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Examining an approach for calculating enhanced ratings for 
cable circuits connecting wind farms to the grid.
By RICHARD CHIPPENDALE, JAMES PILGRIM, ALI KAZEROONI, and DAVID RUTHVEN

Cable circuits connecting wind farms to the grid are 
subject to highly variable loading. The sizing of such 
cables according to conventional continuous rating 
methods, e.g. IEC 60287, can lead to some conserva-

tism. Traditional daily loss load factors are also unsuitable 
for use with these circuits, as unlike demand driven circuits 
there is no discernible daily load cycle. This study uses elec-
trical and thermal data from operational wind farm circuits 
to propose an alternative cyclic rating method for sizing 
such circuits.

1 INTRODUCTION
The transition toward a low carbon economy [1] has led to 
a large number of wind farms being connected to the U.K. 
electricity grid, with further installations planned. The ca-
ble circuits that connect the wind farm to the grid can be 
a significant proportion of the overall project cost, particu-
larly for more remote sites where the nearest suitable sub-
station may be more than 20 kilometers away. The current 
rating of the cable circuits is usually determined based on 
conventional continuous rating methodologies, such as IEC 
60287 [2]. This approach neglects the fact that power from 
renewable sources is inherently variable and hence there 
can be many periods when assets are not fully utilized and 
true operating cable temperatures are much lower than the 
design maximum.

Given the widespread availability of distributed tempera-
ture sensing (DTS), it is possible to make real-time measure-
ments of cable temperature. The temperature measured is 
not that of the conductor, but when coupled with thermal 
models, it is possible to use DTS systems to calculate dynam-
ic current ratings (DCRs). SP Energy Networks, the company 
responsible for the operation of the electricity distribution 
networks in Southern Scotland and Merseyside & North 
Wales, has previously trailed the implementation of a DCR 
system to monitor the temperature of four 33 kV export 
cable circuits associated with four onshore wind farms in 
Scotland [3].

While DCR enables an operator to verify the thermal ca-
pacity of their cable circuits in real time, it cannot be used 
as a design tool; the cable circuit must still be designed us-
ing offline calculations with a suitable set of assumptions. 
This article presents a cyclic rating method that can be used 
for such calculations. Prior to presenting the new method, 
temperature measurements from an example installation 
are shown to demonstrate the potential benefits of using 
non-steady state methods.

2 TEMPERATURE MONITORING METHOD
The installation used as a case study for this article con-

sists of four 33 kV wind-farm cable circuits connecting to 
East Kilbride South 275/33 kV substation in Scotland. In the 

following sections, the layout of the cable circuits and exam-
ples of measured temperatures are presented.

] 2.1 Cable circuits monitored
Figure 1 shows the layout of the cable circuits that connect 
windfarms A-E to the East Kilbride South substation. Cir-
cuits A-C consist of 3´1c 630 mm2 Cu XLPE insulated cables, 
while circuit D consists of 3´1c 240 mm2 Al XLPE insulated 
cables. Each circuit is installed in separate ducts arranged 
in a trefoil formation, with the sheaths solidly bonded. The 
ducts have an outer diameter of 160 mm and inner diameter 
of 150 mm. Circuits A-D share a common trench for the first 
0.7 km from the substation. Circuits A-C continue to share 
a trench for the next 10 km until these circuits separate. 
The trench containing circuit A-C is crossed by two 275 kV 
circuits that connect wind farm E to the grid. Further circuit 
routing details may be found in [3].

] 2.2 DTS system architecture
The DTS fiber used to measure the cable circuit tempera-
tures was installed in a separate micro-duct (internal diam-
eter of 10 mm) in the center of 
each trefoil bundle as shown in 
Figure 2. The gap in the trefoil 
formation was chosen as the 
optimum location for the mi-
cro-ducts and thus the optical 
fibers. The fibers were jointed 
every 0.5 km, within 10 m of 
the 33 kV joint bays.

The DTS system is capable 
of measuring the temperature 
along the full length of each 
of the cable circuits at a reso-
lution of 1 meter, with a tem-
poral resolution of 30 minutes. 

