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Chapter 1: Introduction

1.1 Project Description

Earthquake Resilience of the Western Power Grid is a National Science Founda-

tion (NSF)-funded project currently being undertaken by Oregon State University

(OSU) with the aim of creating a model of the Western Interconnection that is

capable of estimating responses to a large-scale seismic disaster. One of the princi-

ple challenges of such a model is the size of the Western Interconnect, over 40,000

individual buses, where a bus is here defined as an electrical substation or special-

ized grid component. Even using a synthetic reduced-node model, at least 10,000

buses will need to be analyzed.

The work in this thesis is a part of that overall project, namely creating sub-

station models that can incorporate real-world component data while still being

accessible to larger simulations. This will allow for greater flexibility going forward,

as well as providing a method to compare various fragility functions.

1.2 Statement of Purpose

This thesis represents a presentation of code designed to bridge the gap between

component and high-level substation analysis. This code has been developed and

implemented in two ways. One is designed to be a robust and flexible stand-alone
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that is both proof of concept and troubleshooting, while the other is a much smaller

implementation that can be directly cross-applied to existing simulations.

The primary branch takes component fragility data, constructs a generic sub-

station based on feeder and generator criteria, and then tests this synthetic sub-

station for failure along a range of PGAs. This data is then compared to results

from Hazus, a software package developed by FEMA, for both accuracy and the

possibility of using this thesis’ data in place of Hazus’ own. Power capacity failure

is also tested, providing information that could be useful for power flow analysis.

The secondary branch is reduced-scale, modeling single lines and transformers,

for use in the synthetic WECC model. This code serves only as a part of the larger

synthetic model, and undergoes no analysis of results beyond simple accuracy

checks.

The Conclusions section includes comparisons to Hazus data, discussions on

causes of fragility for substations from a power capacity failure standpoint, and

next steps for the code.

1.3 Earthquakes and the Seismic Profile of the Pacific Northwest

A large number of rigid tectonic plates compose the Earth’s lithosphere, or outer-

most sub-atmospheric layer [7]. These plates generate significant forces along the

regions where they interact. These interactions can be generally classified in one

of three ways:

• Divergent Boundary: Two plates moving apart, causing rifting, where
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new crust is generated from the mantle.

• Convergent Boundary: Two plates moving into each other, causing vari-

ous types of subduction, where one plate slides under the other.

• Transform Boundary: Two plates moving along each other, with crust

being neither created nor destroyed.

The Pacific Northwest region of the United States is located in an area of

significant seismic interest [8]. Two major tectonic plates, the Pacific Plate and

the North American Plate, are moving along a transform boundary. Meanwhile,

the minor Juan de Fuca Plate is being subducted under the North American plate,

an action which is responsible for the Cascade Range, the Pacific Ranges, and the

Cascade Volcanic Arc [1]. The fault itself, which stretches offshore from Northern

Vancouver Island in British Columbia to Cape Mendocino in California, has been

termed the Cascadia Subduction Zone [9].
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Figure 1.1: Cascadia Subduction Zone and surroundings [1]

The Cascadia Subduction Zone is one of the planet’s highest probability spots

for a high-intensity megathrust earthquake, due to a number of geophysical char-

acteristics found at the Juan de Fuca/North American fault [10, 1, 8]. Although it

is difficult to predict the intensity of earthquakes with any real certainty, the region

has characteristics that could allow for a seismic event with an upper limit com-

parable to the 2011 Tohoku Earthquake or the 2004 Indonesian Earthquake [11].
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In certain estimated scenarios, the damage to infrastructure caused by both the

earthquake itself and the resulting tsunami would be catastrophic [4]. This report

will be looking at generalized seismic events, but given the likelihood of a single

major event, certain protection and recovery characteristics should be prioritized.

1.4 Earthquake Impacts on Lifeline Systems

Much of our modern infrastructure is vulnerable to a variety of disasters and

mishaps, but earthquakes and other seismic events are capable of causing widespread

damage and cascading failures. No matter what the nature of the infrastructure,

each has its own points of failure and specific challenges to restoration.

