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This paper proposes to apply a variance reduction technique (stratified sampling) to assess the resilience of a power system against severe windstorms. A full coverage of the plausible range of the state space of the wind speed is guaranteed while variance reduction improves the efficiency of simulation.

Résumé-Cet article propose d'appliquer une technique

de réduction de la variance (échantillonnage stratifié) pour évaluer la résilience d'un réseau électrique contre les tempêtes. Une couverture de l'espace d'état de la vitesse du vent est garantie et la réduction de la variance améliore l'efficacité de la simulation.

INTRODUCTION

Power systems are amongst the most crucial infrastructures in modern life, so that any disorder in the electricity supply can lead to various losses to the society. Therefore, the reliability of power systems is of paramount importance. However, disturbances at different scales occur every year, what means more efforts should be devoted to the improvement of the reliability of power systems [START_REF] Vaiman | Risk assessment of cascading outages: Part I -Overview of methodologies[END_REF].

Traditionally, two main aspects are accounted for the reliability of power systems i.e. security and adequacy [START_REF]Reliability standards for the bulk electric systems of North America[END_REF]. In this regard, the N-1 deterministic security criterion is widely accepted as the standard approach in verifying the system reliability. Upon this criterion, the grid should remain electrically stable in case of losing any single active element. In this regard, the analysis of multiple failures are out of scope of the reliability assessment of power systems.

Multiple failures of power system assets are often associated to the exposure of the system to High-Impact, Low-Probability (HILP) events. Among the HILP events, the weather-related and sismic events are two important natural hazards that challenge the reliability of power systems in the vulnerable areas. For instance, within the interval of 2003-2012 in US, about 80% of the major electricity outages were caused by natural events [START_REF] Kenward | Blackout: Extreme weather, climate change and power outages[END_REF]. Although the probability of these events is low, the associated risk is considerable due to the catastrophic consequences. Therefore, it is meaningful to consider a new aspect of power system reliability, specifically dedicated to the assessment of the risk due to these HILP events. In this context, the concept of resilience is developed. Resilience can be defined as "the ability of a power system to withstand HILP events, rapidly recover from such disruptive events and absorb lessons for adapting its operation and structure to prevent or mitigate the impact of similar events in the future" [START_REF] Panteli | Influence of extreme weather and climate change on the resilience of power systems: Impacts and possible mitigation strategies[END_REF].

In this context, appropriate methods should be developed for proper assessment of the resilience of a power system. A generic methodology for the resilience assessment of a power system consists in (1) modelling the hazard, (2) modelling the consequences of the hazard on the system components, (3) analyzing the system behavior during the hazard (to reveal the effects on the consumers' supply), (4) modelling the repair tasks and simulating the recovery of the system to an acceptable service level after the hazard, and finally [START_REF] Rubinstein | Simulation and the Monte Carlo Method[END_REF] estimating the resilience metrics of the system [START_REF] Panteli | Influence of extreme weather and climate change on the resilience of power systems: Impacts and possible mitigation strategies[END_REF].

Focusing on the resilience assessment of the power systems against severe windstorms, the first step is devoted to modelling the wind speed in the windstorms by a probability density function (pdf) from meteorological data bases. Monte Carlo sampling methods are then applied to generate several scenarios of the windstorms from the pdf. These scenarios are then analyzed to reveal the consequences of each scenario. However, two problems arise by applying the mentioned approach i.e. (1) many of the scenarios lead to a secure and stable system state, and (2) even with a large number of samples drawn, a proper coverage of the state space of the wind speed, characterizing the windstorm, is questionable. The former issue not only decreases the efficiency of the method but also challenges its accuracy by increasing the variance of the results. A straightforward solution can be increasing the sample size; however, the accuracy evolves as the inverse of the square root of the sample size [START_REF] Rubinstein | Simulation and the Monte Carlo Method[END_REF].

The mentioned issues refer to the fact that resilience assessment is by nature associated with rather rare events. Due to their current level of reliability, power systems usually survive most scenarios linked to small and medium disturbances. The most problematic scenarios are associated to the most severe events; however, straightforward random sampling methods are not that efficient in covering these scenarios. Therefore, a more systematic approach should be applied to handle these issues.

