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Abstract: Modern power system operation should comply with strictly reliability and security
constraints, which aim at guarantee the correct system operation also in the presence of severe
internal and external disturbances. Amongst the possible phenomena perturbing correct system
operation, the predictive assessment of the impacts induced by extreme weather events has been
considered as one of the most critical issues to address, since they can induce multiple, and large-scale
system contingencies. In this context, the development of new computing paradigms for resilience
analysis has been recognized as a very promising research direction. To address this issue, this paper
proposes two methodologies, which are based on Time Varying Markov Chain and Dynamic Bayesian
Network, for assessing the system resilience against extreme wind gusts. The main difference between
the proposed methodologies and the traditional solution techniques is the improved capability in
modelling the occurrence of multiple component faults and repairing, which cannot be neglected
in the presence of extreme events, as experienced worldwide by several Transmission System
Operators. Several cases studies and benchmark comparisons are presented and discussed in order
to demonstrate the effectiveness of the proposed methods in the task of assessing the power system
resilience in realistic operation scenarios.

Keywords: power systems resilience; dynamic Bayesian network; Markov model; Probabilistic
Modeling; Smart Grid; Resilience Models

1. Introduction

The modern electric grids operation policies are based on rigorous reliability and recovery
principles, which have been defined in order to allow power systems to operate safely against multiple
severe contingencies, providing high quality of electricity supply [1]. In the last decades, due to
climate change and environmental temperature increase, extreme weather events are becoming more
and more common even in non-tropical regions [2]. Electric networks are particularly vulnerable
to these events, which can induce multiple power equipment damages, especially in overhead lines
and substations. In this context, the deployment of traditional reliability and restoration-based
methodologies could fail in assessing the impacts of these extreme events on power system operation,
due to their inability in effectively modelling low-probable but possible fault scenario [3]. To address
this complex problem, new computing paradigms based on resilience analysis have been proposed
in the literature for reducing the grid vulnerability against severe disturbances, and improving the
corresponding restoration strategies [4-10].
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Although there is not an universal definition of system resilience, it can be roughly considered
as the ability of a system to anticipate and absorb a High Impact Low Probability (HILP) event and
regain its normal operating status as quickly as possible [11]. More specifically, according to the UK
Energy Research Center [12] the resilience of an electric power system is: “the capacity of an energy
system to tolerate disturbance and to continue to deliver affordable energy services to consumers.
A resilient energy system can speedily recover from shocks and can provide alternative means of
satisfying energy service needs in the event of changed external circumstances”.

This definition outlines the need for defining proper indexes for quantifying the system
resilience, in order to assess the effectiveness of mitigation strategies reacting to multiple disruptive
events. These strategies can be deployed at both planning and operation stage by (i) improving the
infrastructural capacity of the power components to withstand extreme stresses; and (ii) reducing the
restoration times, by preemptively identifying proper control actions aimed at mitigating the effects
of multiple contingencies, and reducing the restoration times. To this aim, the deployment of the
traditional N-1 reliability principle does not allow to obtain a reliable analysis in the presence of severe
contingencies induced by multiple HILP events. Anyway, evolving from the N-1 to N-k criterion is not
a trivial issue to address due to the prohibitive computational costs of considering a wider, and more
severe, set of multiple and correlated contingencies. Hence, the employment of probabilistic risk-based
approach, which are characterized by relaxed constraints, may be a good trade-off point.

In this context, the development of risk-based methodologies for power system resilience
assessment represents a relevant issue to address in order to estimate the actual system vulnerability
against HILP events, the expected impacts on system operation, and the effectiveness of the potential
countermeasures.

The possible strategies that can be deployed for solving this issue can be classified into two main
groups: ex-post and ex-ante analyses. The first class of methods try to infer from operation data
related to past outages, the system resilience against each perturbation events over large operation
periods. Besides, these methods can contribute to qualitatively identify in which domains the system
operator can intervene for increasing the system resilience, e.g., component design, system restoration,
network planning and operation.

A different, and more interesting, prospective is offered by ex-ante methods, which aim at
identifying preemptive actions, satisfying fixed system resilience requirements. This is a strategic
feature, since power systems operators are compelled to reliably predicting the occurrence and the
impacts of “extreme events”, in order to be able to manage and mitigate their effects on system
operation. Moreover, ex-ante methods allow effectively modelling the impacts of various source of
uncertainties on system resilience analysis, as far as load forecasts errors, renewable power generators
randomness and uncertain power transactions are concerned.

