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Zusammenfassung
Starke Sonnenstürme verursachen Geomagnetische Störungen (GMS), die in der Lage
sind den Stromnetzbetrieb durch ungewünschte elektromagnetische Interaktionen zu stören. GMS können quasi-DC-Ströme in den Neutralleitern von Transformatoren induzieren
die deren Eisenkerne sättigen und zu erhöhten Erregerströmen und Blindleistungsnachfrage führen können: Wenn dieses Phänomen ausreichend stark und weitverbreitet ist
kann es eine verallgemei-nerte Abnahme Busspannungen, eine Reduzierung der Spannungsstabilitätsreserve und im schlimmsten Fall einen Netzausfall auslösen.
Ein nenneswertes Beispiel eines solchen Vorfalls fand in Nordamerika im März 1989
statt, als das Hydro Quebec System zum Blackout kam, so dass mehr als sechs Millionen
Menschen ohne Strom während neun Stunden blieben. Obwohl solche Phänomene in der
Regel stärker ausgeprägt für hohe Breitengrade sind, kann es nicht immer von vornherein
ausgeschlossen werden, dass ähnliche Ereig-nisse zum Beispiel in Kontinentaleuropa nicht
vorkommen würden. Um die allgemeine Systemsicher-heit zu verbessern ist es deshalb
wichtig die Auswirkungen von GMS auf elektrische Netze zu verste-hen, auszuwerten und
wenn nötig zu mindern.
Die durchgeführte Arbeit gibt einen Überblick über den GMS physikalischen Prozess
und dessen Ein-fluss auf Stromnetze, präsentiert einige international bemerkenswerte Vorfälle, beschreibt die Gegen-maßnahmen die basierend auf industrieller Erfahrung formuliert
wurden und schätzt die Auswirkungen ein die solche Phänomene auf das Schweizer Übertragungsnetz haben könnten. Für das letztere wird festgestellt, dass die Gefahr von GMS
gering ist, da die entsprechende Intensität relativ begrenzt ist und somit den gesamten
Systemsbetrieb nicht beeinträchtigen würde. In der Tat könnten geoelektrische Feldwerte
für eine GMS in der Schweiz etwa 0,2 V/km und auf jeden Fall nicht mehr als 0,5 V/km
betragen, während in Kanada oder Skandinavien Werte zwischen 1 und 7 V/km (d.h. eine
Größenordnung höher) auftreten können.
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Executive Summary
Strong solar storms causing geomagnetic disturbances (GMD) are capable of disrupting power grid operation through electromagnetic interaction.
Specifically, GMDs can induce quasi-DC currents in transformer neutral windings which
saturate the iron cores and lead to increased excitation current and reactive power demand: if this phenomenon is sufficiently strong and widespread it will cause a generalized
decrease in bus voltages, a diminishment of the voltage stability margin and, in the worst
case, a system blackout.
One notable occurrence of such an event took place in North America in March 1989,
when the Hydro Quebec system was brought to collapse, leaving more than six million
people without power for nine hours. Although such phenomena is in general more pronounced for high latitudes, it cannot always be excluded a priori that similar events might
not take place for example in continental Europe. Understanding, evaluating and if necessary mitigating the effects of GMD on bulk power systems is therefore important for
improving overall system reliability.
This document gives an overview of the GMD physical process and its influence on
power systems, presents some notable occurrences of related events worldwide, describes
the countermeasures which have been formulated based on utilities’ industrial experience
and assesses the effects that such phenomena could have on the Swiss Transmission Network. For the latter it is found that the risk posed by GMDs is low since their associated
intensity is relatively contained and would thus not impair overall system operation. Indeed, typical geoelectric field values for a GMD in Switzerland might be about 0.2 V/km
and in any case not beyond 0.5 V/km, whereas in Canada or Scandinavia values ranging
from 1 to 7 V/km (i.e. one order of magnitude higher) can occur.

3

1

Introduction

At northern latitudes, the aurora borealis is a visible manifestation of fluctuations in the Earth’s
magnetic field. Such geomagnetic disturbances (GMDs), commonly denoted as geomagnetic
storms, can adversely affect electric power systems. GMDs are the result of the dynamic interaction of solar-storm-induced perturbations in the interstellar medium (i.e solar wind and
embedded magnetic field) with the Earth’s magnetosphere.
Occurrences of geomagnetic storms interacting with telegraph systems were noted in England
as early as 1846, and the Carrington event of 1859 (probably the most intense solar storm event
in relatively recent times) had a variety of effects on telegraph lines in Central Europe [40].
Power system disturbances associated with GMDs were first reported in the United States in
the 1940s.
Solar activity and thus the occurrence of GMDs feature an 11-year period. Modern trends in interconnected power systems design and operation have made electrical grids potentially more
prone to unwanted GMD interaction with each successive 11-year cycle: such trends include
the fact that transmission lines of interconnected systems spanning longer distances are operating nowadays, and are used to transmit higher levels of power over lengths that require
voltage support using capacitor banks or static var compensators (SVCs)1 . These issues were
brought to global attention on March 13, 1989, when a severe geomagnetic storm disrupted
normal network in and eventually led to the blackout of the whole of Quebec, while simultaneously damaging a large generator transformer at a nuclear plant on the eastern coast of the
USA [11].
Admittedly, this incident was strongly correlated to the fact that geomagnetic activity is considerably more intense at higher latitudes (i.e. beyond 60-70o in either hemisphere), however
such manifestations cannot be generally excluded neither at intermediate latitude ranges.
To this end this report describes GMD related disturbances and occurrences in power systems,
and evaluates what the impact of such phenomena might be on the Swiss Transmission Network. Specifically, the present document is structured as follows: Section 2 gives an overview of
the physical process behind GMDs and how the associated geomagnetically induced currents
(GIC) entering the grid can lead to transformer saturation and perturb normal grid operation,
Section 3 reviews past occurrences of geomagnetic storms in various countries and Section 4
presents the countermeasures that utilities have come to adopt to avoid future incidents. The
potential disruption that a hypothetical geomagnetic storm could provoke in Switzerland is
assessed in Section 5. Finally, conclusions are outlined in Section 6.

1

It should however also be mentioned that in order to enable longer transmission distances serial capacitors
are sometimes used and they actually reduce the risk of adverse effects as they tend to block the DC current which
flows in the line as a result of the GMD (see Section 2).
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2

Overview of fundamental concepts

A description of geomagnetic disturbances and geomagnetically induced currents is given in
Sections 2.1 and 2.2. Potential negative effects on power systems are then presented in Sections
2.3-2.10 and Section 2.11 recapitulates the latter in tabular form.

2.1

Geomagnetic storms and geomagnetically induced currents

The solar wind is a stream of charged particles, mainly protons and electrons, emitted continuously from the hot solar corona in all directions. Together with the magnetic field lines
carried along from the Sun it forms the interplanetary medium. High-energy transient solar
phenomena, e.g. coronal mass ejections and solar flares generate large, fast-moving bursts
of plasma, often leading to intense shocks propagating through interstellar space. If directed
properly, these dynamic impulses in the interplanetary medium reach the Earth within about
six days and upon arrival can significantly perturb the magnetosphere, a region in space where
the motion of charged particles is heavily influenced by the Earth’s magnetic field (see Figure
1). The lower portion of the magnetosphere in turn consists of the ionosphere, a part of the atmosphere where electric currents, or electrojets, periodically travel around the Earth. Particularly noteworthy due to their exceptional intensity and persistence are the auroral electrojets,
the large horizontal currents that flow in the auroral ionosphere following generally circular
paths around the geomagnetic poles (near the Northern and Southern Polar Circles) at altitudes of about 100 kilometers in an eastward or westward direction, as portrayed in Figure 2.
Although horizontal ionospheric currents can be expected to flow at any latitude where horizontal ionospheric electric fields are present, the auroral electrojet currents are remarkable for
their strength and persistence. There are two main factors leading to this: first of all, the conductivity of the auroral ionosphere is generally larger than that at lower latitudes. Secondly,
the horizontal electric field in the auroral ionosphere is larger than that at lower latitudes. The
currents of the auroral electrojet are usually stronger in comparison to those at lower latitudes
because the current intensity is directly proportional to the (vector) product of the horizontal
electric field and the conductivity.
During magnetically quiet periods, the electrojet is generally confined to the auroral oval. However during disturbed periods, the electrojet increases in strength, expanding to both higher
and lower latitudes, and can in turn produce fluctuations in the geomagnetic field that are
termed geomagnetic disturbances (GMDs). Transient fluctuations of sufficient severity, as
measured in nanoteslas (nT), are called geomagnetic storms. The Earth’s magnetic field at
the poles is about 70 000 nT. During a severe storm the fluctuation can be so pronounced that
compass needles are noticeably deflected.
Common scales used to indicate levels of geomagnetic activity are the K and Ak indexes. The
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Figure 1: Artistic rendition of solar wind interacting with the magnetosphere, sizes are not to
scale (picture taken from Wikipedia).

Figure 2: Eastern and western auroral electrojets (EEJ and WEJ respectively) flowing around the
northern geomagnetic pole in the auroral oval (picture taken from http://roma2.rm.ingv.it/en/
themes/23/geomagnetic indices/26/auroral electroject indices)
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K index ranges from 0 to 9 and is based on the maximum magnetic field variation over a 3
hour interval. The Ak index ranges from 0 to 400 and is a 24 hour index derived from 8 daily
K indices. Values of K from 0 to 4 (Ak from 0 to 7) represent quiet geomagnetic activity and
values of K from 5 to 6 (Ak from 30 to 50) represent a minor storm. A severe storm results in K
ranging from 7 to 9 (Ak from 100 to 400). For electric utilities however it is more important to
know the time derivative of the geomagnetic field over a few minutes because it is this value
which is a key factor in calculating GIC [25]; to give an idea, a rate of variation of 300 nT/min
indicates a violent storm. Large K or Ak values in general are not directly translatable into
large GICs, and are thus only an indirect predictor or indicator of geomagnetic disturbances
that will affect power systems.
Solar activity in general approximately follows an 11 year cycle. The current cycle is the 24th
(since 1755, when recording of solar activity began) and it began in January 2009. Previous
cycles 22 and 23 lasted from September 1986 to May 1996 and from May 1996 to December
2008 respectively. Geomagnetic activity is also cyclical, and generally the highest peak lags
the solar cycle peak by 3-5 years [25]. It must be pointed out, however, that a severe storm
can occur at any time during a cycle, as proven by the GMD of March 13, 1989, which severely
affected North America (see Section 3.1). It should be mentioned furthermore, that not every
solar event produces a GMD on Earth, which makes forecasting storms uniquely based on solar
observation very difficult.

