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Preface
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Dr. Ramon Zamorand Associate ProNirmal Nair.

Thethesis aimed aibtairing themaximum asset utilization in the overhead transmission
and the low voltage distributiometworks. The research work carried out in thesisis
divided in two parts to consider assets in the transmission and distribution nefilaks.
first part of the thesis deals with overhead transmission lines while the seconsl part
related todistribution transformers. The work carried out in both parts is mentioned in
the form of publishedmanuscrips. The link between the work presented in each
manuscriptand its relevance to the main idea of the thesis is explicitly mentioned at the
beginning of each chapter. Each chafuethermoreis dedicated to describing the work

presented inhe published manuscrips.
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Abstract

The growingtrendtowardsrenewableenergyande-mobility is behindthe congestion in
the overhead transmission and low voltage distribution netwArkeffectiveapproach
towardsminimizing the congestionn both networksis to operatethe assets to their
maximumbutoptimal utilization.An excess/e butreliableelectricityflow canminimize
congestion, avoid load shedding and maintain reliability iretbetricity network.

In the transmission network, congestion across overhead transmiss®is iéained
when loadingthemat their maximum ratingcalculatedunder the assumed and worst
weatherconditions,thus resulting irbottlenecksand ultimatelythe limited line flows
The ®ngestionin the distribution network is seeacross distribution transformers
mainly in result of growing electric vehicles(EVs) charging load. Distribution
transformersvhenrated under the worst weather conditionay exhibit underutilisel
loading capacityowardsfulfilling theloadingdemand from EVs.

Asset management iooth networks moreoverequires theability of existing assett
transfer the required electricity float the minimum cost while attaining the maximum
life by operatingthem to their maximumoptimal physical limit. The concept of
dmaximumoptimal assetitilizationdis related to operating the existing assets to their
maximumbut efficient loading capacity maintairreliability andsecuritywith obtaining
the minimized congestion and extended asset lifetime. It further ashatdése asset
operation complie with the design standards as wellaalslresse®oth electricaland
thermalconstraints.

This thesisthusprovidesé ma x i mum o pt i ma bkolutos te gansmission | | z @
and distribution gstem operators to manage thsset loadingn order to obtain
maximum reliable and efficientcapacity utilization. The scope of the thesis is
furthermoredividedin two parts, wherehe first partdeals withmaximumutilization of
overhead transmission liné@HLSs) in the high voltageHV) transmssion networkTo
obtainthe maximum optimaloadingacross OHLsthehot-spots were identified with the
help of the proposed technigteeachieve theeliableline loading

The secondpart concentrates on obtainintpe maximum capacity utilization across
distribution transformexin the low votage (LV) distribution network. The results
indicated that the test DT achiev@8.9% more lifewith proposed technique under

coordinated BEV chargingnd51% more life under uncoordinated BEV charging.
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Chapter 1
1.1 Background

Complexand rapidly growing advancements in generation, transmission and distribution
of electricity are changing the wagsets are managedsget management is necessary

to control and managaoth direct and inverspowerflows from assets witlyeneration

and consumptiortapability The asset management responsible for transmission and
distribution of electricity needs to consider the requingimdrom boththe utility and

from the consumér sides. The unpredictable nature of weath&ituenced changes in
generation, transmission and distribution of electricity are raising concerns for asset
managers to operate and managée #esets in orddp obtain reliable and efficient flow

of electricity. A costeffective, optimum and reliable electricity flow can be obtained
undermaximumcapacityutilization of transmission and distribution asséigditionally,

rising electricity demand from distriked energy resources (DERs), deferral in the
upgrading of transmission and distribution network assets and growing integration of
electric vehicles (EVs) are some major reasons behind operating the assets to their full
capacity. By doing so, congestion @moved and reliability is maintained.

Asset managemerdoversa wide cluster of asset analysis, asset planning and asset
management. In result of excess renewable enemppility, digitalization, deregulated
electricity market andising sociceconomicchallenges have forced transmissimd
distribution systenoperatorstowards the requirement of efficient asset management
From this perspective, utilities need techniques, whictbdag optimalasset life cycling

while allowing assets to thamaximum capacity utilizatiorOverhead transmission lines

in regions of excess renewable energy may face congestion as most of them are not
designed tdransmit excesslectricity thatis beyondtheir desigrimits. Construction of

new overhead lines orplacement of existing lines with high temperathigh current
carrying overhead lines affeancially and socieconomically infeasibleptions In

order to avoid congestion and allow renewable enardlie transmission netwaorkhe
techniquesfeasible from technical, financialand socieeconomic perspectives]ike
dynamicline ratings have to be implementd2lynamicline ratings can be beneficial due

to thar linear relationship with wind energyience, the larger the wind speed, inare
electricity canbe transmitted under higher conductor caplim result, an efficient asset

management is possible to benefit both utilities and consumers.



As dynamicline ratingsdepend on unpredictable weathan instantaneous variation in
line ratingscan thus cause changing line flowser Feliable, manageable éoontrollable
electricity fows, line ratings can beclassifiedin shortterm and longerm loading
conditions.Under shortterm or emergencioading, a line may be allowed toansfer
additionalelectricity provided it does not violatee safety marginsSimilarly, under
long-term loading, a line is allowetb transmit excesslectricity until it reacheshe
allowabletemperaturdimit to avoid violation inground clearancémit. Furthermore,
dynamicline rating under longterm loading cannot be considered as a feaajlybeaoch
asit may jeopardizehe physicallimits, particularly of old overhead lineés, dynamic

line rating is weather dependetite ambient parameters like ambient temperature, wind
speed, wind direction (to the axis of conductor) and solar radianaysaffect the line
ratings which can then differ from the design limits. The desigmt$ of overhead lines
are moreoverbased on considering the worst ambient situations, which inubke
highestambienttemperature, the lowest wind speed #re highessolarradiationin the
geographical location @noverhead lineThe current carryig line limits are calculated

by taking the ratidbetween actual curremtnd maximumline current.Actual current
represents the amouaf current based on actuahdiloading, whereas, maximum line
current representie amount of current at fixed maximum line temperature (for instance,
80°C) and actual or worst weather conditions (depending on the type of limits to be
implemented, i.e. dynamic or static). Mathematycahe higher the maximum current,
the lesser the line loading becomes and vice versa. At fixed physical dimensions, the
actual weather conditionsprovesthe maximumline current limitin comparison to the
worst weatherconditions,further, resulting n two conclusions, lincreased capacity
margin and 2) sag within limitdowards allowing arexcesselectricity flow, hence
minimizing the congestiomdditionally, under the dynamic loading state, the usage of
actual weather conditions can aldecreasethe rate of change of line temperature,
resultingin additional timeor the system operatandhigher line flows for a longer time
under the nominal sag and temperature limits.

The overhead lines modelled asa prequivalentcircuit, whereline inductanceand
capacitanceontribute to voltage changeshile resistancénfluencesline temperature
Across medium and long lines, capacitance effetnot be disregarded towards
influencing the line voltage&imilarly, across short linesgsistance &sed voltage drop is
negligible but temperature dependent voltatyep can besignificant. Besides,n short

lines,due to linear relation between linesistancend power losses, joule effect is found



substantial The mutual couplingbetweenl i neteétisal and thermaparameterss
known as electrthermal effect and is investigated in {b]. This impedance control
based technique can be used to redooagestion in the transmission network.
Additionally, line impedanceontributes towardaffecting thepower transfer capability

of a transmissiofine, i.e., bwerimpedancéeads to higher power transfer capabitityd

vice versa aseferredin [6] and[7].

When & overheadine passes througbariousgeographical regions, a number of line
spans faceliverseweather conditionsyhich may cause uneven line sadhereforeto
derive reliable line loadinglynamic Ine rating must be calculated across each line span
duringeachloadinginterval This will result inallowable loadingangeandpermissible

line sag. The calculated results viflenhelp in identifying theritical line spans or spans
responsible taleterminethe loading for the entire lindt is important tomentionthat
critical span is space and time dependemganingthat a criticalspanor set of critical
spanschange with location and tingend varies in numbees well.Refs. [8] and[9] have
investigated the optimal number and placement of sensors required to monitagline s
across critical spans under dynamic line loading.sthéies in [10]12] havecarried out
critical span identification without examining the line terrain conditions. Additionally, in
[10]-[14], static weatheconditions wereconsidered acrossvery Ine span in the test
overhead lines. The spans violating the ground cleararsgaaoswith highest line sag at
uniform line loading were taken as critical spans.

Thermal ratingassociated with dynamic weather conditions can also improve the loading
capady of the distribution transformers. In line with that, this thesis also investigated
dynamic thermal rating across distribution transform@ased on the concept of dynamic
ratings, weathecooling impact can alleviate thermal stress, leading nireased
transformer loading acroskstribution transformer. On contrary, weatieating impact

can increase thermal stress, leading to reduced transformer loading to mg@ntad

limit voltage dropsThe growing demand in electric vehicles is aagnagason towards
increased loading across distribution transformers.

To investigate the impact of EV load, a number of charging scenarios were evaluated
in the thesis The obtainedresults indicateda huge influenceon life of distribution
transformerwhere, transformer loading in resultsiiultaneous charging demand from
eachresidentialhoug during peak hours was found aswvarstcase scenario. For
longevity, simultaneous EV charging is not recommended across distribution

transformers, particuldy during peak loading hourBesides, the impact on loss of life,



the excess EV loading maysalcause sevewltage dropAs, EV loading istransient in
naturewinding and oitemperatureénside a distributiotransformemayvary cyclically
and norcyclically andarefurthermoreaddresseth the thesis

In addition to exploiting thelynamic thermal ratings, the potential of battery energy
storage system amgdemand responsechnique isalso consideredn this thesisunder
simulationbased eperimentsBesides, reduced loading acrasstribution transformer,
BESS installation in a LV network catsobring a significant reduction in the umibst,

for instanceby around16.7% per house/dags proved in a case study demonstrated in
[15]. Additional benefits a BESS caprovide are peakload reduction in the MV/LV
substatior{16], reinforcementleferral of a 10 kV cable in the distribution netw§tk]
andcontribution towards &anced voltagewhichis furthermore affected bgistributed
generators (DGs)1§].

Demand responséDR) is a load controlling techniguaimedat regulatingthe energy
consumptionin the distribution networkin the demand response technique, thed|
demand is controlled across controllable appliaaoeksis incentivisetb limit electricity
usageat times of high retaprice or duringhe congestion in the networkinder DR, the
consumption pattern is modified to accommodabe based load demandl significant
work is carried out in the domain oéchand response, which is limited to analysing the
scope of DR without considering the potential of dynamic ratings. This tthesisby
contributes in bridging the gap between demand response and dyharmalratings in

the distribution network. The work is carried outdiotain maximum utilization across
the distribution transformer without investingtanbattery energy storage systeas
analysed in the previous chapter.

In result of increased congestion, particularly during peak hours hd€hvestigated
peak load shaving through vehicle to house energy tratwsteroid overloading in the
distribution network A similar work is carried out in [20], where, demand side
management ismplementedthrough dstributed energy storage systetiechnique
Furthermore, to reduce loading impact and avoid loss of life across distribution
transformers, the application of demand response igedaoutin [21]-[24]. In [25], a
similar approach is carried out with the helppaftide swam optimization technique
reduce EVchargingimpact Dynamic unit pricing or time of use (ToU) based pricing
techniques wheimmplementedwith demandresponsecan minimize the electricity cost
for residential, commercial and industrial consum&he work is moreover implemented
in [26]-[28].



A growing trend towards battery electric vehicles (BEVs) usage imposes an additional
loading on distribution transformeithat need to be addressed through smart load
reduction techniques, like demand respoiigethis end, the studies carried ou{29]-

[31] have implementeBEV load managemei¢chniqueso reducdoadingstressacross
distributiontransformersn thelow voltagedistributionnetwork

1.2 Thesis Qutline

This PhD thesis is about obtaining the maximum capacity utilization across transmission
line and maximum capacity utilization across distribution transformer under dynamic
weather. The weathénfluence can be categorized into two types (dedkplanation

is providel i n O MadAwgcrilp)t weat her i nfluencing
characteristics of the assets, and 2) weather influencing the power flow in the network
before and after theontingencies. The work reported in this thasidbase on asset
handling under component and system modelling, where it is considered that the ambient
impact on transmission line and distribution transformer can delay the costly upgrading
and asset reatement needs.

Maximum utilization of overhead lines is based on thermal loadability that further relies
on weather conditions and the span-ltbopog
and O6Ma2us8ct npttiMath uistcr i pt f deweathertcdnditions f a v ©
improve the power transfer capability of overhead lines based on the technique, widely
known as the dynamic thermal rating (DTRih excess electricity transfer based on DTR
technique mainly relies on weather conditions, physical asm@s of the conductor, and

on coordination between elecal and thermal loading states, theref@gulting in
minimized congestion in theverhead transmission network undavorableweather
conditions

Contrary to overhead lines rated under dynamic weather conditions, the overhead lines
rated under static weather conditions have limited power transfer capacity to avoid
congestion and line overloading. Rating and operating them under actual weather and
loading conditions with electrthermally coupled parameters can significantly increase
line loadability. The lack of coordination between electrical and thermal pararseters

also provedo reducegrower transfer limit of overhead lines due to a fixed lemstance



calculated under maximum line temperature, in contrast to temperature dependent line
resistance calculated under dynamically varying actual line temperatures.
O0Manusddr if putr t h e favowsable westhet doraditiorean increase thermal
loadability limit of an overheatine (OHL) through reducetine resistance that in turn
increaseshe power transfer limiunder electrahermally coordinated (ETC) line rating
technique. Contrary to that, due to lack of coordination between electricthemodkl
loading paramets, for instancean the DTR techniquean efficient and optimal line
loading is not obtained or in other words, it lacks in benefiting ftoenfavourable
weather conditions. In thisxanuscript ETC line rating technique is applietross an

OHL passing throughn extensivgieographical area with exposure to multiple weather
conditions.In addition the results from the presented technique are compared to those
obtained under conventional line rating techniques under static and dynamic weather
conditions.

Due to multiple weather conditions acr@ssentire route of the test OHL, each line span
faces these different weather conditions. éfice spans with worst ambient conditions
(lowest wind speed, highest ambient temperature and highest solar radiation) have the
lowest thermal and current loadabilities in terms of eletyritiansmission and are
moreo/er namedas critical spansr hotspots.Spans of overhead lines passing through
multiple geographical regions and over varying terrains mainly face diverse weather
conditions and thus need to be monitored to obtain reliable estimates of line loadability.
Amongst such spans, the line spans facing the worst weather and being the longest in
length possess lower thermal loadability thkarest of the line spans and thus restrict

the line flow and are therefore known as critical spans or the bottlenechsfyidg

critical spans is important in allowing utility providers to monitor their overhead
transmission network spanning over large geographical redibegechnique to identify
spans exhibiting the minimum t h el spanl I o
i denti fi cat ipesentad edbcManiugcedi op ti s
OManugdrifmptcuses on identifying the criti
identification technique. The technique heipsardsidentifying thesebottlenecks in the
overheadtransmission network tebtain an optimalpower transferby utilizing the
maximum capacity utilization under sag limitBhe technique further determines the
optimal number and placement of sensors across the entire test ®idingdthe line

into norruniform segments, each carrying multiple length spans passing through flat and

nonflat terrains. The resulting critical spans determine the line loadability that can



effectively relieve congestidinom the transmission netwagrkased on allowable vertical
clearancdrom theground.