In this regard, the main purpose of this paper is the development of a stratified sampling method on the pdf of the wind speed, characterizing the windstorms, in order to improve the simulation efficiency of resilience assessment methods based on Monte Carlo simulation. This method is then applied to the IEEE 39-bus power system, taken as an illustrative test-case, in order to evaluate the benefit of this stratified sampling method compared to a more straightforward Monte Carlo simulation. Stratified sampling is a variance reduction technique in Monte Carlo sampling, in which the random variable's plausible range is divided into strata, and then samples are generated inside each stratum independently [START_REF] Rubinstein | Simulation and the Monte Carlo Method[END_REF][START_REF] Hammersley | Monte Carlo Methods[END_REF][START_REF] Hocevar | A study of variance reduction techniques for estimating circuit yields[END_REF]. This method provides a systematic approach to fully coverage of the wind speed plausible range. Moreover, since the samples generated inside each stratum are associated to a limited range of the wind speed (which means, more or less, the same level of severity of the windstorms), it is expected that the variance of the results is managed in a reasonable range. This paper is organized as follows. First, the stratified sampling method is presented in section II. Section III is devoted to the explanation of the generic methodology of resilience assessment. Then, the proposed methodology, upon stratified sampling method, is presented in section IV. The results are presented in section V. The final section is dedicated to the conclusions.

II. STRATIFIED SAMPLING

Monte Carlo methods are applied to provide an unbiased estimation of the expected value of a performance function h(x) with a random variable (x) described by its corresponding pdf as 𝜑(𝑥). The output, denoted by I, can be formulated as:

𝐼 = ∫ ℎ(𝑥)𝜑(𝑥)𝑑𝑥 (1) 
𝐷 where D is the plausible state space of x and ∫ 𝜑(𝑥)𝑑𝑥 = 1 𝐷 . The estimation of the output can be calculated by:

𝐼 ̅ = 1 𝑛 ∑ ℎ(𝑥 𝑖 ) 𝑛 𝑖=1 ( 2 
)
where 𝑥 𝑖 , i = 1...n, are sampled independently from the pdf and n is the number of the samples. In this context, variance reduction techniques are developed to improve the efficiency and accuracy of the Monte Carlo estimation. However, there is no unique solution to different problems due to the behavior of the performance functions and the pdf of the stochastic variable(s). In this regard, stratified sampling is a proper approach for the problems of the HILP events on which the performance function (characterizing the consequences) and the pdf (characterizing the probability of occurrence) is typically as shown in Fig. 1. In stratified sampling, the range of the random variable is divided into strata and then samples are generated from each truncated pdf inside each stratum [START_REF] Rubinstein | Simulation and the Monte Carlo Method[END_REF][START_REF] Hammersley | Monte Carlo Methods[END_REF][START_REF] Hocevar | A study of variance reduction techniques for estimating circuit yields[END_REF].

Let the plausible range [a,b] of the random variable be stratified into n disjoint intervals and 𝛤 𝑖 denotes interval i. The probability to lie in interval 𝛤 𝑖 is expressed as:

𝑃 𝑖 = ∫ 𝜑(𝑥)𝑑𝑥 (3) 
𝛤 𝑖

Then, n truncated pdf's are defined such that

𝜑 𝑖 (𝑥) =
The 𝑁 𝑖 are the samples drawn inside the interval i such that 

𝑁 = ∑ 𝑁 𝑖 (5) 
𝑁 𝑖

𝑘=1

gives an unbiased estimator of I with

𝑣𝑎𝑟 (𝐼) ̅ = ∑ 𝜎 𝑖 2 𝑃 𝑖 2 𝑁 𝑖 𝑛 𝑖=1 (8) 
where 𝑣𝑎𝑟 (𝐼) ̅ is the variance of the mean and 𝜎 𝑖 2 is the population variance in interval i.

