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Abstract: The actual line rating in overhead lines varies with weather conditions. When a utility
defines a rating value for the operation of the line, it takes into account both the security and the
forecast ratio. The defined rating is secure if it is below the actual rating. A good rating forecast
ratio is obtained when the defined rating is close to the actual rating. Therefore, the aim of a line
rating forecasting method is to define a rating value that is close but below the actual value. This
paper shows the rating measurements carried out in a pilot overhead line and analyses the
performance of several line rating forecasting methods comparing the defined values with the actual
ones.

1. Introduction
The overhead line rating is dynamic because it depends on the wind speed, the ambient temperature

and the solar radiation. The actual rating value is higher when the cooling is higher and vice versa. The
overhead line rating forecasting methods have a double requirement: good forecast ratio and security. On
the one hand, in terms of the line rating, the forecast ratio of the forecasting method quantifies how close
the rating estimate is to the actual value. The forecast ratio is defined as the ratio between the forecasted
rating and the actual rating. On the other hand, a method is secure if the forecasted rating is lower or equal
to the actual rating. The security is relevant because it affects the people and the infrastructure below the
line. The good forecast ratio and the security are related. When the forecast ratio is close to 100 %, any
error in the forecasting could make the forecast ratio go above this value.

According to CIGRE [1], “the highest local conductor temperature will not exceed the maximum
design temperature by more than 20 °C when the line current equals the line rating. The average
temperature of a line section will not exceed the maximum design temperature by more than 10 °C even
under exceptional situations and will provide a confidence level of at least 99% that the conductor
temperature will be less than the design temperature when the line current equals the line rating”. The
utilities use conservative rating methods. A static value of the rating is assumed based on low wind speed,
high ambient temperature and high solar radiation values [1]. The static line rating is secure but its forecast
ratio is low.

As an alternative, dynamic line rating (DLR) systems provide the actual rating in real time [2-6].

Some systems measure weather magnitudes whereas other measure direct magnitudes of the line, such as



the conductor temperature, tension or sag. These systems get good rating forecast ratios with acceptable
security level. However, they only provide information about present conditions of the line. Future line
rating forecasts are out of the scope of these systems.

However, system operators require not only present but also future rating values starting from a few
hours to some days in advance [7]. Several methods have been proposed for the forecasting of the line
rating. Some methods use forecasted weather values [8-16]. The ambient-adjusted line ratings are
calculated combining forecasted air temperatures and conservative static wind speed and solar radiation
values [1]. Other methods are based on the statistics of the wind diurnal variations [17].

This paper analyses some line rating forecasting methods. The data measured in a pilot line are
compared with the forecasted values and forecast ratio and security indicators are obtained. Some
preliminary results are presented in [18-20], but this paper extends the rating methods and the analysis of

the results.

2. Overhead line rating forecasting pilot project
A DLR system [21] has been installed in a distribution line in Spain. The measured magnitudes are

the conductor surface temperature and current, the conductor mechanical tension, the wind speed and
direction, the solar radiation and the air temperature. Measurements are taken every minute from July 2010
to June 2013. This time span is the same for all the statistics and histograms in the following sections.

Weather prediction is provided by the Spanish State Meteorological Agency (AEMET). The
numerical weather prediction (NWP) model is the High Resolution Limited Area Model (HIRLAM). This
model provides the air temperature at 2 m, wind speed at 10 m and solar radiation at ground level. The
forecast length is 36 h with 3 h of resolution and forecasts are updated every 6 h. The mesh size is 0.05 °
(latitude: 5.5 km; longitude: 4 km).

2.1. Diurnal variation

The diurnal variation of the measured and forecasted air temperature and wind speed values is
shown in Figure 1. The diurnal patterns have been obtained including all the values of the time period
from July 2010 to June 2013. In the case of the wind speed, the equivalent perpendicular wind speed
values have been calculated taking into account the effect of the wind speed angle. The resolution of the
measurements is one minute. However, for the variation analysis, the measurements have been grouped in

groups of one hour time period. The resolution of the forecasts provided by AEMET is 3 hours.