Il n o6 MaRuyDdcrliipnte t emperature and sagheacro
proposed technique are validated with conventional technique, that further proves the
computational efficiency ofhie proposed technique versus the conventional technique.
The active power flow, AC resistance, bus voltage magnitude and line temperature are
calculated across identified critical spans with the help of the newly developed weather
integrated power fowtdo f r om 0-Ma @ u B dle ebfhinearasults,the line

flow under real weather conditions has shown an improved line capacity capable of
mitigating the line congestion and avoiding the load shed while maintaining the line
temperature, sag acrose ttmost critical span within the maximum allowable temperature
(MAT), and sag limits.

Like overhead lines, thermal capacity of distribution transformer chamgksambient
conditions. Ambient temperature is considered an important weather element towards
affecting the thermal loadability, winding and oil temperatures in the distribution
transfor mer . These issues ar3ed niohraetoveon s
thermal and electrical loadings across a-RU® distribution transformer (DT) referred

asa test distribution transformer. The test DT is loaded under a combined residential and
battery electric vehicle (BEV) load. To counteract DT loading beyond the nominal rating,
the test DT is connected to the battery energy storage system (BESS). Thigelgeo

obtain maximum capacity utilization of the test DT under multiple BEV charging
scenarios and to find the loading impact on the voltage profile across each consumer
service point and across DT insulation. The technique is proposed under weather
optimized battery storagategration ands thustermedas dynamic rating operated DT
(DRoDT) integration with BESS. The proposed technique is based on providing the
benefits, like active power support to flatten the load spikes, reactive power support to
boost voltage, maximum fegiency and reduced ageing across the test DT.

Il n O6Manmbscrainptal t ernate techniqgque is intr
costs associated with BESS with obtaining the same benefits. The proposed technique
involves the application oflemandresponseand smart BEV charging techniquts
achieve objectives identical to that obtained under DRBEBES integration in

0 Ma n u 3 c The nmahuscriptdealswith controlling theresidential and BEV loading

to provide flexibility to the distribution sgem operators (DSOs) terms of effective DT



loading Both techniques are moreover found with providing an optimal DT loadidg a
theregulated voltage across each -eiser

In this thesisthe main goal of asset management in the HV transmission neisvork
enable and operate the overhead line at maximum capacity utilization to benefit
transmission system operator (TSO)eloverhead transmission line operating under 132

KV is investigated as the subject asset in the overhead transmission network. The subject
transmission assetfigrtherreferredasthe testOHL. The test OHL is considered passing
through a large geogramail area with diverse weather conditions. Each span of the test
OHL is considered to face different time and splaased conditions. The time dependent
conditions are weather based, whereas the space dependent conditions are span
topography based. The inénce of both conditions can be seen in impacting the electrical
and thermal states across each span of the OHL. This extensive variation in electrical and
thermal states between each line spas the potential of impactigy s t reliality

based ohineloading and magubsequently result Ime outage. To avoithe line outage
electrical and thermal loading states across selective spans are considered to represent the
reliable loading states for the entire test OHL. The selective spans are rafearddtal
spans and ar e -saplostos 6k noorwnt haes OdbhshtsCHpE2H eic & S .
dedicated to finding the location, numbsagand corresponding electrical and thermal
loading states across each identified critical span. Thelssaa electrical and thermal
loading states are then used to determine the span sagging levels for the entire loading
duration across the test OHL. The critical spans are the line spans with minimum thermal
loadability and contribute to limiting the poweoW passingthroughan OHL. Finding

the critical spans is important when determining the optimal and reliable power flow with
no violation in sagand temperaturkmits. The knowledge of critical spans is of utmost
importance before loading the OHL. The Oldladed before the identified critical spans

can face two issues, 1) sag limit violation across the span with minimum thermal
loadability,and?2) voltage limit violations across the span with the highest resistance.

The test OHL is loaded to reach the nmaxin thermal capacity close to the thermal
equilibrium, astatein which thdine temperature stops changimgerthe loading interval
Thermal equilibrium of any OHL depends upon the surrounding weather conditions and
the difference between heat gained duedt lostin the OHL A term known as heat
balance equation (HBE) is used to represent the equilibrium state across any OHL.
Depending upon the cresectional area, a variation can be found in a line reaching its

thermal equilibrium state within a cemiaamount of time or not. Thermal inertia of any



OHL determines the time an OHL can take to reach the thermal equilibrium state. The
ent iManescriptld i s dedicated to det elnmflowi ng t
electrical and thermal loading states across the test OHL before and after the
contingencies under the pr eMaausawi@2 6f | den:
The test OHL is loaded under static and dynamic weather conditions to find tharsdatic
dynamic thermal limibr thermal lineratings, represented as static thermal lionitatic

thermal linerating (STLR) and dynamic thermal limor dynamicthermal linerating
(DTLR). The test OHL is investigated under rgirady system state. Undéetnon

steady system state, both weather and line loading conditions are consisiéneet

variant. Due to volatility associated with weather and loading conditions, the temperature
dependent AC resistance across the critical spiamgthermal inertias used in finding
thelineflow and thepeuni t vol tage. These paramet er s
electrical and thermal loadabiés for reliable electricity transfer during each loading
interval. During their absence, the calculdiad flow will be lower than the actual line
capacity, hence unable &oldressheline congestion and load shedding.

The main goal of asset management in the LV distribution network as carried out in this
thesiswas to enable and operate the distribution transfori@&) (nder maximum
capacity utilization to benefit both distribution network operators (DNOs) and the
consumers. To achieve this, the test DT was connected to a stationary centralized battery
energy storage system (BESS) and was operated under dynamiicalectd thermal
loading states DT loadingwas divided into electrical and thermal loadings. Electrical
loadingwas observed under residential and BEV charging loads, besides in case when
DT was connected to BESS, chargin@&SS was considered ssparatéoadng across
testDT. Thermal loading was observed in result of electrical loading combined with
effect of ambient temperatur&he maximum capacity utilizationenabledtest DT to

supply an uninterrupted electricity whibperating at maximum efficienand exposed

to minimum loss of life (LoL). The care was takiendecide thappropriate size selection

of the BESS, suitable for the test system in order to achieve the required loading goals
while operating under optimaharging/discharging range.

The proposed framework was based on combination of dynamic rating operated
distribution transformer (DRoDT) with BESS. The test bed was built in Simulink and
involved singlephase loasl acrossa neighbourhood of 40 householdsathwere
connected to a 20kVA DT. The secondary of the test DT was connected to BESS and
the load points through Rtype XLPE service cable. Each househofas considered
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with residential and BEV loadingsvhere the segregated residential and BEV charging
loads were connected to the secondary of the testR&%ults were analysed under
multiple weatheiependent loading scenarios before and after BESS to ex&nine
operation related tmaximumcapacityand optimal loadingl h e eMahusari3 66 i s
dedcatedto efficientasseimanagement of theistribution transformer. The presence of
BESS was seen in terms mfoviding thereactive power support to maintain voltage at
each load point to the nominal level.

Manuscriptd 6 was based on applapdsnag BEViclargidge ma n ¢
technique on a test system gsr e s e nMaandcript31® Thé goal was to investigate
thepotential of demand responaed smart BEV charginagainsBESSimplementation
towardsmaximumcapacityacrosshe test DT The methodology involvedlassification

of residential loadh shiftable and noshiftable.Residential and BE\¢hargingoadwere
operatedunder time of use (ToU) and ndime of usepricing models Under norToU
pricing mode| the unit price was considered constant for the entire day, wleateical
loading acrosgest DT after shifting the b of shiftable appliancewas observeds
reducedioad peak duringthe entireloading duration UnderToU pricing mode| unit

price was based on loading trend, i.e., low unit price duringedk hours and hingunit

price during peakours.The ToU pricing modelresulted in shifting of residential and
BEV chargingloads in accordance to the unit pricing. Under this scenario, the load
shifting across shiftable appliances in the entire neighbourhood was cautiddring
peakhours due tanvolvement ofthe high unit pricing.

Similarly, underToU pricing mode| charging across all BEVs was allowed during off
peak hours, an approach simitarthe coordinated BEV charging, which is discussed
MManuscript3 .Tthe wor k pr e s e pdtoande domsidedehhaextemsontoi p t
0 Ma n u 8 @wvhergan algorithm watkesignedo bring voltageacross each household
within limits by applying the demand response technique in contrary to BE&Same
electric velicle charging scenarios were analysed in the identical test network with
exception of controlling the base loddtough a machine learning based approdtte

base loaccontrolling was carried out in the form of categorising thesrshiftable and

non-shiftableloads
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1.3 ThesisContribution

The work presented in this thesis contributes towards obtaining the maximum asset
utilization in high and low voltage electricity networks. Undewtilization and
overutilizationof assetgre common issues causing congestion, ageing and overloading.
To contribute scientifically, the work presented in this thesis comprises the techniques in
improving the asset utilizatidn obtainmaximumcapacity minimum congestion and the
increased hostg capacity. The entire thesis work is divided in the forrahuscrips,
where the work presented in eddanuscripthas unique contribution towards obtaining
the optimal maximum asset utilization in the electricity network.
AVanuscript1d and dVlanuscrpt-26 contribute inthe aspects oimproving the power
handling capacity of the overhead lines under optimal power transfer. The techniques are
developed such that the resulting line loading minimizes line congestion, avoids ground
clearance across therrhay i mi ted spans, combi nes I
characteristics for optimal and reliable power transfer through availing theveatier
conditions.
AManuscript-36andManuscript4d are dedicatetbwardsaddressing the capacity limit
of a distribution transformer when loaded under excessivdBEV charging load In
Manuscript3, dynamic thermal rating is implemented with BESS, whereas in
Manuscript4, theapplicationof demandesponseechniquds carried outwith dynamic
thermal rating. The following benefits are furthermore obtainéd result of hybrid
techniques

1 increasedhosting capacity in the LV network

1 regulatedvoltageacrossachhousehold

1 maximum efficiency based electrical loading

1 minimum ageing based thermal loading

1 optimal asset utilization in the LV network
In addition,dManuscript306is basedn obtairing the maximumcapacityutilization under
the proposed technigue, which embad®ntralized battery energy storage systeith
dynamic thermal rating$o obtain an effective load sharingtrategy The proposed
techniquein addition toproviding themaximum capacity utilizatiomlso offer benefits
like regulated voltage, effective coegtion managementinimal loss of life and an

improvedinsulation strengtlof the distribution transformer
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In comparison to the approach presentedMaunscript3d the hybrid technique in
AManuscript4dis aimed at obtaining the identida¢nefits but without the battery energy
storage systenBesides 0 Ma u/h @vsstigatpstthe potential ofilizing the demand
responsewith smartBEV chargingtechniquetowards obtaining théenefits likepeak
shaving, reduced thermal and electrictdess across thedistribution transformer
regulated voltage and efficiemainsformer loadingl he obtained results indicateenefis
for bothdistribution systenoperatorandthe consumers.

1.3 Manuscripts in One Thesis

This thesis is based on the waresented in the form of Manuscripts. The entire objective

of this thesis is divided into multiple tasks, where each Manuscript is dedicated to address
each task. Manuscripts are prepared in order to address the individual problem laying
under the main thee of the entire PhD project. When combined, the individual work as
addressed in each Manuscript is considered to represent the entire PhD project.
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Chapter 2

2.1 Introduction to Manuscript 1
This Manuscriptdeals with proposing a technique to increase the power transfer capacity
of an overheatlne by considering the thermally limited lispans. The technique takes
into account the parameters which are not considered in the conventionab3S&dt
methods. In the proposed technique, a combined eldwrmal line model under
weather dependent conditions is presented, resulting in a reliable and efficient power
transfer useful to mitigate congestion and avoid any emergency-dbadding. The
Manuscipt also presents the sensitivity analysis to find the correlation between weather
parameters and the line temperature by examining the impact of each weather parameter
on degree of changestimeline temperature. The realistic case scenarios are peesent
find the potential of the overhead line in terms of congestion and load shed management
under the presence of critical spans.
The Manuscriptis publishedi n t he j our nal of OEl ectric |
title: A N esteady state electtbermally coupled weathedependent power flow
technique for a geographicallsaversed overheddi ne capac i tBlecticmpr ov
Power Systems Researth7 (2019): 106017.

2.2 Manuscript 1

Non-Steady State ElectreThermally Coupled Weather-Dependent Power Flow
Technique for a Geographicallytraversed Overheadline Capacity Improvement

Saifal Talpur*, T. T. Lie, R. Zamora
School of Engineering, Computer and Mathematical Sciences, Auckland University of
Technology, New Zealand

*Corresponding author ematiaifal.talpur@aut.ac.nz

Abstract

Overhead lines rated under conventional line rating techniques have limited power
transfer capacity to avoid congestion and line overloading. Rating and operating them
under actual weather and loading conditions with elatieomally coupled parameters

can significantly increase line loadability. As a result, line congestion and overloading
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can be minimized, thus avoiding load shedding. This paper presents antsectrally
coupled (ETC) line rating technique for an overhead line passing throughe larg
geographical area and exposed to multiple weather conditions. The presented technique,
using a dynamic weather scenario, was found to enable efficient and reliable transfer of
excess electricity to avoid load shedding. Because the line passed throagie a |
geographical area, regions exposed to the worst weather exhibited the lowest thermal and
current loadability with regard to electricity transmission. This paper therefore focuses on
these spans to find the line temperature, temperdependent lineAC resistance,
branch active power flow and bus voltage magnitude based oratmiaspacelependent
weather conditions in comparison to tivend spacéndependent weather conditions,
using the newly developed weathetegrated power flow tool. The papeso addresses

the sensitivity between weathéependent line temperature and associated weather
across critical spans, where weather affecting critical spans is used to determine the line

temperature.

Keywords: Electrothermal line rating, line overloading and loahed management,

weatherdependent power flow and sensitivity analysis
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ABBREVIATIONS
ACSR

Aluminium Conductor Steel Reinforced

DLR Dynamic Line Rating technique

ETC Electro-Thermally Coupled line rating technique

ETC-DWLR Electro-Thermally Coupled Dynamic Weather Line Rating technique
ETC-SWLR Electro- Thermally Coupled Static Weather Line Rating technique
HBE Heat Balance Equation

MAT Maximum Allowable Temperature limit of the overhead line
NIWA National Institute of Water and Atmospheric Research

OHL Overhead Line

PTL Power Transfer Limit of the overhead line

TL Thermal Limit of the overhead line

TSO Transmission System Operator

NOTATIONS ~

| 6 Time- and loading-dependent flow of current 0 0

“Y 0 Time- and space-dependent line temperature

Solar absorptivity
Thermal conductivity
Diameter
Altitude from sea level
Reynolds number
Air density
Reynolds number
0  Nusselt number
- Emissivity
Stephan Boltzmann constant

| EI EAOOGAO
® Independent variables (temp. & wind

& Dependent variable (line temperature)
, Standard deviation of ®
, Standard deviation of ®
@  Correlated partial variance between
wind speed and line temperature
w  Correlated partial variance between
ambient and line temperatures
" Partial derivative of
Partial derivative of ®
¢ Length of input variables

0 AC/DC resistance ratio @ Covariance between @ and wvariables
0 0 Time- and space-dependent line heating state w Total correlated partial variance

0 0 Time- and space-dependent cooling state Y Sensitivity index between the weather
WP Heating time constant elements and the line temperature

[ Cooling time constant Y  Max. Ref. Temperature at critical span
Y Maximum allowable temperature Y Conductor Temperature at critical span
Y Ambient Temp. at ¢ section a Conductor mass

W Wind speed at » section 0 Specific heat capacity

0 Solar rad. at ¢ section Y  Cond. Temp. at critical span in heating
0 Joule heat gain Y xr Cond. Temp. at critical span in cooling
0 Solar heat gain Y "Q; Sag at critical span

0 Radiative heat loss () Voltage at critical span

0 Convective heat loss Y r Updated Ref. Temp. at critical span
Y Ref. Temp. at » section Y _l v Updated Ref. Temp. at critical span
Y  Initial Ref. Temp. at critical span Y r Updated Ref. Resist. at critical span
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1. Introduction

The rising demand for electricity requires added power transfer through overhead lines,
which results in thermal problems in transmission lines and may affect their annealing
characteristics [1]Therefore, using the electtbermally coupled (ETC) line rating
technique for additional power transfer will be useful when considering the overhead line
(OHL) thermal inertia during line loading. ETC provides flexibility for transmission
operators whert icomes to effectively loading the lines, by considering thermal inertia,
temperaturaependent line resistance and +@ale weather and loading conditions.
Overhead lines are important utilities assets because of their role in transferring power
from gereration sources to load centres. The power transfer limit of overhead lines is
usually determined by their critical line temperature (associated with critical spans),
which determines their thermal limit in transferring electricity. Hence, the powerdransf

l i mit of any overhead |ine is correlated
thermal limit into its power limit or vice versa can be done using the heat balance equation
(HBE), which is influenced by the line loading and local weatheditioms [2].

