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With the growth in all types of low carbon generation, such as wind and solar
photovoltaic (PV), and the introduction of new dematethnologies such as electric
OSKAOf Sa 069+auv |yR KSFG LilzyLlas 2SadSNy t
expected to see unprecedented swings between peaks and troughs of energy usage in
localised areas.

2t 5Qa& t NR2SOG C! [ /ngebof ifhovative alfeinatiies/ts donveéntiondl
reinforcement that might be used to mitigate the impact of such energy usage. This was
undertaken firstly through physically trialling four engineering and two commercial
techniques. Secondly, innovative ahiatives where examined through building and
operating a software tool. This tool: models the real network under a range of energy
use scenarios out to 2050; identifies network constraints that arise over time; employ the
studied techniques to mitigateonstraints; and assesses impact and benefit.

This report is one of a series describing the engineering technique trials, and focuses on
DynamicAssetRating (DARf overhead line§OHL)within networks. DARIis the process

of using prevailing weather cditions to run an asset at a rating potentially higher than

its name plate to take advantage of for example, cold temperatures. Within the project,
dynamic ratings were considered as an alternative to conventional reinforcement, the
traditional engineeringemedy to network constraints.

Recommendations resulting from this report are;

Whilst it has been demonstrated that ampacity of 11kV OHLs can be assessed
improvements in ampacity are essentially dependant on wind speed/direction, and
cannot be relied upon if reasonable planning certainty of capacity is required. It is
recommended that 11kV OHL DAR should not be considered a feasible technique for
solvinglong term 11kV distribution network issues at this timdowever, this observed
ampacity benefit clearly does have operational benefit in specific contexts e.g. extending
ratings of overhead lines associated with wind generabecause the increased loading

due to the output from the wind turbines will correlate with wind speed that could
enable an increase to the line rating

Key learning is as follows;

Overhead line DAR is dependent on thermal models. Models were prepared under this
project and good correloon was found between measured and calculated line
temperature.

The technique trial identified significant average real time ampacity benefits. However,
the ampacity varies over a large range within a very short time frame largely driven by
variation inwind speed. This rapid variation in wind speed coupled with low thermal mass
of the asset/ short time constants for changes in temperature means that the asset
cannot be loaded and relied upon at these identified enhanced average levels for
extended period of time due to the potential for changes in weather conditions.
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The potential for this rapid fluctuation in ampacity led the project to investigate the
possibility of using forecast weather to estimate forward ampacity (on a day ahead and
week ahead bas). This investigation was conducted to address the issue that modelled

' YLI OAGe AYyRAOFGSA |y a2F GUKS Y2YSyaé Y
capability of the asset over a forthcoming periedy.day ahead/week ahead.

The method of estimatig forward ampacity within this project, concluded that the
calculated forward ampacities tended towards the {aneisting static ratings as due
account was taken of uncertainties in weather forecasts.

LG A& ¢2NIK y2iAy3 (KFG 2L REAERYRO 0ISH &
static ratings for September 2014 suggests that the static rating of this month might be
better treated as a summer period rather than an autumn period. Clearly this is based on

the evidence of only one September period. Iréggsommened that this data is reported
and examined in line witENA ER27.
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SECTION 1

Project Introductior

' This introduction to Project FALCONexible Approaches for Low Carbon Optimised Netwasksommon to all the

engineering technique Final Re ports.
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With the growth in all types of low carbon generation, such as wind and solar
photovoltaic (PV), coupled with the introduction of new technologies such as electric
vehicles (EVs) aftlS I & LJzyYLJa X 2 SAGSNY t26SNJ 5A &GN
expected to see unprecedented swings between peaks and troughs of energy usage in
localised areas. This expected change in nature of customer demand and electricity
generation will have an impact on networks nationwide and globally, and provides a
significan challenge to WPD, and all electricity network operators.

Part of WPDs approach to this challenge has been look at new flexible ways to design,
optimise and manage the network into the future. Project FALCON (Flexible Approaches
for Low Carbon Optimisedetvorks) is designed to help answer these questions and is
focussed on the Milton Keynes area 11kV network.

In the past network operators have used conventional reinforcement to deal with
constraints but it can sometimes be over engineered to meet onlk mEamands; it can

also be expensive, disruptive and inefficient. In project FALCON, WPD and its partners are
trialling alternative techniques and will assess if they are more flexible, cost effective,
quicker to deploy and more effective at managing the®ev demand requirements than
conventional reinforcement. The techniques are:

Dynamic Asset RatingdJsing prevailing weather conditions to run an assetata
rating potentially higher than its name plate to take advantage of for example, cold
temperatures.

Automatic load transfeg load is redistributed between 11kV feeders.
Implementation and operation of a meshed (interconnected) 11kV network.

Deployment of new battery technologies allow the flow of power on the network to
be changed as thbattery is charged or discharged.

Demand Response servicahe use of localised smaller generation and load
reduction services that can be provided inthe event of a local constraint.

Central to the project is the Scenario Investment Model (SIEnewn piece of software
being developed to assist long term network planning. The SIM performs load flow
analysis for the network for 48 haltfourly periods during the day for different days of the
week and different seasons of the year. Predicted load pastexxtend as far as 2050. A
network planner will operate the SIM to help with planning based on load forecasting.
When a network planner is running the SIM and a voltage or thermal problem is found,
the SIM will select the techniques that could help resothie problem and determine
how they could be applied to the network. The best solution can be selected using a
weighted metric that combines elements such as installation and operating costs,
network performance, losses and disruption to customers.

