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EXECUTIVE SUMMARY

Reliability management aims at ensuring that electricity is delivered in an efficient way to end consumers.
It encompasses both the definition of a reliability criterion, and the methods that are used by
transmission system operators (TSOs) to enforce the reliability criterion in an optimal manner from the
viewpoint of socioeconomic impact.

The present report is concerned with reliability management in short-term operation planning (week-
ahead to intraday) and real-time operations. Today, the reliability management approaches used by TSOs
in these contexts are based on the N-1 criterion, whereby the supply of electricity must remain
unaffected by the loss of any one of its single components (and, in some cases, by the simultaneous loss
of two critical components). Power systems have seen many changes in the past decades, which have
pushed operating conditions towards the operating limits and have increased uncertainties that TSOs
have to face. These changes call for probabilistic methods that can support TSOs by capturing the
probabilities of threats and their quantitative consequences in an adequate way. The N-1 criterion has
indeed been widely recognized as insufficient to cope with these changes.

The GARPUR proposal is based on the general notion of the reliability management approach and
criterion (RMAC) developed in Work Package 2 of the GARPUR project. The formulation of the RMAC
considers a socio-economic surplus indicator that is developed in Work Package 3 of the GARPUR project.
This RMAC aims at supporting the decision-making process of TSOs under uncertainty. The framework is
based on (i) a reliability criterion that explicitly considers scenarios of the uncertain exogenous
parameters (such as load, RES production and occurrence of contingencies) and their probability and (ii)
methods to enforce this reliability criterion. In particular, the reliability target of the GARPUR RMAC
states that the probability that the system performance is acceptable must be higher than a pre-defined
tolerance level.

The implementation of an RMAC in a particular context is based on (i) a discarding principle that allows
discarding scenarios of the uncertain exogenous parameters to make the reliability management problem
tractable, (ii) a set of constraints defining the notion of an acceptable system state, (iii) a maximum
tolerance level on the probability of not achieving an acceptable system state, (iii) an indicator of
socioeconomic performance, and (iv) the formulation of an optimization problem aiming at finding
decisions that are optimal with respect to their socio-economic impact, while being compliant with the
reliability target and the discarding principle. In this approach, the expected costs of service interruptions
carried by end-users of the system are integrated into the socioeconomic performance indicator and used
in the discarding principle.

Reliability management is composed of two complementary tasks, namely “reliability assessment” and
“reliability control”. The former essentially aims at determining whether in given circumstances the
imposed reliability target is indeed satisfied. The latter aims at choosing decisions to optimize the
socioeconomic performance while complying with the imposed reliability criterion.

This document presents proposals to adapt, and progressively implement in practice, the general
probabilistic RMAC and corresponding socio-economic surplus indicator developed in Work Packages 2
and 3 of the GARPUR project, in the specific contexts of real-time operation and short-term operational
planning. We mostly focus on the development of methods for reliability assessment, but we also provide
guidelines on how to use these methods to support power system operators in their reliability control
tasks.

The research leading to these results has received funding from the European Union
Seventh Framework Programme under Grant Agreement No 608540.
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In real-time operations, the RMAC considers the random occurrence of contingencies by using
appropriate threat-based models of their probability of occurrence. In addition, special attention is given
to the possible failure of corrective actions. Neglecting this aspect would favour too optimistically the use
of corrective actions instead of preventive actions. In short-term operational planning, the RMAC
considers uncertainty in the load, production, exchanges and probabilities of the contingencies over the
considered look-ahead horizon. Appropriate models are proposed for these exogenous parameters.

The proposals made in this document are designed to be implementable within the next few years,
during which new required tools must be developed and validated and new required data must be
collected. These needs for additional data and tools required for such a migration are analysed as well in
this document.

The first-step implementations of the proposed real-time and short-term reliability assessment methods
are illustrated in small examples.

The research leading to these results has received funding from the European Union
Seventh Framework Programme under Grant Agreement No 608540.
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1 INTRODUCTION

1.1 Reliability management for real-time and short-term decision making

The state of the art on reliability assessment was reviewed at the start of the GARPUR project [GARPUR,
2015a], which was followed by a review of current practices at TSOs, as well as the motivations for
improving reliability assessment [GARPUR, 2015b]. These reviews formed the basis for the formulation of
new reliability management approaches and criteria that are described in [GARPUR, 2016c]. The general
problem that is addressed in this document is how the proposed methods may be integrated into present
day operation, accounting for the procedures and data/model availability described in [GARPUR, 2015].
The following subsections briefly elaborate on the general problem and today’s practices.

1.11 General problem

Power system reliability management for real-time (RT) and short-term (ST) decision-making aims to
guarantee that the bulk power system can provide electricity as it is demanded, at an acceptable quality.
Power systems reliability covers two notions:
i) Adequacy: Ensure the system can meet the aggregated power and energy requirements of
customers;
ii) Security: Ensure the system can withstand disturbances without interruption to customers,
and maintaining operation of the interconnected system.
Power system reliability is managed by taking actions in different time horizons (i.e. long-term planning,
operational planning, real-time operation) to satisfy a commonly defined reliability criterion.

