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The new outlook regarding energy and climate change encourages electricity companies to increase the renew-
able power capacity and improve the infrastructure to manage and transport renewable energy. The increase in
renewable energy, especially wind generation, together with the growth of distributed generation, creates the
need to provide the flexibility to operate a grid. The economic, environmental and administrative barriers to
creating new infrastructure or modifying existing infrastructure encourage the development of alternatives such
as Dynamic Line Rating (DLR) systems. This study solves one of the problems that appear in the practical appli-
cation of DLR systems. The aim of this study is to create a new methodology that allows the analysis of the error
caused by an existing configuration of a DLR system and to determine the most appropriate number and location
of measurement points during the design phase. These approaches are based on the Simulated Wind Distributed
Estimation (SWDE) methodology, which obtains a cooling model along the line using wind propagation software
and Digital Elevation Models.

Renewable integration

1. Introduction

The new outlook regarding energy and climate change involves nu-
merous actors, including electricity companies. Generation, transport
and distribution are tasks that have a significant impact on action
against climate change and renewable energy is the most important. The
European Union proposes to achieve at least a 32 % share of renewable
energy by 2030, but this target has been reached in Spain with a renew-
able energy production of 45.5 % of the total energy generated, with
wind generation contributing to a 22.5 % of the production, in 2020
[1]. These challenges not only increase the installed renewable power
capacity but also improve the infrastructure to manage and transport
renewable energy. The increase in renewable energy, especially wind
generation, together with the growth of the distributed generation [2,3],
creates the need to provide flexibility to operate a grid. Economic, envi-
ronmental and administrative barriers to creating new infrastructure or
modifying existing infrastructure encourage the development of alterna-
tives. Nowadays, solutions such as Dynamic Line Rating (DLR) provide
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the flexibility to operate the grid with non-invasive techniques, low in-
vestments and successful outcomes. The DLR is a smart grid technology
that calculates the maximum current that an overhead line can transport
without damaging the conductor.

Viesgo, a Spanish electricity company of the EDP Group, deployed
Dynelec, a model for the use of DLR, on its overall 132 kV overhead grid
[4]. This operational model is extremely favourable in grids where wind
energy has a large share in the generation mix. In the case of Viesgo,
the implementation of this system has allowed the overrating of critical
lines, under favourable conditions, up to 214 % of their nominal rate,
decreasing wind curtailments by 99 % [5].

Despite the significant development of DLR techniques, a few prob-
lems exist in the practical application of this technique. The deviations
between the estimations and measurements in the conductor tempera-
ture were obtained during the operational phase. The main reasons for
these deviations were errors in sensors used for estimations [6], errors
in the procedures of estimation [7] and errors due to spot measurements
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instead of distributed measurements [8]. Based on this, it is evident that
the number and location of the measurement points along the lines are
crucial to obtaining satisfactory results in DLR integration [9,10]. There
are multiple options for operating a DLR system [11]. The most techni-
cally suitable option is to install a Distributed Temperature Sensor (DTS)
and multiple weather stations distributed along the line to monitor its
conditions. However, this option presents the disadvantage of high cost.
Some existing DLR options search for the best location for the weather
stations (WS), the least cooled spots of the line, to estimate the most
restrictive ampacity along the line. These critical points are usually ob-
tained through microclimatic studies along the line. These microclimatic
studies are not trivial, and their classic result is qualitative but not quan-
titative. In [10], a heuristic was presented for developing a monitoring
strategy, including the definition of the number and location of moni-
toring stations. This model is based on the use of weather model data,
specifically the Weather Research and Forecasting (WRF) mesoscale at-
mospheric model. The WRF database consists of simulations at 1-km
horizontal resolution and 10-m vertical resolution. However, this is a
mesoscale model, and in the case of the wind, the effects of the terrain
on the wind flow are so significant that a microscale model is needed.
In [12], the authors propose a methodology to identify critical spans
for DLR systems that warrant no infringement of ground clearance in
any span and minimize sagging. In this case, a weather study was con-
ducted using historical data for 10 years from 25 weather stations along
the study line. Therefore, a large amount of weather data is needed to
conduct the study.

