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ABSTRACT 

Power system robustness against high impact low probability events is becoming a 

major concern. About 90% of US power outages reported in the last three decades are due 

to Hurricanes and tropical storms. Various works of literature are focused on modelling the 

resilience framework against hurricanes. To depict distinct phases of a system response 

during these disturbances, an aggregated trapezoid model is derived from the conventional 

trapezoid model and proposed in this work. The model is analytically investigated for 

transmission system performance, based on which resiliency metrics are developed for the 

same. 

A probabilistic-based Monte Carlo Simulations (MCS) approach has been proposed 

in this work to incorporate the stochastic nature of the power system and hurricane 

uncertainty. Furthermore, the system's resilience to hurricanes is evaluated on the modified 

reliability test system (RTS), which is provided in this work, by performing steady-state 

and dynamic security assessment incorporating protection modelling and corrective action 

schemes using the Siemens Power System Simulator for Engineering (PSS®E) software. 

Based on the results of steady-state (both deterministic and stochastic approach) and 

dynamic (both deterministic and stochastic approach) analysis, resilience metrics are 

quantified. Finally, this work highlights the interdependency of operational and 

infrastructure resilience as they cannot be considered discrete characteristics of the system. 

The objective of this work is to incorporate dynamic analysis and stochasticity in 

the resilience evaluation for a wind penetrated power system.  
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CHAPTER 1                                                                                             

INTRODUCTION 

1.1 Power System Influence by Disasters 

History of various events reported a major impact on the power system’s 

operational flexibility and reliability. Such events which are low probable in the past 

decades are known as high impact low-frequency events (HILEs). Examples of HILEs 

include extreme weather conditions, natural disasters, man-made disasters, and operator 

negligence (or inaction). In response to such events, the power system experiences either a 

short-term or a long-term electricity outage based on the event severity. These events are 

constantly being reported to have a major impact on the social and economic statuses of 

the country. Various studies have been conducted to quantify the prior assertion. According 

to the Fourth National Climate Assessment, the greenhouse gases can lead to major 

cascading scenarios such as increasing temperature causing infrastructure damage (due to 

heatwaves, especially in arid regions), insufficient generation resources and increasing load 

creating huge stress on the electric grid [1]-[2]. Secondly, Texas incurred a huge loss of 

125 billion USD due to Hurricane Harvey’s damage in the year 2012 [3]. These socio-

economic threats to the country due to HILEs are unavoidable with existing operational 

standards and regulations. 

The influence of extreme events on conventional grids can be lessened with the 

updated frame of North American Electric Reliability Corporation (NERC) reliability 

standards and regulations for which various research works are being carried out. As the 

grids are undergoing modernization at the transmission and distribution level, predicting 



2 
 

and preventing the grid threats require adverse regulatory amendments. With high 

penetration of inverter-based resources (IBRs) such as solar farms (SFs), wind farms (WFs) 

and battery energy storages (BESs), the transition in power system characteristics are 

inevitable and are highly different from the conventional electric grid. Current research is 

focused on performing resilience studies based on steady-state analysis.  

1.2 Power System Resilience: Definitions and Attributes 

The power system resilience can be defined in different aspects with respect to the 

scenario or the type of disturbance influencing the overall characteristics of the power 

system. In general, resilience can be defined as the capability of the system to absorb and 

adapt to the scenario without any permanent rupture, quickly bouncing back to its nominal 

state and learning based on the history of the network’s past experiences. Some of the grid 

resilience definitions used by various power system operating councils and authorities are 

briefly explored in this section.  

According to the National Infrastructure Advisory Council (NIAC) [4], 

infrastructure resiliency can be defined as “...the ability to reduce the magnitude and/or 

duration of disruptive events. The effectiveness of a resilient infrastructure or enterprise  

depends upon its ability to anticipate, absorb, adapt to, and/or rapidly  

recover from a potentially disruptive event.” Based on the Presidential Policy 

Directive/PPD-221, the term "resilience" means the ability to prepare for and adapt to 

changing conditions and withstand and recover rapidly from disruptions. Resilience 

includes the ability to withstand and recover from deliberate attacks, accidents, or naturally 

occurring threats or incidents [5]. According to Electric Power Research Institute’s (EPRI) 
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Electric Power System Resilience: Challenges and Opportunities (February 2016) [6], “In 

the context of the power system, resilience includes the ability to harden the system 

against—and quickly recover from—high-impact, low-frequency events.” In the context 

of the National Academies of Sciences, Engineering, and Medicine’s Enhancing the 

Resilience of the Nation’s Electricity System, “Resilience is not just about lessening the 

likelihood that these outages will occur. It is also about limiting the scope and impact of 

outages when they do occur, restoring power rapidly afterwards, and learning from these 

experiences to better deal with the events in the future” [7]. 

 

Figure 1.1 Attributes of Power System Resilience [4] 

Based on NIAC, the four attributes of power system resilience such as robustness, 

resourcefulness, rapid recovery and adaptability [4] are depicted in Figure 1.1. Robustness 

measures the system's ability to carry out critical operations during the event and 

withstanding the same. For instance, the building system hardness can be improved by 

incorporating redundancy and substitutions (such as AMI technologies, and 

transportation). Resourcefulness measures how much the system is prepared to effectively 

manage its operation while the event unfolds. This attribute of resilience contributes to 

planning and training-based preparedness. Rapid recovery reflects the ability of the system 
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to efficiently bounce back to its per-contingency state as quickly as possible after the 

disruption period. The ability of the system to learn new lessons from the event and the 

introduction of new procedures for grid resilience enhancement by improving the co-

attributes such as robustness, resourcefulness and rapid recovery. 

Grid resilience (or) power system resilience can be classified based on its 

characteristics and quantification. Based on the characteristics, it can be classified as 

operational, infrastructure, coordination, and system resilience. The operational and 

infrastructure resilience indulge in portraying the system's capability to adapt to the event 

without compromising its characteristics (such as blackouts, uncontrolled islanding 

causing cascading outages, availability of generation fuels for unit support) and recover to 

its original state as quickly as possible. More resilient grids can roll with the strikes and 

adjust to adversity without long-term trouble. The quantification of infrastructure resilience 

can be governed by the availability of operational transmission corridors, substations, 

generation units, and active workforces during the recovery period. Contemporarily, the 

operational resilience is expressed based on load deliverability, transmission flexibility (to 

avoid congestion), and controlled islanding capacity such as microgrids. Community (or) 

coordination resilience is the sustained ability of the neighbourhood grid to effectively 

contribute to the system’s disruption, adaptability, and recovery. This new resilience 

classification introduced in this work enhances the approach to achieving targeted system 

operation.  

Infrastructure and operational resilience are highly interdependent. In order to 

support the assertion proposed, the following reasoning can be justified. Losing power 
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system components (such as transmission corridors, generation plants, and substations) can 

cause operational disruption (i.e., load shedding, islanding, series outages). On the other 

hand, misoperation can lead to the loss of operational system assets. Thus, system 

resilience can be defined as the overall grid resilience governed by its operation, 

infrastructure and community. In addition to the resilience classification, a vital factor to 

consider while assessing resilience is system toughness or rigidity.  Thus, the system 

toughness has also been focused on in this work. Power system toughness can be defined 

as the capacity of the system to absorb the shock and operate in a pliancy region where its 

characteristics can be deformed and cannot be completely recovered unless a replacement 

is accomplished (such as generation replacement, loss of solar/wind farms). Pliancy is the 

characteristic of the grid to undergo disruption during shock absorption until a point of 

complete damage or fracture. This concept of robustness is briefly discussed in Chapter 2. 

To achieve a resilient grid operation, six stages reflecting the grid characteristics 

such as challenge, awareness, preparation, action, adaption, and consistency are introduced 

in this thesis. The cyclic representation of resilience stages is depicted in Figure 1.2. One 

of the critical stages in resilient grid operation is that system must be prepared enough in 

accepting the risk and try to adapt to the event in a quicker fashion. For better adaption to 

the event, the system must be well prepared before the event progression which can be 

achieved by proper awareness of the grid operation. With the knowledge of grid operation 

forecast data, the power system must be well prepared before the event by formulating 

proper planning and operational goals to achieve an optimistic response during the event 

progression. With the goals set back, the planned actions must be implemented during the 
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crisis with the capability of learning information based on the current and previous threats. 

The above five actions must be consistently followed to achieve and maintain a resilient 

grid operation. Thus, perseverance or consistency becomes the sixth leg of the resilient grid 

model. 

 

Figure 1.2 Cyclic Hexagon model for Resilience Attributes 

1.3 Motivation and Goals 

The vulnerabilities, outages and risks on the network are increasing with the 

decades as in the case of US power outages as shown in Figure 1.3 extracted from [8]. 

From Figure 1.3, the US power outages are reported in hours/customer during the years 

2013-2020. It has also been reported that the major events causing the outages are 

Hurricanes. One such case was Hurricane Isaias, which caused a devastating impact on the 

network by knocking out 14 million customers from the grid. Thus, this work has been 

dedicated to discussing the Hurricane effects on the power system’s operational and 

infrastructure characteristics.  
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Figure 1.3 US Power Outages in the Years 2013-2020 [8] 

Resilience evaluation approaches, such as triangle and trapezoid methods, are used 

extensively to represent infrastructure (e.g., transmission corridor status) and operational 

(e.g., load and generator shedding) performances in [9] and [10]. The resilience trapezoid 

model incorporates ramping decrement in performance indicators during an event and 

modifies the resilience triangle assertion of impulsive drop during the shock absorption. 

Moreover, prior works considered a linearized representation of resilience indicators as the 

event propagates and the system recovers. All these prior analyses focus only on the steady-

state response of the system. However, power system security during extreme events is 

highly dependent on its physics of dynamics and protection systems. Such epistemic 

analysis is completely avoided in the previous research works while analyzing power 

system resilience against extreme events. In order to bridge the gap between actual system 

performance and estimated system performance, i.e., using steady-state analysis, this work 

focuses on evaluating system responses based on steady-state and dynamic analysis with 

protective relay modelling. The overall result obtained is coined as an aggregated result. 
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The term ‘aggregated result’ is used to address the combined results of steady-state and 

dynamic analysis in the upcoming chapters. 

Based on the fragility model for the transmission assets extracted from [11], the 

impact of hurricanes on system performance, both in the steady-state and transient period, 

is analyzed and new resilience metrics are proposed in this work. The contributions of this 

work include: 

(i) Development of a new framework to evaluate power system resilience by assessing 

the transient stability of the system after critical changes in the system states during 

extreme weather events along with the evaluation of the steady-state condition of the 

system. Moreover, protection relays are included in transient stability analysis. This 

contribution is crucially important as the power system response during extreme 

events is usually governed by the dynamic response of generators, control systems, 

and protection system behaviour. 

(ii) Highlighting the importance of interdependence analysis of the infrastructure and 

operational resilience. 

(iii) Incorporating stochastic and probabilistic approaches for resilience evaluation based 

on Monte Carlo Simulations (MCS) with wind penetration in the system. 

1.4 Bibliographic Review 

An electric power system is a highly vulnerable and risk-prone network whose 

uninterrupted operation is of paramount importance for any modern society. Severe events 

can create disturbances in power systems that lead to operation interruptions and even major 

cascading outages and blackouts if proper preventive actions are not being considered to 
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make the system robust against such events. The power outage due to a Hurricane Ida which 

created a major impact on people’s life [12] is an example of such outages. Such events are 

referred to as high impact low probability events which include natural disasters and man-

made disasters.   

These major disturbances can be induced externally and internally as well. 

Examples of external causes include extreme weather conditions, and cyber-

security/malicious attacks on the power system. Texas outage, north-eastern outages in 

September 2013 due to Hurricane Ida, California wildfires, and Ukraine power grid hack 

are major examples supporting the assertion [12] – [14]. During the month of February 

2021, a severe snowstorm attacked the Texas grid which caused power outages due to 

insufficient generation availability. There has been a shortage of fuel to the gas power 

plants due to frozen pipes that carry natural gas to the plant. Secondly, the wind turbine 

blades are locked because of high wind speeds making them idle during the event [1]. Apart 

from outages, it was also reported the crisis has caused a total death of around 246 people 

[2].  

Another major event that affected the northeastern grid during the year 2013 is 

Hurricane Ida. The event had catastrophic changes in northeastern states such as 

Mississippi, Alabama, Louisiana, Massachusetts, Connecticut, New York, New Jersey and 

Pennsylvania causing 1.2 million electricity customers to lose power [12]. Though other 

states, except Louisiana, were recovered within the next 24 hours, Louisiana customers 

(about 0.5 million) were still experiencing power outages. The recovery and restoration of 

the power grid were delayed due to the event's impact. In recent years, power system 
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resilience has been a nascent subject attracting many scholars [15]-[17] to understand its 

operational and infrastructure characteristics.  

Based on a study conducted in [18], among different scenarios, extreme weather 

events have been constantly reported causing huge impacts on system operation. With the 

increasing trend of power system outages that are induced by extreme weather conditions, 

enhancing power system resilience to such events is gaining more attention in the research 

community. Apart from the reliability metrics, numerous resilience metrics have been 

developed recently to quantify the network robustness against windstorms as detailed in 

[11].  

Diverse quantifications are considered in the literature such as analyzing system 

adaption and disruption [19]-[21], and network recovery both at operational and structural 

levels [22]. To classify these methods, resilience planning incorporates long and short-term 

planning and adjustments during event progression and post-shock periods. Defensive 

islanding, effective remedial action design, and system hardening are among long-term 

planning measures, whereas short-term measures include event forecasting, accurate 

assessment of the availability of assets, as well as the implementation of effective preventive 

and corrective actions.  

A defensive islanding technique is suggested in [23] for resilience enhancement in 

the electric power grid during extreme weather events. Besides, the authors of [23] 

addressed improvement in operational characteristics of the network compared to the 

traditionally-followed infrastructure based strategies in reducing cascading outages. This 

proactive measure is quantified based on the load shedding results for different time 
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snapshots and different scenarios generated by the Sequential Monte Carlo simulation. One 

major disadvantage the authors have not addressed is the ‘problem of dimensionality’. For 

a small Great Britain test network, the authors need to generate 9000 scenarios. Large test 

systems with high penetration of renewables such as Western and Eastern networks cannot 

be studied based on the procedure discussed in [23] because of the increase in variability 

and uncertainty in the network. 

Reference [24] addresses the grid planning against extreme events such as HILEs. 

The article highlights the importance of reframing the power engineer’s idea of the reliable 

grid to a resilience grid by outlining the outages beyond N-2 caused by HILEs. Besides, it 

has been focused on the four questions namely, (i) How to incorporate resilience in power 

system planning? (ii) Can the weather impacts on the grid be mitigated by resilience-based 

planning? (iii) What is the best strategy for boosting system resilience against HILEs? (iv) 

How to build a robust and flexible power grid to withstand any unprecedented events in 

the future as well? [24].  