Thisreport presents the work undertaken through project FALCON on the dynamic asset
rating of Overhead Linesn the 11kV network.
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SECTION 2

Introduction to Technique
Tral
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Throughout the document, key learning is presented in a box as follows:

LP # | Brief description of learning
Each piece of trials feedback is referenced as a Learning Point (LP) with a uniqgue number.

Traditionally overhead lines (OHL), transformers and cables have been assigned capacity
ratings intended to ensure operation within safe operating limits, and allow assets to
achieve nominal service life. These ratings may be fixed for specific peribde ¢e.g.
summer and winter ratings of OHLs), or may relate to a load that has a daily cyclic
characteristic (e.g. transformer and cables). However, these ratings essentially do not
take the current/present environmental conditions into account, nor ttey take into
account the current/present thermal state of the asset. In this respect, the ratings are
NBE 3l NRSR ¢nétregpansive ioxh® éurrent thermal or environmental conditions
2F GKS laasSio ¢ KSasS aadil (rxa@ting bdviddmgngal Y
conditions (air temperature, wind speed and direction etc.) and set a limit on electrical
current passing through the asset such that safety and service life of the assets are
maintained.

Dynamic Asset Rating (DAR) seeks to allowatize of these assets beyond the static
fAYAGAaE GKNRAdAK ReylFYAO laasSaavySyid 2F G
preceding operating circumstances), and the present environmental factors. Whilst
seeking to increase capacity, this technique edso identify periods where the dynamic

N} GAy3a Aa OFfOdAlFGSR a fSaa GKIYy GKS af
N} GAy3 dzy RSNJ a2YS OANDdzyaiil yoSaod ¢KS¢cRey
the maximum current that can pasthrough an asset before the temperature limits are
reached.

This technique seeks to properly increase the capacity of assets during peak usage periods
to alleviate constraints, whilst maintaining safety and managing impact on asset life. DAR
can also beused to constrain flexible use of assets (e.g. generation) when
environmental/load conditions are not favourable.

2.3.1 Background to static rating of overhead lines
The static ratings ofOHLs have been calculated ENA ER P2[l] to ensure that
conductor temperature, and therefore, conductor sag remains within set tolerantes.
ensure public safety, estimates of seasonal weather have been used to set the static
ratings. With the benefit of ofine weather monitoring the dynamic rating, or ampacity
(maximum current that can pass through a line before the temperature limits are
reached) can be calculated.
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The ratings ofthen | [ & | NB ONR1SYy R2é6y Ayil2 GKNBS
YR W2 Ay (SN WYlahBent empedBedis Aapphed 3o each season.
W{LINRAY3Ik! dzidzyYyQ NI} G§Ay3 Raandidfigm Macita Aogland G S
{SLIISYOSN) (12 b208SYOSNJ NBaLISOGAGSted W{ dzy
20°C and is indicated as being betwellay and AugustV2 A y i SN NJ (A y 3
temperature of 2C & between December and February [2].

¢CKS W2AYISND YR W{LINAYy3Ik! dzidzyyQ N} GAy3a
larger currents and therefore power flows in these monthse to colder temperatures.
Temperature is therefore an important item of data for the real time ratingdéfLs, in
order to calculate the projected maximum current carrying capacity.

ENAER P27 uses a probabilistic method for calculating ratings. (Radireg®ither
LIN2OFOATfAAGAO 2NJ RSOSNY¥AYAAGAOZT 6KSNB aGR
O2YRAGAZ2Y&Z YR GLINRPOolIOoAfAAGAOE RSTAYSaA
works out the current under those conditions

Current CIGRE damentation is based on Engineering Recommendation P27, suggesting
that international practicas similar to that in the UK [3

2.3.2 Potential OHL DAR benefits ana¥% factors limiting current in overhead
lines
The potential benefits that may be expected whemsiglering dynamic asset rating of
OHLs within an electricity distribution network include:

Deferring network reinforcement by allowing more current to pass through the
conductor when the weather conditions are favourablge to cooling;

Assisting with rahgs when wind farms are connected (i.e. more power from the wind
on a windy day, more cooling of the conductors).

However, the limiting factor in increasing the current flowing through the conductor is
temperature and itseffect on the Overhead line. Theain effects include:

Sag- In most cases, the thermal limit is defined by ground clearahatis sag of the
conductor (not thermal degradation of insulation or conductor melt temperatures as
in cables or other equipment). In the Ulér distribution s/stems built prior to 1970,
the Electricity Supply Regulations limited the rated temperature of OHLs %6.50
Some more recent lines have been limited to higher temperatures (up %6)78ue to
the introduction of lighter conductors with highatrength/weight ratios. ENA ER P27
gives ratings at 5, 65C and 78C. Literature is not clear if this is also a defining
factor in covered conductors.

Conductor Grease To help with corrosion on aluminium lines and where appropriate
its steel core, pdicularly in heavy industrial or coastal areas, grease is impregnated
between the conductor strands during manufacture. L38/1 specifies that the greases
are to be suitable for use up to 7. As the grease used in aluminium conductor is not
always stated ad may not be known, above 80 the possibility of grease melt
becomes a factor.
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Conductor Annealing A further limit to the temperature at which existing aluminium
OHLs can be operated is the loss of mechanical strength with time and temperature.
When stung under tension, this leads to deformation over time with an adverse
effect on the sag and therefore ground clearance. This effect shortens the lifetime of
an aluminium overhead conductor when operated at high temperatures and shortens
it considerably Wwen operated above the annealing temperature of the conductor
material. Aluminium Core Steel ReinforceASIR conductors will begin to anneal
between 90C and 108C (ACE 104 states an exact temperature 8£93Aluminium
anneals slower than copper bute difference is not significant.