The aim of this study is to create a new methodology that allows
the analysis of the error produced by an existing configuration of a DLR
system and to find the most appropriate number and location of the
measurement points during the design phase. These methods are based
on the SWDE methodology developed in [13]. The SWDE methodology,
as outlined in [13], provides a cooling model for the line based on the
effective wind. An important aspect of this paper is the sensitivity anal-
ysis of the DLR calculation procedure with respect to meteorological
variables. The study concludes that wind is the variable with the great-
est impact on the DLR calculation. This finding motivates the use of the
methodology presented in this paper to analyse the errors produced by
an existing configuration of a DLR system or to determine the most ap-
propriate configuration during the design phase. The methodology relies
on wind propagation software that uses the Digital Elevation Model of
the location [14,15] and the height of the lines to estimate wind at the
microscale along the line. This approach accounts for the significant role
of wind in the DLR calculation procedure and addresses the challenges
of obtaining microscale wind data. In this methodology, a simulation of
the wind on a microscale based on the terrain and height of the con-
ductor, provides an advantage over [10], since it provides a heuristic
procedure based on the use of historical-simulated weather data, from
a Mesoscale Weather Model. In addition, the methodology of this paper
does not require WSs to be installed along the line to obtain historical
data because the wind data are simulated by software, providing an ad-
vantage over the method in [12]. The most accurate system with which
to compare the results would be the monitoring of the variables in a
distributed manner along the line. However, as previously mentioned,
the high cost of such a system makes its implementation highly com-
plex. Although validation with real measured data is not available, the
WindNinja software provides a very robust solution for microscale wind
estimation. The proposed methodology is presented in Section 2, and
the characteristics of the study lines are presented in Section 3. The
results of the application of the proposed methodology are presented in
Section 4. Finally, the summary of the study findings and its applications
are presented in Section 5.

2. Methodology

In this section, a methodology with two complementary analyses
is presented in Fig. 1. One of the analyses is to study the differences
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Fig. 1. Methodology flowchart.

between the existing configuration of a DLR system and the minimum
cooling along the line. The other analysis selects the optimum locations
of the WSs to manage a line with the DLR system. The first analysis is
appropriate for quantifying the error of an existing DLR system, whereas
the second option is suitable for selecting the optimum number and
locations of WSs in the design phase of a DLR system.

DLR calculation is based on thermal balance equation defined by
procedures [16] and [17].

45 +4q; =4, +4, 1)

where ¢, is the heating due to solar radiation, g, is the heating due to
Joule effect, g, is the cooling due to convection and g, is the cooling due
to radiation.

In general terms, and considering the most relevant variables, the
thermal balance equation (1) accounts for, on the one hand, heating
due to the Joule effect, ambient temperature, and solar radiation, and
on the other hand, cooling by convection and radiation. Based on this,
variables such as line current, ambient temperature, solar radiation, and
wind are considered for the calculation. Other environmental variables,
such as humidity or rainfall, may have some implications for the thermal
balance of the conductor, but the calculation procedures analysed in this
article do not take them into account. The impact of rainfall on ampacity
calculation has been analysed in [18]. This study concludes that rainfall
significantly enhances the thermal capacity of overhead lines due to its
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Fig. 2. Variation of ampacity with meteorological changes [13].

cooling effect. However, in the present methodology, the influence of
rain will not be considered since the focus of this methodology is on iden-
tifying the least-cooled sections of the line as these are the most critical
in determining the thermal limits of the conductor. Therefore, the pres-
ence of rain invariably results in conductor cooling, thereby improving
ampacity values.

The methodology described in this paper is based solely on wind
influence because of its significance in the ampacity calculation, as
analysed in a previous study [13].

In this analysis, the significance of each meteorological variable
(wind, ambient temperature, and solar radiation) was determined based
on the ampacity variability with changes in meteorological variables and
the variability of meteorological variables. The conclusions achieved in
this analysis based on Fig. 2 are that the variability of the ampacity
with the wind (on average around 1500 A/p. u) is much higher than
that with ambient temperature (on average, approximately —200 A/p.
u) or solar radiation (on average, approximately —50 A/p. u). In ad-
dition, in the analysis of the variability of the weather conditions, the
coefficient of variation of solar radiation is the largest (1.610), followed
by that of wind speed (1.422), and finally that of ambient temperature
(1.388). Although the variability of the solar radiation was higher than
that of the others, the variation in the ampacity with solar radiation was
practically zero. In conclusion, the sensitivity analysis justified the ap-
proach of this study, which focused only on wind to select the critical
point.

