experience the highest currents. In our study, the prevalent
effect was on nodes located near the lines that connect Finland
to Sweden and nodes in the central part of Finland.
Disconnecting those lines caused a local effect, an increase
in the GIC values for the neighboring nodes, and a more
widespread change in the value of GICs throughout the lines of
the system, since the removal of the links changes the topology
of the network and therefore the paths through which GICs can
spread. This characteristic is maintained during the entire
seventy two-hour scenario. This means that it is an inherent
characteristic of the system.

The comparison of the behavior of the considered system
to the system with no compensation showed that compensation
measures help to reduce the losses on lines during a GMD
event, which is their primary purpose, and help to diminish the
diffusion of voltage instabilities at the nodes of the system.

The topology of the network is therefore a fundamental
part of the study of the vulnerability of the system since its
characteristics (lines and bonds among nodes) together with
the physics of the geoelectric field determine the nodes that
experience the highest GICs. This preliminary study is
important in view of the protection of nodes, because it can
give an indication of which substations could possibly be more
impacted by high currents and may therefore need more
protection, thus preventing degradation and ageing in trans-
formers components.

Nevertheless, a topological computation and analysis of
GIC values at nodes and lines is not sufficient to fully
understand the behavior of the power system during a GMD.
GICs enter and spread throughout the system and are
superimposed on the grid operational flow.

The study of the behavior of the system considering AC
power flow during a space weather event has shown that the

system is fairly robust to extreme space weather events. The
network configuration with all transformers of the three-limb
type does not suffer from voltage instability. During the
geomagnetic storm simulation, no voltage collapse was found.
The second configuration, with all transformers of the five-
limbed type shows few episodes of collapse, all facilitated by an
existing voltage instability due to the underlying load of the
system. Indeed, there is a correspondence between the part of the
grid that experiences the highest GICs during the geomagnetic
event and the grid portion which shows a voltage profile close to
the limit of voltage stability during normal operating conditions.
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