The authors of [25] proposed a portfolio that optimizes the investments on high 

hedge yielding networks against the natural weather impacts. It is a two-level approach 

comprising network investments and risk analysis on the network with the proposed 

investments. This approach has been tested for the application of Earthquakes and 

identified the optimal portfolio for diverse simulation scenarios generated by SMCS.  

The increase in windstorm intensity by 5-10% in future electric networks can 

increase the power grid loss and lead to 85% winter peak loss when the effect is increased 
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by 50% [26]. To assess the network resilience, Gaihua Fu, et.al proposed a network growth 

model for the future electric grid.  

Reference [27] discusses the role of microgrids in enhancing power system 

resilience against wildfires in distribution systems. The article debates DER's involvement 

during microgrid operations can improve recovery time and demand satisfaction. The 

article further briefs the planning of DER investments and designs against wildfire events. 

A classic N-1 and resilient design methodology were discussed based on an illustrative 

case study for smart grid resilience. This article finally concludes by suggesting mandating 

the rules and standards for the resilient design of DERs in market studies.  

Reference [28] presents a conceptual framework for understanding power system 

resilience, with a focus on the impact of severe weather occurrences. Because capturing 

the random character of weather and its impact on different system components 

necessitates a stochastic approach, a unique sequential Monte-Carlo-based time-series 

simulation model is developed to measure power system resilience. However, this 

approach is cursed with the problem of dimensionality, i.e., for N components, 2N scenarios 

must be generated.  

All these works discussed above consider a probabilistic manner for outage 

modelling rather than a realistic model. To bridge the gap between the realistic and intricate 

outage models, the approach put forth by the authors of [29] proposed a physics-based 

hurricane projection model to analyze the epistemic uncertainties. This work also 

showcased the affected customers per year exhibits huge variances.  



13 
 

Numerous investigations on resilience evaluation at the transmission level for 

climate driven changes are studied [30]-[32] whereas the resilience evaluation on 

distribution level against hurricane risks can cause vulnerable damages. To evaluate the 

importance of load, various works mentioned in [33]-[35] prioritize the load criticality by 

quantifying them in new resilience metrics. One such work is [34] which classifies the 

loads as hospital, emergency, industrial, commercial and domestic loads from high to least 

priorities. In the estimation of the resilience metrics, these weighted losses are incorporated 

accounting for the effect of load criticality.  

In [36], based on the Japan Earthquake and accompanying Tsunami event, the 

importance of improving operational resilience by distribution side load deliverability 

using microgrids and community plans has been discussed.  

Another way of lessening the event risk can be achieved by predicting the event 

and its unfolding manner. The author of the dissertation [37] implemented a neural 

network-based event prediction algorithm. This work compares the results of different AI 

techniques such as perceptron, logistic regression, support vector machine and decision 

tree with that of an event considered for that work. The methods have proven to be highly 

efficient in predicting the event unfolds based on the work’s discussion.  

In order to improve the system’s operational resilience, the system must have 

enough contingency reserves, especially in the case of high renewable penetration [38]. 

Focusing on the demand side flexibility research works [39] and [40], load adjustments are 

carried out based on the frequency and voltage violation/deviations. However, this 

approach is a corrective model rather than a preventive measure. With emerging 
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technologies, the authors of [41] have proposed an anticipatory method of flexible loads 

using the Internet of Things. To overcome the actions after imbalance occurrence, this 

approach proposed is faster than the power system reserve contingency operation. This 

work first considers reconstructed power systems after the damage for generation 

disturbance quantification followed by anticipating the frequency deviation causing the 

most serve damage to the network. 

1.5 Organization of the Thesis 

The rest of the thesis is organized as follows. Chapter 2 discusses the trapezoid and 

irregular polygon model for operational and infrastructure resilience evaluation. Besides, 

the resilience metrics are defined in the same chapter. Chapter 3 focuses on the stochastic 

modelling approach and system analysis techniques. Description of the test system and 

power system component’s dynamic models are discussed in Chapter 4. Chapter 5 focuses 

on discussing the deterministic and stochastic approaches for resilience evaluation and 

comparing their results. Conclusions and future scopes are provided in Chapter 6. 
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CHAPTER 2                                                                                                              

POWER SYSTEM RESILIENCE MODEL AND ASSESSMENT 

2.1 Electric Power System Resilience 

Electric Power Systems is one of the highly complex, non–linear systems and 

highly prone to natural disasters such as extreme weather conditions, wildfires, 

earthquakes, and man-made errors such as operator ignorance, auxiliary power system 

device malfunctioning causing a huge blackout that easily propagates and collapses the 

entire system. One such example is the 2003 Northeast Blackout which completely caused 

power outages in North-eastern and midwestern parts of North America [42]. Another 

recent incident caused major regions of Texas to remain without electricity due to the 

Snowstorm in 2021 [1]-[2]. Although the system can operate without collapsing in most 

cases, the number of customers who are kicked off the grid is quite a considerable and high 

value. Besides, the system recovery to its pre-contingency state after the disaster/calamity 

is laborious and highly influenced by factors such as system disruption level, workforce 

capacity and labour availability. Current research funded by the U.S. Department of Energy 

involves monitoring the power system responses during the event and post-event situation 

along with the development of performance metrics to improve the power system response 

[18] in the motive of the making the system capable enough to withstand the disruption 

with faster adaption, highly resourceful and minimal recovery incorporation.  

Unlike reliability, resilience has no unanimous definition which has been accepted 

worldwide since it is highly dependent on the operator’s objective. The resilience is 

majorly classified as operational and infrastructure. The infrastructure indicator of the 
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system involves measuring the online status power system devices in the course of the 

event study. The operational performance of the system represents the quantification of 

demand satisfaction, generation availability, and frequency deviation. Besides, the power 

system is said to be resilient if its operational and infrastructure characteristics are not 

collapsed or highly deteriorated. Thus, the power system resilience framework is required 

to be effectively modelled considering different aspects of scenarios and the system's 

corresponding responses to those situations.  

This chapter tends to briefly discuss the infrastructure and operational resilience 

based on linear models such as the trapezoid method discussed in [11], followed by the 

discussion of an irregular polygon model for measuring system resilience. This model is 

referred to as the aggregated model in this work. Besides, the numerical definition of 

performance metrics for the operational, infrastructure, and system resiliencies are 

elaborated. 

2.2. Resilience Model 

2.2.1. Multiphase Trapezoid Model: Infrastructure and Operational Resilience 

The crucial assets of the electric power systems involve generators, transmission 

lines, transformers, and distribution lines. Responses of these devices during the event are 

monitored and are collectively referred to as the power system response. During any event, 

the power system response framework indicating the operational and infrastructural 

performance with respect to time can be schematized and depicted as shown in Figure 3.1. 

In general, the system response can be categorized into four phases namely, 
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i. Intact 

ii. Absorption 

iii. Recuperation 

iv. Recovered Operation 

 

Figure 2.1 Conventional Trapezoid Model 

The first phase, known as the intact phase, is a pre-contingency/pre-disturbance 

state, where the system operation is undamaged or unaffected. The performance indicator 

at this stage is ideally 100% and the system remains in an undamaged state until 𝑡 = 𝑡0. 

Considering the event begins at time 𝑡 = 𝑡0, the system moves into the second phase. 

In the absorption and adaption phase, the system resiliency indictor decreases during 

event progression until 𝑡𝑒𝑒 and the system operates in a new state immediately after the 

event. The operational and infrastructure indicator remains at the post-disturbance state until 

𝑡 = 𝑡𝑠𝑟
(𝑜)

 and 𝑡 = 𝑡𝑠𝑟
(𝑖)

 respectively. The total time duration of this phase measuring the 
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infrastructure and operational status of the power system can be represented as 𝒯𝑎
(𝑖)

 and 

𝒯𝑎
(𝑜)

 respectively.  

The third phase of the framework is called as recuperation phase. In this phase, 

restoration begins at 𝑡𝑠𝑟 , and the system tries to reach its pre-contingency state. Both the 

infrastructure and operational indicators slowly recover until 𝑡𝑟.  This phase can also be 

called as restoration state. The infrastructure and operational resilience indicator of the 

system slowly restore until 𝑡𝑟
(𝑖)

 and 𝑡𝑟
(𝑜)

 respectively.  

The final phase or the recovered operation indicates the measure of infrastructure 

and operational indicators during the post-recovery state. Unlike infrastructure resiliency, 

operational resiliency recovery is influenced by demand, generation availability, asset 

operational capability, and implementation of effective corrective actions. System resiliency 

during the post-recovery period can indicate an improved/deteriorated performance or the 

same pre-contingency performance of the system. 

The resiliency measure depends on asset outages and human intervention during the 

recovery phase. A multiphase modified trapezoid model [15] is defined in this section for 

defining the system resiliency indicator as shown in Figure 3.2. Similar to the conventional 

trapezoid model (IORA), this multiphase modified trapezoid model has four phases, 

namely, intact, absorption, recuperation, and recovered operation. However, unlike the 

recuperation phase in the IORA model, the recuperation phase in system-level performance 

has three states, namely, operational recovery, quasi-recovered state, and infrastructure and 

operational (I&O) recovery. The infrastructure recuperation phase is a highly laborious and 
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time-consuming phase defining the recovery rate of the system after the disruption period. 

However, during this asset repairing period, the system operators can regain a part of the 

lost load and disconnected generators by implementing corrective operational actions, e.g., 

generator re-dispatch, power import from (export to) another area; this stage is defined as 

operational recovery in this work. Starting from 𝑡𝑠𝑟 , this state prolongs until 𝑡𝑞𝑟 . 

 

Figure 2.2 Multiphase Modified Trapezoid Model 

During the next state, known as the quasi-recovered state, a part of disconnected 

customers/generators and islanded buses/areas are regained back, and the system reaches 

a new operational state with a lower performance indicator compared to the targeted value. 

This state lasts until 𝑡𝑖𝑟. I&O recovery state, being the third state, interprets the system 

performance improvement by recovering the infrastructural and operational characteristics 

of the network until 𝑡𝑟. Note that there can be multiple stages of operational recovery as 

more assets are repaired and new operational actions are implemented. 
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2.2.2. Aggregated Multiphase Trapezoid Model: System Resilience 

Based on the multiphase trapezoid model, an aggregated multiphase trapezoid 

model considering transient decays and recoveries is defined in this chapter for system-

level aggregated resilience evaluation as depicted in Figure 3.3. 

 

Figure 2.3 Aggregated Multiphase Trapezoid Model 

Similar to the multiphase trapezoid model, the phases and states of the aggregated 

model remain exactly the same. However, there are two additional states namely, transient 

decay (h) and recovery (i) states corresponding to the dynamic analysis. The dips which 

are observed from the Figure 3.3 has the above mentioned states (g) and (i). At this state, 

the system operates at a lower resilience state for a time duration of 𝑡𝑑. 𝑡𝑑corresponds to 

the subordinate time. It is defined as the time duration during which the system remains at 
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a lower performance state. Note that 𝑡𝑑can extend between two states i.e., it can have longer 

time periods ranging between minutes and hours and they are highly dependent on the 

recovery standards and procedures followed by an operator during the event.  

2.3 Definition of Resilience Metrics 

The numerical metrics used to study the system response during extreme conditions 

are defined and discussed below. 

(a) Intact period (𝒯𝑖): The time duration in which I&O performance indicator remains 

unchanged/unaffected, and it can be formulated as, 

   𝒯𝑖 = 𝑡0 − 𝑡0
−     (2.1) 

where 𝑡0
− represents the simulation start time. 

(b) Disruption rate (𝔇𝑟): Disruption or damage rate defines the rate of change of I&O 

resilience indicator during the event progression. The disruption rate for 

infrastructure resilience (𝔇𝑟
(𝑖)

) and operational resilience (𝔇𝑟
(𝑜)
) models are shown in 

Equations (3.2) and (3.3) respectively. 

     𝔇𝑟
(𝑖)
|
𝑡0→𝑡𝑒𝑒

=
ℛ𝑖(𝑡0)−ℛ𝑖(𝑡𝑒𝑒)

𝑡𝑒𝑒−𝑡0
        (2.2) 

     𝔇𝑟
(𝑜)
|
𝑡0→𝑡𝑒𝑒

=
ℛ𝑖(𝑡0)−ℛ𝑜(𝑡𝑒𝑒)

𝑡𝑒𝑒−𝑡0
       (2.3) 

where  ℛ𝑖(𝑡0) and ℛ𝑜(𝑡0) are I&O resilience indicator at time 𝑡0, ℛ𝑖(𝑡𝑒𝑒) and 

ℛ𝑜(𝑡𝑒𝑒) are I&O resilience indicator at time 𝑡𝑒𝑒. If the disruption variation is non-

linear, the damage rate for different time samples can be estimated and can be 

weighted averaged for estimating the overall rate. 
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(c) Preparation time (𝒯𝑝): Time duration in which I&O performance indicators remain 

at post-disturbance state. The infrastructure and operational preparation time can be 

written as given by Equations (3.4) and (3.5) respectively.  

𝒯𝑝
(𝑖)
= 𝑡𝑠𝑟

(𝑖)
− 𝑡𝑒𝑒         (2.4) 

𝒯𝑝
(𝑜)
= 𝑡𝑠𝑟

(𝑜)
− 𝑡𝑒𝑒        (2.5) 

Here 𝑡𝑠𝑟
(𝑖)

 and 𝑡𝑠𝑟
(𝑜)

 correspond to infrastructure and operational recovery initiation time 

respectively. 

(d) Recovery rate (ℜ𝑟): Restoration rate determines the gradient of I&O resilience 

indicator in the recuperation phase. 

The infrastructure (ℜ𝑟
(𝑖)
) and operational (ℜ𝑟

(𝑜)
) recovery rates can be written as, 

ℜ𝑟
(𝑖)
|
𝑡𝑠𝑟
(𝑖)
→𝑡𝑟

(𝑖)
=

ℛ𝑖(𝑇𝑠)−ℛ𝑖(𝑡𝑒𝑒)

𝑡𝑟
(𝑖)
−𝑡𝑠𝑟

(𝑖)         (2.6) 

ℜ𝑟
(𝑜)
|
𝑡𝑠𝑟
(𝑜)
→𝑡𝑟

(𝑜)
=

ℛ𝑜(𝑇𝑠)−ℛ𝑜(𝑡𝑒𝑒)

𝑡𝑟
(𝑜)
−𝑡𝑠𝑟

(𝑜)         (2.7) 

where ℛ𝑖(𝑇𝑠) and ℛ𝑜(𝑇𝑠) are I&O resilience indicator at time 𝑡𝑠𝑟
(𝑖)

 and 𝑡𝑠𝑟
(𝑜)

 

respectively. 𝑡𝑟
(𝑖)

 and 𝑡𝑟
(𝑜)

 correspond to infrastructure and operational recovery end 

time respectively. If the recovery variation is non-linear, the indicators for different 

time samples are measured and a weighted averaged estimating the overall rate can 

be found. 