2.1. Step 1: obtain the simulated distributed wind estimation (SWDE) for
input directions

The aim of the methodology is to use the level of cooling along the
line to determine the most appropriate locations for installing WSs or to
verify whether the locations of the WSs in an existing DLR system are ap-
propriate. As discussed earlier, the level of cooling is obtained based on
the wind alone owing to its significance in the ampacity calculation. The
ideal case to obtain the level of cooling would be to install multiple WSs
along the line to measure the wind every few meters because the wind
at low altitudes varies significantly owing to the effects of the terrain.
However, this solution is neither technically nor economically feasible.
The most suitable solution was presented in a previous paper [13]. In

Sustainable Energy, Grids and Networks 44 (2025) 101888

i=1l i=p
= i=3
., T oy P
e = AP, T mmaeeemT AN
= AR P =
Tower j=1 Tower j=2 Tower j=n

Fig. 3. Overhead line sample.

this study, the wind along the line was simulated using the WindNinja
software and a digital elevation model of the location.

The aim of this step is to obtain the simulated wind distribution es-
timation (SWDE) along the line following the methodology described in
[13].

For a given overhead line composed of n towers and n-1 spans
(Fig. 3), the cooling model of the line is calculated using the SWDE
methodology. The inputs required to calculate the SWDE are as follows:

+ The Digital Elevation Model (DEM) along the line obtained using
LiDAR technology.

+ The height of the conductor along the line.

- Initial input wind speed at a given height.

+ Initial input wind direction.

The DEM and wire heights were obtained using LiDAR technology.
These data, together with the input wind (Eq. 2), were used as the inputs
for the WindNinja software [14,15]. The input wind is a vector repre-
sented by the input wind speed wf.‘n in m/s and the input wind direction
(pf.‘" in degrees. The input wind is defined as the wind at the mesoscale
level at high heights, without considering the terrain, obstacles, or lines.
In the first stage of the study developed in [13], the input wind pro-
vided to WindNinja software was a speed between the maximum and
minimum wind in the area with a 1° variation in the direction. Based on
the results obtained in this stage, the conclusion was that the wind speed
results were linear. Thus, for the purpose of comparing the levels of cool-
ing along the line, only the wind direction had an impact. Accordingly,
it was possible to fix the input wind speed at 1 m/s and then obtain the
rest of the input wind speeds in a linear manner. Therefore, the length
of the input wind vector depends on the number of defined input wind
angles (q). Typically, the input wind angles are defined to cover all pos-
sible wind directions (0°-360°) with the desired resolution. This ensures
that the study achieves the level of cooling along the line for all possible
winds, allowing the critical points to be located.
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A wind propagation matrix (Eq. 3) is obtained using the WindNinja
software with the input data. The software down-scaled the wind, at the
height of the line, after taking into account the DEM information. This
represents the wind propagation of the overhead line at the selected sam-
pled points and is formed by the wind speeds (wff) and wind directions
(a;‘), where i is the n-th sample point (1 < i < p) and k is the n-th input
wind direction (1 < k < p). This matrix has as many columns as sample
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points along the line and as many rows as the wind input angles.
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2.2. Step 2: obtain the cooling along the line

In [13], the effective wind was defined to represent the cooling of the
line with one parameter, which encompasses the wind speed and attack
angle of the wind. The effective wind is the equivalent perpendicular
wind to the conductor, with the same cooling effect as the calculated
wind. The calculation of the effective wind is based on the Morgan
equations [19]. The wind propagation matrix is transformed into an ef-
fective wind matrix as shown in Eq. (4). This matrix (wef.‘ ) represents the
cooling in all the i sample points along the line for each k input wind
direction. This matrix has as many columns as the sample points and as
many rows as the wind input angles.