Worstcase weather assumptions, coupled with fixed flesstances, ignoring critical
spans, reduce the power transfer limit of overhead lines, become the main cause of line
congestionand reduced power transfer in electricity networksadmirast, actual weather
conditions coupled with loadependent line resistance across critical spans increase the
power transfer capacity of overhead lines. The increased power transfer limit helps to
minimize line congestion and avoid load shedding i mietwork. The added power
transfer margin in overhead lines can help in dispatching extra energy from fast
responding and/or casffective generators, as well as reducing outages associated with
time-dependent reserves.

The dynamic line rating (DLR) teaigque was initially proposed in [1, 3] and has been
investigated extensively due to its potential to increase line capacity by avoiding thermal
overloading [1]. In [4][5], weatherdependent line ratings are calculated without
considering the conductive ding and cooling impact on line resistance, line flows and
bus voltage magnitude. In [5], the thermal rating of lines is calculated under generic
weather conditions rather the independently assessedbapad weather conditions
proposed in this paper. [ based on thermal and voltage limit considerations is
investigated in [6], where the authors use fixed terrain and fixed weather conditions

throughout the line length. From a line operational perspective, the computed line ratings
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can therefore cause imarate sag levels. Additionally, the authors in [6] recommend
multiple environmental data sets with terrain variability and weather stadised
locational requirements to achieve the accuracy in line ratings that are investigated in the
current study.

An extensive research is carried out in previous years to address congestion in overhead
lines through utilizing the potential of mutual coupling between electrical and thermal
elements of an overhead linEhe concept of an electtbermally coupled (ETCline

rating technique was first proposed in [7, 8] and the idea was to exploit the benefit of the
line thermal inertia and thermal time delay in transferring additional electricity through
the overhead lines to avoid congestion and -&laetding in the eCtricity network.
However, these papers did not consider geospatial weather conditions over the line length.
In the ETC technique, the line temperature and its current carrying capability are coupled
to create electrthermal coordination. As a resultgthne temperature limit is converted

into the maximum current carrying limit to obtain the power transfer capability of the
transmission component [8].

Some important formulations regarding the ETC technique are also investigated in [9]
[11]. For examplethe ETC approach as presented in [9] is investigated from a power
flow perspective by assuming that the weather parameters aretiar@ant throughout

the operation of the line. The simplified model presented, if implemented using actual
weather scenars, will affect the line temperature accuracy and line sagging levels. The
work presented in [10] considers the ETC technique without investigating the complete
thermal dynamics of the overhead line. This means that the authors in [10] disaggregated
power flow and time domain simulations; i.e., real weather elements were not
incorporated in determining the active power flow through the overhead lines, as is done
in the current study using the weatfased power flow tooSimilarly, [10] investigated

time- and spacéndependent weather scenarios with no consideration of critical line
spans. As overhead lines consist of sumiform spans and traverse large geographical
areas with multiple weather conditions, the disaggregation of spatidl temporal

depedl ent weat her fr om t h dehbhviondl iedd nentreliable r i ¢ a
sagging across critical and noncritical line spans.

In contrast to [10], the current study presents an ETC technique with sensitivity analysis,
where the sensitivity ahgsis is carried out to analyze the most and least sensitive weather
parameters from the set of weather elements across monitored critical spans. The results

obtained confirm higher sensitivity between wind speed and thermal line ratings than
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between ambi& temperature and thermal line rating. This paper therefore fills a research
gap. Critical spans based on spatehd temporatlependent weather with minimum
thermal loadability are considered in order to provide the input weather elements in
determiningthe line temperature, line AC resistance and branch active power flow.

The ETC technique in [11] is considered in stestdfe in the absence of thermal inertia.
Thus, it reduces the scope of line rating implementation in the presence of actual weather
conditions. To estimate the ETC line rating technique for an overhead line passing
through a large geographical area, it is necessary to monitor the weather conditions across
every span of the line. Due to varying weather, terrain andlspgth variability it is
important to select the spans operating at the highest temperatures, known as critical spans
[12]. A critical span is not a fixed span; rather it varies with ambient condition$14B]

and span topography and can therefore be found in multipdéidos at different times

in an overhead line passing through multiple geographical regions with varying ambient
data setsTo address the spatial variability in ambient conditions, the entire overhead line
studied in this paper was monitored to give lgabée estimate of weath&lependent
critical spans.

Papers [15]17] further explored the ETC line rating technique, where [15, 16] validated
the electrethermal line modelling concept experimentally. According to [15], conductor
heating takes placghen current flows through an overhead line and conductor cooling
takes place when input power as the product of dissipated current and voltage drop
provides a linear relationship between power and temperature. Findings in [16] proved
that to get a reliakbl estimate of the line temperature, system modelling must consider the
coupling effect between electrical and thermal models of an overhead line. When any
overhead line is loaded to dispatch excess electricity, reliability becomes of utmost
importance forthe transmission system operators (TSOs). Further, the change in line
flows and voltage stability due to | inebo:c
the reliability concerns for TSOs. Hence, to overcome these issues, authors in [17] have
proposed a methodology to find reliable supply of electricity under ETC based cable
emergency ratingReference [18] has shown that the potential of ETC based line rating
technique to enhance the reliable line flow besides line physical characteristics is also
influenced by the time synchronization between weather data and the network load
demand. However, the work has involved statically varying thermal and voltage
constraints under steady state operation of an OHL in place efteady state based

dynamicaly varying constraints. Hence, the applicability of the presented approach
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cannot be considered feasible under incidents like sudden load changes and temporary
line outages.

Due to additional dependence on line series resistance and thermal inertia, laesster

line rating techniques particularly the ETC technique cannot be optimally utilized until
the network load conditions are integrated with thermal behaviour of the OHL. Reference
[19] has addressed this problem on underground cables. However, théhagoriot
addressed the impact of load changes on cable charging current that eventually will affect
the voltage profile. Thermal loading affects power flows that in result causes voltage drop.
Charging current based voltage variations when added with B3&llzable loading will

result in voltage stresses which can ultimately affect the voltage stability. To address this
issue, this paper has presented the integration of network load conditions with thermal
behaviour of the OHL. The resulting line flow ieeh used to provide the voltage profile
across load bus under ETC and +#6hC based thermal line ratings.

In conjunction with validating the proof of concept from [19], this paper has studied the
applicability of thermal rating techniques on overheadslinestead of underground
cables. The techniques are implemented based on network and component modelling
perspectives, where weather and load dependent line temperature is integrated with load
flow simulations to find the optimum line flows in relievingetliine congestion. As
voltage stability is not considered in t|
i's therefore determined by thermal | i mit
is decided by spans with minimum thermal loadgb{hot spots).

The dynamically varying hot spots with time and space make it hard to consider one
thermal rating for the entire line operation. Therefore, this paper considers multiple line
spans with minimum thermal loadability to determine line ratihthe entire line. The
resulting thermal loadability of the line hot spots is then used to find the PTL of the subject
line at each loading step that further determines voltage sag across the load bus. In this
paper, OHLOGs PTL i sherecewingeeaddoadidernapd aecoristant C i
sending end generation until the subject line attains the maximum allowable temperature
(MAT) limit.

The authors in [20] have considered OHLSO
work has involved analysing thdifference in PTL with and without considering the
temperature dependent changes on the line series resistance and the line flows. The
resulting PTL is referred as based on |

demonstrated that when operatimgder thermal limits, the overhead line experiences
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comparatively lower power transfer margin than when operating under voltage stability
limits. Additionally, the ETC based thermal line ratings are studied under fixed weather
and steadystate loading, gap that is moreover addressed in this paper.

In [21], thermal line monitoring scheme is introduced to measure the temperature across
line spans under thermal transients. The work has involveesteany thermal states
under variable weather, where theeliis loaded under assumed loading conditions and
without realizing the impact on the load voltage. The work suggests the importance of
electrathermal coupling in overhead lines, but the proof of concept is not validated either
mathematically or analytilg. To address the gap from [21], this paper investigates and
proves the importance of electrothermal line modelling under realistic loading scenarios
across a transmission line containing multiple critical spans. Additionally, this paper
presents resultsom both the proposed and the conventional line rating techniques for
validation.

The work in [22] has addressed i mprovi ng
techniques as discussed in [20] introducing the electricity flow from wind generators
unde ETC technique. The paper considered applying the ETC technique under weather
obtained from two different locations. This paper evaluates the potential of ETC
technique with sensitivity analysis of the ambient elements from critical locations across
the aentire line. The resulting power transfer capability of the overhead line is found

effectively mitigating the line congestion.

2. Motivation

Significant work on DLR and ETC technique was conducted iA1B], and the
remaining unaddressed issues are invatyin this paper, which implemented the ETC
technique, so it was applicable under both static and dynamic weather conditions when

i nfluenced by I ine ther mal inertia and t
identified in previous research]fBlL1] by presenting a weathertegrated ETC line

rating technique that incorporates tivand spacelependent weather elements across
thermally limited line spans, in addition to temperattependent line resistance and
thermal inertia of lines underakstic loading scenarios.

The power flow tool was developed to capture tira@d spaceariable weather
conditionswithtimel oadi ng scenarios to dynamically

and thermal parameters to determine the active powertfiomgh the subject line and
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the load bus voltage magnitude. Line temperature, power flow and voltage magnitudes
from weathetintegrated EThased line rating techniques are compared toHDG-

based line rating techniques to determine the impact of ecogpli on a | i neds
loadability in a norsteady system state.

The presented ET8ased line rating technique can be useful to avoid $éort
overloading and congestion across thermally limited overhead lines, mainly when a
nearby overhead line or asteffective generator is required to be out of service for
maintenance purposes. In the conventionatiBdg-based DLR technique, the absence

of electrother mal coupling eliminates a
at its maximum thermdimit at every step change in load current regardless of variation

in weather elements. This approach results in reduced power flow that makes
conventional noteETC-based line rating techniques unsuitable for congestion
minimization in an interconnectedectricity network.

The sensitivity analysis carried out in this paper provides sensitivitsng and space

varying weather conditions in loading variant heat transfer through the subject overhead

l i ne. Since the | i ne o6 spresehce ofrdidal spasstthatrag i s
critical because they are experiencing the worst weather under the longest span,
sensitivity analysis helps in determining the least and most sensitive weather elements in
critical span temperature measurement.

The res of the paper is organized as follows. Section 3 presents mathematical modelling
and sensitivity analysis of the proposed weather influenced elbetnmal line rating
technique. Section 4 deals with practical aspects of the proposed line rating techniqu
Section 5 presents the developed pofher tool. Section 6 summarizes the findings of

the paper and Section 7 concludes the paper.

3. Line rating and weather data sensitivity analysis

This paper investigates electittermally coupled (ETC) and naalectrethermally
coupled (conventional) line rating techniques under both static and dynamic weather
conditions. Undeactual weather conditions, this is termed the eletieomally coupled
dynamic weather line rating (EFBWLR) technique andvhen considering ssumed
weather conditions, it is termed the eledtiermally coupled static weather line rating
(ETC-SWLR) techniqueln both actual and fixed weather based ETC techniques, the

subject line is investigated under mutually coupled thermal and electricalingpstates.
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The thermal model of the subject overhead line is based on the line temperature at its
maximum current carrying capability under certain weather conditions without violating

the ground clearance infringement. The resulting femperature is thereafter used to

find the line AC resistance, which is then used to determine the active power flow through
the subject i ne. Similarly, the | ineds
temperaturaependent AC resistance. Witlgeed to the significance of both models in
determining the line loadability, their coupling effect is therefore considered in the
presented line rating technique to find the line temperature, line flow, weather and
loadingdependent line AC resistance &hd load bus voltage magnitude.

The relationship between electrical and thermal parameters in an overhead line provides
a window of time for transmission operators to effectively monitor and load the lines. In

the conventional line rating techniquescéese there is no coupling involved between
the | inebds electrical and ther mal char ac
consider the change in the |inebs el ectri
vice versa, resulting in lowend less reliable line loadability.

In this paper, the main objective of the presented line rating technique was to address the
correlation between the electrical and thermal dynamics of overhead lines during static
and dynamic weather conditions suchthat | i neds heating and c
incorporated in the algorithm to help mitigate line congestion and load shedding
conditions. The thermal rating of the line was computed by considering the presence of
critical spans in the subject overheatkeliComprehensive analysis to identify the critical
spans and the associated factors was beyond the scope of this study and therefore not

considered.

3.1 Line rating techniques

3.1.1 Electrothermal line rating technique

The ETC technique used this paper includes electrical and thermal models of the
subject overhead line. The electrical model considers the seedihgower and voltage

as the model inputs and provides the receiving end power and voltage as its outputs.
Similarly, the thermal maal considers line current, line AC resistance, line dimensions,
wind speed, ambient temperature and solar radiation as the model inputs and produces
the |ine temperature as an outoput. To ob
and thermal modse for the subject line were operated in conjunction to avoid any ground

clearance infringement.
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Mathematically, the coupled electtioermal model of any overhead line can be
formulated based on nesteady state HBE as shown in (1). Equation (1) [2] dessitihe

solar and joule effects as heating factors, with convection and radiation as the cooling
factors when exposed to ambient weather,

Gz6—— Q zY z002z°Y0 0 0 U O U O p
whereQ is the conductor masgis t he conductorés specific
the ratio between conductor heat capacity and its mass iBKl/kg« is the time and
loadingdependent flow of current, anﬂj% <« is the time and space&lependent line
temperature.
Similarly, in (2) ||-,(t) represents timeand spacelependent solar heat gain, which is a
function of t he =FjitndabeeD andltimerandasiaceepenment v i t )
global solar radition |-y. » 44, causing line heating due to solar radiation.
0 O 020 s C

Line cooling mainly depends upon convection and radiation. The @md space
dependent convective coolidbﬁ <« depends on the difference between the ambient and
line temperatures as well as the tiraad spac&ependent wind speggl, < as shown in
(3) and (5) respectively,

0 06 NQzH6“ YO YO o

whe is thermal conductivity in WK as shown in (4) [23].

Q c8cpm x&z2pmMZI — T

Conductoraltitude from sea levg| with wind direction normal to the subject overhead

line results in the Reynolds numb}e; as shown in (5) [23],

. z z ” 82
Y z p 0222 v
8 z 8z z 8

where ! 4+ js the air density in kg/fnd ¢ is Nusselt number dependent on Reynolds
number as shown in (6) [23].