III. GENERIC APPPROACH OF RESILIENCE ASSESSMENT

A generic methodology of resilience assessment and enhancement that has been widely adopted in the resilience assessment studies is presented in Fig. 2 [START_REF] Panteli | Influence of extreme weather and climate change on the resilience of power systems: Impacts and possible mitigation strategies[END_REF][START_REF] Mensah | Resilience assessment of electric grids and distributed wind generation under hurricane hazards[END_REF][START_REF] Espinoza | Seismic resilience assessment and adaptation of the Northern Chilean power system[END_REF][START_REF] Salman | Risk-based assessment and strengthening of electric power systems subjected to natural hazards[END_REF]. Fig. 2. The 4-step resilience assessment method [START_REF] Panteli | Influence of extreme weather and climate change on the resilience of power systems: Impacts and possible mitigation strategies[END_REF] In the first step, the random variable characterizing the hazard is modelled by a pdf. For instance, the pdf of wind speed is generated upon the historical data for windstorms [START_REF] Vickery | Hazus-mh hurricane model methodology. i: hurricane hazard, terrain, and wind load modeling[END_REF][START_REF]Minimum design loads for buildings and other structures[END_REF]. Next step is dedicated to modelling the vulnerability of the power system's components (e.g. power plants, substations and lines) to different levels of severity of the hazard. In this regard, fragility curves are applied. In fragility curves, a failure probability is assigned to each plausible value of the random variable for each component of the system. These failure probabilities are estimated by civil and mechanical engineering methods as well as expert judgements. Fig. 3 presents the fragility curves for the substations and the towers (supporting the transmission overhead lines) in the windstorms [START_REF]Hazard USmulti-hazard[END_REF][START_REF]Undergrounding assessment phase 3 report: Ex ante cost and benefit modeling[END_REF]. Fig. 3. Fragility curves for substations [START_REF]Hazard USmulti-hazard[END_REF] and transmission towers [START_REF]Undergrounding assessment phase 3 report: Ex ante cost and benefit modeling[END_REF] Upon the development of the models above, a sampling method can be applied to generate a set of scenarios associated to the hazard. The next step is the analysis of the reaction of the power system for each scenario in order to determine the (possible) consequences to the consumers. The problematic scenarios can lead to a level of load shedding within a time interval during (or even after) the hazard. The most problematic scenario can lead to the islanding of the system, partial blackout (in an/some island(s)) or even a total blackout. The analysis of the reaction of the system can be performed by a static/quasi-static or dynamic approach. The former refers to applying an Optimal Power Flow (OPF) framework [START_REF] Rosen | Probabilistic resilience assessment of smart power systems[END_REF]. The latter is based on tracking the evolution of the electrical variables (e.g. voltages and frequency) of the system during the hazard. In this regard, the system variables are calculated at discrete time steps and (possible) reaction(s) of the protection mechanisms are included in the analysis.

Next step is the restoration of the power system to an acceptable service level. The procedure can be decoupled into two phases, i.e. fast restoration and slow restoration. Fast restoration refers to the reintegration of the system components (tripped due to electrical instability) to the grid. These components are the unfailed elements tripped due to the activation of the protection mechanisms. Therefore, no repair task is required and the associated time of integration to the grid is rather fast. On the other hand, the components failed due to the hazard need to be repaired and then can be reintegrated to the grid.

After the restoration phase, a set of metrics are estimated in order to assess the resilience of the system under study. These metrics quantify the degree of vulnerability of the power system to the hazard which is mostly presented by the risk of the power/energy not served to the consumers (during the hazard and restoration). The feedback loop is carried on with the enhancement portfolios proposed for improvement of the resilience of the system.

IV. METHODOLOGY

In accordance with the generic methodology presented in section III, the flowchart of the proposed methodology is presented in Fig. 4.

The main aim of the methodology is to provide a systematic search on the wind speed state space by a classification approach. In this regard, the windstorms with rather similar severity are categorized into one class. Several classes of severity are constructed by discretizing the plausible range of the wind speed. It is expected that the range of variation of the consequences of the windstorms in a certain class is much closer together in comparison with that of the samples drawn over the entire wind speed pdf. Therefore, the variance reduction achieved leads to more accurate results. On the other hand, the probability of occurrence of the windstorms (characterized by the wind speed pdf, see Fig. 5) and probability of failure of the system elements (characterized by fragility curves, see Fig. 3) present an inverse behavior in the wind speed state space. By increasing the severity of the windstorms, the probability of occurrence is decreased but the consequence is increased (as in Fig. 1). This behavior provides a major challenge for traditional Monte Carlo method on which the sampling is a function of the probability of occurrence. It would be possible that many nonrelevant samples are drawn (with no/nonsignificant consequences) and less samples are devoted to the analysis of the problematic events. The stratified sampling method, on the other hand, handles this problem with the systematic search over the wind speed pdf.