P 1 1
we;  we) we,
2 2 2
wep wey . . . wer
“@
q q q
|wel  wei ... we |

2.3. Step 3: obtain the least cooled points along the line

Once the cooling along the line is obtained, the least refrigerated
vector along the line (we_ min¥) is derived from the minimum value of
the effective wind for each input wind direction k (Egs. 5 and 6). This
vector has as many rows as the wind input angles and represents the
minimum cooling value of the line for each input angle.

k — . k
wey,,, = minyieqy ) (wef) )
[we! ]
min
we2 .
min
(6)
wel
L minJ

The vector of least cooled points (I¥) is a vector with points along
the line with the minimum effective wind for each input wind direction
k (Eq. 7). The vector of the least refrigerated locations represents the
sampled points of the line with less cooling and has as many rows as
wind input angles (Eq. 8).
¥ =i e [1, p] where wef.‘ = we* 7

min
ll

3
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2.4. Step 4: obtain the effective wind in the viable locations of WSs

Operationally, a WS is located on a tower, and consequently, i and p
will be replaced by j and n, respectively, where j is the n-th tower along
the line and n is the total number of towers (Fig. 3).

The effective wind matrix at the towers (wer) represented in Eq. (9)
is extracted from the effective wind matrix in Eq. (4). This matrix rep-
resents the effective wind at the location of the towers for each input
wind angle k. This matrix has as many columns as there are towers and
as many rows as there are input wind angles.

fwet!  wet! wet!]
1 2 n
wet?  wet? . . . wet?
1 2 n
©)
q q q
_wet] wet2 wet, |

2.5. Step 5: obtain the differences between the least cooled points and WS
locations

The aim of this step is to calculate the differences between the mini-
mum effective wind along the line and the effective wind at the towers.
These differences allow us to identify the best locations for the WSs and
measure the error for each combination of WSs.

There are several possibilities for locating WSs depending on the
number of WSs (m) and the number of towers (n). For this reason, the
number of possible combinations of WSs’ locations (NC) is defined to
assess the scenarios.

n!

NC=C"= ———— 1
c=¢ m!(n —m)! 10)

The effective wind of each combination of WSs (wet’g) is calculated
as the minimum of the effective wind of the WSs included in this com-
bination where g is the index of each combination (Eq. 11). For this
purpose, a list of NC tuples L = (T}, T>, ... s Tne) of m elements is
defined. Each tuple T, = (T, ;, T2, .-+ > Ty --- » Ty ) contains the indices
of the towers where the WSs are located for each combination g. The
wet’é matrix has as many columns as the number of combinations and as

many wind angles. For each tuple of combinations and wind angle,

wetlg = Mily,e()m (wet’.}g'u) = min (wet’;1 ) wet'c;z, e wet;;m) an

The differences between the minimum effective wind along the line
and the effective wind at all locations of the WSs are depicted by the
Root Mean Square Difference (RMSD). Therefore, the RMSD for each
combination of WS locations was obtained using Eq. (12). Vector RMSD,
has as many columns as the number of combinations (NC).

2
>, <we’;”.n - wet’g)
RMSD, = 12
q

2.6. Step 6: results of the methodology

2.6.1. Step 6A: analysis of an existing DLR system

In existing DLR systems, it is important to analyse whether the loca-
tions of the WSs produce admissible difference values. In this step, the
RMSD values of the actual locations of the WSs and those of the remain-
ing options along the line are presented to assess if the difference level is
admissible. The analysed values are the RMSD, for all values of g, which
is equal to the location of the existing WSs.

2.6.2. Step 6B: select the number and the optimal location of WSs
During the design phase of a DLR system, it is important to assess the
optimal number and location of WSs.



R. Minguez, R. Martinez, M. Manana et al.

+ Decide the number of WSs m. The number of WSs depends on several
factors, including economic, orographic, and operational factors.

+ The optimal locations of the WSs are selected. The WS combination
with the lowest RMSD is chosen for placing the WSs.

The most commonly used operational factor is to fix an acceptable
maximum RMSD and obtain the number and location of WSs that fulfil
this requirement.

Additionally, the mean (Eq. 13), minimum (Eq. 14) and standard
deviation of the selected WSs RMSD (Eq. 15) are calculated as follows:

>N RMSD,
R‘MSDmean = gT (13)
RMSD,;, = miny,e(; nc) (RMSD,) 14)

(15)

NC
. \/ S¥C (RMSD, — RMSD, )
- NC-1

3. Materials and methods

The methodology explained in the previous section is applied to two
overhead lines of 132 kV with different cooling characteristics. Line I is
90 km long and passes through mountainous areas (Fig. 4) and line II is
3 km long and is located in a gorge (Fig. 5).