2.2

Effect of latitude, field orientation and line length on GICs

Since auroral electrojets are stronger at more northernly latitudes (see Section 2.1) the mechanism by which geomagnetic currents are generated in electric power systems is of most concern in the northern United States, Canada, and Scandinavia (for the northern hemisphere),
but regions further south can be (at least in principle) affected in some way or another during intense magnetic storms. Figure 3 shows the probability of occurrence (per unit time) of a
GMD of intensity greater than 300 nT/min as a function of latitude in Northern America, and
shows for example that proceeding from Canada to the Southern United States the probability
of occurrence of a disturbance decreases by about 2 orders of magnitude.
When a GMD occurs the Earth, which is a conducting sphere, is affected by the associated
time-changing magnetic field, especially in the vicinity of the electrojet. These regions of the
Earth will thus feature an induced electric potential gradient. Values of Earth-surface potential
(ESP) in the range of 1 to 7 V/km can be obtained during extremely severe geomagnetic storms
in regions of high latitude and low earth conductivity (such as where igneous rock formations
are present or in coastal areas). Because of the location of the north magnetic pole with respect to the north geographic pole, the regions of North America with low earth conductivity
are particularly susceptible to high values of ESP, and electric power systems there are more
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Figure 3: Probability (calculated over a 22 year cycle) of a geomagnetic storm with a field
variation rate greater than 300 nT per minute (picture taken from http://people.hofstra.edu/
geotrans/eng/ch9en/conc9en/map probability geomagnetic storm.html)

likely to experience GMDs. Other effects, such as voltages induced by changing geomagnetic
field flux linkages with transmission line conductors, can be neglected in comparison with
ESP, and the latter acts as an ideal voltage source applied between grounded neutrals of wye
connected transformers in a power system, causing a GIC to flow between the neutrals. The
period of the varying geomagnetic field, and hence of the ESP and GIC, is typically 6 minutes
or more. Thus for analytic purposes, and in comparison to 50 Hz fundamental waveforms, GIC
can be treated as a quasi direct current. Figure 4 shows a simple example of such a connection. It should be stressed that the geological structure can significantly affect the electric
field (and the corresponding equivalent ideal voltage source) in the ground even though the
geomagnetic field variation in the ionosphere above is uniform over a large area: this complicates accurate simulation of GMD-effects on power systems, since knowledge of the ground
composition would be required.
Since the electrojets run parallel to the East-West direction (see Figure 2), the main component
of the ESP also has this orientation, and some publications only consider this case to model the
effects on power systems. As reported in [27] however due to the complexity of electromagnetic induction dynamics it is actually necessary to consider also other field orientations since
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Figure 4: GIC flowing in a transmission line through the grounding of transformer windings
(picture adapted from http://www.era.lib.ed.ac.uk/bitstream/1842/639/2/allanmckthesis.pdf)

the latter can effectively occur in practice.
Additionally, longer lines are typically subjected to higher GIC flow, since the ESP gradient is
integrated over a higher distance which gives rise to higher equivalent DC voltage sources. This
means that networks with transmission lines hundreds of kilometers long are more prone to
such phenomena and conversely that smaller grids tend to be less exposed to it. Notice that
this aspect (along with the relative distance to coastal regions) constitutes a beneficial factor
for the Swiss Transmission Network, as further detailed in Section 5.

2.3

Overview of effects on power systems

Practically all power equipment operation, and protection problems due to GIC are traceable
to the half-cycle saturation of power transformers and its numerous secondary effects. During
normal transformer operation, there is a nearly linear relationship between its input/output
voltages and currents. However, in the presence of transformer saturation, such as can be engendered by GIC, the operation of the magnetic circuit of the transformer’s steel core is biased
in such a way that extremely nonlinear operation occurs during half of the AC cycle. Which half
of the AC cycle is saturated depends on the sign of the biasing DC current, but regardless of its
polarity this phenomenon can lead to a number of problems, mainly related to the fact that
the transformer features a tremendous increase in reactive power consumption and injects
even and odd harmonics of exceptional intensity into the power system. This is a critical issue
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because the protective relays of voltage regulation devices such as capacitor banks are prone
to being tripped by the injected harmonics, so that the network has less compensating reactive
power available exactly when the reactive power loading has sharply increased. For grids with
long transmission lines (in the range of hundreds of kilometers) the gravity of the situation
is furthermore compounded by the fact that longer lines inherently require increased voltage
support. It was precisely this combination of factors which led to the March 1989 disturbance
[12] in Canada and the US (see also Section 3.1).
These and other adverse effects of GICs on power systems are presented in the following Sections 2.4-2.10, and a summary is given in Section 2.11.

2.4

Transformer saturation

Under normal conditions a power transformer is a very efficient device for converting voltage
levels, to the extent that only a few amperes of AC exciting current are required to provide
an adequate magnetic flux . Transformers use steel cores to enhance their capability and efficiency, but this introduces nonlinearities. Common design practice minimizes the effect of
the nonlinearity while also minimizing the size of the steel core. Therefore, transformers are
usually designed to operate over a predominantly linear range of their magnetic characteristic,
which produces a relatively small excitation current. With GIC present, the normal operating
point on the steel core saturation curve is offset and the transformer operates in an extremely
nonlinear portion of the core steel characteristic for one-half of the AC cycle. Because of the
pronounced saturation that occurs during one half of the cycle, a very high and asymmetrical
exciting current is thus drawn by the transformer [24].
This can be easily visualized using graphical plots of the transformer saturation curve. The left
part of Figure 5 shows a straight line approximation of a typical power transformer flux curve
plotted against the exciting current with no GIC present. As can be seen, the transformer operates in the linear region of the excitation characteristic and usually very little exciting current
(about 0.5% of rated load current) is required for a typical large power transformer. Notice that
the transformer normally operates (i.e. no GIC) with a flux range that approaches the knee
point of the curve. The right side of Figure 5 shows a straight line approximation of a typical power transformer flux curve plotted against the transformer exciting current with GIC
present. Now the flux is offset and is “driven” past the knee point of the saturation curve during the positive half-cycle, causing the transformer to draw a large exciting current (10–15% or
more of rated load current).
The transformer flux offset will increase until the DC component of the exciting current, defined by the saturation curve, is equal to the GIC entering the transformer neutral [39]. This
increase in exciting current can be measured in relative terms by the per unit core area available for the DC flux return path outside the wound portion of the magnetic circuit. The trans-
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Figure 5: Transformer magnetizing curve and saturation mechanism [22]

former flux will no longer be confined to the core because the core steel no longer provides the
least reluctance path. The stray flux magnitude is approximately proportional to the exciting
current. The resulting flux patterns are very complicated, with an abnormal amount of stray
flux impinging on the tank walls, flux shields and core clamps.
In [6] it is reported that different transformer types are differently affected by half-cycle saturation. In particular single phase transformers, and three phase transformers with a five limb
core transformers are more at risk than three phase transformers with a three limb core, because the quasi DC flux induced by the GIC can flow directly in the core. Generally it can also
be said that shell-type transformers are at greater risk than core-type transformers and that
autotransformers are also particularly susceptible. Unfortunately because of physical size limitations, modern extra high-voltage power transformers are constructed as separate singlephase units rather than three-phase units.
It is important to highlight that transformer half-cycle saturation is (either directly or indirectly) responsible for all other detrimental effects on power systems or power systems apparatus.

2.5

Reactive power losses

Transformers that are driven into half-cycle saturation by GIC consume significantly more reactive power. During saturation there is a substantial fundamental frequency exciting current
component which lags the respective voltage by 90o , creating a reactive power demand from
the power system. It has been shown that the transformer VAR consumption increases lin-
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early with GIC . Single-phase transformers consume the largest amount of vars, and at higher
levels of GIC, the shell-form designs consume a larger amount of reactive power than the core
designs, again because the shell-form design is more prone to half-cycle saturation. In any
case it is clear that system voltages and their associated stability margin may decrease significantly because additional reactive power is being consumed. The situation is further aggravated by the tendency for voltage support devices such as capacitor banks and SVC devices to
erroneously trip during GIC events [22] because of harmonics.

2.6

Harmonics

In three-phase transformers the effect of the saturation of the core on the individual phases
may not be symmetrical due to unbalanced magnetics. This results in non-traditional and
complex current patterns such as negative sequence fundamental components. The precise
harmonic current spectrums depend on their construction type but in general the harmonic
magnitude tends to decrease with increasing harmonic order. The magnitude of these harmonics also increases with GICs in a somewhat linear fashion, up to a certain point, but with
very large levels of GIC the contribution of harmonics declines, especially at the higher orders,
since the transformer is operating in a completely linear, although saturated, region of its magnetizing curve.
Normally, in power systems odd harmonics (e.g. 3rd) are known to exist and systems are designed to handle some of these. On the other hand, even harmonics (e.g. negative sequence
2nd harmonic) are not typically expected to be present and power systems are not designed to
handle them. The zero sequence current harmonic components can result in substantial neutral current at locations where the normal neutral current is very small, causing false neutral
overcurrent relay operations. Harmonic currents also cause additional series losses in various
electrical apparatus such as current limiting reactors in circuit breakers. SVCs and filter banks
near HVDC stations are furthermore susceptible to harmonic overload and possible trip out
due to the additional harmonics created by transformer half-cycle saturation.
Although the fundamental voltage component will typically be decreased by the transformer
reactive power demand, large harmonic voltages and currents may theoretically occur due to
resonances at the harmonic frequencies. Luckily, the natural resonant frequency of any portion
of the power system is typically not near to a harmonic frequency, and such phenomena have
not been observed in practice.