The percentiles have been chosen taking into account that high air temperature and low wind speed
values are related with low cooling conditions. Hence, the 99™ percentile of the air temperature is the limit
of the worst 1% air temperature values, whereas the 1% percentile of the wind speed is the limit of the

worst 1% wind speed values. For this reason, in Figure 1, these percentiles have the same colour.
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Fig.1. Diurnal variation of measured (continuous line) and forecasted (dotted line)
a. Air temperature
b. Wind speed

The results show a close agreement between the measured and the forecasted air temperatures.
However, the forecasted wind speed values are higher than the measured ones. The results also show
lower temperature and wind speed values at night. At night, the cooling is higher because the air
temperature is lower, but at the same time, it is lower because of low wind speed values. During the day,
the higher air temperature values are compensated with higher wind speed values.

The mean values for the measured air temperature and the wind speed are 12.7 °C and 1.2 m/s
respectively. The mean forecasted values for the air temperature and the wind speed are 12.1 °C and 2 m/s
respectively.

2.2. Measured rating

The maximum allowable conductor temperature is 75 °C. The histogram of the measured ampacity
values is shown in Figure 2. The mean ampacity value is 625 A and the first percentile is 412 A according

to the CIGRE calculation method [22]. The red line shows the value of the static rating.
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Fig.2. Histogram of the measured ampacity
3. Analysis of the performance of rating forecasting methods

The aim of the analysis is to compare some relevant methods to address the importance of
quantifying both the forecast ratio and security performance.

With respect to the analysed methods, the widely used static method must be included in the analysis.
The forecast ratio and security indicators of the static method are taken as the reference for the evaluation
of other methods.

Many methods try to get closer to the actual weather values to improve the forecast ratio. However,
they may lose security. The aim of the analysis is to quantify the change in forecast ratio and security of
these methods with respect to the static method. Simple forecasting methods have been chosen in order to
clearly visualize the effect of the differences between the methods and the static method.

The rating obtained from the weather prediction has also been included in the analysis. As the
forecasted wind speed values are higher than the measured ones (Figure 1), unless the weather prediction
values are adapted, this method is not suitable for the rating prediction. However, it has been included in
the analysis because the results are useful to be aware of the assumed risks when too optimistic predictions
are made. The weather forecast based method has also been adapted to improve the security performance
of the method. The wind speed has been divided by a constant value. This algorithm is simple, but it is
useful to visualize the performance change.

The analysed methods are described firstly. Secondly, the indicators used for the analysis are defined.
The results obtained for each method are discussed next.

3.1. Analysed methods

3.1.1. Static: The first method considered for the analysis is the static method. A conservative and fixed
value of the rating is assumed based on a low cooling assumption. The static method assumes fixed

weather values for a large region. The values assumed by the utility in the region of the pilot line are the



following: solar radiation (1000 W/m?), wind speed (0.6 m/s) and air temperature (26 °C). For these values,
the static ampacity is 482 A. A red line in Figure 2 shows the value of the static rating.

3.1.2. Ambient-adjusted: The static method is adapted using the air temperature predictions provided by
AEMET. The wind speed and solar radiation are fixed values with the same value as the static method. As
the air temperature predictions are variable in time, the rating forecasts are variable too.

3.1.3. Selective ambient-adjusted: The ambient-adjusted method is adapted changing the values of the
wind speed according to the method proposed by CIGRE in [1]. For daytime, if the difference between the
temperature value of the static rating (26 °C) and the forecasted air temperature is lower than 8°C, or the
forecasted air temperature is higher than the value of the static rating, the assumed effective wind speed is
0.5 m/s. If it is higher than 8 °C, the assumed wind speed is 0.4 m/s. For night-time, zero values are
assumed for the wind speed and the solar radiation.

3.1.4. Diurnal variation: The static method is adapted changing the wind speed. A diurnal modulation
(Figure 3) is applied based on the measured wind speed diurnal variation (Figure 1.b). The mean value of
the wind speed is 0.6 m/s. The air temperature and the solar radiation have fixed values with the same

value as the static method.
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Fig.3. Wind speed diurnal variation

3.1.5. Weather forecast: The ampacity is calculated as a function of the weather forecasts provided by
AEMET.
3.1.6. Adapted weather forecast: The weather forecasts provided by AEMET are adapted. The forecasted

wind speed is divided by five and the rest of magnitudes are not varied.



3.2. Indicators for the analysis

Forecast ratio and security indicators are obtained for the evaluated rating forecasting methods. The
security is a requirement for the utilities whereas a good forecast ratio is desired but it is secondary. One
important indicator for the security is the amount of non-secure situations during a period of time. Besides,
the relevance of the non-secure situations must be evaluated. The conductor temperature exceedance is
calculated assuming the situation where the line loading is equal to the forecasted rating. It must be
remarked that it is based in a hypothetical situation and it is not the actual temperature of the line due to
the actual loading. The conductor temperature exceedance is a good indicator for the relevance of the
overestimated rating.