The methodology consists of 3 main phases: preprocessing, power system performance analysis and postprocessing. The pre-processing phase comprises 2 main sub-
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Resilience enhancement Event phases: probabilistic modelling of the hazard and generation of the failures' scenarios. Comparing the traditional Monte Carlo sampling with the stratified sampling, the main contribution of the latter in the resilience assessment methodology is related to the probabilistic modelling of the hazard module (see Fig. 4). It should be mentioned that the stratified sampling method imposes a bias to the sampling which will be handled in the post-processing phase by the weighting factors. The following sections provide a step-by-step explanation of the proposed methodology, upon stratified sampling method, to assess the resilience of the test power system to severe windstorms.

A. Pre-processing

The pre-processing phase of the methodology consists of (1) probabilistic modelling of the windstorm and (2) generation of the multiple failures' scenarios and corresponding times of occurrence during the event. The output of this phase is supplied to the associated software for the analysis of the behavior of the power system in each scenario.

1) Probabilistic modelling of the windstorms a) Generation of the wind speed pdf in the windstorms

Due to the stochastic nature of the wind speed characterizing the severity of the windstorms, the pdf of the wind speed is applied for modelling the severe windstorms. In this regard, using historic meteorological data, the American Society for Civil Engineering (ASCE) provides a basic wind speed map for the United States upon 5 return intervals [START_REF]Minimum design loads for buildings and other structures[END_REF]. Assuming a nonlinear interpolation and fitting a Weibull distribution, the pdf of the wind speed for winstorms in Miami is considered to be applied in this work (see Fig. 5). 

b) Determination of the plausible range of wind speed in the windstorms

The risk of load shedding for each scenario of the windstorm is a function of (1) the severity of the windstorm (i.e. associated to the wind speed), (2) degree of vulnerability of the components of the system (i.e. associated to the fragility curves) and (3) behavior of the system (i.e. solution of the nonlinear differential and algebraic equations of the power system). Although the probability of occurrence of dramatic windstorms (e.g. over 120 mile/hour) is quite low, the consequences would be large enough such that worth to be considered (see Fig. 3 for the fragility curves). Moreover, the third above mentioned item (i.e. behavior of the system) is another factor which cannot be estimated before calculation. Therefore, limiting the range of wind speed would lead to missing some problematic cases. Therefore, to be on the safe side and to make sure that the whole (probably) risky intervals are covered, a wide range of wind speed (i.e. 0-220 mile/hour) is considered for analysis in this work.

c) Discretization of the plausible range to definite spans

At this step, the plausible range of the wind speed (i.e. 0-220 mile/hour) is discretized into 22 equal intervals. Therefore, each span covers 10 mile/hour of the wind speed pdf.

d) Systematic sampling inside each span

At this step, a Monte Carlo sampling method is applied to draw samples from the truncated pdf of the wind speed for each interval defined in the previous section (see Fig. 6). Each truncated pdf reflects the distribution of the density function within the minimum and maximum of the associated wind speed interval. The sampling from the truncated pdf's (instead of the pdf) imposes a bias to the results. In order to keep the results unbiased, the weighting factor associated to each interval is calculated and is considered in the estimation of the risk indices in the post-processing phase. The weights are associated to the probability to lie in each interval in the pdf of the wind speed (see Eq. 4 and 7). 2) Generation of multiple failures scenarios At this step, the wind speed samples associated to the different scenarios of the windstorms for each interval are converted to a set of failures scenarios of the system components and associated times of occurrence.

a) Modelling failure of power system components in the windstorm

In order to model the failure of the system components during the windstorms, the fragility curves are applied. The fragility curves assign a failure probability to the power system components upon the wind speed exposed. The system components considered in this study are substations and transmission towers supporting the overhead transmission lines.

Regarding the substations. different fragility curves are modelled by HAZUS, a tool developed by the US Department of Homeland Security, considering the types of substations (i.e. open, light suburban, suburban, light urban and urban) and damage levels (i.e. low, moderate, severe and complete) [START_REF]Hazard USmulti-hazard[END_REF]. In this work, we considered the fragility curves associated to open substations and severe damage levels (see Fig. 3).