(e)  Recovery time (𝒯𝑟): Time consumed by the system to regain I&O characteristics 

back to its original state or maximum recoverable state and it is given by Equations 

(3.8) and (3.9) respectively. 
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𝒯𝑟
(𝑖)
= 𝑡𝑟

(𝑖)
− 𝑡𝑠𝑟

(𝑖)
        (2.8) 

𝒯𝑟
(𝑜)
= 𝑡𝑟

(𝑜)
− 𝑡𝑠𝑟

(𝑜)
        (2.9) 

(f) Area under the curve (Λ𝑡): The area traced by I&O resilience trapezoid curves can 

be expressed as given by Equations (3.10) and (3.11) respectively. 

Λ𝑡
(𝑖)
= ∫ ℛ𝑖

𝑡0
𝑡0
− 𝑑𝑡 + ∫ 𝔇𝑟

(𝑖)𝑡𝑒𝑒
𝑡0

𝑑𝑡 + ∫ ℛ𝑖
𝑡𝑠𝑟
(𝑖)

𝑡𝑒𝑒
𝑑𝑡 + ∫ ℜ𝑟

(𝑖)𝑡𝑟
(𝑖)

𝑡𝑠𝑟
(𝑖) 𝑑𝑡 + ∫ ℛ𝑖

𝑇𝑠

𝑡𝑟
(𝑖) 𝑑𝑡   (2.10) 

Λ𝑡
(𝑜)
= ∫ ℛ𝑜

𝑡0
𝑡0
− 𝑑𝑡 + ∫ 𝔇𝑟

(𝑜)𝑡𝑒𝑒
𝑡0

𝑑𝑡 + ∫ ℛ𝑜
𝑡𝑠𝑟
(𝑜)

𝑡𝑒𝑒
𝑑𝑡 + ∫ ℜ𝑟

(𝑜)𝑡𝑟
(𝑜)

𝑡𝑠𝑟
(0) 𝑑𝑡 + ∫ ℛ𝑜

𝑇𝑠

𝑡𝑟
(𝑜) 𝑑𝑡   (2.11) 

(g) Absorption time (𝒯𝑎): Total Time period during which the system remains at 

absorption and adaption phase.  

The infrastructure absorption time (𝒯𝑎
(𝑖)
), can be written as, 

𝒯𝑎
(𝑖)
= 𝑡𝑠𝑟

(𝑖)
− 𝑡0      (2.12) 

The operational absorption time (𝒯𝑎
(0)
), can be written as, 

𝒯𝑎
(𝑜)
= 𝑡𝑠𝑟

(𝑜)
− 𝑡0      (2.13) 

2.4 Summary 

Different linearized resilience models such as conventional and multiphase 

trapezoid models for steady-state resilience evaluation have been discussed. An aggregated 

multiphase trapezoid model has been proposed in this chapter with view of incorporating 

dynamic analysis into the resilience study. Finally, the resilience metrics and its numerical 

expressions are provided in this chapter. 
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CHAPTER 3                                                                                                    

STOCHASTIC ASSESSMENT OF POWER SYSTEM RESILIENCE 

Unlike deterministic approaches developed for traditional resilience analysis, 

power system response to high impact scenarios such as extreme weather conditions can 

cause cascading failures and outages in the grid. These extreme situations can cause power 

system assets failure and retirement in the grid. Power system resilience can be enhanced 

by incorporating stochasticity in system modelling and analysis. With a probabilistic risk 

assessment of each component, proper measures can be addressed to increase system 

robustness, adequacy, and healing capability. Thus, a probabilistic assessment approach 

has been developed in this chapter to capture the stochastic nature of the power system 

with the aim of modelling outage scenarios for electric power plants, transmission systems, 

and renewable plants. Moreover, the risk modelling on the power system can be 

represented as component status (operational and infrastructure status) based on which the 

system effects are captured to develop the resilience metrics. 

3.1 Failure Probability Model and Scenarios for System Components 

3.1.1 Wind Turbine Outage Model 

With high penetration of renewable energy sources such as wind and PV, the power 

system response during these extreme weathers can cause major interruptions in the grid. 

For instance, the Texas 2021 winter storm has caused critical outages in the state for several 

weeks due to generation unavailability and wind turbine locking [1]. Thus, the wind turbine 

outage model needs to be incorporated to study the effect of net load variation in the system 
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resilience evaluation. Based on the power-wind characteristics of the wind turbine, the 

active power output can be determined based on the wind speed as shown in Equation (3.1). 

                                            𝑃𝑡(𝑣) =

{
 
 

 
 
      0            0 ≤ 𝑣 < 𝑤𝑟
𝑣3−𝑤𝑖

3

𝑤𝑟
3−𝑤𝑖

3   𝑤𝑖 ≤ 𝑣 ≤ 𝑤𝑟

     𝑃𝑟        𝑤𝑟 ≤ 𝑣 < 𝑤0  
    0                 𝑣 > 𝑤0  

                                    (3.1) 

where 𝑣 is current wind speed (m/s), 𝑃𝑡(𝑣) is active power output for current wind speed 

measured in MW, 𝑃𝑟 is rated active power output measured in MW, 𝑤𝑖 , 𝑤0 and 𝑤𝑟 are cut-

in, rated and cut-out speeds for wind turbine measured in m/s respectively. The wind 

turbines are locked and arrested from producing energy during high (above cut-out speed) 

and low (below cut-in speed) wind speed conditions. The power curve representing the 

operating characteristics of the GE 1.5 MW wind turbine extracted from [43] is depicted 

in Figure 3.1. 

 
Figure 3.1 Power Curve of GE 1.5 MW Wind Turbine [43] 

 From Figure 3.1, the cut-in, rated and cut-out wind speeds for the GE 1.5sle 

structure are 3 m/s, 14 m/s and 25 m/s respectively. Though the 1.5sle is a classical 
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workhorse, it has been considered for the study since it has proven to be an efficient and 

reliable model [43]. 

3.1.2 Transmission Corridor 

Fragility analysis is a probabilistic approach to determining the reliability of 

transmission networks (including transmission lines and towers) during extreme weather 

conditions and can be mathematically represented using Equation (3.2).  

                                       𝜗(𝑣𝑖) = {

0,              𝑖𝑓 𝑣 < 𝑣𝑐𝑟
𝜗(𝑣),    𝑖𝑓 𝑣𝑐𝑟 ≤ 𝑣 ≤ 𝑣𝑏𝑟 
1,             𝑖𝑓 𝑣 > 𝑣𝑏𝑟

                                               (3.2) 

where 𝜗(𝑣𝑖) is the failure probability of the transmission network for any wind speed, 𝑣𝑖 

(m/s) and 𝜗(𝑣) represents the failure probability of the transmission network for wind 

speed, 𝑣 (m/s) when the wind speed is bounded within critical (𝑣𝑐𝑟) and breakdown wind 

speeds (𝑣𝑏𝑟).  

 
Figure 3.2 Generic Fragility Curve for Transmission Corridor [11] 

For a wind speed below 𝑣𝑐𝑟 , the infrastructure and operation of the transmission 

network remain unaffected (i.e., zero failure probability) whereas, for a wind speed above 



27 
 

𝑣𝑐𝑟  the reliability of the transmission network is altered based on the failure probability 

function. Wind speed above 𝑣𝑏𝑟 collapses the structural and operational template of the 

network (i.e., 100% failure probability). A generic fragility curve representing the above 

framework extracted from [11] has been depicted in Figure 3.2.  

The failure probability vs wind speed curve for less robust and more robust 

transmission corridors are extracted from [11] and shown in Figure 3.3. 

 
Figure 3.3 Fragility Curve for Transmission Corridor Extracted from [11] 

3.2 Stochastic Resilience Assessment 

The probabilistic resilience assessment incorporates system and hurricane 

stochasticity for a detailed analysis of resilience and risk assessment. As the power system 

is a highly uncertain network, implementing stochastic approach can be more realistic. The 

following sections briefly discuss the hurricane model, stochastic load model and 

probabilistic approach for resilience metrics estimation. 

3.2.1 Hurricane Model 

Based on the intensity of the hurricane, they are classified into five categories. The 

National Hurricane Center (NHC) grouped the hurricane categories based on Saffir-
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Simpson Hurricane Wind Scale [44]. According to NHC, “The Saffir-Simpson Hurricane 

Wind Scale is a 1 to 5 rating based only on a hurricane's maximum sustained wind 

speed. This scale does not take into account other potentially deadly hazards such as storm 

surge, rainfall flooding, and tornadoes”. 

The Saffir-Simpson Hurricane Wind Scale calculates the amount of damage that 

could be caused by a hurricane. Hurricanes classified Category 3 and higher are known as 

major hurricanes, even though all hurricanes produce life-threatening winds [44]. The 

hurricane categories are tabulated based on their maximum sustained wind speed and their 

frequency of occurrence as shown in Table 3.1. 

Table 3.1 Classification of Hurricanes Based on Saffir-Simpson Scale [44] 

Categories Maximum Wind speed (m/s) Average Hurricanes 

Per Year 

1 30-39 7.1 

2 40-49 4.7 

3 (major) 50-58 4.7 

4 (major) 59-70 1.1 

5 (major) >70 0.2 

 

The stochastic nature of the wind can be incorporated by following Monte Carlo 

Simulations (MCS) for resilience evaluation. Besides, it embeds the spatiotemporal nature 

of the hurricane through the transmission corridor. The wind profile and its frequency 

density distribution, based on the data obtained from [44], are depicted in Figure 3.4.  
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Figure 3.4 Probability Density Distribution Curve for Different Hurricane Categories 

3.2.2 Stochastic Load Model 

Unlike the deterministic approach, the stochastic approach includes load 

uncertainty in the resilience evaluation and has been implemented in this work. In the 

deterministic approach, the scheduled hourly bus loads are carried out for the resilience 

evaluation. On the contrary, the stochastic approach includes the load uncertainty due to 

the hurricane effects (wind uncertainty). The net hourly bus load, 𝑃𝐿,𝑡, can be written as,  

                                                          𝑃𝐿,𝑡 = 𝑃𝐿,𝑡
𝑠𝑐ℎ𝑒𝑑 + 𝑃𝑡

𝑣𝑎𝑟                                            (3.3) 

where 𝑃𝐿,𝑡
𝑠𝑐ℎ𝑒𝑑  represents the scheduled bus load in terms of percentage of full load, and 

𝑃𝑡
𝑣𝑎𝑟 represents the uncertain load due to hurricane stochasticity. 

3.2.3 Probabilistic Resilience Metrics 

In this section, the probabilistic approach to estimate the resilience metrics is 

discussed. Metrics such as overall resilience and system toughness are derived and 

discussed below. The system resilience estimates the infrastructural and operational 
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resilience. The system toughness is used to quantify the grid robustness and sensitivity in 

response to the hurricane impact on the network. 

(a) System Resilience: 

Let 휀𝑖 be any scenario for a given hurricane category and its probability of 

occurrence based on the event unfolding can be denoted as ℙ(휀𝑖|𝑣). If there are ‘𝑛’ 

scenarios, then the sum of the probabilities of each event can be written as, 

                                                    ℙ(휀|𝑣) = ∑ ℙ(휀𝑖|𝑣)
𝑛
𝑖=1 = 1                                       (3.4) 

The overall infrastructure (Λ𝑝
(𝐼)
) and operational resilience (Λ𝑝

(𝑂)
)  can be estimated as, 

                                                         Λ𝑝
(𝐼)
= ∑ ℙ(휀𝑖|𝑣) ×

𝑛
𝑖=1 Λ𝑖

(𝐼)
                                        (3.5) 

                                                         Λ𝑝
(𝑂)

= ∑ ℙ(휀𝑖|𝑣) ×
𝑛
𝑖=1 Λ𝑖

(𝑂)
                                        (3.6) 

where Λ𝑖
(𝐼)

 and Λ𝑖
(𝑂)

 per unit values of infrastructure and operational resilience. 

3.3 Steady-State Analysis 

This section aims to focus on modelling wind turbine generators (WTGs) for power 

flow studies, unit commitment model for generation scheduling and optimal power flow 

technique for corrective action and generation dispatch for varying hourly bus loads. 

3.3.1 Renewable Integration in the Grid 

The representation of the wind plant for the steady-state analysis is highly important 

and depends on the type of machine being used for the analysis. For instance, the fixed 

speed wind turbine generators (WTGs) are modelled as negative load with constant 

reactive power equal to the amount being absorbed at the real power level considered for 

the study. These machines are integrated into the system as a PQ bus by modelling shunt 

capacitors for reactive power consumption at that bus [45]. Since type 3 and 4 wind 



31 
 

machines can provide reactive power support, they can be modelled as the conventional 

generator and can be integrated as PV buses into the system with appropriate reactive 

power limits. 

 
Figure 3.5 WTG Model for Power Flow Analysis [45] 

Though the wind generators are decentralized at the plant level, the aggregated 

power is injected into the system through a collector-substation model. The equivalent 

aggregated model representing a single generating unit is valid for studying the system-

level impact of wind resources penetration. A single-line diagram representing WTG 

modelling with a collector-substation system is depicted in Figure 3.5. 

3.3.2 Unit Commitment 

The unit commitment (UC) is performed to achieve system operation at minimum 

cost by committing the required available resources. The mathematical formulation for the 

UC [60] is used to determine the generator status and its generation level during each time 

and can be expressed as: 

min∑ ∑ 𝐶𝑔𝑃𝑔
𝑡 + 𝐶𝑔

𝑁𝐿𝑢𝑔
𝑡 + 𝐶𝑔

𝑆𝑈𝑣𝑔
𝑡

𝑔∈𝒢𝑡∈𝒯 +min𝐶𝐿 ∑ ∑ (𝐷𝑛
𝑡 − 𝑑𝑛

𝑡 )𝑛∈𝒩𝑡∈𝒯   ∀𝑔, ∀𝑡      (3.12) 

subject to 
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                                          𝑢𝑔
𝑡𝑃𝑔

𝑚𝑖𝑛 ≤ 𝑃𝑔
𝑡 ≤ 𝑢𝑔

𝑡𝑃𝑔
𝑚𝑎𝑥                                ∀𝑔, ∀𝑡            (3.13) 

                                   −𝒷𝑘
𝑡𝑃𝑘

𝐴 ≤ 𝐵𝑘(𝜃𝑗 − 𝜃𝑖) ≤ 𝒷𝑘
𝑡𝑃𝑘

𝐴                            ∀𝑘, ∀𝑡            (3.14) 

                                             ∑ 𝑃𝑔
𝑡

𝑔∈𝒢 = ∑ 𝑑𝑛
𝑡

𝑛∈𝒩                                       ∀𝑛, ∀𝑡            (3.15) 

                                             ∑ 𝑣𝑔
𝑡𝑡

𝑡−𝒯𝑔
𝑢𝑝
+1

≤ 𝑢𝑔
𝑡                                            ∀𝑔, ∀𝑡           (3.16) 

                                       ∑ 𝑤𝑔
𝑡𝑡

𝑡−𝒯𝑔
𝑑𝑜𝑤𝑛+1

≤ 1 − 𝑢𝑔
𝑡                                      ∀𝑔, ∀𝑡           (3.17) 

                                𝑃𝑔
𝑡 − 𝑃𝑔

𝑡−1 ≤ 𝑅𝑔
𝐻𝑢𝑔

𝑡−1 + 𝑅𝑔
𝑠𝑡𝑎𝑟𝑡𝑣𝑔

𝑡                                ∀𝑔, ∀𝑡           (3.18) 

                                 𝑃𝑔
𝑡−1 − 𝑃𝑔

𝑡 ≤ 𝑅𝑔
𝐻𝑢𝑔

𝑡 + 𝑅𝑔
𝑠ℎ𝑢𝑡𝑤𝑔

𝑡                               ∀𝑔, ∀𝑡             (3.19) 

                                           𝑢𝑔
𝑡 , 𝑣𝑔

𝑡 , 𝑤𝑔
𝑡 ∈ {0,1}                                            ∀𝑔,∀𝑡             (3.20) 

Equation (3.12) is the objective function aims in minimizing the total operating cost 

of the system and load shed cost incurred in the system. The system operating cost includes 

generation cost, no-load cost, and start-up cost at all time intervals (t) and for all generators 

(g). The linear cost inputs 𝐶𝑔, 𝐶𝑔
𝑁𝐿, and 𝐶𝑔

𝑆𝑈 are linear cost (generation cost expressed in 

$/MW), no-load cost and start-up cost (expressed in $) of the generators that are remained 

and turned ON for all time periods. 𝐶𝐿 represents the value of lost load in $/MW. Equations 

(3.13) – (3.20) imposes actual system constraints on the optimization problem for 

scheduling real time generation status. The synchronous machine generation constraints 

caping the maximum and minimum active power limit is represented in equation (313). 

