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Abstract

An efficient energy transfer from the solar wind into the earth’s space environment causes
temporary disturbance to the earth’s magnetosphere. Solar flares and coronal mass ejections
(CME) of charged and magnetized particles can disturb the earth’s magnetic field and
cause geomagnetic disturbance (GMD). GMDs are of particular concern as they give rise to
geomagnetically induced currents (GIC) which have adverse effects on the national power

grid and potentially damage transformers on the grid.

GIC flowing along transmission lines and through the transformers in power systems can be
attributed to problems ranging from overheating of power transformers, harmonic generation,
and voltage collapse due to the half-cycle saturation of power transformers. To prevent the
power system and its equipment from the adverse effects of GMD, blocking device (BD) can
be placed to block the GIC flow in the transformers. However, BD placement is a complex
problem, and the cost of BD is very high, so optimization techniques should be employed for
BD placement to minimize the number and costs of BDs. Although there has been research
on placing blocking devices and their optimal placement, none of them considers the hotspot
temperature rise in transformers during GIC. Therefore, Voltage violation and rise in hotspot
temperature of transformers are the main concerns in this thesis. This work presents two

approaches for the optimal placement of blocking devices on the neutral of high voltage
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transformers to prevent the power system from the impacts of GIC caused by geomagnetic
disturbance. The thesis focuses on the optimization problem based on overheating of power
transformers due to GIC and maintaining the hotspot temperature of transformers within

the limit, as well as maintaining the voltage profile of the power system.

The problem is formulated by first calculating the GIC and increased reactive power
demand of each transformer during the GIC flow, performing power flow analysis, checking if
system voltage has been violated, calculating the transformers’ windings and metallic hotspot
temperatures, checking if the limits are reached, and optimally placing BDs on selective
transformers such that the hotspot temperature of transformers is within maximum limits,
and the system voltage is recovered above minimum permissible voltage. The optimization is
done using the Surrogate optimization and Genetic algorithm of the MATLAB optimization
toolbox and made sure that the number of BDs is minimized. A comparative analysis is done

from the results obtained from both of the methods.

The findings of the thesis highlight the optimization approach for the placement of
blocking devices that takes into account the hotspot temperature rise of transformer tie-plates
and windings and a realistic criterion that includes the cost of the repair or replacement of
transformers based on the hotspot temperature rise of transformers into the optimization
approach. The thesis presents the selection criteria for the two optimization solvers, surrogate
optimization and genetic algorithm, after researching and reviewing different solvers from the
MATLAB optimization toolbox. The total cost of BD placement is reduced where the total
load is reduced to some extent based on different levels of geoelectric field () to maintain
the bus voltages above minimum permissible voltage, and the cost can be calculated based

on the loss of load, and extra number of BDs can be avoided. The results obtained from
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surrogate optimization are proved to be effective and efficient as the total number of BDs
resulting from surrogate optimization is less than the total number of BDs resulting from
genetic algorithm. The nature of genetic algorithm is stochastic in nature, the result not
converging to the global minimum, and the time taken by genetic algorithm for the program
execution were major drawbacks. In contrast, the characteristics of surrogate algorithm, such
as a result, proved to be converging, non-stochastic in nature, unlike genetic algorithm, and
comparatively less time consuming than genetic algorithm proving surrogate optimization to

be more reliable and efficient.
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Chapter 1

Introduction

1.1 Motivation

Major disturbance in the earth’s magnetosphere is caused by the release of energy from solar
disturbance. Solar storms sometimes occur naturally and can interact and affect the earth’s
magnetic field, called geomagnetical disturbance (GMD). The geomagnetic disturbances
(GMDs) create a variable electric field at the ground level, called a geoelectric field. The
geoelectric field creates potential differences across the long conductors like power system
transmission lines, and thus geomagnetically induced current (GIC) flows through the power

system.

GIC is a potential threat to the power system as the flow of GIC through the transformers
and transmission lines negatively affects power system stability and availability. The two

most significant issues that need to be taken care of are the voltage instability and the rise in
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hotspot temperature of transformers during the flow of GIC [1-3]. The flow of GIC through
the high voltage power transformers causes half-cycle saturation of transformers. As a result,
transformers turn themselves into large shunt reactive loads and absorb high reactive power.
It can result in the tripping of supporting reactive devices by the protection and control
system, thus leading to a significant loss of reactive power support and voltage instability [1,
3, 4]. Depending on the magnitude, frequency, and duration of GIC, overheating develops
on the winding and structural parts of the transformers as a greater share of flux leaks out
beyond the core due to half-cycle saturation and induces additional eddy currents in various
parts of the core and windings, including metallic structural parts such as tie-plate. The life
of insulation decreases with the overheating of transformers, potentially damaging expensive
power transformers and even causing blackouts. Therefore, it is essential to model the flow of
GIC, calculate the reactive power absorbed by transformers, calculate the temperature rise
in the transformer hotspot during the flow of GIC, and determine the necessary solution to

this huge problem in the power grid.

Placing blocking devices (BDs) is a long-term solution to block the GIC. But placing BDs is
a complex concern as the cost of BD is very high and can make the condition even worse if not
placed without enough research. Installation of blocking devices on a particular transformer
can redirect the flow of GIC to the neighboring transformers as all power transformers have a
path to the ground at their high-voltage side. It can worsen the power system’s situation and
exacerbate the voltage instability situation and high temperature rise on the transformer’s
hotspot. So, the placement of BDs should be well optimized without violating any constraints
for the efficient operation of the power system and its equipment. There is a lot of literature
on the placement of BDs [5-8|, but there is only a little research on the optimal placement

of BDs [9, 10]. Although a couple of papers address the optimal placement problem and
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have made some effort in the sector, the articles do not address the thermal limit of the
transformer hotspot. There has been scant or no analysis on the placement of BDs considering
the thermal limitations of transformers. Since overheating of transformer structural parts and
winding is one of the most prominent effects of GIC that can damage expensive high voltage
transformers, the hotspot temperature of transformers should be considered for reliability
and proper functioning of the power system in the optimization process of BD placement.
This thesis proposes an optimization approach for the blocking device placement in such a
way that the transformer hotspot temperature limit is not reached, and the voltage profile of

the power system is maintained.

1.2 Thesis Organization

The remainder of the thesis is organized into the following chapters:

e Chapter 2 provides background on how GMD occurs and gives rise to GIC. The impacts
of GIC on the power system and the GMD- related problems are well explained in the
literature review. In addition, it provides background on the possible remedies that can
be pursued to block the GIC, most importantly blocking devices and why and how BD

should be placed on the power grid to mitigate the adverse effects of GIC.

e Chapter 3 describes the study system where the research is done, where the GIC
is calculated first and later followed by other calculations such as calculating the
bus voltages and hotspot temperature of transformers. The calculation of GIC is

well explained in this chapter. The chapter also explains the thermal assessment of
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transformers in the power system and how transformers’ hotspot temperature rise is
calculated using the study system, as mentioned in this chapter. The study system

includes GPS coordinates of substations, transformer data, and transmission line data.

Chapter 4 presents the approach to optimize the placement of blocking devices to block
the flow of GIC through the transformers and transmission lines. The flowchart in this
chapter explains the optimization process undertaken in this thesis. Two methods are
used to do the optimization, surrogate optimization (SO) and genetic algorithm (GA)

from MATLAB optimization toolbox.

Chapter 5 presents the results of the simulation done in MATLAB. The voltage
at different buses during the GMD event, the rise in hotspot temperature at the
transformers for different levels of geoelectric field (E), E = 1V/km to E = 8V /km are
presented in this chapter. The optimization results are presented, i.e., the optimized
total number of BDs to be placed and the candidate transformers at each intensity of
E. The improvement in bus voltages and hotspot temperature of transformer tie-plate

and winding after the BD placement are also presented.

Chapter 6 summarizes the work carried out in the thesis with the conclusion and future

work that can be done.



Chapter 2

Literature Review

2.1 Geomagnetically Induced Current

The sun sometimes emits enormous bursts of energy in the form of solar flares and coronal
mass ejection (CME). These solar disturbances can release high-energy solar flares that
exchange energy from the solar wind to the earth’s space environment [11]. The charged
particles are produced and move in the conductive ionosphere, and current flow in the
electrojets [12]. The coronal mass ejection carries its own current and magnetic field and
interacts with the earth’s magnetic field. As a result, the solar wind perturbs the earth’s
outer surface, causes major disturbance in the earth’s magnetosphere, and affects the earth’s
magnetic field, the phenomenon called Geomagnetic Disturbance (GMD). The intensity of
geomagnetic disturbance depends on the flare’s magnitude, the direction in which the particles

are emitted, and the orientation of the magnetic field. During geomagnetic disturbances,
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variations in the electrojet (at frequencies in the order of 0.1 mHz — 0.1 Hz) and magnetic
field variations induce voltages in relatively long conductors at the ground level. The wires of
an HV transmission line are grounded through the neutral connection of transformers at the
line terminals; as a result, a closed loop or return path is formed, and current will circulate,
which is referred to as geomagnetically induced current (GIC). This quasi-dc current enters
and exits the power system at the transformer’s grounds, disrupts the normal operation of
the power system, and even causes equipment damage in some cases. GIC not only disrupts
the power system operation but also disrupts the operation of other conducting networks
such as communication cables and pipelines [13]. The flow of GIC in a power network is

shown in Figure 2.1.

Transmission Line

GIC
) — )|
r r
— —
j' A .. . (ml r
1 Transmission Line T
Towers
Transformer L J Transformer
GICT g N lGIC

Geoelectric Field

Figure 2.1: GIC flow in power network.

The first reported effects of GIC on power systems occurred during a magnetic storm
in 1940 [13]. Disturbances in power systems were reported by companies in New England,
New York, eastern Pennsylvania, southern and eastern parts of Minnesota, and Ontario
and Quebec. Significant effects on power systems were noted during major geomagnetic

storms in February 1958 and August 1972, and lesser effects were recorded during other
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weaker disturbances. One of the significant disturbances occurred on March 13, 1989, that
led to the collapse of the Hydro Quebec system and caused a nine-hour power disruption
to six million people and was estimated to cost $6 billion (Canadian dollars) |2, 11, 13-16].
The resulting harmonics caused the tripping of several static compensators, i.e., system
components essential for maintaining the dynamic stability of the network one after another.
Loss of this equipment led to a severe voltage drop, and the system became totally unstable,
resulting in a trip out of all the power lines coming from James Bay and the collapse of
the system |2, 13, 16]. The risk to which Italian infrastructures are exposed due to GIC
events is presented in [17]. The preliminary risk assessment of space weather-related GIC
activity to the Australian power network is presented in [18]|. [19] gives an overview of the
GMD physical process and its influence on power systems. It performs an explicit numerical
assessment of potential GIC values and their impacts on the grid for the Swiss Transmission
Network. [20] describes a thought process and the beginnings of a methodology for global risk
assessment, like independently determining the probability of the event and the consequence

as represented in an estimated economic impact.

2.2 Impacts of GIC

The reason geomagnetic disturbances are particularly concerning to the power grid is ge-
omagnetically induced current (GIC). GIC is caused by geomagnetic disturbance causing
electric current variations in the magnetosphere and the ionosphere, which then cause effects
on the Earth’s magnetic field. This introduces currents to be induced in conductors such as

power lines which will then impact and pose a threat to the power grid transformers [1, 11,
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21, 22]. GIC is called quasi dc currents as they have an extremely low frequency of about
0.1 mHz — 0.1 Hz. The risks associated with GIC are highly dependent on the characteris-
tics of GMD events and parameters of the power grid [23], including geomagnetic latitude,
power grid topology, ground conductivity, geoelectric field magnitude and orientations, line
resistance. The transmission line length and line orientation alignments with corresponding
geoelectric fields are considered key topological parameters that influence GIC magnitudes in

the electric grid |24] which is presented in chapter 3 in the calculation of GIC.

The flow of GIC through the transmission lines and transformers causes negative con-
sequences such as overload in the electric grid system triggering voltage collapse or, worse,
damaging expensive extra-high voltage (EHV) power transformers. High voltage transformers
are vulnerable to GIC, and almost all GMD-related issues are caused by the flow of GIC
through the transformers. Since GIC is quasi-dc, it causes transformers to operate in the
region of nonlinearity as it drives transformers to half-cycle saturation. Power transformers
are designed to operate in the linear region of their magnetizing characteristics. When
a power transformer is subjected to quasi dc current, the flow of zero sequence current
into the transformer winding causes the shift in operating point. It results in a unidirec-
tional shift in the flux as the dc flux adds to the ac flux in one-half cycle [1-4, 25-27],
as shown in Figure 2.2. The large magnetizing current pulse as a result of unidirectional
shift, as shown in orange in Figure 2.2 becomes a short duration pulse with high peak and
increases the absorption of reactive power of the transformer [26-28|. Reactive power loss
associated with half-cycle saturation is shunt loss, where the transformer behaves as a large
reactive load. So, the power system sees a large demand in reactive power during the flow
of GIC. This reactive power loss increase may reduce the system voltages to the point of

encroaching secure voltage limits. Therefore, it can have a significant effect on reactive
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power resources, reactive power margins, generator performance, and protective relaying.
As a result, reactive power resources such as synchronous generator, shunt capacitor, static
VAR compensator (SVC), and spinning reserve are exhausted, leading to a significant loss

of reactive power support and voltage instability issues or large-scale voltage collapse [1-4, 28|.

Saturated

Unsaturated

—1 Half-cycle saturation currents

Normal Currents < /

Time

Figure 2.2: Half cycle saturation in transformer.