Nowadays, most of the ex-ante methodologies for resilience analysis proposed in the literature are
based on Monte Carlo simulations (MCS), which aim at generating synthetic time series representing
the system behavior under different weather conditions [4-7,10], and probabilistic techniques based
on the minimal path algorithm, which is applied to identify optimal restoration paths based on the
definition of “resilience factors” associated at each component [13-17]. Although these methods
allow obtaining valuable information about the potential impacts of severe perturbations on system
operation, they may fail to model the complex correlations between multiple disruptive events and
components fault rates. These limitations mainly derive by the simplified assumptions that need to be
assumed in order to make the problem tractable.

To address this complex problem, the deployment of Dynamic Bayesian Networks (DBNs)
represents a very promising research direction. These methods allow predicting the impacts of multiple
HILP and cascade events on both system operation and restoration, by considering a plurality of possible
events and consequences [8,9]. However, the deployment of these DBNs in power system resilience
analysis is still at its infancy, and requires further research efforts aimed at developing computational
methods for deep simulations, which should be able to assess and compare the correlations of the physical
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parameters affected by the HILP events with the components fault models, and the corresponding
propagation scenarios, from the starting event up to black out and recovery.

Moreover, the computational burden of these methods could be a limiting factor for on-line
predictive resilience analysis, which requires problem solutions in very short time-frames, especially
if these solutions should be used as input for further computational processes, such as loss of load
estimation, and on-line power system contingency analysis.

Finally, new methods aimed at lowering the information granularity of the components fault
models in function of their spatial location, and the expected magnitude of the perturbation events are
necessary in order to improve the effectiveness of the resiliency analysis, especially for power systems
distributed along large geographical area.

On the basis of this literature analysis, it can be argue that the research for new methods aimed at
solving the accuracy versus complexity dichotomy in power system resiliency assessment represents a
relevant issue to address.

In trying and solving this issue, this paper analyzes the potential role of adaptive probabilistic
models for predictive resiliency analysis in the presence of extreme wind gusts, which have been
recognized as one of the most critical weather phenomena affecting many European power systems.
The adoption of these models allows adapting the component fault parameters in function of the
forecast spatial/temporal wind speed evolution, as far as to dynamically estimate the impacts of
multiple faults on power system operation, the corresponding worst-case scenario and its occurrence
probability. The main innovations of these methods compared to other traditional techniques can be
summarized as follows:

1. Differently from the regional approach proposed in [4], a more detailed characterization of wind
spatial profiles, which have been acquired by pervasive sensor devices deployed over the lines,
has been performed in order to assess their impact on the system components. This leads to
resiliency analysis characterized by higher spatial resolution. In particular, the spatial resolution
increment in large network disruption analysis is crucial to face adequately with HILP events as
described by [18].

2. The analyzed power system is modelled without assuming any simplified network equivalent;

3. Differently from the DBN-based approach proposed in [9], the parameters of the components
fault model are correlated to the weather effects;

4. Differently from the approach proposed in [8], the cascade effects induced by multiple components
failure are modelled by dynamically adapting the power system topology, which allows lowering
the complexity of the assessment procedure.

Several cases studies and benchmark comparisons are presented and discussed in order to
demonstrate the effectiveness of the proposed methods in the task of assessing the power system
resilience in realistic operation scenario. For each considered case study, a comprehensive scalability
analysis is performed in order to assess the computational burden of the proposed methods in function
of the system complexity.

2. Mathematical Preliminaries

Predicting the impacts of disruptive events on system operation is a strategic tool for improving
the power systems security, since it allows identifying preemptive actions aimed at mitigating the
effects of multiple contingencies induced by these severe events [19]. This computing process, which is
usually referred as predictive resilience analysis, requires the solution of a set of probabilistic models
aimed at (i) characterizing how the disruptive events affect the components failure parameters,
(ii) predicting the corresponding components failures, and (iii) assessing their impacts on power
system operation. To this aim, modelling techniques based on Markov Process and Bayesian Network
represent the most promising enabling methodologies.
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2.1. Markov Chain
A Markov Chain is a memory-less discrete stochastic process, satisfying the so called “Markov
property”:
P[X(411) = x40 X (1) = X1y, - -+ X(0) = *(0)] = P[X(141) = X(411)| X () = x()] ey

where X is a generic discrete random variable, which assumes a finite number of d possible occurrences
(called “state”) Sx : {x1,...,x4}. Equation (1) states that the evolution of the system depends only on
the present state and not on the past.

