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Abstract—This paper presents a weighted least squares algo-
rithm to find the electric field during geomagnetic disturbances
(GMDs) using geomagnetically induced current (GIC) measure-
ments. Estimation of the electric field requires familiarity with
the grid’s layout, including but not limited to, transformer types,
conductances, and line orientations. The algorithm is tested using
the 2000 bus synthetic Texas case. The results show that not
only can the electric field be accurately estimated using only
GIC neutral measurements, but that only eight GIC neutral
measurements are required.

Index Terms—Geomagnetic Disturbances (GMDs), Geomag-
netically Induced Currents (GICs), Electric Field, Weighted Least
Squares (WLS)

I. INTRODUCTION

Geomagnetic Disturbances (GMDs), produced by solar ac-
tivity, cause fluctuations within the Earth’s magnetic field. This
alteration in the magnetic field induces quasi-dc electric fields
across the Earth’s surface that are dependent upon the Earth’s
conductivity. Created by the electric fields, Geomagnetically
induced currents (GICs) flow through the Earth and high volt-
age transmission lines connected to grounded transformers [1].
The immediate risks of GMDs include half-cycle saturation in
transformers creating harmonics, heating in the transformers,
and increased reactive power losses [2]. These three initial
responses could lead to two key risks of GMDs to the electrical
grid, potential damage of transformers and voltage collapse
[3], [4], [5]. Real world examples of grid instability have
occurred like the famous 1859 Carrington Event, the 1989
GMD event where the Hydro Quebec power grid collapsed,
and in 2003 where a blackout occurred in the Swedish grid due
to a GMD event [5], [6], [7]. Considering the possible effects
of GMDs, it is important to monitor and study GMDs. NERC
has released transmission standards for monitoring during
GMD events in TPD-007-1 and FERC has approved of this
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standard while also mandating that all GIC and magnetometer
data be shared via NERC in FERC order No. 830 [8], [9],
[10]. Due to the high cost of GIC measurement devices and
magnetometers, it is important to know how many devices are
truly necessary to minimize costs while still ensuring accuracy.

This paper focuses on estimating the electric field through
the use of GIC measurements. At a few locations currently, the
electric field is calculated from the magnetic field, measured
by magnetometers, in conjunction with ground conductivity
maps [11], [12]. The purpose of this paper is to investigate the
extent to which the electric field can be estimated using only
GIC measurement devices. Because GICs are directly induced
from the electric field, they can also be used to estimate the
electric field. Due to the system being over-determined and
the linear relationship between the electric field and quasi-
DC GIC measurements, non iterative linear state estimation is
used.

This paper consists of five sections. Section II covers an
overview of DC state estimation and explains how the electric
field is calculated from the neutral currents in transformers.
Then, utilizing these calculations, create an electric field state
estimation problem using GICs as measurements, with [13]
as a building block. Section III goes over a state estimation
example utilizing the synthetic 2000 bus Texas case. Section
IV compiles the results from the study. Section V summarizes
and presents areas for future work.

II. ELECTRIC FIELD STATE ESTIMATION FORMULATION

A. Traditional Electrical Grid State Estimation

Traditionally, state estimation is utilized to find the voltage
magnitudes and angles throughout the grid [14], [15]. The
measurements are taken from phasor measurement units while
also having the MW output of generators, ultimately making
the system over-determined when the two measurements do
not exactly line up for the expected states. State estimation is
used to produce the most likely values of nonlinear equations.
The state estimation formula is as follows:

zi = hi(x) + ei (1)

where hi is the relationship of the ith measurement with the
state x. ei is the ith measurement error and zi is the ith
measurement.979-8-3503-7240-3/24/$31.00 ©2024 IEEE



To solve the state estimation problem, weighted least
squared (WLS) is utilized. WLS will minimize the mea-
surement residuals after weighing each of the measurements.
Therefore, WLS is especially useful when wanting to give dif-
ferent weights to certain measurements dependent upon their
error. So, the more accurate measurements are more important
when minimizing the residuals. The resulting estimated states
found using WLS state estimation is

x = (hTR−1h)−1hTR−1z (2)

where R is the weight matrix that includes the measurement
error covariances. Within this matrix, the diagonal values of
R, Rii, are equal to σ2 and all other values are zero. Due to
the non-linearity of the power equations, the WLS solution is
found via an iterative process.