3.2.1. Security confidence level (%): This indicator measures the percentage of situations where the
forecasted rating is below the measured rating. In other words, it measures the percentage of situations
where the forecast ratio is below 100 %.

3.2.2. Maximum temperature exceedance (°C): If the actual loading of the line were equal to the
forecasted rating, and with the actual weather conditions, the conductor temperature can be calculated
from the thermal balance. The difference between this conductor temperature and the maximum allowable
conductor temperature (75 °C) is the temperature exceedance. If the calculated temperature is higher
(forecast ratio greater than 100 %), the difference between both temperatures is the temperature
exceedance. The maximum temperature exceedance is the maximum value measured during the
monitoring period of the pilot project. It corresponds to an instantaneous value.

3.2.3. Average temperature exceedance (°C): For the calculation of this indicator, only the situations
where the rating is overestimated are taken into account. The temperature exceedance is calculated for all
the cases and the average value is obtained.

3.2.4. Temperature increase in the worst 1% (°C): This indicator is calculated as the conductor
temperature difference between the worst case, corresponding to the maximum temperature exceedance,
and the temperature of the 99™ percentile. It represents the temperature increase in the worst 1 % cases.
3.2.5. Forecast ratio at 50™ (or 25™) percentile (%): The forecast ratio is below this value for the 50 % (or
25 %) of the cases.

3.2.6. Average forecast ratio (%): For the calculation of this indicator, only the situations where the rating
is underestimated are taken into account. The forecast ratio is calculated for all the cases and the average
value is obtained.

Table 1 shows the indicator values obtained for the analysed rating forecasting methods.



Table 1 Indicators values for the analysed rating forecasting methods

Indicator Static  Ambient- Selective  Diurnal ~ Weather  Adapted

adjusted  ambient-  variation  forecast  weather

adjusted forecast
Security confidence level (%) 88 67.1 89.4 91 24.6 80.2
Maximum temperature exceedance (°C) 44.4 65.7 47.6 71.8 421 131.6
Average temperature exceedance (°C) 12.9 20.8 13.7 16.1 58.2 23.9
Temperature increase in the worst 1% (°C) 21.9 14.4 20 49.2 233.8 73.3
Forecast ratio at 50th percentile (%) 79 90.8 77.2 7.7 >100 83.4
Forecast ratio at 25th percentile (%) 68.4 77.8 67.3 67.6 >100 73.3
Average forecast ratio (%) 76.8 81.9 75.5 75.9 89.6 79.1

3.3. Static rating

Figures 4.a shows the cumulative frequency curve of the forecast ratio. The security confidence level
is 88 %, lower than the 99 % recommended by CIGRE. Fig. 4.b the cumulative frequency curve of the
conductor temperature exceedance. The maximum temperature exceedance is 44.4 °C, higher than the
CIGRE recommended value (20 °C). The slope of the curves is constant in the central part but it decreases

on the edges. The values of the indicators are given in Table 1.
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Fig. 4. Static rating

a. Cumulative frequency of rating forecast ratio (%)

b. Cumulative frequency of temperature exceedance (°C)

One conclusion obtained from the results is that the values the utility use for the static rating are not

conservative enough. The local weather values in the pilot line are worse than those considered by the



utility. This is because the values considered by the utility are the same for a wide region and do not take
into account particular weather conditions. If more conservative values are considered (e.g. 0.5 m/s instead
of 0.6 m/s) the static rating is reduced and as a result the security confidence level is increased and the

maximum temperature exceedance is reduced. However, the forecast ratio is reduced too (Table 2).

Table 2 Indicators values for static rating for different wind speed values

Indicator Static Static
0.6 m/s 0.5m/s
Security confidence level (%) 88 92.4
Maximum temperature exceedance (°C) 44.4 38
Average temperature exceedance (°C) 12.9 114
Temperature increase in the worst 1% (°C) 219 22
Forecast ratio at 50th percentile (%) 79 75.8
Forecast ratio at 25th percentile (%) 68.4 65.6
Average forecast ratio (%) 76.8 74.8

The forecast ratio values are 79 % and 68.4 % for the 50" and 25™ percentile. These values are useful
in order to assess the benefit of DLR systems or other rating forecasting methods.