If the immediate aftermath of an earthquake, even transportation to and from

affected areas can be difficult or impossible. Roads and highways can be damaged

or rendered completely unusable for long stretches, and rail transit can be made

impossible if damage to the rails exceeds the relatively narrow limitations needed

for a locomotive engine to use it. Bridges and inclines are especially vulnerable,

and represent crucial points of failure in any road or rail system [12]. Fortunately,

in most cases emergency supplies and personnel can find some way to reach an area,

whether by land, air, or sea. Although damage to airports and airstrips is likely

to make airplane travel to these regions sporadic at best, the use of helicopters

allows for point-to-point contact even in the event of catastrophic infrastructure

failure. Particularly, certain regions of the Oregon Coast are especially vulnerable

to isolation, as a relatively small number of narrow roads crossing rough terrain
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provide the only routes to travel in or out of these communities [4].

More complicated than transit is the flow of water and natural gas through

pipelines, either above or below the ground. Because these pipes are pressurized,

any rupture can result in significant spills, leading to not only loss of function but

also environmental contamination and possibly damage to other nearby infrastruc-

ture. Damage can be difficult to locate, depending on the quality of the monitoring

hardware, and costly to repair due to remote locations and specialized materials

[5, 13].

Electrical infrastructure is more delicate than either transit or pipeline networks

[14], but consequentially is designed to posses a far greater level of monitoring and

protection. Ideally, important transmission and distribution systems are monitored

in real-time, so that any fault or failure can be immediately reported. However,

in practice many areas are dependent on indirect monitoring or breakers, which

can prevent catastrophic damage but do not generally provide the same level of

real-time monitoring. In the case of a widespread disaster like an earthquake, large

portions of the grid could fail, leading to cascading outages and overloading the sys-

tem’s protective measures. For this reason, prioritizing key lines for reinforcement

and having an accurate measure of vulnerabilities is key to grid protection.

1.5 Electrical Substations

Due to the complexity of the grid, protection considerations, and the inherent

characteristics of electrical power, in most cases it is not advisable to directly
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connect electrical generation and load. To this end, around 40,000 substations

service the Western Interconnection, the synchronous grid that covers the western

half of the United States. These substations perform such varied functions as

protection, voltage regulation and switching, power factor correction, and relaying

and monitoring.

Figure 1.2: Substation detail, components highlighted. Provided with permission
of DEA, Inc.

Fig. 1.2 shows that a significant amount of the substation’s infrastructure is

dedicated to relaying and monitoring, and the actual power flow protection in-

volves a number of redundant components. Each one is vital, but also represents a

possible failure point in the event of seismic activity. There are numerous config-

urations and permutations found in substation design, but a few key components

are almost always present.
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• Disconnect Switch: Physically isolate a line or component for repair or

inspection. Not designed to respond to fault conditions.

Figure 1.3: Disconnect Switch, 115 kV[2]
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• Circuit Breaker: Interrupt the flow of current when fault conditions occur.

Usually connected to relaying apparatus for monitoring and communication.

A common alternative that performs the same function is the circuit switcher.

Figure 1.4: Circuit Breaker, Gas, 57 kV[2]
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• Transformer: Step voltage up or down, allowing transfer between trans-

mission and distribution lines at different voltage levels.

Figure 1.5: Transformer, 57 kV[2]
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• Relaying and Monitoring Apparatus: A variety of current transformers,

potential transformers, sensors, control systems, and communication devices

that track any abnormalities or fluctuations in substation operation.

Figure 1.6: Current Transformer, 57 kV[2]
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• Control Enclosure: The building in which all complex electrical and com-

puterized components reside. Isolated from the active substation lines, and

the initial human interface point for the substation as a whole.

Figure 1.7: Substation Control House Exterior and Interior[2]

Because electrical substations are a key part of the electrical grid, their pro-

tection is essential to energy security. This report will analyze substations as a

collection of components, providing a level of detail that not only fills a crucial

gap in existing fragility analysis, but also works within larger projects currently

being undertaken to model the Western Interconnect as a method of identifying

vulnerabilities and taking proactive steps to protect them.
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Chapter 2: Key Materials

2.1 GEER Anchorage

Anchorage makes a useful testbed for seismic protection and detection schemes,

both due to its isolation and the frequency with which seismic events occur. Over

280 sensors of various sorts have been set in place to monitor seismic events and

record as much data as possible. Furthermore, the Anchorage electrical grid is

largely not connected to other regions, meaning that it can be viewed as a network

of its own [3].

A Magnitude 7.1 earthquake occurred on November 10, 2018 along the subduct-

ing Pacific Plate [3], sending tremors through the greater Anchorage area. This

event can serve as an indicator of current methodologies for earthquake report-

ing, and show gaps in how electrical systems are integrated into these large-scale

reports.