The large magnetizing current pulse generates odd, and even harmonics with significant
magnitudes in the power system |3, 27, 29]. GIC-induced harmonics will flow to other
devices in the system, depending on system topology and parameters. The elevated harmonic
distortion causes protection and control devices to trip. Shunt capacitor banks used for
reactive power support become low impedance paths for harmonic currents and can lead to

tripping of the bank by relay protection schemes. Harmonic filters for SVCs create parallel
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resonances that, if located at characteristic harmonic frequencies, can exacerbate voltage
distortion issues and result in increased harmonics flow in these devices and tripping on
protection. Harmonics can also cause the misoperation of electromechanical and solid-state
relays, resulting in either nuisance operations or failure to operate when required. In the case
of modern digital relays, where harmonic currents may be filtered, overcurrent protection of
capacitor banks would become desensitized, thus reducing its effectiveness and potentially

leading to capacitor bank damage [1].

The magnitude and duration of GIC affect the impacts it has on transformers and is a key
consideration in determining the heating caused in transformers winding and structural parts
[2, 3]. During GIC flow, high magnitudes of magnetization current pulses and associated
current harmonics produce increased harmonic-rich stray flux. A greater share of flux leaks
out beyond the core, inducing additional eddy currents in various parts of the core and
winding assembly, including metallic structural parts, such as the tie plate and tank walls
[30]. It would cause high winding circulating currents in transformers, causing overheating
of power transformers which, if high and for a long duration, can subsequently reduce the
life of transformers or even damage them. The consequence is additional heating at these
locations, potentially causing gassing or simply resulting in accelerated aging of the cellulosic
insulation due to thermal degradation. Heating of the tank walls due to eddy currents can
also cause the interior paint to be peeled off, liberating contaminants into the oil. The result
is that, at best, some of the useful life of the cellulosic insulation is lost, and, at worst, the
unit is at a greater risk of incurring an imminent failure due to the gassing, causing dielectric
strength to be compromised. Therefore, higher eddy current results in an increase in the
hotspot temperature of transformers winding and structural parts and reduce the life span or

cause the failure of the transformers |3, 24, 26, 27, 29-33|. The significant overheating of the
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series connection of old (pre-1973) design shell form transformers at PSE&G during the 1989
GMD storm was an example of overheating of transformers attributed to GIC [1]. Depending
on the transformer design and actual GIC magnitudes and duration, the tie-plate maximum
temperatures could reach temperatures that would produce amounts of dissolved gas and
have much consequence on the reliability of the transformer. Another consequence of the
unidirectional flux density shift in the core is that significant increases in both core losses and
core noise are experienced for the duration of the GMD event. The loss increase in the core
results in an increase in the core hotspot temperature. While core noise increase is typically
very noticeable onsite and is associated with higher magnitudes of core and tank vibrations,
the rise in the core noise is only temporary and is limited to the duration of the GMD
event [1]. As a whole, GIC due to GMD causes increased harmonic generation, excessive
rise of transformers’ hotspot temperature leading to thermal damage or significant loss of
winding insulation life, increase in vibration and noise level, and malfunction of transmission
line protection schemes |1, 34, 35|. IEEE standard C57.91-2011 [36] presents the hotspot
temperature limit of transformers winding as 180 °C' and tie-plate as 200 °C' for short time
emergency loading that should not be exceeded at either winding or structural hotspots on
operating transformers to avoid undue aging of the winding insulation as well as to limit the

risk of an imminent dielectric failure from gassing.

Necessary modeling details for the time domain simulation of GMD are included in
different works of literature. To monitor the impacts of GMDs in power network, a system
has been developed to provide real-time simulations of GIC flowing in the power system [37].
[25] presents an overview of modeling GMDs into the power flow to assess the impact on
large-scale power systems focusing on the loss of reactive power support, potentially leading

to a voltage collapse. [38] considers the chain of models: transforming surface magnetic
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field disturbance to induce surface electric field through an electromagnetic transfer function
and, then, induced surface electric field to GIC to model a realistic power topology and
comparisons are made to transformer neutral current reference measurements provided by
the American Transmission Company. [39] presents the system and model data of the IEEE
118 bus power system, including transmission lines, transformers, load, generations, GPS
coordinates of substations, substation grounding impedance, and so on. These data can be
incorporated in various simulations relating to GMD and GIC, although it does not represent
the actual AEP grid. Several efforts have been made for thermal assessment of transformers
due to GIC [24, 30, 40, 41|. |24] provides a system-wide transformer temperature analysis due
to GIC-induced half-cycle saturation where it identifies potential overheated transformers
in a GMD event and characterizes the relationship between the GIC and the transformer’s

temperature response.

2.3 Blocking Devices

Short-term and long-term remedies can be pursued to mitigate the adverse effects of GMD
[1, 11, 42-45]. Several efforts in the literature have been reported to monitor [46, 47|, control
[48, 49], and mitigate |9, 50, 51| the impacts of GIC on power networks. Several actions can
be taken to monitor the system stress due to the GIC flow in the power system, such as 1)
monitoring unusual voltage and reactive power swings, 2) monitoring abnormal temperature
rise /noise/dissolved gas in transformers, 3) preparing for unplanned capacitor bank/ static
VAR compensators tripping, 4) monitor reactive power reserves, and 5) a reliable GIC

forecasting. Many utilities rely on forecasts of geomagnetic activity to help them operate
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during disturbances. The Canadian Geomagnetic Forecast Service, operated by Natural
Resources Canada, has been in operation since 1974 and provides long-term and short-term
forecasts for three latitude regions of Canada [13]. As a result of risk assessment, National
Grid Company, the owner and operator of one of the world’s largest privatized high-voltage
electric power transmission systems in England and Wales at 400 kV and 275 kV, completed
the installation of a Metatech Spacecast/Powercast space weather forecasting system in May
1999 [52| where operator displays for each forecast timescale would include alert and alarm
status as well as forecast accuracy confidence levels. The space weather impact forecast would
be displayed on a geographic system diagram with color bands indicating the forecast GIC
impact, the total /zonal additional reactive power requirements to manage the system, and
the time to forecast event impact [52|. Another solution would be re-configuring the power
system, like removing affected transformers or transmission lines from service to redirect the
flow of GIC [1] or re-dispatching generation and reactive power resources to stabilize system
voltages [25]. However, removing transformers and transmission lines from the system during
GIC flow can increase the effect on neighboring equipment, mainly transformers, as the GIC

is redirected to them.

For smooth operation of substation and protection of ac systems, a long-term solution to
eliminate the flow of GIC is the installation of GIC blocking devices (BDs) to eliminate or
reduce the quasi-dc currents entering the transformer. A number of blocking devices have
been studied in the past [5-8, 53]. Most of them are based on using a fairly large capacitor
inserted into the transformer neutral, which may be expensive that costs $500K [54] and
require significant space. GIC blocking devices such as inserting resistor or capacitor from
neutral to ground connected to the grounded neutral of transformers eliminate or reduce GIC

from entering through the transformers. Series capacitors can also be installed to block the
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GIC flow in transmission lines [52, 55|. However, Series capacitor blockers are primarily used
for series compensation of transmission lines but have a secondary effect of blocking dc current
flow in transmission lines. They are considered less economical and limited by the impact on
normal system operations, and thus blocking transformer neutral has been more popularly
advocated [6]. In 1993, TransEnergie commissioned IREQ to undertake the development of a
dc current blocking device to be installed in transformer neutrals. The goal was for the device
to be simple, economical, and suitable for integration at any transformer substation where
the dc current flow needs to be limited [5]. DC blocking devices for the transformer neutrals
were developed in [5] where it was essentially a capacitor inserted in series in the transformer
neutral to block the dc current in the transformer. However, GIC blocking devices placed on
the neutral of transformers block the GIC flow through the transformer but redirect its flow
to the other neighboring transformers and can create problems in the transformers and power
system and also exacerbate the voltage instability problem. Linear sensitivity analysis was
done in [6] for the placement of BDs on the most sensitive transformers. [6] presents the GIC
blocking device placement problem for actively mitigating the impact of solar activity on
large power systems. The placement problem of multiple blocking devices was first considered
by analytically quantifying the associated reactive power losses. A linear sensitivity analysis
was provided for the case of blocking a single transformer, and it was observed that the
effects of blocking transformer neutral currents are primarily local. The effectiveness of the
proposed methods was shown using the 20-bus case and confirmed by the test results on a
much larger case [6]. [53] proposes various risk reduction measures that could be adopted
to ensure precise operation of neutral blocking devices (NBDs) for enhanced power system
safety and reliability against dc. An ideal operational architecture consisting of control,

communication, and physical layer has been proposed for the NBD installations in [53].
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The BDs are fairly expensive to install and maintain, and the placement of BD on the
neutral of one transformer can redirect the flow of GIC into other neighboring transformers as
all power transformers are vulnerable and affected by GIC. Placement of BD in transformers
neutral without enough research can potentially exacerbate voltage instability conditions
and high temperature rise situation in other transformers and make the situation worse.
So, the placement of BDs should be well optimized for effective and efficient operation and
hence viewed as an optimization problem. The optimal placement was first done in [9] where
the genetic algorithm from MATLAB optimization toolbox was approached in the IEEE
118-bus benchmark power system while ensuring the generator’s real/reactive power and
the system voltages are maintained within acceptable ranges. However, there has not been
enough research on optimal placement of BDs that also considers and takes into account the
thermal limit of the transformer hotspot. This thesis provides an approach to finding the
optimal number of BDs and the transformers at which the BDs need to be placed to block the
GIC and its harmful impacts on the power system. The optimal placement of BDs minimizes
the number of installed BDs while ensuring a feasible power flow and voltage profile for the

power grid and maintaining the hotspot temperature of every transformer in the grid.
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Chapter 3

Power System Analysis Under GIC

Conditions

3.1 Geomagnetically Induced Current Calculation

When GMD occurs, it disturbs the earth’s magnetic field and induces quasi-dc geoelectric
field E at earth’s surface. This geoelectric field then induces dc voltage (voltage source) V gc
[56] in each phase of the transmission line between stations A and B, which is computed by

integrating the geoelectric field along the route of the line [57] given by the equation

Ve = ]{E dl (3.1)

where F is the electric field at the location of transmission line, dl is the incremental length
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of the transmission line, including direction, leading to the flow of GIC along transmission
lines and through grounded transformers. GIC flow depends on both the magnitude and
the direction of E. Assuming a constant geoelectric field in the geographic area of the
transmission system, V4. becomes independent of the path and only depends on the two ends
of the transmission line. As a result, the incremental vector dl becomes L that represents
length and direction of the lines connecting substations i and j |25, 57|, and is given by

equation

Ex

Vae=FE.l=ExLx+ Eglg (3.2)

where Ey (V/km) is the northward geoelectric field, Eg (V/km) is the eastward geoelectric
field, Ly (km) is the northward distance and Lg (km) is the eastward distance between the
two endpoints of the transmission line. To obtain more accurate values (and to be consistent
with substation latitudes and longitudes obtained from GPS measurements), it is necessary
to take into account the non spherical shape of the Earth [57, 58]. The North-South distance,

Ly is given by the equation:

T
In = —— M.Alat .
NT gt (3:3)
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where M is the radius of curvature in the meridian plane and is described by (3.4) and

Alat is the difference in latitude (degrees) between the two substations A and B.

a(l—e?)

(1 —e2sin® ¢

M = (3.4)

)1.5

where ¢ is defined in (3.5) as the average of the two latitudes of the two substations A

and B, and a is the equatorial radius of the earth model whose value is 6378.137 km [57].

LatA + LatB
_ L@A+ Latb (3.5)
2
The East-West distance, Lg is given by the equation:
Ly = — N cos ¢.Al (3.6)
= —N cos ¢.Alon .
BT 180 g

where N is the radius of curvature in the plane parallel to the latitude as defined by (3.7)

and Along is the difference in longitude (degrees) between the two substations A and B [57].

N = (3.7)

Due to the quasi-dc nature of GIC, the power system is represented as a dc network
consisting of dc resistances of the transmission lines, transformer windings, and ground
grid of the substations. So, the transformer dc model is needed for GIC calculation. The
transformers are classified as autotransformers and step-up/down transformers. The dc

models of autotransformers and step up/down transformers are represented in Figure 3.1
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HV AV
Rs —o0
LV Rav % % Ry LV
Rc ———o©

Figure 3.1: Representation of auto trans- Figure 3.2: Representation of step up/down
formers in dc network model. transformers in dc¢ network model.

and Figure 3.2. In the case of auto-transformers, low voltage and high voltage terminals are
electrically connected through the series winding with dc resistance Rg. The path to the
ground is provided through the common winding with dc resistance R¢. But in the case of
step-up/down transformers, high voltage (HV) and low voltage (LV) windings are separate,
and only HV winding is modeled because LV side can be ungrounded or delta connected or
connected to the local power system with insignificant induced GMD voltage. The voltage
source V4. is used as an input to the dc model of the network, and the resulting dc network
can be solved using standard circuit analysis techniques to find GIC flowing in each line
and each transformer. Nodal analysis is used to calculate GIC on each line and transformer
because of its effectiveness in such networks. More details on GIC calculation can be found
in [57, 59, 60]. After calculating GIC, the next step is calculating the additional reactive
power loss of transformers associated with the GIC. The amount of this GIC related reactive

power loss depends on the construction of transformer |9, 26, 61-64]. The reactive power loss
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of the transformer as a result of the flow of GIC can be calculated by the equation

Qr = VpuKlgic (3.8)

where Igrc is the GIC flowing in the transformer’s winding V,,,. is the per unit voltage of
transformer’s terminal and K is a constant that depends on the transformer type and relates
these quantities to transformer’s reactive power loss |9, 61]. Under GMD, the calculated
transformer’s additional reactive power loss is represented as the reactive load connected
to the transformer bus and the power flow analysis should be performed with the updated

reactive power at the bus [9].