For offline generation units, the value of 𝑢𝑔
𝑡  is set to zero forcing no active power is 

generated by the corresponding machine. Equation (3.14) represent the active power limit 

constraints for any transmission branch (𝑘) at all time intervals, 𝑡. The transmission line 

status (𝒷𝑘
𝑡), denotes the line operational status at time, 𝑡. The line is considered online if 
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𝒷𝑘
𝑡 is one, else the value of 𝒷𝑘

𝑡 is zero for the line remaining offline or tripped. The active 

power limits of the transmission corridor are determined based on the thermal rating of that 

branch. Equation (3.15) ensures generation-load balance constraint considering load 

shedding during the event progression and restoration phase of the simulation time. 

Equation (3.16), (3.17), (3.18) and (3.19) represents minimum uptime, downtime, ramp up 

and ramp down constraints for all generating units during the study. The variables 𝑣𝑔
𝑡  and 

denotes the turning ON and OFF status from the offline and online operation of the 

generating units for all time periods, t. Equation (3.20) ensures the variables 𝑢𝑔
𝑡 , 𝑣𝑔

𝑡  and 𝑤𝑔
𝑡 

are binary (0 and 1).  The status of the generators is obtained and utilized for solving 

optimal power flow. 

3.3.3 AC Optimal Power Flow Technique 

The optimal power flow technique is used to dispatch the generators for every 

period of bus load change in the system. Redispatch is carried out such that branch flow, 

node balance, generation-load balance and generation limit constraints are satisfied based 

on the generator status obtained from the unit commitment. The objective function for the 

optimal power flow is aimed to minimize load shedding during the event progression and 

recovery state. The pre-contingency and post-recovery states are aimed to conduct ACOPF 

optimizing the generation fuel cost. ACOPF has been solved using Siemens PSS®E (Power 

System Simulator for Engineering) version 35.2. The ACOPF model [46] for minimizing 

fuel cost and load shedding can be mathematically represented as follows, 

                                          min∑ 𝑃𝐿
0(1 − 𝜓𝑛

(𝑡)
)𝐶𝐿∀𝑛𝐿   ∀𝑡 ∈ (𝑡𝑒 , 𝑡𝑟)                           (3.21) 
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                                            min∑ 𝑃𝑔
(𝑡)
𝐶𝑔∀𝑛𝑔   ∀𝑡 ∈ 𝑇 − {(𝑡𝑒, 𝑡𝑟)}                              (3.22) 

subject to 

                                           𝑈𝑔
(𝑡)
𝑃𝑔
𝑚𝑖𝑛 ≤ 𝑃𝑔

(𝑡) ≤ 𝑈𝑔
(𝑡)
𝑃𝑔
𝑚𝑎𝑥   ∀𝑡∀𝑔                               (3.23) 

                                           𝑈𝑔
(𝑡)
𝑄𝑔
𝑚𝑖𝑛 ≤ 𝑄𝑔

(𝑡) ≤ 𝑈𝑔
(𝑡)
𝑄𝑔
𝑚𝑎𝑥    ∀𝑡∀𝑔                               (3.24) 

                                                   𝑉𝑛
𝑚𝑖𝑛 ≤ 𝑉𝑛

(𝑡) ≤ 𝑉𝑛
𝑚𝑎𝑥   ∀𝑡∀𝑛                                     (3.25) 

                                                   𝜃𝑛
𝑚𝑖𝑛 ≤ 𝜃𝑛

(𝑡) ≤ 𝜃𝑛
𝑚𝑎𝑥     ∀𝑡∀𝑛                                     (3.26) 

                     𝑃𝑖𝑗
(𝑡)
= 𝑉𝑖

2(𝐺𝑖0 + 𝐺𝑖𝑗) − 𝑉𝑖𝑉𝑗(𝐵𝑖𝑗 sin 𝜃𝑖𝑗 + 𝐺𝑖𝑗 cos 𝜃𝑖𝑗) ∀𝑡∀𝑘                (3.27) 

                    𝑄𝑖𝑗
(𝑡)
= −𝑉𝑖

2(𝐵𝑖0 + 𝐵𝑖𝑗) + 𝑉𝑖𝑉𝑗(𝐵𝑖𝑗 cos 𝜃𝑖𝑗 − 𝐺𝑖𝑗 sin 𝜃𝑖𝑗) ∀𝑡∀𝑘              (3.28) 

                                         √𝑃
𝑖𝑗

(𝑡)2
+ 𝑄

𝑖𝑗

(𝑡)2
≤ 𝑆𝑖𝑗

𝐴       ∀𝑡 ∈ 𝑇 − {(𝑡𝑒)}∀𝑘                       (3.29) 

                                             √𝑃𝑖𝑗
(𝑡)2

+ 𝑄𝑖𝑗
(𝑡)2

≤ 𝑆𝑖𝑗
𝐵       ∀𝑡 ∈ {𝑡𝑒}∀𝑘                             (3.30) 

                                            𝜓𝑚𝑖𝑛 ≤ 𝜓𝑛
(𝑡)
≤ 𝜓𝑚𝑎𝑥   ∀𝑡 ∈ (𝑡𝑒 , 𝑡𝑟) ∀𝑛                          (3.31) 

                                                    𝑆𝐿
(𝑡)
= 𝜓𝑛

(𝑡)
𝑆𝐿
0   ∀𝑡 ∈ (𝑡𝑒 , 𝑡𝑟) ∀𝑛                               (3.32) 

                                    ∑ 𝑆𝑖𝑗
(𝑡)

𝑛∈𝑛𝑠 −∑ 𝑆𝑖𝑗
(𝑡)

𝑛∈𝑛𝑟 = ∑ 𝑆𝑔
(𝑡)

𝑛∈𝑛𝑔
∀𝑔

− 𝑆𝐿
(𝑡)     ∀𝑡 ∀𝑛             (3.33) 

where 𝑃𝐿
0 is the initial real power bus load in MW, 𝜓𝑛

(𝑡)
 is bus load multiplier at 

time t, 𝜓𝑚𝑖𝑛 and 𝜓𝑚𝑎𝑥 are the minimum and maximum allowable range for the load 

multiplier. 𝐶𝐿 and 𝐶𝑔 represent load shedding and generation fuel cost measured in $/MW. 

𝑈𝑔
(𝑡)

 is a parameter (non-variable entity in ACOPF model) representing the commitment 

status of the generator obtained from solving the UC problem. 𝑃𝑔
(𝑡)

, 𝑃𝑔
𝑚𝑖𝑛 and 𝑃𝑔

𝑚𝑎𝑥 are 

real power generated at time t, maximum and minimum capacity of real power generation 
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measured in MW.  𝑄𝑔
(𝑡)

, 𝑄𝑔
𝑚𝑖𝑛 and 𝑄𝑔

𝑚𝑎𝑥  are reactive power generated at time t, maximum 

and minimum capacity of reactive power generation measured in MVAR. 𝑉𝑛
(𝑡)

, 𝑉𝑛
𝑚𝑖𝑛 and 

𝑉𝑛
𝑚𝑎𝑥 are bus voltage at time t, maximum and minimum limit of bus voltage. 𝜃𝑛

𝑚𝑖𝑛 , 𝜃𝑛
𝑚𝑎𝑥  

are maximum and minimum bus voltage angles, respectively, measured in degrees. 𝜃𝑛
(𝑡)

 

represents instantaneous bus voltage angle measured in degrees. 𝑃𝑖𝑗
(𝑡)

and 𝑄𝑖𝑗
(𝑡)

 are real and 

reactive power flow on the branch between buses 𝑖 and 𝑗. 𝐺𝑖0 and 𝐵𝑖0 are real and imaginary 

parts of the shunt admittance at bus 𝑖 respectively. 𝐺𝑖𝑗 and 𝐵𝑖𝑗 are real and imaginary parts 

of the line admittance between buses 𝑖 and 𝑗 respectively. 𝜃𝑖𝑗 is the bus voltage angle 

difference between buses 𝑖 and 𝑗. 𝑆𝑖𝑗
𝐴 and 𝑆𝑖𝑗

𝐵 are continuous and long-term emergency 

(LTE) thermal ratings of the line measured in MVA respectively. 𝑆𝐿
(𝑡)

and 𝑆𝐿
0 represent 

effective and initial bus load measured in MVA. 𝑇 represents the total simulation hour, 

{𝑡𝑒} is set representing event progression period, {(𝑡𝑒, 𝑡𝑟)} is a set representing the time 

period between event initiation and recovery end time. 𝑈𝑔
(𝑡)

 represents the commitment 

status of the generator at time t. 𝑛𝑠 and 𝑛𝑟 represent the set of sending and receiving end 

buses based on the direction of net branch flow. 

 Equation (3.21) represents the objective function for minimizing load shedding 

during event progression, post degraded state and recuperation state. (3.22) represents the 

objective function for minimizing fuel costs, utilized during pre-contingency and post-

recovery states. In addition to linear cost curves, PSS®E has the capability of incorporating 

quadratic, exponential and polynomial fuel cost curves as well. PSS®E OPF has been built 

based on the conventional AC power flow technique and it requires a swing bus for solving 
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the same. The real and reactive power generation is limited within its capacity by the 

constraints mentioned in Equations (3.23) and (3.24) respectively. The bus voltage and bus 

voltage angle constraints are modelled using Equations (3.25) and (3.26) respectively. 

Equations (3.27) and (3.28) represent the mathematical equation to estimate real and 

reactive power flow on branches between buses 𝑖 and 𝑗 respectively. Equations (3.29) and 

(3.30) represent the continuous and LTE thermal rating constraints for transmission 

branches respectively. LTE is a 24-hour emergency thermal capacity of the line during 

extreme scenarios. Thus, the line capacity can be increased to operate at LTE during the 

event progression state. Continuous thermal rating of transmission lines can be 

implemented during the rest of the simulation period. Equation (3.31) represents the load 

multiplier constraint. Equation (3.32) estimates online apparent bus loads during the 

simulation hour. Constraints (3.31) and (3.32) are specially used for minimizing bus load 

adjustments based OPF technique. They are neglected in the fuel cost optimization model. 

Node-balance constraint is governed by Equation (3.33). It is also assumed the steady-state 

is assumed to be stable after re-dispatching the generation committed units using the 

optimal power flow technique.  

3.4 Summary 

The importance of implanting stochasticity in the resilience evaluation is 

highlighted followed by modelling hurricane and bus loads for different scenarios using 

Monte Carlo Simulation approach. Besides, the mathematical formulation of the system 

analysis techniques used in steady-state evaluation of resilience studies for a network with 

wind penetration is discussed. 
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CHAPTER 4                                                                                                                   

TEST CASE AND DYNAMIC MODELS 

 Though the steady-state operation of the power system is analyzed for different 

scenarios and disturbances and at various timestamps, it is also equally important to 

perform short-term time domain simulations (STTDS) on the system following the 

event/contingency to assess its dynamic response. Thus, this chapter focuses on modelling 

dynamic models for generator, exciter, governor, bus loads and protection devices. 

Moreover, this chapter also briefs the dynamic modelling of wind and solar resources in 

the interest of monitoring system behaviour during renewable penetrations in the electric 

grid. The dynamic models are constructed in PSS®E (Power System Simulator for 

Engineering) version 35.2, high performance transmission planning and analysis tool 

developed by Siemens. 

4.1 Test System Description 

The IEEE reliability test system (1996) or RTS, obtained from [47], is used for 

resilience study and the single line diagram of the same is depicted in Figure 4.1. RTS is a 

three-area test case where all the areas are electrically identical i.e., in terms of generation 

capacity, branch rating and peak bus loads. It consists of 99 conventional generators (33 in 

each area), 104 transmission lines, 57 bus loads (19 in each area) and other technical details 

favouring the system infrastructure are shown in Table 4.1. The given model is a 

conventional RTS network, obtained from [47], and does not have renewable resource 

penetrations.  



38 
 

 

Figure 4.1 One-line Diagram of IEEE Reliability Test System (1996) 

From Figure 4.1, it can be observed that there are five tie lines connecting these 

three regions supporting the power sharing capability among the areas. Note that taking 

these tie lines offline can make the system going unstable as they are vital for stability 

analysis. 

Table 4.1 IEEE RTS’96 test details [47] 

Parameters Features 

Buses 73 

Areas 3 

Total generation capacity 14.5 GW (15202 MVA) 

Total peak bus loads 8550 MW (8725 MVA) 

Base Voltages 138 kV and 230 kV 



 

 
 

4
0
 

 
Figure 4.2 One-line Diagram of Modified IEEE RTS System 
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A modified RTS network with 20% wind penetration provided in Figure 4.2 is 

considered for this work. The corresponding wind plants are added at buses 123, 223 and 

323 corresponding to areas 1, 2 and 3 respectively. Each wind plant can generate 750 MW 

at 0.9 power factor for the rated wind speed condition.  

To append wind penetration in the conventional grid, certain procedures are 

followed. One such rule is known as 2/3 decommitment-1/3 redispatch rule, which are 

followed by NERC for system analysis with renewable penetration in the grid [48]. The 

rule applies to conventional steam power plants dominated electric grid. If a 3 MW wind 

plant to be added to the network, 2 MVA of steam plant capacity must be decommitted and 

1 MW of dispatching steam plant output power is required. With nuclear plants in the 

network, this work modifies the above procedure by considering the 1 MW rule applied to 

the nuclear plants instead of the steam plants. For the current study, the hydro and gas 

plants remain same as they play a major role in frequency support in reliable grid operation. 