2.7

Transformer overheating

During saturation most of the excess flux flows externally to the core into the transformer
tank, generating currents and localized tank wall heating spots with temperatures reaching
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up to 175 o C [11]. The exact determination of localized heating during half-cycle saturation
can be very complicated and depends on the particular transformer design and core/winding
geometries.
Repeated exposure to GIC-related heating is likely to have a cumulative damaging effect on
the insulation, causing accelerated ageing and eventually premature transformer failure. Unfortunately, in such cases it is usually not straightforward to relate cause and effect because
most utilities do not have extensive databases of GIC occurrence, so the transformer failure
will be attributed to other reasons. Indeed, in the case of GMD attention is devoted to large
storms with immediate and tangible consequences, so that overheating-related failures of
power transformers directly attributable to GIC are usually hard to come by. Furthermore it
should also be added that according to [8] “cases of significant overheating and winding damage, reported in the published literature as having been solely caused by GIC, were found to
have been caused totally, or partially, by other effects, or by system instability experienced during or after the GIC event”.

2.8

Generator overheating

Although generators are usually shielded from GIC through the use of a delta-wye step-up
transformer, they are nonetheless subject to harmonics and voltage unbalance caused by transformer saturation. Positive and negative sequence harmonic currents will be forced into the
generator, possibly generating excessive generator heating and stimulation of mechanical vibrations. Although no serious generator damage due to GMDs has been documented, there
is at least theoretically some potential for damage. Any generator stator currents other than
the fundamental-frequency positive-sequence create oscillating flux components in the rotor, which induce currents that can lead to rotor heating. The depth of flux penetration decreases with frequency, thereby concentrating the energy of the higher harmonic orders near
the rotor surface. Excessive rotor heating may result, as well as arcing and melting at the rotor body/wedge interface, creating a crack initiation site. While such damage could adversely
affect machine life, the damage may not be immediately apparent.
The heating potential of harmonic and unbalanced stator currents is approximately proportional to the root of the frequency and to the squared current. In [39] transformer harmonic
injections are analyzed for a range of GIC. If all of the exciting current harmonics (bar the zero
sequence) of a transformer are applied to a generator of equivalent rating, it is determined
that the generator capability is exceeded when the GIC is approximately 15% of the nominal
peak (primary) phase current [25].
Conventional negative-sequence relays for generator protection are furthermore designed to
react to fundamental frequency imbalance, and may thus respond improperly or not at all to
harmonic currents.
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Harmonic currents flowing into a generator during a GMD also create harmonic torques of
magnitudes and frequencies not encountered during normal operation. Large turbine generators are complex mechanical devices, possessing a large number of torsional modes. The
concurrent presence of a super-synchronous torsional vibration mode with a torque harmonic
could potentially result in fatigue and crack initiation.

2.9

Protective relaying issues

Some modern digital relays measure the peak value of the current and then calculate the effective equivalent value based on a 50 Hz waveform. These relays are therefore sensitive to
harmonics. During magnetic storms, when the harmonic content on the system increases
substantially, such peak-measuring relays operate at a 20-30% lower effective current than
electromechanical relays. By increasing the settings of the peak measuring relays to accommodate the higher harmonics during GIC conditions, the risk of false trips can be reduced, but
this naturally entails a degraded level of protection.
Another issue to be taken into account is the increased dependence of power systems on reactive power compensators and shunt capacitor banks for voltage control. Many of these shunt
capacitors are grounded and are protected against unbalanced operation via neutral overcurrent relays. These capacitors banks are susceptible to false trips during geomagnetic storms
because the capacitor exhibits a low impedance at the associated harmonic frequencies. Zerosequence harmonics are not limited to the triplen orders when three-phase transformer banks
are saturated by GIC [39]. With filtered neutral overcurrent relays, the risk of false trips can be
reduced but not eliminated. There are however other unbalance protection schemes that do
not use the neutral overcurrent and which are immune to false tripping by high harmonics
on the system. Several utilities have modified or replaced their neutral overcurrent unbalance
protection recently to reduce the risk of false trips [25].

2.10

Effects on telecommunication systems for power grids

In the past, telegraph lines were also affected by geomagnetic storms. Telegraphs used a long
wire for the data line, stretching for many kilometers, using the ground as the return wire and
being fed with DC power from a battery; this made them prone to being influenced by GICs.
The current induced by the geomagnetic storm led to diminishing of the signal, when subtracted from the battery polarity, or to overly strong signals when added to it. Geomagnetic
storms also affect long-haul telephone lines, including undersea connections, and Internet cables. Notice however that nowadays high-bandwidth lines in SCADA networks increasingly
consist of optical fibres, which are immune to electromagnetic interference, so that it is reasonable to assume that the measurement and communication infrastructure directly used for
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power systems operation and control will be relatively unaffected.
One specific source of disruption can arise from the employment of satellite communication
systems, which are directly susceptible to unwanted interference from geomagnetic phenomena. This might be the case for example in WAMS, the PMUs of which utilize GPS to provide
a time stamp for each phasor measurement. To mitigate detrimental effects in the case of
GMDs the timing reference must also be provided [9] through an alternative source, for example, the SCADA equipment in the substation or the management port on the PMU can be used
to supplement GPS time stamps.
Furthermore, if WAMS information is used to assess or control oscillation dynamics, then it
is especially important that instruments be well protected against interactions with power
system harmonics. As seen, geomagnetic storms can produce phase imbalances and higher
harmonics that, in the absence of countermeasures installed within the instrument, may generate oscillatory outputs from the PMUs into related alarm and control systems.

2.11

Summary of effects on power grids

Table 1 summarizes the effects of GMDs and GICs on power systems.
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Transformer saturation

Reactive power losses

Harmonics
Transformer overheating

Generator overheating

Protective relaying issues

Telecommunication systems

GIC acts as a DC current source which determines a bias in
transformer operation, shifting it to the saturated region of
the magnetization curve.
Saturated operation yields augmented current demand
which generates linearly increasing (i.e. with the current) reactive power consumption.
Operation in saturated region is highly non-linear and distorted, harmonics generated in current/voltage waveforms.
The excess flux induced by saturation flows externally to the
core into the transformer tank and can generate localized
heating spots of over 170o C.
Generators are subject to harmonics and voltage unbalance
caused by transformer saturation. The ensuing harmonic
currents can potentially generate excessive heating and mechanical vibrations, although no serious generator damage
due to GICs has been documented.
Relays reacting to the peak value of the current are sensitive
to the harmonics injected by saturated transformers and can
erroneously trip.
GMDs affect phone lines and Internet cables, however
optical fibres (increasingly used nowadays in the highbandwidth lines of SCADA networks) are immune to electromagnetic interference. Satellite systems (used in WAMS) are
directly prone to interference from GMDs.

Table 1: Summary of effects of GMDs and GICs on power systems

3

Review of previously occurred disturbances

A few noteworthy historical occurrences of disturbances in power systems are reported in the
following Sections 3.1-3.4.

3.1

Canada/US

On March 13, 1989 a GMD occurring in the early morning hours caused an ESP that induced
a current throughout much of the grid operated by Hydro-Quebec. The GIC created excessive
harmonics in the transformers and in the bulk transmission network. The harmonic currents
flowed into nearby static VAR compensators and loaded the capacitors to such an extent that
protective systems sensed an overloading and took the static VAR compensators off-line to
prevent equipment damage. Within a minute of the storm’s onset, the seven SVCs on HydroQuebec’s 735-kilovolt La Grande network tripped and shut down. This left the entire 9500 MW
output from the La Grande Hydroelectric complex without the voltage support of static VAR
compensators. That loss, coupled with the increased reactive-power demand of the saturated
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transformers, contributed to severe voltage regulation problems. About 8 seconds after the
loss of the static compensators, one of the five 735-kV lines out of the La Grande transmission
network tripped, automatically reducing generation on the La Grande units. That transient
disturbance cascaded in 1 second, when the remaining four 735-kV transmission lines from the
La Grande complex also tripped. This completely cut off the plant - which provided some 44%
of the province’s total demand - from the rest of the Hydro-quebec network, causing a drop
in the frequency and voltage levels throughout the rest of the system. A series of automatic
load-reduction measures failed to restore a balance between the system load and the available
generation, since the capacity lost was too large and load could not be shed fast enough to
restore stability.
About 6 seconds after the separation of the La Grande plant, power swings tripped the lines
connecting the 2000 MW Churchill Falls generation complex, northeast of the main grid. Within
18 seconds of the separation of the Churchill Falls complex, the entire network collapsed, and
most of the province lost power. In total, 21500 MW of load and generation were lost. After
nine hours, 17 percent of the load was still out of service.
While not as heavily affected, a number of other utilities across North America also felt the
disturbance, especially in parts of the eastern United States. Allegheny Power System Inc.,
which serves West Virginia and portions of Pennsylvania, Maryland, and Virginia, lost 10 of
the 24 capacitor installations on its transmission system. Again, the principal cause was the
incorrect operations of relays due to high harmonic current loading of the capacitors. Voltage
was substantially degraded by the capacitor outages coupled with the transformers’ increased
demand for reactive-power. Even so, the problem did not escalate although it is possible that
cascading outages like those suffered by Hydro-Quebec might have also occurred in the northeastern United States if the disturbance had occurred under higher load conditions.
Also of note from this particular disturbance is the fact that GlC-induced half-cycle saturation
of transformers can produce enough heat to damage equipment. Indeed, a generator step-up
22-500 kV transformer connected to the Salem Nuclear Plant in Lower Alloways’ Creek, N.J.,
south of Philadelphia, had to be replaced. A ready-made replacement transformer was found
to be available, so the unit went back in service within six weeks, but normal delivery time for
such a transformer is about one year.
Allegheny Power furthermore undertook a thorough investigation of a stray-flux heating incident in a transformer. A 350 MVA 500-138 kV autotransformer was removed from service
on March 14 1989 because of high gas levels in the transformer oil, a sign of unusual core
and tank heating. External inspection showed 4 patches of paint burnt by intense heat from
stray magnetic flux. Under normal conditions, such a transformer may be loaded by as much
as 1500 A, even though only 2-4 A is needed for AC excitation of the steel core. Subsequent
studies estimated that 80 A of GIC entered the transformer, acting as DC excitation and pro-
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ducing extreme saturation. The steel core was not designed for such abnormal conditions, and
the magnetic flux spilled out of it into adjacent tank wall and structural steel elements in the
transformer. Heat from the flux reached 400 ◦ C in some spots. It was also established that
several other large power transformers underwent similar, albeit less severe, episodes.