Regarding the transmission towers, the model developed by Quanta Technology is applied [START_REF]Undergrounding assessment phase 3 report: Ex ante cost and benefit modeling[END_REF]. The failure of an overhead transmission line is supposed to occur due to the tower collapse. The failure probability of the transmission towers is formulated as: 𝐹(𝑣) = min((2.10 -7 ). 𝑒 0.0834𝑣 , 1)

where v is the wind speed in mph. It is assumed that all towers are of the same type and that all of them are exposed to the same wind speed. Thus, the failure probability of an overhead transmission line is given by 1 -(1 -𝐹) 𝑁 , where N is the number of towers of the line and F is the failure probability of each tower.

b) Scenarios generation of multiple failures and associated times of occurrence

Upon the wind speed samples generated and the fragility curves defined, a failure probability is calculated for each substation and transmission corridor. The failed elements are then determined by a comparison of the failure probabilities and the thresholds defined by a uniform random sampling. In order to determine the times of failures, a Monte Carlo game is applied by a uniform sampling within the time period of the exposure of each substation/line to the windstorm. Finally, for each scenario of windstorm, a set of tripped elements and corresponding failure times are determined.

B. Power system performance analysis

In the previous sections of the methodology, several scenarios of the windstorms are generated and corresponding consequences (in terms of multiple failures and associated times) are determined. At this step, each scenario is analyzed to reveal the reaction of the power system. As mentioned in section III, there are two approaches for analysis of the power system's reaction i.e. static/quasi-static approach and dynamic simulation. The main advantage of the dynamic simulation is modelling the intervention(s) of the protection systems during the hazard when electrical instability occurs. Analysis of the previous blackouts revealed that the domino effect due to the activation of the protections can propagate the disturbance through power systems [START_REF] Vaiman | Risk assessment of cascading outages: Part I -Overview of methodologies[END_REF]. Therefore, a dynamic simulation is applied in this research for analysis of the behavior of the system during windstorms. After a windstorm is finished, the restoration phase is simulated by a quasi-static approach.

a) Dynamic simulation of power system's behavior/reaction during windstorm

The software applied to perform the dynamic simulations is the last version of Eurostag developed by TRACTEBEL and RTE in 2018 [START_REF]EUROSTAG Release 5.2. Package Documentation[END_REF]. The software benefits from a full modelling of the power system components, control systems and protection mechanisms. The inter-relation of dynamic evolution of power system's state variables (e.g. voltages, powers and frequency) and protection systems is properly embedded in the Eurostag software. Furthermore, an Application Program Interface (API) supports the use of an external program (e.g. Python) to drive the simulations and retrieve the results in Eurostag.

In the dynamic simulation, the system variables are calculated at the end of each discrete time step during the windstorm. The failures of the system assets occur in the corresponding times. If a system variable violates an associated acceptable threshold (which normally occurs shortly after the failures), the corresponding protection mechanism is activated and the related element is tripped for preventing damage. The simulation is carried on until the end of the windstorm, unless a voltage or frequency collapse interrupts the simulation, meaning that a blackout has occurred.

One of the major features of Eurostag is applying a variable time step during the simulation. The time step is automatically increased or decreased by the software algorithm in order to use the minimum steps while satisfying the required accuracy. In this regard, the resolution of the simulation is increased (which means the time step is decreased) each time the grid configuration is changed to properly track the transient behavior of the system variables after the failure, while the resolution is decreased (which means the time step is increased) when the system presents a steady state in terms of the variation in the power system variables. By this approach, the efficiency of the computational module is increased and the simulation time can be properly managed. This feature is especially important for resilience assessment of the events that last for hours (e.g. windstorms). In practice, applying a constant time step for this type of events leads to a non-manageable computation time or losing the accuracy.

b) Power system's restoration

The restoration phase is dedicated to reenergizing (1) the intact elements tripped by protections during the windstorm and (2) the failed elements after repair. Therefore, there are two categories of system elements integrated to the grid in the restoration phase. The time frame of the integration of the first category is considerably shorter than the latter due to the timeconsuming repair tasks. Therefore, the restoration phase is decoupled into two phases i.e. fast restoration and slow restoration. The degree of contribution of the fast restoration will be discussed in more details in the next section.

In order to simulate the restoration phase, a quasi-static approach is applied by performing DC-Optimal Power Flow (DC-OPF). Matpower 6.0 is applied in this regard [START_REF] Zimmerman | Matpower: steady-state operations, planning and analysis tools for power systems research and education[END_REF]. For each scenario of the windstorm, the restoration phase starts with the configuration of the grid in the final time step of Eurostag. Fast restoration is then applied by integration of the intact elements (tripped due to electrical instability) to the grid. An OPF is conducted after the integration in order to calculate the restoration level. Then, the slow restoration phase is simulated by bringing back to service (one-by-one) the elements after the corresponding repair time. Each time an element is repaired, an OPF is applied on the updated configuration of the grid to evaluate the restoration level. The procedure is carried on until all the failed elements are repaired and integrated to the grid.

