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ABSTRACT

Power system reliability is defined as the ability of a power system to perform its function of
maintaining supply without allowing network variables (e.g. voltage, component loading and
frequency) to stray too far from the standard ranges. Traditionally over many decades, reliability has
been assessed using deterministic criteria, e.g., ‘N-1" or “N-2” standards under prescribed severe system
demand levels. However, using the so-called worst-case deterministic approach does not provide
explicitly an assessment of the probability of failure of the component or system, and the likelihood of
the outages is treated equally. On the other hand, a probabilistic security assessment may offer
advantages by considering (i) a statistical description of the performance of the system together with
(i1) the application of historical fault statisticsthat provide ameasure of the probability of faultsleading
to component or system outages. The electrical transmission system, like other systems, is concerned
with reducing different risks and costs to within acceptable limits. Therefore, amore precise agorithm
of a probabilistic reliability assessment of electrical transmission systems offers an opportunity to
achieve such efficiency.

This research work introduces the concept of applying the Line Overloading Risk Index (LORI) to
assess one of the risksto transmission systems, namely, line overloading. Line failure or outage due to
line overloading is catastrophic; they may lead to either load interruptions or system blackout. Some
recent studies have focused on the assessment of the LORI; however, such research has been restricted
to the analysis of system with very few intermediate demand levels and an assumed constant line
thermal rating. Thisresearch work aimsto extend the eval uation of the LORI through acomprehensive
evaluation of transmission system performance under hour-by-hour system demand levels over a one-
year period, for intact systems, aswell as “N-1", “N-2". In addition, probable hourly line thermal ratings
have also been evaluated and considered over an annual cycle based on detailed meteorological data.
In order to accomplish a detailed analysis of the system reliability, engineering data and historical
line fault and maintenance data in real transmission systems were employed. The proposed
improved probabilistic reliability assessment method was evaluated using a software package,
namely, NEPLAN, thus making it possible to simulate different probable load flow cases instead
of assuming a single ‘worst case scenario’. An automated process function in NEPLAN was
developed using an extensive programming code in order to expedite the load flow modelling,
simulation and result reporting. The successful use of the automation process to create multiple
models and apply different contingencies, has made possible this probabilistic study which would
not have been possible using a ‘manual’ simulation process. When calculating the LORI, the
development of a Probabilistic Distribution Function (PDF) for line loading, line thermal rating
and system demand was essential and useful. The developed algorithm takes into consideration
the likelihood of events occurring in addition to severity, which offers opportunity for more
efficient planning and operation of transmission systems. Study cases performed on real electric
transmission systems in Dubai and the GB have demonstrated that the developed agorithm has
potential as auseful tool in system planning and operation.

The research presented in this thesis offers an improved algorithm of probabilistic reliability
assessment for transmission systems. The selected index, along with the devel oped algorithm, can be
used to rank the transmission lines based on the probabilistic line overloading risk. It provides valuable
information on the degree of line overloading vulnerability for different uncertainties.
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CHAPTER 1. INTRODUCTION

The growth of modern society has significantly increased dependency on the availability and
quality of electricity supply. Such rapid growth worldwide has resulted in many more extensive
and complex national power systems which are often interconnected. The reliability and security
of these important infrastructures ultimately depends on the level of redundancy or duplication so
that these systems are resilient to the loss of critical component parts such as lines, cables or
transformers. The level of reliability or security depends, therefore, on the level of investment and
abalance must be struck between the required or desired security level and its associated cost. An
evauation of the probability of failure of apower system would help decision makersto maximize
their beneficial results and minimize the associated planning and operational costs.

In this chapter, developments in national power systems are introduced, along with planning
requirements for transmission systems. The aim, scope and contribution of this research will be

presented.
1.1 Developments of national power systems

Modern power systems are complex networkswith many generating stations often located far from
load centres. These generating stations are interconnected using power transmission lines forming
a power transmission network or grid. The generated electric power may be required to be
transmitted over long distances to load centres through power transmission overhead lines and/or
underground lines. Furthermore, the basic function of an electric power system is to supply its
consumers with electrical energy as economically as possible and with a reasonable degree of
continuity and quality [1].

Electric power systems have traditionally been operated and designed vertically, meaning

generation, transmission, and distribution facilities are owned and/or operated by one or more

1



companies (Figure 1.1 a). With this structure, different power plants generate electrical power,
which is transmitted to the remote load centres through transmission overhead lines and/or
underground cables. This structure has existed for a long time and continues to exist in many
countries. However, due to environmental and economic reasons, power systemsin some countries
are evolving into horizontally-designed/operated power systems (Figure 1.1 b), where distribution
systems integrate both generation (e.g. renewable energy and / or distributed generation) and load.
In this structure, the power flow could be bidirectional between the transmission network and the
distribution network. Reverse power flows may occur when generation in the distribution system
ishigh and thelocal load islow, whilethe transmission network transmits power to the distribution

system when the local generation islow and the local load is high.

Generation Generation
Y 7

Transmission Transmission (<. —] Generation
{ U

Distnibution Distribution <:: Generation
i U

Customers Customers

(a) {b]
Figure 1.1: Structure of power system, (@) Traditional vertical power structure, (b) Horizontal power structure
The function of the transmission system is to transmit the energy generated by the generation
system without violating the quality of supply (e.g. voltage, current). The transmission power

system consists of a wide range of components that are necessary to execute its function, such as



overhead lines, underground cables, busbars, switchgears, transformers, shunt reactors, and
protection systems. Generally, the voltage levels of a transmission system range from 115 kV to
750 kV [2], and the selection of the voltage level is based on power transfer requirement and cost
[3]. Currently, power systems operate mainly as High Voltage Alternating Current (HVAC)
systems. However, High Voltage Direct Current (HVDC) links are being integrated into modern
transmission systems, due to advantages such as (i) the ability to interconnect AC systems of
different frequencies, (ii) distanceis not limited by stability considerations, (iii) no contribution to
short circuit current infeeds in the AC systems, and (iv) cheaper where there is need for a
submarine cable crossing [3].

To guarantee the reliability of the power system, several standards and criteria have been
established to facilitate efficient system planning and operation. The next section reviews existing

system planning methods for transmission systems.

1.2 Reliability evaluation for transmission systems and limitations of present

approaches

1.2.1 Importance of transmission system and failures

The transmission system is the key to any power system; its failure could cause aminor or amajor
events. Transmission components may be subject to failures from arange of causes of fires, severe
weather conditions (such as lightning and wind storms), component aging, lack of proper
maintenance, operational human error, protection mal-operations, and high operating network
variables (e.g. component loading and voltage).

As of 2009, the 400/275 kV transmission system owned and operated by GB Nationa Grid
consisted of 222 substations interconnected by 496 transmission lines and underground cables,

creating a very large interconnected network. About 200 faults occur on the transmission system



every year [4]. In contrast, the 400/132 kV transmission system owned and operated by Dubai
Electricity and Water Authority (DEWA) consists of 167 substations interconnected by 301
overhead lines and underground cables. According to DEWA fault records, an average of 12 line
faults occurs on their transmission system every year [5]. This difference in fault rates between
GB and DEWA could be attributed to the fact that GB system is spread over a wider area and
susceptible to more extreme weather than that in Dubal, newer infrastructure in Dubai, and
extensive maintenance in Dubai.

Thereisalow probability of component failures on the transmission system, in comparison with
that in the distribution system. In the GB, each customer was without apower supply for an average
of 86 minutes over a period of one year of 2000/2001; however only 1% of this unavailability was
attributed to the transmission system or generating plants[6].

When a transmission component (e.g. line, cable, or transformer) fails, the load flowing through
this component will be redirected through other components. Asaresult, thereisaloading increase
on remaining components that may exceed their capacity and result in overloading leading to a
cascading failure of components and blackout. Hence the failure of atransmission component may
have more wide spread and severe consequences, compared with failures on distribution systems.
1.2.2 Reliability assessment of transmission system

Consequently, transmission systems must be designed and operated to be secure against different
types of failures, in order to guarantee as much as possible a continuous and high quality power
supply to the consumer at low cost. Accordingly, there is interest in assessing the reliability of
transmission power systems. The main purpose of assessing the reliability of atransmission power
system is to estimate the ability of the system to perform its function of transmitting electrical

power provided by the generating stations to the distribution system without violating the system



operational constraints. The reliability of a transmission system depends on environmental
conditions in addition to the design, operation, and maintenance of the system and its restoration
capabilities. Reliability analysis quantifies the system reliability based on the reliability data of its
components. Such analysis can be utilized to assess past, present, and future performances of the
transmission system.

Reliability assessment can be divided into two fundamental categories. system adequacy and
system security. System adequacy is generaly considered to be the existence of sufficient
generation, transmission, and distribution facilities within the system to satisfy both consumer
demand and operational constraints [1]. Security, on the other hand, is concerned with the ability
of the system to respond to and withstand disturbances occurring within that system [1]. System
security analysis may additionally be categorized into two types. transient (or dynamic) stability
and steady-state (or static) security. Transient stability analysis evaluates system oscillations of
frequency, voltage, and angle, due to a fault, which may cause a loss of synchronism between
generators. Steady-state security analysis, on the other hand, determines whether, following an
outage or afault, certain components will be settling after an event into a safe level with respect
to voltage and current.

Traditionaly, most utilities base their investment and operation decisions by assessing the
reliability of the network based on the deterministic approach developed in the 1950s, e.g., ‘‘N-
1’ (i.e. any single equipment outage) or ‘N-2’ (any two equipment outages) under prescribed
severe system loading levels. With this technique, usually, arelatively small number of carefully
selected and pre-specified credible contingencies (e.g. sudden removal of a generator, loss of a
transmission line, or loss of system load) are selected for anaysis. In using this method, the

requirement is for the power system to remain stable and reach a new operating point without



loading or voltage violations following the contingency. Deterministic approaches are relatively
simpleand direct, and theresultsare easily interpreted by system planners and operators. However,
such a worst-case deterministic approach has a major limitation in that it does not provide
explicitly an assessment of actual system reliability asit considers only the consequences of pre-
specified contingencies and does not precisaly replicate the probabilistic (likelihood) nature of the
system behaviour and component failures. Consequently, there is the possibility of over planning
of the system [7]. The peak system demand condition, that the deterministic approach normally
selects, typically, may occur only for ashort periods of time during the year. Furthermore, different
contingencies of transmission components occur also for only short period of time during the year.
A comprehensive analysis should take into account aspects of viz. the probability and consequence
of different operating scenarios. In fact, a probabilistic approach can potentially lead to great
savings in investment cost without significantly increasing the risks[3].

A probabilistic reliability assessment may offer benefits by considering (i) a statistical description
of the performance of the system over an annual cycletogether with (ii) the application of historical
fault statistics that provide a measure of the probability of faults leading to system outages [7].
This probabilistic technique assesses system reliability through the evaluation of quantitative
reliability indices.

Although the probabilistic technique can offer the prediction of possible failure rates and reflect
more accurately the actual level of reliability and system performance, it remains afact that most
of the present planning, design, and operational criteria of utilities are based on deterministic
techniques. The main reasons cited for this situation are (i) lack of historical data, (ii) limited

computational resources, (iii) difficult to use the techniques, (iv) an aversion to using probabilistic



techniques, and (v) amisunderstanding of the importance and meaning of the probabilistic criteria
and risk indices [1].

1.2.3 Limitations of present reliability approacheson transmission system

Risk-based reliability assessment has been a topic for research over several decades in different
aspects of power system analysis (e.g. steady state, dynamic, adequacy, transfer capability,
expansion planning, and electricity market), considering a range of uncertainties in status of e.g.
line and generator, and many reliability indices. As will be elaborated later in Chapter 2, a
consi derable amount of research has focused on the assessment of the Line Overloading Risk Index
(LORI); however, such work restricted to a small number of system demand levels and single
thermal rating value. The uncertainties involved in the planning and operation of the transmission
system (viz. with respect to system demand, line failure, maintenance, and variablerating) arevita
to assess the reliability assessment. An improved agorithm needs to be developed to assess and
predict the behaviour of the transmission system through the evaluation of this LORI considering
the relevant uncertainties for whole year hourly cases and whole year thermal ratings. Application
of new developed tool in Dubai system could optimize the investment on infrastructure due to

rapid load growth, while in GB could be useful to optimize the generation unit commitments.
1.3 Aim and scope of research

Line Overloading Risk Index (LORI) is one of the important indices used to assess transmission
system performance, through analysis of probability and severity of line overloading. Thisresearch
aims to extend the analysis of the LORI of transmission systems through an extensive reliability
evaluation of the transmission system performance under hour-by-hour system demand levels for
aone-year period, for intact systems, maintenance outage, line contingencies and thermal rating.

As the consequences of line overloading depend on the frequency, duration, and magnitude of



occurrence of line loading, it is important to take into account the system demand variation over
the study period, in addition to examining the effect of different contingencies. In addition, the
hourly line therma rating has aso been evaluated over an annual cycle based on detailed
meteorological data.

The scope of this work is limited to steady-state reliability assessment for transmission systems.
This could be used both offline, to direct the power system planner, and online, to guide the power
system operator in assessing the corrective actions required to prevent overloading.

1.4 Contribution of present work

During the course of the research programme, the following contributions were achieved:

» Development of an advanced probabilistic procedure for the reliability assessment of a
transmission system, thus opening a path for including the risk of line overloading based
on uncertainties of the system demand, line failure, maintenance outages, and variable
thermal rating.

* Hourly calculation and study of thermal ratingsfor the transmission linefor aperiod of one
year, based on actual weather conditions and engineering parameters of real power
systems.

* Development of sets of Probabilistic Distribution Function (PDF) for system demand, line
thermal ratings and resultant line loading.

o Evauation of Line Overloading Risk Index (LORI) for real systems, namely, the Dubal
and GB transmission systems.

* Development of a C++ based programming code to automate modelling and muilti-
contingency analysis (i.e. adjust system demands, implement required unit commitment

based on ranking order, apply single/double circuit outages, and report required line



loading in Amps), thus efficiently and accurately evaluating the risk of the transmission

lines overloading.
1.5 Thesisoutline

This thesis is organized into seven chapters. Chapter 1 introduces the developments of national
power systems, in addition to the planning and operational requirements for transmission systems
and the limitations of the present approaches. It also outlines the objectives, scope, and
contributions of the thesis. Chapter 2 reviews, describes and compares literature on probabilistic
reliability assessment of power systems, and the different technique and types of case used in such
analysis. A detailed literature review was also carried out at specifically Line Overloading Risk
Index (LORI), and it has been established that indices like the LORI are more appropriate to
transmission system, as they provide a better and more redlistic indication of the transmission
system reliability. It was also found that despite its importance, the LORI has not been studied
comprehensively, and the limitations of the published research works are that they use a limited
number of study cases and single line thermal rating. Chapter 3 describes the deterministic
approach to security assessment and its application to the Dubal transmission system. A new
improved probabilistic approach to reliability assessment, in order to calculate LORI, isintroduced
and described in Chapter 4, considering system demand, multiple load flow simulations, line
therma rating, and reliability data. This improved algorithm was applied to two practica
transmission systems (i) the Dubai (Chapter 5) and (ii) the GB (Chapter 6). Finally, Chapter 7
contains conclusions to the research work described in the thesis and presents promising future

works.



CHAPTER 2. PROBABILISTIC RELIABILITY ASSESSMENT: A

REVIEW

2.1 Introduction

Ensuring power system reliability has become one of the main challengesin the modern electricity
industry. Thus, various approaches towards reliability evaluation and quantification have been
developed.

The first section of this chapter reviews reliability in general and then specifically with regard to
the power system, including different definitions offered for the term “reliability”. Then, the focus
is turned to review the fundamental techniques used for reliability analysis in power systems, in
particular the deterministic reliability technique, which is widely used in the utilities for system
planning and operation. This is followed by a critical review of the probabilistic reliability
technique. Uncertainties, reliability indices, software tools used, and test systems are described.
Later, a wide variety of applications of reliability analysis are discussed. After that, different
studies that have been conducted on the Line Overloading Risk Index (LORI) are reviewed.
Finally, the chapter is concluded with a brief discussion that identifies the main limitations of the
current approaches and provides justification for this research work.

2.2 Reliability assessment in power system

The development of reliability engineering in industry is coupled with various industries such as
(i) the aerospace industry, (ii) military, (iii) the nuclear industry, (iv) electricity supply, and (v)
continuous process plants, such as steel plants and chemical plants. A number of these industries
have experienced severe catastrophic failures, e.g., aerospace (Challenger space shuttle in 1986

and many commercia aircraft accidents), nuclear (Chernobyl in 1986), and electricity supply
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(New York blackout in 1977) [8]. These failures have caused significant social and environmental
consequences that have increased the need to assess reliability more thoroughly.

A widely used definition for ‘reliability’ is ‘the probability of a component and system performing
its purpose adequately and securely for the length of time intended under the operating conditions
encountered’ [8]. It is important to differentiate between hazard and risk i.e. a hazard is an event
that can be classified in terms of its severity but does not take account of its likelihood, while risk
considers not only the hazardous event but also the likelihood of it occurring [8].

In power systems, as system demand increases, so the required or standard levels of redundancy
increase [3], thusimproving the system reliability. A common method of improving the reliability
performance of a system is through component redundancy [8]. In practice, a power system
consists of a network of components that are connected together either in a radia or meshed
formation or combination of the two. Power systems are normally supplied by at least two or more
normally-closed circuits connected in paralel (redundant) (Figure 2.1 b) or by one circuit (radial)
with or without supervisory or automatic switching provision of alternative circuits which are
switched into operating mode when a normally operating component fails (Figure 2.1 a) [3, 8]. A
transmission network is designed to be fully redundant, which is effective, but is usually quite
expensive. Increasing the number of components connected in radial formation decreases system
reliability whilst increasing the number of components connected in meshed network increases
system reliability [8]. Failure in radial system will result if any component fails, however, failure

any component in meshed system will not cause system failure, hence more reliable.
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Figure 2.1: Radial and meshed networks

2.3 Reliability assessment techniques used in transmission power system

Two main techniques were found to be widely used for assessing the reliability of electric power
systems, namely, the deterministic and probabilistic techniques, each with its own advantages and
disadvantages. As early as 1905, improvements in the reliability of power systems were achieved
by enhancing service rdliability through the duplication of electrical apparatus [9]. The
probabilistic assessment of power system reliability was found to be discussed as early as 1963
[10], in which the probabilistic method was used to evaluate the reliability and reserve benefitsfor
interconnecting two power systems.

The deterministic technique evaluates whether the system can withstand the loss of any major
single or multiple component, with consideration of an anticipated set of worst case system
condition (e.g. at system peak demand, the probability of which may be small). In order to ensure
that a single contingency ‘N-1’, double contingencies ‘N-2’, and/or even higher order ‘N-x’

contingencies do not result in problems in the transmission network, contingency analyses may be
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run to study all credible “what-if” cases and check for consequences. Conducting an ‘N-x’
contingency analysis is challenging due to the huge number of contingency combinations which
require extremely large amount of computational time. While the deterministic approach has
traditionally provided an acceptable reliability level in the planning and operation for transmission
power systems, one main weakness is the absence of any assessment of the likelihood of failure
[1, 7]. Probabilities of important uncertainties, such as system demand, generator outputs,
maintenance outages, and component failures, are ignored in the deterministic approach, thus,
leading to over estimation of system planning reinforcement and operational requirements, and a
corresponding excessive system security. If acomponent fails very rarely, for instance, but causes
system loading to reach near or above maximum capacity, then according to the deterministic
approach, its probability is ignored and severity is considered, which may result in costly
operational measures or reinforcement in afuture design.

The probabilistic method for security assessment aim to overcome disadvantages of simple
deterministic method by consideration of probabilistic nature of component failures. This
probabilistic approach represents inputs and outputs of power system through Probabilistic Density
Function (PDF), thus considering the random nature of component failures and evaluating different
operating conditions (e.g. thermal overloading). Considering probabilistic nature of power system
and component results in a deeper insight into system performance, since likelihood and severity
of limit violation are two main aspects to evaluate the security level. The probabilistic reliability
assessment process in a power system consists of quantifying the possible limit violation (i.e.
severity of the consequences) and the probability (or likelihood) of occurrence[1]. Power systems,
like any other type of system, are vulnerable to various types of component failures and they are

affected by environmental or operational uncertainties e.g. fire, tower collapse, extreme weather,
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etc.. The main advantage of the probabilistic approach is the ability to quantify the environmental
and operational uncertainties affecting the components and systems as awhole [7].

Accordingly, deterministic approach assess the power system and the results are based on the
severity evaluation, while the result of probabilistic approach is based on both the severity and
likelihood of component failure. In this research work, the results were benchmarked against the
deterministic approach

Over the past 20 years, there has been growing recognition of the importance of the probabilistic
aspect of different uncertainties[12-27]. These studies have been carried out using the probabilistic
approach for security assessment of transmission systems, different techniques have been applied
and risk indices derived.