3.2

Sweden

The largest recent storm was during Solar Cycle 23, which began in 1996 and peaked in 2000.
Seventeen major flares erupted on the sun between October 19 and November 5, 2003. Electrical power grids in North America experienced some effects but the most significant impact
was felt in Northern Europe. The unusually high geomagnetic activity caused a number of
disturbances in the Swedish high-voltage power transmission system. Circuit breakers for several power lines and transformers were tripped by the low-set residual overcurrent relays [34].
More than 50% of the relay operations came from the second harmonic residual overcurrent
relays and in some cases it took 25 to 90 minutes to inspect the failed objects before they were
re-energized. The reported failures are given in Table 2.
During the tripping of a 130 kV power line that caused an outage of central parts of Malmö,
the 130 kV subtransmission network feeding the central part of the city was not in its normal
switching state. The affected parts of Malmö were fed from one circuit comprising a 3.4 km
long overhead line and a total of 16.3 km underground cables. The abnormal switching state
had added 11.3 km of underground cables to the subsystem fed from the bay where the circuit
breaker was tripped from the low-set independent time residual overcurrent relay due to GICrelated harmonic distortions. The harmonic distortion of the bus voltages and the unusual
large phase-to-earth capacitances of the cable network increased the residual current on the
power circuit that fed central parts of Malmö. An electronic low-set definite time overcurrent
relay tripped the circuit breaker and caused the power outage. The relay was investigated and
it was found that it had a higher sensitivity, that is, lower operating value, at 150 Hz than at 50
Hz. The relay that caused the outage was later replaced by a relay that is less sensitive (has a
higher operating value) at 150 Hz than at 50 Hz.

3.3

UK

In the last few decades the UK Electricity Supply system has experienced significant GIC effects
especially during the recorded geomagnetic storm events on July 14 1982, March 13–14 1989,
October 19–20 1989 and November 8 1991 [36], [17], [23], [3]. These effects included:
1. Large reactive power swings of about 50–70 Mvar on individual generators.
2. Voltage dips on the 400 and 275 kV grid of up to 5%.
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Time (UT)
29 October 2003
06:11:42
06:12:29
06:46:04

07:00:00

30 October 2003
19:55:28
20:03:43
20:03:44
20:07:15
20:08:00
20:08:32

Failure type
220 kV power line from a power station was disconnected and 140 MW
generation was disconnected
130 kV power line was disconnected; the same line was disconnected for
the second time at 07:04:10 (UT)
disconnection of 400 kV power line from Hemsjoe to Karlshamn caused
the interruption of 300 MW power import to Sweden from Poland via the
HVDC link
high temperatures occurred in the step-up transformer of a nuclear
power unit located in southern Sweden; high temperatures were repeated several times
400/220 kV transformer was disconnected
400/130 kV transformer caused overload in the 130 kV network
130/10 kV transformer was disconnected
tripping of a 130 kV power line in Malmö caused a power outage for
50,000 customers; the outage time ranged from 20 to 50 min
130 kV power line was disconnected
130 kV power line was disconnected

Table 2: Failures reported [34] in the Swedish high-voltage grid during the October 2003 storm
3. Distribution system voltage dips of up to 20%, with an average value of 5%.
4. Repeated triggering of generator negative sequence current alarms.
5. Large real and reactive power swings in interconnections between England and Scotland.
6. Failure of two identical 400-132 kV, 240 MVA transformers at Norwich Main and Indian
Queens.
7. Increased number of failures of the communication channels employed for protection
and energy management system remote terminal unit (RTU) communications.
8. Recorded transformer neutral DC currents of 5–25 A at certain substations.
9. Very high levels of even harmonic currents due to transformer saturation.
It should be mentioned that during these events disruption to consumers were local in nature
and only two transmission network transformers were damaged as the events did not persist
for sufficiently long periods; however, the potential for wider disruption was evident [5].
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3.4

South Africa

On the occasion of the October/November 2003 storm GMD-related effects were also recorded
in South Africa [7]. Although the disturbances did not provoke extensive outages or blackouts
in the system, they are noteworthy since the considered location is at an intermediate latitude
(e.g. Johannesburg is at about 26 ◦ S, Zurich is at approximately 47 ◦ N).
The condition of twelve 400 kV generator step-up transformers, each rated 700 MVA, at the
Tutuka and Matimba power stations and six 275 kV transformers at the Lethabo power station
was checked regularly, with some units equipped with on-line dissolved gas analysis (DGA) instruments. Such devices are used to detect transformer saturation, since without adequate
control local heating in parts of the transformer may not be cooled effectively under saturation, leading to temperature increase. The intensity of overheating depends on the saturation
flux paths, cooling flow and the thermal condition or loading of the transformer. Overheating
causes the breakdown of oil and paper insulation, leading to gassing that can be detected and
analysed via DGA.
After the severe geomagnetic storm at the beginning of November 2003, the levels of some
dissolved gasses in the transformers increased. A transformer at Lethabo power station tripped
on protection on November 17. There was a further severe storm on November 20. On November 23 the Matimba #3 transformer tripped on protection and on January 12 2004 one of the
transformers at Tutuka was taken out of service. Two more transformers at Matimba power
station (#5 and #6) had to be removed from service with high levels of DGA in June 2004.
A second transformer at Lethabo power station tripped on Buchholz protection in November
2004. For the specified incidents it should be added however that [8] argues that although it is
plausible that GIC could have contributed to increasing the winding temperature, the reported
magnitude (up to about 10 A) does not seem high enough in itself to cause much overheating
damage.
Additionally, cases of GIC induced transformer saturation/overloading and harmonics generation have been likewise reported in publications [18], [20], [19] although they did not lead to
substantial damage nor to disruption of system operation.
In any case it should be reminded that pronounced GIC events do not only occur at the peak
of or late in a solar cycle, and final transformer failure may not be easily linked to the solar
cycle or a specific storm. However, it would be expected that transformer failures should increase during periods following geomagnetic storms. Such a trend is evident in an analysis
conducted in [7] of failures of large (≥230 kV) transformers on the Eskom (i.e. South African)
grid during the past 20 years. The failure rates for windings, core or lead damage of 143 large
transformers appears to increase after storm events. The storm severity indicator is based on
the geomagnetic storm periods during the year, with K index values of 7 and 8 weighted as
0.25 and 0.5 respectively compared with a storm featuring a K index equal 9. It is recognised
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that K values are a crude indication of the severity of storms with regard to GIC assessment
(see also Section 2.1), but in the absence of a better index, this composite value has been used.
The higher incidence of transformer failures during the years after geomagnetic storms turns
out to be similar to that reported for transformers in North America [11].
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4

Monitoring schemes and possible countermeasures

Monitoring activities of space weather and mitigating actions, the latter consisting of both
installing appropriate blocking devices and following adequate guidelines in the case of geomagnetic storms, are respectively reviewed in Sections and 4.1 and 4.2.