Joints - The weakest mechanical point in a constructed system is genexgbint.
Various tests have been carriedut on the effects of high temperature on
compression splices commonly used on ACSR conductors at transmigltages
with effects on joints at over 100°C.

2.3.3 Overview of previous work on this technique
A number of past trial hardware and software solutions have been developed which work
together to monitora line@ temperatuwe, current, sag and tension {4. Whilst these
papers are aimed at Transmission line voltages, the principles may be applied to
distribution voltages, despite a lack of practical ma@snents to verify the theory [8)].

Indirect methods of measurements using weather readings have aksn used
effectively at the transngision level in many countries [JLO

Full Dynamic Thermal Ratings (DTR) with -tiea monitoring have recently been
developed and used in a number of countriesl,[117 vyielding increases of-30%
compared to the origial static rating capacity 1 13]. One such project funded by
blridA2yltt {OASYyOS C2dzyRFGA2Y Ay ! YSNAOI =
[ AYS wSt Al 60Aft A d2The opjéctive af tis propdsédAPBweE LingbSensor
Network (PLSN) was fwovide continuous o#ine monitoring of the power grid by using
low cost autonomous smart and communicatiorenabled Power Line Sensor (PLS)
modules.

The connection of renewable generation to the transmission network has driven research
into the dynamicrating of OHLs One such paper looks into the benefits of the
implementation of a DTR scheme in the Humber Estuary [15]. The research in question
looked to develop a probabilistic model for seasonal off shore wind power as well as the
development of seasonal dynamic theainratings of OHLs, taking into account past
meteorological data. The paper explored the application of DTR of transmission lines to
enhance the amount of wind power that cée connected to a transmission system close

to its operating limit. It also suggéed where the best location was for temperature
monitoring facilities to enable DTR.

Research has been conducted into whether #ae line monitors are necessary, how
many monitoring locations are required to rate &HL and which monitoring method
works best [16]. The analysis and accumulated field data findings indicate that dynamic
thermal ratings for OHLs may be calculated based on either real time weather or real time

Dynamic Asset Rating Overhead Lines 14



Project FALCON

tension data For this multiple monitoring locations are required with the minimu
number of monitors based on field measurements.

Other methods of evaluation of dynamic thermal ratings include the use of Maiter
Perceptron Network (MLPN) based parameter estimation schemes [17]. This method

requires only temperatures and line cant as inputs and has a simplified calculation
LINEGARAY I | WLISNJ ALI YyQ 3INIydzAg I NAGe 2F (K

A Dynamic Line Rating (DLR) scheme has been applied to a 132kV line in the UK by Centr
Networks (now part of WPD)or load management and protection to enabée larger
penetration of wind generation in th&nglishEast Midlands [18,19, 28, 29]. Another
application of the DLR approach was installed by Northern Ireland Electricity (NIE) on the
Omagh to Dungannon 110kV doukdecuit line. The rating of the linés calculated
dynamically from local weather measurements to-adinate allowed generation
automatically. The Engliskast Midlands trials resulted in 20% to 50% more wind
generation being connected to the grid by taking into account the cooling effettteof

wind.

The trials proved the DLR scheme to be a cost effective alternative to reinforcirigHhbs
when constraints were present on the amount of generation that could be connected to
the grid due to the fixed line ratings.

2.3.4 Overview of OHL dynamic asbrating
The practice of usin@HL dynamic asset rating is to assess conductor temperature (the
prevailing thermal state of the asset) and to estimate the additional load that the OHL
could carry and still remain within a stated highest conductor tempegtfor a given
ambient air temperature.

In simple terms, for a give®HL, the temperature of the conductor (limiting factor for
operation) is governed by the balance of the:

heating effect of
current flowing through theOHL; and

solar radiation (affected by the magnitude of local solar radiation and the
absorptivity of the OHL conductor material);

coolingdue to:
convection (affected by wind speedirection and air temperature)

radiation @ffected by the emissivity of the conductor material and thdeddnce
between conductor temperature and air temperature; and

Timeconstants associated with the above heating and cooling effects.
To establish a dynamic asset rating &rOHL, two elements are necessary:

A thermal model of theOHL is required to asserevailing conductor temperature
given previous load and ambient environmental conditions; and

Dynamic Asset Rating Overhead Lines 15



Project FALCON

A process is required that will iteratively increase modelled load current and calculate
consequential conductor temperature (using the thermal model) untiletHimiting
conductor temperature is reached. The load current that results in this limiting
conductor temperature is the dynamic asset rating, or ampacity of the OHL.

The accuracy of the dynamic asset rating calculation is dependent on a number of key
points:

The models use mathematical constants within their cal@da&nalysis such as DC
resistance of conductor, conductor construction details and size, and solar
absorptivity and radiation emissivity. In order to ensure the accuracy of the analysis
these onstant values need to be confirmed.

Good operating data (e.gair temperature, wind speed and direction) is key to
estimating the conductor temperature. This has two aspects, one is the availability
and accuracy of the data and the second is the timerval periods over which the

data is measured.