The input variables used to apply the methodology developed in this
paper are as follows:

« The Digital Elevation Model (DEM) of each line: 5 x 5 m cell size.

+ The height of the conductor along the line for each line.

+ Input wind speed: w;, = 1 m/s due to the linearity of the results.

« Input wind direction: ¢;, = [0 — 359]° with a resolution of 1°.

+ Sampled points: 1 pt/10 m (p;;,.; = 276 and pyj,e;; = 2914). It
is not meaningful to define more points than the resolution of the
Digital Elevation Model (DEM), which corresponds to 1 pt/5 m.
A compromise solution has been adopted between computational
cost, since doubling the number of points results in a quadratic
increase in computational demand, and accuracy, as variations in
wind over distances shorter than 10 m have been observed to be
negligible.

« Towers: ny;,,; =16 and ny;,.;; = 647.

4. Results

The methodology described in this paper is applied to the study lines
using the input data presented in Section 3. Due to the large amount
of data generated throughout the various steps of the methodology, the
process is summarised from Step 6 onwards by calculating the RMSD,,,;,,
for the optimal reference case with the WSs in each tower (n;;,,; = 647
and ny ;. = 16).

The values obtained in this study are based on the wind differences
between the different points of the line and least cooling points. These
values are easy to assess to determine whether the point is appropriate
for locating a WS. To understand the results of this study, it is impor-
tant to compare the wind difference results of the methodology with the
accuracy of the possible weather stations installed on the line. Because
of the large number of weather stations on the market and the differ-
ences in accuracy between them, the accuracy of the WSs, specifically
the accuracy of the wind measurements, will be based on the guidelines
published by the World Meteorological Organization [20]. According
to this guide, the accuracy requirements for wind measurements are as
follows:

+ Wind Speed
- Range: 0-75 m/s
— Measurement uncertainty: 0.5 m/s for <5 m/s and 10 % for >5 m/s
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Fig. 4. Line I location.

Fig. 5. Line II location.

+ Wind Direction
- Range: 0°-360°
— Measurement uncertainty: 5°

On the basis of the above, RMSD values below 0.5 m/s, when wind
speed is below 5 m/s, and 10 % of wind speeds, when wind speed is
above 5 m/s, would not be conclusive. In this study, owing to the lin-
earity of the input wind, an input wind speed of only 1 m/s was required
for the calculations. For this reason, the uncertainty would be 0.5 m/s.

4.1. Step 6A: analysis of an existing DLR system

In order to analyse the performance of an existing location of WS,
three use cases, for one, two, and three WSs located in all possible combi-
nations along the line are assessed. This assessment involves calculating
the difference between each combination and the lowest cooling point.
Figs. 6 and 7 show three histograms with the RMSD values of each com-
bination, allowing a comparison of the actual configuration with the
rest of the options. The DSO can analyse this comparison to determine
whether the error level is assumable or contrary, and it is necessary to
change the location of the WSs to improve the difference.
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In Figs. 6 and 7, the histograms of the results of the different cases
of WS locations are shown. It can be seen that, for Line I, the selec-
tion of the WS locations could imply maximum and minimum errors of
2.90 m/s and 0.43 m/s, respectively, for 1 WS; approximately 2.20 m/s
and 0.325 m/s, respectively, for 2 WSs; and approximately 1.95 m/s and
0.325 m/s, respectively, for 3 WSs.

Regarding Line II, the maximum and minimum errors are 1.975 m/s
and 0.35 m/s respectively for 1 WS, 1.413 m/s and 0.225 m/s re-
spectively for 2 WSs and 1.35 m/s and 0.2 m/s respectively for 3
WSs.

These figures are simple to analyse to determine if the existing DLR
configuration is appropriate or if it is possible to make improvements
regarding the location or number of WSs.

4.2. Step 6B: select the number and the optimal location of WSs

* Decide the number of WSs (m):

The methodology explained previously is applied to eight differ-
ent cases regarding the number and location of WSs. These eight
cases were selected to analyse the best approach considering several
criteria:

— Reference case with one WS on each tower obtaining the min-
imum error. The study needs a reference case to compare with
the rest. The ideal reference case would be the installation of infi-
nite WSs along the line to know the weather conditions in all the
points of the line. In view of the technical impossibility of this, the
most realistic possible case would be the installation of one WS
on each tower. For that reason, the reference case of this study
is considered the highest resolution monitoring system. This is a

non-realistic case for a real implementation due to technical and

economic reasons, but it is used as a reference case to obtain the

deviation of every case with respect to the optimal one.