B. Electric Field and GICs Relationship

The calculations to find neutral GIC from the electric field
are covered in [13] and are summarized in this section. First,
the induced DC bus and substation neutral voltage is found
by solving the DC network using

V = G−1I = G−1HE (3)

where V is based on the north/east components of transmission
lines and the electric field. Converting the induced voltages to
Norton’s Equivalent, then to DC current injections, find the
total current injections by Kirchhoff’s current law, I = HE.
Where H is dependent upon the length, resistance, and orien-
tation of the lines and G is the line conductance values that are
altered to include substation grounding resistance values. The
path the current injections travel through includes the earth,
grounded transformers, and connecting transmission lines. The
GIC flow from node n to node m (transformer neutrals) is then
found by

Inm = gnm(Vn − Vm) (4)

where gnm is the connecting line conductance found from
the G matrix. The current is dependent upon the transformer
types and configurations. So, In is the transformer neutral GIC
currents

In = ΦnG
−1HE (5)

where Φn is a sparse matrix of transformer conductance
entries included to ensure the different types of transformers
are accounted for. Equation (5) is the relationship between the
GIC neutral currents and electric field.

C. Electric Field State Estimation

Electric Field state estimation has been done, however
magnetometers are also utilized as measurements, as seen in
[13]. Due to the linear relationship of the quasi-DC GICs to
the electric field, they can be used to estimate the electric
field and the state estimation is no longer an iterative process.
Examples and implementation of linear state estimators are
included in [16], [17], [18]. Utilizing the relationship between

the electric field and GICs found in Equation (5) and setting
it equal to the measurements over the states, the h equation
in Equation (1) and Equation (2) is found:

h =
In

E
= ΦnG

−1H (6)

Note, that h is a matrix with l rows, where l is the number
of GIC measurements. One concern with state estimation is
observability, as at least the same number of measurements as
states is needed. The estimation will derive the Northern and
Eastern directions of the electric field, so at least two GIC-
neutral measurements will be needed. It is also worth noting
that the G matrix is never fully inverted, but instead inverted
using sparse matrix methods, therefore the process is relatively
easy and short.

III. 2000 BUS EXAMPLE CASE

This section describes an example of estimating electric
fields from GIC netural measurements using the synthetic 2000
bus Texas case [19], [20]. The synthetic 2000 bus case was
chosen due to it representing the ‘overall core’ response of
an electrical grid while still being on the smaller bus count
to limit the complexity and time it takes to compute state
estimation (the number of rows in the h matrix for state
estimation is dependent upon the number of GIC neutral
measurements from grounded transformers). The 2000 bus
case has 861 transformers, therefore the h matrix in Equation
5 has a maximum row length of 861. All of the needed values
in Equation 5 are found from the 2000 bus Texas case.

To increase the granularity of the estimated electric field
while still allowing for overestimated values within each zone,
the footprint of Texas is divided into five different zones.
The GIC measurements are not placed into the five different
zones equally instead, the zones are designed to match the 1-D
conductivity map, found from [21].

The location of which GICs to be used as measurements are
randomized throughout the different zones. There are multiple
iterations using the same number of measurements but with
randomized locations, state estimation is completed, then the
average of the error is taken over all iterations. This is done
to obtain an understanding of how well that specific number
of measurements does at estimating the electric field for the
grid, regardless of the locations picked.

For the simulation, the electric field is assumed to be non
time varying, in reality it is quasi-DC, however to depict
whether the GIC neutral measurements can accurately esti-
mate an electric field, a constant electric field is satisfactory.
Nonetheless, the electric field is going to be different across
the state of Texas, so different electric fields’ magnitudes and
directions are also tested between the different zones.

To produce more ‘realistic’ results, two more different
simulations are performed: without noise added onto the
GIC neutral measurements and with noise added. The noise
added onto the GIC neutral measurements simulate sensor
noise, when applicable, are Gaussian with a mean of zero



Fig. 1. Constant Electric Field for each Zone, State Estimation Residuals
after 1000 iterations for different amounts of GIC Neutral Measurements with
added noise

and a deviation of one. It is important to perform these
two different simulations to understand whether the estimated
values’ deviation from the true values are caused by error due
to estimating the electric field using only GIC measurements
or noise from the GIC neutral measurements.

IV. RESULTS

A. Same Electric Field throughout Zones

State estimation using GIC measurements without noise and
the same electric field throughout all the zones represents
whether the electric field can theoretically be estimated from
GIC measurements. The results found that while the minimum
required measurements for observability in state estimation per
zone is two, it is much more accurate to use three.

In reality, there will never be perfect measurements, so it
is important to also study the GIC measurements with noise.
Another simulation included GIC measurements with noise
where it was seen that as the number of GIC measurements
utilized decreases, the Electric Field state estimation accuracy
also decreases. The results revealed that there is a significant
increase in error when the number of GIC neutral measure-
ments drops below eight. Figure 1 shows that electric field
estimation that utilizes over eight GIC neutral measurements
is below 0.05 V/m average deviation over 1000 iterations.
The true electric field values are to the right of each label
in the legend in V/m and the y-axis is the raw error in V/m
(|estimated − true|). So, the electric field can be accurately
estimated utilizing only GIC neutral measurements when the
electric field is constant throughout all zones with at least eight
GIC measurements utilized within each zone.