Furthermore, if the following equation holds on the process is called “homogeneous”:

P[X(t+1) = x]|X(t) = Xl'] = P[X(h—H) = ]|X(h) = Xl‘] Vvt h e [1, T} Vi,je [1, d] 2)

The latter assures the process being time-invariant, which means that the transition probability
matrix Q has constant parameters over the time. The transition probability matrix is a square matrix of

order d:
qu qi  --- q1d
0- 07:'1 q:ij Q:’d 3)
qa1 qaj .- Gdd

whose elements g;; represent the conditional probabilities to be in the state j at the time instant t+1
starting from the state i. One of the main properties of this matrix is that the elements of each row
have to guarantee that their sum is equal to 1. Hence, once known the state probability vector x at time
instant ¢, the corresponding probabilities at the next step can be computed as it follows:

X(r1) = X(nQ “)

The state probability vector at the initial time step is a vector with only one element equal to 1.
In case the parameters of Q change over the time the Markov Chain is called “time-variant” and the
transition matrix has defined as Q(¢).

2.2. Bayesian Networks

Bayesian Network (BN) is Directed Acyclic Graph (DAG) that allows representing all the casual
relationship among a set of correlated variables. The structure of a Bayesian network is based on two
main components:

Description 1. Nodes: represent a set of variables Sx : {X1, ..., Xy }. Every node has a conditional probability
distribution represented through Conditional Probability Table (CPT). Arcs: represent the probabilistic
dependencies between the variables. A node is called “parent” of a “child” if there is a direct arc connecting the
first to the second.

Each node is characterized by a conditional probability distribution modeled through the
Conditional Probability Table (CPT). For each variable X;, with n parent nodes, (Pay, Pay, ..., Pay),
the CPT is indicated as P(X;|Pay, Pay,...,Pa,) and contains all the probability associated to any
possible combination between the states of X; and all its parents.

By using the chain rule, the joint probability distribution of all the BN nodes can be computed
as follows:

d
P(Sx) = P(X1,Xa,..., Xg) = [ [ P(Xi|Pa(X;)) ©)
i=1
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3. Proposed Methodology

The aim of this paper is to propose a computationally effective method for assessing the impacts
of severe wind gusts on power system operation by deep simulations of probabilistic models. The final
goal is to assess the system reaction to the loss of multiple critical network components, whose failure
model parameters are adapted in function of predicted time/spatial wind speed profiles. The latter
greatly affect the components fault rate, especially in the presence of extremely high wind speeds,
which may damage the overhead line conductors, causing multiple and severe faults, as recently
experienced in several European power systems [20]. These severe weather phenomena could interest
large geographical area, threatening the correct operation of a large number of power components.
Consequently, the number of fault scenarios that should be analyzed may exponentially increase,
causing an explosion of the problem cardinality, which needs to be properly managed.

To this aim, two different solution methodologies, which are based on time-varying Markov
Chains and Dynamic Bayesian Networks, have been developed and compared.

3.1. Improved Time Varying Markov Chains

As introduced in Section 2.1, a MC is entirely defined by its transition matrix, which owns the
information about the probability to evolve from a state to another over the time. If the transition rates
are time-dependent, the MC is called time-varying, and the transition probability matrix is variable.
Thus, the Equation (4) becomes:

X(t41) = me(t) vt e [1,T] (6)

where x; is the probability state vector at #" time step, whose dimensions are [1,S] with S
number of network states, Q(t) is the time varying transition probability square matrix of order
S, whose parameters are time dependents.

This mathematical tool could play an important role in predictive resilience analysis, since it allows
describing the impacts of the time/spatial wind speed profiles on the fault and reparation probability
of each network component. To this aim, each time-varying MC state represents a possible power system
operation state, hence obtaining a number of S = b" possible states, where 7 is the number of critical
power components, and b is the number of their operation states. Without loss of generality, two operation
states are considered for describing power component operation, namely, “Run” (the component is in
service) or “Fault” (the component is out of service). Hence, a generic power system operation state
s;, at each time step, is described by an unique combination of components operating conditions,
as shown in the following example for a network with two critical components (n = 2):

i : {LirLor ; LirLogr ; LirLor ; LipLor} (7)

The elements of the transition probability matrix in a discrete Markov Chain depends on the
probability rates to evolve from any state s; to all the others, where the sum of all transition probability
rates has to be unitary for each row of Q. In particular, the starting and arrival states are organized by
rows and columns of Q, which assumes the following generalization form:

qu(t) qu(t) ... qs(t)
o) = qil:(t) Qij:(t) qz's:(f) ®
da(t) gst) . s
where g;;(t) can be computed as:
gij () = ]l[cﬁ") Vi e [1,T] )
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(k)

where c;”’, which depends on the characteristic of the k-th component state transition, can be computed
as follows:

)\fk) if the k-th component moves from Run to Fault state
*) ygk) = (1 - /\Ek)) if the k-th component remains in Run state 10)
C =
' %(k) if the k-th component moves from Fault to Run state

t(k) = (1 - 'yt(k)) if the k-th component remains in Fault state
where /\t(k) and ')/Ek) are the time-varying fault and restoration rates of the k-th component, respectively.
The variation of these parameters in time reflects the influence of the time/spatial wind speed evolution
on the fault and reparation probability of the k-th component. In this context, the following piece-wise
approximation of the component fragility curve is assumed as the main driving factor affecting the
fault rate [21]:

0 wik) < W)
k
M =g (wgk)) i < o < Wy (1)
1 w;k> 2 w(Z,k)

(k)

where w;"" is the wind speed expected on the k-th component, while w(; ;) and wy) are static
thresholds, which should be properly identified in order to approximate the component fragility curve
by a piece-wise linear function.

As far as the component reparation rate is concerned, it can be computed based on the mean time
to repair the k-th component, as follows:

v 0 =177 (12)

This simplified assumption is based on the fact that, on the average, every T time steps the k-th
component is expected to be repaired, hence its restoration probability can be reasonably expressed
as shown in Equation (12). Roughly speaking, this assumption considers a uniform probability
distribution for the event the k-th component is repaired over the time. However, it is important to
outline that also the mean time to repair is correlated to the weather condition insisting on the power
component. To this aim, more advanced techniques should be used for modeling this behaviour by
defining a “repair curve” defined similarly to the “fragility curve”. This problem is currently under
investigation by the Authors.

Once the time-variant transition probability matrix has been updated based on the expected
evolution of the wind speed time/spatial profiles, the state probability for a step ahead (¢ 4 1) can be
computed by using Equation (9).

3.2. Dynamic Bayesian Network

A different, and more effective, methodology for predictive resilience analysis is based on the
development of a Dynamic Bayesian Network, which allows modelling time-varying systems based
on cause-effect relationships modeled through DAG. The main difference with respect to traditional
BN is that each node at time step  can be affected by the state of the Parents (Pa) variables through
inter-slice connections.

The construction of CPT matrix for each couple of Child-Parents relationship is the core of the
proposed DBN model, which describes the operation state of each power component.

The flow scheme of the DBN is reported in Figure 1, showing the operation state of the k-th
component at time step t, which depends on both the previous operations state at (+ — 1) and the
expected wind speed at time step ¢. In particular, similarly to the MC paradigm, the binary random
variable “state” could assume the states Run and Fault, and the random variable “wind” varies in proper
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intervals, depending by the expected wind speed on the k-th component at time step ¢. This feature
allows modeling the impacts on the power components induced by the expected time/spatial wind
speed profiles. Hence, the variable “wind” assumes three possible occurrences as shown in Table 1,
where the values a§{1’2’3}’k)
The wind speed discretization, which has been performed by applying Equation (11), is necessary in

order to model this process in the DBN context.

are the occurrence probabilities characterizing a generic class interval.
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Figure 1. Flow scheme of the proposed DBN.

Table 1. Probability of wind speed.

k Weak Medium Strong

P t( ) (k) (k) (k)
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wind agl’k) at(2’k> a£3’k>

In particular, the integration of this random variable in the proposed DBN has been obtained by
clustering the piecewise fragility curve in three parts, as shown in Figure 2b. Thus, the classification
“weak”,medium”, and “strong” indicates that the impact of the wind gust on the k-th component.
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Figure 2. Failure modelling.
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(b) Fragility curve for severe wind gust
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The proposed DBN model has been developed by defining two CPTs, one modelling the relation
between the wind and the single component state, and the other describing the joint effect of the
previous component state, and the current value of the wind speed, on the current component state.
These CPTs can be expressed as follows:

Tables 2 and 3 describe the DBN conditional probabilities for the k-th critical component,
whose parameters are computed according to Equations (11) and (12). Then, by using the total
probability law, the component state probabilities at time k are computed as indicated in Equation (13).
In particular, the latter equation is specific for the case (state;) = Run), but the replacement of the
latter term with (state,) = Fault) in the same equation allows computing the corresponding fault
state probability.

Table 2. CPT for t = 1.

(k) State
CPT (t=1) Run Fault

weak () A (w])

wind - medium " (@}") 2 (w]")
(
t

stong V(@) AP (@)

Table 3. CPT for t > 1.