66 ™weY?® mzy?® ®
Similarly, as a result of the timand spacelependent ambient temperatdkg «, the
radiative (:ooling|'f> < as shown in (7) varies with time and space and is dependent upon

the ability ofthe conductor to emit the heat energy (emissiitydlifference between



27

ambient and conductor temperatures, conductor diameter, and the cGnhstaoivn as

the Stephan Boltzmann constant and equal to 5.6%7*10

L 0 ,2-2“20z2 YO ¢Xo ‘YO ¢XoO X

In a nonsteady system state, HBE as shown in (1) is used to couple the line temperature
and line AC resistance; i.e., a change in line temperature will affect the line AC resistance
and vice versa due to thdinear relationship as shown in (8). The presented ETC
technique is therefore useful when the system is in ssteady state. Also, as shown in

(8), the line AC resistance depends upon the DC resistance, line reference temperature

] » o fiN€ temperiare coefficient of resistance for aluminium in an aluminium conductor

steel reinforced (ACSR) conducterand the constag . .

Y o QzY zB zp | YO Y P

where the line AC/DC resistance ragp uin (9) is calculated after considering the line
current density. The current density, moreover, is based on current redistribution and the

magnetic core losses inside the overhead[2Bl[24].

o — w

Based on (8), the higher the line temperature, the higher the line AC series resistance will
be. Similaly, any decrease in the line temperature will reduce the line AC resistance. A
time-dependent step increase in the load current feomito £ <« will cause heating of

the ACSR conductor. This step change in the line current, when coupled witheatia

gain, will increase the line temperature to its maximum v#@ﬁé‘ <« in time «during

the time and spacelependent conductor heating stﬁ * «as shown in (10) [23].

114 h z
o) ) p T

z z

The line temperature, based on the line loading and actual weather conditions, determines
the dynamic line ampacity. The ETfased coordination between the lieenperature

and its ampacity during conductor heating in the dynamic state is calculated using (11).

"Y F‘ z z z z z p p
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As shown in (11), the line temperature in a combined ETC technique further helps in
determining the aftecontingency rise in the line temperature and its associated overload

current during time&/t(« < ) as shown in (12),

YR Yw YR Yy QR PG

where the heating time constanfy as shown in (13) is considered responsible for
determining the duratioof line temperature rise in the dynamic heating state.

z

z z z z z p O-

Wn

In the ETCbased line rating technique, contingeieffuenced rise in the line
temperature varies over time and depend:s
conductor mass, line loading and ambient weather. As shown in (11.) amchéoading
dependent overload currekt « causes conductor heatingrihg step timevt. In the
ETC-based line rating techniques, during the line heating state, the initial temperature
from the preload state]| 4 e IS Used to calculate the line temperature in tisas
shown in (12), where the heating time canst py as shown in (13) is considered
responsible for determining the duration of the line temperature rise in the dynamic
heating state.

After attaining the maximum safe temperature limit during contingency, the overhead line
returns to the postisturbance or cooling state, where the temperature across it starts
falling from its peak limit to the pribad steady state. Equation (14) represents the fall in
the line temperature from its maximum to minimum value during its-tame space

dependent cowlg stateft  * «[23].

114 h z
6 o pT

z z

During the cooling state, the overhead line folldiws same pattern of linear variation
that it experiences during the heating state but in the reverse direction, i.e., the line
experiences a linear drop in temperature. This linear drop in overhead line temperature

can be determined using (15).
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As shown in (15), the posiverload current: <« cawses line cooling during step time
yi( < <« ). Line cooling takes the initial temperature from the previous loading state
4|H| rand calculates the line temperature during tse i n t he conduct or

state as shown in (16),

Y oh Yo Y on Y oRpQ h P

where the cooling time constaatliz as shown in (17) is responsible for determining the
duration of the line temperature drop in the dyitacooling state.

z

z z z z z p X

Wh

The line temperature from tle®upled electrahermal model gives the timand space

depadent ohmic lossefs . v v@ @s shown in (18).
0 50 0zY Yo oY
The line reactance, is not directly affected by temperature variations and therefore the

effect of line temperature on conductaigeas shown in (19) will be higher than on the

line susceptancBjj as represented in (20).

O YO — P W

3.1.2 ETCversus conventional line rating technique

The electrethermally coupled line rating technique under both static and dynamic
weat her conditions incorporates the | ine
resistance. The impact of temperatdependentline AC resistance is thereafter
investigated with regard to line flow and the bus voltage magnitude. The conventional
nonETC-based line rating technique works under-steadystate HBE, where the line
resistance remains constant irrespective of chamgéee temperature, making them
mutually uncoupled in every st@mange in line current. It is therefore, in the 1EHC-
based technique, the | inebs temperature
leading to reduced electricity transfer.

In the presented ET8ased line rating technique, the subject overhead line is operated
under its temperature limit until it reaches thermal equilibrium, taking advantage of a cool

line to achieve higher active power flow in comparison to theEbG-based tehnique.



Table 1Critical span versus all line spans at'tain.
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Duetothenot r ansf er of the subject |ineds term
t her mal inertia of the overhead | ine hel
behaviours, causing higher active power flow than the conventionegt TC-based line

rating technique. In this study, the AC resistance of the subject overheard line was kept
constant at 0. 2{5@‘2 801Q anc, _ | £0°Ckuederpli loaging and

environmental conditions. The conventional lingngtechnique was calculated through
(2)-(17) under reatime weather based neteadystate HBE.

3.2  Sensitivity analysis

Sensitivity analysis is carried out to determine the impact oftianging weather inputs

on timedependent heat transfer throutje overhead line. It is performed to show the
effectiveness of the proposed line rating technique in relation to actual loading and the
weather data. In this study, sensitivity analysis is carried out for the presented ETC
DWLR technique; 1) to determirgecorrelation between weather elements across critical
spans versus weather elements at all line spans and 2) to evaluate a correlation between
wind speed and line temperature and between ambient and line temperatures.

3.2.1 Variance of ambient variables

To predict the variance in ambient weather between critical and all line spans, a variance
analysis is considered, providing the percentage variation in the ambient weather at
critical spans versus the ambient weather at line spans of the subject oViexheBloe

results obtained from the variance analysis are further shown in Table 1

Table 2 Critical gpan versus all line spans abt=min.

Critical  Wind  Ambient Solar Critical ~ Wind ~ Ambient Solar
spans speed  temperature  radiation spans speed  temperature  radiation
(%) (%) (%) (%) (%) (%)
Spanl 4.8 2.6 3.0 Spanl 2.1 4.3 6.6
Span2 51 25 83 Span2 6.3 3.5 2.0
Span3 4.2 3.8 17.9 Span3 6.5 3.1 17.7
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Table 3 Critical span versus all line spans at@min. Table 4 Critical span versus all line spans at%=min.
Critical Wind Ambient Solar Critical wind Ambient Solar
spans speed  temperature  radiation
spans speed  temperature  radiation (%) (%) (%)
(%) (%) (%) Spanl 5.8 1.4 12.9
Spanl 6.8 3.7 1.6 Span2 134 3.5 0.3
Span2 12.2 2.4 6.5 Span3 13.3 6.1 37.4
Span3 11.9 2.8 23.1

Table 6 Critical span versus all line spans a%=min.

Table 5 Critical span versus all line spans a@=min.

Critical wind Ambient Solar
Critical Wind Ambient Sol_ar _ spans speed temperature radiation
spans ?o%zed 'Es/g)wperature an/glatlon (%) %) o)
Spanl 7.7 3.1 6.2 Spanl 9.8 4.7 1.9
Span2 17.2 2.9 11.1 Span2 21.1 2.2 22.0
Span3 17.3 4.0 314 Span3 21.5 1.8 29.4

Table 7Critical span versus all line spans at t=30n.

Critical Wind Ambient Solar
spans speed  temperature  radiation
(%) (%) (%)
Spanl 1.1 6.9 5.2
Span2 0.1 3.3 0.3
Span3 0.4 0.0 1.4

3.2.2 Sensitivity of lingatings to ambient variables

A global sensitivity index between 1) wind speed and line temperature and 2) ambient
and line temperature was created with the help of the varlzasad sensitivity analysis
method as presented in [2&]7]. According to thismethod, the varianeeased
sensitivity index between the correlated input parameters is required to provide the degree
of sensitivity of the line temperature to the weather elements further shown in equations
(21)(26).

The correlation of wind speed and laient temperature with line temperature is achieved
using Pear sonbds odorproeide aatcormlation cestimdtef betoveee n t
independent and dependent variables. In equation (21), the numerator shows the product

of two variables subtracted frotheir respective means and the denominator adjusts the
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variable scaling to give identical units [28]. The value of the correlation coefficient from
equation (21) [28] is used in (2823) [25] to find the covariance between independent
variables (ambientemperature and wind spee#f)and the dependent variable(line
temperature). The resulting covariances are then used iR(A2¥)to produce the
sensitivity index as shown in (26).

\ B
L R T cPp

B B

As shown in (21)s is the length of input variables. The valmeof input variable: and
value of » of input variablel- are averaged across all the criticalrspromt=0" min to
t=30" min to get the correlated partial variangg .  petween wind speed and line
temperature and the correlated partial variagge ,between ambient and line

temperatures as shown in (22) and (283pectively.

W [ G oo i7", i, ¢ G

w 5 ¢ ,,"" i7", 7, Co
As shown in (22)23), the standard deviatiofk of = andd of L with their respective
partial derivativeg, andz give the covariance between independent and dependent
variables as theorrelated partial variance matrix as shown in (24). The resulting
correlation from (21) is used to find the covariance betweand- as shown in (22)
(24).

® W W R QT

w B "nur B "H ouh QT haa C" R CVu
The total correlated partial variance (25) is used to determine the sensitivity index

between theveather elements and the line temperature as shown in (24R[45]
Y — o
It is important to analyse the influence of weather elements on line temperature when

determining the thermal loadability of the overhead lines. The obtained results are

moreover shown in section 4.4.

4. Case study

To analyze and validate the effectiveness of the presentedDEVIR technique in
comparison to the EFTSWLR and DLR techniques, temperature and-fiae through

the subject overhead line were calculated using the MATPOWER embedded developed
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powekrflow tool as mentioned in section 5. Network modeling and pefleer analysis

under two loading scenarios were carried out on following test system facing multiple

weather conditions.

4.1

The system modeling was performed on an I[ERBbus system ahown in Fig. 1 using
DIgSILENT PowerFactory. The base IEEBB bus model in [29] was modified by adding

two overhead lines between BBig and bus30 in Areal of the test system to analyze the
validity of the ETGDWLR in comparison to ETSWLR and DLR For this purpose, a

100 kmlong Line-1 in Areal with an operating voltage of 132 kV was considered as the
subject overhead line. The line was loaded based on two realistic loading scenarios where
Cc a psteady #te of tveansodeltetl gowet e d
system.The line current from the test system was fed into the line thermal capacity

t he

algorithm to find the maximum thermal capacity of the subject line under the constraints
of minimum allowable ground clearance of the line sgartsthe MAT limit of the line.

The modeled system in Fig. 1 is referred as the test system throughout this paper.

AREA-1
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Fig. 1 Modified IEEE 39 bus system with overhead lines added in-Area
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4.2 Weather data

The subject overhead line (Liig in Fig. 1 passed through a large geographical
region spanning varying terrains and was exposed to complex weather conditions. In
addition,the subject overhead line had multiple segments and each segmenhdiad
equidistant spans, based on their geographical locations in accordance with #891EEE
bus structure. The test system was established in New Zealand and therefelneuhe 1
weaher data (ambient temperature, wind speed and solar radiation) from 12:30 pm to
13:30 pm on 1 Janua?018 were obtained from NIWA [30] and applied to a 106 km
long overhead line passing three weather stations situated in the North Island of New
Zealand. Te subject line was considered to be a safnan type with 12% ultimate
tensile strength (UTS) [31]. The physical dimensions of overhead lines as added in area

1 of the test system are shown in Table 8.

Table 8 The studied overhead lines physical dimens

Overhead Diameter Conductor Mass  Coefficient of linear expansion
Lines (mm) (kg/m) x10°%/°C

Line-1 17.5 0.677 194

Line-2 31.5 1.96 20.6

4.3 Loading scenarios

4.3.1 Temporary line outage

In the test scenario, Lir2 in the test system is disconnected for some time to carry out
maintenance work. During this period, Lifigas the subject overhead line, carries excess
power and is therefore checked for thermal capacity in terms of thertagl Based on

the line thermal inertia, the overhead conductor could be loaded reliably without violating
the ground clearance requirements. The objective of the presented ETC technique is to
load the subject line to find its maximum power transfer capaditen operating under

the MAT Ilimit as set at 80°C.

The line flow results in Table 9 are based on weathad loadingdependent line
resistance, where LiAk is checked during heating and cooling states after the
disconnection and restoration of Li@erespectively. The weather data used to obtain the
results as shown in Table 9 are based on cr$ipah 3, assumed to be the most critical
span during the line transient loading. From t=10in to t=20 min, Line2 is
disconnected, causing Lifeto ente the heating state. Later, at t=2@in, Line2 is

restored, reducing the lodldw on Line-1, placing it in the cooling state. During the
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dynamic system state from t=1@in to t=20 min, Line-2 experiences contingency and

the resulting temperature acsdsne-1 plays an important role in the line sagging level.
When Line2 is disconnected at t=1@nin, the transmission operator has two options;
either to import electricity from GetO in the test system, which has a lowramping
capability (hence respding slowly to pea#oads) or to load Lind based on the
presented line rating technique. The former option is not feasible for the transmission
operator if Ger08 has enough capacity to dispatch the required excess electricity through
Line-1 when neededithout any violation of Linel groundclearance infringements. The
time-varying line current fromDIgSILENT PowerFactorywas used to find line
temperature through EFDWLR, ETGSWLR and DLR techniques under critical span

1 and critical spa2 as shown ifable 10.

As evident from Table 9, after the Li2eoutage, the proposed ETBNLR approach

helps in maximizing the power transfer potential from Elnén contrast to conventional

DLR and the static weath&ased ETESWLR techniques. As evident from Tab9,

when Line2 is restored at t=20nin, temperature across Liiestarts dropping from the
peak value until it reaches the geailt steady state. The EFRWLR technique as shown

in Table 9 allows 6.18% additional power transfer compared to the®VCR technique

and 7.75% higher than the DLR technique during {ingperationln terms of finding

the highest line temperature amongst all spans of the subject overhead line, the critical
span with the highest sag from t=10in to t=20 min was used to dat@ine the thermal
rating of the subject overhead line during this time. By facing the worst weather and
having the longest length with a route passing through a varying terrain, it remained the
span with the highest sagtilnveather conditions changed.

Table 9 Temporary line2 outage management in case of critical spamderscenarieA

Time (Min.) Temperature (°C) Line Flows (MW)

ETC-DWLR ETC-SWLR DLR ETC-DWLR ETC-SWLR DLR

Line-1 Line-1 Line-1 Line-1 Line-1 Line-1
0 40.42 61.927 40.42 61.03 58.01 55.66
5 41.26 61.927 41.26 60.87 58.01 55.66
10 54.84 84.48 54.84 72.16 67.42 68.08
15 54.71 84.48 54.71 72.16 67.42 68.08
20 54.37 84.48 54.37 72.16 67.42 68.08
25 43.26 70.56 43.26 60.55 56.93 55.66

30

40.29 61.93 40.29 61.03 58.01 55.66
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Table 10Line-1 temperature in case of critical sghand critical spai2 under scenarié

Time (Min.) Temperature (°C) —Critical Span1 Temperature (°C) —Critical Span2
ETC-DWLR ETC-SWLR DLR ETC-DWLR ETC-SWLR DLR
0 40.34 61.93 40.34 40.38 61.93 40.38
40.97 61.93 40.97 41.34 61.93 41.34
10 54.26 84.48 54.26 54.98 84.48 54.98
15 53.34 84.48 53.34 54.35 84.48 54.35
20 53.80 84.48 53.80 53.66 84.48 53.66
25 43.53 70.56 43.53 43.48 70.56 43.48
30 41.13 61.93 41.13 41.18 61.93 41.18

4.3.2 Line overloading and loagdhedding management

The ETC and conventional line rating techniques were investigated under this scenario to
check the effectiveness of the line rating techniques in avoiding line loading and
effectivelymanaging load shedding situations. Under this scenario;d.iseequired to

be out of service (e.g. because of maintenance) fromnt® to t=25 min. Similarly,
Gen08 at Bus37 in the test system dispatches 640 MW of active power during a
continuous mcrement in load demand, as mentioned in Table 11. In this scenario, the
main objectives of a transmission operator are to fulfil the load requirement in addition
to avoiding the subject line from crossing the MAT limit.