In contrast to transfamer DAR, the limiting asset temperature is reasonably measurable,
and appropriate validation needs to occur between what the modelled conductor
temperatures and the equivalemheasured temperatures

Minimum basic data requirements to allomaHL thermal model to be constructed and
validated, and for dynamic asset rating values to be estimated are:

Ambient airtemperature
Wind speed and direction
Solar radiation
OHLcurrent

The higHlevel objectives of the technique trials (the deployment and trialling of
technigues) can be generically summarised as:

to understand the implementation of theechnique;
to understand operational capabilitf the technique;
to inform changes to the modelling of the technique within the SIM;
to trial an innovative communications network to support the techniques; and
to capture knowledge and disseminate learning.
Learning Objectives originally associatedihis technique are listed iAppendixB.

The overall process approach to the OHL DAR technique trial is shévwgural
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Figurel: overall process approach to the technique trial

The technique trial therefore had a number of key elements:

Installation and commissioning of online DAR r¢iagluding thermal model and
parameters) plus associated input instrumentation;

Preparation of an offline thermal model (to allow tuning of thermal model

parameterg
Tuning of thermal model parameters (dpga to both the offline and relay thermal

models)
Assessment of the benefits ofstantaneous/ofthe-moment DAR benefits

Assessment of the DAR relagline or offline methods
Gathering of forecast environmental data;
Assessment of Forecast DAR benefits.
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SECTION 3

Design, Construction and
Commissioning
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This technique trial sought to provide the data outlined in secBeh The technique trial
was implemented onhree 11kV OHLs coming out of Newport Pagnell substation to allow
an offline thermal model to be created and validated, and for OHL dynamic assef ratin
values to be estimated. In addition, the online dynamic asset ratiogp the installed
P341 relays @re compared to offline models, and assessed.

3.1 Overview of selected sites
Three OHLs out of Newport Pagne#re trialledand are as follows:

Way 9 to Adrich Drive/Cotton Valley Tee, type Dingo 150nkCSRtype of
conductor is obtained from the Network Design Manual)|[

Way 8 to Amway Tongwell, type ACSR Dingo 150mm
Way 4 to Riverside Park, 0.15 SCA: type ACSR Dingo%50mm

5

5

3.2 As-installedequipment

3.2.1 Overview of asinstalled equipment
Each of the trial OHLs was individually monitored for load current, and common
measurements for solar radiation, wind speed, wind direction and air temperature were
fed to the P341 relaysFigure2 provides a schematic overview of the measurement and
data collection arrangement.
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air temp
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DAR
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P341 relay
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P341 relay Toligrade

aggregator
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Figure2: Schematic of installed 11kV OHL DAR scheme
In summary, the installed equipment comprises of:
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One Alstom P341 DAR relay (model P34131BB6M0710J, running software reference
P341  6A 710 E) per monitored OHL, providing -t calculations of
conductor temperature and potential OHL ampacity, commating via IEC 61850
over IP network;

Use of existing CTs at 11kV feeder circuit breaker providing current measurement fed
directly to the P341 relay;

Gill Instruments Windsonic wind speed and direction sensor providia@mrA output
signal fed to the P&L relay

PT100 resistance thermometer, with light weight radiation shield, measuring ambient
air temperature connected to Alstom iISTAT400 transmitter providirRP#A output
signal fed to P341 relay;

Kipp & Zonan SP Lite2 silicon pyranometer with PR Bfécsr 5115A signal calculator
(mV to mA) to provide 20mA output signal fed to P341 relay;

18 Tollgrade LightHouse MV sensors independently providing measurements of
current and OHL conductor temperatur€he sensors are inductively powered devices
that measure current, conductor temperature and electric field strength (proxy for
voltage), and signal these values via IEEE 802.11 b/Ei Wi a locally mounted
Tollgrade Aggregator. The aggregator is a-amhbled device that manages onward
transmission of measured values, analytical and status information from the OHL
devices to the LightHouse Sensor Management System (SMS) software running on a
Linuxbased PC.

3 Tollgrade Aggregators providing communicatiinterconnection between the
Tollgrade sensors and the LightHouse Sensor Management System (software)

1 ruggedLinux pc running LightHouse Sensor Management System software
1 pc running Matrikon OPC software suite

The P341 relay completes a calculatiorcohductor temperature for bare OHL based on
either CIGRE 207 or IEEE 738 (user selectable), using: conductor material properties
ambient weather conditions, geographic orientation of the conductors, and conductor
electrical current. Ampacity of the mooited line is calculated based on a user selectable
maximum conductor temperature, and the measured ambient weather conditions.

3.2.2 OHL sensor locations
The primary purposef the installed OHL sensors in the context of the scheme was to
provide a dynamic measement of conductor temperature that was required for thermal
model validation purposes. Figure 3 shows thesensors. The sensors are inductively
powered, and communicate VilEEEE802.11 b/g WAFi to a locally mounted Tollgrade
Aggregator. The aggregator is a watmbled device that manag onward transmission
of measured values, analytical and status information from the OHL devices to the
LightHouse Sensor Management System (SMS) softwareng on a Linuwbased PC

Four of the eight 11kV feeders out of Newport Pagnell consisted ofhesaer sections
adjacent or close in to the Primary substation. The three of these chosen on which to
deploy the Lighthouse MV sensors were selected because of their differing azimuth. It
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was thought that by placing them in this way we would observe theotdf of prevailing
wind direction. On each feeder six sensors were deployed, one on each phase on the

terminal pole at the start of each circuit and three placed along the feeder on alternate
phases.

Figure3: Tollgrade LighHouse MV sensor

Figure4: Feeder 4 Tollgrade sensor locations
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Figure5: Feeder 8 Tollgrade sensor locations

The Lighthouse sensors were applied to the conductors using live line techniqtiereso

was no need for circuit outages. A Shotgun live line stick was used for this purpose
(Figure6). A particular point to note is that the sensor application screw is slightly larger
than a standard live line tap screw and it was found that this could become jammed in a
standard tappingod head.

