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Abstract— Geomagnetically induced currents (GICs) have the
potential to be highly disruptive to regular power grid operations.
Despite the study of geomagnetic disturbances (GMDs) since the
1940s, comprehensive methods for accurate and precise analysis
of their impact, especially in individual grid components, remain
limited. This paper describes a method based on the synergistic
use of different computational tools for detailed simulation of
GMDs in power grids. The proposed methodology allows the
effective integration between three main aspects required for
accurate determination of GICs and their effects on power
systems: (1) location-specific estimation of Earth’s magnetic
fields at ground level, (2) detailed physics-based ground
impedance modeling considering specific geological environment,
and (3) power grid modeling considering detailed network and
grounding topology. The goal is to generate an end-to-end
methodology for GIC calculation in power grids from the
magnetic field environment during a geomagnetic event, the soil
conductivity profile at the site of interest, and the grid topology
data. The resulting methodology was evaluated by means of a
sample case that utilizes magnetic field data from an actual event.

Index Terms—GIC, GMD, Geomagnetically Induced Currents,
Transmission Lines

I. INTRODUCTION

Geomagnetic storms are a type of space weather event in
which the Earth’s magnetic field interacts with magnetic solar
material [1], [2]. Variations in the Earth’s magnetic field
produced by this interaction result in electric field variations
according to Faraday’s law of induction. Furthermore, these
electric fields give rise to low-frequency currents, known as
geomagnetically induced currents (GIC) flowing along
conducting paths of large extension, such as power
transmission lines, pipelines, and railways [2]. In the case of
transmission lines, GIC occurrence and impact has become
substantially more significant over the last decades with the
exponential growth in electric grids, as well as the trend towards
the use of higher transmission voltages and lower line
resistances to reduce transmission losses over long distances,
which results in electric power systems that are more
susceptible to GIC effects. GIC can affect various power

components, such as transformers, generators, protection
devices, grid communication systems, etc. Depending on the
severity and duration of a geomagnetic event, the effects of GIC
can range from minor fluctuations in the power grid to
malfunctioning of protection devices, damage of power
apparatus, and even complete power outages [3].

Power grid issues due to GIC phenomena have been
reported for many decades. One of the most significant GIC
cases was reported during an extreme geomagnetic disturbance
in 1989, which resulted in the collapse of the Hydro-Quebec
grid in Canada [4], as well as transformer damage in the US [5].
Fourteen more cases were reported between 1989 and 1992 in
North America, where GIC produced maloperation of
protection devices [6]. Numerous additional instances of GIC
effects on the grid have been reported around the world [3]. At
the same time, there has been considerable growth in high
voltage power grids and smart grid technologies. Therefore,
there is a profound need to investigate the GICs impact on these
modern power systems [3].

Building resilience against GIC in power grids requires
tools for effective prediction and evaluation of this
phenomenon [7], so that appropriate countermeasures can be
incorporated during design, testing and operation. Experimental
and computational tools have been developed for this purpose.
Field measurement of GIC in power lines using transducers at
transformers neutrals can be a reliable monitoring strategy, but
it can also be cost prohibitive considering the size and
complexity of modern grids. Alternatively, computational
modeling and simulation tools can be applied to predict and
evaluate GIC conditions and their impact on grid operation [8].
Effective modeling of GIC phenomenon involves three main
aspects: (1) estimation of magnetic field components at ground
level, (2) ground modeling for calculation of electric field from
magnetic field, and (3) power grid and grounding system
modeling [9]. The appropriate combination of these aspects is
an area under substantial research and development [3], [9].

Several commercial power system analysis tools have
incorporated GIC studies [2], [10]. These tools allow detailed
electric grid models, but the sources of GIC are commonly
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simplified by dc sources and the ground modeling effect is not
considered in detail. This can have a detrimental effect on the
accurate prediction of GIC conditions on grid components.
Similar limitations can be found in existing GIC studies in
power transformers, where the device is typically modeled in
full detail, but the impact of GIC is simplified as a dc bias (see
for instance [11]-[14]). This can result in an inaccurate
prediction of abnormal transformer conditions, which range
from thermal stress to grid voltage collapse due to saturation
[15]. Other studies have focused on providing accurate ground
models [8], [16], a crucial step to link magnetic field estimation
at ground level with the evaluation of GIC effect on power
systems. Since the focus of these studies is on the detailed
evaluation of ground impedance, they tend to simplify the grid
model and/or geomagnetic field estimation.

