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Abstract – Dynamic thermal rating (DTR) of overhead transmission lines can provide a significant 
increase in transmission capacity compared to the static thermal rating. However, the DTR are usually 
estimated by the traditional thermal model of overhead conductor that is highly dependent on the solar, 
wind speed and wind direction data. Consequently, the estimated DTR would be unreliable and the 
safety of transmission lines would be reduced when the solar and wind sensors are out of function. To 
address this issue, this study proposed a novel thermal model of overhead conductor based on the 
thermal-electric analogy theory and Markov chain. Using this thermal model, the random variation of 
conductor temperature can be simulated with any specific current level and ambient temperature, even 
if the solar and wind sensors are out of function or uninstalled. On this basis, an estimation method 
was proposed to determine the DTR in the form of probability. The laboratory experiments prove that 
the proposed method can estimate the DTR reliably without measured solar and wind data. 
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1. Introduction 
 
The thermal rating of an overhead transmission line is 

the maximum allowable current that prevent the line 
overheating. Historically, the requirement for providing a 
reliable service has led the electricity sector to adopt static 
thermal ratings (STR), which have been calculated in the 
worst weather conditions (low wind speed, high ambient 
temperature and solar radiation). As a consequence, many 
overhead transmission lines cannot be fully utilized to 
transmit power [1]. With the increasing of power trans-
mission cost, there is great pressure to improve the current-
carrying capacity using existing infrastructure as far as 
possible. Therefore, the dynamic thermal rating (DTR) of 
transmission line has been developed rapidly in recent 
decades [2-4]. 

Different form the STR, the DTR is determined with the 
conductor tension or conductor temperature, so that the 
carrying capacity can be dynamically corrected and fully 
exploited. Since the conductor temperature can be measured 
relatively easily and can reflect local hot spot of conductor, 
many researchers tend to obtain DTR by using conductor 
temperature rather than tension [5-7]. In this background, 
IEEE proposed a standard conductor thermal model to 
calculate the conductor temperature and the DTR under 
different weather conditions [8]. However, a great deal of 
uncertainty exist in the weather data measured by DTR 
system because of the variation of weather conditions 
along the line, and between the lines and the weather 

station. As a result, the DTR cannot be exactly calculated 
but only estimated.  

A great number of studies have been carried out for 
enhancing reliability of DTR estimation. In [9] and [10], 
the DTR is forecasted by Monte Carlo simulation and 
statistical weather models. A fuzzy theory was applied to 
characterize weather uncertainty for DTR estimation in 
[11]. By using affine arithmetic, reference [12] determined 
the thermal rating taking into account the parameter 
uncertainty interdependencies. In [13], a nonlinear adaptive 
modeling technique based on Local Learning theory was 
used to reduce the impact of weather uncertainty on the 
DTR estimation. The influences of weather measured data 
and measurement time intervals on the performance of 
DTR estimation were analyzed in [14]. 

The above-mentioned studies were carried out on the 
basis of the weather sensors which have to work properly. 
However, because the solar and wind sensors have to be 
exposed in the air to ensure measurement accuracy, they 
would be damaged by some unpredictable factors, such 
as hail impacting, mechanism wear, dust deposit and 
atmospheric corrosion. These sensors are difficult to be 
maintained or calibrated timely since they were set up at 
a height above ground comparable to the height of trans-
mission line [14]. After a long-term operation, the measured 
data from weather sensors are not fully credible [15]. 
Since the thermal model of conductor, which widely used 
at present, is highly dependent on the solar, wind speed 
and wind direction data, the estimated DTR would be 
unreliable when the solar and wind sensors are out of 
function. Therefore, it is very important to reduce 
dependence on the solar and wind sensors in the DTR 
estimation. In this way, the DTR estimation will be more 
reliable. Besides that, the DTR system structure will be 
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simplified and then the cost of DTR system will be reduced. 
In this study, a novel thermal model of overhead 

conductor is proposed with the thermal-electric analogy 
theory and Markov chain. Then, an estimation method is 
proposed to determine DTR without measured solar and 
wind data. In order to demonstrate the effectiveness of the 
proposed estimation method, an experimental platform was 
set up and the validation experiments are presented.  