Figure6: Shotgun live line stick
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Figure7: Feeder 9 Tollgrade sensor locations

The high level trial measurement system flow of data can be summaristil@ass:

Electrical current and weather data (wind speed, wind direction, solar radiadiich,
temperature) are measured and passed as analogt2dmA signals to the Alstom
P341. These inputs are then collected as digital data from this relay and stared fo
offline analysis via a Matrikon 618500PC server. The conductor temperatures are
measured via Tollgrade Sensors, stored via Tollgrade aggregation hardware &
software, and extracted for offline analysis;

The input data is used within the relay to calcelat dynamic asset rating value;

All data is collected for use in an offline mathematical model which uses a CIGRE
thermal model coded into MATLAB to calculate the external line temperature for
comparison with the Tollgrade measurement and replicates theabeur of the relay

to produce a value of ampacity.
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The model calculated temperature and the model calculated ampacity were checked
against the Tollgrade measured values and the relay determined vakpectively

and were deemed to be sufficiently acete to indicate that the model is a good
representation of the system for the input conditions experienced under the trial.

The data is recordedt 1 minute intervals for use in offline calculations.

3.4.1 TechniqueSpecific Leaning
Learning from installation and commissioning is described below:

LP1. Data architecture and processing is critical to an innovation pro
Significant post design phase development and refinement has
undertaken to establish functioning data capture and storage hardw:
software and processes.

Each measurement parameter should be clearly specified (e.g. sampled
instantaneous, sampled average etc.)

Failure to receive data values for all data requests should beipated in design, and
an appropriate handling process established in advance

Parameters that are processed/calculated from stored measurements should again be
clearly specifiedas should theprocess for proceeding when some/all underlying
measurements & not available

For the implemented trial system, some data anomalies did occur, due to data
available and used by the relay not being transmitted to the data logger for use in the
2FTFEAYS Y2RSttAy3ao ¢ KAa f SR llige mbdelX;A G S
though these periods did not impact on overall findings.

LP2. Confidence in measured values is critical, complex, and may take tii
achievecq particularly if the measured parameter cannot bbtainedover
an expected range to confirm calibration over a required range (e.g.
speed). Careful consideration should be given to this issue in the pla
phase, with the potential use of specialist service providers allowed f
assure appropriate vality and accuracy of measurement approaches.

Examples of this issue are:

The external air temperature is measured using a thermocouple encased in a
Stevenson shield. On hot days this temperature appears to be higher than
expected indicating that the shield may not be operatagyanticipated

The Tollgrade temperature device liscated in a housing which in itself may be
impacting conductor temperature measurements most specifically at cooling by
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providing a thermal mass. Improvements relating to quality of measured
conductor temperature are recommended.

LP3. Careful consideration should be given to the use of specialist se
providers to install/calibrate specific instrumentation

Issueswith measured data suggest that:

Validation processes were considerably more detailed and complexithpied by
the initial usecase documentation and issues that needed consideration included:

Poorly described manuals with information on relay settings and safety margins
Data refinement and filtering
Determining values for fixed constants such as theratorptivity;

It is difficult to establish data which covers evagpect of the model input range

as this is heavily dependent on the weather. Data tends to be clustered round
normal conditions with much less data available at extreme conditions. |cksally
trial would want ambient condition ranges that show:

ambient temperature range ofL0°C to 36C
perpendicular wind speed-05m/s
solar £1000W/nt

Ideally want current/circuit loading (for purposes of calibration conductor
temperature calculationmodels)

Loading fronD-at least 50% of static rating
However collecting data over this range was not possible.

The data collected as part of the trial had a significant quantity of erroneous datdel
shows the breakdown over each 8 hour period of where the data was good within this
period and where there were bad areas (typically the data is fixed through the post
processing when it is not clear ahthis should be and the rating is then also fixed and
defined as uncertain).

Data OK 60%
Data Faulty 40%

Tablel: 8 hour data quality
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3.4.2 Generalised and CrosBechnique Learning

LP4. Implementation gave a further opportunity for review of design, and
installation/commissioning progressed some aspects of design intent/c
were changed:

Initial design was for each of the three circuits being monitored to have individual
environmenal monitoring.

As all three circuitsoriginated from the same primary substation this design intent
meant there would have been three of each type of instrument installed adjacent to
each other.

Initial construction installed one set of measurement ingtants.

Commissioning then amended design intent to have one set of instruments that feed
the same values to all relays.

LP5. Simple data capture and storage infrastructure, that is understood
within the control of theproject team is imperative:

Delays were experienced in implementation of the original storage solution which was
an extension of the contralbom system, Power On Fusion (PdEpecame apparent
that the centralised storage would not be sufficiently flae for the early stages of an
innovation project where initially established requirements are confirmed or
modified.

Installation of interim data acquisition and storage systeere undertaken
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Figure8: Outline of OPC

Two systems were trialled, and an OPC software suite from Matrikon was selected
This addressed the core requirement to collect data from the IEC 6i#B@igured

P341 relays, but also allowed scaling options to include Modbus enabled devices (also
included in the project).

LP6. Significantly more work waswolved in the commissioning of the syst¢
than was anticipated:

Each instrument required individual configuration, potentially involving establishing serial
communications with the device. This was unexpected and required the use of
Hyperterminal whichs no longer distributed in Windows 7.