In this paper we propose a methodology based on the
synergistic combination of modeling and simulation tools for
the prediction and evaluation of GIC in electric power systems.
The proposed methodology allows the effective integration
between the three main aspects required for accurate
determination of GIC and their effects on power systems: (1)
location-specific estimation of Earth’s magnetic fields at
ground level, (2) detailed physics-based ground impedance
modeling considering specific geological environment, and (3)
power grid modeling considering fully detailed network and
grounding topology.

II. METHODOLOGY

The proposed methodology, depicted in Fig. 1, involves the
following main steps:

STEP 1: The main input of the modeling approach is the
measurement of the Earth’s magnetic field in the time domain
for an appropriate time window and a specific location. This
information is retrieved from the International Real-Time
Magnetic Observatory Network (intermagnet.org) [17].

STEP 2: The magnetic field components obtained in the
previous step are used as inputs for a finite element analysis
(FEA)-based ground impedance model. The software used for
this purpose is COMSOL Multiphysics. The output of this
model is the calculation of horizontal electric field through the
soil model.

STEP 3: This step involves building and solving a
conductance-based model of the grid under test as outlined in
the proposed methodology. As described in [18], the system to
be solved has the form:

ᵁ�(ᵆ�) = ᵀ�  ᵀ�(ᵆ�) (1)

where ᵁ�(ᵆ�) is a column vector containing the nodal voltages of
the system as a function of time; ᵀ� is the conductance matrix of
the system including conductances of substations, transmission
lines, transformers, and grounding system; and ᵀ�(ᵆ�) is a column
vector of time-varying injection currents obtained from the
Norton equivalent of the induced voltages representing the line
integration of the electric field obtained in the previous step.
This integration requires the location of each substation
between lines to define the corresponding integration path. Eq.
(1) is solved for the nodal voltages vector ᵁ�(ᵆ�).

Fig. 1 Proposed methodology for GIC calculation.

STEP 4: This step involves the calculation of
geomagnetically induced currents as time domain signatures.
These include branch currents along the lines and currents to
ground from each node. Branch currents in the lines are
calculated as follows:

ᵃ�   ,  (ᵆ�) = ᵃ� (ᵆ�) − ᵃ� (ᵆ�) + ᵃ�  [ᵄ� (ᵆ�) − ᵄ� (ᵆ�)] (2)

where ᵃ�   ,   is the geomagnetically induced current between
nodes ᵅ� and ᵅ� of the system, ᵃ� , ᵃ� , ᵄ� and ᵄ� are the injection
currents and nodal voltages at nodes ᵅ� and ᵅ�, and ᵃ�   is the
equivalent conductance connected between nodes ᵅ� and ᵅ�. The
currents to ground from each node are calculated as

ᵃ�   , (ᵆ�) = ᵃ� ᵄ� (ᵆ�) (3)

where ᵃ�   , (ᵆ�) is the geomagnetically induced current between
node ᵅ� and ground, ᵄ� (ᵆ�) is the voltage at node ᵅ�, and ᵃ�  is the
equivalent admittance connected between node ᵅ� and ground.
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III. SMALL SYNTHETIC SAMPLE CASE

A reference case with detailed results available was used for
initial assessment of the proposed procedure. The test case
utilized is described in [19], [20]. This initial comparison aims
to provide confidence in the calculation of GICs flowing
through each grid component.

This initial test corresponds to a synthetic grid with assumed
resistive values. The grid is induced by a predetermined and
constant electric field of 1 V/km in all directional components
to simplify the GIC calculation. GMDs are assumed to induce
perfectly tangential magnetic fields and corresponding electric
fields along the transmission lines and other components. It
should be noted that, since this synthetic test case assumes an
induced uniform electric field of 1 V/km along the line, an input
vector field from COMSOL is not required.