 
 

2. Traditional Thermal Model of Overhead 
Conductor  

 
The thermal model plays a key role in the DTR 

estimation because it can describe the thermal behavior of 
overhead conductor under the different current and weather 
conditions. The traditional and most widely used thermal 
model for DTR estimating comes from IEEE standard and 
can be expressed as [8] 

 

 c
J s c r
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C q q q q
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= + - -   (1) 

 
where cT  is conductor temperature (oC). C  is thermal 
capacity of conductor (J/moC). Jq  and sq  are, 
respectively, Joule and solar heat gains (W/m). cq  and 

rq  are, respectively, the convective and radiated heat 
losses (W/m). 

The parameters in the traditional thermal model are 
calculated by: 
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where fr  is the air density (kg/m3). fm  is absolute air 
viscosity (kg/m·h). fk  is the thermal conductivity of air 
that depends on wind speed (W/moC). angleK  is wind 
direction factor and wV  is wind speed (m/s). I  is current 
flow though conductor (A). TcR  is AC resistance of 
conductor at temperature cT  (Ohm). sQ  is solar radiated 
heat flux rate (W/m2). solarK  is solar altitude correction 
factor. q  is effective angle of incidence of the sun’s rays 

(degrees). A¢  is projected area of conductor per unit 
length (m2/m). D  is conductor diameter (m). a  and e  
are, respectively, solar absorptivity and emissivity with the 
range from 0.23 to 0.91. 

The traditional thermal model provides a simple method 
to estimate maximum allowable current by assumption that 
the conductor temperature has been closed to maximum 
allowable value and the derivative /cdT dt  is set to zero, 
as shown in Eq.(7). 
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where maxI  is the maximum allowable current.  

Since the line DTR is defined as the maximum allowable 
current varying with the real-time weather conditions, it 
can be estimated dynamically by using Eq. (7) at any time 
instant. However, the traditional thermal model is highly 
dependent on the weather conditions, and the estimated 
DTR is probably unreliable when the weather sensors are 
out of function. To reduce the dependence on weather data 
in DTR estimation, a novel thermal model of overhead 
conductor is proposed with the thermal-electric analogy 
theory and Markov chain in the next section.  

 
 

3. Novel Thermal Model of Overhead Conductor 
 

3.1 Model principle 
 
According to the thermal-electric analogy theory [16,17], 

an analogous relationship exists between the Fourier theory 
and Ohm's law. That means the convective heat loss can be 
calculated as 
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wher e eR  is the equivalent convective thermal resistance 
(oC/W) and it represents cooling effect of wind on the 
conductor. 

Because conductors operate over a relatively limited 
temperature range, the study in [18] indicated that lineari-
zation of radiated heat losses can be achieved with an 
acceptably small error in the conductor temperature 
calculation. In another word, the parameter rq , which 
essentially depends on the biquadrate of conductor 
temperature and ambient temperature, can also be 
calculated on the basis of Ohm's law 

 

 c a
r

r

T T
q

R
-

=   (9) 

 
where rR  is the equivalent thermal resistance of radiation 
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(oC/W). Considering that the conductor temperature is 
always higher than ambient temperature during the power 
transmission, rR  represents cooling effect of radiation on 
the conductor. 

By substituting Eq. (8) and Eq. (9) into Eq. (1), the 
traditional thermal model can be rewritten as a first-order 
linear equation 

 

 c c a
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x

dT T T
C q q

dt R
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= + -   (10) 

 
where = / ( )x e r e rR R R R R+ is the integrated equivalent 
thermal resistance (IETR, oC/W) and it represents total heat 
dissipation capacity of conductor. 

According to linear system theory, the conductor 
temperature is equivalent to the system response. Thus, 
after using backward difference method to discretize Eq. 
(10), the conductor temperature at the time n  and 1n -  
can be expressed as 
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where tD  is the discrete time step size. 

Among the weather conditions, the wind speed and wind 
direction are recognized as the most variant parameters, 
because their magnitudes can be changed in tens of 
seconds. The solar radiation is mainly affected by the sun 
angle and the cloud thickness, both of which change slowly 
relative to the wind condition. Therefore the variation of 
solar heat gains sq  are relatively small during such time 
scale. That means the solar heat gains can be assumed to be 
nearly unchanged if tD  is set to tens of seconds.  