As shown in Table 11, for criticapan3, the static worst weather elements in the ETC
SWLR technique result in line temperature above the MAlt even at the base load of

50 MW in all case states, causing 24% higher congestion in the subject line than ETC
DWLR and 21.3% more congestitiman the DLR technique. It means subject line under
ETC-SWLR technigue is more congested in comparison to-BWLR than the DLR
technique. The line current due to step change in load demand was obtained from
DIgSILENT PowerFactoryand was used to find thene temperature through ETC
DWLR, ETGSWLR and DLR techniques as shown in Table 12 for critical-4pand
critical spar2. The resulting line temperature determines the line AC resistance, which
together with ambient and line physical data is providetiadIATPOWERintegrated

tool described in section 5 to provide the line active power flow in presence of critical
span3 as shown in Table 13.

Due to reaching the MAT Ilimit at the baseload, line operating under-8VCR
technique is not further loaded,rfee a total 0.02 MWh of electricity is not dispatched
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under this technique through Lhieto the load connected at bB@ of the test system

from t=5"min to t=25 min. From t=25 min to t=30 min, when 25% load is reduced
from the previous step underthdines connected makes Liieattain temperature below

the MAT Ilimit hence causes an additional energy dispatch of 5.1% from the previous
value. As shown in Table 11, the higher voltage drop using the DLR technique results
from ignoring the line couplingetween electrical and thermal behaviours, in contrast to
the ETGDWLR technique, where a cool line provides lower AC resistance and lower
voltage drop, resulting ino line overload or load sheddinds shown in Table 14 and

15, at t= 20 min when tempeture across both overhead lines converge to near steady
state MAT value, the AC resistance of both lines becomes equivalent thus causing the

identical line flow though the subject overhead line.

Table 11Line-1 temperature in case of critical sgaander scenari&

Time  CaseState(s) Line-1 Temperature (°C)

(Min.)  Type(s) ETC-DWLR ETC-SWLR DLR
0 Baseload with Lin€ Disconnected 50.54 84.48 50.54
5 30%Increment in Baseload at LiffeDisconnected 57.57 84.48 57.57
10 50% Increment in Baseload at Li@eDisconnected 66.10 84.48 66.10
15 80% Increment in Baseload at Li@eDisconnected 73.59 84.48 73.59
20 100% Increment in Baseload at LiBeDisconnected 79.94 84.48 79.94
25 Line-2 is Restored at twice the Baseload 58.50 84.48 58.50
30 25% Load Decrease with LireConnected 46.92 70.53 46.92

Table 12Line temperature in case of critical sphmand critical spa2 under scenari@

Time (Min.) Temperature (°C)}— Critical Spanl Temperature (°C)— Critical Span2
ETC-DWLR ETC-SWLR DLR ETC-DWLR ETC-SWLR DLR
0 50.52 84.48 50.52 50.55 84.48 50.55
5 57.31 84.48 57.31 57.68 84.48 57.68
10 65.49 84.48 65.49 66.24 84.48 66.24
15 72.45 84.48 72.45 73.40 84.48 73.40
20 79.57 84.48 79.57 79.44 84.48 79.44
25 58.77 84.48 58.77 58.72 84.48 58.72

30 47.77 70.53 a7.77 47.81 70.53 47.81
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Table 13Line flows and load shed in case of critical samnder scenari&

Time Line-1 Flows (MW) Load Shed (MW) at Bus30

(Min.) ETC-DWLR ETC-SWLR DLR ETC-DWLR ETC-SWLR DLR
0 72.72 67.42 68.08 0 0 0

5 82.56 67.42 78.67 0 145 0
10 89.12 67.42 86.60 0 235 0
15 101.64 67.42 100.38 0 362 0
20 111.60 67.42 111.60 0 440 0
25 92.50 67.42 88.69 0 42 0
30 75.29 70.85 70.19 0 0 0
Total energy shed (MWh) 0 102 0

4.4  Weather impact on line thermal loading

4.4.1 Sensitivity index between wirgppeed and line temperature

Fig. 2 shows the sensitivity index between wind speed and line temperature across three
critical spans in scenarid and scenarikB, where the correlation coefficient from (21) is
averaged for line temperature from both scendra® t=0" min tot=30" min. Based on

Fig. 2, the computed retime thermal line ratings in both scenarios were observed to be
highly sensitive to wind speed, reaching as high as 0.621 or 62.1%0antn across

critical spanl and as low as 0.404 or.4@6 att=30" min across the same line span.

4.4.2 Sensitivity index between ambient and line temperature

The sensitivity index between ambient and line temperatures across critical spder
scenarieA and scenari® is shown in Fig. 3 (a), whereas tb@me relationship across
critical spar2 and critical spa#® under both scenarios is shown in Fig. 3 (b) and Fig. 3
(c) respectively, where the results obtained indicate that the line thermal rating is less
sensitive to the ambient temperature in comparts the wind speed and hence makes a

less significant contribution to both conductor cooling and line loadability.



Temperature - [°C]

39

Temperature - [°C]

Wind speed sensitivity index for critical span-2

0.65

s 9 y
T = T
c ! c
) £
2 3 2
> 0w s
= & =
28 .
o 5 ©
w g ]
0 5 10 15 20 25 30
Time - [min] Time - [min]
(a) (b)
80
070 %
. T
] 5
= >
3 S
g 60 g
a i
E g
Q8 50 )
40 : :
0 5 10 15 20 25 30
Time - [min]
(©
Fig. 2 Wind speedine temperature sensitivity index across critical spans: a) # 1L b)#2c) # 3
80 Ambient temperature sensitivity index for critical span-1 02 0 Ambient temperature sensitivity index for critical span-2 otd
. —_ 0.12
0155 Lr0r )
T T {01 B
-~ 2 >
—01 % 260r 0.08 £
@ “ét’ I 0.06 &
0058 S50F &
F 10.04
0 40 0.02
30 30
Time - [min] Time - [min]
b
(a) 80 Ambient temperature sensitivity index for critical span-3 ( )
Oz} / 3
= 015 T
< >
3 =
560 ) 2
g2 041 g
£ 50 g
o S ) [}
-0.05
40 Il 1 1
0 5 10 15 20 25 30
Time - Iminl
(©

Fig. 3 Ambient & line temperature sensitivity index across critical spans: a) #1b)#2c) # 3



40

5. Weather-Dependent Power Flow Tool

Due to the influence of weather on thermal line loading, the ambient data must be
incorporated with line loading to obtainettweatheinfluenced active power and the
voltage magnitude. For this purpose, a MATPOWER [32] embedded power flow tool as
shown in Fig. 4 is used to provide eleeth@ermally coupled parameters. The designed
tool for power flow analysis includes weatheddine temperature data across critical
spans, physical data from overhead lines, generators, loads and buses in t88 ®EE
system from [29], [32] in addition to physical data from the added-Liaad Line2 in

the presence dfritical spans acrodsne-1. The flow chart as shown in Fig. 5 describes

the calculation of line temperature under the investigated line rating techniques used as
an input to the designed power flow tool, enabling determination of the bus voltage
magnitude and sag across thig@al spans through HBE and the updated line resistance.
The line resistance used in the presented ETC technique is based on reference
temperatures that are dependent on previous reference and line temperatures influenced

by stepchanges in line curremind weather conditions.

Power Flow Tool
v v
'I|+"ITV’ |I'w [0S
p| | IEEE39 Bus Test Systen
I with Line-1 & Line2
Tt
MATPOWER
[
v iy
ﬂ-l ) =g 5 _ é .
rF =F 44:1.. =1 Tig .
e | T To
1‘»‘:1|+ :|=r, ::{”z =f
Power Flow

Fig. 4 ETC and weatheintegrated line power flovool
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Fig. 5 Flow chart of the presented ETC line rating technique algorithm

5.1 Results and discussion

The weather and loadirdependent line resistance and bus voltage were investigated
under scenarieA representing the lindisconnection and scenafb representing the
increased line congestion. Both scenarios were considered in the presence of critical spans
to find their impact on the line resistance and bus voltage magnitude, shown iiZ able

and Table 15. The results obtain show that line loading,-sgagraphy and weather
conditions directly affect line resistance, which in turn changes the system voltage. By
considering the critical line spans and the presented line rating techrifigiessulting

voltage through the developed povilew tool can be effective in botsystem planning
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and operation.

Tables 14 and 15 show that the bus voltage decreased witb r eases i n t

resistance, and the line resistance under the &WCR technique was higher than under

the ETGDWLR technique due to the higher line temperature. Based on identical

maximum span lengths with slight differences in weather comditaxross all critical

spans, the change in line resistance from the-BWLR to ETGDWLR technique was

reduced on average by 8.5% under all caitiine spans in scenasi®.

Table 14Span resistance versus bus voltage under scéhArio

h

Time | Critical Span-1 | Critical Span-1 | Critical Span-2 | Critical Span-2 | Critical Span-3 | Critical Span-3
(min) | (ETC-DWLR) (ETC-SWLR) (ETC-DWLR) (ETC-SWLR) (ETC-DWLR) (ETC-SWLR)
R \Y R \Y R \Y \% R \% R \%
(Y/ kl(u) [ ( Y/ K@u | (Y!IK@y [(Y/K @y [(Y/k@Eu |(Y/K (@
0 0.233 0.966 0.252 | 0.965 0.233 | 0.966 0.252 0.965 | 0.233 | 0.966 | 0.252 0.965
5 0.234 | 0.966 0.252 | 0.965 0.234 | 0.966 0.252 0.965 | 0.234 | 0.966 | 0.252 0.965
10 0.245 0.957 0.271 | 0.956 0.246 | 0.957 0.271 0.956 0.245 | 0.957 0.271 | 0.956
15 0.244 | 0.957 0.271 | 0.956 0.245 | 0.957 0.271 0.956 0.245 | 0.957 0.271 | 0.956
20 0.245 0.957 0.271 | 0.956 0.245 | 0.957 0.271 0.956 0.245 | 0.957 0.271 | 0.956
25 0.236 0.966 0.259 | 0.965 0.236 | 0.966 0.259 0.965 | 0.236 | 0.966 | 0.259 | 0.965
30 0.234 | 0.966 0.252 | 0.965 0.234 | 0.966 0.252 0.965 | 0.233 | 0.966 | 0.252 0.965
Table 15Span resistance versus bus voltage under scénBrio
Time | Critical Span-1 | Critical Span-1 | Critical Span-2 | Critical Span-2 | Critical Span-3 | Critical Span-3
(min) | (ETC-DWLR) | (ETC-SWLR) (ETC-DWLR) | (ETC-SWLR) | (ETC-DWLR) | (ETC-SWLR)
R \ R \% R \% R \% R \% R \Y
( Y/ k|{@u) |(Y/ k]| (pu ( Y/ Kl (pu | ( Y/ K (pu) ( Y/ k|{@u |(Y/! K| (pu)
0 0.242 | 0.957]| 0.271 0.956 | 0.242 | 0.957 | 0.271 | 0.956 | 0.242 0.957 | 0.271 | 0.956
0.248 | 0.939]| 0.271 0.956 | 0.248 | 0.939 | 0.271 | 0.956 | 0.248 0.939 | 0.271 | 0.956
10 0.255 | 0.923] 0.271 0.956 | 0.255 | 0.923 | 0.271 | 0.956 | 0.255 0.923 | 0.271 | 0.956
15 0.261 | 0.892]| 0.271 0.956 | 0.262 | 0.892 | 0.271 | 0.956 | 0.262 0.892 | 0.271 | 0.956
20 0.267 | 0.864| 0.271 0.956 | 0.267 | 0.864 | 0.271 | 0.956 | 0.267 0.864 | 0.271 | 0.956
25 0.249 | 0.896]| 0.271 0.956 | 0.249 | 0.896 | 0.271 | 0.956 | 0.249 0.896 | 0.271 | 0.956
30 0.239 0.94 | 0.259 0.939 | 0.239 0.94 0.259 | 0.939 | 0.239 0.94 | 0.259 0.939
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6. Discussion

This paper presents the concept of a coupling effect between electrical and thermal
models of an overhead line passing through a large geographical area under multiple
weather conditions. The electtilermal coupling effect of an overhead line was
investigated under both static and dynamic weather conditions. Additionally, HBE was
investigated in nosteady state system modeling, where besides the impact of line
resistance and the environmental conditions on thermal loading of an overhead line, the
| i nleedmal inertia was also considered in determining the capacity of the thermally
limited overhead line.
I n this paper, mutual coupling between Ol
in improved line loading efficiency in comparison to the cones@l line rating
technique involving the decoupled power transfer and thermal limits. Optimal line
loading and the line congestion minimization in addition to depending on number and
thermal limit of critical spans were also found with dependence onstimzhronization
between weather and load changes besides electrical and thermal characteristics of the
overhead line. To consider these factors, the Ba€=d weather integrated power flow
tool was developed to find the load and weather dependent dynlamges in heating
and cooling of the overhead line. After incorporating these changes, the tool provided the
updated temperatwaependent line series resistance which was later used to find the line
flows and the corresponding voltage across the loadubdsr both the proposed and
conventional line rating techniqueBhe summary of technical and economic benefits
identified by using the weather incorporated ETC based proposed line rating technique is
provided below.
I.  The proposed line rating technique doenvolving the line thermal inertia

and temperaturdependent line resistance provides enough loading time for

electricity dispatch from slower but less expensive generation reserves. A

possible economic benefit can be attained in case of electrigigtdmsfrom

wind power plants due to wind speed correlation between line cooling and the

wind generation.

ii. Itinvolves thermal inertia in the nesteady or dynamic loading state causing
the overhead line to obtain thermal equilibrium gradually. Due to ithis t
delay from the loading time, transmission operators have flexibility in making

optimum decisions regarding line flows based on both power transfer and
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thermal limits. The obtained loading flexibility not only helps in reliable
power transfer but alsaiavoiding or rescheduling the electricity dispatch
from costly generation sources.

iii.  Due to loading flexibility, transmission operators have enough time in shifting
the load flow from critical line paths to namitical ones before critical lines
attain tre thermal equilibrium. By doing so, an anticipated congestion in the
network can be minimized by increasing the line flow towards less congested
high thermalinertia lines and decreasing the line flow from highly congested
low thermadinertia lines. Thisoptimum power transfer in the entire
transmission network can result in economic and technical benefits; economic
benefit in terms of delaying the line upgrading, while technical benefit in terms
of relived congestion.

iv.  The proposed technique provides actaalperaturalependent line resistance
that can benefit by reducintR losses, causing higher power flow at minimum
voltage dips in comparison to the conventional line rating techniques at the
same line temperature and weather conditions.

