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Abstract

Nowadays the reliable availability of electricity is expected by both industrial and residential consumers. However, the
eneration, transmission and distribution all pose engineering challenges in adapting to consumers and sustainable directives
hile maintaining operational safety. The increasing demand for electricity on the consumer side and the growing number of

enewable energy sources (RES) on the generation side are supporting the spread of capacity uprating methods. Dynamic Line
ating (DLR) is a novel, cost-effective line management method with which system operators are able to utilize existing power

ines with greater efficiency than with traditional techniques. While the use of DLR has many benefits, there are also challenges
hat system operators have to cope with at system-level implementation. One of the most significant of these challenges is to
nd the balance between the required infrastructure for DLR implementation and the reliability of the implemented system. The
im of this article is to present a novel methodology for critical span identification based on which the sensor measurements
ccurately represent the prevailing conditions along the whole overhead line. Contrary to current methods, the proposed critical
pan analysis method takes into account the clearance of the conductors, which provides compliance with legal requirements.
urthermore, the uncertainty caused by using weather data to determine local conductor annealing is also eliminated with the
ecommended method. This way a flexible power system can be created that meets current needs, such as the integration of
enewable and distributed energy sources or cross-border energy trade, while at the same time it enhances the operational safety
f overhead lines.
c 2021 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Traditionally the so-called static line rating (SLR) calculation method is used to determine the ampere capacity
(ampacity) of a power line. The SLR calculation is based on the worst-case environmental scenarios and as a result
it is a wasteful method with respect to the utilization of the thermal capacity of the line. However, it is simple and
does not require any additional infrastructure or time-consuming mathematical model.

Today’s trend among power providers is to utilize the existing infrastructure to the extent that is allowed by
the system’s physical properties without significant loss of the system’s lifetime. Dynamic line rating (DLR) is
one of the technologies applied for such optimization, which allows the utilization of overhead lines in a less
constrained way. The DLR calculation requires various monitoring equipment to be installed on the overhead line
for real-time modelling of the thermal behaviour of the phase conductors. This way, the actual ampacity of the
line can be determined based on the heat balance of the conductors, which on average offers a 20 to 40% increase
in transmission capacity. Furthermore, the local thermal overload of the conductors is avoidable when the actual
weather conditions are less favourable than those used for the SLR computation. With additional methodologies,
which require the modelling of the thermal behaviour of the conductors, a complex line management system can be
implemented that is able to predict and detect ice accretion and simulate the real-time sag of the conductors [1–6].

As a result of such novel line management systems, there is a demand for measuring devices in the vicinity of the
phase conductors. Line rating determination requires the measurement of several environmental parameters, such
as the intensity of solar radiation, ambient temperature, precipitation intensity, relative humidity, and wind speed
and direction. These measurements can be obtained with the installation of weather stations on the high voltage
towers’ legs, as close to the bottom phase conductor as possible. Furthermore, there are line monitoring sensors
based on different measuring principles that are able to determine the temperature of the conductor, the sag or
clearance of the span, the accumulation of an ice layer on the conductors or the actual current load of the line.
Different studies showed that the achievable safety level with the weather-based and line-monitoring-sensor-based
system is nearly the same, because the temperature of the conductors can be calculated within the range of ± 2 ◦C
compared to sensor measurements. This is approximately the same level as the measurement uncertainty of the DLR
sensors [1,7,8]. Accordingly, the key issue during the establishment of the DLR-based system is the selection of
the number and locations of the measuring equipment – weather stations and line monitoring sensors – in order to
optimize the investment cost and the reliability of the grid management system. The methodology which determines
the required number and installation position of the measuring equipment for a DLR system is called critical span
analysis.

2. Review of existing critical span analysis techniques

The basis for critical span analysis is the selection of the spans for sensor placement that most closely represent
the prevailing thermal conditions along the line so that thermal overloads and clearance violations can be avoided.
The easiest sensor allocation approach is the equidistant placement strategy [9], which places the available number
of sensors in equally spaced sections, where the distance of the sensors can be calculated according to (1). While
it is simple, the clearance and thermal overload criteria cannot be fulfilled with this method.

dsensors =
lline

n + 1
(1)

where dsensors [m] is the distance of sensors from each other, lline [m] is the length of the transmission line and n
is the available number of sensors.