C. Post-processing

Upon the results obtained in the power system performance analysis (both dynamic simulation and restoration), there is a trajectory of the power level served to the consumers and that of the load shedding. The amount of the electric energy not served can be calculated from the power trajectory considering the times of each power drop (during the windstorm) or bounce back (during the restoration). The objective of the post-processing phase is to estimate a set of indices quantifying the degree of resilience of the system. Furthermore, it is also meaningful to provide a correlative analysis between the severity of the windstorm (characterized by a wind speed) and associated consequences (in terms of load shedding) for all the samples processed.

The metrics chosen to quantify resilience are (1) Loss of Load Probability (LOLP), i.e. the expected probability to have any load shedding, (2) the Expected Energy Not Served (EENS), i.e. the average electric energy not supplied to the consumers and (3) the Loss of Load Expectation (LOLE), i.e. the average duration of the lack of electric power during the windstorm and restoration.

Another analysis, in the post-processing phase, can be the quantification of the degree of contribution of the fast restoration in the restoration phase. For each scenario of windstorm leading to any load shedding, a Fast Restoration Ratio (FRR) is defined as:

𝐹𝑅𝑅 =

Energy restored by fast restoration Total Energy in the restoration phase [START_REF] Salman | Risk-based assessment and strengthening of electric power systems subjected to natural hazards[END_REF] The Fast Restoration Ratio Expectation (FRRE) is defined as the expected value of the FRR index on all the associated samples as:

𝐹𝑅𝑅𝐸 = 1 𝑚 ∑ 𝐹𝑅𝑅 𝑖 𝑚 𝑖=1 ( 11 
)
where m is the number of windstorm samples leading to any load shedding.

As mentioned in section II, in the stratified sampling method, a biased sampling approach is applied to properly cover the plausible range of windstorms and to reduce the variance. Therefore, in order to keep the estimated indices unbiased, associated weight factors should be integrated in the post-processing. In accordance with Eq. 7, the expected value of a risk index (e.g. EENS, LOLE and LOLP) can be formulated as:

𝑅𝐼𝐸 = ∑ 𝑤 𝑖 . 1 𝑚 𝑖 𝑛 𝑖=1 ∑ 𝑅𝐼 𝑖𝑗 𝑚 𝑖 𝑗=1 ( 12 
)
where RIE is the Risk Index Expectation, 𝑅𝐼 𝑖𝑗 is the calculated Risk Index for the sample j in the interval i, n is the number of intervals, 𝑚 𝑖 is the number of samples in interval i and 𝑤 𝑖 is the weight factor associated to sampling from the truncated pdf of wind speed in interval i.

An important advantage of the stratified sampling method is the variance reduction in the Monte Carlo game. In this regard, the efficiency of the simulation can be formulated with the Figure of Merit (FoM) such that

𝐹𝑜𝑀 = 1 𝑣𝑎𝑟 (𝐼) ̅ . 𝑇 (13) 
where 𝑣𝑎𝑟 (𝐼) ̅ is the variance of the mean (see Eq. 8 for the stratified sampling) in the Monte Carlo game and T is the computation time.

FoM is a useful index for the comparison of the efficiency of a variance reduction technique with the traditional Monte Carlo game [START_REF] Zio | The Monte Carlo Simulation Method for System Reliability and Risk Analysis[END_REF]. In this regard, the Ratio of the Figures of Merit (RoFoM) can be defined as:

𝑅𝑜𝐹𝑜𝑀 = 𝐹𝑜𝑀 𝑉𝑅 𝐹𝑜𝑀 𝑀𝐶 ( 14 
)
where 𝐹𝑜𝑀 𝑉𝑅 is the FoM of the variance reduction technique (here stratified sampling) and 𝐹𝑜𝑀 𝑀𝐶 is the FoM of the traditional Monte Carlo sampling.