The results obtaed by using the real weather integrated ETC based line rating technique
were validated with the conventional line rating technique, which ignores the
temperaturaependent line resistance when determining the line flows. Based on these
results, line resit ance and t her mal inertia were f
capacity by 7.75% when handling a line outage and 3.51% when handling line
overloading (to avoid load shedding) under actual geospatial weather conditions.

When the subject overhead lineasvloaded to handle excess power due to- line
disconnection, the presented ETC technique under dynamic weather conditions was
found to have 6.17% more thermal capacity than the same technique applied under non
geospatial static worsteather conditions. Siiarly, when the same overhead line
operating under geospatial weather conditions was used to avoidhedding, it was

found to have 31.57% more thermal capacity than when operating undgeospatial
weather assumptions during the same loading sicenar

Variance and sensitivity analysis between weather and line temperature were presented
to provide the ratings sensitivity, especially in the wind speed region-df kph (due

to its high sensitivity). The results from the sensitivity analysis ineliteat the thermal

line ratings were highly sensitive to wind speed in comparison to ambient temperature.
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Future work will be related to validating the presented line rating algorithm with field
measurements to find the maximum thermal rating of thernialiyed overhead lines.
The work will also focus on numerical weather predictions to predict thesppal
weather conditions across electrically and thermally limited overhead lines in a multi
area power system, operating in dynamic and transienns\gsétes.

7. Conclusion

This study has presented a methodology for loading overhead lines based on electro
thermally coupled, dynamic weathéependent line rating techniques. The ETC line
rating technique as presented in this paper was used for dys@Bisystem analysis
applications, where shet¢rm overloading of the overhead line was investigated under
dynamic weather conditions. The ETIVLR technique, when compared with ETC
SWLR and conventional DLR techniques, was found to be efficient in minignizie
congestion and avoiding loathedding situations. The calculated power flow through the
subject overhead line showed that the proposed technique can mitigate congestion of the
electricity network by excess ridkee power transfer. To analyze thensévity of the
resulting line temperature to the ambient conditions, the sensitivity analysis undertaken
showed a wider sensitivity range across wind speed than ambient temperature.

This study also analyzed the weather and loading impact in the pregemitieal spans

on the line AC resistance and the bus voltage magnitude through the designed line
modeling tool. The proposed approach investigated the environmental impact on the line
AC resistance and voltage magnitude under critical line spans passongh flat and
nonlat terrain. The results obtained showed that the line resistance calculated under the
actual geospatial weather and dynamic loading states was more efficient in determining
a reliable voltage magnitude than that found under thegeospatial static weather

states.
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Chapter 3

3.1 Introduction to Manuscript 2

This Manuscriptaddresses the issue of critical span identification across an overhead line.
The Manuscript presents a technique that is developed to identify space and time
dependent critical spans at the least computational cost. Due to varying nature of critical
spansacross any overhead line facing multiple weather conditionsMarsuscriptis
therefore designed to capture the dynamically varying critical spans during each loading
step. The identified critical spans are not considered fixed, rather they varymathrid
space. The proposed technique identifies the dynamically varying critical spans after
considering the weather and span topography at each line span.
TheManuscriptispublished n t he journal of OEl ectrical
t he t Apdlidateon of illynamic thermal rating: Overhead line critical spans
identification under weather dependent optimized sensor placendgattric Power
Systems ReseardB0 (2020: 106125

3.2 Manuscript 2

Application of dynamic thermal rating: Overhead line critical spans identification
under weather dependent optimized sensor placement

Saifal Talpur* T. T. Lie, R. Zamora
School of Engineering, Computer and Mathematical Sciences, Auckland University of Technology, New
Zealand

*Corresponding author emabiaifal.talpur@aut.ac.nz

Abstract

Dynamic thermal rating (DTR) for an overhead transmission line is a viable and cost
effective technique based on real weather conditions t@atgticongestion and avoid

load shedding for reliable transfer of the required electricity. Spans of overhead lines
passing through multiple geographical regions face diverse weather conditions and
varying terrain, and thus need to be monitored to obtdiabte estimates of line
loadability. Spans facing the worst weather and with the longest length determine the
absolute minimum line loadability and are therefore known as critical spans. Identifying
critical spans is important in allowing utility provideto monitor their overhead
transmission networks spanning large geographical regions. This paper focuses on
identifying critical spans using the proposed technique to find the bottleneck to the

overhead transmission network for optimum power transfatetiérmines the optimal
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number and placement of sensors across the entire test line, dividing the line into non
uniform segments, each carrying multiple length spans passing through flat aftat non
terrains. The resulting critical spans determine the lba€elability that can effectively
relieve transmission line congestion, based on the allowable vertical clearance to the
ground. The outcome of the proposed technique is validated against the conventional

technique for critical span identification.

Keywads: Dynamic thermal rating, critical line spans, optimal sensor placement, non
uniform line segmentation, weather conditions and span topography, congestion and load
shed management

1. Introduction

To meet the growing demand for electricity, overhead transmission lines are required to
transfer additional electricity with no ground clearance infringements. The capacity of
overhead transmission lines is determined by their physical dimensions, surgound
weather conditions, maximum allowable temperature and the allowable distance from the
ground. An overhead line passes through multiple geographical regions, where each span
faces considerably different weather conditions.

As each span of an overheatkldiffers in length, weather conditions and route, the span
elongation across each line span varies depending on space and time, even under the same
loading and operational conditions. Therefore, the dynamic thermal rating (DTR) for the
entire line cannibbe calculated by ignoring the individual span lengths and their
surrounding weather conditions as these may cause adverse sagging across spans facing
the worst weather conditions during the loading period. The spans with minimum
clearance to the ground specific loading condition are called critical spans.

Critical spans operate at the highest temperature with the lowest etargning
capability in a tensioning section between two towers. The span topography and ambient
conditions across a line spare critical in its ability to transfer the required electricity.
Because of the timand spacelependent weather conditions affecting an overhead line,
critical spans do not remain fixed or static; they rather vary over the entire length. Critical
spars with the longest length passing across valleys, -gk@ssings, highways and
varying terrains, face comparatively the worst4te@ak weather. The critical spans in an
overhead line cause hgpot temperature, which is a primary variable for determithiag

line loadability. Thermal line ratings based on-bBpbt temperatures provide reliable
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thermatlimit estimates in comparison to computing the thermal line rating based on an
overall estimate of weather elements across an overhead line with no catrmidef

critical spans.

A critical line span is a span exposed to the worst weather elements, of the longest length,
passing over varying terrains. Critical spans play an important role in solving the optimal
power flow problem in terms of considering thermal constraints across the entiredine
length. The location and corresponding line temperatures across critical spans are very
important for system operators in dynamically assessing the lirgphbtemperatures

and thus finding reliable line loadébes, as investigated in this paper. Critical span
identification will help utilities to decide when and how much load an overhead
transmission line can safely carry. Critical spans experience comparatively higher hot
spot temperatures at the same tharionadability to norcritical line spans. Therefore,

this paper focuses on identifying these spans to determine a reliablealiability

within allowable sag limits.

The proposed technique validates the concepts as presenteddp fthht the critcal

span is not a fixed span; rather it varies with space and time. The proposed technique thus
suggests an optimum number and placement of sensors across the entire line. Instead of
placing sensors across some assumed orvalihated critical spans, thproposed
technique will find the optimum sensor placements for monitoring of-tand space
dependent weather across each line span. To address the spatial variability in ambient
conditions, the entire test line in this paper was monitored to give bleeiatimate of
weatherdependent critical spans. The line was therefore divided into multiple segments
from the sending to the receiving ends.

Due to involving the optimized segment locations, this segmentation approach will have
less computational burdecompared to the segmentation technique in [3] and [4], where
each line span is considered as a segment. This study broadened the segmentation
approach used in [d4}4], which segmented a large overhead line based on ambient
temperature differences but mped the span length effect and weather influences on span
sagging levels. The segmented approach in this paper addresses botHexadtstudies

and detailed component modeling, advancing thedewmentation approach in {B1],

which focuses on systelevel studies rather than detailed component modeling.

Critical span identification in a DTHperated overhead line was carried out in [5] to
determine the line sagging limits in comparison to the approach presented in [6]. The

critical span identificatin technique in [5] focuses on identifying the critical spans based
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on correlation benchmarks between minimum line ratings derived from initially assumed
line critical spans, giving the global minimum of the line thermal capacity, and the line
thermal capaity derived from all line spans. A higher correlation benchmark between
both ratings is the decisive factor in considering the span as critical. The technique has a
limited scope as it requires knowledge of one critical span in order to identify the other
critical spans. The critical span identification technique presented in [5] is similar to the
identification technique in [6].

Because the technique ignores the dpaography and terrain levels in critical span
identification, the derivedagging levels in [5] may be different to those determined by
considering span topography and terrain variability. The sag across critical spans will
therefore result in unreliable estimations of distance from the ground. The algorithm also
does not consgt the critical span sagging during static weather conditions and considers
line loading above the maximum allowable temperature (MAT) limit, which may result

in excessive sag, reduced tensile strength and increased conductoAdditignally, in

[6] the distance between segments is chosen without consideration of optimal sensor
placements. The drawback of this random selection can be in terms of weather estimation
data across each segment and hence across each line span between segments, resulting i
unreliable line thermal ratings. The critical span identification technique as presented in
[6] requires a set of monitoring stations to achieve the required confidence level. It means,
in case of noravailability of the required set of weather stations, mooimg of a selected

set of spans, rather than every line span across the entire line, can be done. Also, to find
the correlatiorbased confidence level between thermal capacity across each span and
thermal capacity across the whole line, the algorithihimpose a huge computational

cost for critical span identification. Additionally, as the algorithm does not consider the
effect of dynamic thermal ratings on span sagging levels, the estimated thermal rating for
the whole line may result in excessive giag levels, particularly across the identified
critical spans.Multiple critical spans exist across a single overhead line. Hence,
identifying the factors that influence the location and number of critical spans is crucial
for utility providers [7]. Thispaper refines the methods proposed in[f3]to identify

critical line spans based on varying terrain levels not addressed in [5] and sag modelling
not considered in [6] and [7]. Location of critical spans across any overhead line requires
knowledge abouteather elements and the span topography, the factors that were ignored

in [8] and [9] while determining the critical spans. The installation of weather monitoring



53

sensors across every span of an overhead line passing through a vast geographical region
would require a huge capital investment.

In order to achieve the required accuracy across each line span at a reduced cost, this
paper introduces a novel method to provide weather data across every span of an overhead
line passing through a large geographi@gion while facing multiple weather patterns
across varying terrains. The proposed technique enhances transmission planning and
sensor installment by determining the optimal number and location of sensors across each
segment in the test overhead linddcate critical spans during the entire operation of the

test line. The proposed technique in this paper fills the gap identified {9][Dly
considering the weather and span topography individually across each span in all line
segments of the test alead line, giving a reliable estimation of critical spans or the
bottlenecks. The proposed technique provides optimal number and location for sensor
installation to identify critical spans across the test overhead line. Thermal line ratings
based on thedentified critical spans result in line flow with no ground clearance
infringements. In addition to critical sag monitoring during dynamic weather conditions,
the presented approach also considers span sagging levels during static weather
conditions. Theasearch gap summary over literature[l]]along with contribution of

this study is shown in Table 1. To fill the research gap illustrated if®]1ihis paper

presents a unique methodology:

I.  To determine the optimal number and placement of sensorg asnpervised
sensor placement approach.
ii.  To identify the critical line spans using weather and span length considerations to
produce no ground clearance infringements in any line span.
iii.  To determine the temperature and sagging level across all line apdasross
the identified critical spans to find the minimum line thermal rating capacity

during both static and dynamic weather conditions.
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Table 1 Literature, research gap and contributions summary

Research gap from the literature

Contributions of the study

The study in [1]-[2] considered identification of
spans with highest temperature or minimum
loadability without taking into account the span
topography information along with weather
elements across each line span.

An optimization algorithm is developed to find the
minimum optimum number and sensor placements for
considering the ambient conditions across the entire
test line including short distances and remote locations
to find temperature and sag across each line span
based on span topography and ambient data available
from a few weather stations.

In [3]-[4], a non-uniform line segmentation
approach was carried out with following
unaddressed issues:

1 Number and placement of segments was
determined through variation in ambient
temperature from the threshold.

1 Ambient temperature was the only weather
parameter considered in terms  of
determining the line temperature between
and across the segments.

In the developed algorithm, line segmentation is carried
out under system and component level modelling to
further assist in the identification of weather and
topography based critical spans with following
contributions over [3] and [4].

1 An optimized sensor numbering, and placement
based on location of reference weather stations
between the line sending end to the line receiving
end was obtained.

1 The resulting line segments were used to determine
the weather across and between each line segment
in the entire line length.

The approach presented in [5]-[6] for critical

span identification have left following gaps:

9 Critical spans are identified without
considering the span topography and the
type of terrains.

9 The process to identify critical spans requires
knowledge about the span with smallest
ground clearance or minimum thermal
loadability in advance.

1 The technigues are presented under steady-
state thermal line modelling that mainly
identify time and space independent critical
spans under thermal equilibrium state due to
considering the constant weather and
loading conditions.

The proposed design algorithm fills the gap from [5]-[6]

with following contributions:

9 Critical span identification technique considers span
topography and the rugged terrains (mainly the
case in New Zealand) besides span weather
conditions to accurately determine the number and
placement of time and space dependent critical
spans during each loading time interval.

1 The proposed technique does not require in
advance the knowledge of span with minimum
thermal loadability.

1 Non-steady state modelling under realistic loading
scenarios is considered to validate accuracy and
computational efficiency of the proposed algorithm
under time-space dependent ambient, time
dependent loading and space dependent terrain
conditions.

The gaps and contributions from [7]-[9] are:

1 The testing was carried out on a single test
span under steady-state heat-balance [7].

1 In [8], an optimized sensor placement
technique was designed without considering
the span sag-temperature relationship.

The study presented in [9] examined sagging
across inclined spans and provided the
detailed mathematical modelling.

A detailed mathematical modelling approach is

employed in this paper under non-steady state heat

balance after addressing the following gaps from [7]-[9]:

i The designed algorithm has considered weather,
span topography and type of terrains across all line
spans before deciding the hot spots.

I The presented study provided the proof of concept
validation with conventional critical span technique
and is found reliable.

1 The study has addressed sagging across both
levelled and inclined spans while passing through
flat and non-flat terrains respectively.
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By considering both gespatial weather and temm@brloading conditions towards
affecting the sag across each span of the test line, the proposed critical span identification
technique provides a true representation of the maximum thermal capacity limit of the
line. The proposed technique provides anatife solution for computing thermal line
ratings using realveather conditions, where utility companies, due to-anmilability or
difficulty in measuring or estimating the real weather conditions across every span of an
overhead line, are currently ofpid to use static thermal line ratings based on
conservative assumptions that ignore fluctuating tiared spacelependent weather
conditions.The proposed technique besides involving less computational burden is a
viable solution for utility companies for determining the thermal capacity of their
overhead assets effectively and reliably under no ground clearance violations during the
excess eladcity transfer. Critical spans identified under both the conventional and the
proposed technique are compared to examine the reliability and computational efficiency
of the proposed technique.

The rest of the paper is structured as follows: Sectiogtdights thermal line rating and
discusses the test system and weather modelling. Section 3 presents the design
methodology of the proposed and conventional critical span identification techniques.
Section 4 presents the case study. Section 5 providesbth@ed results. Section 6

summarizes the findings of the paper.