Reliability management within a TSO environment entails two main components: reliability assessment
and reliability control.

Reliability assessment evaluates the reliability level of a power system, either retrospectively (by
reporting observed annual number of interruptions, average interruption duration, annual interrupted
energy), or prospectively (by predicting the resilience of the system in anticipation of credible threats).

On the other hand, reliability control determines what actions, if any, are required to ensure that the
system will satisfy the reliability criterion. Such actions may be preventive and/or corrective control of
the power system. The TSO’s ability to control reliability depends on the accuracy of their reliability
assessment. Improvement of reliability assessment methods will result in better decision-making and
measures of its effectiveness (in terms of reliability level and socio-economic impact).

1.1.2 Today’s practices

Currently, reliability management is mainly based on the N-1 criterion defined as the requirement on
elements remaining in operation to accommode the new operational situation without violating
Operational Security Limits [ENTSO-E 2013b] (such limits might not be fully harmonized within a
synchronized electricity network). Until now, the N-1 reliability criterion has provided a satisfactory level
of security of supply, due to its transparency and simplicity. The N-1 criterion is quite a generic concept,
so each TSO has relaxed/tightened the criterion to adapt to their local characteristics and operational
philosophy [GARPUR, 2015b]. The following variations are commonly observed:

e Strict application of N-1 criterion, this mainly results in a highly overdesigned system that is
mostly operated under maximum potential;

The research leading to these results has received funding from the European Union
Seventh Framework Programme under Grant Agreement No 608540.
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e Stricter criterion during specific operational high risk scenarios by applying N-1-1 or N-2
contingencies (e.g. extreme weather conditions) or for some critical elements of the networks;

e Relaxed criterion by tolerating an N-1 unsecured operation for low impact contingencies while
facing limited options during specific periods (e.g. night, planned outages..);

e Ad-hoc criteria usually for identified specific unlikely scenarios that could result in substantial
consequences (covered by specific operational procedure or automated Special Protection
Schemes).

e Systematic N-1 tolerance on limited voltage levels and users (essentially sacrifice quality of supply
to customers) if the costs to satisfy the reliability exceeds the foreseen benefits;

To a certain extent, the most basic and commonly applied N-1 criterion is characterized by the following
features:

e Contingency impact is managed considering a binary logic (satisfactory, not satisfactory);
e Contingencies are assessed on similar likelihood level (equal probability of occurrence);
e High impact low probability events are not assessed;

e Financial impact (cost of an outage and/or mitigation) is not considered.

To date, application of the N-1 criterion has resulted in a sufficiently reliable power system [GARPUR,
2015b]. However, the increasing complexity, volatility and connectedness of power systems triggered by
the ongoing paradigm shift in power system structure® will make it difficult for current procedures to
sustain a similar level of reliability. Current procedures, common to European TSOs, are detailed in
previous GARPUR deliverable D6.1 [GARPUR, 2015]. Increased uncertainty in power production, load and
import/export creates difficulties in predicting power system behaviour. It is increasingly difficult for TSOs
to determine robust control measures that protect the system against this uncertainty. Sources of
uncertainty affecting the reliability of a bulk power system can be categorised as following:

e Generation Mainly due to the increasing penetration of non-dispatchable RES or small-scale
distributed generation such as combined heat and power plants. Such unpredictable types of
generation result in uncertainties of the energy flows in the system.

e Load: Net load patterns are more and more difficult to predict mainly due to distributed
generation sources that are aggregated in an approximate fashion. A TSO neither has the ability
to forecast nor monitors accurately the outputs of the distributed generation, and therefore has
very limited observability on real time conditions.

e System vulnerability: New threats (e.g. cybersecurity) are not being duly considered while on the
other hand vulnerability to existing threats such as weather conditions is increasing (bulk offshore
wind capacity, solar eclipses, higher cross-border connections capacity)

e Market: volatility in energy flow, risk of generation inadequacy due to inadequate market design
or investment signals.

1.2 GARPUR reliability management approach and criterion (RMAC)

This document aims at finding out how to integrate the GARPUR short-term reliability management
approach developed in Work Package 2 [GARPUR, 2016c] in practical system operation activities of the

! From traditional systems delivering energy from large centralized generation to passive consumers, to a system
with decentralized generation to active consumers.

The research leading to these results has received funding from the European Union
Seventh Framework Programme under Grant Agreement No 608540.
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transmission system operators (TSO) as detailed in [GARPUR, 2015]. Adopting the terminology of Work
Package 2, the proposal is referred to as a Reliability Management Approach and Criterion (RMAC).

The proposals for incorporating the probabilistic RMAC of GARPUR into real-time operations and short-
term operational planning were separated by Work Package 2 into a real-time RMAC (RT-RMAC) and a
short-term RMAC (ST-RMAC) implementation [GARPUR, 2016e]. They are designed to consider explicitly
uncertain exogenous parameters. There are two fundamental differences between the real-time and
short-term contexts. The first one is that the range of actions available to the system operator is more
limited in real-time. The second is that some exogenous parameters that are uncertain in the short-term
become apparent in the real-time.