From an electrical network standpoint, reports like the GEER analysis for

Anchorage focus on areas other than substation and transmission resiliency. Only

1 page out of 90 pages of analysis is devoted to utilities [3].

The gap between the utility-level monitoring and the extensive protection mod-

els used for regional protection and vulnerability detection represents a key gap in

coverage for analysis of the electrical grid. This project aims to provide the level of
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Figure 2.1: Non-exclusive map of available seismic monitoring hardware in down-
town Anchorage, AK. [3]

connectivity that would allow local utilities to communicate effectively with orga-

nizations like GEER that examine regional seismic activity, and increase coverage

and cross-pollination of data.
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2.2 Oregon Resilience Plan

The Oregon Resilience Plan is a report presented to the 77th Legislative Assembly

for the State of Oregon in February of 2013 by the Oregon Seismic Safety Policy

Advisory Committee (OSSPAC)[4]. It aims to be a comprehensive analysis of the

impact that a Cascadia Subduction Zone megathrust earthquake could have on

the infrastructure, people, and economy of the state of Oregon.

Of particular interest to this thesis is Chapter 6, titled Energy. Notable herein

is the lack of any specific seismic codes for Critical Energy Infrastructure (CEI) in

situations where such codes exist for other types of buildings and infrastructure.

The chapter lays out some general observations on vulnerabilities in energy infras-

tructure, and how a megathrust event from the CSZ would be different from the

smaller regional events that many seismic plans anticipate.

Notably, a CSZ megathrust event would cause damage widespread enough that

it would disrupt existing disaster relief supply chains, greatly increasing the time

it would take to effect repairs on electrical systems [4].

The current estimate for these sites puts substations at the most vulnerable to

damage, and taking the longest time to repair. Further, substations in the coastal

region (outside of the tsunami impact zone, which adds an additional level of dam-

age beyond the scope of this project) suffer from the possibility of remote location

from major supply chains. In areas where the majority of infrastructure lies along

the Pacific coast, it is feasible that the damage could outstrip available resources

by several orders of magnitude. In addition, because the coast is relatively lightly
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populated, reinforcing those parts of the infrastructure tends to be of lower prior-

ity [4]. In conjunction with the damage cause to transportation methods by an y

earthquake of significant size, it could be up to 6 months before all parts of the

coast have power restored.

Figure 2.2: Estimated recovery time for electrical systems. [4]

The findings of the Oregon Resilience Project indicate a high level of vulnera-

bility among energy utilities, especially those in rural areas. Work like this thesis

aids in highlighting the most critical points where reinforcement should be priori-

tized, and could be used to allocate funds more efficiently. Regardless of the exact

method used, the ORP should be recognized as providing examples of situations

where this research can be applied to tangible effect.
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2.3 SEFT Report and component-level analysis

Portland General Electric (PGE) commissioned a document intended to identify

crucial failures among their equipment in the greater Portland area. This report,

created by SEFT Consulting, is responsible for the component-level data that will

be used in this report.

Each component is examined, has an SAP2000 model created, and is submitted

to eigenvalue analysis under simulated seismic conditions. Motion is registered

along x-, y-, and z-axes at key failure points, and compared to given tolerances.

From this, failure points are calculated and a fragility curve is generated for that

component.

SEFT analyzes three voltage levels for this report, and provides a set of com-

ponents at each. Table 2.1 shows a complete listing of all components gathered

from the SEFT report.
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Table 2.1: SEFT Components by Voltage Level [2]

57 kV 115 kV 230 kV

Circuit Breaker, Gas Circuit Breaker, Gas Circuit Breaker, Gas

Circuit Breaker, Oil Circuit Breaker, Oil Circuit Breaker, Oil

Circuit Switcher Circuit Switcher -

Switch, Disconnect Switch, Disconnect Switch, Disconnect

Transformer, Instrument Transformer, Instrument Transformer, Instrument

Transformer, LTC Power Transformer, LTC Power Transformer, LTC Power (I)

- Transformer, non-LTC Power Transformer, LTC Power (II)

Control House Control House Control House

Each of these curves is a useful analysis and serves as vital information for the

utility, but can do very little for the large-scale analysis that is vital for finding

the vulnerability of the Western Interconnection.

2.4 HAZUS and node-level analysis

Hazus is software made available by the Federal Emergency Management Agency

(FEMA) for disaster analysis, and serves as a vital tool for many state and local

agencies when examining the potential damage to infrastructure that could be

caused by any number of various disasters. Their analysis of the electrical grid

views each generator, substation, and distribution network as a node, and gives
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each node various states of failure [15].