2. Line Model

2.1.Nonsteady state electrthermal line modelling
Overhead lines are rated statically and dynamically. In both conditions, the conductor
rating is calculated using the heat balaheeveen heat gain and heat loss via the heat
balance equation (HBE) under steady andsteady state conditions. In this paper, HBE
was considered under nsteady system state, where, ele¢hermally coupled (ETC)
line modeling [10] was examined. Tip@irpose of utilizing the ETC technique was to
increase the line utilization and in result remove line congestion and possible load
shedding, further demonstrated in [10]. The HBE under dynamic osteady state
conditions as shown in (1) consists of habsorption and heat emission [11]. Heat
absorption takes place due to ledependent flow of current in the core and the surface
of the conductor & <) and due to the ability of the conductor to absorb time varying

solar radiations||—§ <. Heat enssion is the phenomenon that takes place due to heat
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convection (-} <) and heat radiation}; <) from the overhead conductor [Z3] as
shown in (1).
az6—— QzY z'062zYo 0 o6 0O o 0 0o p
whereQ is the conductormasgsi s t he conductords specifi
the ratio between the condudKi [pr<represemsat c ¢
solar heat gainjrx «and [r, <«represent convective and radiative cooling, respectively.
ky «is the time and line loadirdependent flow of current through sperandd|y «is
the spaceand timedependent span temperature.
The HBE under steady and neteady systerstates acts differently, i.e., under steady or
constant system states, the sum of heat absorption and heat conduction is always identical
causing the overhead line under thermal equilibrium state. Contrary to that, under
changing ambient and loading cotains, the difference between heat absorption and heat
conduction becomes greater than zero leading to thermal inequilibrium state as studied in
[10]. This additional energy due to involving thermal inertia causes thermal instability in
the overhead lind, ur t her dependent on conductor 6s
this paper, HBE under nesteady thermal state is considered due to a linear relationship
between span length, conductor mass and thermal inertia that is further needed when
identifying the line spans with minimum thermal loadability and critical sagging.
Additionally, the line thermal rating technique under 4steady state can be used to
accurately determine the maximum optimal capacity of the overhead line and the time it
can stay ovedaded and thereby allowed optimum power flow under safe allowable
conductor temperature limit.
In this paper, the test line is loaded from a lower« loading current to a higher loading
current < current causing conductor in heating stﬁé‘“ <« as described in (2) [10]
and from a highel: <« to a lower £ <« loading current making conductor under the
cooling stateft " « as described in (3) [10]. The cycle is continued until the test
overhead line reaches its MAT lindit T * <.

0oOzY 0o 0 0

0 0 . y —
“z20z Y © Y0 S

From (3), it is evident that higheonductor diametefr and lower ambient temperature
J||+ <« reduce conductor heating and allows more current to flow at lower series AC

resistance] 1 4 <.
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2.2.Test system modelling

To testify and validate the proposed algorithm on realistic case scenarios, a realistic test
system resembling the New Zeal andds nort
Fig. 1) was modeled in DIGSILENT®. The uheglled power system involved two parallel
overhead lines connected between Huntly power station and the Penrose substation,
situated in New Zealandbés north island tr
dimensions of both overhead lines as takem [14] are provided in Table 2, where Line

1, referred to as the test overhead line throughout this paper, is a Grape aluminium
conductor steel reinforced (ACSR), 86 km in length with an operating voltage of 132 kV.
The modeled system in Fig. 2 is refat as the test system throughout this paper.
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The test overhead line was assumed to have multiple segments and each segment had n

number of norequidistant spans. The -bdin intervatbased ambient data consisting of

ambient temperature, wind speed and solar radiation on a hottest day in-2iieawas

collected from [15] and filtered to-@in intervals from reference weather stations across

the route of the subject overhead line asashm Table 3.

Table 2 Line physical dimensions

Overhead Lines  Diameter Conductor Mass Coefficient of linear expansion
(mm) (kg/m) x10°/°C
Line-1 17.5 0.677 194
Line-2 315 1.96 20.6
Table 3 Line segmentation
Segment Reference weather Total Number Spans near
stations of spans weather stations
Huntly-Mangere Pukekohe & Mangere 457 2
MangerePenrose Owairaka 60 1
Huntly Power G-2
Station
Line 1
m Mangere Penrose ’\"
Substation Substation
e ————
Line 2

Fig. 2 Single line diagram of modelled test system

Load
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For the sag modeling, the test overhead line was considered to bewlsamiype with

12% ultimate tensile strength (UTS) [14]. Furtsbown in Fig. 2 and Table &e test
overhead line sendirgnd at Huntly power station has a nearby weather station at
Pukekohe. Similarly, theeceivingend of the test line at Penrose substation has a nearby
weather station @wairaka The test overta line was assumed to run between Huntly
power station and the Penrose substation with reference weather stations at Pukekohe,
Mangere an®wairaka with total number of spans as shown in Table 3.

The line was divided into multiple segments from the lssmdingend to the line
receivingend, with each segment containing multiple spans with real weather data
obtained from 3 weather stations [1Bhe length of these spans varied between 80 m and
240 m and were taken from [14], where the longest line spans assumed to pass
through varying terrain. The test overhead line spanning over three weather stations with
each weather station representing a single line span (the line between two towers).

In the test system, the cesffective and fastesponsive ksed redispatchable electricity
generation at Huntly power station was transferred to the load through test line and Line
2. At the time when Lin@ was disconnected for temporary maintenance, the most
feasible option to avoid load shedding was to passssxelectricity through the test line
under the DTR technique in place of costlier and slesgponsive generation dispatch

from G-2. To mitigate possible congestion (due td IState), the test line was operated
under the DTR technique. The test overhéae Was loaded based on two practical case
scenarios where the |inebds ther mal capac:
modelled power system. The line current from the test system was fed into the line
thermal capacity algorithm to find the nmasum thermal capacity of the test line under
the constraints of minimum all owabl e gr ol
MAT limit (set at 80°C).

2.3. Weather modelling
Due to the limited weather stations near the test overhead line, the weather data across
spans distant from the weather stations were derived from the weathacess spans
near to the reference weather stations, as shown in Table 3, using-wipieteear
regression technique [16]. The purpose of using this technique is twofold: 1) it needs few
inputs to give the desired outputs and 2) the resulting outputs meet the set threshold
criteria and therefore the estimated unknown parameters fall withispecified data

range.
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The derived weather data across spans at each segt@entnd segmemnd
(represented as optimal sensor locations, further described in section 3.1) were then used
to find the unknown weather data for each span in the testri4), parameters related

to the known weather data are given as the inputs, while the estimated value of weather
elements across every span in each segment of the test overhead line is the output.
o |z hd B &z zsd @ hd s (@

wherer LsL is the estimated value of dynamic weather eleméfits 4h <«fk] <)

across all the line spans in one segment of the test line, from the seganetd the
segmenend with respecto span lengths in the whole segmentis the intercept co

efficient. 1 . .is the minimum value of weather elements in a segmeat. .is the
minimum segment distance from the line sendind.Z,is the distance from the first
reference wedker checkpoint of the segment to the next consecutive span of the segment.
71yis the slope parameter of spans ( ¥ ) in every segment of the test lidg, L ,is

the maximum value of weather elements in a segnd%np.is the maximum segment
distance from the line sendimnd and! is the total number of spans in the entire

segment. The same procedure is then used for all segments in the test line.

3. Critic al span identification algorithms

3.1. Proposed algorithm design overview
To identify critical spans in the test overhead line, it is considered that any long overhead
line passing through several geographical regions will face multiple weather conditions
dueto changes in altitude, wind pressure and terrain topography [3]. Thelflas in
Fig. 3 presents the proposed methodology to identify multiple critical spans across the
entire line, operating under both static and dynamic line rating techniques.f&ithe3
illustrates segmenting the test line to identify the critical spans through mathematical
modelling, described in Step 1 through Step 3 and in Algorithm 1 through Algorithms

2(a) and 2(b). After critical span identification, sagdelling was cared out in Step 4.
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N
CSt%J 1. Determin tion.ofopr%imum sensgg
placeiments and minimum sensor node

< Step 2. Segmem]aetion of the overhea}

'

< Step 3. Identification of line spans >

orst weather a
longest span?

NO

Critical Spans Non-Critical Spans
< Step 4. éag modelling >

v
C END )

Fig. 3 Simplified flowrchart for proposed critical span identification

Step 1) Optimal Sensor Placement
The optimal number and placement of sensor nodes across the test overhead line was
determined from thine sendingend to the line receivingnd. The sensor placement was
carried out in such a waydt weather data across every line segment was redaired
estimate the weather conditions in every line span. In the calcul&@&presents sensor
node plaement, where 1 represents optimal sensor placement and O repnesents
optimal sensor placememtis the length of the test line, 86km in this case. To determine
the minimum number and optimal placement of the sensor nodes, theaparesensor
selection (SparSenSe) technique 18] was used, as discussed in-(8).

0 N Tip RO A& v
When the" variable of the selection vectoris 1, thesensoplacements optimal,and
its corresponding measurement is used @@ shown in (6), the first variable of the
selection vector represents the sending of the line while the last variable represents

the receivingend of the test overhead line.

0 U0 RFE j ¢
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Similarly, the size of the vecterhrepresenting the line segments as shown in (7), is
greater than the size of the selection vectan (6). This means the calculated sensor
measurement nodds will be lower than the total number of segmentsue to the lack
of sensor placement acrassgmenends near the weather stations over the line lemgth
This condition is further discussed in Step 2.
6 O6FEmM h 0 & X
The minimum optimization problem in (8) is solved by keeping the mean square error
(MSE) below the threshold of 1%.
0F D AOLQE A & W
onN Tip RO
st. 0l N m [ L p)}

Equations (5)8) represent a linear inequalities problem and are therefore solved using a
MATLAB -based convex optimization (CVX) toolbox [19]. Steps to find the optimal
sensor numbers and placements, as showngariéhm 1, use the total line length and
reference node locations from the nearby weather stations as the reference distances to

initialize the optimum sensor placement technique.

Algorithm -1: minimum sensor number & optimal placements

Input: Set0° Thx EA®Ar L phtogetd © 0
Stepl: Determine the optimum sensor placements
for 0° 0O
o’ 7
optimum sensor placement = SparSen8g'[J]
end
Step2: Determine the required minimum sensor nodes
for optimum sensor number 0 dpdd
MSE = optimum sensor placement {(1: @),
end

Output: x * [(6, MSE)]
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Step 2) Line Segmentation
The purpose of line segmentation is to find the individual weathaditions across each
span of the test overhead line. Due to the limited number of available weather stations
from the linesending end to the lineceiving end, weather elements across spans near
the weather stations were taken as reference valuestiioaéing the unknown weather
elements across the rest of the segreaids, as mentioned in Step 2.3. The estimated
weather data across each segremt were used to find the unknown weather data at
every span between two consecutive segments for the é&migth of the test line. The
proposed line segmentation approach is described in detail in Step82.1
Step 2.1) Based on the Algorithm 1 output, optimum sepls@mement was carried out
over the entire test line. The resulting sensor placement wad to divide the line into
50 nonrequidistant segments, where each segment carried one tensioning sedtien
minimum distance between two consecutive tensioning sections from the SparSenSe
technique was found to be 1 km at 18 locations, and the maximum distance obtained was
7 km at one location. As shown in (9), each segment along a line of lkengtisiss of
a tensioning sectiom with ¥spans ranging between 80 m to 240 m in lengtie
resulting norequidistant spans were arranged by shuffling the array of span elements in
MATLAB ©.

O k o ha RE & hi oW o
The division ofo"’,-*v‘i'?Fi segments as shown in (9) was based on an optimal number of
sensor placements; i.e., a segment was proposed between two sensor nodes, where eact
end of the segment is considered as a lwezatheckpoint. Thereafter, each individual
segment was observed to cafrynumber of spans ranging between 80 m and 240 m in
length Themodelfollowed in creating the line segments is further explained in Step 2.2.
Step 2.2) As shown in (10), the known weather elements across spans near the reference
weather stations in Table 3 were used to find the unknown weather elements at the
segments acss weather cheghoints using the linear pieaeise regression technique

[16, 20] as shown in (4).

wdY o o o
® 4dvYo o B o

o YO o o (10)
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In (10), o§ represents the set of weather elements at_paionging to the first reference

weatherstation; similarlyo§ represents the set of weather elements at

belonging to a second reference wea#tation andoé represents the set of weather

elements at spdlfi  hbelonging to the third reference weather station.

Step 2.3) The known weather elements from Step 2.2 across each segnaeaf the

line were used to determine the unknown weather elements at every line span between
each line segment, using the piegse regression technique [16, 20], where to maintain
accuracy in the estimated weather elements, the threSi‘;pqd_ v pvaskept atrp. To

meet theS'q| | > o v [IMitmthe proposed linsegmentation technique resulted in a-non

uniformly distributed line model as shown in Fig. 4.

Fig. 4 Line sag modelling sketch in a tensioning section

Step 3) Critical Span Formulation

In this step, mathematical modelling of the proposed critical span identification technique
was used to identify the set of critical line spaftse process of identifying the critical

line spans in the test overhead liwas carried out using the following seteps. This

step was to identify the line spans passing through flat andlataerrains that had the

longest length and faced the highest ambient temperature, lowest wind speed and highest
solar radiation,usingp he o6span | ength weather opti miz
The optimization problem starts with the segmented line carsymgnber of segments,

where each line segment carri#snumber of spans with a total set of line spans

=| v o",flﬁ" from the line sendingnd to the receivingnd with a total set of multiple
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spans and a total set of multiple mnenitical line

spans{. e\ _{'" asshownin (11).

v oo ER v G ER v oo ER 0 p
n 'Ef "E"Bs shown in (12) elaborates tmedelling procedurén selecting the critical

line spans that face the highest ambient temperature in a dyneailcer Scenario. The
procedure trts by searching for the maximum ambient temperature across all line spans
lying across segments of theest overhead line 18 he, from the line sendingnd to

the line receivingend, to identify the critical spans during loading timd&@he poposed
formulation in (12) meets the condition that the obtained critical line #pﬂliying

between towers-and || carries the longest length of all spans in the total set of line spans

facing the maximum ambient temperatd|@e | o",_*EIW'
3,7/ G ow B Y ¢ M Ny o ENR o
| NN fEh
fEh Eh .
;e an . Eh . .
SLT igp | GO © LY Ny N
GoaY o ' o-ay o B~

Based on the mathematical formulationro f "E’,’I:‘spanJ,'f= | is an identified critical
line span lying between towetsand || in a segment that belongs to a set of multiple

critical span9| Lthat are a subset of the total line spaﬁ| seFurtherpy 'E fj "E'E subject

to the required sagging level, j.the calculated sag;;'ﬁw across the identified critical
span based on the DTR technique is less than the maximum aIIowabi.ev'@%- (see
Section 5)To find another critical line span at the nextdoe time <« , 1) 'Ef} "E'B
updated and the procedure is continued until all critical spans are identified.

Similarly, i 'E fj "E"Bs shown in (13) elaborates the procedure in selecting the critical
line spans facing the lowest wind speed in a dynameiather scenario. The procedure
starts searching for the lowest wind speed across atgments € FE he. ) of the
overhead lindrom the line sendingnd to the line receivingnd to identify the critical
spans during loading tima The proposed formulation in (13) meets the condition that
the obtained critical line span hide® longest length

3,7/ 4 G4Q¢ B @ o v oo F po

| NN Eh
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Considering the mathematical formulatiomoE fj "E’Bpane | from4 , 'vaiﬁ/' is
an identified critical line span lying between towersand || belonging to the set of

critical spans| ithat is a subset of the total line span=|setFurther,r'] Ef "E"B subject

to the required sagging level, i.e., the calculatedb.::ré;'m across the identified critical

span based on the DTR technique is less than the maximum allowahﬂ.ev';#; (see
Section 5). To find another critical span at the next loading tme , i Ef "E'B
updated and the predure is continued until all critical spans are identified.