The uncertain factors that we have considered for the real-time context are [GARPUR, 2016c],
[Karangelos, 2016]:

- The occurrence of contingencies: the RT-RMAC exploits the fact that contingencies occur with a
certain probability that depends on real-time conditions.

- The post-contingency system response: the RT-RMAC is aware of the probability that the reaction
of the system to a contingency may not be as expected, due to system protection failures, for
example. Possible failures of corrective control provides additional uncertainty of system
response.

For short-term operational planning, the following additional uncertain parameters are considered:

- The probability of occurrence of contingencies: the ST-RMAC considers the fact that the
contingency probabilities themselves, as they would be exploited in real-time, may be uncertain
in ST decision making since they depend on other uncertain factors, such as weather conditions,
that are not yet known.

- The net power injection: the future nodal loads, productions and exchanges are not fully known
but can only be forecasted. Errors of these forecast models should be anticipated for.

Both the ST-RMAC and the RT-RMAC are designed around the same cornerstones [GARPUR, 2016c]:

- Areliability target that is to be fulfilled.

- A discarding principle that allows discarding part of the scenarios for the uncertain exogenous
parameters in a controlled way, in order to make the RMAC process tractable.

- The residual risk that measures the cumulative risk contribution of all discarded scenarios, and
must remain under the discarding threshold as per the discarding principle.

- A measure of risk that is defined as the expected interruption costs.

- A measure of socioeconomic performance that is to be maximized under the constraints that the
reliability target and the discarding principle must be fulfilled. This measure was developed in
Work Package 3 of the GARPUR project and is described in detail in [GARPUR, 2016a].

In the present document, the first-step implementation of the proposals of [GARPUR, 2016c] and
[GARPUR, 2016a] for the measure of socioeconomic performance is proposed to be the sum of expected
interruption costs and TSO costs. Note that risk is included in the socioeconomic surplus.

The proposed ST-RMAC and RT-RMAC were designed in a consistent way so that the ST-RMAC is
concerned with ensuring the feasibility of the RT-RMAC for scenarios of the ST uncertain parameters that
have not been discarded by the discarding principle.

The research leading to these results has received funding from the European Union
Seventh Framework Programme under Grant Agreement No 608540.
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1.3 Scope of this report

This document presents first-step implementations of the short-term and real-time reliability
management approach and criteria (RMAC) developed in the GARPUR project WP2. These first-step
implementations have been designed to require as few changes as possible with today’s tools and data.
Nevertheless, they provide TSOs with a comprehensive and generic approach to support decision-making
under uncertainty. The first-step implementations are therefore aimed at answering the following
question: “what changes, in terms of tools and data, can be made in the near future to capture risk and
uncertainty in reliability management?” The proposals of this document are meant to be implementable
within a few years.

As described above, reliability management has two main components: assessment and control. The first-
step implementations address the assessment problem, which will enable TSOs to gain insights into the
new paradigm formulated in the GARPUR RMAC. In a second step, adequate control algorithms (see e.g.
[GARPUR, 2016c] for their formulations) can be adopted based on the experience obtained by running
the proposed reliability assessment methods. The practical integration in TSO processes of these control
algorithms are not addressed in this document and left as future work once enough insights have been
gained from the use of the assessment methods.

1.4 Report structure

Chapter 3 gives a high-level overview of the first-step implementation for the real-time and short-term
RMAC and of the required probabilistic models that are needed. Chapters 4, 5 and 6 present in detail the
first-step implementations of the probabilistic models, the real-time RMAC and the short-term RMAC,
respectively. Chapter 7 concludes and proposes some directions of future work beyond the first-step
implementations proposed in this document. The appendices provide material on the formulation of
ideal implementations and some additional considerations around some parts of the RMAC concepts.

The research leading to these results has received funding from the European Union
Seventh Framework Programme under Grant Agreement No 608540.
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2 ACRONYMS, SYMBOLS AND DEFINITIONS

2.1 Acronyms

RMAC
RT
ST

VolLL
RES

Reliability management approach and criterion
Real-time

Short-term

Value of lost load

Renewable energy sources

2.2 Symbols

3
(o}

1 1] 3 2

[

$1,e,

=
~

Tg
AERy

ERT
AEgr

EsT

XorXc)Xcp

Probability of contingency ¢

Set of all contingencies

Set of non-discarded contingencies

Set of scenarios

Set of non-discarded scenarios

A unique scenario, i.e. a sequence of realisations of exogenous random variables &,
spanning the time horizon [1,T].