Therefore, by subtracting Eq. (12) from Eq. (11), we 
have 
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Considering that the conductor electrical resistance is 

commonly expressed as a linear function of conductor 
temperature [19], the Joule heat gains n

Jq  can be 
calculated as  

 
 2( ) 1 ( )n n n
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where refT  is the reference temperature of conductor (oC), 
refR  is the conductor electrical resistance at temperature 

refT (Ohm), and refa  is thermal resistivity coefficient of 
conductor (Ohm/oC). 

By substituting Eq. (14) into Eq. (13), a novel thermal 

model of conductor can be proposed as  
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Eq. (15) indicates that the conductor temperature in any 

specific current level and ambient temperature can be 
simulated by the proposed model if the value of IETR are 
obtained at different time instant. In this case, the solar and 
wind data are no longer as the essential inputs for 
describing the thermal behavior of overhead conductor. 
This allows DTR to be estimated even the solar and wind 
sensors do not work.  

However, due to the fluctuating wind conditions, the 
IETR is essentially a random process. In order to further 
improve the reliability of DTR estimation, the conductor 
temperature should be simulated with random changes 
caused by the random IETR. That means the IETR was 
required to be simulated as a random process before the 
proposed model is applied into DTR estimation. 

 
3.2 Random simulation of IETR 

 
Random simulation of IETR involves two issues, one is 

how to obtain historical IETR and the other is how to 
generate time series of simulated IETR. 

In practical engineering, the IETR is difficult to be 
measured because the apparatus for thermal resistance 
measurement is too large and heavy to be fixed on the 
conductor. Fortunately, most of DTR systems measure the 
conductor temperature directly, or obtain it indirectly from 
the conductor tension or the sag [20-22]. Therefore by 
substituting historical measurements that include conductor 
temperature into Eq. (13), historical IETR n

xR  can be 
calculated as 
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Eq. (19) to Eq. (21) show that an initial value of IETR is 
essential required for calculating historical IETR. This 
initial value can be obtained from Eq. (11) when the solar 
heat gains sq  is zero (in night or in cloudy day), since the 
IETR is the only one unknown parameter exists in Eq. (11) 
at this time. 

After obtaining the historical IETR, the time series of 
simulated IETR can be generated if a suitable simulation 
method are employed. Many works have proved that the 
Markov chain is an effective theory to simulate the 
random variation of weather conditions [23-26]. Because 
the randomness of IETR is mainly caused by the wind 
fluctuation, the Markov chain is employed to obtain the 
time series of simulated IETR in this study.  

The Markov chain is a discrete random process that 
assumes the future states of random variables only depends 
on the current states. It can be used to generate a series of 
random variables from the initial states by the conditional 
transition probability. Suppose the state of historical IETR 
at the time instant 1n -  is denoted by i  and the state at 
the time instant n  is denoted by j, the conditional 
transition probability of IETR from state i  to state j in the 
Markov chain can be expressed as  

 
 1( | )n n

ij x xp P R j R i-= = =   (22) 
 

where ijp  is the conditional probability. 
Suppose the state number of historical n

xR  is finite and 
denoted by L , the Markov chain can be expressed as a 
state transition probability matrix P  
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Each row in the transition matrix is a conditional 

probability and the sum of each row is one. 
After the elements of matrix P  is calculated from the 

historical IETR, the time series of simulated IETR can be 
generated by elements of transition matrix with a random 
initial state.  

 
 

4. Proposed DTR Estimation Method  
 
Based on the proposed thermal model and random 

simulation of IETR, an estimation method was developed 
to determine the DTR in the form of probability. This 
method is implemented according to the following steps:  

Step 1):  Acquire the time series { }nI , { }n
eT  and { }n

cT , 
[1, ]n NÎ , by the DTR system. These series are 

composed by historical measurements and N  is 
the length of series. 

Step 2):  Calculate historical IETR with the historical 
measurements by Eq. (19).  

Step 3):  Divide historical IETR into L states and construct 
Markov chain of historical IETR.  

