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ABSTRACT 

 

The electric power grid which interconnects generation sources, to the consumer 

ends is a combination of several power system components. Events such as geomagnetic 

disturbances (GMD) inflict damage on these components depending on their degree of 

severity. Hence, it is essential to obtain proper knowledge of the electric grid model for 

analyzing the vulnerable regions and accordingly devising mitigation strategies to improve 

grid resiliency, thereby minimizing the extent of losses. 

This thesis aims to effectively utilize actual historical and real-time data to enhance 

electric grid model knowledge by reconstructing GMD scenarios. Magnetic and electric 

field data used for the analysis are generated and calculated from Texas A&M 

Magnetometer Network (TAMUMN). Days of GMD activity (G2, G1) during the past 

year are selected to reconstruct events with similar data on a synthetically developed 

version of the Texas electric grid with 7000 bus network. Upon integrating the data to a 

simulated power system model, the impact of geomagnetically induced currents (GIC) can 

be determined. By performing certain power system analysis techniques, the most affected 

regions, magnitudes of maximum current at substations and the transmission lines with 

highest activity can be obtained. This is greatly useful for planning purposes and studies 

as it directs the user to focus on a specific section of the grid model and works toward 

strengthening it. 

A significant focus of the thesis is on data analysis, visualization, and interpretation 

of the causal data to enhance the user’s knowledge and familiarity with each dataset and 
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its differences for various levels of GMD activity. The resulting induced voltages on each 

transmission line of the system is calculated using TAMUMN data. The entire process is 

automated for all the events and sensitivity analysis is performed on the generated data to 

improve the situational awareness of a given electric grid model.  

The final sections of the thesis discuss the importance of the analysis on a given 

electric grid model and the future scope of improvement in areas of mathematical models 

for real-time data which can be followed by event detection and GIC monitoring using 

real time data for vulnerability assessment. 
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1. INTRODUCTION  

 

1.1. Background  

Electric energy generated at power plants, moves through a complex system, 

known as the electric grid, which is an interconnected network for electricity delivery from 

producers to consumers. It consists of essential components such as substations, 

transformers and power lines which span over large distances, connecting thousands of 

generation sources to hundreds of millions of electricity customers across the country. 

According to electric grid reliability standards, a power system should be able to deliver 

electricity to all points of consumption, without degradation or failure. To ensure reliable 

electricity supply, it is necessary to improve grid resiliency, primarily by generalizing the 

system and understanding its response to disturbances, secondly through the development 

of proper tools for event monitoring and management.[1][2] 

High impact low frequency (HILF) events such as geomagnetic storms [3][4] have 

negative repercussions [5] on the electric power grid. Such events are responsible for 

altering the Earth’s magnetic field which is in turn responsible for inducing electric fields 

into the grid [6]. High voltage bulk power transformers, including generator step-up and 

major substation step-down transformers, are critical assets within the grid, because of 

their large area of impact, cost, and time to replace [7]. For these systems, the effects of 

currents due to such geomagnetic disturbances (GMD) can include harmonic currents that 

can cause relays to trip equipment, fringing magnetic fields that can create heating in the 

transformer, increased reactive power consumption that can cause the system to collapse 
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due to voltage instability along with damaging customer equipment due to power quality 

disturbances [8]. History of occurrences of such GMD events can be traced back to the 

1940 event at Philadelphia Electric Company, which recorded strong reactive power 

swings and voltage surges throughout the electric grid [9]. The 1989 Hydro-Quebec GMD 

event at Canada, affected six million customers, who lost power for more than nine hours. 

Similar to this, the 2003 GMD event, cost the loss of a $450M research satellite at South 

Africa.  

The magnitude and direction of these fields depend on the storm, as well as the 

conductivity of the Earth, resulting in geomagnetically induced currents (GIC) [10]. They 

flow in the Earth and high voltage transmission lines, due to the lines’ low dc resistance, 

as well as metal piping, telecommunication cables and railway infrastructure. The 

presence of geoelectric fields in the power system induces the flow of such low frequency 

currents, (GICs) which have the potential to cause damage to majority of power system 

components such as transformers [11][12].   

This thesis focuses on achieving a reasonable understanding of the electric grid 

model to increase system awareness and remain prepared in the events of geomagnetic 

disturbances where assets and customers are at a greater risk of damage and loss of 

electricity. Existence of magnetic field data and electric grid model is utilized here to gain 

system knowledge and determine the most vulnerable regions, hence, increasing the 

efficiency of the analysis by redirecting the user’s attention towards a small fraction of the 

entire grid. Throughout this work, historical and real-time data is extracted, pre-processed, 

and visualized using multiple paradigms. Integrating data to power system helps to 
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recreate the actual scenario, which serves as an environment for analysis and monitoring 

purposes. 

 

1.2. Existing Research and Current Challenges 

Previous research has focused on analyzing GMD events and performing 

simulations to enable real time measurement and monitoring of these events [13]. A large 

fraction of this work uses emulated sensor measurements for magnetic field data [14]. 

There have been several approaches to develop ground models for determining the electric 

field of a region. So far, for most power system studies, typically a uniform conductivity 

model, or a layered 1D model with different conductivity values at different depths, have 

been used [15][16]. The geophysics literature describes other more detailed methods of 

calculating electric fields. One of them is using the electromagnetic transfer functions 

(EMTFs) approach that represents the 3D conductivity response of the Earth [17].  

This thesis focuses on using recently created EPRI (Electric Power Research 

Institute) ground conductivity models, which are based on 1D transfer functions that differ 

across regions. Updated 1D regional boundaries of different states based on regional 

averages of local empirical transfer functions is documented by EPRI. Further, actual 

measurements of magnetic field data, captured by four sparsely located magnetometers of 

Texas A&M Magnetometer Network (TAMUMN) is extracted and mapped to all power 

system components in the electric grid, located within a certain spatial range of the latitude 

and longitude considerations for developing the GMD case scenarios. A synthetic version 
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of the electric grid model of Texas, developed with a 7000-bus design is augmented for 

this research.  

Studying the effects of GMD on the electric grid using NERC (North American 

Electric Reliability Corporation) benchmark events has been dealt in several previous 

works with the aim of creating the worst-case scenario of GMD on the electric grid model 

[18][19]. Although this approximation can be useful to set a threshold on the power system 

values and the GIC current limits [20], it often overestimates or produces a result of 

extrapolated values. This is not particularly useful to identify elements such as 

transmission lines and transformers which are in the verge of vulnerability and have 

sufficient tolerances for only a certain specific range of values. Hence it is essential that 

the system be tested with the exact data that affected it in the past, to understand the trends 

in the system. 

Accessing magnetic field data for each location can be further enhanced with 

greater number of magnetometers [21], which will shorten the range for assumptions of 

magnetic field over large landscapes. Integrating data with a power system software tool 

has few challenges that cannot be generalized and depends on the format of each data, 

range of values and its dimensions. Much of the initial section is spent on pre-processing 

sensor generated magnetic field and electric field data resulting from applying ground 

models to the former [22].  
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1.3. Thesis Organization 

The main contribution of the work done in the thesis is to leverage existing data 

for understanding the electric grid model’s behavior during events of disturbances. This 

document is divided overall into three major sections, which describes the workflow 

undertaken. Employing data analysis metrics and visualization for a huge data set to 

reconstruct scenarios for power system analysis on the electric grid is a holistic approach 

for improving its situational awareness. All the sections add value and scope to future 

scalability, for incorporating larger scenarios. Each section below summarizes the segment 

of work involved in a brief sense. 

The initial section is on data preprocessing and visualization which considers 

magnetic field data corresponding to all days of activity, preprocessing, detecting outliers, 

and developing real-time visualization. Further, a comparison of plots from all sources of 

TAMUMN for different scenarios is also performed and a geographical plot for the spatial 

distribution of the electric and magnetic field is obtained. This also validates the ground 

model configurations used [15]. 