The main power flow equations are given by

N
k=1
N
k=1

where P; is the net real power and @); is the net reactive power injected at bus 7, Gy is
the real part and By, is the imaginary part of the element ikth in the bus admittance matrix
YBus. At the event of GMD, transformers additional reactive losses ()7 during the flow of

GIC should be included as
Qi,new = Qz - QT (311)

The power flow equations are then solved using the updated reactive power from 3.11.
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3.2 Transformer Thermal Assessment

The injection of GIC into the system transformers with grounded neutral saturates the
transformer and 1) increases its reactive power demand, 2) turns the transformer into a
harmonic current source, and 3) causes hotspot overheating in the transformer [51, 65, 66].
The much higher magnetizing current resulting from the addition of unidirectional dc flux in
the core, and the nature of its wave — shape, produce correspondingly higher magnitudes
of leakage flux that is also rich in harmonics. This results in appreciably higher eddy and
circulating current losses in the windings as well as the structural parts of the transformer,
degrading insulation resulting in the accelerated aging of the insulation [67-70], gassing |71]
and liberating contamination into the oil due to peeling of interior paint [12|. The advanced
transformer model of 62, 63|, which is the most accurate transformer model for GIC studies
[63, 64], has been simulated in the time-domain, and the harmonic characteristics of each core
construction have been obtained as a function of the applied GIC, and the system voltage in

[51].

[12]| presents the calculation of transformers winding and structural parts temperatures
when subjected to several levels of step dc currents (20, 30, and 50 Amps / Phase) for fully
loaded transformers (asymptotic value of step response). For the winding hotspot temperature
calculation, the dc was subjected for 30 minutes, and only about 12 °C' increase was observed,
which was an insignificant rise in hotspot temperature even after being subjected to 50 Amps
dc for 30 minutes. For the calculation of tie plate hotspot temperature of transformers,
different values of dc was applied for 120 minutes continuously. The magnitude of this
temperature rise depends on the core construction, the operating / design flux density, and

the magnitude of dc current flowing through the windings. Once the core flux density reaches
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close to the saturation flux density level of the core steel, there will be spillage of the core
flux outside the core. This results in additional flux linkages to the structural parts, such as
tie plates, yoke clamps, tank walls, tank cover, tank bottom, etc. [12]. The rise in hotspot
temperature was still insignificant after being continuously subjected to 50 Amps for 120

minutes and only was about 32 °C'.

A thermal equivalent circuit of transformers based on a basic heat transfer model is
suggested in [30, 40]. Field test research on top oil temperature rise and heating parameter
estimation is reported in [71, 72|. A transformer heating assessment is presented in [41] to
describe thermal models for hotspot temperature rise in transformers. Thermal impacts
of dc currents on power transformers (winding and metallic parts) are investigated in [73].
[74] develop a thermo-electrical model using finite element methods to evaluate temperature
distributions in the windings. [24] develops, for the first time, a systematic framework
to assess the thermal response of transformers during GMD events: (i) analyze the time-
varying temperature behavior in normal operating conditions (when all transformers are
fully functioning), (ii) contingency scenarios (when a transformer is expected to be thermally
damaged), and determine the characteristics of the most thermally vulnerable transformers
in the power system. [75] provides transformer thermal impact assessment based on two
types of GMD events. Two kinds of GMD Vulnerability Assessments are used to evaluate
the potential impacts of GMD events on the Bulk Electric System in [75]. The benchmark
GMD Vulnerability Assessment is based on the benchmark GMD event, where the benchmark
GMD event is derived from spatially-averaged geoelectric field values to address potential
wide-area effects that could be caused by a severe 1-in-100 year GMD event |76, 77] and
the supplemental GMD Vulnerability Assessment is based on the supplemental GMD event,

is used by entities to evaluate risks that localized peaks in the geomagnetic field during
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a severe GMD event that could potentially affect the reliable operation of the bulk power
system. Transformers must undergo a thermal impact assessment if the maximum effective
geomagnetically induced current (GIC) in the transformer is equal to or greater than 75 A
per phase for the benchmark GMD event and 85 A per phase for the supplemental GMD
event [75]. [30] uses the electric field associated with an extreme GMD event to estimate
internal hotspot temperatures on a real-time basis during an ongoing GMD event, using
response functions fitted to particular thermal step-response data either measured or supplied
by the manufacturer. The method is based on fitting a closed form analytical function to
the calculated or measured thermal response of a particular transformer design, typically
provided by the manufacturer, at the hotspot location of the transformer to a step dc current
excitation [3, 12]. This fitted function can then be used to simulate the hotspot temperature
profile for transformers. The transformer spot-heating is taken into account based on the
steady-state temperature rise characteristics shown in [30], noting that higher temperature
rises have also been reported in the literature [30]. Assuming the full-load temperature
rises prior to the GMD event, the total temperature due to GIC is checked in the proposed
mitigation approach to be below the maximum standard permissible values [30]. An accurate
thermal transformer model for estimating the hotspot heating in the transformer during
GMDs has been developed in [78|, which is generic and does not require detailed transformer

data.

IEEE Standard C57.91-2011 [36] provides an IEEE guide for the maximum temperature
limit that should not be exceeded on the hotspot of transformer windings and other structural
parts to avoid the accelerated aging of insulation as well as to avoid the dielectric failure at
windings and structural hotspots due to gassing. Suggested limits for each hotspot tempera-

ture of transformer windings and other metallic structures are presented in Table 3.1 and are
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assumed to be relevant for GIC. Normal life expectancy loading is considered risk-free but
the other types of loading have risk associated to them. The maximum temperature limit for
the windings of the transformer at full load is 180 °C' and that of structural parts such as tie
plate is 200 °C', top oil temperature being 110 °C'. If the transformer temperature exceeds
these limits, it can cause the insulation of transformers to fail and damage the expensive high
voltage transformers. So, it is crucial to maintain the hotspot temperature of transformer
windings and tie plates within these maximum limits. The risks associated with exceeding
these thresholds also vary with individual units’ mechanical and dielectric condition, which,

in turn, depends on the operating history [79].

Table 3.1: Maximum temperature limits suggested in IEEE C57.91 2011

Normal life | Planned loading | Long time | Short time
expectancy | beyond nameplate | emergency | emergency
loading rating loading loading
Insulated conductor
hottest spot temperature ( °C') 120 130 140 180
Other metallic
hottest spot temperature ( °C) 140 150 160 200
Top oil temperature ( °C') 105 110 110 110

In this thesis, the GMD event is taken from the recorded 1989 Hydro Quebec event,
and temperature rises are simulated for both winding and tie-plate of transformers with
time constants 2.5 min and 2.9718 min, respectively. Based on the winding and tie-plate
temperature rise, the transformers are assumed to be repaired or replaced if the hotspot
temperature exceeds the maximum limit. If the hotspot temperature is higher than 1.5 times
the maximum temperature limit, it is assumed to be replaced; otherwise, it is assumed to

be repaired. The cost of replacing transformers is $6000/MVA, and the cost of repair of
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transformers is $4000/MVA [80].

3.3 Study System

The demonstration of detrimental effects of GIC and the optimization for BD placement to
eliminate the adverse effects is done in IEEE-118 bus standard test system [39]. This test
system is deemed suitable for this study because of the reason that most of the necessary

information are readily available such as:

e the substations coordinates and coordinates of the ends of transmission lines are required.
Their latitude and longitude are available, if not it can be found using maps and online
tools using the name of substations and cities where they are located because the test
system was developed based on a portion of the American Electric Power(AEP) power

grid (in the Midwest U.S.),

e network configuration and parameters such as resistances and reactances of the trans-

mission lines and transformers, and load and generation data are readily available |9,

39, 81].

3.3.1 Substation Data

The geographical view of substation locations is shown in Figure 3.3 on the map of United
States of America. The IEEE-118-bus system spans the states of Indiana, Ohio, West Virginia,

Virginia, Kentucky, and North Carolina. The GPS coordinates of the substation locations
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3.3 STUDY SYSTEM

(latitude and longitude) are presented in Table 3.2 and the names of substations and the

respective substation grounding resistance are presented in Table 3.3.

Lansiny
.

Detroit nh?
Chicago &
A o
“ T°|?d° Cleveland
S
[ ]
- of o I - .Cﬁm.ton PENNSYLVANIA
. ® ® [ J ® ™Y Pittsburgh /
= ] ® , & Harrisbu
_ \ ° ° LS '.
|n_gﬁeld Indianapolis Dayton & o .'
C'. ° . ® Baltim
incinna <
° oMo o 3
- ® WEST VIRGINIA e
Frankfort et o
INDIANA : I VIRGINIA
KENTUCKY e %0 >
L ]
’ .. .~ : Lync*lburg
[ & N¢
L
® Pos © i
Nashville . ®
. Knoxville leigh
TENNESSEE 3 iyeli

Figure 3.3: IEEE 118-bus standard system overlaying the map of the U.S.

3.3.2 Transmission Line Data

The total number of lines in the 118-bus test system is 177 [39]. The transmission line data
is presented in Table 3.4 with their respective bus number. Other data required for the

simulation are the admittance and line length which are presented in the Table 3.4.
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Table 3.2: GPS coordinates of Substations

Bus | Latitude (°) | Longitude (°) | Bus | Latitude (°) Longitude (°) | Bus | Latitude (°) | Longitude (°)
1 42.022008 -86.387215 41 41.086597 -83.171997 81 38.196711 -81.480250
2 41.914541 -86.182251 42 | 40.850863 -82.681363 82 | 37.850640 -81.995064
3 41.910453 -86.467896 | 43 | 40.624376 -83.614197 | 83 | 37.629006 -82.197474
4 41.710342 -86.539307 44 40.392058 -82.516594 84 37.553832 -82.631264
) 41.706674 -86.483862 45 40.122716 -82.426300 85 37.354330 -82.810822
6 41.597986 -86.445923 46 39.718807 -82.691345 86 37.249461 -83.193283
7 41.616469 -86.403008 47 39.771603 -82.095337 87 36.762438 -83.692653
8 41.706674 -86.483862 | 48 | 39.941117 -82.011655 88 | 36.913606 -82.337070
9 40.609782 -87.011719 | 49 | 39.865158 -81.904034 | 89 | 36.932778 -82.198611
10 39.227333 -87.570961 50 40.029455 -81.558380 90 36.847809 -82.121367
11 41.677015 -86.252289 51 40.272322 -81.605759 91 36.922555 -82.070591
12 41.665088 -86.132140 52 40.243502 -81.856041 92 36.881268 -81.762142
13 41.642131 -85.930939 93 40.797697 -81.937408 93 37.125286 -81.518555
14 41.579498 -85.836868 o4 41.072104 -81.513062 94 37.371590 -81.385516
15 | 41.170632 -85.096655 55 | 40.799138 -81.325396 95 | 37.439474 -81.508612
16 | 41.063777 -85.467300 56 | 40.562330 -81.496582 96 | 37.589264 -81.679157
17 40.983705 -85.342592 57 40.490043 -81.445427 97 37.876389 -81.514606
18 41.060957 -85.172408 58 40.490043 -81.445427 98 37.865390 -81.193684
19 41.014555 -84.666824 99 40.252500 -80.645556 99 37.673948 -80.888985
20 40.654898 -85.044858 60 39.942384 -80.749512 100 | 37.371389 -80.862222
21 | 40.480871 -85.136271 61 | 40.062308 -80.779724 | 101 | 36.922633 -81.119144
22 | 40.196391 -84.836187 | 62 | 39.749389 -80.854778 | 102 | 36.866987 -81.559971
23 39.567687 -84.814453 63 40.252500 -80.645556 103 | 37.074833 -80.584466
24 39.480991 -84.457226 64 40.062308 -80.779724 104 | 37.005112 -79.643772
25 39.081507 -84.861495 65 39.588658 -81.682026 105 | 37.270228 -79.961460
26 39.081507 -84.861495 66 39.588658 -81.682026 106 | 37.357059 -79.906625
27 | 40.087173 -85.644216 | 67 | 39.796766 -81.335950 | 107 | 37.463571 -79.185785
28 | 40.271203 -85.774719 | 68 | 38.967194 -81.921389 | 108 | 37.135231 -79.906823
29 40.472024 -85.682373 69 38.967194 -81.921389 109 | 37.003889 -79.879460
30 40.983705 -85.342592 70 38.733732 -82.997589 110 | 36.700334 -79.938897
31 40.515952 -85.644024 71 39.001043 -83.259190 111 | 36.486200 -79.720800
32 40.271372 -83.081821 72 39.202573 -83.611506 112 | 36.585200 -79.394180
33 41.019283 -84.580994 73 39.126509 -82.986133 113 | 40.530651 -85.653395
34 | 40.762827 -84.087725 74 | 38.492630 -82.690150 | 114 | 40.211490 -83.092430
35 | 40.722283 -84.186859 75 | 38.413800 -82.574164 | 115 | 40.181841 -83.011368
36 40.701428 -84.107544 76 38.480111 -82.115696 116 | 38.935395 -82.116390
37 40.800649 -84.029870 7 38.402801 -82.290856 117 | 41.675968 -86.141166
38 40.800649 -84.029870 78 38.396747 -81.733692 118 | 38.417642 -82.355112
39 40.912651 -83.880775 79 38.351978 -81.634194
40 | 41.430002 -82.269469 | 80 | 38.196711 -81.480250
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Table 3.3: Name of Substations, Substation grounding resistance