Two other sophisticated algorithms are available according to the international literature. These algorithms are
based on the investigation of weather parameters along the line corridor in order to determine the correlation between
line ratings calculated based on data from different locations [9], or to calculate the sag of the span and identify
the possible conductor annealing locations [10].

2.1. Environmental factors for critical span identification

From a meteorological point of view, macro- and microclimates can be distinguished. Macroclimate describes
the environmental parameters of large geographic zones such as continents and oceans. Therefore, macroclimatic
weather models are suitable for global environmental modelling (such a globally applied model is the ECMWF [11]),
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further refined by national weather agencies according to the specific local microclimatology conditions. During the
application of microclimatic weather models, the local specialties of the given area are taken into account. When
weather parameters are used as input for DLR calculations it practically means the sheltering effect of objects and
vegetation on the line. However, it should be noted that the validating data of the microclimatic models come from
weather stations that are in most cases placed in open areas, therefore these data can cause large deviation with
regards to sheltered areas such as transmission line corridors. Therefore, the weather parameters along the line can
be expected to significantly differ from the weather conditions measured by meteorological stations, especially in
the case of wind speed and direction. According to [12] it can be stated, that not only are the variations of weather
parameters between the line route and open areas different, but a significant difference can also be observed between
the measured parameters by weather stations placed on transmission line towers along a power line.

The most advanced microclimate weather models are able to determine the expected weather conditions by
spatially interpolating to the line corridor, with a spatial resolution of around a few hundred metres. Therefore,
theoretically such a model can be applied as an input of critical span analysis methods described in [9] and [10].
These weather models are also validated using measurements from meteorological stations mostly placed in open
areas, which also causes a significant error in the modelling of the environmental parameters relative to power line
sections that are going through sheltered areas.

For the illustration of this deviation, a case study was carried out to determine the correlation between the
measured weather parameters on a 110 kV overhead line’s tower and the microclimate weather model output for
the same coordinates (spatially interpolated weather model) at the same time. The correlation coefficient of two
variables can be calculated according to (2).

ρ (A, B) =
1

N − 1

N∑
i=1

(
Ai − µA

σA

)(
Bi − µB

σB

)
(2)

here A and B are the sets of variables, µA and σA are the mean and standard deviation of variable A, respectively,
nd µB and σB are the mean and standard deviation of variable B.

Fig. 1 shows the correlation between the environmental factors required for determining the conductor temper-
ture – ambient temperature, solar radiation, wind speed and direction – for a one-year period.

Fig. 1. Correlation between measured and forecasted weather parameters.

Fig. 1 shows, that the correlation between measured and modelled wind speed and direction is around
0.51. Several studies have shown that the thermal modelling of the conductors is the most sensitive to these
244
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parameters [13,14], which can cause more than 5 ◦C variance in conductor temperature resulting from 1 m/s
difference in wind speed.

This chapter demonstrated that the equidistant sensor placement strategy does not represent the line rating for
the whole line appropriately [9], while the weather-based critical span analysis method provides unreliable data that
does not accurately reflect the temperature variability along the line [12]. Furthermore, the accuracy of weather
parameters from microclimatological weather models is not satisfactory for critical span identification if conductor
annealing is taken into account.

3. Proposed methodology

The challenges discussed in Section 2 provide the motivation for the development of a new critical span analysis
method, which is able to determine the most representative locations along a power line for line rating calculations
without the use of exact environmental factors.

3.1. Clearance regulations

The most critical factor during the operation of high voltage conductors at their maximal thermal rating is the
observation of adequate external clearance limits, which is regulated by EN 50341-1:2012 in the European practice.
The external clearance has two parts, the basic electrical clearance and an additional clearance component. The basic
electrical clearance component (Del) is intended to prevent the flashover between the energized parts and the earth
potential objects in the vicinity of live conductors. The additional clearance component (Dadd ) is intended to avoid
the violation of electric distance even in cases where a person or conductive object gets under the line while working
or during leisure activities. The Del component of the clearance is constant at a given voltage level, while the Dadd

omponent varies depending on the terrain and objects under the line. The additional clearance component includes
ormal ground profile, steep slopes, buildings with different roof types, crossing overhead lines, recreational areas,
tc. [15].

Transmission and distribution system operators have to meet clearance regulation requirements, which means that
he legal component (Del + Dadd ) should be kept under all operating conditions. In practice this is accomplished
ith the consideration of a safety margin.