The next section deals with electric grid modeling and power system analysis on 

the synthetic grid model using the data. This serves as a testbed to integrate real-time data 

for evaluating all the scenarios under consideration. This also provides an overview of the 

regions which are always at a larger risk of damage due to the events, suggesting possible 

remedial action schemes [23]. Different GMD scenarios are constructed, and the resultant 

GIC currents are analyzed. 
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 To work on strengthening the situational awareness of the system, vulnerability 

assessment of the areas is enhanced by developing sensitivity analysis for the selected and 

most affected transformers. This determines the proximity of the most affected branches 

and performs calculations to evaluate the impact of GIC currents [24], concluding the final 

section. A quick summary of each of the chapters is listed below. 

Chapter 2 navigates through the preliminary tasks done on the magnetic field data. 

This includes providing a brief overview on the location and existence of local 

(TAMUMN) magnetometers and its comparison with few other closely located 

magnetometers. Further, the description of the GMD events, that are reconstructed for 

analysis, is elaborated. This chapter addresses major topics done with the data such as 

visualization and statistical analysis. 

The need for electric field, as a primary data to effectively demonstrate the GIC 

analysis is discussed in Chapter 3. Here, the focus is on different ground models and its 

usage to calculate resultant electric fields. The scope is extended to develop visualization 

for different electric field plots, to compare multiple magnetometers and ground models 

for all the scenarios under consideration. 

In Chapter 4, the discussion is routed towards building the grid model. A synthetic 

version of the actual Texas electric grid model is originally developed as a 7000-bus 

system. The addition of synthetic substation grounding resistances, transformer 

configurations and relevant power system parameters to the grid model is elaborated here. 

A larger part of this chapter is devoted towards the issue of reconstructing a GMD scenario 

and its extension for all the cases. 
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Chapter 5 deals with performing GIC sensitivity analysis on the electric grid model 

developed for all the cases. This is done to deliver results on the most affected transformer, 

its metrics, and the vulnerable regions in the grid. A summary and contribution of this 

work and future directions are discussed in Chapter 6. 
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2. MAGNETIC FIELD DATA*

This chapter focuses on illustrating and interpreting the magnetic field data 

obtained from the Texas A&M Magnetometer Network (TAMUMN). Data correlation, 

statistical analysis and visualization is elaborated here. 

2.1. Texas A&M Magnetometer Network (TAMUMN) 

The Texas A&M Magnetometer Network (TAMUMN) captures the magnetic field 

at specific locations, as shown in Fig 2.1. The installations consist of a magnetic field 

sensor, data acquisition and transmission unit, and a solar power system. This data is 

recorded at a cadence of 1 Hz and transmitted in real time (latency < 10 ms) to a data 

center (server) at TAMU, for the purposes of display, access, and archiving [25]. 

Figure 2.1 Texas A&M Magnetometer Network Locations: Amarillo (AMR), 

Beaumont (BMT), Beeville (BVL), Overton (OVR), RELLIS (RLS), and 

Stephenville (STP). Odessa (ODS) station in Far West Texas was installed under a 

prior project; its data will be added to the TAMUMN shortly [25].  

*Parts of this section are reprinted, with permission from K. S. Shetye et al., "Development 

and Electric Grid Applications of a Magnetometer Network," in IEEE Open Access Journal 

of Power and Energy, vol. 8, pp. 77-84, 2021, doi: 10.1109/OAJPE.2021.3054396 
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In selecting the sites for the six magnetometers of TAMUMN, the idea was to 

distribute them across the state of Texas for maximum coverage. Another consideration 

was to locate them close to at least some existing GIC monitors. According to previous 

studies [26], a magnetometer should be located reasonably close to a substation for the 

calculated geoelectric field (and hence GIC) to be close to the actual field at the substation. 

Determining how close they need to be is one of the goals of the research for which this 

data is being collected. Considering all these factors, the magnetometers were sited at 

some of the Texas A&M AgriLife campus locations, that are present throughout Texas. 

These locations are Amarillo (AMR), Beaumont (BMT), Beeville (BVL), Overton (OVR), 

and Stephenville (STP). The sixth magnetometer is at the RELLIS (RLS) campus in 

College Station, TX and is also where the server and all the data is hosted. Fig 2.1 shows 

all these magnetometers, with a seventh in far west Texas shown in blue representing an 

older (currently offline) installation done by the institute. Work is ongoing to upgrade this 

station and add its data to the TAMUMN, to improve estimation of the geoelectric field 

across Texas. 

2.2. GMD Description and Days of Activity 

Days of geomagnetic activity throughout the past year are obtained from the 

National oceanic and atmospheric administration (NOAA) [27][28]. Fig 2.2 represents the 

geomagnetic activity chart downloaded from NOAA for a period of 15 days. Days of G1 

and G2 level activity are taken under consideration and the magnetic field data (B field) 

obtained from Texas A&M Magnetometer Network (TAMUMN) corresponding to these 
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days is preconditioned and visualized. The level of activity is defined according to space 

weather prediction (SWPC) standards which justifies the nature of geomagnetic storms 

based on the ‘Kp Index’ parameter [29]. When the Kp Index is 5, the event is classified as 

a ‘G1 event’ which can impact the power system to experience minor power grid 

fluctuations. Events with Kp Index as 6 are categorized as ‘G2’ level storms. In this 

situation, high latitude power systems may experience voltage alarms, long duration 

storms may even cause transformer damage. 

 

Figure 2.2 Sample geomagnetic activity chart, downloaded from NOAA [33]. 

 

Days of geomagnetic activity observed during the past year, that are reconstructed 

using the similar magnetic field data are on 09/28/2020 (G2 event), 10/23/2020 (G1 event) 

and for comparison purposes, a quiet day without any geomagnetic activity is considered 
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on 10/09/2020. The upcoming sections deals with analysis techniques on the magnetic 

field data for each of the scenarios. 

 

2.3. Data Specifications 

        Magnetic field data captured by TAMUMN is streamed online to a secure website 

which stores the data, downloadable in a CSV format, with a 1 second resolution. The 

historical record is available from the time of installation and is downloaded for the 

required days of observation. Initial preprocessing is performed on the data to generate 10 

seconds spaced magnetic field data along the three axes of the magnetometers, Bx, By and 

Bz. Data generated by Amarillo, Beaumont, Beeville, and Stephenville magnetometers 

out of the TAMUMN are utilized for all the analysis purposes. Historical and real-time 

data visualization is performed. Prior to any statistical and graphical analysis, the data is 

also observed for any outliers which are identified and eliminated from the dataset. For 

further validation, magnetic field data of three USGS (United States Geological Survey) 

observatories are obtained from Intermagnet database [30] and preprocessed to match the 

format of the local TAMUMN data for correlation purposes. A flowchart depicted in Fig 

2.3 summarizes the process and relationship of TAMUMN magnetometers for potential 

power system monitoring, control, and analysis. 
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Figure 2.3 Flowchart describing software and hardware setup for magnetometers 

[25]. 

 

2.4. Visualizations 

           The initial step towards reconstructing GMD scenarios is to understand and 

familiarize with the causal data. Several plots are developed for visualizing the historical 

magnetic field data of TAMUMN devices. A common pattern is observed based on the 

magnitudes of the spread of the data. In the underlying subsections, the distribution of the 

data over the entire day is visualized to observe the trends and deviations from the assumed 

hypothesis of the events. 
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2.4.1. Magnetic Field (B field) Visualizations of TAMUMN for Different Events 

The three events of G1, G2 and a normal day is considered, and the respective B 

field data obtained across all the TAMUMN devices is plotted on a single graph. Fig 2.4, 

2.5 and 2.6 displays the variation of B field throughout each day for different events. 