With the above modified rule, for 750 MW wind penetration at area 1, 500 MVA 

capacity of steam plant requires decommitment and 250 MW capacity redispatching 

applied for nuclear plants. With these modifications accomplished, the plant is added at 

bus 123 through collector-substation model mentioned in Chapter 3. In similar fashion, 

identical wind plants each of 750 MW generation capacities are added to the areas 2 and 3 

at buses 223 and 323 respectively.  

4.2 Conventional Plant Model 

Conventional power plants such as steam, gas turbine, coal and nuclear plants 

consist of synchronous machines, exciters, governors, and boilers (reactor). In STTDS, 
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these components such as generators, exciters and governors are represented by 

differential-algebraic equations. These equations (representing plant models) are 

connected to power system networks using algebraic equations. Thus, dynamic values 

representing the dynamic behaviour of the system are considered for the modelling. All the 

dynamic models representing the plant components considered for this work are widely 

being used and accepted by Western Electric Coordinating Council (WECC) [49]. 

4.2.1. Synchronous Machine Model 

The detailed model of the synchronous generator is actively represented using 𝐸′′ 

model, which is the most widely used simplified model for electromechanical stability 

studies in practice. This model can also be called voltage behind sub transient reactance. 

Equations (4.1) to (4.6) represent the electrical and mechanical characteristics of the 

detailed synchronous machine model. Assumptions considered and derivations of the 

equations are briefed in chapter 4 of [50].  
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                                       2𝐻�̇� = 𝑇𝑚 − 𝑒𝑞
′′𝑖𝑞/3 − 𝑒𝑑

′′𝑖𝑑/3 − 𝐷𝜔.                                   (4.5) 

                                                            𝛿̇ = 𝜔 − 1                                                          (4.6) 

The above differential equations are combined with the following algebraic 

equations. 
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 These equations are used in power system tools such as PSLF and PSS®E to solve 

transient stability analysis with the machine model coined as GENROU, which is used in 

this work. Parameters for GENROU are provided in Appendix A.1.1. 

4.2.2. Excitation System 

The effect of the excitation system on transient stability studies is vital since it plays 

a major role in improving the first swing by arresting the sudden acceleration (deceleration) 

of the machine when subjected to major disturbances. This mechanism is carried out by 

fast adjustment of machine internal flux and ruling out the threat of instability. Modern 

excitation systems can be effective in two ways. Firstly, in reducing the severity of machine 

swings when subjected to large impacts by reducing the magnitude of the first swing and 

by ensuring that the subsequent swings are smaller than the first [50]. Secondly, there are 

situations where various oscillation modes reinforce each other during later swings, which 

along with inherent weak system damping can cause transient instability. Properly 

compensated very fast, high response excitation system can overcome these problems and 

increase power transfer limit by improving its transient response. Thus, a static exciter 
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representing a modern fast excitation system can be used for the dynamic analysis of the 

network. Besides, to study the actual response of the synchronous generation, exciter 

should be dynamically modelled as well.  

IEEE ST1 static excitation model (1980), the most commonly used exciter, is 

chosen for the study and its block diagram is shown in Figure 4.3. Parameters for the exciter 

are obtained from [51] and provided in Appendix A.1.2. The static exciter model is 

constructed using the EXST1 model available in the PSS®E model library.  

 

Figure 4.3 Block diagram of IEEE ST1 Excitation Model (1980) [53] 

ST1 is a potential-source controlled-rectifier exciter model in which excitation 

power is supplied through a transformer located at generator terminals or unit auxiliary bus 

and it is regulated by a controlled rectifier. This excitation model is capable of transient 

gain reduction by suitably appending time constants in the feedforward path or feedback 

path by proper selection of feedback loop parameters. Detailed explanation, working, 

design and application can be found in [50] and [51].  

4.2.3. Governor Model 

The governor models are designed to represent the power system response for 

stability studies since they actively participate in changing the mechanical power input 
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provided any major disturbance/demand change occurred in the system. Governors are 

used to arrest the frequency drop/increase and bring it back to its nominal value of 60 Hz 

for the power grid in the United States of America (USA) using primary and secondary 

frequency control. As US power grids operate with stringent frequency variation from their 

nominal value, the governor model is of paramount importance. Different governors such 

as steam (nuclear), hydro and gas turbine governors are realized using PSS®E models 

TGOV1, HYGOV and GGOV1 respectively. The block diagrams of TGOV1, HYGOV 

and GGOV1, obtained from [52], are given in Figures 4.4, 4.5 and 4.6 respectively. 

TGOV1 is a basic steam turbine governor model, and it represents the reheater time 

constant effect for a steam turbine. R is the maximum allowable speed droop and it's 

typically 5% for US power plants.  

 

Figure 4.4 Simplified Block Diagram of TGOV1 [52] 

HYGOV represents a basic hydropower plant governor model with a simple 

hydraulic representation of penstock with unrestricted head race and tailrace, and no surge 

tank. The turbine model is valid for a full range of plant operations i.e., from no load to 

maximum sluice gate opening. This governor model can be used to realize dashpot-type 

mechanical governors (e.g., Woodward, English Electric) as well as dashpot-equivalent 

electrohydraulic governors (e.g., ASEA). As acceleration governing (derivative action) is 
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only employed in particular scenarios in most interconnected systems, this action has not 

been included in the model [52]. 

 

Figure 4.5 Block Diagram of HYGOV [52] 

 

Figure 4.6 Block Diagram of GGOV1 [52] 
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GGOV1 is used to model different prime movers controlled by PID (Proportional-

Integral-Derivative) controllers. For the study, this model is used to represent gas turbine 

governors. Various parameters of the model create the versatility of tuning its application 

for heavy-duty engines, single shaft combined cycle turbines, diesel engines and simple 

hydro turbines in dams having short water column lengths and minimal effects of water 

inertia. Design parameters of TGOV1, GGOV1 and HYGOV are given in Appendix A.3, 

A.4 and A.5 respectively. 

4.3 Wind Turbine Generator Model 

Type 3 also called DFIG (doubly fed induction generator) wind turbine generators 

are the most popular model for power generating applications and its schematic extracted 

from [52] is shown in Figure 4.7. In this arrangement, the stator is directly connected to 

the grid whereas the rotor is connected through a power electronic back-to-back converter 

to the grid. Through slip rings, the rotor is connected to a machine-side converter. The rotor 

side converter is electrically coupled to the grid side converter (GSC) through a DC link 

capacitor connected to the grid through a three-phase transformer. The generator speed can 

be controlled mechanically by operating the rotor network at variable frequencies. At 

super-synchronous speed, the power injected into the grid is the sum of the power available 

at stator terminals and the power processed by the grid side converter. At sub-synchronous 

speed, the net power injected by the machine into the grid is the difference between the 

stator power and power absorbed by GSC. No power is exchanged between the rotor and 

the grid at synchronous speed.  
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The dynamic models for type 3 WTGs are available in the Siemens PSS®E model 

library. The type 3 WTGs model connectivity to the grid can be depicted in Figure 4.8. A 

WTG consists of four components namely, generator/converter, converter control, wind 

turbine and pitch control models. The frequency-power response curve for WTG extracted 

from [52] is represented in Figure 4.9 and used in this work.  

 
Figure 4.7 Schematic of Type 3 WTG [52] 

 
Figure 4.8 GE Type 3 WTG Dynamic Model Connectivity 
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Figure 4.9 Frequency-Power Droop Characteristics [52] 

(a) Generator/Converter Model: 

The generator/converter model obtained from [53] is shown in Figure 4.10. The 

power is injected by modelling the generator as a controlled current source. The model has 

both high voltage reactive current logic and low voltage active current logic to control 

active and reactive power injection based on the operator’s decision of control. The model 

has two input signals namely WEQCMD and WIPCMD. These commands are respectively 

triggered based on controlling the reactive and active power injection to the grid 

respectively. In this work, the reactive power control (or constant power factor control) has 

been implemented. WT3G2 model available in the PSS®E model library has been used for 

the converter/generator model. 

(b) Converter Control Model: 

The converter control model exhibits two types of control namely, (i) reactive 

power control and (ii) active power control as shown in Figure 4.11. Based on the operator's 
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decision, the control will be implemented. The logic for reactive power control is depicted 

in Figure 4.11(a).  

 
Figure 4.10 Generator/Converter Model for Type 3 WTG [53] 

 

Figure 4.11 Converter Control Model for Type 3 WTGs [53] 
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Three modes of reactive power control include constant Q, constant power factor 

and constant voltage, which can be decided based on proper parameter settings. Similarly, 

the active power (torque) control, shown in Figure 4.11(b), implements maximum power 

point tracking from the WTG and injects the same to the grid. Selecting this mode of 

control makes the turbine operate at a rated speed corresponding to rated wind power for 

different wind velocities. In this work, reactive power control is selected. The Siemens 

PSS®E model used for the converter control is WT3E1.  

 

Figure 4.12 Mechanical System Model for Type 3 Wind Generator [53] 
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(c) Wind Turbine and Pitch Control Model: 

The drivetrain or wind turbine model for the type 3 WTG is depicted in Figure 4.12. 

The model has two options such as one-mass and two-mass models. In this work, the one-

mass model has been used. WT3T1, available in the PSS®E library, has been used for 

dynamic modelling of the type 3 WTG. The pitch control model for type 3 WTG (WT3P1) 

available in the PSS®E library is shown in Figure 4.13. The parameters for the type 3 WTG 

model have been provided in Appendix A.1.4. 

 

Figure 4.13 Pitch Control Model for Type 3 Wind Generator [53] 

 

4.4 Protection Components Model 

Relays are used for diverse purposes such as regulation, monitoring, 

synchronization, and protection. Modelling protection relays is critical for power system 

analysis, operation and planning.  
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Figure 4.14 Conceptual Description of the Analysis Required for Studying Varying 

Catastrophic events 

The primary objective of the power system is to provide reliable customer service 

and to minimize the extent and time of outages when serious/intolerable events occurred. 

Protective relays operate under such conditions to arrest the instability spread. Thus, relays 

are required to model for dynamic security assessments. Moreover, with an increase in 

contingencies/outages severity, the system model accuracy can be improved by 

implementing a protection model in the networks as shown in Figure 4.14. This sub-section 

briefs the modelling of distance, load and generator relays for power system infrastructure 

and operational protection.  

4.4.1. Distance Relay Model 

Distance relay is used for the protection of transmission lines against carrying 

excessive electric current greater than its rating which can be caused because of faults and 

short circuit conditions. The electrical distance between the relay and the fault location is 

measured by a distance relay. These relays respond to voltage, current, and voltage-current 

angles. These values can be calculated using relay impedance, which is proportional to the 



 

54 
 

fault distance. Typically, these relays are programmed to trip whenever a fault occurs 

within a fractional distance ‘h’ of the relay point as shown in Figure 4.15. This fraction is 

known as the "reach setting," which indicates that if a fault develops in this section of the 

line, the relay will trip immediately. If the fault is beyond this reach point, the relays will 

trip with a programmed time delay. If a fault occurs at the reach point, the impedance 

measured at relay A is 

                                                                 𝑍𝑅 =
𝑉1

𝐼𝐿
= ℎ𝑍𝐿                                               (4.9) 

 
Figure 4.15 Reach Setting of Distance Relay [54] 

 

Commercial relays have three zones of protection namely zone 1, zone 2 and zone 

3 as shown in Figure 4.15. There are three different types of relays namely, impedance 

relay, mho relay and admittance relay. Mho relay being more popular and inherently 

directional is used in this work and its relay characteristics are depicted in Figure 4.16. 

Different zones of protection of distance relay operation are pictorially depicted in Figure 

4.17 [50]. The reach point and time delay for relay operation for three zones are tabulated 

in Table 4.2 [50]. The distance relay available in the PSS®E model library used for the 

study is DISTR1. 
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Figure 4.16 Mho Distance Relay Characteristics [53] 

 

Figure 4.17 Zones of Protection for Distance Relay [50] 

Table 4.2 Distance Relay Parameters [50] 

Zones Reach point Time delay 

1 80%-90% 0 s 

2 At least 120% 0.25 s 

3                               

(backup zone) 

At least 220 % 1-2 s 

 

4.4.2. Under-Voltage/Frequency Load Relay 

Modelling load shedding relays in the power system help in maintaining the 

generation-load balance by avoiding frequency instability and voltage collapse at certain 
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regions of the network. Under-frequency load shedding (UFLS) helps in maintaining 

system frequency to operate at (near to) nominal frequency (60 Hz). Since the turbine-

governor cannot perform corrective actions at low frequency (< 58.5 Hz), it is of ultimate 

importance to maintain the frequency (and generation-load balance) by shedding excess 

bus loads. This protection scheme helps in arresting frequency drop by shedding a certain 

percentage of bus loads at different stages of frequency. Note the relay trips of the entire 

bus load if the frequency hits the lowest threshold according to NERC reliability standards.  

The parameter setting for the UFLS scheme is shown in Table 4.3.  

Table 4.3 UFLS Scheme Attributes [55] 

UFLS 

Stage 

Frequency 

Threshold (Hz) 

Minimum Relay 

Time Delay (s) 

Breaker 

Delay (s) 

Load Shed 

(pu) 

Cumulative 

Load shed (pu) 

1 59.5 0.05 0.02 0.1 0.1 

2 59.2 0.05 0.02 0.2 0.3 

3 58.8 0.05 0.02 0.2 0.5 

 

Table 4.3 represents the UFLS setting attributes for Eastern Interconnection 

distribution providers and transmission owners with 100 MW or more peak net load 

according to NERC reliability standard [55]. Voltage collapse in power systems is 

becoming a frequently occurring phenomenon in diverse parts of the world due to large 

deficits in spinning reserves and reactive power generation, reactive demand spikes and 

single-phase air-conditioners stalling and so on. This voltage decrement in that particular 

region can potentially create cascading blackouts in a few minutes to hours following the 

disturbance occurrence. Under-voltage load shedding (UVLS) can act as a protection 
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model, which performs load shedding at buses where voltage dip is severe, and its recovery 

is time-consuming. It ensures the required percent of load shedding is performed such that 

the voltage is recovered back to its minimum (or greater than the minimum) operating limit. 

WSCC group has developed the standard by performing Q-V and P-V analyses and 

validated the same by confirming the results with each other. Moreover, the group has also 

carried out fast dynamic simulations, long time dynamic simulations, security constrained 

OPF and various tools for insights regarding voltage stability and collapse phenomena [56]. 

UVLS parameter settings are obtained from the standard and shown in Table 4.4.  

Table 4.4 UVLS Scheme Attributes [55] 

UVLS 

Stage 

Voltage 

Threshold (Hz) 

Relay Time 

Delay (s) 

Breaker 

Delay (s) 

Load Shed 

(pu) 

Cumulative 

Load shed (pu) 

1 0.95 0.75 0.05 0.3 0.3 

2 0.85 1.00 0.05 0.5 0.8 

 

Under-voltage/frequency load shedding (UVFLS) relay model is realized using 

PSS®E user-defined model UVUFBLU1.  