Substation | R,(€2) | Substation | Ry(€2) | Substation | R,(£2)
Riversde 0.1 Howard 0.1 BetsyLne 0.1
Pokagon 0.1 S.Kenton 0.1 BeaverCk 0.1

HickryCk 0.1 WMVernon 0.1 Hazard 0.1
NwCarlsl 0.1 N.Newark 0.1 Pinevlle 0.1
Olive 0.1 W.Lancst 0.1 Fremont 0.1
Kankakee 0.1 Crooksvl 0.1 ClinchRv 0.1
JacksnRd 0.1 Zanesvll 0.1 Holston 0.1
Bequine 0.1 Philo 0.1 HolstonT 0.1
Breed 0.1 WCambrdg 0.1 Saltvlle 0.1

SouthBnd 0.1 Newcmrst 0.1 Tazewell 0.1

TwinBrch 0.1 SCoshoct 0.1 Switchbk 0.1
Concord 0.1 Wooster 0.1 Carswell 0.1
GoshenJt 0.1 Torrey 0.1 Baileysv 0.1
FtWayne 0.1 Wagenhls 0.1 Sundial 0.1

N.E. 0.1 Sunnysde 0.1 Bradley 0.1
Sorenson 0.1 WNwPhill 0.1 Hinton 0.1
McKinley 0.1 WNwPhil2 0.1 GlenLyn 0.1
Lincoln 0.1 Tidd 0.1 Wythe 0.1
Adams 0.1 | SWKammer | 0.1 Smythe 0.1
Jay 0.1 Kammer 0.1 Claytor 0.1
Randolph 0.1 Natrium 0.1 Hancock 0.1
CollCrnr 0.1 Muskngum 0.1 Roanoke 0.1
Trenton 0.1 Summerfl 0.1 Cloverdl 0.1

TannrsCk 0.1 Sporn 0.1 Reusens 0.1

Madison 0.1 Portsmth 0.1 Blaine 0.1
Mullin 0.1 NPortsmt 0.1 Franklin 0.1
Grant 0.1 Hillsbro 0.1 Fieldale 0.1

DeerCrk 0.1 Sargents 0.1 DanRiver 0.1

Delaware 0.1 Bellefnt 0.1 Danville 0.1

Haviland 0.1 SthPoint 0.1 DeerCrk2 0.1

Rockhill 0.1 Darrah 0.1 WMedford 0.1

WestLima 0.1 Turner 0.1 Medford 0.1

Sterling 0.1 Chemical 0.1 KygerCrk 0.1
EastLima 0.1 CapitlHI1 0.1 Corey 0.1
NwLibrty 0.1 Kanawha 0.1 | WHuntngd | 0.1
WestEnd 0.1 Logan 0.1

S.Tiffin 0.1 Sprigg 0.1
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Table 3.4: Transmission lines data

. Line . Line . Line . Line
From | To | y_line Vg () From | To | y_line Vg () From | To | y_line Vi () From To | y_line Vi ()

1 2 1 0.1993 100 34 | 36 | 0.6935 100 64 | 65| 0.3592 100 92 94 | 0.1255 100
1 3 | 0.4682 100 34 | 37| 2.3585 100 49 | 66 | 0.3355 100 93 94 | 0.2708 100
4 5 | 3.4364 100 37 |39 0.1881 100 49 | 66 | 0.3355 100 94 95 | 0.4575 100
3 5 | 0.2506 100 37 |40 0.1018 100 62 | 66 | 0.1253 100 80 96 | 0.1696 100
5 6 | 0.5074 100 30 | 38 ] 0.2082 100 62 | 67 ] 0.2341 100 82 96 | 0.3727 100
6 7 | 1.3158 100 39 | 40 | 0.3282 100 66 | 67 | 0.2696 100 94 96 | 0.2245 100
8 9 | 0.3960 100 40 | 41 | 0.4165 100 65 | 68| 0.7003 100 80 97 | 0.3300 100
9 10 | 0.3745 100 40 | 42| 0.1088 100 47 | 69 | 0.0715 100 80 98 | 0.2537 100
4 11 | 0.2889 100 41 | 42]0.1473 100 49 | 69 | 0.0613 100 80 99 | 0.1330 100
5 11 | 0.2974 100 43 | 44 | 0.0993 100 69 | 70 | 0.2013 100 92 | 100 | 0.0932 100
11 | 12 | 1.0152 100 34 | 43 | 0.1462 100 24 | 70 | 2.7322 100 94 | 100 | 0.3392 100
2 12 | 0.3229 100 44 | 45 | 0.2696 100 70 | 71 | 0.6845 100 95 96 | 0.3531 100
3 12 | 0.1248 100 45 | 46 | 0.1510 100 24 | 72 0.1237 100 96 97 | 0.3490 100
7 12 | 0.7008 100 46 | 47 | 0.1589 100 71 | 72]0.1354 100 98 | 100 | 0.1521 100
11 |13 ]0.2714 100 46 | 48 | 0.1005 100 71 | 73] 0.6974 100 99 | 100 | 0.3355 100
12 | 14 | 0.2809 100 47 | 49 | 0.3162 100 70 | 74| 0.1506 100 100 | 101 | 0.2180 100
13 | 15 | 0.0812 100 42 | 49 | 0.0845 100 70 | 75| 0.1411 100 92 | 102 | 0.4909 100
14 | 15 | 0.1015 100 42 | 49| 0.0845 100 69 | 75| 0.1491 100 101 | 102 | 0.2455 100
12 | 16 | 0.2848 100 45 | 49 | 0.0883 100 74 | 75| 0.4909 100 100 | 103 | 0.3774 100
15 | 17 | 0.4575 100 48 | 49| 0.3374 100 76 | 77 | 0.1360 100 100 | 104 | 0.1339 100
16 | 17 | 0.1330 100 49 | 50 | 0.2261 100 69 | 77| 0.1954 100 103 | 104 | 0.1296 100
17 | 18 | 0.4909 100 49 | 51 | 0.1243 100 75 | 77 | 0.1005 100 103 | 105 | 0.1129 100
18 | 19 | 0.5397 100 51 | 52| 0.2974 100 77 | 78 | 1.6051 100 100 | 106 | 0.0998 100
19 | 20 | 0.2396 100 52 | 53| 0.1491 100 78 | 79 | 1.1062 100 104 | 105 | 0.6075 100
15 | 19 | 0.5033 100 53 | 54| 0.2296 100 77 | 80 | 0.3552 100 105 | 106 | 0.4314 100
20 | 21| 0.3300 100 49 | 54 | 0.0827 100 77 | 80 | 0.2054 100 105 | 107 | 0.1139 100
21 | 22| 0.2889 100 49 | 54 | 0.0695 100 79 | 80| 0.3871 100 105 | 108 | 0.2314 100
22 | 23| 0.1766 100 54 | 55| 0.3573 100 68 | 81| 0.5522 100 106 | 107 | 0.1139 100
23 | 24| 0.4472 100 54 | 56 | 2.1978 100 77 | 82| 0.2026 100 108 | 109 | 0.5750 100
23 | 25 0.3871 100 55 | 56 | 1.2376 100 82 | 83 0.5391 100 103 | 110 | 0.1546 100
25 | 27 | 0.1899 100 56 | 57 | 0.1761 100 83 | 84 | 0.0966 100 109 | 110 | 0.2172 100
27 | 28 | 0.3157 100 50 | 57 | 0.1274 100 83 | 85| 0.1404 100 110 | 111 | 0.2745 100
28 | 29| 0.2548 100 56 | 58 | 0.1761 100 84 | 85| 0.2000 100 110 | 112 | 0.2445 100
8 30 | 0.2242 100 51 | 58 | 0.2368 100 85 | 86 | 0.1725 100 17 | 113 | 0.6614 100
26 | 30 | 0.1209 100 54 | 59 | 0.1200 100 86 | 87| 0.2135 100 32 | 113 | 0.0982 100
17 | 31 | 0.1274 100 56 | 59 | 0.0732 100 85 | 88 0.3019 100 32 | 114 | 0.4472 100
29 | 31| 0.5593 100 56 | 59 | 0.0752 100 85 | 89| 0.2527 100 27 | 115 | 0.3682 100
23 | 32| 0.1905 100 55 | 59| 0.1274 100 88 | 89 | 0.4344 100 114 | 115 | 2.6247 100
31 | 32| 0.2026 100 59 | 60 | 0.1905 100 89 |90 | 0.1166 100 68 | 116 | 2.8409 100
27 | 32| 0.2637 100 59 | 61 | 0.1841 100 89 | 90 | 0.2537 100 12 | 117 | 0.1836 100
15 | 33 | 0.1589 100 60 | 61 | 2.2883 100 90 | 91 0.2378 100 75 | 118 | 0.4165 100
19 | 34 | 0.0803 100 60 | 62 | 0.4909 100 89 |92 0.6101 100 76 | 118 | 0.3682 100
35 | 36 | 2.6954 100 61 | 62 0.7326 100 89 |92 0.1537 100
35 | 37| 0.5488 100 63 | 64 | 0.5618 100 91 | 92| 0.1560 100
33 | 37| 0.1455 100 38 | 65| 0.1072 100 92 | 93| 0.2341 100
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3.3.3 Transformers Data

The total number of transformers in the 118-bus test system is 162 with 9 autotransformers
that connects 345 kV buses to 138 kV buses and the rest are step up/down transformers. The
rated MVA of transformers is as provided in [81] and is essential in calculating the reactive
power loss and terminal voltage during the flow of GIC. The data for auto transformers is
provided in Table 3.5 with their respective primary side and secondary side bus number, Y of
their common winding and series winding and their rated MVA. Table 3.6 presents the data
for generator transformers with the bus to which they are connected, Y and their respective
rated MVA. Similarly, Table 3.7 presents the data of load transformers with the bus number

to which they are connected, Y and their respective rated MVA.

Table 3.5: Auto transformer data

Transformer | Primary | Secondary | Y(common | Y (series S(MVA)
number side bus | side bus winding) | winding)
1 8 ) 5 3.33 700
2 26 25 5 3.33 220
3 30 17 5 3.33 475
4 38 37 5 3.33 500
5 63 59 5 3.33 330
6 64 61 5 3.33 90
7 65 66 5 3.33 220
8 68 69 5 3.33 650
9 81 80 5 3.33 165

For the simulation, the geoelectric field derived from the 1989 Hydro Quebec event is
used and scaled from F = 1V/km to E = 8 V/km. The data from the event was recorded

for 1440 minutes. Therefore, all the data and results are based on the data from that time
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frame. The minimum permissible voltage is assumed to be 0.94 p.u. The blocker to be placed
is represented by a very high resistance in the calculation of GIC. The Q4 t0 Pphas ratio is
assumed to be 0.55 where the associate P, is taken from [81]. The top oil temperature of

transformer is taken as 105 °C.

Table 3.6: Generator transformers data

Transformer Bus| Y | S(MVA) Transformer Bus | Y S(MVA) Transformer Bus | Y | S(MVA)
number number number
10 1 ]250 125 28 42 | 2.50 125 46 80 | 2.50 750
11 4 | 2.50 125 29 46 | 2.50 150 47 85 | 2.50 125
12 6 |2.50 125 30 49 | 2.50 350 48 87 | 2.50 125
13 8 1250 125 31 54 | 2.50 200 49 89 | 2.50 1000
14 10 | 2.50 750 32 55 | 2.50 125 50 90 | 2.50 125
15 12 | 2.50 250 33 56 | 2.50 125 51 91 |2.50 125
16 15 | 2.50 125 34 59 | 2.50 350 52 92 | 2.50 125
17 18 | 2.50 125 35 61 | 2.50 350 53 99 | 2.50 125
18 19 | 2.50 125 36 62 | 2.50 125 54 100 | 2.50 500
19 24 | 2.50 125 37 65 | 2.50 600 55 103 | 2.50 200
20 25 | 2.50 500 38 66 | 2.50 600 56 104 | 2.50 125
21 26 | 2.50 500 39 69 | 2.50 1000 57 105 | 2.50 125
22 27 | 2.50 125 40 70 | 2.50 125 58 107 | 2.50 125
23 31 | 2.50 125 41 72 | 2.50 125 59 110 | 2.50 125
24 32 | 2.50 125 42 73 | 2.50 125 60 111 | 2.50 150
25 34 | 2.50 125 43 74 | 2.50 125 61 112 | 2.50 125
26 36 | 2.50 125 44 76 | 2.50 125 62 113 | 2.50 125
27 40 | 2.50 125 45 77 | 2.50 125 63 116 | 2.50 125
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Table 3.7: Load transformers data