Along the vertical axis is the B field captured by TAMUMN in nT. The scale along the 

horizontal axis shows the variation of time within a day in the 24-hour format of HH: MM: 

SS. To avoid crowding of all points on the horizontal axis, every 1000 points is chosen for 

display, hence showing few time points. 

 

Figure 2.4 B field across TAMUMN devices during a G2 event. 
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Figure 2.5 B field across TAMUMN devices during a G1 event. 

 

 

Figure 2.6 B field across TAMUMN devices during a quiet day. 
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           A general observation from the graphs above is that all the lines indicating the B 

field values of magnetometers show a common overall pattern. The B field values varies 

within 1600nT for the stations recording the least (AMR) and the maximum value (STP). 

This small change between the ranges can be attributed to the differences in the location 

and geographical coordinates. BVL, BMT, and STP have the ranges of latitude and 

longitude between 28°- 30° and 95°-98° respectively, however AMR has coordinates of 

35° (latitude) and 103° (longitude). The relative difference in its spatial location, is clearly 

visible on Fig 2.1. This could be a possible cause for the minor differences in the scale of 

B field values of AMR with the others. Greater presence of peaks in the graphs are 

observed during a G2 event than a normal day, which exhibits relatively flat lines. Plots 

for G1 event shows deviations from the flat line, towards the end of the day, indicating 

the occurrence of a minor geomagnetic activity. The existence of peaks and valleys in G2 

and G1 plots proves the presence of a differential of the B field. This plot gives an insight 

on the electric field which theoretically is a derivative of the magnetic field, depending on 

the ground models, specific to a location. Hence, TAMUMN sensor data visualization 

projects the magnetic field in different events, directing towards further investigation. 
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Figure 2.7 Histogram for G2 and G1 event. 

 

Fig 2.7 depicts the frequency of distribution of the B field data, of BVL. For all 

time points of observation, the y axis takes in the counts of the B field measurement in nT, 

which is displayed along the horizontal axis. The insights obtained from the graph is that 

a higher occurrence of B field values within the range of 23760- 23840 nT during a G2 

day, and between 23650-23700 nT during a G1 day is observed. The information captured 

from this histogram is to leverage the spread of data over a wide range of values for further 

calculations. This proves that G2 event which is characterized by frequent existence of 

peaks have greater occurrences of higher magnitudes of B field data. 
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2.4.2. Event Based Magnetometer B Field Comparison. 

            To visualize the response of a single magnetometer during all the events, plots of 

the B field for each magnetometer is created in Fig 2.8 and Fig 2.9. Since similar 

information is conveyed by all TAMUMN magnetometers, only the plots at the stations 

Amarillo and Beeville are shown. Clearly the range of values captured by both the 

TAMUMN devices, Amarillo, and Beeville, have a small difference for similar events. 

This is observed by the limits of the vertical axis on both the graphs. The information 

extracted from these graphs is based on observation that. G2 and G1 events are 

characterized by a peak or drop in the B field, indicating frequent changes in the values 

from an assumed steady state level. Minor variations in the B field of a normal day does 

not account for any established event. Since GMD activities occur during certain intervals 

of a day, these graphs can also be used as an indicator to trace the periods of such 

occurrences and estimate the impact levels. 
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Figure 2.8 B field variation across TAMUMN Amarillo for all events considered. 

 

 

Figure 2.9 B field variation across TAMUMN Beeville for all the events considered. 
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2.4.3. Real-Time Visualization 

The data from each station of TAMUMN is streamed online, which is queried 

every second using a script written in Python language that runs in real time and converts 

it to JSON format [31].  A dashboard is developed using the Open-Source tool Grafana 

[32] which receives magnetic field data as an input, with values updated every second to 

display a time-varying graph. Small- and large-time frames can be chosen using the 

interface, to view real-time variations in the magnetic field over the Texas footprint. Fig 

2.10 visualizes multiple data streams i.e., data from five magnetometers namely AMR 

(Amarillo), BMT (Beaumont), BVL (Beeville), OVR (Overton) and RLS (RELLIS). A 

snapshot for the time frame of an entire day is captured from the website (Grafana) for the 

sake of displaying here. The figure consists of the magnetic field along the horizontal 

direction (Bx) and the vertical direction (By) captured by the five devices in the upper half 

and lower half sections of the graph, respectively. The horizontal axis keeps changing 

according to the time at a given instant and the vertical axis provides the corresponding 

magnitude of the magnetic field in nT. The purpose of such a real-time visualization is to 

demonstrate the magnetic field value at any selected periods of time. On the right of each 

graph, statistics on the magnetic field values are displayed for each of the TAMUMN 

devices used in the visualization chart. The visualization is dated on 05/26/2021, during 

when a G1 event was observed. The limits and ranges of the magnetic field Bx and By 

differs according to the inherent characteristics of the magnetic north and magnetic east 

components of the Earth respectively. The change in the magnetic field is depicted by the 
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deviations in the graph, from a steady value, which can be attributed to the presence of a 

GMD event, that causes a change in the Earth’s magnetic field. 

 

Figure 2.10 Real-time visualization of B field data of TAMUMN devices, taken over 

a snapshot of a single day during G1 activity. 

 

 

2.5. Correlation Analysis 

2.5.1. Description 

Correlation analysis is a statistical method used to evaluate the relationship 

between two quantitative variables, where results are assigned numerical values between 

-1 and 1. A high correlation means that two or more variables have a strong relationship 
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with each other. Meanwhile a weak correlation indicates that the variables are hardly 

related. In [33] correlation is performed between magnetic field data of different 

observatories, which reveals the evolution of the B field over the Earth’s surface, during 

a storm. Here, the closest magnetometers to the transformer neutral GIC measurements of 

interest were over 800 miles away and approximations using interpolation were made to 

perform model validation. 

Here, correlation analysis is used to assess the closeness of magnetic field data 

obtained from the TAMUMN magnetometers. In addition, data from a few other 

magnetometers installed across the US, as depicted by the green pins in Fig 2.11, are also 

analyzed.  

 

Figure 2.11 US Magnetometers used in correlation analysis along with TAMUMN. 

FRN: Fresno, BOU: Boulder, FRD: Fredericksburg [25]. 

 

These are USGS observatories namely, 1) Fresno (FRN), 2) Boulder (BOU), 3) 

Fredericksbrug (FRD) [34]. This is done to further test the validity and quality of the 

TAMUMN data on a wider scale, compared to existing magnetic observatory quality data, 

and to investigate local anomalies, if any. The analysis is done on the 10-second magnetic 
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field measurements over a 24-hr period using the Pearson’s correlation coefficient, which 

is the covariance of the two variables divided by the product of their standard deviations. 

Consider X and Y as random variables which indicate the x-component of the magnetic 

field at two different stations. Since all the three components of magnetic field show 

similarity in data, the x-component is chosen as it represents the geomagnetic north. This 

is usually defined as the direction that the local field points in the horizontal plane, either 

on average or on a “quiet” day when there is short time scale (< 1 day) variation. The 

equation for the coefficient is given by, 

𝜌𝑥,𝑦 =
cov(𝑥,𝑦)

𝜎𝑥𝜎𝑦
 ----[2.1] 

Here 𝜎𝑥𝜎𝑦 pertains to the product of standard deviation of the entire data for both the 

stations selected. The covariance between the stations is divided by this value. 

 

2.5.2. Procedure and Results 

Magnetic field data for other stations BOU (Boulder), FRD (Fredericksburg), 

FRN(Fresno) is obtained in an encrypted format from the Intermagnet database [38]. 

Initial preprocessing is performed on this raw data to match its format to that obtained 

from TAMUMN servers (AMT, BMT, BVL, STP) for performing correlation analysis 

during all the GMD events. By generating the overall dataset for similar timepoints, a line 

plot, comprising all the stations is initially plotted. Upon obtaining the differences in the 

line plots for all the magnetometer readings, the magnetic field data is detrended for all 

values. A larger deviation between plots for different magnetometers is eliminated by 
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detrending successive values. A boxplot is then created, which specifies the outliers 

among the data. Correlation analysis is now performed by keeping and eliminating the 

outliers depicted in the boxplots. This shows that all the devices capture the outliers in the 

same trend and validates measurements across multiple magnetometers.  