Probability of scenario &

Discarding threshold for the real-time RMAC

Tolerance level of the reliability target for the real-time RMAC

Discarding threshold for the short-time RMAC

Tolerance level of the reliability target for the short-time RMAC (operational
planning)

Pre-contingency, post-contingency, and post-contingency post-corrective actions
system states

Set of acceptability constraints

Failure rate of component i (failures per year)

Mean time between failures of component i (years)

Probability that component i fails in the time interval [0,t] (where At is ommitted,
Q; covers to a single operational period)

Set of components failing in contingency c

Set of components not failing in contingency ¢

Used in lieu of ,c’ to denote the pseudo-contingency of no component failures
Probability of a certain system response

Probability of a certain corrective control behaviour
Combined probability of a contingency and the
behaviour

Initial preventive actions

Lost load immediately following contingency c

Lost load immediately following contingency c, expressed as a percentage

Service outage duration following contingency c

Expected system load in operational period t

Energy Not Served due to contingency c, in operational period t (where the
contingency occurs whent=1)

Number of operational periods required to repair all components failing due to
contingency c

Accumulative probability of any discarded contingency occurring (residual

expected post-contingency

The research leading to these results has received funding from the European Union
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Set
Se

Cint,max

probability)

Socio-economic surplus in operational period t due to contingency c
Aggregated socio-economic surplus due to contingency c

Estimate of the worst-case interruption cost

2.3 Definitions

Consequence

Contingency

Corrective
operation

Operational
planning

Outage

Preventive
operation

Real-time horizon

Reliability

management

Residual

probability

Residual risk

Consequence is the outcome of an event. Note: There can be different types of
consequences: technical (like interruption), economic or environmental
consequences, consequences on personnel/ consumers safety, etc. See GARPUR
Deliverable D1.1 [GARPUR, 2015a].

A contingency is the unexpected failure or outage of a system component, such as a
generator, transmission line, circuit breaker, switch, or other electrical element. A
contingency may also include multiple components, which are related by situations
leading to simultaneous component outages [ENTSO-E, 2004].

In the real-time context, corrective operation concerns the application of post-
contingency actions, in the aftermath of specific contingencies [GARPUR, 2016c].

Operational planning is the group of reliability management activities linked to
system optimization occurring ahead of real-time operation, within the short-term
and mid-term horizons.

An outage is the state of a component or system when it is not available to properly
perform its intended function due to some event directly associated with that
component or system [IEEE, 1997].

In the real-time context, preventive operation concerns the potential application of
pre-contingency actions to achieve security and improve the ability to withstand the
possible effects of potential contingencies. In the short-term context, preventive
operation concerns the application of actions that apply to any realisation of the
short-term uncertainty [GARPUR, 2016c].

The real-time horizon (system operation) in GARPUR focuses on the observed
system state, i.e., it covers monitoring, control of the power system, and actions
based on observed system state. Control covers corrective actions and activating
manual preventive (planned) actions.

Power system reliability management means to take a sequence of decisions under
uncertainty. It aims at meeting a reliability criterion, while minimising the socio-
economic costs of doing so [GARPUR, 2015a].

The aggregate probability of all discarded and/or not explicitly modelled events in a
reliability assessment.

The aggregate risk of all discarded and/or not explicitly modelled events, as defined
[GARPUR, 2016c].

The research leading to these results has received funding from the European Union
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Short-term horizon The short-term horizon in GARPUR covers planning for secure operation of

Socio-Economic
Surplus

Threat

Trajectory

forecasted power system states, for which the power system components cannot be
changed through maintenance works and/or system development projects.

The sum of surplus or utility of all stakeholders, including external costs and benefits
(e.g. environmental costs) as defined in [GARPUR, 2016a].

The ability of a system to perform a required function may deteriorate as a result of
any event classified as a threat. Indeed, a threat can be defined as any indication,
circumstance, or event with the potential to disrupt or destroy a system, or any
element thereof. Threats are phenomena that exist and evolve outside of the
system [Hofmann, 2011].

A sequence of events affecting the state of the transmission system, such as
contingencies, system response, and corrective control, over multiple operational
periods.

The research leading to these results has received funding from the European Union
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3 A SHORT DESCRIPTION OF THE PROPOSED UPGRADE OF RELIABILITY
MANAGEMENT FOR REAL-TIME AND SHORT-TERM DECISION MAKING

3.1 Ideal formulation

The concept of the GARPUR reliability management and criterion (RMAC) and its formulation for long-
term, mid-term, short-term and real-time decision-making were developed within WP2 of the GARPUR
project and are detailed in [GARPUR, 2016c]. To make the present report self-contained, we recall in
Appendix 9.1 the general ingredients of an RMAC, and in Appendix 9.2 and Appendix 9.3, the
corresponding “ideal” RT-RMAC and ST-RMAC versions. The analysis of these latter “ideal” versions made
it possible to identify the extent of data and tool requirements for their application, and to determine
practical feasibility issues with this ideal methodology that need to be overcome. By identifying these
issues, and attempting to address them using presently available tools and data, we arrived at the first-
step implementation proposed in this document. The main practical feasibility issues that we have
identified for the implementation of the ideal versions are summarized below:

i) Computation time - A number of calculations in the ideal algorithm are not tractable using
present day methods, or are not possible to compute within a practical timeframe for real-
time operation;

ii) RMAC meta-parameters — Setting a tolerance level (exr) or acceptable level of residual risk
(AEpp and AEgr) is not presently possible for TSOs?, as it would depend on sustained
experience with the proposed method.