Previous studies have investigated the influence of uncertainties on a practical and test power
system for the evaluation of reliability. In such evaluations, the uncertainties were quantified using
time varying system demands[12-18], generator outages[15, 19], linefailure[18-27], and ambient
temperature [25].

Once the uncertainties of interest have been selected and their probabilities have been found, they
can be used to evaluate the probability of different power system states. The most widely used
methods for assigning probability to different system states are (i) the analytica method
(sometimes called ‘enumeration’ method) and (ii) the Monte-Carlo simulation (MCS). The
analytical method calculates risk indices through defining and analysis of probabilities of all possible
system states, while the MCS method estimates the reliability indices by ssmulating the actual
process and random behaviour of the system according to their probability distributions [8].

According to literature, most studies have focused on the MCS method [28-46], and only a few
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have used the analytical approach [22]. This is could be attributed to the size of the study cases
and computational burden.

Dueto the complexity of required computationsfor reliability evaluation, many software packages
have been used for system modelling and for the calculation of various risk indices. Examples
include MATLAB [12, 30, 32, 47, 48], NEPLAN [22, 49, 50], Power System Analysis Toolbox
(PSAT) [51], DIgSILENT [24], PROCOSE [52], Physical and Operational Margins (POM) [53],
PRA [53], and ‘NH2’ [51].

Previous work has proposed a number of reliability indices, which are calculated using the
probability of the states and the resultant severity. Examples include (i) voltage performance [19,
20, 27, 53, 55-58] that express voltage limit violations, voltage collapse, and voltage instability;
(i) line overloading [18-20, 22, 27, 38, 45, 49, 51, 53, 57-61], which are demonstrated through
e.g. thermal overload and security margin; (iii) load curtailment [16, 17, 23, 24, 26, 27, 42-44, 53,
54, 60, 62-68], which is calculated as duration, frequency, and probability of power (or load) and
energy curtailment (or interruption or shedding or loss); (iv) cost [16, 18, 24, 52, 70-78], which is
evaluated as interruption cost, remedial action cost, benefit cost ratio, investment cost, operating
cost, and social cost; and (v) combined severity indices [19], which comprises both the overload
and voltage severity indices.

In terms of the types of systems studied, arange of simplified test and real systems were used for

the probabilistic reliability analysis of transmission systems, as can be seen in Table 2.1.
2.4 Applications of probabilistic assessment in transmission systems

Reliability assessment of transmission systems is the key in decision making regarding the new
investment, maintenance, design, and operation of a system. Studies have been carried out into the

probabilistic-based reliability assessment and have been applied in different particular areas of a
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Table 2.1: Study case systems used in probabilistic approach studiesin transmission system

No. of System Type of
Study Case Name b : demand Study Features yp
uses (MW) System
5-bus reliability test system [58] 5 230 System power loss Test
{5554]6 -bus reliability test system 6 185 Frequency and duration of load and energy interruption Test
IEEE 9-bus reliability test system Not . - . Test
[79] 9 mentioned Line flow probability evaluation
IEEE 14-bus reliability test System Not . S L Test
[12, 25, 37] 14 mentioned (i) Transfer Capability, (ii) Thermal limit violations,
22-bus reliability test system [38] 22 11,525 Lineflow Test
(i) Frequency, duration and cost of load and energy interruption | Test
IEEE 24-bus reliability test system (ii) Severity index for voltage violation, overload, load loss, and
[16, 18, 20, 23, 27, 28, 35, 36, 40, 24 2850 frequency deviation
44-47, 52, 63, 67, 80, 81] (iii) Transfer Capability
(iv) Market bid energy cost
Not )
. (i) Loss of load
|EEE 30-bus power system [26, 30] 30 asc;:éjcrl?ftégl (ii) Transfer Capability Test
IEEE 96-bus reliability test system (i) Overload and voltage severity indices
(58, 87] 9% 8550 | (i) Transfer Capability Test
(i) Line flow probability,
IEEE 118-bus reliability test system Not clearl (i) Overload, voltage and composed severity indices
[19, 31, 34, 41, 48, 59, 61, 79, 83, 118 ocifi edy (iii) Transfer Capability Test
84] » (iv) Cascading Blackout
(v) Probabilistic load flow
Not . .
|EEE 145-bus test system [21] 145 mentioned Contingency Analysis Test
WSCC 9-bus system [33] 9 315 Transfer Capability Rea
Western Electricity Coordinating Not -
Council (WECC) system [32] 179 mentioned Transfer Capability Redl
%]eat Britain (GB) (Figure 2.9) [22, 32 25850 | Security Margin Real
; Not -
Romanian Power System [47] 145 mentioned Transfer Capability Real
. Not -
Taiwan Power Company [85] 122 mentioned Transfer Capability Real
. . Not Not -
Italian power grid [86] mentioned mentioned Transfer Capability Real
Brazilian South/ Southeast/ Central .
West system (BSSW) [87] 1629 31,920 Transfer Capability Real
Northern Region Electricity Board, Not Not . .
India (NREB) system [20] mentioned mentioned Contingency Analysis Redl
Not . .
New England test system [21, 39] 39 mentioned Contingency Analysis Real
New York power system [39] Not Not Blackout hazard Real
P sy mentioned mentioned
Khorasan Regional Electric 125 )
Company (KREC) [41] substations 3000 Cascading Blackout Real
Electricite du Laos (EDL) [24] 38 merll\tliootn ed Fregquency, duration and cost of load and energy interruption Real
Egyptian Transmission Company Not ) . )
[65] mentioned 17,300 Frequency, duration and cost of load and energy interruption Real
Not A
Korea power system [53] 1668 mentioned Overload, Voltage and load lossindices Real
Not . .
Part of Korea system [66] 21 mentioned Load interruption Real
Brazilian Southern/Southeastern
660 27,895 Loss of load Real
(SSE) system [54] _
Saskatchewan Power - Corporation 41 1802.90 Frequency, duration and cost of load and energy interruption Real

(SPC) system [67]
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transmission power system, in order to evaluate the cascading failure, blackout, transfer
capability, load flow, contingency analysis, line thermal rating and others, as will be explained in
this section. In many of these applications, the probabilistic technique has become essential to the
decision making, especially because of the benefit it provides in assessing the reliability with
sufficient accuracy.

2.4.1 Evaluation of the cascading outages and blackout

Transmission power systems could suffer intervallic disturbances that may activate cascades of
component failures, which, in turn, can result in blackouts of different scales. A cascading failure
is a single or sequence of events which causes a sequence of component outages and leads to
massive disruptions to the electricity service [79]. Some of the uncertainties which have been
considered in probabilistic investigations into cascading failures include effects of the different
sources of failures (e.g. cascading overloads, failures of protection devices, and voltage collapse)
[40], long-term effects of reliability policies (e.g. standard ‘N-1" criterion) and system demand
growth [61]. Many methods and models have been developed to study cascading failures
probabilistically, for instance, using (i) the branching process [83, 84, 88-91], which uses high
level probabilistic models to describe complicated cascade failures, starting from some initial
distribution of failures that then propagate in stages, (ii) Monte Carlo Simulation (MCS) [39, 41],
(iii) Metropolisagorithm [92] in order to easily specify auniform search distribution in rare event
simulation, and (iv) Exponentially Accelerated Cascading (EAC) model [93], which is used to
evaluate the probability of high-order cascading contingencies.

2.4.2 Evaluation of the Transfer Capability

The Transfer Capability (TC) of atransmission system indicates the maximum real power that can

be exchanged between different areas [28]. Many studies have calculated the TC using the
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probabilistic method to consider different uncertainties. For instance, [12, 31, 32, 36, 37, 81]

calculated TC based on the M CS method to consider the impact of uncertainties of system demand,

while[31, 33] incorporated security constraintsin their TC studies. The characteristics of TC were
obtained through its probability distribution function in [34, 85]. TC analysis using the
probabilistic method gradually came to have awide application inindustry. It was used to quantify
the importance of each component [49], ranking outage events [50], congestion management [47,

86], and wind farm management [28].

2.4.3 Load flow algorithms

Most uncertainties in the application of the probabilistic method on the load flow algorithm are
found to be stochastic generation output [21, 94], generation unit outages [59, 95, 96], wind
generation output [95], fluctuation of loads[59, 94, 95], branch outages [59, 97-99], and node data
[100]. Different techniques of applying the probabilistic approach to load flow equations were (i)
Gaussian mixture models[101] to represent non-Gaussian correlated input variables, such aswind
power output or aggregated load demands; (i) method of moments[79, 102] in which power flow
equations are solved in the moments domain (without knowledge of the specific PDF of the input
variables beforehand but using only the expected value and standard deviation of input variables),
for simple, high speed and accurate calculation; (iii) the cumulant method [103] to obtain the
cumulants of the input random variable that has complex distribution function, considering the
correlation between input random variables; (iv) convolution [104-106], for getting a probabilistic
load flow solution dealing with the linear correlation between input random variables; (v) point
estimation [107] to estimate the uncertainties of bus injections and line parameters, through
probability distribution fitting; (vi) Monte Carlo Simulation (MCS) [108-111], and (vii)

dependence between input nodal powers[112, 113].
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2.4.4 Calculation of thelinethermal rating

When applying the conventional deterministic approach to determine the line thermal rating,
‘worst-case’ weather conditions are assumed. However, weather conditions vary frequently in
certain periods and areas; thus, this conventional method may under-estimate the thermal line
rating. In the probabilistic approach, actual detailed data of prevailing weather conditions are used
to determine the line therma rating. Calculation of the line thermal rating was estimated

probabilistically considering historical environmental conditions at a certain time [114-120].
2.5 Evaluation of Line Overloading Risk Index (LORI)

A system reliability evaluation normally begins with the calculation of the failure rate of a
component followed by an analysis of the severity effect of failure. From this, the calculation of
reliability indices follows. Distribution utilities commonly use indices associated with load
interruption includes e.g. System Average Interruption Duration Index (SAIDI), System Average
Interruption Frequency Index (SAIFI), and the Customer Average Interruption Duration Index
(CAIDI). Such indices attempt to capture the impact of interruptions on customers and loads for
distribution system. Often, these indices are incorporated in software tools, eg. NEPLAN.
However, these indices are not so useful for transmission system reliability since the load
interruption due to failure of componentsisvery rare in the comparison with distribution system.
It has been recognized that indices required to assess transmission system performance should be
pivoted towards other aspects, rather than the impacts on load interruption. The acceptable service
guality of atransmission system could betied to severa parameters, e.g., voltage level, component
loading, and so on. Accordingly, it has been established that indices like the Line Overloading
Risk Index (LORI) are more appropriate, as they provide a better and more realistic indication of

the transmission system reliability.
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Many similar terminol ogies have been used for LORI, such as security margin[22, 49, 50], transfer
capability [12, 31-37, 80-82, 85, 86], thermal overloading risk [18], overloading severity [20, 58],
power severity index [19], thermal limit violation [25, 27], line overload risk [45, 51], and overload
reliability index [53]. Theterminology used in this research is ‘Line Overloading Reliability Index’
(LORI) sinceit isrelated to one of the main objectives in atransmission system, i.e., maintaining
line loading within prescribed limits.

Although considerabl e researches have been devoted to evaluate the LORI, they have been limited
to consideration of only one or two uncertainties in the transmission system, such as ‘N-1’
component outage [12, 19, 21, 22, 25, 31, 32, 37, 51, 58, 81, 86], up to “‘N-2’ component outage
[18, 27, 34, 50, 53, 80], multiple component outage [45, 49], up to four system demand levels[12,
22, 31, 35-37, 45, 50], annual system demand [18], system demand forecast error [12], weather
[18, 25], generator output [31, 37, 86], and power transactions in electricity market [85]. Indeed,
little or no attention has been paid to the combined uncertainties of system demand, line
outages/maintenance, and variable thermal rating for whole year in hourly basis.

The main methods used in selecting study states, which are of great use in evaluating the LORI,
are the enumeration method [22, 27, 50, 80, 81] and the MCS method [12, 21, 25, 34-37, 45]. The
MCS method, on the other hand, generates some states based on a provided PDF, but does not
generate al states. The approach followed in this research involves studying all possible cases
systematically by assigning a probability. Using this technique, as will be shown later, makes it
possible to study all states, instead of selecting and studying the states randomly (asisthe casein
MCS).

Aspreviously shown in Table 2.1, the LORI was evaluated using arange of test and real systems.

This research has focused on two real transmission systems, namely, those of Dubai and the GB,
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to apply a new algorithm for calculating the LORI. These real systems, rather than test systems,
were selected for the following reasons:

i) The Dubai and GB power systems provide good examples of a small and large
transmission system respectively and provide useful contrast in load and temperature
characteristic.

(i) Detailed system data was available for both systems.

(i)  Theadoption of real systemsallowsarealistic local meteorological datafor calculation
of thermal ratings.

(iv)  In GB, introduction of renewables can lead to more heavily overloading and there are
difficulties of building new lines. In Dubai, repaid expansion is seen. Hence different
circumstances are studied.

As described in Section 2.3, severa tools have been previously used in studies to calculate the
LORI. In thisthesis NEPLAN was chosen as the software platform which has the facility to carry
out power flow calculation and incorporates a programming facility based on C** to enhance
detailed control of computations and import and export data handlings.

2.6 Conclusions

This chapter has set out the challenge for evaluating the reliability of industrial systems as ameans
of preventing sectional or even catastrophic failures as much as possible within economic
constraints. The application of reliability assessment techniques to transmission systems has been
reviewed and it was found that numerous investigations have been carried out on arange of ‘test’
and real system models using enumeration, Monte Carlo techniques, and many different softwares
have been used in such studies. Application of the probabilistic technique was used in assessment

of blackout, power transfer capability and voltage assessment under contingencies. It was found
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that the results of deterministic approach that is based solely on the severity evaluation, was not
compared with the probabilistic approach which is based on both the severity and likelihood of
component failure. It will be shown in the subsequent chapters that the proposed method could be
superior to deterministic approach due to consideration of both severity and likelihood that may
result in the most efficient operation and design of the transmission system. Specifically, for
transmission systems, work has been carried out in the evaluation of the Line Overloading Risk
Index (LORI). In the various approaches of reliability assessment for the transmission systems
studied in this review, it was found that despite its importance, the LORI has not been studied
extensively, and the limitations of the published works appear to be that they utilize only alimited
number of system demands and one line thermal rating. It has been found that there is a need for
further research into a comprehensive evaluation of the LORI taking into account combined

uncertainties of system demand, line failures and line thermal ratings.
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CHAPTER 3. DETERMINISTIC APPROACH TO SECURITY
ASSESSMENT AND ITSAPPLICATION TO THE DUBAI

TRANSMISSION SYSTEM

3.1 Introduction

The deterministic approach is widely used by many utility companies for planning and operation
purposes. The main purpose of this method is based on maintaining adequate and secure services
under most probable outages without considering the probability of different uncertainties. The
deterministic approach is used for the purpose of identifying operational and design limits. Under
the deterministic method, an operating condition is identified as secure if it can withstand the
effects of apre-specified contingency, i.e., not to violate loading, voltage, or stability.

This chapter presents a detailed description of the deterministic reliability assessment procedure
and reports the results of a preliminary deterministic security assessment on the Dubai Electricity
and Water Authority (DEWA) transmission network. This will allow later a comparison to be
made with the results of the probabilistic assessment of the same network, as described in Chapter

5.
3.2 Deterministic reliability assessment

The main purpose of atransmission system security assessment is to study the reinforcement and
operational requirements of the existing system (which includes substations, circuits, generations,
etc.) excluding the distribution system, for a specific horizon time duration. The deterministic
approach iswidely used by utilities worldwide to ensure adequate and secure operation under most
probable outages (i.e. without considering the likelihood of occurrence of different uncertainties).

Many standards were established to properly shape the deterministic study. Different AC and DC
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load flow calculation techniques were also developed to calculate the required power system
parameters. Consequently, many software packages were al so devel oped to ease and expedite such
load flow calculations.

This section describes in detail the deterministic procedure and reviews relevant standards, along
with techniques and software.

3.2.1 General procedurefor the deter ministic approach study [11]

The first step in conducting a deterministic security assessment is selecting appropriate network
configurations (i.e. network topology and unit commitment), power system operating conditions,
outage events, and performance evaluation criteria. Sometimes, thereis alarge number of possible
network configurations and contingencies and a wide range of operating conditions; thus, an
exhaustive study of all combinations of configurations, contingencies and operating conditionsis
generally not considered reasonable. Therefore, the deterministic approach should provide useful
results while limiting the amount of computation required.

This technique depends on applying two criteriafor selecting study cases: (i) credibility, in which
the network configuration, system operating conditions, and outage event are reasonably likely to
arise; and (ii) severity, that is, the extent to which the study parameters are violated. The network
configuration, system operating condition, and outage events must be the most severe state, i.e.,
there should be no other credible combination that results in a more severe state. Sometimes,
sensitivity studies are also performed in order to select (i) credible network configurations, (ii)
credible operating conditions, and (iii) credible outage event.

Application of the deterministic technique consists of the following simple steps (Figure 3.1):
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1. The development of a base case that reflects (i) the study time period (year, month, week, and
day) and (ii) the loading conditions (peak, intermediate peak, and off peak). Accordingly, the
generators and component are arranged.

2. Selection of the study parameters and identification of their accepted ranges of operating
conditions.

3. Selection of the credible contingency events whereby reliability performance could be affected
by the violation of the studied parameters.

4. ldentification of the event/s and system operating condition/s that result in reliability

performance violations and recommend remedial actions. If there are no violations, the system is

\

considered to be secure and reliable.

Develop base case

y
Select Study Parameter

\
Choose Contingency events

Study effects of the contingency events

End

Figure 3.1: General deterministic approach of
security assessment

Based on the deterministic approach, the successful operation and design of an electrical power

system should fulfil the following general conditions [121]:
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1) Generation must supply the demand plus the losses.

2) Busvoltage magnitudes must remain close to the rated values.

3) Generators must operate within specified rea and reactive power limits.

4) Transmission lines and transformers should not be overloaded beyond their rated values

for short or long periods.

The present and commonly applied deterministic approach, developed in the 1950s [ 3], however,
does not sufficiently reflect the levels of risk that network users actually face. Thisis due to the
following reasons: (i) it does not explicitly provide an assessment of the probability of failure (i.e.
the likelihood of the outages is treated equally) as it considers only the consequences of pre-
specified contingencies, (ii) it is difficult to account for continual changes in system performance
and the adoption of suitable cases depends heavily on the engineer experience and perception (iii)
the binary approach to risk (i.e. stateis considered to be at no risk if the occurrence of outage does
not violate pre-specified limits, while the system is considered to be at an unacceptable level of
risk if the occurrence of outages cause violations of the limits) isfundamentally problematic asthe
system is sometimes highly exposed to the risk of system failure even if no outage leads to
violations of limits, (iv) the current deterministic approach may significantly over estimate
reliability risks (leading to an over secure network operation/design), and thus system operation
and design with uneconomical costs, and (vi) this method does not deal suitably with renewable
generation (e.g. wind, solar, etc.) which have many intermittent uncertainties[7, 11, 77].
Most transmission planning and operation practices, however, are still in accordance with the
traditional deterministic approach for transmission network reinforcement and operation.

Networks that are designed and operated based on these deterministic standards have delivered
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secure and reliable supplies. However, the degree of this security and reliability can vary widely
depending on the contingency states.

3.2.2 Security standar ds adopted for transmission systems design / operation

One of the main objectives of a security standard is to be used as a guideline by system operators
and planners. The transmission security standard considers variations in the power flow acrossthe
transmission network caused by variations in demand and generation in particular areas or zones,
due to e.g. weather, generation unavailability, etc. Examples of system conditions that may cause
adeparture from the normal state are capacity deficiencies, energy deficiencies, oss of generation
or transmission facilities, transmission facility overloads and voltage violation, and abnormal
power system frequency. The transmission network must be capable of transmitting the planned
power, i.e., there must be a balance between the system demand and the generation for the zone or
area being considered, plus any difference due to any unplanned conditions that may arise. The
latter is sometimes referred to as the “interconnection requirement’ [3], which was found to be
used in GB system planning.

The transmission power system must be operated and designed with sufficient transmission
capability prior to any fault such that there shall not be any of the following: (i) equipment loadings
exceeding the pre-fault rating, (ii) voltages outside the pre-fault voltage limits, or (iii) system
instability [121]. The transmission power system should also be planned and operated with
sufficient transmission capability to withstand the loss of any pre-specified contingencies of any
of the following: (i) single transmission circuit, (ii) single generation circuit, (iii) double circuit
overhead line, (iv) section of busbar, and (v) loss of power infeed. In general, regarding the

application of these criteria, the contingencies should not result in any parameter violations, the
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loss of a maor portion of the system, or the unintentional separation of a major portion of the
system.