Fig 2.12 depicts the original distribution of the B field data from all the stations 

for a G2 event. Since this does not provide an accurate idea on the occurrences of peaks, 

the detrended graph as shown in Fig 2.13 explains all the variations within a conceivable 

vertical axis limit. For values exceeding beyond 1.5 times the interquartile range, points 

are eliminated from the overall dataset. The distribution of points is determined by the 

boxplot shown in Fig 2.14. Points exceeding the upper and lower limits are shown by 

black dots that do not fall between the horizontal bars of the graph. 

 

Figure 2.12 B field data from all the stations for a G2 event. 
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Figure 2.13 Detrended value of B field data from all the stations for a G2 event. 

 

 

Figure 2.14 Boxplot depicting the presence of outliers beyond the interquartile 

range. 

 

After all the specified modifications to the dataset, correlation is now performed 

using the equation provided in (2.1). A general observed fact is that the strength of 

correlation decreases with the level of GMD activity. The correlation matrix for a G2 level 
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event is shown in Fig 2.15 and a heatmap to visualize this metric is shown in Fig 2.16. It 

can be observed that a higher correlation exists between most of the local TAMUMN 

stations (> 0.6) on all days of activity and they are also well correlated with most of the 

other stations (>0.5), with some interesting exceptions. When two variables are correlated, 

the relative changes in their values appear to be linked. All correlations are positive, 

indicating that the change in values among all the stations lies in the same direction. In the 

presence of a geomagnetic disturbance of a higher magnitude, such as a G2 event, few 

deviations are observed in the correlations among the stations, in comparison to a G1 and 

quiet day. This hypothesis stems from the fact that GMD events typically cover a wide 

area, such as on the continental scale. The similar procedure is performed on the dataset 

for the G1 event and a heatmap depicting its correlation matrix is shown in Fig 2.17. 

Similarly, Fig 2.18 depicts the correlation among all stations during a quiet day. 

 

Figure 2.15 Correlation matrix among all stations for a G2 event. 
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Figure 2.16 Correlation between TAMUMN and other magnetometers during a G2 

event (09/28/2020). 

 

 

Figure 2.17 Correlation between TAMUMN and other magnetometers during a G1 

event (10/23/2020). 
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Figure 2.18 Correlation between TAMUMN and other magnetometers during a 

quiet day (10/09/2020). 

 

From the above heatmaps indicating correlation among different stations, it can be 

observed that on a G1 day with relatively lower activity levels, all stations stay correlated 

with a higher magnitude. The four TAMUMN magnetometers, match each other with dark 

blue shades, indicating higher magnitudes of correlation, all of which are greater than 0.76. 

Further, the correlation with other stations too shows good results. The lowest value that 

can be inferred from the matrix forming the heatmap for a G2 event, shown in Fig 2.16 is 

0.12, between FRD and FRN which explains the correlation of distantly located station at 

both the ends of the map. On comparing Fig 2.16 and 2.17, it is evident that the B field 

values are strongly correlated with a higher magnitude during G1 event than a G2 event 

with the lowermost limit of correlation being 0.5. Correlation between most of the stations 

is maximum on a quiet day, as observed in Fig 2.18 in comparison to other days. A quiet 
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day is characterized by no observable activity on the GMD scale, hence eliminating any 

regional variation. This gives an idea on the general dependance of correlation coefficient 

in the absence of an event. Further several other statistical techniques can be implemented 

as future works to handle exceptions of the case. 

 

2.6. ANOVA 

To compare different sets of magnetometer data obtained from all TAMUMN 

sensors, a statistical approach, known as ANOVA (analysis of variance) is used to analyze 

the differences among the means of different forms of data used for the measurement. The 

ANOVA test is performed on Minitab software [35]. Data from all TAMUMN sensors are 

compared for the three different scenarios of a G2, G1 events and a quiet day, to obtain 

conclusive results on validating the nature of the ANOVA model and the uniqueness of 

the data from each sensor. ANOVA test is generally performed to validate multiple 

measurements from different sensors for the same quantity. The results for a G2 event is 

shown in Fig 2.19 and similar observations are found for the other scenarios. Model 

summary and Tukey pairwise comparison is depicted in Fig 2.19 and Fig 2.20. 
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Figure 2.19 ANOVA model summary. 

 

 

Figure 2.20 Tukey pairwise comparison description. 

 

S represents the standard deviation of the distance between data values and the 

fitted values. Hence a lower value of S suggests larger validity on the description of the 

response by the model. Comparing the S values of all three scenarios, it explains that the 

ANOVA model used for predicting works better with all the available data. The P value 

of the ANOVA test has a value lower than the significance level. This is used to provide 

a conclusion on the nature of all the different sensor variations. The value demonstrates 
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that all data are significantly different. Technically, this highlights that that the magnetic 

field data obtained from sensors differ and do not qualify for null hypothesis. The null 

hypothesis in ANOVA explains that there is no difference in means. The research or 

alternative hypothesis is always that the means are not all equal. Fig 2.21 shows the Tukey 

pairwise comparison plot including all data points of the TAMUMN sensors. 

 

Figure 2.21 Tukey pairwise comparison plot. 

 

While the results of a one-way ANOVA will indicate if there is a main effect of 

the explanatory variable, the initial results will not provide information on which groups 

are different from one another. In order to determine which groups are different from one 

another, a post-hoc test is needed. Post-hoc tests are conducted after a one-way ANOVA 

to determine which groups differ from each another. There are many different post-hoc 

analyses that could be performed following a one-way ANOVA. If the ANOVA leads to 

an evidence that the group means differ, it leads to the direction on investigating which of 
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the means are different. This is where the Tukey multiple comparison test is used. The test 

compares the differences between each pair of means with appropriate adjustment for the 

multiple testing. The results are presented as a matrix showing the result for each pair, 

either as a P-value or as a confidence interval. The Tukey multiple comparison test, like 

both the t-test and ANOVA, assumes that the data from the different groups come from 

populations where the observations have a normal distribution, and the standard deviation 

is the same for each group.  

With respect to ANOVA, it is necessary that the pairwise comparison intersect the 

0 line to show that they qualify for the null hypothesis (or rather their means are similar), 

else the hypothesis is discarded, and eventually, all the data is categorized into 

different groups. This confirms the reason for the data from each of the TAMUMN 

magnetometers to be categorized into four different groups by the Tukey comparison. 
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3. ELECTRIC FIELD DATA 

 

The focus of this chapter is on extracting information from the electric field data 

and establishing its relation to the sensor generated magnetic field values. Background 

knowledge on ground models is provided here. Visualizations developed are illustrated to 

indicate the differences among multiple ground models and magnetometers. 

 

3.1. Ground Models 

Geoelectric field induction has a strong dependence on deep Earth geology. The 

accuracy of Earth conductivity models is an essential factor that determines how well 

geomagnetically induced currents are estimated for hazard mitigation in planning and 

operations [15]. Since the electric field obtained is location specific, the Earth’s response 

in each region must be described. 

The three commonly used descriptions of Earth’s response, increasing in 

complexity and local accuracy may be thought of in a three “layer” paradigm, as follows 

[16]:  

• Conductivity (beta) scaling factors  

• Regional 1D conductivity models  

• Use of empirical 2x2 impedance tensors of horizontal geoelectric field response 

to magnetic field fluctuations also referred to as “three-dimensional” (3D) tensors 

or EMTFs.  
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Recent research focuses on using updated 1D models which are based on regional 

averages of local empirical transfer functions EMTF rather than the conductivity versus 

depth format that is used when derived from geologic models [16]. To investigate the 

electric field induced in a region due to changes in magnetic field, the ground response of 

the specific region is taken into consideration.  

