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ABSTRACT

Geomagnetically induced currents (GICs) in power systems are a potential source of introduc-
ing DC in transformers, resulting in undesirable occurrences of additional harmonics and higher
temperatures. The purpose of this thesis is to analyze the behavior of transformers in a large-scale
power system under the influence of GMD. Looking at the bigger picture, the idea is to model
the risk on a synthetic grid in order to improve the system’s resilience. By modeling severe GMD
events from various derivations of NERC Benchmark Event, it gives us a visualization of how big
of a GMD event is needed to be concerned about the stability of the power system.

This thesis reviews the methodology and results of the case studies that were performed on the
transformer fleet of a 2000-bus synthetic grid on the geographic footprint of Texas. The thermal
assessment technique identifies the transformers with potential thermal impacts using a first-order
hotspot calculation method for the structural parts of the power transformer. Firstly, a thermal
model for approximating the hotspot temperature rise is developed. The total hotspot temperature
obtained from the thermal model is used to determine the transformers that violate the condition-
based GIC susceptibility categories depending on how long the transformers have been in service.
The analysis is undertaken by modeling severe GMD events—NERC benchmark event and its
derivatives—to assess how the transient hotspot behavior of a power transformer is related to var-
ious environmental conditions, such as electric field magnitude and direction, transformer neutral
current, and storm duration.

This thesis also aims to present a methodology for creating severe synthetic GMD storms with
the primary goal of testing the resiliency of the power system. To accomplish this, the time-series
fragments of Electric field data extracted at random from the NERC benchmark event undergo
spatial and temporal transformation. The resultant "'modified’ fragments are concatenated to form a
synthetic temporal E-field dataset. Many iterations of this process can result in a range of synthetic
storms that vary in duration, intensity, and direction. The extremity of a synthetic GMD storm

is then investigated through the lens of transformer thermal assessment on the 2000-bus synthetic
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case. This can aid in gaining heightened system awareness in the possible event of an extreme
GMD event.

In conclusion, this thesis can facilitate in narrowing the focus to the susceptible components of
the bulk-power system during an extreme GMD event so that GIC mitigation strategies could be

devised accordingly to maintain a resilient power grid.
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1. INTRODUCTION

1.1 Background

In the quest for maintaining the reliability of the electrical power systems under all circum-
stances, it is significant to study the factors that can make the electric grid vulnerable to major
disturbances. One such disturbances is sourced by Sun’s solar activity. These solar flares ejected
from the sun are often termed as ‘Geomagnetic storms” which have the potential to distort Earth’s
magnetic field, thereby resulting in Geomagnetically Induced Currents (GICs) in conductors such
as transmission lines that are connected via grounded neutrals of wye-connected transformers.

On March 13, 1989, a K-9 geomagnetic storm — a geomagnetic storm with the highest K-Index
— struck the Hydro Quebec system, plunging most of the province of more than 6 million residents
into darkness for almost 9 hours. The half-cycle saturation of the power transformers due to GICs
are the root-cause of many problems in bulk power system; the consequences include additional
harmonics, increased reactive power demand, and internal localized heating of the transformers
[9], [10]. On that day, a combination of these impacts due to half-cycle saturation resulted in a
blackout of the Quebec power grid. The excessive harmonics took seven static-VAR compensators
off-line, leaving a void in voltage regulation. That loss, aggregated with the increased consumption
of reactive power due to transformers operating under half-cycle saturation, posed dire problems of
voltage regulation. About 8 seconds after SVCs were shutdown, a 735 kV transmission line tripped
and the propagation of transients had a cascading effect on tripping other 735 kV transmissions on
La Grande network.

While the Quebec grid experienced blackout, the Eastern United States also suffered from the
havoc effects of the March 13 episode. Particularly at Salem Nuclear Plant in NJ, the excessive heat
produced by half-cycle saturation of the generator step-up (GSU) transformer severely damaged
the equipment. The replacement of this transformer yielded a cost of several million dollars [11].

In the interim, the generation from the Salem plant was interrupted. These large-scale outages,



such as the example listed previously, have significant economical impacts from loss of revenues
because of the interrupted electricity generation to the replacement costs for thermally damaged
transformers.

Predicting the development of solar storms is laced with uncertainty due to a lack of data points
for extreme GMD events. While the next occurrence of a strong GMD is difficult to predict, one
thing is certain that, GMD will continue to affect the operation and reliability of the modern power
grid, more so now, as the transmission systems have become more interconnected spanning over
large geographical areas and even more complex. Even though the direct impacts of GMD on
transmission lines are mainly reported, the distribution system can be indirectly affected as well.
In the event of post-transformer failure, constrained areas in terms of power supply can arise. Since
large geographic areas are exposed to GICs, the existence of redundancies in the transmission grid

might not always help mitigate the risk of blackouts [12].
1.2 Problem Statement

Power transformers are salient elements in the transmission and distribution of electrical en-
ergy, therefore, it’s of prime importance to minimize the risk of transformer failure due to over-
heating during a GMD event to ensure reliability of the grid. A power transformer is designed,
such that, under normal conditions, it operates in the linear range of the B-H curve — right below
the knee region of the magnetizing curve. This way, a small exciting current is required to provide
the magnetic flux needed for the transformation of voltage.

With an addition of dc source to the transformer, it generates a dc-offset on the ac currents.
Similarly, when GICs — which are characterized by low-frequency quasi-DC currents — are in-
jected into power transformers, the transformer’s core experiences saturation over a portion of the
half cycle. With a dc superimposed on ac, a portion of this process is pushed into the non-linear
saturation region of the B-H curve, where additional ampere-turns would produce the same amount
of flux. This non-linear behavior of the transformer core is shown by the magnetic flux density vs.
current(B-I) graph represented by Fig. 1.1. Therefore, this half-cycle saturation requires a higher

magnitude of non-symmetric magnetizing current and results in non-linear current rich in even and



odd harmonics.

Figure 1.1: Half-cycle saturation caused by quasi-dc GICs [1]

Two of the profound effects of half-cycle saturation are the generation of harmonics and lo-
calized transformer heating. The rich-in-harmonics magnetizing current increases the amount of
reactive power absorbed by the transformer, disturbs the operation of protective relays, overloads
the capacitors, and can potentially cause a system collapse. With the transformer core saturated,
it offers a higher reluctance path. As a result, the stray flux escapes out of the core and penetrates
other structural members such as windings, tank plates, and clamping structures. Stray flux heating

could give rise to local hot spots.



The replacement of high voltage bulk transformers, including generator step-up and step-down
transformers, is costly and time-consuming [13]. It’s hard to measure the hot-spot temperature
of the localized segment, be it the winding or structural part of the transformers; therefore, it is
imperative to develop a thermal model that can assess the hot-spot temperature of the transformer
and analyze the ones vulnerable to GMD event. This information regarding the at-risk transformers
can aid in power system planning and asset management.