* Case VI: WSs located in all the towers of the line (m=n).

Setting the number of WS.

Case I: one WS placed in the best location (m=1).

% Case II: two WSs placed in the two best locations (m =2).

Case III: three WSs placed in the three best locations (m = 3).

Setting the acceptable maximum RMSD.

+ Case IV: the necessary WSs to reach the 80th percentile of
RMSD,.

% Case V: the necessary WSs to reach the 95th percentile of
RMSD,.

Most common settings in real DLR systems.

+« Case VII: two WSs are located in substation feeders (m=2).

% Case VIII: three WSs, two located in substation feeders and
one in the optimal location (m = 3).This optimal location is the
tower that provides RMSD,,;,, in combination with the WSs of
the substation feeders.

The procedure to obtain RMSD, for Cases IV and V is different
because otherwise, the number of combinations would be too high.
Therefore, it is not feasible to calculate it for all combinations of
WSs; instead, an iterative procedure has been used. It consists of
choosing the best location of the first WS. Similarly, for Case 1, one
WS is calculated and remains selected, and the second WS is cho-
sen using the same procedure, which is performed iteratively until
the desired RMSD, is obtained. Although the methodology includes
a combinatorial analysis to evaluate all possible WS configurations,

*

*

min
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Table 1
Results for Line L.
Case number Location (1) NC RMSD (m/s)
Max Mean Min SD
Case I 507 647 2.919 1.588 0.498 0.400
Case II 507,646 208,981 2.641 1.237 0.346 0.308
Case III 473, 507,646 44.930.915 2.579 1.066 0,253 0.265
Case IV 507,646,473,647,337, 6,425 0.096 0.096 0.096 -
326,410,474,557,504
Case V 507,646,473,647,337, 9,600 0.08 0.08 0.08 -
326,410,474,557,504,
631,421,22,607,198
Case VI 1 to 647 1 0.074 -
Case VII 1,647 1 0.637 -
Case VIII 1,473,647 645 0.637 0.553 0.359 0.067
Table 2
Results for Line II.
Case number Location (1) NC RMSD (m/s)
Max Mean Min SD
Case I 4 16 1.983 0.844 0.444
Case II 4,1 120 1.404 0.512 0.185 0.213
Case III 4,1,9 560 1,347 0.384 0,166 0.139
Case IV 4,1 31 0.185 0.185 0.185 -
Case V 4,10,1,2 58 0.161 0.161 0.161 -
Case VI 1to16 1 0.147 -
Case VII 1,16 1 0.474 -
Case VIII 1,9,16 14 0.474 0.344 0.229 0.092

the results demonstrate that a sequential selection approach—adding
WSs iteratively based on minimum RMSD—yields practically identi-
cal results in terms of critical station identification. The differences
between the sequential and full combination approaches are negli-
gible. Therefore, the computational burden is significantly reduced
without loss of accuracy. This confirms that heuristic methods, ap-
plied after obtaining the complete effective wind profiles for all
wind directions, can be a valid and efficient alternative to brute-
force evaluation. The proposed methodology inherently incorporates
this concept, offering a low-cost yet reliable solution for optimal WS
placement.

Select the optimal locations of the WSs. The m points of the RMSD,
with the lowest values are selected to place the WSs. The results are
presented in Tables 1 and 2.

Table 1 represents the results for the Line I. As can be observed,
depending on the case under study, both the number and the location
of critical points vary. The cases range from requiring a single weather
station in Case I to needing up to 12 weather stations in Case V. For this
line, the most critical points are located in spans 507, 646 and 473. It
is worth highlighting that, in most common real DLR system cases, Case
VII and VIII, the average of the differences can reach values of 0.637
and 0.553 m/s, respectively, representing an increase of approximately
700 % with respect to the reference case, Case VI.

Table 2 represents the results for de Line II. In the case of this line the
cases range from requiring a single WS in Case I to needing up to 4 WSs
in Case V. For this line, the most critical points are located in spans 4, 1
and 9. It is worth highlighting that, in most common real DLR systems
cases, Case VII and VIII, the average of the differences can reach values
of 0.474 representing an increase of approximately 200 % with respect
to the reference case, Case VI.