4.1

Monitoring and forecasting geomagnetic disturbances

North America
The Space Weather Prediction Center (SWPC) is responsible for monitoring and providing services on space weather in the USA [37]; it is a part of the National Oceanic and Atmospheric
Administration (NOAA). The SWPC provides real time monitoring and forecasting of solar and
geophysical events that affect satellites, power grids, communication channels, navigation systems, etc. and is also the primary warning center for the International Space Environment
Service (ISES) and works with national and international partners to share data, products, and
services. The Canadian counterpart to the SWPC is the Canadian Space Weather Forecast Centre (CSWFC), which is part of Natural Resources Canada (NRCan) and is also a primary warning
center for the ISES.
Both North American space weather centers gather the real-time available data describing the
state of the sun and its interaction with the geomagnetic field and based on this information
issue forecasts, watches, warnings, and alerts to those impacted by space weather. The SWPC
and CSWFC have both partnered with the ISES to coordinate the exchange of solar-terrestrial
data between organizations around the world. Regional Warning Centers (RWCs) within the
ISES structure are responsible for collecting magnetometer data from their geographical areas and exchanging data throughout the global ISES network. Several satellites are employed
to provide timely space weather information, including the Solar Terrestrial Relations Observatory (STEREO), the Geostationary Operational Environmental Satellite (GOES), and the Solar
and Heliospheric Observatory (SOHO); the latter is jointly run by the National Aeronautics and
Space Administration (NASA) and the European Space Agency (ESA). Early indications of incipient solar storms are received between 14 to 96 hours before the effects are felt on Earth.
Additionally, The NASA Advanced Composition Explorer (ACE) satellite is stationed at the L1 libration point (a point of Earth-Sun gravitational equilibrium about 1.5 million km from Earth
on the Earth-Sun line) and provides indications of a solar storm’s potential intensity and polarity. These warnings can be received with a notice as short as 30 minutes before the onset of an
impending geomagnetic storm.
If the forecast predicts that a solar event will entail some form of GMD and a significant geomagnetic storm is possible, a warning is issued. This notice usually provides a one to four day
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notice. After this lapse of time the solar perturbation is detected by the sensors located on
the ACE satellite. It is then possible to provide more accurate notifications (up to half an hour
before the onset of a geomagnetic storm) with a Sudden Impulse Warning, which indicates
that Earth’s magnetic field will soon be affected.
In the US and Canada information from SWPC and CSWFC is made directly available to ISOs,
Reliability Coordinators and Balancing Authorities, which then notify other operating entities.
The Québec Interconnection separately receives notifications of possible GMD from the Solar
Terrestrial Dispatch Center (STDC) which is a private company specializing in space weather
forecasting in Canada. The advanced forecasting capability afforded by new technologies is
crucial for ameliorated early warning procedures and prediction of potential GMD effects, and
it is essentially based on state-of-the-art measurement devices currently available at interplanetary and remote solar observation stations and on physics based large scale simulations of the
space environment.
The aforementioned satellite missions supply the measurements and data required by the
complex simulation models of the solar corona, interplanetary medium, and magneto- and
ionosphere systems developed by the international space science research community. Importantly, numerical forecasting of the near space environment conditions can be used to tailor
information specifically to industry needs. The new forecasts are capable not only of characterizing overall global geomagnetic activity, but also of providing information about the local geoelectric field induced on the surface of Earth and to predict actual GIC flows through individual
nodes of the transmission system. This is exemplified by the Solar Shield system located at the
NASA Goddard Space Flight Center (http://ccmc.gsfc.nasa.gov/Solar Shield/Solar Shield.html),
which was launched to establish a forecasting system that can be used to mitigate the adverse
impacts of GIC flows on the North American bulk power system. The forecasting system uses
a two level approach that provides two different forecast lead times needed to meet the identified system requirements. It has been running in real-time since February 2008 and further
development of the system is underway.

Europe
The aforementioned Solar Shield system will be integrated into the European space weather
infrastructure via collaboration within the European Union Framework Program 7 project “European Risk from Geomagnetically Induced Currents” (EURISGIC, www.eurisgic.eu). The project
will produce the first European-wide real-time prototype forecast service of GICs in power systems, based on in-situ solar wind observations and comprehensive simulations of the Earth’s
magnetosphere. As part of on-going work a visualisation tool [16] for geomagnetically induced
currents has been created. This tool was developed for the purpose of demonstrating GIC in
the wide European power grid for a set of geomagnetic storms and artificial geoelectric field
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data. Power grid data for Europe (consisting of substation coordinates, line and transformer
resistances, voltage levels etc.) was collected and stored in a MySQL database. At present the
database includes data for about 1800 transformer stations and 2400 high voltage lines for
more than 30 European countries.
A number of institutions in Europe are already active in monitoring space weather and providing alerts concerning GMDs, among them the Swedish RWC (http://www.lund.irf.se/rwc/)
and the Finnish Meteorological Institute (http://space.fmi.fi/). The latter two institutions in
particular cooperate in the framework of the ESA Pilot Project “Real-time forecast service for
geomagnetically induced currents (http://www.lund.irf.se/gicpilot/), the goal of which is to develop a forecast service to be used by Elforsk, an institution owned by Swedenergy (a non-profit
industrial organisation for companies involved in the supply of electricity in Sweden) and Svenska Kraftnät (the Swedish national grid operator).
Furthermore ESA ran a Space Weather Applications Pilot Project in the last decade to provide a
series of applications, services and data products addressing the diverse needs of a wide range
of space weather service users. The products resulting from these activities form the Space
Weather European Network (SWENET). The SWENET infrastructure has been operational since
2005 as a resource centre for space weather activities, providing interested users with access
to space weather data and services (http://swe.ssa.esa.int/).
Lastly, it should also be mentioned that the National Grid Company (NGC) in the United Kingdom implemented a forecasting and monitoring system based on NASA’s ACE satellite combined with the data coming from magnetometers installed at appropriate network locations,
monitoring the transformer HV and LV voltages and currents as well as the quasi-DC neutral
currents. The forecasting system became operational in May 1999 and the installation of the
monitoring systems was completed by December 1999. The two systems were integrated and
became fully operational starting January 2000. Since its installation the forecasting system
has delivered “watch” and “warning” alarms to the control room of the transmission grid, and
according to [5] correctly and timely foresaw the two solar storms which occurred on April 6/7
and July 14/15 2000, providing indications through which network disruption could be avoided.

4.2

Countermeasures

Strategies to mitigate the effects of GICs have been investigated for a number of years, focusing on the usage of active devices capable of injecting counterflowing currents into a transformer in order to cancel the effect of the GIC as well as of passive devices designed to block
the flow of GIC. Operating guidelines have also been defined to mitigate the effects of GMDs.
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Active devices
The active devices considered in [35] consist of a controlled DC circuit in a special purpose winding on the transformer core, or a controlled DC current in the tertiary winding. The controlled
DC current would produce a counter-magnetomotive force that would cancel the magnetomotive force produced by GIC in the main windings. The investigation however concluded
that active devices of this type are not a practical solution for countering GIC.

Passive devices
Passive devices to obstruct the flow of GIC have been developed and are employed in a number
of utilities. They consist of either resistors or DC capacitors which can be inserted in the transformer neutrals. Series capacitors are incidentally sometimes installed to increase the power
transfer capability of a transmission line, and GIC-blocking would then be a side benefit: it
should be noted however that GIC-blocking series capacitors are less costly than those used
for power transfer increase since their ratings are for different power levels.
In any case in general installing impedances in the neutral of a transformer can pose electrical considerations that can affect transformer reliability and safety. Inserting impedance in the
neutral connection can create voltage levels that exceed the transformer neutral insulation rating. Therefore, it is necessary to account for and limit overvoltages at the neutral and phases
for the full range of operating conditions including e.g. faults, load imbalances, transient recovery voltage events, excessive third harmonics, lightning, internal faults, ferroresonance, etc.
It is possible to employ either resistors or DC capacitors for GIC blocking. Resistors typically
feature values between 2 and 5 Ω. A resistor can be left permanently connected to the neutral
of a transformer if the system imbalance and rating of the resistor are such that thermal losses
are not an issue. Otherwise, a bypass breaker or load break is needed to insert the resistor
during a GMD and remove it during normal operating conditions.
A neutral capacitor represents the introduction of large impedance at GIC frequencies. Therefore, potential GIC reduction is much higher than with a resistor. However, the ohmic value
at grid frequency has to be low to reduce the impact on the power system, which requires a
large capacitance; a value of about 60 µF is suggested in [15] for 60 Hz. A neutral capacitor
may also increase ground fault levels. In such a case, it must be operated with a reliable bypass
scheme. It may not be an option at nodes close to their short circuit limits. For too large a
capacitance value there is the risk of creating linear harmonic resonance which can potentially
lead to extremely high overvoltages and insulation failures. The need to avoid linear resonance
is not preempted by the use of a bypass scheme, since the loss or failure of a bypass scheme is
a possible contingency. Therefore, a careful harmonic resonance assessment taking into consideration maintenance outages and other possible configuration changes is necessary. In any

25

case the bypass system is more complex in the case of neutral capacitors than in the case of
neutral resistors. In the case of a fault or other system transients, it requires a fast bypass
element (usually with a choke and a damping resistor), as well as a slower bypass breaker.
Additionally, control circuitry/logic is needed to provide the firing signal to the bypass device,
possibly based either on neutral current or neutral voltage supervision. This would be similar
to the specification of a series compensation capacitor assembly, but at a smaller scale.
Furthermore, employing a blocking device at a single transformer will simply displace the GIC
to other transformers in the station, so that multiple neutral capacitors would have to be installed at each station: in other words in the most conservative case one must be sure that
the entire power system is completely protected, otherwise without full coverage the GIC will
simply be diverted from one part of the grid to another. Hydro-Québec has used specific capacitors blocking devices on three AC transmission lines close to Radisson substation, for the
express purpose of blocking DC current coming from GIC or from a nearby DC tie. On the other
hand, the costs associated with complete coverage of the grid via such blocking devices have
been found to be excessive by some utilities, which have chosen instead to employ appropriate
operating guidelines [14].