With the test case as described, a conductance matrix is
determined from the topological grid information and the
parameters provided in order to compute the bus voltages and
induced GICs. The sample grid is illustrated by the single-line
conductance diagram in Fig. 2, with all numerical values, such
as resistances/conductances and transmission line lengths,
retained from [20]. This single-line diagram includes the
conductance components to appropriately integrate the
substation neutral buses, grounding resistances, generators, and
autotransformers.

In Fig. 2, TL1 And TL2 represent transmission lines 1 and
2 (each with a length of 150 km), while Tx represents the
autotransformer connected between the lines.The system nodes
are indicated in red, the conductances are shown in blue, and
their calculation for each component is shown in green. For
instance:

 the resistance of transmission line 1 is 3 Ω/phase, so its
equivalent conductance is calculated as 3/3 Ω = 1 S;

 the resistance of the generator at substation A is 0.15
Ω/phase, so its conductance is 3/0.15 Ω = 20 S; and

 the grounding resistance of substantion A is 0.20 Ω,
therefore its equivalent conductance is 1/0.20 Ω = 5 S.

Similar calculations are performed for other power and
grounding components of the grid. Table I shows the resulting
conductance matrix.

Fig. 2 Equivalent conductance circuit of test case

TABLE I. CONDUCTANCE MATRIX OF SYNTHETIC SYSTEM (IN SIEMENS)

SubA SubB SubC 1 2 3 4
SubA 25             0              0      -20 0 0 0
SubB             0           80              0 0       -75 0 0
SubC              0             0            30 0 0 0          -25

1 -20 0 0 21 -1 0 0
2              0          -75 0        -1      126          -50 0
3              0 0 0         0       -50      51.25       -1.25
4              0 0          -25         0          0       -1.25      26.25

Using this conductance matrix, the algorithm generates the
corresponding GICs. This includes GIC flow in each
transmission line, autotransformer winding, substation
generator, and grounding resistances. Since transmission line
sensitivity to GIC is the main focus of the study in [20], the
results for the other grid components were not provided. The
results of GIC in the transmission lines were approximately
40.9 A and 46.1 A, respectively, matching the values calculated
in [20]. Table II lists the GIC flow calculated in all system
components. From Table II, we can see that the algorithm is
able to calculate the induced GIC in all system components, as
well as the appropriate direction, determined by the current
sign.

TABLE II. INDUCED GICS

Grid Component Induced GIC (A)
Transmission line 1                           40.8919
Transmission line 2                           46.1180

SubA ground resistance                       -40.8919
SubB ground resistance                        -5.2261
SubC ground resistance                       46.1180

Autotransformer common windings 5.2261
Autotransformer series windings                46.1180

IV. TIME-DEPENDENT CASE USING REAL MAGNETIC DATA

After verifying the correct performance of the methodology,
the following test case considers a more realistic scenario to
assess the entire procedure, including the FEA-based
calculation of time-dependent electric field components from
location-specific soil profile and measurements of magnetic
field data. This test aims to confirm the algorithm’s ability to
carry out time dependent GIC calculations for all
interconnected grid components using the electric field vector
obtained from COMSOL.

Reliable GIC data was required for the quantitative
assessment of the results of this test, which was obtained from
a comparative study of peak electric fields and GICs in the
Pacific Northwest region [21]. This study made use of three-
dimensional magnetic field data from the Intermagnet Newport
observatory and a CO1 soil conductivity profile from [22],
which were applied in calculating the peak electric field and
peak GIC induced in the electric grid for this region during the
2003 Halloween GMD event. The XYZ components of the
Newport magnetic field data are extracted using a Python-based
mag-field plotter tool called MagPy [23], which generates
location-specific data from magnetic field stations around the
world. To exemplify the results from MagPy, Fig 3 shows the
x-axis data plotted by this tool. Fig. 4 shows the FEM-based soil
model developed in COMSOL. The x-component of the
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magnetic field is applied as input to this model for the
calculation of the equivalent horizontal (y-component) electric
field. The calculation of the electric field from the magnetic
field is done for every equivalent two axes, given that the
COMSOL soil model used is two dimensional. The soil
conductivity profile by layers, as set up in COMSOL, is
provided in Table 3. The relative permittivity and permeability
values of the entire soil model are both defined as 1 (equal to
those of free space), assuming no magnetic or dielectric
properties of the soil.