Several methods exist to describe Earth’s response (conductivity) to the electric 

field. Previous works of authors focuses on using regional 1D and 3D conductivity versus 

depth format derived from traditional geologic Earth models [36]. In these approaches, 

resistivity values are obtained at varying depths according to the frequency of operation, 

which is in turn used to calculate the resulting electric field in each region. In this method, 

for each frequency of operation, the surface impedance which depends on the Earth’s 

conductivity, is recursively calculated for each layer. The final set of surface impedance 

values represent the transfer function of Earth relating the electric and magnetic fields. 

Updated 1D regional boundaries of different states based on regional averages of 

local empirical transfer functions documented by EPRI [17] is represented in Fig 3.1. 

Region 17 covers a large portion of Texas, hence ground parameters of this area is taken 

for calculation purposes. In the 3D model, ground response is represented by 2X2 

impedance tensors. This is empirically based and calculated after repeated measurements 

of electric field responses to the magnetic field driver and is used to create a set of 

Electromagnetic Transfer Functions (EMTFs).  The goal of this work is to calculate the 

geomagnetically induced current (GIC) values in Texas footprint using the calculated 

electric field on the synthetic electric grid model. 
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Figure 3.1 Updated 1D regional boundaries of different states documented by EPRI 

[15]. 

 

3.2. Electric Field Visualization 

3.2.1. Geoplot 

To visualize the spatial distribution of electric field, at a given instance of time, the 

data for the overall electric field in V/km for each point in the state of Texas, is obtained 

from the extended TAMUMN server [22]. The data, which is available in JSON format, 

specifies electric (E) field in the east and north directions for all geographical coordinates. 

A geoplot is developed using this data which depicts the spread of E field values, taking 

the ground model distribution format. Geoplot is a high-level Python geospatial plotting 

library, which takes a shape file of the region on which the data must be visualized and 

develops the plot according to user specifications. In this case, since the E field contour 

across the TX area is required to be visualized, a shape file (.shp) of the TX region is 

downloaded and extracted to a Python script which is developed to include all aspects of 

visualization. Here the E field data is provided, and the script develops a scatter point 
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contour across the entire region, depending on the magnitude intensity. The plot is shown 

in Fig 3.2, where the vertical and horizontal axis represents the information for the 

longitude and latitude, respectively. The geoplot in Fig 3.2 is based on the observations 

taken on a normal day, hence the magnitudes of E field do not show any interesting 

observation however the ranges of the values in each region, takes shape of the ground 

conductivity models as depicted in Fig 3.1. Since it is a quiet day, the magnetic field data 

does not demonstrate any pattern which varies in magnitude or location, this provides a 

relatively constant range of E field values over the entire region. The electric field data 

now calculated is solely influenced by the ground response; hence validating the 

authenticity of TAMUMN data to the region’s ground response. 

 

Figure 3.2 Geoplot on Texas region provides distribution of E field intensity. 
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3.2.2. Electric field (E Field) Visualizations of TAMUMN for Different Events 

The three events of G2, G1 and a quiet day is considered, and the respective E 

field data obtained across all the TAMUMN devices is plotted on a single graph. Fig 3.3, 

3.4 and 3.5 displays the variation of E field throughout each day for different events. The 

scale along the x axis shows the variation of time within a day in the 24-hour format of 

HH: MM: SS. To avoid crowding of all points on the horizontal axis, every 1000 points is 

chosen for display, hence showing few time points. 

Along the vertical axis, is the E field obtained by using the EPRI ground model on 

the B field data for different days of GMD activity. The horizontal axis describes the hour-

based duration of the day. The E field data directly influences the existence of GIC 

currents across the region for the specific intervals. All the three figures have similar scales 

of axis for comparison purposes. This provides information on the occurrences of peaks 

during G2 events, at a greater frequency relative to a G1 event and a quiet day. The E field 

data is equivalent to the differential of the B field data, along with the ground models taken 

into consideration. Fig 3.3 exhibits large overshoots, justifying a G2 event with sudden 

surges which are responsible to cause adverse effects, including increase in current flow 

in the power grid. Fig 3.4 and 3.5 shows a similarity in the E field of Beaumont and 

Beeville, following a common trend and likewise, E field of Amarillo and Stephenville, 

exhibiting a common pattern. This observation can be attributed to the nature of ground 

models shared by the TAMUMN magnetometers. 



 

37 

 

 

Figure 3.3 E field across TAMUMN devices during a G2 event. 

 

 

Figure 3.4 E field across TAMUMN devices during a G1 event. 
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Figure 3.5 E field across TAMUMN during a quiet day. 

 

3.2.3. Comparing USGS and EPRI Ground Models. 

Since geoelectric field induction is strongly dependent on deep Earth geology, any 

estimation on the consequences of GIC must characterize the ground response in some 

way. Previously used USGS models employ a conductivity vs depth format to calculate 

the ground response of a region [16]. The EPRI model employed in the work done here, 

derives a frequency dependent surface impedance from the above ground model format. 

These parameters are also known as Regional Transfer Functions (RTF) are based on 

regional averages of local empirical EMTF. This provides an estimate of Z(w), which is 

the Earth’s surface impedance, responsible for calculating the ground response in the 1D 

model. 
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Summarizing the comparisons, both the USGS and EPRI models are 1D ground 

conductivity models, however the EPRI model of ground response uses the updated 

regional averaged transfer functions of ground response for contiguous US. 

As described previously, the trends captured by Amarillo and Stephenville 

matches on all events, validating the similarity in ground models. Fig 3.6, Fig 3.7, and Fig 

3.8 depicts the commonalities in the behavior of both the USGS and EPRI models.  

 

 

Figure 3.6 Comparison of E field between EPRI and USGS models for a G2 event 

(09/28). 
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Figure 3.7 Comparison of E field between EPRI and USGS models for a G1 event 

(10/23). 
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Figure 3.8 Comparison of E field between EPRI and USGS models on a quiet day 

(10/09). 

 

Fig 3.8 shown above displays the comparison of the E field obtained on using both 

the models for a non-GMD event. This is characterized by relatively flat lines and 

elimination of sudden peaks. The trend is very similar to that of a G1 event as shown in 

Fig 3.7. Fig 3.8 depicting a GMD event shows a completely different trend with the 

inclusion of frequent variations from the steady state. 
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4. GRID MODEL BUILDING 

 

This chapter focuses on augmenting the synthetic electric grid version built on 

Texas footprint, consisting of 7000 buses. With the modifications done to the network, it 

serves as a testbed for reconstructing the geomagnetic storm scenarios using the data, 

described in the previous sections. The procedures implemented to replicate the simulation 

of the scenarios is briefly described here. 

 

4.1. Addition of Substation Grounding Resistances 

To perform GIC studies on the TX 7000 bus case, the grounding resistances of 

several substations must be defined as they influence the value of GIC currents that flow 

across the transmission lines in the system. A probabilistic approach is taken for specifying 

the resistances of different substations. From [37], the percentage of spread of resistances 

across the entire power system can be justified, as depicted in Table 4.1. 

Table 4.1 Substation grounding resistances, statistics, and validation range [37]. 