V. RESULTS

The test power system, for application of the methodology, is New England IEEE 39-bus [START_REF] Athay | A practical method for direct analysis of transient stability[END_REF]. The system consists of 10 generators and 34 high-voltage transmission lines (345 kV). Eurostag is applied for dynamic simulation with minimum and maximum time steps of 0.0001 and 60 seconds, respectively. Matpower is applied for the simulation of the restoration phase. The duration of the windstorm is assumed to be 12 hours. Fig. 7 presents the amount of energy not served to the consumers for all the scenarios of simulated windstorms. In this analysis, the weight factors associated to the probability of the samples are not considered. The resilience metrics of the test system are presented in Table I. The stratified sampling method provides a proper picture of a risk index over the wind speed plausible range by a systematic search and estimation of the conditional risk in each interval. In this regard, a detailed analysis of risk of the energy not supplied in each interval of the wind speed is provided in Fig. 8. Each value of the (conditional) EENS in the figure contains the information of the not served for all the samples in the associated interval as well as the weight factors of the sampling. Therefore, summing all these values leads to the total EENS provided in Table I. In other words, Fig. 8 provides valuable information on the degree of contribution of the windstorms with different levels of severity to the total estimated risk. It is observed that there are two cut-off points for the risk index associated to about 60 and 190 miles per hour. The former is related to the effect of the fragility curves in terms of the negligible consequences and the latter is due to the low probability occurrence in the tail of the wind speed pdf. Furthermore, it is observed that more than 90% of the total risk is associated to the interval of 90 to 160 miles per hour. The riskiest interval is 110 to 130 miles per hour that almost covers half of the risk of load shedding. Table II presents the percentage of the risk in different intervals.

Up to now, the focus of the results is mostly on the first objective of the methodology i.e. a systematic coverage of the state space of the wind speed and the risk of the windstorms with different levels of severity. Considering that (1) the bottleneck of the computation time is power system performance analysis modules (Eurostag and Matpower) and (2) for a given number of the wind speed samples, the stratified sampling method generates more effective samples (defined as the samples which need to be further analyzed by power system performance modules), it is concluded that the total computation time is increased for a given sample size. However, thanks to the variance reduction achieved, the relative efficiency of the stratified sampling (in comparison with the traditional Monte sampling) is improved. In this regard, the RoFoM index (see Eq. 14) calculated is 8.32 which means that the stratified sampling is more than 8 times faster (in terms of computation time) than the traditional Monte Carlo method to reach a given statistical accuracy for the test case considered in this paper. Yet, the optimum sample size in each interval and the degree of discretization are still the issues that can be further investigated. In this regard, the information retrieved in this work )e.g. the risk vs. severity level of the windstorms) can provide a better insight for further development of the methodology. VI. CONCLUSIONS Severe weather-related events are part of the most challenging HILP events which cause large-scale power outages worldwide. In order to assess the extent to which the power systems are vulnerable to these events, resilience studies should be performed. In this context, this research proposes a variance reduction technique, i.e. stratified sampling, in order to assess the resilience of a power system against severe windstorms. The proposed approach is based on a generic methodology of resilience assessment and enhancement that has been widely adopted in the resilience assessment studies of power systems. The stratified sampling method provides a systematic coverage of the plausible range of the state space of the wind speed, characterizing the severity of the windstorms, while improving the accuracy in a given computation time by managing the variance of the results. The simulation of the behavior of the power system (during the windstorms) is implemented by a dynamic simulation. This approach tracks the evolution of the system variables during the event and simulates the intervention of protection mechanisms in case of any violation. In this regard, the variable time step feature, embedded in the Eurostag, manages the computation time.

The results provide a set of resilience risk indices for the test power system under study as well as the conditional risk for the windstorms with different levels of severity by a systematic sampling over the wind speed plausible range. Furthermore, the cut-off points for the risk indices, within the range of the state space, is retrieved. Moreover, comparing the figure of merit of the stratified sampling method with the traditional Monte Carlo method, it is observed that the proposed method improves significantly simulation efficiency thanks to the variance reduction achieved. For the test case considered, an efficiency gain higher than 8 (in terms of figure of merit) is obtained, which means that it needs less than an eighth of the computation time of a traditional Monte Carlo method to reach the same accuracy. The insight obtained on the risk over the different severity levels of the windstorms can also improve the sampling strategy applied to further studies on the power system.
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 I 

		RESILIENCE METRICS	
	Resilience metrics	Value	Unit
	EENS	3,337	MWh
	LOLP	5.30	%
	LOLE	2.78	Hour
	FRRE	83.12	%

Fig. 7. Energy not served for all the wind speed samples (without consideration of the weights)
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