Therefore, it should be emphasised that, for both lines, operating un-
der the configurations of Case VII and VIII could lead to ampacity values
significantly exceeding the most restrictive limit of the lines, which may
result in damage to the electrical lines.

Fig. 8. 3D Image of the least cooled towers for Line I.

As a complementary analysis, 3D images of the location of the lines
for Cases I, II, and III are shown to verify whether the location of the
least cooled towers is associated with terrain characteristics (Figs. 8 and
9).

As shown in Fig. 8, towers 473 and 507 are clearly located at points
with an orography that prevents cooling. In the case of Tower 546, al-
though it is in a more open location, winds from the north are blocked
by the mountain.

In Fig. 9, towers 1 and 4 are clearly located at points with an orog-
raphy that prevents cooling. In the case of tower 9, the reason for the
lack of cooling is less clear.
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Fig. 9. 3D Image of the least cooled towers for Line II.

Minimum Effective Wind: Line vs. WS Best Location

WS Best Location

0.50 0.75
Line
Fig. 10. Correlation between minimum effective wind along the line vs. effective
wind in the location of the WS for Case I and Line L.

Valuable insight into the effectiveness of the proposed methodology
is provided by Figs. 10 and 11. These figures illustrate the correlation
between the minimum effective wind along the line and the wind at
the optimal position of the WSs. In this case, the results correspond to
Case I, in which only one WS is selected. For Line I, a certain degree
of correlation can be observed in some cases, particularly in the points
that lie close to the blue line. However, these points deviate significantly
from the actual minimum effective wind along the line, represented by
the dashed line. In contrast, for Line II, although no clear correlation is
apparent in the vicinity of the blue line, there are multiple points that
coincide with the minimum effective wind along the line—points that
align with the dashed line.
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Minimum Effective Wind: Line vs. WS Best Location

WS Best Location

0.50 0.75
Line

Fig. 11. Correlation between minimum effective wind along the line vs. effective
wind in the location of the WS for Case I and Line II.
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Fig. 12. Evolution of RMSD with number of WSs in Line I.

The comparison among the eight cases allows us to observe the
evolution of RMSD and assess the most appropriate system.

Figs. 12 and 13 show the evolution of RMSD with the number of WSs.
In the case of Line I, only the first 27 WSs are represented because the
RMSD does not improve when more WSs are added. In the case of Line
11, all possible numbers of WSs are represented.

Figs. 14 and 15 represent the evolution of the difference between
each case and the minimum effective wind of the line, respectively. This
is an interesting way to represent the importance of the number and
location of WSs and the influence of wind direction. In these figures,
they represent the minimum effective wind of the line (wefn in) and the
minimum effective wind for each case (we{g‘) for all cases and for all wind
directions.

For Line I, in Case I, the level of error is high and highly depen-
dent on the wind direction. Adding one weather station (Case II), the
error is reduced by 30 % and remains highly dependent on the wind
direction. With another WS (Case III), a 50 % reduction in the error
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Fig. 14. Evolution of the difference between each case and the minimum
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Fig. 13. Evolution of RMSD with number of WSs in Line II.
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effective wind of the line for Line II.

is achieved in case I, and this system is less dependent on the wind
direction. For cases IV, V, and VI, the errors are reduced by approx-
imately 85 % and are practically independent of the wind direction.
These cases required 10, 15, and 647 weather stations, respectively.
Finally, the cases most commonly used in DLR systems, Cases VII and
VIII, obtained very different results with high levels of differences. In
this line, based on Fig. 12, it is possible to improve the differences by
adding more WSs until the differences stabilise at approximately 16 WSs,
at which point increasing the number of stations no longer improves the
differences.

For Line II, in Case I, the level of difference is lower than that in Line
I and is highly dependent on the wind direction. Adding one weather
station (Case II), the difference is reduced by 50 % and remains highly
dependent on the wind direction. With another WS (Case III), a sig-
nificant difference is not achieved from case II. The same occurred for
cases IV, V, and VI. These cases required 2, 4, and 16 weather stations,
respectively.
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Finally, the cases used more in DLR systems, Cases VII and VIII, ob-
tained very different results with high levels of differences.In this line,
based on Fig. 13, they could achieve the minimum value of difference
with 6 WSs, and at this point increasing the number of stations no longer
improves the differences.