Substation grounding 

resistance, Ω 

Percent (%) of 

substations, actual case 

Percent (%) of 

substations, validation 

range 

0.01 – 0.05 5.7 0 - 10 

0.06 – 0.10 13.8 5 – 20 

0.11 – 0.20 22.8 10 – 30 

0.21 – 0.50 29.5 15 – 40 

0.51 – 1.00 15.5 10 – 25 

1.01 – 5.00 12.3 5 – 20 

5.01 – 20.00 0.4 0 - 5 
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Using the values of substation grounding resistance as baseline, a Python script is 

developed to generate resistances within the range as provided in column 1 of Table 4.1, 

for the fraction of substations with respect to the overall count of the total substations. The 

addition of the substation grounding resistances is done to get a full range distribution of 

resistances across the entire region. This distribution is validated by creating a contour 

plot, according to the substation resistance magnitude throughout the region which is 

displayed in Fig 4.1. It is evident that a dominant portion of substation grounding 

resistances fall within the magnitude of (0-0.21) 𝛺, which is specified in Table 4.1. There 

is a sparse distribution among the other values. The legend for the map is accordingly 

developed and the plot shows all the variations. Fig 4.1 generates the impression that the 

density of distribution is not focused on any specific region and is randomly spread across 

the overall electric grid model, avoiding any biased results on further cascading 

calculations. 
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Figure 4.1 Distribution of Substation Grounding Resistances. 

 

4.2. Addition of Transformer Winding Configurations and Presence of 

Autotransformer 

The base case has entries for substation grounding resistances and several essential 

parameters, such as specifications for generators, buses and switched shunts which lay the 

foundation for the case. To perform GIC studies, it is necessary to include the winding 

configuration for all transformers. There is also the possibility for the existence of three 

winding transformers, which require explicit identification in the case. Further, 

autotransformer models are also added to the case. A statistical approach is taken to decide 

on the configuration of the transformer windings, some of which is derived from [37]. The 

most dominantly existing configuration for transformers in a power system is the wye-
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delta orientation with wye on the high voltage and delta on the low voltage side 

respectively. About 75% of the non-autotransformers are assumed to have the wye-delta 

configuration. Nearly 16% of the non-autotransformers have delta-wye configuration and 

the rest 9% are designed to have the wye-wye design. The delta-delta design is generally 

not preferred due to the absence of neutral point in the case of a 3 phase, 4 wire system.   

To design the considerations for classifying a given transformer as an 

autotransformer, the secondary voltage of the transformer is considered. A simple 

statistical approach is followed, according to which 75% of the total number of 

transformers whose secondary voltage is greater than 100kV are designed to be 

autotransformers and 25% of the total transformers with secondary voltage lesser than 

100kV are autotransformers. However, all the autotransformers are designed with a wye-

wye winding.  

The above conditions are coded in Python to generate CSV files on transformer 

specifications, which are added to the case for visualizing in PowerWorld software. Table 

4.2 provides the statistics on the distribution of autotransformers in the case. 

Total number of transformers in the case: 1677 

Total number of transformers where secondary voltage > 100kV = 313 

Total number of transformers where secondary voltage < 100kV = 1362 

Table 4.2 Statistics on autotransformers 

 Auto Transformers Non-Auto Transformers 

Secondary voltage > 100kV 234 79 

Secondary voltage < 100kV 340 1022 
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4.3. Series Voltage across Lines 

The electric field data for three events (G2, G1 and a quiet day) occurring on three 

different days (09/28/2020, 10/23/2020, 10/09/2020) that are obtained using the magnetic 

field data of four TAMUMN magnetometers are primarily utilized for the analysis. This 

data is recorded in the resolution of 10 seconds. The synthetic electric grid of Texas (TX 

7k) with a network of 7000 buses is considered for replicating all the three scenarios. GIC 

analysis is performed in the PowerWorld software [38]. The voltage drop at each branch, 

corresponding to the induced electric field for all timepoints is provided as an input to the 

software, for performing the GIC current calculations on all the transmission lines. The 

equation specified in (4.1) is used for calculating the voltage drop on each line. 

𝑉 = 𝐸𝑥𝐿𝑥 + 𝐸𝑦𝐿𝑦 ----(4.1) 

Here 𝐸𝑥 and 𝐸𝑦 refer to the induced electric field along the east and north 

directions, respectively. Based on the location of the branches, determined by their 

geographical coordinates, the data of the most closely located TAMUMN sensor for each 

branch is provided as the E field input. 𝐿𝑥 and 𝐿𝑦 is the length of the branch along the 

similar directions [23], the procedure for the calculations of which is described below.  

Considering a transmission line to span between substations A and B, Ly is the 

distance along the NS direction and Lx is the length of the transmission line along the 

East-West direction. Assuming a spherical Earth, the NS distance (Ly) is calculated from 

the difference in the latitude of the substations A and B. For calculating the EW distance 

(Lx), no direct relation exists since the lines of longitudes converge as they approach the 

pole. Hence it is necessary to consider the latitude of the substations while converting their 
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longitudinal separation into distance. 𝛥 𝑙𝑎𝑡 is the difference in latitude (degrees) between 

the substations A and B, as given in (4.2) 𝜙 is defined in (4.3) as the average of two 

latitudes. Similarly, 𝛥 𝑙𝑜𝑛𝑔 is the difference in longitudes (degrees) between the 

substations Using all the above parameters, the NS and EW distance can be empirically 

calculated according to (4.5) and (4.6). 

𝛥 𝑙𝑎𝑡 = 𝐿𝑎𝑡 𝐴 − 𝐿𝑎𝑡 𝐵-----(4.2) 

𝜙 =
𝐿𝑎𝑡 𝐴+𝐿𝑎𝑡 𝐵

2
-----(4.3) 

𝛥 𝑙𝑜𝑛𝑔 = 𝐿𝑜𝑛𝑔 𝐴 − 𝐿𝑜𝑛𝑔 𝐵-----(4.4) 

𝐿𝑦 = (111.133 − 0.56 cos(2𝜙)) 𝛥 𝑙𝑎𝑡----(4.5) 

𝐿𝑥 = (111.5065 − 0.1872 cos(2𝜙) ) 𝑐𝑜𝑠𝜙 𝛥𝑙𝑜𝑛𝑔  -----(4.6) 

 

For each branch in the TX 7k case, V is calculated using (4.1), with E field 

parameters obtained from closely located TAMUMN magnetometers, Lx and Ly as 

calculated from (4.5) and (4.6). This process of identifying the closely located TAMUMN 

device and performing the series voltage calculations for each branch is automated by 

developing a script in Python. On providing the series voltage as inputs to each branch, 

the GIC tool of PowerWorld software is run to calculate the geomagnetically induced 

currents at each branch. This is repeated for all scenarios and the summary of GIC currents 

along with their visualizations is shown below. 

Table 4.3 provides a summary of the GIC current ranges obtained on implementing 

the analysis using the data. The substation GIC currents are plotted in a Geographic Data 

View (GDV) format, which displays the magnitude of GIC currents across various 
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substations using a color contour, where the size of the substation scales according to the 

magnitude of the current. GDV plot is developed for all the three scenarios, using a 

common scale of reference. This helps to compare the magnitude of currents during events 

and determine the largely impacted regions in the electric grid model. There is a sharp 

difference in the magnitudes of the maximum transformer currents during the G2, G1 

events and a normal day. The substation currents similarly vary for both G2 and G1 events, 

which is at a different range in comparison to a normal day. However, in both G1 and G2 

events, the substations which experience the peaks of current during each event are not 

necessarily the same but belong to a common region in the electric grid model. 

  

Table 4.3 Summarizing GIC currents for different GMD scenarios. 

 Transformer Neutral 

Current (A) [min: max] 

Substation GIC Amps to 

Neutral Current (A) [min: 

max] 

 

G2 event (09/28/2020) [-1.05: 0.95] [-1.25: 1.63] 

G1 event (10/23/2020) [-0.421: 0.324] [-0.77: 0.5] 

Normal day (10/09/2020) [-0.247: 0.253] [-0.28: 0.36] 

 

The details of the vulnerable substations can be taken into consideration for 

planning purposes to develop mitigation strategies at each location such as installation of 

GIC blocking devices and designing transformer protection. Fig 4.2, Fig 4.3 and Fig 4.4 

depict the GDV plot for a G2 event, G1 event and a normal day respectively. The legend 

in the plot relates the scaling ratio specified for the input current. For instance a GIC 

current of 0.4 A is scaled to 120 times its actual size in the contour. 
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Figure 4.2  GDV plot of the TX 7k region for a G2 event, each box indicates a 

substation, and its size corresponds to the magnitude of GIC current. 