Figure 1: Schematic diagram of installation.

Figure 2: Optical fibre location 
[3].
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The measurements are then fed into the DCR system, as 
shown in Figure 3, such that the conductor temperature 
may be estimated and the dynamic rating data may be made 
available to the network operator.

] 2.3 Location of hotspots
One particular benefit of using DTS systems is the ability 
to track the locations of hot spots along the circuit length. 
Figure 4 shows the spatial locations of the hottest points on 
Circuit B over an 8-months period. Red points represent the 
hottest point on the whole circuit, with blue representing 
the second hottest locations. It can be seen that in the latter 
part of the duration assessed, the hot spot locations have 
changed. This is due to circuit B being commissioned before 
the remaining circuits are operational, which has a mutual 
thermal impact on circuit B.

By reviewing the hot spot locations at the time of the 
highest loads, it was possible to identify the sections of the 
route that would need to be considered in the most detail 
when calculating the cyclic ratings. The hot spots were 
typically associated with localized increase in burial depth, 
either due to crossings with other circuits or underneath 
natural obstacles such as rivers. While a deeper section will 
often have a lower continuous rating, the thermal time con-
stant is typically longer. This means that these sections stand 
to benefit most when a cyclic rating is considered.

Figure 5 shows an example of the fiber temperature dis-
tribution at five hot spots on circuit B. The most common 
temperature is approximately 17°C, which would represent 
a small rise above the standard soil temperature of 15°C, but 
peak temperatures of up to 39°C were measured within the 
fiber duct under the most onerous circuit loads.

3 CYCLIC RATING REQUIREMENTS
Conventional cyclic ratings, such as those given in U.K. En-
ergy Networks Association (ENA) Engineering Recommenda-
tion (ER) P17 [4], are typically based upon a 24-hour domestic/
residential load cycle. This is because they have typically 
been used to obtain ratings for cases where the circuit load-
ing is demand driven, rather than generation driven.

] 3.1 Requirements
The basic requirements for the cyclic rating method for wind 
farm application were as follows:
]  Simple square wave shape (for easy computation using 

analytical tools).
]  Can be calculated either at the design stage, or as an 

up-rating of an existing installation.
]  It should be feasible to calculate the rating without 

the use of finite element tools, or other advanced software.
Given these requirements, the preferred strategy is to
i: 	Design a calculation which can be solved using either 

wind resource data to estimate a cable current, or using real 
circuit load data.

ii: Make use of existing IEC calculations for cyclic rating 
factors where possible.

] 3.2 IEC 60853 method
Two internationally standard methods for calculating cyclic 
ratings have been made available by IEC. IEC 60853-1 [5] con-
tains a method that is valid for cables with rated voltages at 
30 kV and below, while IEC 60853-2 [6] is valid for cables with 
rated voltage above 30 kV. The primary difference between 
the two calculations concerns the thermal model used for 
the cable itself. Cables at 30 kV and below have a shorter 
thermal time constant, as the thermal capacitance of the 
cable is smaller than would be the case for a higher voltage 

Figure 3: DTS system architecture.

Figure 4: Hot spot temperature distribution on circuit B.

Figure 5: Hot spot temperature distribution on circuit B.
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system. Hence IEC 60853-1 calculates the cyclic rating on 
the assumption that the cable thermal capacitance can be 
neglected, meaning that only the thermal capacitance of the 
surrounding ground is considered. This can also be appro-
priate for a buried 33 kV cable circuit.

The cyclic rating according to IEC 60853-1 is calculated by 
multiplying the continuous rating, Icont, by the cyclic rating 
factor M. The first step is to obtain the loss load factor, µ, 
given by Equation 1.

Yi is obtained by squaring the load cycle I(t), then nor-
malizing against the maximum load squared, before decom-
posing into a series of hourly rectangular pulses Y0, Y1 and 
so on. Here i represents the number of hours prior to the 
expected peak temperature and n is the total number of 
hours considered.

Having obtained μ, Equation 2 is then used to obtain the 
value of the cyclic rating factor M.