.2. Sag-clearance model

The actual sag of a given span depends on the conductor temperature and wind load as varying parameters,
hile the conductor’s technical parameters and the maximal tensile stress can be considered as constant values. The

learance can be derived from a sag model as the minimal distance between the bottom phase conductor and the
errain or any object under the line in each span.

Assuming that the sag of the conductor depends on the average conductor temperature of the given span [16]
nd the difference in conductor temperature within a span is negligible in short transmission lines where DLR can
e applied effectively [17], (3) describes the basic formula of the catenary curve calculation.

y =
σh

γ
·

e
x ·γ
σh + e−

x ·γ
σh

2
(3)

here, σh is the horizontal component of tensile stress [kg/mm2] and γ is the specific gravity of the conductor
kg/cm3].

During the calculation of the catenary curve of the conductors, straight and oblique spans are distinguished. In
he latter case, the calculated catenary curve should be corrected with a skewness factor described by (4).

f =
a′

a
(4)

here a′ is the oblique distance of suspension points [m] and a is the horizontal distance of suspension points [m].
In addition, the formula is able to calculate the position of the conductors with catenary curve by taking

nto account the terrain conditions, the unequally distributed extra mechanical load and the wind load on the
onductors [18].
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3.3. Investigation of the accuracy of the sag-clearance model

In order to investigate if the mathematical model described in Section 3.2 is accurate enough to determine
the sag and clearance along a power line, a model validation was performed. During the validation process, field
measurements were carried out to determine the position of the bottom phase conductor of a 110 kV single circuit
overhead line located on a hilly terrain in Central-Europe. During the measurement a Leica theodolite was used
to determine the position of the bottom phase conductor. Two measurements were made, one in June and one in
November to obtain data under two different conductor temperature conditions. The average conductor temperature
was 26.8 ◦C in June, and it was 4.2 ◦C in November. Fig. 2 shows the sag simulation results compared to the
field measurements. An average deviation of less than 20 cm was found between the simulation and the field
measurements, which can be attributed to conductor ageing, measurement error and the difference between the
available and real conductor parameters.

Fig. 2. Sag-clearance model validation on a 110 kV power line.

It is also important to mention, that the investigated tension span contains straight (between tower 96 and tower
97) and oblique spans (both terminal spans). Therefore, the validation of the skewness correction factor described
by (4) is also carried out. International sag models, such as the sag model described in [10], can lead to around
10% deviation in oblique spans relative to actual circumstances, therefore, these models can only be used in straight
spans for critical span analysis purposes. Based on this case study it can be stated that the presented sag-clearance
model is appropriate for the critical span analysis method along the whole line route including both straight and
oblique spans.

3.4. Conductor annealing

Another important limitation during the thermal utilization of overhead line conductors is the lasting degradation
called annealing. Annealing is the reduction of tensile strength of aluminium strands when the sustained temperature
exceeds the annealing temperature of the conductor material for a considerable amount of time. Contrary to sag
modelling, the determining factor of annealing is the local temperature of the conductors, especially the hot spots.
According to [12], local hot spots change along the line in time, therefore, their accurate detection requires conductor
temperature measurement in every tension span. Consequently, critical tension spans cannot be determined based
on conductor annealing as in this case every tension span is critical.

3.5. Proposed methodology for the determination of critical spans based on clearance simulation

Based on Sections 3.1 and 3.2 it can be stated that the largest longitudinal unit that properly represents the
thermal conditions of the conductors is a tension span, especially in the case of sag determination, where the

average temperature is appropriate for the calculations in case of each tension span [16]. Therefore, the proposed
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methodology is based on only the clearance modelling of transmission lines, while in order to avoid the annealing
of the conductors, all of the tension spans should be covered with sensors or weather stations.

To determine the safety level of the selected span, an auxiliary variable should be introduced, named safety
reserve. Accordingly, Eqs. (5) and (6) present an optimization problem whose solution provides the set of critical
tension spans.

C(St ) = min
∀i∈St

N St∑
i=1

mi(
sr St

i = cSt
i − cS

legal

)
≥ ε (5)

here

• C(St ) is the set of critical spans,
• St is the set of tension spans,
• sri is the safety reserve of ith tension span in [m],
• ci is the simulated clearance of ith tension span at maximal continuous operating temperature [m],
• clegal is the simulated legal part of clearance in the ith tension span [m],
• ε is the required safety reserved by TSO in [m] and

mi =

{
1, i f sensor is installed in tension span i

0, otherwise

}
(6)

t is important to note, that clegal depends on objects potentially located under a given span (such as overhead line
rossings, railways, buildings, recreational areas, etc.), as it influences the Dadd component of the legal part of
he clearance described in EN 50341-1:2012 in the European practice. With the proposed methodology not only
an the distance-to-ground clearance be fulfilled as in international models available so far, but also every other
learance type is fulfilled. The article clearly demonstrated that weather parameters cause high uncertainty during
he determination of the critical spans. Therefore, the proposed methodology uses only technical parameters thereby
liminating the precarious conductor annealing condition of the existing models.