Operating guidelines to counter GIC effects
Appropriate operating guidelines must be directly related to the severity of the geomagnetic
disturbance and to the consequences of the associated level of GIC on the electrical system.
In the past, because of a lack of data and understanding, the accuracy of the geomagnetic
storm prediction was rather low and thus many utilities were reluctant to implement (potentially costly) operating guidelines when it turned out that for about 70% of the time they were
unnecessary [11]. On the other hand, utilities may not be able to wait until the prediction is
confirmed by actual measurements (of the current flowing in the neutral) because certain system operating changes can take a few hours to execute. Furthermore, it is not usually clear
when utilities should return to normal operation because GMDS are intermittent in nature.
Most existing guidelines are in effect for 2–4 hours after the last observed GIC activity [22].
Space weather forecasting however is an active field of research and it is plausible to presume
that there will be improvements in the prediction of storms and in their geoeffectiveness because of new data available from satellites such as the ACE satellite monitoring the solar wind,
and in North America there are a few private sector GIC forecasters that intend to provide accurate regional specific GICs and var demand predictions for electric utilities, some of which
have formulated system operating guidelines that are to be enacted during severe GIC events.
Most guidelines developed to date are very general in nature and can be enacted in any power
system. However, a few guidelines are very specific operating procedures which are unique to
that particular utility. Most of the guidelines are designed to protect the security and stabil-
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ity of the power system whereas a few have been formulated to protect specific equipment.
Some examples of such guidelines are reported in [25] and are listed in the following:
1. Ensure that series capacitors for transmission lines and neutral blocking devices for transformers are in service to block the flow of GIC. This control action is usually accomplished
by supervisory control in a few minutes.
2. Restore out of service transmission lines and transformers and discontinue planned maintenance work. This control action can take up to several hours, especially if crews have
to be dispatched to remove temporary grounds. This action has two purposes: it allows
the GIC to be split between more transmission lines and transformers and also lowers
the loading per transformer. This cools the transformers and gives them more margin
for GIC saturation and heating effects.
3. Switch off shunt reactor banks to free up reactive power that will be consumed by the
saturated transformers. This control action is usually accomplished by supervisory control in a few minutes.
4. If possible, lower system voltage set points (transformer taps and voltage regulators) to
protect against over voltage damage from system voltage swings and to free up more
reactive power. This control action is also usually accomplished by supervisory control in
a few minutes. This action is somewhat costly as series losses increase if the voltage is
reduced even just a few percent.
5. Adjust protective relay overcurrent settings that are prone to false tripping (for shunt
capacitor banks and SVCs). If done manually this action can take several hours, however
it could also be set up such that via supervisory control all digital relays are adjusted
automatically by one control action in 1–2 minutes. The downside to this is that while the
relays are in this state, they provide somewhat degraded protection for faults or overload
conditions.
6. If possible, reduce loading on inter-regional transmission lines to 90% to free up reactive
power, especially if the power transfer depends on shunt capacitor banks and SVCs, as
these are prone to false tripping during GIC events. This control action usually takes less
than one hour as the system control centres have to contact each other and then adjust
the generation schedule to reduce line flow. This action could result in a loss of revenue
to the utility exporting the power if the energy transfer cannot be made up at a later
date, and contractual arrangements may even forbid such a reduction. In general it is
more difficult nowadays to achieve this reduction as utilities rely more on long distance
power transfers made increasingly available by deregulation.
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7. If possible, reduce HVDC line loading by 40–90% to free up reactive power. This control
action normally takes several minutes to complete. This may not be possible if there is
not enough local generation to cover the HVDC load reduction. Furthermore, the same
restrictions mentioned in the above guideline 6 would apply.
8. Reducing key transformer loadings will allow these transformers to operate at cooler
temperatures in preparation for the onset of stray flux heating from GIC. This is accomplished by adjusting generation patterns, reducing generator output, or load curtailment. For this control action, it should be noted that changes to thermal generation
schedules take several hours, while hydraulic units can be re-dispatched in several minutes. The above actions are all costly in that they cause inefficient system operation or
result in loss of revenue from customers (load curtailment). Most utilities would rather
risk equipment damage rather than enacting controversial load curtailment. Note that
by decreasing the amount of power flow during a GIC event, the total harmonic distortion of the current will increase due to the large value of the harmonics compared to the
fundamental current. This could present itself as a power quality problem.
9. If possible, reduce the number of switching operations on the system to avoid causing
potential instability. Since harmonics (from saturated transformers) will flow in various power system apparatus, and may result in over voltages while energizing longlines, higher circuit breaker recovery voltages and higher arc currents during single-phase
switching, all unnecessary switching operations should be avoided. It should be noted
however that the natural resonant frequency of any particular portion of the power system is usually not a harmonic frequency (multiple of the fundament frequency).
10. If possible, remove critical equipment (e.g. transformers and long transmission lines)
from service. The critical equipment is site-specific and is usually identified as vulnerable by past experience with a GIC event. If such a procedure were undertaken, it could
be enacted in a few minutes via supervisory control. It may not be possible to remove
this critical equipment from service without reducing load and/or power transfer to adjacent utilities. Notice that this guideline conflicts with guideline 2 above. It is unlikely
that system operators would opt for such a procedure, but would rather risk equipment
damage.
Many of the above operating actions must be coordinated with adjacent control centres and
system operators may require up to several hours to activate some of these guidelines. However, system operators must often take some action on very little notice. Most utilities use
the above guidelines in a general way, enacting them at the discretion of the system operator’s view of the system conditions. Today, only a half dozen utilities use specific trigger values
to enact some of these guidelines. The specific trigger values are usually measured GIC, var
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consumption, or voltage distortion, along with the forecasted geomagnetic disturbance levels
provided by the forecasting agencies.
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5

Evaluation of the order of magnitude of potential GIC in Switzerland
and proposed countermeasures

An explicit numerical assessment of potential GIC values and of their impact on the grid has
been performed for the Swiss Transmission Network. In particular, geoelectric field values
which would be relevant for the given latitudes are relatively low: based on [2], [32] a geomagnetic storm might feature values of about 0.2 V/km and in any case not above 0.5 V/km,
whereas e.g. for Scandinavia values ranging from 1 to 7 V/km have been measured. Furthermore, the geographical scale of Switzerland is relatively small , so that it is reasonable to expect (see also Section 2.2) that GIC related effects would not be particulary significant. The
performed calculations confirm this assumption.

5.1

GIC calculation

It is possible to calculate GICs in a network on the basis of theoretical model calculations. In
principle such calculations are often performed in two parts, namely the determination of the
horizontal electric field at the Earth’s surface and the computation of GICs induced in the network by the same field. The first part, which does not depend on the particular network considered, can be solved by applying Maxwell’s equations with the appropriate electromagnetic
boundary conditions. The input consists of information based on observational data or on
assumptions concerning the currents flowing in the ionosphere and magnetosphere, the geomagnetic variations at the Earth’s surface as well as the ground conductivity. The second part
can be carried out by utilizing circuit theory. It requires that, besides the horizontal geoelectric
field, the connections and resistances of the system be known. For a discretely earthed network, such as an electric power transmission grid, matrix formulas can be derived that enable
the practical computation of GICs at all points.
In the following the determination of the geoelectric field will not be dealt with, that is only
the circuit-related part of GIC calculations will be explicitly considered. If all connections, i.e.,
the configuration and topology of the network, as well as all resistances are known precisely,
the calculation of GICs is in principle straightforward and accurate. In practice however, the
network data are never complete. Complicated connections at substations may also require
approximate assumptions or simplifications. Furthermore, interconnections, between different countries for example, force the usage of simplified equivalents to enable practical GIC
computation.
Frequencies characterizing temporal variations of geoelectric and geomagnetic fields, and therefore of GICs, are typically in the mHz range, so that they are very small compared to the 50 Hz
used in electric power transmission. Consequently, GICs can be calculated with sufficient ac-
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curacy by utilizing DC techniques. To this end, as a preliminary step it is required to transform
a given AC grid into a DC equivalent explicitly featuring the earthing connections, for which
existing procedures [21] are to be found in the literature. The employed method will briefly be
illustrated by way of a simple example taken from [37], on the basis of which it can be deduced
how the technique can be extended for realistic networks. Specifically, consider Figure 6, which
portrays an elementary 6-bus grid with 2 generators connected through their step-up transformers (T1 and T3) to 2 transmission lines, which are in turn linked via an autotransformer
(T2).

Figure 6: Sample AC grid (picture adapted from [37])

For all elements only resistances are to be accounted for, since at the considered frequency the
reactances are irrelevant. Furthermore as far as ground currents are concerned it is clear that
the delta connected side of the step-up transformers can be discarded, since it will feature
zero contribution. By analyzing the 6 AC buses one can then intuitively reduce it to 4 DC buses,
where the latter have been circled in Figure 6. The wye connected (and grounded) side of the
transformers can then be represented as the series connection of its grounding resistance and
its series winding resistance, whereas the transmission line can simply be modeled as its series
resistance. The autotransformer can be reduced to the series combination of its grounding resistance and its common resistance, which is then connected in parallel to its series resistance.
The foregoing simplifications amount to the circuit depicted in Figure 7 (the circled numbers
represent the same nodes indicated in Figure 6), where RG1 , RG2 , RG3 denote the transformer
grounding resistances, RT 1 , RT 3 the series resistances of the wye connected transformers,
RL1 , RL2 the series resistances of the lines and RC and RS the common and series winding
resistances of the autotransformer respectively. If the transformer windings are not grounded
then the corresponding resistance is simply set to infinity and one would obtain an open
branch. Notice that all resistances except for the groundings are divided by 3 since they actually denote phase values placed in parallel, and that the obtained circuit is completely passive, that is no sources of any kind are present: these are considered further below, as lumped
DC voltage source equivalents of the electric field. Starting out from the illustrated example
it is then relatively easy to extend the applied procedure to more complex AC grids to obtain
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equivalent DC networks.

Figure 7: Equivalent DC grid (picture adapted from [37])

Consider such a network with N discrete nodes earthed by (using somewhat different notation) resistances Rie with i = 1,...,N , as depicted in Figure 8. If a node i does not have a connection to ground, Rie has an infinite value. The series resistance of the transmission line between
nodes i and j is denoted by Rij , and if nodes i and j are not directly connected by a conductor
then the resistance between them is similarly considered to be infinite. The current flowing
from node i to j is Iij . Again, the reactances of the lines and earthings are neglected since only
DC values are relevant. The (horizontal) electric field vector is denoted by the symbol Ē, its
geographical orientation will be represented by the value θ.
It is then possible to formulate the N × N admittance matrix YN , whose entries Yij are given
by
Yij = −
and
Yij =

1
, i 6= j
Rij

N
X
k=1,k6=i

1
, i=j
Rik

(1)

(2)

The earthing resistors are then featured on the N × N earthing resistance matrix Re and the
N × 1 column vector Je is derived featuring the terms Jie such that
Jie =

j=N
X
j=1,j6=i

Vij
Rij

(3)

where Vij is the geovoltage produced by the horizontal geoelectric field Ē along the path L̄
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Figure 8: Definition of symbols for an arbitrary earthed conductor network (picture taken from
[21])

defined by the conductor line2 from node i to j
j

Z

Ē · dL̄

Vij =

(4)

i

As commonly featured in the literature [21], [29], [38], [28], [10], [26] the horizontal geoelectric
field is furthermore assumed to be uniform so that (4) reduces to
Vij = Ex Lx + Ey Ly

(5)

where Ex , Ey , Lx , Ly denote the components of Ē and L̄ along 2 arbitrarily chosen Cartesian
axes x and y.
The following formula can then be derived [21] for the N ×1 column matrix Ie , whose elements
Ije with j = 1,...,N are the earthing currents and express the GICs at the corresponding nodes:
Ie = (U + YN Re )−1 Je
where U simply denotes the N × N identity matrix.
2

The path is denoted by a vector since the connection from i to j is typically simply a straight line.