Various standards and criteria could be applied in an analysis related to demand estimates,
generating plant requirements, transmission and substation requirements, and other system
developments. Based on these standards, planners and operators can set out alternative designs and
make decisions. For example, the GB followsthe Security and Quality of Supply Standard (SQSS)
[77, 121], while the Dubai utility follow the North American Electric Reliability Corporation
(NERC) standard [5].

It is essential to consider possible outages of transmission components that would reduce the
capability of the network to transmit the required planned power. In the deterministic approach for
the transmission system of alower voltage level (e.g. 132 kV and below), the ‘N-1" rule, where
events are limited only to those involving the loss of one main component (mainly a line, a
transformer, or a generator), is often used [3, 5, 121]. Sometimes, the ‘N-2’ rule is used at the
higher voltage level (e.g. 400 kV and above); this rule considers the simultaneous failure of two
lines. These “N-1" and ‘N-2’ contingencies should not cause a supply interruption to consumers or
any criteria violation [3, 5, 121]. DEWA currently uses an “‘N-2’ deterministic security criteria
assessment for the 400 kV network and an ‘N-1’ criteriafor the 132 kV network, for planning and
operational purposes. Whilein GB, ‘N-2’ criteriais adopted at 400 kV, while ‘N-1’ is used for the
275kV system.

3.2.3 Load flow calculation techniques [122]

The load flow is the essential calculation tool for studying the power system performance for the

design and operation of a power system.

28



In the load flow, there are four potential independent variables associated with each bus: voltage
magnitude (V), voltage angle (), active power (P), and reactive power (Q); and three types of
buses are defined: load buses (or PQ buses), generation buses (or PV buses), and a slack bus (or
swing or reference bus). The solution to the power flow study determines the magnitude and phase-
angle of the voltage at each bus, and the active and reactive power flowing in each component, for
a given set of operating conditions, and network topology. Two of the variables associated with
each bus must be specified (i.e. given known values), while other two variables are free to vary
(unknown values) during the solution process.

A power system is physically complicated, and power flow problems cannot be solved linearly,
but instead must be solved by numerical iterations. There are four methods that commonly used to
carry out the iterative process. the Gauss-Seidel method, the Newton-Raphson method, the Fast
Decoupled method, and the DC method. The Gauss-Seidel method is an early formulation of the
load flow problem and is usually slower than other methods. The Newton-Raphson method is a
more powerful technique that incorporates first-derivative information based on Taylor's series
expansion and the Jacobian matrix when computing voltage updates. Normally, with this method
only three to five iterations are required to solve the load flow problem, regardless of the system
size. The Fast Decoupled method is an efficient approximation based on the Newton Raphson
method. Inthe DC load flow, alinear approximation (i.e. phase angles, voltages and reactive power
are not considered) is implemented for situations where many estimates of load flow are needed
in a short time. The DC power flow is approximately 10-100 times faster than the conventional
load flow, but may have associated errors [123], and it is frequently used for solution to carry out

multiple contingency studies.
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In thisthesis, the DC load flow calculation is selected due its speed and because the emphasis here
ison the calculation of line power loading and on the performance of the system.

3.2.4 Commercial softwar e packages

NEPLAN is a program used for flow calculation on electrical, gas, and water networks. The
electrical model of the software provides a power system analysis tool for planning, optimisation,
and simulation for transmission, distribution, and industrial networks. It was developed by BCP
Busarello + Cott + Partner Inc. in cooperation with ABB Utilities and the Swiss Federal Institute
of Technology. It is used by more than 750 companies worldwide, including the European
Organisation for Nuclear Research (CERN) and other major European electricity utilities. [123,
124).

The NEPLAN has been adopted in the thesis work. 1t has NEPLAN Programming Library (NPL)
that containsaset of C++ functionswhich allowsto (i) access project files, (ii) executeany anaysis
function (e.g. load flow analysis) (iii) modify any variable of al element types (e.g. length of a
line and component outages), (iv) add and remove elements from the network, and (v) access the
results; through a user written C++ program. With this set of library functions, it is possible to
manipulate NEPLAN projects through anormal C++ program with the Microsoft compiler Visual
NET 2005. [123]. In addition, the GB transmission model was already available at Cardiff
University in NEPLAN format, while a model of DEWA transmission system was able to be

migrated from ‘PSS/E’ format to NEPLAN format relatively easily.
3.3 Description of Dubai transmission system [5]

DEWA transmission network was selected as a case study for a security assessment investigation

using the deterministic approach. This transmission system was built, owned, and operated by the
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Dubai government. It transmits the necessary power for Dubai city in the United Arab Emirates
(UAE), which in 2011, served a population of more than 1.9 million. The power demand in Dubai
has been developing at a rapid rate since the setup of the utility in 1959. To cope with this huge
demand growth, the power system infrastructure has also augmented greatly. Initially, the system
voltages were at 6.6 kV; then, in 1969, a higher voltage of 33 kV was introduced, which remained
as the primary transmission voltage until 1977 when a 132 kV system was introduced. Then, in
1993, atransmission network comprising 400 kV lines and substations was established.

A simplified 400 kV schematic diagram, together with the corresponding detailed model in
NEPLAN of the DEWA transmission system for 2011 are shown in Figure 3.2(a) and Figure
3.3(a), respectively. It should be noted that the network is undergoing a programme of rapid
expansion and reinforcement over the period of research work and that the current network shown
in thisthesis represents one configuration approximating to a December 2011 timeline. It has been
assumed that the 400 kV network for the year 2011 is sufficient to deliver forecasted system
demand for up to the year 2015. For purpose of this research, it was also necessary to create
conditions that resulted in line overloadings. Hence, a modified model was aso adopted to 2021
so that system demand was increased up to a forecast load, thus producing a ‘stressed’ system. For
the year 2021 to cope with forecasted system demand, it was required to include new generation,
called as (Q), together with two proposed 400 kV substations (i.e. R and S) and line modifications,

shown in Figure 3.2(b) and Figure 3.3(b).
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Figure 3.2: Dubai 400 kV transmission system
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The generators are located in two main areas. (i) along the coast at the Jebel Ali Power Plant
(A, B, Cand D) and (ii) inland at Awir (E and F). Generators are located not only at 400 kV
stations, but also at 132 kV and 33 kV stations. The generating sources include both gas and
steam turbines. DEWA uses both combined cycle and open cycle generation arrangements.
Thefud sourceisprimarily natural gaswith heavy oil asaback-up fud. All existing generating
units have adual fuel firing capability (i.e. power plants are designed to operate on natural gas
asthe primary fuel and diesel oil as the secondary or standby fuel). However, DEWA recently
considered the option of future coal-based power plant and renewable solar park. DUSUP, the
authority responsible for the supply of fuel gas in Dubai, arranges gas supplies from various
sources. The maximum generation capacity as of December 2011 was 9,172MW (summer) and
10,717MW (winter).

The power generated at DEWA generating stations is transmitted through a 132 kV and 400
kV network. Since the end of 2011, it consisted of sixteen 400 kV substations and thirty-four
double-circuit 400 kV lines, with atotal transformation capacity of about 22,000 MVA. Table
3.1 summarizes the statistics of the DEWA transmission system as of December 2011. The
existing 400/132 kV transformers and their capacities are listed in Table 3.2. The 400 kV
circuits are constructed of overhead power lines employing either ‘Zebra” ACSR 4x484.5 or
‘“Yew” AAAC 4x479.9 conductors in a ‘quad” formation, with atotal length of about 870 km.
The 400 kV lines from the Jebel Ali power plant are the major carriers of bulk power to the
load centresin Dubai city. In the case of the 2011 study, thirteen 400 kV circuits from the Jebel
Ali power plant are in parallel operation. Table 3.3 tabulates detailed conductor constructions

along with their cal culated seasonal ratings for 400 kV circuits. It should be noted that some of
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the 400 kV circuits are gas-insulated lines (GIL), above the ground, with a relatively short

distance, which have a higher capacity.

Table 3.1: Summary of the Dubai transmission system as of December 2011

Number of 400 kV substations 16

Number of 132/33 kV substations 17

Number of 132/11 kV substations 134

Number of 400 kV circuits 34

Number of 132 kV circuits 268

Installed generation capacity 9,172MW (Summer)
10,717MW (winter)

Table 3.2: Transformation capacity of the
DEWA 400 kV power network
400/132 kV Installed Capacity
substation (MVA)
3x450 and 2x300
4x300
4x450
4x450
4x450
3x305
4x450
4x450
4x450
4x505
4x505
4x505
4x505

Il m—|owzZ0oZ|X0o

In addition, the system under study had seventeen 132/33 kV substations with a total
transformation capacity of about 3,795 MV A. There were a hundred and thirty-four 132/11 kV
substations with a transformation capacity of 20,580 MVA. At 132 kV, there is about 459 km

of 132 kV overhead lines and about 1,137 km of underground cables.
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Table 3.3: Detailed thermal rating for 400 kV circuitsin DEWA

# Circuit Types Thermal Rating
(MVA)
Summer Winter
1 O-L Yew AAAC 4x479.9 2280 2690
2 E-l Yew AAAC 4x479.9 2280 2690
3 E-M Yew AAAC 4x479.9 2280 2690
4 F-O-1 Yew AAAC 4x479.9 2280 2690
5 F-O-2 Yew AAAC 4x479.9 2280 2690
6 F-J1 Yew AAAC 4x479.9 2280 2690
7 F-J2 Yew AAAC 4x479.9 2280 2690
8 F-M Yew AAAC 4x479.9 2280 2690
9 F-E-1 GIB/GIL 2385 2830
10 F-E-2 GIB/GIL 2385 2830
11 O-E Yew AAAC 4x479.9 2280 2690
12 E-P Yew AAAC 4x479.9 and Zebra ACSR 2280 2690
4x484.5
13 G-A-1 Yew AAAC 4x479.9 2280 2690
13 G-A-2 Yew AAAC 4x479.9 2280 2690
15 G-J1 Yew AAAC 4x479.9 2280 2690
16 G-J1 Yew AAAC 4x479.9 2280 2690
17 N-K Yew AAAC 4x479.9 and Zebra ACSR 2280 2690
4x484.5
18 N-D Yew AAAC 4x479.9 2280 2690
19 L-l Yew AAAC 4x479.9 2280 2690
20 N-P-1 GIB/GIL 2545 2770
21 N-P-2 GIB/GIL 2545 2770
22 H-K-1 Yew AAAC 4x479.9 2280 2690
23 H-K-2 Yew AAAC 4x479.9 2280 2690
24 A-K Yew AAAC 4x479.9 2280 2690
25 C-I-1 Yew AAAC 4x479.9 2280 2690
26 C-1-2 Yew AAAC 4x479.9 2280 2690
27 C-A Yew AAAC 4x479.9 2280 2690
28 C-H Yew AAAC 4x479.9 2280 2690
29 C-D Yew AAAC 4x479.9 2280 2690
30 D-M Yew AAAC 4x479.9 2280 2690
31 B-H Yew AAAC 4x479.9 2280 2690
32 B-P Yew AAAC 4x479.9 2280 2690
33 B-A Yew AAAC 4x479.9 2280 2690
34 B-D Yew AAAC 4x479.9 and Zebra ACSR 2280 2690
4x484.5

It should also be noted that DEWA 400 kV network isinterconnected to other power networks,
such as the Abu Dhabi network, the federal network, and the Dubai Aluminium Company
DUBAL. Thefour 400 kV interconnectors with Abu Dhabi and federal networks are connected

to a400/132 kV F-substation (two circuits are connected to Abu Dhabi and the other two are
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connected to the federal network). Similarly, interconnectors to DUBAL are through two
400kV lines connected to 400/132 kV D-substation. However, in the present study, the
presence of these interconnectors has been ignored for the sake of simplicity and dueto the fact
that normally the transfer between areasis zero.

DEWA uses an ‘N-2’ deterministic security criteria assessment for the 400 kV network and an
‘N-1" criteria for the 132 kV network for planning and operational purposes. The reliability,
voltage, and stability quality standards/guidelines used in DEWA system, which are based on

NERC standard [5], are shown in Table 3.4, Table 3.5, and Table 3.6, respectively.

Table 3.4: Reliability standard in DEWA

400 kV 132 kV
Lines N-2 N-1
Transformers N-1 N-1

Table 3.5: Voltage quality standard in DEWA

Normally Contingency
Min > Max < Min > Max <
kv % kv % kv % kv %
400 kV 380 -5 420 +5 360 -10 420 +5
132kV 125 -5 138 +5 120 -10 145 +10

Table 3.6: System frequency quality standard in DEWA

Nomina Nor mally Contingency
Frequency Min > Max < Min > Max <
Hz % Hz % Hz % Hz %
50 49.9 -0.2 50.1 | 0.2 | 49.6 -0.8 50.3 0.6

3.4 Application of the deterministic approach to the Dubai transmission
system

The deterministic approach was conducted considering carefully selected operating

parameters. The aim was to evaluate the existing system capabilities and identify any
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deficiencies. This was done by (i) developing a base case, (ii) conducting a power flow and
contingency analysis, and (iii) analysing the result as described previously in Section 3.2.1.
3.4.1 Development of base case

A base case, which is consistent with (i) atime period (year, month, week, and day), and (ii)
the system demand conditions (i.e. peak and off peak) was developed for the study. In this
chapter, two cases for two study cases of the year 2011 and the ‘stressed’ year 2021 — one for
winter (off-peak time) and one for summer (peak time) — were studied. In each base case, the
generation arrangements and component conditions were set based on the historical data and
expected conditions. For the network under 2011 study, a peak system demand of 6,081 MW
and an off-peak system demand of 1,997 MW were selected. For 2021, the ‘stressed” network
study, a peak system demand of 11,000 MW and an off-peak system demand of 3,600 MW
were used. Thisisimplemented because it was found that no overloading will occur in 400 kV
system due to upto N-2 contingencies and upto year 2021. Hence, the system of 2021 was
further stressed, by increasing the system demand level closeto full generation capacity.
Generator unit commitments were managed in this study according to the ranking order, which
isbased on operational and cost efficiency for both study cases. Table A.1in Appendix A gives
salient information on the power plants under study, along with their ranking order, based on
operational and cost constraints, which was adopted for the ‘2011’ study.

The system demand reported at the peak in 2011 was around 6,080 MW at around 3 pm, while
the off-peak demand was reported to be around 2,000 MW in the early morning, around 33%
of the peak demand. Normally, the peak time occurs in the summer, while the off-peak time
occursin the winter. The model provided by DEWA was for the case with a system demand of

3,273 MW. The active and reactive powers of each |oad substation were arranged and modelled
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as aproper proportion of 6,080 MW for the peak time and then scaled down to 2,000 MW for
off-peak time. For the provided network, there were 209 load points (i.e. consumer loads and
station auxiliary loads). Table A.2 in Appendix A shows the calculated active and reactive
powers for each load point located in the NEPLAN model at 11 kV and 33 kV for the year
2011

In order to reduce the short-circuit levelsin the 132 kV system, some of the 132 kV busbarsin
the power plants were split. Furthermore, some of the 132 kV lines are kept open at one end,
due to operational constraintsto avoid circulation through 132 kV |oops.

The pre-fault continuous thermal ratings for winter and summer for the 400 kV overhead lines
typically range from 2,280 MV A up to 2,770 MV A per circuit, asshownin Table 3.3.

3.4.2 Contingency Analysis

For the deterministic study case, a security checking study was conducted in order to assessthe
study parameters of branch flows and to assess the impact of outages. All single ‘“N-1" and
double “N-2’ outages for circuits operating at 400 kV of the DEWA transmission system were
considered in a contingency analysis for al cases of the studied years. Transmission line
loadings were observed for post-contingency and compared with relevant line thermal
loadings.

3.4.3 Resultsfor 2011 case study

The detailed study conducted was only for the loading assessment for the 400 kV network
during intact conditions, ‘N-1" and ‘N-2" contingencies. Common thermal ratings for al lines

of 3,290 Amps and 3,880 Amps were considered for peak and off-peak periods, respectively
[5].
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Figure 3.4 shows the 400 kV lines loadings during intact conditions for the peak and off-peak
study cases and the corresponding adopted thermal ratings. The maximum line loadings were
found to be on the 400 kV line ‘K-N’, i.e., 1,534 Amps during the peak period and 479 Amps

during the off-peak period. These maximum loadings are well below the thermal rating.
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Figure 3.4: 400 kV lines loadings during intact condition for the study case of year 2011
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Figure 3.5 displays the 400 kV line loadings for “N-1" contingencies during peak and off-peak
study cases. The 400 kV line of ‘K-N’ has a maximum line loading of 1,987 Amps during the
peak period for the outage of single line of ‘B-P’, while the 400 kV line of ‘C-A’ has a
maximum line loading of 679 Amps during the off-peak period for the outage of asingle line
of ‘B-A’. These resultant maximum loadings due to single line outages are also well below the
thermal rating.

Figure 3.6 shows a detailed 3-D representation of the 400 kV line loadings for ‘N-2’
contingencies during peak and off-peak study cases. The most heavily loaded 400 kV line is
‘K-N” with 2,329 Amps due to simultaneous outages of the 400 kV lines ‘B-P” and *‘M-D’ in
the peak period, whilethe400kV line ‘C-A’ will be loaded with 781 Amps due to simultaneous
outages of the 400 kV lines ‘B-A’ and ‘M-D’ in the off-peak period. The calculated maximum
line loadings are well below the seasonal thermal ratings of 3,290 Ampsin summer and 3,880

Ampsin winter.
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Figure 3.7 shows a 2D representations of the worst case 400 kV line loadings (i.e. highest line

loading) for an intact system, ‘N-1°, and ‘N-2" contingencies during peak and off-peak study
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Figure 3.7: Worst case 400 kV line loadings for the study case of year 2011

It can be observed that for the studied range of outages, the loading of all 400 kV lines fals

well within their rating under intact conditions, ‘N-1" and “‘N-2’ contingencies. It is clear that
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the system would be maintained with respect to all “‘N-1" and “N-2” contingencies. This result
could be attributed to a “high’ security policy adopted in a utility in order to avoid the risk of
power interruptions and to facilitate rapid future development of load and generation. These
results also illustrate that different system demand conditions and contingencies yield quite
different patterns of flow. It should be noted that these results may aso change with different
unit commitments.

3.4.4 Results for “stressed’ system 2021 case study

The simplified topology of the ‘stressed” 400 kV system was shown in Figure 3.2 for 2021. For
the network under study, a peak system demand of 11,000 MW was considered.

Figure 3.8 illustrates a 2D representation of the highest line loadings for intact system, ‘N-1°,
and ‘N-2’ contingencies during peak and off-peak study cases. It can be noticed clearly that
lineloadings are drastically higher than that of year 2011. Furthermore, two 400kV lines of ‘D-
C’ and ‘P-R’ get overloaded due to ‘N-2’ contingency during peak hour. However, some lines
are amost close to their thermal ratings due to either ‘N-1" or ‘N-2’ contingencies e.g. lines
‘D-C’, ‘P-R’, ‘B-A’ and ‘E-R’. However, during off-peak period, the loading of al 400 kV
lines falls well within their rating under intact conditions, ‘N-1" and ‘N-2’ contingencies. It can
be seen athough there is some overloading occurs here, but could not notice their probability

of occurrence.
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Figure 3.8: Worst case 400 kV line loadings for the study case of ‘stressed’ year 2021

46



3.5 Conclusions

The details of established procedure for carrying out a deterministic assessment for a
transmission system have been described along with examples of industry application of such
procedure.

The Dubai transmission network has been set up and modelled in NEPLAN software, and
contingency analysis based on the deterministic approach (i.e. under a range of intact
conditions, ‘N-1" and ‘N-2’ outages) carried out for 2011 and so-called ‘stressed’ system
projected to 2021. It was found that no overloading will occur in 400 kV system due to upto
N-2 contingencies and upto year 2021. Hence, the system of 2021 was further stressed, by
increasing the system demand level closeto full generation capacity. It was found that the 2011
system has a high degree of surplus transmission capacities even for al studied ‘N-2’
contingencies. This reflects the high levels of investment that have been made in the
transmission infrastructure. For the specifically created ‘stressed’ system for year 2021, it was
found that two transmission lines were overloaded for particular ‘N-2° outages.