Step 4):  Generate time series of simulated IETR ˆ{ }m
xR , 

[1, ]m MÎ , based on the Markov chain, where 
M  is the length of time series ˆ{ }m

xR .  
Step 5):  Generate time series of simulated conductor 

temperature ˆ{ }m
cT  using Eq. (15) with ˆ{ }m

xR , 
the different current level and the present ambient 
temperature.  

Step 6):  Set a maximum allowable conductor temperature 
maxcT and calculate conductor overheating 

probability based on the series ˆ{ }m
cT .  

Step 7): Determine DTR at the present weather condition 
by searching a maximum current level whose 
corresponding overheating probability is less than 
a preset maximum overheating probability maxP . 

 
Obviously, with the advantage of the proposed thermal 

model, this method is able to estimate DTR without 
measuring the solar and wind data.  

According to the statistics, the larger N  and L  in the 
proposed estimation method are selected, the more 
accurate Markov chain of IETR will be constructed, but it 
comes with the increasing of computation load. Therefore 
the value of N  and L  should be selected depend on the 
computing power of DTR system. The value of M  
determines the amount of simulated conductor temperature. 
To improve calculating accuracy of conductor overheating 
probability, the value of M  should also be as large as 
possible with the limit of computing load. maxcT  is used 
to judge the conductor overheating and maxP  represents 
tolerance of conductor overheating in the electricity sector. 
Both of them should be selected according to the actual 
requirement because the safety standards for transmission 
line operation are different in each country. 

 
 

5. Validation and Analysis 
 

5.1 Experiment setting 
 
An experimental platform shown in Fig. 1 and Fig. 2 

was set up on the laboratory building roof at the 20m 
height above the ground to validate DTR estimation 
method. Five same aluminum-conductors steel-reinforced 
(ACSR), numbered 1 to 5, were adopted as the experi-

Table 1. Parameters of experimental conductor 

Parameter Value 
Type ACSR 120/25 

Diameter 15.74 mm 
Weight 526.6 kg·km-1 

DC resistance 0.2345 Ω·km-1 
Specific heat capacity (steel/ aluminum) 450/900 J·(kg·K)-1 
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mental subjects and their specifications were shown in 
Table 1. The length of every conductor was 6m, which 
was limited by the space of experimental site. Both ends 
of each conductor were connected tightly to form the one-
turn coil. Then the five current generators, shown in the 
dashed box of fig.1, loaded different current levels to the 
corresponding conductors. 

The temperature and current of each conductor were 
measured by a thermistor and a current transformer (CT) 
respectively. The thermistors were calibrated by a high 
precision mercurial thermometer before they were attached 
on the surface of conductors. The weather conditions 
during the experiment were measured by a weather station. 
All measurements was acquired by a data acquisition 
system with the 1-minute sampling period and then sent to 
a computer for the DTR estimation. 

In this experimental platform, the conductor is relatively 
short and both ends of each conductor were connected 
tightly to form the one-turn coil. But in the practical 
engineering, the conductor is longer, straighter and 
therefore under more tension. Although the conductor in 

the experiment is different form the practical engineering, 
this experimental platform is suited to validate the 
proposed DTR estimation method, for the following 
reasons. 

Firstly, the proposed method estimated DTR with the 
conductor temperature rather than the conductor tension. In 
other words, the tension is not a required parameter in the 
DTR estimated method and therefore the experimental 
platform can be set up without considering of conductor 
tension. 

Secondly, the wind speed and its direction affect the 
temperature of outdoor conductor at any moment, whatever 
the conductor is straight or forms a coil. That means the 
IETR can be simulated and DTR can be estimated by the 
conductor temperature measured from this experimental 
platform.  

Thirdly, the advantage of this experimental platform is 
that it needs less occupied space, so that the many 
platforms can be performed in a limited space. It makes 
that the conductor temperature can be observed under the 
same weather conditions and different current levels. This 
is beneficial for getting the real DTR and validating the 
proposed estimated method. 

 
5.2 Validation of proposed DTR estimation method 

 
In this section, an experiment, called experiment A, 

were performed to validate the proposed DTR estimation 
method. According to the computing power of data 
acquisition system, the parameters mentioned in section 4 
were valued as shown in Table 2. These parameters are 
applicable in validation and analysis of the next section too.  

