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DYNAMIC AMPACITY RATING OF CONDUCTOR BARS
IN HIGHLY LOADED SUBSTATIONS
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INTRODUCTION

The growing demand for energy transmission capacity in
the grid leads to an increased need of ampacity not only of
overhead lines but also within substations. Retrofitting of
bus bars and conductor bars in general often means rebuild-
ing major parts of a substation. Hence the possibility of
using a dynamic ampacity rating for conductor bars in high-
ly loaded substation bays is investigated.

AMPACITY OF CONDUCTOR BARS

In German standards such as DIN 43 670 and DIN 43 671
the ampacity of outdoor conductor bars is given for summer
ambient conditions only [1] [2]. An algorithm within the
standards for calculating a weather dependent dynamic
ampacity is missing. A physical model to calculate the am-
pacity of conductor bars is given in IEEE standard 605 [3].
It is based on solving the heat balance of heat input and
output for a conductor bar. A standard method for calculat-
ing the ampacity of bare (stranded) overhead conductors is
given in Cigré TB 207 [4]. This physical model is used to
calculate the ampacity of conductor bars with circular ring
Cross sections.

The ampacity of conductor bars with a circular ring cross
section is calculated using a heat balance, where four inputs
are considered. These inputs are, firstly, the Joule heating
(P;). Due to the resistance of the material and the current
flowing through the conductor its temperature rises. Since
the resistance of the conductor depends on its temperature
Teonas it IS Necessary to calculate the Joule heating with a
pre-determined temperature and redo the calculation if the
determined temperature has changed. The Joule heating may
be calculated using equation (1), where Rgong is the tempera-
ture dependent resistance and | is the current flowing
through the conductor bar.

P3 = Reond (Teona)" I eq. (1)

Secondly the global radiation (Ps) is taken into account,
which leads to an increase of the conductor’s temperature.
The global radiation may be calculated using equation (2),
where a is the absorption coefficient, A, the surface area on
which sunrays are absorbed and W is the surface-density of
the global radiation.

Ps = a-AA~W eg. (2)
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Thirdly the temperature loss due to radiated power may be
calculated using equation (3). In this equation ¢ is the emis-
sion coefficient, ¢ is the Stefan—Boltzmann constant, A is
the conductor’s surface area and Ty, is a weighted tempera-
ture difference between the conductor’s temperature and the
ambient temperature [8].

Pr=c¢0A Ty eg. (3)

Finally, the temperature loss due to convective cooling is
considered. These losses may be calculated using equation
(4), where h is the convective heat-transfer coefficient and
Ty is the ambient temperature.

Pc =h-A-(Ta-Tcond) eq. (4)

These four inputs are put into equation (5). Since three of
the four inputs depend on the conductor’s temperature the
equation cannot be solved analytically for every variable.
Hence an iterative algorithm is used to balance the equation.
Using such algorithm, every quantity soughed can be deter-
mined.

P;+Ps=Pgr+P¢ eq. (5)

The material’s properties, the current load, the ambient
temperature, the materials temperature and the wind speed
and direction significantly influence the four inputs of the
heat balance.

The suggested calculation of the four inputs is based on the
model presented in Cigré TB 207 [4]. However, the calcula-
tion method was adjusted in some details regarding the
differences between stranded overhead conductors and con-
ductor bars. Firstly while calculating the Joule heating the
correction factor k; considering the skin effect is neglected,
since the skin effect is insignificant for tube type conductor
bars used in substations. Secondly the Reynolds number and
the Nusselt number are calculated according to the Webs
model [8]. Both quantities are determined while calculating
the heat-transfer coefficient h. Finally the radiated power is
calculated using the Webs model, too.

Using this model calculations prove the potential of dy-
namic ampacity rating for application in transmission and
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distribution systems. Figure 1 shows that a decrease in am-
bient temperature at a wind speed of 0.6 m/s leads to an
ampacity increase of 1.5% per K. At a wind speed of 1 m/s
the ampacity increases about 1.7% per K decrease in ambi-
ent temperature. This demonstrates that the ampacity of a
conductor bar may be increased significantly using current
ambient weather data, compared to the values used for static
summer ratings. At the same time it motivates the applica-
tion of dynamic ampacity rating and the necessary investiga-
tions.

COMPARISON OF CALCULATED AMPACITY
AND NORMED VALUES FOR SUMMER
ABMIENT CONDITIONS

Since the normed values from [1] and [2] are given for
summer ambient conditions, the weather conditions were set
to 35°C ambient temperature, 0.6 m/s wind speed vertical to
the conductor bar and 1,000 W/m? global radiation. The
conductor bar is assumed to be uncoated and outdoor in-
stalled (open air). Furthermore it is assumed that the con-
ductor bar has already some degree of oxidation (emission
ratio 0.5). The result of the comparison between calculated
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120 1,810 2,340 2,393 53 [ 2.3%
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CONCEPT OF INVESTIGATION

The main aim of the investigation is to verify the dynamic
ampacity approach for summer ratings as well as for ratings
based on weather data.

To verify static summer ratings given in [1] and [2] the
suggested model is used to calculate the ampacity of con-
ductor bars for summer ambient conditions. The results are
compared and this comparison should verify the model.
To determine the dynamic ambient based ampacity the
approach for overhead lines given in [5] and [6] is used.

To verify the reliability of dynamic ampacity rating the
following approach is used. Time resolved conductor bar
temperature is calculated from the data used to determine
the ampacity (ambient temperature, wind speed, solar radia-
tion and conductor bar type, measured values of the line
current). The calculated values of the conductor temperature
are verified using measured values of the conductor temper-
ature. The physical model to calculate the dynamic ampaci-
ty rating is assumed to be reliable if measured and calculat-
ed values are in good accordance.