Transformer Transformer Transformer

Bus| Y | S(MVA) Bus | Y S(MVA) Bus | Y | S(MVA)
number number number
64 1 |2.50 100 97 42 | 2.50 150 130 83 | 2.50 37.5
65 2 1250 37.5 98 43 | 2.50 30 131 84 | 2.50 20
66 3 1250 80 99 44 | 2.50 30 132 85 | 2.50 50
67 4 1250 80 100 45 | 2.50 100 133 86 | 2.50 37.5
68 6 |2.50 100 101 46 | 2.50 50 134 88 | 2.50 80
69 7 1250 30 102 47 | 2.50 60 135 90 | 2.50 350
70 8 1250 50 103 48 | 2.50 37.5 136 91 |2.50 15
71 11 | 2.50 125 104 49 | 2.50 150 137 92 | 2.50 100
72 12 ] 2.50 80 105 50 | 2.50 30 138 93 | 2.50 25
73 13 ] 2.50 60 106 51 | 2.50 30 139 94 | 2.50 60
74 14 | 2.50 25 107 52 | 2.50 30 140 95 | 2.50 80
75 15 ] 2.50 150 108 53 | 2.50 40 141 96 | 2.50 80
76 16 | 2.50 50 109 54 | 2.50 200 142 97 | 2.50 30
7 17 1 2.50 20 110 55 | 2.50 125 143 98 | 2.50 60
78 18 | 2.50 125 111 56 | 2.50 150 144 99 | 2.50 80
79 19 | 2.50 80 112 57 | 2.50 20 145 100 | 2.50 80
80 20 | 2.50 30 113 58 | 2.50 20 146 101 | 2.50 40
81 21 | 2.50 25 114 59 | 2.50 500 147 102 | 2.50 15
82 22 | 2.50 20 115 60 | 2.50 125 148 103 | 2.50 50
83 23 | 2.50 15 116 62 | 2.50 125 149 104 | 2.50 80
84 24 | 2.50 20 117 66 | 2.50 80 150 105 | 2.50 80
85 27 | 2.50 125 118 67 | 2.50 50 151 106 | 2.50 80
86 28 | 2.50 30 119 70 | 2.50 125 152 107 | 2.50 80
87 29 | 2.50 37.5 120 72 | 2.50 20 153 108 | 2.50 15
88 31 | 2.50 80 121 73 | 2.50 15 154 109 | 2.50 15
89 32 | 2.50 100 122 74 | 2.50 125 155 110 | 2.50 80
90 33 | 2.50 37.5 123 75 | 2.50 80 156 112 | 2.50 125
91 34 | 2.50 100 124 76 | 2.50 125 157 113 | 2.50 15
92 35 | 2.50 60 125 77 | 2.50 125 158 114 | 2.50 15
93 36 | 2.50 60 126 78 | 2.50 125 159 115 | 2.50 37.5
94 39 | 2.50 50 127 79 | 2.50 80 160 116 | 2.50 350
95 40 | 2.50 125 128 80 | 2.50 200 161 117 | 2.50 37.5
96 41 | 2.50 60 129 82 | 2.50 100 162 118 | 2.50 60
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Chapter 4

Optimization Approach for GIC Blocking

Device Placement

Installing GIC blocking devices (BD) at the neutral of power transformers is a long-term
solution. After calculating the reactive power loss of transformers associated with the flow
of GIC, bus voltages, and calculating the hotspot temperature rise of transformer tie-plate
and windings, the most vulnerable transformers are identified based on their temperature
rise and BDs are placed on the neutral of these transformers. But just placing BDs on the
most vulnerable transformer is not an effective solution as it does not guarantee the normal
operation of power system and is not an optimal solution. The BD placement problem should

be viewed as an optimization problem |9, 10, 51] because of the following reasons:

e blocking devices are expensive which cost half a million dollars [54],

e and placing BD on one transformer redirects the flow of GIC to the neighboring
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transformers and may well exacerbate the temperature rise and voltage instability

situation.

4.1 Problem Formulation

The placement of BD should be well optimized to ensure the constraints are not violated and
the operation of the power system is normal. The two main constraints this thesis considers
are voltage constraint and transformer hotspot temperature constraint. The bus voltages
should be above the minimum permissible limit, and the transformers’ hotspot temperature
should be below the maximum limit for both transformer tie-plate and winding. The following
optimization formulation can be proposed:

minimize C(z) = Z c.x;

T

Subject to Vi > Vi, =1,2,....,m

Trisen S Tmax,” = ]., 2, NN

where, Viin = 0.94 p.u., Tha = 200 °C' for tie-plate and T, = 180 °C' for winding.

Where C(z) is the cost function, ¢ is the cost of a BD, n is the total number of candidate
transformers for BD installation, x is an n-dimensional binary vector representing the solution
of the problem, z; is the ith element of x indicating whether BD is installed on the ith

transformer, whose value is either 0 or 1, V; is the voltage of the ith bus, V ,;, is the minimum

34



4.1 PROBLEM FORMULATION

permissible voltage level which is 0.94 p.u., and m is the number of system buses.

The optimization is performed in such a way that the most vulnerable transformers
with high hotspot temperature rise are identified, BDs are placed at the neutral of those
transformers, the bus voltage violations are identified after placing BDs and insuring that
the maximum rise in hotspot temperature of transformers is not more than the maximum
limit 7},,,. To maintain the system bus voltage above the minimum permissible voltage V..,
the change in load can be done, and cost can be calculated in loss of load because it can
be cheaper than placing extra BDs to maintain the voltage profile. Sometimes, decreasing
total load could make the voltage profile even worse, so, in this case, BD should be placed in
specific additional transformers to maintain the voltage profile. This way, the number of BDs

and the total cost can be minimized.

The optimization approach ensures that the number of BDs and the total cost are as
minimum as possible and none of the constraints are violated. The problem is formulated for
different levels of E ranging from £ = 1V/km to E = 8 V/km. For a given E (V/km), GIC
flow is calculated in each line and each transformer. Power flow analysis is done, and the
voltage violation is checked at each bus. The hotspot temperature rise of each transformer
is calculated for the given E. If there is no voltage violation and the transformers’ hotspot
temperature rise does not exceed the maximum limit, no BD is needed to be installed. If
voltage violation occurs or the hotspot temperature rise of the transformer exceeds the
maximum limit, then BD needs to be installed in certain transformers. The optimization
algorithm places BDs on certain transformers, the voltage violation and hotspot temperature
rise are rechecked after placing BDs and made sure these constraints are not violated. So,

the placement is optimized without violating any of the voltage and temperature constraints.
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The constrained optimization problem can be changed to an unconstrained optimization

problem by adding penalties for each constraint violated.

F(z) = C(z) + P1 + P2 (4.1)

where P1 and P2 are penalties for each of the bus voltage and transformer temperature rise

constraint violation and are given by the following equations.

0 V> Vi =1,....,m
Pl —

1000 else
\

0 T < Toayi = 1,..,m

P2 = € 4000 if Tyuy < T < 1.5T yax

6000 else
\

Thus, the voltage and temperature limit constraints are handled by adding large penalty
values to the cost function for each constraint violation. The penalty value for voltage
violation is taken in such a way that it is an enough large value added in the cost function and
the penalty value for transformer temperature limit constraint violation is taken differently
based on either the transformer is needed to be repaired or replaced. The penalty values
added to the cost function are based on the cost of the repair or replacement of transformers,
as described in the chapter 3. The optimization process is also described in the flowchart in

Figure 4.1.
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Figure 4.1: Optimal BD placement flowchart
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4.2 Optimization Solvers

Depending on the type of problem, whether a local or global solution is required, a solver
must be selected. The optimization problem of GIC BD placement requires a global minimum
as the number of BDs should be as minimum as possible without violating any constraints.
A global minimum is a point where the function value is smaller than or equal to the value
at all other feasible points. Choosing a solver based on problem characteristics and the type
of solution wanted is the next step after determining the kind of problem. Several solvers are
available in the MATLAB optimization toolbox, such as GlobalSearch, MultiStart, Genetic
Algorithm, Particleswarm, Simulated Annealing Algorithm, Patternsearch, and Surrogate

Optimization [82].

The characteristics of the solvers in the MATLAB optimization toolbox are presented
in Table. 4.1. Solvers can fail to converge to any solution when started far from a local
minimum. When started near a local minimum, gradient-based solvers quickly converge to a
local minimum for smooth problems. Patternsearch provably converges for a wide range of
problems, but the convergence is slower than gradient-based solvers. Both genetic algorithm
and particleswarm can fail to converge in a reasonable amount of time for some problems,
although they are often effective. However, surrogate optimization and simulated annealing
are proven to converge to the global optimum. Simulated annealing is usually the least
efficient solver. Solvers iterate to find solutions. The steps in the iteration are iterates. Some
solvers have deterministic iterates. Others use random numbers and have stochastic iterates.
Some solvers use estimated or user-supplied derivatives in calculating the iterates. Other
solvers do not use or estimate derivatives but use only objective and constraint function

values. Most solvers require to provide a starting point for the optimization in order to obtain
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Table 4.1: Solver Characteristics

Solver

Convergence

Characteristics

GlobalSearch

Fast convergence to local optima

Deterministic iterates

Gradient-based

Automatic stochastic start points

Removes many start points heuristically

MultiStart

Fast convergence to local optima

Deterministic iterates

Can run in parallel

Gradient-based

Stochastic or deterministic start points,
or combination of both

Automatic stochastic start points

Runs all start points

Patternsearch

Proven convergence to local optimum;
slower than gradient-based solvers

Deterministic iterates

Can run in parallel

No gradients

User-supplied start point

Surrogate Optimization

Proven convergence to global optimum for bounded problems;
slower than gradient-based solvers;
generally stops by reaching a function evaluation limit

Stochastic iterates

Can run in parallel

Best use for time-consuming objective functions

Requires bound constraints, accept linear constraints
and nonlinear inequality constraints

Allows integer constraints

No gradients

Automatic start points or user-supplied points,
or combination of both

Particleswarm

No convergence proof

Stochastic iterates

Can run in parallel

Population-based

No gradients

Automatic start population or user-supplied population,
or combination of both

Only bound constraints

Genetic Algorithm

NO convergence pl’()()f

Stochastic iterates

Can run in parallel

Population-based

No gradients

Allows integer constraints

Automatic start population or user-supplied population,
or combination of both

Simulated Annealing

Proven to converge to global optimum for bounded problems
withvery slow cooling schedule

Stochastic iterates

No gradients

User-supplied start point

Only bound constraints

the dimension of the decision variables. Genetic algorithm and surrogate optimization do not

require any starting points because they take the dimension of the decision variables as an

input or infer dimensions from bounds. These solvers automatically generate a start point or

population, or they accept a point or point that is supplied [82].
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Surrogate optimization is used for problems that have time-consuming objective functions.
It searches for a global solution, requires finite bounds, and accepts an integer, linear, and
nonlinear inequality constraints. The problem is large-scale, nonlinear, and binary integer
programming. Although genetic algorithm fail to converge for some problems, they are proven
to be often effective and can handle all types of constraints. Genetic algorithm and surrogate
optimization are the only global optimization toolbox solvers that accept integer constraints.
Therefore, genetic algorithm and surrogate optimization are selected for the optimization
process for optimal blocking device placement in the thesis. The simulation results of the
total number of BDs and candidate transformers for BD placement in their neutrals obtained

from both methods are presented in chapter 5.

Genetic algorithm solves smooth or non-smooth optimization problems with any type
of constraint, including integer constraints. It is a stochastic, population-based algorithm
that searches randomly by mutation and crossover among population members. The genetic
algorithm begins by creating a random initial population. The algorithm then creates a
sequence of new populations. At each step, the algorithm uses the individuals in the current
generation to create the next population. To create the new population, the algorithm
performs the following steps: 1) Scores each member of the current population by computing
its fitness value. These values are called the raw fitness scores. 2) Scales the raw fitness
scores to convert them into a more usable range of values. These scaled values are called
expectation values. 3) Selects members, called parents, based on their expectation. 4) Some
of the individuals in the current population that have lower fitness are chosen as elite. These
elite individuals are passed on to the next population. 5) Produces children from the parents.
Children are produced either by making random changes to a single parent—mutation—or

by combining the vector entries of a pair of parents—crossover. 6) Replaces the current
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population with the children to form the next generation. The algorithm stops when one of

the stopping criteria is met.

A surrogate is a function that approximates another function. The surrogate is useful
because it takes little time to evaluate. To search for a point that minimizes an objective
function, it simply evaluates its surrogate on thousands of points and takes the best value
as an approximation to the minimizer of the objective function. Surrogate optimization
attempts to find a global minimum of an objective function using a few objective function
evaluations. To do so, the algorithm tries to balance the optimization process between two
goals: exploration and speed, exploration to search for a global minimum, and speed to obtain
a good solution in a few objective function evaluations. The algorithm has been proven to
converge to a global solution for continuous objective functions on bounded domains [83].
The surrogate optimization algorithm alternates between two phases: 1) construct surrogate

— create random points within the bounds, evaluate the (expensive) objective function at
these points and construct a surrogate of the objective function by interpolating a radial basis
function through these points and 2) search for minimum — search for a minimum of the
objective function by sampling several thousand random points within the bounds, evaluate
a merit function based on the surrogate value at these points and on the distances between
them and points where the (expensive) objective function has been evaluated, choose the
best point as a candidate, as measured by the merit function, evaluate the objective function
at the best candidate point, the point is called an adaptive point, update the surrogate using
this value and search again. The algorithm stops the search for the minimum phase when
all the search points are too close to points where the objective function was previously

evaluated [82].
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Chapter 5

Simulation Results and Discussion

As mentioned in the above chapters, BD placement optimization is done in the IEEE 118-bus
standard test system. For the simulation, the geoelectric field derived from the 1989 Hydro
Quebec event is used and scaled from E = 1V/km to 8 V/km to describe scenarios at
different levels of geoelectric field E. The data from the event was recorded for 1440 minutes.
Therefore, all the data and results are based on the data from that time frame. The effects of
a geomagnetic disturbance event and its associated geoelectric field on the voltage magnitude
of system buses and the hotspot temperature of transformers are studied and presented in
the following sections. The results of the proposed optimal BD placement approach are also
presented, where both bus voltages and hotspot temperature of transformers are maintained

within limits.
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5.1 Impacts of GIC on System Voltages

This section illustrates the negative impacts of GMD events on the power system voltages.
The system voltages are calculated for different values of the geoelectric field (£ = 1V/km
to £ =8 V/km). The results of the calculation are demonstrated in the Figure 5.1 to Figure
5.8 that indicate the GMD causes the voltage drop in some of the system buses to the extent
where it drops below the minimum permissible voltage 0.94 p.u. and with the increase in
the intensity of GMD, the voltage drop is more pronounced. To illustrate this, the voltage
at buses 115 and 53 is depicted at different levels of E. Bus 115 and 53 were taken into
reference because they have the minimum voltage among all the buses and are not in close

proximity to each other.