CPTE’:)>1) Run St Fault
_ Run weak @) AP @)
g: Run  medium ¥ (@) AW (@)
5 R swong wYwl) AP )
T Fault  weak 40 ol
g Fault medium 'ygk) (pt(k)
” Fault  strong 'ygk) 4>fk)

It is worth noting that Equation (13) takes into account the occurrence probabilities for each wind
speed class interval, which is a very useful information, considering that the expected time evolution
of the wind speed at the k-th component can be preliminary inferred from pre-processing data analysis,
and it can be considered as an input variable for the DBN.

However, for each t, the wind speed probability vector will be a null vector, having only a single
element equal to 1. The latter is the corresponding class interval characterizing the predicted wind
speed value at time step t. For this reason Equation (13) is simplified, since only the expected wind
speed probability class is not null. This leads to Equations (14) and (15), in which the term w, indicates
the occurred wind speed class at time .

The probabilities describing the components state operation over the time, namely Run and Fault,
are collected in the tensor Y[T, n, b], which allows computing the network state probabilities through
a multiplication over the 7 critical components by considering all their operation states. To this aim,
the hypothesis of statistical independence between the faults/restorations of the critical components
has been assumed [22].

This computing process, which has described by Algorithm 1, requires a proper indexing
of Y[T,n,b|, which considers all the possible combinations of the components operation states.
The following explanatory example, which considers the case of two critical components described in
Equation (7), could be useful to clarify this concept:
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(1 — (k) (k) (k) (k) (k)
P [Run(t)} =P [Run(t | Run( Y weak(t)} -P [R””(tq)} -P {weak(t)} +
[ (k) (k) ) (k) K
+P _Run(t) | Run(t HY medium (t)} -P {Run(t_l)} -P [medmmgt))} +
[ k k k k
+P i Rungt))| RunEt) 1) U stronggt” [Rungtll)} -P [stronggt” +
[ (k) (k) (k) (k) k
+P Run( s | Fault( Ty weak(t)} [Fault(t 1)} -P [weakgt” +
(k) (k) o (K) (k) . (k)
+P _Run( |Fault(t Y medzum(t)} -P {Fault(til)] -P [medzum(t)} +
[ (k) (k) (k) (k) (k)
+P _ Run( | Fuult( Zqy U strongy, )} -P [Pault(til)} -P {strong(t)}
0] — k) (k) (k) (k)
P {Run(t)} =P [Run | Run(t 0 U wx(t)} p [Run(t_l)} P [wx(t)} +
+P [Run | Faultgt) 1) U wxg ))} P [Faultgf)_l)} P [wxgm =

P [ Fault(k)

(£)

= y’f-P [Rzm( )

} =P [Fault(k>| Run(k) 3 waE } -P [Run(k)

Ly + kP [Fautr) |

k)

t) (t

o] P e EH

+P {Fault | Fault(t) 1) waglz))} {Faultglt( 1 } -P {
=Af.p [Rungt)_l)} +q>t . {Faultgf)_l)}
P[Lig Lagly — y[L 1] = Y[t,1,1] - Y[t,2,1]
P[Lig Lop]sy  — y[2t] = Y[t 1,1] - Y[£,2,2]
P[Lir Lor]sy — y[3,t] = Y[t,1,2] - Y[t,2,1]
P[Lig Loelyy — yl4,4] = Y[t,1,2] - Y[t,2,2]

90f18

(13)

(14)

(15)

(16)

Algorithm 1 Network state probabilities computing.

1: load the label tag for all S network operation states (a.e. <1021 >, < 11,20 >, ...

2: loop
3:
loop

4
5:
6: loop
7.
8

9:
10:
11:
12:
13:
14:
15:
16: end loop
17: end loop

move over the time ()

move over each network operation state (s;)

move over each network line
load the k-th line tag (1, ...,
load the occurred operative state tag (run/fault) for each k-th line from s;
get from tensor Y the probability for the extracted ‘line-state-time step” tag set
store the probability in the t-th cell of a temporary array and scroll through it
end loop
compute the product of all temporary array elements
store the i-th network state probability at time ¢ (s;) in matrix y[i, t]
erase the temporary array

n) from s;

)




Energies 2020, 13, 3501 10 of 18

3.3. Effect of the Time-Step Choice in the Developed Discrete-Time Models

Since both proposed methodologies are discrete-time models it is important to analyze the effect
of time-step choice on the modeled system. In particular, the time step does not affect the dynamics of
both Bayesian Network and Markov Time Varying Process but it affects the input data of the proposed
methodologies such as:

e line maintenance probabilities after a fault: they need to be adapted by considering the adopted
time step;

e wind speeds: where the predicted values are usually the mean value for that time interval.
Thus, a shorter time interval implies greater volatility as well as an excessively large time interval
cannot take into account the wind fluctuations. The right choice might be based on the base of
wind frequency of the severe events of the area under analysis.