For electrical substations, Hazus views each node as falling into one of five

damage states: none, slight, moderate, severe, and complete. This is calculated

mostly based on a tally of failed components as a percentage of all components

present. The three major areas examined in this way are switches, circuit breakers

and transformers. If five percent of switches fail, the entire substation is con-

sidered slightly damaged. Likewise for circuit breakers and transformers, though

failure rates below that would register identically to an undamaged substation.

Thresholds for moderate, severe, and complete damage are at 40%, 70%, and

100% respectively[5].

Hazus data, while useful for its intended purpose, has the notable flaw of not

taking power capacity into consideration in any manner. For the purposes of

a simulation that is entirely concerned with power flow in the aftermath of an

earthquake, this is less than ideal. Consequentially, this thesis explores a method

of bringing component-level data up to the flexibility of Hazus’ substation fragility

functions, and allow it to be used with additional tools that Hazus provides.
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Chapter 3: Modeling Substation Failure

3.1 Fragility Functions

A common analysis tool used for indicating the probability of failure of a compo-

nent, element, or systems due to seismic events is the fragility function [16]. This

is typically represented as a 2-dimensional plot that shows the probability of a

component being in a certain damage state as a function of energetic input. Peak

ground acceleration, often shortened to PGA, is the measure of greatest change in

velocity during an earthquake, and is a useful shorthand for the direct damage-

causing ability that a seismic event possesses at a given location.

For this thesis, most results will be presented as fragility functions, since they

are an efficient way to view seismic resiliency. For this purpose, it is useful to be

familiar with them and their component parts.

Note that fragility curves are probabilistic, meaning that the value of a point is

the likelihood of failure at a given intensity. For this reason, fragility curves should

not be treated as definitive indicators of failure.
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Figure 3.1: Example fragility function for 34.5kV-150kV substation using standard
components, from Hazus. [5]

The plotted lines of fragility curves serve as indications of probability of failure.

In 3.1, each line represents the probability of that damage state occurring. For

example, at 0.4 PGA there is a 10% probability of complete substation failure, a

67% probability of at least extensive substation failure, a 80% probability of at

least moderate failure, and a 95% probability of at least slight failure.

The x-axis of the plot shows PGA, representing greater earthquake inten-

sity as it increases. The y-axis is the probability of failure, here represented in

performance-based earthquake engineering (PBEE) notation. For the results and

comparative plots in this thesis, failure will be viewed as a simple probability on

a scale from 0 to 1.
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3.2 Restoration Curves

After a disaster, it is important for local government, emergency services, and

utility operators to have some idea of when a given structure or network will be

back online. To this end, restoration curves are useful as a general indicator of

functionality after a given amount of time has elapsed. However, they are entirely

dependent on data from manufacturers and construction interests [5], and represent

a real-world approximation of how soon the node of interest will be back to full

functionality.

Figure 3.2: Restoration curves for electric substations, for various damage levels [5].

This thesis aims to improve the accuracy of restoration curves by providing

more concrete data at the failure level. Current substation models do not provide
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the component-level analysis necessary to differentiate between a disconnect switch

and a transformer. The code included here not only provides an equivalent list of

failures to the Hazus data, but can be made to identify the most likely compo-

nents to fail and allow local utilities to shorten their restoration time by preparing

substitutes and replacements for vulnerable components.

3.2.1 Substation Layouts

The Earthquake Resilience of the Western Power Grid project lays out a number of

parameters that govern how substation configuration should be determined. This

is taken from general best practices in protection, and governs how configurations

are assigned in the code.

Four basic protection configurations exist for this project: Single Bus Single

Breaker (SBSB), Ring Bus (RB), Breaker-and-a-Half (BAH), and Dual Bus Dual

Breaker (DBDB). The chosen protection scheme is selected along the following

guidelines:
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Figure 3.3: Archetypal substation layouts. [6]

• Buses with 2 feeders, no generators: SBSB

• Buses with 3-4 feeders, no generators: RB

• Buses with 5+ feeders, no generators: BAH

• Buses with generators, regardless of feeders: DBDB

A general setup for a line connecting a bus to a feeder is to have, in series,

a disconnect switch, a circuit breaker, and another disconnect switch. This can

be considered an industry standard for a generic line, and serves well for the

generalized substations that are being modeled.
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For matters of voltage switching, the default is to assume a single high-side

feeder, designated in the code as feeder 1. This feeder also contains a power

transformer.
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3.2.2 Code Algorithm

Figure 3.4: Code Algorithm Flowchart.
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The major branch of the code for this thesis represents a PGA sweep for a variable

substation. This means that, for a custom substation determined by user input,

failure probability curves will be generated for the range of 0 to 1.4 PGA.