0.96 | | | . JBusiis 0.96 —Bus 115
’ —Bus 53 —Bus 53
0.955F 1
=0.955 J =
= =
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Figure 5.1: Voltage (p.u.) at bus 115 and 53 Figure 5.2: Voltage (p.u.) at bus 115 and 53
at £ =1V/km (without BD). at £ = 2V/km (without BD).

Figure 5.1 to Figure 5.8 show the voltages at bus 115 and 53 at different levels of E
(E=1V/km to E = 8V/km) respectively without BD placement. The figures are zoomed
in to show the transitions more clearly. It is seen from Figure 5.1 and Figure 5.2 that the

minimum voltage at £ = 1V/km and E = 2V /km does not drop below minimum permissible
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5.1 IMPACTS OF GIC ON SYSTEM VOLTAGES

voltage 0.94 p.u. whereas it can be less than the minimum permissible voltage at times for
E =3V/km to E =8V/km as seen in Figure 5.3 to Figure 5.8. The minimum voltage is
at bus 115 and is 0.9196 p.u. at E = 3 V/km, 0.8879 p.u. at E = 4 V/km, 0.8586 p.u. at
E =5V/km, 0.8297 p.u. at E = 6 V/km, 0.8010 p.u. at E = 7 V/km and 0.7736 p.u. at
E =8V/km. So, from the figures, it can be seen that the voltage drop is more pronounced

as the intensity of GMD increases.
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Figure 5.3: Voltage (p.u.) at bus 115 and 53 Figure 5.4: Voltage (p.u.) at bus 115 and 53

at £ =3 V/km (without BD). at E = 4V/km (without BD).
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Figure 5.5: Voltage (p.u.) at bus 115 and 53 Figure 5.6: Voltage (p.u.) at bus 115 and 53
at E =5V /km (without BD). at £ = 6V/km (without BD).
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Figure 5.7: Voltage (p.u.) at bus 115 and 53 Figure 5.8: Voltage (p.u.) at bus 115 and 53
at £ =7V /km (without BD). at £ =8V /km (without BD).

5.2 Impacts of GIC on Transformer Hotspot Temperature

This section demonstrates the negative impacts of GIC on transformer hotspot temperature
at its winding and other structural parts, such as tie-plates. The hotspot temperature rise
of transformer winding and tie-plate is calculated for different levels of geoelectric field
(E =1V/km to E = 8 V/km) and are presented. The calculation results indicate that
the GMD causes hotspot temperature rise of transformers’ windings and tie-plates above
the maximum temperature limit. With the increase in the intensity of GMD, the hotspot

temperature rise is more prominent and higher, which could cause damage to transformers.

Table 5.1 to 5.6 shows the transformers with their respective tie-plate and winding tem-
peratures that are greater than the maximum temperature limit of 200 °C' for tie-plate and
180°C for winding at different levels of E' (E =3V /km to E =8V /km). No transformer has
its hotspot temperature rise more than the maximum limit at £ = 1V/km and E =2V /km.

It is seen that the transformer winding temperature does not cross the maximum limit of
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180°C at E=3V/km, E =4V/km and E =5V/km. Only two transformers have winding
temperature more than 180°C at E = 6 V/km, seven transformers have winding temperature
more than 180°C' at £ = 7V/km and nine transformers have winding temperature more than
180 °C at E = 8 V//km. It is seen from the tables below that those transformers with their
winding temperature more than the maximum limit of 180°C' have their tie-plate temperature

more than approximately 400 °C.

Table 5.1: Most critical transformers and associated hotspot temperatures for £ = 3 V/km
before BD placement

Transformer | Maximum Tie-plate | Maximum Winding

Number Temperature (°C') | Temperature (°C)
19 265.8 143.5
22 237.2 135.8
24 243.8 137.5
40 221.5 131.8
84 265.8 143.5
85 237.2 135.8
89 243.8 137.5
119 221.5 131.8
159 240.5 136.7

The transformers in the tables are separated on the basis if they are required to be repaired
or replaced based on their hotspot temperature. The transformers with their hotspot temper-
ature more than 1.5 times the maximum temperature limit are considered to be replaced,
and those transformers with their hotspot temperature more than the maximum temperature
limit but less than 1.5 times the maximum temperature limit are considered to be repaired.
Since the transformers with their winding temperature over the maximum temperature limit

of 180 °C' have their tie-plate temperature more than 400 °C', those transformers are all
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Table 5.2: Most critical transformers and associated hotspot temperatures for £ =4 V/ km
before BD placement

Transformer | Maximum Tie-plate | Maximum Winding

Number Temperature (°C') | Temperature (°C)
14 205.5 128.3
19 320.2 157.7
22 281.6 147.4
24 290.6 149.7
27 220.2 131.0
40 260.3 142.1
45 200.1 126.0
83 228.3 133.4
84 320.2 157.7
85 281.6 147.4
89 290.6 149.7
94 205.1 127.1
95 220.2 131.0
119 260.3 142.1
125 200.1 126.0
158 211.1 128.9
159 286.2 148.6

considered to be replaced. Therefore, all the transformers with winding temperatures more
than 180 °C' and the transformers whose tie-plate temperature is more than 1.5 times of
maximum temperature limit are considered to be replaced. No transformer needs to be
replaced at £ = 1V/km to E = 3V /km and all the transformers mentioned in Table 5.1
are considered to be repaired. The shaded transformers in Table 5.2 to 5.6 present the
transformers that are considered to be replaced with their respective tie-plate and winding
temperatures at £ =4 V/km to E =8 V/km while the rest of the transformers in the tables

are considered to be repaired.
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Table 5.3: Most critical transformers and associated hotspot temperatures for £ = 5V/ km
before BD placement

Transformer | Maximum Tie-plate | Maximum Winding
Number Temperature Temperature
14 229.7 134.9
19 374.6 171.9
22 326.4 159.1
24 337.5 161.9
27 248.2 138.5
40 299.7 152.4
45 223.7 132.3
83 259.1 141.6
84 374.6 171.9
85 326.4 159.1
89 337.5 161.9
94 229.4 133.6
95 248.2 138.5
96 204.2 126.9
119 299.7 152.4
125 223.7 132.3
158 237.7 135.9
159 332.0 160.5
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Table 5.4: Most critical transformers and associated hotspot temperatures for £ = 6 V/ km
before BD placement

Transformer | Maximum Tie-plate | Maximum Winding
Number Temperature (°C") | Temperature (°C)

6 200.7 125.8
9 216.4 128.8
14 257.4 141.6
19 428.9 186.0
22 371.1 170.7
24 384.4 174.0
27 277.4 146.0
31 203.0 127.1
40 339.1 162.7
45 247.4 138.5
83 290.4 149.7
84 428.9 186.0
85 371.1 170.7
89 384.4 174.0
94 254.1 140.1
95 277.4 146.0
96 223.4 132.1
109 203.0 127.1
119 339.1 162.7
125 247.4 138.5
158 264.3 142.9
159 377.8 172.4
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Table 5.5: Most critical transformers and associated hotspot temperatures for £ =7 V/ km
before BD placement

Transformer | Maximum Tie-plate | Maximum Winding
Number Temperature Temperature

6 216.0 130.0
9 234.5 133.5
14 282.8 148.2
19 483.2 200.1
22 415.8 182.3
23 207.1 127.9
24 431.3 186.2
27 306.5 153.6
31 218.8 131.2
40 378.5 173.0
45 2714 144.8
o6 212.0 129.3
83 321.7 157.9
84 483.2 200.1
85 415.8 182.3
86 210.2 128.7
88 207.1 127.9
89 431.3 186.2
94 279.4 146.7
95 306.5 153.6
96 243.1 137.3
109 218.8 131.2
119 378.5 173.0
125 2714 144.8
126 206.4 127.5
149 212.0 129.3
158 291.2 149.9
159 423.6 184.3
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Table 5.6: Most critical transformers and associated hotspot temperatures for £ = 8 V/ km
before BD placement

Transformer | Maximum Tie-plate | Maximum Winding
Number Temperature (°C') | Temperature (°C)

6 231.6 134.2
9 253.3 138.2
14 308.3 154.8
18 211.8 129.1
19 537.5 214.3
22 460.4 193.8
23 221.8 131.7
24 478.2 198.3
27 335.5 161.1
31 235.1 135.2
40 417.5 183.2
45 295.5 151.1
56 2274 133.3
62 211.1 128.5
76 210.3 128.4
79 211.8 129.1
83 352.9 166.0
84 537.5 214.3
85 460.4 193.9
86 2254 132.8
88 221.8 131.7
89 478.2 198.3
94 304.7 153.2
95 335.5 161.1
96 262.9 142.5
109 235.1 135.2
119 417.9 183.2
125 295.5 151.1
126 220.4 131.3
149 2274 133.3
157 2111 128.5
158 318.2 156.8
159 469.4 196.1
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5.2 IMPACTS OF GIC ON TRANSFORMER HOTSPOT TEMPERATURE

To illustrate this, the temperature rise at both tie-plate and winding of transformer

number 19 superimposed on the computed GIC current is shown in the figures below for

different levels of geoelectric field (E = 1V /km to E = 8 V/km). Transformer number 19

is selected to illustrate the result because transformer 19 and 84 are the most affected and

vulnerable transformers, with hotspot temperature rise in these transformers more prominent

than the others. Since they both have a similar temperature rise, that of 19 is presented.
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Figure 5.9: Temperature rise (°C') at trans- Figure 5.10: Temperature rise (°C') at trans-
former 19 tie-plate at £ = 1 V/km (without former 19 tie-plate at F = 2 V/km (without

BD). BD).
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Figure 5.11: Temperature rise (°C') at trans- Figure 5.12: Temperature rise (°C') at trans-
former 19 tie-plate at £ = 3 V/km (without former 19 tie-plate at E =4 V/km (without

BD). BD).
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Figure 5.13: Temperature rise (°C') at trans- Figure 5.14: Temperature rise (°C') at tr
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Figure 5.15: Temperature rise (°C') at trans- Figure 5.16: Temperature rise (°C') at trans-
former 19 tie-plate at £ =7 V/km (without former 19 tie-plate at E' = 8 V//km (without

BD). BD).

Figure 5.9 to Figure 5.16 show the absolute value of the computed GIC current

, Su-

perimposed on the tie-plate temperature rise in Transformer 19 for different levels of F

(E=1V/km to E=8V/km). It is seen from Figure 5.9 that the hotspot temperature rise

of the tie-plate of transformer 19 does not cross the maximum limit of 200 °C' but in Fi

gure

5.10 to Figure. 5.16, the maximum temperature rise of tie-plate of that transformer is more

than the maximum limit of 200 °C for E = 2 V/km to E = 8 V/km. Similarly, Figure

23
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Figure 5.17: Temperature rise (°C') at trans- Figure 5.18: Temperature rise (°C') at trans-
former 19 winding at F = 1 V/km (without former 19 winding at £ = 2 V/km (without

BD). BD).
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Figure 5.19: Temperature rise (°C') at trans- Figure 5.20: Temperature rise (°C') at trans-
former 19 winding at F = 3 V/km (without former 19 winding at £ =4 V/km (without
BD). BD).

to Figure 5.24 show the absolute value of the computed GIC, superimposed on the hotspot
temperature rise in the winding of transformer 19 for different levels of E (E' =1V /km to
E =8V /km). For the temperature rise of winding of the transformer, it is seen from Figure
5.17 to Figure 5.21 that the maximum temperature rise of the winding of transformer is below
the maximum temperature limit of 180 °C' for values of F from 1V/km to E = 5V /km while

the temperature rise is more than the maximum limit for £ = 6 V/km to E = 8 V/km as
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5.2 IMPACTS OF GIC ON TRANSFORMER HOTSPOT TEMPERATURE

seen in Figure 5.22 to Figure 5.24. The figures show that the maximum temperature rise in
the transformer hotspot is significantly higher for both tie-plate and winding as the intensity
of GMD increases and as the magnitude of GIC increases. We can see that the maximum
temperature rise is more than 500 °C' at the tie-plate and is more than 200 °C" at the winding

of the transformer at £ = 8 V//km which is a severe temperature rise.
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Figure 5.21: Temperature rise (°C') at trans- Figure 5.22: Temperature rise (°C') at trans-
former 19 winding at £ = 5 V/km (without former 19 winding at £ = 6 V/km (without

BD). BD).
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Figure 5.23: Temperature rise (°C') at trans- Figure 5.24: Temperature rise (°C') at trans-
former 19 winding at £ = 7 V/km (without former 19 winding at £ = 8 V//km (without
BD). BD).
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5.3 Optimal Placement of Blocking Device

In the thesis, two methods of optimization from MATLAB optimization toolbox [82], Surrogate
Optimization [84], and Genetic Algorithm |85, 86| are used to find the optimal number
of blocking devices (BDs) and their placement on specific transformers. The problem is
large-scale, nonlinear, binary integer programming and requires an excessive computation

2162 possible combinations. Surrogate Optimization (SO) and Genetic

time to evaluate all
Algorithm (GA) from the MATLAB optimization toolbox are selected as discussed in chapter
4. Surrogate optimization is used for expensive optimization functions and is comparatively
easier. GA is stochastic in nature and the results obtained in every simulation are different,
so the best-obtained results are presented. The problem is solved for different levels of
(E =1V/km to 8 V/km) with a total number of candidate transformers being 162. First, it
is done in surrogate optimization for £ = 1V/km to E = 8 V/km, and then it is done with

genetic algorithm and compared to the results of surrogate optimization. The results from

both methods SO and GA are presented in the sections below.