Itis clearly shown that this deterministic approach does not consider the likelihood of different
uncertainties, which may lead to the power system being designed and operated inefficiently.
Thefollowing chapterswill show how studies on the existing network were extended to include
apicture of the full range of system demand over an annual load cycle and taking into account
uncertainties in system demand, network conditions, and variable thermal ratings. In this way,
a probability distribution of line loadings and thermal ratings could be obtained to form a

platform for risk assessment.
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CHAPTER 4. NEW APPROACH FOR PROBABILISTIC
RELIABILITY ASSESSMENT

4.1 Introduction

As mentioned in Chapters 2 and 3, traditionally, most utilities base their investment decisions
for design and operation by continuously and closely studying the security of the network using
the deterministic approach, i.e., the application of ‘N-1" (i.e. any single equipment outage) or
‘N-2’ (any two circuits outage) circuit depletion under prescribed severe system conditions.
With this technique, usualy, a small number of carefully selected pre-specified credible
contingencies (e.g. sudden loss of generator, transmission line, transformer, or system load) are
identified and analysed. As can be seen from Chapter 3, this approach is relatively simple and
direct and the results are easily interpreted by system planners and operators. However, such a
worst-case deterministic approach has amain drawback in that it does adequately reflect levels
of operational and planning risk that network users face, as it considers only the severity of
pre-specified contingencies and not the probabilistic feature of the system behaviour and
component failures. Also the likelihood of the outages is assumed to be equal. Consequently,
this may result in the possibility of over system planning and operation and excessive degree
of reliability. Furthermore, the degree of security provided by the deterministic approach, using
general rules applied to all cases, will not be optimal as the cost of providing the suggested
level of redundancy is not compared with the cost delivered [77].

The deterministic approach can be supplemented through a probabilistic method that is able to
account for the different uncertainties of the power system. The probabilistic security
assessment may offer advantages by considering (i) a statistical description of the performance

of the system over an annual cycle together with (ii) the application of historical fault statistics
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that provide a measure of the probability of faults. The relative merits of the two methods are

shownin Table4.1[3].

Table 4.1: Merits of deterministic and probabilistic approach

Deter ministic Rules Probabilistic Analysis

Simple rules make for easy application Criteria appropriate to circumstances must be
selected

Extra computer analysis, if required, easily Computer analysis of each case given in detail.
and automatically applied. Little dataneeded. | Programs and extensive database required.
Cannot predict failure rates. Can predict possible failure rates.
Cost/benefit assessments are not possible. Cost/benefit figures can be calculated for all variants.
Cannot respond to continual changesin plant Is able to incorporate effect of shorter-term changes
and system performance in plant and system performance
Can lead to unnecessary installation of plant Permits system to be designed to closer limitsand is
and therefore can be costly. therefore less costly.

In any transmission power system, there are numerous sources of uncertainties, such as changes
in system demand, generation output, component failure, thermal ratings of transmission lines,
etc. Thus, a different type of risk depends on these uncertainties. Normally, in any reliability
assessment, uncertainties can be categorized as an uncertainty regarding the occurrence of a
contingency (e.g. component failure) or uncertainty in the actual operating conditions (e.g.
system demand and thermal rating). The uncertainties involved in the planning of a system
have increased, and thus, new processes need to be developed to assess and predict the
behaviour of the transmission system. Probabilistic distributions provide a practical way to
describe the variation of different uncertainties and indices.

The severity of violations also needs to be quantified. Severity is the degree of the violation of
the study parameter, either for an intact system or following an outage event. It can be evaluated
based on voltage violations, component overloads, system frequency deviation, generation
reserves, system stability margin, etc. In this chapter, the severity for the intact system and for

‘N-1" and “N-2’ contingencies was computed with respect to the line overloading.
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Probabilistic techniques should calculate the risk indices that can be used to evauate the
reliability of a system and provide some indication of the required remedial actionsin order to
maintain the required reliability. A risk index therefore should reflect the probability of the
occurrence of uncertainties that may result in a violation in a study parameter. There are a
number of different indicesthat could be selected. As outlined in Chapter 2, indices have been
developed relating to (i) voltage performance, (ii) line overloading, (iii) load curtailment, and
(iv) combined indices. These indices may be useful to rank contingencies and components,
especially when considering different uncertainties. They can be used to compare the effects
of various operation, design, and maintenance strategies on the system reliability.

In the probabilistic analysis performed in thisthesis, an index that reflects the security level for
a transmission system, namely, the Line Overloading Risk Index (LORI), was chosen. This
index is expected to be useful for operational and design decision making.

This chapter provides details for the evaluation of the LORI through an extensive systematic
evauation of the steady state performance under hour-by-hour loading levels over a one-year
period.

4.2 New algorithm to calculate the Line Overloading Risk Index (LORI)

Transmission reliability analysis evaluates the variations in load flow across a transmission
system due to different uncertainties. A risk of line overloading may arise from the following
uncertainties, which can be represented by probabilistic distributions: (i) hourly variations in
system demand, and (ii) ‘N-x’ line outages, considering respective variation in line thermal
rating. The flow chart in Figure 4.1 outlines the proposed new method to calculate the LORI
and to develop the Probabilistic Distribution Function (PDF) of the resultant line loading and

line thermal rating. Starting with the actual historical annua system demand curve (on an

50



hourly basis), a PDF of the system demand is obtained and a range of discrete system demand
levelsidentified. For each system demand level, the corresponding generation unit commitment
is determined according to a ranking order. DC load flows are carried out for each discrete
system demand level from which the corresponding line loadings are obtained in order to
determine the severity, for the intact system and ‘N-x’ contingencies. The power flow
computations are performed using the NEPLAN load flow program, and the systematic
multiple study execution and data handling is achieved using a developed C++ based
programming code. For each hourly system demand, corresponding hourly line thermal ratings
are calculated based on local meteorological data. Finally, the PDFs for the resultant line
loadings are compared with the PDFs for the thermal ratings of each line and the LORI is
determined. The following sections describe in detail each of the flow chart elements shown in

Figure 4.1.

Start

Obtain PDF for System Demand Obtain line
outage rates and
v duration
Create multiple system models for
discretised loading levels using Calculate PDF for
generation ranking order line thermal
ratings

Run DC loadflow for simulated annual
load curve for al N-1 and N-2

Obtain PDF of dl line
loadings
v
Comparison of loading and thermal
PDFs

Calculation of line overloading risk
index

Figure 4.1: Procedure to calculate PDFs of line loading and
line rating along with LORI
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4.3 Probabilistic Distribution Function (PDF) of system demand and

selection of system demand levels

Uncertainties of system demand can be considered in a probabilistic security assessment by
distribution function, which can be divided into several discrete intervals. In order to reduce
the potential number of simulation studies, a suitable number of discrete system demand levels
(bins) may be identified. For the hourly annual range of system demand, the system demand
range can be divided, as an example, into 100 units (bins) each with abin size of 100 MW. The
frequency of occurrence of each system demand level can be evaluated and then expressed as
arelative frequency. For each range of recorded system demand, the probability of occurrence

of this range was determined using Equation 4.1 [8].

P(of particular event occuring) = lim (i) Equation 4.1, where

f denotes the number of times event is occurred, and

n represents total number of occurrences of event.
Figure 4.2 illustrates the hourly total system demand over an annual cycle for the Dubai power
system. Thischronological system demand can be represented by a 43-state distribution model,
as shown in Figure 4.3. This chronological system demand can be represented by a 43-state
distribution model, according to range of 100 MW and bin size that determined the number of
states, as shown in Figure 4.3. It can be observed that the chronological system demand curve
was changed into a multi-step system demand curve. The relative frequency of occurrence of
each system demand level is shown on the right axis, while its probability is shown on the left

axis.
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Figure 4.2: Hourly system demand variation along a year
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Figure 4.3: 43-state system demand probabilistic model

4.4 Multipleload flow smulations

In the evaluation of the LORI, as proposed in this research, the NEPLAN software programme
package [123, 124] was used for the power system load flow computations. This software has

acontrolled multiple study facility, which was achieved using the C++ programming code. The
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NEPLAN Programming Library (NPL) is a C++ based interface that includes functions to
access NEPLAN data and calculation algorithms. This allows the automation of almost any
function in NEPLAN. Although there are some important functions in NEPLAN, without use
of the NPL, they are less useful. For example, using the ‘Contingency Analysis’ tool, the user
can select elements (or nodes) to experience outage, and customisable results can be obtained;
however, the analysisislimited to taking only one line out of service at atime and/or manually
specifying the combinations for N-2 contingencies (outage of any two lines). The NPL was
used herein order to automate network modelling and contingency simulation. Microsoft visual
studio 2008 was used to write the C++ code and generate dll fileswhich are able to be expanded
by NEPLAN.

An NPL code was written according to the flow chart shown in Figure 4.4 to carry out the
following functions: (i) to adjust the system |oad to each of theidentified system demand levels,
i.e., loads at each load bus are scaled proportionately; (ii) for each system demand level, to
match the required generation unit commitment according to the ranking order (Figure 4.5);
(iii) for each system demand level, to run the DC load flow and store line loadings; and (iv) to

repeat such studies at each system demand level for all N-1 contingencies (N;) and every

combination of N-2 contingencies ((—N—;li) (See Figure 4.5 for snapshot of the developed

code).

The flow chart shown in Figure 4.6 illustrates the process used in NPL programming code to
set unit commitment based on utility’s agreed ranking order so that the slack bus will be
maintained to certain level (for GB it was assumed + 1000 MW). In this process, for each
system demand level, load flow runs and noting the power on slack bus. If the power on slack

bus is higher than maximum limit (i.e. + 2000 MW), then a generator unit based on ranking
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order will be switched on, otherwise will be switched off again based on ranking order. The

process will be repeated until the power on the lack bus is within the agreed limit.

Set up basecase intact network at system
demand level i=1 and contingency j=0
» Run load flow
Record line
Adjust generation based *
on ranking order (Refer Select contingency
to Figure 4.5) i+

7y Apply jth N-
1
Scde MW & MVAR
of load points No
considering %
; Yes

Apply N-2 contingency
Find % difference . (N%—nfv,

between current forj=N, + 1t0———
system demand and

new system demand
A NO
No
Yes

Select system demand level i+1

Yes

v
Create PDF for
line loadinas

Figure 4.4: Developed NPL code to create line loading PDF
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GetElements(_T("LINE"),numElementsL ,pElementIDsL);
for(int count1=0;(countl<numElementsL );count1++)

SwitchElement (pElement| DsL[count1],FALSE);
for(int count2=0;(count2<numElementsL );count2++)

{

if (countl<count2)

{
SwitchElement(pElementl DsL[count2] ,FAL SE);

RunAnalysisLF();

GetElements(_T("LINE"), numElements, pElementI Ds);

for (int i=0; i<numElements; i++)

{
unsigned long linel D = pElementI D i];
GetResultDouble(linel D,_T("1-x1"),MW);
swprintf_s(cMessageText, _T("%.3f"),MW);
WriteM essageT oL ogFile(cM essageT ext);

}

FreeElements(pElementI Ds);

SwitchElement (pElement! DsL[count2], TRUE);

SwitchElement (pElement! DsL[count1], TRUE);

Figure 4.5: A snap shot of C++ code for N-2

v

Run load flow for i+1
system demand level

\A 4

Switch OFF lowest Switch ON highest :
ranked generator ranked generator Record Power at slack

1 bus (Ps)

Yes

E? > E?(max)?

R?(m:'n) < PS < Ps(max)?

Return to main routine
(Fiaure 4.4)

Figure 4.6: Adjust generation in the NPL code
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4.5 Probabilistic Distribution Function (PDF) of linethermal rating

For overhead lines, the conductor comprises bare wire suspended between two supporting
structures and exposed to the surrounding weather conditions. For secure system operation and
design, the overhead line operating temperature or current flow must not be exceeded in order
to avoid excessive sag or damage to the overhead lines. The maximum load current that can be
carried by the conductor is called the conductor thermal rating (sometimes known as the
Ampacity, current-carrying limit, or thermal capacity). Thermal ratings of overhead high
voltage transmission lines are crucial parameters for assessing the capability of an electrical
transmission network to ensure its reliable operation and design. A steady-state thermal rating
has been calculated in this work in preference to dynamic ratings since this would provide the
maximum allowable thermal rating for long-term system operation and planning (compared to
short term e.g. within six hours of afault).

Examples of aluminium-based conductors in use in transmission system are categorized as

tabulated in Table 4.2 [125].

Table 4.2 : Different Aluminium based conductors
AAC All-Aluminium Conductors
ACSR Aluminium Conductors Steel Reinforced
AAAC All-Aluminium Alloy Conductors
AACSR | All-Aluminium Alloy Conductors Steel Reinforced
ACAR Aluminium Conductors Alloy Reinforced

Two main standards relating computational methods have been devel oped and utilized widely
in the power industry to calculate the therma rating, in Amperes (or MVA), of transmission
overhead lines conductors, i.e., CIGRE-22.12 [126] and IEEE Std. 738 [127]. These two
standards use dlightly different formulas to calculate the thermal rating of the conductor;

however, it was found that the differences in the resultant calculated thermal ratings were
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minimal. For the purposes of this study, the method described in |EEE Standard 738 was used
as a computation method to calculate hourly thermal ratings.

The thermal rating is restricted by the conductor’s maximum allowable temperature, which
determines the suitable conductor type. Depending on weather conditions, conductor type, and
load flow duration, conductor heating may result in one or both of the following: (i) loss of
clearance and (ii) loss of strength. Since metal expands with an increase in temperature, the
length of conductor between supporting structures also increases, which results in greater
conductor sag and reduces ground clearance, and in extreme cases, the line may touch an
underlying body, resulting in a short-circuit and subsequent outage. The lines maximum
operating temperature (generally between 50 °C and 100 °C for different conductors) is the
highest temperature at which the conductor can operate and still maintain the minimum
clearance requirements for safe line operation. Other constraints limiting the allowable current
ratings are conductor loss of strength through annealing, and inadequate compression fittings,
in which the recrystallization of metal occurs causing aloss of tensile strength. [5].

Electrical current passing through a conductor experiences resistance, which generates energy

in order to overcome that resistance to complete its path from the energy source to the load;

thisistranslated into thermal energy gain (or heat gain | 2R) within the conductor, thusraising
the conductor’s overall temperature. The conductor is also assumed to be exposed to the sun,
with an associated solar heat gain (g, ). Heat lossis primarily driven by temperature differences
between the conductor and its surrounding environment. Figure 4.7 illustrates the different heat

gains and losses.
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Figure 4.7: Steady-state conductor heat flow [116]

According to the approach outlined in |IEEE 738 standard, the maximum allowable current
rating that transmission lines can carry, are derived under assumed steady-state conditions. The
line thermal rating is determined using a steady-state heat balance equation between the heat
produced inside the conductor and the heat exchange on its surface, involving convective heat,
radiated heat loss, solar heat gain, and conductor Ohmic resistance. The heat flow out of a
conductor should balance its internal heat generation and the heat flow into it.

The equations used to calculate the thermal rating of the transmission overhead lines, based on
heat balance, are associated with the material properties of the conductor, surface properties,
geographical conditions, and ambient weather conditions. The required specific input
parameters include ambient temperature, maximum conductor temperature, wind speed and
direction, azimuth of the line, conductor height, latitude, day and hour, emissivity, and solar
absorptivity. Conductor characteristics are defined by diameter and calculated resistance at 25
°C and 75 °C. Compared with underground cables, the ratings of overhead lines are

significantly affected by wesather variations. Historical records of ambient temperatures (T,),
wind speeds (V,,), and wind directions (@) over a one-year period were obtained from a

meteorological office. These are measured at specified locations. Under steady-state

conditions, the current flowing in the conductor can be determined from the conductor
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temperature (or vice versa) if the ambient temperature, solar radiation, and effective wind speed
can be accurately quantified.
The heat balance equation was used to calculate the conductor’s maximum allowable
temperature when the conductor’s electrical current is given, or, conversely, to calculate the
electrical current given the maximum alowable conductor temperature. In a steady-state
calculation, the “heat balance” is calculated using the Equation 4.2, while the thermal rating
current can be calculated using Equation 4.3. Using the weather conditions, the conductor’s
electrical and physical parameters, and the maximum allowable conductor temperature, values
of ¢, g, and ¢, can be obtained.
qs + IR = q. +q, Equation4.2 ,where

qs: the solar heat gain.

I?R: the heat gain due to line current, sometimes known as Joule effect.

q.: the heat loss due to convection.

g, the heat loss due to radiation.

[ = Eﬁﬂ;;qs Equation 4.3

Convection is heat transfer by the movement of air when the heated air is caused to move away
from the source of heat, carrying energy with it. Convection above a hot surface occurs because
hot air expands, because it is less dense, and so rises. Furthermore, convection varies widely
according to whether the conductor is exposed to high or low speed wind. Convection heat |oss
isdivided into forced convection heat loss and natural convection heat loss. Forced convection
heat transfer from an overhead conductor is the function of many variables, the primary one

being wind velocity and direction. Equationsfor forced convection heat |osses during low wind
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speed and high wind speed are shown in Equation 4.4 and Equation 4.5, respectively. Natural
convection occurs during zero wind speeds. The equation for natural convection heat loss is
calculated using Equation 4.6. The largest of the calculated convection heat losses is used.

Parametersin these formulas are explained in Table 4.3.

Dprw
Ky

i 052
qe1 = |1.01 4 0.0372 ( ) ]kfkangle('f} =) Equation 4.4

Dpfvw
br

i 0.6
e = (0.0119 ( ) } Rekangte(Te = T) Equation 4.5

Gen 0.0205,0}"5D'3'75 (1. =T, )02 Equation 4.6

Table 4.3: Parameters used to calculate convection heat
| Conductor diameter, in (mm)

Density of air, in (kg / m*), and calculated using
~1.293-1.525*10"H, +6.379*10 °H?
- 1+0.00367T
Wind speed, in (m/s)

T 1.458*10°°(T
2 Dynamic viscosity of air, in (Pa-s), and calculated using m, = (

\.
| y
‘C."|v v

f
film

am + 273)°
Ty +383.4

A Thermal  conductivity of air, in (W/(m—°C)), and caculated using
K, =2.424*10° +7.477*10°T,, —4.407*10°T>

film
Arma airection fag® +~7.477+10:°7,, —4.407 10775,

ilm

: tor. and caleulat:d using
Kangle = 1,194 — cosCepd + 0.194cas(Zp) + 0.268sin (2w

Conductor temperature, in (°C)
z Ambient air temperature, in (°C)
Ta
arum | Average temperature, and calculated using T ;Ta ,in(°C)

Elevation of conductor above sealevel, in (m)

Angle between wind direction and conductor axis, in (°)

The formula for radiated heat loss of the conductor is calculated using Equation 4.7.

5 Te+273\*  (Ta+273)3 .
g, = 0.0178D¢ [( = ) ( T )] Equation 4.7, where

€: Emissivity.
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Equation 4.8 below isused to calculate Solar Heat Gain, and parameters needed in thisequation
are listed in Table 4.4.
qs = aQgpsin(6)A’ Equation 4.8, where

Table 4.4: Parameters used to calculate solar heat

- Solar absorptivity
= | Total “blar a'lt sky-adiated heat flux rate with corrected elevation, in (W / m?), and calculated

usi ng L’ﬂi Kzolarls

e USIT 2 Jse = Roolar s

’ H o] .
Effittive angle of theidend of #1¢ sJIN’S rays, in (), and calculated using
8 = arcoslcos(Hc)cos(Z, — 7))

- 1 Projected area of conductor per unit length, in (m? / m ), and calculated using A’ = 10[())0

= Solar altitude correction factor

- ——Jqon——or — — —— =
E S roaltitude o) "cot et H 2 :
faes by ————— 3, — . B— —] S
B TU d—l solar ar =ky  radiat®a ]'n::.i11 rux  ralc, n (W / m )’ and calculated us ng
Q5 == A+ Bl + CH?Z | 2R3 g EHa ¢ FHS o GHG
2_ . g i 1 et ,','-‘_},"'(.‘_"."(‘?‘,4 =
= fs -[ T oH Yo, T o T ET TR T ang
1 Lug . :
Fic A Y of sun. in (7). and calculated using

He = arcsin[cos(Lat). cos(&). cos(w) + sin{Lat). sin(§)]

.| Degrees of latitude, in (°)
< Solar declination, in (°), and calculated using  — 23.45_,., L'Jf e 266]

Days of the year

Rl npaxy e

Hour angle which is the hour from noon 15°, in (°)
Constants, which depend on clear or industrial atmospheres. Their values are given in Table 4.5

m
mno

®©o>

Azimuth of sun, in (°), and calculated USING =c — « + crecances
Azimuth of line, in (°)
Solar azimuth constant (°), which is afunction of W and C , asshownin Table4.6

T CEF and _F o as shown in Table

Solar azimuth variable and calculated using = ELY)

Sin(leatlcosia) —cos{iat) tar(s)

I

Table 4.5: Coefficients for total solar and sky
radiated heat flux rate

Clear aumvsphere
A FERRET
B B350
) —LEII0
n 346731 * 167
E AR e 10t
¥ 191718 > 10¢
51 407608 * 10°
Todusrral ammasphere
A A RLE]
n [FEI
c 66138 = 10"
u 11858 % 0t
C 54054 107
¥ 13446 = 107
o A R ELR T
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Table 4.6: Solar azimuth constant

“Hour Angle,” & Cify=0 Cify=<0

(degrees) (degrees) (degrees)
-180=w=0 0 180
0=o=180 180 360

Transmission lines have traditionally been operated and designed according to the thermal
rating calculated using deterministic methods based on set of most conservative assumptions
(i.e. bad cooling conditions): high ambient temperature and low wind speed with small angle
direction e.g. 20 °. Thermal rating determined this way usually results in underutilization of
transmission line capacity. [128-135].

Wind may hit a conductor at an angle other than 20° with respect to the line, although it isthis
particular angle that is generally assumed in current thermal rating methods as the conservative
assumption in DEWA [5, 128-133]. Asshown in Figure 4.8, wind speed (V), may bein aplane
at varying wind angles (¢) measured from a normal to the conductor axis. Wind direction is
changeable at low wind speed [130]. Conductor thermal rating, aswill beillustrated in the next
chapters, isvery sensitive to the wind angle of incidence. A wind direction perpendicular to the
conductor increases turbulence around the conductor and thus increases the heat exchange on
its surface, whereas awind direction parallel to the conductor would minimize heat exchange.
Furthermore, the direction of the transmission overhead line may vary over its length. Wind

speed also fluctuates with time and location along transmission overhead lines [5].
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Condu:':tnrhxis

Figure 4.8: Wind direction, conductor orientation and
velocity profile [5]

Since weather conditions change frequently, the thermal rating of transmission overhead lines
also changes. In this thesis, hourly thermal ratings were calculated in order to develop its
Probabilistic Distribution Function (PDF).

Actual historical hourly weather observations are used to calculate the range of thermal rating
of atransmission overhead line over ayear. Using Heat Balance equations, the hourly thermal
rating for overhead transmission lines were calculated. This formula is expected to provide a
higher range of thermal ratings than those derived from the traditional ‘conservative’ method.

In this work, a time-varying thermal rating model is developed to study the resultant hourly
thermal ratings and find their uncertainties as defined by a distribution function, which can be
divided into severa discrete intervals. A number of discrete thermal ratings (bins) were
identified. Over an annual period, the thermal rating range was divided into 30 units (bins),
each with abin size of 30 Amps. The frequency of occurrence of each thermal rating range was
evaluated and then expressed as a relative frequency. For each range of thermal rating, the
probability of occurrence of this range was determined using Equation 4.1. Figure 4.9

illustrates a sample of the resultant hourly thermal rating variation for a period of one year for
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a sample of ‘Zebra’ conductors used in the Dubai network. Thermal ratings used by DEWA in
each season (i.e. 3550 Amps, 3,825 and 4,100 Amps for summer, Spring/autumn and winter
respectively) is shown in Figure 4.10. This chronological thermal rating is represented by a

probabilistic model, as shown in Figure 4.10.
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Figure 4.9: Hourly thermal rating variation along a year
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Figure 4.10: Thermal rating probabilistic model
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4.6 Reliability data of transmission line

The term “failure” refers to outages in which the component is unavailable to transmit power
(or to function properly) either temporarily or permanently. Faults on a transmission
component are usually due to severe weather conditions (such as lightning and wind storms),
component ageing, high operating network variables, and the lack of proper maintenance.
Component failure of transmission network is quite rare due to the inherent high reliability of
such components. However, it is a more regular occurrence for these types of components to
be temporarily outaged from service, due to for example protection mal operations, operational
human error, or severe weather conditions. Although component failures on a transmission
system have a low probability, they have a relatively high impact. Moreover, blackouts
typically involve sequences of component failures.

In 2000, and according to GB National Grid, about 200 faults occur on the GB’s transmission
system every year [4]. Each customer was without supply in GB for average of 86 minutes,
while problems due to transmission system or generating plants accounted for only about 1%
of this unavailability [6]. Furthermore, since 2011, the 400/132 kV transmission system
operated by Dubai Electricity and Water Authority (DEWA), faces approximately 12 lines
faults each year [5].

4.6.1 Probability of first and second order contingency

When a main transmission component (e.g. line, cable and transformer) fails, the load is
transferred elsewhere. Thisleadsto arise in the load on some of the remaining components. If
this rise exceeds pre-specified ratings, it will result in overloading and possibly cause a
cascading failure, or it might cause a blackout depending on the type and condition of the

failures. Depending on the rules and standards followed, lines may either be allowed to carry
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an overload for a short duration or aternatively, they may be removed from service or the
system demand may be reduced [5].

Clearly, analysis of all possible network configurations is impracticable for real power
networks due to the huge amount and complexity of computing involved. Therefore, some
methods have been developed to reduce the number of analysed configurations.

In a transmission system, the main components include transmission overhead lines,
underground cables, and transformers. These components are generally represented by a two
state down-up model as shown in Figure 4.11, where an on-state indicates that the element is
in an operating state, and an off-state implies that the element is shut down due to failure or
maintenance. This model is known as the Markov model. For the purpose of this thesis, only
reliability data for the component failure of a transmission line was used. Failures of other
component (such as generators, cables, transformers, and busbars) have been neglected and

assumed to be 100 % reliable.

Failure process
Un A”"" o Ot
" iu!ine

Restoralion process

Figure 4.11: Markov two-state model of
transmission line

The outages of various components are classified as (i) independent when the outage of one
component does not affect the outage probability of others, and (ii) dependent when the outage
of a component does affect the outage probability of others. Dependent component failures on
transmission systems can be categorized into common mode and substation-originated failures.

Common mode failures are events with one external source resulting in multiple component
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failures, such as the failure of a transmission tower supporting two circuits. A substation-
originated outage is an event that depends on a post-fault protection system, such as breaker
failure, bus section failure, stuck breakers, bus bar failure, etc. [ 136].

To conduct a reliability assessment effectively, it was necessary to consider the probable
outages of transmission lines that would reduce the capability of the transmission system to
transmit the required power. A complete set of probable contingencies should be selected
systematically. In this respect, the outages considered were single and double circuit failure
outages, in addition to maintenance outages. Based on the GB SQSS standard [5, 121], no
single or double circuit fault should cause any remaining line loading to be greater than its
thermal rating.

Component performance indices, such as the frequency (sometimes called failure rate in
event/year) and duration (sometimes called repair rates in duration/year) of component
failure/s, have been reported by utilities [5]. They quantitatively describe components
reliability and thus, the system reliability. It is practical to use these component-performance
indices to assign a probability to every occurrence and thus obtain an overall probability. The
probability of line failure in a system can be determined using Forced Outage Rates (FORS).
To calculate FOR for a transmission line, failure rates (A) and failure duration (r), in addition
to restoration rates and restoration duration, are required.

For atransmission line, the probability of the N-1 contingency Pc(y-1) (i.e. FOR) was obtained
from either actual historical statistical or anticipated reliability data of line failure rates and
duration for the studied system, as shown in Equation 4.9 [22, 50].

I r
Pcn g = e Equation 4.9, where
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A: the failure rate (i.e. number of N-1 outages per annum) that can be interpreted as the
number of times the outages occurs during an observation time of 8,760 hours.

r: the average duration of the outages.

T : thetotal period of study; thisis 8,760 hours for ayear.

The failure rate of two coincident and unrelated ‘N-1" outages (all the ‘N-2’ contingencies
except double circuit cases) was calculated as the product of the probabilities of individual ‘N-
1” outages, which is a reasonable approximation when the duration of the outagesis very small
in comparison with the total time of study. In absence of ‘N-2’ outage data, the probability of
‘N-2’ double circuit contingencies was considered to be 7.5 % of the “N-1" case as has been
assumed in [137]. The probability of an event in which two independent line outages overlap
isvery small.

4.6.2 Probability of high order contingency

Practically, the probability of alarge number of transmission lines experiencing outages at the
sametimeisvery rare. However, probabilistic approach, up to only N-2 or even N-3 or beyond,
may not adequately describe the real physical threats to the system. The challenge is to build
up a probability of not only independent N-1, N-2, N-3 ... etc contingencies but also the
probability of dependent high-order multiple trippings. Cascading failures in practice can be
very sophisticated chains of rare events. Rare events with high severities, potentially may lead
to blackouts in power systems. Blackouts become widespread by initial failures expanding in
a complicated cascade of rare events. High-order cascading failures and blackouts in power
systems are rare, but they have formidable consequences such that neglecting their probability
of occurrence may result in a degree of exposure to unforeseen failure. Cascading failures are

generally assumed to be distributed according to the Poisson probability distribution function
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(pdf) [89, 91]. The Poisson distribution isan approximation when eachinitial failure propagates
to a large number of components [89, 91]. Initial failures could be represented by Poisson
distribution and each initial failure produces more failures according to poisson distribution.
Based on the Poisson distribution, probability of failure occurring ‘X’ timesin interval ‘t” can
be calculated using Equation 4.10, with given failure rate A [8]. Given that the possible number
of rare eventsis excessively large and it is neither possible nor necessary to do analysis for all
of them, it will become extremely difficult for electric transmission utilities to rationalize
capital expenditures on basis of possible interruptions caused by rare contingencies. Many
system states are very rare, hence trade-off is sought between objective accuracy and
computational burden. Thus, although could be considered in future, in this study high order
contingencies were not taken into consideration.

Acxe—l
x!

Px(t) = Equation 4.10

4.7 Probabilistic Distribution Function (PDF) of the calculated line loadings

The probabilistic distribution of the resultant loading of aline, for all system demand levels
and all studied contingencies, is the summation of the product of (i) the probability of the
contingency that considers probability of system demand ranges, and (ii) the relative frequency
of the lineloading for all contingencies over the annual cycle, asshown in Equation 4.12, where
Pc;) is the probability of the jth contingency that takes into account probability of system
demand ranges, and Fl;; is the relative frequency of line loading for the ith system demand
and jth contingency. The number N (N, + 1)/2 isthe summation of the number of single line

outages (N,) and the number of double line outagesis Ny (N — 1)/2 for asystem of Ny,

. . Np(Np—-1
lines. It is™-CL=2 N, =Ny (N + 1)/2.
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_ «Np «Np(Np+1)/2
=255

Pl Pc()Fl;) Equation 4.12

Uncertainties in line loading were considered in a probabilistic security assessment using a
distribution function, which was divided into several discrete intervals. The line loading range
was divided into 30 units (bins) each with a bin size of 30 Amps. The frequency of occurrence
of each line loading range was evaluated and then expressed as a relative frequency to obtain
the PDF of the line loading for each line. For each range of the resultant line loading, the
probability of occurrence of this range was determined using Equation 4.1. The PDF for a
sample of line loadings with a distribution function, for an intact system, and for N-1 and N-2

contingencies, is shown in Figure 4.12. This figure does not necessarily show overload occurs

due to coincidence of day to day loading and rating.
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Figure 4.12: PDF for a sample of line loadings for intact system, N-1 and N-2
contingencies

4.8 Calculation of the Line Overloading Risk Index (LORI)

The LORI risk index in this work was selected because it is required to reflect the probability

and severity of line overloading in a transmission power system. Generally, the risk index can
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be evaluated using the following formula as shown in Equation 4.13, where, Sev(E;, X; ) is the
severity of event E; for operating condition X;. while Pr(Ei) is the probability of occurrence of
event E; [58]. In this particular application, the Line Overloading Risk Index (LORI) is defined
by Equation 4.14 as the summation of product of the line loading probability and the line
loading severity, Sl ;.

Risk(Xj) = Sev(Ej, XE-) * Pr(E‘,-) Equation 4.13

LORI = 5 XM+ D 2pe o Fl Sl ;) Equation 4.14

Sl;,5 is defined and used in this research work as equal to zero up to 90% of the line thermal
rating and increasing linearly from O to 1 as the line loading increases from 90 % to 100 % of
the rating. Also, the severity function increases linearly beyond the 100 % of rating, as shown
in Figure 4.13. This function is referred to as continuous severity. An alternative severity
function uses a zero value for 0 to 100 %, and 1 for all values above 100 %. A disadvantage of
this so-called discrete severity functionisthat it does not express extent of violation and neither
does it provide any indication of when the system is close to reaching its limit [138].

For a particular values of i and j, Pcg;. Flg; ;) gives the probability of that particular loading,
then there may be a number of lines during the year that could produce this condition.
Therefore, there may be more than one possible loading, so we should account for possibilities

of different loadings.
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Figure 4.13: Overload continuous severity function [138]

The probability of line overloading, in asimple way, which varies according to the distribution

functions of the system variables can beillustrated graphically , as shown in Figure 4.14. In the

figure, line loading and thermal rating are shown as variable quantities, and depending on

extent of the overlap of these two distributions, the associated inadequacy and security risk

OCcurs.

Line Line
Loading Thermal
Raling

Figure 4.14: Typical line loading and thermal rating distribution [8]

4.9 Conclusions

This chapter has described the application of Line Overloading Risk Index (LORI) to assess
systematically transmission line overloading and an improved algorithm for its calculation, is

proposed. The LORI is calculated using a probabilistic method that determines the likelihood
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and severity of line overloading, under hour-by-hour system demand levels over a one-year
period, for intact conditionsand all N-1, N-2 and maintenance outages. For each possible event
or state of the system, the corresponding probability of line thermal rating has been calculated,
considered over an annual cycle and based on detailed meteorological data, which were
provided by official MET officesin Dubai and UK. In order to accomplish this, the proposed
improved probabilistic reliability assessment method was evaluated using NEPLAN software
package with NPL code programming, thus making it possible to simulate a very large number
of different load flow cases, using an automated process. Work on calculating the LORI has
led to the development of Probabilistic Distribution Functions (PDF) for line loading, line
thermal rating and system demand.

Each linerisk can be calculated and used as a benchmark for the comparison of different system
operations and designs. In this research, this developed a gorithm will be applied to the Dubai

and GB real transmission systems, presented in the next two chapters.
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CHAPTER 5. APPLICATION OF NEW PROBABILISTIC
RELIABILITY APPROACH TO THE DUBAI TRANSMISSION
SYSTEM

5.1 Introduction

A transmission probabilistic reliability analysis should consider and evaluate certain relevant
parameters, e.g. the variations in load flow, across a transmission system due to different
uncertainties. A risk of line overloading may arise, and include but not be restricted to, the
following relevant uncertainties: (i) hourly variations in system demand, (ii) maintenance
outages, and (iii) ‘“N-x’ line outages, taking into account respective variations in the thermal
rating.

Chapter 4 introduced an improved method to calculate the Line Overloading Risk Index
(LORI) and to develop the Probabilistic Distribution Function (PDF) of the resultant line
loading and line thermal rating. Starting with the actual historical annual transmission system
demand curve (on an hourly basis), a PDF of the system demand was obtained and a discretised
range of system demand levels were identified. DC load flows, using a commercial load flow
program and associated programming code, were carried out for each discrete system demand
level from which the corresponding line loadings were obtained in order to determine the
severity for the intact system, ‘N-x’ contingencies, and maintenance outage. For each hourly
system demand, corresponding hourly line thermal ratings were calculated based on local
meteorological data. Finally, the PDFs for the resultant line loadings were compared with the
PDFsfor the thermal ratings of each line and the LORI was determined. Hence, the LORI was
calculated based on the probabilistic method, which determines the likelihood and the severity

of the line overloading.
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Accordingly, this chapter aims to apply the proposed LORI algorithm to the Dubai

Transmission System. Details of the Dubai transmission system were provided in Section 3.3.
5.2 System demand for Dubai power system

Based on the ambient temperature, the calendar year in Dubai can be divided into the two main
seasons of summer and winter. Summer isnormally considered to be the months of April, May,
June, July, August, and September; while winter comprises the remaining months of the year.
Figure 5.1 illustrates the hourly system demand variation during 2011. It can be noted that for
this system, the maximum demand occur during the summer period (middle of graph) due to
the high usage of air conditioning units, while lower system demands happens in the winter
months (start and end of graph). The maximum system demand for 2011 was 6,162 MW, which
occurred during the summer period at 15:00 hrson 10 August 2011, while the minimum system
demand was 2,005MW, which occurred during the winter period at 05:00 hrs on 01 January

2011
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Figure 5.1: Hourly system demand variation during 2011 for the Dubai power system

76



In order to reduce the potential number of simulation studies, a number of discrete system
demand levels (bins) were identified. System demand range was divided into 100 units (bins),
each with a bin size of 100 MW. Hence, actual chronological hourly system demands were
converted into different state models, with a distribution function corresponding to a one-year
period.

Table 5.1 shows the resultant system demand ranges along with their frequencies and
probabilities. As can be seen, system demand in Dubai city for the year 2011 ranged from 6,162
MW to 2,005 MW. The most frequent range of the system demand was 2,900 — 2,999 MW,
which occurred for 413 hoursin the year (its probability is 0.047). On the other hand, the least
frequent range of system demand was 2,000 — 2,099 MW, which occurred for only 12 hoursin
the year (its probability is0.001). The frequency and PDF curvesare shownin Figure5.2. This
figure shows the frequency of occurrence of each range of system demand on the left-hand

scale, and the corresponding probability on the right-hand scale, for the complete annual 1oad

cyclein 2011 with a bin size of 100 MW.

Table 5.1: Ranges of the system demand of the year 2011 with their frequencies and probabilities of occurrence
# Ranges Freq Prab. # Ranges Freq. Prob. # Ranges Freq Prob.
1 | 2000-2099 12 0.001370 16 | 3500-3599 198 0.022603 | 31 | 5000-5099 240 0.027397
2 | 2100-2199 59 0.006735 17 | 3600-3699 200 0.022831 | 32 | 5100-5199 242 0.027626
3 2200-2299 179 | 0.020434 18 | 3700-3799 191 0.021804 | 33 | 5200-5299 237 0.027055
4 | 2300-2399 187 | 0.021347 19 | 3800-3899 168 0.019178 | 34 | 5300-5399 231 0.026370
5 | 2400-2499 193 | 0.022032 20 | 3900-3999 169 0.019292 | 35 | 5400-5499 273 0.031164
6 | 2500-2599 237 | 0.027055 21 | 4000-4099 167 0.019064 | 36 | 5500-5599 237 0.027055
7 | 2600-2699 266 | 0.030365 22 | 4100-4199 189 0.021575 | 37 | 5600-5699 205 0.023402
8 | 2700-2799 275 | 0.031393 23 | 4200-4299 226 0.025799 | 38 | 5700-5799 176 0.020091
9 | 2800-2899 386 | 0.044064 24 | 4300-4399 214 0.024429 | 39 | 5800-5899 137 0.015639
10 | 2900-2999 413 | 0.047146 25 | 4400-4499 233 0.026598 | 40 | 5900-5999 89 0.010160
11 | 3000-3099 378 | 0.043151 26 | 4500-4599 226 0.025799 | 41 | 6000-6099 40 0.004566
12 | 3100-3199 308 | 0.035160 27 | 4600-4699 199 0.022717 | 42 | 6100-6199 17 0.001941
13 | 3200-3299 288 | 0.032877 28 | 4700-4799 198 0.022603 | 43 | 6200-6299 0 0.000000
14 | 3300-3399 284 | 0.032420 29 | 4800-4899 184 0.021005
15 | 3400-3499 197 | 0.022489 30 | 4900-4999 212 0.024201 Total 8760 1
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Figure 5.2: Freguency Distribution and PDF for system demand for the year 2011

The study cases were extended to consider the forecasted system demands of the years 2015,
2021 and the “stressed’ system for 2021. It isforecasted that the system demand will be around
8,000 MW, 9,500 MW and 11,000 MW for the years 2015, year 2021, and the ‘stressed’ year
2021, respectively. Figure 5.3 shows the system demand growth based on official forecast of
DEWA master plan. Thus, the equivalent scaling percentage, with respect to the actual system
demand of 2011 was used to derive the hourly system demand for the forecasted years. As
temperature, humidity and social patterns are expected to be very similar over the period to
2021, it isnot expected to be asignificant change in daily or seasonal shape of system demand.
Therefore, the annual system demand for future years has been considered using the same

system demand shape as for year 2011 but scaled to the respective predicted maximum.
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Figure 5.3: System demand growth for Dubai power system

Graphs of the hourly variation of and PDF for the system demand for years 2015 and 2021
were developed and analysed. The system demands in 2015 are expected to vary from 7,947
MW to 2,585 MW, with the most frequent range of the system demand is expected to be 3,700
- 3,799 MW, while the least frequent range of system demand is 2,500 — 2,599 MW. For the
2015 study, the number of system demand states increased to 55 while maintaining the same
bin size of 100 MW. In 2021, the system demands are forecasted to range from 9,482 MW to
3,085 MW, with the most frequent range is 4,400 — 4,499 MW and the least frequent range is
3,000 - 3,099 MW. The number of system demand states further increased to 65 with similar
bin size of 100 MW.

As stated previoudly, it was required to stress year 2021, and thus the system demands ranged
from 11,000 MW to 3,600 MW (Figure 5.4). Figure 5.5 shows that the most frequent range of
the system demand is 5200-5299 MW, which is expected to occur 245 hours in a year, while
the least frequent range of system demand is 3,500 — 3,599 MW, which is expected to occur

for one hour in ayear. Number of resultant stateis 76.
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5.3 Reliability data for Dubai transmission power system

Reliability data of failure and their duration were obtained from Dubai Electricity and Water

Authority (DEWA). Single and double components failures on the transmission system for

2004 to 2011 are shown in Table 5.2 for both 400 kV and 132 kV levels [5]. As can be seen,
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2009 wasthe worst year for 400 kV singlelinefailures, i.e., four individual 400 kV singlelines
failures occur

ed with an average duration for each failure of 65.78 hours; due to rectification time. In
addition, it can be noted that simultaneous 400 kV double line outages didn’t occur during the
study period, although bus bar outages and one total blackout did occur due to technical
failures. The 400 kV transmission system operated by DEWA had been faced with about eight
single line outages, during eight years (i.e. once a year as average), with an average duration
of nine hours for each outage. Using Equation 4.9, the probability of the ‘N-1" contingency
Pcn-1) was calculated as

p _Ar _ 149
-1 = 7 = 5760

= 0.0001027397 .

As no contingency of second order line failures (i.e. “N-2” contingency) occurred during the
study period in Dubai, afailure frequency of double circuit outages was assumed to be 7.5 %
of the *“N-1" [137]. The probability of an event in which two independent line outages overlap
isvery small. Hence,

Pcn—2) = Pcn—1) ¥ 7.5% = 0.0001027397 * 7.5% = 0.00000770581

The simulations also determined the effect of planned maintenance line outages on the LORI.
Statistics of maintenance outages of 400 kV lines were collected for the years 2010, 2011, and
2012. The average frequency of occurrence of planned maintenance outages for each 400 kV
line was derived along with the corresponding average duration, as tabulated in Table 5.3. The
probability of maintenance outage was found to be (2.2 x 70.8)/8760 = 156 / 8760. However,

for the smplicity purpose, no more results will be shown for maintenance outages.
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Table 5.2: Failure statistics for Dubai transmission system

400 kV 132kV
Component Single | Double | o 400/132 | Single | Double | Bus
. I S usbar o9 T
circuit | circuit transformer | circuit | circuit bar
2004 Freq 1 0 0 1 5 1 0
Duration (hrs) 4.38 0 0 42 5.75 1 0
Freq 0 0 0 0 6 0 0
2005 Duration (hrs) 0 0 0 0 2.8 0 0
2006 Freg 0 0 0 4 9 0 0
Duration (hrs) 0 0 0 30.67 37.77 0 0
2007 Freg 0 0 0 1 11 1 0
Duration (hrs) 0 0 0 9.8 23.53 245 0
2008 Freq 2 0 1 0 4 1 0
Duration (hrs) 1.01 0 483.3 0 112 04 0
2009 Freq 4 0 1 0 10 0 2
Duration (hrs) | 65.78 0 177 0 30.44 0 472
2010 Freq 0 0 0 0 12 1 0
Duration (hrs) 0 0 0 0 16.96 5.67 0
2011 Freq 1 0 0 0 13 0 1
Duration (hrs) 0.72 0 0 0 29.82 0 2.03
Average Freg 1 0 0 1 9 1 0
Duration (hrs) 9 0 61 10 19 1 1

Table 5.3: The average frequency of planned maintenance outages
along with the average duration for 400 kV lines.

Year Average Frequency | Average Duration (hours)
2010 2.2 42.66
2011 2.1 59.07
2012 2.3 110.58
Average 2.2 70.8

5.4 Thermal rating calculation for transmission over head lines of the Dubai

power system

Hourly steady state thermal ratings for 400 kV lines were calculated using IEEE Std. 738. The
weather data set used in this study was obtained from the Dubai Metrology Office [139], and
corresponds to a location at Dubai international airport within the area of study and
representative of the whole area. The data set contains historical hourly values of measured

meteorological data. Each set of hourly weather data contains three weather elements: ambient
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air temperature, wind speed, and wind direction for the calendar year 2013. Given that year-
on-year changes are small and no drastic changes in climate has been observed, it has been
assumed that data are representative for application to the 2011 and “stressed’ year 2021 study.
The Dubai area contains very similar geographic and climate characteristics (i.e. desert and a
coastal ared). Therefore, this study assumed and used a single area which has common
geographic and weather features. Figure 5.6 shows hourly weather data for ambient
temperature and wind speed. As can be seen, the ambient temperature appears to be the least
variable parameter, in comparison to wind speed. Frequency distributions were used to
represent the weather parameters of ambient temperature, wind speed, and wind direction, as
shown in Figure 5.7. As can be seen from Figure 5.7(a), ambient temperatures in Dubai city
range from 47 to 12 °C, and the most frequent range for the ambient temperature is 30 — 34 °C,
which occurred for 2,369 hours during 2013. DEWA used 45 °C , 38 °C and 32 °C for summer,
spring/autumn and winter, respectively. Figure 5.7(b) illustrates that wind speedsin Dubai city
range from 14.4 to 0 m/s, and the most frequent range of wind speed is 2 — 3 m/s; which
occurredfor 4,201 hours|[5, 132, 133, 138]. DEWA utilized wind speed of 1 m/sfor all seasons.
Finally, Figure 5.7(c) indicates that the wind direction range of 300° — 329° (dominant *Shamal’
wind) occurs more frequently in comparison with other wind direction ranges, i.e., it occurred
for 1,121 hours[5, 132, 133, 138]. DEWA used wind angle of 20° for all seasons. For DEWA
to calculate their thermal rating, especially for summer season, values of 45°C, 1 m/s and 20°
were used for ambient temperature, wind speed and wind angle respectively [5].

The wind angle is the direction of the movement of the wind relative to the conductor axis.
When thewind angleis zero, the wind isblowing parallel to the conductor axis. When thewind

angle is 90°, the wind is blowing perpendicular to the conductor axis. [5]. For application to
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the |EEE equations [131], and due to the similarity of wind hitting effects, it was necessary to
convert meteorological wind directions in the range from 91° to 360° into an equivalent range
of 0° to 90°, according to Table 5.4.
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Figure 5.6: hourly weather for Dubai during 2013
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AAAC ‘Yew’ and ACSR ‘Zebra’ quad conductors are used in al 400 kV transmission
overhead linesin the Dubai transmission network and the thermal rating calculations are based
only on these two types of conductors. Table 5.5 shows the specifications for these conductors

[5].

Table 5.4: Conversion of 91° to 360° wind anglesinto ‘0° to 90°” angles

wind Conversion to cope with
Direction | EEE calculation
0-90° 0— 90°
90° - 180° 90° — 0°
180° - 270° 0—90°
270° - 360° 90° — 0°

Table 5.5: Engineering parameters for 400 kV transmission line conductors

Yew AAAC ZebraACSR
Conductor Outer Diameter (mm) 28.42 28.62
Conductor DC Resistance at 20 °C (Q/km) | 6.908 x 10 . | 6.74x 107" |
Maximum allowable temperature (°C) 95 100
Conductor surface absorptivity 0.9
Conductor surface emissivity 0.7

Conductor DCresistanceisgivenin Table 5.5 at atemperature of 20 °C. Equations 5.1 and 5.2
[140] were used to convert the conductor DC resistance at a temperature of 20°C into AC

resistances at 25 °C and 75 °C.

Rpc(z) = Rpcy(1 + a4 (T, — ) Equation 5.1, where

Rpe(1): resistance at temperature T,
Rpc(z): resistance at temperature T,
a,: temperature coefficient of resistance at T,
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Rac = Rpe.S Equation 5.2, where
S : skin effect factor for the conductor. As [5], a value of 1.03354 was used for ACSR

conductors, while 1.0123 was used for AAAC conductors.

The Maximum Operating Temperature (MOT) (generally between 50 °C and 100 °C) is the
highest temperature at which a conductor can operate and still maintain minimum clearance
requirements for the safe line operation considering line sags and annealing. Maximum
allowable conductor temperatures of 95 °C and 100 °C for Yew AAAC and Zebra ACSR
conductors, respectively, were used in this study to determine the steady-state thermal
conductor rating.

The conductor el evation height was assumed to be 100 metres above sealevel [5]. The latitude
for Dubai city is25°.

Usually, coefficients of emissivity (€) and absorption (a) of a new conductor are in the range
of 0.2t0 0.3, and increase up to 1 with age as a function of the system voltage and the density
of particulates in the air [127]. For our study, the coefficients of emissivity (¢) and absorption
(o) were selected as 0.7 and 0.9, respectively, as used in DEWA [5].

The geographic locations (in degree angle) of transmission lines with respect to North pole, i.e.
its azimuth, were found e.g. the azimuth for the 400 kV transmission line ‘K-N’ is 44°. For
simplicity purpose, it was assume that wind will hit the line in an angle based on single
calculated line azimuth angle, although it is well-known that line will not maintain single

azimuth.
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5.4.1 Senditivity analysis of effect of weather parameters

There are various parameters that affect the thermal rating of overhead lines. These parameters
may be characterized into conductor properties, geographical properties, and weather
environmental conditions. A sensitivity analysis was carried out to assess the effect of wind
speed, wind direction, and ambient temperature on the calculated thermal rating. The analysis
was conducted such that one parameter at a time was varied while the other parameters were
maintained constant. The effects of selected input of weather conditions on conductor thermal
ratings, specific to Dubai are shown in Figures 5.8. From Figure 5.8(a), it can be seen that an
increase in ambient temperature to the maximum experienced has a significant de-rating effect
on the lines. The thermal rating decreases from 4,493 Amps at 10 °C to 3,190 Amps at 47.5
°C. At 47.5 °C, the de-rating is around 29% compared to operation at 10 °C. Figure 5.8(b)
shows that arelatively small initial increase in wind speed resultsin avery marked increasein
the line rating, e.g. from 0 m/sto 2 m/s, there is nearly a four-fold increase in the rating. The
thermal rating increases from 1,075 Amps at awind speed of 1 m/sup to 6,167 Ampsat awind
speed of 14 m/s. Figure 5.8(c) confirms that the maximum thermal rating occurs when the wind

direction is perpendicular to theline, i.e., 4,055 Amps.
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Figure 5.8: Effect of weather changes on line thermal rating

A sensitivity analysis shows that different weather parameters have a different impact on line

thermal ratings, and ranked from lowest to highest, these are ambient temperature, wind
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direction, and wind speed. The maximum current-carrying capacity of the power transmission
line is decreased by high temperatures or low wind speeds.

As future work, more studies could be elaborated on the correlation between effect of ambient
temperature on both system demand and thermal rating.

5.4.2 Probabilistic Distribution Function (PDF) of thermal rating

Asweather conditions change, the thermal rating of atransmission overhead line also changes.
Figures 5.9 show the hourly thermal rating for “Yew’ and ‘Zebra’ conductor lines, respectively,
calculated over aone-year period and based on the data set of ambient temperature, wind speed
and wind direction for 2013. The cal cul ations show that the line ratings range from 2,789 Amps
t0 9,785 Amps for “Yew’ conductor lines, and from 3,017 Amps up to 10,085 Ampsfor ‘Zebra’

conductor lines. The mimima of thermal ratings are more frequent during the summer period.
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Figure 5.9: Hourly thermal rating for transmission lines
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Thermal ratings were represented by a time-varying thermal rating probabilistic model as
illustrated in Figure 5.10. It can be seen that the most frequent range of thermal rating for a
“Yew’ conductor is 5,340 - 5,369 Amps, which occurs for 104 hours during ayear (probability
of 0.0119). On the other hand, the most probable thermal rating for a *Zebra’ conductor is6,570
- 6,599 Amps, occurs for 111 hours during a year (probability of 0.012671). In comparison
with that used in DEWA, for ‘“Yew’ the adopted thermal rating is 3,290 Amps, 3,590 Amps
and 3,880 Amps for summer, spring/autumn and winter respectively. For ‘Zebra’, the used
thermal rating is 3,550 Amps, 3,825 Amps and 4,100 Amps for summer, spring/autumn and

winter respectively.
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5.5 Multipleload flow simulations

In the evaluation of the LORI proposed in this research, the controlled multiple study facility
was conducted using the C++ programming code. NEPLAN Programming Library (NPL) was
used to automate network modelling and contingency simulation.

Generating units that are assigned to supply base load are called on to operate at a continuous
output level, while peaking generating units are called on to operate according to their priority
ranking order if additional power is required for supplying system demand. To operate the
system securely, the system needs to maintain an additional margin of flexibility (in terms of
reserve) to be maintained. The amount of primary reserves to be maintained by DEWA as of
year 2011 is 130 MW based on the size of largest generating unit present in interconnected
system and interconnection codes. In the simulation for the DEWA system, the slack bus is
maintained in at the location of one of the generators at B power station.

A programming code with around 55,000 lines, was developed to execute the flow charts
shown in Figure 4.4 and Figure 4.5. For each of the modelled study cases, the system loads
were adjusted to within the targeted range of system demand, and generators were connected
based on their ranking order, while keeping the slack bus generation to within +/- 130 MW.
For a system with N, linesand Np system demand levels, the total required number of studies
is Ng = NpNp (N, + 1)/2. For the Dubai system for single year 2011, with an adopted 43
system demand levelsand 301 lines, the total required number of simulationsistherefore nearly
2 million. To expedite the smulation process, parallel computers were set up. The study states
in each system demand level of a study of years 2011 and 2015, in Dubai system case studies
with 301 transmission linesinclude (i) one normal state (no linefailure), (ii) ‘N-1" contingency

statesfor all 132 kV and 400 kV lines, equivalent to N, (i.e. 301), and (iii) ‘N-2” contingencies
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(N =1)N

requiring a number of states equivalent to (i.e. 45,150). For 2021, due to the

installation of further planned power stations and network modifications, the study states
increased to include, in addition to one normal state, 308 first-order states and 47,278 second-
order states.

Using the NPL, each simulation set was carried out in approximately 650 hours; using parallel
workstations. Table 5.6 shows the simulation numbers and duration for all cases.

Table 5.6: Computation burden for Dubai system

No No. Intact system N-1(i.e 25m N-2 (e Si Overall (i.e. =it T
NO- system - - : - : - ——r
Year Line | Girand | Simulatio Simulation | gy ip | Smulation | g e | SmUlaion | g e | Simulation
s n No. Duration n No. Duration n No. Duration n No. Duration
levels (hrs) (hrs) (hrs) (hrs)
2011 304 43 1 0.1 304 2 46,056 475 1,993,523 477
2015 304 56 1 0.1 304 2 46,056 642 2,596,216 644
2021 308 65 1 0.1 308 2 47,278 810 3,093,155 812
. 2021 , 310 76 1 0.1 310 2 47,278 1115 3,616,764 1117
stressed

5.6 TheLineOverload Risk Index (LORI) calculation for the Dubai
transmission system

Four cases of actual and forecasted years have been studied to show the impact of uncertainties
of system demand, line faults, maintenance outages, and variable thermal ratings on the
reliability of transmission systems. These cases were defined for years 2011, 2015, and 2021
and the so-called ‘stressed” system for the year 2021. However, to simplify the particular only,
theresultsfor 2011 and the ‘stressed’” 2021 systems, without maintenance results, are presented
here.

5.6.1: TheLine Overloading Risk Index (LORI) calculation for system study for
2011

Following the methodology outlined in the previous chapter, the loadings of al 400 kV lines

were calculated for the year 2011. Results for selected lines connecting (i) power stations
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(Figure 5.11), (ii) power stations to load stations (Figure 5.12), and (iii) load stations (Figure
5.13) are shown for (i) the intact system, (ii) al ‘N-1’ contingencies, and (iii) al ‘N-2’
contingencies for all 43 system demand levels. From Figure 5.11, it can be seen that the
loadings on the 400 kV lines that interconnect power stations generally increases as the system
demand increases, due to the effect of the generator output changes to maintain the slack bus
within the required range. However for the 400 kV lines that connect power stations to load
stations (Figure 5.12) or that connect load stations (Figure 5.13), it was observed that loadings
increases following increase in the system demand. Furthermore, the rate of line loading
increases progressively for ‘“N-1" and ‘N-2’ contingencies. The highest loading was found to
be on line K-N with a maximum loading of 1,565 Amps in the intact system, 2,027 Amps in

the “N-1" contingencies, and 2,375 Amps in the *‘N-2’ contingencies.
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different system contingency for 2011

From these results, the probability distributions of line loadings were calculated. The results
for one sample line of three categories of linesi.e. the D - B generator-generator line, the M -
F generator-load line and the K - N load-load line are shown in Figures 5.14, 5.15 and 5.16,
respectively, for the intact system, ‘N-1" contingencies, and ‘N-2’ contingencies. From the
figures, it can be seen that the probability of line loadings due to ‘N-1" contingency is lower
than that in the intact system; and is significantly further lower than that due to ‘N-2’
contingency. Thisis as expected due to the different probability assigned to the contingencies.

Also, it can be seen that line loadings significantly increasing due to contingencies.
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Figure 5.14: Lineloading PDFsfor D - B Generator-Generator line for the year 2011
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Figure 5.15: Line loading PDFsfor M - F Generator-load line for the year 2011
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Figure 5.16: Line loading PDFsfor K — N load-load line for the year 2011



Figure5.17, Figure 5.18, and Figure 5.19 show the combined PDFsfor line loading and thermal
rating (Yew type conductor) for three types of lines (i.e. with respect to connection to either
generator or load buses), namely, the D - B generator-generator line, M - F generator-load line,
and K - N load-load line, respectively for the intact system, ‘N-1" contingencies, and ‘N-2’
contingencies. It can be seen in Figure 5.18 that under intact conditions, as expected, thereisa
considerable margin between the maximum line loading and the minimum thermal rating,
which found to be at least 2,535 Amps. Thelineloading for al ‘N-1" conditionsincreases, and
it is noted that the maximum loading moves closer towards the minimum rating, that is, the
margin was reduced considerably (i.e. to 2,046 Amps). For the ‘N-2” contingencies, the margin
was reduced further (i.e. 1,552 Amps). Also as expected, the period of minimum margin is
approached during the hottest summer period. Similar behaviour is noticed for other
transmission lines.

Hourly system demands and hourly thermal ratings were sorted, based on ‘system demand’
from largest to lowest, in order to find the equivalent thermal rating for each system demand
level (previoudly discretised with 100 MW bins). The minimum thermal rating was selected
here (instead of the maximum and average value) to take into account the worst case thermal
rating for each system demand level, as shown in Table 5.7. Thiswill be used later to find out
the severity of the line loadings of the transmission lines in each system demand level to

caculate the LORI.
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Figure 5.17: Line loading and rating PDFs for D - B generator-generator line for the year 2011
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Figure 5.18: Line loading and rating PDFsfor M - F Generator-load line for the year 2011
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Figure 5.19: Lineloading and rating PDFsfor K - N load-load line for the year 2011



Table 5.7: Thermal ratings for each of the system demand ranges

System Max | Min | Average System M ax Min Average

Demand Demand

Ranges Ranges
6205-6104 | 6873 | 4666 5845 4005-3904 8660 3559 5876
6105-6004 | 7743 | 3441 6110 3905-3804 8637 3636 5938
6005-5904 | 8115 | 3744 6104 3805-3704 9785 3669 6061
5905-5804 | 7699 | 3160 6053 3705-3604 7802 3365 5842
5805-5704 | 7660 | 3546 6126 3605-3504 8370 3410 5945
5705-5604 | 7974 | 2789 6058 3505-3404 8727 3201 6057
5605-5504 | 8148 | 3081 5947 3405-3304 8641 3374 6057
5505-5404 | 8507 | 3487 5943 3305-3204 8924 3506 5931
5405-5304 | 8096 | 2917 5914 3205-3104 9444 3662 6156
5305-5204 | 8299 | 3250 5933 3105-3004 9710 3613 6253
5205-5104 | 8160 | 3674 5838 3005-2904 9268 3406 6274
5105-5004 | 8547 | 3132 5836 2905-2804 8870 3492 6293
5005-4904 | 8701 | 3442 5757 2805-2704 9040 3724 6013
4905-4804 | 7956 | 3214 5629 2705-2604 8880 3732 6069
4805-4704 | 7912 | 3334 5662 2605-2504 8977 3377 5957
4705-4604 | 8022 | 3003 5551 2505-2404 8954 3911 5906
4605-4504 | 7938 | 3525 5693 2405-2304 8595 3820 5814
4505-4404 | 7984 | 3397 5681 2305-2204 9148 3650 5698
4405-4304 | 8705 | 3276 5726 2205-2104 8906 3737 5671
4305-4204 | 8681 | 3264 5808 2105-2004 8556 4643 6352
4205-4104 | 8135 | 3283 5549 2005-1904 5707 5707 5707
4105-4004 | 8565 | 3481 5576

Figure 5.20 shows the hourly line loading for one of the load-load lines of K - N, and it can be

seen clearly that no overloading occursfor the intact system, or for the ‘N-1" and ‘N-2” outages.
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Figure 5.20: Hourly line loadings and thermal ratings for K-N load-load line for the year
2011

It can be noted as well that both line loading and its equivalent thermal rating are variable
guantities, and depending on the extent of the overlap of these two distributions, associated
risks occur. The selected risk index known as the LORI is calculated as the product of the
probability of the loading of aline and the severity of the line loading, as shown previously in
Chapter 4. Theresults of this extensive systematic study show that under all studied conditions,
no line loading reaches 90% of its rating and the severity of line loading, Sl ;), is always zero
for this case. Consequently, the LORI as expressed in Equation 4.12 for this study caseis aso
zero.

By applying the devel oped methodol ogy, the loadings of all 400 kV lineswere calculated using
NEPLAN for the years 2015 and 2021 for (i) the intact system, (ii) all “N-1" contingencies, and
(iii) all “N-2 contingencies for all discretised system demand levels. It was found that no

overloading occurred and thus the LORI was found to be zero. Hence, the system of 2021 was

104



required to be further stressed, by increasing the system demand level close to full generation
capacity.

5.6.2: Evaluating the Line Overload Risk Index (LORI) for the ‘stressed system’
for 2021

The results of the simulations for the *stressed’ 2021 system show that some overloadings were
resulted, specifically for linesof D - C,E- R, D - R and P- R dueto ‘N-1’ contingencies.
Further overloading values were observed on these lines due to ‘N-2’ contingency. LineP-R,
as an example, was loaded to maximum of 2,856 Amps, 3,474 Amps and 3740 during intact
condition, ‘N-1" contingency and ‘N-2’ contingency, respectively. This line exceeded the
relevant thermal rating. Figure 5.21 and Figure 5.22 shows probability of line loadings for two
400kV linesi.e. D — Cand P- R, respectively.

Furthermore, probability of overloading of one of line, for example D — C, was calculated to
occur 37 hours in a year (i.e. probability of 0.000004224) due to ‘N-1" and 160 hour (i.e.
probability of 0.00000018265) due to ‘N-2° contingency.

Figure 5.23 and Figure 5.24 demonstrate the combined PDFs for the line loading and thermal
rating for the same lines and contingency conditions. As can be seen in Figure 5.23, under
intact conditions there is a margin between the maximum line loading and the minimum
thermal rating, which was found to be 157 Amps. The line loading due to ‘N-1" conditions
increases, and the highest line loading moves further towards the minimum rating, and
overlapping between the two PDFs occurs. Under ‘N-2” contingencies, the margin is further

reduced and more overlapping occurs.
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Figure 5.21: Lineloading PDFsfor D - C Generator-Generator line for the ‘stressed’ year 2021
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Figure 5.22: Lineloading PDFsfor P - R load-load line for the ‘stressed” year 2021
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Figure 5.23: Lineloading and rating PDFs for D - C generator-generator line for the “stressed’ year 2021
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Figure 5.24: Line loading and rating PDFsfor P - R load-load line for the ‘stressed’ year 2021
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Although it may be observed that some lines reveal an area of overlapping between the PDFs
of line loading and of thermal rating; thisin itself does not necessarily mean that overloading
occurs because of the noncoincident pairing of line loading and line thermal rating rating
events. For example, when ‘zooming in’ on the overlapping area for one of the lines (e.g. P —
R) as shown in Figure 5.25, it can be seen that aloading range of 2,760 — 2,789 occurs for both
line thermal rating and line loading, but with a different probability; i.e. it does not necessarily
mean that the contradicting events occur at the same time. It was therefore necessary to
confirm, manually, the overlapping of the same time series for both line loading and line

thermal rating; in order to evaluate the LORI correctly.
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Figure 5.25: Zoomed in an overlapping area
The overloadings for the line P — R is demonstrated to occur and thisisillustrated in Figure 5-

26, which shows the combined time series for hourly line loading and line rating. From the

same figure it can be seen clearly that overloading occurs for ‘N-1" and ‘N-2” outages. The
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LORI was calculated accordingly for the cases where the line loading reaches to 90% of the

thermal rating at the same time series.
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Figure 5-26: Hourly line loadings and thermal ratings for P-R load-load line

The results of this extensive systematic study show that under studied conditions, there were
some overloadings on 400 kV lines, i.e., some of the line loading reached more than 90% of its
rating and the severity of thelineloading, S1; ;, is calculated based on the “‘continuous” model.
The calculated line overloading risk indices as expressed in Equation 4.12 for this case study
system are shown in Figure 5-27. It can be seen that line D - C hasthe largest LORI index due
to “‘N-1; and “N-2’ contingencies, which would need to be considered during system design and
operation. The LORI was used to rank the lines based on both probability and severity. When
comparing the result with that obtained in Chapter 3, it can be seen that the LORI is calculated
with respect to both probability and severity, while in Chapter 3, it is calculated with respect

only to severity.
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Figure 5-27: LORI calculated for 400 kV lines

5.7 Conclusions

The proposed LORI algorithm was applied to the Dubai transmission system over the period
2011 to 2021 through an extensive systematic evaluation of the steady-state probabilistic
performance under hour-by-hour loading levels over a one-year period. The probabilistic
performances of 400 kV overhead lines with respect to line loading were shown, where line
flow and thermal rating vary. Risk of line overloading may arise from the following
uncertainties: (i) hourly variations in system demand, (ii) maintenance outage, and (iii) ‘N-x’
line outages, taking into account respective variations in the thermal rating.

The hourly thermal rating was calculated for Dubai system transmission overhead lines and
was based on an annual set of meteorological data. It is noted that this approach to line rating

assessment provides much higher thermal ratings than those derived from the traditional
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method as the latter method considers conservative values for wind speed, wind direction and
ambient temperature. The probability distribution of the line thermal rating was also calcul ated
and devel oped.

The power flow simulation results, using NEPLAN commercial load flow software, were
utilized to determine the PDFs of loading for each line incorporating actual fault rates. The
evaluation algorithm considered intact conditions, for maintenance outage, all ‘N-1’
contingencies, and every combination of ‘N-2’ contingencies. Systematic multiple study
execution along with data handling was achieved using a developed C++ based programming
code.

The PDFsfor the resultant line loadings were compared with the PDFs for the thermal ratings
of each line and the LORI was determined. A systematic evaluation algorithm of the LORI of
al the lines of the transmission system over one complete annual cycle was calculated. The
LORI was calculated based on the probabilistic method that determines the likelihood and
severity of line overloading.

In the case study for the year 2011, the LORI was found to be zero as under all studied
conditions no line loading reached 90% of its rating, and thus the severity of line loading is
always zero. A similar observation was noted for the projected system in 2015 and 2021.
Hence, system demand for year 2021 was increased hypothetically to reach its maximum
generation capacity, hence stressing the system. In this case overloadings on some cases were
observed i.e. some of the line loading reached more than 90% of its rating. The severity of the
line loading was calculated based on the continuous theory and the respective LORIs were
calculated and plotted. It was noticed that line D - C has the largest LORI index due to ‘N-1’

and ‘N-2’ contingencies.
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CHAPTER 6. PROBABILISTIC RELIABILITY ASSESSMENT
AND ITSAPPLICATION TO THE GB TRANSMISSION
SYSTEM

6.1 Introduction

This chapter presents the calculation of the LORI (as explained in Chapter 4) for the GB
transmission system (specifically for Zone 8) over aone-year period, considering uncertainties
of (i) hourly variations in system demand, (ii) different contingencies, and (iv) respective
variations in the line thermal rating. Initially, the Probabilistic Distribution Function (PDF) of
the system demand will be devel oped using the hourly system demand for one year, in order to
identify the system demand levelsto be studied. Then, using NEPLAN and C++ programming
code, load flows are conducted for an intact system and different contingencies in order to find
the line loadings and develop the PDF. Moreover, for each hour of a year, the relative line
thermal ratings were evaluated based on local weather data, and an equivalent PDF was
developed.

6.2 GB transmission system

National Grid is requested to publish into the public domain via the GB Ten Y ear Statement
[141] technical data for the 400 kV and 275 kV levels, including network topologies, half
hourly system demands, network capability and future requirements. The GB transmission
system includes the systems owned and operated by National Grid (SYS), Scottish Power
Transmission (SPTL), and Scottish Hydro Electric Transmission (SHETL). In this work, only
the England and Wales part of the GB transmission system is considered, specifically Zone 8.
The NEPLAN readily-available model of the GB transmission system for 2009 was adopted

from a previous project [124]. A smplified block diagram of the GB system divided into 11
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zonesisillustrated in Figure 6.1. Figure 6.2 shows a geographic representation of the 400 kV
and 275 kV system and the main interconnection boundaries. Figure 6.3 shows the
implemented NEPLAN load flow model. It should be noted that the network is undergoing a
programme of continuous expansion and reinforcement and that the current network in this

study represents one configuration approximating to the 2009 timeline.

Figure 6.1: Zones on GB transmission system for year 2009
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In the 2009 model, there are 409 substations, 496 transmission lines, and 83 generators. The
generating sourcesinclude gas, coal, wind, hydro, and nuclear power. The installed generation

capacity in the 2009 model is 60,300 MW. GB transmission system consisted of two hundred
and six 400 kV substations and two hundred and eighty-nine 400 kV lines, with atotal length
of about 10,854 km. The 400 kV circuits are mainly of an overhead tower line construction
employing ACSR 2x400, ACSR 4x400, AAAC 2x500, AAAC 2x700, or ACAR 2x500

conductors. Table 6.1 gives a summary of the GB transmission system as of 20009.

Table 6.1: Summary of the GB transmission system as of 2009

Number of 400 kV substations 206
Number of 275 substations 203
Number of 400 kV lines 289
Number of 275 kV lines 209

Installed Generation Capacity | 60,300 MW

It should be noted that the GB transmission networks are interconnected to continental Europe
power networks, that is, Northern Ireland, France, and now also to the Netherlands.

For the network under study, an hourly peak system demand of 60,100 MW was considered as
of year 2010 which is the nearest year to 2009 for which system demand data was availed as
on hourly basis[141].

In applying the devel oped al gorithm, Zone 8 of the system was sel ected as the study areawhich
is found to be comparable with Dubai system and in order to simplify the study. In Zone 8,
forty-six 400 kV circuitsare in parallel operation. This area has thirty-three 400 kV substations
and thirty-six 275 kV substations. The 275 kV transmission circuits are constructed from
overhead lines and underground cables. Table 6.2 gives a summary of Zone 8 of GB
transmission system as of 2009. Figure 6.4 shows the topology for Zone 8 of the GB
transmission system. To the north and east of Zone 8 are the power-exporting regions of

Scotland, Y orkshire, and the Humber.
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Generation from Scotland is transported south, leading to high power transfer levels across
Zone 8. Zone 8 has traditionally been heavily loaded at the time of the winter peak due to high

north to south power flows, and Zone 8 is dominated by thermal generation. Currently, the

zone has a bulk power transfer capability of 12,254 MW. [141].
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Table 6.2: Statistics for Zone 8 of the GB transmission system as of 2009
Number of 400 kV substations | 33
Number of 275 substations 36
Number of 400 kV circuits 46
Number of 275 kV circuits 41

The GB transmission network data, which were obtained from the National Grid 10 Year
Statement, however, do not include data for the following

» Capacity and ranking order for the generator units

» Component reliability data (i.e. fault rate and maintenance rate)

» Overhead line conductor types.

These data in this work have been either assumed or collected from other sources e.g. [22] in

order to obtain afull transmission system model.
6.3 System demand for GB power system

Actua hourly system demand data for a power system over a one-year period were found in
the Nationa Grid 10 Y ear Statement. The hourly system demand for the year 2010 is shown in
Figure 6.5. It is noted that the highest system demands (e.g. 60,216 MW at 17:00 hrs on 20
December 2010) occur during the winter period (start and end of graphs), while the minimum
system demands (e.g. 21,951 MW at 04:00 hrs on 04 July 2010) are located in the summer
season (middle of graph).

The system demand levels were divided into 500 units (bins), each with abin size of 500 MW.
The resultant system demand levels showing their frequencies and probabilities, isillustrated
in Figure 6.6. The system demands in the GB ranged from 60,216 MW to 21,951 MW. The
most frequent range of the system demand was between 40,300 - 40,799 MW, which occurred

for 289 hours in the year (i.e. probability of 0.033), while the least frequent range of system
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demand was 59,800 — 60,299 MW which occurred for 2 hours in a year (i.e. probability of

0.0002).
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Figure 6.6: Frequency Distribution and PDF for system demand for the year of 2010



6.4 Reliability data for GB transmission power system

Historical failure records were not found in 10 year statement for the GB transmission system.
Consequently, reliability data of failure and duration were taken from [22]. Table 6.3 shows
the component reliability data (per km) for the GB transmission system at 400 kV and 275 kV,
and this has been used in this study. Based on this data, asingle 400 kV line failure may occur
for 0.0007+0.0043 in ayear with an average duration of 24.68+0.11 hours. Then, asof Equation

4.9, the probability of the ‘N-1" contingencies is calculated as the following:

. (0.0007+24.68)+(0.0043%0.11) _

PC(N_U 18 e = 0.000002026.
Table 6.3: Assumed failure statistics for GB transmission system
275kV 400 kV
Component .| Duration ... | Duration

Probability (hrs) Probability (hrs)

Line (long outages) 0.0013 14.59 0.0007 24.68

Line (Short outages) 0.0109 0.14 0.0043 0.11

Busbar 0.0173 147 0.0269 3.42

Power Transfor mer 0.0222 011 0.0222 011

The failure of double circuit outages was assumed to be 7.5 % of that of ‘N-1" [137].

Pen—2) = Pen—1) * 7.5% = 0.000002026 * 7.5% = 0.000000151
6.5 Thermal rating calculation for transmission overhead line for the GB
transmission system

The historical hourly weather data, used in this study to calculate thermal ratings, are given by
the GB Meteorology Office corresponding to the Church Fenton measurement point (which
represents Zone 8), for the year 2004. It was assumed that year-on-year changes are small, and
that the weather data is representative for application to this study. Figure 6.7 illustrates the

hourly ambient temperature and wind speed recorded for year 2004. Ambient temperature
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ranges from -5.6 to 28.2 °C, which is much lower than Dubai. Moreover, Zone 8, located on

the North
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4551

3576

sea coadt, is a quite windy area with wind speed values ranging between 0 — 19 m/s, which is

quite higher than Dubai. Frequency distributions for the ambient temperature, wind speed, and

wind direction, are shown in Figure 6.8. As can be seen from Figure 6.8(a), the most frequent
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range of ambient temperatureis 10— 15 °C, which occurred for 2,785 hours during 2004. Figure
6.8(b) illustrates that the most frequent range of wind speed is 2 — 4 m/s; which happened for
3,123 hours, which is comparable with that in Dubai. Figure 6.8(c) indicates that the wind

direction range of 270 - 299° has the highest frequency, occurring for 1,696 hours.
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400 kV overhead transmission lines in the GB use different types of conductors as shown in
Table 6.4. Three operating temperatures are as given by the manufacturer for different types of

conductors. Conductor with 50 -C of Zebra was used so that it results in the worst thermal

rating value.
Table 6.4: Types of conductors used in the GB overhead transmission system
Tvpe No. of Conductorsand | Maximum Operating
yp Aluminium Area Temperature (°C)

2x400 50, 65, 75

ACSR
4x400 50, 65, 75
2x500 75

AAAC
2x700 75

ACAR 2x500 75

ACSR Zebra conductor was chosen for the study because this type of conductor isfound to be
widely used in 400 kV transmission overhead linesin Zone 8§ of the GB transmission network.
Typically, this conductor is used in formation as a 4x400 mm? conductor bundle. Table 6.5
shows the specifications for this conductor. The conductor elevation height for Zone 8 was
assumed to be 100 metres above sea level while the latitude was found to be 53.7° [142]. For

the current study, the coefficients of emissivity (€) and absorption (a) were selected as 0.5 and

0.5, respectively.
Table 6.5: Engineering parameters for 400 kV transmission ACSR line conductors

Zebra ACSR

Conductor outer diameter (mm) 28.6

Conductor DC resistance at 20°C (Q/km) 6.74*107°

Maximum allowable temperature (°C) 50

Conductor surface absorptivity 0.5

Conductor surface emissivity 0.5
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The geographic locations of the start and end points of the linewere used to evaluate its azimuth
with respect to the North Pole. For a 400 kV transmission line of DRAX - EGG, it was found
that the azimuth is 106.5° with respect to the North Pole.

The calculated hourly thermal rating values for Zebra conductor lines areillustrated in Figure

6.9. Line thermal ratings range from 1,849 Amps up to 9,327 Amps.
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Figure 6.9: Hourly thermal rating for Zebra ACSR transmission lines

Moreover, thermal ratings are shown as probabilistic distribution in Figure 6.10. The most

frequent thermal rating is 4,620 - 6,449 Amps, which occurs for 100 hours during ayear.
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Figure 6.10: Frequency and Probabilistic Distribution Functions for the resultant thermal ratings

6.6 Multiple load flow simulations

The available GB model of year 2009 (in a NEPLAN format) with the system demand
corresponding to 2010 was used for the power flow study, with seventy-seven different
discretized system demand scenarios.

The scheduled generation and ranking order of the generators are not stated in National Grid
Ten Year Statement [141]. The generators are listed in Table 6.6, and ordered from highest to
lowest to capacity. Ranking is assumed to follow generator capacity (i.e. a lower generator
capacity, lower ranking order). For each modelled system demand, generators were committed
based on the assumed ranking order maintaining the slack bus generation to within an assumed
reserve of +/-1,000 MW. Of course, the load flow will change based on different unit

commitment.
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Table 6.6 Scheduled generation and ranking order of the generators

Ranking Ranking Ranking

Name Order GPen Name Orrde P Gen Name Order P Gen
WBURA40G 1 2415 | EGGB41G 29 970 FIDF21G 57 485
HEY $40G 2 2405 | EGGB42G 30 970 FIDF22G 58 485
COTT40G 3 2000 | GRST22G 31 963 FIDF23G 59 485
SIZE40G 4 1700 | GRST21G 32 963 FIDF24G 60 485
ABTH20gen 5 1641 | LANG40G 33 905 FFES21G 61 485
BAGB20gen 6 1641 | MAWO40G 34 900 FFES22G 62 485
DRAX42G 7 1620 | KILL40G 35 900 USKM2AG 63 425
DRAX41G 8 1620 | SPLN40G 36 880 NORW40G 64 420
DEES41G 9 1540 | ROCK40G 37 810 GREN40G 65 401
HUMR40 10 1320 | DAMCA40G 38 805 KEAD42G 66 367.5
SHBA40G 11 1285 | COS040G 39 800 KEAD41G 67 367.5
HINP40G 12 1261 | WALP40G 40 800 KEAD43G 68 260
SEAB40G 13 1234 | DIDC41G 41 775 CARE20G 69 245
INDQ40G 14 1200 | ECCLES(1) 42 773 HUTT4BG 70 229
BOLNEYG 15 900 | ECCLES(2) 43 767 WILL20G 71 228
SELL40G 16 800 | STRATHAVEN 44 750 OLDS20G 72 228
EASO40G 17 800 | GRETNA 45 737 DEES42G 73 210
GRAI40G 18 540 | RYEH40G 46 715 BARK21G 74 197
HATL20G 19 1208 | LITT40G 47 665 BARK22G 75 197
SAES20G 20 1101 | TILB22G 48 552 WISD20G 76 197
DIDC42G 21 1054 | TILB21G 49 552 BRIM2G 77 197
RATS42G 22 1000 | DINO40G 50 548 FAWL40G 78 158
RATHIG 23 1000 | DUNGA40G 51 540 HUTT4AG 79 155
PEMB40G 24 1000 | DUNG20G 52 540 USKM2CG 80 121
IRON40G 25 1000 | FERR20G 53 491 USKM2DG 81 121
RUGE40G 26 996 | FERR22G 54 491 BLYT22G 82 50
WY LF40G 27 980 | FERR23G 55 491 BLYT21G Slack
KINO42G 28 970 | KINO41G 56 485

The study cases include one intact state, first-order contingency for 275 kV and 400 kV lines,
and the corresponding second-order contingency. With Ny = Np N, (N, +1)/2, for 77 system

demand levels and 496 lines in the GB system, the total number of simulationsis 9.5 million.

128



Using the automated NPL code and running on parallel computers, the simulationswere carried

out in 465 hours, as shown in Table 6.7.