This experiments were carried out for 50 min (from 6:10 
am to 7:00 am) by loading the conductors with the different 
current levels shown in Table 3. In this experiments, the 
DTR was estimated with the measured temperature of 
conductor #1, and the measured temperature of other 
conductors was used for validation. Because the length N  
in the proposed estimation method was set to 50, only one 
DTR value can be estimated in the first experiment. This is 

 
AC power

source

Current 
generator

#1

~

Data acquisition
system

Computer

Weather 
station

Current 
generator

#2

Current 
generator

#3

Current 
generator

#4

Current 
generator

#5

Conductor 
#1

Conductor 
#2

Conductor 
#3

Conductor 
#4

Conductor 
#5

Thermistor

CT

Conductor
support

 
Fig. 1. Architecture of experimental platform  

 

 
Fig. 2. Photo of experimental platform 

Table 2. Parameters in the DTR estimation method  

Parameter Value 
N 50 
M 5000 
L 20 

Tc max 70 oC 
Pmax 0.05% 

 
Table 3. The current levels loaded to the conductors in the 

experiment 

Conductor number Current level (A) 
#1 300 
#2 350 
#3 400 
#4 450 
#5 500 
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convenient for showing the state transition probability of 
IETR and the overheating probability of conductor when 
the DTR is being estimated.  

Fig. 3 and Fig. 4 shows the measured temperature of 
conductor #1 and ambient weather during the experiment, 
respectively. It can be found that the increasing rate of 
temperature conductor is fast at the beginning, and slows 
down with the passage of time. Due to the changing of 
weather conditions, the conductor temperature was fluctuate 
during the whole experiment. Among the weather variables, 
the solar radiation changes slowly while the wind speed 
and wind direction fluctuated remarkably, just as mentioned 
in section 3. Because of this, the historical IETR calculated 
with these measurements is also fluctuate, as shown in 

Fig. 5.  
Fig. 6(a), (b) and (c) show, respectively, the state 

transition probability of historical IETR, the state transition 
probability of simulated IETR and the relative difference 
between them. It can be found that the maximum deviation 
between state transition probability of simulated IETR and 
historical IETR is only 6.3%. That means the random 
characteristic of the historical and simulated IETR are 
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Fig. 3. The measured temperature of conductor #1 
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(b) Solar radiation and ambient temperature  

Fig. 4. The ambient weather during the experiment A 
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Fig. 5. The historical IETR in the experiment A 
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(b) The state transition probability of simulated IETR 
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Fig. 6. Comparison between the state transition probability 
of historical and simulated IETR 
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similar. It also indicate that the time series of simulated 
IETR, generated by Markov chain of historical IETR, can 
reflect the random effects of wind speed and wind direction 
on the conductor temperature. 

Fig. 7 shows the conductor overheating probability 
under the different current levels, which was calculated 
with the proposed thermal model. The DTR at present 
weather conditions can be estimated as 350A, because it is 
the maximum current level whose corresponding 
overheating probability is less than maxP .  

The temperature of conductor #2 to #5 were measured 
to the valid DTR estimation, as shown in Fig. 8. It can be 
found that the conductor temperature was close to the 
maximum allowable value (70oC) but never exceeded 
when the conductor was operated at 350A. Whereas, the 
conductor was overheated when the current levels were 
greater than 350A. That means the real DTR of conductor 
under the current weather conditions is about 350A, which 
is equal to the estimated DTR. This indicates the proposed 
method is effective in DTR estimation.  

 
5.3 Validation of the advantages of Proposed DTR 

estimation method 
 
To demonstrate the advantage of estimating DTR in the 

form of probability, an experiment, called experiment B, 
was carried out for 50 min by loading the conductors with 
the current levels shown in Table 3. Fig. 9 shows the 
weather conditions during this experiment and Fig. 10 shows 

the historical IETR calculated with the measurements. It 
can be found that the wind speed in this experiment is 
increased sharply at particular time points. Since the IETR 
is affected by the wind speed, some values of historical 
IETR is changed sharply too. 