5.3.1 Surrogate Optimization

The optimization algorithm, as mentioned before in the chapter 4 is that the most critical
transformers are identified for each levels of E and the blocking devices are placed on the
neutral of these transformers and the number of BDs is optimized. The initial population
r;= 0 for i = 1,2,...,n, n being the total number of candidate transformers, is used for
lower values of E but as we go for higher E, the problem becomes very time-consuming and

the solution does not converge to the optimal value as it converges to the local minimum
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rather than global minimum. So, for higher values of F, first, the most critical transformers
are identified based on their hotspot temperature rise, i.e., whose maximum temperature
rise is more than the maximum temperature limit for each E. These transformers are taken
as the initial population for the optimization process, and the optimized number of BDs is

identified, and the candidate transformers for BD placement are identified.

Table 5.7: Optimal number of BDs for various GMD intensities using surrogate optimization

E(V/km) | 2V/km | 3V/km | 4V/km | 5V/km | 6 V/km | TV/km | 8 V/km
BD 2 6 13 15 19 24 28

Table 5.8: Candidate transformers for BD placement for £ = 2 V/km to 8 V/km after
optimization (surrogate optimization)

E (V/km) Candidate Transformers for GIC Blocking Device Placement (Surrogate Optimization)

2 19 &4

3 19 24 84 8 158 139

4 14 19 24 44 56 8 8 89 94 124 149 158 159

) 14 19 22 24 2r 40 45 83 8 8 95 119 125 158 159

6 6 9 14 19 24 27 31 40 45 83 8 8 95 109 119 125 128
158 139

7 6 9 14 19 22 24 27r 31 40 45 46 56 83 8 8 89 95
109 119 125 128 149 158 159

3 6 9 14 18 19 22 24 27 31 40 45 46 56 76 79 83 &4

8 8 89 95 109 119 125 128 149 158 159

Table 5.7 shows the result of the optimization process given the total number of BDs for
each level of E (E = 2V/km to E = 8 V/km) using surrogate optimization from Matlab
optimization toolbox. Table 5.8 shows the candidate transformers for the BD placement for
each level of E (E = 2V/km to 8 V/km). At E = 1V/km, there is no voltage violation,

and none of the transformers’ tie-plate and winding temperatures are beyond the maximum
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limit, so no BD is required. There is no voltage violation in the case of E = 2V /km, but two
transformers’ tie-plate temperatures are more than 200 °C', transformer number 19 and 84.
Thus, BD should be placed at these two transformers to limit the two transformers’ tie-plate
temperature below 200 °C. For E = 3 V/km to E = 8 V/km, there is voltage violation
and temperature rise beyond the maximum limit, so BDs should be placed to maintain bus
voltage and transformer temperature rise. As a result, the total number of BDs and the
candidate transformers are identified using the optimization process. Although the winding
temperatures of transformers are within the maximum limit of 180 °C until £ = 5V /km,
BDs are required to limit the temperatures of the tie-plate of transformers below 200 °C.
Table 5.8 shows that the number of candidate transformers after optimization is lower than
the number of transformers with temperatures higher than the limit as presented in above
Table 5.1 to Table 5.6 and are not necessarily the same transformers. For higher GMD, the

candidate transformers are similar.

As we go for higher F, say E = 6V /km to 8V /km, there are two auto-transformers whose
tie-plate temperature is more than 200 °C' as seen in Table. 5.4 to 5.6. For E = 6 V/km, the
maximum temperature of the tie-plate is just above 200°C'; therefore, only the neutral blockers
are enough to maintain the temperature below the maximum limit. But for £ =7 V/km
and F = 8 V/km, even if we place neutral blocker in the neutral connected to the common
winding of these transformers, the GIC flows through the LV side; therefore, it does not
completely block GIC and temperature is still high. So, to limit temperature rise in this type
of transformer, only neutral blocker is not enough and series capacitor blocker is required
to be placed. But series capacitor blockers are primarily used for series compensation of
transmission lines but have a secondary effect of blocking dc current flow in transmission lines

and are more costly. Even after running the optimization problem a number of times, the
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temperature rise at transformer number 9 would not come within the maximum limit even
with a large number of neutral blockers. Therefore, series capacitor blocker is required and is
placed at line 115 for E = 7V/km and at 115 and 116 for 8 V//km. Line 115 is obtained such
that transformer number 9 is connected to buses 80 and 81, so the lines connected to buses
80 and 81 were 115, 116, 117, and 118. Since we are trying to make the cost as minimum
as possible, it is not required to place series capacitor blocker at all these mentioned lines
because placing it in one or two lines would be enough to maintain the temperature rise. For
E = 7V/km, the series capacitor blocking at line 115 was enough, so further optimization
was done with only one series capacitor blocking. While for 8 V//km, series capacitor blockers
at lines 115 and 116 were required, and then further optimization was done. This applies to

both of the optimization solvers.
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Figure 5.25: Best value at £ = 3 V/km Figure 5.26: Best value at £ = 4 V/km
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Figure 5.25 to Figure 5.30 illustrates the results of optimization process and shows the

best value of the optimization function by using surrogate optimization from the MATLAB
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optimization toolbox for each level of E (E = 3V/km to E = 8V/km). As shown in the

figures, the best value is basically the point with the smallest objective function value among
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all evaluated so far, which is the optimized number of BDs required to block the GIC so that

none of the constraints is violated.

5.3.1.1 Results after BD placement (surrogate optimization)

Figure 5.31 to Figure 5.37 show the voltage at bus 115 and 53 after BD placement at different
level of E (E =2V /km to 8V /km) using surrogate optimization. The voltage drop was more
pronounced at buses 115 and 53, so the voltage improvement at these buses after placing BDs
is presented. At E' = 2 V/km, the minimum voltage at bus 115 was improved to 0.9491 p.u.
and voltage at bus 53 was improved to 0.9418 p.u. as seen in Figure 5.31 after BD placement
at transformers 19 and 84 as mentioned in Table 5.8. At E' = 3 V/km, the minimum voltage
of bus 115 is increased above 0.94p.u. and is 0.96 p.u. and bus 53 voltage reaches the minimum
of 0.9397 p.u., after placing BDs as presented in Table 5.8. To further increase it above
0.94 p.u., the load is decreased to 95% as it is more cost-effective than placing another BD. It
is seen that the voltage is improved to 0.9404 p.u. and is in the acceptable range as seen in

Figure 5.32.

At E = 4V /km, the minimum voltage at bus 115 is more than 0.96 p.u., but the minimum
voltage at bus 53 was 0.9376 p.u. after placing BDs as mentioned in the above table. So, the
total load is decreased to 80% to maintain the bus voltage of bus 53 above 0.94 p.u. and
is improved to 0.9402 p.u. as seen in Figure 5.33. Similarly, for £ = 5V /km, the minimum
voltage at bus 115 is more than 0.96 p.u., and the minimum voltage at bus 53 was 0.9356 p.u.
after placing BDs. So, the total load is decreased to 60% to maintain bus voltage at bus 53
above 0.94 p.u. and is improved to 0.9405 p.u. as seen in Figure 5.34. Furthermore, placing

BDs at the transformer neutrals mentioned on Table 5.8 makes that the voltage improvement
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Figure 5.31: Voltage (p.u.) at bus 115 and Figure 5.32: Voltage (p.u.) at bus 115 and
53 at £ =2 V/km (with BD, surrogate op- 53 at E = 3 V/km (with BD, surrogate op-

timization). timization).
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Figure 5.33: Voltage (p.u.) at bus 115 and Figure 5.34: Voltage (p.u.) at bus 115 and
53 at £ =4 V/km (with BD, surrogate op- 53 at E =5V /km (with BD, surrogate op-
timization). timization).

at £ = 6V/km above 0.94 p.u. for all buses but 0.9329 p.u. at bus 53. Decreasing load does
not improve the voltage profile, so placing another BD at the transformer connected to bus 53,
i.e., transformer number 108, is the only solution. Figure 5.35 shows the voltage improvement
above 0.94 p.u. after placing an additional BD at transformer number 108’s neutral. Similarly,

BD in transformer number 108 is required to maintain bus voltages greater than 0.94 p.u.
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at all buses for £ =7V/km and E = 8 V/km and the voltage improvement is as shown in

Figure 5.36 and Figure 5.37.
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Figure 5.35: Voltage (p.u.) at bus 115 and Figure 5.36: Voltage (p.u.) at bus 115 and
53 at £ = 6 V/km (with BD, surrogate op- 53 at E =7 V/km (with BD, surrogate op-

timization). timization).
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Figure 5.37: Voltage (p.u.) at bus 115 and
53 at £ =8 V/km (with BD, surrogate op-
timization).

The hotspot temperature rise of the transformer number 19 after BD placement is de-
creased to much extent, and is shown in Figure 5.38 to Figure 5.43 for both tie-plate and

winding of the transformer at £ = 3 V/km, 6 V/km and 8 V/km. The results of only
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E =3V/km, 6 V/km, and 8 V/km are taken because the results for all £ are similar as the

GIC through the transformers is zero after placing BDs, and hence only temperature that is

seen is the temperature of top oil of transformer which is 105 °C'.
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Figure 5.38: Temperature rise (°C') at trans-
former 19 tie-plate at £ = 3V /km (with BD,
surrogate optimization).
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Figure 5.40: Temperature rise (°C') at trans-
former 19 tie-plate at £ = 6V /km (with BD,
surrogate optimization).
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Figure 5.39: Temperature rise (°C') at trans-
former 19 tie-plate at £ = 3V/km (with BD,
surrogate optimization).
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Figure 5.41: Temperature rise (°C') at trans-
former 19 tie-plate at £ = 6V /km (with BD,
surrogate optimization).
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Figure 5.42: Temperature rise (°C') at trans- Figure 5.43: Temperature rise (°C') at trans-
former 19 tie-plate at £ = 8V /km (with BD, former 19 tie-plate at £ = 8V/km (with BD,
surrogate optimization). surrogate optimization).

5.3.2 Genetic Algorithm

Table 5.9 shows the result of the optimization process given the total number of BDs for each
levels of E (E =3V /km to E =8V /km) using genetic algorithm from Matlab optimization
toolbox. The initial population x;= 0 for ¢ = 1,2, ..., n, n being the total number of candidate
transformers. Table 5.10 presents the candidate transformers to which the BDs are placed
on their neutrals. The main drawback of genetic algorithm is that it takes excessive time to
compute and the best values of the objective function is different each time the program is
simulated. So, the lowest values obtained from the genetic algorithm are presented here. The
graphs showing the best value of the objective function for different level of E (E =3 V/km

to E'= 8 V/km) are shown in Figure 5.44 to Figure 5.49.

65



5.3.2  Genetic Algorithm 5.3 OPTIMAL PLACEMENT OF BLOCKING DEVICE

Table 5.9: Optimal number of BDs for various GMD intensities using genetic algorithm

E(V/km) | 3V/km | 4V/km | 5V/km | 6 V/km | TV/km | 8 V/km
BD 11 13 18 25 27 32

Table 5.10: Candidate transformers for BD placement for £ = 2 V/km to 8 V/km after
optimization (genetic algorithm)

E (V/km) Candidate Transformers for GIC Blocking Device Placement (Genetic Algorithm)

3 14 19 24 27 8 8 8 95 126 158 159

4 14 19 24 27 44 8 8 8 89 95 126 158 159

) 9 14 19 24 27 45 47 82 83 84 8 95 97 124 125 132 158 139

6 6 9 14 19 22 24 27 31 40 45 46 8 8 8 8 95 108 109
119 125 128 158 159

7 6 9 14 18 19 22 24 27 31 40 45 46 56 79 8 84 8 §9
95 108 109 119 125 128 149 158 159

3 6 9 14 18 19 22 23 24 27 31 40 45 46 56 62 76 79 83

84 8 8 89 95 108 109 119 125 128 149 157 158 159

Best: 11 Mean: 25.9141 Best: 13 Mean: 13
n
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Figure 5.44: Best value at £ = 3 V/k‘m Figure 5.45: Best value at £ = 4 V/k;m
(genetic algorithm). (genetic algorithm).
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Figure 5.46: Best value at £ = 5 V/km Figure 5.47: Best value at E = 6 V/km
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Figure 5.48: Best value at £ = 7 V/km Figure 5.49: Best value at £ = 8 V/k}m
(genetic algorithm). (genetic algorithm).