Table 6.8: Computation burden

Simulation No. | Simulation Duration (hrs)
Intact system 77 0.1
‘N-1’ 38269 4
N-2 9,490,712 460
Overall 9,529,058 465

Figure 6.11 shows the hourly resulted line loading for a sample 400 kV line of KEADA42 -

KEADA4B along with itsthermal rating, during intact system, N-1 and N-2 contingencies.
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Figure 6.11: Hourly line loading and thermal rating for a sample line

6.7 Line Overload Risk Index (LORI) calculation for GB Transmission

System of year 2010

The results of the simulations for GB system, considering only Zone 8 revealed that out of 41

400 kV lines, 16 lines overloaded due to ‘N-1’ contingencies and 26 lines due to ‘N-2’
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contingencies. The probability distributions of the resultant lines loading were developed. The
results for one sample circuit with the highest line loading of KEAD42 - KEAD4B are shown
in Figure 6-12, for an intact system, ‘“N-1" contingencies, and ‘N-2’ contingencies.
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Figure 6.12: Line loadings on 400 kV lines of Zone 8 for system demands
Figure 6.13 shows probability of line loadings for same example line of KEAD42 - KEAD4B.
The probability of overloading of this line is 0.000000565 (occurs 307 hoursin a year) due to
‘N-1" and 0.00000018 (occurs 1334 hours in a year) due to “N-2’ contingency.
Figure 6-14 shows the overall PDFs of the line loading and thermal rating for the line of
KEADA42 - KEAD4B and contingency conditions. Under intact system, there is a very small
margin (i.e. 9 Amps) between the highest line loading (2,434 Amps) and the lowest thermal
rating (2,443 Amps). The line loading due to ‘N-1" conditions increases, and the highest line
loading (e.g. 3,361 Amps) moves towards the minimum thermal rating (e.g. 2,223 Amps), that
is, overlapping occurs between two PDFs for some linesin different system demand levels but
not necessarily at the same time series. Due to ‘N-2’ contingencies, the margin if further
reduced and more overlapping occurs between the maximum line loading (e.g. 4,236 Amps)

and the lowest thermal rating (e.g. 2,223 Amps).
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Figure 6-13: Lines|oading PDFs for KEAD42-KEAD4B 400 kV line
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Figure 6-14: Lineloading and rating PDFs for KEAD42 - KEAD4B 400 kV line
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The LORIswere calculated and graphed in Figure 6-15. It can be seen that the line DRAX42 -
THOM40 has the highest LORI index due to ‘N-1" and KEAD4B-KILL40 due to ‘N-2’
contingency and need to be considered while system designing and operating. In contrast with
the LORIs found for the Dubai system, GB lines have the greater risk. UK system is different
in the sense that maximum system demand is greater in winter but the line thermal rating is
also greater, whilein Dubai it is different because when there is maximum demand in summer

there is minimum thermal rating.
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Figure 6-15: LORI calculated for all 400 kV lines

6.8 Conclusions

LORI index was analysed for 400kV transmission lines of Zone 8 of GB hourly system demand
of year 2010 and network of year 2009. Risk of line overloading was studied systematically

taking into account uncertainties of (i) hourly variations in system demand, (ii) maintenance
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outage, and (iii) “N-x’ line outages, considering variations in the thermal rating. Based on an
annual set of meteorological data, the hourly thermal rating and relative PDF were calculated
and developed for Zone 8 of the GB transmission overhead lines. The simulation results were
used to determine the PDFs of loading for each line incorporating actual fault rates. The PDFs
for the resultant line loadings were compared with the PDFs for the thermal ratings of each line
and the LORI is determined.

The overloading risk index was calculated based on the overloadings observed under some
conditions i.e. some of the line loading reached more than 90% of its rating and hence the
severity of the line loading was evaluated according to the continuous theory. It was noticed

that line DRAX42 - EGGB42 has the largest LORI index, i.e. isthe line with greatest risk.
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CHAPTER 7. CONCLUSIONS

In this investigation, existing risk assessment for transmission power systems has been
examined closely and new algorithm was devel oped and applied. The new devel oped algorithm
incorporates probabilities of some important uncertainties and the severity with respect to the
line overloading. Hourly thermal rating was al so cal culated based on given weather conditions.
The new method is automated in the form of a programming code.

An extensive literature review was conducted primarily with the aim of describing the existing
deterministic and probabilistic approaches for conducting the risk assessment process in order
to measure the reliability of the transmission system. An extensive review revealed a range of
different processes, techniques, tools, and indices, some of which have been adopted on various
transmission test systems for different applications. It was shown that probabilistic approach
could be more superior to deterministic approach.

To date, there is not enough confidence in the probabilistic risk assessment for power systems
to be used effectively for decision making, and it is sometimes employed as a next step
assessment after the use of the deterministic approach. Thisismay be dueto alack of historical

data or the complexity of the procedure. The industry alwayslooksfor amore efficient, simple,
and realistic procedure to carry out the risk assessment of power systems.

A deterministic approach was applied to the Dubai transmission system; this was studied in
detail, which ensured the necessity of the development of a new modified approach of the
probabilistic risk assessment.

Many indices have been used in the probabilistic approach, but the author found that the LORI

is the most suitable for use for transmission system that could quantify the security of the

transmission system.
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Based on the latest findings of investigations on the effect of uncertainties on the transmission
system, a process that considers their effect was developed. An appraisal of the existing
probabilistic and deterministic approaches and indices has shown that, for transmission
systems, the probability of uncertainties of hourly system demand variation and variable
thermal rating (in addition to maintenance and contingency) was not given enough attention
when calculating the LORI. Some recent research has focused on the assessment of the LORI;
however, such research has been limited to a small number of system demand levels and a
single line thermal rating.

The new proposed method aimed to extend the evaluation of the LORI through an extensive
evaluation of the transmission system performance under hour-by-hour system demand levels
for a one-year period, for an intact system, ‘N-1" contingencies, ‘N-2’ contingencies, and
maintenance outage. In addition, hourly line thermal ratings have also been evaluated and
considered over an annual cycle, based on detailed meteorological data. The new method is
further developed and automated in the form of a software routine. A detailed analysis of
reliability was conducted in thiswork using engineering, historical line fault, and maintenance
data. The PDFs for line loading, line thermal rating, and system demand were developed,
considering coincidence time of line loading and thermal rating. In thiswork, the methodol ogy
was applied on the real transmission systems of Dubai (for the years 2011 and ‘stressed” 2021)
and GB (for the year 2010).

For the year of 2011 on Dubai system, there were no overloadings, hence the severity for the
lines was zero, and LORIs were equated to be zero. Same results were observed for the year
2015 and 2021. After stressing the network of year 2021, some lines were overloaded, and

respective severity, probability and LORI were calculated. For GB system of year 2010, some
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overloadings were also observed and LORIs were evaluated. Based on LORIs, transmission
lines were ranked and the most risky lines were identified. It was found that line loadings on
GB system is much higher than that on Dubai system, and were more risky. UK system differs
in the aspect that maximum system demand and maximum thermal rating occur in winter, while
in Dubai it is different since when there is maximum demand in summer there is minimum
thermal rating.

LORI of each line can be calculated and used as a benchmark for the comparison of different
system operations and designs. Use of this methodology allows systems to be designed and
operated to an acceptable level of risk. Knowing this could help system operators and designers
make the best decisions to prevent damage to conductors or a potential cascading failure. It is
important to specify the LORI tolerance (i.e. acceptable LORI). As, currently, there is no
standard in power industry for specifying it, thisisadecision that should be taken by individual
utilities. Some of the foreseen advantage for adopting LORI algorithm could be better use of
the existing assets and reduction in future assets infrastructure based on adopted tolerance. In
the Dubai system, when there is a lot of system demand growth, a lot of new Transmission
investment could be put off. However, In GB, the main challenge is with change in generation
distribution rather than system demand growth i.e. Directive to get rid of coal and with more
renewable energy.

Overall, the research in this thesis offers an improved algorithm of the probabilistic reliability
assessment for transmission systems. Theimproved index, along with the devel oped algorithm,
can be used to rank the transmission lines based on the line overloading risk, thus assisting the
power engineers and decision makers to manage and control potential risks.

During the research programme, the following contributions were accomplished:
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Development of an advanced probabilistic procedure for the reliability assessment of
transmission systems which opened a path for considering line overloading risk based
on some important uncertainties.

Hourly calculation and analysis of thermal ratings for a transmission line for a period
of oneyear, according to on actual given weather condition and engineering parameters.
Development of sets of PDFs for system demand, line thermal ratings, and resultant
line loading.

Evaluation of LORI for real systems of Dubai and GB transmission systems.
Development of a C++ programming code in order to automate modelling and multi-

contingency analysis, thus eval uating the severity of the transmission lines.

Thiswork could be extended in future to include the following areas:

Further studies on the LORI that could incorporate other uncertainties, e.g., generator
outputs, load shedding, etc.

Utilizing the same algorithm but with other indices, e.g., voltage and system frequency.
Reducing further the number of cases to be studied, while maintaining high level of
accuracy.

Fully automating the process (to include calculations of probability, severity, and
LORI) using an advanced programming code.

Enabling utilities to specify the suitable tolerance for the LORI.

LORI agorithm could be adopted in real -time and offline software tool.

LORI agorithm could be adopted in distribution system.
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Appendix A: Engineering parametersfor the Dubai transmission

system
Table A.1: DEWA power plants and their adopted ranking order for year 2011
6081IM W (Summer) 1997MW (Winter)
Ranking Capacity @ Capacity @
Order 50° C Power 15° C Power
Generator (Priority to Statu Ambient Generated Statu Ambient Generated
switch-on) s Temp. (MW) s Temp. (MW)
(MW) (MW)
T-ST-1 46 OFF 68 0 OFF 68 0
T-ST-2 47 OFF 68 0 OFF 68 0
T-ST-3 48 ON 68 50 OFF 68 0
T-ST-4 49 OFF 68 0 OFF 68 0
T-ST-5 50 OFF 68 0 OFF 68 0
T-ST-6 38 ON 70 50 OFF 70 0
T-ST-7 40 OFF 70 0 ON 70 70
T-ST-8 42 OFF 70 0 OFF 70 0
B-GT-1 37 ON 132.33 132 OFF 159 0
B-GT-2
(Slack Bus) 39 ON 132.33 ON 159
B-GT-3 11 OFF 132.33 0 OFF 159 0
U-GT-1 33 ON 84 80 ON 110 100
U-GT-2 35 OFF 84 0 OFF 110
U-GT-3 36 ON 84 80 OFF 110
U-GT-4 43 ON 87 80 OFF 116
U-GT-5 45 ON 87 80 OFF 116
U-ST-6 44 ON 105 105 OFF 105
U-BPST-7 34 ON 58 58 ON 58 58
D-GT-1 11 ON 114.25 110 ON 150 100
D-GT-2 15 OFF 114.25 0 OFF 150
D-GT-3 16 ON 114.25 110 OFF 150
D-GT-4 17 OFF 114.25 120 OFF 150
D-GT-5 13 ON 121 120 OFF 155
D-BPST-6 12 ON 70 70 ON 70 70
D-BPST-7 14 ON 70 70 ON 70 70
E-GT-1 55 OFF 101.14 0 OFF 130 0
E-GT-2 56 OFF 101.14 0 OFF 130 0
E-GT-3 57 OFF 101.14 0 OFF 130 0
E-GT-4 58 OFF 101.14 0 OFF 130 0
E-GT-5 59 OFF 101.14 0 OFF 130 0
E-GT-6 60 OFF 101.14 0 OFF 130 0
E-GT-41 61 OFF 136.34 0 OFF 160 0
E-GT-42 62 OFF 136.34 0 OFF 160 0
E-GT-43 63 OFF 136.34 0 OFF 160 0
V-GT-1 6 ON 186.88 180 ON 241 200
V-GT-2 8 ON 186.88 180 OFF 241 0
V-GT-3 10 ON 186.88 180 OFF 241 0
V-BPST-4 7 ON 135 135 ON 135 135
V-BPST-5 9 ON 135 135 ON 135 135
C-GT-11 1 ON 183 180 ON 226 160
C-GT-12 3 ON 183 180 OFF 226 0
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C-GT-13 5 ON 183 180 OFF 226 0
C-BPST-4 2 ON 156 156 ON 156 156
C-BPST-5 4 ON 156 156 ON 156 156
C-GT-21 27 ON 2354 200 ON 270 160
C-GT-22 29 ON 2354 200 OFF 270 0
C-GT-23 31 ON 2354 200 OFF 270 0
C-GT-24 32 ON 235.4 200 OFF 270 0
C-BPST-

25 28 ON 195.8 195 ON 195.8 196
C-BPST-

26 30 ON 195.8 195 ON 195.8 196
F-GT-51 51 OFF 204.6 0 OFF 270 0
F-GT-52 52 OFF 204.6 0 OFF 270 0
F-GT-53 53 OFF 204.6 0 OFF 270 0
F-GT-54 54 OFF 204.6 0 OFF 270 0
A-GT-11 18 ON 234.1 230 OFF 270 0
A-GT-12 20 ON 234.1 230 OFF 270 0
A-GT-21 21 ON 234.1 230 OFF 270 0
A-GT-22 23 ON 234.1 230 OFF 270 0
A-GT-31 24 ON 234.1 230 OFF 270 0
A-GT-32 26 ON 234.1 230 OFF 270 0
A-BPST-

10 19 ON 218.4 218 OFF 218 0
A-BPST-

20 22 ON 218.4 218 OFF 218 0
A-BPST -

30 25 ON 218.4 218 OFF 218 0
Total 9544.89 6201 10865.6 1926

Table A.2: Active and reactive powers derived for each load point for year 2011

Load 3273MW 1997 MW 6081 MW
Point# | P Q P Q P Q
1 30 10 18 | 6 | 56 19
2 1 1 1 1 2 2
3 58 20 3 | 12 | 108 | 37
4 26 11 16 | 7 | 48 [ 2
5 15 10 9 6 | 28 19
6 12 4 7 2 | 22 7
7 11 3 7 2 | 20 6
8 13 0 8 0 | 24 0
9 9 2 5 1 17 4
10 11 3 7 2 | 20 6
11 20 4 12 [ 2 | 37 7
12 13 4 8 2 | 24 7
13 1 1 1 1 2 2
14 34 8 21 | 5 | 63 15
15 31 10 19 [ 6 | 58 19
16 2 0 1 0 4 0
17 2 0 1 0 4 0
18 1 0 1 0 2 0
19 13 9 8 5 | 24 17
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20 27 3 16 2 50 6
21 1 1 1 1 2 2
22 35 2 21 1 65 4
23 1 1 1 1 2 2
24 48 22 29 13 89 41
25 30 17 18 10 56 32
26 38 10 23 6 71 19
27 13 5 8 3 24 9
28 24 12 15 7 45 22
29 35 25 21 15 65 46
30 24 11 15 7 45 20
31 23 4 14 2 43 7
32 21 10 13 6 39 19
33 37 11 23 7 69 20
34 13 3 8 2 24 6
35 29 12 18 7 54 22
36 8 1 5 1 15 2
37 25 0 15 0 46 0
38 1 1 1 1 2 2
39 25 10 15 6 46 19
40 59 2 36 1 110 4
41 17 7 10 4 32 13
42 18 6 11 4 33 11
43 36 10 22 6 67 19
44 21 5 13 3 39 9
45 1 1 1 1 2 2
46 35 8 21 5 65 15
47 1 1 1 1 2 2
48 33 16 20 10 61 30
49 1 1 1 1 2 2
50 39 12 24 7 72 22
51 12 5 7 3 22 9
52 19 9 12 5 35 17
53 1 1 1 1 2 2
54 31 24 19 15 58 45
55 1 1 1 1 2 2
56 34 14 21 9 63 26
57 1 1 1 1 2 2
58 33 8 20 5 61 15
59 46 18 28 11 85 33
60 31 10 19 6 58 19
61 13 0 8 0 24 0
62 15 0 9 0 28 0
63 26 11 16 7 48 20
64 26 11 16 7 48 20
65 37 25 23 15 69 46
66 1 1 1 1 2 2
67 34 12 21 7 63 22
68 40 16 24 10 74 30
69 53 7 32 4 98 13
70 7 1 4 1 13 2
71 9 1 5 1 17 2
72 32 4 20 2 59 7

160




73 21 9 13 5 39 17
74 26 12 16 7 48 22
75 48 10 29 6 89 19
76 12 8 7 5 22 15
77 22 3 13 2 41 6
78 28 9 17 5 52 17
79 19 4 12 2 35 7
80 9 3 5 2 17 6
81 20 9 12 5 37 17
82 27 9 16 5 50 17
83 32 4 20 2 59 7
84 17 6 10 4 32 11
85 25 11 15 7 46 20
86 11 3 7 2 20 6
87 20 6 12 4 37 11
88 29 15 18 9 54 28
89 5 2 3 1 9 4
90 26 9 16 5 48 17
91 16 6 10 4 30 11
92 12 2 7 1 22 4
93 51 25 31 15 95 46
94 27 9 16 5 50 17
95 5 1 3 1 9 2
96 3 1 2 1 6 2
97 15 6 9 4 28 11
98 16 9 10 5 30 17
99 10 1 6 1 19 2
100 20 15 12 9 37 28
101 24 9 15 5 45 17
102 7 5 4 3 13 9
103 20 27 12 16 37 50
104 28 27 17 16 52 50
105 23 5 14 3 43 9
106 30 8 18 5 56 15
107 29 13 18 8 54 24
108 4 0 2 0 7 0
109 1 1 1 1 2 2
110 4 0 2 0 7 0
111 16 4 10 2 30 7
112 17 4 10 2 32 7
113 13 1 8 1 24 2
114 13 3 8 2 24 6
115 41 7 25 4 76 13
116 26 5 16 3 48 9
117 29 12 18 7 54 22
118 24 5 15 3 45 9
119 23 8 14 5 43 15
120 3 0 2 0 6 0
121 12 1 7 1 22 2
122 1 0 1 0 2 0
123 7 4 4 2 13 7
124 2 0 1 0 4 0
125 6 0 4 0 11 0
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126 9 5 5 3 17 9
127 19 2 12 1 35 4
128 23 10 14 6 43 19
129 12 5 7 3 22 9
130 16 5 10 3 30 9
131 16 5 10 3 30 9
132 8 3 5 2 15 6
133 10 6 6 4 19 11
134 12 6 7 4 22 11
135 23 6 14 4 43 11
136 22 10 13 6 41 19
137 6 1 4 1 11 2
138 8 2 5 1 15 4
139 8 4 5 2 15 7
140 12 3 7 2 22 6
141 1 0 1 0 2 0
142 34 13 21 8 63 24
143 19 10 12 6 35 19
144 1 0 1 0 2 0
145 18 9 11 5 33 17
146 7 1 4 1 13 2
147 24 15 15 9 45 28
148 15 6 9 4 28 11
149 4 0 2 0 7 0
150 20 9 12 5 37 17
151 16 3 10 2 30 6
152 2 0 1 0 4 0
153 9 1 5 1 17 2
154 4 1 2 1 7 2
155 13 5 8 3 24 9
156 2 0 1 0 4 0
157 2.7 18 2 1 5 3
158 3.7 2.2 2 1 7 4
159 3.6 1.6 2 1 7 3
160 34 24 2 1 6 4
161 2.7 15 2 1 5 3
162 2.5 15 2 1 5 3
163 7 1 4 1 13 2
164 1 0 1 0 2 0
165 0.34 0.25 0 0 1 0
166 0.29 0.22 0 0 1 0
167 0.32 0.24 0 0 1 0
168 1 0.5 1 0 2 1
169 0.98 1 1 1 2 2
170 1 1 1 1 2 2
171 18 141 1 1 3 3
172 2 15 1 1 4 3
173 11 54 7 3 20 10
174 16 14 10 9 30 26
175 10 8 6 5 19 15
176 9.1 7.5 6 5 17 14
177 17 14.3 10 9 32 27
178 14 0.9 1 1 3 2
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179 0.48 0.36 0 0 1 1
180 0.48 0.36 0 0 1 1
181 0.62 0.97 0 1 1 2
182 11 112 1 1 2 2
183 0.3 0.2 0 0 1 0
184 1.9 13 1 1 4 2
185 0.3 0.2 0 0 1 0
186 0.3 0.2 0 0 1 0
187 0.3 0.4 0 0 1 1
188 2.2 2 1 1 4 4
189 16.01 | 10.98 10 7 30 20
190 1454 | 1117 9 7 27 21
191 14.45 | 10.04 9 6 27 19
192 1349 | 9.99 8 6 25 19
193 13.15 8.4 8 5 24 16
194 2014 | 151 12 9 37 28
195 20.86 | 15.65 13 10 39 29
196 19.53 | 14.65 12 9 36 27
197 0.2 0.1 0 0 0 0
198 13 14 1 1 2 3
199 15 18 1 1 3 3
200 0.5 0.8 0 0 1 1
201 20.3 14.6 12 9 38 27
202 16 10.8 10 7 30 20
203 19.4 13.5 12 8 36 25
204 585 537 4 3 11 10
205 12.8 85 8 5 24 16
206 5 2 3 1 9 4
207 20 10 12 6 37 19
208 20 10 12 6 37 19
209 20 10 12 6 37 19
3274 | 1272 | 1998 | 776 | 6083 | 2364
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