Signal conditioning equipment within the DAR cabinet (translating instrument output for
input the P341 relay) also required configuration, though this was only discovered when
nonsensical signal values to the P34layewere reviewed. This prompted wider
realisation thatFactory AcceptanceTests (FAT) had not tested the whole supplied system
(instrument output to P341 relay output)

Tuning of P341 relay configuratiomswhilst the relays were supplied with a level of
configuration, final setting of configurations (including IP addresses, timer servers etc.)
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was required. This necessitated acquisition and installation of manufacturer bespoke
configuration software, and a learning cycle associated with usage.

LP7. Initial overall system testing revealed key importance of good manufac
support and documentation:

Given the extensive work required to commission the system as a whole, basic tests to
prove expected operation of the P34tklays were undertaken.  This revealed key
insensitivity to wind speed.

Review of the Factory Acceptance TestFAT documentation also revealed this
insensitivity at the time of testing but was not picked up on by any of the parties involved.

The data inensitivity was eventually tracked by the manufacturer to a menu setting
which was poorly explained within the operational manual provided
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SECTION 4

Thermal Models
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To estimate the benefits of this technique the following approach Ieen taken.

A model of theOHL was codedo calculate conductor temperature compared to
measured trial data over the period of a year for a range of real world input weather
and load values to validate the model.

The model was used to generate an ampae#juebased on the measured input data
and compared to that generated by the relay.

Figure9 shows the high level data flow and approach to the method of validation in steps
1 and 2. The flow of data can be summarised as follows:

Electrical current and weather data (wind speed, wind direction, solar radiation, and
temperature) are measured and psed as analogue-Z0mA signals to the Alstom
P341. These inputs are then collected as digital data from this relay and stored for
offline analysis via a Matrikon IEC61850 OPC server. The conductor temperatures are
measured via Tollgrade Sensors, stored wiollgrade aggregation hardware &
software, and extracted for offline analysis;

The input data is used within the relay to calculatdymamic asset rating value;

The data is collected for use in an offline mathematical model which replicates the
behaviair of the relay.

Mathematical moded relating to the thermal dynamics of the OHL recommended by
CIGRE was coded into MATLAB (referred to as the Offline models) and are used tc
calculate an ampacity and external conductor temperat(dgnamic and staticyalue
F2NJ O2YLI NRazy (2 GKS '!'fad2y NBfleQa |
temperature respectively;

The model generated ampacity value was modified to create an 8hr fixed value of
Ampacity rather than a continuously changing value.

The model geerated 8 hour ampacity was compared to the static rating to look for
benefits to Network operating conditions that could be realisable

Day ahead and week ahead weather predictions were modified to meet the input
requirements of the model and used to geate a predicted 8 hour ampacity

The predicted ampacity was compared to the model generated 8 hour ampacity using
the measured weather data.

A statistical tool to determine what safety margin offset should be applied to
predicted values was developed.
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Figure9: Data flow and measurement/calculation comparison for OHL DAR

There are three welknown standardsbodies proposing models to be used for
determining the rating of bar©HL conductors:

IEC/TR 61597
IEE 738 1993
CIGRE WG 22.12 (published in Electragl4492).

A comparison of the output of each of the models, for the same input conditions, for an
ACSR conductor (LYNX 175mm2) has been reported by a team at Durham UrfjRHrsity
The IEC and IEEE mbd®tched closely over wind speeds greater than 0.5m/s. The Cigré
and IEEE models matched closely for wind speeds below 3.5 m/s. All 3 model outputs
correlate between 0.5m/s and 3.5m/s.

A number of previous studies have been undertaken in the past amgsdfOHLS, most
notably by EA Technoloddg] who looked at three different conductor types at a couple

of purpose built sites in different weather conditions. Their data, gave a reasonable level
of comparison to theCigré modelling method. The Cigré2 RSt & ¢ K@dNdOF £ 0
overheadO 2 y R dzO (i]2hhisi ieen eeleoted here as the predictive model because it
allows comparison between results from an EA Techypktudy on a similar subject [R2

and the model internal to the Alstom P341 relay. Thgr€iequations give the same
results to the equations used to determine the P27 ratings at the P27 design conditions
with a wind angle delta of 45
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Figure10: A comparison of the modelling results undertaken by Durham to compare different models for a Lynx
conductor for varying wind speefl1f]

TheCigré model looks at the thermal conditions in a system as sho&quation 1.

The termal Equilibrium in stedy state is given by:

Where

B = Joule heating

Pn= Magnetic heating

Ps = Solar heating
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P. = Convective cooling
P = Radiative cooling

Rv = Evaporative cooling
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Figurell: Highlevel heating and cooling effects
The model has a number of assumptidisted below

Heating assumptions

Method is approximate and valid only up ¢orrent densities of 1.5A/mf
Joule heating includes a temperature correctionefficient and an approximatiofor
resistance change due to skin effect

A multiplication factor on the current is usedhere appropriate to include the effect
of the steelcore.

Solar heating is simplified © | "YQwhere as is the absorptivity of the conductor
surface

Corona heating is only significant with high surface gradients and assumed negligible
in this case

Cooling assumptions

Forced convective cooling is largely based on empirical factors (using the Nusselt
number, the Reynolds number, the Grashof number and the Prandtl number). The
cooling also varies with the sine of the angle of the wind to the conductor.

The cooling deals itih a number of cases including natural convective cooling, low
wind speed (<0.5mjs forced convective cooling, radiative cooling.

Evaporative cooling is considered negligible as the effect of water vapour in the air or
water droplets flowing around theonductor do not change the evaporative cooling.
This is more significant when the conductor is wet.