To consider solar radiation effects in identifying the critical line sparg,f "Efias
shown in (14), was used to determine the critical line spans facing the highest solar
radiation in tle given weather conditions. The optimization problem starts by searching
all line spans in (11), selecting those line spans that are the longest in length and face the
highest solar radiation. The search is carried out acrossatiments« FE he. ) of the

test overhead line during loading time The proposed formulation in (14) meets the

condition that the obtained critical line Sp#_n” lying between towee=and || carries the

longest length amongst all spans in the total set of line s|pamf’,flw' experiencing
the maximum solar radiatio}hl_ o EN.
= °val
3,714 ddw B O o ~v§ ¢ N pT
L R

R R e
st g | dow o Y NY N
GG o " Cad e N 7o

Based on the mathematical formulatiom& i "E*E spanje. | from4 o",:ﬁlw' is an

identified critical line span lying between towessand || which belongs to a set of

multiple critical spang{ Lthat further are a subset of the total line spar:| seFurther
v ER.
i 'E f| "E"B subject to the required sagging level, i.e., the calculatemj%gz{d across

the identified critical span based on the DTR technique is less llgamaximum
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allowable sagn{';%:. (see Section 5). To find another critical line span at the next
loading time <, 1] Efj "E"B updated and the procedure continues until all critical
spans are identified.

To locate the critical line spans in the test overhead line, the optimization
problemsy ‘Efj "E'H E ] "E"Bndn E fj "E"Beed to be satisfied until all critichne

spans are identified in the test line passing through multiple terrains under various weather
conditions at an allowable distance from the lowest and/o#paiict of the catenary curve

to the ground. The process is further demonstrated in Algorigfasand 2(b).

The proposed algorithm is based on selecting the minimum parameter value for wind
speed and maximum parameter values for ambient temperature and the solar radiation in
order to distinguish between critical and rwitical line spans. Simalrly, in case of wind
direction, the proposed algorithm requires to select either minimum or maximum value
of the wind direction in order to identify the critical spans. It is important to mention that
the direction of wind speed to conductor axis rangetsvéen 0° and 90°, where 0°
represents true parallel wind direction to the conductor axis while 90° represents true
perpendicular wind direction to the conductor axis. Due to difficulty in obtaining the real
weather data regarding the wind direction aces&sy line span under each loading time
interval, a fixed true perpendicular wind direction is therefore considered by the proposed
algorithm and included i} 'E f} "Ei&shown in Algorithm 2(a). The reason to consider a
fixed wind blow perpendicular tthe span axis instead of a fixed wind blow parallel to
the span axis was derived from [21], suggesting that at low wind speeds (that is mainly
the case across critical spans), true parallel wind flow along overhead lines does not occur
due to natural turdance (associated with variable wind direction) occurring at low wind
speeds.

Similarly, due to unavailability of field data regarding the orientation of 517 total line
spans, it is almost impossible to program the algorithm such that it selects the wind
direction that will provide the least cooling across individual line spans. As the span
orientation data is important in finding the actual direction of wind speed with respect to
span axis, thenavailabilityresulted in considering a fixed wind dirextiwith respect

to each span axis providing the least conductor cooling towards critical span
identification. Similarly, as mentioned in [22] due to presence of rugged terrains (mainly

in New Zealand), the line direction changes extensively. The saidhseessult in the
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selection of fixed wind direction to obtain an optimal solution of critical span
identification during each loading interval.

Additionally, as mentioned in [7], wind flow along the conductor axis causes more
variations in line temperatutkean the wind flow across the conductor axis. The crossflow
wind will provide more stable location for the critical spans than the wind blowing down
the axis of the conductor [7]. Therefore, another reason behind choosing -Hawoss
wind direction overtie concurrent wind flow was to find the stable location of critical
spans during each loading time interval.

As in this paper, the primary purpose istéstthe proposed algorithm on realistic
simulated loading scenarios insteadvalidatingit on actual overhead lines in the field,
hence, the flow of wind direction was chosen such that it would cause least variations in
line temperature and would result stable location of critical spans across the entire
subject overhead line at each loading time interval. Likewise, it is also advantageous for
transmission system operators to receive less volatile thermal line ratings at each loading
time towards makinghe better decisions regarding the line operation and the planning.
Similarly, as the chosen overhead conductor is smaller than the conductor out for
maintenance, hence being a smaller conductor and carrying huge loading, it experiences

large temperature viations based osmall changes in load current.

Algorithm 2(a): temperature across critical spans

T Cl oy iy
IIII . - . ) noL . Eh i,
Input: gy Y h 0 h ) a0 W i
(]
J no Il
3 . - er
lEh Eh 7 e h
lJJl NOON | NN U u NN L{'f

Stepl: With the help of the known weather stations data, optimal sensor placement at
each segmergnds and the obtained number of spans in eaelskgment, the unknown
weather data across each line span is used to estimate the set of weather elements across
each critical span of the test line and is giasran input to this algorithm.

for 1 who

5
5
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) Y oo D
Step 2 Due to absence of field rating data, a perpendidalitaction of wind speed- to
the axis of critical spans is considered (based on practice as followed in [13]). The

n 'Ef "E®rmulation is updated aftavind direction consideration.

for — wmJ

o o l*lll
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Step 3 The resulting ambiergpan length data from step 1, the critical span formulations
from n Ef "EH Ef "E'Bnd 1 E ] "E@ind direction (normal to span axispan
| ength data from step 2, and the | ineds
rating techniques to find the line temperature across the identified critical spans in each
segment of the test line and thalstain the temperature across the most critical span of
the line at time<and at subsequent timings, i.e., in case of DTR

for Y 5 o N 4oB O s0EN60

A GO@Y 5 o EREY 5

where, the maximum line currerlm:.(based on Scenarios A & B) found at the MAT
limit at loading time<and the subsequent loading times in the presence of real weather

conditions were passed through each critical span in all line segm"’eﬁﬁ?' to obtain

the maximum critical span temperature using the DTR techﬁiwq Similarly, inthe
case of STRE + Jfound at MAT limit at loading timeend the subsequent loading times

in presence of assum&kather conditions were passed through each critical span in all

line segments-”,f"" to obtain the maximum critical spaemperature under the STR

techniqueiy 4 4i.€.,
for 'Y i @ N 4OB O s0EN60O

- . ER . v .
Y AOdY f w MERY §

i

Where,4||4| J Wvas found after assuming the worst weather across each span of the test line.
The resulting critical spabased temperature was thereafter used as the maximum
temperature of the entire line during that time and line loading, and therb&egaent

loading time intervals.
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Algorithm 2(b): sag across critical spans

h

7

Input: Y & @ " RY ;o

Step 1 The critical spariemperature from Algorithr2(a) with spartopography and
physical dimensions under both line rating techniques is used as an input to the line sag
modelling to result in sagging across the critical spdhse to dynamic weather
conditions the sag across critical line spans in presence of the actual wésthee()

is lower than the sag under the worst weathéi('Q).

oyt . [ER o .. [ER
for YO'Qp E NY 7 o "
o .. fER o .. [ER
YOQ, NY 5 o
Yo Qp Yo Qp
R R R R
R R
end
o R ey e .. [EhR
Output: YOQp, AYw'Qp

Step 4) Sag Modelling

The last step of the proposed technique is sag modelling of the identified critical line
spans under static and dynamic weather conditions as shown in Algorithm 2(b). This
study considered sagging across spans passing through both flat difat temairs to

better represent the change in movement of the lowest point(s) across the test overhead
line. As obtained from the results (see Section 5), this movement in the lowest point (s)
across the conductor changes from-span (in flat spans) to the lowearspension point

(in nonflat spans). Span sagging was obtained by inputting the static and dynamic
ampacitybased span temperature and the span lengths-{@)(ffom [23] during both

static and dynamic weather conditions under both scenarios. In additieeather and
loading conditions, span length is also an important factor in causing span sagging [23,
24] and is therefore considered in SLWOP.
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Based on the obtained results, spans of smaller lengths facing the worst weather were
found toexhibit minimum sagging even at loading temperatures above the MAT limit;
hence such spans, despite facing conductor temperatures above the safe allowable limit,
were still categorized as namitical line spans because of the clearance margin available.
Therefore, it can be concluded that sfemgth is an important factor in determining span
sagging, in addition to weather conditions, and thus cannot be neglected when identifying
critical line spans. This important factor is however ignored in the dritjman

identification techniges proposed in [HB].

3.2.Proposed versus conventional algorithm implementation overview
The conventional critical span identification technique as discussed in this paper starts by
backcalculating the temperature across elch span through ampacity and weather
conditions surrounding individual spans in the entire test overhead line. On the other
hand, the proposed technique in this paper under SLWOP methodology searches each
line span to identify the spans with longest kangnd worst ambient conditions, further
represented as critical spans. After initial critical span identification, the proposed
technique calculates their temperature and the sadgwets by allowing the maximum
allowable current (ampacity) through thest overhead line. The spans with minimum
thermal loadability are identified as critical spans and validated using the conventional
technique. The procedure to find the sagging across critical (proposed technique) and all
line spans (conventional techn&us illustrated in the flow chart as shown in Fig. 5.
The convergence of proposed technique to identify critical spans from all line spans took
at average ~10 times lower computational time than the conventional technique for the
same overhead line whemecuted in Intel Core 8700 CPU@3.2 GHz, 32.0 GB RAM
system under a single Scenario condition fisn20 min to t= 25 minThe proposed

technique can therefore be considered as reliable, fast, efficient and computationally
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inexpensive in identifying dical spans in a large overhead line passing through multiple
terrains traversing varied geographical regions.

Conventional Thermal Span Rating Technique Line Segmentation Technique
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Fig. 5Critical span identification through proposed and conventional algorithms
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4. Case study

4.1.Background
To find the maximum thermal capacity, the test line was loaded under multipteatiche
spacedependent weather conditions until it reached the maximum safe thermal limit. The
applied |l oading conditions in theityfool |l ov
relieve congestion with no ground clearance infringement. ThaitGOnterval based
ambient variables on a hottest day in Jam2&39Q were taken from the weather stations
as shown in Table 3 along the route of the test overhead line. The typicséldation
was based on obtaining the less favourable weather conditions to find critical spans and
their influence to limiting the line DTR.
Two case scenarios are carried out in this study to analyse the capacity of the test line to
overcome possibleongestion.The resulting congestion may jeopardise the system
reliability if the test line is not provided with reliable ambient data across each span
regardless of their orientation and location. The retrieval of weather data across each line
span will enable the sibility of applying the DTR technique such that the line delivers
optimum electricity at maximum potential and at no risk of thermal and voltage
violations. This study helps in individual monitoring of span weather conditions to better
estimate the amhbi variable distribution across the entire route of the test line toward

reliable line flow.

4.2. ScenarieA—Line outage
This scenario presents thelNcontingency state in result of the LiBeshutdown, making
the test line to dispatobxcess electricity. Following the-N contingency, the resulting
line load may increase congestion across the test line mainly due to presence of line hot
spots and due to their possible remote location from the weather stations toward receiving
the relialle ambient data at each loading. The obtained results further indicate that the
test line under DTR technique is capable to overcome the subsequent loading in
comparison to the STR technique. Under this case scenario, the test line is investigated
throughstatic and dynamic weather conditions in thespnce of a 5MW base load
from t=0 min to t= 30 min. At t=16nin, the adjacent overhead line on the same tower
was disconnected (simulating the need to carry out maintenance work) for 10 min and
was thus rdsred at t=20 min. DTRnd static thermal rating (ST#Rased conductor

temperatures for critical spans in this Scenario are shown in Table 4.
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Table 4 Ciritical spans temperature under Scenario A

Time Line-1 Critical Span-1 Critical Span-2 Critical Span-3
(min.) Current Temperature (°C) Temperature (°C) Temperature (°C)
® DTR STR DTR STR DTR STR
0 405 40.33 61.92 40.38 61.92 40.42 61.92
5 405 40.96 61.92 41.34 61.92 41.26 61.92
10 536 54.26 84.48 54.97 84.48 54.84 84.48
15 536 53.34 84.48 54.35 84.48 54.71 84.48
20 536 53.80 84.48 53.66 84.48 54.37 84.48
25 405 43.53 70.56 43.48 70.56 43.25 70.56
30 405 41.13 61.92 41.18 61.92 40.29 61.92
4.3. ScenarieB—— Emergency overloading

The test overhead line in ScenaBowas examined under elevated tiwh@main load
conditions. From t=0 min to t= 5 min, line loading was investigated under static and
dynamic weather conditions in the presermfcritical spans under a 38W base load,
resulting in critical span temperatures as shown in Table 5. At t=5 min, the base load was
increased 1.3 p.u. At t=10 min, an additional increment to 1.5 p.u. was carried out, further
continued to 1.8 p.u. at t=15mand 2.0 p.u. at t=20 min. At t= 25 min, the adjacent line
on the same tower in the double AC circuit was restored while the test line was under
twice the base load. At t=30in, 0.2 p.u. load decrement was undertaken across the test
overhead line.

The dtained results as shown in Table 5 indicate that, at t=20 min, when the test line
experienced the worst loading combined with the worst weather, the-bB3é&
temperature across all critical spans was found slightly above the MAT limit of the test
line, i.e., across critical spah it was found to 1.26% above, across critical spamd
critical apsh3 was found 1.08% and 1.67% respectively. The STR based temperature
across all identified critical line spans was found above the MAT limit from t=0 min to

t=25 min due to excess demand from the load side.
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Table 5 Ciritical spans temperature under Scenatio B

Time Line-1 Critical Span-1 Critical Span-2 Critical Span-3
(min.) %rrent Temperature (°C) Temperature (°C) Temperature (°C)

( DTR STR DTR STR DTR STR

536 50.52 84.48 50.55 84.48 50.54 84.48

596 57.31 84.48 57.68 84.48 57.57 84.48
10 636 65.49 84.48 66.24 84.48 66.10 84.48
15 696 72.45 84.48 73.40 84.48 73.59 84.48
20 737 81.01 84.48 80.87 84.48 81.34 84.48
25 553 58.77 84.48 58.72 84.48 58.50 84.48
30 479 47.77 70.53 47.81 70.53 46.92 70.53

5. Results

The conventional critical span identification technique starts by-balckilating the line
temperature across each span through ampacity and surrounding weather conditions for
each line span as shown in Fig. 5. The proposed technique under SLWOP methodolo

as shown in Fig. 5 searches each line span to identify the spans with longest length and
worst ambient conditions, further represented as critical line spans in the test line.

The design technique thereafter calculates the temperature and saggsg thero
identified critical spans by allowing the maximum allowable current (ampacity). The
spans with the highest levels of sagging were then identified as critical spans and
validated using the conventional technique. The line temperature across easlaspan

used to find the individual span sagging.

5.1.Conventional technique based critical span sagging
When implemented from t=20 min to t=25 min under the worst loading conditions in
ScenarieB, the conventional technique resulted in three critical $gantifications at
42.92 km, 48.34 km and 55.64 km from the line senging, as shown in Fig. 6.
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Fig. 6Critical spans identification through conventional technique

5.2. Proposed technique based critical span-sagpperature validation
Based on results as shown in Fig. 7, the proof of concept of the proposed algorithm is
validated. The results were obtained under worst loading conditions from t=20 min to
t=25 min across the test line with all identified critical line spans passing thiftatg
terrains. The results indicate that the proposed algorithm resulted in the same set of critical

spans at the same locations as obtained under the conventional technique.

Fig. 7 Sag and temperature across all critical line spans passing throutgrriiiis based on
conventional and proposed techniques under SceBdarom t= 20 min to t= 25 min


































































































































