This thesis focuses on developing a reasonable understanding of the transformer thermal model
for heightened system awareness in the possible event of a GMD storm. The existing 2000 bus syn-
thetic electric grid model is utilized to gain system knowledge and determine the most vulnerable
transformers, thereby, redirecting user’s attention towards susceptible fractions of the grid which
consequently improves the efficiency of the analysis. Throughout this work, I chose to study the
effects of GMD on the electric grid using NERC (North American Electric Reliability Corpora-
tion) benchmark events, as it has been dealt with in research works in the past [14]; this simulates
the worst-case scenario of GMD event which may be applicable to set the threshold limits on
the power grid and identifying the transformers on the brink of the vulnerability [15]. Alongside
examining the impact of 1989 NERC Benchmark Event on the Texas synthetic grid, I have also
derived multiple scaled events in order to investigate the consequences of environmental factors on
the possible thermal damage of transformers. Adopting the benchmark event and its derivatives, as
prototypical extreme event scenarios could also be useful for emergency preparedness purposes. In
this research, an automated transformer thermal tool is developed, by approximating the Laplace

domain solution using trapezoidal numerical method.
1.3 Thesis Outline
1.3.1 Introduction

The first chapter provides some background information about the source of the GICs, the inter-
connection of GICs to the Bulk Power System (BPS), and the negative consequences of GICs in

the power grids. The behavior of transformers in the presence of GICs is demonstrated in detail.



Based on these repercussions, the importance of risk assessment of transformers in light of the

transformer thermal model is highlighted.
1.3.2 Literature Review

The second chapter details the highlights of extreme GMD scenarios from a historical lens. This
section also describes the methodology of how the electric field is induced in the transmission lines
and how the GICs induced by the electric field are calculated for power system modeling, which is

then used to evaluate the susceptibility of the power transformer to GICs.
1.3.3 Hotspot Calculation

This chapter of the thesis develops a thermal model approximation for structural components of
the transformers(i.e. tie-bars) in order to evaluate the hotspot temperature rise in transformers for
under the influence of GICs. The thermal models are validated against the thermal response results

from [5].
1.3.4 Case Studies on Transformer Thermal Assessment

Using the NERC benchmark event to develop the GIC model on a large-scale 2000-bus synthetic
grid, the thermal response of a transformer fleet consisting of 861 transformers is analyzed. This
chapter presents the case study results of transient hotspot behavior under various environmental

factors such as electric field magnitude, direction, and storm duration.

1.3.5 Creation and Application of Synthetic GMD Storms on Transformer Thermal Assess-

ment

In order to close the research gap where researchers lack an extensive range of extreme GMD
scenarios due to their low-frequency occurrence, this section presents a framework for creating
extreme synthetic GMD storms. The thermal assessments of transformers with respect to a set of

100-generated synthetic storms are summarized.



1.3.6 Summary and Future Work

To conclude the thesis, the case study results of transformer thermal assessments from the large-
scale synthetic grid are summarized. This research opens avenues for further related research
work that can improve the resilience of power grids in the wake of unprecedented geomagnetic

disturbances.



2. LITERATURE REVIEW

2.1 A Spotlight on GICs

Threats to power system reliability were unfolded during the rarely occurring extreme geo-
magnetic storm of March 13th, 1989, moving at a peak variation of 500 nT/min—a rate of change
in geomagnetic field. The induced GICs hampered the operation of Hydro-Quebec power grid,
causing a blackout of the grid in less than 2 minutes [16]. The outage lasted for about 9 hours
and affected millions of people. Hydro-Quebec’s neighboring systems in the United States, par-
ticularly, New Jersey came close to experiencing the unpleasant consequences of voltage collapse
along with the thermal failure of a generator step-up transformer at Salem Nuclear Plant [17]. In
another GMD event of 1992, a well-monitored 300 MVA transformer captured a temperature rise
from 60 degrees C to over 175 degrees in just as little as 10 minutes [18]. Considering the on-
set of an extreme GMD event, the thermal damage can be compounded by repeated exposure to
GICs and a longer duration of an extreme geomagnetic storm which can typically last for days.
The storm of March 1989, hailed as the largest geomagnetic storm of the last century, had the
most catastrophic impacts on the grid [11]; however, it doesn’t secure the title of the strongest
storm to be ever recorded in the history. Carrington Event of September 1859 is estimated to be
the most severe solar storm that reached approximately -2000 nT/min [19]— almost 4 times more
than March 13th, 1989’s event. As a result, some telegraph systems in North America and Europe
were destroyed [20]. In 1859, the electric infrastructure was not in place, not until 1882; therefore,
the impact of GMD in September 1859 wasn’t as plausible as of March 1989, a time when much
of the civilization was already dependent on the working power grid. The economic impact was
estimated to be C$ 13.2 billion [21]. With the magnetic fluctuations being four times or more than
the March 1989 storm, one can imagine how catastrophic the footprint of an extreme storm can be
on the grid.

The sun follows a solar cycle of approximately 11 years. To study the behavior of the sun,



observers have tracked sun spots: the regions on sun with high magnetic field and low temperature
as compared to the surrounding areas. In the timespan of almost 11 years, the amount of sun
spots varies from solar minimum to solar maximum. Currently, the sun is underway its 25th solar
cycle, with a peak expected in 2025. During a solar maximum, the solar activity which includes
solar flares and coronal mass ejections (CMEs) grows larger. The geomagnetic activity cycle peak
produced by the sunspot cycle’s peak usually lags by 3-5 years. Even though the probability of the
occurrence of geomagnetic storm during the peak of solar activity is high, it doesn’t eliminate the
chance of severe GMDs happening during off-peak solar cycle like the March 13, 1989 storm [7].
This introduces increased uncertainties in accurately predicting the next extreme GMD event.

In fact, the sprawling expansion of the HV transmission grid over the past few decades [22]
which spans across large geographic distances almost acts like a grounded antenna to the induced
electric field by GMD event, thus increasing the space weather vulnerabilities even more. More-
over, GIC effects have also been documented at mid- and low-latitude locations [23][24], proving

that extreme GMD scenarios are no longer a high-latitude phenomenon but rather a global one.
2.2 Space Weather Indices for Measuring GMD

The National Oceanic and Atmospheric Administration (NOAA) monitors the intensity of the
geomagnetic storms using Planetary K-index. The Kp index based over a 3-hour interval of max-
imum magnetic fluctuation (measured in nT) was first introduced by J. Bartels in 1949. Most of
the power utilities have employed K-indices to characterize the magnitude of GMD-event [7] on
a quasi-logarithmic scale of 0-9; 0 being quiet conditions with low magnetic activity and 9 being
the most severe geomagnetic activity. The Planetary Kp index is derived by finding the mean of
k-index from 13 magnetometer observatories located globally at various geographical locations at
different latitudes and longitudes [6]. Geomagnetic storms with K-index more than 5 can disrupt
the magnetic field of Earth enough to have noticeable impact on power grid [7], for example, the
GMD event of March 13, 1989 was indexed at K=9.