4.4.3. Under/Over-Voltage Generator Relay 

Various reasons such as loss of load, defective voltage regulator, manual human 

errors and speed acceleration can cause generator voltage to increase beyond the 

continuous maximum operation limit. This increased voltage at generator terminals can 

cause insulation breakdown and can cause damage to the machine itself. Generators can 

continuously operate at a maximum threshold of 1.05 pu. If the machine terminal voltage 
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is prevailing at (or greater than) 1.15 pu. for more than 0.5 seconds, then the machine must 

be tripped offline according to the NERC reliability rules and regulations [57].  

Similarly, the under-voltage operation of the machine can be caused due to 

local/remote incremental load, loss of generation and deceleration which can lead to 

voltage collapse affecting the system stability. Thus, the generators are designed to operate 

at a lower threshold of 0.95 pu. of base voltage. Machines are tripped offline if the 

operating voltages are at 0.90 pu. of rated voltage for a period of 4 seconds and more 

(Figure 4.18). These relays are realized using the model NRCGP3U available in the PSS®E 

model library. The relay parameter settings are shown in Table 4.5. 

 

Figure 4.18 Voltage Protection Settings for Western Interconnection [57] 
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Table 4.5 UOVGT Parameters [57] 

High Voltage Standard Low Voltage Standard 

Voltage (pu) Minimum Time(s) Voltage (pu) Minimum Time(s) 

≥ 1.200 0.00 < 0.45 0.15 

≥ 1.175 0.20 < 0.65 0.30 

≥ 1.150 0.50 < 0.75 2.00 

≥ 1.100 1.00 < 0.90 3.00 

< 1.100 4.00 ≥ 0.90 4.00 

 

4.4.4. Under/Over-Frequency Generator Relay (UOFGT) 

Under-frequency generator trip (UFGT) actions are triggered due to the generator 

operating around 0.90 to 0.96 pu. of nominal frequency, which can be due to load spikes. 

Due to sudden load increment, the kinetic energy stored in the rotating mass is used for 

generating excess current by decelerating itself. Due to the deceleration, the frequency 

drops, which should be taken care of by turbine-governor actions to arrest the frequency 

drop. However, UFGT comes into play if the drop is intolerable and cannot be handled by 

the governor's actions (Table 4.6).  

Over-frequency generation can occur if there is an excess generation in the system 

and to maintain generation-load balance, synchronous machines are tripped. In general, to 

avoid any damage to synchronous machines, they are tripped offline beyond (at) minimum 

and maximum frequency threshold. NERC reliability standard for under/over-frequency 
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generator tripping schemes for the Eastern Interconnection system, obtained from [57], is 

depicted in Figure 4.19. 

Table 4.6 UOFGT Parameters [57] 

High Frequency Standard Low Frequency Standard 

Frequency (Hz) Minimum Time (s) Frequency (Hz) Minimum Time (s) 

≥ 61.7 Instantaneous trip ≤ 57.0 Instantaneous trip 

≥ 61.6 30 ≤ 57.3 0.75 

≥ 60.6 180 ≤ 57.8 7.5 

< 60.6 Continuous operation ≤ 58.4 30 

  ≤ 59.4 180 

  >59.4 Continuous operation 

 

 

Figure 4.19 Design Performance and Modelling Curves for Under/Over Frequency 

Generation Tripping [57]. 
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Figure 4.19 represents the minimum and maximum frequency threshold generator 

trip values for different time periods. The minimum and maximum values can be set at 57.3 

Hz and 61.6 Hz respectively. Generator operations at (and below) these values are 

automatically tripped offline without any delay. NRCGP3U model is used for realizing the 

UOFGT relay model in PSS®E.  

4.5 Summary 

In this chapter, the test system description and modification of conventional RTS 

network by incorporating 20% wind penetration based on 2/3decommitment-1/3redispatch 

rule have been discussed. Furthermore, the WECC approved dynamic models of 

synchronous generators, exciters, governors, DFIG based wind power plants and protection 

models are discussed.  
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CHAPTER 5                                                                                                             

RESULT ANALYSIS AND DISCUSSIONS 

Resilience evaluation results based on Monte-Carlo simulations (MCS) have been 

focused to discuss in this chapter. The generation of diverse outage scenarios for different 

hurricane categories is discussed and the corresponding MCS based resilience evaluation 

approach is tested on the power system model described in Chapter 4. The steady-state and 

aggregated results are obtained for different scenarios using the power system tool Siemens 

PSS®E and probabilistic metrics are evaluated. Python 2.7 has been employed to automate 

and perform resilience evaluation.  

5.1 Scenario Assumption 

Following are the assumptions considered throughout the period of the simulation study.  

(i) The resilience study is carried out for a power system against a hurricane affecting 

only area 1. The event initiates at t = 51 and prolongs for a period of 25 hours.  

(ii) The simulation is carried out for 400 hours assuming the availability of the labour 

force after the hurricane event. The simulation hours can extend up to a period of 

600 to 750 hours based on the storm intensity level. 

(iii) The study is carried out only for transmission level and the bus loads are modelled 

as lumped constant power load model. The corresponding base hourly bus loads are 

scheduled based on the active and reactive power demand during the winter season 

on weekdays/weekends. 
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(iv) The fragility model of the transmission networks is designed assuming that the 138 

kV and 230 kV systems as normal (less robust) and more robust corridors, 

respectively. 

(v) Any outages that happened in the system during the event progression are not 

recovered back during the next simulation hour within the event period for steady-

state analysis. However, the assets lost during transient stability analysis are 

regained back within the next 20 minutes despite this recovery might take an even 

longer period in real-time scenarios. During event progression, the long-term 

thermal rating (24-hour rating) and short-term thermal rating (15-min rating) for the 

branches are considered for steady-state and dynamic analyses, respectively.  

5.2 Deterministic Approach 

A deterministic model assumes certainty in all aspects. In this approach, the study 

is carried out for a determined load schedule and winter wind profile. This approach solves 

for one hurricane scenario and does not include power system uncertainty in the model. 

The deterministic approach that has been followed in this study to define and evaluate the 

resilience metrics is depicted in Figure 5.1. The process involves conducting steady-state 

and dynamic analysis of the system at each hour of event propagation to calculate the 

resilience metrics. Transient stability analysis with modelling protection schemes—

including distance relays, under frequency load/generator shedding, and under voltage 

load/generator shedding schemes—as well corrective actions are carried out at each hour 

of the event period. The transient stability studies evaluate system dynamic stability and 

identify the lines that may be tripped (due to overload conditions or unstable power swings) 
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and the loads/generators that are shed during that period. The results of transient stability 

(including line tripping and generator/load shedding) are utilized to make the related 

updates in the steady-state system topology at every time step. A steady-state analysis of 

the updated system involving AC optimal power flow (ACOPF) is performed with 

minimization of the bus load adjustment (amount of shed load) as the objective function. 

 
Figure 5.1 Deterministic Approach to Evaluate Resilience Metrics 

 
Figure 5.2 Winter load profile 

 
Figure 5.3 Wind speed profile 

The hourly load profile and wind speed variation during the event progression are 

depicted in Figures 5.2 and 5.3, respectively. The fragility model representing transmission 
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line/tower failure probability with respect to different wind speeds for less robust and more 

robust systems is extracted from [11] and is shown in Figure 3.3. 

5.2.1. Steady-State Results 

AC optimal power flow module of PSS®E is used for steady-state analysis to 

minimize the load shedding at each bus. The steady-state infrastructure and operational 

resilience indicators based on the availability of generators, served bus loads, and 

connected transmission lines are plotted in Figures 5.4, 5.5, and 5.6 respectively. 

 
Figure 5.4 Hourly generator units and active power capacity availability 

 
Figure 5.5 Percentage of load connected 

There are 99 generation units in the test case, and during the event progression, a 

total of 15 units become offline because of bus islanding due to line outages, decreasing 

the available generation capacity from 14,550 MW to 13,530 MW at the end of the event. 
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As a result of the isolation of load buses due to the hurricane effect, approximately 4% of 

the load is shed.  

 
Figure 5.6 Percentage of transmission line connection/availability status 

Table 5.1 Steady-State Resilience Metrics 

Metrics 
Generator Branch Load 

IR OR IR OR OR 

Ⅾr (%/hr) -0.667 -0.306 -0.75 -0.71 -0.167 

ℜr (%/hr) 0.301 0.023 0.077 0.148 0.307 

τᵣ (hr) 47 47 234 108 13 

Λₜ (pu) 0.952 0.994 0.918 0.92 0.981 

 

In Figure 5.6, there are two curves representing the operational statuses of the 

transmission lines (solid line) and the infrastructure availability of the transmission lines 

(dashed line). The dashed line represents the number of transmission lines that were not 

damaged by the hurricane whereas the solid line represents the operational status of all 

transmission lines. A transmission branch becomes operationally unavailable due to bus 

islanding or complete damage because of the event. However, the line is infrastructurally 



 

67 
 

available if not damaged by the event. The recovery time for the towers and lines that are 

damaged depends on their mean time to repair rates obtained from the IEEE RTS data [47].  

The curves in Figure 5.6 match the modified trapezoid model discussed in Chapter 

2. The resilience metrics provided in Chapter 2 for the generation units, loads, and 

transmission corridors are calculated and are provided in Table 5.1. In Table 5.1, IR and OR 

refer to infrastructure resilience and operational resilience, respectively. 

5.2.2. Aggregated Results 

Aggregated results include the steady-state and dynamic analysis results. Transient 

stability analysis based on rotor angle stability is carried out for a time period of 15 seconds. 

The branch rating is set to STE (15-min emergency rating). The branch status is updated 

(disturbance is introduced) 1 second after the study initiation time. The step size for the 

simulation is 0.0083 s (which is half of the 60 Hz cycle period). The dynamic performance 

of the system in terms of transient load shedding and generator shedding around the 

corresponding simulation hour is plotted in Figures 5.7 and 5.8 respectively. 

 

Figure 5.7 Percentage load online-aggregated model 
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Both the generator and load curves have dips at certain hours during the simulation. 

These dips in the curves are due to the transient generator and load shedding which can be 

recovered after a period of 20 minutes based on the above assumption. Figures 5.7 and 5.8 

represent the aggregated results and reveal the actual number of generators and loads that 

become offline during the event.  

 

Figure 5.8 Percentage generators and active power capacity availability-aggregated model 

 

Figure 5.9 Relative rotor angle of machines at hour 52 without corrective action 

It is observed that a load drop of 83.6% occurs at simulation hour of 237 because of 

reconnecting generator bus 122. These dips in the generator and load curves (generator/load 

shedding) are not observed in the steady-state analysis. Thus, the steady-state analysis alone 
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is not sufficient for having a realistic assessment of the system resilience since the system 

stability and the dynamic response of the system are important to monitor. The following 

paragraphs brief the importance of dynamic analysis after a major disturbance by providing 

an instance where an intense outage happened causing system instability during the study. 

 

Figure 5.10 Relative rotor angle of machines at hour 52 with corrective action 

 

Figure 5.11 Percentage of the generators online in the two cases of with and without 

implementing protective actions 
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During transient stability studies, the stability of the system is evaluated by 

monitoring the relative rotor angles, voltages and bus frequency of the connected machines. 

One such instance during the simulated event that can jeopardize system stability occurred 

at hour 52. If proper corrective actions have not been taken within the effective time, the 

tripping of the line between Arnold 230 kV and Aston 230 kV buses at hour 52 can 

jeopardize system stability. Due to the hurricane effect at hour 52, the transmission line 

between buses 114 and 117 is damaged. Due to this tripping action, the machines at bus 122 

started losing synchronism and this action of losing synchronism is observed at generators 

connected to buses 114, 115, 116, and 123 in area 1. Because of unstable power swings at 

generator buses 325 and 223, the two tie branches 325-121 and 318-223 are tripped by 

distance relay operation causing line overloading. It is also further observed that almost all 

machines located in area 2 and area 3 lost their synchronism at this hour. 

The relative rotor angles of the generators at hour 52 are shown in Figure 5.9. 

Actions such as generators tripping at bus 122 by out-of-step relay can prevent system 

instability in this case. This action makes the system stable and prevented distance relay 

misoperation and the consequent tripping of the tie lines. The relative rotor angles of the 

generators after applying the corrective actions are shown in Figure 5.10.  As can be seen 

in this figure, no generator loses its synchronism with respect to the rest of the system. 

The generator shedding with and without corrective actions at hour 52 is compared 

in Figure 5.11. As can be seen, with corrective actions being implemented at hour 52, the 

percentage of the generators remaining online increased substantially. Similarly, the load 

shedding can be compared for the mentioned cases. At hour 52, the load shedding has 
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reduced from 94.5% to 8.1% by implementing the corrective actions, which shows that the 

remedial actions prevent the system from collapsing and losing all its load. The system 

resilience metrics based on the aggregated results of the system are computed and tabulated 

in Table 5.2. In Table 5.2, IR and OR refer to infrastructure resilience and operational 

resilience respectively. 

Table 5.2 Aggregated Resilience Metrics 

Metrics 
Generator Branch Load 

IR OR IR OR OR 

Ⅾr (%/hr) -0.667 -0.306 -0.75 -0.71 -0.16 

ℜr (%/hr) 0.301 0.023 0.077 0.148 0.021 

τᵣ (hr) 47 47 234 108 187 

Λₜ (pu) 0.918 0.96 0.918 0.92 0.976 

 

Comparing the disruption, recovery rate, and area under the curve metrics of the 

aggregate results, it is observed that their values are less than that in the steady-state studies 

since steady-state studies do not consider system instability, transient load/generator 

shedding, and line tripping. The existing steady-state (trapezoid) resilience model is not 

sufficient for analysing system resilience as it neglects dynamic stability, transient load 

shedding and transmission line tripping. These issues are addressed in dynamic studies and 

specific corrective actions are implemented to make the system operate in stable condition. 

Besides, the multiple stages of recovery can be visualized in the aggregated trapezoid 

model, which cannot be observed in the conventional trapezoid model. 
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5.3 Stochastic Approach 

The deterministic approach does not include uncertainty and stochasticity in the 

resilience studies. [11] carries out resilience evaluation based on a steady-state 

deterministic approach. However, the modern power system is a stochastic network and 

highly uncertain to predict its response. In order to encounter the gap between the 

deterministic approach and real-time analysis, stochasticity is incorporated in this work by 

following a probabilistic approach as briefly discussed below. 

The stochastic analysis incorporates the stochastic nature of hurricane speeds, 

system assets and power system loads. The hurricane model contains three categories as 

mentioned in Chapter 3. The outage scenarios have been generated based on the Monte 

Carlo simulations considering wind uncertainty and component states. The stochastic 

nature of the line outage depends on the failure probability curve as a function of wind 

speed mentioned in Chapter 3. 

For the case of stochastic load representation, the mathematical equation (3.2) 

provided in Chapter 3 has been utilized. The load variability due to high EV penetration 

causing a steep increase/decrease in the load curve has been used in this work. The 

following situations are considered for generating outage scenarios: 

(i) Fuel interruption: Due to extreme cold, wells and pipes stopped delivering 

fuel to natural gas power plants. Coal plants and nuclear plants are knocked 

offline as well [1]. 