Fig. 11 shows the conductor temperature measured in 
the experiment B. The measured temperature indicates 
that the real DTR in this experiment should be between 
400A and 450A when the maximum allowable conductor 
temperature is set to 70oC. 

If the DTR is not estimated with the probabilistic 
method, the historical IETR has to be averaged to make 
sure that the simulated conductor temperature and the 
estimated DTR are deterministic. In this experiment, the 
averaged historical IETR is 4.13oC/W. Fig. 12 shows the 
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Fig. 9. The ambient weather during the experiment B 
 

0 10 20 30 40 50
0

2

4

6

8

IE
TR

 (o C
/W

)

t(min)

 

 
IETR (oC/W)

 
Fig. 10. The historical IETR in the experiment B 



Zhan-Feng Ying, Yuan-Sheng Chen and Kai Feng 

 http://www.jeet.or.kr │ 583

conductor temperature simulated with this average 
historical IETR and different current levels. It can be found 
that there is no obvious fluctuation exist in the simulated 
temperature when the random characteristic of IETR is 
neglected. According to the simulated temperature, the 
DTR is estimated to be about 480A, which is obviously 
larger than real DTR. This is because the values of 
historical IETR, which decrease sharply at particular 
time points, reduce the average of historical IETR and 
overestimate the heat dissipation capacity of conductor. As 
a result, the DTR is also overestimated when the conductor 
temperature is calculated with the small averaged historical 
IETR, and this will cause the operation risk of transmission 
line.  

Fig. 13 shows the conductor overheating probability 
calculated by using the proposed DTR estimated method. 
According to these overheating probabilities, the DTR is 
estimated to be 420A, which is more reliable than DTR 
estimated by the average historical IETR. This is because 
the proposed method consider the effect of random IETR 
on the conductor temperature.  

To demonstrate the advantage of proposed DTR 
estimation method compared with the traditional thermal 
model, an experiment, called experiment C, was preformed 
for 6 hours by loading the conductors #1 with the different 

current levels shown in Fig. 14.  
In this experiment, the measured solar and wind data 

were set to zero to highlight the advantage of proposed 
method. In another words, the solar and wind sensors were 
assumed to be damaged or uninstalled. 

The DTR estimated by the proposed method and 
traditional thermal model are illustrated in Fig. 15. Since 
the length N in the proposed estimation method was set 
to 50, the DTR in this experiment can be estimated in 
every minute after the 50th minute. The measured 
conductor temperature is also shown in Fig. 15 for 
obtaining the real DTR. 

The data form Fig. 14 and Fig. 15 indicates that the real 
DTR in the experiment C is approximately 400A, because 
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the conductor temperature just reached the maximum 
allowable value at the current of 400A. Due to the 
hypothetic failure of sensors, the heat dissipation capability 
of conductor is underestimated by the traditional thermal 
model. Consequently, the DTR determined by the 
traditional thermal model is approximately 180A that is 
much smaller than real DTR value. Conversely, since the 
proposed DTR estimated method does not rely on the 
measured solar and wind data, the DTR estimated by the 
proposed method fluctuates slightly around 400A. This 
demonstrates that the proposed method is more reliable 
than traditional thermal model when weather sensors are 
out of function or uninstalled.  

Furthermore, the current level was changing in the 
experiment C. It proves that the proposed method is 
effective even though the current changes dynamically and 
therefore is applicable to be used in the actual engineering. 

 
 

6. Conclusion 
 
In this study, a novel thermal model of overhead 

conductor is proposed based on the thermal-electric analogy 
theory and Markov chain. In this model, the solar, wind 
speed and wind direction data are no longer as the essential 
inputs to describe the thermal behavior of overhead 
conductor. By random simulation of IETR, the proposed 
model can be used to simulate the variations of conductor 
temperature with any specific current level and ambient 
temperature. 

With the proposed thermal model, a new estimation 
method was presented to determine the DTR without 
measured wind and solar radiation. Experimental results 
demonstrate that the DTR estimated by the proposed 
method is more reliable than the traditional thermal model 
when the weather sensors are out of function or uninstalled. 
This has significance for improving the safety of overhead 
transmission lines when the transmission capacity need to 
be increased. Besides that, it is conducive to simplify DTR 
system structure and reduce its cost. 
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