iii) Insufficient data — There may be insufficient data to calculate the total socio-economic
surplus, or TSOs may not have confidence in existing data. Similarly, data on uncertain
parameters (e.g. load forecast errors for building scenarios, or weather data for building
variable failure rate models) may not be presently collected by TSOs. Data related to the
reliability of system protection and on corrective control failure may also be lacking.

iv) Insufficient tools — There are presently no generally accepted tools for estimating component
outage durations, or for service outage durations. Ideal modelling of corrective control
requires a model of the operator’s decision making process, for which no adequate models
presently exist.

v) Response and control complexity — Considering a large number of system response and
corrective control trajectories and short-term scenarios is not presently tractable, especially
considering the overlapping of contingencies (i.e. additional contingencies occurring during
the restoration process of the initial contingency). It is also not presently tractable to model
each contingency as a stochastic dynamic simulation with control. Similarly, for short-term
operational planning, the control problem is a stochastic dynamic control problem that
considers all short-term scenarios and is not presently tractable.

Additionally simplifications to the ideal algorithm are required to ensure that the proposed first-step
method is:

e Understandable by operators (i.e. not a black box model);

e Captures the main operational threats;

e Matches TSO processes (i.e. can be integrated into existing TSO workflows);

2 Note that the current practices are equivalent to setting a tolerance level of zero for the set of operating
constraints used today by system operators. However, we refer here to the non-trivial cases of setting a nonzero
value for the tolerance level.

The research leading to these results has received funding from the European Union
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e Qutputs are produced quickly enough for their intended use;

Given these feasibility issues and specifications for simplicity, first-step implementations of the RT-RMAC
and ST-RMAC are proposed in the present report. These first-step implementations are summarized in
Sections 3.3 and 3.4 and described in detail in Chapters 5 and 6. In both the RT-RMAC and the ST-RMAC,
exogenous parameters must be modelled. An overview of these models is given in Section 3.2, and they
are described in detail in Chapter 4.

3.2 Models of the short-term and real-time exogenous uncertainty
3.2.1 Models of the short-term exogenous uncertainty

In recent years, significantly high level of uncertainties have been introduced to modern power systems.
Starting from load uncertainties to renewable energy sources (RES), i.e., wind and solar penetration,
these uncertainties have non-ignorable impacts on the balance and stability of power systems. Load
stochasticity is still considered as one of the major uncertainties in the current power system. Apart from
that, accurate quantification of the uncertainty introduced from RES energy is expected not only by the
generation companies but also by the transmission system operators (TSOs).

It is well known that power generation from RES like wind and solar is characterized as being variable and
uncertain. Wind power generation is dependent on wind speed while solar power generation is
dependent on solar irradiation or insolation. For both the sources, variability refers to the unintentional
tendency for generated power to change—perhaps rapidly—from one moment to the next, whereas
uncertainty refers to the wide range of unknown future values of wind speed and solar insolation. The
stochasticity of system load as well as power generation from RES poses special challenges to power
system operation and planning. Increasing penetration levels of wind and solar exacerbate the
uncertainty and variability that must be addressed in coming years, and can be extremely relevant to a
number of power system operation and management procedures. At the same time, as RES is
increasingly integrated into power systems, it is challenging for TSOs to ensure the reliability of power
grids under uncertain circumstances and to maintain the maximum utilization of renewable energy.

Appropriate stochastic modelling of uncertainties is required to deal with the existence of uncertainty
either in observations of the data (spatial) or in the characteristics that drive the evolution of the data
(temporal). It is critical that multivariate dependencies in the forecast uncertainty, including the case of
temporal, spatial and spatio-temporal load and weather trajectories, should be accounted for.
Specifically, for capturing spatio-temporal interdependencies and determining the requirements for RT-
RMAC and ST-RMAC, the GARPUR methodology proposes a multivariate uncertainty modelling approach
considering load, wind and solar generation uncertainty together based on the vine copula theory. As
copula methods allow for the modelling of the marginal distributions and of the multivariate dependence
structure, as embodied by the copula, to be decoupled, they are well suited for GARPUR methodology.
Copulas are joint cumulative distribution functions that describe dependencies among variables
independent of their marginals. Having described the dependencies using a copula, a transformation
function can be applied to each variable to transform the marginal distribution into the desired marginal.
It is important to remark that copulas are invariant to monotonic transformations of the variables. This is
a great advantage in simulation as the variables may belong to different probability distributions (for
instance, system load, wind and solar power). A Gaussian copula is proposed in the first stage, and then
d-vine copula is proposed for the modelling of multivariate distribution. Section 4 can be referred to for
an extended description on uncertainty modelling.