(ii) Wind turbine blades are frozen during winter storms as in the Texas outage 

[1]. 
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(iii) Wind turbines are prone to permanent damage at high wind speeds [58]. 

(iv) Line overload/fault/complete damage (trip) due to storms (insulation 

failure). 

(v) Incorrect action of tie-line (or sensitive branch) trip by the operator due to 

incorrect state estimation. 

(vi) Insulation flashover/failure due to impurities (caused by sandstorm, 

windstorm), damage and heating (caused by the hurricane, winter storm, or 

wildfire) – must consider the age of the insulator as well as how fast the 

breakdown occurs. 

It is assumed that the available conventional generators can support part of net load 

variation based on the wind uncertainty during pre and post-hurricane conditions based on 

the generator ramping capability. 

Figure 5.12 represents the probabilistic approach for evaluating power system 

resilience against different categories of hurricanes. Each outage scenario is generated 

based on the MCS approach and if there are disturbances or outages sensed, a transient 

stability study is performed for a period of 15 seconds. The system stability is ensured at 

the end of each DSA (dynamic security assessment) time step, and system convergence 

tolerance is met by performing ACOPF. If the convergence has not met its requirements, 

the system is checked for any island. By isolating the islands, ACOPF has been evaluated 

again to avoid any steady-state violations. Different trials are performed for each hurricane 

category. At the end of each scenario, resilience metrics are estimated. For every hurricane 

category, probabilistic metrics are evaluated. 
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Figure 5.12 Probabilistic Approach for Resilience Evaluation 

5.3.1 Steady-State Results 

Using the MCS-based stochastic approach, the optimal power flow has been solved 

to estimate steady-state resilience metrics. The steady-state resilience evaluation with 

sudden peaks and dips in hourly net load and component loss for different categories of 

hurricanes has been evaluated and quantified in terms of the resilience indices. Table 5.3 

represents the resilience indices estimated based on the probabilistic approach discussed in 

Chapter 3. 
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Table 5.3 Steady-State Resilience Indices 

Metric Category 1 Category 2 Category 3 

Λ𝑝
(𝑂)

 0.9912 0.9803 0.9542 

Λ𝑝
(𝐼)

 0.9968 0.9528 0.9239 

 

Three classes such as 1, 2 and 3 indicate the resilience evaluation against the 

hurricane categories 1, 2 and 3 and their corresponding resilience metrics have been plotted 

as shown in Figures 5.13-5.20. Figure 5.13 represents the number of offline transmission 

lines for the three classes. Each class consist of 50 scenarios. 

 

Figure 5.13 Offline Transmission Corridors Record for Different Hurricane Categories 

The disruption and recovery rates of the power system components (transmission 

line and generator) for the three different classes are depicted in Figures 5.14 and 5.15 

respectively. The recovery time required for each component regain back to its original 

operational state is determined for different scenarios and for hurricane categories as 

depicted in Figure 5.16. 
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Figure 5.14 Component Disruption Rate for Different Hurricane Scenarios 

 

Figure 5.15 Recovery Rate of Components for Different Hurricane Scenarios 

From Figure 5.13, the minimum and the maximum number of transmission lines 

gone offline for three hurricane categories are tabulated in Table 5.4. The peak and least 

values of the component's disruption rate and recovery time for different hurricane 

categories are tabulated in Table 5.5. 
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Figure 5.16 Component Recovery Time for Different Hurricane Scenarios 

Table 5.4 Peak and Least Values of Offline Transmission Lines for Different Hurricane 

Categories 

 Category 1 Category 2 Category 3 

Maximum lines 5 5 25 

Minimum lines 0 17 13 

 

Table 5.5 Peak and Least value of Component’s Disruption Rate and Recovery Time for 

Different Hurricane Categories 

 Disruption Rate (lines/hour) Recovery Time (hours) 

Min. value Max. value Min. value Max. value 

Category 1 0 0.2 0 38 

Category 2 0.2 0.72 35 169 

Category 3 0.4 1.12 80 234 
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From Figure 5.15, the highest recovery rate of 0.2 lines/hour is observed for 

category 1 hurricanes for scenario 8. For category 1 hurricanes, there are missing red bars 

indicating zero transmission line damage. For category 2 and 3 hurricanes, the recovery 

rate swings between 0.1 lines/hour and 0.11 lines/hour. A peak value of 0.136 lines/hour 

is observed for scenario 28 for a category 2 hurricane. 

The maximum and total load shed records for different hurricane categories are 

depicted in Figures 5.17 and 5.18 respectively. The load disruption rate, recovery rate and 

system recovery time are shown in Figures 5.19, 5.20 and 5.21 respectively.  

 

Figure 5.17 Maximum Load Shed Record–Operational Resilience 

 

Figure 5.18 Total Load Shed Record–Operational Resilience 
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Figure 5.19 Load Disruption Rate–Operational Resilience 

 

Figure 5.20 Load Recovery Rate–Operational Resilience 

From Figures 5.17 and 5.18, the peak values of maximum and total load shedding 

records for three hurricane categories are tabulated in Table 5.6. The peak and least values 

of the load disruption rate and recovery time for different hurricane categories are tabulated 

in Table 5.7. From Figure 5.18, it is observed that the worst scenario is 41 for a category 3 

hurricane. From Figure 5.20, the recovery rate is smaller for category 3 hurricanes 

compared to category 1 and category 2 hurricanes. 
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Figure 5.21 System Recovery Time–Operational Resilience 

Table 5.6 Peak Values of Maximum and Total Load Shed for Diverse Hurricane Categories 

 Category 1 Category 2 Category 3 

Maximum Shed (MW) 2031 2158 2200 

Total Shed (MW) 97040.9 46583.3 12067.4 

 

Table 5.7 Peak and Least value of Operational Disruption Rate and Recovery Time for 

Different Hurricane Categories 

 Disruption Rate (%/hour) Recovery Time (hours) 

Min. value Max. value Min. value Max. value 

Category 1 0 0.931 0 32 

Category 2 0.085 0.285 35 157 

Category 3 0.063 0.593 32 231 

 

From Table 5.7, it is observed that category 1 hurricane has the highest disruption 

rate based on the disruption metric proposed in [11]. However, the load shedding results 

(Figures 5.17 and 5.18) clearly provide the worst-case scenarios. This is due to the 
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estimation of average disruption rate i.e., considering variation is linear and end values for 

calculation. For instance, the load at hour 51 can be 91% rated load while the load can be 

63% at hour 75. Thus, the total and maximum load shed records have been proposed to 

have a clear view of worst-case scenarios. 

 
Figure 5.22 Area Under the Curve-Infrastructure Resilience 

 

Figure 5.23 Area Under the Curve-Operational Resilience 

The system infrastructure and operational resilience indicators for different 

hurricane categories are plotted in Figures 5.22 and 5.23 respectively. The area under the 

component vs time curve for different scenarios and hurricane categories is calculated and 
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it is known as the system infrastructure resilience indicator. Similarly, the area under the 

% load online vs time curve for different scenarios and hurricane categories is known as 

the system operational resilience indicator. 

From Figure 5.22, a minimum Λ𝑡
(𝑖)

 of 0.926 is observed for scenario 41 for a 

category 3 hurricane. The maximum disruption occurs in scenario 36. But the minimum 

value of Λ𝑡
(𝑖)

 is observed at 41 due to a smaller recovery time compared to scenario 36. 

From Figure 5.23, the curve dips are visible for scenarios 32 and 36 for a category 3 

hurricane. The above assertion can be supported based on the following discussion.  

In scenarios 32 and 36, there are cases such as non-supportive steam plants due to 

lack of fuel for power generation, and complete damage of 3 wind turbines in the wind 

plant at Area 1 due to failure of rotor brakes. In scenario 36, two conventional steam plants 

at buses 116 and 123 each having a capacity of 155 MW go offline due to fuel 

unavailability at t=63 and 64 respectively. Thus, a total capacity of 310 MW has been 

reduced from the system's overall generation capability. This unprecedently situation 

caused a complete load shedding at buses 114 and 109. Besides at t=64, 60% and 30% load 

shedding have been observed at buses 119 and 120 due to the offline plant at bus 123.  

Low probable chances such as two steam plants at buses 116 and 123 going offline 

at the same instant can be a critical situation simulated at t=63. At t=63, the partial loads 

are knocked off at buses 106, 113, 119 and 120 and a complete load shedding is observed 

at buses 108, 109 and 114 causing an overall load shedding of 1275 MW at Area 1. Besides, 

10 MW of load shedding is observed at buses 208 and 209 at area 2 due to the loss of 

generation plants. This is because of three tie-lines running between buses 123-217 (line 
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1), 113-215 (line 2) and 107-203 (line 3). The tie line 1 and 3 export power from area 1 to 

area 2.  

In scenario 41, three wind turbines are completely damaged reducing the WT 

generators from 500 to 497 respectively. Thus, the plant capacity is reduced from 750 MW 

to 745.5 MW. This loss does not have an impact on the operational state of the system. 

Contemporarily, in the case of scenario 36, due to the sudden tripping of wind plants at 

t=51 for category 2 and 3 hurricanes, there are load sheds observed at area 1. This shedding 

can be decreased during the next hour by realigning the generator commitment status. 

5.3.2 Aggregated Model 

Aggregated results include the steady-state and dynamic analysis results. The step 

size for the dynamic simulation is 0.0083 s (which is half of the 60 Hz cycle period). The 

maximum and total load shed records are depicted in Figures 5.24 and 5.25 respectively. 

The system aggregated infrastructure and operational resilience indicators for different 

hurricane categories are illustrated in Figures 5.26 and 5.27 respectively.  

 
Figure 5.24 Maximum Load Shed Record–Aggregated Operational Resilience 
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Figure 5.25 Total Load Shed Record–Aggregated Operational Resilience 

 
Figure 5.26 Aggregated System Infrastructure Resilience Indicator for Different Scenarios 

From Figure 5.26, scenarios 11, 18 and 36 for a category 3 hurricane have a 

considerable difference in Λ𝑡
(𝑖)

 values for steady-state and aggregated case estimation. This 

is due to the dynamic effects in terms of relay operation caused due to faults and the 

generation loss in the system.  
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Figure 5.27 Aggregated System Operational Resilience Indicator for Different Scenarios 

Comparing Figure 5.23 and Figure 5.27, the values of Λ𝑡
(𝑜)

are more or less the same 

since there are certain cases of generator shedding due to protective actions. All the cases 

discussed in the dynamic studies are stable. Due to the sudden loss of a wind plant during 

the category 2 and 3 hurricanes, there are cases of load shedding observed in the system. 

One such case is scenario 36 from category 3 which is discussed in test study 1.  

 

(a) Test Study 1: Loss of Wind Plant in Area 1 

As the wind plant at area 1 going offline, a UFLS relay operation has been observed. 

Due to this situation, the load buses at areas 1, 2 and 3 experienced under-frequency load 

shedding relay operation around a time period of 2.92, 2.94 and 3.3 seconds respectively. 

The frequencies of load buses where relay operation has been triggered for areas 1, 2 and 

3 are depicted in Figures 5.28, 5.29 and 5.30 respectively.  
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Figure 5.28 Frequency of Load Buses at Area 1 after the loss of Wind Plant 

 
Figure 5.29 Frequency of Load Buses at Area 2 after the loss of Wind Plant 

At t=2.92 seconds, buses 107-109, 113-116, 118-120 in area 1 experienced the first 

stage of UFLS relay operation (10% load shedding) as shown in Figure 5.28. The 

frequencies reached a value of 59.5 Hz at t=2.92 s. At t=2.94 seconds, buses 201-210, 213-

216 and 218 in area 2 experienced the first stage of UFLS relay operation (10% load 
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shedding) as shown in Figure 5.29. The frequencies reached a value of 59.47 Hz at t=2.94 

s. Compared to area 1, area 2 has higher load shedding. This is due to the sudden tripping 

of the 650 MW generating wind plant which contributed to exporting power from area 1 to 

area 2 through three tie lines.  

 
Figure 5.30 Frequency of Load Buses at Area 3 after the loss of Wind Plant 

 
Figure 5.31 Initial Change in Frequency of Load Buses at Area 1 after losing Wind Plant 
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Figure 5.32 Initial Change in Frequency of Load Buses at Area 2 after losing Wind Plant 

 

Figure 5.33 Initial Change in Frequency of Load Buses at Area 3 after losing Wind Plant 

Table 5.8 Frequency Change and RoCoF for Load Buses at Areas 1, 2 and 3 

Areas ∆𝑓 (Hz) 𝑡𝑛𝑎𝑑𝑖𝑟 (s) ROCOF (Hz/s) 𝑓𝑛𝑎𝑑𝑖𝑟 (Hz) 

1 -0.5 2.92 -0.2604 59.5 

2 -0.53 2.94 -0.2732 59.47 

3 -0.503 3.3 -0.2187 59.497 
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At t=3.3 seconds, buses 301, 302, 307 and 308 in area 3 experienced the first stage 

of UFLS relay operation (10% load shedding) as shown in Figure 5.30. The frequencies 

reached a value of 59.497 Hz at t=3.3 s. Partial load shedding is observed at area 3 due to 

a decrease in power transfer capability in the tie line between areas 1 and 3. 

The initial change in frequency for load buses at areas 1, 2 and 3 are plotted in 

Figures 5.31, 5.32 and 5.33 respectively. These frequency change (∆𝑓), time period taken 

to reach frequency nadir (𝑡𝑛𝑎𝑑𝑖𝑟), rate of change of frequency (ROCOF) and frequency 

nadir (𝑓𝑛𝑎𝑑𝑖𝑟) for these load buses are estimated and shown in Table 5.8. 

 

(b) Test Study 2: Debris and Insulation Failure 

In scenario 19, due to the hurricane effect, events such as insulation failure of the 

components and debris are implemented as shown in Table 5.9. The events are initiated at 

time t = 2 seconds. At t=1 second, a transmission line (108-109) is ripped down due to the 

hurricane. At t=2.1 seconds, line 121-122 is ripped down due to the hurricane.  

Table 5.9 Event Description 

Event  Fault types Location Duration Resemblance 

1 Bus fault Bus 116 3 cycles (Plant) Insulation failure 

2 Line fault 122-121 4 cycles Debris 

3 Line fault 121-325 4 cycles Debris 

4 Line fault 121-115 6 cycles (Transmission) Insulation failure 
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(a)  

 
(b) 

Figure 5.34 Relay Impedance (ZR) Trajectories for Lines (a) 116-119 and (b) 117-122 

Due to these events, distance relay, UVLS and out-of-step relays have been 

operated resulting in branch tripping, load shedding and generators shedding respectively. 

The impedance trajectory for lines 116-119 and 117-122 are shown in Figures 5.34 and 

5.35 respectively. The bus voltage profiles, real power on transmission lines, relative rotor 

angle and real power generated by synchronous machines are depicted in Figures 5.35, 

5.36, 5.37 and 5.38 respectively. 
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Figure 5.35 Voltage Profile for Buses 115, 116 and 118 

 
Figure 5.36 Real Power of Lines 121-118 and 122-121 
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Figure 5.37 Relative Rotor Angle of Generators at Buses 115, 116, 118, 121 and 122 

 

Figure 5.38 Real Power Generated at Buses 116, 118, 121 and 122 

At t=2.03 seconds, the transmission line 116-119 trips due to distance relay 

operation as the relay trajectory enters zone 1 of mho distance relay as shown in Figure 

5.34(a). Due to the fault at the near end of bus 122, ZR enters zone 2 and stays until the 

fault gets cleared as observed in Figure 5.34(b). Once the fault has been cleared, ZR leaves 

the relay zone and loops around in the third quadrant until t=3.4 seconds. At 3.4 seconds, 
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the impedance trajectory enters the third zone and remained until t=3.5 seconds. At t=3.5 

seconds, ZR leaves the relay operating zone due to generator shedding at bus 122.  

At t=2.1 seconds, due to the outage of line 121-122, the voltage at buses 115,116 

and 118 decreased and initiated UVLS operation as observed in Figure 5.35. At t=2.98 

seconds, the initial stage of UVLS has been triggered to shed a 104.17 MW (21.27 MVAR) 

load at bus 118 followed by a 99.86 MW (20.16 MVAR) and 24.51 MW (4.9 MVAR) load 

sheds at buses 115 and 116 respectively. Despite the load shed at bus 118, the further 

decrement in bus voltage has caused stage II UVLS operation which knocked off a load of 

173.81 MW (35.45 MVAR) at t=3.39 seconds. With all these actions, the bus voltages 

increased and plummeted to 1.1 pu at t=3.49 seconds. Among other buses, bus 118 was 

highly affected due to real power (export) dependency from bus 122 via the transmission 

line 121-122 which has gone offline due to the hurricane as shown in Figure 5.36. It can 

be observed that the real power on line 121-118, decreased from 128 MW due to line outage 

and finally settles at -55 MW. 

Due to outage of the line 121-122, the machines at bus 122 started going unstable 

as their rotor angles begin increasing at t=2.1 seconds and reaches 180 at t=3.48 seconds. 

The out-of-step logic operation has been triggered as the rotor angles have exceeded the 

maximum threshold value which resulted tripping of 6 hydro units at bus 122 as depicted 

in Figure 5.37. Thus, a total load shedding of 402.35 MW (81.78 MVAR) has been 

observed. This scenario can create a huge impact on system stability if these buses have 

heavy-duty motor loads and power electronic drives such as variable frequency drives 

(VFDs).  
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Figure 5.39 Outage Probability of Transmission Lines in Area 1 

 

The frequency of transmission line outages in area 1 due to different hurricane 

categories is depicted in Figure 5.39. It can be observed that lines 26 and 33 have zero 

outage probability as they are substation incoming and outgoing lines. Transmission lines 

24-36 correspond to more robust corridors, and they are affected during category 3 

hurricanes. Line 27, 29 and 35 are the tie lines. Line 11 has the highest outage probability 

of 0.0585. Table 5.10 shows the aggregated probabilistic resilience metrics quantifying 

operational and infrastructural resilience. From the table, it can be observed that aggregated 

indices are smaller compared to steady-state indices considering the transient 

load/generation shedding and branch tripping. 

Table 5.10 Aggregated Resilience Indices 

Metric Category 1 Category 2 Category 3 

Λ𝑝
(𝑂)

 0.9912 0.9544 0.9079 

Λ𝑝
(𝐼)

 0.9968 0.9409 0.8835 
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5.4 Summary 

In this chapter, results obtained from steady-state and proposed approaches 

considering dynamic studies are compared in terms of the infrastructure and operational 

resilience metrics. Furthermore, the importance of the stochastic resilience evaluation over 

the deterministic approach is highlighted and their results are compared for a better 

understanding of the power system response to such a highly uncertain event. 
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CHAPTER 6                                                                                                  

CONCLUSION AND FUTURE SCOPE 

6.1 Discussions and Conclusion 

This work analyzes the steady-state and dynamic effects of hurricanes on the power 

system's resilience. The studies are conducted on the IEEE modified reliability test system 

1996. An aggregated trapezoid model has been developed based on the extension of the 

conventional multiphase trapezoid model. The system-level resiliency model is introduced 

and is quantified based on the resiliency metrics including disruption rate, recovery rate, 

recovery time, absorption time, and area under the curve. Disruption rate, recovery rate, 

and area under the curve metrics are modified and proposed based on the aggregated results 

obtained from the steady-state and transient stability analysis. Moreover, the importance 

of including transient stability analysis in power system resiliency studies and its effects 

on evaluating the system’s operational status such as load shedding and generation 

shedding is evaluated in this work.  

The system stability has been evaluated throughout the event period, and the impact 

of implementing proper corrective actions on preventing system instability and improving 

the resilience metrics are analysed. Finally, the resiliency metrics for steady-state and 

aggregate results are computed and compared. It can be observed that the area under the 

curve, disruption rate, and recovery rate metrics are highly impacted in the dynamic 

analysis due to the presence of dips in load and generator status curves. In addition to the 

existing steady-state analysis, the dynamic analysis tool paved the way for realizing the 

system operational status that can closely mimic the actual system performance. 
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A probabilistic approach based on MCS has been proposed and utilized in 

modelling hurricanes, outage scenarios, transmission fault types, load scheduling and wind 

generation. It can be observed that there are certain crucial scenarios such as failure of 

system recovery to pre-event state (wind turbine damages), generation going offline due to 

inadequate fuel availability and transmission faults. During such scenarios, the following 

cases have been reported.  

(i) The neighbouring areas have reported considerable load shedding and high 

frequency drops with huge ROCOF values. 

(ii) Distance relay operation followed by tripping of machines at area 1 and load 

shedding. 

(iii) Line outage due to hurricane followed by a fault caused load shedding and triggers 

out-of-step generator protection logic. 

In addition to the existing deterministic steady-state resilience approach, the 

stochastic aggregated analysis tool paved the way for realizing the system operational 

status that can closely mimic the actual system performance. 

6.2 Future Scope 

During this work, some of the following difficulties were experienced and the 

following improvements can be made in future works. 

(i) Metrics Evaluation: With more uncertainty incorporated in the network, the load 

shedding curves follow irregular patterns, which can be difficult to estimate the 

area under the curve. Discrete evaluation techniques for irregular bodies 

categorised into multiple known areas can be followed.   
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(ii) Load Modelling: In this work, the loads are considered as a constant impedance 

model. However, the grids are dominated by frequency and voltage-dependent 

models. Thus, a complex load model with VFD (variable frequency drive) 

supported single phase and three-phase induction motors can be considered for 

future study to analyse scenarios such as fault-induced delayed voltage recovery 

and voltage stalling for resilience evaluation. 

(iii) Renewable Dominant Networks: In this work, 20% wind penetration was 

considered. With the high penetration of renewable resources (solar and wind), the 

resilience evaluation can be more challenging and uncertain. Future work can 

incorporate renewable penetration up to 100% based on the recent success of 

CAISO on 100% renewable penetrated grid operation. 

(iv) Distribution Network Modeling: Since the above analysis is constricted to the 

transmission system, the obtained load shedding results cannot be 100% 

predictable. There can be the isolation of loads due to distribution outages as well 

which cannot be modelled for the above transmission network. Thus, a 

transmission-distribution network can be effectively used for resilience evaluation 

in future. 
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APPENDIX A 

PARAMETERS FOR PSS®E DYNAMIC MODELS 
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A.1  Wound Rotor Synchronous Machine (GENROU) 

𝜏𝑑0
′  𝜏𝑑0

′′  𝜏𝑞0
′  𝜏𝑞0

′′  𝐻 𝐷 𝑥𝑑 𝑥𝑞 

7.00 0.025 0.75 0.05 4.83 0.00 2.20 2.10 

𝑥𝑑
′  𝑥𝑞

′  𝑥𝑑
′′ 𝑥𝑞

′′ 𝑥𝑙 𝑆(1.0) 𝑆(1.2)  

0.22 0.416 0.32 0.32 0.147 0.109 0.300  

 

A.2 IEEE ST1 (1980) Exciter (EXST1) 

𝑇𝑅 𝑉𝐼𝑀𝐴𝑋 𝑉𝐼𝑀𝐼𝑁 𝑇𝐶 𝑇𝐵 𝐾𝐴 

0.00 0.10 -0.10 1.00 10.00 100.00 

𝑇𝐴 𝑉𝑅𝑀𝐴𝑋 𝑉𝑅𝑀𝐼𝑁 𝐾𝐶 𝐾𝐹 𝑇𝐹 

0.02 5.00 -5.00 0.05 0.00 1.00 

 

A.3 Steam Turbine Governor (TGOV1) 

𝑅 𝑇1 𝑉𝑀𝐴𝑋 𝑉𝑀𝐼𝑁 𝑇2 𝑇3 𝐷𝑡 

0.05 0.50 1.00 0.00 3.00 10.00 0.00 
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A.4 Gas Turbine Governor (GGOV1) 

𝑅 𝑇𝑝𝑒𝑙𝑒𝑐  𝑚𝑎𝑥𝑒𝑟𝑟 𝑚𝑖𝑛𝑒𝑟𝑟 𝐾𝑝𝑔𝑜𝑣  𝐾𝐼𝑔𝑜𝑣  𝐾𝑑𝑔𝑜𝑣 𝑇𝑑𝑔𝑜𝑣 𝑉𝑀𝐴𝑋 

0.04 1.0 0.05 -0.05 10.0 2.0 0.0 1.0 1.0 

𝑉𝑀𝐼𝑁 𝑇𝑎𝑐𝑡 𝐾𝑡𝑢𝑟𝑏 𝑊𝑓𝑛𝑙 𝑇𝑏 𝑇𝑐 𝑇𝑒𝑛𝑔 𝑇𝑓𝑙𝑜𝑎𝑑 𝐾𝑝𝑙𝑜𝑎𝑑 

0.15 0.5 1.5 0.2 0.1 0.1 0.0 3.0 2.0 

𝐾𝐼𝑙𝑜𝑎𝑑 𝐿𝑑𝑟𝑒𝑓 𝐷𝑚 𝑅𝑜𝑝𝑒𝑛 𝑅𝑐𝑙𝑜𝑠𝑒 𝐾𝑖𝑚𝑤 𝐴𝑠𝑒𝑡 𝐾𝑎 𝑇𝑎 

0.67 1.0 0.0 0.10 -0.10 0.002 0.01 10.0 0.01 

𝑇𝑟𝑎𝑡𝑒 𝑑𝑏 𝑇𝑠𝑎  𝑇𝑠𝑏 𝑅𝑢𝑝 𝑅𝑑𝑜𝑤𝑛    

1.25𝑃𝑟𝑎𝑡𝑒 0.0 4.0 5.0 99.0 -99.0    

 

A.5 Hydro Turbine Governor (HYGOV) 

𝑅 𝑟 𝑇𝑟 𝑇𝑓 𝑇𝑔 𝑉𝐸𝐿𝑀 

0.04 0.30 5.00 0.05 0.50 0.20 

𝐺𝑀𝐴𝑋 𝐺𝑀𝐼𝑁 𝑇𝑤 𝐴𝑡 𝐷𝑡𝑢𝑟𝑏  𝑞𝑁𝐿 

1.00 0.00 1.00 1.20 0.50 0.08 
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A.6 Wind Plant Model 

 

Second Generation Type 3 WTG (WT3G2) 

𝑇𝐼𝑞𝑐𝑚𝑑 𝑇𝐼𝑞𝑐𝑚𝑑 𝐾𝑃𝐿𝐿 𝐾𝑖𝑃𝐿𝐿 𝑃𝐿𝐿𝑀𝐴𝑋 𝑃𝑟𝑎𝑡𝑒𝑑 𝑉𝐿𝑉𝑃𝐿1 

0.02 0.00 0.00 0.00 0.10 1.5 0.5 

𝑉𝐿𝑉𝑃𝐿2 𝐺𝐿𝑉𝑃𝐿 𝑉𝐻𝑉𝑅𝐶𝑅 𝐶𝑈𝑅𝐻𝑉𝑅𝐶𝑅 𝑅𝐼𝑝_𝐿𝑉𝑃𝐿 𝑇_𝐿𝑉𝑃𝐿 𝑁𝑊𝑇𝐺  

0.90 1.22 1.20 2.00 10.00 0.02 500 

 

 

Electric Converter (WT3E1) 

𝑇𝑓𝑣 𝐾𝑝𝑣 𝐾𝑖𝑣 𝑋𝐶 𝑇𝑓𝑝 𝐾𝑝𝑝 𝐾𝑖𝑝 𝑃𝑀𝑋 

0.15 18 5 0 0.05 3.00 0.6 1.12 

𝑃𝑀𝑁 𝑄𝑀𝑋 𝑄𝑀𝑁 𝐼𝑃𝑀𝐴𝑋 𝑇𝑅𝑉 𝑅𝑃𝑀𝑋 𝑅𝑃𝑀𝑁 𝑇_𝑃𝑜𝑤𝑒𝑟 

0.04 0.436 -0.436 1.12 0.02 0.45 -0.45 5.00 

𝐾𝑞𝑖 𝑉𝑀𝐼𝑁𝐶𝐿 𝑉𝑀𝐴𝑋𝐶𝐿 𝐾𝑞𝑣 𝑋𝐼𝑄𝑚𝑖𝑛 𝑋𝐼𝑄𝑚𝑎𝑥  𝑇𝑣 𝑇𝑝 

0.10 0.90 1.10 40.0 0.50 1.45 0.05 0.05 

𝐹𝑛 𝜔𝑃𝑚𝑖𝑛 𝜔𝑃20 𝜔𝑃40 𝜔𝑃60 𝑃𝑚𝑖𝑛 𝜔𝑃100  

1.00 0.69 0.78 0.98 1.12 0.74 1.2  
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Mechanical System Model (WT3T1) 

𝑉𝑤 𝐻 𝐷𝐴𝑀𝑃 𝐾𝑎𝑒𝑟𝑜 𝑇ℎ𝑒𝑡𝑎2 𝐻𝑡𝑓𝑟𝑎𝑐  𝐹𝑟𝑒𝑞1 𝐷𝑠ℎ𝑎𝑓𝑡  

1.25 4.95 0.00 0.007 21.98 0.875 1.800 1.500 

 

Pitch Controller Model (WT3P1) 

𝑇𝑝 𝐾𝑝𝑝 𝐾𝑖𝑝 𝐾𝑝𝑝 𝐾𝑖𝑝 𝑇𝑒𝑡𝑎𝑀𝑖𝑛 𝑇𝑒𝑡𝑎𝑀𝑎𝑥 R𝑇𝑒𝑡𝑎𝑀𝑎𝑥 𝑃𝑀𝑋 

0.30 150 25 3 30 0 27 10 1.15 
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