 

From the above figure, few substations such as San Perlita 3, Alice 5, 

Bloomington, and Corpus Christi are dominantly visible, explaining the existence of a 

higher value of GIC current at these regions during the G2 event. Several other substations 

share similar higher value, which is justified by scaled current value indicated by the 

rectangular boxes. 
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Figure 4.3 GDV plot of the TX 7k region for a G1 event, each box indicates a 

substation, and its size corresponds to the magnitude of GIC current. 
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Figure 4.4 GDV plot of the TX 7k region for a quiet day, each box indicates a 

substation, and its size corresponds to the magnitude of GIC current. 

 

From Fig 4.3, it is observable that few substations like Bulverde 6 and San Perlita 

3 have higher values of GIC current, indicated by the size of the rectangular boxes, 

however there are not many substations with higher values of current in comparison to a 

G2 event. The number of affected substations (with a higher value of GIC currents) remain 

to be effectively fewer in G1 than a G2 event. 

In contrast, Fig 4.4, depicting a normal day has a lower range of limits for the 

current value. Hence with the similar scale for all three figures, the only effective detail 

obtained from Fig 4.4 is that the behavior of the system on a quiet day is drastically 

different than that to a day with considerable GMD activity. The reasons for higher current 
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at a specific substation in comparison to others, can be attributed to several factors such 

as storm magnitude and direction, geographical location, or even the configurations of the 

components. Since, the cumulative factors cannot be decided based on such overall 

assumptions, this process of event reconstruction helps to identify all such regions 

involved. 

 

 

 

 

 

 



 

53 

 

5. SENSITIVITY ANALYSIS 

 

This chapter focuses on performing sensitivity analysis on the most affected 

transformers resulting out of the reconstruction of GMD scenarios. The outcome is to 

generate the extent of current flow on the transmission lines to the response of induced 

voltages. 

5.1. Identifying the Vulnerable Transformers 

Sensitivity analysis is performed to determine the effect of transformer currents on 

neighboring and closely affected branches [39][40]. The transformers with the largest 

values of effective GIC currents, during both G2 and G1 events are identified as severely 

affected devices. The primary step in the analysis is to identify the transformers with 

predominantly higher currents during both the scenarios. Table 5.1 and 5.2 provides the 

details on the transformer per phase effective GIC Amps during G2 and G1 events, 

respectively. 

Table 5.1 Per phase GIC effective currents of transformers on G2 event 

Bus Name High Bus Name Med 

Transformer Per Phase 

Effective GIC, Amps 

ALICE 5 1 ALICE 5 2 0.235 

SAN PERLITA 3 1 SAN PERLITA 3 3 0.204 

BLOOMINGTON 4 1 BLOOMINGTON 4 2 0.177 

BRUNI 3 1 BRUNI 3 3 0.154 

BAY CITY 3 1 BAY CITY 3 2 0.14 

BAY CITY 3 1 BAY CITY 3 2 0.14 

BRUNI 2 1 BRUNI 2 3 0.119 

 

Table 5.2 Per phase GIC effective currents of transformers on G1 event 

Bus Name High Bus Name Med 
Transformer Per Phase 

Effective GIC, Amps 
SAN PERLITA 3 1 SAN PERLITA 3 3 0.14 
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BULVERDE 6 1 BULVERDE 6 2 0.129 
BRUNI 3 1 BRUNI 3 3 0.119 

 

On evaluating the entries in Table 5.1 and 5.2, the transformers which are inflicted 

with a larger current in both the scenarios are considered as most vulnerable. Further, the 

entries common to both the tables are selected for being more prone to overall 

disturbances. Table 5.3 mentions all transformers selected out of the scenarios for the 

analysis. A label is used for each of the transformer to ease the detailing in the upcoming 

calculations. Fig 5.1 displays the geographical location for each of the transformer listed 

in Table 5.3. AT represents an autotransformer, 3WT stands for a three-winding 

transformer. 

Table 5.3 Description of transformers used for analysis. 

TRANSFORMER 

LABEL 

FROM BUS TO BUS VOLTAGE 

LEVEL (kV) 

Transformer A SAN PERLITA 3 1 SAN PERLITA 3 3 345/22 

Transformer B (AT) BULVERDE 6 2 BULVERDE 6 1 138/345 

Transformer C (AT) ALICE 5 1 ALICE 5 2 345/138 

Transformer D BRUNI 3 1 BRUNI 3 3 345/13.8 

Transformer E (3WT) BLOOMINGTON 4 1 BLOOMINGTON 4 2 

BLOOMINGTON 4 3 

138/13.8 
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Figure 5.1 Location of transformers used for sensitivity analysis. 

 

5.2. Sequence for Sensitivity Analysis 

For each of the transformer mentioned in Table 5.3, the analysis is sequentially 

performed where a 1V/km electric field is provided in the specified direction to the system, 

resulting in the creation of geomagnetically induced voltage. This causes the flow of 

currents in the transformer windings. Sensitivity Analysis performed, helps to determine 

the extent of the contribution (impact) on each of the lines for the given flow of effective 

current in the transformers. The sensitivity metric, dIeffective/ dVoltage, is defined as the 

ratio of the change in the transformer per phase effective current to the induced GMD 
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voltage. This metric has a value between -1:1 and it explains the amount of transformer 

effective GIC current that flows in a particular branch for a 1V assumed input of electric 

field due to GMD event. The sign indicates the direction of the current flow into the 

branches, while considering a standard from and to bus notation. Overall, the absolute 

magnitude is taken for analysis. 

Generally, for GIC analysis purposes, the convention commonly used is to 

consider the per phase current for transformers and transmission lines and the total three 

phase current for the substation neutral current.  𝐼𝐸𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒,𝑟 for a transformer, is the 

effective per phase current value that depends on the type of the transformer. For a 

grounded wye-delta transformer, it is the current in the grounded winding, which is 

generally the higher voltage end, whereas for an autotransformer the effective current 

depends on the sum of the currents going into both the coils, taking the transformer’s 

winding ratio into account. This value serves as the metric for classifying the most 

vulnerable transformers among the scenarios. 

𝐼𝑚𝑎𝑥,𝑟 for a given transformer represents the absolute worst-case maximum 

𝐼𝐸𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒,𝑟 value for the given induced field condition. The standard chosen is a 1V/km 

electric field input and for different orientations of the electric field, the maximum current 

experienced by the transformer provides the above value. This quantifies, the maximum 

possible damage to the system for a specified condition. The number of lines contributing 

to certain percentages of the maximum current, helps to investigate the influence of the 

transmission lines and the extent of the spread of GICs across the region, by developing a 
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contour that assesses the distances of the regions experiencing the effect of the transformer 

currents. 

The value of 𝐼𝑚𝑎𝑥,𝑟 depends on the assumed direction of the field and its value is 

obtained on identifying the orientation of the field that produces the maximum value of 

effective current. However, the values of GIC differs significantly based on the location 

of the transformer. GICs are lower for transformer located in the interior of the network 

compared to those located on the edge since the former experience cancellation of GIC 

currents flowing into one side of the transformer’s substation. A metric is used to evaluate 

the relation of 𝐼𝐸𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒,𝑟 and 𝐼𝑚𝑎𝑥,𝑟 , independent of the magnitude of the electric field,  

𝛬𝑟 which is defined in (5.1) 

𝛬𝑟 =  
𝐼𝐸𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒,𝑟

𝐼𝑚𝑎𝑥,𝑟
 --- (5.1) 

Higher values of the above metric indicates that the transformers are closer to the network 

edge. Table 5.4 summarizes the results of the sensitivity analysis performed on all 

transformers listed in Table 5.3. 

Table 5.4 Sensitivity analysis results on transformers specified in Table 5.3. 