Here Jr(i) is the temperature rise at time i hours due to the 
application of a step function of load equal to the continuous 
rated load. The first half of (2) accounts for the transient 
response for the past ‘m’ hours and the remaining terms 
consider the historical response through the average loss 
factor. The ratio of temperature at time ‘i’ to steady state can 
be expressed by Equation 3:

Here l(i) represents the transient temperature rise at the 
duct surface and is given by Equation 4:

where De, L, t, d and N are the external diameter of the 
duct [m], burial depth [m], the point in time [s], thermal dif-
fusivity [m2/s] of the soil and the number of active circuits, 
respectively. Whilst the left-hand side of the numerator in 
Equation 4 represents the thermal response of the cable 
under consideration, the right-hand term represents the 
impact of additional circuits. The distance from the cable 
in question to the additional circuits is given by Df, defined 
in Equation 5 as

The coefficient F used to express the steady-state mutual 
heating caused by the other cables in the group is Equation 6

Guidance on the means by which d¢pk and dpk can be calcu-
lated for groups of circuits is given in [5]. It should be noted 
that some additional terms can become necessary as more 
circuits are added, or as the transient becomes longer.

The final outstanding term in Equation 3 is k1, which rep-
resents the ratio of the duct external surface temperature 
rise above ambient to the conductor temperature rise above 
ambient under steady-state conditions and is calculated by 
Equation 7

4 DEFINING A LOAD CYCLE
This section presents the methods used to perform the cyclic 
rating calculations. The method has been adapted from that 
published in [7] to suit a 33 kV cable circuit.

] 4.1 Distribution of load
It is well known that the outputs of wind farms will vary 
with time as the prevailing weather changes. When the pow-
er curve of a wind turbine is taken into account, these two 
factors together will have a significant impact upon the time 
series loading of the cable circuit. Figure 6 shows the cumula-
tive distribution of the normalized load on each of the cable 
circuits. It should be noted that circuits A and D have been 
in service for less than 1 year at the time of the data analysis 
being undertaken, therefore the shape of the distribution is 
slightly different to that of the remaining circuits.

The following features can be seen from Figure 6:
] For 50% of the time, the loading on all of the circuits is 

<30% of the maximum value (resulting in <10% of rated heat 
generation in the cables).
] Excluding wind-farm A (for which the least data was 

available), loading in excess of 80% of the rated value occurs 
for <20% of the time.

This demonstrates why a continuous rating method could 
prove to be very conservative. However, Figure 4 does not 
provide information about how the high and low loadings 
are distributed in time. This can be achieved through a per-
sistence analysis.

Figure 6: Distribution of load on circuits A-E.

Equation  1 Equation  7

Equation 2 

Equation 4 

Equation 4 

Equation 5

Equation 6
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] 4.2 Persistence analysis
The purpose of the persistence analysis is to allow the vari-
ables Dtrate and Dtlow shown in Figure 7 to be obtained. The 
procedure to perform the analysis can be summarized as 
follows:

i: 	Obtain a long time series of wind speed data (or load 
current data).

ii: Remove the effects of very short events, pass the times 
series data through a moving average filter with window 
length of 6 hours.

iii: Define a critical value of wind speed (or load current) 
above which the loading on the cable is considered signifi-
cant. This obtains the value Ilow, which will be assigned as the 
minimum load on the circuit.

iv: Pass the filtered time series through a binary filter, 
such that any value I(t) ≤ Ilow is considered low loading, all oth-
ers are considered as high loading.

v: Calculate the duration of each spell of high and low 
loadings.

The result of this analysis will be a distribution of low 
and high load durations, which can then be assessed to de-
termine suitable values for Dtrate and Dtlow.

The results of this analysis for the outputs of the five wind 
farms are presented in Table 1. It should be noted that the 
maximum values found for hours below the loading thresh-
old may include planned downtime. The following section 
discusses the strategy for defining load cycles from this data.