.6. A case study with the proposed methodology

To illustrate the application of the proposed methodology, a case study is presented here, which was carried out
n the FARCROSS project framework. The critical span analysis with the recommended approach was performed
n a single-circuit transmission line located in Central-Europe.

In the first step of the evaluation, the sag-clearance simulation was carried out for all line spans. The clearance
alues for a randomly selected tension span with ten spans are shown in Fig. 3. The sum of the height of the light
lue and orange bars shows the ground clearance of each span from which the legally required ground clearance is
arked with light blue, which is 8 m. Accordingly, the orange bars are visually showing the safety reserve of the

round clearance. In the case of spans with obstacles under the line another bar is showing the clearance from the
bstacle (Sample span #2, #3 and #8). Fig. 3 shows that there is a road crossing under sample span #3. In this case,
he legally required clearance limit is 9 m, marked with dark blue in the image, while the safety reserve is marked
ith red. In addition, there are two medium voltage line crossings under the presented tension span in sample span
3 and sample span #8. In these cases, the legal clearance limit is 5 m, marked with dark blue. The safety reserve
s marked with red in these spans, which is under 10 cm in the case of sample span #8. Correspondingly, the lowest
afety reserve in the presented tension span occurs in sample span #8, where a medium-voltage line crossing is
ocated under the evaluated line.

In the case of ε = 0.75 m required safety reserve, the proposed methodology provides two critical spans, while
he existing methods identify only the span with the lowest ground clearance value in the arrangement presented in
he case study. The comparison of the proposed model with the existing methods is summarized in Table 1.

Taken together, the case study demonstrated that more unfavourable clearance conditions could be identified
ith the proposed methodology than the existing ones, which provides a more reliable technique for critical span
dentification from the clearance reserve point of view.
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Fig. 3. Clearance and safety reserve determination with the proposed methodology. (For interpretation of the references to colour in this
gure legend, the reader is referred to the web version of this article.)

Table 1. Selected spans for critical span analysis in case of ε = 0.75 m required safety reserve.

Method Span no. Safety reserve [m] Limiting factor

Proposed methodology
8 0.08 Clearance to medium voltage line crossing
4 0.53 Ground clearance

Existing methods 4 0.53 Ground clearance

4. Conclusion

The application of dynamic line rating methodology is assisting in a more efficient utilization of power
ines, which in turn supports the incorporation of renewable energy sources in the electrical power grid and the
stablishment of market connections through cross-border lines. During the implementation of such a system the
ptimal placement of line monitoring sensors and weather stations has a central role in balancing the reliability
f the line management technology and the return on investment. The so far known algorithms for critical span
dentification are based on the analysis of prevailing environmental conditions along a given line. According to the
omparison of measured weather parameters and microclimatic environmental factors, only the weather parameters
easured along the line corridor are appropriate for the thermal modelling of the phase conductors.
Based on these results, a new critical span identification method is proposed, which only takes into account the

echnical parameters of a given line. The proposed methodology is based on the simulation of sag-clearance of each
ension span, where the oblique spans are corrected with a skewness factor in order to provide more accurate results.

oreover, the suggested approach considers the objects located under the line in the Dadd clearance component.
Accordingly, the determined locations for sensor installation offer the possibility for compliance with EN 50341-
1:2012 during a DLR system implementation. The validation of the proposed sag simulation model was performed to
achieve compliance with regulation EN 50341-1:2012. This way, the modelling of conductor annealing is eliminated
while compliance with clearance regulations is incorporated into the proposed calculation method (in addition to
the distance-to-ground clearance), which leads to a more reliable method for the implementation of a DLR-based
line management system. A case study was also presented to demonstrate the operation of the algorithm. Through
this case study it was shown that spans with lower clearance safety reserve can be identified with the suggested
method, which promotes the avoidance of possible clearance violations where objects are located under the power
line.
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