67



5.3.2  Genetic Algorithm 5.3 OPTIMAL PLACEMENT OF BLOCKING DEVICE

5.3.2.1 Results after BD placement (Genetic Algorithm)

Figure 5.50 to Figure 5.55 show the voltage at bus 115 and 53 after BD placement at different
level of E (E =3V /km to 8 V/km) using genetic algorithm. At £ = 3 V/km, the minimum
voltage of bus 115 is increased above 0.94p.u. and is 0.9603 p.u. after placing BDs as mentioned
in Table 5.10. However, bus 53 voltage reaches the minimum of 0.9397 p.u., and to further
increase it to above 0.94 p.u.; the load is decreased to 95% as it is more cost-effective than
placing another BD. It is seen that the voltage is improved to 0.9404 p.u. in Figure 5.50 and

is in the acceptable range.
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Figure 5.50: Voltage (p.u.) at bus 115 and Figure 5.51: Voltage (p.u.) at bus 115 and
53 at E = 3 V/km (with BD, genetic algo- 53 at £ = 4 V/km (with BD, genetic algo-
rithm). rithm).

At E = 4V /km, the minimum voltage at bus 115 is more than 0.94 p.u., but the minimum
voltage at bus 53 was 0.9376 p.u. after placing BDs mentioned in Table. 5.10. So, the total
load is decreased to 80% to maintain the bus voltage of bus 53 above 0.94 p.u. and is improved
to 0.9402 p.u. as seen in Figure 5.51. Similarly, at £ = 5V /km, after placing BDs, the

minimum voltage at bus 115 is more than 0.94 p.u., and the minimum voltage at bus 53 was
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Figure 5.52: Voltage (p.u.) at bus 115 and Figure 5.53: Voltage (p.u.) at bus 115 and
53 at E = 5V/km (with BD, genetic algo- 53 at £ = 6 V/km (with BD, genetic algo-

rithm). rithm).
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Figure 5.54: Voltage (p.u.) at bus 115 and Figure 5.55: Voltage (p.u.) at bus 115 and
53 at £ = 7 V/km (with BD, genetic algo- 53 at £ = 8 V/km (with BD, genetic algo-

rithm). rithm).

0.9356 p.u. So, the total load is decreased to 60% to maintain bus voltage at bus 53 above
0.94 p.u. and is improved to 0.9405 p.u. as seen in Figure 5.52. Placing BDs mentioned on
Table 5.10 shows that the voltage improvement at E = 6 V/km after BD placement at the
transformer neutrals is above 0.94 p.u. for all buses as seen in Figure 5.53. Similarly, the

voltage at all buses is more than minimum permissible voltage 0.94 p.u. after placing BDs as
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stated in the Table 5.10 for £ = 7V /km and E = 8 V//km which is also shown in Figure 5.54

and Figure 5.55.
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Figure 5.56: Temperature rise (°C') at trans-
former 19 tie-plate at £ = 3V/km (with BD,
genetic algorithm).
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Figure 5.58: Temperature rise (°C') at trans-
former 19 tie-plate at E = 6V /km (with BD,
genetic algorithm).

§10
— Tempr rise
— —GIC
O
=]
o 105.0001 F
Z
=
2
=]
5 105.00005
=%
£
[}
=
105
100 200 300 400 500
Time (min)

Figure 5.57: Temperature rise (°C') at trans-
former 19 winding at £ = 3V/km (with BD,
genetic algorithm).
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Figure 5.59: Temperature rise (°C') at trans-
former 19 winding at £ = 6 V/km (with BD,
genetic algorithm).

The hotspot temperature rise of the transformer number 19 after BD placement is

decreased to much extent, and is shown in Figure 5.56 to Figure 5.61 for both tie-plate and

winding of transformer at E' = 3V /km, 6V /km and 8 V/km. The results of only F = 3V /km,
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Figure 5.60: Temperature rise (°C') at trans- Figure 5.61: Temperature rise (°C') at trans-
former 19 tie-plate at £ = 8V /km (with BD, former 19 winding at £ = 8 V/km (with BD,
genetic algorithm). genetic algorithm).

6 V/km, and 8 V/km are taken because the results for all F are similar as the GIC through
the transformers is zero after placing BDs. Hence, the only temperature that is seen is the

temperature of the top oil of the transformer, which is 105 °C'.

5.4 Comparison of the results

As we can see from the tables and graphs resulting from surrogate optimization and genetic
algorithm, the number of total GIC blocking devices to be placed at the neutral of transformers
is higher in numbers in the genetic algorithm than in surrogate optimization. Also, the results
from GA are presented such that they are the best-obtained results after several simulations.
The main drawback of GA is that the program takes excessive time to run, i.e., two weeks on a
regular workstation desktop, and every time the program is simulated, the results are different.
However, with surrogate optimization, the time taken by the program was comparatively less,

i.e., three days. The total number of BDs after optimization by surrogate optimization at
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E =3V/km is 6, while the genetic algorithm is 11. The program was simulated four times
for the genetic algorithm, and 11 was the lowest number that was obtained. While with
surrogate optimization, every time the program is executed, 6 was the result. The candidate
transformers resulting from surrogate optimization were also in the genetic algorithm, which
has an additional five candidate transformers. For E = 4 V/km, the number of BDs to be
placed is the same with surrogate optimization and genetic algorithm, i.e., 13. However, the
candidate transformers are somewhat different, with some common candidate transformers,
it is elaborated in Table 5.12. Similarly, For E' =5 V/km, the number of BDs in surrogate
optimization is less than in the genetic algorithm, being 15 and 18, respectively, while some
of the candidate transformers are similar. Furthermore, for £ = 6 V/km, the number of BDs
in GA is higher than in SO, but the candidate transformers resulting from SO are all present
in GA with additional candidate transformers. The same is for £ = 7 V/km and 8 V/km,;
the total number of BDs resulting from GA is higher than SO, and candidates resulting from
SO are all present in the results from GA. Overall, surrogate optimization is proved to be an
effective solution for optimization as compared to genetic algorithm as the number of BDs is
less with SO than GA for different levels of the geoelectric field; the computational time for
GA for a given F is more than the computational time for SO and GA being stochastic in
nature where the results obtained were different every time the program was executed for a
same given F but this problem was not in the case of SO as same result was obtained for
a given F.The total number of blocking devices obtained from both solvers is presented in

Table 5.11, and a clear comparison between the two solvers is presented in Table 5.12.
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Table 5.11: Total number of BDs for each solver

E (V/km) | Genetic Algorithm | Surrogate Optimization
3 (V/km) 11 6
4 (V/km) 13 13
5 (V/km) 18 15
6 (V/km) 25 19
7 (V/km) 27 24
8 (V/km) 32 28

Table 5.12: Comparison of Solvers and their Results

Genetic Algorithm (GA)

Surrogate Optimization (SO)

Total number of BDs from genetic algorithm

is more than surrogate optimization.

Total number of BDs from surrogate optimization

is less than genetic algorithm.

Different results for a given E each time the program

is simulated.

Same result for a given E each time the program

is simulated.

Does not converge to a global solution.
Takes excessive time to execute (two weeks) in

normal workstation desktop.

Converge to a global solution.
Takes comparatively less time than GA (three days)

in the same device.

GA takes more time because at each step, it selects
individuals from the current population to be parents,
and uses them to produce the children for the next
generation. Over successive generations, the

population "evolves" toward an optimal solution.

SO takes less time because it search for a point that
minimizes an objective function, simply evaluate its
surrogate on thousands of points, and take the best
value as an approximation to the minimizer of the

objective function.

Candidate transformers for E=3 V/km from GA is same as SO with additional candidates.

Candidate transformers for E=4 V/km and E=5 V/km from GA are different than SO with the most vulnerable

transformers among all being in both. However, other

transformers vary because two solvers have different

search procedure and work differently. Therefore, the optimal solution might be different but the constraints

are satisfied from both solvers. Candidate transformers for E=6 V/km, 7V /km, and 8 V/km are same for both

solvers with additional BDs in GA.
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Chapter 6

Conclusion and Future Work

6.1 Summary and Conclusion

The research in this thesis presents two methods of optimization to find the total number
of blocking devices that are needed to be placed at the neutral of transformers to block the
geomagnetically induced current caused by geomagnetical disturbance when large coronal
mass ejections (CME) occur and are directed to the earth that perturbs earth’s magnetic field
and produces voltage at earth’s surface which results in GIC. The thesis highlights the risks
associated with the GIC being damage to the power system assets, typically transformers,
and loss of reactive power support, causing voltage instability and power system collapse.
The effects of GIC include half-cycle saturation that results in harmonic currents, magnetic
flux flowing outside the core, and increased reactive power consumption. It can create heating

in transformers, which, if sufficiently high and for a long duration, can cause damage to the
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transformers and insulation breakdown.

As discussed in chapter 5, the most likely and negative effects of GMD are increased
reactive power consumption and voltage instability, and overheating of power transformers.
Restoration from power system collapse would be a matter of hours to days but replacing
transformers requires months and excessive cost. Monitoring unusual voltage and reactive
power swings, monitoring abnormal temperature rise, noise in transformers, and measuring
GICs and harmonic currents are some of the mitigation approaches for GIC, while placing
GIC blocking devices at the transformers neutral to ground connection is one potential
mitigation approach to mitigate GIC. As a whole, the thesis provides the optimized number

of blocking devices to be placed for blocking GIC.

In Chapter 2, the detailed literature review on geomagnetically induced current and its
consequences in power systems are well explained. The insights on blocking devices are also
provided, including why BDs are necessary and how this work can help solve the problem.
The thesis addresses the gap that although enough research has been done on the impacts
of GIC and the placement of blocking devices, there is not enough research on the optimal
placement of BDs. With a couple of papers on the optimized placement of BDs, transformers’

hotspot temperature rise is not considered in any of the papers while finding the solution.

In Chapter 3, power system analysis is done under GIC conditions. Using standard
circuit analysis techniques, GIC flowing in each line and each transformer is calculated. After
calculating GIC, the reactive power loss of the transformers as a result of GIC is calculated
and is represented as the reactive load connected to the transformer bus, and power flow
analysis is performed with the updated reactive power at the bus. After calculating GIC

through the transformers, each transformer’s tie-plate and winding hotspot temperature rise
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due to GIC is calculated. This chapter presents the maximum temperature limits that should
not be exceeded to avoid severe damage to the transformers, that is 180 °C' for winding and
200 °C' for tie-plate of transformers. The study system of the 118-bus standard test system,
including the GPS coordinates of the substation locations, and coordinates of the ends of
transmission lines, are presented in this chapter. Other data includes transformer data with

their rated MVA and respective connected bus.

In Chapter 4, the problem for optimization of blocking device placement is formulated.
This chapter explains the optimization problem with two constraints considered, which are
voltage constraint and transformer hotspot temperature constraint. The bus voltage should be
above the minimum permissible voltage 0.94 p.u., and the hotspot temperature of transformer

tie-plate and winding should be less than 200 °C' and 180 °C’ respectively.

Chapter 5 provides the results from the program simulation, such as the voltage drop at
different buses during the condition of geomagnetic disturbance, hotspot temperature rise of
transformers tie-plate and windings, the optimization results from surrogate optimization and
genetic algorithm from MATLAB optimization toolbox, the improvement in voltage profile
after BD placement and maintenance of temperature at transformer hotspot. The results
from optimization includes the total number of BDs and the candidate transformers to which

the BDs are placed at their neutral.

The contributions of the thesis include:

e The transformers are differentiated into the ones that are assumed to be repaired or

replaced based on the temperature rise of transformer tie-plate and windings. If the

transformer’s hotspot temperature rise is more than 1.5 times the maximum limit,
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then the transformers are assumed to be replaced; otherwise, they are repaired if the
temperature rise is more than the maximum limit. This provides a realistic criterion to
calculate the total cost based on the cost of repair and replacement of transformers as

presented in chapter 3.

Penalties are added to the cost function for each constraint violation and are based on
the transformer repair or replacement. The optimization solvers surrogate optimization
and genetic algorithm are chosen after reviewing and researching multiple methods in
the MATLAB optimization toolbox. The algorithm of both methods are also presented

in chapter 4.

The results include the total number of BDs to be placed and the candidate transformers
for BD placement from two methods, surrogate optimization, and genetic algorithm.
To limit the overall cost as low as possible, the total load is decreased to some extent
for different levels of the geoelectric field F such that the bus voltages are maintained
above the minimum permissible voltage, and an extra number of BDs are avoided.
The total load is decreased to 95% at E = 3V /km, 80% at E = 4V /km, and 60% at

E = 5V/km, whereas for higher F, an additional BD is required.

It is concluded that the total number of BDs obtained from surrogate optimization is less
than the total number of BDs obtained from genetic algorithm for all levels of geoelectric
field (E) except E' = 4V/km as presented in Table 5.11. Genetic algorithm is stochastic
in nature, with different results obtained with each program execution for given E and
fails to converge to the global minimum at times. GA taking an excessive amount
of time to execute than surrogate optimization is another disadvantage. Whereas

surrogate optimization converges to a global solution, and the solution obtained with
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each execution is the same for given E. It took comparatively less time to evaluate
than GA as well. So, as a whole, surrogate optimization is proved to be an effective

and efficient method for the optimization process.

6.2 Future Work

There is still room for research on the optimal placement of blocking devices as very little
research has been done yet. Surrogate optimization and genetic algorithm take high com-
putational time (three days for surrogate optimization and two weeks for genetic algorithm
in a normal workstation desktop). This is a considerable disadvantage when the time is
limited. Other optimization methods could be proposed that do not take excessive time.
While formulating the optimization problem, generators’ maximum active power limits and
reactive power limits could be used as extra constraints for a more effective solution. A
more realistic penalty value for voltage violation could be taken for optimization problem

formulation.
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