Although the rating overestimate period (12 %) is considerably higher than the recommended value
(1 %) the conductor temperature exceedance is not so high. The maximum temperature exceedance is 44.4
°C. It is higher than the value recommended by CIGRE (20 °C), but the average temperature exceedance is
only 12.9 °C. In fact, only a few exceptional situations are responsible for the most dangerous situations. In
the worst 1 % of situations (between the 99th and 100th percentiles) the temperature increase is 21.9 °C.
This is mainly because of the low wind speed assumption. The range that results in an ampacity
overestimate is between 0 m/s and 0.6 m/s. For the air temperature, this range is above 26 °C, and for the
solar radiation, it is above 1000 W/m?. The overestimate range is narrow for the static method.

If the weather values considered for the static rating were changed to be more conservative so that the
security confidence level is around 1 %, the maximum temperature exceedance would be around 20 °C,
which is the recommended value by CIGRE.

The performance of the method has been analysed in order to assess the influence of the diurnal
variation of weather conditions. Figure 5 represents the histogram of the 1 % worst cases for the 24 hours
of the day. The worst conditions occur during night-time. This is due to low wind speed values as it is

shown in Figure 1.b.
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Fig. 5. Histogram of the 24 hours of the day for 1 % worst cases - Static rating

3.4. Ambient-adjusted rating

The static method is adapted using the air temperature predictions provided by AEMET. According
to Figure 1a, the forecasted air temperature values are close to the measured ones. Therefore, the air
temperature prediction of this method is better than the static method.

However, the results (Table 1) show that the obtained confidence level is lower: 67.1 % for the
ambient-adjusted (Fig. 6a) and 88% for the static. This was expected, because this method is less
conservative, with lower air temperature values than the static method, whereas the rest of magnitudes
(wind speed and solar radiation) have the same value. The air temperature mean value is 12.7 °C. In other
words, the overestimate range for the ambient-adjusted method is wider because the forecasted
temperature values are lower. The overestimate range is the range above the forecasted air temperature.

The maximum temperature exceedance is higher than the static value. The reason is the same: the
lower air temperature values that result in higher rating values. However, the worst 1 % temperature
increase is lower: 14.4 °C for the ambient-adjusted and 21.9 °C for the static.

Figure 6¢ represents the histogram of the 1 % worst cases for the 24 hours of the day. It is similar to
the obtained for the static rating. Therefore, the worst conditions are governed by the low wind speed
periods as it is shown in Figure 1.b.

The selective ambient-adjusted method is more conservative than the ambient-adjusted because it
assumes lower wind speed values. The air temperature values are the same. Therefore, the confidence
level is higher (Fig. 6b). In fact, the obtained results are very close to the static rating results and all the
indicators have similar values (Table 1). The histogram of the 1 % worst cases shown in Figure 6d is also
similar but, compared with Figure 5, the first 4 hours of the day do not contribute to the 1 % worst cases.

This is because of the zero wind assumed at night-time.
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Fig. 6 . Ambient-adjusted rating & Selective ambient-adjusted rating

a. Cumulative frequency of temperature exceedance (°C) - Ambient-adjusted rating

b. Cumulative frequency of temperature exceedance (°C) - Selective ambient-adjusted rating
c. Histogram of the 24 hours of the day for 1 % worst cases - Ambient-adjusted rating

d. Histogram of the 24 hours of the day for 1 % worst cases - Selective ambient-adjusted rating

3.5. Diurnal variable rating

This method is based on the static rating but instead of having a fixed wind speed, the wind speed is
modulated according to the measurements diurnal pattern (Fig. 3). The mean value is the same in both
cases: 0.6 m/s. The overestimate region is higher in daytime due to higher wind speed values and lower at
night-time due to lower wind speed values.

The security confidence level improves from 88% to 91 % (Fig. 7a). However, the maximum
temperature exceedance and the temperature increase in the worst 1% increase their values from 44.4 °C to
71.8 °C and from 21.9 °C to 49.2 °C respectively. The number of overestimated cases is reduced, which is
positive, but the magnitude of the overestimates increase, which is negative. The forecast ratio values are

similar in both cases.

10



Figure 7b shows the histogram of the 24 hours of the day for the 1 % worst cases. It is very different
from the previous ones. In this case, the worst overestimates do not occur in night-time but in daytime.