As seen in Figure 3.4, the code in its current state requires the user to input

only the number of feeders and whether or not a generator is present. From

this information, a substation configuration is selected. The SEFT data is then

accessed, and failure states are generated for each component individually.

Once individual failure states have been generated, two forms of evaluation

occur.

• In the power capacity failure analysis, the components are arranged into the

structure provided by the substation configuration, and failure is determined

based on the number of feeders that are able to connect to each other.

• In the component failure analysis, which is the same methodology used by

the Hazus curves, the number of failed components is examined as a fraction

of a whole. If it reaches certain thresholds, failure states are reached as stated

in the Hazus analysis above.

The power capacity failure analysis is the most relevant for looking at the

system during a seismic event, and attempting to predict how it will behave under

stress. However, the component failure analysis is more useful for analyzing repair

times, costs, and difficulty. Thus, both will be found and inspected.
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3.2.3 Response Spectra

SEFT data recognizes three distinct response spectra, A, B, and C [2]. Simply put,

these are bedrock and soil qualities that attenuate the earthquake’s vibrational

frequencies, amplifying some while suppressing others. These spectra vary widely

based on region, and do not generally have a significant impact on the fragility

of the components this project examines. For this thesis, soil type B is assumed.

Appendix A contains a brief investigation on the extent to which different soil

types can affect results. The results found there indicate negligible differences at

all damage states except complete, where there is a maximum difference of 0.1 in

complete failure probability.
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Chapter 4: Simulation Results and Analysis

4.1 Results Terminology and Description

In the following sections, various types of outputs and conditions for failure will

be discussed. The terms used will be as follows:

• Power Capacity Failure: A type of failure directly related to the sub-

station’s ability to carry power. Dependent on line failure, not number of

components.

• Component Failure: A type of failure directly related to the number of

components no longer functioning. Described by Components Failed
Total Components

. This is the

methodology used by Hazus.

In the plotted results, two types of curves will be seen.

• High-Level: Curves taken directly from Hazus reporting. Represented with

dashed lines.

• Low-Level: Curves built from individual component-level failures. Repre-

sented by heavy solid lines.

In all cases, colors indicate paired failure states. Blue lines are P (slight), green

is P (moderate), magenta is P (extensive), and red is P (complete).



30

• Slight: 5% of components failed or 5% reduction in power capacity. Repre-

sented by blue lines.

• Moderate: 40% of components failed or 40% reduction in power capacity.

Represented by green lines.

• Extensive: 70% of components failed or 70% reduction in power capacity.

Represented with magenta lines.

• Complete: All component failed or zero power capacity. Represented by

red lines.

For the purposes of producing mathematically consistent and representative

cumulative distribution functions, logistic regression curves have been generated

based on the experimentally-generated data points. These points are visible as

filled dots on the plots, but the curves labeled as low-level are generated through

the method seen in Appendix B.1.

Also of note are the guide shapes present on the experimentally-derived logistic

curves. These are present purely as identification, especially when multiple lines

overlap. They are not indicative of data points, and are there only to assist the

reader.

4.2 Results Overview

This code can be run either for an individual substation, or as part of a larger

simulation. One branch is focused on examining the failure for any given substation
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and comparing against Hazus data, while the other is more focused on providing

a mechanism to directly improve ongoing research.

The Hazus branch consists of a standalone MATLAB script which provides

fragility information for a theoretical substation. This creates a set of fragility

curves that can serve to replace the Hazus curves, allowing for component-level

data to be used in place of Hazus’ native failure curves.

It is worth noting that all power capacity data is made using the SEFT control

house failure curve unless otherwise stated. This is a relatively fragile component

whose failure immediately causes extensive state damage, and so it tends to domi-

nate all power capacity analysis. This will be examined further below, but is worth

noting as a reason for a sharp increase to extensive damage just below 0.2 PGA.