The thermal equilibrium in unsteady statées shown in Equatiog.
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Heatingeffect = Heat GainHeat Loss

o kb bk bk Equation?
Where
m = mass per unit length
c = specific heat capacity (varies with temperature)
T,y = average of the core and surface temperature
The leating characteristic in unsteady state can be approximated to th&tgarel2

For a step change in power the differential equation can be solvedepresented by
an exponential curve with a time constant.

The time constant, is dependent on the conditions at the time and is typically
between 5 and 20 minutes.

A gmilar curve for cooling exists.

Figurel12: Step change in current with time showing dynamic heating effect
The majority of thedata used in the modellingvas provided by Western Power
Distribution Additional OH line specific data has been obtained as follows:

Mass ofthe conductor [2]

Heat capacity and heat capacity-efficient fromthe CIGREvorking groupczebre
conductorexample R3]

Some of the data relating to the Dingo conductor has been taken from calculated
values using OHRAT the Eéchnologyprogram relatng to the static calculation of
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ratings ofOHLs including; Diameter, DC Resistance, resistivity and the temperature co
efficient alpha.

These parameters have been entered i@ offline Matlab model along with the data
for line loading to investigate Okhe dynamic asset rating.

¢CKSNE IINB (G662 &aARSa (2 {Kdlculatk &NXompare Hi@ RS
external conductor temperature reported by the Tollgrade devisel to understand the
dynamic asset rating as reported by the relay.

The validation process works by comparing the measured temperature of the line with
the calculated line temperature. To show this working across the seasons a set of sample
days similar to those used in otherceniques have been choseflhe results of
comparing the measured to the modelled external conductor temperature are shown in
Appendix| using reported weather datbiom Appendix D for the sample daysTable2.

Winter 7" Jan 2015 Wed
Winter 11" Jan 2015 Sun
Spring 28" May 2014 Wed
Spring 22" Mar 2015 Sun
Summer 25" Jun 2014 Wed
Summer 29" Jun 2014 Sun
High Summer 23" Jul 2014 Wed
High Summer 20" Jul 2014 sun
Autumn 24" Sept 2014 Wed
Autumn 9" Nov 2014 Sun
Table2: Seasonal analysis

The external temperature measurement that has been used to validate the model is
prone to measurement reporting failure, however the sensor values largely correlate. The
measurement only shows a change to the neare¥ lhence the stepped waveform in

someof the graphs in Appendiy.

On Feeder 4 because oflack of temperature measurement on feeder 8in Spring
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The range of input data available from the trial is shown in the heat mé&jgurel3.

Current (Amperes)

0 1.5 3 4.5 6 7.5
Wind Speed (ms™)
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@ ™
3 =3

w
o

o

0 920 180 270 315 360
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Figurel3: Heat Mapstyle diagram showing variation in wind speed and wind direction as measured at Newp
Pagnell Primary Substation

Clearly a wide range of ambient and operating conditions are required to assess thermal
models. Figurel3 is an example of how this range of ambient/operating circumstances
was logged, and illustrates the variation in wind speed and wind direction as measured at
Newport Pagnell Primary Substatio This clearly shows wind speeds are most frequently
measured as being in the range @8 m/s, with directions predominately from the south
west, and also the east. Similar variation can also be seen in solar radiation and ambient
air temperatures.

LpPs. | It is difficult to establish datahat covers every aspect of the model inf
range as this is heavily dependent on the weather. Data tends to be clus

round normal conditions which provide valuable learning for the ordty of
occasions. However, very valuable learning also occurs at extreme cond

for which much less data is available.
Ideallythe trial wouldwant to seeambient condition ranges that show:

I ambient temperature range ofl0°C to 36C
I perpendicularwind speed @15m/s
| solar 21000W/nf

Ideally conditions with different current/circuit loading (for purposes ¢
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calibration conductor temperature calculation models)
0% toat least 50% of static ratinghould be obtained.

LP9. | Close correlation of modelled to measured conductor temperature has |
achieved under most circumstances; however, \@ry hottest of days the
measured line temperature appears to cool much slower than the modk
temperature. 90% of all modelled extaral conductor datais within 6°C of
measured.

In terms of the comparison of the model with conductor temperature, close correlation
has been obtained under most scenarios, with a good match to absolute min/max values.
Where the line temperature is leshidn 20C absolute, the heating and cooling match
reasonably well. However, on hotter days (see high summer curves in Appgribecline
appeared to cool much sler than the model. It isuspected thathis is related to the
Tollgrade device ands thermal mass
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Figurel4: Line temperature with changes in wind speed

The thermal time constastfor heating and cooling to calculate the dynamic as opposed
to the static temperature are different depending on whether the line is heating or
cooling. It would appear tit the heating time constant matckeup reasonably well.
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However, the line cooling iseported slower than the model on hot days. The cooling
thermal time constant is dependent on:

The mass of the line (0.506kg/m)
The thermal capacity of the line (89Kg/K as recommended in the standard)

The difference in previous and current line temperature to ambient temperature and
the power being used to heat the cable.

From Figure 14 the time difference between the ambient temperature reduction and the
line reduction is 1 hr and 35 minutes and the secondary peak is 2hrs and 5 minutes
behind the ambient temperature. This is significantly different from the time constants
AYRAOF GSR A yi KESMNIYY R N |j Wizh INB & & y Thé readdh fothisS NK
difference is not completely understoagibut a possible hypothesis is that the Tollgrade
devicelimits the cooling to the line at that point by providing a protective barrier to the
wind. Thethermocouple is encased in a case clamped onto the overheadsirehown in
Figure3.