This is due to the higher wind speed values assumed during daytime.
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Fig. 7 . Diurnal variable rating
a. Cumulative frequency of temperature exceedance (°C)

b. Histogram of the 1 % worst cases for the 24 hours of the day

3.6. Weather forecast based rating

The rating is calculated from the predicted wind speed, air temperature and solar radiation. As it is
shown in Figure 1, the forecasted wind speed values are higher than the measured ones. The mean
forecasted values for the air temperature and the wind speed are 12.1 °C and 2 m/s respectively. This is
reflected in the indicator values. The security confidence level is 24.6 % (Fig. 8a) and the maximum
temperature exceedance is 421 °C. The forecasts of AEMET cannot be used directly for rating calculation
for the site of the pilot project.

The values given by AEMET have been adapted, dividing the wind speed forecasts by a constant
value. The confidence level is increased to 80.2 % (Fig. 8b) but the maximum temperature exceedance is
still high: 131.6 °C. The temperature increase in the worst 1% is 73.3 °C.

The histogram of the 24 hours of the day for the 1 % worst cases is shown in Figure 8c and 8d. The
worst cases occur during the whole day. However, there are fewer cases around 15:00, when the wind

values are higher. This is because the thermal balance is more sensitive to errors at low wind speeds.

11



Cumulative frequency (%) Cumulative frequency (%)

100 100

vl @ ]
a0t ot 4
or ‘Weather forecast based rating “ / Adapted weather forecast based rating i

el 4
of - / ]
al 2l ]
3} 0 4
20} 20 E
10} / 10 -

o] 0 i

) L . L L | . L L L . s 1 1 s L
-850 0 50 100 150 200 250 300 380 400 480 -0 40 20 0 20 40 51) &0 100 120 140

Temperature exceedance (°C) Temperature exceedance (°C)
a b

Relative frequency (%)
-

Relative frequency (%)
e -

Adapted weather
8 forecast based rating

‘Weather forecast
based rating

Time (h)

Fig. 8 . Weather forecast based rating & Adapted weather forecast based rating

a. Cumulative frequency of temperature exceedance (°C) — Weather forecast based rating

b. Cumulative frequency of temperature exceedance (°C) — Adapted weather forecast based rating
c. Histogram of the 24 hours of the day for 1 % worst cases - Weather forecast based rating

d. Histogram of the 24 hours of the day for 1 % worst cases - Adapted weather forecast based rating

4. Conclusions
The line rating obtained from weather measurements in a pilot line has been compared with the

rating forecasted by several methods. The obtained results show that monitoring a line provides interesting
information of the rating method used by the utility. Firstly, it provides information about the security. The
security confidence level and the temperature exceedance values have been obtained for the analysed
methods. Secondly, it provides information about the rating forecast ratio of the method. From the
obtained forecast ratio values, the utility can decide if the method is useful or they need more advanced
methods or even DLR systems.

In order to analyse the results it is important to take into account both the structure of the rating

forecasting method and the values assumed by the method. For all the methods, when the assumed values

12



are more conservative, the security confidence level is higher and the temperature exceedance is lower but
at the expense of lower forecast ratio values.

The results show that an important aspect for a rating method performance is the overestimate range
of the method. The overestimate range is related to the difference between the forecasted weather
magnitude value and the range of possible values where the rating is overestimated. The static method
maintains the weather magnitude values constant in time and close to the overestimate limits: low wind
speed and high air temperature and solar radiation. In order to get closer to the actual rating, some methods
increase the overestimate range. As a result, they get higher forecast ratio values but when the forecast is
not correct the overestimate range is higher and they get higher conductor temperature exceedance values.

For the analysed methods, the static rating and the selective ambient-adjusted rating methods are the
most secure. They are characterised by limited overestimate ranges. As a result, the maximum temperature
exceedance is low. The rest of methods show higher overestimate ranges and temperature exceedance
values. Besides, the benefit obtained in the forecast ratio is not evident.

The defined indicators are general indicators that are calculated considering all the forecasted values
but do not take into account the temporal variability. For example, a security confidence level of 91 %
means that the 9 % of the cases are overestimated but it does not provide information about the time the
cases occur. The variability is represented by the histogram of the 24 hours of the day for the 1 % worst
cases. This is an important aspect for the utility in order to adapt the rating forecast performance to the

load variations.
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