Transformer 

Name 

Transformer 

A 

Transformer 

B 

Transformer 

C 

Transformer 

D 

Transformer 

E 

𝐼𝑚𝑎𝑥,𝑟 (A) 5.549 (𝜃 =
60) 

4.978 (𝜃 =
90) 

20.966 (𝜃 =
84) 

7.515 (𝜃 =
90) 

5.861 (𝜃 =
90) 

Highest % 

contribution to 

𝐼𝑚𝑎𝑥,𝑟 by a 

line 

39.6 23.9 5.8 38.5 20.6 

No. of lines 

contributing to 

75% of 𝐼𝑚𝑎𝑥,𝑟 

 

 

151 155 224 137 315 
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Proximity of 

the 75% 

contributing 

lines 

17 – 54 km 8 – 46 km 2 – 30 km 8-149 km 3 – 35 km 

No. of lines 

contributing to 

90% of 𝐼𝑚𝑎𝑥,𝑟 

181 186 269 165 380 

𝐼𝐸𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒,𝑟 for 

a 0-degree, 1 

V/km electric 

field 

(A) 

(𝐼𝐸𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒,r0) 

2.967 2.427 2.232 2.471 2.471 

𝛬𝑟0 =   
𝐼𝐸𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒, r0/ 

𝐼𝑚𝑎𝑥,𝑟 

0.5346 0.487 0.1064 0.3288 0.4216 

𝐼𝐸𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒,𝑟 for 

a 90-degree, 1 

V/km electric 

field 

(A) 

(𝐼𝐸𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒,r90) 

4.695 4.978 20.847 7.515 5.861 

 

It is observed that the most sensitive line for a particular transformer contributes 

to a higher percentage of the overall GICs. The table above indicates that out of all the 

existing transmission lines in the network, less than 3% of the total number of lines (9140 

branches) account for 95% of the GIC in most of the transformers. This ultimately means 

that while performing a GMD analysis, an accurate information of the GMD induced 

voltages on only a small subset of transmission lines would be sufficient. Some general 

observations from Table 5.4 are Transformer D has approximately 40% of its 𝐼𝐸𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒,𝑟 

contributed by a single line. This finding leverages further analysis to focus on this line 

and all nearby lines within the span of the proximity regions. A total of 165 lines has a 
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greater contribution to the total current amongst the 9140 lines. For a utility operator, this 

information is highly useful to monitor certain regions frequently and increase their 

resiliency in advance. Transformer E, on the other hand is a three winding transformer and 

hence has about 380 lines contributing to a larger fraction of its total effective current. 

This necessitates the fact that this transformer must be well prepared and contain 

installations such as GIC blocking devices in order to avoid negative repercussions on a 

larger fraction of transmission lines. Transformer B, which is an autotransformer, located 

in the middle of the network has fewer lines influencing its effective current, this can also 

be attributed to the cancellation of GIC currents from opposite networks into the 

transformer substation. 

Fig 5.2, Fig 5.3, Fig 5.4, Fig 5.5, and Fig 5.6 depict the sensitivity contours for 

Transformer A, B, C, D, and E, respectively. These figures illustrate the transmission line 

impacted by the GIC currents. The location of the transformer in these figures is indicated 

by a cyan oval shaped box. The red and blue colored regions indicate the branches 

contributing to 95% of sensitivity in both positive and negative directions, respectively. 

The lines which are least affected with very low sensitivity values are shown with a grey 

color scale. Branches having no contribution towards the GIC current, having 0 sensitivity 

are indicated with white background. 345kV transmission lines are depicted green in color 

and 138kV lines are indicated as black in color.  
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Figure 5.2 Sensitivity analysis contour showing GIC current flow in transmission 

lines for transformer A. 
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Figure 5.3 Sensitivity analysis contour showing GIC current flow in transmission 

lines for transformer B. 
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Figure 5.4 Sensitivity analysis contour showing GIC current flow in transmission 

lines for transformer C. 
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Figure 5.5 Sensitivity analysis contour showing GIC current flow in transmission 

lines for transformer D. 
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Figure 5.6 Sensitivity analysis contour showing GIC current flow in transmission 

lines for transformer E. 

 

From the above figures, it is evident that Fig 5.2, shows less coverage on the 

contour map, which is evident from Table 5.4 that very few transmission lines (~181) 

carry the GIC current compared to the rest of the figures. Although many transmission 



 

65 

 

lines contribute to the GIC currents in Fig 5.3 on transformer C, there is the possibility of 

cancellation of GIC currents due to the strategic location of the transformer in the interior 

of the system. The purpose of this analysis and the plots demonstrated above is to confirm 

that the knowledge of a few lines is sufficient for calculating the extent of the impact of 

GIC currents. 
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6. CONCLUSIONS 

6.1. Summary and Contributions 

The focus of the thesis is to leverage the advantage of a huge set of historical data 

to develop better understanding of a designed electric grid model. Required statistical 

analysis and visualization is developed to study the patterns of data and validate it. Power 

system analysis is performed on integrating the data with the synthetic grid model to 

generate GIC currents, replicating different levels of storm scenarios. With the help of 

data and the electric grid model, system awareness is increased, and an appropriate 

assessment of the vulnerable regions is determined by implementing sensitivity analysis.  

The entire work done follows a sequence of steps for assessing the vulnerability of 

power system to several disturbances. This thesis describes the procedural analysis for any 

given electric grid model to enhance its system knowledge. Each chapter in the thesis, 

elaborates on the tasks performed towards this analysis. 

Chapter 2 validates data obtained TAMUMN magnetometers, along with a few 

other USGS stations. Several visual tools are introduced, and a combination of graphical 

and statistical approach is implemented for familiarizing with the data. 

Chapter 3 directs the attention towards the necessity and procedure to obtain the 

electric field data, the influence of ground models and a few visualizations to reflect on 

some commonalities in electric field patterns relevant to the ground models. 

Contents in chapter 4 contributes towards grid model augmentation and thoroughly 

elaborates on steps used to replicate the GMD scenarios in the grid model. The result of 

which generates huge data, that is investigated in Chapter 5 where power system 
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sensitivity analysis is demonstrated, and the results interpreted are used to generalize the 

system parameters. 

Primary takeaways from the thesis includes effectively using multiple sources of 

data for a given measurement, by proper validation and pre-processing. Further, building 

upon this data and integrating it with the system model extends the benefits of historical 

data to enhance situational awareness of the model. As the title of the thesis suggests, 

existing data from available magnetometers is maximized to facilitate data-driven, real 

time analysis, for generating informed decisions about the system. 

Hence with all the background information obtained about the system, real time 

analysis is benefitted by focusing on specific sections of a huge network and carefully 

monitoring its parameters prior to and during the occurrence of any events. This can also 

be useful for planning operations where device installations and mitigation strategies are 

taken into consideration to increase the resiliency of the system. 

 

6.2. Future Work 

The work opens several directions for future research on improving real time 

situational awareness for different specifications of electric grid model.  

With regards to data usage, future work can use the real time visualizations 

elaborated here to develop event detection strategies that would use both system 

information and present data to identify disturbances and assess vulnerable regions of a 

grid model. The information obtained from historical data could be used as a preliminary 

tool to aid the process of focusing on required sections of an electric grid network [41].  



 

68 

 

Regarding visualization, there always exists future scope of improvement to 

combine historical and real time data that enables suggested operator actions and 

additional decision-making information. Since a large portion of the work is based on time 

series data, the next steps could be to work on machine learning models that explains and 

forecasts the time series data such as the electric field using the original magnetic field 

data [42]. This could also be manipulated to create fake scenarios for investigating the 

threshold of the electric grid parameters during worst case events.  

The benefits of this research can be extended for system planning, research, and 

educational reasons for the purpose of improving the situational awareness and decision 

making for large and complex systems during a GMD event. 
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