33

(6)

5.2

Assessment of GIC impact

Once the currents have been calculated via (6) the effect of the geomagnetic disturbance on
the power system is determined. As presented in Section 2.3 GICs influence power grids primarily because of the induced saturation of transformers. This in turn entails a variety of sideeffects, one of the most prominent being an augmented reactive power demand (see Section
2.5) at the nodes where the transformers are located. The increased loading is seen [4] to vary
linearly with the GIC flowing in the transformer, so that provided the scaling constants specific
to each unit type are known the corresponding reactive power demand can be calculated.
In particular, the increase in reactive power demand can be expressed as
Qgic = kVnom Igic

(7)

where Vnom is the nominal terminal voltage, Igic is the per phase GIC in the transformer and k
is a transformer specific constant. The above expression is more often featured in pu voltage
values, that is
Qgic = kVb

Vnom
Igic = KVpu,nom Igic
Vb

(8)

where Vpu,nom is the nominal pu terminal voltage (≈ 1) and K = kVb has dimensions of Mvar/A.
Notice that K is dependent both on the transformer type as well as on the nominal voltage
level [26].
This information is then employed by integrating it within an AC load flow, where a selected
base case is extended by superimposing onto it the obtained (augmented) reactive power profile, and the solution accordingly computed. If problems are encountered (e.g. markedly sagging voltage values or algorithm convergence failure) then this is an indication that GICs effectively disrupt system operation to an unacceptable extent. Different cases and scenarios
with electric fields of varying intensity and orientation can be considered in combination with
various operating configurations to examine what the critical value of Ē is and which steady
state points are the most prone to problems stemming from geomagnetic phenomena.
Other side-effects of GICs such as harmonics generation, transformer overheating, generator
overheating, protective relay tripping etc. are considerably more complex to model and assess
and typically require much more detailed system data as well as advanced simulation tools,
and a numerical analysis can be in principle only conducted for single transformer units. For
the purpose of system analysis the integration of increased reactive power demand within
load flow studies has been employed in the literature [26], [10], [1] and is recommended in [37]
as a “substantial but manageable power system analysis problem”. Furthermore, as reported
in [8], although half-cycle saturation can subject a transformer to extreme operating conditions, the majority of transformers would not experience damaging overheating even in the
presence of high GIC levels, whereas the reactive power overloading is a significant source of
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system stress potentially leading to overall instability.
The employed procedure is schematically depicted in Figure 9: the DC network is determined
based on the AC grid topology, the DC currents are calculated depending on the selected geoelectric field and the related reactive power demand is superimposed on the original AC system
to assess the impact of the geomagnetic disturbance on the overall system.
Base AC-Network
- Topology
- Transmission Line Data
- Transformer Data
- No geoelectric Field

+

Impact of GIC
Q g i c = k Vnom Ig i c

=

AC-Network
- Base AC-Network
- Additional Q g i c due to ~E

Equivalent DC-Network

Calculation of Ig i c
due to induced geoelectric field ~E

Figure 9: Schematic of employed method

5.3

System data and parameters

A model of the Swiss Transmission Network was considered explicitly taking into account the
full topology of levels 1 and 2 (380 and 220 kV respectively) together with a simplified description of the lower voltage (132 to 16 kV) grid: for the latter only load and generation equivalents
were included on the lower voltage side of each relevant transformer (that is, no meshed circuits were considered at the distribution level). The series resistances of the transmission lines
typically lie in the range 0.02-0.03 Ω/km and the values Re for the grounded transformers are
all taken to be 0.2 Ω, based on values indicated in the literature. For all transformers it is assumed that the high voltage side is grounded whereas the low voltage windings are not and
the 380/220 kV units are modeled as autotransformers.
For the electric field various cases were considered in terms of both amplitude and orientations
as further illustrated in Section 5.5: since the main component of the electrojet runs from East
to West it is sometimes found that the electric field is only modeled in this direction but as
reported in [27] due to the complexity of electromagnetic induction dynamics it is necessary
to consider other directions θ as well. Based on the amplitude and angle it is then possible to
derive the values Ex and Ey featured in (5), where the x and y axes denote the North (θ=0◦ )
and West (θ=90◦ ) directions respectively. The values Lx and Ly representing the geographical
projections of the line length on the coordinate axes are also required, they can be calculated
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(in km) from the following formulae:
Lx = 111.2 · ∆lat
◦

Ly = 111.2 · ∆long · sin(90 − α)

(9a)
(9b)

where ∆lat = lati − latj and ∆long = longi − longj denote the difference (in degrees) in
latitude and longitude of the extremal points i and j of the considered line and α is defined as
the average of the two latitudes:
α=

lati + latj
2

(10)

Once the currents have been calculated via (6) the reactive power consumption is determined
by (8) for each transformer. For transmission transformers the constant K was set to 1.29
Mvar/A and for the other units the choice 0.44 Mvar/A was made, representing a rather pessimistic (i.e. high) value in view of the lack of data availability and consistently with values
reported in [13] and [26].
Different alternatives exist for integration of the GIC-induced reactive power demand into a
load flow scenario [1]: for the 380/220 kV units the choice was made to split it into equal
parts respectively modeled as a constant load and as a (constant admittance) shunt element.
The two latter components are then further equally distributed on the two voltage levels of
the transformers. For the transmission-to-distribution level transformers the associated reactive power consumption is likewise modeled as a combination of constant load and constant
admittance and then it is featured on the high voltage (220 kV) side: in other words the increase in reactive power demand at the distribution level is effectively represented by equivalent components on the transmission net. In any case distribution level units contribute less to
geomagnetic related phenomena effects due to various reasons. First of all, GICs increase (although not indefinitely) with increasing line lengths [27]. Furthermore, series resistances (per
unit length) of distribution lines are higher than those of transmission lines, further reducing
GIC flows. And lastly, the K coefficients for transformer types usually found at lower voltage
levels are typically smaller [26] and therefore induce less reactive power demand. In view of
the above reasons a more detailed modeling of the distribution grid was not undertaken. For
plotting purposes (see Section 5.5) the HV transformers were numbered 1-21, see Table 3.
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Transformer number

Transformer name (from-to nodes)

Location

1

SBASSE11-SBASSE22

Bassecourt

2

SBASSE11-SBASSE22

Bassecourt

3

SBENKE11-SBENKE21

Benken

4

SBICKI11-SBICKI21

Bickigen

5

SBREIT11-SBREIT21

Breite

6

SCHAMO13-SCHAMO27

Chamoson

7

SGOESG11-SGOESG22

Gösgen

8

SLAUFE12-SLAUFE22

Laufenburg

9

SLAVOR11-SLAVOR22

Lavorgo

10

SMANNO21-SMANNO31

Manno

11

SMANNO21-SMANNO31

Manno

12

SMENDR11-SMENDR31

Mendirisio

13

SMETTL11-SMETTL22

Mettlen

14

SPRADE13-SPRADE21

Pradella

15

SSILS 11-SSILS 21

Sils

16

SSILS 11-SSILS 21

Sils

17

SSOAZZ12-SSOAZZ24

Soazza

18

SSOAZZ12-SSOAZZ24

Soazza

19

STAVAN12-STAVAN22

Tavanasa

20

STAVAN11-STAVAN22

Tavanasa

21

SVERBO11-SVERBO21

Verbois

Table 3: Numbering of HV (380/220 kV) transformers

5.4

Model validation

The described procedure for GIC calculation was implemented in MatlabTM along with a load
flow model of the Swiss Transmission Network. For the purpose of validation the same framework was used to model the sample network described in [26], and matching results were obtained. The 21 bus sample network featured in the demo version of the PowerworldTM simulator
(http://powerworld.com) for GIC modeling was also replicated and again the achieved results
matched completely.
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5.5