Fig. 3 X-component of magnetic field from Newport Intermagnet observatory
for the 2003 Halloween event, as plotted by MagPy.

Fig. 4 Layered soil model for FEM-based calculation of electric field (V/m)
generated over the region of interest during the 2003 Halloween event.

TABLE III. SOIL CONDUCTIVITY PROFILE

Layer Width (km) Depth (km) Conductivity (S/m)
1                   1000                        0-200                              1/361
2 1000 200 – 400 1/10

Fig. 5 shows the electric field calculated from COMSOL
using the Newport Intermagnet data. This data is used to
calculate the corresponding Norton equivalents included in the
netlist, which are introduced into the network analysis
algorithm along with the grid topology and parameters data.

Fig. 5 Electric field (V/km) generated at the region’s surface (transmission
line level) during the Halloween event as calculated by COMSOL.

The study in [21] made use of a representative grid with 13
nodes corresponding to substation locations within the analysis
footprint and spanning the entire region. For our study, the
representative grid from the ideal case in Section III with three
substations and two lines is retained, since we did not have
access to the protected BPA utility data from [21]. However,
this should still provide a reasonable analysis taking into
account that GMDs are continent wide events that are better
studied closer to the transformers (areas) of interest [19], [20].
Therefore, since just one of the subregions’ soil conductivity
profiles is employed in COMSOL at a time, the small example
grid model from [20] can produce similar GIC profiles to the
ones calculated in a larger representative grid.

Fig. 6 shows the calculated GIC along the two 150 km
transmission lines from the example grid when subjected to the
same electric field induced by the 2003 Halloween event
GMDs. The blue waveform corresponds to the GIC induced in
transmission line 1, while the orange waveform corresponds to
the GIC along transmission line 2. The GIC profiles in both of
these lines are consistent with the range of peak values of the
thirteen representative nodes from [21]. As observed in Figs. 5
and 6, the time varying electric field data generated by
COMSOL provide detailed insights into the time domain
behavior of the GIC along the lines, highlighting time periods
where extreme geomagnetic activity may have caused GICs to
spike beyond the calculated peaks in [21].

Fig. 7 shows the results of induced GIC waveforms in all grid
components for the 2003 Halloween event. These results
demonstrate the algorithm’s ability to estimate the induced
GICs in individual power grid components over time. It can be
noticed that the oscillatory behavior of the electric field plot
from Fig. 5 matches that of the GIC plots, with the time periods
of high electric field spikes correlating with the highest GICs
induced in the system. Simple nodal analysis at any node can
also be carried out correlating instantaneous GIC values of
these individual components to confirm the accurate simulation
of GIC flow in the grid. This analysis therefore confirms that
the algorithm, at every instant in time, follows Kirchhoff’s law
of currents.
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(a)
(a)

(b)

Fig. 6 GIC induced in transmission lines 1 and 2 over the CO1 region
using the 2003 GMDs.

V. CONCLUSIONS

Previous research concluded that the primary limitations of
GIC estimation lie in how well the combination of available
input data represent the actual magnetic variation, the Earth
conductivity, and the system characteristics, rather than in the
accuracy of the methodology itself [19]. With this in mind, our
main goal for this preliminary work has been to provide a
methodology to integrate the main software packages
(MATLAB, COMSOL and MagPy) as a comprehensive and
computationally efficient means to accurately represent and
overcome the aforementioned limitations. The proposed
methodology helps to overcome the need for compromises
such as using peak electric field values for calculations,
allowing for more accurate time dependent results, which are
paramount to fully estimate electric field response [21].
Accurate 1D, 2D or 3D soil models can be easily integrated
into the algorithm to fine-tune the method’s resolution and
accuracy as long as the data are available. Finally, directional
variations in GMDs induced in specific grid components and
their unique electrical parameters can be accounted for in a
straightforward manner, allowing for accurate multidirectional
simulation of GIC flow in individual grid components.
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(e)

Fig. 7 GIC over the CO1 region using the 2003 Halloween event GMDs: (a)
Substation A, (b) Substation B, (c) Substation C, (d) autotransformer common
windings, (e) autotransformer series windings.
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