Hazus is a comprehensive tool, and one that has numerous applications outside

of simply computing substation failure. The comparative failure curves, referred to

in this report as component failure can be cross-applied to other resources such as

restoration curves. Power capacity is important for keeping the grid from collapsing

entirely during and after an event. However, in order to bring infrastructure back

online after, it is vital that the actual number of damaged components is known.

These data also serve as a general test of Hazus’ accuracy with regards to this

project’s component-level approach.
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4.3 Results Plots

4.3.1 Single Bus Single Breaker

Figure 4.1: Single Bus Single Breaker Substation Archetype
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Figure 4.2: Single Bus Single Breaker Fragility Curves (2 feeders)
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The only case in which the Single Bus Single Breaker configuration will appear is

when there are 2 feeders and no generators. It is the least protected from a power

flow standpoint. Because SBSB configurations are designed with only a single

path for the entire substation, any component’s failure zeroes power capacity and

triggers a complete failure state.

When examining component failure, the curves approximate Hazus’ data with

a correlation coefficient of 0.9. The most notable aspect is the tightening of the

curves, with the slight, moderate, and extensive failure states appearing at greater

PGA values while complete failure occurs at a lower value. This is, however, con-

sistent with the limitations of the singe bus single breaker design, which prioritizes

economy over reliability.

4.3.2 Ring Bus

Figure 4.3: Ring Bus Substation Archetype
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The Ring Bus case is selected when there are either 3 or 4 feeders, and no attached

generators. This configuration is notable for the alternative pathway available

should a single breaker or switch fail.
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Figure 4.4: Ring Bus Fragility Curves (3 feeders)

The notable difference from the single bus single breaker configuration as seen

in Figure 4.2a is that we can see differentiation between the slight and moderate

failure cases and the extensive and complete. This is reflective of the ring bus’

ability to offer an alternative pathway for power flow in the case of a single line’s

failure.

Hazus behavior for 3 feeders is fairly similar to Figure 4.2b. It still follows

the same general trends, including the compression of failure curves to within a

narrower band of PGA values.
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Figure 4.5: Ring Bus Fragility Curves (4 feeders)

Differences between 3 and 4 feeder ring bus configurations as seen in Figure 4.4a

are minimal, though it should be noted that complete failure occurs at higher PGA

at 4 than at 3.

Of note here is the slightly steeper curve as the number of buses increases. With

more components available to fail, slight and moderate states occur at slightly

lower PGA. In Figure 4.4b there is P (moderate) ≈ 0.61 while Figure 4.5b has

P (moderate) ≈ 0.75 at PGA = 0.4. However, 3 feeders yields P (extensive) ≈ 0.78

while 4 has P (extensive) ≈ 0.68 at PGA = 0.6.
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4.3.3 Breaker-and-a-Half

Figure 4.6: Breaker-and-a-Half Substation Archetype

Breaker-and-a-Half configuration offers a middle ground between Dual Bus Dual

Breaker and the less redundant configurations. It offers significant advantages from

a standard protection standpoint, but the linked feeders and indirect pathing that

occurs if a single component fails can offer vulnerabilities in seismic situations.
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Figure 4.7: Breaker-and-a-Half Fragility Curves (5 feeders)

As with other configurations, slight through extensive damage states are dom-

inated by control house failure, and relatively unchanged from before. However,

P (complete) ≈ 0.33 occurs at PGA = 0.6, as opposed to P (complete) ≈ 0.55 at

PGA = 0.6 in Figure 4.5a. This trend of complete failure state being reached at

higher PGA will continue as the number of feeders increases.

At a low number of feeders, the breaker-and-a-half protection scheme is not

dissimilar to the ring bus formation. Similar trends are followed, and all behavior

is in line with previous changes from the Hazus fragility curves.
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Figure 4.8: Breaker-and-a-Half Fragility Curves (10 feeders)

As stated before, increasing numbers of feeders yields higher PGA values for

complete failure curves, due to the additional feeders and resilience. At PGA = 0.6,

P (complete) ≈ 0.02, while P (complete) ≈ 0.48 occurs at PGA = 0.8.

0 0.2 0.4 0.6 0.8 1 1.2 1.4

Peak Ground Acceleration (g)

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

P
ro

b
a

b
ili

ty
 o

f 
F

a
ilu

re

R(s)=0.94773

R(m)=0.96583

R(e)=0.90667

R(c)=0.96401

Slight (Low-Level)

Moderate (Low-Level)

Extensive (Low-Level)

Complete (Low-Level)

Slight (High-Level)

Moderate (High-Level)

Extensive (High-Level)

Complete (High-Level)

(a) Power Capacity Failure

0 0.2 0.4 0.6 0.8 1 1.2 1.4

Peak Ground Acceleration (g)

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

P
ro

b
a

b
ili

ty
 o

f 
F

a
ilu

re

R(s)=0.948

R(m)=0.929

R(e)=0.885

R(c)=0.854

Slight (Low-Level)

Moderate (Low-Level)

Extensive (Low-Level)

Complete (Low-Level)

Slight (High-Level)

Moderate (High-Level)

Extensive (High-Level)

Complete (High-Level)

(b) Component Failure

Figure 4.9: Breaker-and-a-Half Fragility Curves (20 feeders)

Most notable here is the complete failure curve falling entirely to the right of

the Hazus data. This can be explained by examining the criteria for a complete
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failure. In order for this condition to trigger, all of one type of component must

fail. In a breaker-and-a-half configuration with 20 feeders, there are 60 disconnect

switches and 30 circuit breakers. If at least 1 of both does not fail, complete failure

cannot be reached.

4.3.4 Dual Bus Dual Breaker

Figure 4.10: Dual Bus Dual Breaker Substation Archetype

The Dual Bus Dual Breaker configuration is selected when a generator is present.

This configuration provides the most protection for individual feeders, and the

parallel buses are designed to allow for complete redundancy in the case of electrical

fault. However, as has been seen before, even redundant complexity increases the

number of possible failure points, especially affecting the power capacity failure
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results.
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Figure 4.11: Dual Bus Dual Breaker Fragility Curves (5 feeders)

Dual Bus Dual Breaker, as the most robust configuration, should have a higher

complete failure threshold than an equivalent BAH feeder scenario. Accordingly,

P (complete) ≈ 0.25 occurs at PGA = 0.6, while Figure 4.7a has P (complete) ≈

0.33 at PGA = 0.6.

Component failure methodology sees a lesser shift in reliability than does power

capacity when transitioning from BAH to DBDB at low feeder numbers. Here,

there are 10 circuit breakers and 20 disconnect switches, as opposed to 8 and 16

for BAH. This difference is not enough to dictate significant raw failure difference.
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Figure 4.12: Dual Bus Dual Breaker Fragility Curves (10 feeders)
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Figure 4.13: Dual Bus Dual Breaker Fragility Curves (20 feeders)

As with the BAH 20 feeder case, it can be noted that the complete failure case

is significantly less likely than its Hazus counterpart, though to an even greater

extent. This is due to the fact that, as with the BAH configuration, 20 feeders

yields 40 circuit breakers and 80 disconnect switches, and none of them are a

guaranteed failure.
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4.4 Power Capacity Analysis

The first and most notable result of the power capacity analysis is that almost

all substations go to P (extensive) > 0.50 at PGA < 0.4. This is entirely due

to the presence of the Control House, which is far and away the most vulnerable

component. Consulting SEFT data shows that anchorage failure for the structure

as a whole was the primary cause of failure, an issue exacerbated by apparent

lapses in best practice found in the outer construction of the control house.

Figure 4.14: 57 kV Control House failure curves [2]

In the interest of determining how the substation would behave assuming con-

trol house failure were impossible, a simulation was run with control house failure

disabled. The results show a marked difference, as the moderate and extensive

failure curves see separation.
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Figure 4.15: Dual Bus Dual Breaker power flow failure curves, no control house
(10 feeders)

While it may be tempting to use this information to argue for a reduced em-

phasis on the control house in this simulation to get a better spread of data, this

structure is vital to the functionality of the substation. The choice to have a con-

trol house failure move the substation to extensive damage rather than complete

was made only because a control house collapse does not necessarily dictate the

total destruction of all equipment within. Without a properly functioning control

house, all other components of the substation are unable to properly function.
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4.5 Component Failure Analysis

Hazus data does not take into account number of feeders or substation protection

configuration. Therefore, various setups will have varying levels of fidelity to the

Hazus data.

Generally, curves computed using the Hazus methodology tend to have their

slight, moderate, and complete failure states at higher PGA than Hazus’ original

reports. The edge cases of SBSB and high feeder BAH and DBDB aside, complete

failure curves follow their Hazus counterparts fairly closely.

The reasonable conclusion to draw from these curves is that the curves are

largely consistent, which indicates a high level of reliability for both sets of results.

Moving forward, it would not be unreasonable to consider substituting component-

derived Hazus methodology curves when using Hazus resources.