Numerical results

Base case
The base case simply consists of the load flow scenario as received from Swissgrid and with
Ē = 0, that is in the absence of any geomagnetically induced electric field. For the considered
operating point the Beznau nuclear power plant (located at the slack node) is required to generate 1157 MW, in violation of its featured physical limit (1035 MW). The voltage magnitudes for
the 182 buses of the Swiss Transmission Network are displayed in p.u. (per unit) in Figure 10.
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Figure 10: Bus voltage magnitudes (E = 0 V/km)
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Electric field amplitude 0.2 V/km
The first case to be considered features an electric field amplitude E = 0.2 V/km. This field
strength was indicated as a reasonable value [2], [32] for a geomagnetic storm in Switzerland.
Various field orientations were considered, starting from 0◦ (N-S direction) and proceeding by
steps of 30◦ through a full revolution. For the case θ=0◦ the voltage magnitudes are plotted
(blue curve) in Figure 11 and compared with the corresponding base case values (red curve) and
as can be seen they are almost identical to the latter. The related GICs per phase are featured in
Figure 12 for the 380/220 kV transformers (the transformer numbering is given in Table 3, Section 5.3). For the same units Figure 13 displays the related apparent power loading for the base
case (blue bars) and for the chosen field configuration (green bars), and where the red bars represent the maximum admissible loading. The loading of the transformers hardly changes in
the presence of the geomagnetic disturbance and in any case there is an ample margin before
the limit value is be reached.
The transformers most affected in terms of injected GIC appear to be the ones located at Breite
(5) and at Laufenburg (8). No violations were experienced in the load flow calculations and the
overall active power demand at Beznau is 1158 MW, which represents a small variation from
the base case.
Changing the orientation of the electric field produces a somewhat different GIC distribution,
as can be seen for θ=90◦ (E-W direction) in Figures 14 - 16. Now the transformer at Verbois
(21) features the highest GIC per phase but overall no violation occurs and the network is still
overall in a relatively similar operating point. The same considerations hold for other field
angles.
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Figure 11: Bus voltage magnitudes for base case (red) and for an electric field with E = 0.2
V/km and θ = 0◦ (blue)
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Figure 12: GIC per phase in the 380/220 kV transformers (E = 0.2 V/km, θ = 0◦ , transformer
numbering is given in Table 3, Section 5.3)
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Figure 13: Apparent power loading for the 380/220 kV transformers for base case (blue) and for
an electric field with E = 0.2 V/km and θ = 0◦ (green). The red bars denote the maximum
admissible loading for each unit (transformer numbering is given in Table 3, Section 5.3).
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Figure 14: Bus voltage magnitudes for base case (red) and for an electric field with E = 0.2
V/km and θ = 90◦ (blue)
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Figure 15: GIC per phase in the 380/220 kV transformers (E = 0.2 V/km, θ = 90◦ , transformer
numbering is given in Table 3, Section 5.3)
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Figure 16: Apparent power loading for the 380/220 kV transformers for base case (blue) and
for an electric field with E = 0.2 V/km and θ = 90◦ (green). The red bars denote the maximum
admissible loading for each unit (transformer numbering is given in Table 3, Section 5.3).
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Electric field amplitude 0.5 V/km
The second case to be considered features an electric field amplitude E = 0.5 V/km. This
represents an upper limit for values which might occur in Switzerland [2], [32] and additional
studies [33], [37] also report that below the threshold geomagnetic latitude 50◦ N (Basel is e.g.
approximately at 47◦ N) the electric field to be expected in exceptional conditions (defined as
the value that the electric field could exceed for 10 seconds every 100 years) is 0.5 V/km for
conductive-soil regions (e.g. regions not located in vicinity of the sea coast).
Various field orientations were considered, starting from 0◦ (N-S direction) and proceeding by
steps of 30◦ through a full revolution. For the case θ=0◦ the voltage magnitudes are plotted
(blue curve) in Figure 17 and compared with the corresponding base case values (red curve) and
as can be seen they are close to the latter. The related GICs per phase are featured in Figure 18
for the 380/220 kV transformers (the transformer numbering is given in Table 3, Section 5.3).
For the same units Figure 19 displays the related apparent power loading for the base case (blue
bars) and for the chosen field configuration (green bars), and where the red bars represent the
maximum admissible loading. The overall loading of the transformers is only slightly different
in the presence of the geomagnetic disturbance and there is a wide margin to the limit value.
The transformers most affected in terms of injected GIC appear to be the ones located at Breite
(5) and at Laufenburg (8). No violations were experienced in the load flow calculations and the
overall active power demand at Beznau is 1158.5 MW, which represents a small variation from
the base case.
Changing the orientation of the electric field produces a somewhat different GIC distribution,
as can be seen for θ=90◦ (E-W direction) in Figures 20 - 22. Now the transformer at Verbois
(21) features the highest GIC per phase but overall no violation occurs and the network is in a
relatively similar operating point. The same considerations hold for other field angles.
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Figure 17: Bus voltage magnitudes for base case (red) and for an electric field with E = 0.5
V/km and θ = 0◦ (blue)
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Figure 18: GIC per phase in the 380/220 kV transformers (E = 0.5 V/km, θ = 0◦ , transformer
numbering is given in Table 3, Section 5.3)
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Figure 19: Apparent power loading for the 380/220 kV transformers for base case (blue) and
for an electric field with E = 0.5 V/km and θ = 0◦ (green). The red bars denote the maximum
admissible loading for each unit (transformer numbering is given in Table 3, Section 5.3).
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Figure 20: Bus voltage magnitudes for base case (red) and for an electric field with E = 0.5
V/km and θ = 90◦ (blue)
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Figure 21: GIC per phase in the 380/220 kV transformers (E = 0.5 V/km, θ = 90◦ , transformer
numbering is given in Table 3, Section 5.3)
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Figure 22: Apparent power loading for the 380/220 kV transformers for base case (blue) and
for an electric field with E = 0.5 V/km and θ = 90◦ (green). The red bars denote the maximum
admissible loading for each unit (transformer numbering is given in Table 3, Section 5.3).
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Electric field amplitude 1 V/km
The last case to be considered features an electric field amplitude E = 1 V/km. This reference
value has been used in the literature [30], [28], [29], [31], [38] to model the effects of a geomagnetic storm at high latitudes (≈ 65 ◦ N) and therefore represents a conservative (that is, higher
than would be expected) estimate of electric field intensities relevant for Switzerland. Various
field orientations were considered, starting from 0◦ (N-S direction) and proceeding by steps
of 30◦ through a full revolution. For the case θ=0◦ the voltage magnitudes are plotted (blue
curve) in Figure 23 and compared with the corresponding base case values (red curve) and as
can be seen they are close to the latter. The related GICs per phase are featured in Figure 24 for
the 380/220 kV transformers (the transformer numbering is given in Table 3, Section 5.3). For
the same units Figure 25 displays the related apparent power loading for the base case (blue
bars) and for the chosen field configuration (green bars), and where the red bars represent the
maximum admissible loading. The overall loading of the transformers is only slightly different
in the presence of the geomagnetic disturbance and there is a wide margin to the limit value.
The transformers most affected in terms of injected GIC appear to be the ones located at Breite
(5) and at Laufenburg (8). No violations were experienced in the load flow calculations and the
overall active power demand at Beznau is 1159 MW, which represents a small variation from
the base case.
Changing the orientation of the electric field produces a somewhat different GIC distribution,
as can be seen for θ=90◦ (E-W direction) in Figures 26 - 28. Now the transformer at Verbois (21)
features the highest GIC per phase but no violation occurs and the network is in a relatively
similar operating point. The same considerations hold for other field angles.
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Figure 23: Bus voltage magnitudes for base case (red) and for an electric field with E = 1 V/km
and θ = 0◦ (blue)

18

16

14

GIC (A)

12

10

8

6

4

2

0

1

2

3

4

5

6

7

8

9

10 11 12 13 14
High voltage transformers

15

16

17

18

19

20

21

Figure 24: GIC per phase in the 380/220 kV transformers (E = 1 V/km, θ = 0◦ , transformer
numbering is given in Table 3, Section 5.3)

48

1000

900

800

700

MVA

600

500

400

300

200

100

0

1

2

3

4

5

6

7

8

9

10 11 12
HV Trafos

13

14

15

16

17

18

19

20

21

Figure 25: Apparent power loading for the 380/220 kV transformers for base case (blue) and
for an electric field with E = 1 V/km and θ = 0◦ (green). The red bars denote the maximum
admissible loading for each unit (transformer numbering is given in Table 3, Section 5.3).
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Figure 26: Bus voltage magnitudes for base case (red) and for an electric field with E = 1 V/km
and θ = 90◦ (blue)
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Figure 27: GIC per phase in the 380/220 kV transformers (E = 1 V/km, θ = 90◦ , transformer
numbering is given in Table 3, Section 5.3)
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Figure 28: Apparent power loading for the 380/220 kV transformers for base case (blue) and
for an electric field with E = 1 V/km and θ = 90◦ (green). The red bars denote the maximum
admissible loading for each unit (transformer numbering is given in Table 3, Section 5.3).
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5.6

Assessment of results

Under the assumptions made for the present study and based on the conducted simulation
analysis, including state of the art knowledge in a nevertheless rapidly developing field and
where not all factors are known in detail, it would seem plausible to conclude that GMDs
would not pose a significantly dangerous threat to the Swiss Transmission Network. Even
for the most conservative scenario the worst effect reported by the steady-state model is an
overall voltage decrease which would not however presumably lead to specific violations or
network instabilities. Specific dynamical behaviour of given network components was not investigated since the focus of the study was more on the overall system level and due to lack
of data and parameters for single devices. Furthermore, individual transformer units might
be subjected to an increased amount of stress due to the saturated mode of operation, but
although this could lead to a shortened life cycle it is unlikely to lead to immediate consequences.
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6

Conclusions

Geomagnetic storms have the potential to substantially perturb and disrupt normal power
system operation. An overview of the physical causes and processes leading to such has events
has been given together with possible remedies and countermeasures which might be employed to reduce any possible negative effects and diminish the risk of incurring a blackout.
The specific case of the Swiss Transmission Network was explicitly considered and numerically
evaluated based on available data and employing techniques from the academic and industrial
literature.
On the basis of the assumed model and conducted analysis it would appear reasonable to
conclude that the overall risk posed by geomagnetic disturbances is relatively low, since geomagnetically induced currents are seen to generate an additional reactive power demand (due
to transformer saturation) which leads to a decrease in bus voltages that should be altogether
sustained by the grid.
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7

List of Abbreviations

Table 4 shows the acronyms employed throughout the present document along with the associated meaning.
Abbreviation
CSWFC
DGA
ESA
ESP
GOES
GIC
GMD
GPS
HVDC
ISES
NASA
NGC
NOAA
PMU
RWC
SCADA
STEREO
SOHO
SWPC
SVC
UT
WAMS

Meaning
Canadian Space Weather Forecast Centre
Dissolved Gas Analysis
European Space Agency
Earth Surface Potential
Geostationary Operational Environmental Satellite
Geomagnetically Induced Current
GeoMagnetic Disturbance
Global Positioning System
High Voltage Direct Current
International Space Environment Service
National Aeronautics and Space Administration
National Grid Company
National Oceanic and Atmospheric Administration
Phase Measurement Unit
Regional Warning Center
Supervisory Control And Data Acquisition
Solar Terrestrial Relations Observatory
Solar and Heliospheric Observatory
Space Weather Prediction Center
Static Var Compensator
Universal Time
Wide Area Measurement System
Table 4: Employed abbreviations and related meaning
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Contact
ETH Zürich
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