4. Case Studies

The proposed methodologies have been applied in order to perform predictive resilience analyses
for several networks, which are characterized by different lines number. The final goal is to compare
the performances of the proposed non-homogeneous Improved Markov chains and the Dynamic
Bayesian network-based approaches, in terms of both accuracy and computation burden.

In particular, since the weather conditions can sensibly vary along the transmission line route,
hence affecting the corresponding fault model parameters to a considerable extent. Consequently,
worst-case assumption has been adopted by considering, for each time step, the maximum wind speed
predicted along the line route as input to the fragility curve.

According to this approach, the failure rate of the critical lines have been modeled through the
“fragility curve” reported in [21], which, at each time step, allows computing the line failure rates in
function of the maximum wind speed expected at the lines locations.

4.1. Numerical Results

The proposed methodologies have been tested on several case studies characterized by an
increasing number of critical lines and different spatial wind profiles. For the sake of simplicity,
several simplified hypothesis have been assumed during these studies. First of all, the wind speed
in each conductor’s surrounding is the same, with a profile as shown in Figure 2a. This hypothesis
could compromise the results effectiveness, since severe extreme wind gusts usually propagates as
fronts, especially in wide-area power systems. However, the methodologies proposed in this paper are
designed to model the impacts of spatial and temporal wind speed profiles, which can be estimated
by high-resolution wind speed forecasting, as far as to consider the impacts of these profiles on the
failure and recovery rates associated to each system component. Moreover, the component failure
rate is modeled based on the fragility curve depicted in Figure 2b, which can be used to compute the
time-varying transition matrices of the TVMC model, and the CPTs describing the DBN, as described
in Sections 3.1 and 3.2.

4.2. Predictive Resilience Analysis: TVMC vs. DBN Approach

This section shows the comparison of TVMC and DBN approaches for power system predictive
analysis. In particular, Figures 3-5 show the probability profiles obtained by applying the Markov
Process (left side) and the DBN (right side) methodology for one, two and three critical lines,
respectively. In particular, each profile represents the probability of the network to be in a certain state,
which is characterized by the code shown in the legend (e.g., <10 21 31 40 51>). The latter codifies the
information about the state of each line in the system: the first identifies the line, while the second
indicates its state (1 the line is “in service”, 0 the line is “out of service”). For example, considering
a network with five critical components, the code <10 21 31 40 51> identifies the network state in
which lines 1 and 4 are “out of service” and lines 2, 3 and 5 are “in service”. This representation is
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more convenient than the semantic one used in the previous sections, since it allows automatically
generating the states enumeration.

It is worth noting that in Figures 3 and 5 there are states with identical probability of occurrence.
This behaviour can be reasonably justified by recalling that the proposed case studies consider the
same weather conditions on all the critical lines in the network; hence, the network states characterized
by the same ratio between “in service” and “out of service” lines cannot be distinguished each other.

(a) Improved Markov Chain
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Figure 3. Network State Probability: One critical line with wind speed profile ‘A’.
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Figure 5. Network State Probability: Three critical lines with wind speed profile “A’.

The results of the proposed methodologies are proven to be equal as depicted in Figures 3 and
5. This result is not unexpected because DBNs are a particular instance of Markov Process, and,
under certain conditions (i.e., global and local Markov Properties), they allow obtaining the same results
[23]. In this context, given the structure of the proposed DBN, it is proved that this equivalence is assured
by only satisfying of the local direct Markov property, which is a prerequisite to apply the chain rule (5).

Furthermore, in order to outline the main benefits of the proposed methodologies a standard
reliability model, which are based on a time-continuous Markov chain for a 3 line-grid as shown in
Figure 5, has been compared.

The main difference between the proposed methodologies and this modeling technique, which is
widely adopted for power system reliability analysis, is that the neglects of the occurrence of multiple
component faults and repairing. This assumption is well verified in reliability analysis, but it could be not
suitable for resilience analysis, since the probability of multiple failures in the presence of extreme events is
not negligible, as experienced worldwide by several Transmission System Operators. Hence, this assumption
may lead to underestimate the probability of the worst operation states, in the presence of high speed gusts.
Hence, the reliability standard model assumptions may lead to underestimate the probability of the worst
operation states (<10 20 30>) in the presence of high speed gusts as shown in Figure 5c.