The following Table 2.1 is displaying the K-index and its respective magnetic fluctuations for

different categories of the storm.



Table 2.1: K-index in co-relation with the intensity of geomagnetic storms [6], [7]

K-index | Magnetic Fluctuations(nT) | Geomagnetic Activity Category
0 0-5 Quiet
1 5-10
2 10-20
3 20-40 Unsettled
4 40-70 Active
5 70-120 Minor Storm
6 120-200 Major Storm
7 200-330 Severe Storm
8 330-500
9 >500

The K-index, however, doesn’t account for the rate of change of magnetic variation due to
solar activity; for this reason, K-index is not an accurate indicator of a GMD event since earth
conductivity models and the rate of change of magnetic field are important factors in determining

the effects of geomagnetic storm, as discussed in the following subsection.
2.3 Calculation of Geoelectric Field

Temporal geoelectric field calculation from a real GMD-event is important to determine time-
series GIC flow, which in turn can help in the thermal analysis of transformers. The magnetometer
or magnetic observatory measures time-series Earth’s magnetic field. These measurements can be
used to determine the induced geo-electric field. Since the induced GICs are quasi-dc in nature
with an associated frequency of 0.00001 Hz to 1 Hz, variations in the magnetic field can penetrate
the Earth by hundreds of kilometers. So, it’s imperative to adopt a laterally uniform 1-D layered
earth conductivity model to look at the conductivity values in the different layers of the Earth all

the way down to the mantle as the one shown in Fig. 2.1.
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Figure 2.1: 1-D layered Earth conductivity model, adapted from [2]

In order to calculate the electric field spectral value, E(w), frequency domain techniques such as
Fast Fourier Transform (FFT) is employed to calculate the frequency-dependent response of earth
at each frequency component of the magnetic field. The calculation of the surface impedance,
Z(w), for each frequency depends on the topological characteristics of the magnetometer’s loca-
tion. This process requires a recursive process of taking the angular frequency, conductivity and
thickness of the layer, propagation constant, and reflection coefficient for each layer starting from
the bottom layer all the way through the top surface of the earth. Finally, the frequency components
along with the respective surface impedance can be summed up to give the electric field spectral

value, E(w), as shown in the equations below.

E.(w) = —Z(w)By(w)/ 1o (2.1
E,(w) = Z(w)Bg(w)/ 1o (2.2)

where E,(w) is the Northward electric field(V/km), E,(w) is the Eastward electric field(V/km),
Z(w) is the earth’s surface impedance, B,(w) is the Northward Magnetic field), B,(w) is the

Eastward Magnetic field, and i is the magnetic permeability of free space. The Electric field in

10



the time domain is calculated by taking the inverse Fast Fourier Transform of the spectral electric

field values.
2.4 Scaling of Geoelectric Field

Local earth conductivity along with the geomagnetic latitude can affect GMD storm’s intensity.
When using the reference geoelectric field time series but for a different geophysical region, the
electric field should be scaled according to the conductivity scaling factor of that region. Regions
with high earth conductivity result in low scaling 3 factors and vice versa. Since the benchmark
GMD event corresponds to geomagnetic latitude of 60 degrees, it should be scaled with respect to
different regions, as described in the in [25]. This captures that electric field intensity decreases

with geomagnetic latitude.

Epeak = Emax X o X 5 (23)

where F,,,, is 8 V/km, « is geomagnitude scalar and /3 is earth conductivity scalar and E,.

is the regional electric field peak amplitude.
2.5 Power System Modeling for Calculating GIC

In order to assess the GICs flowing in the power system, it’s important to compute the geoelec-
tric field from the geomagnetic data collected from magnetometer and the earth conductivity model
for that respective region [2]. Due to the geoelectric field, the earth surface potential is induced
on transmission lines connected between two grounded neutrals of Y-connected transformers, as
shown by Fig. 2.2. Therefore, the geoelectric field is then used to calculate the dc line voltage,
Ve, by integrating the electric field over the incremental length of the transmission line, assum-
ing a uniform electric field. The resulting V. is inserted as a dc voltage source in series with the
line’s resistance. It can be noted that GMD-induced voltage is directly proportional to the length

of transmission line, as shown in the equation below:

V = EnLy + EgLg (2.4)
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Where E and Ly are the Northward Electric Field(V/km) at the location of transmission line
and Northward length(km)of the transmission line between two grounded Y-connected transform-
ers respectively, and E'p and Ly are the Eastward Electric field(V/km) at the location of trans-
mission line and eastward length(km) of transmission line between two grounded Y-connected

transformers, respectively [26].

Geoelectric Field
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Figure 2.2: Voltage induced by geoelectric field drives GICs to/from grounded transformer neutrals
into transmission line [1]

lie = GV (2.5)

The GIC flows in the electric transmission lines are determined by employing dc circuit analysis
techniques, due to their inherent quasi-dc characteristics. The aforementioned factors such as the
electrical resistance of the substation, length of transmission lines, and type of transformers can
affect the level of GICs induced. Therefore, the resistance of the transmission line, transformer
winding resistance, and substation grounding resistance is accounted for in the square matrix G.
While V is a voltage vector containing values for dc voltage at substation neutral and bus.

Transformers are conventionally represented in per phase current or effective GICs/phase nota-

tion. With the assumption of having a balanced 3-phase system, calculating a single-phase current
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for transformer, Ipe,—phase, 18 straightforward which can be found by [26].

I
Iper—phase = G130,3¢ (26)

The value of effective per phase current is dependent upon the transformer’s type; a grounded
wye-delta transformer’s effective per phase current would be the current at high voltage grounded
winding, while an autotransformer’s effective per phase current is the sum of currents into both of

the windings.
2.6 Evaluating Power Transformer’s Susceptibility to GICs

Assessing the susceptibility of transformers to GIC flows requires considering the location of
transformer, and the resistance of the soil which in turn determines the level of GICs transformers
would be exposed to. Secondly, literature has established that a transformer’s sensitivity to DC is
influenced by its design parameters including core type, type of transformer (Generator Step-up vs.
autotransformer), number of DC-carrying turns on the windings, and voltage rating [3]. For exam-
ple, single-phase power transformers are statistically proven to be more susceptible to GICs than
three-phase transformers, while three-leg core type transformers are the least susceptible [27]. This
is because the three-phase, three-limb core-form transformer offers a high reluctance path from the
core top yoke all the way through the tank bottom [3]. Fig. 2.3 demonstrates the impacts of DC’s
flux path according to different core types of transformers. By combining both design-based sus-
ceptibility and GIC-level-based susceptibility, the total susceptibility of transformers facing the
GIC event can be determined. Another measure of transformer thermal assessment is by consid-
ering not only the peak magnitude but also the time duration of the GIC. When transformers are
repeatedly exposed to high magnitudes of GIC, the cumulative damage can place transformers at
risk of failure [7].