The research leading to these results has received funding from the European Union
Seventh Framework Programme under Grant Agreement No 608540.
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3.2.2 Models of the real-time exogenous uncertainty

In the context of real-time system operation, the main sources of uncertainty are the occurrence of
unplanned component outages, sudden loss of generation, or significant load interruptions, and the
subsequent uncertainty of the physical system response and corrective control following an outage. The
probability of a contingency occurring in an operational period can be estimated by using a failure rate
model based on historical component outage records, and possibly also based on modelling of exogenous
threats (e.g. wind or lightning) and component vulnerabilities (e.g. whether the component is in a
damaged or degraded state) as in [Perkin et al., 2016].

In special cases where the continuous uncertainty space presents a potentially substantial risk in the
context of real-time system operation, such as large changes in wind power production. Such events can
be modelled as discrete events with some probability, similar to how we model contingencies. As a result,
the continuous uncertainty modelling described in the previous subsection is not necessary for the real-
time assessment of reliability.

In addition to the uncertainty related to contingencies, the uncertainty related to system responses (e.g.
failure of system protection schemes) and corrective control behaviour (e.g. human or technical failures
in controlling components when attempting to stabilize or restore the system) must also be considered.
As a first-step, we suggest that such uncertainty should be included using expert estimates, but in the
future should result from cascading outage models and conditional on contingencies and/or control
actions.

3.2.3 Scenario selection

In short-term operational planning, a scenario is a sequence of realisations of random exogenous
variables with given granularity, typically hourly or half-hourly, over a designated operational planning
horizon. The following exogenous variables are considered in the present document:

e \Weather conditions;

e Failure rates of components;

e Load and RES forecast error.

Some of the short-term exogenous variables take value in a continuous uncertainty space. Defining
scenarios entails discretizing the continuous uncertainty space, which can done by sampling a large
number of scenarios.

In each stage of the planning horizon, the risk corresponding to each scenario is the product of the
scenario probability and the sum, over a predefined contingency list, of the probability weighted impact
of each contingency in terms of service interruption cost. However, due to the expected huge number of
generated scenarios, risk assessment over all the scenarios would lead to enormous computational
burden. Thus, a further approximation of those continuous distributions must be used in order to make
the short-term risk assessment tractable. Therefore, some small subset of scenarios has to be selected
before a short-term risk assessment in order to comply with computational constraints.

In the first-step implementation, it is suggested to decrease the number of scenarios that were generated
to discretize the continuous uncertainty space by a two-stage method. In the first stage, the scenarios are
iteratively clustered only based on mutual distance and their probability of occurrence using the scenario-
tree generation method in [Ridiger et al., 2006]. The first stage terminates when the distance between
remaining scenarios is above a certain threshold, indicating that the remaining scenarios are too
dissimilar to be clustered. During the scenarios clustering, the probabilities of pending scenarios are
adjusted to ensure that their sum is still equal to one. The first stage results in a number of representative
“scenario clusters”. At the end of the first stage, the number of remaining scenario clusters may still be

The research leading to these results has received funding from the European Union
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too large to be assessed. In a second stage, the discarding principle of the ST-RMAC is applied, where a
number of scenario clusters are discarded under the condition that their cumulative risk is tolerably low,
i.e. under a pre-specified discarding threshold. The cumulative risk is denoted short-term residual risk and
is conservatively estimated by associating an estimate of the worst-case risk over the planning horizon to
the discarded scenarios.

The proposed first-step implementation of scenario selection algorithm, see Algorithms 4 and 5 in Section
4.4.1, has the following inputs and outputs.
Inputs of the scenario selection algorithm are:
e Model of the short-term exogenous uncertainty (including for those belonging to a continuous
uncertainty space),
e Maximum distance between scenarios that characterizes similar scenarios
e Short-term discarding threshold
e Estimate of the worst-case risk over the planning horizon
Outputs of the algorithm are:
e Set of non-discarded scenarios.
e Set of discarded scenarios.
e Residual risk.

After convergence of the scenario selection algorithm, a set of non-discarded contingencies is determined
for each operational period of the subset of scenarios.

3.24 Contingency selection

As it was mentioned above, the short-term risk assessment is being done by a sequential real-time risk
assessment over all possible contingencies in each time instant of planning horizon, which is infeasible
due to combinatorial dependence between the total number of contingencies and the number of
components of the transmission network. Thus, some subset of non-discarded contingencies from a set
of all possible contingencies has to be selected. Let us consider that the initial set of contingencies is
defined by generating all the conceivable combinations of outages. This set is enough exhaustive to
reflect all possible contingencies that are likely to occur even at very low probability. In the first-step
implementation, the probability of contingency occurrence is assumed to be a function of weather
conditions. If insufficient data is available to develop threat-based model, these weather conditions can
be classified in a first step in categories such as normal and adverse weather and export knowledge used
to determine how failure rates change in these categories. Thus, the initial set of contingencies can be
adapted in ad-hoc fashion either according to the expected behaviour in future operational periods,
where the same set of contingencies can be considered for the periods with similar values of exogenous
parameters, or simply adapted after integration of new network elements (Transformers, Lines, Cables...).
In the first-step implementation, the contingencies are adapted according to their probability of
occurrence independently from their impact. The contingencies are sorted in descending order according
to their probability of occurrence. Then, the smallest subset of the most probable contingencies having
cumulative probability greater than or equal to a given threshold is selected and the remaining
contingencies are discarded. If the cumulative probability of all contingencies in the contingency set were
lower than the threshold, than it would be necessary to add other contingencies into the set to fulfil the
discarding principle in RT-RMAC, see Section 9.1.2. The probability threshold is related to the acceptable
real-time risk threshold and the potential impact of all discarded contingencies, where it is considered
pessimistically that every discarded contingency would cause the system blackout.