B. Different Electric Fields throughout Zones

Another reality is that the electric field will not be constant
throughout the entire state of Texas, therefore the simulation
needs to replicate estimating different electric fields across
different zones. The results will depict whether the GICs are
affected by the different electric fields in other zones enough
to affect the accuracy of the estimation within its own zone.

Fig. 2. Different Electric Field for each Zone, State Estimation Residuals after
1000 iterations for different amounts of GIC Neutral Measurements without
added noise

Fig. 3. Different Electric Field for each Zone, State Estimation Residuals
after 1000 iterations for different amounts of GIC Neutral Measurements with
added noise

Figure 2 shows the results when the GIC measurements
are exactly known with different constant electric field values
between the zones. Even with the different electric field values
between the zones, the estimation has very low deviation and
high accuracy when using at least three measurements, which
is the same conclusion when using a constant electric field.
Receiving the same results verifies that estimating the electric
field using GIC measurements requires at the very least, three
measurements within each zone.

While the overall accuracy did not change when introducing
different electric field magnitudes and directions, the accuracy
of specific directions within each zone fluctuated slightly. Note
how in Figure 1 zone four had the lowest error for North and
East directions, while in Figure 2 it is now in the upper half
of the group. The zone’s error is affected by the direction
and magnitude of the electric field, but it does not affect the
error to a significant degree. Most likely, the zones that have
higher error, have transmission lines traveling perpendicular
to the electric field direction and a combination of shorter
lines that span parallel to the electric field [22]. Ultimately,
while the error will fluctuate slightly, due to a change in the
angle and magnitude of the electric field, it does not make
estimating the electric field unreliable when using three or
more measurements.



Constant electric fields throughout all of Texas and perfectly
linear GICs will never appear in real life, so the electric field
is varied throughout the different zones and noise is added
to all GIC measurements in this simulation. When including
different electric fields across the zones, the deviations were
very similar to Figure 1. Figure 3 shows the deviations of each
zone and direction as the number of GIC neutral measurements
change. The order of the lines, concerning highest/lowest error,
did change slightly, which again points to some zones being
stronger at detecting certain angles than others. This could
point to some zones requiring more measurements than others
to obtain the same degree of accuracy. However, the overall
error of the different zones was not significantly affected by
the different electric fields.

Knowing the minimum value of GIC neutral measurements
required to create an accurate electric field estimation within
each zone on a synthetic grid is an important stepping stone
to estimating the electric field using the actual grid. As seen
in Figure 3, the measurements required to acquire an error of
less than 0.05 V/m for all electric field estimations, is eight
measurements per zone. The ability to accurately estimate the
electric field using GIC measurements creates more fluidity,
simplicity, and options concerning which instruments can be
used to calculate the electric field during GMD events when
magnetometers are not available.

V. SUMMARY AND FUTURE WORKS

Geomagnetic disturbances (GMDs) alter the Earth’s mag-
netic field, inducing electric fields that create geomagneti-
cally induced currents (GICs) within grounded transformers
across transmission lines. Due to the possible affects of
GICs, transformer heating, harmonics, reactive power loss, and
voltage instability, it is important to monitor them. To help
accurately monitor GMD events, this paper proposes utilizing
GIC sensors as measurements within state estimation to find
the electric field. It is found that the electric field can be
accurately estimated within 0.05 V/m throughout the state of
Texas when the footprint is split into five different zones and
eight GIC neutral measurements are utilized within each zone.

For future work, it was not looked into how large of a devi-
ation is considered acceptable when estimating electric fields.
The estimated electric field would be utilized to calculate the
GIC neutral values that were not measured throughout the
system. The number of GIC neutral values to be calculated is
not consistent across each zone, therefore some zones could
require more accuracy than others.

It was also seen that some zones require more measurements
than others to acquire the same amount of precision, and vice
versa. The right mix of the number of measurements within
each zone should be found. Then, the optimal number of zones
within the footprint of Texas, based on the number of GIC
neutral values needed, could be obtained.

Estimating the electric field using GIC measurements could
also be used to verify conductivity maps. This would require
magnetometer and GIC neutral measurements within a real
GMD event. An estimated conductivity map could be produced

by mapping the estimated electric field values (from the GIC
measurements) to the magnetic field from magnetometers. The
conductivity maps could then be compared to the estimated
conductivity map.
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