Moreover, for the sake of completeness, both methodologies have been tested with a further wind
spatial profile ('B’), which is characterized by greater values magnitude than the previous case (‘A’),
where some occurrences lie on the 100% “out of service” probability side of the fragility curve.

In particular, a 2 line-network has been considered in this case, where the wind speed profiles are
depicted in Figure 6a, where, for ¢ > 14, the wind speed is greater than the maximum strength limit
going to cause the likely failure of the overhead line (Figure 2b). Indeed, the full operation grid state
(<11 21>) dramatically drops to 0 due to the occurred severe wind speeds as shown by Figure 7a,b.
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Figure 7. Network State Probability: Two critical lines with the wind spatial profile ‘B’.

4.3. Spatial Wind Profile Characterization

The development of the proposed methodologies is based on the spatial characterization of the
wind profile at high resolution, where the latter may permit to asses the impact of a weather perturbation
evolution over the grid. Therefore, a further case study has been developed, where the latter is based on
the spatial wind profile (‘C’) (Figure 6b) and a 3-line grid, in order to support this statement.

In particular, for the sake of clarity, the spatial wind profiles shown in Figure 6b have been
generated from the same wind profile lagged over the time of 8 units. This has been realized for better
highlighting the effect of the spatial effect on the network probability states.

Indeed, Figures 6b and 8 reveal how the weather perturbation movement dramatically affects
the states probability profiles evolution. In particular, the combined analysis of the latter figures has

revealed that for:

t < 5: the spatial average wind speed is low over the grid, therefore the most likely state is that
5 <t < 14: line 1 is affected by a severe weather event with increasing wind gust speeds.

14 < t < 22: The severe weather event moves from line 1 to 2. Since line 1 is likely under

maintenance and line 2 is interested by strong wind gusts the most likely state is (<10 20 31>);

L]
concerning a full operative condition (<11 21 31>);
[ ]
The most likely state becomes that with line 1 out of service (<10 21 31>);
[}
[}

t > 22: line 1 may be repaired and the storm is affecting line 3 now. Hence the most probable

state is (<10 20 30>). Furthermore, the full operative grid state is the least probable because the
grid has been not completely repaired yet.
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Figure 8. Network State Probability: Two critical lines with the wind spatial profile ‘C’".
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4.4. Analysis on the Computational Efforts

In consideration of the previous case studies it is worth observing that one of the main problems
when analyzing multiple contingency scenarios derives from the high number of possible state to
be analyzed. In particular, in the presence of n critical components, the possible combination are 2".
This exponential growth is the main issue to address in performing predictive resilience analysis for
complex power systems. This is confirmed in Table 4, which shows the computation burden required
by TVMC and DBN approaches as the critical lines number increases. Clearly it is possible to note that,
for both methodologies, the computation burden exponentially increases with the number of possible
network states. Even though the TVMC-based approach is more effective for small test networks,
DBN methodology allows to effectively solve the problem even when TVMC fails. In fact it can be
observed that DBN allows analyzing networks up to 25 critical lines, with respect to 11 critical lines,
which is the limit of TVMC approach. Hence, DBN can almost double the capability of the more
intuitive TVMC without any loss of information and accuracy.

Table 4. Table Type Styles.

Improved Markov Process DBN
Critical Lines  Transition Matrix Computation Computation
Number Dimension Time [s] Time [s]
1 Line 2x2 0.0008 0.1131
2 Lines 4x4 0.001 0.1410
3 Lines 9x9 0.010 0.1448
4 Lines 16 x 16 0.012 0.1516
5 Lines 32 x 32 0.017 0.1663
6 Lines 64 x 64 0.083 0.1766
7 Lines 128 x 128 0.102 0.2189
8 Lines 256 x 256 0.400 0.1839
9 Lines 512 x 512 2.010 0.2016
10 Lines 1024 x 1024 8.664 0.3408
11 Lines 2048 x 2048 49.79 0.3918
12 Lines - - 0.8164
15 Lines - - 3.160
20 Lines - - 86.18
25 Lines - - 3316

The previous analysis has neglected the impact of the time resolution and forecasting horizon
on the computational effort. In fact, the latter is not affected by them because the most part of
computational burden is related to state generation and not to the basic arithmetic operators required
for computing the model evolution. Hence, for the sake of completeness, a case study on a long run
simulation has been performed by applying the DBN model, where the spatial wind profiles and the
probability state evolution have been depicted in Figure 9a,b, respectively. In particular both figures
allow to observe the full restoration of the system after a certain time, which is necessary to complete
all recovery operation after a severe weather event over 2 line-grid (<11 21>).
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5. Future Research Directions

The proposed methodologies do not take into account the randomness of the time/spatial wind
speed profiles, which have been considered as an input of the resilience assessment process. This is a
relevant issue to address, since this information is generated by forecasting algorithms, which could be
characterized by strong uncertainties, especially in the presence of medium-term forecasting horizons.
These uncertainties should be properly considered in solving both the TVMC and DBN models,
since they can affect the computed state probabilities to a considerable extent.