If the thermocouple is encased then itp®ssible that it gets directly affeaiewhen the

line is heating up due to current flow (hence the thermal constant is accurate for heating),
however is not directly subject to the effect of the cooling and therefore the thermal
constant for cooling is not appropriate as suggested below.

- @ - @

Conductor subject to
cooling Conductor subject to cooling

within measurement device

Figurel5: Line temperature measurement device effect on cooling

If we considetthat the ambient air temperature haalready cooled to % from 15C due
to the cooling effect of the wind, (wherg¥8.3mm and zis estimated at 50mm), the
thermal time constant is approximately equal to:

ZJL
W\ el

gl
Where” ais the mass, cis the heat capacity (=0.897 for Al), h is the heat transfer co
efficient (approx. 1 for a free gas) and & the surface area. From a very simplistic
perspective, if 1m of aluminium cylinder at # 8.3mm was replaced with aluminium
cylinder at $=50mmthen the thermal time constant would increase by

Equation3

i
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So a 10 minute time constant could become an hour for the same step change when the
conductor in encased.

The model external temperature for a week day and weekend show no noticeable
difference in accuracyln fact, the loading in High Summer is the only time when a
noticeable difference in week day/ week end loading having an effect on the line is
visible. Tlerefore the loading on the line is being modelled correctly within these loading
parameters. The ambient tempature has ranged from <0 to >3D with only minimal
differences in measured temperaturgall of which occur on hot days.

It was not immediately clear that theelay-reported ampacity and theoffline-model
ampacity were comparable even though they used the s@ERE models a base to
calculate external conductor temperature.

Figure 16 shows the model calculated DAR rating using relay reported unmodified
weather data compared to th Ampacitycalculated andeported by the relay. The graph
shows a geater variation in the offline calculation of the DAR as this is highly dependent
on the instantaneous wind speed measurement. Data smoothing and data propagation
delay associated with this calculation along with a safety margin needed to be included
into the offline model to allow the offline modelled results to more accurately represent
the relay reported results. Implementing this the model shows an improvement the
comparison with most values being within a couple of amps.

Attempts to match themodel to the relay have led to the following changes in the model;

Average the wind speed by a rolling average of 10 data points.

Simulate a time delay to the DAR to compensate for the averaging and calculation
delay of around 10 time steps

Add a safety main of 10% (®C) irto the calculation of DAR
An error margin of around 0.5A on calculating the DAR should be set
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Figurel6 :DLR Ampacity against time (relay reported ampacity (red) and unmodified model values (blue))
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Figurel7: DLR Ampacity againsttime (relay reported ampacity (red) and adjusted model values (blue))
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Figure18: Closeup of DLR Ampacity against time (relay reported ampacity (red) and adjusteabel values (blue))

Other minor issues that resulted in differences between model and relay are as follows

At high wind speed and high wind angé update to the published standard is
required. Work by CIGRE has resulted in the questioning of thetasdasand they
recommenduse of adapted constantélable3 and Table4), based oninvestigations
by Isozaki et al. [35

The following equation remains as per the working group standard:

Nugge= B RE Equation4

Where the coefficients B and n depend on the roughnessoRthe surface of the
conductor, R= d/[2(D¢ d)], where d is the diameter of the wires in the outermost layer,
and D the overall diameter.

Roughness, & B n
R<0.1 1.566 0.340
R>0.1 1.325 0.362

Table3: Coefficierts proposed by Isozaki et al. [2%or calculating forced convective heat transfer from
conductors with steady crossflow of air.

The following equation based on wind direction is adapted from the original by Isozaki et

al. [25:
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Nu,,

=[c &re™an- sing) +sind]
0 Equation5

Where the coefficients C andsrdepend on the roughness:

R<0.1 6.124 -0.314
R>0.1 5.604 -0.327

Table4 : Coefficients proposed by Isoza&t al. [2] for adjusting angle of incidence in forced convective heat
transfer.

At very high wind speeds the relay calculates dynamic asset rating higher than the
offine model, this is visible in the data for Wed' Danuary in Appendix The
ampacityis clearly a function of the edfficients which have higher impacts under
these conditionsThere was n@access to the relay information on the constants used.

To match thethermal heating the solar absorptivity data in the model has beersset
that the model calculated external temperature matches the thermocouple valtes

is higher than that in the relay. Therefore the reported relay DAR values within
Appendix | are a fraction higher on hot days since the heating is not taken into
consideration in the same way.

The model calculated and relay reported data for the 10 sample daygale 2 are
shown in Appendi. What is clear from the representative datthat therelay receives
G§KS RFGF 2Ol &viapstrandmizihewhdi diretdiSar yiklispeed value,
and while the relay continues to calculate a dynamic rating based on measured data, the
offine model is dependent on data which has in essefrozen. Periods where model
ampacity and relay ampacity look different occur at these points.

The thermal modelling is a means to calculatingldfiL ampacity value (i.e. the maximum
current that can pass through a line without the temperature exceediagngs).
However, the value reported by the relay and replicated by the model is very dependent
2y 020K GAYR aLISSR YR 6AYR RANBOUAZ2Y 6K;

The following lessons have been learnt in the process;

LP10. | Equipment has informatiotthat is required for validation but not easily
available. For example,

The relay appears to average wind speed over 10 data points ¢
then has a 10 time step delay in reporting the answer
The relay appears to havaanbuilt error margin of around 10% ¢
6°C when the ampacity is calculated. It is not clear what the
accuracy of the relay is; however, based on modelling calculat
it is definitely greater than 0.5A.
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