5. Discussion

For line I and one WS, the error moved from 0.498 m/s to 2.912 m/s,
with a mean error value of 1.588 m/s and a standard deviation of
0.400 m/s. For the same line with three WSs, the difference between the
best and worst combinations was 0.253 m/s and 2.579 m/s, the mean
error was 1.066 m/s, and the standard deviation was 0.265 m/s. As ex-
pected, with a larger number of WSs, the error distribution histogram is
narrower and the mean value is smaller (Figs. 6 and 7).

As shown in Figs. 12 and 13,in the case of Line I, Cases VII and VIII
have higher errors than Cases I, II, and III although they have more or
the same number of WSs. In the case of Line II, Cases VII and VIII have
higher errors than Cases II and III, although they have the same number
of WSs. Therefore, differences between the effective wind at a position
and the minimum effective wind are more dependent on the location
than the number of WSs.

In the cases discussed in this paper, the best way to monitor the line
with the lowest number of WSs is to install approximately ten WSs in
Line I and four in Line II. The biggest drawbacks of these systems are the
large investment required and the communication and supply problems
associated with installing WSs in remote places.

The evolution of the error in both Line I and Line II decreases when
fitting a power trendline, with a higher rate of decline in Line I.

It is important to note that although this practical approach is char-
acteristic of these two lines, results demonstrate that the location and
number of WSs in a DLR are key points for deploying a high-performance
DLR system.

6. Conclusions

This article presents a methodology that allows both the study of
whether an existing configuration of a DLR system has an appropriate
error margin and the definition of the most suitable configuration for
a DLR system in the design phase. Two study lines with very different
cooling characteristics have been used, which allow conclusions to be
drawn that can be generalised to other lines.

Several conclusions regarding the number, location, and combina-
tions of WSs were obtained in this study. This methodology allows the
quantification of both the number and location of WSs for the maxi-
mum allowable error set by the distribution company. This maximum
error will be established in such a way as to prevent line assets ageing.
The error for the specific configuration of a set of weather stations was
quantified.

Firstly, it can be concluded that the differences between the effective
wind at a position and the minimum effective wind are more dependent
on the location than the number of WSs. This conclusion is crucial, as
the goal when defining WSs configuration in a DLR system is not to
have a large number of WSs, but rather to strategically locate them at
key points, even if this means having fewer WSs.

Another important conclusion is that, considering the lines studied,
the most commonly used cases in practice (Cases VII and VIII) do not
represent the best results from the point of view of differences between
the effective and minimum effective winds in a position. In addition, in
cases with a low number of WSs, the differences are highly dependent
on the angle of the wind.

The general conclusion of the article is that this methodology could
improve existing approaches for determining the most suitable WSs con-
figuration for a DLR system included in the state of the art (microclimatic
studies, heuristic procedures, etc.) offering greater accuracy than the
solutions more commonly adopted by distribution companies (Case VII
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and Case VIII). Furthermore, it enables the estimation of errors in ex-
isting systems, allowing for an assessment of whether these errors are
acceptable—something that was not possible to evaluate until now.

It is important to understand that the application of this methodology
for defining the DLR system configuration during the design phase will
be based on the DEM available at the planning stage. Electricity com-
panies typically perform LIDAR flights every few years, which provide
a periodic update of the line’s DEM. Therefore, if significant changes in
the DEM are observed, the methodology can be reapplied to assess the
errors introduced in an existing system using the updated DEM and to
evaluate whether these remain within the acceptable limits defined by
the company. If the results fall outside those limits, a new analysis can
be carried out to determine the most appropriate locations for the WSs.

On the other hand, it is important to highlight the limitations of this
methodology. The most notable limitation is the lack of validation in
a real-world environment. As previously mentioned, validation through
distributed wind measurements along the line is virtually unfeasible due
to the economic implications associated with such a deployment. In this
case, however, this limitation is mitigated by the robustness of the results
obtained with WindNinja, a well-established and widely used software
for microscale wind simulation. In future work, a system will be imple-
mented to partially verify the methodology using real measurements on
the lines, employing new low-cost and easy-to-install sensors.
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