In the Authors’ opinion, which have been confirmed by some preliminary results, it can be argue
that a greater impact occurs when the wind speed forecasting errors lie around the wind class interval
value of the fragility curve, which dramatically change the component fault ratios.

A further point of analysis concerns the not spatial uniformity in weather conditions over the
transmission lines. A way to consider the spatial weather effect over the network is following an
approach similar to as done in wind spatial forecasting where, given a horizontal spatial resolution,
each grid cell is characterized by a spatial average wind value. Thus, by overlaying this grid with the
network scheme is possible relating a wind value to each line part as shown in Figure 10a.

Obviously, a further improvement may be considering a line as split in several parts as shown by
Figure 10b, where the overall operation condition probability of the whole line is given by the product
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of the operation probabilities of each line part. Hence, in this scenario the greater flexibility of DBN
may allow to better manage possible high cardinality issues than the Improved Markov Chain.

Another relevant issue to address deals with the impacts of the weather conditions on the
components restoring probabilities, which can greatly slowing down the repairing times, especially
in the presence of extreme weather conditions. To address this issue, DBN-based approaches seem
to be the most effective solution strategy, since they allow to model the time/spatial wind speed
randomness, and the corresponding impacts on both fault and restoration rates in a very effective way.

A further analyzed issue, which is currently under investigation by the Authors, is the improvement
of the proposed DBN-based methodology by integrating adaptive fault models for specific network
components, as far as tower, transformers, and primary station are concerned. This could be obtained by
properly modeling the cause-effect relation between the considered components.

W () = max {W—Uf:)}
Ly Lt

iy
i g 7l
A 3)
\ /‘/ ',f .t% ‘»:: |
f Z N .
T B AR
/ i X i)
/ "% L |
"l’ ‘lf' ?ﬁ L(Z)
- & T e

¥
i—th,j—thcell
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Figure 10. Proposed and future trend-approaches in transmission line modeling. (a) Wind spatial
characterization on the network. Dotted red circle: proposed approach. Colored cell: Finer mesh
approach. (b) Piece-wise line model with finer mesh approach.

6. Conclusions

Predictive resilience analysis is assuming a major role in modern power system operation,
where the strive for strictly reliability and security constraints is pushing system operators to identify
effective strategies aimed at reducing the grid vulnerability against severe disturbances, and improving
the corresponding restoration strategies.

In trying and solving this issue, this paper proposed two methodologies, which are based on Time
Varying Improved Markov Chain and Dynamic Bayesian Network, for assessing the system resilience
against extreme wind gusts. The main idea was to employ lines weather dependent fault parameters
in function of the forecast spatial/temporal wind speed evolution, and to dynamically estimate the
impacts of multiple faults on power system operation.

Simulation results obtained on several operation scenarios confirmed the effectiveness of the
proposed methods in the task of estimating the system resilience by a deep simulation of all
the possible network states, which were generated by considering all the possible fault scenario.
The proposed methodologies have been mutually compared, and benchmarked with a traditional
reliability modelling technique. On the basis of these results, the following conclusions can be drawn:
(i) The proposed Markov Chain and Dynamic Bayesian Network-based techniques allow effectively
modelling the effects of multiple disruptions and restorations, which are not infrequent in the presence
of extreme weather conditions. (ii) Compared to the Markov Chain-based techniques, the Dynamic
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Bayesian Network is characterized by lower computational burden. In particular, the obtained results
have revealed the effectiveness of DBN in facing with high cardinality problems, which mainly
derives from the low complexity of the solution algorithm, that does not require the solution of
ordinary differential equations, and complex matrix manipulations. Furthermore, the Dynamic
Bayesian Network is characterized by an improved capability in modelling the statistical dependencies
characterizing the random processes influencing the fault models and the restoring operations, which is
one of the direction of our future research activities.
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The following abbreviations are used in this manuscript:

CPT Conditional Probability Table

DAG Direct Acyclic Graph
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MC Markov Chain

MCS Monte Carlo Simulation

BN Bayesian Network

DBN Dynamic Bayesian Network

TVMC  improved Time Varying Markov Chain
DAG Directed Acyclic Graph
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