4.6 Implementation with Synthetic Western Power Grid Code

The impetus for this work was creating a model that could be used to approximate

substation function for the synthetic model being created of the Western Intercon-

nection. Therefore, it is useful to evaluate the end product and see how well it

works with the current synthetic models.

The main substation model used throughout this project is not designed to be

inserted into the code as currently written. However, it could easily be modified to

do so, and that capability has been written and commented out. Once the exact

designs and needs of the synthetic model are known, the extant code could be
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slotted in with minimal revision.

Currently, the synthetic model uses two implementations of the substation

code, both of which are designed to be lightweight and provide failure information

without the Hazus compatibility checks or probabilistic calculations. One such

set is a generic line failure, consisting of two disconnect switches on either side

of a circuit breaker. The other is a failure for a lone transformer, designed for

points where voltage is stepped up or down. When used with the augmented bus-

branch model adopted by the project, they allow for each line to be evaluated

independently, rather than taking the substation as a unit[6].

Figure 4.16: Process for the creation of the Augmented Bus-Branch model [6])

The major downside of this method is a marked increase in complexity, as it is

no longer possible to view any substation as a node. However, in exchange, it is

possible to view each line independently, and gain a higher level of fidelity when
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evaluating power capacity failure. Ultimately, it will be up to the researcher or

team working on a final implementation of the synthetic model of the Western

Interconnection to decide which approach fits their criteria better.

This additional use shows the versatility of the models created for this project.

While it is not always feasible to present all of the data generated at any one time,

it exists nonetheless, and can be accessed as needed.
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Chapter 5: Conclusion

It is premature to use this data to completely rewrite substation failure models,

given the limited data we have and the vastness of the project’s stated goals. How-

ever, the work done here represents a framework by which individual components

may be integrated into substation-level fragility analysis, bridging the gap between

the narrow focus of real-world breakage numbers and the more synthetic probabil-

ities necessary for large-scale analysis. The code created here is highly robust for

the protection schemes outlined, and can be scaled up or down as needed.

From a power capacity standpoint, the most germane take-away is that the

control house, for all that it is vital, is also dangerously underprotected. Reinforc-

ing this structure would appear to be the easiest way to shift fragility curves to

higher PGAs, and in doing so would represent the most cost-effective option to

seismically reinforce substations.

Much of this thesis is proof-of-concept for the integration of component data

into substation fragility curves. Local utility data could be substituted for the

SEFT data used, and other regional changes could easily be implemented. The

results presented here will be leveraged in the larger project analysis. However,

as it stands the results described above allow this code to stand on its own as a

mathematically reliable alternative to traditional Hazus substation modeling.
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Appendix A: Response Spectra Investigation

In the interest of fully accounting for variance among seismic responses for com-

ponents based on spectra, the most significant shift based on response spectra is

in the 57 kV disconnect switch.

Figure A.1: 57 kV Disconnect Switch, all failure cases, all spectra. [2]

Figure A.1 shows the fragility curves for a 57 kV disconnect switch across

spectra, and for all probable causes of failure.
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Figure A.2: 57 kV Disconnect Switch, max failure case, all spectra. [2]

From Figure A.2, the variance in failure probabilities is minimal, but should

be investigated to ensure it is not a source of error. To this end, substation failure

was plotted using all three response spectra, producing a curve that demonstrates

the variance in fragility depending on response spectra information.
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Figure A.3: Dual Bus Dual Breaker Response Spectra Comparison

Fig. A.3 clearly shows that, even at the largest possible variance in response

spectra, the overall fragility of the substation is substantially similar, and complete

failure is the only curve where any difference beyond the trivial can be detected.
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Appendix B: Code

A NOTE ON THE CODE BELOW:

Code with a name containing Function below is in function form, meaning that

it is intended to be called by another piece of code. Errors shown in the publishing

are an artifact of that fact, and not a problem with the code’s accuracy.

B.1 Main Code

NOTE: This code relies on input from the user. The lack of that input in the

publishing process shows as errors below. It is not a logical error in the code.
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B.2 SBSB Function
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B.3 RB Function
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B.4 BAH Function
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B.5 DBDB Function
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B.6 SEFT Failure Function
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B.7 Fail Chance Calculation Function



109



110



111

B.8 Plotting Code
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B.9 Line Failure Function
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B.10 Transformer Failure Function
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B.11 Spectra Response Test Function
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