] 4.3 Correlation analysis
Given that four of the cable circuits for the different wind 

farms share the same trench, it is important to consider the 
cross correlation of the loading on these circuits. Table 2 
presents the maximum cross correlation of loading on the 
circuits, based on the original time series dataset. As the 
lowest correlation is 83%, it would be valid to assume that 
peaks in output would be coincident on all four circuits, i.e. 
the thermal worst case.

The cross correlation between the temperature data 
recorded by the DTS and the circuit loading has also been 
investigated. The key findings were

i:  The normalized cross correlation between load and tem-
perature was high for all circuits, typically in excess of 94%.

ii: For the majority of the hot spots tested, the lag between 
the high load and resulting thermal response was in the re-
gion of 2.5 to 3 hours. This matches well with the expected 
thermal time constant of the 33 kV cable system. Given that 
the thermal response of the soil is very slow, the temperature 
does continue to rise after this time but at a much-reduced rate.

The time lag between the load and the thermal response 
is clearly much shorter than the mean persistence values 
shown in Table 1. Therefore, the use of IEC 60853-1, i.e. ne-
glecting the cable thermal capacitance in calculating the 
cyclic rating factor, is a reasonable assumption.

] 4.4 Cycles defined
Taking the results of the persistence analysis and the 
cross-correlation analysis together, it is reasonable to that 
circuits A-D can all be represented by the same load cycle. 
This is because the persistence values are comparable and 
there is strong correlation between the peaks in load. Taking 
averages and discounting some potentially atypical data, the 
values proposed for the variables in Figure 7 are

• Ilow = 0.5Icont.
• Dtrate = 21 h and Dtlow = 65 h.
Applying this cyclic load within the modified IEC 60853-1 

calculation, a potential 17% increase in wind-farm gener-
ation uniformly across all wind farms is possible with an 
assumed 78°C thermal limit. When a more complex model 
is used to calculate the thermal response, taking full account 
of the thermal capacitance of the cable, the cyclic rating fac-
tor obtained is very comparable. These results are for a gener-
ic circuit installation and care should be taken to consider 
potential thermal pinch points, as this would restrict any 
permissible generation increase.

5 LESSONS LEARNED
Based on experience of applying this method to several case 

Figure 7: Shape of recurrent load cycle [7].

Table 2: Maximum normalized cross correlation of load on circuits A-D.

Table 1: Persistence above and below 50% loading.
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studies, the following points should be considered prior to 
using the method:

i.: To obtain a representative cyclic load curve, the min-
imum acceptable length of the circuit loading time series 
input is one year, although more data would be preferable.

ii: The value of Ilow selected must be sufficiently low that if 
such a load was applied constantly the increase in soil tem-
perature around the cable would be minimal.

iii: When conducting the persistence analysis, it can be 
beneficial to solve additionally for a threshold of 80% of rated 
load to identify the durations of the worst-case peak loads.

iv: Analysis of DTS data shows that circuit hot spots can 
move between seasons, which may mean that multiple sec-
tions need to be rated with the lowest common rating being 
chosen for the circuit.

v: Sections of cable installed “in air” may have a higher 
continuous rating, but their short time constant may mean 
that they reach steady-state conditions within the duration 
of a single peak. Coordination of ratings between sections 
is essential.

6 CONCLUSIONS
This article has presented an approach for calculating en-
hanced ratings for cable circuits connecting wind farms 
to the grid. The numerical analysis required to design the 
cyclic load profiles can be completed using a wide range of 
software. 
By adapting the existing IEC 60853 calculation, it is possible 
to assess the cyclic ratings without the need to solve long 
duration transient models. Care must be taken in selecting 
appropriate values of Dtrate and Dtlow if the available time series 
of data is short, as it is possible that the data will not fully 
reflect extreme values.

For the case studies considered to date, rating enhance-
ments of about 25-35% above the IEC 60287 rating have been 
found to be possible, particularly for deeply buried cables. It 
is recommended that a DTS system should be installed if a 
wind-farm circuit is designed on this basis, unless additional 

analysis can be completed to demonstrate that the load cycle 
chosen is sufficiently conservative.
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