To achieve the necessary ambient weather data and con-
ductor bar’s temperature appropriate measurement equip-
ment is being installed on a highly loaded conductor bar in
the Redwitz substation in Germany.
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Table 1: Aluminum conductor bars ampacity compari-
son (standard and calculated values)

Ampacities given in the standard do not differ more than
4% from the calculated ones. The reason for these devia-
tions is not yet fully understood since the model used to
calculate the ampacity in the standards is not known any-
more. Thus an update of the German standards will be sub-
ject of further work. Nevertheless the accordance of the data
is acceptable for practical applications.

MEASURING CONDUCTOR BAR TEMPE-
RATURES AND AMBIENT CONDITIONS

Since calculated and measured conductor bar temperatures
have to be compared, measurement data of conductor tem-
perature, wind speed, global radiation and current is neces-
sary. To measure the conductor bar temperature sensors
have been installed on conductor bars within the switch bay
of an incoming circuit.

Close to the conductor bar ambient temperature, wind speed
and global radiation are measured using a weather station
(see figure 2).

The current is measured using the standard current trans-
former within the substation bay of the incoming circuit.
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Figure 2: Temperature sensor on conductor bar (abov)
and sensors for weather data (below)

COMPARISON OF MEASURED AND CALCU-
LATED CONDUCTOR BAR TEMPERATURES

Conductor temperature, ambient weather data and current
has been recorded and evaluated for a period of two month
in the winter season of 2012. Additionally the conductor
temperature is calculated using the above given model. The
ambient weather data and the measured current are used as
input data for the calculation. In order to evaluate the accu-
racy of the model the calculated conductor temperature in
compared to the measured conductor temperature. The
difference between both values indicates the accuracy of the
model. To clearly illustrate the trend within the results the
difference between calculated and measured conductor
temperatures is given as a frequency distribution. The ad-
vantage of a frequency distribution is the independence of
the illustration from the time line of the measurements.
Figure 3 shows the frequency distribution of the difference
between calculated and measured conductor bar tempera-
tures.

For 90% of the measurements the difference between meas-
urement and calculation is within +/- 3°C. Although this
difference is acceptable for practical use of dynamic ampac-
ity rating the reasons for these deviations will be investigat-
ed in future works. Furthermore the measurements will be
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extended to a period of at least one year to cover different
ambient weather situations as well as current loads.

frequency [%]

: _J \

-20 -15 -10 -5 0 5 10 15 20
difference calculated measured conductor temperature [K

Figure 3: Frequency distribution of difference between
calculated and measured temperatures of a 380 kV con-
ductor bar

Though current loads up to 90% of the conductor bar’s
current rating have been reached, maximum conductor tem-
peratures were in the range of 25°C. Since the rated maxi-
mum conductor temperature is 65°C the measured tempera-
tures indicate that there is no risk in exceeding the tempera-
ture limit under those winter ambient conditions. During
summer ambient conditions and high current loads on the
conductor bar the conductor temperature is likely to come
close to the rated temperature of 65°C. In this summer situa-
tion an overestimation of the calculated ampacity might
result in exceeding the rated conductor temperature. Since
this should be avoided the model for calculating the ampaci-
ty should be adapted in further investigations. The aim is to
adapt the model on a physical basis. The difference between
calculated and measured conductor bar temperatures should
be zero or some degrees above zero. The peak in figure 3
should move to positive values.

AMPACITY USING DYNAMIC RATING

The dynamic ampacity of a conductor bar depending on
ambient temperature and wind speed has been shown in
figure 1. In this section the measured weather data is used to
calculate the dynamic ampacity rating of the installed con-
ductor bar. Figure 4 shows the values of the dynamic am-
pacity and the current load relative to the static rating of the
conductor bar. The static rating is normalised to 100%.
Since to date the measurements were taken in two winter
month only, the dynamic ampacity is far beyond the static
rating. During this period of time the relative dynamic am-
pacity rating was permanently higher than 150%. This
proves that during favourable weather conditions substantial
additional ampacity is available. The rated current of the
conductor bar is designed for summer ambient conditions
which will be reached only occasionally during the year.
Hence additional ampacity might be expected regularly.
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The results in figure 4 indicate that this is a highly loaded
conductor bar since average values of the current load are in
the range of 50% and peak values go up to 90%. Dynamic
ampacity rating will allow a higher utilisation of the con-
ductor bar without exceeding the design temperature of
65°C.
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Figure 4: Current load of a conductor bar and corre-
sponding dynamic ampacity rating

RESTRICTIONS USING DYNAMIC RATING

However, there are also restrictions using dynamic current
ratings which need to be taken into account with regard to
the stability of the grid going beyond the need of reactive
power compensation [7]. In the distribution system as well
as the transmission systems the influences on connected
grids as well as the system stability depending on increasing
phase angle differences need to be considered. Furthermore,
the outage of a highly loaded line can cause transients on
the lines remaining in operation. To avoid further outages
defined boundary values of dynamic ampacity ratings
should not be exceeded.

CONCLUSION AND PERSPECTIVE

A concept for dynamic ampacity rating of conductor bars
has been set up. The necessary measurement equipment was
installed in a switch bay of a substation. First evaluations of
the data prove the validity of the physical models for con-
ductor bars.

Measurement data will be recorded and evaluated at least
for the period of one year. The integration into the control
center is considered if future evaluations confirm the current
results.

If using dynamic ampacity ratings in substations additional
measures might have to be taken in order to use a higher
transmission capacity. Where required other components
have to be retrofitted for higher ampacities. In particular it
is important to check and if necessary to replace connectors
since higher currents can lead to accelerated aging.
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