The research leading to these results has received funding from the European Union
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The proposed first-step implementation of contingency selection algorithm, see Algorithm 6 in Section
4.4.2, has the following inputs and outputs.
Inputs of the algorithm are:
e initial set of non-discarded contingencies,
e setof scenarios,
e acceptable real-time risk threshold,
e estimation of the worst-case costs of energy not served corresponding to each operational period
of all scenarios.
Outputs of the algorithm are:
e sets of non-discarded contingencies for each operational period of each scenario.

3.3 First-step implementation for reliability management in real-time

331 Reliability criterion

The present day N-1 criterion, as discussed above, can be stated generally as a question of:
Will the system state be N-1 secure?

The N-1 criterion requires the TSO to use a mathematical model of the power system to check if all N-1
contingencies result in a secure system. If the system state is secure after all contingencies, the system is
defined as ‘N-1 secure’. Loosely, a system state is ‘secure’ if it does not result in the disconnection of a
consumer and is within the current and voltage limits defined in the network codes; however, this varies
between TSOs. This process can be described minimally as:

1. Given the present system state;

2. Select all N-1 contingencies;

3. Use a mathematical model to check that the post-contingency system is ‘secure’, for each

contingency;
4. If all contingencies result in a secure system, define the system as ‘N-1 secure’.

Therefore, the present day approach to reliability results in a deterministic ‘yes/no’ answer on system
security.

The proposed GARPUR RMAC asks:
Is there a high probability that the system state will be acceptable?

Firstly, we replace the notion of ‘secure’ with ‘acceptable’. A system state is defined as acceptable if it
follows a set of rules that we call ‘acceptability constraints’, as discussed in Section 9.4. These rules
consist of not only those related to security and technical constraints defined by regulations, but also may
contain broader economic, social and environmental constraints.

Secondly, a dynamic contingency list is used instead of the N-1 contingency list. This dynamic contingency
list is built using contingency probabilities and risk estimates, as described in Section 3.2. Enough
contingencies are chosen to ensure that the residual risk of discarded contingencies is tolerably low. The
process of the first implementation of the GARPUR RMAC is simply:

The research leading to these results has received funding from the European Union
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Given the present system state?;

Calculate contingency probabilities (See section 4.3 for more detail);

Create a dynamic contingency list, based on the contingency probabilities (See section 4.4);

Use a mathematical model to check that the post-contingency system is ‘acceptable’, for each
contingency (See section 5.1);

5. Sum up the probabilities of contingencies that result in an acceptable system state.

PwNPE

The reliability of the system is described as a percentage value. The criteria itself is that this probability is
‘high’. In other words, “Is the probability of an acceptable system state greater than 1 — £?”, where € is
the tolerance level of the reliability target (e.g. 0.1%).

It is not yet established as to what a good target value of € would be. Therefore, we recommend initially
only estimating the probability of an acceptable system state, without checking it against some reliability
target (&). It will be possible to suggest a good reliability target after TSOs have some experience with the
measure, how it varies over the year, and how sensitive it is to data and operational decisions.

3.3.2 Reliability assessment

In addition to the reliability criterion, a new reliability management approach is also proposed. Beyond
achieving some reliability target, the aim of power system reliability management is:

Determine which control actions result in maximum social welfare.

Although assessment is not concerned with the optimization of control actions, the measure of social
welfare can quantify consequences following a contingency, given some pre-determined control actions.
To achieve this, a framework for socio-economic impact assessment has been proposed in [GARPUR,
2016a). This framework estimates the socio-economic surplus for both the total system, as well as its
individual stakeholders (consumers, TSOs, market participants). This measure can be used by the TSO to
compare the outcomes of possible decisions, allowing them to take the actions which maximise expected
social welfare. The calculation of total socio-economic surplus is a combination of the following:

e Value of supplied load

e Cost of unsupplied load

e Cost of TSOs

e Cost of generators

e Cost of environmental impacts

The calculation of these values requires a mathematical model of the power system that describes the
response of the system to a contingency, the corrective control of the TSO, and the resulting service
outages over time. Modern TSOs already possess in-house tools to predict the response of the system to
a contingency (required for N-1 contingency analysis) and some also include an estimate of corrective
control in such models. These models can also be used to estimate the location and quantity of
unsupplied energy, immediately following a contingency. Heuristic methods can be used to estimate the
duration of these service outages, such as in [Henneaux and Kirschen, 2016] or [Rios et al., 1999]. This
estimate can then be used to calculate socio-economic impact of a given contingency.