The following sequence places the design-based transformers according to the sensitivity to

GIC flow in an ascending manner (from low to high):

1. Three-phase, core-form, three-wound limbs transformer
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2. Three-phase, core-form five-limb transformer (three-wound limbs and two flux-return limbs)

3. Three-phase shell form seven-limb core transformer

4. Three-phase shell form conventional core

5. Single-phase core or shell form

r](w][] pLElf

Core Form, 3 phase, 3 limb

Core / Shell Form, 1 phase

We]l=][=]}

Core Form, 3 phase, 5 limb
—
1111 1

Il
el = e

ATl

Shell Form, 3 phase, 7 limb

Figure 2.3: Core types and its DC’s flux path [3]
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3. HOTSPOT CALCULATION

3.1 Transformer Thermal Model

The thermal response of transformers depends on GIC’s signature: the time period of the event
as well as the magnitude of currents. Fig. 3.1 reflects the transient nature of the GICs with a series
of short DC pulses of varying magnitude rather than a constant DC level for a duration of time.
In this scenario, it is essential to not only focus on the steady-state behavior of the transformer
but to examine temporal transformer behavior during the entirety of the GIC profile, for a correct

determination of the hotspot heating.
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Figure 3.1: Simulated GIC profile in a transformer neutral on 2000-bus synthetic grid

For a constant DC injection, transformer thermal response can be estimated via results from
test measurement data or generic published values. Fig. 3.2 shows that the hotspot temperature

rise, for a constant dc current injection of 16.67 A/phase in a 400 kV power transformer, increases
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exponentially until it nears the steady-state hotspot rise corresponding to that particular DC level.

This exponential rise can be characterized mathematically by the Eq. 3.1.

t

Aehotspot = Aess(l - 67;) (31)

30

25

20

15

10

Temperature(Deg C)

0 5 10 15 20 25 30 35 40 45
Time(min)

Figure 3.2: Simulated hotspot thermal response due to a DC step of 16.67 A/phase by using the
approximated Temperature rise from [4]

However, measurements have also shown a non-linear increase in the thermal steady state
values over the range of different DC levels [4]. This is reflected by the asymptotic response of
the steady-state temperature vs. GIC, as the hotspot temperature rise does not scale linearly with
the magnitude of DC current. With a GIC’s signature from Fig. 3.1, the asymptotic behavior can
be seen as a series of exponential decay function accumulated above the final steady-state thermal
response of respective DC levels. This can be demonstrated by the hotspot rise of transformers

with a profile of sustained DC levels for 60 minutes [5], as shown in Fig. 3.3.
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Figure 3.3: Simulated hotspot rise above top-oil for DC profile from [5]

After linearizing this response in the Laplace domain, the time-domain solution was then ap-

proximated using the trapezoidal numerical method as follows:

(1-3)
@(x(k) +xzk+1)) — (1+—Z—1)

y(k+1) = y(k) (3.2)

where x(k+1) is the present thermal steady state value with respect to the magnitude of GICs
at the current time and x(k) is the past thermal steady state value for the previous magnitude of
GIC, likewise, y(k+1) is the current hotspot temperature rise and y(k) is the hotspot temperature
rise for the previous time step. For programming purposes, this response can be approximated
using trapezoidal numerical method. Fig. 3.3 can serve as a validation of the resultant equation
implementation for approximating thermal behavior of the transformer against the actual data from
[5]. The total hotspot temperature is computed by adding the top-oil temperature to the hotspot

temperature rise as follows:
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Ototal :Aehotspot + Qtop—oil (33)

3.2 Factors Affecting Transformer Thermal Capability

Literature has established that transformer’s sensitivity to DC is influenced by its design param-
eters including core type, type of transformer (Generator Step-up vs. autotransformer), number of
DC-carrying turns on the windings and voltage rating [3]. For example, single-phase power trans-
formers are statistically proven to be more susceptible to GICs than the three-phase transformers,
while three-leg core type transformers are the least susceptible [27]. Prior work [5] has produced
40 different types of design-specific transformer models to investigate the aforementioned conse-
quences of GICs on the thermal behavior of transformers. This study also explored the variations
in thermal response with respect to different geometries of tie-bar. The work for this thesis utilizes
as its starting place the models developed in [5].

The hotspot temperature rise of a winding is different from that of metallic part (e.g., tie bar)
due to different thermal time constants, for the same GIC signature. Results from previous work
have demonstrated that tie-bars located near the core are the most thermally-stressed components
in transformer, under the influence of increased DC current injection due to GICs [28],[29]. The
total hotspot temperature is computed by adding the top-oil temperature to the hotspot temperature

rise.
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4. CASE STUDIES ON TRANSFORMER THERMAL ASSESSMENT

4.1 Scenario Description

Since the information regarding the actual grids is protected as Critical Energy Infrastructure
Information (CEIl), Texas A&M university has developed publicly available synthetic grids for
research and educational purposes.The process involved in building these models are described in
[30]. These models are situated on a real geographic footprint, therefore realistic in function; how-
ever, do not contain any non-public data. ACTIVSg2000 [31]—a 2000 bus case on the footprint
of Texas— is used to test the proposed approach.

For the first case study, the time-varying Electric field derived from NERC benchmark event of
March 13, 1989 [25] is used as an input to the 2000 bus synthetic case to develop the GIC model
for the system. Even though the benchmark event refers to the recorded observations from the
Ottawa observatory, the latitude scaling according to the geomagnetic latitude of Texas is ignored;
this is equivalent to applying geoelectric amplitudes associated with the resistive Quebec model to
a different geographic area. The reason is to focus on the response of the grid to a severe space
weather scenario irrespective of the geographic location. The Electric field data has a sampling
rate of 6 seconds with a maximum E-field reaching up to 8 V/km. The time constant is derived
from [5] and is set to 460 seconds. The steady-state temperatures for Design 2 of the tie-bar were
selected to investigate the extreme condition of maximum thermal response.

Thermal time constant plays an important role in how the tie-bars will behave to the flow
of current. The smaller the time constant, the earlier the tie-bar’s temperature will approach the
steady-state value for the respective GIC current. These 40 design types of transformer thermal
models do not account for steady-state temperatures for GICs more than 200 A/phase. However,
when the 1989 Benchmark event and its derivative events are applied as inputs to a system-wide
transformer temperature analysis, the GICs are found to reach as high as 350 A/phase in the neu-

trals of a few transformers. In order to accurately predict the hotspot temperature rise for GICs of
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higher magnitude than 200 A/phase, the thermal assessment model is modified by integrating the
steady-state temperature for 1000 A/phase which is accomplished through interpolating the pre-
ceding gradient. This reflects the possible upper bound of the steady-state temperature if the GICs
reached 1000A/phase. This process of interpolation was carried out for all 40 different models.
Fig. 4.1 shows the steady-state hotspot temperature rise vs. GICs/phase derived from T1 thermal
model from [5], modified with an additional entry of an estimated temperature rise corresponding

to 1000 A/phase.
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Figure 4.1: Interpolated hotspot temperature rise for 1000A/phase

The second case study simulates the effects of electric field’s direction on the magnitude of
GICs in the bulk power system and its thermal repercussions on transformers. The time-varying
electric field is rotated by a total of 4 different angles—45 degrees, 90 degrees, 135 degrees and
180 degrees— with the idea that the linear relationship between Eq. (2.4) and Eq. (2.5), would
result in same magnitude of GICs flowing in the opposite direction for pair of angles such as 0 and
180 degrees, 90 and 270 degrees, etc. In order to visualize the Geographic Data View (GDV) plots,
the maximum effective GICs/phase for each storm’s rotation is calculated using a single snapshot,
peak Electric field of 8 V/km, as a worst case scenario.

The objective of the third case study is to investigate the footprint of the duration of GICs
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on the hotspot temperature rise of the structural part of transformers. The sampling rate of the
NERC Benchmark Event is scaled from 6 seconds to 12, 20 and 40 seconds while keeping the time
constant of the tie bar constant at 480 seconds for each NERC benchmark event derivatives.

For the fourth case study, an analysis of the effect of electric field’s magnitude on the trans-
formers is presented. The scaling factors—2 and 0.5—are applied on the time-series Electric field
of NERC benchmark event resulting in peak electric fields of 16 V/km and 4 V/km, respectively.

The time series waveshape of effective GIC/phase for every transformer will vary depending
on the location within the network and the configuration of the circuit, irrespective of the same ref-
erence event. Therefore, the resulting GIC time series, GIC(t), is calculated for each transformer,
for a total of 861 transformers in this study. A majority of the GSU transformers are rated 115 kV,
while some are rated at 230 kV and 500 kV. The transformer thermal response tool is developed in
python environment. The corresponding GIC(t) for each transformer is applied as the input to the
transformer thermal model which calculates the time-series hotspot temperature rise of tie-bars for
all the transformers included in the interconnection-wide model, with respect to different models
from [5].

Transformers’ tie-bars reaching maximum instantaneous hotspot temperature rise were evalu-
ated against the temperature limits of 180°C and 160°C for structural parts and windings, respec-
tively [8]. As shown in Table 4.1, transformer’s susceptibility to GICs depend on the condition
of the transformer which is reflected by the amount of years the transformer has been in service.
Table 4.1 was used for the assessment to identify transformers that could potentially have thermal
impacts.

This framework of identifying the transformers that can potentially violate the temperature lim-
its combined with studying the respective peaks of GICs/phase is used to present the approximate
threshold of peak instantaneous GICs magnitude. Although all the transformers in the case study
were assumed to be described by one of the 40 different transformer models outlined in [5], the
individual specific technical data of the transformers from the case study is not considered while

calculating the hotspot temperature rise, which can give rise to uncertainties. The hotspot tem-
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Table 4.1: Categorising transformers based on condition-based GIC susceptibility [8]

Condition-Based

Parameter GIC Susceptibility Criteria
I |I I
Age 0-25 | 25-40 | >40

Hotspot Temperature Limit

for Structural Parts (°C) 180 | 160 140

perature during a real GMD event is anticipated to be accurately reflected by at least one of the
transformer models. Fig. 4.2 shows the proposed architecture for transformer thermal assessment

subjected to several environmental factors involved in the generation of GICs.
4.1.1 Scenario 1: Analysis of 1989 NERC Benchmark Event

Having calculated the effective GICs per phase for all transformers as inputs to 40 different
thermal models, the hotspot temperature rise is computed. T24 was identified as the most thermally
vulnerable transformer model during the study, owing its high temperature rise to a very high
number of turns of N = 1467 in the HV-winding [5]. Fig. 4.3 helps in visualizing transformers’
hotspot temperature simulated with worst-case model(T24) along with its corresponding GICs.
This study was carried out with 1989 NERC Benchmark event. Only the transformers that violated
the temperature limit of 180°C were selected (which are 18 in this case).

Fig. 4.4 demonstrates the instantaneous total hotspot temperature at the transformer’s tie-plate
simulated with T24 transformer model with respect to the corresponding GIC profile. It can be
noticed that the GICs/phase reaches the maximum value of 334.5 A. According to T24 model, the
steady-state value of the temperature rise with a 200 DC current injection is 213.4 K. Considering
that even when the GICs were as high as 334.4 A/phase, the tie-bar only reached a hotspot rise
of 143.26 K; this signals that the duration of GICs/phase of a very high current peak was much
less than the thermal time constant of the tie-bar. This transformer violates the maximum thermal
threshold for category 1.

The total number of transformers that violated the temperature threshold for structural parts
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Figure 4.2: The proposed framework for transformer thermal assessment for GMD events sub-
jected to several environmental factors.
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Figure 4.3: Total hotspot temperature and the corresponding GICs for transformers violating the
temperature limit for Category 1 simulated with T24 transformer thermal model. [5]
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Figure 4.4: Maximum hotspot temperature rise versus time for transformer connected from Bus 18
to Bus 10 using T24 transformer model from [5] , subjected to NERC benchmark event.
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are summarised in Table 4.2 according to the condition-based categories of transformers from
Table 4.1. These results take simulation results from all transformer models into account. It was
concluded that T24 model contributed the most number of transformers that were violating the
hotspot temperature limits. Even with the worst-case scenario, almost 17% of transformers have a
high degree of susceptibility to effects of GICs with respect to Category I. Correspondingly, almost
29% of transformers are susceptible for category II, and 43% of transformers contribute to GIC

susceptibility for Category III.

Table 4.2: Total number of transformers violating the temperature threshold for structural part
subjected to NERC Benchmark Event

Condition-Based GIC

Susceptibility Criteria Number of Transformers

All 40 Transformer | T24 Transformer
Thermal Models Thermal Model

Category I 505 153
Category 11 1242 254
Category II1 2814 374

4.1.2 Scenario II: Directional Sensitivity to GICs

The objective of this study is to investigate the directional sensitivity of GICs on transformer’s
thermal response while observing the transformers that are likely to encounter high neutral currents
for multiple storm directions, as mentioned earlier, so that monitoring strategies could be devised
accordingly. The storm’s direction is rotated clockwise in accordance with the cardinal directions
where 0 degrees is North, 45 degrees is Northeast, 90 degrees is East, 135 degrees is Southeast,
180 degrees is South and 270 degrees is West.

The maximum transformer GICs/phase are plotted in a GDV format, which displays the GIC’s
magnitude across the fleet of transformers using a coloured contour, where the size of oval rep-
resenting transformers scales in accordance with the GIC’s magnitude. For all the scenarios with

various storm’s direction, the GDV plot is developed by adopting a common scale of reference for
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ease of comparison. The input current is mapped on the GDV plot using scaling ratios of 0, 20000
and 45000 applied on the minimum, median and maximum values of the transformer’s GICs/phase,
respectively. For instance, a median GIC current of 100 A/phase is scaled to 20000 times its actual
size in the contour.

An electric field aligned in the direction that corresponds to the orientation of most of the
transmission lines in a network configuration, would yield relatively larger GICs when compared
to other directions [32], [33].1t is observed that out of all the studied directions on the 2000-bus
synthetic electric grid, the 45° rotation of the temporal electric field resulted in maximum GICs up
to approximately 344 A/phase, while the peak GIC observed with no rotation was 335 A/phase.
Not only did the magnitude of GICs vary with respect to the storm’s rotation, but so did the location
of the transformers that encountered maximum GICs, as shown in Fig. 4.5 and Fig. 4.6.

The GDV plots for storm’s direction rotated by 135° and 180° is shown in Fig. 4.7 and Fig.
4.8.

In this study, the 1989 NERC Benchmark storm’s direction was rotated from 45 to 270 degrees,
with GICs calculated for each scenario. Once the GICs are calculated, the transformer thermal
response is assessed in the next step. Firstly, the results using all 40 transformer thermal models
are examined, as shown in Table 4.3. This table demonstrates that with the change in storm’s
rotation, there were more or less very similar number of transformers violating the 3 different

categories for temperature threshold.

Table 4.3: Total number of transformers violating temperature threshold using all 40 transformer
model

Storm’s Rotation | Category 1 | Category 2 | Category 3
0, 505 1242 2814
0,+45 443 1197 2805
0,490 466 1225 2781
0,+135 507 1264 2822
0,+180 505 1242 2814
0:+270 466 1225 2781
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Figure 4.5: GDV plot of the Texas 2k region for 1989 storm’s direction rotated by 45°. The
contoured plot along with the size of each oval corresponds to GIC’s magnitude in transformer’s
neutrals.
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Figure 4.6: GDV plot of the Texas 2k region for 1989 storm’s direction rotated by 90°. The
contoured plot along with the size of each oval corresponds to GIC’s magnitude in transformer’s
neutrals.
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Figure 4.7: GDV plot of the Texas 2k region for 1989 storm’s direction rotated by 135°. The
contoured plot along with the size of each oval corresponds to GIC’s magnitude in transformer’s
neutrals.
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Figure 4.8: GDV plot of the Texas 2k region for 1989 storm’s direction rotated by 180°. The
contoured plot along with the size of each oval corresponds to GIC’s magnitude in transformer’s
neutrals.
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In order to maintain consistency with the interpretation of these results and previous studies of
worst-case scenarios, we implemented just the T24 transformer model on the entire transformer
fleet. Table 4.4 summarises the sum of transformers violating different category-based temperature
thresholds with respect to various modified storm directions. ¢, denotes the 1989 NERC bench-
mark event’s direction at each discrete time step, where t ranges from 0 seconds to 67194 seconds,
with a sampling rate of 6 seconds. The similarity of results for the pair of angles such as: 6; and

0,+180, 6,490 and #;+270 reinforces the concept of linearity between Eq. 2.5 and 2.4.

Table 4.4: Total number of transformers violating temperature threshold using T24 transformer
model with respect to different degrees of rotated storm

Storm’s Rotation | Category 1 | Category 2 | Category 3
0, 153 254 374
0:+45 146 251 384
0:+90 148 265 372
0,+135 148 269 362
0:+180 153 254 374
0:+270 148 265 372

4.1.3 Scenario III: Analysis of Time-Scaled GMD Events

The duration of GIC flow can impact the transformer’s thermal capability to GICs; therefore
it’s of prime importance to explore time-scaled electric fields. These transformed time-scaled
scenarios are intended to provide an example of an extreme event without portraying any historical
GMD data. By doing so, we examine the probable impacts of the electric field sampled at a lower
time resolution, to simulate GMD events with longer periods of sustained GICs in transformer
neutrals.

Considering the magnitude of time-series electric field is unvaried, the resulting GICs have
the same magnitude of effective GICs/phase throughout the spectrum of time-scaled GMD events.
This ensures to highlight the sensitivity of transformer’s heat analysis to the duration of GICs,

exclusively. Table 4.5 below shows the potential number of thermally vulnerable transformers

31



Table 4.5: Total number of transformers violating the temperature thresholds for GIC’s condition-
based categories for time-scaled GIC events

Time-Scaled NERC
Benchmark Event

Number of Transformers Violating
Condition-Based GIC Susceptibility

(seconds) Criteria
Category I | Category II | Category III
6 (original) 505 1242 2814
12 435 2123 4452
20 1532 3313 6215
40 3136 5682 8919

using all 40 transformer thermal models. Considering a transformer fleet of 861 transformers, with

a cumulative number of transformers of 34,440 for the case study with all 40 transformer thermal

models combined; the results in this table are out of 34,440 total transformers.

The worst-case scenario is simulated again by implementing T24 transformer model on entire

transformer’s fleet; this provides the same metric of comparison with other GMD storm scenarios.
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Figure 4.9: Total number of transformers violating the condition-based temperature limits using

T24 transformer model with respect to different time-scaled NERC benchmark event.
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Fig. 4.9 is used to illustrate the impact of time-scaled reference events on the hotspot tem-
perature rise, and therefore, the number of transformers violating condition-based categories of
temperature from a fleet of 861 transformers. As the duration of GICs is incremented from 6
seconds to 40 seconds, there is a noticeable increase in the total number of possible transformer

temperature violations—by a factor of 14.461 in the case of category 1.
4.1.4 Scenario IV : Transformer Thermal Capability and Variations in Storm Intensity

The storm intensity of the NERC benchmark event is doubled and halved by scaling the mag-
nitude of the time-series electric field accordingly. These synthetic scaled events can facilitate in
performing a comparative analysis of different storm intensities and the thermal susceptibility of
transformers. The time resolution from storm to storm is kept constant at 6 seconds. After applying
the scaled electric fields on the 2000-bus synthetic grid, it was observed that twice the electric field
induced twice the voltage and current, and vice versa. Fig. 4.10 shows the simulated current in the

transformer neutral connected from Bus 18 to Bus 10 under different scaled GMD events.
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Figure 4.10: Effective GICs/phase in a transformer neutral connected from Bus 18 to Bus 10 for
different storm’s intensity.

After procuring GIC flows in the transformer’s neutrals using scaled geoelectric field as input,
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the susceptibility of transformers is examined using all transformer thermal models.

Table 4.6: Variation in storm’s intensity and transformer thermal assessment using T24 transformer
thermal models

Scaled Intensity of NERC | Number of Transformers Violating
Benchmark Event Condition-Based GIC Susceptibility
(V/km) Criteria
Category I | Category II | Category 111
NERC Benchmark Event 153 254 374
Scaled by 2 332 456 608
Scaled by 1/2 37 100 196

Considering the contribution of T24 model to the sum of probable susceptible transformers
is the highest, thermal behavior of transformer fleet is simulated specifically by adopting T24
transformer model, as used previously. The results for transformer thermal assessment for this
study are shown in Fig. 4.11 and Table 4.6. From this analysis, we can conclude that electric field
intensity has direct proportionality with the number of possible transformer’s thermal damage.
With the peak Electric field of 16 V/km for storm’s intensity scaled by 2, maximum GICs as
large as 668.9 A/phase can flow in transformer’s neutrals connected from bus 18 to bus 10 and
the predicted tie-plate total hotspot temperature exceeds 180°C twice; once for approximately 100
minutes during the first set of GIC peaks and for 180 minutes for the second (plot not shown).
This increased level of GICs can introduce a higher infrastructure risk since transformers can
be more vulnerable or resistant to high magnitude of DC current, depending on their types and

configurations.

34



=)

o

£

o

‘E 600 Category

> mmm Category 1
E mmm Category 2
m

E 500 M Category 3
5

|_

@ 400

£

()]

=

© 200

o

>

2

g 200

L

w

| -

E 100

[F—

o

g F

g Scaled by 2 NERC benchmark event Scaled by 1/2

Z Storm Intensity
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thresholds based on the reference and scaled storm intensity of NERC benchmark event.
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5. CREATION AND APPLICATION OF SYNTHETIC GMD STORM ON TRANSFORMER
THERMAL ASSESSMENT

5.1 Creation of Synthetic GMD Storm

This part of the research focuses on creating synthetic GMD with varying storm intensities with
the goal of testing the resiliency of the power system. Even though GMD data can be obtained
from magnetometer observatories, there is a very limited set of strong GMD data available. The
last severe GMD event characterized by a K-index of 9 that resulted in major disruptions to the
Quebec power grid happened on March 13th, 1989. The scarcity of severe storm data of such
magnitude as of 1989’s has necessitated the development of synthetic storms.

By using publicly available geomagnetic storm data derived from the NERC Benchmark event
of 1989 comprising of the non-uniform electric field, synthetic GMD storms can be generated.
Even though the benchmark event refers to the recorded observations from the Ottawa observatory,
the latitude scaling according to the geomagnetic latitude of Texas is ignored; this is equivalent to
applying geoelectric field amplitudes associated with the resistive Quebec model to a different ge-
ographic area. The reason is to focus on the response of the grid to a severe space weather scenario
irrespective of the geographic location. We select the observed storm developed statistically by
NERC as a starting point for two major reasons. Firstly, because it captures the true variability of
a GMD storm and secondly, it also reflects the time duration of the storm which is an important
factor in the analysis.

Different fragments of the Electric field data from the reference event are chosen at random,
which then undergo temporal and spatial variations achieved by scaling the time duration, mag-
nitude, and direction of the storm. The statistical outcomes from [34] support the linear scaling
of the reference storm used in this work. The severity of the storm can be modified by applying
various combinations of scaling factors, again selected at random from the normal distribution to

the aforementioned parameters of the storm. A random scaling factor is chosen from a uniform
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probability density function which is selected from a range specified by upper and lower limits.
Therefore, the outcomes of the resultant factor are equally likely. The upper and lower limit is
selected in accordance with the parameter that is scaled. The modified fragments of the storm are

then concatenated into a new dataset that represents a synthesized GMD storm.
5.1.1 Transformation Matrices for Fragments

A fragment of variable size is selected from the reference electric field dataset; the starting
index of the fragment is chosen at random from a uniform probability density function. Each

fragment goes through the following transformation:
5.1.1.1 Temporal Variation

Since the duration of GIC flow can affect the thermal capability of transformers, the sampling
rate is scaled by a scaling factor chosen at random from a range of 0.5 and 2. This simulates GICs

for a longer duration in transformer neutrals if scaled by greater than 1 and vice versa.
5.1.1.2  Variation in Storm’s Intensity

The lower and upper bound for the range from which a random scaling factor is extracted is
0.1 and 4, respectively. Time-scaled fragment then undergoes spatial transformation through this
function. Since the magnitude of magnetic fluctuations, as determined by historical data, can be
four times as severe as the March 1989’s event, the upper limit for scaling the NERC Benchmark

storm’s intensity is selected as 4.
5.1.1.3 Rotation of Storm’s Direction

After the fragment was subjected to time-scaling and magnitude-scaling, the storm’s direction
at each time step is rotated anywhere between 0 and 360 degrees. It is crucial to integrate this spa-
tial variation because the thermal response of transformers is sensitive to the direction of the storm.
With respect to the alignment of the transmission lines in the electric network configuration, the
direction of electric field can yield different magnitudes of GICs. Another important observation is

that the geographical location of transformers experiencing maximum GICs can vary as well [32].
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5.1.1.4 Blending of Fragments

To merge two fragments of equal size that have distinct spikes at opposite ends, a technique
known as "blending" is utilized. A small subset of these fragments from respective areas of in-
terest is blended according to equal weights given to each subset. This ensures a reduction in the
amplitude of spikes in the final dataset.

Finally, through an iterative process, multiple fragments that have been transformed using the
previously mentioned parameters are concatenated to form a modified dataset representing electric
field data of a fictitious storm. Therefore, the final dataset for different generated fictitious storms

may vary given the stochastic nature of the procedure.
5.2 Generation of 100 Synthetic GMD Storms

For initial work, a hundred synthetic GMD storms are generated. Because of the inherent nature
of randomness and permutation due to the order of modified fragments, the resultant synthetic
storms are unique. In order to quantify the severity of the storm, the peak magnitude of the Electric
field of each of the 100 synthetic storms is calculated. Fig. 5.1 depicts a graphical representation of
the frequency of distribution of the peak Electric field distribution across 100 generated synthetic
storms. For a range of synthetic storms, the y-axis takes in the counts of peak E-field in V/km,
which is displayed along the x-axis. The insight obtained from this histogram is that a large
number of generated synthetic storms have a peak Electric field in the range of 30-35 V/km. This is
obviously much higher than the original storm which has a peak electric field of 8 V/km. But since
we are uncertain about what a future GMD storm could look like, therefore our primary objective
is to explore a range of potential future storms, many of which are larger than the peak electric field
of the original storm in this case. Further analysis of the generated storms shows that the highest
recorded electric field was 39.6 V/km, indexed at the 60th storm.

Fig. 5.2 shows a comparison of the Northward component of the Electric field, Ex, of the
original storm with one of the synthetic GMD storms. The maximum E-field magnitude reached

as high as 12 V/km for the synthetic storm at an earlier onset of the GMD storm.

38



E-Field Data Distribution of 100 Synthetic GMD Storms
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Figure 5.1: The distribution of peak Electric field data for 100 synthetic GMD storms
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Figure 5.2: Comparison of Ex component of the Electric field of the NERC Benchmark event and
the synthetic storm
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Likewise, a comparison of Eastward, Ey, component of the Electric field of the reference event
and one of the synthetic GMD events is presented in Fig. 5.3. The synthetic GMD storm is also

referred to as the Frankenstein storm, as seen on the figure labels.
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Figure 5.3: Comparison of Ey component of the Electric field of the NERC Benchmark event and
the synthetic storm

5.3 Transformer Thermal Sensitivity Analysis to Synthetic GMD Storms

One way of quantifying the extremity of GMD storm’s impact on the power grid is by investi-
gating the thermal sensitivity of the transformers to the synthesized geoelectric field in a two-step
process. This case study is demonstrated using a 2000-bus, 861-transformer synthetic grid. First,
the time series effective GICs/phase, GIC(t), is computed for each transformer that is subjected to
all of the synthetic GMD storms. In the second step, the resulting GIC(t) for each transformer is
input into the hotspot calculation model which approximates the hotspot temperature rise of tie-
bars for a total of 861 transformers according to 40 different transformer thermal models detailed
in [5]. Therefore, for each of the 861 transformers in the case study, forty separate time-series
thermal simulations were performed.

The transformers under study included GSUs and autotransformers of various nominal voltages
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at different locations. It is assumed that at least one of the transformer thermal models from [5],
which are based on various technical specifications of transformers, can accurately correlate with
a transformer in the fleet.

The results of the maximum total hotspot temperature of the tie-bars were utilized to estimate
the number of transformers that could potentially be at risk of thermal damage due to GIC flow.
The transformers were screened according to the temperature thresholds based on condition-based
GIC susceptibility categories[8], as shown in Table 4.1.

Fig. 5.5 shows the heatmap for the total number of transformers that violated condition-based
categories of temperature limits for all 40 transformer models with respect to hundred synthetic
GMD storms. For Category I, there was a large number of transformer thermal violations for
synthetic GMD storm indexed at 60. The peak temporal Electric field for this particular storm
was as high as 39.6 V/km. This implies that for a GMD storm of this magnitude, even the new
transformers that have been in service for less than 25 years can be at an increased risk of thermal
damage. The information captured from this heatmap can leverage the prediction of possible
thermal response for a suite of extreme GMD storm scenarios.

To visualize the response of T24 transformer thermal model with respect to the rest of the
models, plots of hotspot temperature rise for a transformer connected from Bus 11 to Bus 10 are
simulated with 40 thermal models, as demonstrated in Fig. 5.4. This transformer is subjected to
a synthetic GMD storm indexed at 60. Consistent with the study results presented in [5], T24
thermal model is proven to result in maximum hotspot temperature rise, serving as a baseline for
the worst-case scenario.

Fig. 5.6 highlights the streamlined thermal assessment of the transformers, where the entire
transformer fleet is simulated with just the T24 transformer thermal model throughout the whole
study. Even if all of the transformers were brand-new, the results from the most severe GMD storm
indexed at 60 revealed that 607 of the 861 transformers that had undergone a time-domain thermal
analysis were potentially susceptible to thermal damage, presented by Table 5.1. The evaluation is

predicated on the assumption that every transformer in the fleet fits into one of the condition-based
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Figure 5.4: Time-series hotspot temperature simulation of a transformer using all 40 thermal mod-
els from [5]

GIC susceptibility categories. That said, this necessitates the scope of future study on the impact
of the loss of these transformers—if all of them were to face concurrent damage—on the stability

of the power grid.

Table 5.1: Number of transformers violating the temperature limits under a synthetic GMD storm
indexed at 60

Condition-Based GIC Number of % of Total Number
Susceptibility Criteria Transformers of Transformers

Category I 607 70
Category 11 704 81
Category III 760 88
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Figure 5.5: Heatmap for the total number of transformers violating the GIC susceptibility temper-
ature thresholds for 100 different synthetic GMD storms
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Figure 5.6: Heatmap for the total number of transformers violating the GIC susceptibility temper-
ature thresholds for 100 different synthetic GMD storms simulated with T24 thermal model
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6. SUMMARY AND CONCLUSIONS

This thesis has provided an analysis of a large power system-wide transformer thermal assess-
ment under the influence of GICs. The NERC benchmark event is used to derive the GICs/phase
for the transformer fleet in a 2000-bus synthetic case. Transformer thermal models based on differ-
ent technical data are employed to allow a qualified design-specific dynamic thermal response at
tie-plate of the power transformers according to the GIC signature for each transformer. The ther-
mal assessment for the transformers is conducted against the total hotspot temperature thresholds
of condition-based GICs susceptibility categories of transformers. By modeling the worst-case
scenarios of 1989 NERC benchmark event along with its derived synthetic versions of the storm
— scaled storm’s intensity, time duration and directions — can improve the understanding of the
transformer thermal model’s impact on power system for heightened system awareness in the pos-
sible event of an unprecedented GMD storm.

The scenarios in Section IV offer a means to assess the risk of transformer vulnerability to
GMD events for a given storm’s direction, duration, and magnitude on the bulk power system. A
probable limitation with this presented framework is the existence of uncertainty of thermal re-
sponse data in the results due to the transformer thermal models not correctly corresponding to the
actual transformer type and configuration. This limitation can be accommodated by a systematic
application of transformer thermal model on the transformer fleet accordingly.

Section V presents the methodology of constructing extreme synthetic GMD storms and case
study results on the thermal sensitivity of transformers to such storms. The synthetic storms can
offer temporal GIC series data that would be applicable to other GMD engineering assessments of
transformer thermal evaluations as well as steady-state voltage stability studies.

There are many possible avenues for future work. Validating synthetic GMD storms is unques-
tionably a crucial next step. Principal component analysis, which provides information about the
similarity of feature distributions between actual and synthetic datasets, can help with this. Un-

derstanding the effects of overall system reliability on an electrical link caused by thermal damage
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as a result of extreme GMD episodes is another direction of future research. By developing in-
formed operational techniques or maintaining high-risk bulk power transformers under the safety
threshold, that is, by optimizing the transformer loading to lower the danger of transformer thermal
repercussions, the negative effects of GICs can be reduced.

The findings of this research can find applications in operational planning and educational
research, all with the goal of enhancing the situational awareness and decision-making of large,

complex electric grids in the face of an unprecedented extreme GMD scenario.
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