3 To keep the real-time algorithm tractable in the first-step implementation, we assume there are no uncertainties
in the system state (e.g. load injections), and that the only source of uncertainty is the occurence of contingencies
and the subsequent system and operator response.
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It is impractical to assess all contingencies for a power system, given the large computational burden of
including highly unlikely outcomes. Therefore, to limit the number of contingencies we dynamically divide
the set of contingencies into ‘non-discarded’ and ‘discarded’ contingencies (See section 4.4). Non-
discarded contingencies are those which have relatively high probability and will be modelled using the
method described above. Discarded contingencies are relatively low probability, and comprise most
contingencies (e.g.N-3 faults or worse). For simplicity, the discarded contingencies are assumed to result
in a total system blackout (i.e. are HILP events), to ensure such contingencies are treated with a risk
aversion. The socio-economic surplus is then calculated as the probability-weighted sum of the
consequences of each contingency.

The contingency probabilities can be adjusted to reflect modelling assumptions, such as the probability of
cascading faults, corrective control failure, and overlapping faults (a second contingency occurring before
the service outages of a prior fault have been restored. The proposed reliability management approach is
covered in technical detail in Section 5. The suggested reliability management approach and criterion is a
simplified version of what GARPUR [GARPUR, 2016c] suggests should eventually be implemented.

3.33 Support to RT decision making

The reliability management approach and criterion above can be used to support the real-time decision
making process. Simply, by changing the underlying assumptions and performing sensitivity tests, the
operator can assess how the expected reliability level and/or social welfare are affected. Ideally, a
computational tool would automate this process and identify the optimal control actions given the
present system state [GARPUR, 2016c][Karangelos, 2016]. Such a tool is identified in the development
roadmap. In the short-term however, trial-and-error is a suitable way for operators to compare a handful
of candidate decisions, or to see how important certain assumptions/inputs are to the outcome. In
different steps of the reliability management approach the operators can adjust some inputs or
assumptions to the algorithm based on their experience. Operators may then choose those decisions that
turn out to yield the largest social welfare, while also ensuring that the probability of an acceptable
system state is high enough (i.e. achieve the reliability criterion).
Some possible inputs that the operators may provide are:
e Information related to the reliability of the system response model, or the probability of failure
of corrective actions;
e Based on real-time information they may include certain discarded contingencies to the non-
discarded contingency list;
e Changes to the initial system state in the model, to simulate preventive control actions;
e Modifications to the corrective control rules in the model to affect the outcome for either all
contingencies or specific contingencies. Therefore, control room operators may use the tool to
anticipate the benefit or consequence of possible actions they are considering.

If the outputs are highly sensitive to particular inputs, this will highlight aspects of the system that may
require further operator scrutiny in the short-term, and improved modelling and data collection in the
long-term.

The research leading to these results has received funding from the European Union
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34 First-step implementation for reliability management in short-term
operational planning

34.1 Short-term reliability assessment

During short-term operation planning, the following activities are coordinated to prepare the system for
real-time operations for a specific time horizon (for example, a whole day in day-ahead operational
planning): forecasting, determination of network capacities to send to the market, outage planning,
reserve management, voltage control, control of component loading and system protection [GARPUR,
2015]. Preparing the system for real-time operations means that the decisions taken during the short-
term operation planning must ensure that the real-time RMAC can be met. In essence, the problem
addressed in ST operational planning is to find a risk-based trade-off between actions that can be taken
now and actions that can be taken during real-time operation, while optimizing in expectation the overall
socio-economic impact of the combination of operation planning and real-time decisions [GARPUR,
2016c¢].

Short-term operation planning faces a larger level of uncertainty than real-time operations. This is
because, first, the number of uncertain parameters increases and, second, the uncertainty of each
uncertain parameter increases. In intraday and day-ahead operational planning, the uncertain
parameters are mainly the net power injections and weather-dependent parameters such as the failure
rates and thermal limits of components. Before the market is cleared, additional uncertain parameters
include the commitment decisions of power plants. The short-term reliability assessment process is fed
by scenarios, with associated probabilities, for these uncertain parameters. A scenario is a sequence of
realisations of these uncertain parameters for all time periods of the considered time horizon (such as 24
hours of the following day).

The reliability assessment process in short-term operational planning is concerned with:

- simulating what decisions would be taken in real-time operations by the real-time operator in
each hour of each scenario;

- assessing the socio-economic impact and reliability level resulting from these real-time decisions
in each hour of each scenario;

- aggregating the results of the real-time assessments over all scenarios to present meaningful
indicators to the operator that supervises the short-term reliability assessment.

Doing so therefore requires: